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   Since the fi rst report of PCR in 1985, a new discipline has evolved within 
laboratory medicine based on detecting nucleotide sequences in clinical sam-
ples. This discipline was fi rst designated “molecular pathology” in David 
Weatherall’s book “The New Genetics and Clinical Practice” where he wrote 
“(D)uring the last few years there have been remarkable advances in molecu-
lar biology…(that) have been applied to the study of human genes, both in 
health and disease. It is now possible to defi ne many diseases in terms of their 
 molecular pathology , a level of diagnostic precision that would have been 
undreamed of 10 years ago.” 

 Molecular diagnostic testing has changed the practice of laboratory medi-
cine and, thus, affected the practice of many of the medical specialties that 
utilize these test results. In each of the categories in this book—Infectious 
Disease, Oncology, Genetics—the authors describe how the advent of molec-
ular testing protocols has changed medical practice, giving credence to the 
title “12 Tests that Changed Everything.” But probably the most signifi cant 
area of change is discussed in the fi nal section—Future Directions—because 
the very nature of technology is forward thinking. And thinking forward in 
molecular diagnostics must include Next Generation (NextGen) Sequencing. 

 While the term  Molecular Pathology  is used in the context of applying 
molecular tools to existing disciplines, such as infectious disease, hematopa-
thology, or genetics,  Genomic Pathology  truly represents the essence of “per-
sonalized medicine,” where specifi c alterations in an individual’s human 
genome, transcriptome, or proteome lead to alterations in therapeutics and 
improved outcomes. For example, recently new interventions were described 
for cystic fi brosis and Duchenne muscular dystrophy in which patients with 
specifi c mutations were treated with individualized therapeutics. 

 In the succeeding chapters, we will see how CMA (chromosomal microar-
rays, which replaces aCGH, or array comparative genomic hybridization) 
and FISH have transformed conventional cytogenetics into cytogenomics. 
Newer SNP microarrays detect homozygosity in addition to CNV’s (copy 
number variants), parameters which are leading to expanded understanding 
of heritable disorders. Perhaps the most dramatic case for “personalized med-
icine” is in the area of oncology, both hematological and solid organ malig-
nancies. In the chapters    on Cancer PGx, EGFR, and Her2, sequence-specifi c 
analyses are tied to individualized therapeutics, similar to the examples 
described above for cystic fi brosis and Duchenne muscular dystrophy. Using 

   Foreword: From Molecular Pathology 
to Genomic Pathology   
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various techniques, Her2 amplifi cation is intimately tied to Herceptin treat-
ment. Monitoring therapy in leukemias by assessing the level of novel fusion 
proteins via their respective transcripts has become the standard of practice in 
CML. Reports of recent success in AML, ALL, and APML are tied to 
NextGen sequencing of individual translocation breakpoints followed by 
quantitative assessment of fusion proteins (or their transcripts). We have had 
a longer time to evaluate the heritable breast/ovarian cancer genes, BRCA 1 
and 2, and the effect that genetic counseling has had in providing options for 
mutation positive patients and their families. Other solid tumor susceptibility 
genes provide similar scenarios. But the majority of malignancies are not 
heritable; for these, the ability to use targeted NextGen sequencing panels 
that encompass multiple genes provides an attractive approach for  Genomic 
Pathology . 

 The management of patients with infectious diseases has been an area 
where signifi cant changes have been seen in detection, identifi cation, 
 epidemiological surveillance, and treatment as exemplifi ed in the chapter on 
HSV in CSF. The exquisite sensitivity of PCR allows molecular methods to 
replace many conventional culture-based identifi cation methods, for both 
bacterial and viral organisms. Of course, viral loads in hepatitis and HIV have 
improved monitoring while viral genotyping allows matching of specifi c sub-
types with more effi cacious drugs. 

 There are some obvious dramatic improvements directly related to molec-
ular techniques. Blood bank screening using molecular techniques, or NAT 
(nucleic acid testing), is now standard practice and represents a major success 
story in making the blood supply safe from infectious agents. Furthermore, 
molecular techniques are being used for genotyping as an alternative or 
adjunct to conventional antibody-based blood group typing. 

 In the NBS (newborn screening) arena, tandem mass spectrometry, with 
molecular confi rmation, is performed in many, if not most, states today. 
Tomorrow, the potential for NBS DNA sequencing (either whole exome or 
whole genome) begs the (ELSI) questions of ethical, legal, and societal 
issues—not only what we test for but how we handle the information. Added 
to this paradigm is the bioinformatics issue which needs to be addressed, not 
only for NBS but also for NextGen sequencing in general. But as molecular 
techniques have been adopted into clinical practice, this has been a recurring 
story. We haven’t always had answers at the time, but the speed of techno-
logical advances hasn’t slowed.  

        Charlottesville ,  VA , USA          Lawrence     M.     Silverman      

Foreword: From Molecular Pathology to Genomic Pathology 
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 When I was asked by my friends and colleagues, Drs. Greg J. Tsongalis and 
Bill Coleman, to edit a book in their series on Molecular Medicine, I was, of 
course, quite fl attered. But that feeling changed fairly quickly to one of 
 disquiet—because I did not know what subject to try and explore in a book 
format. Most of the things that I have spent the past 20 or so years doing—
technology development, genotype–phenotype correlations in genetic disease, 
and laboratory management—had all been covered by a number of books and 
reviews, and I was not sure that the world needed more on these topics. 

 The advent of next generation sequencing (NGS), and the surrounding 
excitement and predictions that it will “change everything,” made me think 
of the last time a new technology was introduced into clinical laboratories 
with the breathless predictions that it would “change everything.” That tech-
nology, of course, was the polymerase chain reaction or PCR. Just as we are 
seeing with NGS, whole scientifi c meetings were almost completely devoted 
to symposium after symposium about PCR and what had been and could be 
accomplished with its use. Indeed, new organizations were created to provide 
forums for physicians and scientists to share knowledge about this new appli-
cation of molecular biology and molecular pathology. 

 I thought that the book that I would like to read would be one that looked 
at the question of whether the introduction of PCR did indeed “change every-
thing.” One could call it a quality control step, assessing how well we are able 
to predict which technologies will be transformative in laboratory medicine. 
With respect to PCR, I think we hit the bull’s-eye with the majority of the 
predictions. It did “change everything.” The fi elds of infectious disease, 
genetics, and oncology have all been transformed over the past years by the 
introduction of molecular testing methods in the clinical laboratory. And, 
I have no doubt that the next decade will see further transformations as new 
methods such as chromosome arrays and massively parallel sequencing begin 
to be used for patient care. 

 Although    superfi cially, there may appear to be little in common between 
HIV testing, cystic fi brosis carrier screening, EGFR genotyping, and many of 
the other topics of this volume, I believe that they all follow a common theme—
they were all developed in response to a clinical need, and developed from the 
same toolkit. The majority of molecular pathology laboratories in the USA 
offer tests in all of the three primary areas of molecular pathology: infectious 
disease, oncology, and genetics. This is not a volume about the  history of 
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molecular testing. Indeed, all of the clinical laboratory tests addressed in this 
volume are the cornerstones of the modern molecular diagnostics laboratory, 
and their use is transforming and improving the lives of countless patients in 
the USA and around the world. Thus, I hope that this volume will be useful to 
molecular pathologists, clinical laboratory directors, genetics/pathology resi-
dents/fellows, and clinical laboratory science students. 

 In order to focus on the similarities rather than the differences with these 
tests, I asked the chapter authors to follow the same format for each of the 
topics. I asked that the following subheadings be used:

   Background on the Test  
  Clinical Applications  
  Methodology  
  Standard Reagents  
  Regulatory Issues  
  Interpretation  
  How the Test(s) Have Changed Medical Practice  
  Future Directions    

 Although there is some variability, the authors have all followed this plan. 
It is our hope that a similar format will be advantageous for the reader. 

 The topics selected for this book may seem somewhat arbitrary and sub-
jective, since there are many areas besides these that have had molecular tests 
that truly changed how medicine is practiced. The selections were mine 
alone—and I take responsibility for the many omissions. A quick count of the 
number of chapters reveals 13 chapters in a book entitled “12 Tests that 
Changed Everything.” The last chapter addresses a technology that has not 
yet, but almost undoubtedly will, change everything—again. As there are 
many unanswered questions in the fi eld of clinical NGS regarding many of 
the topics that the fi rst 12 authors were asked to address as subheadings, the 
fi nal chapter does not adhere to this organization. 

 In selecting authors for the various topics that I wanted to cover, I fol-
lowed the advice of Chef Duff, star of The Ace of Cakes on the Food Network. 
He said that after fi nishing school, he wanted to open a bakery that would do 
innovative things that had not been done before, so “…I hired the most cre-
ative bunch of people I know. My friends.” Although I knew several of the 
chapter authors in this volume only by reputation (and now by e-mail), a large 
number are indeed my friends, from either professional organizations or 
institutions where we were employed together. To all of the chapter authors—
a heartfelt thank you. I think we have put together something here to be 
proud of.  

       Rochester ,  MN ,  USA       W.     Edward     Highsmith,     Jr.      

Preface
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           Background 

 Cancer genomes contain numerical and structural 
somatic alterations, including single base substitu-
tions, structural rearrangements, small insertions, 
small deletions, and copy number variation [ 1 ,  2 ]. 
Theodor Boveri, a German zoologist, is credited 
for fi rst describing the association between numer-
ical chromosome anomalies and cancer in his 
1914 monograph  Concerning the Origin of 
Malignant Tumours  [ 3 ]. Nearly a century has 
passed since this sentinel paper and cancer biolo-
gists are still trying to better understand aneu-
ploidy and its role in carcinogenesis. Recent 
large-scale DNA copy number analyses of tumors 
highlight how common aneuploidy is in malignant 
tumors. Beroukhim and colleagues [ 1 ] evaluated 
3,131 tumors comprising 26 different tumor types 
and identifi ed, on average, 24 gains (median = 12) 
and 18 losses (median = 12) for each tumor. 
In addition, approximately 17 % of the genome 
was amplifi ed and 16 % was deleted in a typical 
cancer specimen. 

 Fluorescence in situ hybridization (FISH) is a 
technique that uses fl uorescently labeled DNA 
probes to detect chromosomal abnormalities in 
peripheral blood, paraffi n-embedded tissue, or 
cytology specimens. Since tumor cells generally 
contain chromosomal alterations, FISH is able to 
detect cells that have chromosomal abnormalities 
consistent with neoplasia. Different types of 
DNA probes can be designed to target different 
chromosomal alterations including aneuploidy, 
deletions, amplifi cations, and translocations. 
Centromere enumeration probes (CEP) are 
designed to target highly repetitive human 
α-satellite DNA sequences (171 base pair repeats) 
located near the centromeres of individual chro-
mosomes. These probes are used to enumerate 
the number of copies of a given chromosome in 
an individual cell. Locus-specifi c identifi er (LSI) 
probes are designed to hybridize to specifi c chro-
mosomal regions and can detect chromosomal 
loss (e.g.,  CDKN2A ,  TP53 ), gains/amplifi cations 
(e.g.,  EGFR ,  HER2 ), or translocations (e.g., 
 EML4-ALK ,  BCR-ABL ). LSI probes are becom-
ing more popular because in addition to diagnos-
ing cancer, alterations in specifi c genes (e.g., 
HER2 amplifi cation) help predict whether a 
patient will respond to a targeted therapy (e.g., 
Herceptin). This chapter will focus on the diag-
nosis of solid tumors by FISH and discuss how 
this technique has changed clinical practice over 
the past decade.  

 1      Clinical FISH Testing 
for the Diagnosis of Solid Tumors 

           Benjamin     R.     Kipp       and     Kevin     C.     Halling    

        B.  R.   Kipp ,  Ph.D.      (*) •    K.  C.   Halling ,  M.D., Ph.D.    
  Department of Laboratory Medicine and Pathology, 
Molecular Anatomic Pathology and Molecular 
Genetics Laboratories ,  Mayo Clinic , 
  Rochester ,  MN ,  USA   
 e-mail: kipp.benjamin@mayo.edu  



4

    Clinical Applications 

    FISH for Bladder Cancer Detection 

 Bladder cancer is estimated to account for 73,510 
new cases and 14,880 deaths in 2012 [ 4 ].    Most 
patients with bladder cancer present with pain-
less and intermittent hematuria. However, only 
10–20 % of patients with gross hematuria and 
2–5 % with microscopic hematuria will actually 
have bladder cancer [ 5 ]. The diagnostic work-up 
for patients with bladder cancer includes initial 
cystoscopy followed by biopsy or resection of 
suspicious lesions, urine cytology, and upper uri-
nary tract evaluation. Urine cytology comple-
ments cystoscopy in that it can detect tumors that 
are not visible by cystoscopy. However, urine 
cytology has relatively poor sensitivity for detect-
ing bladder cancer, especially low-grade tumors. 
The reported combined sensitivity of cytology for 
grade 1, 2, and 3 tumors has been shown to be 21, 
53, and 78 %, respectively [ 6 ]. Because urine 
cytology suffers from low sensitivity, numerous 
tumors markers have been investigated to help 
increase the diagnostic sensitivity [ 5 ]. 

 FISH testing has become an excellent tool 
for overcoming some of the limitations of cytol-
ogy. Much of the success of FISH testing for the 
diagnosis of solid tumors can be attributed to 
the FISH UroVysion assay™ (Abbott Molecular, 
Abbott Park, IL), which was the fi rst commer-
cially available FISH probe set for the detection 
of bladder cancer. In 2000, Sokolova et al. pub-
lished the fi rst manuscript describing 
UroVysion, a four-target, multicolor FISH 
probe set containing CEP probes targeting chro-
mosomes 3, 7, and 17 and an LSI probe target-
ing 9p21 [ 7 ]. Halling et al. published a study 
later that year, which was the fi rst to demon-
strate the clinical utility of this probe set. This 
study evaluated urine from 265 patients being 
evaluated for bladder cancer and found that the 
overall sensitivity of FISH for detecting bladder 
cancer (81 %) was signifi cantly higher than 
urine cytology (59 %) [ 6 ]. Two FDA trials fol-
lowed, the fi rst published by Sarosdy et al. in 
2002, which led to the FDA approval of 
UroVysion for the detection of recurrent blad-

der cancer [ 8 ]. The second trial was published in 
2006 and led to the FDA approval of UroVysion 
for the detection of bladder cancer in patients 
with gross or microscopic hematuria and no his-
tory of bladder cancer [ 9 ]. Numerous follow-up 
studies have compared the sensitivity and speci-
fi city of FISH to urine cytology and have con-
sistently shown that FISH is more sensitive than 
cytology for all grades and stages of urothelial 
carcinoma. A meta-analysis evaluating 14 dif-
ferent studies found that the sensitivity of FISH 
and cytology for detecting bladder cancer was 
72 and 42 %, while the specifi city of FISH and 
cytology was 83 and 96 %, respectively [ 10 ]. 

 There are several additional clinical indica-
tions for UroVysion testing [ 11 ]. Multiple reports 
have suggested that FISH can help identify which 
patients with equivocal cytology diagnoses (atyp-
ical or suspicious) are most likely to have bladder 
cancer [ 12 – 16 ]. The clinical management of 
patients with equivocal cytology diagnoses is 
challenging because fewer than half of these 
patients will have bladder cancer on clinical fol-
low- up. This can lead to unnecessary and expen-
sive clinical investigations [ 17 ]. Multiple studies 
now suggest that patients with an equivocal 
cytology and positive FISH result are at very high 
risk for having bladder cancer and should be fol-
lowed more aggressively [ 12 – 16 ]. FISH is also 
useful for assessing patients undergoing bacillus 
Calmette–Guerin (BCG) treatment for noninva-
sive bladder cancer. A 2005 study by Kipp et al. 
found that patients with a positive FISH result 
following intravesical therapy were 4.6 times 
more likely to have recurrent bladder cancer and 
9.4 times more likely to have follow-up muscle- 
invasive bladder cancer than patients with a nega-
tive FISH result [ 18 ]. Similar results were 
obtained by Mengual et al. [ 19 ] and Savic et al. 
[ 20 ], who found that patients with a positive post- 
BCG FISH result had 3.0 and 3.8 times higher 
risk of tumor recurrence, respectively.    Although 
other tumor markers are currently available for 
diagnosing bladder cancer (e.g., BTA-STAT, 
NMP22), due to its high sensitivity and specifi c-
ity, FISH with the UroVysion probe set continues 
to be one of the most commonly used molecular 
markers for detecting this type of cancer in urine 
cytology specimens.  

B.R. Kipp and K.C. Halling
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    FISH for the Detection of 
Pancreatobiliary Tract Malignancy 

 Hepatobiliary and pancreatic cancers represent 
over 82,000 newly diagnosed cancers a year in the 
USA, with pancreatic cancers and liver cancers 
representing the majority of these cases [ 4 ]. 
Although carcinomas of the pancreatobiliary 
tract ducts (pancreatic adenocarcinoma or chol-
angiocarcinoma) comprise only a small fraction 
of these malignancies, they are often lethal and 
can occur anywhere along the hepatic and com-
mon bile duct system [ 21 ]. An earlier diagnosis 
of pancreatobiliary tract malignancy is critical 
because it may allow for surgical resection of a 
tumor. It may also allow patients to become can-
didates for neoadjuvant chemoradiotherapy fol-
lowed by a liver transplant, which has shown to 
decrease mortality in patients with cholangiocarci-
noma [ 22 ]. However, differentiating pancreatobili-
ary tract malignancies from nonmalignant 
etiologies such as primary sclerosing cholangitis, 
choledocholithiasis, chronic pancreatitis, and sur-
gical trauma can be diffi cult because pancreatobili-
ary tumors often grow longitudinally along the bile 
duct and do not generally present as large masses 
[ 23 ,  24 ]. Due to the diffi culty of obtaining adequate 
biopsies within the pancreatobiliary ducts, routine 
cytology brushings or washings are often collected 
for diagnosing malignancy. Unfortunately, routine 
cytology has relatively poor sensitivity for detect-
ing malignancy in biliary tract specimens with 
reports ranging from 6 to 80 %, and many reported 
sensitivities below 50 % [ 24 – 27 ]. 

 In 2004, our group evaluated the value of FISH 
and the UroVysion probe set for detecting malig-
nancy using pancreatobiliary tract brushing and 
bile specimens collected during endoscopic retro-
grade cholangiopancreatography [ 28 ]. Although 
the UroVysion probe set was not specifi cally tai-
lored for the detection of pancreatobiliary tract 
tumors, we found that FISH improved the detec-
tion of these tumors when compared to routine 
cytology. Based on these data, we implemented 
FISH and the UroVysion probe set as a clinical 
assay in late 2004. Subsequent reports from our 
group and others confi rmed that FISH is a valu-
able ancillary test for the evaluation of cytologic 

specimens obtained from pancreatobiliary tract 
strictures [ 23 ,  29  –  31 ]. Fritcher et al. [ 23 ] pub-
lished the most comprehensive study evaluating the 
role of FISH in the detection of pancreatobiliary 
tract malignancy. This study included 500 patients 
undergoing clinical evaluation for suspicious pan-
creatobiliary tract strictures with 
clinical cytology and FISH results, as well as 
extensive clinicopathologic follow-up. The results 
of this study showed that the sensitivity of FISH 
was signifi cantly higher than cytology (43 % vs. 
20 %,  P  < 0.001) for detecting malignancy. This 
study also found that a patient with a polysomy 
FISH result was over 77 times more likely to have 
malignancy than a patient with a negative FISH 
result. Based on these data, it has become routine 
practice at our institution to perform both routine 
cytology and FISH on all pancreatibiliary tract 
brushing specimens from indeterminate pancrea-
tobiliary strictures when there is a suspicion for 
carcinoma.  

    FISH for the Detection of Lung Cancer 

 Cytology (brushings and washings) and biopsy 
specimens collected during fl exible bronchos-
copy are used for the diagnosis of suspected 
lung cancer in patients with indeterminate pul-
monary nodules and endobronchial lesions. The 
overall diagnostic sensitivity of routine cytol-
ogy bronchial brushing and washing specimens 
ranges from 44 to 94 % (mean, 72 %) and 27 to 
90 % (mean, 68 %), respectively [ 32 ]. Peripheral 
lung tumors are more diffi cult to diagnose than 
centrally located tumors by cytology, with sen-
sitivities ranging from 6 to 83 % (mean, 45 %) 
in brushings and 4 to 43 % (mean, 28 %) in 
washings [ 32 ]. In addition, the size of the tumor 
is also important with smaller tumors being 
more diffi cult to detect [ 33 ]. Data suggest that 
there remains a clinical need for a molecular 
marker such as FISH to increase detection rates 
in small (<2 cm in diameter) peripherally 
located tumors, where the combined sensitivity 
of bronchoscopic techniques has been reported 
to be 34 %, compared to 63 % for larger (>2 cm) 
tumors [ 33 ]. 
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 Sokolova et al. have been credited for publishing 
the fi rst DNA-based FISH probe set to be used 
clinically to improve the detection of lung cancer 
on cytology specimens [ 34 ]. This FISH probe set 
(originally called LAVysion, Abbott Molecular, 
Inc.) consisted of locus specifi c probes to 5p15, 
7p12 ( EGFR ), 8q24 ( C-MYC ), and a CEP to 
chromosome 1. However, it was suggested in this 
manuscript that it would be advantageous to 
substitute CEP6 for CEP1 due to staining quality. 
Several subsequent studies have evaluated the 
clinical utility of this FISH probe set (with CEP 
6) and have shown that FISH increases the sensi-
tivity of lung cancer detection when combined 
with routine cytology, as compared to routine 
cytology alone, while maintaining high specifi c-
ity [ 35 – 40 ]. Two of the larger studies [ 35 ,  36 ] 
evaluating this FISH probe revealed similar sen-
sitivity (61–65 %) and specifi city (92–95 %) 
using RC and FISH on brushing specimens. 
In addition, these studies suggest that FISH may 
be helpful in detecting early stage and peripheral 
lung cancers that are diffi cult to detect using 
conventional cytology. Subsequent studies by 
Savic et al. and Schramm et al. have also shown 
that FISH may be particularly useful in patients 
with equivocal (atypical or suspicious) cytology 
results [ 37 ,  38 ].    

 A recent study by our group [ 40 ] found that 
FISH signifi cantly increased the detection of lung 
cancer using a refl ex algorithm in routine clinical 
practice. In this algorithm, routine cytology, 
which is relatively inexpensive and has high spec-
ifi city, is initially performed. Specimens not found 
to be positive for cancer (i.e., negative, atypical 
and suspicious) by routine cytology are then sent 
on for FISH analysis. Based on data from nearly 
300 specimens using this algorithm, FISH 
detected 32 % more peripheral lung cancers than 
routine cytology alone. The FISH test was most 
benefi cial for detecting small (<2 cm), peripheral 
cancers where FISH detected 15 cancers (44 %) 
that were not detected by cytology. 

 Other FISH probe sets have also been evalu-
ated with similar success. A group from MD 
Anderson designed and evaluated a probe set 
comprising chromosomal loci 3p22.1 (contain-
ing the  GC20 ,  RPL 14 ,  CD39A , and  PMGB ) and 

10q22.3 (surfactant protein A gene,  SP-A ) and 
showed that loss of either of these chromosomal 
loci by FISH, when combined with cytologic 
atypia, is more sensitive than cytology alone for 
diagnosing lung cancer in sputum specimens [ 41 , 
 42 ]. Liu et al. [ 43 ] recently developed a FISH 
assay with probes targeting chromosomes 3, 7, 
and 8. In their study, the overall sensitivity of 
FISH on brushing specimens when combined 
with routine cytology was signifi cantly higher 
(95 % vs. 76 %;  P  < 0.001) than routine cytology 
alone and detected more squamous cell carcino-
mas and late stage tumors. However, as with any 
diagnostic molecular assay, all these new FISH 
probe sets will need to be validated using speci-
mens from the intended patient population to 
determine their true clinical utility. In addition, 
these FISH lung assays should be evaluated as part 
of a testing algorithm that includes bronchoscopic 
biopsy, bronchial brushing routine cytology, and 
other bronchoscopic methods currently used in 
clinical practice.  

    FISH Barrett’s Esophagus Associated 
Neoplasia 

 Barrett’s esophagus (BE) is a pre-neoplastic 
condition in which the squamous epithelium of 
the distal esophagus undergoes transformation to 
intestinal metaplasia. Patients with BE have up 
to a 60-fold increased risk of developing esopha-
geal carcinoma when compared to the general 
population [ 44 ,  45 ]. Current American College 
of Gastroenterologists guidelines suggest that 
patients with BE undergo routine surveillance 
for the detection of dysplasia or malignancy 
which includes the collection of four-quadrant 
biopsy specimens every 1–2 cm of affected 
esophagus [ 44 ]. Limitations to this procedure are 
that it is time consuming and results in a large 
number of biopsies. Brush cytology has been 
suggested as an alternative to endoscopic biopsy 
since cytology can collect cells from a larger sur-
face area in less time than it takes to collect the 
numerous biopsies suggested by practice guide-
lines [ 46 ]. Unfortunately, cytology has limited 
sensitivity for detecting dysplasia or malignancy 
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because it can be diffi cult to differentiate reactive 
epithelium from dysplasia by routine cytology 
and because the cytologic features of early dys-
plastic cells are not signifi cantly different from 
non- neoplastic Barrett’s cells [ 47 ]. 

 As with the other body sites discussed in this 
chapter, FISH has been shown to increase the sen-
sitivity of detecting esophageal dysplasia and can-
cer over routine cytology alone [ 44 ,  46 ,  47 – 51 ]. 
Recent studies at our institution suggest that a 
probe set consisting of probes to 8q24, 9p21, 
17q11.2, and 20q13.2 has high sensitivity and 
specifi city for the detection of BE-associated dys-
plasia and esophageal adenocarcinoma [ 44 ]. 
Fritcher et al. evaluated this four-probe set and 
found that FISH was signifi cantly more sensitive 
than routine cytology for detecting low-grade dys-
plasia, high-grade dysplasia, and adenocarcinoma 
in patients with BE [ 49 ]. The specifi city of cytol-
ogy, digital image analysis, and FISH among 
patients ( n  = 14) with tissue showing only benign 
squamous mucosa was 93, 86, and 100 % 
( P  = 0.22), respectively. In addition, all 33 patients 
with a polysomic FISH result had HGD and/or 
EA within 6 months of the FISH test. Similar 
results were published by Rygiel et al. who con-
cluded that this probe set (with the exception that 
the  P16  probe was removed) was useful for pre-
dicting BE patients at risk for developing high- 
grade dysplasia and adenocarcinoma [ 50 ].   

    Methodology 

 FISH can be performed on many different types 
of specimens including peripheral blood, 
paraffi n- embedded tissue, and cytology speci-
mens that are fresh or processed with standard 
(i.e., formalin, ethanol, etc.) or commercially 
available fi xatives [ 52 ]. A number of different 
FISH protocols have been used for clinical test-
ing with varied success. The steps involved in 
FISH analysis of tissue specimens can be divided 
into specimen collection, cell harvest, slide 
preparation, prehybridization, hybridization, 
washing, and microscopic analysis. Detailed 
protocols for preparing specimens for clinical 

testing can be found in previous publications 
[ 28 ,  34 ,  39 ] or package inserts from FISH probe 
kits. In general, the process begins by placing 
the collected cells or tissue on a glass slide for 
prehybridization. Prehybridization is a series of 
chemical treatments of the specimen that enables 
the FISH probes to effi ciently hybridize to their 
cellular targets without disrupting cell morphol-
ogy. This includes treatment with a protease 
such as pepsin to increase the accessibility of the 
probe to DNA. This is an important step in the 
process because overdigestion can lead to a 
decrease in FISH signal intensity and underdi-
gestion can result in ineffi cient hybridization 
which makes it diffi cult to determine the true 
number of FISH signals in a cell. Following pre-
hybridization, cellular DNA and FISH probe 
DNA are denatured and the FISH probes are 
allowed to hybridized to their cellular DNA tar-
gets. FISH hybridization is  generally performed 
by placing approximately 1–10 μL of FISH 
probe on the cells being interrogated, placing a 
coverslip on top of this area, sealing the edges of 
the coverslip with rubber cement to prevent dehy-
dration of the probe, and placing the slide in 
either a humidifi ed chamber or a programmable 
temperature controlled slide processing system 
such as the ThermoBrite ®  Denaturation/
Hybridization System (Abbott Molecular, Inc., 
Des Plaines, IL) [ 52 ]. 

 Depending on the specimen being hybridized, 
co-denaturation of probe and target DNA is per-
formed at approximately 70–75 °C for 3–5 min. 
The slides are then allowed to incubate at 37 °C 
overnight. After a minimum of 4 h hybridization 
time (preferably 8–16 h), slides are washed in a 
detergent such as 0.4× SSC/0.3 % NP-40 to remove 
nonspecifi cally bound probe. A fl uorescent nuclear 
counterstain, such as 4′6′-diamidino-2- 
phenylindole (DAPI; Abbott Molecular, Inc., Des 
Plaines, IL) is then placed on the slide and the slide 
is coverslipped for analysis. Slides are microscopi-
cally assessed (“scanned”) using a fl uorescence 
microscope equipped with the appropriate fi lters 
that allow for visualization of the different colored 
fl uorescent probes. FISH scanning and interpreta-
tion will be further discussed later in this chapter.  
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    Regulatory Issues 

 Two Food and Drug Administration (FDA) trials 
have been conducted for UroVysion that evalu-
ated different clinical claims for detecting blad-
der cancer [ 8 ,  9 ]. Minor deviations from the test 
packet have also been published with good results 
[ 11 ]. FDA trials have not been conducted for 
FISH probe use in diagnosing malignancies of 
the pancreatobiliary tract, lung, or Barrett’s- 
associated neoplasia. Laboratories that offer 
laboratory developed FISH assays, i.e., assays 
that use non-FDA-approved specimens or meth-
odologies that deviate from the FDA-approved 
methodology, need to comply with CLIA require-
ments, and should perform appropriate validation 
studies before using these tests clinically. This 
would include establishing test accuracy, preci-
sion, analytical sensitivity, analytical specifi city, 

reference range, and reportable range. General 
recommendations on what is required for the vali-
dation of laboratory developed tests have recently 
been published [ 53 ]. In addition, a paper that spe-
cifi cally discusses how to go about validating a 
lab- developed FISH assay has been published 
[ 54 ]. However, this publication described the vali-
dation of a FISH assay that is used to detect MLL 
rearrangements for leukemia in paraffi n- 
embedded specimens and consequently their may 
be some differences in the specifi cs of how to go 
about validating a FISH assay that is used for the 
detection of malignant cells in cytologic speci-
mens. The CAP Molecular Pathology checklist 
also has a useful section that describes many of the 
regulatory requirments for FISH assays. For 
instance, the CAP checklist indicates that at least 
one photograph of a representative normal cell 
(with FISH signals captured) be kept as part of the 

  Fig. 1.1    Representative examples of FISH signal patterns 
observed in cytologic specimens from urine and brushing 
specimens from bile duct, lung, and esophagus. Normal 

(disomic) signal patterns ( a ,  d ,  g ,  j ), homozygous 9p21 loss 
( b ), tetrasomy ( h ), polysomy ( c ,  f ,  i ,  l ), hypertetrasomy ( i ), 
trisomy 7 ( e ), and isolated gain (amplifi cation) of 8q24 ( k )       
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laboratory record for cases interpreted as normal, 
whereas at least two pictures be captured and doc-
umented for specimens with abnormal results.  

    Test Interpretation 

 Subsequent to specimen processing and hybrid-
ization, FISH signals are assessed using a fl uo-
rescence microscope equipped with the 
appropriate fi lters necessary to enumerate spe-
cifi c probe fl uororphores. Non-neoplastic cells 
generally show two copies for each of the FISH 
probes since each probe targets the two alleles 
in an individual cell (Fig.  1.1 ). Occasionally, 
normal cells will show only one copy of a probe 
due to signal overlap or incomplete hybridiza-
tion. Specimens are interpreted as abnormal 
when the number of cells demonstrating losses 
or gains of probes exceeds thresholds estab-
lished in normal value studies. The scanning 
procedure used to identify aneuploid cells by 
FISH in cytologic specimens primarily focuses 
on assessing signal patterns in cells that appear 
morphologically abnormal (irregular nuclear 
shape, large nuclei, mottled nuclear staining) 
with the DAPI nuclear counterstain [ 55 ,  56 ]. 
Cells with abnormal appearing morphology by 
the DAPI counterstain are further assessed using 
the fl uorescence microscope fi lters. Cells with 
abnormal FISH signal patterns are recorded and 
if the number of cells with these patterns 
exceeds predetermined cutoffs, the case is inter-
preted as abnormal. As illustrated in Fig.  1.1 , 
numerous types of aneuploidy or chromosomal 
abnormalities are identifi ed by FISH including 
polysomy (gains of two or more of the four 
probes in a cell), tetrasomy (four signals for all 
four probes), trisomy or single gain (gain of a 
single probe with two or fewer copies of the 
other probes), and homozygous loss (complete 
loss of both probes from an individual target). 
Each of these types of abnormalities can be 
identifi ed with different FISH probe sets.

