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Molecular Components
of Cells

Biochemistry

Part 1



Chapter 1
Cell Anatomy

Objectives

• Describe the molecular components of cells including nucleotides, nucleic acids, DNA, 
RNA, proteins, carbohydrates, and lipids.

• Describe the structure of cell membranes, membrane transporters, and how 
molecular signals are transferred across membranes.

• Describe the molecular techniques used to study the molecular components of cells.

Introduction

In Part 1 the molecular components of cells are discussed, starting in the cell nucleus with 
the molecular blueprint for life, DNA, and working outward from the nucleus, to discuss 
RNA, proteins, carbohydrates, lipids, and membranes. Figure 1 shows a eukaryotic cell and 
provides a map for this chapter-starting with DNA in the nucleus, then traveling to each 
cellular organelle to discuss molecular cellular components.

1.     Anatomy of a eukaryotic cell

The discussion in part one will start in the nucleus with DNA structure and synthesis and will 
progress outwards towards the cell membrane through each chapter.

Anatomy of a eukaryotic cell
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Chapter 2
Nucleotides and Nucleic Acids

Objectives

• Describe the structure and function of nucleotides and nucleic acids.

• Define phosphodiester bonds.

• Describe the difference between pyrimidines and purines.

• Describe the structure of DNA strands and which bonds are important for the integrity 
of DNA. 

• Describe how DNA is packed into chromosomes.

A nucleoside is composed of a nitrogenous base and a five-carbon sugar bound together 
with a glycosidic bond. A nucleotide is composed of a nitrogenous base, a five-carbon 
sugar (pentose), and a phosphate group (Figure 2). Nucleotides serve as biological 
intermediates and as the building blocks for nucleic acids (Deoxyribonucleic Acid, DNA; 
and Ribonucleic Acid, RNA). When additional phosphate groups are added, the molecule 
becomes a nucleotide di- or tri-phosphate.

Nucleotide triphosphates (such as adenosine 5-triphosphate, ATP), are key energy 
carriers for biologic reactions because of the energy in the phosphate bond. There are 
five different nitrogenous bases found in nucleotides which are divided into two groups: 

 » Purines: have two carbon rings.  Include adenine and guanine. 
 » Pyrimidines: have one carbon ring. Include thymine, cytosine, and uracil. Thymine and 

cytosine are found in DNA, while cytosine and uracil are found in RNA. 

Structure of nitrogenous bases, nucleosides, and nucleotides. Purines (adenine and guanine) are 
composed of a 6-member carbon ring joined to a five-member carbon ring. Pyrimidines (thymine, 

cytosine, uracil) are composed of only a 6-member carbon ring. A main difference between DNA and 
RNA is the ribose sugar (ribose in RNA, deoxyribose in DNA).

Nucleosides, nucleotides, and nitrogenous bases
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There are two different five carbon sugars in nucleotides: ribose is found in RNA, and 
deoxyribose is found in DNA. Following chemistry naming conventions, the carbons in the 
pentose are numbered.

Nucleotides can be joined together in linear polymers by forming phosphodiester 
bonds between the 3’-hydroxyl group of the pentose and the 5’-phosphoryl group 
(Figure 3). These linear polymers are called nucleic acids (DNA or RNA), depending on 
the pentose. The 3’ and 5’ ends of nucleic acids are responsible for the directionality 
of the molecules, which is important during replication. DNA in cells is most often in the 
double stranded form, the double helix, while RNA is most often single stranded. In the 
double-strand form, one strand in a 3’-to-5’ direction binds with a complementary 
strand oriented in the 5’-to-3’ direction (Figure 3). The nitrogenous bases bind together 
via hydrogen bonds in the center of the strand in specific pairs: 

• Adenine binds to thymine (DNA) or uracil (RNA) via two hydrogen bonds
• Guanine binds to cytosine via three hydrogen bonds

The complementary nature and directionality of nucleic acids are critical for nucleic 
acid replication.

The repetitive pentose-phosphate groups form the “backbone” of the nucleic acid, while 
the nitrogenous base sequence is unique, and provides the genetic code to build RNA 
and ultimately proteins. By convention, a nucleic acid sequence is written by noting the 
nitrogenous base sequence in the 5’ to 3’ direction.

Structure of DNA showing the phosphate backbone, center of nitrogenous base pairs, and polarity 
of each strand; 5’—›3’ in one strand and antiparallel structure of the complementary strand. Also 
demonstrated are the hydrogen bonds between purines (3 bonds) and pyrimidines (2 bonds).

Structure and polarity of DNA
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Humans have an estimated 30,000 genes that code for about 90,000 proteins (due to 
alternative splicing). The length of a DNA molecule is typically measured by the number 
of base pairs and varies by organism. For example, the E. coli chromosome contains 4.64 
x 106 base pairs. The large amount of DNA needed for life must be carefully packed to fit 
within one cell. Prokaryotic chromosomes are typically one circular DNA molecule, the 
packing of which is not uniform and will not be covered in this text. Packaging of DNA in 
eukaryotic cells is uniform and involves wrapping DNA around proteins (Figure 4): 

• Histones: Proteins that are rich in the basic amino acids, arginine and lysine, that 
form ionic interactions with the negatively charged phosphate backbone of DNA. In 
humans there are 5 main histone proteins: H2A, H2B, H3, H4 and H1. Two each of H2A, 
H2B, H3, and H4 form an octamer with DNA looped twice around it. Then H1 binds the 
octamer for stabilization.

• Nucleosome: A structural unit consisting of an octamer of histones, the H1-stabilizing 
histone and the DNA wrapping the histones. 

• Chromatin: Many nucleosomes packed together.

 » Heterochromatin: Densely packed, highly condensed chromatin, often highly 
methylated and with low acetylation. Because it is so tightly packed, it is not 
transcribed into RNA. 

 » Euchromatin: Less densely packed chromatin; transcriptionally active   
(made into RNA).

Pathologists can recognize the chromatin state of a cell by its microscopic 
appearance. Cells in a euchromatin state have a nucleus with a finely granular 

appearance that has historically been called “immature”. Cells in a heterochromatin 
state have clumped dense nuclear protein called “mature”. The appearance of the 

nuclear chromatin is used as one of the criteria in diagnosing neoplasia.

Immature and Mature Nuclei in Pathology

• Chromosome: One strand of DNA. Eukaryotes generally have one or more linear 
strands; prokaryotes generally have one circular strand.
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Prior to modern immunologic techniques, chromosomes were examined directly, 
a technique called karyotyping. This works well for large defects like trisomy and 
monosomy. A famous example of translocation is found in chronic myelogenous 

leukemia (CML), a myeloproliferative neoplasm caused by a reciprocal translocation of 
the BCR gene on chromosome 9 to the ABL gene on chromosome 9. The resulting bcr-
abl fusion on chromosome 22 results in a unique protein that stimulates granulocyte 

production. First identified in Philadelphia in 1959, it was the first genetic defect linked to 
a specific cancer and was called Ph1 chromosome.

Karyotyping

 » Chromosome

Structure of DNA as it is wrapped around histones to form nucleosomes and 
condensed into chromatin to form chromosomes.

From sequence to chromosome
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Chapter 3
The Cell Cycle, DNA Replication, Mutations, and Repair

Objectives

• Describe the 4 stages of the cell cycle including what happens in each.

• Define the different cell types based on regenerative ability and give examples of each.

• Describe the proteins necessary for regulation of the cell cycle.

• Describe the replication of DNA including key enzymes and how they function.

• Describe the 5 different types of DNA repair mechanisms.

• Define the different components of the genetic code.

• Define the different types of DNA mutations.

1. Definitions
Eukaryotic cells grow, duplicate their DNA, and divide in an ordered process called the 
cell cycle, which consists of 4 phases (Figure 5). 

• G1: Growth phase; cell enlarges. There is a G1 checkpoint controlled by several 
proteins  including: retinoblastoma (Rb), p107, p53.

• S: Synthesis Phase. Replication of DNA occurs in this phase (by the end of this phase 
all DNA has been duplicated).

• G2: Growth phase; cell enlarges and prepares for mitosis. There is a G2 checkpoint in 
which proteins check for DNA damage. This checkpoint is regulated by several cyclin-
Cdk proteins as well as p53. 

• Mitosis: Mitosis and cytokinesis is the orderly division of the cell into two daughter cells.  

G1, S, and G2 phases are collectively referred to as Interphase. If the cell does not pass 
the restriction point in G1, it may enter a resting phase (G0): 

• G0: A dormant (quiescent) phase that a cell enters when it is not ready to synthesize 
DNA (when it does not pass the G1 restriction point). While in G0, repairs may be made 
for the cell to enter S phase, or apoptosis may be induced. 
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2. Cell Types
Based on regenerating ability, there are three main cell types: 

• Permanent: Terminally differentiated cells that are in continuous G0 phase and do not 
regenerate. Examples: neurons, red blood cells, and skeletal and cardiac muscle cells. 

• Stable: Maintain a low level of replication, progressing through the cell cycle when  
stimulated. Examples: hepatocytes, proximal convoluted tubule cells, lymphocytes, 
and smooth muscle cells.

• Labile: Continuously regenerating cells (constantly progressing through the cell 
cycle). Examples: hematopoietic stem cells, surface epithelial cells, and hair follicles.

Transitions between phases of the cell cycle are closely controlled by several proteins: 
cyclins, cyclin-dependent kinases, and tumor suppressors. These proteins are also 
pharmacologic targets in controlling cellular replication. Cell cycle dysregulation can 
result in tumor growth. 

3. Regulation of the cell cycle
• Cyclins: Phase-specific regulatory proteins that bind to and activate cyclin-

dependent kinases. Named cyclins because they are in a cycle of synthesis and 
degradation as the cell progresses through the cell cycle.

• Cyclin-dependent kinases (CDKs): Inactive proteins until bound by cyclins. These are  
constitutively produced proteins (made throughout the cell cycle). 

• Cyclin-CDK complexes: Active protein complexes that phosphorylate other 
molecules to allow progression through the cell cycle. 

• Tumor Suppressors: There are many different tumor suppressor genes. Several 
important examples include retinoblastoma (Rb) protein, p53, and BCL2. Rb protein 
prevents progression from G1 to S phase by binding a transcription factor (E2F) 
and preventing transcription of proteins necessary for cell cycle progression. Rb is 
inactivated (allowing progression of the cell cycle) when it is phoswphorylated. p53 is 
a transcription factor with multiple functions: activating DNA repair, initiating apoptosis, 
and initiating cellular senescence in response to shortened telomeres. When bound to 
p21 (a CDK-inhibitor), the p53-p21 complex inhibits progression through the cell cycle. 
Mutations in p53 are linked to many cancers. BCL2 is a pro-apoptotic protein.

The cell cycle progresses from phase G1 
through phases S, G2, and M to ultimately 
create two identical diploid cells.

The phases of the cell cycle
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All of these steps in cell cycle regulation are of paramount importance of both neoplasia 
and viral infection. Oncogene and immune suppressor defects are found throughout 
these pathways and are discussed in detail in Pathophysiology Essentials, Neoplasia.

Molecular Neoplasia

Molecular basis of neoplasms

Figure 6
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4. Replication of DNA
Replication of DNA is slightly different between eukaryotes and prokaryotes, but there are 
some general principles that are followed in all cell types:

• Semiconservative: DNA replication produces two double-stranded molecules of DNA 
from one double-stranded molecule of DNA; each of the two new molecules consists 
of one original DNA strand and one newly synthesized strand (one old DNA strand is 
conserved=“semiconservative”). 

• Unidirectional 5’—› 3’: DNA replication occurs in one direction, always from the 5’ end 
and adding to the 3’-hydroxyl end. For one strand replication can occur continuously 
(leading strand), for the second strand (lagging strand) replication occurs 
discontinuously in fragments called Okazaki fragments. Each fragment is built in the  
5’    3’ direction, then the fragments are joined together.

DNA replication starts at origins of replication. These are specific sequences of DNA that 
replication enzymes recognize and bind to. The sequences are different for eukaryotes 
and prokaryotes. Typically they are rich in A and T base pairs which make the DNA 
strands easier to separate than G/C pairs (2 hydrogen bonds rather than 3 between 
base pairs). Once the origin of replication is bound, replication can proceed using a 
series of enzymes which are shown in Figure 7 new: 

• Helicase: Unwinds the two strands of DNA by breaking the hydrogen bonds between 
base pairs. Allows for the formation of the replication fork: the site where the two new 
DNA strands are made. 

• Single-stranded binding proteins: Bind and stabilize each single strand of DNA to 
prevent the strands from re-annealing into a double helix.

• Topoisomerase: Binds the DNA double helix ahead of the replication fork and creates 
temporary single stranded and double stranded breaks in the DNA to remove tension 
and reduce supercoiling that can result as v unwinds the double helix.

• Primase: Adds an RNA primer, a short (5-10 base) complementary sequence of RNA to 
the DNA strand. This primer is necessary because DNA polymerase can only add to a 
chain of bases, it cannot start the chain. RNA primase provides a starting primer that 
DNA polymerase builds on; the primer is eventually removed. 

• DNA Polymerase: Builds new strands of DNA, complementary to the old strands, 
always in a 5’    3’ direction. This directionality is important because polymerase can 
only add to the free 3’ hydroxyl end. As above, this means that there is a leading 
strand (built continuously from 5’ to 3’) and a lagging strand (built discontinuously in 
short segments, but still from 5’ to 3’).

Topoisomerase has clinical relevance due to it being a target for pharmaceuticals  
(e.g. topotecan), and also anti-topoisomerase I antibodies (aka anti-Scl-70 antibodies) 
are found in scleroderma and to a lesser extent in CREST syndrome. 

Topoisomerase
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• Ligase: Forms phosphodiester bonds between Okazaki fragments.

• Telomerase: Only found in eukaryotes. A reverse transcriptase (RNA to DNA) that adds 
the repetitive sequence TTAAGGG (up to 3000 times) to the 3’ end of chromosomes to 
prevent loss of genetic material due to shortening of each chromosome that occurs 
with each replication.

• Differences between prokaryotes and eukaryotes: A key difference between 
eukaryotes and prokaryotes is in the types of DNA polymerases found in each. 
Because DNA polymerases are the primary enzyme responsible for extending the 
replicating DNA strand, they are also a primary target for many pharmacologic 
agents aimed at stopping replication. Humans have many DNA polymerases, several 
that primarily function during replication are outlined below. Prokaryotes also have 
several DNA polymerases, two are outlined below: 

 » DNA polymerase α: Eukaryotic. Limited processivity. 

 » DNA polymerase δ: Eukaryotic. Has 3’    5’ exonuclease activity (proofreading). 
Primary polymerase responsible for replication. 

 » DNA polymerase ε: Eukaryotic. Has 3’    5’ exonuclease activity (proofreading).

 » DNA polymerase I: Prokaryotic. Removes RNA primer, replaces with DNA. Has both 
3’    5’ and 5’    3’ exonuclease activity (proofreading). 

 » DNA polymerase III: Prokaryotic. Primary replication polymerase in E. coli with high 
processing speed. Has 3’    5’ exonuclease activity (proofreading). 

DNA replication as it appears at the replication fork and the enzymes that 
carry out DNA replication in prokaryotes and eukaryotes.

DNA replication

Figure 7

Increased or sustained telomerase activity is the hallmark of neoplasia, allowing cells 
to replicate many times without losing genetic material.

Telomerase
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Herpes simplex encephalitis is rapid and destructive infection. When a patient has fever 
and a headache, a spinal tap is a key test for diagnosis. If this shows a viral pattern, 

then the guanosine analogue (acyclovir) should immediately be given as time is of the 
essence. It is a safe drug because it targets the viral DNA polymerase, which is quite 

different from that found in humans.

HSV, DNA Polymerase, and Acyclovir
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5. DNA Repair
Although polymerases are high-fidelity enzymes (meaning they copy the template strand 
of DNA with very few errors), errors do occur and need to be fixed to maintain the fidelity of 
the DNA as it is translated into proteins. DNA is susceptible to damage from other sources 
as well; for example, the nitrogenous bases in DNA absorb UV light, which causes errors in a 
DNA strand. There are several mechanisms used to repair DNA:

• Nucleotide Excision Repair: Method used to repair single strand damage from UV 
light (pyrimidine dimers) and bulky chemical adducts (helix-distorting damage). 
Occurs in G1 phase of the cell cycle.

 » Repair Process: In general, the repair involves recognition of the error, excision of 
the damaged nucleotide(s), repair by polymerase, ligation by ligase.

 » Example Defect: Xeroderma pigmentosum (pyrimidine dimers from UV damage 
cannot be repaired). For further discussion, see Pathology, neoplasia. 

• Base Excision Repair: Uses 5 key enzymes to repair single strand damage from 
oxidation, deamination, and alkylation. Occurs throughout the cell cycle.

 » Repair Process: A glycosylase recognizes an altered base, removes the base 
(creating an empty or apurinic/apyrimidinic, AP, site). Then, AP-endonuclease 
creates a nick in the 5’ end of the phosphodiester backbone while lyase creates a 
nick in the 3’ end. Finally, DNA polymerase β repairs the break and ligase seals the 
new base(s) into the strand by catalyzing the formation of phosphodiester bonds.

 » Example Defect: Glycosylase mutations associated with some colorectal cancers.

• Mismatch Repair: Used to repair single strand damage or base-misincorporation 
that occurs during replication. Occurs in the G2 phase of the cell cycle.

 » Repair Process: An enzyme called MutS detects a base pair mismatch, binds the 
DNA, and recruits MutL and MutH. Binding by MutL activates MutH, which nicks the 
DNA strand, allowing an exonuclease to remove a segment of the DNA strand both 
upstream and downstream from the mismatch. Next, the standard DNA replication 
process occurs, creating a new strand without errors.

 » Example Defect: Lynch syndrome (hereditary nonpolyposis colorectal cancer) in 
which the genes encoding MutS and MutL are mutated. For further discussion, see 
Pathology, neoplasia.

• Nonhomologous End Joining: Used to repair double-stranded DNA breaks. Occurs  
throughout cell cycle. 

 » Repair Process: Many en zymes are involved. Generally, the process involves 
enzymes binding to the ends of the DNA strands, possible processing of the ends 
(removing damaged/mismatched base pairs), possible DNA insertion, and ligation 
of the two ends. This process may result in insertion or deletion of DNA and is error 
prone because there is no template used (non-homologous). 

 » Example Defect: Ataxia telangiectasia (ATM gene) and Fanconi anemia   
(multiple genes).
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• Homologous Recombination: Used to repair double-stranded DNA breaks, 
butrequires a  homologous, undamaged, double-stranded DNA template (from a 
sister chromatid). Less error-prone than non-homologous end joining because a 
template is used. Occurs in S and G2 phases of the cell cycle.

 » Repair Process: General process involves strand exchange (binding damaged 
DNA strand with homologous strand from sister-chromatid), branch migration 
(synthesis of new DNA), and resolution (cleavage of the joined sister chromatids). 

 » Example Defect: BRCA1 gene mutation breast and ovarian cancers. For further 
discussion, see Pathology, neoplasia.

The Central Dogma of Molecular Biology
Despite the proofreading of polymerases and repair mechanisms discussed above, 
occasionally errors persist in DNA and it is important to know when an altered base pair 
will have an effect on cell function. The central dogma of molecular biology is that DNA 
can be replicated to make DNA, DNA can be transcribed to make RNA, and RNA can be 
translated to make proteins, but proteins cannot be replicated to make proteins (transfer 
of information from protein to protein is not possible). This means that when there is an 
error in DNA, it is an error in the template for everything (DNA, RNA, and proteins). This 
makes the proofreading and DNA repair very important processes, but there is also a third 
way in which errors are avoided. When DNA is transcribed into RNA, and RNA translated into 
protein, the process is governed by a set of rules called the genetic code. To translate RNA 
into protein, a sequence of base pairs is read 3 at a time, each triplet is called a codon. 

The genetic code has several important features: 

• Unambiguous: Each codon codes for only one amino acid. 
• Redundant: There may be several codons that code for the same amino acid. 
• Universal: Nearly all living organisms use the same code. 

The aspect of the genetic code which helps with error reduction is the redundancy. As can 
be seen in Figure 8, for example, CUU codes for leucine, as does CUC. Therefore, if certain 
base pair substitutions are made, there will be no ultimate change in the sequence of 
the protein that is made. Similarly, because the base pair sequence is read 3 at a time, in 
codons, if 3 or a multiple of 3 base pairs is inserted, the reading codon frame will not be 
disrupted, which minimizes additions or deletions in the amino acid sequence of the protein. 
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The genetic code. Each 3-letter set of nucleotides codes for only one amino acid; different 3 letter codes 
may code for the same amino acid. The essential amino acids (those the body cannot synthesize)  are 
underlined. The chemical properties of the amino acids are noted below the table. *note: The purpose 
of this image is not for memorization of codons, it is to reinforce the principles of codons as unique 3 
nucleotide sets that tell the cell what amino acid to use in a protein and to emphasize that amino acids 
have different chemical properties (which becomes important in mutations, see below)

Genetic code

Figure 8

One example of the clinical relevance of the genetic code is in trinucleotide repeat 
disorders such as Huntington Disease (HD). HD is an autosomal dominant disorder 
that results from a trinucleotide repeat expansion (excessive repeats of CAG) in the 
gene coding for huntingtin on chromosome 4. CAG codes for glutamine (which has 
a single letter code of Q; there are other disorders that also result from repeated 
glutamine, the family of disorders is called PolyQ or polyglutamine disorders). HD 
patients typically develop symptoms between ages 20 and 50 (earlier onset is 
consistent with increased CAG repeats). There is also anticipation with HD, meaning 
affected children will have earlier onset of symptoms than their patients due to 
increasing numbers of CAG repeats with each successive affected generation. 
Patients with HD develop progressive chorea, mood changes, and personality 
changes. Loss of acetylcholine and GABA from the caudate nucleus is responsible 
for the characteristic abnormal movements. Treatment is supportive. 

Clinical Correlation
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Types of DNA Mutations
With an understanding of the genetic code and codons, the different types of DNA 
mutations are more easily understood (Figure 9n):

1. Point
One base pair is altered. Point mutations are a broad category that includes silent, 
missense and nonsense mutations. Point mutations may be a transition (a purine 
is substituted for a purine or pyrimidine for pyrimidine); or a transversion (purine is 
substituted for pyrimidine or pyrimidine for purine).

Aflatoxin is a chemical produced by Aspergillus flavus on poorly stored nuts and 
grains. It is the most carcinogenic substance known and causes HCC by a G —› T 

transversion in the tumor suppressor protein p53.

Aflatoxin and Hepatocellular Carcinoma (HCC)

a. Silent: A base pair is changed, but the amino acid coded for remains the same. 
Most often occurs in the 3rd position of the codon (the wobble position). 

b. Missense: A base pair is changed and the resulting codon codes for a different 
amino acid. If the new amino acid has similar properties to the original, the 
mutation is called conservative.

Example: Sickle-cell anemia (glutamic acid is replaced by valine in the 6th position 
of the beta-globin gene). 

c. Nonsense: A base pair is changed and the resulting codon is a stop codon. This 
commonly results in a non-functional protein.

2. Frameshift
Base pairs are either inserted or deleted, but not in a multiple of 3, resulting in a 
change in the codon reading frame.

Examples: Tay-Sachs disease (premature termination of beta-hexosaminidase) and 
Duchenne muscular dystrophy (commonly a deletion in the dystrophin gene). 

3. Splice site
Splice sites are at the boundary of coding (exons) and non-coding (introns) 
sequences of DNA. Only exons are used to make proteins (as discussed below). Splice 
site mutations result in improper processing of RNA and generally lead to proteins 
with impaired functions.

Examples: Some types of beta-thalassemia, neurofibromatosis type 1, autosomal 
dominant congenital cataract (MIP gene), and some cancers. 
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1. Early stop codon, generally leads to nonfunctional protein
2. Codes for a different amino acid (called conservative if new amino acid is similar in chemical nature)
3. Deletion or addition of any number of bases that is not divisible by 3, resulting in a new reading frame. Protein 

may be longer or shorter and function is usually altered.

The DNA mutations with examples of how each will change the mRNA transcript and 
the effect each change has on the ultimate amino acid sequence of the protein.

DNA mutations

Figure 9
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Chapter 4
From Nucleic Acids to Proteins

(Transcription and Translation)
Objectives

• Define transcription and translation and note where each occurs in the cell.

• Outline the key components of a eukaryotic gene used in transcription.

• Describe the different processes that aid in gene expression regulation.

• Describe the function of the lac operon as an example of the control of gene expression.

• Describe how transcription occurs.

• Define the different types of RNA and their roles.

• Describe the three steps in eukaryotic RNA processing.

To make proteins, DNA must be transcribed into RNA, the RNA must be processed to make 
mRNA, which can then be translated into proteins (Figure 10).

The transcription (DNA to RNA) and translation (RNA to protein) process. Note the directionality of 
synthesis (5’—›3’) and that the RNA is identical to the coding strand of DNA (with U instead of T). 

Transcription and translation

Figure 10
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1. Transcription
Transcription is the process of making an RNA copy of a DNA sequence, generally in 
preparation for making a protein. In eukaryotes transcription occurs in the nucleus. 
The unit of transcription is the gene, which is defined as a heritable unit of DNA. A 
chromosome may contain hundreds-to-thousands of genes, arranged in a specific 
sequence and often clustered by function (in eukaryotes). Within genes there is also 
specific organization that allows for transcription (Figure 11). The key components in a 
eukaryotic gene include: 

• Proximal control elements: regulatory sequences that are upstream of the 
promoter and modulate transcription by binding certain proteins. 

• Core promoter: A sequence of DNA that proteins bind that initiates transcription. A 
key element is the TATA box. 

• Start codon: ATG (see Figure 8). In eukaryotes ATG (AUG in RNA) codes for 
methionine and is sometimes removed before translation; in prokaryotes it codes 
for N-formylmethionine (fMet). Prokaryotic fMet is recognized by the human 
immune system and causes neutrophil chemotaxis.

Pathologists can recognize the chromatin state of a cell by its microscopic 
appearance. Cells in a euchromatin state have a nucleus with a finely granular 

appearance that has historically been called “immature”. Cells in a heterochromatin 
state have clumped dense nuclear protein called “mature”. The appearance of the 

nuclear chromatin is used as one of the criteria in diagnosing neoplasia.

Immature and Mature Nuclei in Pathology

• Stop codons: UGA, UAA, UAG (see Figure 8).

• Introns: Segments of DNA that do not code for proteins. They are transcribed when 
pre-mRNA is made, but are spliced out when mRNA is made and therefore, they do 
not leave the nucleus. 

• Exons: Segments of DNA that do code for proteins; they are the only components in 
mRNA (therefore, they leave the nucleus). 

• 5’ and 3’ untranslated regions: These regions are made into mRNA and are 
important for initiation and termination of translation.
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Besides the organization and sequence of genes, their expression is also controled by 
methylation and acetylation.

• Methylation: Methyl groups are added (often to cytosine). Methylation near 
a promoter  represses transcription by blocking the binding of transcription 
factors. DNA methylation is associated with genomic imprinting (heritable gene 
expression), X chromosome inactivation, Angelman syndrome, and Prader-Willi 
syndrome. Histones may also be methylated, which is often reversible, and usually 
represses transcription (depending on the location of the methylation). Increased 
levels of methylation of tumor suppressor genes are a common epigenetic 
change found in various neoplasms. 

• Histone Acetylation: Adding an acetyl group to histones adds a negative charge; 
this negative charge reduces the histone’s positivity, thereby reducing the affinity 
of the histone to negatively charged DNA. The result is more loosely coiled DNA 
around histones, allowing for an increase in transcription.

Organization of a eukaryotic gene, showing proximal control elements as well as 
introns and exons that comprise pre-mRNA.

Eukaryotic gene organization

Rett Syndrome: Sporadic disorder characterized by a de novo mutation of MECP2
on the X chromosome that primarily affects young girls. The MECP2 gene is required
for normal nerve cell function where it helps to repress the expression of certain genes 
by recognizing methylation patterns. Symptoms develop between ages 1-4 years and 
include regression in motor and verbal development, ataxia, seizures, poor growth, 
and characteristic hand movements (wringing, tapping, clapping). There is no cure; 
treatment is aimed at symptom management (e.g., braces for scoliosis, nutrition 
supplementation to help growth).

Clinical correlation

Figure 11
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Close control of gene expression is important for cells because it allows them to make 
proteins and other gene products when those products are needed, but it also allows 
them to save energy by not making gene products if resources are low or the products 
are not needed. The lac operon found in E. coli is a commonly used example of inducible 
gene expression. E. coli prefer to use glucose as an energy source, however if glucose is 
unavailable and lactose is available, E. coli are able to activate the lac operon to make 
the proteins needed to metabolize lactose. The organization of the lac operon is shownin 
Figure 12. If lactose is present, it binds and releases the repressor protein that is bound to the 
operator site, allowing transcription to occur. However, in addition to lactose being present, 
glucose must be absent for full transcription to occur. This is because there is a second 
transcription control protein, catabolite activator protein (CAP), which cannot be activated 
when glucose is present. In summary, there are three transcription states for the lac operon: 

• Lactose present, glucose absent: active transcription. 
• Lactose present, low amounts of glucose: low levels of transcription. 
• Lactose present, glucose present: no transcription. 
• Lactose absent, glucose present: no transcription. 

The lac operon is an elegant and simple example of inducible gene expression and 
operons are commonly found in prokaryotes. Eukaryotic cells also have gene expression 
control mechanisms, but they are often more complex.

The organization and regulation of the lac operon.

LAC operon

Figure 12
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MacConkey agar has been used to distinguish those bacteria that ferment lactose 
from those that do not. This is important because some gut bacteria, such as 
Escherichia coli, can typically ferment lactose, while other important gut pathogens, 
such as Salmonella enterica and most shigellas are unable to ferment lactose.

Lactose Fermenters in Microbiology

The process of transcription of a gene is similar to DNA replication, but with different 
enzymes and products. Transcription can be divided into four steps: 1. Binding of the RNA 
polymerase to the promoter sites on the DNA transcript, 2. Initiation of polymerization, 3. 
Elongation, 4. Termination. 

• Step 1.
RNA polymerase recognizes the promoter sequence of DNA and binds to the template 
strand. Note: one strand of RNA is made, which means only one strand of the DNA 
is transcribed. The two strands of DNA are called the template strand (this strand 
is transcribed) and the coding strand or complementary strand (this strand is not 
transcribed). The RNA transcript is identical to the coding/complementary (non-
template) strand with U in place of Ts (see Figure 10). 

• Step 2.
RNA polymerase progresses along the DNA strand until reaching the start codon. 
At the start codon, it places the first nucleotide then catalyzes the formation of the 
phosphodiester bond with the second nucleotide. 

• Step 3.
RNA polymerase proceeds along the DNA template strand, elongating the 
complementary RNA strand by catalyzing formation of phosphodiester bonds. 

• Step 4.
Termination varies between eukaryotes and prokaryotes and the details are beyond 
the scope of this text. Generally, termination occurs when the RNA polymerase 
reaches the termination site or sequence and is released from the DNA template. 
Depending on the cell type, the release of RNA polymerase may involve the 
assistance of termination factors or structural features of the DNA. 

Lactose fermenter
• E. coli
• Klebsiella

Non-lactose fermenter
• Salmonella
• Pseudomonas
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The product of transcription is an RNA copy of a DNA transcript (with uracil as a base 
instead of thymine). There are several different types of RNA that are made and used 
by cells: 
• Ribosomal RNA (rRNA): The primary component of ribosomes. 
• Transfer RNA (tRNA): Molecules made of RNA that serve as a carrier of amino acids 

and bring  amino acids together with mRNA when proteins are being built.
• Heterogenous nuclear RNA (hnRNA): The initial transcript of RNA after it is transcribed 

from DNA, before it has been processed. Sometimes called pre-mRNA.
• Messenger RNA (mRNA): The processed strand of RNA that is used as a template to 

make proteins. Composed of only exons. 
• Micro RNA (miRNA): RNA fragments that prevent translation by binding to the 3’ 

end of mRNA. Some cause the mRNA to be degraded. miRNAs have a role in some 
cancers, for example if they reduce the translation of a tumor suppressor protein. 

There are several key differences in transcription between prokaryotes and eukaryotes 
including different RNA polymerases: 

Prokaryotic RNA Polymerase: 1 multi-subunit RNA polymerase that makes tRNA, rRNA 
and mRNA. 

Eukaryotic RNA Polymerases: RNA polymerase I: synthesizes rRNA. RNA polymerase II: 
synthesizes mRNA. RNA polymerase III: synthesizes 5s rRNA and tRNA. All lack proofreading 
capability. 

Because RNA polymerases are critical in synthesizing proteins, inhibiting them can have 
catastrophic effects. Examples of this include alpha-amanatin (found in death cap 
mushrooms) which inhibits RNA polymerase II and causes hepatotoxicity, actinomycin D 
which inhibits RNA polymerase in prokaryotes and eukaryotes, and rifampin which inhibits 
prokaryotic DNA-dependent-RNA polymerase. Additionally, the processing of RNA differs 
between eukaryotes and prokaryotes.
Eukaryotic RNA processing: After step 4 of transcription, termination, the initial RNA 
transcript (hnRNA) is complete. However, in eukaryotes, there is additional processing 
that must be completed to make mRNA. Processing of the initial RNA transcript occurs in 
the nucleus and involves 3 steps: 
• Adding a 5’ cap: 7-methyl guanosine is added to the 5’ end to limit degradation of 

the molecule by nucleases.
• Removing introns (splicing): hnRNA is an RNA copy of the DNA template and includes 

both introns and exons. To make mRNA, the introns are removed in a process called 
splicing (Figure 13). Splicing involves small nuclear ribonuclear proteins (snRNPs) 
binding to the hnRNA, forming a loop of the intron and cutting the 5’ then 3’ end while 
joining the exons.

Antibodies to spliceosomal snRNPs are called anti-Smith antibodies and are specific 
for systemic lupus erythematosus. Antibodies to the U1 snRNP are associated with 
mixed connective tissue disease. 

Clinical correlation
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• Adding a 3’ tail: PolyA polymerase adds several hundred adenosine bases to the 
3’ end. This tail contributes to stability and may improve efficiency of translation.

From DNA to protein: the process of splicing (removing introns) from hnRNA to 
form mRNA, which is translate to make proteins.

2. Translation
Translation is the process of making proteins from an mRNA transcript and it occurs 
in the cytoplasm. In eukaryotes mRNA is processed in the nucleus, then transferred 
through nuclear pores to the cytoplasm where translation occurs. Prokaryotes lack 
membrane-bound organelles, and are therefore able to complete transcription and 
translation concurrently. 

Proteins are made of amino acids; there are 20 commonly occurring amino acids which 
can be grouped based on their chemical qualities (nonpolar, polar, aromatic, positively 
charged/basic or negatively charged/acidic, Figure 8). Each amino acid has the same 
basic structure (a central carbon atom bonded to an amino group, a hydrogen, and a 
carboxyl group, Figure 14). The fourth bond to the central carbon is the “R” group, which is 
different for each amino acid and is what defines each amino acid’s chemical qualities. 
For example, lysine’s R group contains an amine, giving the amino acid a positive charge 
at biologic pH; therefore lysine is known as a positively charged amino acid. In addition 
to grouping the amino acids by the chemical qualities of their R groups, they can be 
grouped as essential (the body cannot make them) or non-essential (the body can 
synthesize them). There are 9 essential amino acids (noted in Figure 8).

Splicing  and alternative splicing of RNA

Figure 13
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Amino acids are joined together through peptide bonds between the carboxyl and 
amino groups, a reaction catalyzed by the enzyme peptidyl transferase (Figure 14). 
A string of amino acids is called a polypeptide; proteins are made of one or more 
polypeptides. Like DNA and RNA, a peptide chain has directionality, it is formed from the 
N (amino) terminus to the C (carboxyl) terminus, and by convention is also written in  
this order. 

Translation is carried out by ribosomes, enzymes that bring together template mRNA, 
tRNA molecules charged with amino acids corresponding to the mRNA sequence, and 
then catalyze peptide bond formation. Ribosomes used by eukaryotes and prokaryotes 
are different, which allows for targeted pharmacologic intervention. Several other key 
differences in translation between eukaryotes and prokaryotes are noted in Figure 15.

A comparison of translation between eukaryotes and bacteria. 

The formation of a peptide bond between the carboxyl group on one amino acid and the 
amino group on a second amino acid; a reaction catalyzed by peptidyl transferase.

Peptide bond formation

Translation: comparing eukaryotes and bacteria

Figure 14

Figure 15
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The molecular carriers of amino acids, tRNA, are specific for each amino acid. Amino 
acids are bonded to a tRNA in a process called charging which is catalyzed by 
aminoacyl-tRNA synthase and requires ATP (Figure 16). There is a unique aminoacyl-tRNA 
synthetase for each amino acid. Figure 16 also shows the structure of tRNA molecules. Key 
tRNA structures: 

• 3’ CCA sequence: All tRNA molecules have a CCA sequence at the 3’ end where the 
amino acid is covalently bound. 

• T-arm: Important for binding to the ribosome.

• D-arm: Important for recognition by the correct aminoacyl-tRNA synthetase. 

• Anticodon loop: binds with the correct mRNA codon.

The structure of tRNA and charging (aminoacylation) of a tRNA molecule, a reaction 
catalyzed by aminoacyl-tRNA synthetase that uses one molecule of ATP.

Charging tRNA (aminoacylation)

Figure 16
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The initiation and elongation steps of translation.

Once a polypeptide is made, the next step is to complete post-translational 
modifications, which differ for each protein. There are many different post-translational 
modifications that can be made to different proteins, the covalent modifications are 
outlined in Figure 18. Additionally, trimming is a type of post-translational modification, 
which removes amino acids from the N or C terminal of the inactive polypeptide 
(zymogen) to generate a mature protein (example: trypsinogen undergoes trimming to 
produce active trypsin). 

Translation initiation, elongation

Figure 17

The Translation Process: Translation is an ordered process of three main steps (Figure 17) 

• Initiation: Initiation factors bind at the initiation site upstream from the start codon, 
then to the small ribosomal subunit, then the initiating tRNA. This initiation complex 
scans the mRNA until reaching the start codon, which the initial tRNA binds to, the 
initiation factors are released, and the large ribosomal subunit binds in preparation 
for continued translation. This process requires GTP.

• Elongation: With the initial tRNA in the P site, the next charged tRNA (aminoacyl-tRNA) 
binds in the A site of the ribosome (requires GTP), the ribosome catalyzes the peptide 
bond formation and the growing chain is now attached to the tRNA in the A site. 
The ribosome shifts to release the now uncharged tRNA in the P site and move the 
growing peptide chain to the P site (requires GTP). This process repeats until the stop 
codon is reached. See Figure 17. 

• Termination: When the stop codon is reached, there is no charged tRNA that 
recognizes it, rather release factors enter the P site and catalyze a reaction that 
releases the completed peptide chain from the ribosome (requires GTP). 
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Examples of several types and functions of post-translational modifications that are made to new proteins.

3. Protein Structure
After post-translational modifications, proteins are folded, giving them their final 
structure. Protein structure can be broken down into four levels (Figure 19):

• Primary Structure: The amino acid sequence of the protein.

• Secondary Structure: Local folds in a protein that occur due to hydrogen bonds 
that form between atoms in the peptide backbone. Folds are either alpha helices 
or beta-pleated sheets. 

• Tertiary Structure: The overall three-dimensional form of a protein. This is made 
by hydrophobic interactions, disulfide bridges, salt bridges, and hydrogen bonds 
that form between amino acid R groups.

Post-translational modifications

Figure 18
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Cells monitor their health in many areas including by the build-up of proteins. When a 
misfolded protein cannot be cleared through the ubiquitin/proteasome pathway, the 
cell undergoes intrinsic apoptosis. The inability of the cell to clear damaged/misfolded 
proteins can lead to disease. Key examples include the dementias in which neurons 
are lost due to protein buildup including:

- Alzheimer disease: Tau and amyloid

- Parkinson disease: Synuclein

- Frontotemporal dementia: TDP-43 & others

This has led to the idea that these diseases are proteinopathies. There are other 
important examples in other organs, including α1-antitrypsin deficiency.

The Misfolded Protein Stress Response

• Quaternary Structure: The arrangement of two or more polypeptide chains that 
together form one protein made of several subunits. Quaternary structure is shaped 
through inter-peptide and environmental interactions. For example, the acute phase 
reactant, c-reactive protein (CRP) is composed of 5 identical protein subunits. 

Protein structure, from primary to quaternary, and the bonds and 
interactions that are the main component of each structural type. 

Protein folding

Figure 19
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4. Protein Trafficking and Degradation (Eukaryotes)
The synthesis, post-translational modification, and folding of proteins occur in 
different parts of the cell depending on the protein. Proteins can be synthesized by 
free ribosomes in the cytosol or in the endoplasmic reticulum, an organelle with 
membranes that are continuous with the  outer nuclear membrane (Figure 1). 

• Rough endoplasmic reticulum (RER): 
Organelle where nearly all secreted 
proteins are made and N-linked 
glycosylation occurs.  Called “rough” 
because ribosomes bind to the 
membrane to make proteins. In neurons 
RER are called Nissl bodies; they synthesize 
peptide neurotransmitters for secretion. 
Cells that secrete a lot of protein (e.g. 
pancreas, white blood cells) have 
abundant RER.

• Smooth endoplasmic reticulum (SER): 
Organelle where steroids and some lipids are synthesized. Also important for 
detoxification of some metabolites and drugs. “Smooth” because it does not have 
ribosomes bound to the membrane.  Cells that produce lipids or steroids (e.g. 
hepatocytes, adrenal cortex cells) have abundant SER. 

Distribution of proteins and some post-translational modifications occur in the Golgi 
apparatus. 

• Golgi Apparatus: A membrane-bound organelle responsible for transportation 
and many post-translational modifications of secreted proteins. This organelle is 
like the packing and shipping distribution center of the cell. The side of the Golgi 
that is closest to the nucleus is the “cis” side, the side farthest from the nucleus 
is the “trans” side (Figure 20). Many additions to proteins help with targeting. For 
example, mannose-6-phosphate added to proteins targets them to the lysosome.

The multipolar neuron

The Plasma Cell

Figure 21

Figure 20 
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• Transport Proteins: To transport proteins from inside-to-outside and outside-to-
inside of a cell, vesicle protein labels are used called COP I, COP II, and clathrin 
(Figure 20). These proteins coat the outside of vesicles containing proteins and 
provide the signal for where the vesicle should go. 

 » COP I: (named for COat Protein complex). Vesicles coated in COP I are destined 
to go from trans to cis Golgi, then to the ER (inward toward cell nucleus). 

 » COP II: Vesicles coated in COP II are destined to go from ER to the cis Golgi  
(out from nucleus).

 » Clathrin: Clathrin coated vesicles are involved in endocytosis (bringing 
extracellular material into the cell). Endosomes can either return their contents 
to the Golgi or become lysosomes for degradation. Clathrin is also involved  in 
transportation from the trans Golgi to late endosomes then to lysosomes   
for degradation.

Trafficking of proteins as they are sent from the endoplasmic reticulum to the cis golgi (COP II), 
from the trans golgi back to the cis golgi and endoplasmic reticulum (COP I), and from the plasma 
membrane to endosomes or the trans golgi (clathrin). 