   Thresholds for different types of chromo-
somal abnormality depend on the body site and 
probe set used [ 55 ]. In urine specimens that are 
being evaluated for bladder cancer with 
UroVysion, two primary types of chromosomal 

abnormalities are observed, polysomy and homo-
zygous 9p21 (Fig.  1.1 ). The fi nding of polysomy 
generally correlates with the presence of a high- 
grade tumor, whereas homozygous 9p21 loss 
often suggests the presence of a low-grade papil-
lary tumor [ 57 ]. There are potential pitfalls that 
one must avoid when interpreting urine speci-
mens by FISH. Urine specimens can contain a 
wide variety of nonmalignant entities that can 
impede interpretation such as infl ammatory cells, 
bacteria, proteinaceous debris, sperm, crystals, 
and lubricant [ 56 ]. It is generally still possible to 
interpret the FISH signals when one or more of 
these entities are present. However, there are 
instances where these entities obscure a majority 
of the epithelial cells causing the specimen to be 
uninterpretable. These specimens should be 
interpreted as nondiagnostic. Caution should also 
be used when evaluating urine specimens from 
patients receiving immunosuppressive therapy to 
prevent kidney rejection following transplanta-
tion, since these patients can harbor BK virus 
infected epithelial cells. Data from our group 
show that BK virus infection can be a rare cause 
of false-positive FISH results in patients with 
extremely high titers of the BK virus in their 
urine [ 58 ]. 

 Although biliary and urinary tract specimens 
are both evaluated with the UroVysion probe 
set, there are differences in the types of FISH 
abnormalities that are observed for these two 
body sites. A large fraction of pancreatobiliary 
specimens with abnormality demonstrate trisomy 
7 (three CEP 7 probes without gains in the other 
three probes; Fig.  1.1 ), while this is a rare fi nding 
in specimens from the urinary tract. A trisomy 7 
result on pancreatobiliary tract specimens is con-
sidered an equivocal diagnosis, since only about 
50 % of these patients will be diagnosed with 
malignancy on clinicopathologic follow-up [23].    
Additionally, polysomic cells from urine often 
demonstrate high level gains of individual chro-
mosomes (i.e., up to eight copies for each probe), 
while polysomic cells from the biliary tract cells 
infrequently demonstrate more than four or fi ve 
signals for each of the four probes. However, 
independent of the degree of chromosomal gains 
observed, a polysomic result in either specimen 
is highly specifi c for malignancy [ 11 , 23]. 
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 There are two main types of chromosomal 
abnormality observed in specimens being ana-
lyzed for lung cancer, hypertetrasomy and tetra-
somy (Fig.  1.1 ). Hypertetrasomy refers to cells 
that show three or more copies in at least two of 
the four probes, with one or more of the probes 
exhibiting at least fi ve copies. Tetrasomy is 
defi ned as four (or possibly three due to signal 
overlap) copies of the probe set for each of the 
probes. This distinction is important because a 
previous study suggests that 88, 53, and 37 % of 
patients with a hypertetrasomy, tetrasomy, and 
negative FISH result, respectively, were found to 
have lung cancer when FISH was performed on 
specimens diagnosed as negative or equivocal by 
routine cytology [ 40 ]. These data suggest that a 
hypertetrasomy FISH result is more specifi c and 
therefore more suggestive of lung cancer than a 
tetrasomy FISH result. 

 The methodology used to assess esophageal 
brushing cytology specimens by FISH, and the 
respective chromosomal abnormalities, is differ-
ent than what has been described for other body 
sites. Multiple different chromosomal abnormali-
ties may be observed in esophageal specimens 
including 9p21 chromosomal loss, single chro-
mosome gain, amplifi cation, and polysomy 
(Fig.  1.1 ). A previous report shows that micro-
scopic FISH analysis of esophageal brushing 
specimens can be carried out by enumerating 100 
non-squamous epithelial cells and if the percent-
age of cells demonstrating chromosomal loss or 
gain exceeds normal value cutoffs, the case is 
interpreted as abnormal. However, if no abnor-
malities are observed in the 100 cell enumeration 
or if the only abnormality that is observed is 9p21 
loss or single gain, then the remainder of the slide 
should be scanned for polysomic cells. If ≥4 
polysomic cells are observed in that additional 
scan, the specimen should be diagnosed as abnor-
mal [ 49 ]. Patient’s whose samples exhibit poly-
somy are likely to have high-grade dysplasia or 
cancer, while patients with hemizygous or homo-
zygous 9p21 loss alone are likely to have Barrett’s 
esophagus without dysplasia or Barrett’s esopha-
gus with low-grade dysplasia [ 49 ]. In summary, 
analysis of specimens by FISH is different based 
on the probe set used, the diagnostic cutoff values, 
and the body site analyzed.  

    How the Test(s) Have Changed 
Medical Practice 

 Aneuploidy detection by FISH has revolution-
ized how we detect tumor cells in cytologic 
specimens. Nearly all studies to date have 
suggested that FISH has a signifi cantly higher 
sensitivity than conventional cytology for the 
detection of tumor cells in most specimen 
types. The improved ability to detect tumor 
offers the possibility of providing therapy at 
earlier more treatable stages and can reduce 
healthcare costs by reducing the amount of 
clinical evaluation required to arrive at a diag-
nosis. FISH is more time consuming and expen-
sive to perform than conventional cytology and 
therefore has not replaced cytology. But FISH 
has become an extremely important ancillary 
tool for diagnosing selected specimens in cyto-
pathology and cytogenetic laboratories.  

    Future Directions 

 We have summarized the success of FISH for 
detecting aneuploidy in solid tumors and have 
discussed the role FISH has played in changing 
clinical practice. As scientists and clinicians 
forge ahead in the genome era, the technologies 
used to detect aneuploidy will likely change, and 
aneuploidy assessment of tumors will likely be 
just part of large-scale genome analyses of indi-
vidual tumors including DNA and RNA muta-
tions analyses and epigenetic interrogation. The 
role that aneuploidy plays in carcinogenesis will 
also continue to be an active area of research. 
A recent review article by Gordon et al. [ 59 ] dis-
cuss this topic in depth and highlight the impor-
tance of aneuploidy in cancer development. More 
importantly, aneuploidy has become a promising 
target for future cancer therapies. These therapies 
may target mechanisms involved in tumor cell 
chromosomal instability (e.g., mutations that 
trigger instability), target cellular responses to 
aneuploidy (e.g., targeting specifi c pathways 
such as ubiquitin–proteasome pathway), or target 
specifi c cancer cells with genetic dependencies 
owing to recurrent chromosomal gains or losses 
[ 59 ]. No matter what the strategy, future studies 
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uncovering the genetic and epigenetic mysteries 
of solid tumor will transform what we know 
about these tumors and will hopefully shed light 
on how to cure and reduce the mortality associ-
ated with cancer.      
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           Background 

 Lung cancer is the most lethal cancer in the USA, 
with an estimated 220,000 new diagnoses in 2011 
and a case mortality rate of ~85 % [ 1 ]. This com-
bination of high incidence and mortality makes 
lung cancer the leading cause of cancer-related 
deaths in American men and women, responsible 
for more deaths than the next four cancers (breast, 
prostate, colon, and pancreas) combined [ 1 ]. 
Lung cancer is not restricted to the USA, and 
lung cancer is a leading cause of cancer morbid-
ity and mortality around the world. 

 Disease stage is the primary determinant of 
mortality in lung cancer. Early stage disease 
(confi ned to lung or with spread to local lymph 
nodes) is typically treated surgically and is asso-
ciated with ~50 % 5-year survival [ 1 ]. However, 
prognosis is more grim in advanced stage dis-
ease, which is typically treated with chemother-
apy and associated with ~15 % 5-year survival 
[ 1 ]. Moreover, because the lung has great reserve 
capacity and the symptoms of lung cancer can be 
somewhat nonspecifi c—cough, dyspnea, hemop-
tysis, pleuritic pain—~85 % of patients present 
with advanced disease [ 1 ]. Accordingly, early 

diagnosis and prevention (~90 % of lung cancer 
cases are associated with tobacco smoke [ 1 ]) are 
of keen interest to public health programs directed 
against lung cancer. 

 The vast majority of lung cancers are carcino-
mas, classically divided into two types: small cell 
and non-small cell carcinoma. Small cell carcino-
mas account for ~15 % of lung carcinomas, are 
typically centrally located, show neuroendocrine 
differentiation, and are typically treated with 
chemotherapy and/or radiation, with poor sur-
vival (~5 % at 5 years) [ 1 ]. 

 “Non-small cell” carcinomas (NSCLC) 
account for ~85 % of lung cancers and have bet-
ter overall survival than small cell carcinomas 
(~17 % 5-year survival) [ 1 ]. Among NSCLC, 
adenocarcinoma and squamous cell carcinoma 
subtypes predominate, accounting for approxi-
mately 40–45 % each, with additional rare sub-
types (large cell carcinoma, salivary duct-like 
carcinoma) accounting for the remainder. Not 
uncommonly, NSCLCs contain mixed histol-
ogy, with patterns of both adenocarcinoma and 
squamous carcinoma, and regions of small cell/
neuroendocrine histology can also be present. 
Until the recent discovery of the importance of 
EGFR biology in adenocarcinoma, NSCLCs 
were all treated with the same chemotherapy 
regimens, and the distinction between NSCLC 
subtypes was a largely academic exercise. 

 In point of fact, clinical trials of therapeutic 
agents in lung cancer typically did not distin-
guish between NSCLC subtypes, which proved 
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problematic. Gefi tinib, an oral ATP-mimetic 
inhibitor of the EGFR cytoplasmic tyrosine 
kinase, showed promising results in early phase 
trials, with rare, dramatic responses to treatment, 
including signifi cant prolongation of disease-free 
survival of a year or more and radiologic regres-
sion of tumors [ 2 ,  3 ]. However, when used in 
large phase III trials for patients with all types of 
NSCLC, no clear benefi t was demonstrated, and 
gefi tinib was effectively removed from the US 
market [ 4 ]. A similar EGFR tyrosine kinase inhib-
itor (TKI), erlotinib, did reach the US market after 
showing a very modest survival benefi t in 
unselected advanced stage NSCLC patients [ 5 ]. 

 However, retrospective review of the few 
patients who showed dramatic clinical responses 
to gefi tinib and erlotinib revealed discriminating 
characteristics. All of these patients had adenocar-
cinoma histology. In addition, patients who 
responded to EGFR TKIs were more likely to have 
never smoked tobacco products, to be female, to 
have Asian ancestry, and tended to be younger than 
patients who did not respond to therapy [ 2 ,  3 ,  6 ]. 
Although these clinical associations had value 
for population studies, they were insuffi ciently 
sensitive or specifi c to use to determine which 
patients might respond to EGFR TKI therapy. 
Only adenocarcinoma histology proved to have 
some value as a sensitive predictor for selecting 
patients for TKI therapy: functionally all the 
patients who responded to treatment had some 
element of adenocarcinoma in their tumor. 
However, specifi city of histology as sole predictor 
was poor, as most patients with adenocarcinoma 
still did not respond to treatment. 

 A search was conducted to fi nd a suitable bio-
marker within the tumor to predict which patients 
with adenocarcinoma of the lung were likely to 
respond to treatment with gefi tinib and erlotinib, 
and several candidates emerged: EGFR protein 
overexpression by immunohistochemistry (IHC) 
[ 7 ,  8 ],  EGFR  polysomy by fl uorescence in situ 
hybridization (FISH) [ 9 ,  10 ], and  EGFR  mutation 
analysis by molecular diagnostic methods [ 11 –
 13 ]. Quite often all three of these predictors were 
present simultaneously, which caused confusion in 
the published literature. Ultimately,  EGFR  muta-
tion analysis by molecular diagnostic methods was 
shown to be the superior predictor of response to 

therapy, and FISH and IHC were shown to be of 
limited value in this regard [ 7 ,  14 – 16 ]. 

 The mutations are nonrandomly distributed in 
exons 18–21, which encode part of the EGFR 
cytoplasmic tyrosine kinase domain. EGFR (aka 
HER1) is a transmembrane growth factor receptor 
of the HER family, whose other members include 
ERBB2 (aka HER2/neu), which is a critical onco-
gene and therapeutic target in breast cancer. Upon 
binding of ligand to the extracellular domain of 
EGFR, the receptor forms a dimer either by bind-
ing with another EGFR molecule (homodimer) or 
with another HER family protein (heterodimer). 
Autophosphorylation of the dimerized receptor 
causes activation of several downstream signaling 
pathways, including RAS-RAF- MEK, JAK-STAT, 
and  PIK3CA-AKT- mTOR, leading to growth, 
survival, and proliferation. The activating muta-
tions in EGFR exert their oncogenic effects 
through ligand- independent constitutive activa-
tion of the cytoplasmic tyrosine kinase, leading 
to dysregulated cell growth, proliferation, and 
survival [ 11 ,  12 ,  17 ]. 

 Two mutations are seen in ~90 % of tumors: 
65 % of mutant tumors have an in-frame deletion 
in exon 19 that involves ELREA residues at codons 
746–750, and 25 % of mutant tumors have a mis-
sense point mutation at codon 858 (L858R) in 
exon 21. The remaining ~10 % of cases contain 
primarily missense point mutations at codon 719 
in exon 18 (G719C, G719S, G719A), and muta-
tions in exon 20 that include insertion/duplications 
around codons 770, and two point mutations, S768I 
and T790M. Importantly, the exon 20 mutations, 
while oncogenic, confer  resistance  to the TKIs 
rather than sensitivity. The T790M, in particular, is 
commonly acquired in patients after successful 
response to therapy, and heralds acquired second-
ary resistance [ 18 ]. The T790M mutation is also 
encountered in the germline of rare patients with 
hereditary cancer syndrome [ 19 ].  

    Clinical Applications 

 Once a suitable biomarker was available, a better 
assessment of the patients who respond to treat-
ment could be established.  EGFR  mutations are 
seen in ~20 % of adenocarcinomas and mixed 
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carcinomas with areas of adenocarcinoma 
histology, but are not seen in well-character-
ized squamous carcinomas or small cell carcino-
mas. Patients with  EGFR -mutant adenocarcinoma 
have a ~80 % likelihood of responding to treatment 
with an EGFR TKI and have a median survival of 
~2 years (as opposed to ~8 months without TKI 
treatment). 

 Initially, because these drugs are less toxic and 
better tolerated than standard platinum doublet 
chemotherapy, patients with adenocarcinoma 
were empirically treated with erlotinib or gefi -
tinib. However, a series of large prospective stud-
ies published between 2009 and 2011 
demonstrated that patients with  EGFR -nonmutant 
lung adenocarcinomas have better outcome with 
chemotherapy than with TKIs, establishing 
 EGFR  mutation testing as a prerequisite for 
determining treatment and ending the practice of 
empirical TKI therapy [ 20 – 24 ]. 

 Furthermore, while TKIs were initially studied 
as second-line agents for lung cancer patients 
with advanced stage who had progressed after 
receiving chemotherapy, subsequent studies have 
shown clinical benefi t for their use as fi rst-line 
treatment in advanced stage  EGFR -mutant lung 
adenocarcinoma. This has led to an increased 
demand for  EGFR  testing for all new diagnoses 

of advanced stage lung cancer. Moreover, since a 
high percentage of patients with early stage lung 
cancer eventually relapse, and the samples 
obtained at relapse may be small and heteroge-
neous, some oncologists are advocating testing 
all new diagnoses of lung adenocarcinoma for 
 EGFR  mutations, even in early stage patients.  

    Methodology 

 Multiple techniques are used in the molecular 
diagnostics laboratory to detect EGFR mutations, 
but all begin with PCR. The PCR products can 
then be analyzed by Sanger dideoxyterminator 
sequencing, pyrosequencing, oligonucleotide 
probe hybridization, single nucleotide extension 
with fl uorescent or mass spectrometric detection, 
real-time PCR, melt curve analysis, restriction 
digestion, denaturing HPLC, and other techniques. 
A comprehensive review of these is beyond the 
scope of this chapter. However, a few points are 
worth mentioning. 

 The “gold standard” reference technique used 
in the studies that fi rst demonstrated the clinical 
value of testing was Sanger sequencing [ 11 ,  12 ] 
(Figs.  2.1  and  2.2 ). While versatile and able to 
detect mutations in all four of the critical exons 

  Fig. 2.1    Sanger sequence showing two mutations in a 
patient with lung adenocarcinoma who relapsed after ini-
tial response to treatment with erlotinib. The  top panel  
shows the patient’s initial sensitizing mutation, L858R 

(c.2573 T > G) substitution in exon 21. The  bottom panel  
shows the secondary resistance mutation, T790M substi-
tution (c.2369C > T) in exon 20. Only the L858R mutation 
was detected in the pretreatment sample       
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(18–21), this method has relatively poor analyti-
cal sensitivity and can give false-negative results 
in the many small and heterogeneous biopsy or 
cytology specimens that are the mainstay of diag-
nosis for patients with advanced stage disease. In 
general, Sanger sequencing can reliably detect 
mutant DNA at a relative concentration of 
20–25 %, which corresponds to ~50 % malignant 
cell content for diploid tumors. This typically 
necessitates microdissection of samples by a 
pathologist or a specially trained technologist 
prior to analysis, which extends the turnaround 
time and may still be insuffi cient. Fortuitously, 
many of the tumors with mutations also have 
increased EGFR copy number [ 15 ,  25 ], so the 
ability to detect a positive case is somewhat bet-
ter, but establishing the copy number of each case 
in order to help interpret a negative mutation 
result is not practical.

    Sensitivity may be enhanced by a variety of 
methods, including allele-specifi c PCR or 
sequencing after amplifi cation with suppression 
of wild-type amplifi cation (e.g., with peptide 
nucleic acid [PNA] [ 26 ] or locked nucleic acid 
[LNA] probes [ 27 ], restriction digestion of wild- 
type sequence between rounds of PCR, COLD- 
PCR) or laser capture microdissection of 
individual cancer cells. These methods can detect 
mutations in samples with cancer cell contents of 
10 % or lower, sometimes even less than 1 %. 
However, while these methods enable testing of 
many of the small samples that would be 
 insuffi cient for unmodifi ed Sanger sequencing, 
they also confer a risk of false-positive results. 

Novel mutations of uncertain signifi cance have 
been reported with these methods, often unable to 
be confi rmed on repeat analysis [ 28 ]. Artifactual 
mutations are a risk as well. Furthermore, these 
methods can detect minor subpopulations with a 
mutation in the absence of overall mutant back-
ground, and the clinical signifi cance of these is 
unclear. This is particularly confusing when an 
untreated patient is discovered to have a sensitiz-
ing EGFR mutation alongside a T790M resistance 
mutation—should such a patient be treated with a 
TKI, or not?  

    Regulatory Issues 

 The US Food and Drug Administration (FDA) 
has approved commercial assay kits for EGFR 
testing, although EGFR testing is not listed as a 
“companion diagnostic” on the labeling for 
Tarceva (erlotinib) or other EGFR TKIs at the 
time of this writing. 

 The College of American Pathologists (CAP) 
offers a Profi ciency Testing challenge for labora-
tories that perform EGFR testing, consisting of 
two shipments of samples per year.  

    Test Interpretation 

 The exon 19 deletion mutations and exon 21 
L858R point mutation confer sensitivity to treat-
ment with targeted EGFR TKIs, and patients 
with these tumors should be treated with erlotinib 

  Fig. 2.2    Sanger Sequence result showing an in-frame 
15 bp deletion in exon 19 of EGFR. The  top bar  shows the 
forward sequence, while the  lower bar  shows the reverse 
sequence. The  orange box  highlights the deleted nucleo-

tides, which encode ELREA residues 746–750. This com-
mon EGFR mutation is associated with a favorable 
response to treatment with gefi tinib or erlotinib       
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in the USA (and/or gefi tinib in other countries) 
if they are in advanced stage and otherwise ame-
nable to treatment (i.e., not being referred for 
hospice or palliation). 

 The exon 18 codon 719 mutations and exon 21 
L861Q are considered likely to confer sensitivity 
to EGFR TKIs and should also be treated with 
erlotinib or gefi tinib, although they are less likely 
to derive as substantial a benefi t as patients with 
the more common sensitizing mutations. These 
mutations are less well studied. 

 The exon 20 insertion mutations and T790M 
point mutation are associated with resistance to 
erlotinib/gefi tinib and should not be treated with 
these agents. Several clinical trials with so-called 
irreversible inhibitors of EGFR have been 
attempted, but results have so far been disap-
pointing. The T790M is typically acquired as a 
secondary mutation in a patient who has relapsed 
after initial treatment; when it is encountered in 
an untreated patient, a possible explanation is a 
germline mutation, which is associated with 
hereditary cancer syndrome. Patients with 
germline T790M should be referred for genetic 
counseling. 

 False-negative results may be seen in patients 
with low tumor content, and it is imperative that 
the molecular diagnostics laboratory differentiate 
between a true negative result and an apparently 
negative result in a suboptimal sample. Rebiopsy 
may be needed if a patient does not have a sample 
with adequate tumor content to enable a defi ni-
tive diagnosis.  

   How the Test Has Changed Medical 
Practice 

 The discovery of EGFR mutations and their role 
in predicting outcome in lung adenocarcinoma 
has revolutionized thoracic oncology and, to 
some extent, oncology in general. 

 First, this test has provided a viable treatment 
option and hope to patients with one of the most 
dismal diagnoses in medicine, a disease that, as 
mentioned above, kills more patients than the 
next four cancers combined. While not curative, 
EGFR TKIs promise an extra year or more of 

relatively high quality, chemotherapy-free life for 
the ~20,000 new patients each year diagnosed in 
the USA with EGFR-mutant lung cancer. 

 Second, this test has led to a change in clinical 
trial design. Gefi tinib is not available on the US 
market because the phase III studies looked at all 
NSCLC and the benefi t of this drug in 10 % of 
NSCLC was too small to be statistically signifi -
cant. Trials are now designed with biomarkers in 
mind to select patients most likely to derive a 
benefi t, which should lead to more therapies, 
effectively targeted to a wider variety of cancer 
subtypes. 2011 saw the FDA approve an ALK 
inhibitor for ALK-mutant lung cancer; and, 
extending beyond lung cancer, a BRAF inhibitor 
for BRAF mutant melanoma. 

 Third, this test prompted aggressive search for 
other defi ning molecular alterations in cancer, 
both lung and beyond. Lung cancer has evolved 
from a histologic-based small-cell/non-small cell 
classifi cation to a molecular-based classifi cation 
that contains multiple different molecular sub-
types. This same process is being repeated in 
tumors of all types. Some trials are looking at 
molecular classifi cation as more important than 
even tumor of origin as determinant of therapy 
(i.e., treat any tumor with a PIK3CA mutation, 
whether it is a breast cancer, an endometrial 
cancer, or a lung cancer). 

 Fourth, this test helped usher in an era of com-
mercial development of molecular diagnostics 
for cancer. Before EGFR, the commercial market 
for molecular oncology was relatively small, and 
few companies invested the resources into this 
area. With the emergence of companion diagnos-
tics and application to common medical prob-
lems like lung cancer and melanoma, commercial 
manufacturers have begun to focus on this fi eld, 
leading to greater standardization (and cost!). 

 Fifth, the FDA has shown accelerated 
approval processes for new targeted therapies. 
The EGFR story unfolded over several years. 
By contrast, the next lung cancer subtype to have 
a targeted treatment, ALK-mutant lung cancer, 
proceeded rapidly through FDA, with release of 
a diagnostic and a drug within 4 years of the 
initial discovery and before phase III trials had 
been concluded.  

2 Epidermal Growth Factor Receptor Testing in Lung Adenocarcinoma



20

    Future Directions 

 While EGFR-mutant lung cancers do respond to 
treatment, they also do relapse. About half of 
relapses are associated with acquisition of the 
T790M mutation in exon 20, which leads to ste-
ric hindrance of the binding of the drug in the 
ATP- binding pocket. New therapeutic options are 
needed for these patients. Another 20 % of patients 
who relapse have amplifi cation of another onco-
gene, MET [ 29 ]. Inhibition of MET has similarly 
proven frustrating. There is still no explanation 
for the remaining patients who relapse. 

 KRAS mutations (point mutations in codons 
12, 13, 61) are seen in 30 % of lung adenocarci-
nomas, essentially none of which also have 
EGFR mutations. No good treatment option 
exists for KRAS mutant lung cancers, and 
KRAS testing is of limited use in lung cancer, 
except as a possible “rule out” for EGFR test-
ing in a multitest algorithm: because KRAS 
is technically easier to test than EGFR, some 
laboratories may screen EGFR requests with a 
KRAS test fi rst. 

 A variety of mutually exclusive, rare, molecular 
alterations have been shown in about half of the 
remaining 50 % of adenocarcinomas of the lung, 
each accounting for 1–5 % of the total. These 
include mutations in BRAF, ERBB2, AKT1, 
NRAS, and MEK, in total accounting for ~20 % of 
lung adenocarcinomas. Targeted therapies that 
inhibit these mutant proteins are in development or 
in clinical trials, but currently not standard of care, 
nor is testing for these mutations. 

 Another lung adenocarcinoma subtype with 
targeted therapy contains a chromosomal 
abnormality—inversion of chromosome 2 
resulting in dysregulation of the ALK (anaplas-
tic lymphoma kinase) gene, typically by fusion 
with EML4 [ 30 ]. Early trials have shown 
~60 % of patients with ALK rearrangements, 
as detected by fl uorescence in situ hybridiza-
tion (FISH) (Fig.  2.3 ) will respond to a targeted 
inhibitor of the ALK kinase, crizotinib [ 31 ]. 
Although the frequency of ALK rearrangement 
in lung adenocarcinoma is only ~5 %, crizo-
tinib has been approved by FDA for tumors 

that have demonstrated ALK rearrangements, 
and FISH for ALK is now standard of care, 
along with EGFR mutation testing, in adeno-
carcinomas of the lung.

   Other subtypes of lung adenocarcinoma with 
chromosomal abnormalities include those with 
ROS1 rearrangements, which anecdotally 
respond to crizotinib, and those with RET rear-
rangements, which await trials to assess sensi-
tivity in vivo to vandetanib. Each of these 
subtypes is present in 1–2 % of lung adenocarci-
nomas [ 32 ]. 

 In contrast to adenocarcinomas of the lung, 
squamous carcinomas have relatively few molec-
ular subtypes with targeted clinical treatment. 
FGFR1 amplifi cation is a common fi nding [ 33 ] 
and trials are underway to assess the effi cacy of 
ponatinib in FGFR1 amplifi ed squamous lung 
cancer, with FISH and IHC as candidate biomark-
ers. DDR2 [ 34 ] and PIK3CA mutations are also 
common in squamous carcinoma; however, these 
have yet to develop as diagnostic or therapeutic 
targets outside the research lab. This is likely to 
change in the coming years.     

  Fig. 2.3    FISH showing EML4-ALK translocation in a 
lung cancer. The wild-type confi guration shows  red  and 
 green  signals juxtaposed against one another to give a  yel-
low  fusion signal. The translocation causes a split of the 
centromeric 5′  green  signal and the telomeric 3′  red  sig-
nal. This result predicts a favorable clinical response to 
treatment with crizotinib       
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          Background 

 While the fi eld of pharmacogenomics (PGX) 
continues to mature and its clinical application 
gains utility, one aspect of PGX, personalized 
medicine, is proving to have a major impact on 
the management of the cancer patient. Our 
increasing knowledge base of tumor cell biology 
and our ever increasing abilities to design thera-
peutics against various biological targets involved 
in different pathways have resulted in signifi cant 
advances using these novel-targeted therapies. 
One such biomarker, the human epidermal 
growth factor receptor 2 (HER2), was the fi rst to 
be targeted with a novel humanized monoclonal 
antibody approach and later with a small mole-
cule tyrosine kinase inhibitor. 

 The human epidermal growth factor receptor 
2 (HER2) is a proto-oncogene located on chro-
mosome 17p11.2–12 that encodes a 185-kd 
transmembrane tyrosine kinase receptor 
(p185 HER-2 ). This gene is a member of the HER 
gene family which includes HER1 (epidermal 
growth factor receptor—EGFR/erbB1), HER3 
(erbB3), and HER4 (erbB4). Each receptor con-
tains an extracellular domain, a single transmem-
brane lipophilic domain, and an intracellular 
tyrosine kinase (TK) domain (Fig.  3.1 ). The TK 
domain is nonfunctional in the HER-3 receptor. 
HER2, unlike the other members of this family, 
has no identifi ed ligand and is constitutively 
active with the ability to undergo ligand- 
independent dimerization. Other HER proteins 
can preferentially heterodimerize with HER2 
which leads to phosphorylation of the tyrosine 
residues and activation of downstream effectors 
including the mitogen activating protein kinase 
(MAPK), phosphatidylinositol 3-kinase (PI3K), 
and signal transducers and activators of transcrip-
tion (STAT) pathways that regulate cell prolifera-
tion, survival, and other processes important in 
carcinogenesis. The oncogenic activation of 
HER2, present in approximately 15–20 % of all 
breast cancers as well as some other cancer types 
(discussed later), commonly occurs through gene 
amplifi cation which results in receptor protein 
overexpression (Fig.  3.2 ) [ 1 ,  2 ]. This overex-
pressed protein has become the target of several 
novel therapies.
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        Clinical Applications: 
Targeting HER2 

 Currently there are two FDA-approved targeted 
therapies against HER2 that are available to treat 
patients with cancers that either overexpress the 
HER2 protein or have an amplifi ed  HER2  gene. 
Such targeted therapies can be designed against 
the extracellular receptor domain or the intra-
cellular tyrosine kinase domain. Trastuzumab 

(Herceptin; Genetech, South San Francisco, CA) 
is a recombinant humanized monoclonal anti-
body which specifi cally targets the extracellular 
domain of the HER2 receptor. This was the fi rst 
monoclonal antibody therapy approved for use in 
human cancers. Although the exact mechanism 
of action of the antitumor activity of trastuzumab 
is unknown, a number of mechanisms have been 
proposed including (1) activation of antibody- 
dependent cellular cytotoxicity, (2) blockage of 
proteolytic cleavage of the HER2 extracellular 

  Fig. 3.1    Schematic diagram showing the extra- and intracellular domains of the HER2 receptor       

  Fig. 3.2    Schematic diagram illustrating gene amplifi cation which results in receptor overexpression       

 

 

L.J. Tafe and G.J. Tsongalis



25

domain, (3) inhibition of intracellular signal 
transduction, (4) inhibition of tumor-induced 
angiogenesis, and (5) inhibition of repair of 
cancer treatment-induced DNA damage [ 3 ,  4 ]. 

 More recently, lapatinib (Tykerb; Glaxo
SmithKline, London, UK), an orally available, 
small molecule, reversible inhibitor of both 
HER2 and EGFR tyrosine kinases (TKs) was 
approved by the FDA. The use of tyrosine kinase 
inhibitors (TKIs), including the selective EGFR 
inhibitors, gefi tinib (Iressa, AstraZeneca 
Pharmaceuticals LP, Wilmington, DE), and erlo-
tinib (Tarceva, Genentech/OSI Pharmaceuticals, 
LLC, Farmingdale, NY), have been used in clini-
cal practice for various human cancers. These 
compounds are all 4-anilinoquinoline derivatives 
but have distinct TK targets and mechanisms of 
action [ 5 ]. The binding of lapatinib inhibits 
phosphorylation thus blocking the downstream 
effects of the MAPK, PI3K, and STAT pathways. 
In vitro, lapatinib can effectively inhibit human 
tumor cell lines that overexpress EGFR or HER2, 
indicating selectivity for cancers that overexpress 
these receptors [ 6 ].  

    Methodology: Detecting 
HER2 Status 

 An association between  HER2  gene amplifi ca-
tion and poor prognosis in breast cancer patients 
was fi rst demonstrated in 1987 [ 7 ]. Subsequently, 

approval of trastuzamab highlighted the need for 
companion diagnostics to be available in the 
clinical laboratory setting. This provided more of 
a rationale for the need to establish HER2 status 
in clinical tumor specimens prior to the initiation 
of therapy. Since an association exists between 
p185 HER-2  protein overexpression and  HER2  gene 
amplifi cation, quantifi cation can be measured at 
either the protein level or at the gene level. 
Numerous technologies and approaches have 
been evaluated and described for the detection of 
HER2 gene amplifi cation and/or overexpression 
with several becoming FDA-cleared assays for 
use in clinical testing. 

 Immunohistochemistry (IHC) measures 
expression of a target gene by utilizing antibodies 
specifi c for antigenic epitopes of a given gene 
product (Fig.  3.3 ). Because these assays are 
usually performed on tissue sections with intact 
cellular architecture, their expression can be 
localized to a specifi c cell type or specifi c region 
within the cell (i.e., nuclear, cytoplasmic, or 
membranous). A typical IHC protocol would 
involve application of a primary antibody against 
the target protein to the tissue section on a slide. 
A biotinylated secondary antibody directed 
against the primary antibody species is then 
applied. Signal detection is performed utilizing 
avidin which has a very high affi nity for biotin 
and is conjugated to an enzyme. The presence or 
absence of the target protein is determined by 
adding a chromogenic substrate which produces 

  Fig. 3.3    HER2 analysis by IHC. Scoring is based on 
staining intensity and percent of cells showing expression 
(0–1+, 2+, 3+). Score 0 (negative) = no membrane stain-
ing is observed; score 1+ (negative) = weak, incomplete 
membrane staining in any proportion of invasive tumor 
cells, or weak complete membrane staining in <10 % of 

cells; score 2+ (equivocal) = complete membrane staining 
that is nonuniform or weak but with obvious circumferen-
tial distribution in >10 % of invasive tumor cells, or strong 
complete membrane staining in no more than 30 % of 
cells; score 3+ (positive) = complete and uniform strong 
membrane staining in >30 % of invasive tumor cells       
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a colorimetric reaction for which the intensity of 
the color is proportional to the number of target 
proteins present. A number of HER2 antibodies 
are commercially available for IHC including the 
FDA-approved HercepTest (polyclonal, DAKO, 
Carpinteria, CA) and Pathway/Confi rm (clone 
4B5, monoclonal, Ventana Medical Systems, 
Tucson, AZ). The IHC signal is quantifi ed and 
scored most commonly according to the 2007 
ASCO/CAP guidelines on a scale of 0–3+ based 
on the membranous staining pattern, intensity, 
and percentage of staining (Fig.  3.3 ) [ 8 ]. The most 
commonly used testing algorithm of HER2 status 
includes the use of a semiquantitative immunohis-
tochemistry (IHC) assay to detect HER2 protein 
overexpression followed by fl uorescence in situ 
hybridization (FISH) if IHC is equivocal (2+). 
This scoring system has come under intense scru-
tiny recently due to the lack of precision of this 
technology. While IHC is a well- recognized tech-
nique and is relatively inexpensive, the draw-
backs mostly stem from it being an indirect 
detection method for an unstable target. It is well 
recognized that protein stability is affected by 
cold ischemic times, tissue fi xation methods, and 

length of time in fi xative [ 9 – 11 ]. Also, background 
or nonspecifi c staining can be a result of the indi-
rect detection chemistries used.

   Alternatively, laboratories may chose to 
detect gene copy number as there has been good 
correlation between p185 HER-2  protein overex-
pression and  HER2  gene amplifi cation. 
Fluorescence in situ hybridization (FISH) is the 
technique most commonly used to quantify 
 HER2  gene copy number or amplifi cation and 
many labs are now performing FISH as their pri-
mary test for  HER2  analysis. Like IHC, this 
technique detects the target gene in the context 
of the cellular architecture of a fi xed tissue sec-
tion. FISH uses a single- stranded nucleic acid 
probe that hybridizes to the denatured  HER2  
gene locus (17q21) to form a double-stranded 
hybrid between probe and target sequence. The 
probe is labeled with a fl uorescent dye so that 
direct visualization of the probe is possible with 
a fl uorescent microscopy. In FISH assays where 
the goal is to enumerate gene copy number, a 
second probe, labeled with a different fl uoro-
chrome, is used as a comparative control such as 
a centromeric enumeration probe (CEP) for 

  Fig. 3.4    HER2 analysis by fl uorescence in situ hybridization (FISH)       
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chromosome 17 (Fig.  3.4 ). Amplifi cation status 
is then determined by measuring the HER2/
CEP17 signal ratio (positive >2.0 and negative 
<2.0, according to PathVysion FDA-approved 
package insert). The PathVysion (Abbott 
Laboratories, Abbott Park, IL) and pharmDx 
(DAKO, Glostrup, Denmark) are two examples 
of dual-colored FISH assays which have received 
FDA approval. A single color assay (INFORM, 
Ventana Medical Systems, Tucson, AZ) used 
HER2 copy number/nucleus enumeration and a 
separate probe assay to assess chromosome 
number. While FISH has been reported to be the 
more accurate of the in situ technologies to 
determine  HER2  status, it is more costly than 
IHC and requires fl uorescent microscopy capa-
bilities. Guidelines have also been established 
for HER2 FISH testing [ 8 ].

   Bright-fi eld IHC has been introduced as an 
alternative to FISH. Two types are currently 
available, chromogenic in situ hybridization 
(CISH) and enzyme metallography with silver 
deposition (SISH). The main advantages of these 
techniques are that the signals do not fade and the 
slides can be archived and retained as part of the 
pathological record. In addition, CISH and SISH 
do not require a fl uorescent microscope and with 
the use of bright-fi eld microscopy the viewer is 
able to evaluate gene status in the context of good 
morphology and tumor heterogeneity is much 
easier to view. 

 CISH, similar to the IHC process, uses a 
chromogenically labeled complementary DNA 
or RNA strand (probe) to localize a specifi c 
DNA or RNA target sequence in a tissue speci-
men (Fig.  3.5 ). The CISH method can be used 
to evaluate gene amplifi cation, chromosome 
translocation, gene detection, and chromosome 
enumeration. CISH utilizes peroxidase or alka-
line phosphatase reactions to visualize signals 
and is applicable to formalin-fi xed, paraffi n- 
embedded (FFPE) tissues, blood and bone 
marrow smears, metaphase chromosome 
spreads, and fi xed cells. The CISH signals can 
be quantifi ed using a 40× objective. Although 
CISH does not permit an actual determination 
of gene copy number, it has been shown to cor-
relate well with FISH [ 12 ].

   The SPOT-Light HER2 CISH kit (Invitrogen, 
Carlsbad, CA) is an FDA approved, single HER2 
signal assay. The assay results can be visualized 
as a colored precipitate signal and counted using 
a 40× objective. The assay interpretation is based 
on the numbers of signal dots or clusters present 
in >50 % of tumor cells. The CISH procedure 
however, is time consuming and takes nearly as 
long as FISH to prepare the slides. 

 A dual-colored CISH assay, HER2 CISH 
pharmDX kit (Dako, Denmark), is also FDA 
approved. The signals are enumerated with a 
bright-fi eld microscope similar to the method of 
counting FISH signals (HER2:CEP17 ratio). 

  Fig. 3.5    Schematic diagram of chromogenic in situ hybridization (CISH).   http://www.histalim.com/…/
in-situ- hybridization.php           
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This kit can be used manually or automated on 
Dako Autostainer instruments. 

 The other alternative ISH technology is silver 
in situ hybridization (SISH) which does allow for 
gene copy number enumeration. The INFORM 
HER2 SISH (Ventana, Tucson, AZ) assay is also 
available in the USA. This assay utilizes chromo-
genic silver deposition to detect a HER2 DNA 
probe on one slide and a Chromosome 17 (Chr17) 
probe on a matched slide. This strategy allows 
HER2 status to be determined in reference to Chr 
17 so that a HER2/Chr17 ratio can be determined 
using the same reported ranges as those recom-
mended by ASCO/CAP for FISH. The silver 
signals are counted and a ratio is calculated. 
All steps in this assay are fully automated and 
can be performed on the Benchmark series of 
automated strainers (Ventana, Tucson, AZ) which 
leads to an approximate 6-h turnaround time. 
The main disadvantages of assays which require 
two separate slides is the inability to know 
whether signal counts are being conducted on 
the same cells. In addition, there is an inherent 
risk of sectioning through smaller tumors when 
biopsy material is used for analysis. 

 In an attempt to overcome this, Ventana has 
recently introduced, and gained FDA approval 
for, the INFORM HER2 Dual ISH DNA Probe 
Cocktail, which combines ISH and IHC staining 
of HER2 and Chr 17 using SISH and Alk-Phos 
Red, respectively. This assay is also performed 
on the Benchmark instruments and is designed 
such that the HER2 probe and Chr 17 reference 
probe are visualized on the same slide during one 
automated run. High concordance rates with FISH 
have been reported in multiple studies for CISH 
(81–100 %) and SISH (94–98.9 %) [ 12 – 15 ]. 

 Testing for  HER2  amplifi cation has also been 
performed using PCR technology [ 16 ].  HER2  
gene amplifi cation is associated with mRNA 
and protein overexpression. Recently, Baehner 
et al. report a 97 % concordance between central 
FISH analysis by PathVysion and HER2 mRNA 
quantitative reverse-transcriptase polymerase 
chain reaction (RT-PCR) by the Onco type  DX 
assay [ 17 ]. Lehmann-Che et al. report a similar 
97.3 % overall concordance of HER2 overex-
pression between IHC and quantitative reverse- 

transcriptase PCR (Q-RT-PCR) in 466 cases. 
They used TATA binding protein (an endoge-
nous control), to determined a cutoff ratio of >7 
for HER2 overexpression with the use of a 
training set of tumors that had correlative IHC 
data. Of 14 cases with equivocal 2+ IHC, Q-RT-
PCR was highly predictive of fi nal HER2 status 
(as determined by additional methods including 
FISH) in 10 of the cases, suggesting that Q-RT-
PCR could be used as an alternative to FISH in 
IHC equivocal cases [ 18 ]. Q-RT-PCR is a fast, 
quantitative method that lacks intraobserver 
variability; however, careful microscopic selec-
tion of tumor prior to extraction is crucial. 
Quantitative PCR-based assays, although com-
pelling will likely require a great deal more vali-
dation before they are accepted into clinical 
practice. 

 Currently, the CellSearch (Veridex LCC, 
Raritan, NJ) immunoassay technology is the only 
FDA-approved technology for detecting circulat-
ing tumor cells (CTCs) in patients with meta-
static breast cancer. Ventana has developed a 
CellSearch Tumor Phenotyping Reagent HER2 
which can be used in conjunction with the CTC 
identifi cation technology to phenotype CTCs for 
HER2 expression. 

 However, this assay is still for research use 
only and the best method of quantifying HER2 
expression in CTCs is still being determined 
[ 19 – 21 ].  

    Test Interpretation: Breast Cancer 

 P185 HER-2  overexpression is associated with a 
worse clinical outcome [ 7 ] but is predictive of 
response to targeted therapies like trastuzumab 
and lapatinib. Trastuzumab was approved by the 
US Food and Drug administration (FDA) in 1998 
and is widely used as a standard therapy for 
patients with HER2-positive metastatic breast 
cancer [ 22 ,  23 ]; and, as adjuvant therapy in early 
breast cancer combined with chemotherapeutic 
agents [ 24 ]. Therapy with trastuzumab, however, 
is not without drawbacks. It has been associated 
with a small risk of cardiac toxicity in approxi-
mately 4 % of patients when combined with 
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doxorubicin-containing protocols [ 25 ]. And, 
although combined chemotherapy regimens have 
been modifi ed, trastuzumab is an intravenously 
administered drug and the cost is signifi cant. 

 In 2007, the FDA approved lapatinib for use 
in combination with capecitabine for treatment 
of advanced HER2-positive breast cancer in 
patients who had previously received chemo-
therapy or trastuzumab [ 26 ]. The role of adju-
vant and neoadjuvant lapatinib in early stage 
disease is currently being studied by the ALTTO 
(Adjuvant Lapatinib and/or Transuzumab 
Treatment Optimization) and the NeoALTTO 
trials. 

 Accurate HER2-testing strategies are critical 
for appropriate management of breast cancer 
patients. In the review by Sauter et al., they con-
clude that because FISH assays are less depen-
dent on tissue fi xation and correlate better than 
IHC with tumor response to trastuzumab or 
laptinib, FISH should be used as the primary 
HER2-testing modality [ 27 ]. With approximately 
200,000 women in the USA every year develop-
ing breast cancer, small discordance rates 
between HER2 assays can mean thousands of 
potentially inaccurate fi ndings which could lead 
to tumors misclassifi ed as false negative and 
those patients denied trastuzumab or tumors 
being classifi ed as false positive and those women 
needlessly receive the $100,000 drug. 

 Despite there being multiple testing method-
ologies available, the debate on which testing 
strategy establishes the most accurate, reproduc-
ible, and clinically relevant HER2 status persists. 
The ASCO/CAP guidelines for breast cancer put 
forth in 2007 were drafted in part in response to 
several studies that showed that there was huge 
discordance between IHC data and FISH data 
observed between community laboratories and 
central laboratories (>27 % discordant for IHC—
[ 28 ]; 23 % discordant for 3+ IHC and 74 % dis-
cordant for 2+ IHC—[ 29 ], and initial overall 
   concordance of IHC and FISH of 82 %) [ 30 ,  31 ], 
suggesting the lack of standardization of the 
assays and interpretation. 

 The ASCO/CAP guidelines recommend 
HER2 testing by either IHC or FISH with con-
fi rmatory testing for equivocal cases (FISH for 

IHC equivocal and additional counting and/or 
repeat if FISH equivocal). These guidelines rec-
ommend criteria for accepting and rejecting 
IHC and FISH results without maintaining that 
either technique is preferable, emphasizing that 
there is no “gold standard” testing strategy. In 
addition, they altered the defi nition of a positive 
result (3+ uniform intense membrane staining in 
>30 % vs. prior >10 % of invasive tumor cells, 
>6 HER2 copies/nucleus, or HER2/CEP 17 
ratio >2.2) and created an equivocal FISH cate-
gory (HER2/CEP 17 ratio of 1.8–2.2 or average 
gene copy number between 4.0 and 6.0). The 
guidelines recommend optimal validation of the 
tests in which positive and negative HER2 cat-
egories are at least 95 % concordant with an 
alternative validated method or the same vali-
dated method performed at another laboratory. 
They stress the importance of internal quality 
control (QA) procedures,  participation in profi -
ciency testing with at least 90 % correct response 
rate, and laboratory accreditation with onsite 
and self inspection [ 8 ]. These guidelines do 
raise a number of issues that are diffi cult to con-
trol, such as preanalytical factors—e.g., vari-
ability across laboratories in tissue fi xation 
methods and times which impact the tissue anti-
genicity. Despite the adherence to and accep-
tance of these guidelines, some authors still feel 
they are fl awed. Subsequent to the publication 
of these guidelines, a second manuscript was 
published by many of the same authors that 
examined some of the false pretenses presented 
in the 2007 guideline document. These differ-
ences in the 2009 manuscript included the rec-
ommendation of FISH testing as a more accurate 
methodology, the lack of data to support an 
equivocal zone for FISH testing, and the lack of 
data to support a FISH cutoff ratio of >2.2 [ 27 ]. 

 Another potential inherent issue with HER2 
testing is tumor HER2 heterogeneity (either pro-
tein overexpression or amplifi cation) which is 
seen in approximately 1 % of tumors [ 32 ] and is 
defi ned by CAP as more than 5 % but less than 
50 % of infi ltrating tumor cells with a FISH ratio 
higher than 2.2 [ 33 ]. The clinical signifi cance and 
implications for targeted HER2 therapy are not 
clearly defi ned [ 34 ], but ASCO/CAP guidelines 
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recommend documenting the presence of hetero-
geneity in the patient’s report [ 33 ]. 

 Polysomy 17 (p17) is another biological vari-
able that’s signifi cance is unclear and incidence 
is dependent on how it is defi ned. According to 
the ASCO/CAP guidelines, polysomy is when a 
tumor has increased HER2 and CEP17 signals 
with a ratio of less than 1.8 [ 8 ]. Downs-Kelly et. 
al. report that in their patient population using a 
defi nition of CEP17 of ≥2.1, >2.5, or >3 would 
correlate with a p17 incidence of 35.4, 17.7, and 
8 %, respectively. This same group found in a 
cohort of HER2 nonamplifi ed/p17 cases 
(defi ned as a mean CEP17 of ≥2.1) that most of 
these cases are not associated with HER2 
mRNA or protein overexpression. In addition, 
they noted no correlation with tumor size, ER/
PR status, grade or lymph node status, but they 
did identify a correlation with p17 and women 
>50 years of age ( P  = 0.02) [ 35 ]. The report by 
Perez et al. on associations between tumor char-
acteristics and disease-free survival in the 
N9831 adjuvant trastuzumab trial defi nes p17 as 
≥3 CEP17 signals in more than 30 % of nuclei. 
They found that in patients with  HER2  amplifi -
cation, p17 did not predict for trastuzumab 
benefi t [i.e., the benefi t seen in patients with 
 HER2 -amplifi ed tumors was not signifi cantly 
different between  HER2  amplifi ed/p17 and 
 HER2  amplifi ed/normal 17 ( P  = 0.36)]. However, 
they did observe that in HER2-positive patients 
treated with chemotherapy alone, those with 
p17 seemed to benefi t more than those with nor-
mal 17, suggesting that polysomy may have 
some prognostic value for those treated with 
chemotherapy [ 36 ]. 

 Recent array CGH studies have shown that 
complete polysomy 17 is rare and that CEP17 
copy numbers >3 in dual-colored FISH assays 
are actually due to gains/amplifi cation of the 
centromeric region in addition to  HER2  [ 37 – 39 ]. 
With co-amplifi cation, the  HER2 /CEP17 ratio 
may be normal masking the fact that some of 
these are  HER2- amplifi ed tumors. Therefore, 
several authors now recommend reporting the 
average number of  HER2  genes per nucleus in 
addition to the  HER2 /CEP17 ratio in these 
complex cases [ 39 ,  40 ]. Further investigation is 

required to clarify the importance of these fi nd-
ings and to reach consensus on reporting them.  

    Regulatory Issues 

 HER2 testing either by IHC or FISH was one of 
the fi rst true companion diagnostics approved 
by the FDA. The concept of having a novel thera-
peutic available that acted against a specifi c tar-
get also required knowledge of whether that 
target was present in the patient’s tumor. Targeted 
therapies tend to be more expensive and not with-
out potential side effects. In this case, Herceptin 
was known to be associated with cardiotoxicity; 
in order for breast cancer patients to be eligible 
for treatment, the tumor must have an amplifi ed 
target gene or overexpress the target. The FDA 
initially approved an IHC assay followed by a 
FISH-based assay. 

 Two companion diagnostics, using different 
technologies and detecting different types of bio-
logical information, has led to much controversy 
as to which test is best for patient management. 
IHC detects HER2 protein expression, while 
FISH detects HER2 gene amplifi cation, a mecha-
nism by which cells overexpress protein. The 
need for testing guidelines was supported by 
studies that identifi ed a very high false-positive 
rate in HER2 IHC testing, preanalytical variables 
such as tissue processing, and analytical vari-
ables such as test validation, calibration, compe-
tency, etc. This controversy lingers and two sets 
of competing guidelines have since been intro-
duced [ 8 ,  27 ].  

    How the Test Has Changed Medical 
Practice 

 The emergence of targeted therapy for HER+ 
breast cancers has improved patient outcomes 
signifi cantly. HER2 overexpression is observed 
in a signifi cant percentage of breast cancers 
(up to 30 %), with gene amplifi cation being the 
most signifi cant mechanism of overexpression. 
This biological phenomenon is associated with 
tumors that have a higher risk for recurrence and 
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worse overall survival. However, it also plays a 
signifi cant role in determining which patients 
will be eligible for newer targeted therapies. 
Treatment with these novel therapies has been 
shown to improve response rates, time to pro-
gression, and survival. Testing breast cancers for 
HER2 amplifi cation and/or overexpression status 
is critical as negative results identify individuals 
who will gain no benefi t from costly and poten-
tially toxic therapy, whereas, positive results 
identify patients who are eligible for potentially 
life-saving therapy.  

    Future Directions 

 HER2 overexpression or amplifi cation has been 
reported in many other tumor types including, 
ovarian, gastric, lung, head and neck, prostate, 
and bladder carcinoma. Tuefferd et. al. report that 
in a multicenter series of 320 patients with 
advanced ovarian cancer, 6.6 % of tumors had 
HER2 overexpression and amplifi cation [ 41 ]. 
In a study of 1,005 patients with invasive bladder 
carcinoma, 5.1 % had  HER2  amplifi cation [ 42 ]. 
Clearly, there is the possibility that patients with 
other cancers besides breast cancer may benefi t 
from HER2-targeted therapies. This potential has 
been perhaps been best brought to fruition to date 
in gastric carcinomas. 

 In October 2010, trastuzumab was approved 
by the FDA for use in combination with cysplatin 
and either capecitabine or 5-fl uorouracil in 
patients with metastatic gastric or gastro- 
esophageal junction cancer (GC/GEJ) who had 
not previously received treatment for metastatic 
disease. This approval was granted following the 
results of the ToGA (Trastuzumab for Gastric 
Cancer) phase III, international, randomized 
controlled trial which were recently published. 
This trial enrolled 594 patients with GC/GEJ 
with tumors overexpressing HER2 protein by 
IHC or gene amplifi cation by FISH and they 
were randomized 1:1 into chemotherapy alone 
versus chemotherapy plus trastuzumab arms. 
The overall survival was clinically signifi cant 
( P  = 0.0046) in those receiving trastuzumab 
(13.8 months at trial termination; 1- year follow-

up—13.1 months) versus those treated with 
chemotherapy only (11.1 months at trial termina-
tion; 1-year follow-up—11.7 months) [ 43 ]. The 
tumors were evaluated at a central laboratory by 
IHC (HercepTest, Dako, Denmark) and FISH 
(pharmDx, Dako). They found HER2 positivity 
rate of 22.1 % with IHC/FISH concordance of 
87.3 %. They used new IHC scoring criteria 
which are essentially modifi ed HercepTest crite-
ria that were based on a study by Hofmann et al. 
that suggested differences in the staining pattern 
in gastric tumors vs. breast cancers thus necessi-
tating the modifi ed criteria [ 44 ]. Patients were 
eligible for the trial if their tumor samples were 
either IHC 3+ or FISH positive with a 
HER2:CEP17 ratio ≥2. The results of this trial 
are expected to make signifi cant impact on clini-
cal practice. However, this trial did not include 
patients from North America and there is still no 
consensus on the optimal HER2-testing strate-
gies in patients with gastric cancer. It is not 
clear if the  ASCO/CAP guidelines created for 
breast cancer are applicable to GC, or if what 
Hofmann et al. suggest, modifi ed criteria are 
necessary. At least one study evaluating HER2 
testing within a US cohort suggests that the 
ASCO/CAP guidelines are applicable to GC/
GEJ carcinoma [ 45 ]. However, additional vali-
dation studies from North America are needed 
to help address these questions. 

 In this era of personalized medicine, the 
development of targeted therapeutics has had a 
major impact on the treatment of cancer patients. 
Paired with this is the need for accurate and clini-
cally relevant companion diagnostics available 
in clinical laboratories.     
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           Background 

 Pharmacogenomics is defi ned as the use of a 
person’s genetic information to individualize 
treatment. This is a burgeoning fi eld which is 
starting to have a major impact on many areas in 
medicine. Notable examples are the following: 
The use of cytochrome P450 2C9 ( CYP2C9 ) and 
vitamin K epoxide reductase complex subunit 1 
( VKORC1 ) genotyping to predict response to war-
farin, the use of serotonin transporter ( SLC6A4 ) 
promoter length polymorphism for prediction of 
response to serotonin reuptake inhibitors, the use 
of  CYP2C19  genotyping to predict response to 
clopidogrel, the use of HLA- B  *5 701 genotyping 
to predict hypersensitivity reactions to abacavir, 
and the use of HLA-B * 1502 genotyping to iden-
tifying individuals of Asian ancestry who are at 
risk of developing Stevens–Johnson syndrome 
and toxic epidermal necrolysis when adminis-
tered carbamazepine, phenytoin, or fosphenytoin 
therapy. 

 In some ways, the implementation of these and 
other pharmacogenomic tests into clinical prac-
tice has been disappointingly slow. This appears 

to be due to (1) lack of clear clinical outcomes 
data derived from prospective studies showing 
medical economic benefi t, (2) a physician work-
force which is inadequately trained to handle the 
complexities of the genotyping results that are 
obtained, and (3) slow FDA acceptance of phar-
macogenomic data plus reluctance to generate 
clear drug label changes which mandate pharma-
cogenomic testing prior to use of specifi c drugs. 

 This chapter will focus on pharmacogenomic 
applications involving two drugs used in 
Oncology:  CYP2D6  testing for postmenopausal 
estrogen receptor-positive breast cancer patients 
receiving tamoxifen and  UGT1A1  testing for 
oncology patients receiving irinotecan. In the case 
of  CYP2D6 , acceptance has been deterred by 
inconsistent results between studies so the clinical 
impact has not been so great. In the case of 
 UGT1A1 , however, there is greater acceptance 
and an FDA black box warning which is driving 
acceptance of the testing in clinical settings.  

     CYP2D6  Genotyping for Tamoxifen 
and Breast Cancer 

    Clinical Applications 

 Breast cancer remains one of the most commonly 
diagnosed cancers. An estimated 230,480 new 
cases of breast cancer and 39,520 breast cancer 
deaths are expected in 2011 despite the fact that 
incidence rates are stable and death rates have been 
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declining for all women except American Indians/
Alaska Natives [ 1 ]. Overall trends in 5-year sur-
vival rates have been improving from 75 % in 
1974–1976 to 88 % in 1995–2001 in the USA [ 2 ]. 

 Tamoxifen, a selective estrogen receptor mod-
ulator, has been a mainstay in therapy for this 
condition since 1977 when it was fi rst approved 
for postmenopausal metastatic breast cancer. 
Subsequently, the list of indications has grown to 
include postmenopausal, node-positive, adjuvant 
therapy for breast cancer; premenopausal meta-
static breast cancer; postmenopausal node- 
negative breast cancer; metastatic breast cancer 
in males; reduction in breast cancer incidence in 
high-risk women; and ductal carcinoma in situ. 
There is insuffi cient data available regarding the 
effect of tamoxifen on breast cancer incidence in 
women with inherited mutations ( BRCA1 , 
 BRCA2 ) to be able to make specifi c recommen-
dations on the effectiveness of tamoxifen citrate 
in these patients [ 3 ]. 

    Tamoxifen-Mechanism of Action 
 Tamoxifen is the  trans -isomer of a triphenylethyl-
ene derivative and is a nonsteroidal agent with 
potent estrogenic antagonist and partial estro-
genic agonist activity. Tamoxifen demonstrates 
anticancer action, anticarcinogenic potential, and 
an ability to reverse multidrug resistance. The 
drug has been shown to upregulate both estrogen 
and progesterone receptors in breast cancer. It is 
also known as a selective estrogen receptor mod-
ulator (SERM). Tamoxifen’s anticancer activity 
was thought to be due to its ability to compete 
with estrogen at the estrogen receptor (ER) in 
target tissues such as the breast. However, the 
drug is also an inhibitor of protein kinase C and 
Ca 2+ -calmodulin-dependent cAMP phosphodies-
terase, induces cells surrounding the cancer cells 
to secrete the negative growth factor transform-
ing growth factor-beta (TGF-beta), and sup-
presses insulin-like growth factor I (IGF-1), 
which is a potent mitogen for breast cancer cell 
in vitro [ 3 ].  

    Tamoxifen Metabolism    
  Tamoxifen is extensively metabolized by the 
cytochrome P450 system to several primary and 

secondary metabolites, some which exhibit more 
antiestrogenic effect in breast cancer cells than 
tamoxifen itself.  For example, 4-hydroxy-
tamoxifen has approximately 30- to 100-fold 
more potent antiestrogen effect than tamoxifen. 
The major metabolic pathway of tamoxifen is 
N-demethylation to N-desmethyltamoxifen. This 
pathway is primarily catalyzed by CYP3A4 and 
CYP3A5. N-Desmethyltamoxifen is further oxi-
dized to a number of metabolites that appear 
important to tamoxifen activity including hydrox-
ylated by the CYP2D6 enzyme to endoxifen [ 4 ].  
See Fig.  4.1  for a more complete discussion of 
tamoxifen metabolism.

      Why Individualized Treatment 
Is Important in Breast Cancer 
Management 
 There are strong incentives for seeking an indi-
vidualized treatment approach for patients with 
breast cancer. Not all patients respond to tamoxi-
fen equally and the hope is to fi nd a genetic etiol-
ogy for this. Secondly, tamoxifen is commonly 
used and is fairly inexpensive compared to other 
medications partly because it is available in a 
generic form. This makes the drug attractive to 
insurance companies, if it is effective in place of 
aromatase inhibitors, which are much more expen-
sive. Third, there is a high cost of  nonresponse to 
tamoxifen in terms of morbidity and mortality so 
focusing treatment on patients who can respond to 
the drug is highly relevant.  

    Review of the Literature 
 The role of  CYP2D6  genotype in tamoxifen 
response in breast cancer patients has been under 
examination since the metabolic pathways of 
tamoxifen were described as detailed by Destra 
et al. [ 4 ] (Fig.  4.1 ). Goetz et al. [ 5 ] did the initial 
retrospective study to examine outcomes related 
to  CYP2D6  genotype in postmenopausal women 
with early-stage ER-positive breast cancers who 
were treated with tamoxifen alone for 5 years. 
Follow-up for these patients was a median of 
11.4 years and only the  CYP2D6*4  allele was 
studied. Even though the sample size was 223 
patients, homozygosity for the  *4  genotype was 
associated with worse recurrence-free time and 

J.L. Black III



37

disease-free survival compared to women with 
either the  *1 / *4  or  *1 / *1  genotypes. Further anal-
yses revealed that patients who were placed on 
 CYP2D6  inhibitors such as selective serotonin 
reuptake inhibitors also did more poorly and experi-

enced shorter time to recurrence and worse recur-
rence-free survival leading to the conclusion that 
decreased  CYP2D6  function, whether due to drug 
inhibition or genotype, was a predictor of response 
to tamoxifen in this patient population [ 6 ]. 

  Fig. 4.1    Tamoxifen, a selective estrogen receptor modu-
lator (SERMs), is important for the treatment and preven-
tion of breast cancer. Tamoxifen is extensively metabolized 
predominantly by the cytochrome P450 system to several 
primary and secondary metabolites. Some of these metab-
olites exhibit more antiestrogenic effect in breast cancer 
cells than tamoxifen itself. This pathway depicts major 
pathways of tamoxifen metabolism that might have rel-
evance to tamoxifen activity. Tamoxifen 4-hydroxyl-
ation is the most studied because it has been shown that 
4-hydroxy-tamoxifen is approximately 30- to 100-fold 
more potent antiestrogen than tamoxifen. Tamoxifen 
4-hydroxylation is catalyzed by  CYP2D6  and other iso-
forms. The major metabolic pathway of tamoxifen is 
 N -demethylation to  N -desmethyltamoxifen. This pathway 
is primarily catalyzed by CYP3A4 and CYP3A5. 

 N -Desmethyltamoxifen is further oxidized to a number of 
metabolites that appear important to tamoxifen activity. 
First,  N -desmethyltamoxifen is hydroxylated by the 
 CYP2D6  enzyme to endoxifen. This metabolite is as 
potent as 4-hydroxytamoxifen in terms of antiestrogenic 
activity, while its plasma concentrations in breast cancer 
patients are much higher than that of 4-hydroxytamoxi-
fen. Second,  N -desmethyltamoxifen undergoes sequential 
metabolism to metabolite E, which exhibits in vitro estro-
genic activity. Details of tamoxifen primary and sequen-
tial metabolism have been published by Desta et al. [ 4 ]. 
Image and legend are from the Pharmacogenomic 
Knowledge Base (  http://www.pharmgkb.org/index.jsp    ), 
are copyrighted to PharmGKB and Stanford University, 
and are used with permission from PharmGKB and 
Stanford University [ 69 ]       
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 Research from the large Italian chemopreven-
tion trial, encompassing 5,408 hysterectomized 
women aged 35–70 years who received either 5 
years of placebo or tamoxifen, found that patients 
who developed breast cancer while on tamoxifen 
were more likely to have the  CYP2D6*4 / *4  
genotype [ 7 ]. 

 Schroth et al. [ 8 ] retrospectively studied 206 
patients receiving adjuvant tamoxifen monother-
apy and 280 patients not receiving tamoxifen 
therapy with 71 months median follow-up. 
Patients were genotyped for  CYP2D6  alleles and 
found that those with  CYP2D6*4 ,  *5 ,  *10 , and 
 *41  alleles had signifi cantly more recurrences of 
breast cancer, shorter relapse-free survival rates, 
and worse event-free survival rates compared 
with carriers of functional alleles. 

 Xu et al. [ 9 ] examined the association between 
 CYP2D6*10  genotype and survival of breast 
cancer in 152 patients receiving tamoxifen treat-
ment vs. 141 who did not. They found that serum 
4-OH-Tam concentrations were signifi cantly 
lower in tamoxifen-treated women homozygous 
for the  CYP2D6*10  genotype and that these 
women had a signifi cantly worse disease-free 
survival than heterozygous or homozygous non-
 *10  patients. No association was found between 
genotype and those patients not treated with 
tamoxifen. 

 Schroth et al. [ 10 ] conducted another retro-
spective study of 1,325 German and US patients 
treated with adjuvant tamoxifen for early-stage 
breast cancer (Stage I through III) who were 
mainly postmenopausal with a median follow-up 
of 6.3 years.    Inclusion criteria required that the 
patients be hormone receptor positive without 
metastatic disease and on adjuvant tamoxifen 
therapy and no chemotherapy. The patients were 
genotyped for  CYP2D6*3 ,  *4 ,  *5 ,  *10 , and  *41  
to predict  CYP2D6  phenotype. Compared with 
extensive metabolizers, those with decreased 
 CYP2D6  activity had worse event-free survival 
and disease-free survival but no signifi cant differ-
ences in overall survival. 

 Ramon y Cajal et al. [ 11 ] evaluated the impact 
of  CYP2D6  genotyping in predicting disease-free 
survival and toxicity in patients treated with adju-
vant tamoxifen. Ninety-one samples were tested 

for 27 alleles and patients were grouped into a 
poor plus intermediate metabolizer group called 
group1 (e.g.,  *4 / *4 ,  *4 / *41 ,  *1 / *5 , and  *2 / *5 ) vs. 
all other genotypes (group 2). There was a sig-
nifi cant difference in disease-free survival with 
group 1 having inferior numbers, but there was 
no difference in toxicity between groups. 