Protein trafficking

Figure 22
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• Protein degradation occurs in lysosomes (as noted above), proteasomes, 
phagophores (as in autophagy), and peroxisomes. 

 » Proteasomes: Hollow, barrel-shaped protein complexes found in the cytoplasm 
and the nucleus that degrade proteins that are tagged with ubiquitin (a small 
regulatory protein). Proteins are labeled with ubiquitin if they are damaged 
or misfolded (Figure 21). May be associated with neurodegenerative diseases 
including Parkinson’s as well as protein homeostasis after cardiac ischemic injury.   

Proteasomal degradation of a ubiquitin-labeled protein. 

Dysfunctional processing or trafficking of proteins to lysosomes or proteasomes is 
the cause of many disorders, one example is Chédiak-Higashi Syndrome (CHS), 
which is caused by a dysfunctional gene for a lysosomal trafficking protein; the 
result is improper transport of lysosomes. The phagolysosome complexes that 
assist in immunity and destruction of bacteria are particularly affected and result 
in the characteristic presentation of the patients with many bacterial, viral, and 
fungal infections (infections that are cleared by phagocytes and natural killer 
cells-which move vesicles to destroy targets). For a complete discussion of CHS, 
see the Immunology review text, Immunodeficiency chapter.

I Cell Disease: Inclusion cell disease/mucolipidosis type II. Autosomal 
recessive lysosomal storage disorder characterized by a defective enzyme, 
N-acetylglucosaminyl-1-phosphotransferase. The defect leads to the inability of 
the Golgi apparatus to add mannose-6-phosphate residues to glycoproteins; as a 
result the proteins are erroneously transported out of the cell instead of to lysosomes. 
Subsequently the lysosomes cannot complete hydrolysis and intracellular debris 
accumulates in inclusion bodies. Signs and symptoms: symptom onset at 6mo-2years 
of age. Failure to thrive, motor>cognitive developmental delays, coarse facial features, 
skeletal abnormalities (claw hands, kyphoscoliosis), hepatomegaly, splenomegaly, 
heart valve thickening, and corneal clouding. Often present with failure to thrive, 
recurrent respiratory infections, otitis media. Often fatal by age 7 due to heart failure. 

Clinical correlation

Proteasome structure and function

Figure 23
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Vesicles such as lysosomes and peroxisomes are moved around within cells using 
microtubules. 

 » Microtubules: Polymers of the protein tubulin that form part of the cytoskeleton 
(the network of proteins that support cell structure) of cells and perform 
several functions including vesicle movement, flagella and cilia structure, cell 
structure, and are components of the mitotic spindle involved in cell division. 
Polymerization (growth of the microtubule by addition of alpha-beta tubulin 
heterodimers) occurs at the positive end of the microtubule and requires GTP. 
Movement of vesicles by microtubules is completed by the molecular motor 
proteins, kinesin and dynein (Figure 24). Kinesin moves vesicles using energy 
from ATP hydrolysis from the negative end to the positive end of the microtubule. 
Dynein moves vesicles using energy from ATP hydrolysis from the positive end to 
the negative end of the microtubule. 

• Structure of microtubules
Structure of microtubules, showing polarity of the microtubule and 
composition of alpha and beta tubulin dimers. Additionally, the movement 
of vesicles is shown; in the antegrade direction using kinesin and in the 
retrograde direction using dynein (both requiring ATP for energy). 

 » Cilia: Microtubules are a key structural component of cilia, organelles that 
protrude from eukaryotic cells and have a number of functions including 
chemoreception, signal transduction, and motility. Cilia structure is shown 
in Figure 25, and consists of 9 microtubule doublets surrounding a central 
doublet. Dynein arms on the outer microtubules assist in cilia movement, 
coordinated movement of many cilia occurs with the assistance of gap 
junctions between cells. 

• Structure of cilia 
Structure of cilia with 9 microtubule doublets surrounding a central 
doublet. Each of the outer doublets has dynein arms with an ATPase that 
is responsible for movement of microtubules in relation to another and 
ultimately, bending of the cilium.

Microtubule

Figure 24
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Cilia

Figure 25

Kartagener syndrome (primary ciliary dyskinesia): An autosomal recessive disorder that can 
be caused by several mutations, but frequently involves mutations to the DNAI1 and DNAH5 
genes that code for dynein. The mutations result in immotile cilia and as a result patients with 
this disorder often have bronchiectasis (respiratory epithelial cilia dysfunction, decreased 
mucus clearance), hearing loss, infertility (immotile sperm, dysfunctional fallopian tube cilia), 
and in some cases situs inversus (reversal/mirror imaging in the location of the major visceral 
organs due to ciliary dysfunction in embryogenesis). 

Clinical correlation
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Synthesis of collagen from mRNA to completed and processed peptide, including where post-translational 
modifications occur in the cell.

Collagen synthesis and processing

Figure 26

Collagen as an example of protein synthesis
To complete the discussion of protein synthesis and processing, collagen provides a 
great example of a real-life example. Collagen is the most abundant protein in the 
human body. There are many different types of collagen that vary slightly in primary 
structure or post-translational modifications, but all types have the same general 
structure and are processed similarly. There are five most common types of collagen: 

• Type I: Found in bone, skin, tendons, and cornea.

• Type II: Primary component of cartilage. Also a component of the nucleus pulposus 
and vitreous body.

• Type III: Primary component of reticular fibers (forms the supporting network in skin, 
blood vessels, and soft tissues including the liver, bone marrow, lymph system organs). 

• Type IV: Forms the basal lamina (of the basement membrane). Also a major 
component of the lens. 

• Type V: Found at the dermal-epidermal junction, part of placental tissues, and is 
involved in hair growth.

The steps of collagen synthesis and processing are outlined in Figure 26.
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 » Collagen processing can be disrupted at a number of points, resulting in disease. 

• Osteogenesis Imperfecta (OI): Genetic disorder of Type I collagen. The genes 
most commonly involved are COL1A1 and COL1A2. Several types including 
decreased production of normal Type I collagen, or disruption of triple helix 
formation in Type I collagen. Most frequently inherited in an autosomal 
dominant fashion. Findings include: numerous fractures resulting from minimal 
trauma (some babies with OI develop fractures during birth), blue sclera (due 
to translucent connective tissue over choroidal veins), hearing loss (abnormal 
or damaged ossicles), and tooth abnormalities (due to lack of dentin). 
Treatment includes behavior modification (reduce behaviors that could result 
in fractures) and bisphosphonates.

• Ehlers-Danlos Syndrome (EDS): Group of genetic disorders of collagen 
processing. Mode of inheritance and severity vary. Different collagen types 
are affected in the different types of EDS. Generally characterized by joint 
hypermobility, skin hyperextensibility, and tissue fragility. May be associated 
with berry or aortic aneurisms, or organ rupture. Most common type is 
hypermobility EDS, characterized by joint instability. Classical type involves 
amutation in Type V collagen (genes: COL5A1 or COL5A2) and results in joint 
and skin signs and symptoms. Vascular type involves a defect in procollagen 
processing of Type III collagen and leads to fragile tissues that are prone to 
rupture (organs, vessels, and muscles). 

• Menkes Disease: X-linked recessive genetic disorder in which Menkes protein 
(gene ATP7A) is defective and therefore copper absorption and transport is 
impaired. Because copper is a cofactor for lysyl oxidase, collagen cross-linking 
is impaired and collagen is defective. Signs and symptoms: brittle hair, growth 
retardation, hypotonia. 

 » Elastin processing
Another example of posttranslational protein processing is elastin. Like collagen, 
elastin is a structural protein, and as the name would suggest it provides elasticity 
to certain tissues including the lung, skin, and vocal cords. It is first produced 
as tropoelastin, then undergoes processing (including cross-linking) to make 
it into the active form. When fully functional, elastin is deposited on a scaffold 
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of other proteins in the matrix, including microfibrillar proteins and collagens. 
Elastin is degraded by d elastase. With increasing age, it is normal for the body to 
have decreased dermal elastin and collagen, but the processing steps are not 
disrupted by age. Disorders result when the normal function or structure of these 
structural proteins is disrupted: 

• α-1 Antitrypsin Deficiency: Genetic disorder involving the SERPINA1 gene 
(PiZZ allele is most severe). α-1 antitrypsin inhibits elastase. A major source of 
elastase is inflammatory cells such as neutrophils. Deficiency results in loss 
of alveolar septae (panlobular emphysema) and liver cirrhosis (due to α-1 
antitrypsin accumulation in the liver).

 » Fibrilin processing
• Marfan syndrome: Autosomal dominant genetic disorder of the FBN1 gene 

on chromosome 15 that leads to defective fibrillin. Fibrillin acts as a “sink” 
for TGF-β in the ECM. With loss of fibrillin, there is dysregulation of TGF-β and 
degradation of elastin. Signs and symptoms: Tall stature, long fingers and toes 
(arachnodactyly), pectus carinatum (specific finding), pectus excavatum. Loss 
of elastin leads to cystic medial necrosis of the aorta which can lead to aortic 
aneurysm with aortic valve incompetence and dissection. Patients also may 
have mitral valve disease (prolapse). Additionally, upward and temporal lens 
displacement (dislocation, subluxation) may be found.
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Chapter 5
Carbohydrates and Lipids

Objectives

• Define the major groups of carbohydrates and the type of bonds that link sugar  
units together.

• Define N- and O-linked glycosylation and where they occur.

• Describe the structure of fatty acids.

• Describe the function of peroxisomes and give 3 examples of diseases that occur 
when peroxisomes dysfunction.

• Describe the structure of the steroid hormones.

Introduction
Carbohydrates are organic molecules composed of carbon, hydrogen, and oxygen, with 
the basic molecular formula (C·H2O)n. Carbohydrates are the metabolic precursors of most 
biomolecules and are therefore important for a number of biological processes including 
energy production and storage and molecular signaling. There are three main groups of 
carbohydrates: monosaccharides, oligosaccharides, and polysaccharides (Figure 27). 

Carbohydrate structure
• Monosaccharides: Also called simple sugars. They cannot be broken down into 

smaller sugars. Common examples: glucose, fructose, galactose. 

• Oligosaccharides: Composed of 2-10 sugar residues. Common examples include 
sucrose, maltose, lactose. 

• Polysaccharides: Carbohydrates composed of over 10 sugar residues (polymers of 
simple sugars). Common examples include starch (from plants, and a major source 
of dietary carbohydrate) and glycogen. 

Carbohydrates are linked together through glycosidic bonds, which are either alpha 
or beta type. The distinction between alpha and beta is primarily important because 
different enzymes are able to hydrolyze alpha or beta linkages (see glycogen storage 
disorders in Part 3). Dietary carbohydrates such as starch must be broken down into 
monosaccharides before they can be absorbed in the intestine. They are broken down 
into disaccharides by amylase and then into monosaccharides by disaccharidases in 
the small bowel mucosal brush border.

39B I O C H E M I S T R Y



Structures of common monosaccharides, disaccharides, and polysaccharides.

Carbohydrate hydrolysis
• Lactase deficiency: Lactose is the primary carbohydrate in milk. It is broken down 

by lactase at the intestinal brush border into glucose and galactose. Lactase 
deficiency can be primary (age dependent decline in lactase), secondary (due to 
loss of brush border from gastroenteritis or autoimmune disease), or congenital 
(genetic lack of gene for lactase). The result is patients have an intolerance of 
dietary lactose; if consumed it causes abdominal cramps, bloating, osmotic 
diarrhea, and gas. Stool has low pH because of the presence of un-reabsorbed 
acids and reducing sugars, there is increased hydrogen content on the hydrogen 
breath test. Intestinal biopsy would show normal mucosa in primary and hereditary 
lactase deficiency. Treatment is primarily through avoidance of dietary lactose and 
enzyme replacement (lactase pills). 

Carbohydrates are also important for molecular signaling. In the previous section, protein 
post-translational modifications were discussed, including N and O-linked glycosylation. 
Glycosylation is a reaction that attaches a carbohydrate to an amino acid and is 
important for protein folding, activity, and interactions (Figure 28 ). 

Carbohydrate structure

Figure 27
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Post-translational modification
• N-linked Glycosylation: a carbohydrate is attached to a nitrogen in the side chain of  

asparagine. Primarily occurs in secreted or membrane-bound proteins.

• O-linked Glycosylation: a carbohydrate is attached to the hydroxyl oxygen of 
the amino acids serine or threonine. Important for protein localization, solubility, 
antigenicity, and cell-cell interactions.

Glycosylation of proteins is a non-enzymatic process. In the hyperglycemia of diabetes 
mellitus, the increased glycosylated proteins go through metabolic changes to AGEs. 
These build up in blood vessel walls and interact with cells that have receptors for 
AGE (RAGE). AGEs, reactive oxygen species, and osmotic stress are key mechanisms of 
molecular damage in diabetes.
HbA1c is formed by the nonenzymatic attachment of a hexose molecule to the 
N-terminal amino acid of the hemoglobin molecule. The continued attachment of 
the hexose over the entire life span of the erythrocyte reflects the blood glucose 
concentration and the duration of exposure of the erythrocyte to blood glucose. The 
HbA1c level reflects the mean glucose concentration over the over turnover period of 
RBCs, about 8-12 weeks.

Diabetes Mellitus and Advanced Glycosylation End Products (AGEs)

Structure of N- and O-linked glycosylation, a common post-translational modification.

Glycoprotein linkages

Figure 28
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Lipid structure
Lipids are another important class of organic biomolecules that serve many important 
functions. They are defined by their insolubility in water and high solubility in nonpolar 
solvents. There are many types of lipids, including fatty acids, triglycerides, steroids, 
phospholipids, and glycolipids.  

Fatty acids are composed of a tail that is a long hydrocarbon chain, and a head that is a 
terminal carboxyl group (Figure 29). The hydrocarbon tails can vary in length, and either 
be all carbon single bonds (saturated) or can have one or more carbon-carbon double 
bonds (unsaturated). Fatty acids are the building blocks of triacylglycerols (triglycerides), 
lipoproteins, and glycerophospholipids (Figure 29).

Structure of fatty acids, triacylglycerol, and glycerophospholipids. The latter is critical for membrane structure.

Fatty acid structure

Figure 29
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Beta oxidation
Fatty acids are broken down through a process called beta oxidation which generates 
acetyl-coA and the electron carriers NADH and FADH2. Beta oxidation primarily occurs in 
the mitochondria, but very long chain fatty acids are broken down in peroxisomes.

• Peroxisomes: Cytoplasmic, membrane-bound organelles that are the primary 
location for the beta oxidation of very long chain fatty acids, the alpha oxidation 
of phytanic acid, and catabolism of branched chain fatty acids, amino acids, and 
ethanol. Because of their role in beta oxidation, they are also important sites in the 
synthesis of cholesterol, bile acids, and plasmalogens (membrane phospholipids in 
white matter). 

Disruption of peroxisomal processes can result in disease. Onset of symptoms is 
typically gradual because phytanic acid is not produced by the body, so must 
accumulate from dietary sources. Average age at diagnosis is around age 
10. Treatment involves limitation of dietary phytanic acid and in some cases, 
plasmapheresis. 

 » Zellweger Syndrome: Autosomal recessive disorder caused by mutations in 
PEX genes for peroxins, proteins required for peroxisome assembly. The result is 
dysfunctional or absent peroxisomes, and therefore, buildup of very long chain 
and branched chain fatty acids, and low levels of plasmalogens. Patients may 
have a reduced amount of myelin. Signs and symptoms include hypotonia, 
seizures, hepatomegaly, and impaired neurological development. Death before 
one year is common. No treatment exists. 

 » Refsum Disease: Autosomal recessive disorder usually caused by mutations in 
the PHYH gene that codes for an enzyme involved in alpha oxidation. The result 
is impaired alpha oxidation, resulting in buildup of phytanic acid. Signs and 
symptoms: ataxia due to cerebellar degeneration, ichthyosis, sensorineural

 » Adrenoleukodystrophy: X-linked recessive disorder caused by mutations 
in the gene ABCD1 which codes for a peroxisomal membrane transporter of 
very long chain fatty acids. The result is buildup of very long chain fatty acids 
in most body tissues especially the adrenal glands, white matter, and testes. 
Multiple phenotypes exist, on a spectrum of severity. Signs and symptoms vary 
by phenotype, but generally include progressive muscle stiffness, paraparesis, 
progressive neurodegenerative decline, and adrenal insufficiency. 

Fatty acid synthesis and degradation will be discussed further in the metabolism section.  
Glycerophospholipids are essential components of cells, they form the phospholipid 
bilayer. This bilayer is composed of two layers of glycerophospholipids easily arranged 
based on the chemical properties of the glycerophospholipids: the hydrophilic, polar 
heads are exposed on the outside and inside of the cell, while the hydrophobic 
hydrocarbon tails are kept in a hydrophobic environment by being oriented towards 
each other between the head groups (Figure 31). 
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Steroids
Another class of lipids are steroids. Steroids all have the same basic structure, three 
6-membered rings and one 5-member ring that are fused together (Figure 30). 
Cholesterol is the most common steroid, and is also the precursor of the steroid 
hormones (androgens, estrogens, progestins, glucocorticoids, and mineralocorticoids). 
Because steroids are small lipids, they can easily pass through cell membranes, a quality 
that contributes to one of their cellular functions:  regulation of gene transcription. 
Cholesterol serves three main functions in cells: it is a structural component of the cell 
membrane, it is used to synthesize vitamin D and steroid hormones, and it is used to 
make bile for fat digestion.

The structure of cholesterol, which is also the base structure of steroid hormones. 

Cholesterol

Figure 30
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Chapter 6
Membranes

Objectives

• Describe the structural components of cell membranes.

• Describe the three main types of membrane transport processes and give examples 
of the molecules transported by that process.

• Describe where the different GLUT transporters are found and any important features 
they have. 

• Describe how the sodium-potassium pump works and why it is important for cells.

• Define ‘action potential’ and describe the phases and ion currents involved in the 
different phases of the action potential in cardiac pacemaker cells compared with 
cardiac myocytes.

• Define signal transduction and outline the major steps in three different signal 
transduction pathways. 

Membrane function
Every cell has a membrane that separates the cellular contents from the extracellular 
environment. The eukaryotic plasma membrane is a lipid bilayer (as noted above), 
composed primarily of phospholipids, cholesterol, and proteins. Because of the polar 
head groups and hydrophobic tails of phospholipids, bilayers of phospholipids form 
spontaneously in aqueous environments and are stable structures. In a bilayer the 
phospholipids are tightly packed; this packing as well as the hydrophobic core of 
the membrane mean that not all molecules can freely pass through, which is why 
membranes are called semipermeable. The semi-permeability of cell membranes is 
important for a cell’s ability to obtain nutrients, eliminate wastes, and for homeostasis. 

There are 3 types of membrane transport processes: 

• Passive Diffusion: When molecules move across a membrane from an area of 
high concentration to low concentration (with the concentration gradient), without 
requiring  energy. Molecules that use passive transport include small, hydrophobic 
molecules (O2, CO2, N2).

• Facilitated Diffusion: When molecules move across a membrane through specific 
transmembrane proteins without requiring energy. Molecules that are transported 
with facilitated diffusion include larger, charged molecules (ions, sucrose, urea).

• Active Transport: The movement of molecules against a concentration gradient. 
Primary active transport involves the use of energy to move molecules against a 
concentration gradient, while secondary active transport involves coupling the 
movement of one ion against a concentration gradient with another molecule 
moving with its concentration gradient. Molecules that use active transport include 
large, charged molecules, and ions used to create electrochemical gradients-for 
example sodium and potassium (see next page). 
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The different types of passive and active transport. Note: ‘High’ and ‘Low’ 
refers to concentration of the molecule being transported.

Examples of the important membrane transporters
1. GLUTs

An example of facilitated diffusion is the Glucose Transporters (GLUTs), 
transmembrane proteins that facilitate the cellular uptake of glucose. Different GLUT 
proteins exist in different locations in the body and have different specificities for 
glucose, several of the key GLUT proteins are outlined in the table below.

Different types of membrane transport

Figure 31
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GLUT transporters act through facilitated diffusion and therefore require no energy, 
and should not be confused with another type of glucose transporters, the SGLTs 
(sodium-glucose cotransporters), which use the gradient created by the sodium-
potassium pumps to move glucose and sodium into the cell without direct use of 
energy. Since SGLTs depend on the sodium-potassium pumps (which require energy), 
SGLTs are secondary active transport. SGLT1 and 2 are found primarily in the kidney 
and small intestine.

2. Na-K-ATPase pump

One example of active cotransport is the sodium-potassium pump (Na-K ATPase 
pump). a transmembrane ATPase enzyme (Figure 32). The Na-K ATPase pump is 
found in most human cells and is important in maintaining the resting membrane 
potential of cells (the electrical charge difference between the outside and inside 
of a cell at rest). The enzyme of the Na-K ATPase pump works by binding ATP and 3 
intracellular sodium ions, then ATP is hydrolyzed to ADP, phosphorylating the enzyme 
and causing a conformational change of the enzyme. The conformational change 
allows sodium to be released to the extracellular space, where 2 potassium ions 
bind. Potassium binding causes dephosphorylation of the enzyme and another 
conformational change, allowing potassium to be released intracellularly. The net 
result of the pump is movement of 3 sodium ions out of the cell and 2 potassium ions 
into the cell (net negative intracellular charge), with the use of one ATP. 

Many cardiac medications work by affecting the Na-K ATPase pump. For example, 
cardiac glycosides are a class of compounds (e.g. digoxin) that inhibit the Na-K 
ATPase pump in cardiac myocytes. Inhibition of the Na-K ATPase pump increases the 
intracellular sodium, resulting in decreased function of the Na-Ca pump, and higher 
intracellular calcium concentrations, which leads to increased contractility. At the 
AV and SA nodes, this results in reduced electrical conduction velocity, leading to 
decreased heart rate.

Clinical correlation
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The sodium-potassium ATPase pump, a critical transmembrane transporter and example 
of active cotransport. Three sodium molecules are moved to the extracellular space while 
two potassium molecules are moved into the cytoplasm with the hydrolysis of a molecule 

of ATP, thus creating an electrochemical gradient.

Electrochemical gradients
The Na-K ATPase pump maintains the resting potential of cells, and creates both an 
electrical and a chemical gradient, termed an electrochemical gradient. This makes 
the cell more negatively charged than the extracellular environment, with a lower 
concentration of sodium, and a higher concentration of potassium inside the cell than 
outside the cell. Sodium and potassium concentrations are not the only ions contributing 
to the overall electrochemical gradient of a cell. Because of the plasma membrane and 
the different types of transport discussed above, cells are able to control what passes 
through the plasma membrane and use the resulting overall electrochemical gradient 
to perform work and generate energy. Electrochemical gradients are used to transmit 
signals through neurons. The resting membrane potential is measured in millivolts 
(mV), and for motor neurons is close to -70mV (intracellular negative charge). When 
the membrane is locally depolarized (meaning the charge inside the cell becomes 
more positive) by approximately 20mV, a threshold is met that allows voltage-gated ion 
channels specific for Na+ to open, allowing Na+ to enter the cell, further depolarizing the 
membrane. Once the membrane potential reaches +30mV, Na+ influx slows and the Na+ 
ion channels close, while K+ ion channels open, letting K+ stream out of the cell, bringing 
the cell back to its resting charge of about -70mV. This depolarization and repolarization 
of the membrane is called an action potential and is shown in Figure 33. Although action

Active cotransport: the sodium-potassium ATPase pump

Figure 32
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potentials are a local process, occurring at one portion of a cell membrane, because 
membranes are continuous, sodium that enters the cell diffuses to nearby areas, 
depolarizing nearby membrane, and as a result action potentials are propagated along 
the membrane. In neurons, action potentials are propagated very quickly along axons 
to the axon terminals. At the terminals, depolarization results in release of a chemical 
substance (called a neurotransmitter), which binds to receptors on the next neuron (the 
post-synaptic neuron) and initiates another action potential. 

In addition to neurons, cardiac myocytes and pacemakers also use action potentials 
to propagate the electrical activity of the heart. Although the ion channels involved in 
action potentials of cardiac pacemaker cells and cardiac myocytes are slightly different 
than those in neurons, the overall principles are the same: 

1. The membrane depolarizes to a threshold.

2. Once the threshold membrane potential is reached, it triggers the opening of more 
ion channels and rapid depolarization to a peak potential.

3. The original ion channels close and a different set of channels open to allow for 
repolarization of the membrane, bringing the membrane back to resting potential.

The action potentials of cardiac pacemakers and cardiac myocytes are shown in Figure 33.
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Motor neuron action potential:

Parts of the action potential, as labeled:

A. Resting state,

B. After stimulus, sodium channels open, sodium rushes into cell, the 
membrane depolarizes to a peak (the action potential),

C. Sodium channels close and potassium channels open causing 
repolarization,

D. The membrane becomes hyperpolarized as potassium channels 
finally close and bring the membrane back to resting potential.

The action potential in cardiac pacemaker cells (SA and AV 
nodes, Purkinje fibers):

Phase 4:  The funny current (If or pacemaker current)-HCN channels   
     allow for slow inward movement of sodium and potassium;

Phase 0:  Once the depolarization threshold is reached at -40 mV,   
          voltage-gated calcium channels open (early T-type, late   
     L-type), causing rapid depolarization and action potential;

Phase 3:  Calcium channels close and potassium channels open, 
potassium efflux leads to repolarization until resting potential is 
regained and potassium channels close. Negative membrane 
potential re-activates HCN channels and the cycle restarts.

The action potential in cardiac myocytes:

Phase 4:  Resting state,

Phase 0:  Fast acting sodium channels open and cause depolarization, 

Phase  1:  Transient potassium channels allow potassium to exit,

Phase 2:  T-type calcium channels open allowing calcium to enter the  
         cells and causing contraction of the muscle,

Phase 3:  Calcium channels close, but delayed potassium channels  
         remain open to bring the membrane back to resting potential. 

Action potentials

Figure 33
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Signal Transduction
Although all cells have a membrane separating them from the extracellular environment, 
cells must also respond and adapt to the environment and other signals. One way in 
which cells respond to the extracellular environment is through signal transduction. 

• Signal Transduction: A process by which a chemical or physical signal is transmitted 
through a cell in a series of molecular events. The steps of signal transduction 
are: reception of the signal, transduction of the signal, conversion of the signal by 
effectors into an intracellular  response. During this process, as intracellular enzymes 
are activated, there is also often a corresponding amplification of the original signal.

• Second Messenger: Substances released inside cells that illicit changes within the cell 
after a receptor ligand binds and promotes their release. Many signal transduction 
pathways involve second messengers, examples include cAMP, inositol triphosphate, 
and calcium. 
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The insulin receptor as an example of the receptor tyrosine kinase family of transmembrane signal 
transducers; important steps and molecules involved are labeled in the image and discussed above.

The insulin receptor, a tyrosine kinase

Figure 34

Signal transduction pathways
There are many different signal transduction pathways, 3 common and highly utilized 
pathways are discussed below. 

1. Receptor Tyrosine Kinases (RTKs): Proteins with three distinct parts (domains): 
extracellular receptor-binding domain, a transmembrane domain made of one alpha 
helix (with tyrosine kinase activity), and an intracellular domain. One example of a RTK is 
the insulin receptor (Figure 34). When insulin binds to the extracellular binding domain 
of the RTK, it activates the kinase activity of the enzyme, resulting in phosphorylation 
of tyrosine residues on the intracellular domain of the protein. Phosphate addition to 
the tyrosine residues creates a binding site for Insulin Receptor Substrate (IRS), which is 
then activated through phosphorylation, and starts a phosphorylation cascade (Ras-
MAPK; and PI3-kinase     PIP2     PIP3     Akt). The Map-kinase pathway leads to cell growth 
and DNA synthesis, while the PI3-kinase pathway leads to glycogen synthase activation 
and glycogen synthesis. 
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2. G-Protein Coupled Receptors (GPCRs): Proteins with an extracellular domain, 7 
transmembrane alpha-helical segments, and an intracellular domain. Binding of a 
ligand to a GPCR results in a conformational change that activates a GTP-binding 
protein (G-protein), allowing it to release a GDP molecule and bind GTP. The activated 
G-protein can then interact with an effector protein, which varies depending on 
the type of G-protein. Three different GPCRs are shown in Figure 34. Gq acts on the 
effector protein phospholipase c, to convert phosphatidylinositol bisphosphate 
(PIP2) to inositol triphosphate (IP3), increase calcium concentrations, and ultimately 
cause smooth muscle contraction. Gs activates adenylyl cyclase to ultimately cause 
cardiac muscle contraction and smooth muscle relaxation. Gi inhibits adenylyl 
cyclase, and thus has the opposite effect of Gs. The beta and alpha adrenergic 
receptors are GPCRs.

The G-protein Coupled Receptors Gq, Gi and Gs, and the effector proteins involved in each signaling pathway as 
well as intermediate molecules and ultimate cellular responses each G-protein type is responsible for eliciting. 

Note: Adenylyl cyclase is actually a membrane-bound protein, but for illustrative purposes is displayed in the 
cytoplasm in this figure.

G-protein coupled receptors

Figure 35
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• The JAK/STAT Pathway: (JAK=Janus kinase; STAT=signal transducer and activator of 
transcription proteins). Proteins with an extracellular binding domain, transmembrane 
domain, and an intracellular domain. When a ligand binds (usually a cytokine), the 
protein dimerizes, bringing the kinases close enough together to phosphorylate 
(and activate) each other. The activated kinases phosphoryate the intracellular 
domain of the receptor, opening a binding site for STATs, which are phosphorylated 
and released, translocated to the nucleus, and induce transcription of target genes 
(Figure 36). These receptors are frequently seen in immune cells, allowing for immune 
cell division, activation, and recruitment. Problems in this pathway are implicated in 
immune disorders, psoriasis, and some cancers.

The JAK/STAT signal transduction pathway; demonstrated in this image are the key intermediates 
and how the intermediates lead to changes in transcription in the cell nucleus.

The JAK-STAT pathway

Figure 36
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Chapter 7
Molecular Techniques

Objectives

• Describe the key molecular techniques used to study biomolecules, especially nucleic 
acids and proteins.

• List key features and key uses for each of the molecular techniques described.

• Give an example of the use of each of the molecular techniques described.
There are many techniques used to study the molecular components of cells. The basic 
principles of some commonly used techniques are discussed below. 

1. Polymerase Chain Reaction (PCR)
PCR is a process that makes many copies of a specific segment of DNA. Used for 
a wide variety of applications including: genotyping, cloning, mutation detection, 
forensics, and paternity testing. The process replicates the natural DNA replication 
process that occurs in cells using a thermal cycler, therefore the necessary 
components are nearly the same as those used by cells and include a DNA template, 
a heat-stable DNA polymerase (Taq polymerase), nucleotides, and primers specific 
for the DNA segment that will be amplified. The components and process are shown 
in Figure 37. Once the components are placed in the thermal cycler, the process 
involves repeating three steps: denaturing (separating the DNA strands), annealing 
(primers bind), and extension (Taq polymerase creates a complementary DNA 
strand). This process is repeated and the result is a detectable amount of the 
amplified segment of DNA. A similar process using reverse transcriptase and an RNA 
template (called RT-PCR) can be used to amplify RNA segments.

The components and process of the polymerase chain reaction (PCR), a process 
that uses a thermal cycler to make many copies of a specific segment of DNA.

Polymerase chain reaction

Figure 37
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2. Blotting
Blotting techniques are used to detect molecules of interest. The process involves 
separating a sample by size using gel electrophoresis, transferring the sample to a 
membrane, adding a labeled probe, and then detecting labeled sample. There are 
3 main types of blotting procedures that use the same basic process with different 
substrates: DNA, RNA, or protein (Figure 38). For Southern blotting, before separating 
the DNA with electrophoresis, the DNA sample must be digested into smaller pieces 
using a restriction enzyme. A restriction enzyme is an enzyme (generally produced 
by bacteria) that cleaves double stranded DNA at certain sites called restriction 
sites. The sites that restriction enzymes recognize are palindromic sequences 
and are unique for each enzyme. An example of a restriction site is 5’GAATTC3’ (the 
complement, 3’GAATTC5’, makes this a palindrome).

The general process including different sample molecules and probes used in 
the three blotting techniques: Southern, Northern, and Western blots.

General blotting procedure

Figure 38
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3. Flow Cytometry
Flow cytometry is a technique used to detect and characterize cells in a sample. Cells 
are labeled using fluorescently-labeled-antibodies specific for the protein of interest, 
then passed through a machine where a laser makes the labels emit fluorescent light 
which is detected by the machine. The output is usually a scatter plot similar to Figure 
39, with the X and Y axes labeled as quantitative measurements of fluorescence 
detected. Characteristics of cells can be determined based on where the cells are 
on the graph (for example, on the graph in Figure 39, cells without either of the two 
surface markers are in the bottom left quadrant of the graph). This technique is 
commonly used to detect immunodeficiencies and hematologic abnormalities in 
which cells have abnormal proteins (e.g. paroxysmal nocturnal hemoglobinuria).

4. Microarrays
Microarrays are a technique used to detect the expression of thousands of genes at 
the same time. The process involves using either a DNA or RNA sample, labeling the 
sample with specific fluorescent probes, then adding the sample to a microarray 
slide or chip (a solid surface to which different DNA probes are attached). 

The sample molecules are given time to anneal to probes, then placed in a 
fluorescent scanner. Only molecules that hybridize with probes will fluoresce. 
Microarrays have many uses including measuring gene expression in different cell 
types (useful in detecting genetic disorders), sequencing and mutation identification, 
and forensic analysis.

The structure of a flow cytometer and example output. Output in this image shows two primary groups of cells 
in the sample; one group is primarily negative for surface markers 1 and 2, and a second small group of cells 
are positive for markers 1 and 2. Surface marker presence is determined by location of cells in the plot. 

Flow cytometry

Figure 39
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5. Enzyme-Linked Immunosorbent Assay (ELISA)
ELISA is a technique that detects and measures  antibodies, antigens, and proteins in 
biological samples. There are two main types of ELISA: direct and indirect. The direct 
ELISA process entails binding the biologic molecule of interest to an array, then adding 
an enzyme-labeled antibody to the mix. The antibody binds to the sample molecule, 
excess antibody is washed away (removing unbound antibody), then a substrate 
for the enzyme is added and the enzyme produces a color change. Indirect ELISA is 
similar, but involves binding the molecule of interest to an array, adding an antibody 
to the molecule, then adding a second enzyme-linked antibody that binds to the first 
antibody. Once excess, unbound antibody is washed away, then the substrate for 
the enzyme is added and color change detected. ELISA is commonly used to detect 
antigens in the blood (for example, detecting Dengue fever antibodies to determine 
prior infection). 

6. Fluorescence In Situ Hybridization (FISH)
FISH is used to detect specific DNA sequences in a chromosome. A fluorescently 
labeled DNA or RNA probe that is specific to a gene of interest is added to a 
chromosomal array. There are four possible results: normal (fluorescence seen 
where expected), deletion (no fluorescence where it is expected), translocation 
(fluorescence seen in a location it is not expected), duplication (excess fluorescence 
seen due to gene duplication, e.g. trisomy 21). 

7. Karyotyping
Karyotyping is used to detect large chromosomal abnormalities. Chromosomes are 
extracted from a cell during metaphase (when condensed), stained, and arranged 
in order (Figure 40). White blood cells, bone marrow, amniotic fluid, and placenta can 
be used. By arranging the chromosomes differences in length of chromosomes and 
number of chromosomes can be detected, however, changes must be on the order of 
kilobases to be detected. Useful in detecting trisomies and sex chromosome disorders.

A computer generated recreation of a karyotype is shown; karyotypes are photos of all of the 
chromosomes and can be used to detect very large chromosomal abnormalities (e.g. trisomies).

Karyotyping

Figure 40
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8. Cloning
Cloning involves creating recombinant DNA molecules using a bacterial host. 
Recombinant DNA is DNA produced artificially using different organisms. Cloning can 
start with mRNA or DNA, both use the same process (with different starting points). 
When starting with mRNA, the mRNA of interest is isolated, and reverse-transcribed to 
complementary DNA (cDNA, has no introns). cDNA is inserted into bacterial plasmids 
(often also containing an antibiotic resistance gene). Bacteria are transformed with 
the plasmid, then grown in a selective media (only transformed bacteria are grown 
by adding the antibiotic whose resistance is coded for in the plasmid). Because 
bacteria replicate quickly, the result is many copies of the DNA segment of interest. 
Applications of molecular cloning include production of recombinant proteins, gene 
therapy, and creating transgenic organisms. 

9. RNA interference (RNAi)
RNAi is used to interfere with gene expression. The process involves creating a double 
stranded RNA molecule that is complementary to an mRNA of interest. The  double 
stranded RNA is transfected into human cells, where it unwinds to form single-
stranded RNA that binds to the mRNA of interest and either blocks translation or 
promotes degradation of the mRNA. The ultimate result is reduced expression of 
the target mRNA. RNAi is being explored for use in multiple treatments, for example, 
reducing expression of viral proteins in viral infections.

10. CRISPR (clustered regularly interspersed short palindromic repeats)
CRISPR is a gene editing technique. The process involves using an endonuclease 
(Cas9) to cleave double stranded DNA, then using a complementary RNA primer and 
the cell’s existing machinery to complete non-homologous end joining. In this way a 
gene can be removed (spliced out), or a new DNA sequence can be added in (knock-
in) to repair a target sequence. This technique has been used to modify crops, and is 
being explored as a cure for genetic disorders. 
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Chapter 1
Protein Dynamics

Objectives

• Describe the thermodynamics of reactions including when a reaction is spontaneous 
or non-spontaneous.

• Describe the function of enzymes and their effect on reaction thermodynamics.

• Define the different reactions that commonly named enzymes complete.

• Define the different types of inhibitors and their effect on enzymatic reactions.

• Draw the plot of the velocity of an enzymatic reaction versus the substrate 
concentration (Michaelis-Menten plot), with and without inhibitors, and label Vmax 
and Km.

• Draw and label the Lineweaver-Burk plot.

In Part 2, protein dynamics are discussed including thermodynamics, enzyme kinetics 
and specificity, and inhibition of enzymes. 

1. Thermodynamics
Thermodynamics is a branch of physics that includes heat and its relation to 
other forms of energy. Reaction thermodynamics involves the heat and energy 
of chemical reactions. Chemical reactions start with reactants, a reaction takes 
place, and products are made. Both the reactants and the products have energy, 
mostly potential energy, just based on their location, charge, and composition. 
When reactions take place, the starting energy of the reactants and the energy of 
the products can be measured to determine whether a reaction will require energy 
(endergonic reaction), will produce energy (exergonic reaction), or will not produce 
or require energy (a reaction at equilibrium). Reactions also require activation 
energy, energy that must be added to the system for the reaction to occur. Once 
the energy of the reactants, activation energy, and energy of the products is known, 
it is possible to determine if a reaction is exergonic or endergonic (Figure 41). Nearly 
all chemical reactions in cells are carried out by enzymes, proteins (and sometimes 
RNA) that are specialized catalysts that increase the rate of chemical reactions by 
lowering the activation energy (Figure 41).
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Enzymes have specificity because they have an active site where only a certain reactant 
(substrate) fits, similar to a lock and key. There are several important facts regarding 
enzymes: 

• Enzymes themselves do not change during a reaction, they are not used up in the 
reaction and therefore are able to continue to catalyze a reaction as long as they 
have reactants

• Enzymes do not change the overall energy of a reaction because they do not affect 
the starting energy of the reactants or the ending energy of the products, they simply 
reduce the activation energy so that products are reached more quickly

• Enzymes cannot make an endergonic reaction exergonic; again, enzymes do not 
change the energy of the reactants and products

• Enzymes have a maximum speed that they can catalyze a reaction, often 
dependent on the concentration of reactants, temperature, pH, affinity of the enzyme 
to the reactants, and presence of inhibitors. Temperature and pH are often assumed 
to be constant when considering reactions occurring in the body.

a. Thermodynamics of reactions

The thermodynamics of reactions that are spontaneous, non-spontaneous, at equilibrium, and those catalyzed by 
enzymes plotted as a function of change in free energy (delta G) from reactants to products versus the progress 

of the reaction. The plot on the bottom right shows the effect of an enzyme catalyzing a reaction (dotted line); 
enzymes lower the activation energy, but do not change the overall energy of the reactants or products.

Thermodynamics of reactions

Figure 41
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As noted above, enzymes are specific for the reaction they catalyze, so there are hundreds 
of thousands of enzymes, but there are some naming conventions that help describe the 
type of reaction an enzyme catalyzes. Some common names are listed below:
b. Enzyme kinetics

Enzyme kinetics is the study of the chemical reactions catalyzed by enzymes and 
the conditions that affect enzymatic reactions. As noted above, each enzyme 
has a maximum speed at which it can catalyze a reaction (called velocity max or 
Vmax), which is dependent on the concentration of substrate, temperature, affinity 
of the enzyme for the substrate, and presence of inhibitors. Reactions catalyzed 
by enzymes can be graphed by plotting the velocity of the reaction against the 
concentration of substrate as show in Figure 42. The plot is a graphical representation 
of the Michaelis-Menten equation: velocity=(Vmax [S])/(Km+[S]), where [S] is the 
concentration of substrate. Km is a constant that is inversely related to the affinity 
of the enzyme for the substrate (higher affinity=lower Km). Km is equal to [S] at 
½ Vmax. As the graph shows, reaction velocity increases with increasing substrate 
concentration to a point, Vmax, after which the enzyme is said to be saturated, and 
cannot react any faster. Note: Most enzymes have kinetics that follow hyperbolic 
curves as shown in Figure 42, however, there are exceptions. For example, hemoglobin 
exhibits cooperative binding, and has a sigmoidal reaction curve.
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1) The Michaelis-Menten Model of enzymes kinetics

Inhibitors are molecules that bind to enzymes and decrease the enzyme’s activity. There
are two main types of inhibitors: competitive and non-competitive (Figure 42). 

• Competitive Inhibitor: Binds to the enzyme in the active site and blocks the enzyme 
from binding the substrate. Competitive inhibitors can be reversible or irreversible, 
if they are reversible, they can be overcome by adding more substrate. Higher Km, 
no effect on Vmax. Reversible competitive inhibitors decrease potency, irreversible 
competitive inhibitors decrease efficacy. 

• Non-competitive Inhibitor: Binds to the enzyme at a site other than the active site, 
but alters the structure of the enzyme so that the enzyme functions less efficiently; as 
a result, cannot be overcome by increasing substrate concentration. Lower Vmax, no 
effect on Km. Noncompetitive inhibitors decrease efficacy. 

The enzyme reaction is shown without inhibitor, with a competitive inhibitor, and with a non-
competitive inhibitor; note the effect of different types of inhibitors on the Vmax as well as the Km.

The Michaelis-Menten model

Figure 42
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The reaction is shown without an inhibitor, with a competitive inhibitor, and with a 
noncompetitive inhibitor. Note how each different inhibitor affects the Km and Vmax. 

2) Lineweaver-Burk Model of enzyme kinetics

Lineweaver-Burk model

Figure 43

Another way that enzyme kinetics are frequently displayed is by using a Lineweaver-Burk 
plot, which plots 1/velocity versus 1/[S], thereby making enzymes with hyperbolic curves 
have linear binding curves (Figure 43). It is important to note that 1/-Km is the x-intercept 
of the plot, slope=Km/Vmax, and the y-intercept is equal to 1/Vmax. Also shown in Figure 
43 are the plots of competitive and non-competitive inhibitors (note how competitive 
inhibition results in a higher Km, lower affinity).
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Metabolism & it’s Regulation 

Biochemistry

Part 3



Chapter 1
Metabolism Overview

In Part 3 the chemical reactions involved in the synthesis and degradation of molecules 
for use in the human body are presented. In figures in this section enzymes are noted in 
green, italic font to help distinguish them from substrates and products.

Objectives
Describe the main functions, locations, reactants, products, and regulatory steps of the 
main metabolic processes shown in Figure 44.

• List the key regulatory enzymes for each metabolic process in Figure 44.

• List the key regulatory molecules for the metabolic processes in Figure 44.

• List the cellular locations of the metabolic processes.

• List the energy reservoir and preferred energy source of the major organs.

1. Introduction
The metabolic processes that occur in cells, while easy to present as individual 
processes, are very interrelated. The regulation of metabolic processes is accomplished 
in different ways, including by separating the processes by location, and through 
feedback inhibition or promotion. Products of one process are often used as substrates 
for the next. For this reason, several key processes and their relation to one another are 
shown at a high level in Figure 44. As the individual processes are presented in detail 
in the next several sections, keep in mind how they fit together by referring back to                          
Figure 44 as needed. The metabolism sections are organized to first present the 
metabolic pathway, then present disorders that result from errors in the pathway.
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2. Overview of metabolic processes
The main metabolic processes and their regulatory enzymes

By completing aerobic metabolism of glucose (glycolysis, TCA, electron transport chain), 
there is a net production of 32 ATP in the heart and liver (which use the malate-aspartate 
shuttle to transfer electrons via NADH to the mitochondria for the electron transport 
chain), and 30 net ATP in the muscle (which uses the glycerol-3-phosphate shuttle to 
transfer electrons from NADH to the electron transport chain). In contrast, anaerobic 
metabolism (glycolysis only) produces only 2 net ATP per glucose molecule.

Figure 44

Lipid Metabolism

Glycerol
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Glucose-6-Phosphate

Fructose-6-Phosphate
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1,3-Bisphosphoglycerate

3-Phosphoglycerate

2-Phosphoglycerate

PEP (Phosphoenolpyruvate)

DHAPGlyceraldehyde-3-P

Pyruvate LactateAlanine

Succinyl-CoASuccinate

Fumarate

Malate

TCA Cycle

Citrate

Isocitrate

Oxaloacetate
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Fructose MetabolismFructose 

Fructose
1-Phosphate Glyceraldehyde

1. Galactokinase (mild Galactosemia)
2. Galactose-1-Phosphate Uridyltransferase

                 (severe Galactosemia)
3. Glucose-6-Phosphatase*
4. Hexokinase/Glucokinase*
5. Glucose-6-Phosphate Dehydrogenase*
6. Transketolase (B1)
7. Phosphofructokinase-1*
8. Fructose-1,6-Bisphosphatase*
9. Aldolase A (in Muscle), B (in Liver)   
10. Fructokinase (Essential Fructosuria)
11. Aldolase B (Fructose Malabsorption)
12. Triose Phosphate Isomerase
13. Pyruvate Kinase*

14. Pyruvate Dehydrogenase (B1)*
15. Pyruvate Carboxylase (B7)*
16. PEP Carboxykinase*
17. Acetyl-CoA Carboxylase (B7)
18. HMG-CoA Reductase
19. Citrate Synthase*
20. Isocitrate Dehydrogenase*
21. α-Ketoglutarate Dehydrogenase (B1)*
22. Carbamoyl Phosphate Synthetase I*
23. Ornithine Transcarbamylase*
24. Methylmalonyl-CoA Mutase  (B12)*
25. Propionyl-CoA Carboxylase (B7)

KEY ENZYMES

    *  Irreversible, importan point of regulation
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3. Rate Limiting Processes
Enzymes and molecules help to regulate metabolic processes, like gatekeepers. The rate 
limiting enzymes and molecules of the key metabolic processes are listed below:
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4. Locations of Metabolic Processes
Different metabolic processes occur in different sites and different cells, physical 
separation of processes helps with regulation. The processes that occur in different parts 
of the cell are shown below:

In addition to separation in different sites of cells, organs have different preferred energy 
sources (and therefore may perform metabolic processes at different rates): 

*Liver is the primary source of fatty acids
*Gluconeogenesis primarily occurs in the liver. The kidney and intestine also complete gluconeogenesis, but notably, the 
skeletal muscle does not have glucose-6-phosphatase.
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Chapter 2
Glycolysis, Gluconeogenesis, and the Pentose 

Phosphate Pathway
Objectives

• List the steps of glycolysis, indicate the regulatory enzymes, and denote which steps 
require energy and which steps generate energy.

• List the steps of gluconeogenesis and note which enzymes are unique to 
gluconeogenesis (not found in glycolysis).

• List the steps and describe the function of the pentose phosphate pathway (PPP).

• Note the cellular and organ location of glycolysis, gluconeogenesis, and the PPP.

• For the 7 disorders of glycolysis, gluconeogenesis, PPP, and other carbohydrate 
metabolism that are discussed, list the mode of inheritance (if applicable), defect, 
result of the defect, patient findings and onset of symptoms, and treatment (if 
applicable).

1. Glycolysis
Glycolysis Is the metabolic pathway that converts one molecule of glucose into two 
molecules of pyruvate. It takes place in the cytoplasm when glucose is abundant. The 
process, key regulatory enzymes, and intermediates are shown in Figure 45. Glycolysis 
uses two molecules of ATP in the first half of the process, then creates 4 molecules of ATP 
during the second half of the process, for an overall net creation of 2 ATP molecules.
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Glycolysis, gluconeogenesis, and the Hexose Monophosphate Shunt (HMP)/Pentose Phosphate Pathway (PPP)

Glycolysis, HMP, and gluconeogenesis

Figure 45
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1. Glucose-6-Phosphatase*
2. Hexokinase/Glucokinase*
3. Phosphokinase Isomerase
4. Glucose-6-P Dehydrogenase*
5. 6-Phosphogluconate Dehydrogenase
6. Phosphopentose Isomerase,Transketolase (B1)
7. Fructokinase
8. Fructose-1,6-Bisphosphatase*
9. Phosphofructokinase-1*
10. Aldose Reductase
11. Sorbitol Dehydrogenase
12. Aldolase B
13. Triokinase                                                                                   

14. Triose Phosphate Isomerase
15. Aldolase A
16. Glyceraldehyde 3-P Dehydrogenase
17. Phosphoglycerate Kinase*
18. Phosphoglycerate Mutase
19. Enolase
20. Pyruvate Kinase*
21. Alanine Transaminase (B6)
22. Lactate Dehydrogenase
23. Pyruvate Carboxylase (B7)*
24. PEP Carboxykinase*
25. Pyruvate Dehydrogenase (B1)*

Key Enzymes

    *  Irreversible, importan point of regulation
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The first enzyme in glycolysis converts glucose to glucose-6-phosphate using one 
molecule of ATP, and is either hexokinase or glucokinase, depending on the location. 
Hexokinase and glucokinase differ in several key characteristics:

Of the children who present with hyperglycemia suggestive of diabetes mellitus type 
1, 3-5% actually have an inborn error of metabolism and not a Type 4 hypersensitivity 
immune disease. In about 50% of cases, the error is in hexokinase. With a defect in this 

enzyme, the Beta cell cannot create a good signal in the ATP/ADP ratio that opens 
the membrane  K+ channel to allow for release of insulin. Hereditary disease can be 

recognized when the patient does not have autoantibodies such as anti-GAD, 
anti-insulin or anti-islet cell.

Hexokinase and Hereditary Diseases of the Beta Cell

Other monosaccharides including fructose and galactose can be used by the body 
for energy, but they must be transformed first. Fructose can be made into fructose-6-
phosphate by hexokinase, and thereby enter glycolysis. Also, it is possible for glucose 
to be made into sorbitol and then fructose, fructose-1-phosphate, and ultimately 
glyceraldehyde-3-phosphate to be used in glycolysis. These reactions and the enzymes 
that perform them are shown in Figure 45.

Galactose can also enter glycolysis; it is first converted to galactose-1-phosphate 
by galactokinase, and then is converted to glucose-1-phosphate (which can enter 
glycolysis) by galactose-1-phosphate uridyltransferase.

2. Gluconeogenesis
The reverse process of glycolysis is gluconeogenesis, which is the creation of glucose 
from pyruvate. Gluconeogenesis occurs in the liver, intestinal epithelium and kidney. 
Activators of gluconeogenesis include cAMP, glucagon, and epinephrine; while insulin 
and fructose 1-phosphate act as inhibitors. The key steps of gluconeogenesis are also 
shown in Figure 45. Many of the enzymes for gluconeogenesis are the same as those for 
glycolysis, they are able to catalyze the reverse reaction. There are 3 key enzymes that 
are unique to gluconeogenesis, and not used for glycolysis:

• Phosphoenolpyruvate carboxykinase: Catalyzes the formation of 
phosphoenolpyruvate from aloacetate. Insulin tends to antagonize, while cortisol and 
glucagon increase activity.
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• Fructose-1,6-bisphosphatase (Fructose bisphosphatase 1; FBPase 1): Catalyzes the 
conversion of fructose-1,6-bisphosphate to fructose-6-phosphate

• Glucose-6-phosphatase: Catalyzes the conversion of glucose-6-phosphate to 
glucose. Occurs primarily in the liver (but also found in the kidney and intestinal brush 
border) and  functions to maintain euglycemia during periods of fasting. Not found in 
skeletal muscle.  

One of the key regulatory steps for both glycolysis and gluconeogenesis is the 
reversible reaction that forms fructose-6-phosphate from fructose-1,6-bisphosphate. 
Phosphofructokinase-1 (PFK1) catalyzes the forward reaction, and FBPase-1 catalyzes the 
reverse reaction. Fructose-2,6-bisphosphate is an intermediate that can be made into 
fructose-6-phosphate (which is then used in gluconeogenesis) or it can promote the 
action of PFK-1 (and therefore, glycolysis). The conversion of fructose-2, 6-bisphosphate 
into fructose-6-phosphate is catalyzed by the enzyme FBPase-2 (active in the fasting 
state); while the reverse reaction is catalyzed by PFK-2 (active in the fed state). In reality, 
these two enzymes are one enzyme, and the function is reversed by phosphorylation.  
This reaction is shown in Figure 45.

3. Pentose phosphate pathway
The pentose phosphate pathway (PPP, also called the hexose monophosphate shunt) 
is an alternative pathway from glycolysis that functions to generate NADPH for use in 
biological reactions and ribulose-5-phosphate which is used in purine and pyrimidine 
synthesis. The PPP is also shown in Figure 45.
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4. Disorders of glycolysis, fructose and galactose metabolism, 
gluconeogenesis, and the pentose phosphate pathway
• Pyruvate Kinase Deficiency: Most commonly inherited in an autosomal recessive 

pattern. Due to the deficient or absent enzyme, red blood cells cannot complete 
glycolysis and therefore do not have ATP, which leads to cell death. The disorder 
causes hemolytic anemia.  Findings are consistent with hemolytic anemia and 
include jaundice, shortness of breath, splenomegaly, etc. Treatment includes 
transfusions. 

• Glucose-6-Phosphate Dehydrogenase Deficiency (G6PD): X-linked recessive 
disorder. Affected individuals are often asymptomatic, but oxidative stress 
can lead to hemolytic anemia (due to decreased NADPH reducing potential). 
Common oxidative stressors include infection, medications (aspirin, quinine-
based antimalarials, sulfonamides, nitrofurantoin), and famously, fava beans. 
Heterozygosity is protective for malaria; there is increased prevalence of G6PD 
among African Americans. Blood smear findings: Heinz bodies (denatured 
globin chains precipitate due to oxidative stress) and bite cells (degmacytes, 
abnormally shaped red blood cells due to Heinz body removal by the spleen). 
Diagnosis: because cells deficient in G6PD (older cells) are actively destroyed 
during hemolysis episodes, testing of enzyme levels should be done when 
patients are asymptomatic, usually after a hemolysis episode (when younger 
cells with low levels of G6P can be detected). Treatment: prevention of exposure 
to oxidizing agents, may need transfusions if hemolysis is severe. Essential 
Fructosuria: Autosomal recessive disorder of fructose metabolism due to defective 
fructokinase. Instead of fructokinase, hexokinase (in adipose and muscle) is 
responsible for any fructose metabolism. Patients are often asymptomatic, with 
findings of fructose in urine and blood samples, and no treatment is needed. 

• Hereditary Fructose Intolerance: Autosomal recessive disorder of fructose metabolism 
due to aldolase B deficiency. Patients are asymptomatic until ingestion of fructose, 
sorbitol, or sucrose; without aldolase B, fructose-1-phosphate accumulates,and 
depletes available phosphate, thereby decreasing gluconeogenesis and 
glycogenolysis. Over time, accumulation damages liver cells. Signs and symptoms 
include hypotonia, hypoglycemia, nausea after fructose consumption, hepatomegaly. 
Diagnosis involves testing urine for reducing sugars (not urine dipstick which tests for 
glucose). Treatment involves eliminating dietary fructose.

• Galactosemia: Autosomal recessive disorder caused by the absence of  
galactose-1-phosphate uridyltransferase. Absence of this enzyme leads to buildup 
of metabolic precursors galactose and galactitol. Symptoms develop as soon 
as infants begin to feed (lactose is broken down into galactose and glucose). 
Findings include lethargy, hepatomegaly, cirrhosis, kidney failure, cataracts, and 
intellectual disability. Treatment is removing galactose from the diet.
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• Galactokinase Deficiency: Autosomal recessive disorder caused by deficiency of  
galactokinase. Results in buildup of galactitol if galactose is consumed. Findings 
are less severe than those in galactosemia and include early development of 
cataracts (within months of birth), and galactose in blood and urine. Treatment is 
removing dietary galactose. 

• Lactase Deficiency: Insufficient lactase in the intestinal brush border results in 
inability to digest lactose which causes bloating, cramps, flatulence, and osmotic 
diarrhea if lactose is consumed. May be primary (loss of lactase-persistent 
allele leads to decline in enzyme function with age; common in people of Asian, 
Native American, and African decent), or secondary (loss of enzyme activity due 
to destruction of the intestinal brush border due to gastroenteritis, autoimmune 
disease, etc.). Treatment is removing dietary lactose or supplementation with 
lactase.
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Chapter 3
Tricarboxylic Acid Cycle (TCA Cycle)

Objectives

• List the steps of the TCA cycle and the enzymes responsible for catalyzing each step.

• Note which steps generate energy or electron carriers.

• Note key regulatory enzymes.

• For pyruvate dehydrogenase deficiency, note the mode of inheritance, effects of the 
enzyme deficiency, patient findings and age at diagnosis, and treatment.

1. Pyruvate produced in glycolysis has four possible fates: 

• Used to produce alanine using the enzyme alanine aminotransferase and the 
coenzyme B6. Alanine is an important carrier of amino groups. 

• Used to produce oxaloacetate which can then be used in the TCA cycle or can 
be used in gluconeogenesis. Creation of oxaloacetate is catalyzed by pyruvate 
carboxylase and the coenzyme B7. 

• Used to create lactate in anaerobic conditions. This reaction is catalyzed by 
lactate dehydrogenase with the coenzyme B3. 

• Used to generate acetyl CoA for the TCA cycle. This reaction is catalyzed by the 
pyruvate dehydrogenase complex enzyme.
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TCA cycle
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The TCA cycle, including key intermediates and the enzymes that catalyze each reaction. 

Figure 46

2. TCA cycle:
The TCA cycle (also called the Krebs Cycle) is a series of chemical reactions that occur 
in the mitochondrial matrix and serves primarily to create 3 NADH molecules that are 
used as an electron carrier to the electron transport chain for the production of ATP. 
The TCA cycle also produces intermediates that are used for amino acid synthesis, one 
GTP molecule, and one FADH2 molecule (note: for each glucose molecule that enters 
glycolysis, two pyruvate molecules are made, meaning two turns of the TCA cycle are 
completed for each glucose molecule). The TCA cycle is shown in Figure 46. The pyruvate 
dehydrogenase complex enzyme is a key enzyme for the TCA cycle, catalyzing the 
irreversible reaction to form acetyl CoA from pyruvate. Both the pyruvate dehydrogenase 
complex as well as the alpha ketoglutarate dehydrogenase complex require several 
cofactors: B1, B2, B3, B5, and lipoic acid.
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3. Disorders of The TCA Cycle
• Pyruvate Dehydrogenase Complex Deficiency: Most commonly inherited in an 

x-linked pattern. Enzyme deficiency results in excess pyruvate which is shunted 
toward lactate and alanine synthesis. Findings include neurologic defects, 
microcephaly, lacticacidosis, and increased serum alanine. Diagnosed in infancy. 
Treatment: ketogenic diet (decreases lactate accumulation).

• Isocitrate Dehydrogenase (IDH) Mutation in Neoplasia: Metabolic 
reprogramming is increasingly emerging as a new hallmark of cancer. This 
reprogramming is frequently controlled by oncogenic signaling pathways in 
ways that support cell growth and proliferation, and that are likely essential for 
malignant transformation. The most extensively studied metabolic alteration is 
the  Warburg effect, characterized by an increase in glucose uptake and glucose 
metabolism to lactate rather than full oxidation via the tricarboxylic acid  (TCA) 
cycle, even under conditions of high oxygen tension. The elevated levels of lactate 
produced by cancer cells play an essential role in tumor progression. Furthermore, 
recent studies in tumor cells have shown that intermediates of the glycolytic 
pathway are channeled toward the synthesis of macromolecules that are 
essential for cell growth and proliferation.                                                                                

Beyond the metabolic reprogramming that occurs downstream of oncogenic 
signaling, a powerful illustration of the role of altered metabolism as a potential 
driver of tumorigenesis is the discovery of tumors with somatic mutations in the 
metabolic enzyme isocitrate dehydrogenase (IDH). Specifically, the cytosolic 
isoform of IDH, IDH1, is mutated in 70-90% of low-grade gliomas and secondary 
glioblastoma (GBM) and mitochondrial IDH2 is mutated in ~20% of acute myeloid 
leukemia cases. Wild-type IDH1 catalyzes the oxidative decarboxylation of isocitrate 
to α-ketoglutarate (α-KG). The IDH1 mutation leads to a loss of wild-type enzyme 
activity and to a neomorphic activity that catalyzes the reduction of α-KG to 
2-hydroxyglutarate (2-HG). As a result, IDH1 mutant gliomas show significantly 
elevated levels of 2-HG. The 2-HG induces epigenetic perturbations that interfere 
with cellular differentiation and proliferation, ultimately leading to tumorigenesis.
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Chapter 4
The Electron Transport Chain and Oxidative 

Phosphorylation
Objectives

• Describe the function of the electron transport chain (ETC).

• Describe how NADH and FADH2 enter the ETC.

• Describe the effect of disruption of the ETC and give examples of molecules that 
inhibit Complexes I, III, IV, and ATP synthase.

1. Introduction
The electrons generated in glycolysis and the TCA cycle are carried via NAHD and FADH2 
to the  electron transport chain (ETC), a series of 5 enzyme complexes within the inner 
mitochondrial membrane. Electrons from glycolysis are transported to the mitochondria 
by either the malate-aspartate shuttle or the glycerol-3-phosphate shuttle (as noted 
in the glycolysis section above). The ETC functions to pass electrons from one carrier 
molecule to another, generating energy that is used to create a proton gradient. This 
electrochemical gradient is used to generate energy in the form of ATP using oxidative 
phosphorylation. The ETC is composed of five enzyme complexes (Figure 47). NADH 
enters at complex I, FADH2 enters at complex II. Complex V is also called ATP synthase, 
which harnesses the movement of protons moving down their concentration gradient to 
drive a conformational change in the enzyme that leads to ATP synthesis. ATP synthase 
uses 1 NADH to produce 2.5 molecules of ATP and 1 FADH2 to produce 1.5 molecules of ATP. 
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Electron Transport Chain 

2. Electron transport chain

3. Disorders of the ETC
• While there are several disorders of the ETC, they are uncommon and many likely 

are undetected as they result in death before birth. There are, however, many 
medications and toxins that disrupt the ETC (shown in Figure 47). Disruption of 
the ETC results in a pH imbalance and can cause cell death. Two examples of 
disruption of the ETC are aspirin poisoning and uncoupling of the ETC that occurs 
in brown fat. 

• Aspirin Poisoning: When aspirin is taken in excessive amounts (>300mg/kg of 
body weight) it transports protons across the mitochondrial membrane, down 
the proton electrochemical gradient that exists due to the action of the ETC 
complexes that precede ATP synthase. Aspirin, then, acts as a competitor to ATP 
synthase, moving protons, but not generating ATP. This movement of protons 
is very exergonic, releasing enough energy to increase the body temperature. 
Signs and symptoms of aspirin poisoning include hyperthermia, initial respiratory 
alkalosis followed by an anion gap metabolic acidosis, seizures, tinnitus, and 
kidney and liver damage. Treatment is primarily supportive, activated charcoal 
may be given if it is within 2 hours of ingestion.

The structure of the electron transport chain and several inhibitors of the different complexes. 

Figure 47
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• Decoupling in Brown Fat: Brown fat is a special type of adipose tissue that is found 
only in mammals, and is more active in human children (less highly expressed 
in adults). Brown fat is unique because it has the ability to express the protein 
thermogenin, which acts to decouple the ETC and generate heat instead of ATP. 
When thermogenin is expressed it is inserted into the mitochondrial membrane, 
and allows for the movement of protons from the intermembrane space into the 
mitochondrial matrix, an exergonic reaction that releases energy as heat. Using 
this protein, babies are able to generate heat without shivering.
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Chapter 5
Glycogenesis, Glycogenolysis

Objectives

• Describe where glycogenesis and glycogenolysis occur in the body and when  
each occurs.

• Note the enzymes involved in glycogenesis and glycogenolysis.

• Describe five of the glycogen storage disorders including which enzyme is deficient, 
the effect of enzyme deficiency on glucose levels, symptoms, findings, and treatment.

• Define mucopolysaccharides and the two mucopolysaccharidoses described in   
the text.

1. Introduction
When there is excess glucose in the body it is stored in the form of glycogen for later use. 
The process to make glycogen is called glycogenesis and occurs in the cytoplasm of 
liver, muscle,  and adipose tissue. Insulin promotes glycogenesis. Glycogen polymers are 
composed of glucose molecules bound together through glycosidic bonds. In chains 
the glycosidic bonds are alpha-(1-4) bonds, and when branches are added off of the 
main chain, the branches are made by alpha-(1-6) bonds. These bonds are important 
because they are broken down by different enzymes. To maintain glucose levels during 
periods of fasting (and increase ATP levels), glycogen is broken down to form glucose in 
a process called glycogenolysis which occurs in hepatocytes and muscle cells. Muscle 
cells primarily make glucose-6-phosphate from glycogen and use it to generate ATP in 
glycolysis. Liver cells primarily make glucose using glucose-6-phosphatase (not  
present in myocytes) and distribute glucose through GLUT2 transporters (facilitated 
diffusion) to other cells in the body and maintain blood glucose. Glucagon and 
epinephrine promote glycogenolysis, and insulin is a potent inhibitor of glycogenolysis. 
These processes and the enzymes that catalyze the reactions are shown in Figure 48.
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Glycogenesis and glycogenolysis

Glycogenesis and glycogenolysis and the main enzymes involved in each process. Also noted are the 
disorders that result when defects occur in certain enzymes (the glycogen storage disorders). 

2. Glycogen Storage Diseases
There are many identified glycogen storage diseases, all involve abnormal glycogen 
metabolism that leads to glycogen buildup in cells. Several examples are presented 
below (and are noted by roman numerals in Figure 48).

Figure 48
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3. Mucopolysaccharidoses
Mucopolysaccharides (also called glycosaminoglycans) are molecules composed of 
repeating disaccharide units (structurally they are similar to glycogen). They are present 
in many tissues in the body and serve a variety of functions. When their degradation is 
dysfunctional, it results in a group of disorders called mucopolysaccharidoses (a group 
of disorders within the broader category of lysosomal storage disorders). Two notable 
mucopolysaccharidoses are hurler syndrome and hunter syndrome. 

• Hurler Syndrome (MPS I): Autosomal recessive disorder due to deficient   
alpha-L-iduronidase that results in buildup of heparan sulfate and dermatan sulfate. 
Symptoms develop during the first year of life. Findings include developmental delay, 
macrocephaly, short stature, hepatosplenomegaly, airway obstruction, and corneal 
clouding. The term “gargoylism” is used to describe the findings in Hurler syndrome, 
but is accepted to be derogatory. Treatment: enzyme replacement therapy. 

• Hunter Syndrome (MPS II): X-linked recessive disorder that results due to deficient 
iduronate-2-sulfatase and leads to buildup of heparan sulfate and dermatan sulfate. 
Disease presentation is usually between ages 2-4 (in the severe form) and findings 
include neurocognitive delay, hyperactive or aggressive behavior, coarse facies, 
skeletal deformities, retinal degeneration, hepatomegaly, heart valve defects, and 
pulmonary hypertension. Death from heart failure or obstructive airway disease 
complications are most common. No corneal clouding is present. Treatment: enzyme 
replacement therapy.
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Chapter 6
Lipids

Objectives

• Describe the location of fatty acid synthesis and degradation; include mitochondrial 
membrane transporters.

• List where ketone bodies are made, where they are used as energy, and how they are 
transported in the body.

• List the steps of ethanol metabolism and the key byproducts.

• Describe the timeframe of when different metabolic fuels are used by cells.

• Understand the amount of energy (in kcal) that is generated from metabolizing one 
gram of different fuel sources.

• Calculate the dietary amount of fuel (in grams) that should be consumed to have a 
certain percentage of each fuel source in the diet.

• Describe the main metabolic process and fuel sources that predominate during fed 
states and after different periods of fasting.

• Define the difference between kwashiorkor and marasmus.

• Draw the metabolism of dietary fat and cholesterol; include the role of the liver, 
adipocytes, blood vessels, and muscle cells; define the different lipoproteins, enzymes, 
and receptors.

• Define the familial dyslipidemias and sphingolipidoses. 
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1. Fatty Acid Synthesis and Degradation
Fatty acids are made from acetyl-CoA when the body has excess glucose or excess 
acetyl-CoA. The primary cite of fatty acid synthesis is the liver. Citrate from the TCA cycle 
can also be used for fatty acid synthesis by moving it from the mitochondrial matrix 
to the cytoplasm using the citrate shuttle. In the cytoplasm, acetyl-CoA is made into 
malonyl-CoA by acetyl-CoA carboxylase, which is made into palmitate by fatty acid 
synthase (Figure 49). Fatty acids are degraded starting in the cytoplasm, then once fatty 
acyl-CoA is formed, through the carnitine shuttle it is transferred to the mitochondrial 
matrix where the process is completed and produces acetyl-CoA (Figure 49). Acetyl-
CoA can be used in the TCA cycle to generate electron carriers, or can be used to make 
ketone bodies. 

Fatty acid synthesis and degradation

Fatty acid synthesis and degradation, including key enzymes and effects of insulin vs. glucagon. 

Figure 49
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2. Ketone body synthesis and degradation

Ketone body synthesis and degradation

The hepatic synthesis, transport, and degradation of ketone bodies. 
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Ethanol metabolism

The metabolism of ethanol. Note the generation of NADH in two steps of the process and the inhibition of the two 
main enzymes by fomepizole and disulfiram. 

Alcohol (ethanol) is broken down by the body to acetaldehyde and then to acetate, 
both steps generate NADH. Alcoholics have an excess of NADH which inhibits 
gluconeogenesis and the TCA cycle, causing oxaloacetate to be shunted to make 
malate, ultimately resulting in buildup of acetyl-CoA. This excess acetyl-CoA is used 
to make ketone bodies (Figure 51). Similarly, during starvation or diabetic ketoacidosis, 
levels of oxaloacetate are depleted for gluconeogenesis, also leading to a buildup 
of acetyl-CoA. Both processes result in ketone production. Ketones in the form of 
acetone are expired by the lungs, which causes the fruity odor of the breath found 
in diabetic ketoacidosis. Urine ketone tests can detect acetoacetate but not beta-
hydroxybutyrate.

Clinical Correlation

3. Ethanol metabolism

Figure 51
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4. Energy During Exercise
When exercising, cells use different processes to generate energy. Initially cells use 
stored ATP, which is used up quickly. Next, cells use creatine phosphate, then anaerobic 
metabolism (glycolysis and the TCA cycle), and finally for long term performance, cells 
use aerobic metabolism. Metabolic fuel use by cells is shown in Figure 52.

Metabolic fuel use
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The shifting of metabolic fuel sources by cells over time. 

The amount of energy from 1 gram of different substances is fairly consistent: 

-   1 gram of fatty acids yields 9 kilocalories (kcal)
-   1 gram of protein yields 4 kcal
-   1 gram of ethanol yields 7 kcal

Therefore, in a 2000 daily kcal diet, if a person wants to eat 30% protein, they would need 
to consume 150g of protein [2000 x 0.30=600 calories from protein; 1g=4kcal; 600/4=150g 
of protein/day]. 

Similar to energy shifts of a cell, the body shifts energy sources and prioritization of 
energy use during periods of fasting or starvation, always prioritizing glucose delivery to 
the brain and red blood cells. Overall, carbohydrate stores are used within the first day, 
while protein and fat (protein more than fat) are fuel sources for weeks. This is shown in 
the table below.

Figure 52
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Malnutrition is the lack of proper nutrition due to insufficient overall intake or 
insufficient intake of all necessary dietary components. 

• Kwashiorkor: Malnutrition due to insufficient dietary protein intake that results 
in skin lesions, edema due to low plasma oncotic pressure, and anemia. Low 
apolipoprotein synthesis in the liver results in liver malfunction. 

• Marasmus: Malnutrition due to overall calorie deficiency, but not due to deficiency 
in one nutrient. Results in muscle wasting. 

Clinical Correlation
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5. Lipid Synthesis
Fatty acid synthesis was discussed above, however fatty acids are just one component 
of lipids, which have a more complex synthesis, transport, and degradation process. 
Before presenting the process, the key components must be defined: 

a. Components

• Triglyceride: An ester formed by a glycerol group and 3 fatty acids. 

• Chylomicron: A lipoprotein particle composed of a triglyceride and esterified 
cholesterol core and a phospholipid membrane with cholesterol and 
apolipoproteins in the membrane.  

• Very Low Density Lipoprotein (VLDL): A particle made in the liver and primarily 
composed of a triglyceride core and phospholipid membrane. 

• Intermediate Density Lipoprotein (IDL): Particles formed from the degradation 
(primarily removal of triglycerides) of VLDL. 

• Low Density Lipoprotein (LDL): Particles formed from VLDL and LDL, but with a 
higher concentration of cholesterol and responsible for delivering cholesterol 
to many tissues in the body. 

• High Density Lipoprotein (HDL): Particles made by the liver that are primarily 
composed of phospholipids and proteins and serve to deliver small amounts 
of cholesterol to the body tissues. 

b. Surface Proteins

• Apo E: Surface protein found on chylomicrons, VLDL, IDL, and HDL. The ApoE 
receptor is found on hepatocytes, and in the central nervous system and 
is responsible for lipid absorption by cells. The epsilon 4 allele of ApoE is 
associated with Alzheimer’s dementia. 

Particle diameter

Figure 53
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• Apo CII: Surface protein found on chylomicrons, VLDL, and HDL and transferred 
from HDL to nascent chylomicrons to make them into mature chylomicrons. 
ApoCII is responsible for activating lipoprotein lipase. 

• Apo B-100: Surface protein on VDLD, IDL, LDL (particles originating in the liver) 
that is reponsible for binding the LDL receptor. 

• Apo B-48: Surface protein on chylomicrons that is important for chylomicron 
secretion into the lymphatics. 

c. Enzymes

• Lipoprotein Lipase: Enzyme on the vascular endothelial surface, responsible for 
degradation of triglycerides in chylomicrons and VLDL. 

• Hormone Sensitive Lipase: Enzyme found in adipocytes, responsible for 
degradation of triglycerides into glycerol and free fatty acids. 

• Lecithin-cholesterol Acetyltransferase (LCAT): Enzyme made in the liver and 
secreted into the plasma that is responsible for the esterification of cholesterol 
(and therefore the maturation of HDL particles). Activated by Apo-AI.w
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6. Lipid Transport
The absorption of cholesterol, processing and synthesis of VLDL, IDL, LDL, and HDL is 
shown in Figure 54. Dietary fat and cholesterol enter the small intestine where they are 
formed into chylomicrons in the intestinal mucosa. From the intestinal mucosa the 
chylomicrons enter the lymphatic system, and through the thoracic duct they enter the 
blood stream. In the blood stream chylomicrons can gain Apo-CII and Apo E receptors 
that allow lipoprotein lipase to release triglycerides (TGs) and free fatty acids (FFAs) 
from them for uptake into adipocytes. Once many TGs and FFAs are removed, what is 
left of the chylomicron is called a chylomicron remnant, which is absorbed by the liver 
hepatocytes and used to make VLDL. VLDL is released by the liver into the blood stream 
where lipoprotein lipase catalyzes the release of TGs and FFAs for use by body tissues 
and absorption by adipocytes; as TGs and FFAs are removed from VLDL it becomes IDL 
and LDL. Note: Understanding the roles of the particles, enzymes, surface proteins, and 
receptors in this process will aid in the understanding of disorders due to problems in this 
process as well as the pharmacologic interventions available for lowering cholesterol.

Lipid transport

Lipid intake, transport, and metabolism and the main organs and cells involved. The complete process is 
described in the preceding paragraph. 

Figure 54
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7. Lipid Disorders
Lipid metabolism is complex and there are many proteins and enzymes involved, leaving 
many opportunities for problems to develop. The disorders included below are by no 
means a comprehensive list of all lipid disorders, but do represent several key disorders 
to be aware of. 

• Abetalipoproteinemia: An autosomal recessive disorder in which the absorption 
of fats and certain vitamins is impaired. Caused by deficient Apo B-48 and Apo 
B-100 which leads to the absence of chylomicrons, VLDL, and LDL. Patients generally 
present as infants with failure to thrive, steatorrhea, and muscle weakness. Severe 
spinocerebellar degeneration can develop due to vitamin E deficiency, leading 
to ataxia and neurocognitive delay. Vision loss can also develop due to retinitis 
pigmentosa. Treatment includes restriction of dietary long-chain fatty acids and 
vitamin E supplementation.

• Familial dyslipidemias: There are several inherited disorders that result in impaired 
lipoprotein metabolism which are grouped together and called the familial 
dyslipidemias. Four of the familial dyslipidemias are presented below: 

 » Hyperchylomicronemia: Autosomal recessive disorder that arises due to 
deficiency of either lipoprotein lipase or Apo CII and results in high blood levels of 
chylomicrons, TGs, and cholesterol. Patients can present with acute pancreatitis 
and may have findings of eruptive xanthomas (crops of pink papules with a lighter 
center on the skin). Patients are not at increased risks for atherosclerosis (not able 
to make LDL). Treatment: reduce dietary fat. 

 » Familial Hypercholesterolemia: Autosomal dominant disorder due to defective 
or absent Apo B-100 or LDL receptors that results in high levels of LDL and 
cholesterol. Findings include accelerated atherosclerosis, tendon xanthomas, and 
corneal arcus. Both homozygotes and heterozygotes have very high cholesterol 
levels (>300mg/dL), but homozygotes often have even higher levels. Treatment 
includes aggressive cholesterol control with statins, bile-acid-binding resins, and 
cholesterol absorption inhibitors. 

 » Dysbetalipoproteinemia: Autosomal recessive disorder due to defective 
Apo E that results in high levels of chylomicrons and VLDL. Findings include 
xanthomas (especially palmar), and premature atherosclerosis. Treatment 
includes aggressive cholesterol control with statins, bile-acid-binding resins, and 
cholesterol absorption inhibitors.

 » Hypertriglyceridemia: Autosomal dominant disorder due to hepatic 
overproduction of VLDL that leads to high levels of VLDL and TGs. Findings include 
very high levels of TGs (>1000) which can cause acute pancreatitis, and patients 
are at increased risk for atherosclerosis. Treatment includes reduction in dietary 
fat, niacin, fibrates, and statins.
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 » Sphingolipidoses: The sphingolipidoses, a group of lysosomal storage disorders, 
are also due to dysfunctional lipid metabolism, but not specifically the lipids 
discussed above Sphingolipid metabolism is shown in Figure 55, along with the 
sphingolipidoses (which are also discussed below).

Lysosomal storage disorders

The metabolism of sphingolipids, with enzyme defects that cause disease noted.

Defects in metabolism are caused by enzymatic deficiencies (shown in the image) and 
are called sphingolipidoses, a group of lysosomal storage disorders.

• Tay-Sachs Disease: Autosomal recessive disorder due to deficient hexosaminidase A 
which results in buildup of GM2 ganglioside. 

• Fabry Disease: X-linked recessive disorder due to deficient alpha-galactosidase A 
which results in buildup of ceramide trihexoside.

• Gaucher Disease: Autosomal recessive disorder due to deficient glucocerebrosidase 
(beta-glucosidase) which results in buildup of glucocerebroside.

• Metachromatic Leukodystrophy: Autosomal recessive disorder due to deficient 
arylsulfatase A which results in buildup of cerebroside sulfate.

• Krabbe Disease: Autosomal recessive disorder due to deficient galactocerebrosidase 
which results in buildup of galactocerebroside and psychosine.

• Niemann-Pick Disease: Autosomal recessive disorder due to deficient 
sphingomyelinase which results in buildup of sphingomyelin.

Figure 55
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Chapter 7
 Amino Acid Metabolism

Objectives
• List the derivatives made from the amino acids: phenylalanine, tryptophan, histidine, 

glycine, glutamate, and arginine.

• Understand the significance of ammonia as a main byproduct of amino acid 
catabolism.

• Describe the transport of ammonium in the body.

• List the steps of the urea acid cycle.

• Describe the disorders of amino acid metabolism.
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B. The synthesis of catecholamines from phenylalanine, and disorders that can result (purple text) 
from enzymatic defects.

A. The derivatives of 5 key amino acids with the coenzymes used in each process noted in the reaction.

Homovanillic acidFumarate

Amino acid derivatives

The synthesis of catecholamines

Figure 56/B

Figure 56/A

1. Introduction
Amino acids are the building blocks of proteins, but are also used in the synthesis of 
countless other molecules including catecholamines. Several examples of amino acid 
derivatives and the enzymes that catalyze their synthesis are shown in Figure 56/A and 56/B. 

B. The synthesis of catecholamines from phenylalanine, and disorders that can result (purple text) 
from enzymatic defects.

A. The derivatives of 5 key amino acids with the coenzymes used in each process noted in the reaction.

Homovanillic acidFumarate
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Proteins are broken down into amino acids, and amino acids are broken down to form 
ammonium and alpha-keto acids (formed from the carbon skeletons). Ammonia is 
toxic to the body, so must be excreted (see hyperammonemia below). As a charged 
ion, ammonium cannot freely cross membranes, and must be transported in the body. 
Ammonium is transported from the muscle to the liver (where the urea cycle occurs) 
using alanine as a transporter. This cycle is shown in Figure 57, which notes the transfer 
of ammonia from amino acids to glutamate, to alanine where it can be transferred to 
the liver.

Transport of ammonium
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The generation of ammonium from amino acid catabolism and the transport of ammonia from muscles 
to the liver where the urea cycle takes place. 

Once ammonium arrives in the liver, it is able to be processed through the urea cycle 
(Figure 58). The main function of the urea cycle is to produce urea, which can be 
excreted (and in doing so, remove harmful ammonia from the body).

Urea cycle

The urea cycle, including main enzymes and byproducts. The urea produced is excreted by the kidneys 
and the primary method of ammonia excretion. Note that carbamoyl phosphate synthetase I catalyzes 
the rate limiting step. 

Figure 57

Figure 58
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2. Disorders of Amino Acid Metabolism
The disorders included below include disorders due to amino acid derivative metabolism 
and  amino acid catabolism, including the urea cycle.

• Phenylketonuria (PKU): Autosomal recessive disorder due to deficiency of 
phenylalanine  hydroxylase enzyme or low levels of the required coenzyme BH4 that 
results in an inability to metabolize phenylalanine. As a result, tyrosine becomes an 
essential amino acid and phenylalanine builds up and is secreted as excess phenyl 
ketones (phenylacetate, phenylpyruvate, etc.) in the urine. This disorder is tested 
for on the newborn screen in all 50 states; a newborn would have to not receive 
screening (parental choice) or have a false negative to be undiagnosed. Findings 
include a musty body odor, growth retardation, seizures, fair complexion (low 
melanin), eczema, and intellectual disability. Treatment: Remove phenylalanine from 
diet, supplement with BH4 and tyrosine. 

 » Maternal PKU: When a woman with PKU becomes pregnant and does not 
maintain strict diet control. The baby may develop microcephaly, growth 
restriction, intellectual disability, and congenital heart defects. 

• Alkaptonuria: Autosomal recessive disorder due to deficiency of homogentisate 
oxidase that leads to inability to degrade tyrosine to fumarate, and buildup of 
homogentisic acid. Findings include bluish-black connective tissue, ear cartilage, and 
sclerae (called ochronosis). Urine of patients may turn black on prolonged exposure 
to air, and patients may have severe arthralgias if homogentisic acid accumulates in 
cartilage. Treatment: no specific treatment, low protein diet can  be helpful. 

• Albinism: Most commonly an autosomal recessive disorder due to deficient 
tyrosinase that results in an inability to synthesize melanin. Findings include 
decreased skin pigment, and in some cases, blindness. Treatment: there is no specific 
treatment; patients are at increased risk for skin cancers and should avoid excessive 
sun exposure. 

• Maple Syrup Urine Disease: Autosomal recessive disorder due to deficient branched-
chain alpha-ketoacid dehydrogenase that results in increased alpha-ketoacids in the 
blood due to inability to degrade branched amino acids (valine, leucine, isoleucine). 
Findings: Severe CNS defects and neurocognitive delay, sweet-smelling urine, 
vomiting, poor feeding; untreated cases will lead to death from CNS defects and 
respiratory failure. Most children are diagnosed between ages 5 months and 7 years. 
Treatment: Dietary restriction of valine, leucine, isoleucine; thiamine supplementation 
(B1 is coenzyme for branched-chain alpha-ketoacid dehydrogenase). Liver transplant 
can eliminate metabolic disorder (but patients still carry gene and can pass it to 
offspring).

105B I O C H E M I S T R Y



• Homocystinuria: Autosomal recessive disorder due to deficiency or defect of 
cystathionine synthase or methionine synthase that results in excess homocysteine. 
Findings include downward lens dislocation, marfanoid body habitus, pes 
excavatum, pes carinatum, genu valgum (knock knees), intellectual disability, 
seizures, cardiovascular effects (atherosclerosis, stroke, MI), excess homocysteine 
in urine, and osteoporosis. Diagnosis is typically made in childhood (ages 5-10), but 
varies due to varied severity and presentation of disease. Treatment depends on 
which enzymatic defect is present. If cystathionine synthase is deficient treatment 
includes dietary restriction of methionine, and supplementation of cysteine, B6, 
B9, and B12. If cystathionine synthase substrate affinity is the problem, treatment is 
supplementation with B6 and cysteine. If methionine synthase is deficient, treatment 
is to increase methionine in the diet. 