 Kiyotani et al. [ 12 ] retrospectively evaluated 
67 breast cancer patients who received adjuvant 
tamoxifen therapy for  CYP2D6*10  alleles and 
found a signifi cantly higher incidence of recur-
rence within 10 years after surgery compared to 
those with  CYP2D6*1 / *1  genotype. The risk of 
recurrence seemed to be related to the number of 
 CYP2D6*10  alleles present. Patients with 
 CYP2D6*10 / *10  had a signifi cantly shorter 
recurrence-free survival period after adjustment 
for other prognostic factors. 

 Newman et al. [ 13 ] conducted a chart review 
and genotyping for  CYP2D6*3 ,  *4 ,  *5 , and  *41  
alleles in 115 patients with familial breast cancer 
(47  BRCA1  and 68  BRCA2 ) treated with 20 mg 
tamoxifen per day following surgery. Use of 
 CYP2D6 -inhibiting medications was evaluated. 
Poor metabolizer status for  CYP2D6  predicted 
worse overall survival in patients with familial 
breast cancer, especially those with BRCA2 
mutations. 

 Nowell et al. [ 14 ] found no association 
between  CYP2D6*4  genotype and overall sur-
vival in a retrospective study of 162 tamoxifen- 
treated ER-positive patients and Wegman [ 15 , 
 16 ] similarly found no association between 
 CYP2D6*4  and disease-free interval and overall 
survival in a retrospective study. Okishiro et al. 
[ 17 ] also did not fi nd a positive association. 

 Lammers et al. [ 18 ] conducted a cohort study 
of 102 patients using  CYP2D6  genotype and 
concomitant use of  CYP2D6 -inhibiting medica-
tion on time to breast cancer progression and 
overall survival in women using 40 mg tamoxi-
fen per day for metastatic breast cancer. 
 CYP2D6*3 ,  *4 ,  *5 ,  *6 ,  *10 , and  *41  were evalu-
ated. Overall survival was shorter in patients 
with a poor metabolizer phenotype compared to 
extensive metabolizer phenotype. Use of 
 CYP2D6  inhibitors was also associated with 
worse overall survival. 
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 493 patients of the Austrian TIGER study 
receiving adjuvant tamoxifen therapy were evalu-
ated for  CYP2D6*4  genotype [ 19 ]. The study 
included patients with previous chemotherapy. 
No signifi cant differences in time to tumor pro-
gression or progression-free survival between the 
 CYP2D6*4  genotype groups were found overall. 
However, in a subgroup of patients treated with 
chemotherapy, the  CYP2D6*4  poor metabolizers 
had a tendency toward shorter mean time to pro-
gression. The study suggested that  CYP2D6*4  
genotyping might be particularly valuable for 
patients who previously received chemotherapy. 

 Lim et al. [ 20 ] studied 165 Asian breast cancer 
patients receiving 20 mg of tamoxifen daily and 
228 healthy Asian subjects to determine the 
impact of  CYP2D6 ,  CYP3A5 ,  CYP2C9 , and 
 CYP2C19  genotype on tamoxifen pharmacokinet-
ics. Focusing on the  CYP2D6  results,  CYP2D6*5  
and  *10  were associated with signifi cantly lower 
endoxifen and higher  N -desmethyltamoxifen con-
centrations. The role of the other genes studied 
here appeared to be minor. 

 Similarly, Madlensky et al. [ 21 ] determined 
tamoxifen metabolite concentration in reference to 
 CYP2D6  genotype and breast cancer outcomes 
from 1,370 patients with ER-positive breast cancer 
participating in the Women’s Healthy Eating and 
Living Study. Breast cancer outcomes were not 
associated with concentrations of tamoxifen, 
4-OH-Tam, and ND-tamoxifen. However, women 
in the upper four quintiles of endoxifen concentra-
tion had a lower recurrence rate than women in the 
bottom quintile and being a poor/intermediate 
metabolizer genotype was one predictor of being in 
the lower quintile. The study suggests that the mini-
mal concentration threshold above which endoxi-
fen is effective against breast cancer recurrence can 
be achieved by 80 % of those given the drug. 

 Seruga and Amir [ 22 ] conducted a meta- 
analysis which included ten studies in the analy-
sis. When compared to reduced function, normal 
function was associated with a trend toward 
improved disease-free survival but not overall 
survival. Pooled data from studies involving the 
use of  CYP2D6  inhibitors revealed that use with 
tamoxifen was associated with nonsignifi cant 
association with decreased disease-free survival. 

Overall, the effect of  CYP2D6  genotype on breast 
cancer outcomes appeared small and the authors 
concluded that  CYP2D6  testing may not be war-
ranted, although avoidance of the use of potent 
inhibitors of  CYP2D6  seemed reasonable. 

 Lash et al. [ 23 ] conducted a review of the ten 
epidemiological studies which examined the asso-
ciation between  CYP2D6  genotype and breast 
cancer recurrence with relative-risk estimates out-
side of the range of reasonable bounds including 
several already cited above. The authors reviewed 
the epidemiological evidence and found issues 
with study heterogeneity caused by study design, 
selection bias, uncontrolled confounders, and 
potential information bias or misclassifi cation. 
Taken together, their conclusion was that more 
evidence should be collected before any decision 
is reached on the need for  CYP2D6  genotyping 
for patients receiving tamoxifen for breast cancer 
treatment.  

    Limitations of Studies 
 There are many limitations to the studies to date. 
Most of the studies are retrospective. Medication 
compliance was not assessed except in those 
where metabolite levels were obtained. No stud-
ies examined for all of the known variants of 
 CYP2D6 ; indeed, this is exceedingly diffi cult as 
will be discussed below. Ethnicity also plays a 
role in the frequency of  CYP2D6  alleles and 
might impact the actual expressed phenotype of 
some alleles, none of which has been adequately 
studied to date. There is inadequate research as to 
what should be done when a patient is known to 
have defi ciency alleles: e.g., should the patient be 
switched to another agent or should the dose of 
tamoxifen be altered? Studies do not address what 
potency of  CYP2D6  inhibitor should be avoided 
when a patient is receiving tamoxifen therapy. 
Finally, there is considerable heterogeneity 
between the various studies to date including: 
tumor, stage, chemotherapy programs, use of radia-
tion therapy, ethnicity, tamoxifen dose, and medi-
cal economic outcomes. These limitations likely 
account for the inconsistent fi ndings that have been 
reported and these issues will only be addressable 
using a carefully designed prospective study 
involving very large numbers of patients.  
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    CYP2D6 Structure and Variation 
 The  CYP2D6  gene is located on chromosome 
22q13.1.  CYP2D6  is one of the most polymorphic 
CYP isoforms with nomenclature ranging from 
 CYP2D6*1A  to  CYP2D6*105  (  http://www.cypal-
leles.ki.se/ CYP2D6 .htm    ) (Fig.  4.2 ).     CYP2D6  may 
be duplicated and duplications of up to 13 copies 
on a single chromosome have been described [ 24 ]. 
CYP2D7 pseudogene is located adjacent to 
 CYP2D6  and it is highly homologous to  CYP2D6  
which has led to many recombinant events between 
these two alleles in ancestry which has given rise 
to many hybrid alleles with little or no function 
(e.g.,  CYP2D6*4 N,  *1 3,  *1 6,  *36 , and others) 
(Figs.  4.3  and  4.4 ). The gene can also be deleted as 
in the case of  *5 . Allelic frequencies and conse-
quently the incidence of phenotypes (poor, inter-
mediate, extensive, and ultrarapid) vary widely 
among ethnic groups.

      CYP2D6  is involved in phase I drug metab-
olism of many medications; plus it is involved 
in the bioactivation of tamoxifen and codeine 
among others.  CYP2D6  is one of the prototypic 
examples of pharmacogenomic targets and was 
listed as one of only two “valid pharmacoge-

nomic biomarkers” in the 2003 Food and Drug 
Administration (FDA) Draft Guidance for 
Pharmacogenomic data. 

 An issue in  CYP2D6  genotyping is the presence 
of recombinant or hybrid genes in addition to the 
deletions, duplications, and multiplications already 
mentioned. These hybrid genes are the result of 
recombinant events that have occurred between 
 CYP2D6  and  CYP2D7  pseudogene and they can 
occur as single hybrid genes on a chromosome or as 
tandem hybrid alleles. Figure  4.3  shows the known 
hybrid gene arrangements of the  CYP2D6-2D7  
variety and Fig.  4.4  shows the known hybrid gene 
arrangements of the  CYP2D7-2D6  variety.  

    CYP2D6 Substrates, Inducers, 
Inhibitors, and Probes 
 The following is a list of substrates, inducers, and 
inhibitors. Due to the rapid advance in knowl-
edge in this arena, this list may not be complete at 
the time of publication. An accurate listing of 
inducers, inhibitors, and substrates for the Human 
Cytochrome P450 enzymes is maintained by 
Indiana University at   http://medicine.iupui.edu/
clinpharm/ddis/    . 

  Fig. 4.2     CYP2D  locus structures for single, typical dupli-
cated and deleted arrangements. (a) Single  CYP2D6  
arrangement.  CYP2D8  (not shown) and  CYP2D7  pseudo-
genes are located 5′ to the  CYP2D6  gene. Similar 0.6 kb 
repeats follow the  CYP2D7  and  CYP2D6  sequences as do 
rep 7 and rep 6, respectively, which differ by just a few 
nucleotides in the rep’s 5′ and 3′ regions. Note a 1.6 kb 
spacer is located 3′ to the  CYP2D7  pseudogene but is nor-
mally absent downstream of the  CYP2D6  gene. (b) Typical 
 CYP2D6  duplication arrangement or multiplication. 
The fi rst  CYP2D6  gene is followed by rep dup, a hybrid 

containing a 5′ rep 6 sequence and a 3′ rep 7 sequence. 
Multiplications of the sequence shown between the  brack-
ets  are known to exist. (c)  CYP2D6  deletion arrangement 
( CYP2D6*5 ) where  CYP2D7  is followed by a rep del 
which is a hybrid containing a 5′ rep 7 sequence and a 3′ 
rep 6 sequence. PCR fragments that can be used in geno-
typing are depicted as  lettered lines  under the structures 
(see the following references for methods [ 25 ,  27 ]). Probe 
locations for Taqman ®  copy number assays are designated 
as  asterisk  and  plus sign  for the 5′ fl anking  CYP2D6  assay 
and the  CYP2D6  intron 6 assay, respectively       
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 The medications that are metabolized by 
 CYP2D6  can be broadly classifi ed into analgesics 
and antitussives: codeine, dextromethorphan, 
lidocaine, oxycodone, phenacetin, prometha-
zine, and tramadol; the antihistamine chlor-
pheniramine; cardiac and antihypertensive 
drugs alprenolol, bufuralol, carvedilol, debriso-
quine, encainide,  fl ecainide, S-metoprolol, 
mexiletine, nebivolol, perhexiline, propafe-
none, propranolol, sparteine, and timolol; 
the estrogen antagonist tamoxifen; gastrointes-
tinal and metabolic drugs dexfenfl uramine, 

metoclopramide, ondansetron, and phenformin; 
the psychotropics amitriptyline, amphetamine, 
aripiprazole, atomoxetine, chlorpromazine, 
clomipramine, desipramine, duloxetine, fl uox-
etine, fl uvoxamine, haloperidol, imipramine, 
minaprine, nortriptyline, paroxetine, perphen-
azine, risperidone, thioridazine, venlafaxine, 
and zuclopenthixol; and the memory sparing 
agent donepezil. 

 Inhibitors can be classifi ed according to 
potency. The most potent are bupropion, cina-
calcet, fl uoxetine, paroxetine, and quinidine. 
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  Fig. 4.3     CYP2D  locus structures for single and hybrid 
tandems of  CYP2D6-2D7.  (a) When a chromosome has a 
single  CYP2D6-2D7  gene, the allele is usually followed by 
the 1.6 kb spacer sequence before transitioning into rep 
del. (b) Rarely, as in the case of this  CYP2D6*36 , conver-
sion back to CYP2D6-like sequence occurs in the 0.6 kb 
repeat and this is followed by the typical rep 6 region. (c) 
The most frequently encountered  CYP2D6-2D7  hybrid 
tandem is depicted here. A 5′ recombinant allele is trailed 
by a spacer sequence and rep 7 before the 3′  CYP2D6  
allele. (d) This hybrid tandem is identical to C except for a 
transition back to CYP2D7-like sequence in the 0.6 kb 
repeat 3′ to the 3′  *10  allele which is followed by the 

expected 1.6 bp spacer and rep del. (e) ( CYP2D6-2D7 )  X 
N  arrangement involving  *4N . (f)  CYP2C6*17  duplication 
arrangement which lacks the rep dup sequence. This dupli-
cation will not yield a duplication signal in many genotyp-
ing platforms which detect the presence of a duplication on 
the basis of the rep dup sequence. PCR fragments that can 
be used in genotyping are depicted as  lettered lines  under 
the structures (see the following references for methods 
[ 25 ,  27 ]). Probe locations for Taqman ®  copy number 
assays are designated as  asterisk  and  plus sign  for the 5′ 
fl anking  CYP2D6  assay and the  CYP2D6  intron 6 assay, 
respectively. Note that  CYP2D8  is thought to be present in 
all of the structures but is not shown for simplicity       
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Moderate potency inhibitors are duloxetine, 
sertraline, and terbinafi ne. Weak inhibitors are 
amiodarone and cimetidine. There is also a 
large list of other agents which have not been 
clearly classifi ed as inhibitors including cele-
coxib, chlorpheniramine, chlorpromazine, 
citalopram, clemastine, clomipramine, cocaine, 
diphenhydramine, doxepin, doxorubicin, esci-
talopram, halofantrine, histamine H1 receptor 
antagonists, hydroxyzine, levomepromazine, 
methadone, metoclopramide, mibefradil, mid-
odrine, moclobemide, perphenazine, raniti-
dine, haloperidol, ritonavir, ticlopidine, and 
tripelennamine. 

  CYP2D6  can be induced by dexamethasone 
and rifampin. 

 Pharmacologic probe drugs which can be used 
to phenotype a given individual for  CYP2D6  
include debrisoquine, dextromethorphan, sparte-
ine, and bufuralol.   

    Methodology 

 Several  CYP2D6  genotyping platforms exist 
today, but only two of them are FDA-approved in 
vitro diagnostics (IVD). The gold standard by 
which all platforms are compared is DNA 
sequencing which is a bit ironic since very few 
laboratories can accurately sequence this gene 
due to the complexities presented by the  CYP2D  
loci. Ours is one of the few labs which currently 
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tandems of  CYP2D7-2D6 . (a) Single  CYP2D7-2D6  
arrangement (e.g.,  CYP2D6*13A1 ,  CYP2D6*13F , 
 CYP2D6*13G1 ). (b)  CYP2D7-2D6+CYP2D6  arrange-
ment (e.g.,  CYP2D6*13A1 ,  CYP2D6*13A2 ,  CYP2D6*13D , 
 CYP2D6*13G2  with a tandem  CYP2D6*1 ,  CYP2D6*2A ). 
Notice that the hybrid gene is followed by rep dup which 
will yield a false positive for the typical duplication 
arrangement (see Fig.  4.2b ) using most genotyping plat-
forms. (c)  CYP2D7  gene in a duplication arrangement that 
is followed by rep dup upstream of the tandem C YP2D6  
gene (e.g.,  CYP2D6*1 ,  CYP2D6*4 ,  CYP2D6*41 ). (d) 
 CYP2D7–2D6+CYP2D6 X N  hybrid tandem multiplication 
arrangement. In this case the  CYP2D7-2D6  hybrid is a 

 CYP2D6*13A1 variant 2  and the  CYP2D6  alleles are 
 CYP2D6*1 . (e)  CYP2D7-2D6  hybrid ( CYP2D6*13B ) fol-
lowed by rep dup,  CYP2D6-2D7  hybrids ( CYP2D6* 68 X 
2 ), and a  CYP2D6  gene ( CYP2D6*4 -like). Multiplications 
have multiples of the sequence shown between the  brackets  
and were observed in (d, e). PCR fragments that can be 
used in genotyping are depicted as  lettered lines  under the 
structures (see the following references for methods [ 25 , 
 27 ]). Probe locations for Taqman ®  copy number assays are 
designated as  asterisk  and  plus sign  for the 5′ fl anking 
 CYP2D6  assay and the  CYP2D6  intron 6 assay, respec-
tively. Note that  CYP2D8  is thought to be present in all of 
the structures but is only shown in structures (Fig.  4.2a–c ) 
for simplicity       
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has the capacity to provide complete genotyping 
services for this complicated gene. 

    IVD Tests 
 The two FDA-approved IVDs are the Roche 
AmpliChip CYP450 test and the Luminex xTAG ®  
 CYP2D6  v3 test. 

 The Roche AmpliChip CYP450 test was the 
fi rst FDA-approved IVD which genotypes 
 CYP2D6  and  CYP2C19 . 33  CYP2D6  alleles and 
3  CYP2C19  alleles can be identifi ed with this 
microarray-based test. In addition, duplications 
and deletions are detected, but the array cannot 
determine which alleles are duplicated in all 
cases. The integrated software enables generation 
of customized reports containing the genotype 
and phenotype. The microarray was not designed 
to detect multiplications of genes or hybrid genes 
and it is not capable of detecting tandem hybrids, 
which, when present often, generates incorrect 
phenotype calls [ 25 ]. The fact that phenotype 
prediction is incorporated into the software is not 
ideal given that the phenotype prediction based 
upon genotype is somewhat controversial as will 
be discussed below and changes as the function 
of the various alleles is further defi ned. 

 The Luminex xTAG ®   CYP2D6  v3 IVD was 
recently released for clinical use but was with-
drawn due to technical issues. The kit will likely 
be reissued in the near future and it evaluates 
samples for 15  CYP2D6  alleles plus duplications 
and deletions. Proprietary software generates a 
genotype but the phenotype prediction is left to 
the clinician which is desirable due to controver-
sies associated with phenotype prediction with 
 CYP2D6  and research redefi ning some of the 
functionality of some alleles. The kit was not 
designed to detect hybrid alleles nor hybrid tan-
dems and it is not cleared to predict which allele 
is duplicated when a duplication signal is present, 
although this can be done on a limited basis by 
comparing the mean signal intensive for hetero-
zygous calls ±2 standard deviations to the signal 
intensity derived from a heterozygous sample 
with a duplication signal. One advantage to the 
use of this kit is that the kit will yield “no calls” 
or signal variation in such a way as to lead the 
experienced user to suspect that a hybrid allele is 
present. These samples can be further studied 

using methods defined below to derive an 
accurate genotype.  

    Non-IVD Tests 
 The remaining  CYP2D6  assays fall within the 
laboratory developed test (LDT) category and are 
not FDA-approved IVDs. These include real- 
time PCR assays, PCR fragment analysis, allele- 
specifi c amplifi cation, and DNA sequencing of 
all of the above except TaqMan ®  assays. 

 Real-time PCR (rtPCR) (TaqMan ®  assay, 
ABI) can be used to detect  CYP2D6  polymor-
phisms in a sample thus deriving genotype and it 
can be used to determine copy number. 

 In the case of SNP detection,  CYP2D6  poly-
morphisms are targeted using PCR primer pairs 
which amplify a region of DNA containing the 
polymorphism of interest. Labeled Taqman ®  
probes targeting both the wild-type and mutant 
alleles are also used to detect the present of 
 wild- type or mutant allele in the amplicon. 
During PCR, each probe anneals specifi cally to 
its complementary sequence between the forward 
and reverse PCR primer sites. When the oligo-
nucleotide probe is intact, the proximity of the 
reporter dye to the quencher results in quenching 
of the reporter fl uorescence. Taq polymerase 
extends the primers bound to the template DNA. 
The polymerase cleaves only probes that are 
hybridized to the target, separating the reporter 
dye from the quencher dye resulting in increased 
fl uorescence by the reporter. Thus, the fl uores-
cence signal generated by PCR amplifi cation 
indicates which alleles are present in the sample. 

 Similarly,  CYP2D6  copy number and hybrid 
genes including tandem hybrids can be detected 
using rtPCR.    This method relies upon determin-
ing copy number of two positions located in 
widely different positions in  CYP2D6 . For exam-
ple, probe Hs04502391_cn which detects copy 
number of intron 6 (Applied Biosystems, Inc) 
can be used with a separate assay which targets 
the 5′-fl anking region as described by Hosono 
et al. [ 26 ]. Both assays are performed in triplicate 
with an internal control-RNaseP TaqMan ®  copy 
number reference and TaqMan ®  Genotyping 
PCR Master Mix as directed by the manufacturer 
(ABI). Relative quantifi cation is then performed 
using CopyCaller ®  Software (ABI) following the 

4 Tamoxifen and Irinotecan Pharmacogenomics



44

comparative ΔΔC T  method. If copy number calls 
for both probes are equal, the number of alleles 
present in the sample is easily interpreted into no 
duplications, duplications, or multiplications of 
 CYP2D6 . If copy number calls for both probes 
are unequal, it is likely that there is a hybrid pres-
ent which can be elucidated using methods men-
tioned below. 

 Fragment analysis is most useful for detecting 
the presence or absence of a duplication, a dele-
tion, or a hybrid allele. Primers are designed, as 
we have described [ 25 ,  27 ], which allow the 
unique PCR amplifi cation of any part of the 
CYP2D locus that is of interest. Specifi cally, a 
sample can be interrogated for the presence or 
absence of a rep dup, rep del,  CYP2D6-2D7  
hybrid, or  CYP2D7-2D6  hybrid (see Figs.  4.2 , 
 4.3 , and  4.4 ). The PCR product can be detected 
and sized using agarose gel, Agilent chip 
(Agilent Technologies), or QIAxcel (Qiagen). 
The PCR product can then be sequenced, if 
needed, to determine the exact hybrid allele 
present in the case of  CYP2D6-2D7  hybrid or 
 CYP2D7-2D6  hybrid. 

 Similarly, the problem of determining which 
allele is duplicated in ambiguous samples can be 
managed by PCR amplifying the alleles present 
[ 25 ,  27 ] and then sequencing them, thus remov-
ing any uncertainty about genotype. This can be 
combined with an rtPCR assay to determine the 
number of copies of  CYP2D6  present to further 
determine the actual genotype and, thus, the pre-
dicted phenotype.   

    Regulatory Issues: FDA Guidance 
on Tamoxifen Dosing 

 The FDA has not changed the label for tamoxifen 
but does state that tamoxifen is metabolized by 
 CYP2D6  to its active state and recommends 
against the use of  CYP2D6  inhibitors while on 
tamoxifen.  

    Test Interpretation 

 Phenotype prediction is generally based on the 
genotype and the activity listed for a given allele 

on the  CYP2D6  Allele Nomenclature Webpage 
(  http://www.cypalleles.ki.se/ CYP2D6 .htm    ) as 
well as the extensive literature that exists on this 
gene. Phenotype prediction is often binned into 
four categories in a manner similar to that 
reviewed by Ingelman-Sundberg [ 28 ] and 
Kirchheiner et al. [ 29 ]. It should be noted that 
other methodologies for phenotype prediction 
have been described and this is a controversial 
area of pharmacogenomics [ 30 ,  31 ]. In particu-
lar, there is controversy about where to classify 
the  CYP2D6*2A  vs. other  CYP2D6*2  alleles. 
There is evidence that the  CYP2D6*2  alleles 
(except  CYP2D6*2A ) have reduced function, 
although this is somewhat substrate dependent 
[ 32 – 36 ]. However, the c.-1584C>G polymor-
phism found in  CYP2D6*2A  increases protein 
production, possibly through increased induc-
tion, which compensates for the reduced func-
tion caused by the other polymorphisms found in 
the  CYP2D6*2  alleles, resulting in a function 
similar to and possibly greater than  CYP2D6*1  
[ 37 ,  38 ]. 

 The classifi cation used in our laboratory is as 
follows: an ultrarapid metabolizer (UM) has 
more than two normally functioning alleles 
( CYP2D6*1 or CYP2D6*2A ). An extensive 
metabolizer (EM) has two normally functioning 
alleles or one normally functioning allele and two 
reduced function alleles (e.g.,  CYP2D6*2 , 
 CYP2D6*10 ,  CYP2D6*17 ,  CYP2D6*41 ) or two 
normally functioning alleles and a reduced func-
tion allele. An intermediate metabolizer (IM) has 
one normally functioning allele and either a 
reduced function allele or a null allele (e.g., 
 CYP2D6*4 ,  CYP2D6*5 ,  CYP2D6*6 , or single 
 CYP2D7-2D6  gene). Samples with two or three 
reduced function alleles are also considered 
intermediate metabolizers. A poor metabolizer 
(PM) has only null alleles or a null allele plus a 
reduced function allele. 

 In summary, from the genotype, phenotype is 
predicted and from phenotype the clinician 
determines whether tamoxifen therapy is appro-
priate for a given patient. The literature supports 
the use of tamoxifen in individuals with UM, 
EM, or IM phenotypes; the uncertainty at pres-
ent lies in the use of tamoxifen in PM 
individuals.  
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    How the Test(s) Have Changed 
Medical Practice 

  CYP2D6  genotyping is not yet widely accepted 
due to confl icting literature and confl icting guid-
ance from professional organizations. 
Nonetheless, the testing is available for those cli-
nicians who wish to use this information in their 
decision-making.  

    Future Directions 

 For the use of tamoxifen, there are several trends 
for the future. There is a clear need for tightly 
controlled, prospective studies showing medical 
economic benefi t of changing the practice. These 
should include data across a broad range of 
 CYP2D6  metabolizers and  CYP2D6  alleles, be 
multiracial in nature, be inclusive of tamoxifen 
and tamoxifen metabolite serum levels, and 
should control for  CYP2D6  inhibitors which 
might confound results. At the same time there 
should be ongoing research to determine the 
role of aromatase inhibitors vs. tamoxifen in the 
various  CYP2D6  metabolizer categories. 
Pharmaceutical manufacturers will be likely to 
move away from drugs that are metabolized and 
possibly to the use of endoxifen so as to avoid the 
complications of drug metabolism, although it 
seems impossible to completely remove the 
impact of an individual’s pharmacogenomics in 
drug treatment since essentially every aspect of 
the pharmacokinetics and pharmacodynamics of 
a drug is under some genetic control. 

 In terms of technological advances, the use 
of next generation sequencing is likely to be the 
most fruitful next step. However, sequencing of 
 CYP2D6  is a special challenge given the high 
degree of homology between  CYP2D6  and 
CYP2D7 pseudogene and the rich array of 
hybrid alleles that exist. The most likely 
approach to succeed is the use of single mole-
cule sequencing with long reads. Alternatively, 
use of allele and recombinant specifi c PCR fol-
lowed by DNA sequencing of products has been 
shown to be an effective method for obtaining 
accurate results which will reveal otherwise 

undetected recombinants especially in samples 
containing  CYP2D6*4  and  *10  and duplication 
signals [ 25 ].   

     UGT1A1  Genotyping for Irinotecan 

    Background 

 The American Cancer Society estimates that in 
2011 about 141,210 will receive a diagnosis of 
colorectal cancer and 49,380 people will die of 
the disease. In the USA, it is the third most com-
monly diagnosed cancer and cause of cancer 
death [ 39 ]. Colorectal cancer death rates have 
decreased since 1998 for men and women and 
every racial/ethnic group, although not in a statis-
tically signifi cant way among American  Indian/
Alaska Native men and women. 

 Irinotecan (Camptosar, Pfi zer) is a chemother-
apeutic agent used in the treatment of colorectal 
cancer. It is a topoisomerase I inhibitor which has 
FDA approval for use in adults with (1) meta-
static colorectal cancer as a fi rst-line therapy in 
combination with 5-fl uorouracil and leucovorin 
and (2) metastatic colorectal cancer in patients 
whose disease has recurred/progressed after ini-
tial 5-fl uorouracil-based therapy. It has non-FDA 
indications for use in (3) extensive stage small 
cell lung cancer as a fi rst-line treatment in combi-
nation with cisplatin (4) non-small cell lung can-
cer and (5) ovarian cancer with is either platinum 
refractory or platinum resistant [ 3 ]. 

 Following primary metabolism by the phase I 
enzymes (by oxidation, reduction, dealkylation, 
and cleavage in the intestines and liver), many 
drugs and their metabolites are further modifi ed 
for excretion by a group of conjugative, phase II 
enzymes.    One of these phase II enzymes, uridine 
diphosphate (UDP)-glucuronosyltransferase 1A1 
( UGT1A1 ), is responsible for bilirubin conjuga-
tion with glucuronic acid. This renders the biliru-
bin water soluble and permits excretion of the 
bilirubin–glucuronide conjugates in urine. 

  UGT1A1  is involved in the metabolism of 
irinotecan (Fig.  4.5 ). It is a prodrug that forms an 
active metabolite, SN-38. SN-38 is normally 
inactivated by conjugation with glucuronic acid 
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followed by biliary excretion into the gastrointes-
tinal tract. If  UGT1A1  activity is impaired or defi -
cient due to mutations in the coding region or 
promoter TA (thymine, adenine) repeat polymor-
phisms located in the promoter region of the 

gene, SN-38 fails to become conjugated with 
glucuronic acid, increasing the concentration of 
SN-38. This can result in severe neutropenia. The 
combination of neutropenia with diarrhea can be 
life-threatening.

  Fig. 4.5    This pathway shows the biotransformation of the 
chemotherapy prodrug irinotecan to form the active metab-
olite SN-38, an inhibitor of DNA topoisomerase I. SN-38 is 
primarily metabolized to the inactive SN-38 glucuronide by 
 UGT1A1 . Irinotecan is used in the treatment of metastatic 
colorectal cancer, small cell lung cancer, and some other 
solid tumors. There is large variability between patients in 
response to irinotecan, as well as severe side effects such as 
diarrhea and neutropenia, which might be explained in part 

by genetic variation in the metabolic enzymes and trans-
porters depicted here. The best known variant to effect this 
pathway is the promoter polymorphic repeat in  UGT1A1  
( UGT1A1*28 ) which has been associated with toxicity 
(neutropenia). Image and legend are from the 
Pharmacogenomic Knowledge Base (  http://www.phar-
mgkb.org/index.jsp    ), are copyrighted to PharmGKB and 
Stanford University, and are used with permission from 
PharmGKB and Stanford University [ 69 ]       
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      Mechanism of Action 
 Irinotecan (CPT-11) is a camptothecin analogue 
which displays antitumor activity by inhibiting 
the intranuclear enzyme topoisomerase I. 
Irinotecan is water soluble and less toxic than 
camptothecin. The antitumor mechanism of iri-
notecan is related to inhibition of the topoisomer-
ase I, an intranuclear enzyme that mediates the 
relaxation of supercoiled DNA, thus enabling 
replication and transcription to proceed. Some 
malignant tissues may have higher levels of 
topoisomerase I than normal cells, suggesting 
greater susceptibility of neoplasms to these 
agents, and as a result, reduced expression of 
topoisomerase I is a mechanism of resistance to 
irinotecan. 

 Some of irinotecan’s metabolites are active; 
thus, irinotecan is essentially a prodrug, being 
converted in vivo to an active metabolite, SN-38 
(7-ethyl-10-hydroxycamptothecin), which has 
100- to 1,000-fold greater antitumor activity in 
vitro than irinotecan itself. Carboxylesterase is 
responsible for conversion of irinotecan to SN-38. 
SN-38 is responsible for the majority of in vivo 
antitumor activity of irinotecan [ 3 ].  

    Metabolism    
 Irinotecan is a prodrug which is metabolized to 
form the active metabolite SN-38, an inhibitor 
of DNA topoisomerase I.  SN-38 is primarily 
metabolized to the inactive SN-38 glucuronide 
by UGT1A1. See Fig. 4.5 for additional discus-
sion on the metabolism of irinotecan.   

    Clinical Application 

    Why Individualized Treatment Is 
Important in Colorectal Cancer 
Management 
 As in the case of breast cancer, there are many 
reasons to seek methods to individualized treat-
ment of patients with metastatic colorectal can-
cer who will be treated with irinotecan. For this 
discussion, individualized treatment will hinge 
upon genotyping of  UGT1A1 , although other 
genes are being studied. Key reasons for striv-
ing to individualize irinotecan treatment are as 

follows: there is interindividual variation in 
response to irinotecan and the cost of nonre-
sponse is often fatal. Furthermore, the side effect 
profi le for this drug is costly in terms of morbid-
ity and mortality because one of the key side 
effects is neutropenia and diarrhea which makes 
the patient susceptible to infection and other 
complications. Irinotecan is commonly used 
given that it is a fi rst-line treatment for meta-
static colorectal cancer or after disease progres-
sion following 5-fl uorouracil treatment. Proper 
management of patients with genetic profi les 
that will predict either side effects or lack of 
response would advance the treatment of this 
cancer substantially especially if effective alter-
native treatments are identifi ed. Finally, there is 
the fi nancial cost of treatment of colorectal can-
cer. If patients can be screened for risk of side 
effects or nonresponse effectively and these risks 
can be managed, the overall cost of treatment 
should be lessened.  

    Review of the Literature 
 The fi rst indication that impaired  UGT1A1  func-
tion relates to severe toxicity in irinotecan-based 
chemotherapy may have been Wasserman et al.’s 
[ 40 ] report that patients with Gilbert syndrome 
had severe side effects to irinotecan. Subsequent 
research showed that irinotecan (CPT-11) is 
essentially a prodrug which is converted to 
SN-38, a compound with increased effi cacy and 
toxicity when compared to irinotecan by carbo-
xylesterases. SN-38 undergoes glucuronidation 
by  UGT1A1  and is excreted into the bile. 
Bacterial β-glucuronidase in the gut converts 
some of the excreted SN-39 glucuronide to 
SN-39 again [ 41 ]. The area under the curve 
(AUC) of SN-38 and intestinal concentrations 
are associated with severity of delayed diarrhea, 
neutropenia, and fever [ 42 ]. 