• Cystinuria: Autosomal recessive disorder in 
which amino acid transporters in the renal 
proximal convoluted tubule and intestine are 
dysfunctional and cysteine, ornithine, lysine 
and arginine cannot be reabsorbed. Findings 
include history of frequent urinary tract infections, 
frequent kidney stones (hexagonal cystine 
stones), hematuria, and dysuria. Diagnosis is 
usually between age 10 and 20 years. Treatment 
includes alkalinizing the urine using potassium 
citrate or acetazolamide, chelation using 
penicillamine to increase solubility of cystine, and 
hydration. 

• Hyperammonemia: May develop from urea cycle disorders or liver disease. Excess 
ammonia in the CNS depletes GABA in the CNS and alpha-ketoglutarate. Findings 
include CNS depression, speech deficits, vision abnormalities, cerebral edema, hand 
tremor (“flapping tremor”, asterixis). Treatment includes limiting dietary protein, 
lactulose (increases ammonium excretion in bowel), and antibiotics that decrease 
ammonia production by GI bacteria (rifaximin, neomycin). 

• Ornithine Transcarbamylase Deficiency: X-linked recessive disorder and the most 
common disorder of the urea cycle that results in decreased excretion of ammonia. 
Excess carbamoyl phosphate enters the pyrimidine synthesis pathway and is 
made into excess orotic acid.  Findings: vomiting, lethargy, irritability, intellectual 
disability, increased orotic acid in blood and urine, low blood urea nitrogen (BUN), 
signs of hyperammonemia. There is no megaloblastic anemia (as seen in orotic 
aciduria, see below). Mean age at diagnosis is 1 year, but ranges based on severity of 
enzyme deficiency. Treatment: low protein diet, hemodialysis may be necessary for 
exceptionally high ammonia levels, liver transplant has been effective in     
restoring normal enzyme levels.
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Chapter 8
Nucleotide Synthesis and Degradation

Objectives

• Outline the major steps involved in the synthesis of purines and pyrimidines.

• Note the key steps in the purine salvage pathway.

• For each pathway note key inhibitors such as hydroxyurea, methotrexate, 
6-mercaptopurine; note the importance of inhibiting these pathways as it relates to 
inhibiting cellular replication.

• Describe 3 disorders of purine salvage.

1. Introduction
Recall from part 1 that purines and pyrimidines are nitrogenous bases, one component of 
nucleotides that are the building blocks of nucleic acids. In addition to their importance as 
part of nucleic acids, they are also used as components of the energy storing molecules 
adenosine triphosphate (ATP) and guanosine triphosphate (GTP); the importance of these 
molecules is evidenced by their widespread use in the metabolic processes covered in the 
previous sections. 

Purines and pyrimidines are made in the body two related processes (Figure 59). 
Pyrimidine synthesis begins with glutamine and CO2 which is made into carbomoyl 
phosphate by carbamoyl phosphate synthetase II, a cytosolic enzyme (note: 
carbamoyl phosphate synthetase I is found in the urea cycle in the mitochondria, 
and carbamoyl phosphate is a substrate for the urea cycle). Carbamoyl phosphate 
is then made into orotic acid, then uridine monophosphate (UMP), and finally cytidine 
triphosphate and deoxythymidine monophosphate. Purine bases are made by starting 
with ribose 5-phosphate (from the pentose phosphate pathway) which is made into 
phosphoribosyl pyrophosphate (PRPP). Then with the addition of glutamine, aspartate, 
glycine, and tetrahydrofuran as substrates, a series of reactions occurs to make inosine 
monophosphate (IMP) and then the purines adenosine monophosphate (AMP) and 
guanosine monophosphate (GMP). PRPP is the limiting substance in purine biosynthesis, 
and the purine products (ADP and GDP) are negative effectors of PRPP synthetase. 
Because of the importance of nitrogenous bases for cell survival and replication, these 
pathways represent important locations for pharmacological intervention in cases when 
cell growth is uncontrolled. Several inhibitors of nitrogenous base synthesis are shown in 
the figure below. 

107B I O C H E M I S T R Y



2. Purine and pyrimidine synthesis
Purine and pyrimidine synthesis (de novo)

The de novo synthesis of purines and pyrimidines as well as notable pharmacologic inhibitors and the 
enzymes they inhibit. 

Figure 59
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3. Purine Salvage
When nucleic acids are degraded, the purines can be degraded (ultimately forming 
uric acid and excreted by the kidneys) or they can be recycled for reuse (referred to as 
purine salvage). This process is shown in Figure 60.

Purine salvage

The purine salvage pathway. 

4. Disorders of Purine Salvage
Two common disorders of purine salvage are gout and tumor lysis syndrome: 

• Gout: A disease that results when monosodium urate crystals are deposited in joints, 
bones, and soft tissue because of hyperuricemia. The hyperuricemia is generally 
caused by a number of factors including genetics, physiology, metabolism, under-
excretion of urate, and overproduction of urate. Importantly, not everyone with 
hyperuricemia develops gout; it generally requires several contributing factors from 
those listed above. Historically, gout was called the “disease of kings” because kings 
could afford to eat rich diets high in purines (red meats). Today, it is associated with 
obesity and rich diets. Gout classically affects the first metatarsophalangeal joint, but 
may affect any joint. Treatment of a first attack involves NSAIDs, oral glucocorticoids, 
colchicine, encouragement of diet, weight loss, and exercise. Treatment if attacks 
continue includes continuing to encourage lifestyle changes as well as daily 
allopurinol (urate-lowering agent) for prophylaxis.

Figure 60
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• Tumor Lysis Syndrome (TLS): TLS in an oncologic emergency that is caused by 
lysis of tumor cells that then release potassium, phosphate, and nucleic acids into 
the circulation, which leads to hyperuricemia. Hyperuricemia can lead to uric acid 
precipitation in the renal tubules and renal vasoconstriction that leads to acute 
kidney injury (AKI). AKI can also be caused by hyperphosphatemia causing calcium 
phosphate deposition in the renal tubules. The electrolyte disturbances seen in TLS 
can cause cardiac arrhythmias and seizures. TLS can be spontaneous, but often 
follows administration of a cytotoxic therapy in patients with tumors with high 
proliferative rates (Burkitt cell lymphoma, acute lymphoblastic leukemia).   
Treatment includes closely managing electrolyte imbalances, lowering urate levels 
with rasburicase (converts uric acid to allantoin, a soluble metabolite), cardiac 
monitoring, and hydration.

5. Inherited Enzyme Deficiencies of Nucleotide Pathways
In addition to the pharmacologic disruption of purine and pyrimidine synthesis, there 
are several disorders that arise from inherited enzyme deficiencies, three are discussed 
below. 

• Orotic Aciduria: Autosomal recessive disorder due to deficient UMP synthase that 
results in buildup of orotic acid. Findings: increased orotic acid in urine, failure to 
thrive, neurocognitive delay, megaloblastic anemia that is refractory to B9 and B12 
supplementation. Unlike ornithine transcarbamylase deficiency, no hyperammonemia 
is seen. Megaloblastic anemia usually develops within the first few months of life. 
Treatment: uridine monophosphate or uridine triacetate (both of these molecules can 
be used in pyrimidine synthesis and bypass the defective UMP synthase. 

• Lesch-Nyhan Syndrome: X-linked recessive disorder due to absent or defective  
hypoxanthine-guanine phosphoribosyltransferase (HGPRT) that results in excess 
production of uric acid and increased de novo purine synthesis. Findings include severe 
intellectual disability, self-mutilation, hyperuricemia (and gout), dystonia, and sodium 
urate crystals in urine. Symptoms begin around 6 months. Treatment: allopurinol to 
reduce uric acid production (or febuxostat), symptom management. Death from renal 
failure in the first or second decade is the most common cause of death.

• Adenosine Deaminase (ADA) Deficiency: Autosomal recessive disorder due to 
deficiency of adenosine deaminase that results in buildup of deoxyadenosine. 
Deoxyadenosine levels are particularly high in cells with rapid turnover, and as a result 
lymphocytes are highly affected. This is why ADA deficiency is the most common 
cause of autosomal recessive severe combined immunodeficiency (SCID). Findings: 
Frequent bacterial, viral, fungal infections starting after maternal immunoglobulins 
wane (~6 months of age), skin rashes, diarrhea, and poor growth. Treatment: 
prophylactic antibiotics, immunoglobulins, stem cell transplant.
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Chapter 9
Nutrition-Vitamins 

Objectives

• List the water- and fat-soluble vitamins.

• Describe why water or fat solubility of vitamins is important.

• List the main sources, functions, and results of deficiency or excess of the fat-soluble 
vitamins, the B vitamins, and vitamin C.

• Describe the role of zinc and findings in zinc deficiency.

• Describe four disorders that result from vitamin deficiencies. 

1. Introduction
Vitamins are essential nutrients that the body cannot synthesize that are required for 
various metabolic processes. Vitamins can be divided into two groups: fat soluble and 
water soluble, which is important because it defines how they interact in the body. Fat 
soluble vitamins are more likely to cause toxicity when consumed in excess because 
they accumulate in the fat. Additionally, syndromes that cause steatorrhea (stool high in 
fat) can cause malabsorption of fat soluble vitamins (as the vitamins are excreted in the 
fatty stools). Such syndromes include cystic fibrosis and celiac disease. There are four fat 
soluble vitamins: A, D, E, K. The B vitamins and vitamin C are all water soluble. 
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2. Vitamins
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3. Zinc
Zinc: A trace element required for activity of many enzymes and protein structure (zinc 
finger secondary structure of proteins that is often responsible for binding DNA, and is 
a component of steroid receptors, thyroid hormone receptor, and fat soluble vitamin 
receptors). Deficiency leads to delayed wound healing, skin lesions, impaired immune 
function, hypogonadism, decreased axillary, facial, and pubic hair, anosmia, and 
dysgeusia. Acrodermatitis enteropathica is an autosomal recessive disorder in which 
a zinc receptor is defective and results in severe zinc deficiency and skin findings of 
erythematous, scaly, pustular lesions especially in the inguinal and perianal regions. 

4. Folate and cobalamin metabolism
Metabolism of B9 and B12 is shown in Figure 60; note that B12 is used as a cofactor for 
methionine synthase. Cystathionine synthase catalyzes the formation of cysteine from 
homocysteine using B6 as a cofactor.

Folate and cobalamin metabolism

The metabolism of folate and cobalamin, demonstrating the interrelation of the two processes. 

Figure 61
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5. Additional Disorders from Vitamin Deficiencies: 
• Wernicke-Korsakoff Syndrome: A neurological disorder that results from severe 

deficiency of thiamine (B1) often from alcoholism or from malabsorption disorders. 
Wernicke encephalopathy develops first and is characterized by confusion, 
ophthalmoplegia, nystagmus, and ataxia. If Wernicke encephalopathy is untreated, 
Korsakoff Syndrome can develop and is characterized by confabulation, personality 
changes, difficulty learning, and prominent amnesia which can be permanent. Of 
those who develop Korsakoff syndrome, death occurs in approximately 20%, and 
permanent brain damage is common in survivors. Brain atrophy occurs in many 
locations, damage is especially prevalent in the medial dorsal nucleus of the 
thalamus and mamillary bodies (which explains memory loss).   

• Dry Beriberi: A disease caused by thiamine deficiency that is characterized 
by damage to nerves (long nerves especially) and causes polyneuritis and 
symmetrical muscle wasting. Additional symptoms include fatigue, weakness, and 
shortness of breath. 

• Wet Beriberi: A disease caused by thiamine deficiency that is characterized by 
high-output cardiac failure, edema, and fatigue. Onset of wet beriberi is often 
more acute than dry beriberi.

• Hartnup Disease: Autosomal recessive disorder due to deficiency of neutral amino 
acid transporters in the proximal renal tubular cells and enterocytes that results 
in neutral aminoaciduria and deficiency of neutral amino acids. Significantly, low 
levels of tryptophan result in inability to synthesize B3. Findings: symptoms of B3 
deficiency. Treatment: high protein diet, B3 supplementation.
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Chapter 1
Pedigree Analysis

Objectives

• Demonstrate a functional understanding of the vocabulary medical genetics.

• Demonstrate a working understanding of the iconography of pedigrees.

• Identify autosomal dominant and recessive, x-linked dominant and recessive and 
mitochondrial inheritance based on pedigree analysis.

• Predict standard recurrence risks of the above forms of inheritance for the purposes 
of family counseling.

• Give examples of diseases having of each of these forms of inheritance.

1. Definitions

Chromosome

Autosomes

Sex chromosomes

Gene

Locus

Allele

Genotype

Phenotype

Homozygote

a molecule of DNA that is packaged to carry information in the 
form of genes.  Humans have diploid somatic cells (two copies 
of each chromosome), totaling 23 pairs, and haploid gametes 
(sperm and ova) with one copy of each chromosome.

chromosomes 1-22 in the human. Homologous chromosomes 
are copies of the same pair with maternal and paternal origin.

the X and Y chromosomes.

a sequence of DNA that encodes a specific protein, tRNA, rRNA or 
snRNA.

the physical location of a gene.

variations in the DNA sequence within a gene.  When a gene has 
multiple alleles in the population, it is said to be polymorphic.

the specific alleles (maternal and paternal origin) at a locus.  

the observable characteristics that result from the genotype.

possessing the same allele on homologous chromosomes at a 
given locus.
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Recessive

Mutation

Missense mutations

Nonsense mutations

In-Frame mutations

Frameshift mutations

Loss-of-function 

Gain-of-function
 

Recurrence Risk 

expression of a phenotype only when both alleles on 
homologous chromosomes are identical.

an alteration in the sequence of DNA or production of a new 
allele.

result when a single amino acid is substituted in a polypeptide 
chain.

can result in the formation of stop codons which can 
prematurely terminate translation and cause the production 
of abnormal, truncated proteins.  

Nucleotides can be inserted or deleted.  If inserted or deleted 
in groups of 3 bases (a codon), the mutation is said to be 
in-frame. 

If nucleotides are insterted in groups of fewer or more than 3, 
the result is frameshift.  Frameshift mutations alter the 
reading of all codons downstream, and typically produce 
severely altered protein products.

a mutation which results in a missing or diminished product.

a mutation which results in the production of excess product, 
a novel function or increase in its activity.

the statistical probability that a child of a couple will express a 
genetic disease.  Because each conception is an independent 
event, the recurrence risk depends on parental genotypes and 
is independent of existence of previous affected or unaffected 
offspring.

simultaneous expression of the products of two different alleles
at one locus. (eg. AB blood groups, HLA antigens)

expression of a phenotype when only one allele of a
chromosome pair encodes the trait.

possessing different alleles on homologous chromosomes at a
given locus.

Codominant

Dominant

Heterozygote
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2. Pedigree Symbology

3. Conventions of Pedigree Analysis
To analyze a pedigree observe the following conventions:

• Generation numbers are in roman numerals on the left.

• Individuals are counted in sequence within a generation, from left to right.

• Males are indicated by a square.

• Females are indicated with a circle.

• The first affected individual in the generations of the pedigree is considered the 
proband.

• Affected individuals (for the disease in question) are shaded symbols.

• Unaffected individuals are represented by unshaded symbols.

• Symbols which are half shaded represent known carriers of a trait.

• Shaded circles within a female symbol represent known carriers of an X-linked trait.

• Horizontal lines between circles and squares indicate matings/marriages.

• Double horizontal lines between circles and squares indicate consanguineous 
matings (individuals III-6 and III-7). By definition in the U.S. any marriage between 
second cousins or more closely related individuals.

• Dizigotic (fraternal) twins are indicated as a single vertical line from the parents 
which  then splits in two (individuals III-1 and III-2).

Figure 62

Standardized Pedigree Symbology
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• Monozygotic (identical) twins are indicated as a single vertical line from the 
parents which splits in two but has a bar connecting the two progeny (individuals 
IV-1 and IV-2).

• Angled lines through a symbol reflect the death of the individual. If the angled line 
is accompanied by the notation “SB”, it means the fetus was stillborn.

• Individuals who marry into the original pedigree are assumed, by convention, to 
be normal for the trait being displayed in the family, unless otherwise specified  
(individual II-1, II-6 and III-3).

4. Pedigree Identification

a. Autosomal Dominant
By convention, dominant alleles are noted with a capital letter and recessive 
alleles with a lower-case letter. Since it only takes one copy of the disease allele 
to cause the disease phenotype, the affected individuals may be homozygous for 
the disease allele (AA) or heterozygous for the disease allele (Aa). The fitness of AA 
homozygotes is usually severely reduced to the point that they cannot reproduce. 
Most AD diseases affect the production of structural proteins.

1) How to identify the pedigree:

• The disease is observed in multiple generations

• Skipped generations are not seen

• Males and females are affected in equal frequencies

• Father-to-son transmission is possible

Autosomal Dominant

Figure 63
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2) Recurrence Risk for AD diseases:
Mating of an affected individual (Aa) with a
homozygous normal individual (aa). 50% of 
the progeny will be affected heterozygotes    
(shaded squares) and 50% unaffected 
(unshaded squares), regardless of the   
sex of the child.

Other, less common, crosses would be 

between two affected heterozygote parents, 
in which case 75% of the progeny would 
be affected (one homozygous AA and two 
heterozygotes), and the cross between two 
homozygous parents (one diseased, one 
normal), in which case all progeny would      be heterozygous and affected.

3) Important examples of AD diseases: 

• Familial hypercholesterolemia

• Hereditary spherocytosis

• Huntington disease

• Neurofibromatosis

• Marfan syndrome
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Autosomal Recessive

Figure 64

The most common USMLE-style question concerning AR inheritance is to identify the obligate carriers in a 
pedigree. (I-1, I-2, II-5, II-6 in this pedigree)

b. Autosomal Recessive
Most AR diseases are loss-of-function mutations which affect enzyme function 
and are manifest early in childhood. Because an affected individual must have 
received a disease allele from each parent, consanguinity is common in such 
pedigrees, and by definition, both parents must be carriers. The carriers are 
phenotypically normal (making lower concentrations of the enzyme, but still 
enough to survive without symptoms) but when two recessive alleles are present, 
the enzyme deficiency becomes evident. 

1) How to identify the pedigree:

• Generations are often skipped

• Males and females are affected in similar numbers 

• Consanguinity is common 

• Father-to-son transmission is possible
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2) Recurrence Risk for AR diseases:
The most common cross is that 
between two heterozygous carriers 
(unaffected phenotypically). In this 
case, on average, one in four progeny 
(25%) will be homozygous normal, 
two in four (50%) will be heterozygous 
carriers and 1 in four (25%) will be 
homozygous affected. Notice that the 
disease allele is the lower-case letter.

Remember that if one of the 
unaffected siblings in the above 
Punnett square were to ask what their 
chances were of being a carrier, your 
answer would be 2/3, and there would 
be a 1/3 chance that they are homozygous normal.

This is because you know the phenotype in that case (normal) but do not know 
the genotype. So out of the 3 normal children in the above Punnett square, 2/3 
are carriers and 1/3 are homozygous normal.

Other less common crosses:
One carrier parent and one affected – progeny will be 50% carrier and 50% affected.
One normal parent and one affected – all progeny will be carriers.

3) Important Examples of AR Diseases:

• Cystic fibrosis

• Fanconi anemia

• Kartagener syndrome

• Pyruvate dehydrogenase deficiency

• Xeroderma pigmentosum
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c. Sex-Linked Inheritance
A normal female has two X chromosomes (one received from the father and 
one from the mother). A normal male has an X chromosome (received from the 
mother) and a Y chromosome (received from the father). Males are therefore 
said to be hemizygous for the X chromosome (having only one copy). There is 
a region of homology at the tip of the short arms of X and Y chromosomes, the 
pseudoautosomal region, which allows for homologous pairing between X and Y 
chromosomes during prophase I in males.

Dosage compensation (X-inactivation)
The X chromosome encodes about 900 genes, and the Y chromosome around 
200 genes mostly associated with male sex differentiation and spermatogenesis. 
At least one X chromosome is required for life. To adjust for the significant disparity 
in the number of gene products between the two sex chromosomes, in the normal 
female, one X chromosome is always inactivated in each cell (and if more than 
two X chromosomes occur in a cell, all are inactivated except one). 

Mechanism – At the late blastocyst stage, transcription of the XIST gene 
causes methylation, histone deacetylation and heterochromatin formation in 
X chromosomes. An autosome-encoded protein blocks the spread of the XIST 
product to the last X chromosome, so the number of Barr bodies (inactivated X 
chromosomes) is always one fewer than the total number of X chromosomes.

X-inactivation (Lyonization) is random and clonal. In each cell of the developing 
blastocyst, either the paternal or the maternal X chromosome is randomly 
inactivated. All cells derived from the cells in which X-inactivation has occurred 
will display the same pattern of methylation. Females are therefore mosaic, with 
two distinct cell populations; one with the paternal X inactivated and one with 
the maternal X inactivated. The pseudoautosomal regions are not inactivated. 
During oogenesis, the inactive X is reactivated so that all eggs have an active X 
chromosome.
This process is very visually 
demonstrated in the calico cat 
(shown). Two fur color alleles are 
encoded on the X chromosome 
of the cat, orange and black. The 
female cat with heterozygosity for 
these alleles on maternally- and 
paternally-derived X chromosomes 
will develop patches of orange or 
black fur on a white background, 
displaying the random and 
clonal pattern of inactivation of one or the other X chromosome. The white fur is 
associated with an autosomal gene for color inhibition.
In normal conditions, random inactivation would predict that there should be a 
50:50 distribution of active maternal or paternal X chromosomes.
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Significant variation from this mean can occur when structural abnormalities of 
one of the X chromosomes causes it to be more likely to be inactivated.In such 
cases, a gene on a maternal or paternal X chromosome might be expressed more 
than expected by random probability, and a female can become a manifesting 
heterozygote.

1) X-linked Recessive

a. How to identify the pedigree:

• Disease is observed in twice as many males as females. Males are 
hemizygous for the X chromosome, so only one defective allele on the 
X chromosome is necessary for expression. Females by contrast would 
have to have two defective X chromosomes to express the phenotype. 
XO females (Turner Syndrome) will also express XLR phenotypes.

• If female heterozygotes are affected (manifesting heterozygotes), the 
disease expression is milder.

• Skipped generations are common.

• No father-to-son transmission is possible.

w X-linked Recessive

Figure 65

The most common question concerning XLR pedigrees is to identify the obligate carriers: 

• All mothers of affected males

• All daughters of affected males
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Affected male and carrier female:
Half of female progeny will be carriers 
and half affected.  Half of male progeny 
will be affected and the other half 
normal.

x

Xx

xx

XY

xY

Y

X

x

Normal male x carrier female:
Half of female progeny will be carriers 
and half homozygous normal.  Half of 
male progeny will be affected and the 
other half normal.

Normal male x carrier female:
Half of female progeny will be carriers 
and half homozygous normal.  Half of 
male progeny will be affected and the 
other half normal.

X

XX

Xx

XY

xY

Y

X

x

Most common cross:
Normal female x affected male.
All female progeny will be carriers and all 
male progeny will be normal.

x

Xx

Xx

XY

XY

Y

X

X

b. Recurrence Risk for XLR diseases:

c. Important examples of XLR diseases:

• Red-green color blindness

• Hemophilia A and B

• Duchenne and Becker muscular dystrophy

• Bruton agammaglobulinemia

• G6PD deficiency
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Most common cross:  Affected male x 
homozygous normal female.
All female progeny will be affected and 
none of the male progeny

X

Xx

Xx

xY

xY

Y

x

x

Normal male x heterozygous affected 
female:  One half of female progeny will 
be affected and one half homozygous 
normal.  One half of the male progeny 
will be affected and the other half 

x

Xx

xx

XY

xY

Y

X

x

Affected male x affected heterozygous 
female:  One half of female progeny will be 
homozygous affected, one half heterozygous 
affected.  One half of male progeny will be 
affected and half unaffected.

X

XX

Xx

XY

xY

Y

X

x

b. Recurrence Risk for XLD diseases:

2) X-linked Dominant

a. How to identify the pedigree:

• Heterozygous females are affected
• Females are affected twice as commonly as males
• The disease is seen in multiple generations: skipped generations unlikely
• Father-to-son transmission is not seen

X-linked Dominant

Figure 66
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c. Important examples of XLD diseases:

• X-linked hypophosphatemic rickets

• Fragile X syndrome

• Alport syndrome (most cases)

• X-linked dominant porphyria

d. Mitochondrial Inheritance

1) How to identify the pedigree:

• Mitochondrial DNA is inherited exclusively through females.

• Diseases are transmitted from females to all offspring, but never from 
fathers to offspring

• Variations in severity of expression may result from heteroplasmy

2) Recurrence risk for mitochondrial diseases:
100% of the offspring of affected females will be affected and none of the 
progeny of affected males will be affected.

3) Important examples of mitochondrial diseases:

• Leber hereditary optic neuropathy

• Myoclonic Epilepsy with Ragged Red Fibers (MERRF)

• Mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes 
(MELAS)

Mitochondrial Inheritance

Figure 67

132 M E D I C A L  G E N E T I C S



Summary of Pedigree Analysis

Figure 68
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Medical Genetics Problem Set

The disease with the 
pedigree shown here 
would most likely be 
associated with what 
sorts of symptoms?

1-1

1-2

1-3

1-4

Identify the inheritance:

Identify the inheritance:

Identify the inheritance:

Chapter 1
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Individual III-4 has a tall, thin build 
and has recently been diagnosed 
with a mitral valve prolapse. What 
is his risk for having an affected 
child if he pairs with and unaffected 
partner?

Two phenotypically normal parents have two sons with cystic fibrosis. A third son is 
phenotypically normal but concerned that he might be a carrier of the disease. What is 
the probability that this individual is a carrier? 

A 4-year-old boy (III-10) is brought to a pediatrician after moving to the United States 
with his family from Sweden. His parents are concerned about his recurrent “lung 
infections” and small size. His stools are often greasy and float. On exam he has a 
persistent wet cough and is the average size of a 2-year-old. A family pedigree is shown 
below. Identify the obligate carriers.

1-5

1-6

1-7
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1-8

A 13-month-old female (III-6) falls from a standing position and fractures her wrist. She is 

placed on vitamin D therapy, but 3 months later, radiographic evidence of rickets has not 
improved. A family pedigree is shown. The mother (II-4) is now pregnant again. What is 
the chance that the fetus will be affected?

A 26-year-old previously-healthy male presents to the emergency department with 

sudden onset of left-sided facial droop and left hemiparesis. On MRI he is found to have 
a stroke localized to the right basal ganglia. Laboratory testing for hypercoagulation is 
normal, but he is found to have a lactic acidosis. His mother has suffered from a few 
transient ischemic attacks with minimal residual defects, his maternal grandmother, 2 
maternal uncles and 3 maternal aunts have all had strokes before the age of 30. The 2 
sons and 3 daughters of the maternal uncles are all unaffected, but the 3 sons and 2 
daughters of the maternal aunts are all affected. What is the patient’s risk for having an 
affected child with an unaffected partner?

1-9
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A 5-year-old boy (III-7) is brought to the ophthalmologist after failing a portion of his 
visual acuity testing for kindergarten entrance. He fails to distinguish between red and 
green pigment, and pink and blue pigment. A pedigree is shown. When he grows up, 
what are his risks of having an affected daughter if he is paired with a woman who is  not 
affected?

A family which has lost two children to infantile Tay-Sachs disease is concerned when 
their 24-year-old, phenotypically normal son arranges to marry. What is the risk that this 
man is a heterozygous carrier of the disease-causing mutation?

A 22-year-old female presents for a routine yearly sports physical. She asks about 

multiple large hyperpigmented regions over her body that appeared early in life. Her 
grandmother, father and two of her four siblings have similar findings; her father and 
other siblings do not. If she has a child with an unrelated male, what is the chance that 
their first female child will have similar findings?

1-10

1-11

1-12
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Chapter 2
Atypical (Non-Mendelian) Inheritance

Objectives

• Identify and explain the common diseases of trinucleotide repeat expansion; Identify 
parental transmission bias and anticipation in their pedigrees.

• Explain the mechanism of imprinting, and identify the causes of Prader-Willi and 
Angelman syndrome.

• Explain the causes and consequences of uni-parental disomy, heterodisomy and 
isodisomy.

• Define how environment, allelic heterogeneity, locus heterogeneity, phenotypic 
heterogeneity, heteroplasmy and modifier loci can affect phenotypic expression.

• Define and identify pleiotropy, incomplete penetrance, delayed age of onset and new 
mutations in sample pedigrees.

1. Mitochondrial (discussed in Chapter 1)

2. Trinucleotide Repeat Expansion – unstable expansion of 3 or more nucleotides in        
tandem which may extend during meiosis. Results from slipped mispairing by DNA              
polymerase during replication in germ cells. Repeats are stable up to a certain length.

a. Anticipation – symptoms worsen and age of onset decreases in successive 
generations

b. Parental transmission bias
 » Maternal – myotonic dystrophy and fragile X syndrome
 » Paternal – Huntington disease
 » Since Friedreich ataxia is an AR transmission, both parents must transmit 

the expansion, and anticipation is not observed

* Fragile X mental retardation protein; Dystrophia myotonica-protein kinase; Untranslated region; 
Gain-of-function, Loss-of-function

Inheritance Repeat LocationGene
Product

Huntington
Disease

Fragile X
syndrome

Myotonic
Dystrophy

Friedreich
Ataxia

Huntingtin,
GOF*

FMRP*,LOF*

DMPK*, GOF*
RNA

Frataxin, 
LOF*

AD

XLD

AD

AR

CAG

CGG

CTG

GAA

Exon 1

5’UTR

3’UTR

Intron

<35

5-54

5-34

5-33

>36

>200

>50

66-1,700

Paternal

Maternal

Maternal

Normal
range

Pathogenic
range

Parental
transmission

bias
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3. Imprinting

• There are at least 80 genes in the human which have epigenetic silencing (usually  
through DNA and histone methylation) of one chromosome in a pair depending  
on parental origin.   

• These epigenetic instructions are reset in the parental germ cell, and a new 
imprint specific to the parent of origin is applied.

If a mutation occurs in an imprinted region, then the expression of the phenotype 
depends on the parent of origin of the chromosome. The phenotype will only be 
observed when the mutation occurs on an allele that should be expressed; in such a 
case there will be no transcriptionally active copies of that region, and the result will be 
whatever disease results from the failure of production of any of that gene product.

If a deletion occurs within a normally imprinted region of chromosome 15, a deletion of 
this region from the paternally-derived chromosome results in Prader-Willi syndrome 
due to the absence of the SNRPN protein which is involved in mRNA splicing. This deletion 
in the maternally-derived chromosome results in Angelman syndrome, because the 
imprint on the paternal chromosome causes a failure of production of UBE3A from the 
ubiquitin pathway.

Imprinting

Figure 69
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a. Angelman and Prader-Willi syndrome
Angelman syndrome and Prader-Willi syndrome may also rarely (10-20% of 
cases) occur due to uni-parental disomy in which both copies of chromosome 
15 originate from a single parent. UPD generally follows from nondisjunction in 
meiosis I (heterodisomy – chromosomes are a homologous pair), or meiosis II 
(isodisomy – chromosomes are identical) followed by trisomy rescue when one of 
the extra chromosomes is lost (to be discussed later).

b. Other diseases involving imprinting:

• Beckwith-Wiedemann syndrome
• Silver-Russell syndrome
• Pseudohypoparathyroidism

Imprinting Syndromes

Figure 70
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Factors Affecting Phenotypic Expression

1. Variable Expression
Many genetic diseases are variable in phenotypic expression.  Factors which affect 
the severity of disease include:

• Environment – mutations in tumor suppressor genes, when recessive, require the  
 environmental “knock-out” of the second allele in order to manifest malignant    
 transformation (retinoblastoma).

• Allelic heterogeneity – different mutations at the locus may cause more or less 
severe phenotypes. Missense mutations in the factor VIII gene cause less severe 
hemophilia than nonsense mutations in which there is virtually no expression of 
factor VIII.

•  Locus heterogeneity – it is not uncommon that complex molecules may be    
 composed of subunits that are encoded on different chromosomes. A defect in 
any of the subunits may cause the failure of function of the composite molecule  
(G6PD, collagen).

•  Phenotypic heterogeneity – different mutations in the same gene can give rise to 
different phenotypes. A loss of function mutation in the RET protooncogene results 
in Hirschsprung disease, whereas a gain of function in the same protooncogene 
can cause MEN2A.

• Heteroplasmy (mitochondrial inheritance) – the presence of different populations 
of mitochondrial DNA molecules, some of which have the defect and some 
which don’t. The severity of the phenotype then results from the proportion of 
diseased:normal mitochondria.

• Modifier loci – a genetic modifier affects the expression of another gene. They 
may affect transcription or alter phenotypes at the cellular or organismal level.

2. Pleiotropy
when a single disease producing mutation affects multiple organ systems. 
A mutation in the gene that encodes fibrillin causes Marfan syndrome. This autosomal 
dominant disease shows effects in the connective tissue of eye (myopia, detached 
lens), cardiovascular system (mitral valve prolapse and aortic aneurysm), skeletal 
abnormalities (elongated limbs, arachnodactyly, pectus excavatum, pectus 
carinatum) and hypermobile joints.
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3. Incomplete Penetrance
A disease-causing mutation is said to be incompletely penetrant when some 
individuals with the disease genotype do not develop the disease. This differs from 
cases of variable expressivity in that the non-penetrant gene has no expression at all 
in the patient with the disease genotype.

The penetrance of a disease-causing allele is calculated by assessing a large  
number of families and calculating the percentage of individuals of known genotype 
who display the phenotype. If 100 individuals in this study had the genotype for 
disease expression, and yet only 90 had symptoms, the disease allele would be said 
to have 90% penetrance, and in application of any recurrence risk Punnett Square, 
the final result would be multiplied by 90% to factor in the degree of incomplete 
penetrance expected.

4. Delayed age of onset
If a disease phenotype does not display itself until the later decades of an individual’s 
life, it can complicate the interpretation of the pedigree in younger generations. 
This can be observed in Huntington disease, acute intermittent porphyria, 
hemochromatosis and familial breast cancer.

5. New Mutation
In cases where a disease phenotype is so severe that patients do not live to 
reproductive age (osteogenesis imperfecta type II) significant numbers of cases 
occur via spontaneous new mutations.

Pedigree Demonstrating Incomplete Penetrance

Figure 71

* Note that individual II-2 must have transmitted the gene to his    
   daughter III-3, and yet he is asymptomatic.
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Summary of diseases likely to be used as examples of 
pedigree complications

CAG 5’ coding (36 repeats = 66 years
70 repeats = less than 20 years)

Huntington disease (AD)

Fragile X syndrome (XLD)

Myotonic dystrophy (AD) CTG 3’ UTR

CGG 5’ UTR

Paternal deletion (SNRPN not expressed)

Maternal deletion (UBE3a not expressed)

Female blood loss in menses decreases 
severity

Exposure to UV increases severity

Missense mutations are less severe than 
nonsense mutations in factor VIII gene

Components of type 1 collagen are 
encoded on chromosomes 7 and 17

NADPH oxidase is formed from subunits 
encoded on different chromosomes (X 
and 11)

Loss of function mutation in RET 
proto-oncogene

Hemochromatosis (AR)

Xeroderma pigmentosum (AR)

Hemophilia A (XLR)

Hirschprung disease

Gain of function mutation in sameMEN2A

Osteogenesis imperfecta (OI)

Chronic granulomatous disease

Prader-Willi syndrome

Angelman syndrome

Anticipation

Imprinting

Variable 
expression

Allelic 
heterogeneity

Locus 
heterogeneity

Phenotypic 
heterogeneity

Marfan syndrome (AD)Pleiotropy

Incomplete 
Penetrance

Delayed age of 
onset

New mutation

Defect in fibrillin expressed in aorta, 
suspensory ligament of eye, periosteum 
and perichondrium

Loss of function in Rb tumor suppressor 
gene.  10% of patients who inherit do not 
have additional somatic mutation in the 
normal copy, penetrance 90%
15% penetrance.  1/300 are homozygotes, 
1/2000 develop disease.

Gain-of-function mutation on Ch 4

Recurrence risk for parents low (mutation 
in only one gamete) but for affected 
individual, RR same as inherited type

Huntington disease (AD)

Hemochromatosis

Familial breast cancer

100% of OI type II, 50% of 
neurofibromatosis type 1

Retinoblastoma (AD)

Hemochromatosis (AR)
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Medical Genetics Problem Set

A mother brings her previously healthy infant (III-6) to the pediatrician because she 
has noticed an apparent white “reflection” in the eye of her child which appears when 
flash photographs are taken. The patient’s family has multiple members who have been 
similarly affected.  What mechanism best explains why the patient’s mother (II-5) has not 
developed the same disease as her son (III-6)?

A 5-year-old girl is diagnosed with a muscular dystrophy that resembles Duchenne.  
However, subsequent genetic analysis localized the mutation to a region on the q arm of 
chromosome 4. What genetic mechanism explains this finding?

A 16-year-old male is diagnosed with a disease caused by a mutation in extranuclear 
DNA. Evaluation of family members for history reveals that all full siblings are affected 
by the disease, but to varying extents. Half siblings produced by the same father are 
not affected at all.  How is this variation in disease severity between full siblings best 
explained?

A 16-year-old male is diagnosed with a disease caused by a mutation in extranuclear 
DNA. Evaluation of family members for history reveals that all full siblings are affected 
by the disease, but to varying extents. Half siblings produced by the same father are 
not affected at all.  How is this variation in disease severity between full siblings best 
explained?

2-1

2-2

2-3

2-4

12

12 34 56

12 34 56

Chapter 2
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A 5-year-old boy presents with intellectual disability, developmental delay and some 
unusual facial features. He also has behavior consistent with the autism spectrum. He is 
being evaluated for possible Fragile X syndrome. What would be the best technique to 
diagnose this condition?

A 20-year-old woman who is a heterozygous carrier of a mutation in the X-linked 
factor VIII gene, has mild phenotypic expression of hemophilia A. What is the most likely 
explanation for mild expression of the disease in this individual?

In studying a large number of families with a small deletion in a specific chromosome 
region it is noted that the disease phenotype is distinctly different when the deletion is 
inherited from the mother as opposed to the father.  How is this best explained?

A 9-year-old boy is brought to his pediatrician because of obesity, short stature, and mild 
mental developmental delay. Karyotype analysis shows him to be 46 XY. Comprehensive 
testing for this disease should include:

A. DNA breakage studies

B. Fluorescent in-situ hybridization

C. Genome-wide comparative genomic hybridization

D. Methylation-specific polymerase chain reaction amplification

E. Whole exome sequencing

2-5

2-6

2-7

2-8
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A family from rural Kentucky is referred to a genetic clinic to evaluate a condition in 
two of their children characterized by mild mental disability and facial dysmorphia. 
Evaluation by standard karyotype analysis fails to reveal any aneuploidies or 
morphological abnormalities of chromosomes. Results of DNA microsatellite 
polymorphism studies for two autosomal markers are shown. Which of the following is 
most consistent with the pattern shown?

A. Anticipation

B. Autosomal recessive inheritance

C. Genomic imprinting

D. Mitochondrial inheritance

2-9
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Chapter 3
Cytogenetics

Objectives

• Identify metacentric, submetacentric, acrocentric and telocentric chromosomes, p 
and q arms, and telomeres.

• Define euploidy, aneuploidy and polyploidy, monosomy and trisomy as abnormalities 
of chromosome numbers.

• Compare and contrast the consequences of non-disjunction during meiosis I and II.

• Define trisomy rescue as a process in the generation of uniparental disomy.

• Identify and diagnose the most common trisomies and monosomies (Down, Edward, 
Patau, Klinefelter and Turner syndromes).

• Identify and predict the consequences of reciprocal and Robertsonian translocations, 
pericentric and paracentric inversions, deletions, duplications, ring chromosome and 
isochromosome.

Cytogenetics is the study of abnormalities of chromosome structure or number.

1. The Anatomy of Chromosomes
Chromosomes are typically visualized during metaphase of mitosis when they are in 
their maximally condensed states. In a karyotype, they are arranged according to 
their size, with 1 being the largest and 22 being the smallest autosome, and the X and 
Y chromosomes are placed in the lower right corner of the array. The centromere is a 
constricted region near the center. 

Chromosomes can be described according to the placement of their centromere as 
being metacentric, submetacentric, acrocentric or telocentric. 

The short arm of a given chromosome is called the p arm (for petite) and the longer 
arm is called q. The telomeres are the tips of the chromosomes.

Description of Chromosomes

Figure 72

P

Q

telocentricacrocentricsubmetacentricmetacentric
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Staining with Giemsa, which stains DNA, helps to identify the individual chromosomes 
by highlighting the pattern of dark and light bands. The light bands tend to be G-C 
rich areas of euchromatin (coding regions) and the dark bands are A-T rich areas of 
heterochromatin (non-coding). The bands are numbered consecutively outward from 
the centromere. Thus, the notation 22q11.2 refers to chromosome 22, long arm, region 1, 
band 1, sub-band 2 – the location of the deletion responsible for DiGeorge syndrome.

2. Abnormalities of Chromosome Number

a cell having a normal number of chromosomes (22 pairs of autosomes 
and 1 pair of sex chromosomes….23 pairs or 46 chromosomes total).  
Haploid (gametes) and diploid (somatic cells) are euploid cells.

any cell having a deviation from the euploid number.  

Cases where there are extra copies of the entire set (conditions 
incompatible with survival).  They may result from retention of the polar 
body in the maturing ovum, or fertilization of the ovum with diploid sperm 
or two haploid sperm.

•   Triploid – three copies of each chromosome
•   Tetraploid – four copies of each chromosome

Euploid

Aneuploid

Polyploid

Aneuploidies of only one (or few) chromosomes

one copy of one of the chromosomes (all autosomal monosomies are 
incompatible with life).  Sex chromosome monosomies (Turner 
syndrome) can survive.

three copies of one of the chromosomes.  Because these reflect EXTRA 
genetic information rather than missing DNA, and the body tolerates too 
much better than too little, there are 3 autosomal trisomies compatible 
with life….13 (Patau), 18 (Edwards) and 21 (Down).  Having multiple copies of 
the X chromosome (eg. Kleinfelter syndrome) is tolerated because all X 
chromosomes except one are inactivated (Lyonization).

Monosomy

Trisomy
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a cell having a normal number of chromosomes (22 pairs of autosomes 
and 1 pair of sex chromosomes….23 pairs or 46 chromosomes total).  
Haploid (gametes) and diploid (somatic cells) are euploid cells.

any cell having a deviation from the euploid number.  

Cases where there are extra copies of the entire set (conditions 
incompatible with survival).  They may result from retention of the polar 
body in the maturing ovum, or fertilization of the ovum with diploid sperm 
or two haploid sperm.

•   Triploid – three copies of each chromosome
•   Tetraploid – four copies of each chromosome

Euploid

Aneuploid

Polyploid

Aneuploidies of only one (or few) chromosomes

one copy of one of the chromosomes (all autosomal monosomies are 
incompatible with life).  Sex chromosome monosomies (Turner 
syndrome) can survive.

three copies of one of the chromosomes.  Because these reflect EXTRA 
genetic information rather than missing DNA, and the body tolerates too 
much better than too little, there are 3 autosomal trisomies compatible 
with life….13 (Patau), 18 (Edwards) and 21 (Down).  Having multiple copies of 
the X chromosome (eg. Kleinfelter syndrome) is tolerated because all X 
chromosomes except one are inactivated (Lyonization).

Monosomy

Trisomy

a. Aneuploidies
Causes of aneuploidies – failure of chromosomes to segregate properly during 
first or second meiotic divisions (nondisjunction)

The majority of aneuploidies (85%) result from nondisjunction in maternal meiosis 
1, and 80% of aneuploid conceptions spontaneously abort. Nondisjunction 
increases with maternal age.
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1) Non-disjunction During Meiosis I

Fertilization of one of the “empty” gametes on the left with a normal sperm will 
result in a monosomy of that chromosome. Fertilization of one of the gametes with 
two copies of the chromosome will result in a trisomy for that chromosome.

Sometimes in an early mitotic division, one of the chromosomes from a trisomic 
zygote will be lost, because of a selective advantage in division of a cell with 46 
chromosomes over those with 45 or 47. This process is called trisomy rescue. 
Depending on which copy is lost, if the copy from the normal gamete is lost, the 
result will be uniparental disomy (UPD), referring to the fact that both of the 
copies of the chromosome came from the same parent. In cases where the 
original trisomy involved a chromosome with imprinted genes, this will result in 
the phenotype of a deletion of that gene on the chromosome originating from 
the other parent. In other words, a maternal UPD produces the same phenotype 
as a paternal deletion, and a paternal UPD produces the same phenotype as a 
maternal deletion.

Non-Disjunction During Meiosis I

Figure 73

S, G2 Prophase

Metaphase
Meiosis I

Metaphase
Meiosis II

Gametes
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2) Non-disjunction During Meiosis II

When UPD follows from nondisjunction in meiosis I it is called heteroisodisomy 
because the chromosomes are not identical, but from a homologous pair.

3) Prenatal Screening for Aneuploidies
(courtesy of Neeraj Goswamy, MD, Medical School Companion step 2 OB/GYN)

First trimester

• Testing between 9-13 weeks gestational age: Biochemical screening for PAPP - 
A and bHCG

• Trisomy 18 – both are decreased

• Trisomy 21 – bHCG is elevated, pregnancy-associated plasma protein (PAPP - 
A) decreased.

• Nuchal Translucency (NT) screening between 11-14 weeks. Sonogram for 
collection of fluid in the nape of the neck of the fetus (black, echo-free area) 
if more than 3mm, it may be associated with aneuploidies. Absence of nasal 
bone also may   be indicative. 

Non-Disjunction During Meiosis II

Figure 74

When UPD follows from nondisjunction in meiosis II it is called isodisomy because the chromosomes are identical.
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Second trimester

• Testing between 15 - 22 weeks gestational age: Penta Screen (AFP, Estriol, HCG, 
Inhibin A, hyperglycosylated HCG).

• Neural tube defects: AFP elevated, all other parameters within normal limits (WNL).

• Trisomy 13 – AFP and Estriol variable, HCG decreased, all others WNL.

• Trisomy 18 – AFP, estriol, HCG decreased, all others WNL.

• Trisomy 21 – AFP and Estriol both decreased, HCG, Inhibin A and hHCG elevated.

4) Aneuploidies you should be able to identify:

Trisomy 21 – Down Syndrome
(1 in 800 live births)

•  Hypotonia
•  Intellectual disability
•  Brachycephaly and flat occiput
•  Upslanting palpebral folds, depressed    
   nasal bridge, epicanthal folds
•  Cardiac defects in 40%
•  Duodenal atresia, Hirschsprung disease
•  Increased risk of acute lymphoblastic  
    leukemia, Alzheimer by 50-60 years

Trisomy 18 – Edward Syndrome
(1 in 6,000 live births)

•  Hypertonia
•  Intellectual disability
•  Prominent occiput
•  Micrognathia, low-set ears
•  Clenched fists, rocker bottom feet
•  Cardiac septal defects
•  Horseshoe kidney

Trisomy 13 – Patau Syndrome
(1 in 15,000 live births)

•  Microcephaly, microphthalmia
•  Holoprosencephaly, cleft lip and palate
•  Postaxial polydactyly
•  Polycystic kidney

Turner Syndrome
(45X or 45XO-50%, remainder mosaics)
1 in 2000 live births)

• Infertility, gonadal dysgenesis, primary  
 amenorrhea
• Short statured female
• Edema of ankles and wrists, webbed neck
• Shield-shaped chest
• Coarctation of the aorta

Kleinfelter Syndrome
(47, XXY) 1 in 500 to 1,000 live male births

•  IQ 10-15 points below siblings
•  Tall, thin males who appear normal until  
    puberty
•  Infertility, testicular atrophy
•  Gynecomastia, female secondary sexual  
    hair distribution
•  Raised FSH and LH
•  High voice
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Reciprocal Translocation

Figure 75

b. Abnormalities of Structure
1) Reciprocal translocation

If two pairs of chromosomes exchange genetic material during recombination, 
this results in a balanced rearrangement (the carrier has no loss of genetic 
material) but the continued attempted alignment of homologous sequences 
in the following metaphase results in the formation of a tetravalent structure:

If segregation occurs diagonally (A/D or B/C) there will be 
normal phenotype (balanced)

If segregation occurs in an adjacent pattern (A/B, B/D, D/C or 
C/A) then the result will be unbalanced, with partial trisomy or 
partial monosomy resulting after fertilization with a normal 
gamete.

A B

C D

Reciprocal
translocation
between 3p and 7p
in the other parent

Normal
chromosomes
in one parent

Offspring inherits
a partial trisomy 7
and a partial
monosomy 3

Chromosome 3 Chromosome 7
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2) Robertsonian Translocation
A translocation involving the loss of the short arms of two acrocentric 
chromosomes and the fusion of the q arms into one chromosome. The 
balanced carrier of a Robertsonian translocation has only 45 chromosomes 
but the normal diploid state for all protein-coding genes.

The problems arise with segregation during meiosis when the chromosomes 
attempt to segregate. Again, the alternate (diagonal) segregation will yield 
a balanced genetic complement, and the adjacent segregation will result in 
monosomies or trisomies after fertilization.

Gamete formation of Robertsoniam translocation carrier

Figure 77

Chromosomes
in translocation
carrier

B + C
Normal

A + D
Normal Trans

Carrier

A + B
Translocation

Trisomy 21

C + D
Monosomy

21

A + C
Trisomy

13

B + D
Monosomy

13

Adjacent segregation (unbalanced)

A B

C D
13 21 T (13q21q)

Alternate segregation

Normal

Translocation carrier

13 21 13 13/21 21

Robertsonian Translocation

Figure 76
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3) Inversions:

• Pericentric – inversions involving the centromere. May produce unbalanced 
gametes. 

• Paracentric - breaks in only one arm, not involving the centromere. May 
produce unbalanced gametes.

4) Unbalanced Rearrangements

• Deletions – loss of part of a chromosome leads to partial monosomy. 
Severity of phenotype depends on size and nature of deletion. 
Example: Cri - du -Chat Syndrome – deletion on p arm of chromosome 5; 
DiGeorge syndrome – 22q11.1

• Duplications - may result from unequal crossing - over and abnormal 
segregation, and lead to partial trisomies

Isochromosome

Figure 80

Pericentric and Paracentric Inversions

Figure 78

A
B
C
D
E
F

A
D
C
B
E
F

A
B

C
D
E
F

A
B

E
D
C
F

Pericentric Paracentric

A
B
C
D
E
F

A
D
C
B
E
F

A
B

C
D
E
F

A
B

E
D
C
F

Pericentric Paracentric

Ring Chromosome

Figure 79

• Ring chromosome – deletions on both tips of a 
chromosome followed by fusion to create a ring. 
Since they don’t pair normally with their homolog, 
they are often lost, resulting in monosomy.

• Isochromosome – division perpendicular to the 
normal axis, through the centromere in meiosis II.  
Results in chromosomes with two copies of one 
arm, none of the other.
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Medical Genetics Problem Set

A newborn infant identified to have unusual facial features is analyzed for karyotype 
(shown). What features did the neonatologist most likely identify?

An infant with oral-facial clefts, microphthalmia, renal defects, and polydactyly is found 
to have the karyotype 46 XY, -14, +t(13q14q). This chromosomal abnormality is most likely 
the result of which of the following?

A. Deletion

B. Inversion

C. Nondisjunction

D. Reciprocal translocation

E. Robertsonian translocation

3-1

3-2

1

6

13

19 20 21 22 X Y

14 15 16 17 18

7 8 9 10 11 12

2 3 4 5

Chapter 3
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A full-term female infant is examined shortly after birth. She is small for gestational age 
and has excess skin at the nape of the neck as well as lymphedema of the hands and 
feet. Chromosomal analysis shows a mixture of cells with 46XY and 45X karyotypes. 
Which of the following is the mechanism which best explains this abnormality?

A. Nondisjunction in mitosis

B. Non-random lyonization

C. Reciprocal translocation

D. Robertsonian translocation

E. Uniparental disomy

A child with Turner syndrome is born to a normal female married to a male with 
hemophilia A. The child is found to have normal Factor VIII activity. What is the most likely 
explanation of how this occurred?

A. Heteroplasmy

B. Lyonization

C. Meiotic error in female gametogenesis

D. Meiotic error in male gametogenesis

E. Uniparental disomy

A family is sent for genetic counseling following the birth of a daughter with Down 
syndrome. The mother is 23 years old, the father is 26 years old, and both are 
phenotypically normal. The mother is determined to be 45XX, rob(21q21q) while the father 
is 46XY with no karyotypic abnormalities observed. What is the probability that the next 
child will be affected with Down syndrome?

3-4

3-5

3-3
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Population
genetics

is the study of factors which affect inheritance patterns in populations of 
human beings.

in the terms of a single locus, this measures the proportion of each genotype in a 
population.  If we counted 100 people in a population, determined their genotype at 
a single autosomal dominant disease locus, and found that 40 were homozygous 
normal, 50 were heterozygous and 10 were homozygous diseased, then we would say 
that the genotype frequency:

• for NN would be 40/100; (0.4)
• for Nd would be 50/100; (0.5)
• for dd would be and 10/100; (0.1)

* Notice that these raw numbers have to total 100 persons, and the frequencies 
have to add up to 1.

the proportion of chromosomes that have a specific allele.  In the terms of the 
previous example, notice that we now have to consider that the 100 persons we were 
counting before have 200 chromosomes of the one we are discussing.  Therefore, in 
counting the alleles:

• the persons who are NN have two copies of the normal allele (there are 40 of 
those, so we multiply by 2 copies and get a value of 80 total N alleles here).  

• the persons who are Nd have one N and one d, so there are 50 N alleles there.  

• the persons who are dd have no copies of N, so nothing added there.  

• If we now add up how many copies of allele N we have, the figure would be 80 
+ 50 divided by the 200 total chromosomes. That gives us 130/200 or 0.65 as the 
allele frequency of N.  

• Since it must be true that all individuals have either N or d at this locus, a simple 
shortcut to find the allele frequency for the other allele d, is to simply subtract 
from 1. 

• 1-0.65 gives us 0.35 as the allele frequency of d.

Genotype
frequency

Allele
frequency 

Chapter 4 
Population Genetics

Objectives

• Define genotype and allele frequencies, and be able to calculate them given data 
from population incidence of disease genes.

• Apply the Hardy-Weinberg equation to calculate genotype frequencies given 
population incidences of disease genes.

• Define new mutations, selection pressure, genetic drift, gene flow and consanguinity 
and explain how their existence affects the application of the Hardy-Weinberg 
principle of equilibrium.

Simply-Weinberg
(it’s not that hard)

I find that students tend to become catatonic and stressed out over population genetics, 
so we are NOT going to go there. 

1. Definitions
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2. Deriving the equation
The Hardy-Weinberg equation gives us a way to estimate genotype frequencies if 
we know allele frequencies, and vice versa.  Although it can be used for dominant 
and recessive alleles, it is most frequently used to predict the likelihood of carrier 
status in an autosomal recessive trait.  This is because the homozygous normal and 
heterozygous carrier are phenotypically identical as shown in the Punnett Square.

A useful simplification which can virtually always be used to estimate an answer for your 
exam, is achieved by realizing that most disease alleles are rare in human populations.  
Therefore, the normal allele is much more common, and can be said to approximate 1. If 
we apply this simplification to the equation, then we can solve for 2Q as the approximation 
of the carrier rate in the place of 2PQ.

a. Genotype and Allele Frequencies in Sex Chromosomes

Since males are hemizygous for the X chromosome, remember that 

• the prevalence of affected males is Q
• the prevalence of affected females is Q2

• the prevalence of female carriers is 2Q

From Punnett Square to Hardy Weinberg

Figure 80
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3. Factors which affect prediction of results
The Hardy-Weinberg equation gives us a way to estimate genotype frequencies if 
we know allele frequencies, and vice versa.  Although it can be used for dominant 
and recessive alleles, it is most frequently used to predict the likelihood of carrier stat 
us in an autosomal recessive trait.  This is because the homozygous normal and 
heterozygous carrier are phenotypically identical as shown in the Punnett Square.

a. New mutations
The Hardy-Weinberg equation applies only to populations which are in 
equilibrium; mating without regard for selection of a partner depending on this 
allele.  If a new mutation arises, the population may be in disequilibrium for that 
trait for a period of time.

b. Selection pressure
if the individual with a genetic trait is at a selective advantage for breeding or 
survival, this alters the equilibrium state for that trait.  There are many examples in 
human genetics of the selective advantage of a heterozygote: 

• falciparum malaria and sickle cell trait 
• cholera and cystic fibrosis 
• malaria and G6PD deficiency and 
• iron deficient environments and hemochromatosis

c. Genetic drift
in small populations there may be significant deviation from Hardy-Weinberg 
equilibrium if an affected individual with a dominant trait enters the population 
(Founder effect) The larger the population, the less likely equilibrium will be 
profoundly affected.

d. Gene flow
when populations become geographically close, they tend to develop similar 
gene frequencies.  Think of this like diffusion of alleles in populations.

e. Consanguinity
unions at the second cousin level or greater are considered consanguineous.  
Because descent from a common individual increases the likelihood that the 
same disease-causing genes will be shared, such unions will affect the 
equilibrium of that gene in the family.  On average, siblings share ½ of their genes.  
First cousins share 1/8 of their genes.  Second cousins share 1/32 of their genes.
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Medical Genetics Problem Set

100 members of a population from Sub-Saharan Africa have been studied to determine 
whether they carry genes for sickle hemoglobin (HbS) or normal hemoglobin (HbA) using 
protein electrophoresis. The following genotypes were observed: HbA/HbA 85; HbA/HbS 12; 
HbS/HbS 3.  What are the allele frequencies for HbA and HbS? 

In the United States, approximately one of every 25 Caucasians is a carrier for cystic 
fibrosis. If two American Caucasians marry and have a child, what is the probability that 
the baby will develop cystic fibrosis?

The most common mutation associated with cystic fibrosis is ∆F508. If the prevalence of 
this mutation in a population is 1/60 and a man and woman from this population marry, 
what is the probability that their first child will be a son with cystic fibrosis?

A population in Iceland has a cystic fibrosis prevalence of 1/2500. What would be the 
predicted proportion of heterozygous carriers in this population? 

One out of every 30 Ashkenazi Jews in Russia is a carrier of the ∆F508 mutation which 
is the most common cause of cystic fibrosis. What is the expected prevalence of cystic 
fibrosis in this population?

A 28-year-old man is a known carrier of an autosomal recessive mutation causing 
hyperprolinemia. It is known that 1/40,000 of the general population is homozygous for 
this mutation. If this man marries a woman from the general population, what is the 
probability that they will produce a child homozygous for the involved mutation?

The frequency of the most common C282Y mutation causing hemochromatosis in the 
U.S. is 5% (1/20). Assuming there are no other alleles which contribute to the incidence of 
hemochromatosis, what is the prevalence of homozygosity for the C282Y mutation in the U.S.?

4-1

4-2

4-3

4-4

4-5

4-6

4-7

Chapter 4
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In the United States, Alpha-1-antitrypsin deficiency is an autosomal recessive disorder 
that causes pulmonary emphysema in approximately 1 in 2500 Caucasians.  What is the 
expected carrier frequency for this disease in the American Caucasian population?

If the population incidence of a certain X-linked recessive condition in males is 1/20,000, 
what would be the expected incidence of female carriers in the population?

In small populations, nonrandom mating can occur and by chance can lead to 
significant variation in allele frequencies over generations.  Which of the following terms 
best describes this phenomenon?

A. Gene flow
B. Genetic drift
C. Locus heterogeneity
D. Natural selection
E. Variable expression

4-8

4-9

4-10
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Chapter 5
Genetic linkage and indirect diagnosis

Objectives

• Understand linkage, cross-over and linkage disequilibrium

• Use closely-linked markers to predict disease inheritance

In cases when the gene for a disease cannot be assayed directly, it can be possible to 
track a polymorphic marker which is known to be close to the disease gene locus.  During 
prophase I, when homologous chromosomes exchange portions of their DNA (cross-over), 
new combinations of alleles are created.

The principle here is that the more closely two sequences occur on a chromosome, the 
less likely it will be that cross-over will occur between them, and therefore, they will be 
likely to be inherited together (linkage disequilibrium). Sequences that are far apart 
from one another on one chromosome, or on separate chromosomes, are likely to be 
inherited together only by chance approximating 50% of the time (linkage equilibrium: 
not linked).

In very large genetic studies, the percent of cross-over observed between two loci is 
expressed in centimorgans. One percent cross-over equals 1 centimorgan distance. By 
finding markers that are closely linked to the disease gene in a given family, the finding of 
the marker can be taken as evidence of the inheritance of the disease gene.

It is important to remember that different alleles may be linked to a disease gene in 
different families, so it is important to trace the origin of polymorphic markers in a 
pedigree with great care. 

175M E D I C A L  G E N E T I C S
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A family in which hereditary spherocytosis has been observed, has been typed for a 
single nucleotide polymorphism (SNP) that is 5 centimorgans from the disease-causing 
gene. The female in generation II is pregnant, and her fetus has also been typed for this 
SNP. With the assumption that the gene is completely penetrant, what is the probability 
that the fetus will have hereditary spherocytosis?

Individual III-1 is the granddaughter of a man who died of Huntington disease (I-1). 
She wishes to marry but is afraid to transmit the disease to any children. Her father 
(II-1) refuses to be tested and does not want to learn his status. All other family 
members have been tested for a short tandem repeat (STR) which is closely linked to 
the Huntingtin locus on chromosome 4p. What can be deduced about her chance of 
developing the disease?

5-1
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Two second cousins who are phenotypically normal marry and would like to have a 
child. They are aware that a common great-grandfather had xeroderma pigmentosum 
and are concerned about having an affected offspring. They request allele specific 
oligonucleotide (ASO) testing and get the following results. What is the probability that 
their child will be affected?

A family in which Marfan syndrome occurs is analyzed for a restriction fragment length 
polymorphism (RFLP) marker genetically linked to the locus of the disease gene. Which 
individual is most likely to be an example of recombination?

A family pedigree in which an autosomal dominant trait is segregating is shown. 
Polymerase chain reaction (PCR) products for short tandem repeat polymorphisms 
(STRPs) close to the causal gene are shown beneath each family member in the 
pedigree. What is the genotype and phenotype of individual III-1?
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A Mediterranean family in which G6PD deficiency is found is analyzed for a closely linked 
short tandem repeat polymorphism. Electrophoresis of PCR products for each member 
of the family are shown. What is the genotype of individual II-3? 

Prenatal analysis using an allele specific oligonucleotide (ASO) probe for the cystic 
fibrosis gene reveals the following. What is the genotype of the fetus?

This pedigree represents a family in which an autosomal recessive disorder is 
segregating. Southern blots for each family member are shown for an RFLP that lies very 
close to the causal gene. What is the genotype of individual II-2?
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Solutions to Problem Sets

Looks dominant: Autosomal dominant if Maternal-1 is Aa and Paternal-1 aa, then there 
would be a 50% chance for progeny to be affected with each pregnancy. If Maternal-1 
is AA, all should be affected, but carry recessive allele. This would explain the possibility 
of unaffecteds in the third generation. Equal numbers of males and females affected 
argues against X-linked dominant and does not explain the unaffected daughters in 
generation 3. It could also be mitochondrial, but the description of the phenotype in the 
stem would allow you to distinguish.

Possibilities:
(1) AD: vertical transmission, males and females are affected
(2) XLD: no male-to-male transmission

Autosomal recessive (incest)

Mitochondrial inheritance – symptoms in tissues which have high energy requirements; 
brain, retina, muscle etc.

The stem suggests that individual III-4 might have Marfan Syndrome, and the pedigree 
shown is consistent with autosomal dominant inheritance. He must be a heterozygote, 
since his mother (II-2) is unaffected, so there is a 50% chance that he will donate the 
disease allele to any child regardless of their sex. 
 

The stem says that the patient is unaffected. This means that they have either the AA or 
Aa genotype. They cannot be aa or they would be affected. So out of the 4 possibilities of 
progeny of heterozygous parents, 3 are unaffected, and of those 3, 2/3 are carriers, and 
1/3 are homozygous normal. 
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The stem and pedigree suggest cystic fibrosis, an autosomal recessive disease. So the 
obligate carriers are both of the parents and 2/3 of the unaffected children.

This is X-linked dominant hypophosphatemic rickets. It is a dominant trait as there are 
multiple people in multiple generations affected, and the clue to X-linked is that none of 
the boys inherited from a father in any generation. The risk of transmission to the fetus is 
less than 1% if it’s a male fetus, 100% if it’s a female fetus. This is because we know that the 
father of the fetus has one affected X chromosome (and one uninvolved Y chromosome) 
that means that in order for the fetus to be female (or 46 XX) she would have to get an X 
chromosome from her father, therefore she must inherit the affected X chromosome and 
has a 100% chance of manifesting the disease. If the fetus is a boy then he will only get an 
X chromosome from his mother and just a Y from his father, which would not contain the 
mutated gene. Therefore, a male fetus would not ever inherit the mutant gene from his 
father and would have a <1% chance of having the disease.

This represents a case of MELAS (Mitochondrial Encephalopathy, Lactic Acidosis, Stroke), 
which is caused by a mutation in a mitochondrial gene and is passed only through 
females. In this pedigree there are multiple people in multiple generations affected, 
but only children born to affected mothers and not fathers are affected (ie not the 
children of the affected maternal uncles.) There is also no difference in the number of 
affected male and female children, which makes X-linked unlikely. Because sperm do 
not contribute mitochondrial DNA to the embryo fathers cannot pass down mutations 
encoded in the mitochondrial genome. Therefore, any fetus that he has cannot inherit his 
mitochondrial mutation and the risk with an unaffected mother is <1%. 

The most notable aspects of this pedigree include that only males are affected and that 
there are skipped generations. This suggests that the disorder is X-linked as males only 
have one X chromosome and will manifest disorders coded by the mutated gene on 
the X chromosome. In addition, there is no male to male transmission in the pedigree. 
The gene must be recessive because there are multiple incidences of affected children 
being born to unaffected mothers. The affected patient has only one X chromosome and 
it has the color-blindness gene. If he is paired with an unaffected, homozygous normal 
woman, then any daughter he would produce would be a carrier but would not be 
affected. If he were paired with an unaffected, but heterozygous carrier woman, then any 
daughter he would produce would have a 50% chance of being affected.
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Tay-Sachs is an autosomal recessive inheritance, and the disease is lethal in 
homozygotes by the age of 5. We know that the 24-year-old son is phenotypically 
normal, so in considering the Punnett Square for two heterozygous parents, we know that 
3 of the 4 possibilities are phenotypically normal, with 2/3 being carriers and 1/3 being 
homozygous normal. Thus, he has a 67% chance of being a carrier of the disease.

The patient in this vignette most likely has neurofibromatosis type I, an autosomal 
dominant disease typified by the pedigree presented. These patients have one mutated 
gene and one wild type gene, so each child, regardless of sex has an equal chance 
of inheriting the normal or mutated gene. Because the disease is dominant, any child 
that inherits one copy of the gene will express the disease. Therefore the answer is 50%. 
Notice the wording of the question line….the chance of being affected would be identical 
regardless of the sex of the child. If the question had been posed instead as “what is 
the chance that their first child will be a female and affected…” then it would have been 
necessary to factor in the chance of producing a female child (50%) so the answer 
would have then been ¼.

1-11
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Incomplete penetrance. Mutations with reduced penetrance allow some allele carriers 
to be unaffected by the disease trait while still transmitting it to their children. As in this 
family, mutations in the RB1 gene on chromosome 13 result in a propensity to develop 
retinoblastoma; the penetrance of this trait is incomplete because loss of heterozygosity 
is required for development of tumor.

Locus heterogeneity. Duchenne muscular dystrophy is an X-linked recessive trait, so 
it should occur much more frequently in males. Since this condition is described as 
resembling Duchenne muscular dystrophy, but is occurring in a female, and is localized 
to chromosome 4, this is an example of locus heterogeneity; two disparate locations in 
the genome producing a similar phenotype.

Heteroplasmy. The stem specifies a mutation in extranuclear (mitochondrial) DNA. 
Variation in severity of mitochondrial inherited diseases are explained by the presence of 
both normal and mutated DNA. The proportion of each defines the severity.

The stem specifies a male affected with X-linked dominant porphyria. Since this male 
has only one X chromosome, and it carries the defect, 100% of his daughters would be 
affected, but with 60% penetrance, 60% would be affected. 

DNA test for FMR1 gene by Southern blot analysis. This will detect a full mutation, its 
approximate size, whether the gene has been methylated, and whether or not there is 
mosaicism. In the past, chromosome analysis used special techniques to induce fragile 
sites in chromosomes but this technique is no longer used because it is less accurate 
and more expensive than molecular techniques.

She is a manifesting heterozygote. Hemophilia A is an X-linked recessive disease, so 
heterozygous females should be carriers without disease manifestation. If a higher 
proportion of her normal X chromosomes is inactivated (non-random Lyonization) then 
heterozygous females can develop the phenotype of mild disease.

Chapter 2
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Imprinting. The chromosomes donated by the parents are imprinted by a sex-specific 
pattern of methylation. Methylated sequences are “silenced” in a parent-of-origin 
specific pattern.

D is correct. The child in this vignette has Prader-Willi syndrome, which can be caused 
by inheriting two copies of maternal chromosome 15 and no paternal copies, or 
uniparental disomy (UPD). Chromosome 15 is imprinted, which means that through 
epigenetic changes to the DNA such as methylation, the maternal and paternal copies 
are differently expressed. The patient has the correct number of chromosomes and the 
correct sequences of nucleotides for all his genes, but some sequences are silenced 
because of the epigenetic modifications that are different depending on parental 
inheritance. Only with methylation-specific polymerase chain reaction amplification can 
one distinguish between one maternal and one paternal copy, or two maternal copies. 
DNA breakage studies are an antiquated means of diagnosing Fragile X syndrome, FISH 
is used to detect deletions, duplications, translocations and inversions. It would detect 
microdeletions of paternal genes but would not detect cases of UPD. Genome-wide 
hybridization and whole exome sequencing are unnecessarily involved in this setting.

This is a question that is best solved by a process of elimination. Anticipation can be 
ruled out because ages of onset are not specified, and mitochondrial inheritance is 
not possible because the mother and all progeny in generation 2 would be affected. 
Autosomal recessive inheritance is possible because the parents are unaffected, and 
the disease appears in generation II, so now we’re down to two possibilities, B and C. Ask 
yourself why the allele markers are given and let’s see what we can learn. If the problem 
is imprinting, then we would need to establish that the same allele inherited from the 
father vs. the mother would have a different result. Notice that the only possible allele 
we can use is “2”. Individual II-1 inherited a 1 allele from his father and a 2 allele from his 
mother (and is unaffected). Individual II-2 and II-3 inherited at 2 allele from both parents 
(and are affected). If the maternal allele was linked to a deletion, and the paternal allele 
was imprinted, there would be no functional copies of the proteins encoded in that 
region, which is consistent with the results seen. Thus, C is the best answer.
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Edwards syndrome. Notice the trisomy 18. The child would have small mouth and ears, 
hands with fists clenched and overlapping fingers. Cardiac defects such as atrial and 
ventricular septal defects, polyvalvular disease and patent ductus arteriosus are also 
commonly detected.

The correct answer is E. The description of the infant suggests trisomy 13, or Patau 
syndrome. Notice that the total number of chromosomes is normal (46), but the patient 
has lost a normal copy of chromosome 14, and replaced it with a translocated copy 
of chromosomes 13 and 14 in which only the long arms (q) have been fused. When 
considered with the normal copy of 13 that the child has, this makes for a trisomy 13, 
and by definition, when the long arms of acrocentric chromosomes are fused, this is a 
Robertsonian translocation. 

The correct answer is A. This infant is a mosaic of normal 46XY, male karyotype cells, 
and Turner syndrome (45X) cells. This means that the loss of the Y chromosome in a 
cell had to happen after the production of the zygote, in mitosis as the embryo grew. If 
the loss had happened in meiosis, all the cells of the zygote would have been identical. 
Lyonization refers to the inactivation of all but one X chromosome in female embryos, but 
this infant would have been male if the loss of the Y chromosome had not happened. 
Therefore, there were no X chromosomes to be inactivated since one, at least, is 
necessary for life. 

The correct answer is D. Hemophilia A is an X-linked recessive trait, so if the child’s single 
X chromosome had come from the father, she would have had hemophilia A. Since the 
child is normal for Factor VIII, she must have received her single X chromosome from her 
mother, so there must have been a meiotic error in her father’s gametogenesis.

The mother is only capable of producing two types of gametes: one with two copies of 
the long arm of chromosome 21 and one with no copies. Fertilization of the maternal 
gamete with no copies will result in monosomy 21 which is incompatible with life. 
Fertilization of the gamete with two copies will result in trisomy 21, so any child carried to 
term will have a 100% probability of having Down syndrome.

Chapter 3
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Allele frequency HbA = 85 + 85 + 12 ÷ 200 or 182/200 or 0.91
Allele frequency HbS = 1 - 0.91 or 0.09

We are told that 1/25 Caucasians in the US is a carrier. This is 2pq, so we solve for q2, the 
number of affecteds.

2pq =  1/25, solve for q2

2 =  1/25
q =  1/50
q2 =  1/2500

Another way to do this is by simple reasoning. The chance of a person being a carrier 
is 1/25, so for both parents to be carriers it is 1/25 x 1/25. If two carriers mate, there is a ¼ 
chance of a homozygous affected child by Punnet square, so multiply now by ¼ and the 
answer is the same.

We are given the prevalence of the mutation. This is the allele frequency, or q. Given: 

q =  1/60
2pq =  1/30

So the chance that both will be carriers is 1/30 each, and when two carriers mate the 
Punnett Square says that ¼ will be homozygous affected. So; 1/30 x 1/30 x ¼ is the chance 
of an affected child (1/3600), and the chance that that child will be a son is also ½, so the 
total is 1/3600 x ½ = 1/7200

The prevalence of CF in this population is given as 1/2500. This is q2 = 1/2500, so q = 1/50.
2pq = 2 x 1 x 1/50 = 2/50 = 1/25

We are given the fact that 1/30 is a carrier of a mutation, so we plug that in as 2q ≈ 1/30, 
and solve for q2. q ≈ 1/60, q2 ≈  1/3600

Chapter 4
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We are given the prevalence of disease. q2 = 1/40,000. We need to calculate the carrier 
frequency, 2pq. So, q = 1/200, and 2pq ≈ 2q = 1/100. 
Since he is a known carrier, we now multiply his probability (1) x the probability that his 
wife will be a carrier (1/100) x the probability that they will both donate the disease allele 
(1/4 from the Punnet Square), and the result is 1/400

We are given the frequency of the mutation….this is the allele frequency, q. 
So, 1/20 = q We need to solve for the frequency of homozygotes according to Hardy 
Weinberg = q2

q2 = (1/20)2 or 1/400

We are given the genotype frequency for homozygous diseased, q2 = 1/2500
Therefore q = 1/50
2pq = 2(1 x 1/50) = 2/50 = 1/25

With an XLR trait if the frequency of affected males is 1/20,000, this is the disease allele 
frequency q. To solve for the number of carrier females or 2pq, one can approximate p 
as 1, and solve for 2q. (or 1/20,000 x 2 = 1/10,000) 

Genetic Drift

4-6

4-7

4-8

4-9

4-10

188 M E D I C A L  G E N E T I C S



Notice that the SNP is 5 cm from the disease-causing gene. This corresponds to a 5% 
recombination frequency. Since the 1 allele from the female moves with the disease 
phenotype, and the fetus has the 1,1 genotype, there is a 100% minus 5% recombination 
(or 95%) chance that the fetus will be affected. 

The disease allele from the grandfather is either 2 or 3. Since the woman’s father doesn’t 
want to know his status, and since her mother is 1, 2, the most you can say is that there is 
a 50% chance that the other 2 which she clearly got from her father is the disease allele.

Xeroderma pigmentosum is an autosomal recessive trait. Since both parents are 
heterozygotes, by constructing the Punnett Square, ¼ of their children will be homozygous 
diseased. Since xeroderma pigmentosum is a disease with incomplete penetrance, an 
accurate prediction would need to take into consideration the population penetrance, 
which is not given here.

Marfan Syndrome is an autosomal dominant disease. Following the markers from the 
female I-1, it appears that when her 1 allele is donated, the child develops disease. The 
only child with a 1,1 genotype which does not show disease, is individual II-5, so that 
individual is an example of recombination.

It is important in this type of question to be careful to trace the linked allele from the 
top to the bottom of the pedigree. In individual I-1, there are two chromosomes, and 
both have the same STRP so we don’t know which is linked to the disease allele, but they 
create the heavy upper band. The unaffected female I-2 has two normal chromosomes 
each linked to the lower band. The male II-1 inherited the two unaffected chromosomes 
from the parents, and the female, individual II-2 inherited the bad chromosome (upper 
band) from the father and a good one (lower band) from the mother. Now we know 
which band will predict disease in the next generation. When we look at individual III-
1 with two upper bands, one of those had to come from the normal parent II-3, but 
the other had to come from the mother….the upper band linked to the disease. Thus, 
individual III-1 is a heterozygote, and will develop disease.

Chapter 5
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G6PD deficiency has X-linked recessive inheritance. Remembering that males are 
hemizygous for the X chromosome it becomes obvious that the affected son (II-2) 
has inherited the disease allele with the lower band from his mother (I-2). The father 
(I-1) contributed a lower band X which was normal. Individual II-3 had to inherit the 
upper band from her mother (normal) and the lower band from her father, thus she is 
homozygous normal. Female II-1 has two lower bands, one normal from her father and 
one diseased from her mother, so she is a heterozygous carrier.

Cystic fibrosis has an autosomal recessive inheritance. Therefore, both parents must be 
carriers to produce an affected son. The ASO of the affected son shows positive result 
with the lower well, so the fetus, with reaction only in the upper well, is homozygous 
normal.

With autosomal recessive inheritance, both parents have to be carriers and donate a 
disease gene in order to result in an affected child (II-1). Since the affected female shows 
two superimposed lower bands, that means that from each parent, it is the lower band 
that is associated with the disease. Therefore, individual II-2, with his two upper bands, is 
homozygous normal.
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Epidemiology is the study of health-related states including the distribution, 
causes, and risk factors in defined populations. 
Biostatistics is a mathematical science involving the collection, analysis and 
interpretation of numerical data for biologic topics. 

Because populations are often large, to study an entire population would be 
cumbersome, so scientists take a representative sample from the population. The 
characteristics of the sample are studied, and conclusions can be drawn, which 
then can be generalized to the population. 

The first step in understanding data for a population or sample is to summarize 
the data using descriptive statistics. As the name suggests, descriptive statistics 
simply describe the data without having to make many calculations. When a 
single variable is being studied univariate analysis (distribution of one variable) 
is used. The distribution (the number of times a value occurs in the dataset) can 
be described as normal or non-normal. 

A normal distribution (Figure 1) has the shape of a bell when each value is 
plotted by the frequency the value occurs. The distribution of a variable can also 
be skewed (positive or negative), which means that the data is not evenly 
distributed around a central value (Figure 1). Variable distribution can also be 
bimodal, meaning there are two different values that occur most frequently (two 
modes). 

Objectives:

Describing Data
1.

Describe descriptive statistics and the measures of central tendency.

Describe four different data distributions and how the measures of central 
tendency change for each distribution.

Understand that a data sample is a part taken from the larger whole (the whole 
population), and that the sample should be collected to represent the whole 
population or the study will be flawed. 

»

»

»
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The three measures of central tendency are used to further describe the 
distribution of one variable: 

Figure 1 shows the effect that positive and negative skew have on the measures of 
central tendency. 

A visual comparison of normal, positive, and negatively skewed distributions and 
the effect that distribution has on the three measures of central tendency (mean, 
median, mode). 

Mean The mathematical average, found by taking the sum of all values 
and dividing by the number of observations. Mean is strongly 
affected by extreme values (outliers) in the dataset. 

Median The central value when all values are arranged from smallest to 
largest. If there are an even number of observations the two 
middle values are added, and the sum divided by 2. 

Mode The most common value. Mode is the least affected by extreme 
values. 

1. COMPARING MEASURES OF CENTRAL TENDENCY FOR NORMAL
AND SKEWED DISTRIBUTIONS

Fr
eq

ue
nc

y

Examples of normal and skewed distributions

Positive direction

Mean
Median
ModeMode Mode

Mean Mean

Median Median

X X X

Negative direction The normal curve
represents a perfectly

symmetrical distribution

(a) Negatively skewed (b) Normal (no skew) (c) Positively skewed
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The spread of the data is also described by the variation in observed values. 

Range The spread of values found by subtracting the smallest value from 
the largest value. 

Variance One calculated value that is an average of the degree that each 
data point varies from the mean (Figure 2). 

Standard
deviation

Calculated as the square root of the variance. It is another way to 
measure how much the data deviates from the mean (Figure 2).

Mean cell volume (MCV) and Distribution

The complete blood count (CBC) is one of the most common laboratory tests 
performed in medicine and anemia is one of its most common abnormalities. An 
excellent clinical approach to diagnosing anemias uses the MCV. The volume of 
the red blood cell (RBC) can be measured by most hematology analyzers. Millions 
of RBCs are assessed, and their mean volume is the MCV. The distribution of 
MCVs of many patients is highly conserved in humans, with a normal distribution 
and a mean of 90 fL. MCV is also highly conserved throughout a patient’s life. 
Deficiencies in the production of hemoglobin results in smaller RBCs, called 
microcytic when the MCV is <80fL. This includes iron deficiency. In 
hemochromatosis, patients accumulate excessive iron, which damages many 
organs. Treatment consists of removing the iron through phlebotomy. Adequate 
removal of RBCs can be established by showing that the patient’s MCV is < 80fL. 
The MCV rises when there is abnormal DNA synthesis in the bone marrow. When 
the MCV is >100 fL, it is called macrocytosis. The commonest first line drug in 
treating rheumatoid arthritis (RA) is methotrexate which inhibits folate 
metabolism. Folate is necessary for the synthesis of thymidine from uracil. Most 
RA patients have an elevated MCV.
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A comparison of large dispersion (large variation, large standard deviation) with smaller 
dispersion (small variation, small standard deviation).  

2. COMPARING THE VARIATION OF DATA: WIDE VARIATION VERSUS NARROW VARIATION

-6

mean (µ) = 0, standard deviation (σ) = 1

mean (µ) = 0, standard deviation (σ) = 2

X-4 -2 0 2 4 6

Smaller variation

Larger variation

Because the standard deviation is inherently a measure of variance, it also 
describes the distribution of values in a normal distribution (Figure 3). Figure 3 shows 
that nearly all (99.7%) of the observations will fall within 3 standard deviations of the 
mean.
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The Red Blood Cell Distribution Width (RDW)

Red Cell Distribution

Most hematology analyzers can measure the red blood cell volume. In assessing 
millions of RBCs, not only can the mean cell volume (MCV) be calculated but also 
its distribution and standard deviation, called the RDW. This can be used to 
identify a patient’s bone marrow response to blood loss. When there is enough 
blood loss to cause tissue hypoxia, more than about 10%, erythropoietin released 
from the kidney stimulates the normoblastic precursors in the marrow to 
increase RBC production. These new RBCs, reticulocytes, are released into the 
blood in greater numbers. They are larger than mature RBCs with an MCV of 
about 120 fL. The reticulocytosis that should occur starting on day 5 post-bleed 
can be seen in the CBC as a rising MCV and a rising RDW (larger variation in the 
distribution).

MCV (fL)

Reticulocytosis
(RDW = 27)

MCV (fL)
90

Normal
(RDW = 15)
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As mentioned above, collecting data from an entire population would be 
cumbersome, which is why data samples are collected from the population. The 
goal in collecting data samples is that they are representative of the population.

A normal distribution of data with the mean noted as well as three standard deviations 
from the mean. Standard deviation is a measure of how the sample data points vary 
from the mean. 

3. THE STANDARD DEVIATION, A MEASUREMENT OF HOW THE DATA
VARIES FROM THE MEAN
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2 standard deviations

3 standard deviations

68.3%

95.5%

99.7%

1 standard deviation

The more than 4000 physicians and scientists in the Mayo Clinic system are 
centered in Olmsted County in southern Minnesota. The entire county has a 
population <160,000 and is more than 80 miles away from the nearest urban 
center of Minneapolis. All of the county’s residents get their health care at the 
Clinic. Since 1966, there has been a tight link between the county health board 
and the Clinic. These residents must be the most closely studied group in 
America. When one looks for epidemiologic information on almost any disease, 
there will usually be an Olmsted County reference. The county does not have 
close demographics to the rest of the country (sample data are not 
representative of population data, and as a result generalizability is limited), but 
the information is unsurpassed in quality.

The Mayo Clinic and Olmsted County
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For example, if a scientist was studying age in a defined population (a small town), 
they would want to collect data from people of all ages within the town such that 
the sample data (although a smaller number than the number of people in the 
town, the whole population) was as true to the whole population as possible. In 
contrast, if the scientist studying age developed their sample by recording the ages 
of only children in the middle school, their sample data would significantly 
underestimate the age distribution of the town population. This concept is 
represented in Figure 4.
The sample is drawn from within the population (left box in Figure 4). The goal in 
collecting sample data is that the sample distribution (normal curve in Figure 4) is 
representative of the population distribution (rather than extremes of the 
population, as in the age example). If samples do not represent the population they 
are drawn from, errors may arise, including bias (discussed below).

Another problem that arises if the sample data does not represent the population is 
that the data will not be generalizable to the population. This means that 
conclusions the scientist makes based on the sample data, will not be able to be 
made about the population; this limits the usefulness of the study.

SAMPLE

POPULATION

SAMPLE

POPULATION

4. COMPARING SAMPLE DATA WITH THE OVERALL POPULATION DATA FROM WHICH
THE SAMPLE WAS TAKEN

Sample data is collected from a larger population. A good quality sample will be 
representative of the overall population, which allows the scientist to state that 
study findings are generalizable to the population.
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Interpretation of Data and Hypothesis Testing
2.

After describing the data using descriptive statistics, inferential statistics are used 
to draw general conclusions (inferences) about the sample data and how well it 
represents the population. Inferential statistics includes many measures, such as 
standard error, confidence intervals, and p-values.

Standard
error

A measure of the variability between sample values and the true 
(population) values. Like standard deviation, it is often calculated 
to determine an estimate for the variability between sample 
means and the true (population) mean. The standard error is 
equal to the standard deviation divided by the square root of the 
number of observations (n); it follows that as the number of 
observations increases, standard error decreases. 