 An early report by McLeod et al. [ 43 ] 
described an association between the  UGT1A1  
promoter polymorphism (TA) 7 , also known as 
 UGT1A1*28 , and irinotecan toxicity. The 
researchers showed that homozygous  *28  was 
associated with risk of neutropenia but did 
not predict response, time to progression, or 
overall survival. Subsequently, many studies 

4 Tamoxifen and Irinotecan Pharmacogenomics



48

have been published on the relationship between 
 UGT1A1*28  and hematotoxicity, delayed diar-
rhea, and overall survival as reviewed by Schulz 
et al. [ 41 ] and the results are mixed. The prepon-
derance of studies that evaluated grade 3 and 4 
hematotoxicity found a signifi cant relationship 
with the  *28  [ 43 – 51 ], although some did not [ 52 –
 54 ]. Delayed diarrhea was not as strongly associ-
ated with approximately half of the cited studies 
reporting no association [ 43 ,  48 ,  51 ,  52 ,  54 ,  55 ] 
and half fi nding an association [ 44 ,  45 ,  47 ,  49 , 
 50 ,  53 ]. None of the studies that evaluated overall 
survival found an association with  UGT1A1*28  
[ 43 ,  47 ,  50 ,  52 ,  53 ,  55 ]. Subsequent work by 
Schulz [ 56 ] found no signifi cant infl uence of the 
TA repeat  UGT1A1  gene polymorphism across 
these three dimensions. 

  UGT1A1  gene polymorphism frequencies 
vary widely per ethnic and racial group. 
Furthermore, this gene has several other poly-
morphisms that may impact gene function and 
SN-38 metabolism which could alter side effects 
and response. Innocenti et al. [ 57 ] evaluated sev-
eral pharmacogenetically relevant genes for rela-
tionship to irinotecan neutropenia and 
pharmacokinetics including the  UGT1A1*28 ,  *6 
(c.211G>A, G71R) ,  *27 (c.686C>A, P229Q) , 
 *60 (c.-3279T>G) , and  *93 c.-3156G>A . These 
researchers reported that, in their univariate anal-
ysis,  UGT1A1*28  and *93 were associated with 
decreased absolute neutrophil count nadir (ANC) 
as well as SN-38 glucuronide/SN-38 area under 
the curve (AUC) and SN-38 AUC.  UGT1A1*60  
was also associated with decreased SN-38 gluc-
uronide/SN-38 area under the curve and ANC 
nadirs. Similarly, Cecchin et al. [ 58 ] studied the 
role of UGT1A variants and found that 
 UGT1A1*28 ,  *60 , and  *93  as well as  UGT1A7*3  
and  UGT1A9*22  may impact outcomes of meta-
static colorectal cancer patients treated with iri-
notecan, fl uorouracil, and leucovorin. A key 
fi nding of this research was that  UGT1A1*6 0 and 
 *93  were associated with hematologic effects and 
response  *93 . But the best predictor of severe 
hematologic toxicity after the fi rst cycle of treat-
ment was  UGT1A7*3 / *3 , not  UGT1A1*28 / *28 . 
This observation could be partly accounted for by 
strong linkage disequilibrium between the 
 UGT1A1  variants but less so between  UGT1A1  

and the  UGT1A7*3  allele. These fi ndings suggest 
that some of confl icting results from previous 
studies might be due to incomplete genotyping. 

 Studies of Japanese subjects have examined 
the role of ethnicity on  UGT1A1 -related toxicity 
and outcomes. Specifi cally, the  *28  allele is 
found in Caucasians and Japanese, but  *6  is 
found in Japanese subjects frequently [ 59 ]. Given 
that  *6  is a defi ciency allele which has been asso-
ciated with irinotecan-related side effects [ 60 –
 62 ], the Ministry of Health and Labor and Welfare 
in Japan approved genetic testing for  UGT1A1*28  
and  UGT1A1*6 .  

   Limitations of Studies 
 The study limitations that exist for  UGT1A1  
genotyping associated with irinotecan use are 
very similar to what exists for  CYP2D6  genotyp-
ing for tamoxifen. However, the literature appears 
to be more mature and some important positive 
reviews examining this association have been 
published. The challenges of clinical application 
of  UGT1A1  genotyping for irinotecan were 
addressed by Ikediobi et al. [ 63 ] and Palomaki 
et al. [ 64 ]: the latter as part of a major review 
prepared for the Evaluation of Genomic 
Applications in Practice and Prevention (EGAPP) 
group. Cited limitations are familiar and include 
the following: Most of the studies were of a retro-
spective nature, studies were inclusive of only a 
few of the possible  UGT1A1  variants that are 
known to exist, differences in response and side 
effects in multiple ethnic groups have not been 
studied adequately, the impact of dose changes 
on neutropenia, delayed diarrhea, tumor response, 
and survival has not been adequately studied, and 
the medical economic benefi t of doing testing is 
unknown. The conclusions by EGAPP were that 
analytic validity exists for the common  UGT1A1  
variant  *28  but not for uncommon  UGT1A1  vari-
ants. Indeed, most testing platforms are specifi -
cally designed for  *28  alone and only those labs 
which offer DNA sequencing will detect the pres-
ence of other alleles and those will be limited by 
the extent of the gene which is sequenced. 
EGAPP also found that there was adequate clini-
cal validity for the association between 
 UGT1A1*28  genotype and SN-38 levels, severe 
diarrhea, and neutropenia, but not for  UGT1A1  
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uncommon variants and clinical outcomes. 
Clinical utility of the impact of testing was inad-
equate both in reduction of severe neutropenia 
and in responsiveness of tumors. The concern is 
that if the dose of irinotecan is reduced due to the 
genotype, no prospective study has shown that 
the risk of severe neutropenia is reduced and no 
prospective study has shown that tumors respond 
as well and patient survival is similar to using a 
full dose. Thus, the fear that dose reduction harms 
the patient continues to be an issue. Finally, the 
dosing guidelines for patients heterozygous and 
homozygous for  *28  alleles remain vague.  

   UGT1A1 Structure and Variation 
 UDP-glycosyltransferase 1 family, polypeptide 
A1 ( UGT1A1 ) is a gene located at cytogenetic 
location 2q37.1. The gene has clinical utility in 
two realms: (1) variations of the gene have diag-
nostic value for Crigler–Najjar syndrome, types I 
and II (CN1, CN2), familial transient neonatal 
hyperbilirubinemia, and Gilbert Syndrome, all of 
which are conditions of unconjugated hyperbili-
rubinemia. (2) The gene is useful in predicting 
severity of side effects in patients treated with 
irinotecan for metastatic colon cancer. 

 The UGT1A gene complex is interesting in 
that the 5′ region of the complex contains 13 tan-
demly arrayed fi rst exons, of which 4 are pseudo 
exons, that are linked to 4 common exons in the 
UGT1A 3′ region (Fig.  4.6 ). Each fi rst exon has 

its own promoter and the functional fi rst exons 
are independently spliced to the common exons 
to generate 9 UGT1A transcripts each with 
unique 5′ ends but identical 3′ ends. The 5′ end 
encodes the N terminus of each UGT1A which 
determines substrate specifi city and the encoded 
C terminus determines the interaction with the 
common donor substrate, UDP-glucuronate [ 65 ].

    UGT1A1  has considerable molecular vari-
ability with over 113 alleles described to date. 
The UGT Alleles Nomenclature Committee 
maintains a website which displays the haplo-
types and known SNPs for  UGT1A1  and the 
other UGTs (  http://www.pharmacogenomics.
pha.ulaval.ca/cms/ugt_alleles    ). The haplotype 
page includes phenotype information when 
available including CN1 and CN2 and Gilbert 
syndrome. One would expect that if a patient 
has an allele associated with any of these condi-
tions, the patient would be sensitive to irinote-
can, but this cannot be assumed since there 
might be some level of substrate specifi city for 
the alleles. In other words, a variation that can-
not conjugate bilirubin might still be able to 
conjugate SN-38 adequately to prevent associ-
ated side effects, although this is not the case 
with the  *28  homozygote associated with 
Gilbert syndrome. 

 As with many genes, race and ethnicity impact 
the frequency of the alleles present in a given 
population [ 45 ,  66 ].   

  Fig. 4.6    The UGT1A gene complex has 13 tandemly 
arrayed fi rst exons, 4 of which are pseudogenes as 
depicted with a “p” suffi x. Independent splicing of the 

fi rst exon to the 4 shared UGT1A exons 2–5 results in 
enzymes of different specifi city. The UGT1A1 enzyme 
results from splicing of the A1 exon to the shared exons       

 

4 Tamoxifen and Irinotecan Pharmacogenomics

http://www.pharmacogenomics.pha.ulaval.ca/cms/ugt_alleles
http://www.pharmacogenomics.pha.ulaval.ca/cms/ugt_alleles


50

    Methodology 

   IVD Tests 
 The only FDA-approved IVD for  UGT1A1  geno-
typing is the Invader ®   UGT1A1  Molecular Assay 
(Hologic™) which determines only the 
 UGT1A1*28  allele. This chemistry platform is a 
homogeneous, isothermal DNA probe-based sys-
tem which can detect insertions and deletions on 
PCR products as well as other polymorphisms. 
The method uses an “invader” sequence, a pro-
prietary cleavase enzyme, and a fret cassette in 
conjunction with a two-color detection system to 
detect both alleles of a target sequence in a single 
reaction, thus yielding genotype calls.  

   Non-IVD Tests 
 Other testing methods are non-IVD and are LDTs. 
The major methods in use today are  UGT1A1  pro-
moter genotyping by fragment analysis and, for 
whole gene analysis, DNA sequencing. 

 In  UGT1A1  promoter genotyping by fragment 
analysis, a portion of the promoter region of the 
 UGT1A1  gene is amplifi ed by polymerase 
chain reaction (PCR) using one labeled primer. 
The labeled PCR products are separated on a 
genetic analyzer (e.g., ABI3130xl; Applied 
Biosystems™) and the resulting trace fi les can be 
analyzed for TA repeats using GeneMarker soft-
ware (SoftGenetics) fragment sizing software 
and verifi ed through visual inspection. Having 
the ability to distinguish between product sizes 
differing by 2 bp is essential to the success of the 
assay and this is often best done using relatively 
small PCR product sizes in the range of 200–
300 bp in length. An advantage is that this method 
allows for the detection of rarer TA repeat sizes 
such as TA 5  ( *36 ) and TA 8  ( *37 ). The major dis-
advantage is that only the TA repeat region is 
interrogated using this method so any other varia-
tions will be undetected. 

 DNA sequencing is the comprehensive 
method for determining the presence of all known 
(and frequently novel) variations of  UGT1A1 . In 
this procedure,  UGT1A1  amplifi cation by PCR is 
followed by purifi ed products from unincorpo-
rated primers and nucleotides by enzymatic 
digestion and then sequenced in both directions 

using sequencing primers usually by fl uorescent- 
dye terminator chemistry. Sequencing products 
are separated on an automated sequencer and 
trace fi les are analyzed for variations using 
mutation- detection software (e.g., Mutation 
Surveyor, SoftGenetics LLC; Sequencher; Gene 
Codes Corp.) and visual inspection. The advan-
tage of DNA sequencing is that it will allow for 
the detection of all variations in a given sample. 
Sometimes this is also a disadvantage because 
many variations seen in clinical practice have yet 
to be compiled into the allelic nomenclature and 
novel mutations generally are of unknown sig-
nifi cance given that no information is available 
about their phenotype. Also,  cis - and  trans - 
relationship  information cannot be easily deter-
mined when more than one variation is found, 
thus compounding the diffi culty of precise phe-
notype prediction. Parenthetically, if full gene 
sequencing is done, this method will allow the 
user to determine all known mutations associated 
with Gilbert syndrome and CN1 and CN2. The 
presence of these mutations may be an indicator 
of increased risk of irinotecan side effects, 
although, as mentioned above, these conclusions 
should be considered speculative and are not 
stated by FDA in the irinotecan label.   

    Regulatory Issues: FDA Guidance 
on  UGT1A1  Clinical Genotyping 
for Patients Receiving Irinotecan 

 FDA recommends that clinicians reduce the dose 
of irinotecan in patients getting fi rst-line treat-
ment for metastatic colorectal cancer and for 
patients getting irinotecan treatment for meta-
static colorectal cancer which progressed despite 
5-fl uoruracil treatment if the patient has the homo-
zygous  UGT1A1*28  allele. The agency does not 
make recommendations about reducing the dose 
for patients who are heterozygous for the  *28  
allele, although there is a 5.3–12.5 % risk of neu-
tropenia (see Pfi zer package insert, LAB-
0134- 17.0, revised August 2010). The agency 
does not comment at all upon the  *6  allele which 
was found to be most predictive of neutropenia 
in Japanese patients [ 67 ] nor does it caution 
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about the many other alleles that have been 
shown to impair the function of  UGT1A1  proba-
bly because no clinical validation exists for their 
importance in predicting irinotecan toxicity or 
response.  

    Test Interpretation 

 Test interpretation is relatively straightforward. 
Regardless of the platform used, samples are 
examined for the presence of  UGT1A1*28 . 
If present in a homozygous state, irinotecan 
product labeling recommends consideration of 
dose reduction due to the risk of grade 4 neutro-
penia. “When administered in combination with 
other agents, or as a single-agent, a reduction in 
the starting dose by at least one level of 
CAMPTOSAR should be considered for patients 
known to be homozygous for the UGT1A1*28 
allele. However, the precise dose reduction in this 
patient population is not known and subsequent 
dose modifi cations should be considered based 
on individual patient tolerance to treatment” 
(see Pfi zer package insert, LAB-0134-17.0, 
revised August 2010). If present in the heterozy-
gous state, the product literature notes an 
increased risk of neutropenia but does not recom-
mend a dose reduction. Similarly, despite the fact 
that the Japanese patients with  UGT1A1*6  are at 
risk for severe neutropenia and the Ministry of 
Health and Labor and Welfare in Japan approved 
genetic testing for  UGT1A1*28  and  UGT1A1*6  
in patients getting irinotecan, the US FDA has 
not followed suit leaving clinicians to draw their 
own conclusions on how to manage the patient. 

 Test interpretation is relatively simple when 
only the  *28  allele can be detected by the geno-
typing method in use because other alleles are not 
seen even if they are present. When more com-
prehensive genotyping is done, additional alleles 
are seen and the clinician has a more complicated 
task of determining the relevance of these alleles. 
For example, in PCR fragment analysis, the (TA) 5  
( *36 ) and (TA) 8  ( *37 ) alleles can be detected. 
The number of TA repeats is inversely related to 
gene expression. Individuals with normal levels 
of  UGT1A1  expression have six copies of the TA 

repeat in the promoter or more rarely fi ve copies 
of the TA repeat (referred to as  *36 ). Individuals 
with decreased expression of  UGT1A1  have 
seven TA repeats ( *28  allele) or 8 TA repeats 
( *37 ) [ 68 ]. 

 In addition, labs that do partial or full  UGT1A1  
gene sequencing can detect any of the alleles 
identifi ed to date plus any novel mutations. It seems 
prudent to exercise caution for individuals with 
alleles that are associated with Gilbert syndrome 
and CN1 and CN2, but without clear guidance 
from the FDA on this matter, it is left to the 
clinician to determine how to use irinotecan in 
this setting.  

    How the Test Has Changed Medical 
Practice 

 FDA labeling has forced oncologists to think 
about  UGT1A1*28  testing in the USA. This has 
resulted in adoption of this test by many clini-
cians. However, some still do not use the test 
either because they do not have clear guidance on 
dosing of irinotecan when  *28  is present or out of 
concern that reducing the dose will result in a 
lack of response of the tumor. Still, with FDA 
guidance on the medication label, it seems that it 
is now standard of care to offer this testing when 
use of irinotecan is contemplated.  

    Future Directions 

 Future research should focus on determining 
additional alleles associated with irinotecan side 
effects and response. The risks and benefi ts of 
dose reduction for carriers of these alleles also 
must be clearly established. As we move toward 
next generation sequencing of specifi c genes like 
 UGT1A1  and whole genomes, the amount of data 
available will become overwhelming. Algorithms 
that inform clinicians on the correct approach to 
take with patients possessing specifi c genotypes 
also will be necessary especially as the fi eld of 
pharmacogenomics matures and additional genes 
and their variations are identifi ed as being relevant to 
drug selection and dosing. It is also anticipated 
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that pharmaceutical houses will look for medications 
that are not metabolized or conjugated and thus 
not as susceptible to individual genetic variation, 
although it is unlikely that any medication will be 
completely free from the genetic infl uences of 
either the patient taking the drug or the tumor 
being treated. The medical–legal environment will 
eventually become a factor in the USA given that 
genotyping for the  UGT1A1*28  allele is becoming 
the standard of care after FDA label changes to 
irinotecan.   

    Conclusions 

 This chapter reviews the present data available 
for the pharmacogenomic management of 
patients taking tamoxifen and irinotecan. As this 
review indicates, there are more questions than 
answers. In the case of tamoxifen, there is still no 
clear directive that pharmacogenomic testing of 
the  CYP2D6  gene is indicated in the management 
of patients with breast cancer. There is more sup-
port, mainly via FDA-mandated changes in drug 
labeling, for the pharmacogenomic management 
of irinotecan. However, limitations include the fact 
that only the  UGT1A1*28  allele is considered 
when it is likely that other alleles should be 
included in the cautionary statements. 

 Future research will need to deal with the 
overwhelming amount of genomic information 
that will be the result of whole gene and/or whole 
genome sequencing, the impact of variations on 
drug response, drug-induced morbidity and mor-
tality, as well as the impact of changing doses to 
modify risk from these issues. At the same time, 
it is hoped that new medications will become 
available that will use genomic data to target 
breast and colorectal cancer more precisely.     
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           Background 

    Viral hepatitis, the most common form of liver 
infl ammation, is caused by fi ve main viruses 
denoted hepatitis A, B, C, D, and E. Hepatitis C 
is caused by the hepatitis C virus (HCV) and is 
considered a serious form of the disease [ 1 ]. 
HCV is a blood-borne RNA virus that is trans-
mitted mainly via the parenteral route from an 
infected individual to a healthy one [ 2 ]. It is esti-
mated to infect around 170 million people world-
wide, with 3.2 million patients chronically 
infected in the USA alone [ 2 ,  3 ]. Hepatitis C is also 
the main cause of death from liver disease and the 
leading cause of liver transplants in the USA [ 4 ]. 
Following exposure to the virus, the disease starts 
with an acute phase in which approximately 80 % 
of the cases remain asymptomatic. The remain-
ing 20 % may develop nonspecifi c symptoms 

such as fever, fatigue, loss of appetite, nausea, 
abdominal pain, dark urine, gray-colored feces, 
and/or jaundice [ 2 ]. Although in some patients 
the disease is self-limiting, 70–85 % of the 
patients become chronically infected. Of those, 
60–70 % are at risk of developing chronic liver 
disease, 5–20 % are at risk of developing cirrho-
sis and/or hepatocellular carcinoma (HCC), and 
1–5 % die from cirrhosis or HCC [ 2 – 4 ]. 

 The HCV genome is approximately 9,600 
bases long comprised in a single positive strand 
of RNA. The RNA harbors one open reading 
frame (ORF) fl anked by 5′ and 3′ untranslated 
regions (UTRs). The ORF encodes a single poly-
protein nearly 3,010–3,030 amino acids in size. 
The polyprotein is processed and cleaved with 
the aid of host cellular machinery and viral 
enzymes into structural and nonstructural pro-
teins [ 5 ]. The viral RNA polymerase (one of the 
nonstructural proteins) lacks an effi cient proof-
reading capability which results in a high rate of 
mutation in the HCV genome which allows HCV 
to evade the host’s immune system. Owing to its 
wide genetic diversity, HCV is classifi ed into six 
major genotypes, each exhibiting ~30 % sequence 
variation from one another. Viral sequences that 
differ by 20–25 % are termed subtypes, and those 
that have genetic variability <10 %—and some-
times more—are termed quasi-species [ 6 ]. 

 The optimal treatment for HCV infection is a 
combination therapy of pegylated interferon alpha 
and ribavirin [ 4 ,  7 ,  8 ]. The treatment is costly 
and has severe side effects such as depression, 
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anemia, and fl u-like symptoms, and its duration 
and chances of success depend upon the HCV 
genotype, its quantity (viral load), and a number 
of host factors. The aim of treatment is to achieve 
a sustained virological response (SVR), clini-
cally defi ned as the absence of HCV RNA from 
the patient’s serum 24 weeks after the discontinu-
ation of therapy. For patients infected with geno-
types 2 or 3, the optimum duration of therapy is 
24 weeks, with an 80 % chance for achieving 
SVR. For those infected with genotypes 1, 4, 5, 
and 6, the optimum duration is 48 weeks, with a 
40–50 % chance of achieving SVR for genotype 1. 
SVR data for the other genotypes is currently lim-
ited. The optimal treatment regimen for genotype 
1 patients, however, has recently been altered with 
the advent of protease inhibitor direct acting anti-
viral agents to include one protease inhibitor to be 
taken in combination with peginterferon alpha and 
ribavirin, a regimen that has improved the chances 
of achieving SVR in those patients [ 9 ]. Despite 
multiple attempts, with several vaccine candidates 
currently in clinical trials, no vaccine has been 
developed against HCV. 

 To diagnose a patient with HCV, physicians 
cannot rely on the symptoms of the disease since 
they are scarce and nonspecifi c. Even biochemi-
cal markers, such as alanine aminotransferase 
(ALT) and aspartate aminotransferase (AST), are 
of little use in diagnosis, for although they may 
be elevated in the blood of the patient, 40 % of 
the patients may exhibit normal levels of those 
enzymes [ 7 ,  10 ]. Instead, two sensitive and spe-
cifi c classes of laboratory assays are used for the 
diagnosis of HCV which are  Immunoassays  and 
 molecular assays  [ 4 ]. Immunoassays detect mix-
tures of anti-HCV IgG antibodies directed against 
various epitopes of the virus in the patients’ 
serum or plasma upon seroconversion, which 
occurs 8–12 weeks following exposure to the 
virus [ 3 ,  11 ,  12 ]. They are used for the primary 
screening of patient plasma and serum for HCV 
infection. However, due to the considerable per-
centage of false-positive results associated with 
these assays in low-risk populations, anti-HCV 
screening assay results require verifi cation with an 
independent confi rmatory (supplemental) mole-
cular assay of higher specifi city. Molecular 

assays detect HCV RNA in the patients’ serum or 
plasma, which on average becomes detectable 
1–3 weeks post-exposure (Fig.  5.1 ) [ 3 ,  13 ]. 
Unlike immunoassays, molecular HCV assays 
can confi rm the presence or absence of  active  
HCV infection, since the detection of anti-HCV 
antibodies can also be an indication of a  resolved  
infection. However, it should be noted that at cer-
tain stages of the infection, the levels of viremia 
may transiently drop below the detection limit of 
the utilized assay, which is why a single negative 
molecular HCV assay result does not exclude the 
possibility of active infection [ 13 ]. In this chap-
ter, the role of the different kinds of molecular 
HCV assays in HCV testing and their methodolo-
gies will be discussed.

       Clinical Applications 

 Molecular assays play a very important role in 
the diagnosis of HCV infection, the determina-
tion and monitoring of the appropriate treatment 
regimen, and the screening of donated blood or 
blood products, applications which will be dis-
cussed in this section. They do not however—
according to the American Association for the 
Study of Liver Diseases (AASLD)—have a role 
in assessing the severity or the prognosis of HCV 
yet [ 4 ]. Clinical studies are needed to investigate 
these possibilities. 

    Diagnosis of HCV Infection 

 According to the recent clinical practice guide-
lines of the AASLD and the European Association 
for the Study of the Liver (EASL), the diagnosis 
of HCV infection requires the detection of both 
anti-HCV antibodies by a screening immunoas-
say and HCV RNA by a sensitive molecular 
assay [ 4 ,  14 ]. A person suspected of having acute 
or chronic infection must be fi rst tested for anti- 
HCV antibodies. A positive test necessitates the 
confi rmation of the results with a supplemental 
molecular assay. Also if a patient tests negative 
for anti-HCV antibodies, but has an unexplained 
liver disease and/or is immunocompromised, or 
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if the patient is suspected of having acute HCV 
infection, he or she should also be required to test 
for HCV RNA. A negative anti-HCV test result 
for a patient from a low-risk population is enough 
to rule out the infection [ 15 ]. If the patient 
belongs to a high risk population, he or she may 
be prompted to repeat the anti-HCV test in 1–3 
months [ 16 ]. While molecular HCV assays can 
effi ciently diagnose the presence or absence of 
active infection, a single negative result does not 
rule out the presence of infection. This is because 
the level of HCV viremia does not stay constant 
and may sometimes decrease below detection 
limit (periods of unexplained aviremia). A single 
negative HCV RNA test result calls for the repeti-
tion of the assay in a 4–6 months time according 
to the AASLD guidlines [ 3 ,  4 ,  11 ]. 

 Despite the importance of the supplemental 
assays, some laboratories do not perform them 
and report the results of the screening anti-HCV 

antibody assays directly. The reasons behind this 
could be either the lack of fi nancial ability to 
meet the high cost of molecular assays, the 
absence of established laboratory standards for 
the assays, the lack of understanding concerning 
the interpretation of the results of the immunoas-
says and molecular assays, or a combination 
thereof. Therefore, in order to facilitate the prac-
tice of supplemental assays, the CDC has 
expanded its recommended anti-HCV antibody 
testing algorithm to optionally include the signal-
to- cut off ratio of the screening anti-HCV assay 
results in order to minimize the number of test 
samples that require supplemental testing; where 
only samples exhibiting low s/co ratios are 
required to undergo supplemental assays prior to 
test result reporting [ 11 ]. 

 Qualitative and quantitative molecular HCV 
assays have two advantages over immunoassays 
testing for anti-HCV antibodies. First, they can 

  Fig. 5.1    HCV viral load and anti-HCV antibody titer 
following HCV infection. HCV RNA becomes detect-
able in blood on average 1–3 weeks after infection onset, 
and its quantity fl uctuates throughout the infection. 

Sometimes HCV RNA may become undetectable, espe-
cially when the anti-HCV antibody titer starts to rise. 
Antibodies to HCV become detectable on average 8–12 
weeks following infection, and remain detectable for life       
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detect active HCV infection, since in anti-HCV 
immunoassays the presence of the antibodies 
can also be an indication of resolved infection. 
Second, they can detect HCV RNA in blood 
earlier than immunoassays can detect anti-HCV 
antibodies, since HCV RNA appears in blood 1–3 
weeks post-exposure, while anti-HCV antibodies 
appear on average 8–12 weeks post-exposure. 
This allows for early therapeutic intervention 
which increases the chances of achieving a 
sustained virological response (i.e., treatment 
success) compared to later intervention when the 
infection becomes chronic [ 7 ].  

    Determination of Treatment 
Duration, Prediction of Treatment 
Outcome, and Monitoring of Therapy 

 Quantitative and genotyping molecular HCV 
assays play a pivotal role in the determination of 
the duration of treatment and in the prediction 
of the treatment outcome. The standard of care 
(SOC) therapy for the treatment of chronic HCV 
is a combination therapy of pegylated interferon 
alpha and ribavirin. Recently, however, with the 
development of protease inhibitor direct acting 
antiviral agents, the optimal treatment regimen 
for genotype 1 chronically infected patients was 
altered to a triple therapy involving the novel 
protease inhibitors (PI) in combination with 
pegylated interferon alpha and ribavirin [ 4 ,  9 , 
 14 ]. Several kinds of interferons were developed 
for chronic HCV therapy, of which only two can 
be used in combination with ribavirin in the 
SOC therapy according to the AASLD and 
EASL guidelines. These are peginterferon 
alpha-2a and peginterferon alpha-2b, which are 
composed of the standard interferon alpha-2a 
and 2b molecules covalently attached to poly-
ethylene glycol (PEG) molecules of different 
sizes serving the function of increasing the bio-
logical half-life of the interferons in circulation 
[ 4 ,  14 ]. Other new kinds of interferons include 
the synthetic interferon alfacon-1 (or consensus 
interferon, CIFN), albinterferon alpha-2b, 
which is composed of a standard interferon 
alpha-2b molecule covalently attached to human 

albumin, and the pegylated Y-shaped interferon 
alpha-2a. The effi cacies of all three kinds of 
interferons in chronic HCV therapy are cur-
rently being evaluated in clinical trials. Worth 
noting is a clinical study involving 84 treatment-
naïve chronically infected Egyptian patients 
who were administered the pegylated Y-shaped 
interferon alpha-2a, where early virological 
response (EVR) rates —see later— reached >90 % 
[ 17 ]. As for the direct acting antiviral protease 
inhibitors, two FDA-approved drugs have shown 
to potently inhibit viral replication and enhance 
sustained virological response (SVR) rates, 
namely Telaprevir and Boceprevir [ 9 ]. The mecha-
nism of action of both drugs involves the inhibi-
tion of the nonstructural protein 3/4A (NS3/4A) 
serine protease, which is involved in viral poly-
protein processing, and is hence vital for viral 
RNA replication and virion assembly [ 5 ,  9 ]. 

 The main aim of treatment is to prevent com-
plications and death caused by the disease. This 
clinical endpoint however cannot be used to 
assess the success of the antiviral treatment, since 
liver problems such as fi brosis, cirrhosis, and 
HCC take decades before they would occur. 
Instead, other short-term outcomes can be used; 
these include the serum levels of liver enzymes 
(biochemical assessment), the extent of hepatic 
infl ammation (histological assessment), and the 
changes in HCV viral load in the blood in 
response to treatment [ 4 ]. The main indicator for 
treatment success is the absence of HCV RNA 
from the patient’s blood 24 weeks after the cessa-
tion of therapy measured using a sensitive assay 
with a limit of detection (LOD) less than or equal 
to 50 IU/mL; what is called  sustained virological 
response (SVR).  Not all patients diagnosed with 
active HCV infection, however, are required to 
receive therapy; in some cases where infection is 
associated with no or slight liver function abnor-
malities (as refl ected by changes in liver 
enzymes), the physician may not prescribe treat-
ment since the risk of developing future liver 
problems may be minimal [ 18 ]. Once initiated, 
chronic HCV therapy has several drawbacks. 
The SOC combination therapy between pegylated 
interferon alpha and ribavirin is very costly, 
causes severe side effects including anemia and 
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depression, and has a variable cure rate. The same 
is true for the novel protease inhibitors, which 
despite their ability to enhance SVR rates have 
demonstrated to be associated with higher adverse 
event occurrences, in addition to their high costs 
and limited application to patients chronically 
infected with genotype 1 only [ 9 ]. 

 Before initiating therapy, quantitative and 
genotyping molecular HCV assays must be per-
formed, and their results are used to determine 
the appropriate duration of treatment and predict 
its outcome. Studies showed that the optimal 
duration of treatment with SOC combination 
therapy with peginterferon alpha and ribavirin for 
patients infected with HCV genotype 2 or 3 is 24 
weeks, with an 80 % chance of achieving SVR. 
For patients infected with genotypes 1, 4, 5, and 
6, the optimum treatment duration is 48 weeks 
with a smaller chance of success, where only 
40–50 % of the patients infected with genotype 1 
achieve SVR [ 4 ,  7 ,  19 ]. On the other hand, 
regardless of genotype, patients with viral load 
levels below a baseline of 800,000 IU/mL before 
the initiation of treatment have a better chance at 
treatment success than those with a viral load 
above this baseline [ 4 ,  10 ,  20 ]. As for the new 
genotype 1 therapy involving the protease inhib-
itors, clinical studies have shown that SVR rates 
increased from 40 to 50 % with peginterferon 
alpha and ribavirin therapy to 60–80 % with 
triple therapy [ 9 ]. The optimal duration of treat-
ment with triple therapy varies according to the 
PI drug used and the viral kinetics during treat-
ment [ 9 ]. 

 After the initiation of treatment, genotyping 
molecular HCV assays are no longer performed 
since the HCV genotype does not change along 
the course of treatment and the infection with a 
new HCV genotype is very rare. Quantitative 
assays, however, continue to be performed during 
therapy for monitoring the rate of viral clearance 
from the patient’s blood in response to treatment. 
This can be very helpful in the prediction of the 
likelihood of achieving SVR at the end of treat-
ment and in deciding whether treatment should 
be continued for the entire recommended dura-
tion (per each genotype) or could be stopped ear-
lier. The early cessation of treatment is benefi cial 

in limiting the exposure to the antiviral drugs, 
which leads to reduced toxicity and cost savings 
[ 4 ,  7 ,  10 ].  

    Screening Blood and Blood Products 
for Transfusion 

 Although anti-HCV antibody screening assays 
can be used to determine whether a donated 
blood sample is potentially infected with HCV, 
the fact that seroconversion occurs on average 
8–12 weeks after the onset of infection may cause 
infected samples to pass by unnoticed; increasing 
the likelihood of disease transmission through 
blood transfusion. On the other hand, screening 
donated blood samples using a qualitative molecu-
lar assay effectively lowers the rate of HCV trans-
mission through this route. Compared to 
immunoassays, molecular assays are able to deter-
mine infected blood samples donated from patients 
in the early acute phase of infection who have not 
yet achieved seroconversion, unaffected by geno-
type variations [ 7 ,  21 ]. They are also effective in 
situations where seroconversion occurs partially 
or does not occur as in immuno- compromised 
patients [ 22 ].   