Objectives:
Compare inferential statistics with descriptive statistics.

Describe how a confidence interval relates sample data to population data. 

Understand how p-values are used in determining statistically significant 
differences and what lower or higher p-values mean.

Be able to state the null and alternative hypotheses for an example study.

Describe type I and type II errors.

Describe how power is affected by changes in sample size.

Understand the correct uses for the three statistical tests discussed (T-test, ANOVA, 
chi-square).

Describe an association between two variables in terms of the Pearson correlation 
coefficient. 

»

»

»

»

»

»

»

»
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The formula to calculate CIs is shown in Figure 5. The z-score is a constant which 
varies depending on the degree of confidence required. For a 95% confidence 
interval z=1.96; for a 99% confidence interval, z=2.58. Because the formula for CI 
includes standard deviation, the two are inherently mathematically related and it 
follows that a sample with a large variation (and therefore standard deviation) will 
have wide confidence intervals when compared to a sample with small variation. 
Sample size also affects CI: a larger sample size leads to a more narrow CI. 

As an example, consider a sample population with a mean age of 40 years, and a 
95% CI of 38-42. To interpret this CI in plain English, one would say, “The measured 
sample mean age is 40 years and we are 95% confident that the true population 
mean age is between 38 and 42 years.”
Be careful interpreting CIs: they do not mean that 95% of the data falls within the CI 
(in the example, it would be incorrect to say that 95% of the population is between 
ages 38 and 42). 

The confidence interval formula. The confidence interval is equal to the mean plus or 
minus the z-score (a constant) multiplied times the standard deviation divided by the 
square root of the sample size.

Related to confidence intervals are p-values. 

5. THE CONFIDENCE INTERVAL FORMULA

X  Z (sample size)Mean z-score

(Standard deviation)

n
.± σ

P-value A probability measure that an observed difference is due to 
random chance. Lower p values correspond to greater statistical 
significance of an observed difference. 

Confidence
interval

Calculated as the range of values within which the true 
(population) value is most likely to fall. Confidence Intervals (CIs) 
can be calculated for any value, but are commonly used for 
means. 
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Figure 6 is a graphical representation of p-values using significance levels, “alpha 
values”. The alpha value is set by a researcher, and is often set at 0.1 or 0.05 
(corresponding to a p-value of 0.05 and 0.025). For two-sided tests (as shown in 
Figure 6), the p-value is equal to alpha/2. If a p-value is at-or-below the designated 
level (p≤0.05), then there is said to be a statistically significant difference between 
the values being tested. 

A. A graphical representation of a 90% confidence interval, therefore alpha=0.1, p=0.05. In this scenario there is a 
5% chance that an observed value falls at one extreme of the confidence interval by random chance.
B. A graphical representation of a 95% confidence interval, alpha =0.05, p=0.025. In this scenario there is a 2.5% 
chance that an observed value falls at one extreme of the confidence interval by random chance.

For example, if the mean ages of two samples were being compared and were 
found to be 20 years (95% CI 18-22 years) and 30 years (95% CI 28-32 years), the 
p-value would be less than 0.025, and the researcher could conclude that the mean 
ages of the two samples are significantly different. In contrast, because of the 
relationship between confidence intervals and p-values, if the distributions were 
different such that the two sample mean ages were: 20 years (95% CI 10-30 years) 
and 30 years (95% CI 25-35 years), the p-value would be greater than 0.025 (can be 
concluded due to overlapping confidence intervals), and the scientist can conclude 
there is no significant difference in mean age in the two samples.
Importantly, P-values do not confer clinical significance.

6. A GRAPHICAL VIEW OF P VALUES

0.95

0.025 0.025

(b)

0.90

0.05 0.05

(a)a/2 a/2 a/2 a/2

1 - a 1 - a
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For example, a new medication may “statistically significantly” lower blood pressure 
more than another medication; however if that decrease is 2mmHg, although the 
difference is statistically significant, it is not clinically significant (no change in 
clinical outcomes). 
P-values are commonly used in hypothesis testing, as they provide a probability 
value for determining if there is a true difference between two values. When 
designing a scientific study, one of the first steps is to develop a hypothesis 
regarding the outcome of the experiment. After data is collected, hypothesis testing 
is then used to make a determination regarding whether the hypothesis is true or 
false. However, the terminology used is slightly nuanced. 

In statistical testing the two main outcomes are stated as “reject the null 
hypothesis” (there is a significant difference between the values being tested), or 
“fail to reject the null hypothesis” (there is no significant difference between the 
values being tested).
Be careful, although this terminology is standard, it can be confusing because of 
the double negatives. 

While there are two main outcomes, there are truly four possible outcomes because 
there are results from the data and there is also reality (Figure 7). Scientists do not 
know reality and cannot test reality; after years of tests with similar, confirmatory 
outcomes we “approximate” reality.

Null
Hypothesis

States that there is no difference or relationship between the 
values being tested. Denoted as H0.

Alternative
Hypothesis

States that there is a difference or relationship between the values 
being tested. 
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To clarify the four possible outcomes, consider this example: a scientist is testing a 
new medication (Drug A) to determine if it cures illness in more patients than a 
placebo medication. The null hypothesis: Drug A does not cure illness in more 
patients than the placebo. The alternative hypothesis: Drug A cures illness in 
significantly more patients than the placebo. 

The four possible outcomes in hypothesis testing which take into account both the scientist’s 
conclusions and reality (where H0=null hypothesis). Outcomes in blue are “good outcomes,” meaning 
that the scientist’s conclusion aligns with reality. Outcomes in red are “bad outcomes,” meaning that 
the scientist’s conclusion based on sample data does not align with the reality (that is based on 
population data).

Scientist’s Conclusions:

Reject H0

Reality:
H0 is True

Type I error
(probability = α) Probability = I- α

Power= (I-β)Reality:
H0 is False

Fail to Reject H0

Type II error
(probability =   )β

7. HYPOTHESIS TESTING OUTCOMES

Type I Error Rejecting the null hypothesis, when reality is the null hypothesis is 
true. Another way of saying this: Concluding there is an effect 
when in reality there is none. Applying this to the example: the 
scientist analyzes the data and concludes Drug A cures illness in 
more patients than placebo (rejects the null hypothesis); from 
Figure 7, it shows that the probability of a type I error is equal to 
alpha (α). 
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Type II Error Failing to reject the null hypothesis when it is false. Another way of 
saying this: Concluding there is no effect, when in reality there is 
an effect. Applying this to the example: the scientist concludes 
Drug A does not cure illness in more patients than the placebo 
when in reality Drug A does cure illness at a greater rate than 
placebo. The probability of a type II error occurring is equal to Beta 
(β). 

Power The likelihood that a study will detect an effect when there is one 
to be detected. Power=1- β; therefore power is inversely related to 
β. The scientist correctly rejects the null hypothesis, because in 
reality the null hypothesis is false. Applied to the example: the 
scientist concludes that drug A cures illness in significantly more 
patients than the placebo, which is consistent with reality. Power 
can be increased by increasing sample size. 

T-Test Used to determine if there is a significant difference between the 
means of two groups. Example: Was mean blood pressure lower in 
the treatment group than in the control group?

ANOVA
(Analysis of

Variance)

Used to determine if there is a statistically significant difference 
between the means of 3 or more groups. Example: was mean 
blood pressure different in 4 different age groups?

The fourth outcome is failing to reject the null hypothesis when in reality it is true (a 
“correct” conclusion). The probability of this outcome is 1-α. 

There are many different statistical tests used in hypothesis testing, 3 commonly 
used tests are the t-test, ANOVA, and chi-square. How to perform these tests is 
beyond the scope of this text, what should be understood is when each test is used. 
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Chi-Square Used to determine if there is a statistically significant association 
between categorical variables. Categorical variables are those 
that have a fixed number of non-ordered values (e.g. hair color). 
Example: Is there an association between high blood pressure and 
eye color?

Because associations are tested in chi-square tests, a brief mention of the Pearson 
correlation coefficient is warranted. The Pearson correlation coefficient (r) is a 
measure of the strength of an association (but is not a measure of the significance 
of an association). Significance is determined using the 3 statistical tests discussed 
above. R is always a value between -1 and 1, and the closer it is to either -1 or 1, the 
stronger the association. A negative value means that there is an inverse 
association (as one variable increases, the other decreases). A positive value means 
there is a direct association (as one variable increases, the other increases as well). 
It follows that a value of 0 is consistent with no association. Figure 8 provides a 
graphical view of the Pearson correlation coefficient. It is important to remember 
that association does not mean causation. To conclude a causal relationship exists 
requires the Bradford Hill criteria to be met, a discussion that is beyond the scope of 
this text.

The Pearson correlation coefficient (r) is a measure of the strength of an association 
(either positive or negative) between two variables plotted on the x and y axes. The 
strength of an association increases as the absolute value of r approaches 1. An r value 
equal to zero means there is no association between the two variables. 

STRONG POSITIVE
CORRELATION

STRONG NEGATIVE
CORRELATION NO CORRELATION

r = 0.9

r = -0.9

r = 0

8. PEARSON CORRELATION COEFFICIENT, (r)

Prostate Cancer and Age

After age 50, there is a close correlation between the incidence of prostate 
cancer and age. At age 50 years, 50% of males have prostate cancer and at 100 
years, 100% have prostate cancer. Most patients die with, not of their cancer and 
a major challenge is trying to decide who is at risk and requires treatment.
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Epidemiologic Studies
3.

Epidemiology is the study of health-related states including the distribution, causes, 
and risk factors, in defined populations. Two commonly used measures of illness 
and disease are incidence and prevalence.

The concepts of incidence and prevalence are often visually displayed using a 
water faucet and a pool of water, as in Figure 9. Prevalence is nearly equal to 
incidence when studying diseases with short duration; whereas when studying 
chronic diseases prevalence will be much greater than incidence.  

Incidence The number of new cases of illness/disease occurring during a 
specified time frame out of the number of people at risk. Because 
incidence involves a time frame, it is a rate. 

Incidence=

Prevalence The number of people in the population with the illness/disease. 
Prevalence is measured at a point in time, not over a time period, 
and is therefore simply a ratio. 

Prevalence=

Number of new cases
Number of people at risk

Number of cases
Number of people in the population

Objectives:
Describe and calculate two key epidemiologic measures: incidence and 
prevalence. 

Draft a study question in the PICO format. Describe when each of the different 
types of epidemiologic studies should be used.

For ecological, cross-sectional, case-control, and cohort studies, describe which 
measures can be used in data analysis. 

»

»

»
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9. MEASURING DIFFERENT CONDITIONS WITHIN POPULATIONS:
COMPARING INCIDENCE WITH PREVALENCE

One of the first steps in developing a study or asking a question using 
evidence-based medicine is to develop a study question. A commonly used model 
is the PICO model. 
P: Patient/population/problem (What is the patient or population group being  
     studied and what problem/illness/characteristic is being studied?)
I:   Intervention (What intervention is being studied?)
C: Comparison (What is the intervention being compared with-another treatment, a  
     placebo, another population?)
O: Outcome (What is being measured/accomplished/improved/affected?)

Once a question is developed, the next step is to choose a study design that is most 
appropriate to answer the question. Often, multiple different study designs may be 
applicable to the same research problem, but how the research question is asked 
determines which study design is most appropriate. 

Understanding incidence and prevalence, and how each is measured, is important, 
because knowing which is being measured (or which the scientist would like to measure) 
helps to guide study design. 

Incidence
Recovery

(Mortality)

Prevalence

Death
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The types of epidemiological study designs can be divided into two categories and 
also exist in an evidence hierarchy (Figure 10). 

• Descriptive epidemiology studies: Define or describe an illness or condition. 
• Analytical epidemiology studies: Examine the determinants of diseases  
   including risk factors and distribution to determine associations and test  
   hypotheses. 

Studies can also be divided into observational versus experimental.
Observational studies are those in which researchers observe subjects, exposures, 
and outcomes, and include cohort, case-control and cross-sectional studies. Unlike 
experimental studies, observational studies do not involve an intervention. 

The different epidemiologic study types arranged by increasing weight of evidence 
(strongest evidence-based study type at the top of the pyramid). Descriptive and 
analytical study types are denoted in red and blue, respectively.

Epidemiology study types: 

10. EPIDEMIOLOGICAL STUDY DESIGNS COMPARED BY WEIGHT OF EVIDENCE

Randomized
Clinical Studies

Prospective
Cohort Studies
Retrospective
Cohort Studies

Case-Control Studies

Cross-Sectional Studies

Ecological Studies

Case Series

Case Reports

Weight of 
Evidence

Analytical
Epidemiology

Descriptive
Epidemiology

Case Report A detailed report of the symptoms, signs, diagnosis and treatment 
of one patient. 
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Case Series A detailed report of the symptoms, signs, diagnosis and treatment 
of several patients who presented with similar complaints or 
received similar treatments. May follow patients with a known 
condition over time. 

Cohort
studies

Compare a group with a risk factor or exposure to a group without 
the risk factor or exposure and follows both groups to determine if 
they developed an outcome. Start with exposure, determine 
outcome. Can be retrospective or prospective, but the key is that 
the scientists start with the exposure and determine if the study 
participants develop a disease. Retrospective studies look 
backwards at already collected data while prospective studies 
look forward by starting with exposed and unexposed study 
groups and following them forward in time to see if they develop 
the outcome. Retrospective studies can be confused with 
case-control studies, but again, the key is to determine what the 
starting point is (exposure or outcome), and what is being “looked” 
for (exposure or outcome). Figure 11 aims to further clarify these 
concepts.
Measure: Relative Risk

Ecological
Studies

Study exposures and outcomes at the large group or population 
level.  For example, vitamin D rates in a population and population 
burden of multiple sclerosis. 
Measure: Prevalence

Case-control
studies: 

Compare one study group with disease to a group without disease 
to determine if an exposure or risk factor occurs more frequently in 
the different groups. Start with disease, determine exposure. 
Measure: Odds Ratio

Cross-
sectional

studies

Assesses frequency of disease and frequency of risk factors at one 
point in time. 
Measure: Prevalence



217E P I D E M I O L O G Y ,  B I O S T A T I S T I C S  &  H E A L T H C A R E  D E L I V E R Y

Randomized
clinical trials

A study that randomly assigns participants to a control group or 
an experimental group(s) to determine the effect of one or more 
interventions or treatments. Clinical trial quality is improved by 
blinding. Double blind means the patient and doctor do not know 
which group the patient is in (placebo or intervention). Triple blind 
means that in addition, the researcher analyzing the data is 
unaware of group assignments. There are 4 phases of a clinical 
trial, shown in Figure 12. Phase 1 primarily determines safety, phase 
2 primarily determines efficacy, phase 3 compares the new 
treatment with the gold standard to determine if the new 
treatment is at least as good as the old, and phase 4 determines 
the long-term effects (both beneficial and adverse).  

11. A COMPARISON OF THREE EPIDEMIOLOGICAL STUDY DESIGNS BY TIME COURSE

Case-control study Exposure

Cross-sectional study
Exposure

Disease

Disease

Time
Cohort study

Exposure

Disease

The relationship between real time and at what time points different study types occur. 
Case-control studies start with the outcome (disease) and look back in time to determine if 
participants experienced the exposure. Cross-sectional studies are like a snapshot at one 
point in time and as a result cannot make conclusions about incidence. Cohort studies start 
with exposure and look forward in time to determine if exposed study participants developed 
the outcome (disease). Note: even retrospective studies look forward in time from exposure to 
outcome; they are called “retrospective” because the events have already occurred and the 
data has been collected and the scientists are looking back at the data. 
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12. PHASES OF CLINICAL TRIALS

The stepwise progression through the four phases of clinical trials. Each phase 
involves more participants and often more time than the previous phase. The purpose 
of each phase is also noted. 

DURATION OF TRIAL

Lab Studies

Several Years Days to Weeks Weeks or Months Several Years

Human Safety
Tens of participants Hundreds of participants Thousands of participants

Expanded Safety Efficacy & Safety To confirm safety and 
effectiveness of the drug

FDA Review
Evaluating the drug over
time in a large 
number of patients

Phase IVPreclinical Phase I Phase II Phase III

Several Years Several Years
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Data Analysis
4.

Data from epidemiologic studies, diagnostic test procedures, and therapeutic 
comparisons are most frequently presented in a 2x2 table (also known as a 
contingency table). The rows of the table can be exposure or test result, while the 
columns can be either outcome or disease status. An example 2x2 table is shown in 
Figure 13. 2x2 tables are an important way to organize data and provide a valuable 
tool for helping with data analysis. It is important to learn not only how to set them 
up, but which calculations and analyses can be done. 

Objectives:
Use the epidemiology contingency (2x2) table to organize data from a study.

With data in a 2x2 table, calculate the sensitivity, specificity, positive predictive 
value (PPV), and negative predictive value (NPV).

Describe why high sensitivity is important for screening tests.

Describe which measures (sensitivity, specificity, NPV or PPV) vary with disease 
prevalence in the population.

Describe how a change in sensitivity or specificity will affect PPV or NPV.

Describe the relationship between sensitivity, specificity, and the test cutoff point 
using a ROC curve.

For the epidemiologic measures described in this section, calculate each and 
describe its appropriate use.

Describe the difference between precision and accuracy.

Describe the different types of bias and how to avoid each.

Describe the difference between a confounder and effect modification.

»

»

»

»

»

»

»

»

»

»
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The sensitivity and specificity of a test are fixed attributes of the test; they do not 
vary with the prevalence of disease in a population.

Sensitivity The proportion of people with disease who test positive (also 
known as the true positive rate). Tests with high sensitivity are 
most useful as screening tests because the low false negative rate 
helps diagnosticians avoid misdiagnosing (and then not treating) 
a patient who falsely tested negative.

Positive
predictive

value (PPV)

The probability that people with a positive test result truly have 
disease. 

Negative
predictive

value (NPV): 

The probability that people with a negative test result truly do NOT 
have disease. 

Specificity The proportion of people without disease who test negative (also 
known as the true negative rate). 

13. THE KEY TO EPIDEMIOLOGY: THE 2X2 TABLE

Sensitivity (Se)

Positive Predictive Value

Negative Predictive Value

Specificity (Sp)

TP
TP + FN

TN
FP + TN

TP
TP + FP

TN

PPV

NPV FN + TN
Test

Disease Status

Subjects with
disease

Subjects without
disease

False Negative
(FN)

False Positive
(FP)

True Positive
(TP)

True Negative
(TN)

Positive

Negative

The epidemiology contingency table, also known as the 2x2 table. Formulas to calculate 
sensitivity, specificity, positive predictive value and negative predictive value are shown. 

PPV and NPV vary with prevalence in the population. As prevalence increases, the 
PPV also increases while the NPV decreases. Similarly, as the prevalence decreases, 
the PPV decreases and the NPV increases. 



223E P I D E M I O L O G Y ,  B I O S T A T I S T I C S  &  H E A L T H C A R E  D E L I V E R Y

With the 2x2 table as a framework, it is easy to calculate sensitivity, specificity, PPV, 
and NPV: 

• Sensitivity = 

• Specificity = 

• PPV =

• NPV =

To reinforce these topics, consider an example study of a new rapid influenza test 
used in 100 people. The new test was compared against the gold standard test (viral 
PCR). Study participants were tested with the new rapid test, then the gold standard 
and the results recorded. The study found that 60 people tested positive with the 
new test, and of those, 20 were found to be influenza negative with the gold 
standard test. 40 people tested negative with the new test, but 10 of those people 
were found to have influenza with the gold standard test. The 2x2 table for this study 
is as follows: 

Influenza positive Influenza negative

40 20

10

Test positive

Test negative 30

TP
TP+FN

40
40 + 10

= 0.8 or 80% 

TN
FP+TN

30
20 + 30

= 0.6 or 60% 

TP
TP+FP

40
40 + 20

= =  0.66 or 66% 

TN
FN+TN

30
10 + 30

= =  0.75 or 75% 

PPV (+) is the Foundation of Diagnosis

The likelihood that any finding is due to underlying disease (i.e. PPV (+)) depends 
upon the prevalence of disease in the group from which the patient comes. A 
chronic sore joint is most likely to be osteoarthritis in patients >65 years and 
traumatic in adolescents. No successful screening test has yet been developed 
for breast cancer because the prevalence in asymptomatic women is too low 
and abnormal results are overwhelmingly false positives.
When writing up a patient’s history, all factors that have a significant effect on 
prevalence in the differential diagnosis go into the history of present illness (HPI). 
Everything else goes into PMH, FH or functional inquiry. The most important 
factors for prevalence are age, gender, and time frame. They should start every 
patient description. 
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14. THE RELATIONSHIP BETWEEN A TEST’S SENSITIVITY AND SPECIFICITY: RECEIVER
OPERATING CHARACTERISTIC (ROC) CURVES

ROC CURVE

Point 1, sensitivity=0.6,
specificity=0.9
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Point 2, sensitivity=0.9,
specificity=0.4

Receiver Operating Characteristic (ROC) curves, demonstrating the relationship between 
sensitivity and specificity and the effect that changing a test cutoff value has on sensitivity 
and specificity. Three tests are shown, each with different characteristics. A perfect test (red 
line) has an area under the curve of 1, and a sensitivity and specificity of 100%. Test B (blue line) 
is not a perfect test (area under the curve is less than 1. The two points (point 1 and 2) on the 
Test B line represent two different cutoff points, and what the corresponding sensitivity and 
specificity would be if those two cutoff values were used. By following along one test curve, 
the relationship between sensitivity and specificity is apparent: generally, as specificity 
increases, sensitivity decreases, and vice versa. The Test C line represents a test that is no 
better than random chance at classifying test results as positive or negative (area under the 
curve=0.5). 

This example also illustrates that the new test, with its higher sensitivity than 
specificity, has a higher NPV than PPV, consistent with what is expected. 

For every test there is a cutoff value; a result below the cutoff value is negative and a 
result above the cutoff value is positive. Sometimes researchers may change the 
cutoff value, and it is important to understand the effect that changing the cutoff 
value has on sensitivity, specificity, NPV, and PPV. One way to display the possible 
cutoff points of a test and their effects on different attributes of the test is with 
Receiver Operating Characteristic (ROC) curves (Figure 14). 
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Another way to view the effect that changing the cutoff value has on test 
characteristics is shown in Figure 15. Figure 15 provides a nice visualization of the two 
populations (those with and without disease), and how if the test cutoff value is 
decreased (shifted left, increased sensitivity), then there will be more false positives 
and fewer false negatives. Conversely, if the specificity is increased (raising the 
cutoff, move cutoff to the right on the figure), there will be more false negatives and 
fewer false positives. As noted above, increasing sensitivity increases NPV; while 
increasing specificity increases PPV (and vice versa). 

There are several other commonly calculated values used for data analysis in 
epidemiologic studies. They are presented below with the formula needed for 
calculations as well as indications for when they are used. 

15. DETERMINING THE EFFECT OF A TEST’S CUTOFF POINT ON
SENSITIVITY AND SPECIFICITY

SENSITIVITY AND SPECIFICITY

Test result

n PATIENTS
WITH 

DIESEASE

TPTN

FN FP

PATIENTS
WITHOUT
DIESEASE

To increase sensitivity, shift to the left (blue line)

Test C
utoff Value

To increase specificity
shift to the right

The Specificity/Sensitivity Trade-off

In laboratory medicine, this is a “law” when establishing reference ranges. If one 
wants to find all the cases of a disease, then the reference range will be wide, at 
the cost of more false positives. This will make for a good “rule out” test, because 
a negative test rules out the disease. A good example is the ANA test in Systemic 
Lupus Erythematosus (SLE). SLE is unlikely if the ANA test is negative. If one wants a 
positive test to be diagnostic of disease (i.e. specific), then the reference range 
will be narrow. The trade-off is that some patients with the disease will test 
negative. This is a good “rule-in” test, because a positive test means that disease 
is likely. In SLE, anti-Smith antibodies are specific for SLE. 
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DescriptionMeasure Use

Positive: the likelihood that a patient with the 
disorder will have a positive test result 
compared to the likelihood that someone 
without the disorder will have a positive test 
result.

 
Negative: the likelihood that a patient without 
the disorder will have a negative test result 
compared with the likelihood that someone 
with the disorder will have a negative test 
result. 
LR is a fixed attribute of a test. Helpful in 
determining if a test should be performed.
+LR>10 means there is a high probability of 
disease, given a positive test. [+LR=2; the 
diagnostician may interpret results as a false 
positive, as there is lower probability of 
disease.]
-LR<0.1 means there is a high probability of no 
disease, given a negative test. [-LR=0.5; the 
diagnostician may interpret results as a false 
negative.]

The odds of an event occurring, given a 
certain exposure compared to the odds of the 
event occurring in the absence of the 
exposure. 
Example interpretation if OR=2.5: People 
having the exposure are 2.5 times more likely 
to develop the outcome than those who were 
not exposed. 

Determining if a test 
should be performed

Primarily used in 
case-control studies

Likelihood ratio
Positive likelihood ratio =

Odds ratio

OR =

Sensitivity

1-specificity

Note: this is a cross 

product of the 2x2 table.

=

True positive rate

False positive rate

Negative likelihood ratio =

1-Sensitivity

specificity
=

=

False negative rate

True negative rate

TP/FP

FN/TN

TP*TN

FN*FP
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DescriptionMeasure Use

Risk of developing disease in the exposed 
divided by the risk of developing disease in 
the unexposed (it is a ratio, therefore values 
will all center around 1). 
RR=1 means there is no increased risk in the 
exposed; put another way, there is no 
association between exposure and outcome. 
RR>1 means there is increased risk of disease 
in the exposed (exposure is associated with 
disease). 
RR<1 means there is a lower risk of disease in 
the exposed (exposure is associated with less 
disease, or is a protective factor).

The proportion of disease cases that are 
attributable to the exposure. 

Primarily used in cohort 
studies

Primarily used in cohort 
studies

Attributable risk

AR =

The relative decreased risk of disease in the 
intervention group compared to the 
non-intervention group (a proportion).  
For example, if 15% of patients receiving drug A 
develop disease and 20% of patients receiving 
placebo develop disease, the RR = 15/20 = 75%, 
and the RRR = 25%. The interpretation would 
be: there is a 25% decreased risk of disease in 
those who receive drug A compared to those 
who receive drug B. 

Primarily used in studies 
of an intervention to 
show benefit.

Relative risk reduction
RRR = 1-RR

Alternatively: 

AR =

-
TP

TP+FP

RR-1

RR

FN

FN+TN

Relative risk

RR =
TP/(TP+FP)

FN/(FN+TN)
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Absolute risk reduction

ARR =

DescriptionMeasure Use

Also known as the risk difference; the total 
risk reduction when one treatment is used 
(not a comparison like RRR). The difference in 
risk attributable to the intervention compared 
to the control. 
For example, if 15% of patients taking drug A 
develop disease while 20% taking placebo 
develop disease, the ARR = 20-15 = 5% = 0.05. 
There is a 5% overall decreased risk of 
developing disease for those taking drug A. 
Another way to say this: for every 100 people 
taking drug A, there are 5 prevented from 
developing disease.

The number of patients who need to receive a 
treatment in order for 1 patient to benefit (or 
the number of patients who need to be 
treated to save 1 life). Lower NNT means the 
treatment is better.

This and NNT are the 
most useful tools for a 
doctor to use in 
expressing efficacy of a 
treatment. 

Used to communicate 
efficacy of a treatment

The number of people who need to be 
exposed to a risk factor in order for 1 person to 
be harmed (or the number of people who 
need to be exposed for 1 person to die). Higher 
number means the exposure is less 
deadly/harmful. 

Used to communicate 
harmfulness of an 
exposure

Number needed to treat

NNT = 

-
FN

FN+TN

1

ARR

Number needed to harm

NNH =   
1

AR

TP

TP+FP

The measures described in the table above demonstrate how scientists use data 
not only to evaluate epidemiologic studies, but also to evaluate how “good” a new 
diagnostic test is. However, a test is not simply “good,” there are specific terms used 
to better describe the qualities of a test. 

• Precision: The ability of a test to consistently and reliably produce similar results.  
  Tests with high precision have low random variation (results cluster together).
• Accuracy: The ability of a test to correctly identify true cases from non-cases or  
   individuals with disease from healthy individuals (results are close to the gold  
   standard—or bullseye depicted in (Figure 16). 
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16. COMPARING PRECISION WITH ACCURACY

High Accuracy
High Precision

Low Accuracy
High Precision

High Accuracy
Low Precision

Low Accuracy
Low Precision

The different epidemiologic study types and measures used in data analysis have been 
presented, but a discussion of epidemiologic studies and analysis would not be complete 
without a discussion of the different types of bias. In this context, bias refers to a systematic 
error in the study design, data collection, or statistical analysis. Several important types of 
bias are described below. 

Selection
bias

When study participants are not selected randomly, resulting in a 
sample of participants that is not representative of the whole 
population. The most common example is sampling bias, which is 
when some individuals are more likely to be questioned or 
included in a study based on certain non-random characteristics. 
Example: college graduates are more likely to respond to 
questionnaires. 
How to avoid: randomization

Recall
bias

When participants are less likely to remember events after time 
has elapsed. Most frequently occurs in retrospective studies that 
ask participants to recall an event or exposure that occurred in 
the past. 
How to avoid: Limit the time-to-follow-up
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Measure-
ment bias

Any systematic, or non-random error that occurs in the collection 
of data. Example: testing machines were not equally calibrated 
before data collection. 
How to avoid: Develop standardized data collection methods and 
protocols

Hawthorne
Effect

When study participants behave differently because they know 
they are in a study. Example: hospital employees spend more time 
washing their hands because they know they are part of a 
hand-hygiene study. 
How to avoid: Blinding (discussed previously), placebo group

Procedure
bias

When study participants are not offered procedures or treatments 
equally. Example: A clinician follows up with twice as many office 
visits for study participants in the intervention group; this group 
then receives additional treatments. 
How to avoid: Blinding and randomization

Lead time
bias

When early detection of disease is interpreted as increased 
survival time. Example: cancer in one group is detected earlier and 
measured as increased survival time compared to the group in 
which it was detected later (Figure 17). This may occur if a 
screening test is developed, but there is no treatment for the 
disease that is detected by the test. 
How to avoid: Using mortality as an endpoint rather than survival 
rates, count all outcomes independent of detection method, 
adjust survival according to the severity of disease at time of 
diagnosis. 

Observer-
expectancy

bias

When the researcher or clinician’s belief about the efficacy of a 
treatment influences the outcome of the treatment. Example: A 
clinician believes a treatment is beneficial and documents more 
positive patient outcomes. 
How to avoid: Blinding and randomization
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Confounding
bias

A confounder is a variable that is related to both the exposure and 
the outcome, but is not within the causal pathway. Example: See 
Figure 18. 
How to avoid: Matching (match patients with similar 
characteristics in the treatment and control groups), 
randomization, restriction (restricting the study to participants with 
or without confounding factors). 

17. LEAD TIME BIAS

Biologic 
onset of disease

Death

Disease detected 
through screening

Disease detected 
from symptoms

Lead time

Perceived survival time

Perceived survival time

TIME

It is important to understand the difference between confounding and effect 
modification. Effect modification is when the magnitude of the effect of an 
exposure on an outcome differs depending on a third variable (the effect modifier). 
The key to differentiating these concepts is that confounding variables do NOT 
belong in the causal pathway, whereas effect modifiers ARE within the causal 
pathway. Figure 18 provides a visual explanation of these concepts. Although the 
example shown in Figure 18 shows a magnification of effect by the effect modifier, 
this variable can also dampen the effect of an exposure. 

A visual depiction of lead time bias. In the top timeline the disease is detected soon after disease 
onset with a screening test. In the bottom timeline, disease is detected a longer time after disease 
onset. In both timelines death occurs at the same time point; even with earlier detection, the top 
timeline did not result in more time before death, rather there was a perceived increase in time 
before death because disease diagnosis occurred sooner.
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18. COMPARING CONFOUNDING AND EFFECT MODIFICATION

Differentiating confounding variables and effect modifiers based on where each occurs in the 
causal pathway (from exposure to outcome). A. A confounder is related to both the exposure and 
the outcome, but not in the causal pathway. An effect modifier is within the causal pathway. B. An 
example scenario depicting smoking as an exposure and cardiovascular disease as an outcome. 
Age is shown as a confounder, possibly related to smoking and cardiovascular disease, but not in 
the causal pathway. While hypertension is shown as an effect modifier because it is in the causal 
pathway (smoking can lead to hypertension which can lead to cardiovascular disease). 

a. b.

Exposure OutcomeEffect Modifier

Confounder

Smoking Cardiovascular
disease

Hypertension

Age



Epidemiology, Biostatistics & 
Healthcare Delivery

Chapter 5

Ethics



235E P I D E M I O L O G Y ,  B I O S T A T I S T I C S  &  H E A L T H C A R E  D E L I V E R Y

Ethics
5.

There are four main principles of medical or healthcare ethics: 

Autonomy The right of the patient to maintain control over their own body 
and make their own decisions regarding the healthcare they 
receive. For this to happen, medical personnel must be honest in 
sharing medical information (in a confidential manner) with 
patients so that patients are well-equipped to make decisions. 

Beneficence The obligation of healthcare providers to offer treatments or 
interventions that promote the well-being of the patient. 

Objectives:
State the four main principles of medical ethics.

Understand the components of decision-making capacity as well as when and by 
whom capacity assessments are made.

Define the difference between capacity and competency.

Describe the three components of informed consent.

Describe the order of decision makers if a patient is unable to make their own 
medical decisions.

Describe the difference between hospice and palliative care.

Understand the general guidelines used to help make ethically sound medical 
decisions.

»

»

»

»

»

»

»
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Decision-making capacity:
A patient is said to have capacity if they have the psychological and legal ability to
make a particular healthcare decision. Patient capacity should be considered for 
each healthcare decision that is made (that is to say, whether a patient has 
capacity can change). Capacity can be determined by any physician (regardless of 
specialty). A patient must be 18 years or older or legally emancipated to have 
capacity. After a physician describes a treatment option, and its risks and benefits to 
the patient, the capacity assessment includes 4 components:

1.  The patient communicates a treatment choice.
2. The patient restates their understanding of their condition or disease as well as  
    the risks and benefits of the treatment (note: this does not have to be, and likely  
    will not be, using medical language. It is their understanding in plain English).
3. The patient provides a reason for their choice.
4. The patient appreciates the effect that their treatment decision will have on their  
    health.

Patients must have all 4 components to have capacity. Patients who lack capacity 
often can demonstrate the first 3 components (communicate, understand, reason), 
but are unable to apply the information to their condition to show appreciation of 
how the treatment will affect them. In addition, a patient’s decision should not be the 
result of an altered mental status (delirious, intoxicated, psychotic), should remain 
relatively stable (not change from day to day), and should be consistent with their 
values and goals. Note: capacity is not the same as competency; capacity is 
determined by physicians, while competency is legal and is determined by a judge.

These four principles help guide the decisions of healthcare providers. However, 
while these are the guiding principles, additional factors must be taken into account, 
such as whether the patient is able to make a decision. This is called 
decision-making capacity. 

Justice The distribution of healthcare and treatment of patients in a fair 
and equitable manner. 

Nonmaleficence The obligation of healthcare providers to “do no harm.” Often 
nonmaleficence is weighed against beneficence when choosing 
treatments or interventions. For example, prescribing blood 
thinners to a patient who needs them but who is also at risk of 
falling. 
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Decision-making capacity is the cornerstone of informed consent and falls primarily 
within the ethical principle of autonomy. Informed consent is the process of getting 
a patient’s permission prior to performing an intervention or procedure. A completed 
written consent can be revoked by a patient at any time. There are 3 components of 
informed consent. 

1.  Disclosure: The physician reviews the treatment or procedure that is being  
    considered including benefits and risks. 
2. Decision-making capacity: the patient has capacity to make healthcare  
    decisions. 

   3. Voluntary: The patient’s decision is not made due to coercion or manipulation. 

There are several instances when informed consent is implied or must be made by a 
surrogate decision-maker. These include if the patient lacks capacity, in an 
emergency when the patient is unresponsive and there is no time to find a surrogate 
decision-maker, or if the patient has waived their right to informed consent. In rare 
circumstances informed consent is not gathered when disclosing therapeutic 
information would cause psychological harm to the patient; this is called 
therapeutic privilege. 

Policies regarding consent for minors vary by state. Generally, anyone under 18 years 
old who is not legally emancipated is a minor. Overall, physicians should include 
minors in discussions along with their legal guardians when treatment decisions are 
being made even if the guardian is providing consent, because the minor can 
assent to the treatment. In some situations, guardians may not be required to 
consent for minors, while these vary by state, they often include contraceptive 
services, testing for HIV and other sexually transmitted infections, prenatal care and 
delivery services, and treatment of drug and alcohol abuse. Even though consent 
from a guardian may not be required for these treatments, it is often difficult for 
minors to receive these treatments as they lack their own insurance or ability to pay 
for their own treatment. If one parent consents to a treatment while another refuses, 
if the parents are married, then only one parent needs to consent for treatment. If 
the parents are divorced, the parent with custody must consent to treatment. 



238 E P I D E M I O L O G Y ,  B I O S T A T I S T I C S  &  H E A L T H C A R E  D E L I V E R Y

While it is always best to follow a patient’s healthcare wishes as they are stated 
directly from the patient, this is not always possible. In such cases the next-best 
options are to follow the patient’s previously expressed wishes, for example following 
an advanced directive (if completed), or have a surrogate decision maker who 
knows the patient make decisions based on what they think the patient would want. 

Do not
resuscitate
order (DNR)

A DNR is an order that a patient completes (generally they are 
asked each time they are hospitalized, though some forms exist 
for patients to have at home). The form states that the patient 
does not want to be resuscitated (no cardiopulmonary 
resuscitation) in the event their heart stops beating or develops a 
life-threatening rhythm. These forms may include whether the 
patient would want or would not want cardioversion or intubation.

Surrogate
Decision-

Maker

A person who knows the patient and can make treatment 
decisions for the patient that are consistent with the patient’s 
values and wishes. There is an order of priority when determining a 
surrogate decision-maker: spouse, adult children, parents, siblings, 
other relatives. 

Medical
power of
attorney

A person who has legal authority to make medical decisions for 
the patient if the patient loses decision-making capacity (a legal 
form must be completed).

Advanced
Directive

A written advance directive is a legal document that is completed 
by a patient and outlines what medical interventions or 
treatments they would like to receive or would not like to receive if 
they are unable to make a medical decision. 
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End of life care can be a time in which ethical questions arise. It is within a patient’s 
rights to pursue care even if the physician believes that the care may not benefit 
the patient. It is also within a patient’s rights to refuse care, regardless of the 
physician’s opinions. Hospice care is also an option for patient’s nearing the end of 
life. 

• Hospice care: Generally available to patients with a terminal illness and a life  
   expectancy of 6 months or less. Hospice care focuses on increasing comfort and  
  preventing pain and other discomfort. Hospice care may be provided in the  
  hospital, or at a patient’s home.

Hospice care should not be confused with palliative care.
• Palliative Care: Care focused on identifying and relieving pain and other  
   symptoms of serious illness with a goal of improving quality of life. Palliative care  
   can be provided at any time (unlike hospice care). Palliative care is often  
   provided by teams of providers including a specialist physician, social worker,  
   nurse, and sometimes a chaplain. 

A discussion of surrogate decision makers and sharing information with people 
other than the patient, would be incomplete without discussing confidentiality. All 
healthcare workers must follow the Health Insurance Portability and Accountability 
Act (HIPAA), a law regarding keeping patient information safe and secure. In 
general, information regarding the patient can only be shared with other people or 
other entities (e.g. insurance companies) with consent from the patient. However, 
there are several instances when physicians may violate patient confidentiality:

• If the patient is a serious potential harm to themselves
• If the patient is a serious potential harm to others
• If there is abuse (of children, older adults, prisoners)
• If the patient has a reportable disease (sexually transmitted infections, certain  
  communicable diseases); the physician reports to the health department, which  
  then completes contact tracing (finding and notifying others that they may have  
  been exposed and should be tested). 
• If the patient is not safe to drive (e.g. older adults, patients with epilepsy). The  
  physician completes a form with the Department of Motor Vehicles. 
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There are countless ethical scenarios in medicine, and it is beyond the scope of this 
text to outline each. However, in addition to what has already been presented, there 
are several additional guidelines to help guide ethical medical decision-making: 

• The patient’s decision is key. A physician presents options, the patient makes  
  informed decisions that should be followed, including no treatment. 
• A patient has the right to refuse treatment, this includes pregnant women. 
• Medical information should never be kept from a patient, even if a family  
  member requests secrecy. The physician should discuss the family’s wishes to  
  withhold information, to gain a better understanding. However, the ultimate  
  choice is with the patient and they should be asked if they would like to know the  
  results or diagnosis in question.
• Physicians should not make decisions for patients, even if the patient asks for the  
  physician to “do what is best.” A physician can provide recommendations, but  
  further explanation should be given to the patient, so they feel comfortable  
  making a decision.
• It is never appropriate to lie to a patient. If a physician does not know the answer  
  to a patient question, they should say so. 
• If a mistake was made, the patient should be told. 
• Patient privacy is paramount; no discussion of patient cases should be held with  
  providers who are not directly involved in their care, or in places where an  
  uninvolved third party might hear. Additionally, no patient information should be  
  disclosed to family, even spouses, without patient permission.
• A physician should not treat family or friends. 
• A physician should avoid social situations with patients and should avoid any  
  romantic involvement with current or former patients.
• A physician should decline valuable gifts from patients. Nominal gifts (a plant or  
  cake) can be accepted. 

Another ethical issue that arises in medicine is abuse and neglect, particularly of 
children or elders. Physicians are mandated reporters, meaning that they are 
required to file a report to the appropriate authority (e.g. Child Protective Services) 
when they have reasonable cause to suspect abuse or neglect. Abuse is the 
intentional infliction of physical or mental harm on someone. Neglect is failing to 
provide appropriate care for an individual which results in injury or illness in that 
individual. For details on child abuse, please refer to the Pediatrics notes. 
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• If a patient complains about another physician, the physician hearing the  
  complaint should not become involved unless the first physician was  
  inappropriate or unethical, in which case the patient should receive help in filing  
  a complaint.
• It is the responsibility of a physician to report an impaired physician to the  
  hospital or state physician health program.
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Healthcare Systems and Public Health
6.

Health is defined as the state of being free from illness or injury. Healthcare is 
defined as the maintenance and improvement in physical and mental health 
through the provision of medical services by a licensed healthcare provider. It is 
estimated that only 10% of health is attributable to healthcare received (the rest is 
attributable to lifestyle, environment, genetics, etc.). Health insurance is a 
guarantee of compensation (to the provider) for medical services received by a 
patient and protection from financial loss that could result from medical services 
received. Most insurance plans have monthly or annual fees that must be paid to 
have the plan (before any medical services are received). In addition, most plans 
have both a deductible amount as well as a copay amount which are paid when 
medical services are received. A deductible is the amount the patient must pay 
before insurance coverage starts (for example, if a deductible is $500, the patient 
must pay all medical bills up to $500 before insurance coverage starts). A copay is 
a flat amount that a patient must pay for medical services (for example, a plan 
may have a $25 copay for each office visit, meaning the patient pays $25 for each 
office visit, and insurance pays for costs beyond $25). 

Objectives:
Understand the different types of insurance programs and payment options 
available in the United States.

Define the four levels of prevention.

List the leading causes of death, by age, in the United States, as well as leading 
causes of hospital readmissions.

Describe the PDSA cycle and the swiss-cheese model as they relate to quality 
improvement.

Describe the two types of medical errors and the purpose of a root cause analysis 
in investigating errors.

»

»

»

»

»
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In the United States there is no national healthcare insurance. People obtain 
insurance through other sources, often through their employers, and there are a 
number of different plans: 
• Health Maintenance Organization (HMO):

A medical insurance group that provides insurance, however, coverage is 
restricted to a limited group of providers who are said to be “in network”. Care 
outside of evidence-based guidelines is not covered. Patients need a referral 
before they are able to see a specialist. In emergency situations a patient may 
receive covered care out-of-network.

• Preferred Provider Organization:
In this insurance plan patients can see any provider (within or outside of the 
network), and are able to see specialists without a referral from a primary care 
provider. However, there are higher out-of-pocket fees for this plan (copays and 
deductibles).

• Point of Service:
This plan is like a combination of the health maintenance organization and 
preferred provider organization. There is a “preferred provider network” from which 
patients can receive care. Patients are also able to receive care from 
out-of-network providers, but this care is covered by the insurance plan at a lower 
level (meaning higher copays and deductibles). Patients do need a primary care 
referral to see a specialist.

• Exclusive Provider Organization:
Very similar to an HMO: coverage is restricted to providers in-network, but patients 
do not need a primary care referral to see a specialist. 

• Medicaid:
A federal and state social healthcare insurance program for people with low 
incomes, the elderly, and those with disabilities.

• Medicare:
A federal social healthcare insurance program for people ages 65 years and older. 
Premiums vary based on whether the patient worked and paid Medicare (social 
security) taxes. Some people under age 65 may qualify (e.g. those with disabilities 
or with end-stage renal disease). 
There are 4 parts of Medicare. 

◊ Part A: hospital insurance and home hospice care. 
◊ Part B: outpatient medical care coverage. 
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Although hospitals are where patients receive care, and insurance plans are what 
help patients to pay for that care, many studies would suggest that only 10-20% of a 
patient’s wellbeing can be attributed to medical care. The rest can be attributed to 
health behaviors, genetics, socioeconomic factors, and environmental factors. 
Modifying these social determinants of health, and preventing disease from 
occurring in the first place is the role of Public Health Agencies. Public Health is the 
science of preventing disease and promoting health. There are four levels of 
prevention:

Primary
Prevention

Preventing a disease before it occurs (e.g. vaccination)

Secondary
Prevention

Early detection of disease (through screening) and preventing 
progression of disease (e.g. screening for high blood pressure)

Tertiary
Prevention

Reducing symptoms and complications of a disease once a 
patient has the disease (e.g. colectomy for ulcerative colitis)

Global
Payment

The patient pays for all expenses associated with a service in one 
payment. This type of payment method is often seen for 
pregnancy; one fee for all prenatal visits and the delivery. Also, this 
can be used for surgeries; one price for the surgery, including 
immediate pre- and post-surgical care. 

In addition to different insurance plans, there are also different healthcare payment 
models: 

◊ Part C: also known as “Medicare Advantage Plan” are plans that patients buy  
   through a third party that include coverage for all Part A and B services. 
◊ Part D: prescription drug coverage. 

Capitation The hospital or physician receives a certain amount of money per 
patient regardless of how much time the physician spends with 
the patient or how much healthcare the patient receives. 

Discounted
fee-for-
service

The provider agrees to provide services and charges a fee for 
each individual service, but the fee is discounted from the usual 
charges.
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Leading causes of death in the US, by age, with approximate absolute counts: 

Hospitals and insurance agencies also track other metrics. For example, the Centers 
for Medicare and Medicaid Services has a hospital readmissions reduction program 
that focuses on reducing the leading causes of readmission among 
Medicaid/Medicare patients: 

• Heart Failure
• Acute Myocardial Infarction
• Chronic Obstructive Pulmonary Disease
• Pneumonia
• Coronary Artery Bypass Graft Surgery
• Elective Primary Total Hip Arthroplasty and/or Total Knee Arthroplasty

Age <1 year

#1
Congenital
anomalies

(4,500)

Short
gestation

(3,500)

Pregnancy
complications

(1,300)

1-34 years

Unintentional
Injuries
(40,000)

Suicide
(14,500)

Homicide
(10,000)

35-44 years

Unintentional
Injuries
(22,000)

Malignant
Neoplasms

(10,000)

Heart
Disease
(10,000)

45-64 years

Malignant
Neoplasms

(150,000)

Heart
Disease
(110,000)

Unintentional
Injuries
(50,000)

≥65 years

Heart
Disease

(500,000)

Malignant
Neoplasms
(430,000)

Chronic lower
respiratory

disease
(135,000)

#2

#3

*Source: Centers for Disease Control and Prevention, 2018

To guide preventive interventions, public health agencies at the local, state, and 
national level track disease prevalence, incidence, and mortality. For example, as 
discussed in the Ethics Chapter (Chapter 5), there are certain communicable 
diseases which are required to be reported to public health agencies by physicians. 
This allows public health experts to perform disease contact tracing (identifying, 
testing, and treating people who came into contact with the ill patient to prevent 
further spread). Because of this, it is important to keep track of the leading causes of 
death. 

Quaternary
Prevention

Identifying patients at risk of overmedicalization to prevent 
excessive medical treatments (e.g. reviewing required laboratory 
tests for hospitalizations to limit excessive blood draws)
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Once a hospital has identified an area in which they would like to make 
improvements, for example reducing readmissions, one way in which quality 
improvement teams implement changes is through PDSA cycles. 

• Plan: Identify and define the problem, then develop a measurable plan that can  
  be implemented to address the problem. 
• Do: Implement the plan and collect data. 
• Study: Analyze the data, determine if the plan worked, or if it should be altered.
• Act: Make any necessary changes to the plan, then repeat the cycle, starting  
  again at planning (with the altered plan). 

Although quality improvement, tracking metrics, and safety policies help healthcare 
systems and public health agencies prevent medical errors, errors still occur. When 
errors do occur, it is usually because several weaknesses in the system all happen at 
the same time. This is called the Swiss cheese model.

19. THE SWISS CHEESE MODEL OF ERRORS

The swiss cheese model is used in risk management and error analysis to identify system 
flaws and weak points that could (or have) caused errors. When multiple system weak points 
(holes in the cheese) align, errors can occur.

Actual
error

Latent
error

Potential
error
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• Swiss Cheese Model:
A harm or error may occur when multiple weak points in multiple system 
safe-guards align. Imagine a stack of Swiss cheese, each piece represents a 
system safe-guard.  Each hole in  a slice of cheese represents a latent or 
potential weakness. Errors occur when all the holes line up, allowing harm to pass 
through successive layers of cheese, each a safety check. For example, for a 
patient to get a medication  in a hospital, the order must pass through multiple 
system safe-guards. 

Check 1:
The physician prescribed dose must be available in the electronic health 
system
Check 2:
The pharmacist must check the dose and indication  before releasing the 
medication to the nurse. 
Check 3:
The nurse then checks that the right medication is being given to the right 
patient at the right time. 

All 3 of these check points would have to fail in order for a medication error to 
occur. Despite this, there are more than 3 million in-patient medication errors 
each year in the US.

There are two types of medical errors:
• Active errors:

Have immediate impact on the patient, and the effects are felt immediately (e.g 
drawing blood on the wrong patient). 

• Latent errors:
Errors that are likely to occur due to failure of organization or system design. For 
example, having two similarly named medications with similar looking labels kept 
in the same cart without requiring a medication and dose 
double-check-verification prior to administration.

When errors occur in public health or in hospitals, it is important to do a root cause 
analysis to determine what caused the error. Root cause analyses involve 
interviewing all personnel involved and examining processes and procedures in 
place that led to the error with the goal of fixing systematic or environmental 
problems.
The goal of a root cause analysis is NOT to identify a person responsible for an error 
or assign blame.
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1. Learning and Behavior Change
Objectives

Describe the different developmental milestones (motor, social, and verbal) and at which ages 
they generally occur in childhood development.

Describe the physical changes that occur in older adults.

Describe the different types of conditioning.

Define and give an example of each of the immature and mature defense mechanisms.

Define the 6 stages in the transtheoretical model of behavior change.

Describe 5 different types of psychotherapy and give an example of what each can be used to 
treat. 

i. This section reviews the standard or typical developmental stages, how behaviors are   
   developed, and several different types of therapy used in mental health practices. The second   
   section reviews what happens when these processes are disrupted: the mental health disorders. 

From birth until death people develop and change, and while each person is unique, there are 
some general milestones that occur at similar time frames for most people (see below).
The developmental milestones for children can help to track their development and, while not 
diagnostic of a problem, can be one sign of a possible developmental delay that should be 
tracked or in some cases, the child should receive additional testing (for example, not meeting 
speaking milestones may indicate a hearing problem, and the child’s hearing should be tested). 
Also, if a child is not meeting certain milestones, it may not indicate a life-long problem, but may 
be a sign that a child needs short-term additional help in one area (for example, many children 
require speech therapy while they are young to help them pronounce certain words and 
sounds). The developmental milestones for young children are below: 

»

»

»

»

»

»
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3-5
Years

3 years: ride a tricycle, copy a circle
4 years: hops on one foot, able to copy a 
square
5 years: able to dress oneself, able to 
copy a triangle

3 years: comfortable 
spending some time 
away from 
parents/caregivers
4 years: plays 
cooperatively with 
other children, 
develops imaginative 
play

4 years: speaks in 
complete sentences, 
able to tell stories.

Age Motor

0-6
months

Social Verbal

Primitive reflexes are present at birth and 
all except the babinski reflex should 
disappear by 6 months (Moro, rooting, 
palmar; disappear in that order)
1 month: a baby should be able to briefly 
hold their head up
6 months: a baby should be able to sit 
without assistance, roll, bring their arms 
to midline, and transfer objects between 
hands

2 months: a baby 
should smile
6 months: Stranger 
anxiety may begin

4 months: turns head 
towards a sound or 
voice

7-12
months

10 months: Stands, developing a pincer 
grasp
12 months: Beginning to walk, points at 
objects

9 months: separation 
anxiety

9 months: Turns head 
to name and 
gestures, object 
permanence
10 months: beginning 
to say words

12-36
months

15 months: stack 2 blocks
18 months: climbs stairs, stack 4 blocks
20 months: able to eat using utensils 
24 months: runs, able to kick a ball
36 months: stack 6 blocks, walks up and 
down stairs with alternating feet

24 months: Parallel 
play (children play 
next to, but not with 
other children), 
moves away and 
returns to familiar 
people (parent). 
36 months: core 
gender identity is 
formed. 

24 months: speaking 
in 2 word sentences, 
vocabulary of about 
200 words
36 months: speaking 
in 3 word sentences. 
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While children differ in when they achieve different developmental milestones, the general time 
frames presented above are good for guiding assessment of developmental growth in children. 
Many pediatricians have parents complete Ages and Stages questionnaires to help guide their 
assessment of a child’s development. It is important to remember that these questionnaires may 
include asking parents to answer if a child can complete a task that they have never been asked 
to complete (for example, a child may not have blocks at home to stack). Asking follow-up 
questions and completing additional testing, if indicated, is important when assessing 
developmental milestones. 

In addition to the generalizations made above about childhood development, certain 
generalizations can be made about the changes that occur in older adults. These changes do not 
occur at a certain age, but if they are noted in an older adult, they are likely to be normal changes 
associated with aging (rather than a pathologic process). Changes in older adults include: 

• Sexual changes: men take longer to develop erections and have slower ejaculation and longer  
  recovery time between ejaculations. Women often develop vaginal dryness, thinning of the   
  vaginal epithelium, and vaginal shortening. 
• Sleep patterns: Decreased REM and slow-wave sleep, increased sleep onset latency, increased  
  early awakenings. 
• Decreases in function of: vision, hearing, immunity, renal, pulmonary, GI. Note, while organ   
  system function may decline slightly, the decline with normal aging is not enough to warrant   
  intervention (for example, dialysis from ESRD is not a change expected with age, but a slightly   
  increasing trend of creatinine, over years, is expected with age). 
• Decreased muscle mass, increased fat; redistribution of fat to more central areas.
• Memory: Changes with memory are a common reason for doctors visits. With age some   
  memory changes are normal (e.g. missing one monthly payment, forgetting the day of the   
  week and remembering it later, sometimes forgetting a word, losing things occasionally).   
  Memory changes are a medical concern when they impact a person’s function or instrumental  
  activities of daily living (e.g. forgetting many bills, getting lost, inability to manage finances if   
  they were the financial manager of their household). 
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As humans grow and reach developmental milestones, they also learn different behaviors (both 
beneficial and harmful). Understanding how behaviors are developed and reinforced is helpful 
when considering behavior change with the goal of decreasing or eliminating harmful behaviors. A 
behavior is a response or reaction to an object or event. Behaviors can be voluntary or involuntary. 
Behaviors can be learned (and re-learned) through a process called conditioning, a psychological 
theory in which responses to events can be learned. There are two main types of conditioning: 

• Classical conditioning: A natural (usually involuntary) response (behavior) is elicited by using
  a neutral stimulus. The classic example is Pavlov’s dogs: he conditioned them to salivate at the  
  sound of a bell by ringing the bell each time he fed them. They learned to associate the bell
  with food. 
• Operant Conditioning: A voluntary response (behavior) is either promoted or not promoted   
  through reinforcement or punishment. 

» Reinforcement: Can be positive or negative, but both promote a behavior.
   Positive: A desired behavior is promoted by rewarding the behavior when it occurs. Example:  
   Giving a child candy for completing a chore.
   Negative: A desired behavior is promoted by removing an unpleasant stimulus when the   
   behavior is completed. Example: A teacher decreases or eliminates a homework assignment  
   when children work hard and behave in class.  
» Extinction: When a behavior that has been learned is not reinforced, it will slowly decrease   
   (sometimes to the point of not occurring at all). 
» Punishment: Can be positive or negative, but both act to decrease an undesired behavior.   
   Positive: An undesired behavior is discouraged by adding an aversive stimulus. Example: A   
   child has to wash their mouth with soap after using foul language.
   Negative: An undesired behavior is discouraged by removing a reinforcing stimulus. Example:  
   A teen is not allowed to drive the family car after missing curfew. 

Reinforcement Punishment

Positive
(add stimulus) Add pleasant stimulus

to increase/maintain behavior
Add aversive stimulus
to decrease behavior

Negative
(remove stimulus)

Remove aversive stimulus
to increase/maintain behavior

Remove pleasant stimulus
to decrease behavior

Reinforcement vs Punishment Figure 1

A comparison of positive and negative reinforcement with positive and negative 
punishment; all are methods used to promote behavior change. 
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Depending on what occurs after a behavior is performed, a person may also learn habituation or 
sensitization. 

• Habituation: A non-associative learning process in which a person learns not to respond to a  
  stimulus (or has a decreased response to a stimulus), as it is not associated with reward or   
  punishment. Example: Not responding to loud background music. 
• Sensitization: A non-associative learning process in which a person learns to be more   
  responsive to a stimulus. Often seen in chronic pain (central sensitization) and trauma. In   
  chronic pain, even after the painful stimulus is removed, the patient may still perceive pain. 

There are common behaviors/mental processes that people display in response to various 
emotions, primarily stress and anxiety. These were first described by Freud, and are called the ego 
defense mechanisms (or just defense mechanisms). 

• Defense mechanisms: Conscious or unconscious thought processes or psychological   
  strategies that are used to resolve conflict and prevent adverse feelings (stress and anxiety). 

Defense mechanisms are commonly divided into immature defenses and mature defenses. 
People who are over-reliant on immature defense mechanisms typically have a poor 
understanding of reality and often are not well equipped to cope with reality. Mature defense 
mechanisms integrate conflicting thoughts and emotions to help a person have an effective 
emotional response; people who rely on mature defense mechanisms often have a strong 
understanding of reality and good ability to cope. Note: the defense mechanisms are divided 
differently in different classification schemes, here they are simply divided into mature and 
immature.

Immature defense mechanisms: 
• Acting out: Expressing an unconscious wish or impulse in an action without conscious   
  awareness of the emotion that drives the expressive behavior. Example: Inflicting self-injury   
  rather than processing and managing emotions. 
• Denial: Refusing to accept or acknowledge external reality because it is perceived as too   
  threatening. 
  Example: An alcoholic refuses to admit they have a drinking problem when confronted by their  
  friends and family about missing important obligations due to alcohol consumption. 
• Displacement: Transferring inappropriate urges or behaviors onto a more acceptable or less  
  threatening target. 
  Example: A man is angry at his brother, but instead of talking with his brother he yells at a waiter  
  at a restaurant.  
• Projection: Attributing unacceptable feelings, thoughts, or impulses to an external source or   
  person. 
  Example: A person dislikes their neighbor, but accuses the neighbor of disliking them. 
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• Dissociation: A temporary alteration in consciousness or identity to avoid emotional distress. 
  Example: An adult has no recollection of childhood abuse. 
• Fixation: Failure of certain aspects of emotional development to advance past a certain point. 
  Example: An adult with an oral fixation may continue to suck their thumb, or smoke cigarettes. 
• Regression: Involuntarily returning to a behavior pattern and maturational state that is      
  characteristic of an earlier stage of development. 
  Example: A child who was previously toilet-trained returns to bedwetting and not using the   
  toilet after a stressful event or stressful period (e.g. parental disagreements, new sibling is born,  
  etc.). 
• Idealization: Attributing exaggerated positive qualities to self or others and ignoring negative  
  qualities. 
  Example: A woman gloats about how good looking and funny her boyfriend is, but ignores the   
  fact that he is financially dependent on her because he is unable to get a job. 
• Identification: The unconscious modeling of one’s self upon another person’s character, traits,  
  and behavior. 
  Example: A simple example is a person starting to wear bowties because their idol wears   
  bowties. A deleterious example is Stockholm syndrome: when hostages develop an emotional  
  bond with their captors and may display the behaviors of their captors (e.g. a hostage   
  denouncing their previous life and joining their captor in negative behaviors). 
• Intellectualization: Avoiding the emotions of a situation or event by focusing on facts and   
  logic. 
  Example: A rape victim researches the statistics of where and when rape is most likely to occur    
  and which self-defense classes are most effective. 
• Isolation: Also called “isolation of affect”. Separating emotions from ideas and events. 
  Example: A medical student dissects a cadaver without thinking about death.   
• Passive aggression: Indirectly expressing aggression or demonstrating hostile feelings toward    
  another. 
  Example: An employee gets passed over for a promotion at work and rather than stating their  
  displeasure, shows up 5 minutes late to every meeting.  
• Rationalization: Explaining an unacceptable feeling or behavior using logical reasons to avoid  
  self-blame. 
  Example: A medical student is not offered an interview at a residency program they were   
  interested in, but then says they thought the program would not have been a good fit for them  
  anyways. 
• Reaction formation: Acting the opposite of an unacceptable impulse or feeling. 
  Example: A medical student acts overly friendly to an attending physician they dislike.  
• Repression: The involuntary blocking of thoughts, feelings, or impulses from consciousness. 
  Example: A child is physically abused; later in life they cannot recall the details of the abuse and  
  have difficulty forming interpersonal relationships. 
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• Splitting: Viewing oneself or others as entirely good or bad at different times without   
  considering any possibilities within the spectrum from good to bad.  
  Example: Commonly seen in borderline personality disorder. A patient says that all the   
  receptionists are the worst, but believes the nurses take the greatest care of the patient.  

Mature defense mechanisms: 
• Altruism: Managing stressful emotions by dedicating oneself to meeting the needs of others;   
  by being generous the person experiences gratification. Contrast with reaction formation. 
  Example: A major executive with a trust fund establishes a scholarship program for   
  underprivileged youth. 
• Humor: Managing emotional stressors by recognizing the amusing or ironic aspects of the   
  stressor. 
  Example: A medical student jokes about how to give good patient presentations on the wards.
• Sublimation: Transforming an unacceptable impulse into a socially acceptable action that is  
  also a more productive or effective way of managing the stressor. Compare with reaction   
  formation.
  Example: A musician uses a recent breakup as an opportunity to spur creativity in writing music;  
  a person with anger issues starts kickboxing to release energy. 
• Suppression: Intentionally blocking unpleasant feelings and experiences from conscious   
  awareness until there is a better time to manage them. 
  Example: An employee avoids thinking about the disagreement he had with his spouse before  
  work while he is at work. 
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ii. Changing behavior, whether further developing a beneficial behavior or stopping a deleterious  
     behavior, is an important topic in medicine and psychiatry. Unfortunately, it is not something   
     that medical and mental health providers are particularly good at, although it is widely studied.  
     Many models of behavior change exist, one that is commonly used is the Transtheoretical   
     model of behavior change. This model is especially highly referred to when discussing addiction.  

• Transtheoretical model of behavior change: Behavior change is based on the   
  decision-making of the individual who may make the change (if they are ready) and is a   
  cyclical process. The process includes 6 possible stages, in each a different intervention will   
  be most effective. 

1. Precontemplation: In this stage the person is not ready to change. They are unaware that  
   their behavior is a problem, do not understand or recognize the pros and cons of stopping  
   the behavior, and are unlikely to make changes in the immediate future (6 months). In this  
   stage it is not beneficial to strongly counsel a person about change because they will be   
   resistant; recognizing the behavior as a problem for the person, stating that the   
   therapist/medical provider can help them change when they are ready, and then moving  
   on is the best technique.
2. Contemplation: The person recognizes the pros and cons of a behavior and begins to   
   develop an intention to change the behavior, acknowledging that the behavior is a   
   problem. However, they still may be ambivalent towards behavior change.  
3. Preparation/Determination: The person is ready to make an effort to change behaviors   
   within the next 30 days. 
4. Action/willpower: The person has recently made a behavior change and intends to   
   continue with the behavior change. 
5. Maintenance: The person has sustained the behavior change for at least 6 months and   
   intends to maintain the behavior change moving forward. 
6. Relapse: This does not always occur, but can if the person returns to old behaviors and   
   gives up on any changes they have made. 
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Stages of Change Figure 2

The 6 stages of the transtheoretical model of behavioral change. 

To assist with behavior change, manage issues related to mental health disorders, and help 
people relieve or heal emotional or mental stress, a person may seek out therapy. There are many 
different kinds of therapy, several of the commonly used modes of psychotherapy are listed below 
with a note to particular disorders they have been shown to be effective at treating. 

• Behavioral therapy: Employs a range of techniques based on learning theory to help patients  
   learn to identify and change maladaptive thoughts, behaviors, and feelings. 
   Uses: One type, desensitization, is commonly used to treat fears and phobias. Another type,   
   aversion, is commonly used to treat sexual deviations and alcoholism. 
• Cognitive behavioral therapy: A psycho-social intervention aimed at helping patients to   
   identify, challenge, and change unhelpful behaviors, emotions, and coping strategies with the  
   goal of improving emotional control/regulation and developing coping strategies. 
   Uses: Commonly used in treatment of anxiety disorders, OCD, eating disorders, and depression. 
• Dialectical behavioral therapy: Helps patients learn to recognize triggers that lead to reactive  
   states and then identify and implement appropriate coping strategies to avoid undesirable   
   actions.
   Uses: First developed to treat borderline personality disorder; also used to treat mood disorders  
   and suicidal ideation/severe depression.
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• Interpersonal therapy: A highly structured, time-limited (12-16 weeks) approach that is based  
  on the idea that moods affect relationships and then those relationships in turn further affect   
  moods. Aimed at improving interpersonal relationships by identifying distorted thinking and   
  moods or emotions that are affecting relationships. 
  Uses: Primarily used in treating depression; sometimes used to treat substance use disorders,   
  bipolar, and eating disorders. 
• Supportive therapy: Used as an initial treatment approach that employs supportive   
  psychotherapy (encouragement, positive emotions, etc.) to reduce or relieve the intensity of   
  distress or disability. This approach helps to develop a therapeutic alliance that can be built on  
  as additional therapy modes are used. 
  Uses: Bulimia nervosa, stress.  

Another type of therapy that is not a type of psychotherapy, but one that is often used in 
treatment of psychological disorders is electroconvulsive therapy. 

• Electroconvulsive Therapy: Primarily used for treatment-resistant depression, depression   
  with psychotic symptoms, depression with catatonia, and acute suicidality. The procedure is  
  done under general anesthesia, then electrical currents are applied to the brain to produce a  
  grand mal seizure. This seizure is believed to change brain chemistry and improve the   
  patient’s mental status. Often multiple (6-12) treatments are completed. Some adverse effects  
  include temporary disorientation, headache, amnesia. ECT is safe during pregnancy. There is  
  some stigma associated with ECT, as historically it was completed without anesthesia. Current  
  protocols are widely regarded as both safe and effective. 

Between every patient and provider, there is a provider-patient relationship. For these to be 
healthy, each person should feel supported, heard, and the patient should feel comfortable 
sharing what is often intimate information about themselves. Because people have different 
personalities, not every patient-provider relationship is a good match. In mental health 
relationships between patients and therapists it is important that the patient feels a connection 
with their provider, as therapeutic trust is critical for successful therapy. Sometimes patients may 
have to meet with several different therapists before they find one they like and trust; this is not a 
repudiation of the providers they choose not to continue with, but a simple reflection of different 
personalities and styles. 
Relationships between patients and providers also may be influenced by either person’s feelings 
about other people they know; this phenomenon is defined as transference and 
countertransference. 

• Transference: A patient redirects their feelings about another person onto their provider (e.g.  
  therapist, physician, psychiatrist). 
• Countertransference: A provider redirects feelings about another person onto the patient. 
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Client-Therapist relationship Figure 3

THERAPISTCLIENT

Countertransference
The Therapist’s strong
emotional reactions to a Client

Transference
A Client’s carryover of feelings
from past relationships into
the Client-Therapist relationship

 The relationship and differences between countertransference and transference. 

Transference and countertransference are not necessarily problematic; people do not live in 
vacuums, so it is expected that patient-provider relationships are influenced to a small degree 
by the relationships and feelings the patient or provider has with other people. However, 
transference and countertransference can become problematic when they affect the 
therapeutic relationship. For example, if the patient was defiant and reminded the therapist of 
their child so that the therapist became more controlling, this could harm the therapeutic 
relationship.
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2. Behavioral and Mental Health Disorders
Objectives

Describe the different groups of mental health disorders.

Differentiate disorders based on onset in childhood or adulthood.

Describe the characteristic signs and symptoms required for diagnosis of the key mental health 
disorders in each group of disorders. 

a.  Early childhood experiences with lifelong consequences
The original Adverse Childhood Events (ACE) study was completed from 1995-1997 and was 
designed to study the experience of certain adverse events in childhood (for example, abuse, 
neglect, household problems such as hunger or substance abuse by a parent) and later in life 
negative outcomes in health and well-being. The study (and many additional studies since the 
original) found a strong association between childhood adverse events and negative health 
outcomes. Because childhood development is so important for lifelong success and health, and 
because physicians are mandatory reporters (of abuse or neglect) it is important for medical 
providers to recognize signs of possible mistreatment. 

• Infant deprivation: An infant is not given proper food, warmth, affection or emotional support.  
  Infants can develop lifelong problems secondary to deprivation including failure to thrive, lack  
  of trust, poor language and socialization skills that can lead to disinhibited social engagement  
  or reactive attachment disorder. In severe cases death may result. Deprivation for over 6       
  months can lead to irreversible changes in cognition and coping skills. 
• Disinhibited attachment disorder: Also referred to as disinhibited social engagement. A   
  disorder in which children will approach, interact, and be overly familiar with unfamiliar adults  
  without hesitation.
• Reactive attachment disorder (RAD): Occurs when infants or children do not form a secure  
  and healthy emotional bond with their primary caregivers. Children with RAD often show a   
  limited range of emotions, avoid eye contact, have poor anger management skills, and have  
  trouble with interpersonal relationships. 

»

»

»
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• Child abuse: Abuse can be physical, sexual, or emotional. Among children who are physically  
  abused, it is most deadly in children under 1 year of age; the majority of deaths from physical  
  child abuse occur in this age group. Sexual abuse most frequently occurs in 9-12-year-old   
  children. Signs of each type of abuse are included below and should be considered in context  
  with other factors by medical providers to determine if abuse is a concern. 

» Physical: Subdural hemorrhage, retinal hemorrhage, injuries that are inconsistent with the   
  stated mechanism of injury or developmental stage (e.g., fell from the bed but has a   
  subdural hemorrhage, or fell from a bed when they are not yet able to roll over), injuries in   
  different stages of healing, forced immersion burn pattern that spares flexural areas. 
» Sexual: Trauma of the mouth or genitals, infections (including sexually transmitted and   
  urinary tract), sexual knowledge or play that is more advanced than the child’s age. 
» Emotional: Children may develop disinhibited attachment disorder or reactive attachment  
  disorder, poor emotional control (overly aggressive, sad, anxious), poor interpersonal skills,   
  distancing from others, vague somatic symptoms without apparent cause. 

• Child neglect: A child is not given adequate food, shelter, supervision, access to education,   
  and emotional support. The child may have signs of malnutrition, poor hygiene, unusual   
  behaviors of hoarding items that they can procure (e.g., hiding food), and poor interpersonal  
  skills. 
• Vulnerable child syndrome: A child is perceived by their caregivers to be at higher risk for   
  medical, behavioral, or developmental problems than is warranted by their actual state of   
  health. Most commonly occurs in children who have survived a serious or life-threatening   
  event or who have a chronic medical condition. These children often have excessive   
  interactions with the medical system and may miss school frequently. 
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b. Disorders with Childhood Onset
Although presented below as separate, easily distinguishable disorders, these disorders (and 
many psychological disorders) have a fair amount of overlap and many co-occur (for example 
ADHD and oppositional defiant disorder). This can be frustrating for patients and families who 
may receive many different diagnoses; offering reassurance and explanation that disorders 
share many characteristics and it sometimes takes time for the full array of symptoms to 
develop is important in building therapeutic trust. 
Additionally, many people without a mental health disorder may have some characteristics 
consistent with a disorder; in general, in order to have a mental health disorder, the symptoms 
must be severe enough to interfere with a person’s daily functioning (exceptions are noted). 

• Attention-deficit Hyperactivity Disorder (ADHD): Children have a persistent pattern of   
  inattention, hyperactivity, and/or impulsivity that interferes with their functioning or   
  development. Must have 6 or more symptoms of inattention and 6 or more symptoms of   
  hyperactivity/impulsivity (e.g., fails to pay close attention to details in work, has difficulty   
  sustaining attention, does not listen when spoken to directly, easily distractible, fidgets (to a   
  point it interferes in functioning), runs/climbs at inappropriate times, unable to be quiet,   
  cannot wait for their turn). Symptoms must interfere with functioning and be present before   
  age 12 in two or more settings (for example, home and school). Children have normal   
  intelligence.
  Treatment: stimulants (methylphenidate), non-stimulants (atomoxetine, guanfacine,   
  clonidine), behavioral therapy. 
• Autism Spectrum Disorder (ASD): Children have persistent deficits in social communication  
  and interaction and restricted or repetitive patterns of behavior; common manifestations   
  include: limited range of emotions, poor eye contact, limited response or exhibition of body   
  language, inflexible to changes in routine, repetitive hand flapping, toe walking, and hyper- or  
  hypo- reactivity to sensory input. 4:1 prevalence in boys:girls, associated with increased   
  cerebral volume (and therefore head size). 
• Specific Learning Disorder: Problem grasping concepts in one or more different subjects   
  (math, reading, writing) for at least 6 months despite focused intervention. Intelligence is   
  normal. For example, dyslexia.
  Treatment: academic support (e.g., from a speech language pathologist). 
• Intellectual Disability: A neurodevelopmental disorder with childhood onset characterized by  
  intellectual difficulties in conceptual, social, and practical areas of living including problem   
  solving, reasoning, planning, abstract thinking, judgement, and academic and experiential   
  learning. There are four levels of severity, from mild to profound; people with profound   
  disability cannot live independently and need help with activities of daily living. Clinical   
  evaluation and IQ testing must be completed. 
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• Conduct Disorder: A repetitive and persistent pattern of behavior in which a child violates   
  societal norms or the basic rights of others. Children with conduct disorder may be   
  aggressive towards people and animals, destroy property, lie, steal, break laws. After age 18   
  children with conduct disorder are reclassified to antisocial personality disorder. Risk factors  
  include child abuse, neglect, and trauma.
  Treatment: CBT. 
• Oppositional Defiant Disorder: Children display a pattern of angry/irritable mood and   
  argumentative/defiant behavior or vindictiveness. Symptoms must last at least 6 months.   
  Behavior can be directed towards anyone (often towards authority figures) and must include  
  at least one person who is not a sibling. Risk factors include lower-than-average intelligence,  
  neglect, and abuse.
  Treatment: CBT.
• Separation Anxiety Disorder (SAD): Fear or anxiety due to separation from parent/guardian  
  or home that lasts over 4 weeks and is not consistent with developmental stages (separation  
  anxiety is normal from as early as 5 months to about 2-3 years of age). Children may have   
  anticipatory fear prior to separation and may fear something bad happening to a family   
  member if they are separated. Children with SAD may refuse to go to school by complaining  
  of various, vague non-somatic symptoms. 
• Tourette Syndrome: A nervous system condition in which people display motor or vocal tics  
  (sudden, repetitive, nonrhythmic movements) for at least 1 year. Tics are often very difficult for  
  the person to control. Onset is before age 18. The most commonly popularized tic is the   
  utterance of obscene words (copralalia), which actually has a low prevalence. Associated   
  with OCD and ADHD. Treatment depends on the severity of the tic and how distressing it is to  
  the patient.
  Treatment: behavioral therapy, antipsychotics (fluphenazine, risperidone, haloperidol),    
  tetrabenazine, and alpha-2-agonistis. 
• Disruptive Mood Dysregulation Disorder: Characterized by severe, recurrent temper   
  outbursts out of proportion to the inciting event. Children with DMDD will be angry, sad, or   
  irritable most days (between outbursts). Mood disruption interferes with a child’s ability to   
  function at home or at school. A child must be at least 6 to make a diagnosis, symptoms must  
  have started before age 10, and symptoms must be present for at least one year.
  Treatment: CBT, stimulants, antipsychotics. 
• Selective Mutism: A severe anxiety disorder with onset before age 5 years and symptoms   
  lasting at least 1 month, characterized by an inability to speak in certain social situations. While  
  development is unimpaired, social and academic tasks may be hindered.
  Treatment: Therapy (behavioral, play, and family), SSRIs.
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c. Disorders Affecting Orientation
Orientation is the capacity to recognize oneself and to be aware of the reality of the time, place, 
and person that one is speaking with. Many different psychological disorders include loss of 
orientation, also head trauma, infection, metabolic disturbances, and drugs/alcohol can disrupt 
orientation. When orientation is lost, it typically progresses from loss of time, to loss of place, and 
finally to loss of self (orientation to person). 

• Amnesia: A partial or total loss of memory. May be retrograde (inability to remember events  
  that occurred before a CNS insult), or anterograde (inability to form new memories after a   
  CNS insult). 

» Dissociative amnesia: A dissociative fugue occurs when a person experiences a traumatic  
  event and then abruptly loses their personal identity, travels or wanders away from home,       
  and does not recall previous life events. 
» Korsakoff Syndrome: Results from long-term vitamin B1 deficiency leading to destruction of  
  the mammillary bodies and causing anterograde (more so than retrograde) amnesia as   
  well as confabulation (presenting false information that the person believes to be true). This  
  is the late complication of Wernicke encephalopathy (seen in alcoholics) and is irreversible. 

• Dissociative Disorders
» Depersonalization/derealization disorder: Experiencing persistent or recurrent feelings of  
    being dissociated from one’s body, mind, feelings, sensations (called depersonalization);   
   the person feels like they are an outside observer of their life. May also be experienced as   
   derealization, a feeling of detachment from surroundings (people, objects). Often   
   experienced in episodes after a traumatic or highly emotional event. 
» Dissociative identity disorder (previously ‘multiple personality disorder’): A mental   
   disorder characterized by the maintenance of at least two distinct and relatively enduring  
   personality states; when the person changes personalities, there are large memory gaps   
   (more significant than ordinary forgetfulness). There is a strong association with severe   
   childhood trauma and it is more often seen in women. 
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• Delirium: Characterized by confusion, decreased awareness of the environment,   
  hallucinations (often visual), illusions, and sleep disturbances. Mental status is classically   
  noted to be “waxing and waning”; for example, in the day a patient may be alert and oriented,  
  then in the evening they become agitated and confused. Onset is rapid (usually hours). Most   
   commonly occurs secondary to another medical condition (medications, infection,   
  substance abuse/withdrawal, metabolic abnormality, urinary dysfunction); an EEG will show   
  diffuse slowing. This is the most common cause of altered mental status in hospitalized   
  patients.
  Treatment: treat underlying condition, encourage normal sleep-wake cycle, encourage   
  visits from known family/friends, use antipsychotics sparingly.

» Hallucinations: The apparent perception of something not present. May include any of the  
   senses: visual (commonly seen in medical illness), auditory (commonly seen in psychiatric  
   illness), olfactory (commonly seen in temporal lobe disorders), gustatory (seen in epilepsy),  
   tactile (commonly seen in stimulant use and alcohol withdrawal). May also be hypnagogic  
   (when going to sleep), or hypnopompic (when waking from sleep). 
» Illusions: The misperception of a real stimulus.

• Dementia: Characterized by a decline in cognitive function including memory, executive   
  functioning (planning, attention, multitasking, following instructions), and social skills that   
  interferes with ability to live life (inability to complete activities of daily living, and/or   
  instrumental activities of daily living). Unlike delirium, consciousness is unchanged, onset is   
  slow and gradual (usually years), and consistent (not waxing and waning). Vocabulary used to  
  describe deficits (not specific to dementia): 

» Apraxia: inability to perform certain purposeful actions. 
» Aphasia: loss of ability to understand or express speech.
» Agnosia: Inability to recognize sensory stimuli. 

There are both reversible and irreversible causes of dementia.
• Reversible: hypothyroidism, depression, vitamin deficiency (B1, B3, B12), normal pressure   
  hydrocephalus, Wilson’s disease, neurosyphilis. A complete workup for dementia should rule  
  out all reversible causes.
• Irreversible: Alzheimer disease, Lewy body dementia, Huntington disease, frontotemporal   
  dementia (Pick disease), Creutzfeldt-Jakob disease, chronic substance   
  abuse, HIV. 
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Delirium vs Dementia Figure 4

A comparison of the characteristic findings in delirium and dementia.

Features Delirium Dementia

Attention Disturbed Often good until advanced stages

Awareness Impaired

Rapid, fluctuating

More fixed

Often clear until advanced stages

Course Gradual deterioration

Delusions Often short-lived or changing

Duration Hours to weeks Months to years

Memory Poor working memory and immediate recall Poor short-term memory

Onset Acute Insidious

Sleep Fragmented Sleep-wake reversal

Problems in finding wordsSpeech Incoherent, rapid/slowed
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d. Schizophrenia Spectrum and Other Psychotic Disorders
Psychosis is when thoughts and emotions are impaired so severely that a person loses contact 
with reality. Characterized by hallucinations, delusions, disorganized thoughts and speech (when 
words or phrases are disjointed, loosely associated, entirely random, or incoherent. 
Delusions are peculiar beliefs or impressions that are firmly maintained despite contradictory 
facts and are in contrast with a person’s culture or religion. 

• Delusional Disorder: A person firmly maintains at least one false belief system for at least one  
  month without impairment to daily functioning. For example, a person believes they are   
  related to royalty from a little-known country. 
• Schizophrenia: A chronic disorder characterized by the disruption of thoughts and behavior,  
  and periods of psychosis. Diagnosis requires symptoms be present for over 6 months,   
  symptoms must interfere with social or occupational function, and the presence of at least 2  
  of the following symptoms (one must be point 1, 2, or 3): 

1.  Delusions
2. Hallucinations
3. Disorganized speech
4. Disorganized behavior or catatonic behavior
5. Negative symptoms [flattened affect, anhedonia (inability to feel pleasure), alogia (poor  
    speech that develops from impaired thinking), avolition (lack of motivation)]. 

The prevalence of schizophrenia is approximately 1% in the population, with men and women 
equally affected. Symptoms typically begin in late adolescence to early twenties (later for 
women). Findings: ventriculomegaly on brain imaging, associated with increased 
dopaminergic activity but decreased dendritic branching. Treatment: Counseling against 
suicide (patients are at high risk for suicide), atypical antipsychotics (e.g., risperidone). Negative 
symptoms may persist after treatment. 
• Brief Psychotic Disorder: Similar diagnostic criteria as schizophrenia, but with symptoms   
  lasting one month or less.
• Schizophreniform Disorder: Similar diagnostic criteria as schizophrenia, but with symptoms  
  lasting from one to six months.
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Distinguishing Schizophrenia from Related Disorders by Timeframe Figure 5

Symptom
Duration

Brief Psychotic
Disorder
< 1 month

Schizophreniform
Disorder
1-6 months

Schizophrenia
> 6 months

Differentiating brief psychotic disorder, schizophreniform and schizophrenia based 
on symptom duration.

• Schizoaffective Disorder: Patient meets criteria for schizophrenia in addition to a major   
  mood disorder (manic or depressive). Distinguished from major depressive disorder with   
  psychotic features by the presence of at least 2 weeks of hallucinations or delusions without  
  mood disturbance. 
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e. Bipolar and Mood Disorders
In distinguishing mood disorders, it is important to be aware of the time frame of symptoms 
required for diagnosis. 
Manic Episode: At least one week (or any duration if hospitalization is required) of elevated, 
expansive, or irritable mood and increased activity that results in severe social impairment; the 
patient often finds their behaviors bothersome. Diagnostic criteria: 3 or more of the following (4 if 
the mood is only irritable): distractibility, irresponsibility (disregard for consequences of actions), 
grandiosity (inflated self-esteem), flight of ideas (racing thoughts), activity increase 
(goal-directed activities, psychomotor activity), sleep (decreased need for sleep), talkative 
(pressured speech); often remembered with the mnemonic DIG FAST. 
Hypomanic Episode: Identical to manic episode, but with symptoms lasting at least 4 
consecutive days, and mood disturbance does not cause severe impairment. 

• Bipolar I Disorder: The patient has met the diagnostic criteria at least once for manic   
  episode, which may be preceded or followed by hypomanic or major depressive episodes.   
  Patients have a high risk for completing suicide. Treatment: mood stabilizers (lithium,   
  valproate, carbamazepine, lamotrigine), atypical antipsychotics. Note: be aware of using   
  antidepressants, as they can precipitate a manic episode. 
• Bipolar II Disorder: The patient has met the diagnostic criteria at least once for hypomanic   
  episode and once for depressive episode. Treatment: mood stabilizers (lithium, valproate,   
  carbamazepine, lamotrigine), atypical antipsychotics. Note: be aware of using   
  antidepressants, as they can precipitate a manic episode.  
• Cyclothymic Disorder: The patient alternates between periods of mild depression and   
  hypomania; symptoms must be present for at least 2 years. 