    Methods 

 HCV molecular assays include qualitative, quan-
titative, and genotyping assays. Qualitative assays 
are used to confi rm the presence or absence of 
active infection in the blood of the patient, and 
quantitative assays are used to determine the 
amount of HCV particles per milliliter of blood 
(viral load). In this section, the different molecu-
lar methodologies used for detection of HCV will 
be discussed. 

    Qualitative and Quantitative Assays 

 Qualitative and quantitative molecular HCV 
assays can be carried out using commercially 
available kits or home-brewed methods. In both 
cases, the assays are based on one of the following 
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technologies: conventional or real time reverse 
transcriptase polymerase chain reaction (RT-PCR), 
transcription-mediated amplifi cation (TMA), and 
branched DNA technology (bDNA). The fi rst three 
are based on target-amplifi cation, whereas bDNA 
is a signal-amplifi cation technology [ 13 ]. 

    Reverse Transcriptase-PCR Assays 
 RT-PCR-based assays can be used for both the 
qualitative detection of HCV and the quantitative 
determination of viral load in serum or plasma 
[ 13 ,  23 ]. The region of HCV RNA that is most 
commonly amplifi ed in RT-PCR assays is the 
5′UTR, because it is highly conserved across all 
HCV genotypes [ 24 ]. Several commercial kits for 
the detection and quantifi cation of HCV and most 
of the home-brewed molecular HCV assays are 
based on RT-PCR [ 7 ]. However, with the advent 
of real time RT-PCR technology to the HCV 
molecular diagnostic market, many of the assays 
based on conventional RT-PCR have been phased 
out. Examples of commercial RT-PCR- based 

assays include the manual qualitative assays 
Amplicor ® HCV v2.0 and Ampliscreen ®  HCV 
v2.0 (Roche Molecular Systems) and their semi-
automated versions COBAS ® Amplicor ® HCV 
v2.0 and COBAS ® Ampliscreen ®  HCV v2.0. 
Examples of quantitative assays include the man-
ual Amplicor ® HCV Monitor v2.0 and its semi- 
automated version COBAS Amplicor ® HCV 
Monitor v2.0 (Roche Molecular Systems), LCx ®  
HCV RNA (Abbott Laboratories), and 
SuperQuant™ (National Genetics Institute) [ 4 ,  7 , 
 10 ,  12 ]. Characteristics of these assays are listed 
in Tables  5.1  and  5.2 .

        Real Time RT-PCR Assays 
 These assays allow for both detection of HCV 
RNA and the quantitative measurement of the 
HCV viral load in a patient’s plasma or serum 
with very high sensitivity and a wider linear 
range of quantifi cation [ 4 ,  10 ,  23 ]. Unlike con-
ventional RT-PCR that depends on the end-point 
detection and quantifi cation of HCV amplicons, 

   Table 5.1    Commercial FDA approved qualitative molecular HCV RNA assays   

 Assay 
 Amplifi cation 
technology 

 Limit of detection 
(IU/mL)  FDA approved clinical application 

 Amplicor HCV 2.0  RT-PCR  50  Confi rming the presence of active HCV 
infection 

 COBAS ® Amplicor HCV 2.0  RT-PCR  50  Confi rming the presence of active HCV 
infection 

 COBAS ® Ampliscreen HCV 2.0  RT-PCR  <50  Blood screening 
 Versant HCV RNA  TMA  ≤10  Confi rming the presence of active HCV 

infection 
 Procleix Ultrio  TMA  ≤10  Blood screening 
 Cobas ®  TaqScreen MPX Test 2.0  Real time RT-PCR  <50  Blood screening 

    Table 5.2    Commercially available quantitative molecular HCV RNA assays intended for use in the determination of 
HCV viral load and as an aid in anti-HCV therapy management   

 Assay  Amplifi cation technology  Linear quantifi cation range (IU/mL) 

 COBAS ®  Amplicor HCV Monitor 2.0 b   RT-PCR  600–500,000 
 SuperQuant™  RT-PCR  30–1,470,000 
 LCx ®  HCV RNA b   RT-PCR  23–2,300,000 
 COBAS AmpliPrep™/COBAS ® Taqman ®  HCV a   Real time RT-PCR  43–69,000,000 
 Abbott RealTime™ HCV a   Real time RT-PCR  12–100,000,000 
 Artus HCV QS-RGQ  Real time RT-PCR  67.6–17,700,000 
 Versant HCV RNA 3.0 a   bDNA  615–7,700,000 

   a FDA approved assays 
  b Phased-out assays  
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real time RT-PCR involves the detection and 
quantifi cation of HCV amplicons produced from 
each PCR cycle in real time by detecting and 
measuring the intensity of fl uorescence produced 
from special fl uorochromes utilized in the reaction. 
In real time RT-PCR assays, amplicons can be 
detected using DNA-binding dyes, hybridization 
probes, molecular beacons, or hydrolysis probes 
(Taqman ®  probes) [ 7 ,  25 ]. Detection using DNA-
binding dyes is the only method that involves the 
 nonspecifi c  detection of DNA amplicons, where 
fl uorescent dyes such as SYBR ® Green (Molecular 
Probe Inc., CA, USA) bind to double-stranded 
DNA produced in the elongation step of the reac-
tion. The remaining three methods involve the 
 specifi c  hybridization of fl uorescence-labeled 
probes to their target amplicons. 

 In the hybridization probes method, two 
probes, one labeled with an “acceptor” fl uoro-
chrome at its 5′ end and the other with a “donor” 
fl uorochrome at its 3′ end bind in close proximity 
to adjacent target sites on the DNA amplicons in 
the annealing step of the RT-PCR. The fl uores-
cence emitted from the donor fl uorochrome will 
excite the acceptor fl uorochrome by a phenomenon 
called fl uorescence resonance energy transfer 
(FRET), leading to the emission of light from the 
acceptor fl uorochrome at a longer wavelength 
than that emitted from the donor. The intensity of 
light emitted from the acceptor fl urochrome is 
used to quantify the amount of DNA synthesized 
during the reaction. Molecular beacons are special 
probes that form stem-and-loop (hairpin) struc-
tures in solution, where both ends of each probe 
are labeled with a “quencher” chromphore and a 
“reporter” fl uorochrome. In the absence of the tar-
get amplicons, the hairpin structure of the probes 
brings the quencher chromophore and reporter 
fl uorochrome in close proximity, resulting in the 
quenching of the fl uorescence of the reporter fl uo-
rochrome. In the presence of the target amplicon, 
the probe binds to its complementary sequence 
on the amplicon, separating the quencher and 
reporter and causing the restoration of the reporter’s 
fl uorescence, which is then measured to quantify 
the amount of target amplicons in the sample. 
A similar concept is applied in the hydrolysis 
probes method, where the probes contain a 

reporter fl uorochrome at their 5′end whose 
fl uorescence is quenched by a quencher chromo-
phore at their 3′end. The probe hybridizes to its 
target sequence in the annealing step of RT-PCR, 
and then during the elongation step a special 
DNA polymerase hydrolyzes and displaces the 
probe, separating the quencher from the reporter. 
This leads to the restoration of the fl uorescence 
of the reporter fl uorochrome and the detection 
of the target amplicons [ 7 ,  25 ]. A schematic rep-
resentation of detection using hybridization 
probes and hydrolysis (Taqman ® ) probes is 
depicted in Fig.  5.2 .

   Real time RT-PCR-based assays are fast and 
have limits of detection (LODs) that can reach 
down to 10 IU/mL. They also have a very wide 
linear range of quantifi cation exceeding 6 logs. 
Furthermore, they are less prone to producing 
false-positive results caused by contamination 
arising in gel-based analysis of the conventional 
RT-PCR amplicons. Such advantages allowed 
these types of assays to become more popular 
and to displace the need for qualitative HCV 
molecular assays [ 7 ,  10 ,  23 ]. Examples of com-
mercially available real time RT-PCR-based 
assays include the COBAS ® Taqman ®  HCV test 
produced by Roche, the Abbott RealTime™ 
HCV test, and the Artus HCV QS-RGQ (Qiagen, 
Hilden, Germany). The three assays quantita-
tively detect HCV RNA in two steps:  extraction  
of HCV RNA from the patient’s serum or plasma 
followed by  amplifi cation and real time detec-
tion . In the COBAS Taqman ®  and the Abbott 
RealTime™ assays, extraction is performed 
using the COBAS AmpliPrep™ (Roche 
Molecular Systems) and m2000sp™ (Abbott 
Laboratories) systems, respectively. Samples are 
fi rst mixed with chaotropic lysis buffers to extract 
HCV RNA from the virions; in this step, an inter-
nal control is added to the samples to assess the 
effi ciency of the RT-PCR reaction. Magnetic 
microparticles are then added to the samples, 
where the extracted HCV RNA molecules would 
adsorb onto the microparticles to be washed and 
then collected by elution with aqueous buffer. 
The samples are then transferred into optical 
microplates where they are combined with the 
RT-PCR master mix. The Real time RT-PCR step 
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is then performed in different instruments. For 
the COBAS ® Taqman assay, it is performed in 
either the COBAS ® Taqman ®  Analyzer or the 
COBAS ® Taqman ®  48 Analyzer. For the Abbott 
RealTime™ assay, it is performed in the 
m2000rt™ system. In both assays sequences 
from the 5′UTR of the HCV RNA are amplifi ed. 
Quantitative detection is performed via the 
hydrolysis probes method, where two different 
probes are used for the HCV RNA and IC ampli-
cons. The fl uorescence produced by the HCV 
RNA-specifi c probe is measured at a different 
wavelength from that at which the fl uorescence 
of the IC-specifi c probe is measured. In order to 
calculate the initial amount of HCV RNA in the 
sample, the fl uorescence measured above a cer-
tain critical threshold value for the HCV RNA is 
compared to that of a quantifi cation standard(s). 
In the Abbott RealTime™ assay, quantifi cation 
standards (QS) are amplifi ed separately from the 
HCV RNA, and an internal control is added to 
the QS reactions as well. On the other hand in the 
COBAS Taqman ®  assay, the IC itself acts as the 
quantifi cation standard [ 23 ,  26 ,  27 ]. In the Artus 
HCV QS-RGQ assay, HCV RNA extraction is 
performed in the instrument QIAsymphony SP/
AS, while amplifi cation and quantitative detec-
tion is performed in the Rotor-Gene Q real time 
PCR cycler. The assay amplifi es a 240 bp region 
of the 5′UTR, and similar to the Abbott 
RealTime™ assay calculates the initial amount 
of HCV RNA in the sample relative to quantifi ca-
tion standards amplifi ed in separate reactions 
from that of the HCV RNA [ 28 ]. 

 The COBAS AmpliPrep™/COBAS ® Taqman ®  
HCV assay has a linear range of quantifi cation 
from 43 IU/mL to 6.9 × 10 7  IU/mL, with a LOD 

of 15 IU/mL. A clinical evaluation of the assay 
showed that it was able to detect HCV RNA con-
centrations down to 7.4 IU/mL with 100 % effi -
ciency. It also showed that it had a specifi city of 
99 %, and linear quantifi cation range ranging 
from 28 to 1.4 × 10 7  IU/mL [ 26 ]. Despite these 
good specifi cations, a study identifi ed two prob-
lems in the assay. First, the assay was found to 
overestimate RNA levels in undiluted samples by 
about 0.6 logs, an over-estimation that increased 
with high viral load. The assay also underesti-
mated RNA levels in 15 % of the test subjects 
infected with HCV genotype 2 and in 30 % of 
those infected with genotype 4, a problem that 
probably occurred due to a mismatch between 
the utilized probes or primers and the HCV RNA 
[ 23 ,  29 ]. Very recently,  Roche Molecular Systems 
Inc.  has issued a class 2 recall to the assay per-
taining to the underestimation problem with gen-
otype 4 [ 30 ]. However, this problem has been 
solved in the second version of the assay COBAS 
AmpliPrep™/COBAS ® Taqman ®  HCV v2.0, 
which was recently launched in 2012. 

 With regard to the Abbott RealTime™ assay, 
a performance evaluation study showed that it 
has a specifi city of 100 %, and a LOD of 12 IU/
mL, which is the same value as the claimed 
LOD on the assay’s package insert [ 31 ]. The 
Artus HCV QS-RGQ assay has a LOD of 
36.2 IU/mL and a linear quantifi cation range of 
67.6 IU/mL up to 17,700,000 IU/mL. A recent 
study compared the performance of the assay 
with the COBAS AmpliPrep™/
COBAS ® Taqman ®  HCV assay, where linear 
regression analysis showed a good correlation 
between both tests, with the COBAS 
AmpliPrep™/COBAS ® Taqman ®  HCV assay 

  Fig. 5.2    Schematic representation of amplicon detec-
tion in real time RT-PCR: ( a ) Detection by hybridization 
probes: The emission spectrum of the donor fl uorochrome 
“D” overlaps with the excitation spectrum of the acceptor 
fl uorochrome “A.” This results in the excitation of the 
acceptor by FRET causing it to emit light at a longer 
wavelength than that of the donor which is then measured. 
( b ) Detection by hydrolysis probes: DNA polymerases 
with double-strand-specifi c 5′exonuclease activities such 
as Taq polymerase and Tth polymerase are used in the 

assay to hydrolyze the bound probe. Once the probe is 
hydrolyzed, the quencher chromophore “Q” and the 
reporter fl uorochrome “R” become separated, allowing 
the reporter to emit detectable fl uorescence that is used to 
quantitatively detect the amount of target amplicons. 
Modifi ed from: Bustin SA. Absolute quantifi cation of 
mRNA using real time reverse transcription polymerase 
chain reaction assays. J Mol Endocrinol. 2000;25:169–
193 © Society for Endocrinology (2000). Reproduced by 
permission       
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having a slightly better observed sensitivity 
than the Artus HCV QS-RGQ assay. The Artus 
assay was shown to detect higher levels of HCV 
RNA in HCV genotype 4 positive samples. 
Recently, the assay has obtained the European 
Conformity—In Vitro Diagnostic Medical 
Devices (CE-IVD) approval [ 28 ]. A list of the 
mentioned commercial real time RT-PCR-based 
molecular HCV assays with their linear quanti-
fi cation ranges is presented in Table  5.2 .  

    Transcription-Mediated Amplifi cation 
Assays 
 TMA-based assays provide a more sensitive 
alternative to RT-PCR for the qualitative detec-
tion of HCV RNA [ 4 ]. TMA is an isothermal pro-
cess in which the desired region of viral RNA is 
reverse transcribed by a reverse transcriptase 
enzyme into cDNA using special primers con-
taining T7 RNA polymerase promoter regions. 
The cDNA with the T7 promoter is then used as 
a template by T7 RNA polymerase to transcribe 
several copies of viral RNA, which re-enter the 
cycle to produce more copies of themselves 
[ 12 ,  13 ,  32 ]. Similar to commercial RT-PCR-
based assays, the amplifi ed region is included 
within the 5′UTR. 

 Versant ® HCV RNA (Siemens Healthcare 
Diagnostics), Procleix HIV-1/HCV assay, and 
Procleix Ultrio (Gen-Probe and Novartis 
Diagnostics) are commercial TMA-based assays 
[ 4 ,  12 ]. The assays start by the extraction of HCV 
RNA using a chaotropic lysis buffer. The internal 
control is added in this step. The HCV RNA and 
the IC are then captured by 5′UTR specifi c 
probes immobilized on magnetic microparticles, 
which allow thorough washing of the sample. 
TMA starts by the hybridization of primers con-
taining the T7 RNA polymerase promoter to their 
target sequence in the 5′UTR. Detection is car-
ried out via a  Hybridization Protection Assay 
(HPA)  [ 33 ], where chemiluminescent amplicon- 
specifi c probes bind the HCV RNA and IC RNA 
amplicons. Chemiluminescence is then detected 
and the value of the signal-to-cut off ratio is then 
used to determine the test result [ 32 ,  34 ,  35 ]. 

 TMA-based molecular HCV RNA assays 
have high analytical sensitivities and specifi ci-

ties almost reaching 100 % and LODs reaching 
less than 10 IU/mL. A multicenter evaluation of 
the Versant ® HCV RNA assay showed that it can 
detect HCV RNA concentrations as low as 
2.4 IU/mL with a specifi city of 99.4 % [ 34 ]. The 
same assay was shown to be able to detect all 
HCV genotypes with near equal effi ciency; in 
addition to being highly reproducible and robust 
in detecting HCV RNA from samples subjected 
to extreme conditions such as long-term stor-
age, multiple freezing and thawing cycles, and 
presence of endogenous materials [ 32 ,  34 ,  36 ]. 
Similarly with the Procleix Ultrio assay, clinical 
evaluations showed that its LOD can reach an 
average of 4.6 IU/mL, with >95 % analytical 
sensitivity and >99.5 % specifi city [ 35 ,  37 ].  

    Branched DNA Assays 
 These assays depend on signal amplifi cation rather 
than target amplifi cation, and are used to determine 
HCV viral load in serum or plasma. An example of 
a commercial bDNA HCV assay is the Versant 
HCV RNA 3.0 assay (Bayer Diagnostics, 
Emeryville, CA). The assay is performed in three 
steps: viral RNA  extraction ,  signal amplifi cation , 
and  quantifi cation . Extraction occurs by chemical 
lysis of HCV virions using a chaotropic buffer. The 
released RNA is then captured by specifi c synthetic 
oligonucleotide  capture probes  immobilized in 
welled plates. Signal amplifi cation is achieved via 
a series of probe hybridizations resulting from the 
sequential addition of probes to the wells [ 7 ,  23 , 
 38 ]. The fi rst kind of probes added are the  target 
probes , which bind the HCV RNA in a sandwich 
manner. Both the capture and target probes hybrid-
ize to the 5′UTR and core regions of the HCV 
genome.  Preamplifi er probes  are then added which 
hybridize with the target probes. Finally,  amplifi er 
probes  are added which hybridize with the pream-
plifi er probes. This concludes the formation of the 
branched DNA complex and the signal amplifi ca-
tion step. To quantify the amount of RNA, alkaline 
phosphatase-labeled probes are added to the wells 
and hybridize with the bDNA complex, followed 
by the addition of a chemiluminescent substrate. 
After incubation, the chemiluminescence produced 
by the reaction is used to quantify the amount 
of HCV RNA relative to a calibration curve 

H.M.E. Azzazy and K.M. Abdel-Hady



67

constructed from chemiluminescence data of fi ve 
standards [ 7 ,  23 ,  38 ]. 

 Multicenter evaluation of the Versant HCV 
RNA 3.0 assay showed that the assay has a LOD 
of 615 IU/mL and a linear range of quantifi cation 
of 615–7,690,000 IU/mL. The assay had a high 
analytical specifi city of around 98 % and high 
reproducibility [ 10 ,  38 ]. Furthermore, due to the 
fact that HCV RNA is not amplifi ed in this assay, 
the level of contamination is drastically reduced, 
which results in a much smaller number of false- 
positive results [ 7 ].  

    Laboratory Developed Tests (Home- 
Brewed Assays) 
 Instead of using expensive HCV commercial 
assays, home-brewed HCV assays are developed 
by some laboratories, especially in developing 
countries. In-house qualitative and quantitative 
assays are mostly based on conventional RT-PCR 
or real time RT-PCR technologies. Like in com-
mercial assays, the 5′UTR, which contains 
sequences conserved among all HCV genotypes, 
is the preferred target for amplifi cation. Table  5.3  
lists some forward and reverse primers that have 
been used to amplify sequences within the HCV 
5′UTR.

        Genotyping Assays 

 The extensive genetic variability of HCV has 
lead to its classifi cation into six major genotypes, 
and further into subtypes, and quasispecies. 
Epidemiologically, genotypes 1, 2, and 3 are 
spread worldwide, with genotypes 1 and 2 pre-
dominantly present in North America, Europe, 
and Japan, and genotype 3 in countries of south- 
east Asia like Pakistan and India [ 13 ,  44 ,  45 ]. 
Genotype 4 is mainly found in Northern and 
Central Africa and the Middle East, reaching its 
highest prevalence in Egypt, where more than 
22 % of the population is infected with HCV. It is 
also recently becoming increasingly prevalent in 
European countries on the Mediterranean sea such 
as Italy, France, and Spain [ 2 ,  44 ,  46 ]. The preva-
lence of genotype 5 is almost exclusive to South 

Africa, while that of genotype 6 is predominant 
in south-east Asia in countries such as Vietnam 
and Indonesia [ 44 ,  47 ]. The duration and expected 
outcome of HCV treatment depends, in part, on 
the HCV genotype infecting the patient; a fact 
that made HCV genotyping an important step 
prior to the initiation of treatment. However, 
despite its importance, HCV genotyping is not 
done at all in certain countries due to the high 
costs of the test. Several genotyping technologies 
have been developed, the most important of 
which are  direct sequencing, DNA hybridization 
(line-probe assay), restriction fragment- length 
polymorphism (RFLP), multiplex real time 
RT-PCR, and primer-specifi c and mispair exten-
sion analysis (PSMEA).  

 Many commercial genotyping assays rely on 
the presence of genotype-specifi c polymor-
phisms in the highly conserved 5′UTR of the 
HCV genome. Although relying on the sequence 
heterogenity in this region for HCV classifi ca-
tion can cause problems in defi nitive genotype 
and subtype identifi cation, as it has been proven 
that some genotype 6 variants share identical 
5’UTR sequences with genotype 1a or 1b, it is 
still acceptable to rely on for HCV genotyping 
for the purposes of treatment response predic-
tion and choosing the appropriate treatment 
regimen. According to Simmonds et al. [ 6 ], the 
results of HCV genotyping based on the analy-
sis of the 5′-UTR nucleotide sequence showed 
95 % concordance with those based on the anal-
ysis of the nucleotide sequence of the nonstruc-
tural protein 5B (NS5B) and Core/E1 regions of 
the genome, with the NS5B nucleotide sequence 
analysis being widely considered as the “gold 
standard” for HCV classifi cation [ 6 ,  48 ,  49 ].  
 Failure to genotype an HCV isolate using com-
mercial assays is rare (around 3 %), and is most 
probably due to either the presence of low viral 
levels below the assay’s detection limit, the 
excessive mutations in the region analyzed, or 
both [ 4 ]. 

    Direct Nucleic Acid Sequencing 
 Phylogenetic analysis of HCV nucleotide 
sequences is considered the reference method for 
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HCV genotyping or classifi cation, with NS5B 
sequence analysis being considered as the gold 
standard [ 48 ]. This, however, is an expensive and 
time-consuming method of genotyping, which 
makes it impractical to follow in clinical investi-
gations and limited its use to research settings 
[ 24 ,  49 ]. The TRUGENE ® HCV assay (Siemens 
Healthcare Diagnostics) is a commercial geno-
typing assay for research use only based on the 
direct sequencing of a fragment from the 5′UTR 
via coupled amplifi cation and sequencing tech-
nology (CLIP sequencing) [ 50 ]. In CLIP sequenc-
ing, the target nucleotide sequence is fi rst 
amplifi ed through several PCR cycles to provide 
a template for sequencing; then, the resultant 
amplicons are aliquoted into separate vessels 
containing fl uorescently labeled primers and one 
of four dideoxynucleotides (ddNTPs) in pre- 
optimized concentrations. The amplicons are 
then further subjected to several PCR cycles, 
resulting in the production of ddNTP-terminated 
fragments that are then used to elucidate the 
investigated sequence via specialized equipment. 
The resultant sequence is then phylogenetically 
analyzed to determine the HCV genotype in 
question [ 51 ].  

   DNA Hybridization 
 Another way of identifying the HCV genotype 
can be achieved via the hybridization of genotype- 
specifi c probes to complementary regions on the 
HCV RNA containing genotype-specifi c poly-
morphisms. A commercial example for this 
method of genotyping is the VERSANT ®  HCV 
Genotype 2.0 Assay (LiPA), which is produced 
by Innogenetics and distributed by Siemens 
Healthcare Diagnostics, and is intended for 
research use only .  In this assay, genotype-specifi c 
probes complementary to genotype-specifi c 
sequences in the 5′UTR and core regions of the 
viral RNA are immobilized in parallel lines on a 
nitrocellulose membrane. Biotinylated HCV 
RT-PCR amplicons of 5′UTR and core region 
fragments harboring sequences complementary 
to those probes are added onto the membrane 
where they would bind to their genotype-specifi c 
probes, followed by the addition of streptavidin- 
conjugated alkaline phosphatase. A chromogenic 

substrate is then added, and the genotype of the 
amplicon is determined by the formation of a 
colored precipitate in regions on the membrane 
containing the probes corresponding to the inves-
tigated genotype (genotype-specifi c colored band 
pattern). In an evaluation, the test was able to 
determine the genotypes of 96 % of the tested 
samples with a 99.4 % concordance with the 
direct sequencing (reference) method [ 52 ].  

   Restriction Fragment Length 
Polymorphism 
 The different genotype-specifi c polymorphisms 
result in different genotype-specifi c restriction 
sites which can be used for HCV genotyping. 
HCV DNA amplicons can be digested using cer-
tain restriction enzymes, and the sizes of the 
resulting fragments can be related to each geno-
type. Digestion should be done effi ciently so that 
large undigested fragments don’t interfere with 
the results and reduce the reliability of the assay. 
It is important to note that given the high rate of 
mutation of the HCV genome, the genotyping 
criteria of the RFLP assay must be continuously 
improved and updated to account for any changes 
in restriction sites due to the increasing heteroge-
neity of the virus [ 7 ,  53 ,  54 ].  

   Multiplex Real Time RT-PCR 
 Multiplex real time RT-PCR technology provides 
a faster and less contamination-prone way for 
HCV genotyping. The method involves the 
amplifi cation of a specifi c region of the HCV 
genome via real time RT-PCR, where genotype- 
specifi c fl uorescent probes complementary to 
genotype-specifi c polymorphic sites on that 
region are used to identify the HCV genotype. 
This can be done in separate reactions utilizing 
probes with the same fl uorescent tag, or in one 
reaction tube utilizing probes with different fl uo-
rescent tags. Alternatively, a single probe can be 
used and genotyping can then be performed via 
melting curve analysis [ 55 – 59 ]. Commercially, a 
genotyping assay based on multiplex real time 
RT-PCR called RealTime HCV Genotype II 
(Abbott Laboratories) was developed. The assay 
is used to distinguish between the six major 
 genotypes based on the 5′UTR, and the two 
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genotype 1 subtypes  a  and  b  based on the NS5B 
region of the genome, using three reaction mix-
tures with probes tagged with three different 
reporter dyes [ 60 ]. The assay showed a high con-
cordance of >95 % and 100 % with the line probe 
assay and restriction fragment mass polymor-
phism methods, respectively [ 61 ]. It has a detec-
tion limit >500 IU/mL; however, it was shown 
that even at this detection limit, it cannot detect 
minor genotypes in cases of mixed infection [ 61 ].  

   Primer Specifi c and Mispair Extension 
Analysis 
 In amplifi cation reactions where mispair forma-
tion occurs during DNA synthesis, primer exten-
sion can occur normally especially if the utilized 
DNA polymerase lacks the 3′→5′ exonuclease 
proofreading capability. However, polymerases 
harboring this activity can to a great extent pre-
vent primer extension when any mismatches are 
present. In a study conducted by Hu et al. [ 62 ], 
the ability of the enzyme  Pyrococcus furiosus 
(Pfu)  DNA polymerase to terminate primer 
extension in case of mispair formation due to its 
3′→5′ exonuclease proofreading capability was 
effectively utilized for HCV genotyping [ 62 ]. 
The developed assay involves the amplifi cation 
of regions in the 5′UTR containing genotype and 
subtype specifi c polymorphisms using the  pfu  
DNA polymerase in a reaction vessel containing 
an incomplete set of dNTPs. If mispairing occurs 
at a polymorphic (type-specifi c) nucleotide on 
the PCR products of HCV RNA of a certain gen-
otype/subtype adjacent to the 3′ end of the uti-
lized primer due to the lack of the complementary 
dNTP in the reaction vessel, primer extension of 
the complementary strand would cease. On the 
other hand, it will proceed for PCR products of 
HCV RNA of different genotype(s)/subtype(s) 
that have dNTPs in the reaction vessel comple-
mentary to their polymorphic nucleotide of the 
same location. This will generate DNA fragments 
of different sizes which will give unique genotype/
subtype specifi c band patterns on a DNA sequenc-
ing gel. The identifi cation of genotype and subtype 
specifi c polymorphic regions can be controlled via 
the manipulation of the set of dNTPs utilized in 
the reaction and/or the use of different genotype 

specifi c primers. The assay’s results showed 
100 % concordance with those of RFLP analysis 
and direct nucleic acid sequencing genotyping 
methods. Furthermore, it was proven that PSMEA 
can detect low levels of mixed genotype HCV 
infections with high sensitivity.    

    Standard Reagents 

 The global use of molecular HCV assays and 
their established role in HCV diagnosis has 
made it a necessity to standardize these assays. 
This lead the World Health Organization (WHO) 
in 1997 to develop and produce the world’s fi rst 
international standard for HCV RNA nucleic 
acid amplifi cation technology assays (denoted 
96/790) to be used for the validation of HCV 
assays, and the calibration of their secondary 
standards and working reagents [ 23 ,  63 ]. This 
standard established a common unit of measure 
to be used in all molecular HCV assays, namely 
the  International Units per milliliter (IU/mL) . 
Establishing this international standard unit has 
allowed for the easy monitoring of the level of 
viremia in infected patients regardless of the 
assay used. The standard material 96/790 was 
produced by the dilution of a high titer isolate of 
HCV of genotype 1a in pooled human plasma. It 
was lyophilized and packed in vials to give a 
concentration of 10 5  IU/mL upon reconstitution. 
When the stocks of this material ran low, the 
WHO produced the second international stan-
dard 96/798 in 2003, which was produced from 
the same starting material and assigned the same 
potency of 10 5  IU/mL [ 64 ]. On the smaller 
scale, all molecular HCV assays include inter-
nal standard material (secondary standards) of 
known quantity. For quantitative assays, they 
include an external quantifi cation panel quanti-
fi ed against the international standard. 

 When converting results of quantitative molecu-
lar HCV RNA assays from IU/mL into RNA cop-
ies/mL, no standard conversion factor exists. 
Instead, the conversion factor can vary anywhere 
from 1 to 5 depending on the assay used. Table  5.4  
shows some of the conversion factors used with 
some common commercial assays [ 4 ,  65 ].
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       Test Interpretation 

 In the diagnosis of HCV, a positive anti-HCV 
screening immunoassay means that the patient 
has been exposed to HCV. A negative result on 
the other hand can have more than one interpreta-
tion. First, if the tested individual belongs to a 
low-risk population, a negative anti-HCV screen-
ing assay is interpreted that he or she is free from 
infection [ 15 ]. If, however, the tested individual 
was immunocompromised and/or has an unex-
plained liver disease or is suspected to be in the 
early acute phase of infection, there is a good 
chance that the testing result is false-negative. 
In such case, a confi rmatory molecular assay 
needs to be performed to confi rm or refute the 
result of the screening immunoassay. 

 A positive molecular HCV assay confi rms the 
presence of active HCV infection. A negative 
result, however, calls for repeating the test sev-
eral weeks later to exclude the probability of 
transient aviremia. The biggest challenge facing 
molecular HCV assays in diagnosis is the differ-
entiation between acute and chronic HCV infec-
tion. A positive molecular HCV assay result 
accompanied with a negative anti-HCV antibody 
screening test result may indicate that the patient 
is in the early acute phase of the infection; 
however, it can also mean that the anti-HCV 
assay result was false-negative, or that the patient 

is immunocompromised. A recent study by 
McGovern et al. suggests that HCV viral load 
fl uctuations and levels of viremia should be used 
to distinguish between acute and chronic infec-
tions as part of the standard diagnostic criteria [ 7 , 
 66 ]. Previous studies had shown that chronically 
infected patients have high HCV viral loads in 
their blood reaching >400,000 IU/mL in rela-
tively stable levels with approximately 0.5 log 
fl uctuations. On the other hand, they showed that 
the majority of acutely infected patients have low 
viral loads whose level fl uctuated heavily until 
spontaneous viral clearance or viral persistence 
occurs. In McGovern et al., a cohort of acute 
HCV seroconverters were compared to a cohort 
of chronic HCV patients on the basis of viral load 
fl uctuations and HCV RNA levels. The results 
showed that over 80 % of the acute seroconverters 
had low levels of viremia (<100,000 IU/mL) and 
viral load fl uctuations, while only 13 % of the 
chronically infected patients had viremia levels 
below 100,000 IU/mL. These fi ndings, however, 
need to be validated using larger cohorts of 
patients. The AASLD and EASL guidelines do 
not include viral load fl uctuations and levels of 
viremia as standard parameters for differentiating 
between acute and chronic HCV infections. Based 
on these guidelines, differentiating between both 
cases is based on the clinical presentation of the 
patient, manifested in the presence/absence of 
disease symptoms, and whether there was a history 
of ALT elevation in the patient’s blood or not, 
and the duration of this elevation [ 4 ,  14 ]. 

 Before initiating treatment, the results of 
genotyping molecular HCV assays are neces-
sary to direct the physician in choosing the optimal 
treatment duration for the patient. For patients 
infected with HCV genotypes 2 and 3, as it was 
aforementioned, the optimal treatment duration 
using peginterferon alpha in combination with 
ribavirin standard of care therapy is a maximum 
of 24 weeks, as for genotypes 4, 5, and 6, the 
optimal duration is a maximum of 48 weeks [ 4 , 
 7 ,  19 ]. For genotype 1, the recommended opti-
mal treatment duration using peginterferon 
alpha in combination with ribavirin therapy was 
a maximum of 48 weeks. However, with regard 
to the new triple therapy, the most recent 

   Table 5.4    IU/mL to RNA copies/mL conversion factors 
for commonly used molecular HCV RNA quantitative 
assays   

 Assay 
 Amplifi cation 
technology 

 Conversion 
factor 

 Amplicor ® HCV 
Monitor 2.0 

 RT-PCR  1 IU/mL = 0.9 
copies/mL 

 COBAS 
Amplicor ® HCV 
Monitor 2.0 

 RT-PCR  1 IU/mL = 2.7 
copies/mL 

 SuperQuant™  RT-PCR  1 IU/mL = 3.4 
copies/mL 

 LCx ®  HCV RNA  RT-PCR  1 IU/mL = 4.3 
copies/mL 

 Versant ®  HCV RNA 
3.0 

 bDNA  1 IU/mL = 5.2 
copies/mL 

  Modifi ed from references [ 4 ,  23 ]  
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AASLD guidelines state that the optimal treatment 
duration for treatment-naïve patients taking the 
PI Boceprevir is between 24 and 44 weeks triple 
therapy, preceded by a 4 week “lead-in” treat-
ment with peginterferon alpha and ribavirin 
therapy alone in order to improve treatment 
effi ciency, while for those taking the PI 
Telaprevir, it is recommended to initiate treat-
ment with a triple therapy regimen for 12 
weeks, followed by 12–36 weeks of peginter-
feron alpha and ribavirin therapy alone [ 9 ]. 

 In addition to directing the physician in choos-
ing the optimal treatment duration for the patient, 
the results of quantitative and genotyping molec-
ular HCV assays prior to treatment give an indi-
cation about the chances of treatment success. 
In general, patients infected with genotypes 2 or 
3 and those having a starting viral load of 
<800,000 IU/mL have a better chance at treat-
ment success than patients infected with geno-
types 1, 4, 5, or 6 and those having a starting viral 
load of >800,000 IU/mL. With regard to pegin-
terferon alpha and ribavirin therapy, patients 
infected with genotypes 2 and 3 have an 80 % 
chance of achieving SVR, while those infected 
with genotype 1 have only a 40–50 % chance 
[ 2 ,  7 ,  10 ,  19 ,  20 ]. With the new triple therapy 
however, the chances of treatment success with 
genotype 1 patients has risen to 60–80 % [ 9 ]. 

 Just like there are virus-related factors asso-
ciated with a higher likelihood of treatment suc-
cess, there are also host-related factors such as 
female gender, young age (<40 years), and the 
favorable genotype of the interleukin (IL) 28B 
gene [ 67 ]. Three recent studies discovered a 
novel association between certain single nucleo-
tide polymorphisms (SNPs) on the nucleotide 
sequence near the IL28B (or λ interferon 3) 
gene on chromosome 19 and the response to 
peginterferon alpha and ribavirin therapy in 
patients infected with HCV genotype 1 [ 67 – 70 ]. 
One of those SNPs is located at position 
rs12979860, where it was found that the presence 
of a cytosine nucleotide at this position is asso-
ciated with a signifi cantly higher chance of 
treatment success than the presence of a thymine 
nucleotide. Another example is the SNP located 
at position rs8099917, where a guanosine 

nucleotide present at this position is associated 
with better response to therapy than a thymine 
nucleotide [ 9 ,  67 ]. These SNPs are not only 
associated with a higher chance of success of 
peginterferon alpha and ribavirin therapy, recent 
clinical studies regarding triple therapy includ-
ing PIs have shown that the IL28B genotype is 
also a predictor of the likelihood of  success of the 
new therapy to HCV genotype 1 infection [ 9 ]. 
Thus far, the underlying mechanisms governing 
this association are not clear; however, the asso-
ciation is signifi cant, and the AASLD has rec-
ommended that IL28B genotype testing may be 
considered if the HCV genotype 1 patient or his/
her provider wish to acquire more information 
on the likelihood of response to therapy or the 
probable required duration of therapy [ 9 ,  67 ]. 
While so far this applies to genotype 1, more 
research needs to be done to investigate if the 
association is still valid for HCV infections of other 
genotypes. A recent study conducted by Asselah 
et al. [ 71 ] provides evidence that the same asso-
ciation between the rs12979860 SNP alleles and 
response to peginterferon alpha and ribavirin 
therapy observed in HCV genotype 1 infection 
is also present in genotype 4 infection [ 71 ]. 

 After the initiation of therapy, quantitative 
molecular HCV assays continue to be performed 
at certain time intervals for purposes of treatment 
response monitoring and investigating the possi-
bility of shortening the duration of therapy. 
A  rapid virological response (RVR)  is defi ned as 
the absence of HCV RNA from the patient’s 
blood  4 weeks  after the initiation of therapy mea-
sured using a sensitive assay with a limit of 
detection (LOD) of 50 IU/mL. Achieving RVR 
predicts a high chance of achieving SVR, and 
allows limiting of the duration of therapy below 
the optimum [ 72 ].  Early virological response 
(EVR)  is defi ned as a minimum 2 log decline or 
absence of HCV RNA from the patient’s blood at 
 week 12  of therapy compared to its baseline at the 
start of treatment measured using a sensitive 
assay. Failing to achieve EVR is the most accu-
rate predictor of the failure of achieving SVR, 
and may be an indication for the early stopping of 
therapy. An  end of treatment response (ETR)  is 
defi ned as the absence of HCV RNA from the 
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patient’s blood at the end of the course of therapy. 
It is not an accurate predictor of SVR; however, it 
must be achieved for SVR to occur. The reap-
pearance of HCV RNA at any stage during the 
treatment before achieving ETR is called  viro-
logical breakthrough , and its reappearance after 
ETR is called  virological relapse.  Patients who 
fail to achieve a minimum 2 log decrease in 
HCV RNA levels after week 24 of therapy are 
termed  null responders  [ 4 ]. 

 Therapeutic decisions based on viral kinetics 
during peginterferon alpha and ribavirin therapy 
vary according to the HCV genotype infecting 
the patient. For patients infected with genotypes 
2 and 3, clinical trials have shown that if RVR 
was achieved patients can benefi t from shorten-
ing the treatment period from 24 weeks to 12–16 
weeks; where the rate of achieving SVR at the 
shorter treatment period (62–94 %) is compara-
ble to that at the optimal treatment period (70–
95 %). However, patients treated for the shorter 
period exhibit a higher virological relapse rate 
(10–30 %) compared to those treated for the 
optimum duration (3–13 %); a problem that is 
effi ciently solved by re-treatment with a stan-
dard 24 week course of therapy, where patients 
almost always achieve SVR [ 4 ,  73 – 76 ]. Hence, 
patients infected with HCV genotypes 2 and 3 
and are intolerant to the optimum 24 weeks 
therapy may benefi t from the discontinuation of 
treatment between weeks 12 and 16 of therapy 
given they achieve RVR. They should, however, 
be informed of the higher relapse rate associated 
with this discontinuation and the consequential 
requirement for re-treatment to achieve SVR 
[ 4 ]. If the patients infected with genotypes 2 and 
3 did not achieve RVR, however, or have HIV 
coinfection, high viral load, liver cirrhosis, or 
immunosuppression, they must then be treated 
for 24 weeks, the optimum duration of therapy. 

 For patients infected with genotype 1 and 4 
taking peginterferon and ribavirin combination 
therapy, clinical trials have shown that patients 
achieving RVR can be treated for 24 weeks 
instead of 48 with success [ 4 ]. Two clinical tri-
als involving genotype 1 patients have demon-
strated that the rate of achieving SVR among 
RVR patients treated for 24 weeks in the two 

trials was 89 %, a rate similar to that achieved 
by those treated for 48 weeks without achieving 
RVR [ 77 ,  78 ]. A similar trial for patients infected 
with genotype 4 demonstrated that the rate of 
achieving SVR among RVR patients treated for 
24 weeks was 86 % [ 79 ]. Patients who fail to 
achieve RVR are tested again at week 12 of 
treatment for EVR. Two clinical studies have 
shown that 97–100 % of patients failing to 
achieve EVR also fail to achieve SVR and are 
labeled as nonresponders [ 80 ,  81 ]. Accordingly, 
if a patient fails to achieve a decline of at least 2 
logs in viral load levels in response to treatment 
when tested for EVR, he or she may then dis-
continue treatment without limiting his/her 
chances of achieving SVR (according to the 
AASLD and EASL guidelines) [ 4 ,  14 ]. On the 
other hand, achieving EVR is not an accurate 
predictor for achieving SVR; however, achiev-
ing “complete” EVR (undetectable HCV RNA) 
is a better predictor of SVR than a 2 or more log 
decrease in viral load levels. Patients not achiev-
ing a complete EVR (≥2 log decrease of HCV 
RNA, with HCV RNA still detectable) must be 
retested at week 24; if HCV RNA is still 
detectable, then treatment must be stopped. If 
however HCV RNA was undetectable, an exten-
sion of peginterferon alpha and ribavirin therapy 
to 72 weeks must be considered [ 4 ]. 

 As for the new triple therapy for genotype 1, 
treatment naïve patients taking the PI Boceprevir 
who are not suffering from cirrhosis may be con-
sidered to stop treatment at week 28 of therapy if 
they achieve undetectable viral levels (<10–
15 IU/mL) at week 8 from the initiation of the 
lead-in therapy (i.e., RVR) and at week 24. 
Therapy must be stopped if viral load is >100 IU/
mL at week 12 or if HCV RNA is detectable at 
week 24. For those taking Telaprevir and also not 
suffering from cirrhosis, treatment can be stopped 
at week 24 of therapy if undetectable viral levels 
were achieved at weeks 4 and 12. In case the viral 
load is >1,000 IU/mL at weeks 4 or 12 and/or if 
HCV RNA is detectable at week 24, therapy must 
be discontinued [ 9 ]. In Fig.  5.3 , an algorithm 
depicting the role of HCV immunoassays and 
molecular assays in HCV diagnosis and manage-
ment is presented.
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       How the Tests Have Changed 
Medical Practice 

 As evident from the most recent clinical practice 
guidelines of the AASLD and the EASL, molec-
ular HCV assays are now a key player in HCV 

diagnosis and management [ 4 ,  9 ,  14 ]. In disease 
diagnosis, molecular HCV assays have now com-
pletely replaced the need for the recombinant 
immunoblot assay (RIBA) as a confi rmatory test 
for the results of the EIA assays [ 4 ]. They can 
confi rm the presence of active infection; even in 

  Fig. 5.3    Algorithm depicting the clinical applications 
of HCV immunoassays and molecular assays in HCV 
management: Immunoassays are needed for the initial 
screening of HCV infection. HCV qualitative molecular 
assays are needed as a supplemental test to anti-HCV 
antibody immunoassays to confi rm the presence of active 
infection. Once the presence of active infection is con-
fi rmed, quantitative and genotyping molecular assays are 
performed prior to treatment to determine the best treat-
ment route. During therapy, quantitative molecular assays 

are performed to monitor and adjust therapy. After the 
cessation of treatment, molecular assays are used to con-
fi rm HCV clearance. *In case of high- risk populations, 
patients may be prompted to repeat the anti-HCV anti-
body screening test in 1–3 months. **Optimum duration 
of therapy may be shortened based on the results of HCV 
viral load monitoring. ***Monitoring intervals during 
genotype 1 triple therapy are different from the usual 
intervals of peginterferon alpha and ribavirin combina-
tion therapy       
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immunocompromised patients where anti-HCV 
antibodies may not appear in the blood. 
Furthermore, since HCV RNA appears before 
anti-HCV antibodies in the blood, molecular 
assays have therefore allowed for the early detec-
tion of the virus in the acute phase of the disease, 
which greatly increases the chances of treatment 
success [ 7 ]. 

 Prior to the treatment of HCV, molecular 
genotyping assays are necessary to direct the 
physician in choosing the optimum treatment 
regimen, and to predict the likelihood of treat-
ment success. Furthermore, these assays have 
opened the door for the possibility of shortening 
the duration of therapy based on the patient’s 
response to it, which is benefi cial in limiting the 
exposure to the antiviral drugs leading to reduced 
drug side effects and cost savings.  

    Future Directions 

    HCV Nanodiagnostics 

 Over the past decade, several molecular nanodi-
agnostic assay prototypes have been developed. 
These prototypes are reported to be sensitive and 
generate results faster and at a fraction of the cost 
of the current amplifi cation-based molecular 
assays [ 7 ,  82 – 84 ]. In this section, examples of 
such prototypes developed for detection of HCV 
will be discussed. 

   Assays Utilizing Gold Nanoparticles 
 When a bulk material is reduced in size to the 
nanoscale, it starts to exhibit unique optophysical 
properties different from those of the bulk material 
from which it was made, properties that can be eas-
ily manipulated by controlling the size, shape, and 
composition of the nanoscale material. Such unique 
properties and the ease of their manipulation have 
allowed the use of  nanostructures in many promis-
ing biomedical applications, including in vitro 
molecular diagnostics. 

 Gold nanoparticles (AuNPs) are associated 
colloids typically in the size range of 0.8–250 nm 
and can be composed of pure gold, or of a gold 
shell surrounding a dielectric core made out of 
insulator material (e.g., silica). Such AuNPs 

having the core/shell structure are referred to as 
 nanoshells , and have a size range of approxi-
mately 10–300 nm. AuNPs can be easily synthe-
sized by the reduction of auric acid (H 3 AuO 3 ) 
with sodium citrate ( citrate reduction method) . 
They can be functionalized with biomolecules 
such as antibodies and oligonucleotides, an 
aspect that allows for their effi cient use in molec-
ular diagnostics [ 83 ,  85 ]. 

 The popular use of AuNPs in nanodiagnostic 
assays can be attributed to their optical proper-
ties. When light strikes the surface of gold 
nanoparticles, its oscillating electric fi eld compo-
nent interacts with the free “conduction band” 
electrons of the gold atoms on the surface of the 
AuNPs causing them to oscillate about their 
atomic nuclei forming oscillating electric dipoles; 
such oscillations are called  surface plasmon 
oscillations . Due to the spatial confi nement of the 
free electrons in the particles, these oscillations 
will collectively have the same frequency as that 
of the incident light waves, a phenomenon called 
 surface Plasmon resonance . This will result in 
increased absorption of the incident light, partic-
ularly at 520 nm, which is why colloidal AuNP 
solutions have an intense red color. However, 
when AuNPs aggregate, they interact by a phe-
nomenon called  plasmon–plasmon interaction  
which causes a red shift in their absorption spec-
trum, causing the color of the colloidal solution 
to turn to blue. This property of colloidal AuNP 
solutions has been utilized in several nanodiag-
nostic prototypes for the detection of nucleic 
acids [ 85 ,  86 ]. 

 One example of utilizing the plasmon–plas-
mon interaction phenomenon of AuNPs in HCV 
RNA detection was developed by our research 
group, where unmodifi ed AuNPs were used in a 
colorimetric qualitative assay to directly detect 
unamplifi ed HCV RNA [ 87 ]. The assay depends 
on the fact that the surface of AuNPs prepared by 
the citrate reduction method is negatively charged 
using citrate groups coating it. These negative 
charges repel the AuNPs and the colloidal solu-
tion remains red. In presence of salt, however, the 
particles aggregate turning the color of the solu-
tion blue. This aggregation can be prevented by 
the addition of single stranded oligonucleotides, 
as they will adsorb on the surface of the AuNPs 

5 Hepatitis C Virus Testing



76

via electrostatic interaction exposing the sugar- 
phosphate backbone to the surrounding solution; 
this will maintain the repulsion forces between 
the AuNPs thus stabilizing them and the red color 
of the solution. In the developed assay, the role of 
the single stranded oligonucleotides is played by 
short oligonucleotide sequences (termed oligot-
argeters) complementary to a conserved region 
within the 5′UTR of HCV RNA. If a serum or 
plasma sample was HCV positive, the oligotar-
geters would hybridize with their complementary 
sequence on the HCV RNA, leaving the AuNPs 
to aggregate in presence of salt thus producing a 
blue color. On the other hand if the sample was 
HCV negative, the oligotargeters will remain 
adsorbed on the AuNPs, maintaining their stabil-
ity and the red color of the solution. The assay 
was initially tested on 30 HCV RNA positive 
samples and 45 negative samples, and the results 

showed that it had a specifi city of 88.9 % and 
sensitivity of 92 %. A schematic representation 
of the assay is presented in Fig.  5.4 .

   Another sensitive and selective assay was 
developed by Griffi n et al .  based on the same 
principle of plasmon–plasmon interactions 
except that the oligonucleotide sequences had a 
fl uorescent tag that allowed the test to be quanti-
tative [ 88 ]. When HCV RNA is absent from the 
tested sample, the fl uorescent-labeled oligonu-
cleotides would adsorb onto the AuNPs leading 
to the quenching of the fl uorophore’s fl uores-
cence and the stabilization of AuNPs in the solu-
tion which remains red in color. Hence, the 
absence of HCV RNA is indicated by both the 
absence of fl uorescence and the red color of the 
solution. On the other hand if HCV RNA was 
present in the sample, it will hybridize with the 
fl uorescent tagged oligonucleotides sequestering 

  Fig. 5.4    Schematic representation of the HCV molecular 
nanodiagnostic assay. In the absence of HCV RNA, the 
single- stranded HCV oligotargeters remain bound to the 
AuNPs, thus maintaining their stability and the solution 

color remains  red . If HCV RNA is present, the oligotarget-
ers will hybridize with their complementary sequence on the 
HCV RNA leaving the AuNPs to aggregate in the presence 
of salt, and the color of the solution changes to  blue        
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them from the AuNPs, which will result in the 
restoration of the fl uorophores’ fl uorescence and 
the aggregation of the AuNPs turning the solu-
tion to blue. The intensity of the emitted fl uores-
cence is proportional to the amount of HCV RNA 
in the sample. The quenching of the fl uorescence 
of the fl uorophore tags occurs due to a phenom-
enon called  nanoparticle surface energy transfer 
(NSET) , the effi ciency of which depends on both 
the size of the AuNPs and the distance between 
the fl uorophore and the nanoparticles.  

   Assays Utilizing Quantum Dots 
 Another kind of nanoparticles that can be used 
for in vitro molecular nanodiagnostics is quan-
tum dots (QDs). QDs are fl uorescent nanocrys-
tals (2–10 nm) made of semiconductor material. 
They have a core/shell structure, where the mate-
rial that forms the shell has a larger energy gap 
between its valence and conduction bands (i.e., 
band gap) than that of the core. The core material 
is usually made from elements of groups II and 
IV (e.g., CdSe) or III and V (e.g., InP), while an 
example of the higher band-gap material, the 
shell is made out of ZnS. The absorption and 
emission spectra of QDs, hence the color of their 
fl uorescence, are a function of their size and 
composition, aspects which are both tunable. 
Like AuNPs, their surface can be easily function-
alized with biomolecules [ 89 ]. 

 QDs have unique optical properties that give 
them an advantage over commonly used fl uoro-
phores in several biological applications. First, 
they have wide absorption (excitation) spectra, 
which allows for the simultaneous excitation of 
QDs of different sizes using electromagnetic 
radiation of a single wavelength. Second, they 
have narrow, symmetrical emission spectra, 
which allow for their effi cient use in multiplex 
simultaneous detection of cellular events or dis-
ease biomarkers. Finally, they have a long fl uo-
rescence lifetime, where they can emit light with 
a decay time of approximately 30–100 ns [ 90 ]. 

 One example of an assay prototype utilizing 
QDs was developed by Gerion et al., where 
QD-conjugated DNA probes were used for the 
simultaneous detection of HCV and hepatitis B 
virus (HBV) on a microarray chip [ 7 ]. The assay 

involved fi rst the hybridization of the HCV RNA 
or HBV DNA to immobilized capture probes on 
the microarray chip, followed by the addition of 
the QD-conjugated DNA probes, which would 
hybridize specifi cally to HCV RNA and/or HBV 
DNA. The assay can be used to detect single 
nucleotide polymorphisms with a true-to-false 
signal ratio higher than 10.    

    Summary 

 Hepatitis C virus molecular assays will have an 
increasing role in the management of HCV 
patients. More molecular assays may be devel-
oped for detection of viral and host factors that 
affect patient response to therapy. Inexpensive 
and sensitive nanoparticle-based assays that can 
directly detect unamplifi ed HCV RNA may revo-
lutionize HCV diagnosis. Proper management of 
treatment of HCV infected patients will require 
rapid detection of resistance against the medica-
tions used in order to adjust the treatment strate-
gies. More studies are needed to develop and 
standardize the testing criteria for diagnosing 
acute HCV infections. This is important because 
the rate of response to therapy in the case of 
acute infection is signifi cantly higher than that 
of chronic infection. Multianalyte microfl uidic 
chips and other point-of-care devices will be 
developed for detection of blood-borne patho-
gen including HCV that will be mainly used by 
blood banks.     
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           Testing for HIV 

    Background 

    Following the identifi cation of the human immu-
nodefi ciency virus (HIV) in the USA in 1984, the 
fi rst test for HIV was licensed by the Food and 
Drug Administration (FDA) in 1985. This was an 
enzyme immunoassay (EIA) and was used 
mainly to ensure the safety of blood supply. 
People were deterred from using the blood bank 
just for learning about their HIV status and opin-
ions were divided about the implication of a posi-
tive test result [ 1 ]. Counseling did not exist until 
1987 when the United State Public Health Service 
(USPHS) issued guidelines making HIV testing 

and counseling a preventive strategy for those at 
high risk of infection. USPHS also recommended 
testing for those who were seeking treatment for 
other sexually transmitted diseases (STD) [ 2 ]. 
The fi rst Western blot (WB) blood test kit was 
also licensed in 1987 and the fi rst rapid test that 
provides results in as short as 10 min was licensed 
in 1992. 

 The recommendations for HIV testing were 
extended in 1993 to include in- and outpatients in 
hospitals, especially those in acute-care settings 
and emergency departments. Hospitals with HIV 
prevalence rates or an AIDS diagnostic rate of 
>1 % were encouraged to adopt voluntary coun-
seling and testing for all patients aged 15–54 
years [ 3 ]. In 1994, these guidelines for counseling 
and testing those at high risk stated specifi c preven-
tion goals and strategies for each person (client-
centered counseling) [ 4 ]. The fi rst oral fl uid test 
system was also licensed in 1994 and the test was 
subsequently granted a Clinical Laboratory 
Improvement Amendments (CLIA) waiver in 
2004. In 1995, Zidovudine (AZT) was adminis-
tered to HIV infected pregnant women and 
resulted in a signifi cant reduction of vertical 
transmission. The USPHS then recommended 
that all pregnant women be counseled and encour-
aged to undergo voluntary testing for HIV [ 4 ,  5 ]. 
In 1996, the fi rst HIV viral load (VL) test was 
approved and the fi rst home and urine collection 
kits for HIV testing were introduced. In 2001, 
the USPHS recommendations were modifi ed 
and are now part of routine prenatal care; the high 
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prevalence healthcare testing recommendations 
were extended to include clinical venues in both 
private and public sectors. HIV testing was 
 targeted toward, and was the basis for, those in 
high risk settings [ 6 ,  7 ]. The OralQuick Advance 
Rapid HIV-1/2 Antibody Test that uses fi ngerstick 
blood or oral fl uid was approved in 2002 and was 
granted a CLIA waiver in 2003 [ 8 ]. Knowledge 
gained from understanding the immunopathoge-
netic mechanisms of HIV infection, and the virus/
host interaction in the past 30 years have been 
fundamental in the development and continuous 
improvement of diagnostic tests, which are able to 
detect either HIV-specifi c antibodies, antigens, or 
nucleic acids [ 9 ]. 

 In 2003, the Centers for Disease Control and 
Prevention (CDC) introduced the initiative to 
advance HIV Prevention:  New Strategies for a 
Changing Epidemic . The goal was to make HIV 
testing a routine part of medical care and also to 
further reduce prenatal transmission of HIV by 
the universal testing of all pregnant women and 
by using rapid tests during labor and delivery or 
postpartum if the mother’s HIV status was 
unknown [ 10 ]. In March 2004, as result of a 
meeting with health consultants, a recommenda-
tion was made by the CDC to simplify the HIV 
screening process in order to make it more effi -
cient, cost effi cient, and to urge frequent diagnos-
tic testing for patients with associated symptoms. 
A fi nal recommendation on HIV testing in the 
healthcare setting was published in 2006 [ 11 ]. 
This recommendation came from a series of 
meetings with healthcare providers, HIV-infected 
individuals, and researchers. It recommended 
routine HIV screening for all adults, aged 13–64, 
and repeated screening at least annually for those 
at high risk. Screening should also be voluntary 
[ 11 ,  12 ]. The National Health Interview Survey 
recently reported that the number of people who 
said they have ever been tested for HIV since 
2006 increased by 11.4 million, indicating an 
increasing adoption of this recommendation [ 13 ]. 
Finally, in the last few years, efforts have been 
extended to identify the large percentage of 
infected persons who do not know that they are 
HIV infected by offering testing to all persons 
admitted to emergency rooms. 

    Kinetics of HIV Virological 
and Serological Markers 
 Several HIV infection diagnostic markers from 
both the virus and the host appear at different times 
during the course of an infection. The kinetics and 
times of appearances are fairly consistent among 
different individuals and this must be taken into 
consideration when choosing an assay [ 9 ]. 

 Early immunological and virological blood 
markers appear in the following order following 
infection: HIV RNA, HIV p24 antigen, and anti-
bodies to HIV antigens [ 14 ]. Figure  6.1  shows 
the appearance of virological and serological 
markers following HIV-1 infection.

   The viral RNA (viremia) is measurable in 
plasma as early as 8–12 days after infection and 
the number of viral copies in plasma increases 
exponentially to about one million copies of 
RNA/ml within a couple of months. Humoral and 
cell-mediated immune responses are then pro-
duced, are able to control HIV replication, and 
thus drastically reduce RNA copies to a constant 
lower level (set-point); at the same time, p24 anti-
gen levels usually become undetectable because 
of complexing with antibody to HIV. In later 
stages of the infection, the RNA levels gradually 
increases over time reaching again high levels at 
the time of onset of AIDS-related symptoms [ 9 ]. 
The p24 antigen can be measured in blood a little 
later than viral RNA, usually as early as—17 days 
from infection. This is because the methods used 
for its detection are less sensitive than the nucleic 
acid-based amplifi cation methods, which are used 
to detect viral RNA [ 15 ,  16 ]. Its concentration, 
however, remains high and the marker is detect-
able in blood for about a month and a half follow-
ing its appearance [ 15 ]. The period before 
HIV-specifi c antibodies can be detected is known 
as the serological “window period.” It is charac-
terized by the absence of HIV-specifi c antibodies, 
detectable viremia (measurable RNA or p24 
antigen), and variable CD4 lymphocyte levels. 
The detection of specifi c antibody to HIV signals 
the end of the window period and labels the 
individual as “seropositive” [ 9 ,  17 ]. The fi rst 
HIV- specifi c antibodies to appear are IgM, usu-
ally within the fi rst 3 weeks and peak between the 
4th and 5th week (Fig.  6.1 ). The detection is, 
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however, strongly dependent on each individual’s 
response [ 18 ,  19 ] and the specifi c test used. HIV- 
specifi c IgG antibodies usually appear at about 
3–4 weeks after infection [ 15 ]. Anti-gp41 IgG 
antibodies have been detected as early as 13 days 
after infection using very sensitive noncommer-
cial assays [ 20 ]. Anti-HIV IgG titers increase 
soon after their appearance, plateau at high levels 
between 3 and 6 months, and subsequently 
decrease as the immune system becomes less 
competent (e.g., when viral replication and p24 
antigens increase at the time of AIDS). Some 
antibodies such as the IgG3 isotype directed 
against the p24 antigen [ 21 ,  22 ] may decrease 
after 10–12 weeks, giving this marker some util-
ity as a means to predict “recent infection.” 
Within 1–2 months after infection in most indi-
viduals, all HIV-specifi c antibodies are detect-
able regardless of the assay used [ 23 ]. Viremia 
usually decreases as the HIV antibodies appear. 
This is due to both a reduction in p24 and the 
formation of p24/anti-p24 antibody complexes. 
At the AIDS stage of the disease when the 
immune system is severely compromised, virus 
replication increases again to very high levels. 
Specifi c methods and approaches have been 
developed to detect infection both soon after 
infection, and long thereafter. These methods are 
discussed in detail below.   

    Serologic Testing: Methodology 
and Standard Reagents 

    Antibody-Based Diagnostic Tests 
 Detection of antibodies produced in response to 
HIV infection is the basis of most HIV screening 
tests. Such antibodies are nearly always detect-
able within 1–3 months following infection 
(depending on which test is selected) [ 7 ]. Various 
tests exist and they differ by testing principle, for-
mat, the type of specimen tested, test complexity, 
and how quickly the results are available. For 
example, whole blood, serum, plasma, oral fl uid, 
fi nger-stick blood, urine, or immunoglobulin 
eluted from dried blood spots could all be the test 
matrix; the level of test complexity will deter-
mine where the test can be carried out, e.g., labo-
ratory, point-of-care (POC) site, or home sample 
collection, and fi nally how quickly the results are 
available divide the tests into the conventional or 
rapid category [ 24 ]. Antibody detection tests are 
easy to perform and possess relatively high sensi-
tivity and specifi city. They are the choice of test 
technologies for the initial screening of people who 
are at high risk for HIV infection. These tests, 
however, are unable to detect acute infection; that 
is, during the window period before antibody is 
produced in an infected person. Antibody tests 
are generally classifi ed as screening (initial tests) 

  Fig. 6.1    Appearance of HIV-1 virological and serological 
markers during the fi rst several weeks of infection. Note: 
total IgG antibody can be detected at about 3 weeks using 

third generation tests.    Data from Butto et al. [ 9 ], the fi gure 
was adapted from a graphic courtesy of Federica 
Napolitani       
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or confi rmatory (supplemental) assays. Screening 
tests must have a high degree of sensitivity (low 
false-negative rate), whereas confi rmatory assays 
must have a higher specifi city (low false-positive 
rate). In most applications, screening and confi r-
matory assays are performed in tandem to pro-
duce results that are highly accurate and reliable. 
In general, the terms “reactive,” “nonreactive,” 
and “indeterminate” are used to describe the 
results of the screening and confi rmatory assays, 
whereas the terms “positive,” “negative,” and 
“inconclusive” are used to describe the fi nal 
interpretation of results for a specimen [ 25 ].  

    Blood-Based Rapid HIV Antibody Tests 
 Rapid HIV antibody tests have been widely used 
for years and most of them demonstrate sensitivi-
ties and specifi cities comparable to EIAs [ 12 , 
 26 – 29 ]. They play an important role in HIV testing 
and access to testing in both clinical and nonclin-
ical settings by overcoming some of the barriers 
of early diagnosis, thus improving linkage to care 
for those infected [ 30 ]. They are very useful in 
clinical settings such as public clinics, physicians 
offi ces, pregnancy clinics, and emergency rooms 
where rapid turnaround time for results is impor-
tant. They are also most effective in cases of 
occupational exposure to provide results on the 
source patient so that the injured person can be 
treated in a clinically relevant time frame (usu-
ally within 2 h) [ 31 ]. Similarly, they are essential 
for detecting infection in a woman in labor whose 
HIV status is unknown; positive results would 
dictate the immediate institution of antiretroviral 
therapy to substantially reduce the risk of trans-
mission to the newborn. Most assays are in a 
ready-to-use kit format that include all necessary 
reagents and require no specialized equipment 
[ 12 ]. Rapid HIV tests, similar to enzyme-linked 
immunosorbent assays (ELISAs), are screening 
tests and thus, the test results require confi rmation 
if a reactive result is produced [ 30 ]. Currently 
FDA-approved rapid tests are listed in Table  6.1 .

   All rapid tests are interpreted visually, 
although some companies offer readers (e.g., 
Chembio, Medmira). HIV antigens fi xed to the 
test membrane or contained in the test will bind 
to HIV antibodies if present in the specimen, and 

a test kit colorimetric reagent binds to the 
 anti- HIV antibody or a labeled antigen creates an 
indicator that is visually detectable [ 30 ]. A reac-
tive result is interpreted as a preliminary positive 
and requires confi rmation by a more specifi c 
assay such as WB or an indirect immunofl uores-
cent assay (IFA) [ 26 ,  33 ]. Performing an EIA as a 
confi rmatory test is not required and if performed, 
the specimen must still proceed to WB or IFA 
testing regardless of the EIA result [ 34 ]. A nega-
tive test result requires no further confi rmatory 
testing. As with ELISAs, false-negative results 
do occur in those acutely infected and also occur 
in some patients receiving antiretroviral (ARV) 
therapy with undetectable virus in whom anti-
body levels have waned below the sensitivity 
range of the test [ 6 ,  35 ]. 