Distinguishing Bipolar I, II, and Cyclothymia Figure 6

TimeEuthymia

Hypomania

Mania

Mild depression

Major depression

Bipolar I

Bipolar II

Cyclothymia

Distinguishing bipolar I disorder, bipolar II disorder and cyclothymia. 
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• Major Depressive Disorder: The patient experiences episodes of at least 5 out of 9 symptoms  
  for at least two weeks (the symptoms must include depressed mood or anhedonia).   
  Symptoms: depressed mood, sleep disturbance, loss of interest, guilt or worthlessness, energy  
  loss, concentration difficulties, appetite changes, psychomotor retardation or agitation,   
  suicidal ideation; often remembered with the mnemonic SIG E CAPS. Sleep disturbances   
  include: decreased slow-wave sleep and REM latency; increased REM in early sleep cycle and  
  total REM; repeated awakening; early-morning awakening.
  Treatment: CBT and SSRIs (first line), SNRIs, mirtazapine, bupropion, ECT for treatment-resistant  
  depression. 

» Atypical Depression: A subtype of major depressive disorder in which atypical features are  
  seen. These include mood reactivity (improving mood in response to actual or potential   
  positive events), and at least two of the following: significant weight gain or increase in   
  appetite, hypersomnia, leaden paralysis, long-standing pattern of interpersonal rejection   
  sensitivity that results in social or occupational impairment.
  Treatment: CBT and SSRIs. 

• Persistent depressive disorder (Dysthymia): Depressed mood for most of the day and on   
  the majority of days for at least two years with at least two of the following during the same   
  period: poor appetite or overeating, insomnia or hypersomnia, low energy, low self-esteem,   
  impaired concentration, hopelessness. 
• Premenstrual Dysphoric Disorder: The presence of at least 5 of the following symptoms   
  during the majority of menstrual cycles in the final week before menstruation begins (with   
  resolution or decrease between menses): mood lability, marked irritability, depressed mood,  
  anxiety, decreased interest in activities, difficulty concentrating, lethargy, change in appetite,  
  hypersomnia, physical symptoms such as breast tenderness or bloating. The symptoms must  
  cause significant distress and interfere with functioning.
• Postpartum Mood disturbances

» Blues: Characterized by depressed mood, tearfulness, and fatigue. Onset is within 2-3 days  
  postpartum and duration is less than 10 days. The majority (80%) of women experience   
  postpartum blues.
  Treatment: Supportive. 
» Depression: Characterized by depressed mood, anxiety, and poor concentration with   
  moderate to severe disruption of life. Onset is usually within the first month postpartum but  
  may occur up to one year postpartum and duration is at least 2 weeks. 5-10% of women   
  experience postpartum depression.
  Treatment: CBT and SSRIs (sertraline and paroxetine are safe when breastfeeding).
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f. Anxiety Disorders
• Specific Phobia: An intense and irrational fear or anxiety of a certain object or situation that is  
  out of proportion to the actual danger posed by the object or situation and is present for at   
  least 6 months.
  Treatment: Behavioral Therapy (specifically, desensitization therapy). 
• Social Anxiety Disorder: Characterized by intense fear or anxiety about one or more social   
  situations in which the person is exposed to possible scrutiny by others and fears they may be  
  negatively evaluated. The fear or anxiety is out of proportion to the actual threat of the   
  situation. The person avoids social situations or endures them with significant fear or anxiety.  
  Symptoms are present for at least 6 months.
  Treatment: SSRIs, venlafaxine, CBT, SNRIs. For intermittent symptoms/performance only   
  symptoms (e.g. public speaking): benzodiazepines or beta blockers. 
• Agoraphobia: An intense fear or anxiety about two or more of the following situations: using  
  public transportation, being in open spaces, being in enclosed spaces (e.g., shops), standing  
  in line or being in a crowd, being outside the home alone. There is an association with panic   
  disorder.
  Treatment: CBT, SSRIs. 
• Panic Disorder: Experiencing recurrent, unexpected panic attacks (abrupt surges of fear or   
  intense discomfort that peak within 10 minutes) and include at least 4 of the following   
  symptoms: palpitations, sweating, trembling, chills, paresthesias, dissociation   
  (depersonalization or derealization), nausea, intense fear of dying or losing control, heat   
  sensations, shortness of breath, feeling of choking, chest pain, and dizziness.
  Treatment: SSRIs, venlafaxine, benzodiazepines. 
• Generalized Anxiety Disorder: Excessive anxiety (fear/worry) about a variety of topics, events,  
  or activities (but not one specifically) that is present the majority of time for at least 6 months.  
  The worry is difficult to control and is accompanied by at least 3 of the following symptoms:   
  restlessness, easy fatigue, impaired concentration, irritability, increased muscle   
  soreness/weakness, difficulty sleeping.
  Treatment: CBT, SSRIs, SNRIs. Second line options include buspirone, TCAs, and benzodiazepines. 

» Psychosis: Characterized by mood congruent delusions, hallucinations, and thoughts of   
  harming the baby or oneself. Approximately 0.1-0.2% of women experience postpartum   
  psychosis and of those women there is a 5% suicide rate and 4% infanticide rate. Risk factors  
  include history of bipolar or psychotic disorder and a personal or family history of   
  postpartum psychosis.
  Treatment: Immediate hospitalization, initiation of atypical antipsychotic, escalation to ECT
  if treatment resistant. 



279P S Y C H I A T R Y

g. Obsessive-Compulsive and Related Disorders
• Obsessive Compulsive Disorder: The presence of obsessions, compulsions or both which are  
  time consuming (over an hour per day) or cause clinically significant distress or impairment in  
  functioning. The obsessions or compulsions are ego-dystonic (the patient realizes the   
  actions/thoughts are distressing, unacceptable or inconsistent with their self-concept).     
  Treatment: CBT (exposure and response prevention therapy), SSRIs, venlafaxine, clomipramine. 

» Obsessions: recurrent, persistent thoughts, urges, or impulses that are intrusive, unwanted,  
   and cause stress. 
» Compulsions: Repetitive behaviors or mental acts that an individual feels driven to perform  
   in response to an obsession; by performing the acts the individual feels a reduction in   
   anxiety or stress or feels they have avoided a dreaded situation. The acts are not   
   connected in a realistic way with what they are believed to prevent or are clearly excessive. 

• Trichotillomania: A compulsive disorder in which one compulsively pulling out their own hair  
  to the point of causing bald spots and distress about the behavior. Prevalence is 0.5-2% in the  
  general population, highest incidence among children. Treatment: psychotherapy. 
• Body Dysmorphic Disorder: Preoccupation with one or more nonexistent or slight defects or  
  flaws in one’s physical appearance that leads a person to perform repetitive, compulsive   
  behaviors in response to their appearance concerns (mirror checks, skin picking, changing   
  clothes). These concerns and behaviors consume a significant amount of time (over 1 hour   
  total daily) and leads to clinically significant distress or impairment in social or occupational  
  functioning and may lead the person to seek cosmetic treatment.
  Treatment: CBT. 
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h. Trauma and Stressor-Related Disorders
• Post-Traumatic Stress Disorder (PTSD): Exposure to actual or threatened death, serious   
  injury, or sexual violence directly or as a witness and then experiencing one or more   
  psychologic symptoms associated with the traumatic event, beginning after the event   
  occurred. Psychological symptoms include distress (psychological or physiological) from   
  events that resemble the stressor, intrusive symptoms (recurrent memories, nightmares,   
  flashbacks), avoidance of stimuli associated with the trauma, negative thoughts or moods   
  associated with the trauma. Symptoms must last for one month or more and lead to   
  significant distress or impaired social or occupational functioning.
  Treatment: CBT, SSRIs, venlafaxine, prazosin (for nightmares). 
• Acute stress disorder: Similar to PTSD, but shorter duration. A person experiences a traumatic  
  stressor (to themselves or witnessed to another), then experiences symptoms of intrusion,   
  negative mood, dissociation, avoidance, or arousal that last between 3 days and 1 month.   
  Treatment: CBT. 
• Adjustment Disorder: The development of emotional or behavioral symptoms in response to  
  an identifiable stressor and developing within 3 months of the onset of the stressor. Distress is  
  out of proportion to the severity of the stressor and causes impairment in social or   
  occupational functioning. Treatment: CBT; if unresponsive, antidepressants and anxiolytics. 

i. Somatic Symptom and Related Disorders
A somatic symptom is a physical symptom (pain, weakness, etc.); in somatic symptom disorders 
people become excessively focused on one or more somatic symptoms which develop into 
major distress or problems with social or occupational functioning. The symptoms may be 
intentionally developed or be present unintentionally (intention of symptom development can be 
helpful in distinguishing between disorders). 
• Malingering: The intentional production of false or very exaggerated physical or psychological  
  problems from which the patient will derive some secondary external benefit (for example,   
  avoiding military duty or work, or obtaining financial compensation). Malingerers demonstrate  
  poor compliance with treatment, and stop complaining about their illness after receiving the   
  external benefit. 
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• Factitious Disorder (on self or on another): Intentional production of physical or psychological  
  signs or symptoms or induction of injury or disease performed with the purpose of assuming a  
  sick role. There is a willingness to undergo many tests and procedures. Unlike malingering, there  
  is no secondary gain, but there is primary gain (which comes from gaining attention and   
  sympathy for being ill or injured). 

» On self: The person inflicts injury or illness on themselves. More common in women and   
   healthcare workers. Formerly called Munchausen syndrome. Example: injecting contaminated  
  fluid into skin to cause abscesses. 
» On others: The person inflicts injury or illness on another (usually a child or elderly patient).   
  This is a form of abuse. Formerly called Munchausen by proxy. Example: Insisting a child has   
  constant headaches and must be hospitalized many times, often leading to invasive   
  procedures (for example, neurosurgery). During all hospitalizations the caregiver (the patient  
  with factitious disorder by proxy) is present in the hospital and overly-involved in care.

• Somatic Symptom Disorder: One or more somatic symptoms that are not intentionally   
  produced and are distressing to the patient or result in disruption of daily life. Excessive and   
  persistent thoughts and anxiety occur about the symptoms and time and energy devoted to   
  the symptoms.
  Treatment: psychotherapy and reassurance at frequent office visits. 
• Illness Anxiety Disorder: Preoccupation with having or acquiring a serious illness for at least 6  
  months. Patients will have either no or minor somatic symptoms. Excessive time and energy is  
  spent worrying about illness or performing excessive health-related behaviors. May be   
  care-seeking or care-avoidant type; in care-seeking they will visit the physician frequently and  
  undergo many tests and procedures. 
• Conversion Disorder (functional neurological symptom disorder): One or more symptoms of  
  altered voluntary motor or sensory function with clinical findings of the symptom inconsistent   
  with recognized neurological or medical conditions. The patient does not intentionally produce  
  symptoms. Symptoms often develop after an acute (often traumatic) stressor. 

Somatic Symptom Disorders Figure 7

Suspicious Symptoms or Complaints

Conscious attempt Unconscious attempt

Primary gain
(chief goal is psychological)

Secondary gain
(chief goal is external)

Factitious disorder Malingering Somatoform disorders

• Imposed on self
(Munchausen syndrome)
• Imposed on another
(Munchausen by proxy)

• Somatization disorder
• Conversion disorder
• Hypochondriasis

Distinguishing disorders with suspicious or vague symptoms that may not 
correspond with established medical syndromes
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j. Eating Disorders
• Avoidant/Restrictive Food Intake Disorder: An eating or feeding disorder characterized by an  
  apparent lack of interest in eating or food or avoidance of food. The aversion is based on the   
  characteristics of food or aversive consequences of eating that results in failure to meet   
  appropriate nutritional needs (evidenced by weight loss, nutritional deficiency, failure to grow,  
  dependence on supplements, interference with psychosocial functioning). Unlike anorexia, the  
  behavior is not driven by a disturbance in the way the person’s body weight or shape is   
  perceived. 
• Anorexia Nervosa: Restriction of energy intake relative to requirements due to intense fear of   
  gaining weight or becoming fat that leads to low body weight (BMI<17.5). Can be   
  binge-eating/purging type or restricting type.
  Treatment: psychotherapy, nutritional rehabilitation, antidepressants (SSRIs). 
  Complications: Refeeding Syndrome: When malnourished patients suddenly increase energy   
  intake, the sudden increase in insulin can cause decreased phosphate, potassium and   
  magnesium which cause severe cardiac complications, rhabdomyolysis, and seizures.   
  Nutritional rehabilitation must be done gradually. 
• Bulimia Nervosa: Recurrent episodes of binge eating (eating a larger amount of food during a  
  period of time than most people would eat and lack of control when binge eating), followed by  
  inappropriate compensatory behavior to prevent weight gain (e.g., self-induced vomiting).   
  Episodes occur on average at least once a week for three months. Unlike anorexia nervosa, BMI  
  is normal or increased. Patients may have parotid gland enlargement, dental enamel erosion,  
  metabolic alkalosis (from vomiting), or callouses on dorsal hand surfaces (Russell’s sign) from   
  self-induced vomiting.
  Treatment: psychotherapy, nutritional rehabilitation, antidepressants (SSRIs). Contraindicated:   
  Bupropion (due to seizure risk). 
• Binge-eating Disorder: Recurrent episodes (at least once per week for 3 months) of binge   
  eating without compensatory behavior, but with distress regarding eating behavior.   
  Over-eating episodes are associated with three or more of the following: eating more rapidly   
  than normal, eating until uncomfortably full, eating large amounts when not hungry, eating   
  alone due to embarrassment, feeling guilty about eating. Most common eating disorder, with   
  high risk of developing diabetes mellitus.
  Treatment: psychotherapy, antidepressants (SSRIs),  lisdexamfetamine
• Pica: Persistent eating of nonnutritive, nonfood substances for at least 1 month. Eating behavior  
  is inconsistent with the person’s developmental level and cultural norms. Associated with   
  malnutrition and iron deficiency anemia.
  Treatment: psychotherapy, nutritional rehabilitation, antidepressants (SSRIs). 
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k. Sleep Disorders 

Stages of sleep Figure 8

4 Stages
of Sleep

5%

50%

30%

15%

NREM (Alpha waves)
• Lightest Stage of Sleep
• When you initially fall asleep

NREM (Theta waves)
• Bruxism
• When you start to lose 
  awareness of environment
• Sleep spindles, K-complexes 

NREM (Delta waves)
• Deepest non-REM sleep
• Sleep walking, night terrors
  and bedwetting
• Low frequency waves with
  high amplitude 

REM (Beta waves)
• Active brain (increased use of oxygen),
  eye movements, loss of motor tone
• Penile/clitoral tumescence

• Every 90 min. and increases
  duration throughout the night
• Pulse and BP variable

The four stages of sleep, and their general duration during a typical night. 

• Narcolepsy: Recurrent episodes or irrepressible need to sleep, lapsing into sleep, or napping   
  within the same day occurring at least 3 times per week over the past 3 months. Caused by low  
  orexin (hypocretin) production in the lateral hypothalamus, a key regulator of sleep-wake   
  cycles. Associated with hallucinations just before falling asleep (hypnagogic) or just before   
  waking (hypnopompic) and cataplexy (loss of muscle tone following emotional stimulus).   
  Treatment: modafinil, other daytime stimulants (amphetamines), nighttime sodium oxybate,   
  following healthy sleep schedules. 
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• Parasomnias: Sleep disorders that cause abnormal behavior while sleeping. 
» Sleepwalking: occurs during N3 (non-REM) stage of sleep.
» Sleep terrors: Sudden partial arousal from non-REM sleep (stage N3) with associated agitation  
  (fear, crying, screaming) and autonomic hyperactivity (tachycardia, tachypnea, diaphoresis),  
  with minimal response to external stimuli during the event and confusion or amnesia of the   
  event upon wakening. Most common in children, often self-limited.
» REM sleep behavior disorder: Recurrent episodes of arousal during REM sleep associated with  
   vocalization and/or complex motor behaviors (for example, talking, yelling, cursing, jumping  
   from bed, punching). Associated with dementia with Lewy bodies, Parkinson’s disease, and   
   multiple system atrophy.
» Restless leg syndrome: An urge to move the legs due to uncomfortable and unpleasant   
  sensations in the legs occurring at least 3 times per week for at least 3 months. The urge   
  begins or worsens during periods of inactivity and is worse in the evening or night than during  
  the day. Symptoms cause significant distress or social/occupational impairment.
  Treatment: dopamine agonists (pramipexole, rotigotine, ropinirole). 
» Enuresis: Repeated voiding of urine into bed or clothes, whether involuntary or intentional by a  
  person over 5 years old, that occurs at least twice a week for at least 3 consecutive months or  
  causes significant social or functional impairment. Treatment: behavioral changes (restricting  
  evening fluid intake, scheduled urination, positive reinforcement). For refractory cases oral   
  desmopressin, and next, imipramine can be used. 

l. Gender and Sex
Sex is defined as the biological traits (chromosomes, hormones, reproductive organs) that 
society associates with being male or female. 
Gender is the behavioral, cultural, psychological and emotional traits that a society or culture 
delineates as masculine or feminine.
Sexuality is a person’s identity in relation to the gender or genders to which they are typically 
attracted (sexual orientation). 

• Gender Dysphoria: Incongruence between one’s experienced or expressed gender and their  
  assigned sex that lasts longer than 6 months and causes significant emotional, social, and/or  
  occupational distress or dysfunction. Uneasiness may be shown as a desire to have different  
  secondary sexual characteristics, to not have secondary sexual characteristics, a desire to be  
  a different gender or to be treated as another gender. Significant distress is necessary for this  
  diagnosis, as gender nonconformity alone is not a disorder. 
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• Sexual Dysfunction: This is a broad category of disorders with many different causes (and   
  therefore treatments). The key in distinguishing these disorders is to determine the driving   
  process leading to dysfunction. Women sometimes experience vaginismus (pelvic floor   
  muscle spasm that may cause pain with intercourse, or dyspareunia (pain with intercourse).  
  Sexual dysfunction etiologies include: 

» Psychological: A mental process leading to sexual dysfunction. In men, if nighttime erections  
  occur multiple times per night (a normal process), this is the most likely cause of sexual   
  dysfunction. 
» Medical: Includes atherosclerosis leading to insufficient blood flow, decreased sensation   
  from diabetes or a spinal cord injury, and hormonal imbalances. 
» Substance use
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m. Personality Disorders
Personality is the way a person thinks, feels, and behaves that makes them unique. Personality is 
influenced by experiences, environment, and genetics. Personality disorders usually develop in 
early adulthood and are characterized by persistently thinking, feeling, and behaving in a way 
that deviates from the expectations of the culture and causes distress or problems functioning. 
Feelings and behaviors are generally ego-syntonic (the person is not aware of a problem with 
their thinking or behaviors; poor insight). There are 3 clusters of personality disorders, A, B, and C, 
each cluster shares some general symptoms. 

Cluster Personality Disorder

A

Cluster Traits

Paranoid
Schizoid

Schizotypal

Odd, eccentric, rigid. Often have difficulty with social 
connection and relationships. Genetically associated with 
schizophrenia.

C Avoidant
Dependent

Obsessive-Compulsive

Avoidance, preoccupation, anxiety, fear. Genetically 
associated with anxiety disorders. 

B Antisocial
Borderline
Histrionic

Narcissistic

Unpredictable, impulsive, emotionally dysregulated, 
dramatic. Genetically associated with mood disorders 
and substance abuse.
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• Paranoid: Pervasive distrust of others which may include suspicion that others are acting   
  maliciously or cannot be trusted and social isolation. They may be hypervigilant, looking for clues or  
  suggestions to validate their fears or suspicions. 
• Schizoid: Inability to express feelings, lack of desire for relationships, indifference towards praise or  
  criticism, preoccupation with introspection and fantasy.
• Schizotypal: Eccentric behaviors and beliefs which may include magical thinking and ideas of   
  reference, lack of close social connections, excessive social anxiety. 

• Antisocial: A disregard for right and wrong and the law, repeated engagement in remorseless   
  illegal actions, a lifestyle of deceiving others, impulsive behavior and thinking, aggressive and   
  irresponsible work behavior, remorseless. Must be 18 years old or older (if under 18, likely have   
  conduct disorder). More common in males. 
• Borderline: Impoverished or unstable self-image with excessive self-criticism, chronic feelings of   
  emptiness, biased perspectives of others, intense, unstable, and conflicted relationships, fear of   
  abandonment/rejection, suicidal thoughts and gestures, and impulsivity. More prevalent in females  
  than males. Use of splitting is a common defense mechanism. 
• Histrionic: Provocative, seductive, and attention seeking behavior, consider relationships more   
  intimate than they are in reality, emotionally labile, exaggerated emotions, dramatic but vague   
  speech. 
• Narcissistic: Grandiose sense of self-importance, need for excessive admiration and inability to   
  tolerate criticism (reacts with anger or defensiveness), takes advantage of others to reach their   
  own goals, imagines unrealistic fantasies of success, beauty, power, intelligence or romance, often  
  envious of others. 

• Avoidant: Avoids activities for fear of criticism, disapproval or rejection, unwilling to get involved   
  with people unless there is a guarantee of approval, desires intimacy but shows restraint with close  
  relationships due to fear of rejection or shame, preoccupied with rejection, poor self-esteem, risk   
  averse. 
• Dependent: Submissive and clinging behavior, a need to be taken care of, and anxious and fearful.  
  Often involved in abusive relationships. 
• Obsessive-Compulsive: Preoccupied with orderliness and perfection, perfectionism interferes with  
  task completion, reluctant to delegate tasks and enjoys being in control. Unlike   
  obsessive-compulsive disorder, behavior is ego-syntonic (person does not recognize any problem  
  with their behavior or personality). 
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n. Substance use disorder
A problematic pattern of using a substance that involves at least two of the following in the past 
year: 

• Taking the substance in larger amounts or for longer than intended
• Wanting to cut down or stop, but being unable to
• Spending significant time obtaining, using, and recovering from substance use
• Craving the substance
• Failing to fulfill occupational, social, or familial obligations due to substance use
• Continuing to use the substance when it causes relationship problems
• Missing social or occupational activities because of substance use
• Continuing to use the substance when it is dangerous
• Continuing to use the substance when it has caused or worsened a physical or psychological  
  problem
• Requiring more of the substance to achieve the desired effect
• Developing withdrawal symptoms after not taking the substance, which are relieved by taking  
  more of the substance
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3. Pharmacology
Objectives

Understand the different DEA schedules of drugs and provide examples of drugs in each schedule. 
Outline the signs and symptoms of intoxication and withdrawal from several depressants, 
stimulants, and hallucinogens.

Describe the signs, symptoms, and treatment of pharmacological emergencies involving 
psychiatric medications including serotonin syndrome, neuroleptic malignant syndrome, and 
hypertensive crisis.

Define the mechanism of action, uses, adverse effects, and give examples of the various 
psychiatric medication classes (including stimulants, antipsychotics, and antidepressants).

Describe four medications used to treat opioid or alcohol use disorder. 

Drugs, substances, and certain chemicals used to make drugs are classified into different categories 
(called schedules) in the United States by the Drug Enforcement Agency (DEA). The schedules are as 
follows: 

• Schedule I: Substances with no currently accepted medical use and a high potential for   
  abuse. Examples include heroin, marijuana, and lysergic acid diethylamide (LSD). 
• Schedule II: Substances with a high potential abuse leading to severe psychological or   
  physical dependence. Examples include cocaine, methamphetamine, methadone, and   
  hydromorphone. 
• Schedule III: Substances with a moderate to low potential for physical and psychological   
  dependence. Examples include ketamine, anabolic steroids, testosterone. 
• Schedule IV: Substances with a low potential for abuse and low risk of dependence. Examples  
  include alprazolam, diazepam, lorazepam, and zolpidem. 
• Schedule V: Substances with lower potential for abuse than schedule IV. Examples include   
  pregabalin, Lomotil (diphenoxylate and atropine), and robitussin (dextromethorphan and   
  guaifenesin). 

Substances may be reclassified into new schedules if research provides evidence of the substance’s 
medical benefit, or if a substance is found to have more addictive properties than it was previously 
believed to have. 

»

»

»

»
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a. Psychoactive Substances, Intoxication and Withdrawal
Psychoactive substances are any substances that affect the mind. When taken in excess these  
substances cause intoxication; when taken in excess for a period of time and then not taken,   
these substances often cause withdrawal. Symptoms of intoxication and withdrawal vary   
depending on the substance and are helpful in recognizing signs and symptoms of intoxication  
or withdrawal in order to provide appropriate treatment. Several commonly abused substances  
and their intoxication and withdrawal findings are presented in the table below. 

Class Drug

D
ep

re
ss

an
ts

Intoxication Findings

Al
co

ho
l

Slurred speech, ataxia, emotional 
lability. With higher amounts black-
outs and coma occur. Testing: 
elevated serum gamma-glutamyl 
transferase (GGT). Alcohol-induced 
liver damage is indicated by elevat-
ed serum AST and ALT and an AST/ALT 
ratio over 2. *For metabolism of 
ethanol, see biochemistry notes. 

Withdrawal Findings

Symptom progression by hours since 
last drink: 
3-12: anxiety, insomnia, nausea, 
abdominal pain, tremors. 
8-48: seizures
12-48: hallucinations (usually visual)
48-96: global confusion, autonomic 
hyperactivity (leading to possible 
cardiovascular collapse), diaphore-
sis, hallucinations (altogether called 
delirium tremens). Treatment: thia-
mine, magnesium, benzodiazepines.

Ba
rb

itu
ra

te
s

Respiratory depression. Narrow 
therapeutic index. 

Onset 2-4 days after last dose. Anxie-
ty, restlessness, insomnia, dizziness. 
Severe symptoms include hyperther-
mia and cardiovascular collapse. 

Be
nz

od
ia

ze
pi

ne
s Dizziness, confusion, drowsiness, 

blurred vision, hypotension, ataxia, 
respiratory depression (less than 
barbiturates). Treatment: flumazenil 
(with caution as it can precipitate 
withdrawal seizures). 

Anxiety, irritability, confusion, seizures, 
sleep disorders. Severe symptoms 
include delirium, psychosis. 

O
pi

oi
ds

Altered mental status, confusion, 
delirium, respiratory and CNS depres-
sion, pupillary constriction (miosis), 
seizures, decreased gag reflex. Treat-
ment: naloxone. Most common cause 
of drug overdose deaths. 

Agitation, anxiety, muscle cramps, 
insomnia, rhinorrhea, lacrimation, 
dilated pupils (mydriasis), piloerec-
tion, abdominal cramping and diar-
rhea, nausea/vomiting. Generally 
start within 12-30 hours of last use. 
Treatment: methadone, buprenor-
phine. 
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Class Drug
St

im
ul

an
ts

Intoxication Findings

In
ha

la
nt

s Euphoria, dizziness, disorientation, 
ataxia, diplopia, stupor or coma. Most 
commonly abused by teenagers. 

Withdrawal Findings

Irritability, dysphoria, sleep distur-
bance, appetite and mood changes, 
headache. 

Am
ph

et
am

in
es

Euphoria, grandiosity, decreased 
need for sleep, agitation, paranoia, 
dyskinesias, disorientation, headache, 
chest pain and palpitations, dry 
mouth, diaphoresis, GI upset, mydria-
sis. Can be injected, inhaled, snorted, 
or ingested orally (skin findings 
consistent with IV use). Dental decay 
and caries common from vasocon-
strictive effects and poor dental 
hygiene. Methamphetamine-associ-
ated cardiomyopathy is a growing 
cause of heart failure (systolic dys-
function and LV dilation). 

Somewhat vague symptoms of 
fatigue, depression, increased appe-
tite, irritability, anxiety, and some-
times psychosis. 

C
af

fe
in

e Dizziness, diarrhea, insomnia, head-
ache, irritability, tremor. 

Headache, fatigue, irritability, difficul-
ty concentrating, nausea, vomiting, 
muscle pain/stiffness. 

C
oc

ai
ne

Euphoria, restlessness, over-excite-
ment, muscle tremors, mydriasis, 
tachycardia and hypertension, 
hallucinations, paranoia, angina and 
MI. Can be snorted, injected, or 
smoked (snorting can lead to nasal 
septum perforation). Treatment: 
benzodiazepines. Pure beta blockers 
can result in blocked B2 vasodilation 
and resulting alpha stimulation-->in-
creased blood pressure and possible 
worsening coronary vasoconstric-
tion). 

Agitation, restlessness, depression, 
fatigue, increased appetite, vivid and 
unpleasant dreams. 
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Class Drug
St

im
ul

an
ts

Ha
llu

ci
no

ge
ns

Intoxication Findings

Ni
co

tin
e Restlessness, decreased appetite, 

short term increased blood pressure.

Withdrawal Findings

Difficulty concentrating, headache, 
insomnia, irritability, depression, 
increased appetite. Treatment: 
nicotine replacement therapy, 
bupropion, varenicline. 

Ly
se

rg
ic

 A
ci

d 
D

ie
th

yl
am

id
e Intensification of moods (either 

positive or negative), mood lability, 
changes in consciousness, visual 
illusions, synesthesia, disorientation, 
persistent psychosis (up to years) is 
possible but rare. Effects peak around 
2-4 hours. Treatment: supportive; if 
severely agitated, benzodiazepines 
can be used. 

Withdrawal symptoms are uncom-
mon. Some people may experience 
cravings, depressed mood, fatigue, 
insomnia, and flashbacks of halluci-
nations (rare). Treatment: supportive; 
clonidine can decrease flashback 
severity. 

M
ar

iju
an

a

Relaxation, euphoria, sleepiness, 
decreased short-term memory, dry 
mouth, red eyes (conjunctival injec-
tion), impaired perception and motor 
skills, panic, paranoia, acute psycho-
sis, increased appetite. Cannabinoid 
hyperemesis syndrome may occur 
after frequent, long-term use and 
results in uncontrollable vomiting, 
nausea, cramping, and abdominal 
pain. Symptoms are often temporari-
ly relieved with a hot shower and 
cease after about 2 days if marijua-
na use is stopped.

Irritability, depression, insomnia, 
anxiety, flu-like symptoms, decreased 
appetite. 



295P S Y C H I A T R Y

Class Drug
Ha

llu
ci

no
ge

ns
Intoxication Findings

M
D

M
A

Euphoria, loss of inhibition, increased 
feelings of closeness/empathy, 
sensuality, anxiety, hyperactivity, 
increased thirst, bruxism, distortion of 
time, hypertension, tachycardia, 
hyperthermia, hyponatremia, seroto-
nin syndrome. Treatment: supportive; 
treat hyperthermia with dantrolene, 
serotonin syndrome with cypro-
heptadine or benzodiazepines. 

Withdrawal Findings

Fatigue, depression, anxiety, irritabili-
ty, sleep disturbances, difficulty 
concentrating. 

Ph
en

cy
cl

id
in

e 
(P

C
P) Hallucinations, agitation, altered 

consciousness, catatonia, coma, 
convulsions, hypertension, tachycar-
dia, horizontal nystagmus (although 
can be vertical or rotatory), psycho-
sis, delirium, seizures. 

Depression, fasciculations, cravings, 
agitation, anxiety, irritability, head-
ache, muscle breakdown, hyperther-
mia. Develop within about 8 hours of 
abstinence.  

b. Central Nervous System Stimulants
Examples: Methylphenidate, atomoxetine, dextroamphetamine, methamphetamine, 
lisdexamfetamine, modafinil, varenicline
Uses: ADHD, narcolepsy. 
Action: Increase catecholamine levels in the synaptic cleft.  
Side Effects: Anxiety, agitation, tachycardia, hypertension, nervousness, and weight loss. 



296 P S Y C H I A T R Y

c. Typical antipsychotics
Examples: Chlorpromazine, prochlorperazine, thioridazine, fluphenazine, haloperidol, pimozide, 
thiothixene
Uses: Schizophrenia (primarily positive symptoms), psychosis, bipolar disorder, Tourette 
syndrome, Huntington disease, OCD. 
Action: Competitive blockade of Dopamine D2 receptors. This class is lipid soluble and therefore 
is stored in adipose tissues; as a result, these medications are slowly removed from the body.

» Low potency (chlorpromazine, prochlorperazine, thioridazine): more anticholinergic,   
   antihistamine, anti-α1 effects. 
» High Potency (fluphenazine, haloperidol, pimozide, thiothixene): more neurologic side effects  
   (extrapyramidal effects). 

Side Effects: This class is used infrequently due to debilitating side effects. Side effects include: 
galactorrhea, oligomenorrhea, gynecomastia (from dopamine antagonism leading to 
hyperprolactinemia), dyslipidemia, weight gain, hyperglycemia, dry mouth, constipation, 
sedation, orthostatic hypotension, QT prolongation. Chlorpromazine can cause corneal deposits. 
Thioridazine can cause retinal deposits.

Extrapyramidal Symptoms (EPS): Drug-induced movement disorders that progress in severity 
over time. If these develop, a dose reduction or medication change may be necessary.

Hours to days: acute dystonia (muscle spasms, stiffness, oculogyric crisis). Treatment is with 
benztropine or diphenhydramine. 
Days to months: Akathisia (motor restlessness, treat with beta-blockers, benztropine, 
benzodiazepines). Parkinsonism (bradykinesia, treat with benztropine or amantadine). 
Months to years: Tardive dyskinesia (involuntary movements of the tongue, lips, neck, trunk, 
and limbs). Treat with atypical antipsychotics, valbenazine, deutetrabenazine. 

Neuroleptic Malignant Syndrome: A potentially fatal reaction to antipsychotic (neuroleptic) 
drugs characterized by muscle rigidity, fever, altered mental status, stupor, labile blood 
pressure, increased creatinine kinase, and myoglobinemia. Treatment: discontinue the 
neuroleptic agent and treat with dantrolene or bromocriptine (dopamine agonist). 
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d. Atypical Antipsychotics
Examples: Aripiprazole, clozapine, olanzapine, quetiapine, paliperidone, risperidone, ziprasidone. 
Uses: Schizophrenia (positive and negative symptoms), bipolar, OCD, anxiety, depression, mania, 
Tourette syndrome. Clozapine is effective for treatment-resistant schizophrenia. 
Action: Primarily act as D2 and 5-HT2 receptor antagonists with varied effects on H1 receptors; 
complete mechanisms of actions are not fully understood. Aripiprazole is a partial D2 agonist. 
Side Effects: This class is more frequently used than the typical antipsychotics due to fewer 
severe side effects (EPS, anticholinergic effects). All medications in this class may cause 
prolonged QT interval. Olanzapine (and others with -apine suffix) are notorious for causing 
weight gain and metabolic syndrome. Risperidone may cause hyperprolactinemia. Perhaps the 
most serious: clozapine may cause agranulocytosis (frequent laboratory monitoring required). 

e. Lithium
Uses: Bipolar disorder (mood stabilizer). 
Action: Exact mechanism is not known. Narrow therapeutic index requires frequent laboratory 
monitoring of serum levels. Renally excreted (reabsorbed at PCT by Na+ channels). 
Side Effects: Hypothyroidism, nephrogenic diabetes insipidus, tremor. Mild teratogen (may cause 
Ebstein anomaly if taken by pregnant woman). Due to renal excretion, co-administration of 
medications affecting renal clearance can result in lithium toxicity; examples include thiazides, 
NSAIDs, ACE inhibitors.  

f. Buspirone
Uses: Generalized anxiety disorder. Commonly used in addition to SSRIs or SNRIs rather than as 
first-line treatment. Requires 1-2 weeks to begin to show effects. 
Action: 5-HT1A Agonist
Side Effects: Few side effects. Overdose presents with miosis, nausea/vomiting, dizziness, 
drowsiness, decreased consciousness. 

g. Antidepressants
Many antidepressants work by increasing the amount of serotonin. Any medications that 
increase serotonin in the synaptic cleft (e.g., SSRIs, SNRIs, MAOIs, several atypical antidepressants, 
tramadol, ondansetron, triptans) carry a risk of serotonin syndrome, a psychiatric 
medication-related emergency.
Serotonin Syndrome: A condition caused by increased levels of serotonin (5-HT) in the body. 
Diagnostic criteria are based around a triad of cognitive-behavioral, neuromuscular, and 
autonomic derangements. Characteristic signs and symptoms include confusion, agitation, 
altered level of consciousness, myoclonus, hyperreflexia, hypertonia, seizures, hyperthermia, 
hypertension, tachycardia, diaphoresis, mydriasis. Treatment: Cyproheptadine (serotonin 
antagonist). 
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While characteristics of neuroleptic malignant syndrome and serotonin syndrome overlap, it is 
important to differentiate the two; several key differences are displayed in the table below. 

Reflexes Hyperreflexia, clonus

Pupils Mydriasis

Bowel Sounds Hyperactive

Decreased

Normal

Normal-decreased

Vital Signs

Course Rapidly resolving Prolonged

Personality Disorder

Precipitant

Neuroleptic Malignant Syndrome

Serotonergic agents Dopamine antagonists

Onset Abrupt>gradual Gradual>abrupt

Hypertension, tachycardia, tachypnea, hyperthermia

Skin

Muscles Increased tone, tremors, 
choreoathetoid movements

Diffuse rigidity

Diaphoretic
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Mechanism of action of the antidepressants. 
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i. Selective Serotonin Reuptake Inhibitors (SSRIs)
Examples: Citalopram, escitalopram, fluoxetine, fluvoxamine, paroxetine, sertraline. 
Uses: Depression, anxiety, OCD, eating disorders, PTSD
Action: Inhibit reuptake of 5-HT; require 4-8 weeks to have therapeutic effect.
Side Effects: Nausea/vomiting, GI upset, SIADH, sexual dysfunction (decreased libido and 
anorgasmia). Most dangerous side effect is serotonin syndrome. 

ii. Serotonin-norepinephrine Reuptake Inhibitors
Examples: Duloxetine, venlafaxine, desvenlafaxine, milnacipran, levomilnacipran. 
Uses: Depression, anxiety, diabetic neuropathy. Certain agents are also indicated for other 
specific disorders: venlafaxine is used for social anxiety disorder, panic disorder, PTSD, OCD; 
duloxetine and milnacipran are used to treat fibromyalgia. 
Action: Inhibit reuptake of 5-HT and norepinephrine. Require 4-8 weeks to have a therapeutic 
effect.
Side Effects: Decreased appetite, fatigue, nausea, increased blood pressure, sexual dysfunction 
(although less than TCAs), and serotonin syndrome.  

iii. Tricyclic Antidepressants
Examples: Amitriptyline, amoxapine, clomipramine, desipramine, doxepin, imipramine, 
nortriptyline. 
Uses: Less frequently used due to side effect profile and widespread availability of SSRIs and 
SNRIs. Major depressive disorder, peripheral neuropathy, chronic neuropathic pain, migraine 
prophylaxis. Clomipramine is used to treat OCD; Imipramine is sometimes used for enuresis. 
Action: Inhibit reuptake of serotonin and norepinephrine.
Side Effects: α1 antagonistic effects (orthostatic hypotension), anticholinergic side effects 
(tachycardia, urinary retention, dry mouth), sedation, QT prolongation. Tertiary TCAs 
(amitriptyline) have more anticholinergic effects than secondary (nortriptyline). Most serious side 
effects: seizures, coma, arrhythmia (due to sodium channel inhibition), respiratory depression, 
hyperthermia. Due to anticholinergic effects, TCAs should be used sparingly among older adults. 
Treatment of toxicity: sodium bicarbonate (NaHCO3).

iv. Monoamine Oxidase Inhibitors (MAOIs)
Examples: Phenelzine, selegiline, tranylcypromine, isocarboxazid.
Uses: Infrequently used due to side-effect profile. Atypical depression, anxiety. Selegiline is used to 
treat Parkinson disease. 
Action: Nonselective inhibition of MAO (MAO degrades neurotransmitters; result of inhibition is 
increased levels of norepinephrine, serotonin, and dopamine).
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Side Effects: Dry mouth, nausea, headache, insomnia, orthostatic hypotension, CNS stimulation. 
Because MAOIs also inhibit degradation of tyramine; consumption of tyramine containing foods 
(wines, cheeses, cured meats) can lead to hypertensive crisis. MAOI toxicity or serotonin 
syndrome can result when they are taken with any drugs that increase monoamine 
concentrations; therefore MAOIs are contraindicated with SSRIs, TCAs, St. John’s wort, meperidine, 
dextromethorphan, linezolid. MAOIs should be discontinued for at least 2 weeks before starting 
any other serotonergic medications. 

Hypertensive crisis: A severe increase in blood pressure that can lead to a stroke or other 
end-organ damage (>180 systolic or >120 diastolic). MAOI reaction with tyramine-containing 
foods is not the only cause (others include chronic uncontrolled hypertension, other 
medication reactions, pheochromocytomas). When this occurs with MAOIs, it is due to tyramine 
displacing neurotransmitters in the synaptic cleft, leading to increased sympathetic 
stimulation. Treatment of MAOI-caused crisis: Phentolamine (non-selective alpha blockade, 
leads to lowered blood pressure). 

v. Atypical Antidepressants
Bupropion: Dopamine and norepinephrine reuptake inhibitor. Used as an antidepressant and for 
smoking cessation. Adverse effects: tachycardia, insomnia, headache. Contraindicated in 
bulimia and anorexia nervosa (due to lowering the seizure threshold). 
Mirtazapine: α2-antagonist (increases release of serotonin and norepinephrine), 5-HT2 and 5-HT3 
receptor antagonist. Primary use is as an antidepressant in patients who may benefit from 
weight gain. Adverse effects: sedation, increased appetite (weight gain), dry mouth. 
Trazodone: 5-HT2, α1, and H1 antagonist. Primary use is for insomnia (higher doses required for 
antidepressant effects). Adverse effects: sedation, nausea, priapism, orthostatic hypotension. 
Varenicline: Nicotinic acetylcholine receptor partial agonist. Primary use is for smoking cessation. 
Adverse effects: insomnia, nausea, vivid dreams, depression, and suicidal ideation.
Vilazodone: 5-HT reuptake inhibitor, 5-HT1A receptor partial agonist. Primary use is for depression. 
Adverse effects: diarrhea, nausea, vomiting, sexual dysfunction, insomnia, fatigue, weight change, 
anticholinergic effects. 
Vortioxetine: 5-HT reuptake inhibitor, 5-HT1A receptor agonist, 5-HT3 receptor antagonist. Primary 
use is for depression. Adverse effects: nausea, vomiting, diarrhea, sexual dysfunction, 
anticholinergic effects.
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h. Medications for Opioid Intoxication and Medication-Assisted Treatment
i. Methadone:

A synthetic, orally effective opioid that produces less euphoria, has a longer duration of action, 
and is equally as potent as morphine. 
Uses: Used for analgesia as well as in controlled withdrawal of dependent heroin abusers and for 
long-term maintenance therapy for heroin abusers. 
Action: µ-opioid receptor agonist. 
Side Effects: Can produce physical dependence, headache, dry mouth, sleep changes, 
constipation, respiratory depression. 

ii. Buprenorphine
Uses: Used in a sublingual form to treat opioid use disorder
Action: µ-opioid receptor partial agonist; kappa- and delta-opioid receptor antagonist. 
Side effects: Constipation, headache, fatigue. 

iii. Naloxone
Uses: Used to rapidly reverse opioid overdose. 
Action: Competitive antagonist of µ,κ,σ opioid receptors. Short acting. 
Side effects: Myalgias, fever, diaphoresis, restlessness, irritability, GI upset.

iv. Naltrexone
Uses: Treatment for alcohol use disorder and opioid use disorder. Taken long term (over 12 weeks) 
to prevent relapse. Must be started after detoxification to prevent relapse. Naltrexone and 
acamprosate are both first-line treatments for alcohol use disorder with similar rates of efficacy.
Action: Competitive antagonist of µ,κ,σ opioid receptors. Long acting. 
Side effects: Nausea (most common), headache, constipation, dizziness, irritability, insomnia, 
myalgias. 