 The three most common formats of assays that 
can be used for whole blood tests are particle 
agglutination, immunoconcentration, and immu-
nochromatography [ 12 ,  36 ]. Particle agglutina-
tion tests (not FDA licensed) require 10–60 min 
after the specimen containing antibodies is mixed 
with latex particles coated with HIV antigen; 
cross-linkage occurs and agglutination occurs. 
Immunoconcentration (fl ow through) devices use 
a solid-phase capture technology which involves 
immobilization of HIV antigens on a porous 
membrane. The specimen fl ows through the 
membrane and is absorbed into an absorbent pad. 
A dot or line visibly forms on the membrane after 
addition of a conjugate or color-producing 
reagent. This assay format usually requires 
several steps for the addition of specimen, wash 
buffers, conjugate (e.g., enzyme and substrate), 
or signal generating reagent (e.g., colloidal 
gold). They are performed in 5–15 min. 
Immunochromatographic (lateral fl ow) tests are 
the most recent development and incorporate 
both the antigen and signal reagent into the 
device. The specimen, followed by a buffer is 
applied to an absorbent pad where it binds to a 
conjugate (e.g., labeled antigen), and the com-
plex migrates along a nitrocellulose strip and is 
captured by an immobilized antigen. A positive 
reaction results in a visual line on the membrane 
where the immobilized HIV antigen was applied. 
A procedural control line is usually applied to the 
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strip beyond the HIV-antigen line and acts as a 
means to show that the test procedure is accurate; 
in some manufacturer’s devices, it indicates that a 
specimen has been added [ 37 ]. 

 Rapid HIV assays could present some prob-
lems of sensitivity. Performance characteristics 
may be jeopardized when these tests are used in a 
venue different from a laboratory. For example, 
in a recent study performed on pregnant women 
in South Africa, three routinely used rapid HIV 
tests which performed well under laboratory con-
ditions did not show the same performance when 
used in a clinical setting, giving a sensitivity of as 
low as 90.2 % [ 38 ]. Also, since the negative pre-
dictive value of these tests is low when compared 
to EIA, special precautions must be taken when 
using these tests in a population with high HIV 
prevalence and incidence. For example, in a 
recent study in Seattle in a population of MSM 
(men who have sex with men) with acute or 
recent infection, only 91 % of positive samples 
which had initially been tested with fi rst- or 
second- generation EIA were positive with a rapid 
test [ 39 ]. In conclusion, rapid tests can be use for 
HIV diagnosis in both developing and developed 
countries and in most cases are as effective as 
ELISAs. However, there is still need for improve-
ment in both its sensitivity and specifi city.  

    Home Access HIV-1 Test System/Dried 
Blood Spots 
 One strategy for HIV testing was devised to 
encourage patients to get tested in a more confi -
dential and convenient manner. Only one home 
sample collection kit is currently approved by 
the FDA: Home Access ®  HIV-1 (Home Access 
Health Corporation, Hoffman Estates, IL) [ 40 ]. 
This is an over-the-counter kit but is also avail-
able by mail. The patient collects the sample of 
blood from a fi ngerstick using a lancet that is 
provided, places it on the test card (dried blood 
spots), and mails it back to the company where it 
is tested. Pre and posttest counseling in the case 
of a negative result consist of a recorded  message. 
For a positive result, a trained HIV counselor 
will conduct posttest counseling over the tele-
phone. Testing is by an ELISA and IFA on fl uid 
eluted from the dried blood card. The sensitivity 

and specifi city of this strategy is claimed to 
approach 100 % [ 40 ,  41 ].  

    Antibody Testing with Fingerstick 
Blood and Oral Fluid Sample Types 
 Serological testing can also be performed on 
these sample types provided that the specifi c test 
has been validated for that specifi c specimen 
type. Three advantages of using these media are 
(1) collection of the sample is noninvasive, (2) 
the absence of needles increases the safety for the 
personnel collecting the sample [ 25 ], and (3) dis-
posal of potentially infectious waste is mini-
mized. Such tests are very applicable in resource 
limited regions where laboratory support is less 
available [ 24 ].  

    Oral Fluid 
 Most oral fl uid-based assays collect oral fl uid 
from patients that contain concentrated IgG anti-
bodies for EIA and WB detection. Currently, 
there is one EIA and two rapid assays that can use 
oral fl uid samples and are FDA licensed. Using 
the OraSure collection device (Epitope, Inc., 
Beaverton, OR), the oral fl uid is collected by 
placing a cotton pad between the cheek and gum 
for about 2–5 min. A hypertonic solution in the 
pad will encourage transudation of oral mucosal 
transudate (the fl uid portion from blood that 
moves through the capillaries at the tooth–gum 
margin) which is high in HIV-1 IgG. The pad is 
then transported to a laboratory in a preservative 
where an EIA and/or WB test can be performed. 
This EIA method has a sensitivity of 98–100 % 
and a specifi city of 99–100 % [ 42 – 44 ]. HIV diag-
nosis from oral fl uid has certain disadvantages, 
including the need for special collection devices 
for samples and that samples cannot be easily 
obtained from children [ 45 ]. The OraQuick rapid 
test that allows oral fl uid for testing is described 
under the blood-based rapid test section (see 
Table  6.1 ).  

    Urine 
 Similar to the oral fl uid tests, the urine-based test 
also relies on detection of anti-HIV antibodies. 
The Sentinel HIV-1 Urine Enzyme Immunoassay 
(Calpyte Biomedical Corporation, Alameda, CA) 
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is a rapid EIA with a sensitivity of 99 % [ 46 ]. 
Compared to oral fl uid, urine testing requires no 
special devices for sample collection [ 45 ]. One 
WB screening test (Cambridge Biotech HIV-1 
Western Blot, Maxim Biomedical) has been 
approved for HIV-1 antibody detection in urine. 
The interpretative criteria for a reactive WB for 
urine require only the presence of a visible band 
at the gp160 region [ 47 ]. Being a screening urine 
WB assay, a serum WB is the mandated follow-
 up procedure. This is due to the low specifi city of 
the urine test [ 6 ].  

    Vaginal Secretion and Seminal Fluid 
 Antibodies to HIV-1 and HIV-2 can be detected 
in both cervicovaginal secretions and seminal fl u-
ids. At present, no commercially available assay 
using vaginal secretions have been approved by 
FDA. However, rapid HIV EIA tests using semi-
nal fl uids are available to detect HIV antibodies 
with excellent sensitivity. An example is the 
Abbott recombinant HIV-1/HIV-2 third- 
generation immunoassay [ 48 ,  49 ]. Since HIV-1 
and HIV-2 IgG can be detected in seminal fl uid, 
an EIA for detection of these antibodies could be 
useful in rape situations where sero-status can 
guide the need for postexposure prophylaxis [ 50 ].   

    Confi rmatory HIV Antibody Assays 

 Confi rmatory assays for HIV greatly increase the 
specifi city of detection when used in conjunction 
with screening assays. They are less sensitive 
(except the IFA), particularly for detection of 
seroconversion, but are more specifi c than screen-
ing assays. Confi rmatory tests are more labor 
intensive, more prone to subjective interpreta-
tion, and more expensive than the screening 
assays. The primary goal of confi rmatory testing 
is to ensure that individuals who test reactive by 
screening assays are not incorrectly identifi ed as 
being infected with HIV (i.e., reducing false- 
positive screening test results). There are a num-
ber of tests that can be use to confi rm HIV 
infection following a reactive initial screening 
test result. 

    EIAs 
 A second EIA or an EIA following a rapid test is 
the most commonly used method in developing 
countries to confi rm infection (this is considered 
as an alternative confi rmatory strategy to the rou-
tine screening test and WB or IFA testing algo-
rithm) [ 51 ]. By using two EIAs or a rapid test/
EIA in tandem, the predictive value of the com-
bined result is near that of the routine testing 
algorithm. Because of viral gene heterogeneity, 
HIV-2 is not always detected in HIV-1 ELISA 
tests, but this problem has been resolved by the 
use of combined HIV-1/HIV-2 ELISA tests [ 52 , 
 53 ]. The addition of HIV-1 subtype O antigens to 
the ELISA has allowed improved detection of 
this subtype of HIV-1 [ 54 ]. There are a number of 
reasons for false-positive and false-negative 
ELISA results. False-positive results can be due 
to technical error, cross-reacting antibodies, per-
sons vaccinated for HIV, and several medical 
conditions [ 55 ]. Problems of cross-reacting anti-
bodies have been minimized with the use of syn-
thetic or recombinant HIV peptides in later 
generation tests. False-positive results may also 
occur in individuals participating in HIV vaccine 
trials [ 56 ]. Similarly, false-negative results can 
also occur for a variety of reasons. A nonreactive 
HIV ELISA result in a person at high risk of 
infection should always prompt consideration of 
the window period before seroconversion. 
Serological testing should be repeated on nega-
tive persons several weeks after a suspected 
infection [ 55 ]. 

 There have been improvements in EIA meth-
odologies such as the use of recombinant or syn-
thetic peptide antigens instead of whole viral 
lysates (second generation) and also the use of 
double- antigen sandwich confi gurations (third- 
generation assays), all of which have led to 
increased sensitivity and specifi city [ 57 ,  58 ]. 
Briefl y, in a third-generation assay, recombinant 
HIV-1 and HIV-2 proteins and/or peptides, bound 
on the solid phase (bottom of a microplate, or a 
bead) will react with antibodies in the patient’s 
serum. This is followed by a washing step to 
remove unbound constituents of the serum. 
The bound antibodies are detected through the 
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addition of the same viral antigen conjugated with 
an enzyme molecule (antibody sandwiched between 
two antigens). Unbound conjugates are removed by 
another round of washing. The addition of a 
substrate of the coupled enzyme generates the 
development of a color whose optical density (OD) 
is read with a spectrophotometer. The OD of the 
color is proportional to the antibody activity in the 
serum. With the use of this “sandwich” format, 
higher sensitivity and specifi city are ensured, since 
all potential classes of anti-HIV antibodies, includ-
ing IgM, can be detected. A third-generation EIA 
reduces the “window period” to about 22 days after 
infection [ 14 ]. Current EIAs are estimated to be 
more than 99.9 % sensitive and an average specifi c-
ity of 99.5–99.9 %. The use of these assays is man-
datory when testing blood donations since any 
failure to identify a positive sample can have 
serious consequences for the transfused person and 
even the entire population [ 59 ]. 

 Figure  6.2  shows an example of a third- 
generation EIA methodology.

   Recently, fourth-generation EIA assays have 
been introduced which are able to reveal the 

 presence of both the antibodies and the p24 major 
antigen of HIV. With this, the window period has 
been further reduced to almost the levels of HIV 
RNA detection [ 14 ,  60 ]. The defi nition of the 
window period therefore changes since its reduc-
tion is due to the early detection of HIV antigen 
and not antibodies as previously defi ned. Fourth 
generation assays detect HIV-1 p24 antigen 
10–30 days earlier than the detection of antibody 
by Western blot and 5–7 days earlier than third- 
generation EIA [ 13 ]. The fi rst fourth-generation 
assay approved by the FDA was the Abbott’s 
ARCHITECT HIV Ag/Ab Combo assay (speci-
fi city of 99.20 % and sensitivity of 100 %) and 
most recently the Bio-Rad GS HIV Ag/Ab 
Combo EIA (specifi city of 99.97 % and  sensitivity 
of 100 %) [ 32 ]. Both assays can detect HIV p24 
antigens, HIV-1 group M and O antibodies, and 
HIV-2 antibodies. They can also be used to detect 
acute infections, infection in pregnant women, as 
well as children as young as 2 years [ 13 ,  61 ,  62 ]. 
Currently, more fourth-generation EIA are 
pending FDA approval or under development 
from Ortho-Clinical Diagnostics and Siemens. 
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With more assays gaining approval and becoming 
available, becoming available, the CDC has 
moved forward with recommending a new test-
ing algorithm that begins with these new fourth- 
generation assays. In a recent study, the Architect 
HIV Combo assay detected approximately 88 % 
of acutely infected individuals who had been 
missed by a third-generation ELISA test [ 63 ]. 
However, using a fourth-generation assay, there 
is a risk of a “second diagnostic window.” This 
situation is rare but it can happen if there is both 
a drop in p24 antigen level and a delay in HIV- 
specifi c antibody development [ 13 ,  64 ].  

    Confi rmatory Western Blot 
 The most common confi rmatory assay for HIV 
antibody, the WB, is considered by many experts 
as the “gold standard” for HIV diagnostic testing. 
Briefl y, in a WB, the virus is disrupted, and the 
individual proteins are separated by molecular 
weight via differential migration on a polyacryl-
amide gel and blotted onto a membrane support. 
HIV serum antibodies from the patient are 
allowed to bind to the proteins in the membrane 
support, and patterns of reactivity can be visibly 
read [ 25 ]. HIV-1 antigens detectable by WB can 
be divided into three groups: the env (envelope) 
glycoproteins (gp41, gp120, gp160), the gag or 
nuclear proteins (p17/18, p24/25, p40, p55), and 
the pol or endonuclease-polymerase proteins 
(p31/32, p66/68). Different groups have proposed 
different interpretation of the profi les. The 
Association of State and Territorial Public Health 
Laboratory Directors and the CDC have defi ned a 
positive HIV-1 WB as the presence of any two of 
the following bands: p24, gp41, or gp120–gp160 
[ 65 ,  66 ]. If no band is present, the test is consid-
ered negative. If a single band is present or a com-
bination of bands that do not meet the criteria for 
a positive result, the test is termed indeterminate. 
According to the WHO, a WB is positive if any 
two env bands are present [ 66 ]. A more restrictive 
recommendation is that from the American Red 
Cross which demands at least three bands, one 
from each group (i.e., one protein from gag, one 
from pol, and one from env) [ 67 ]. Figure  6.3  
shows typical WB test results. More details and 
specifi c profi les have been published [ 37 ].

   As many as 10–20 % of WB results performed 
on sera with repeatedly reactive HIV-1 ELISA 
results are interpreted as indeterminate. This, 
however, depends on the population being tested 
[ 68 ]. Accessing the person’s risk factor for HIV 
and repeating the WB test several weeks later is 
necessary to determine the signifi cance of an 
indeterminate HIV-1 WB. If a positive result is 
not obtained after 6 months, the patient is usually 
considered not infected. The CDC guideline 
states that “a person whose Western blot test 
results continue to be consistently indeterminate 
for at least 6 months in the absence of any known 
risk factors, clinical symptoms or other fi ndings 
may be considered to be negative for antibodies 
to HIV-1” [ 65 ]. If a recent HIV-1 infection is sus-
pected, additional tests such as measurement of 
p24 antigen or HIV-1 nucleic acid tests may be 
useful. False-negative results may occur if the 
patient is infected with the rare HIV-1 serotype O 
and false-positive results have been reported in 
patients with hyperbilirubinemia, human leuko-
cyte antigen (HLA) antibodies, other retrovi-
ruses, connective tissue disorders, and polyclonal 
antibodies [ 69 ,  70 ]. The sensitivity and specifi c-
ity of the WB range between 96 and 100 % in 
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  Fig. 6.3    Typical Western Blot results (HIV blot 2.2. 
Genelabs) [ 37 ]. Column 1: positive control; column 2: 
negative control; column 3–4: positive anti-HIV-1 serum; 
column 5: positive anti-HIV-1 serum group O; column 6: 
positive anti-HIV-2 serum; columns 7–10: sequential 
results from serum testing of a patient newly infected with 
HIV-1 over time (seroconversion panel)       
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most cases [ 71 ], unless there is early infection. 
The main disadvantage of a WB is its high price. 
There is also the unavoidable subjectivity when 
reading and interpreting the result and the uncer-
tainty about the criteria of positivity. False- 
positive results can rarely occur with the WB 
[ 37 ]; thus, these tests should be used only in con-
sultation with an expert or other provider who is 
knowledgeable about this test method.  

   Indirect Immunofl uorescent Assay 
 The IFA provides an alternative confi rmatory 
assay to WB, and one is approved as a screening 
test or a confi rmatory test (Waldheim Pharma-
zeutika) [ 72 ]. This test is generally simple to 
perform, but the results are analyzed microscop-
ically and require expertise for interpretation. In 
this assay, serum or plasma samples are incu-
bated with T cells that have been infected with 
HIV and that express HIV antigens intracellu-
larly and with uninfected T cells as a control. If 
a specimen contains antibodies against HIV 
antigens, the antibodies should bind to the 
infected T cells but not the control uninfected 
cells. Bound antibodies are then detected with 
an antihuman antibody conjugated to a fl uores-
cent molecule such as fl uorescein isothiocynate. 
The fl uorescent molecule emits light when 
exposed to ultraviolet light. The degree and pat-
tern of fl uorescence determines whether a sam-
ple is infected with HIV [ 73 ]. The Fluorognost 
HIV-1 IFA (Waldheim Pharmazeutika GmbH, 
Vienna, Austria) is an FDA-approved confi rma-
tory IFA for the detection of HIV-1 [ 73 ,  74 ]. 
Currently, there are no FDA-approved confi r-
matory IFA assays for HIV-2 infection [ 74 ]. 
Figure  6.4  illustrates appearance of an IFA posi-
tive test result.

        Serologic Testing: Regulatory Issues 

 The regulation of HIV testing is primarily by the 
FDA except in situations where State laws also 
apply. Each test is restricted to the body fl uid(s) 
that it was designed to analyze. Rapid HIV test-
ing is usually performed in clinical laboratories 
that have an adequate Quality Assurance (QA) 

program where persons who use the test will 
receive and use the instructional materials pro-
vided with the tests. The FDA also requires that 
persons tested with rapid assays receive the 
“Subject Information” pamphlet provided with 
the test [ 75 ].    Rapid tests have been approved as 
waived tests or non-waived (moderately com-
plex) (see Table  6.1 ) under CLIA.    Classifi cation 
depends on the sample type used or procedure 
used for testing [ 76 ,  77 ]. Waived tests use unpro-
cessed specimens (whole blood, fi ngerstick 
blood, or oral fl uid), are easy to use, and because 
their procedures are simple—have little risk for 
an incorrect result. Waived test can be performed 
at many clinical and nonclinical settings includ-
ing community and outreach settings. The FDA 
restriction also includes that any facility planning 
to perform waived rapid tests must have a basic 
quality assurance (QA) plan with quality control 
(QC) that ensures that the test is carried out cor-
rectly, results are accurate, and errors are identi-
fi ed and corrected accordingly. Also, there are no 
federal requirements for personnel, quality 
assessment, or profi ciency testing (PT), although 
the tests must comply with state and local regula-
tions and laws. To perform only waived testing, 
an organization must obtain a certifi cate of 

  Fig. 6.4    Distinctive apple-green intracellular staining 
pattern in an HIV-1 positive specimen using the 
Fluorognost TM HIV-1 IFA. Data was adapted from a 
Sanochemia Leafl et [ 72 ], courtesy of Denis Underwood       
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waiver from the CLIA program and follow the 
manufacturer’s instructions for the test procedure 
[ 78 ]. Rapid tests that use processed samples such 
as plasma and serum are classifi ed as moderately 
complex non-waived tests under CLIA [ 76 ]. 
There is a requirement for QA, QC, PT, patient 
test management, personnel qualifi cation, and 
inspections. Facilities that provide such testing 
must obtain a Certifi cate of Accreditation from 
an accreditation organization after it has been 
inspected for complying with a large number of 
requirements [ 76 ]. All confi rmatory serological 
tests are classifi ed as complex non-waived test 
under CLIA. The same requirements that apply 
to moderately complex tests also apply to com-
plex tests. The main differences are in QC and 
personnel requirements. 

 The FDA assigns classes to medical devices 
in order to determine the type of premarketing 
submission/application required for them to be 
cleared for marketing. Manufacturers of HIV 
diagnostics assays are required to apply for a 
Premarket Approval application (PMA) from 
the FDA. A PMA is the process of scientifi c 
and regulatory review to evaluate the safety 
and effectiveness of Class III medical devices 
[ 79 ]. Apart from safety and effectiveness 
assurances, general and special controls also 
apply to Class III devices. General controls are 
the basic requirements of the Food, Drug and 
Cosmetic (FD&C) Act and they include: manu-
facturer registration with the FDA, good man-
ufacturing techniques, proper branding and 
labeling, notifi cation of the FDA prior to mar-
keting the device, and general reporting proce-
dures. An approved PMA is, in effect, a private 
license granting the applicant (or owner) per-
mission to market the device. 

   Detection of Recent HIV Infection 
 Diagnosis of HIV infection during the acute 
phase of an infection has several important appli-
cations. First, the immune system can be better 
preserved; second, because viral loads are high-
est during acute infection, early intervention can 
minimize transmission to others, thereby limiting 
the spread of infection [ 80 ]. There are also advan-
tages to know “when” a person has been infected; 

that is, whether they have had recent infection. 
Recent infection can be considered as the time 
when antibody levels are still rising (before they 
plateau at high levels); therefore, recent infection 
is between 3 and 6 months following infection. 
Most importantly, knowing how many persons in 
a population have recent infection allows the esti-
mation of the incidence of HIV in that popula-
tion. Incidence, in contrast to prevalence, is the 
rate of new infections. Thus, identifying recent 
infections (new infections) can be used to deter-
mine which populations should be targeted for 
interventions such as for education and vaccines. 
In addition, knowing the approximate time of 
HIV infection can be a benefi cial tool for contact 
tracing so that contacts can be evaluated for 
infection and treatment. Conventional antibody 
assays are not able to differentiate between a 
recent infection and a chronic (established) infec-
tion. Thus, methods have been developed to iden-
tify a recent from established HIV infections. 
The tests have been given many names, including 
STARHS (serological testing algorithm for recent 
HIV seroconversion), TRI (tests for recent infec-
tion), S/LS (sensitive/less sensitive) tests, and 
detuned tests. These approaches must be used on 
persons who have already been confi rmed to have 
antibodies to HIV [ 9 ]. There are generally two 
principles by which these TRI are based (1) anti-
body titer or (2) antibody avidity (191); one test 
examines antibody isotype. 

 The TRI assay fi rst described was for anti-
body titer and was considered a detuning or S/
LS test. By deliberately making a test less sensi-
tive (LS) by changing test parameters, the result 
from an antibody positive person would change 
from positive to negative during the time inter-
val when antibody levels had not reached their 
highest (plateau). So, if a sample were positive 
on the routine test (sensitive test, S) but negative 
on the less sensitive (LS) test, the person is con-
sidered as being recently infected. In a test with 
a similar principle, (BED-capture assay), the 
proportion of HIV-specifi c antibodies to the 
total IgG is used to differ recent from estab-
lished HIV infection. In the second principle of 
a TRI, the approach is to identify recent infec-
tions by investigating the HIV-specifi c antibody 
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avidity. It is known that antibody avidity to HIV 
antigens increases overtime during the fi rst year 
of infection. Thus, low avidity HIV antibodies 
indicate a recent infection. These tests deter-
mine an avidity index (AI) (e.g., Abbott AxSYM 
commercial EIA) by determining how the anti-
bodies respond to a chaotropic agent that disso-
ciates weakly avid antibodies [ 81 ]. 

 Test for recent infection are affected by a 
number of factors, primarily the HIV viral vari-
ability because immunodominant epitopes differ 
between the HIV-1 clades. It has been docu-
mented that these tests are indeed affected by 
viral variants. Another limitation is testing sera 
from individuals with AIDS or very low CD4 
counts since these patients have low antibody 
titers and therefore would be classifi ed as falsely 
recently infected (most experts believe there is a 
5 % false positive rate because of AIDS [ 37 ]). 
Although not molecular assays, these TRI have 
infl uenced medical science in a positive manner, 
particularly for epidemiologic purposes.   

    How HIV Serologic Testing Has 
Changed Medical Practice 

 Early and accurate diagnosis and subsequent 
treatment can substantially slow down the 
advancement of the disease by keeping viral rep-
lication to a minimum (or eliminated). In this 
way, the immune system can be preserved and 
transmission to others can also be minimized or 
prevented if precautions are taken. The currently 
available HIV serological assays have made 
it possible for a rapid and accurate diagnosis 
especially at point-of-care facilities such as emer-
gency rooms and are indispensable for occup-
ational exposure cases and women in labor 
without a known HIV status. Safer blood and 
body tissue transplantation have also benefi ted 
following improvement in diagnostic techniques 
such the use of fourth-generation EIAs. With the 
wide range of new techniques currently avail-
able, choosing the appropriate method for identi-
fi cation and management will allow accurate 
information to be obtained regarding the patient’s 
status for effective treatment [ 82 ].   

    Nucleic Acid-Based Tests for HIV 

    NAT Testing: Background 

 The advent of nucleic acid testing, and in particu-
lar, assessment of viral load (copy number of 
virions in blood) has revolutionized medical 
practice for HIV and Hepatitis C virus (HCV) 
infections. As better antiretroviral (ARV) drugs 
were developed, and with the application and use 
of highly active antiretroviral therapy (HARRT), 
cocktails of drugs targeting different points of the 
viral replication cycle, and monitoring of the 
viral load (VL) in patients rapidly became crucial 
in patient care and management [ 83 ,  84 ]. Rapid 
reduction in VL (0.7–3 logs) is typically observed 
in drug naïve patients within a few weeks after 
initiation of ARV therapy.  

    NAT Testing: Methodology 
and Standard Reagents 

 Viral nucleic acid (NA) detection and quantifi ca-
tion may be achieved through laboratory tech-
niques that either detect proviral cDNA in 
leukocytes or viral RNA in the cell-free compart-
ment (plasma). 

 HIV proviral DNA assays allow the detection 
of cells that harbor quiescent provirus as well as 
cells with actively replicating virus [ 9 ]. This 
qualitative procedure is very sensitive and can 
detect between one and ten copies of HIV-1 pro-
viral DNA per sample. Because of the extremely 
high sensitivity of this assay, small amounts of 
background “noise” in the environment or con-
tamination during laboratory processing may 
result in amplifi cation of products that can pro-
duce false-positive reactions [ 85 ]. Currently, the 
only recommended diagnostic use of this assay is 
for the detection of infection in infants born to 
mothers infected with HIV-1. The Roche HIV-1 
Amplicor test, which is a qualitative PCR-based 
assay, can be used to detect HIV-1 DNA. 
Currently, there are no commercially available 
assays to quantify proviral DNA, which could 
potentially be useful in evaluating the effi cacy of 
ARV therapies especially when the HIV-1 viral 
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RNA load is undetectable [ 86 – 88 ]. A number of 
research-based assays have been described for 
quantifi cation of HIV-1 proviral DNA, but these 
assays are based on conventional PCR [ 89 – 92 ]. 
A limitation of some of these assays is that con-
ventional PCR methods were used. As a result, the 
DNA copy numbers are calculated based on the 
fi nal amplifi ed gene products, which vary widely 
due to various factors affecting PCR. Several real-
time PCR TaqMan-based protocols for quantifi ca-
tion of HIV-1 proviral DNA have been reported 
[ 93 – 95 ], which provide a highly accurate and 
reproductive detection method for HIV-proviral 
DNA with a wide level of detection. 

 Quantifi cation of HIV viral RNA has many 
advantages, e.g., used by clinicians to measure 
the baseline VL before initiation of ARV therapy, 
evaluate the effi cacy of initial ARV therapy, pre-
dict drug resistance, and also to estimate the 
potential to develop AIDS-related opportunistic 
infections and diseases [ 83 ]. Nucleic acid tests 
(NAT), sometimes referred to nucleic acid ampli-
fi cation tests (NAAT), can also supplement anti-
body testing for the diagnosis of HIV infection in 
special situations such as in  suspected acute 

infection, when antibodies are still undetectable 
and also in newborns of HIV- infected mothers in 
whom maternal antibodies are still present [ 9 ]. 
Plasma HIV RNA is usually measured in HIV 
infected individuals at baseline and thereafter. 
The level of VL measured at times about 1–2 
months after infection is known as the “set point” 
and is positively correlated with the disease pro-
gression. Although HIV transmission through 
blood transfusion has decreased following the 
use of fourth generation screening assays, the 
application of NAT (in addition to using anti-
body testing) has further reduced the window 
period. It has been reported that, the risk of 
acquiring HIV through blood transfusion is 
reduced by approximately 50 % using NAT [ 96 ]. 
NAAT can detect HIV infection approximately 
45 days  earlier than fi rst-generation EIAs, 32 
days sooner than second-generation EIAs, 11 
days sooner than third-generation EIAs, and 6 
days sooner than fourth-generation EIAs [ 97 , 
 98 ]. Figure  6.5  shows the kinetics of viral mark-
ers during the early stages of infection and a 
comparison of the window periods of various 
serological techniques with reference to NAAT.
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  Fig. 6.5    Kinetics of viral markers during the early stages of infection and their diagnostic window periods [ 98 ]       
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   Determination of VL also provides vital 
 information, especially to those individuals who 
are under ARV therapy. The minimal change in 
VL considered to be statistically signifi cant (2 
standard deviation) is a threefold, or 0.5 log 10  
copies/ml. Suppression of viral replication by 
ARV therapy to a level that is below the limits of 
detection (LOD) (below 40–75 copies/ml depend-
ing on the specifi c assay used) is the main objec-
tive of ARV therapy [ 99 – 102 ]. Standard HIV 
quantitative assays have a LOD of 400 copies/ml, 
whereas ultrasensitive assays may detect VL as 
low as 5–50 copies/ml. Also, some newer assays 
have a greater dynamic range than either the stan-
dard or ultrasensitive assay (e.g., 4.0 × 10 [ 1 ] to 
1.0 × 10 [ 7 ] copies/ml) [ 25 ,  103 ,  104 ]. Therefore, 
assays that can detect <50 copies/ml are more use-
ful than standard VL tests in predicting prolonged 
viral suppression and are recommended for moni-
toring patients who are receiving ARV therapy. 

 Three basic types of techniques are currently 
used to amplify HIV RNA for detection and 
quantifi cation of VL (1) gene target-based 
 amplifi cation technology such as PCR or reverse 

transcription followed by PCR (RT-PCR) and 
TMA or NASBA. This type of method is designed 
to detect and amplify the target gene of interest; 
(2) signal-based amplifi cation technique such as 
branched DNA (bDNA), which amplifi es the sig-
nal rather than the gene target sequence; and (3) 
probe-based amplifi cation techniques, e.g., ligase 
chain reaction (LCR) that relies on amplifi cation 
of the probes that are homologous to a specifi c 
gene target [ 105 ]. 

 The gene-based amplifi cation technologies 
can be further divided into PCR-based or non-
PCR- based methods. PCR is currently the best- 
known assay for the amplifi cation of nucleic acid 
(NA). It is performed at various temperatures 
using a very specialized equipment known as the 
thermocycler. In contrast, most of the non-PCR 
methods take advantage of the natural NA ampli-
fi cation processes (Table  6.2 ). For example, the 
ligase chain reaction (LCR) mimics enzymatic 
ligation processes; nucleic acid sequence-based 
amplifi cation (NASBA) mimics viral RNA 
reverse transcription and transcription; strand 
displacement assay (SDA) resembles the DNA 

    Table 6.2    Nucleic acid-based amplifi cation methods [ 106 ]   

 Amplifi cation methods  Amplifi cation targets 
 Resemblance of a natural 
biological process  Features 

 Target-based 
  PCR/RT-PCR 

  NASBA 

  TMA 

  SDA 

  RCA 

  HAD 

 DNA/RNA 

 RNA 

 RNA 

 DNA 

 Circular DNA 

 DNA 

 n/a 

 Reverse transcription 

 Reverse transcription 

 Excision DNA repair 

 Plasmid replication 

 DNA unwinding 

 Thermocycling, DNA 

polymerase/RT 

 RT, RNA polymerase, RNase H 

 RT with RNase activity; RNA 

polymerase 

 Endonuclease 

 DNA polymerase 

 DNA helicase 
 Probe-based 
  LCR 
  Qβ-replicase 

 DNA 
 RNA 

 DNA ligase 
 Bacteriophage replication 

 DNA ligase 
 Qβ-replicase, RNaseIII 

 Signal-based 
  bDNA 
  BCA 

 RNA/DNA 
 DNA 

 n/a 
 n/a 

 Multimer amplifi er 
 Magnetic enrichment; 
bio-barcodes detection 

   BCA  bio-barcode assay,  bDNA  branched DNA,  HAD  helicase-dependent isothermal DNA amplifi cation,  LCR  ligase 
chain reaction,  n/a  nonapplicable,  NASBA  nucleic acid sequence-based amplifi cation,  PCR  polymerase chain reaction, 
 RCA  rolling circle amplifi cation,  RNase  ribonuclease,  RT  reverse transcription,  SDA  strand displacement assay,  TMA  
transcription-mediated assay  
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excision repair process; and Qβ-replicase RNA 
amplifi cation resembles bacteriophage replica-
tion. Another common feature of these non-PCR- 
based assays is that these assays can be carried 
out at constant temperature without thermocy-
cling. The RT-PCR-based assays convert HIV 
RNA into DNA using an enzyme called reverse 
transcriptase (RT). This is followed by PCR, 
which increases the copy number of DNA for 
detection. The resultant DNA is then detected 
with a nucleic acid probe specifi c for a HIV-1 
nucleic acid sequence that has been attached to 
an enzyme, or, the captured oligonucleotide 
(which is biotinylated) is detected using an avi-
din/enzyme agent. The enzyme–nucleic acid 
complex can react with another chemical and 
produce a color change, the intensity of which is 
used to quantify the DNA. The HIV-1 Amplicor 
Monitor Assay and the HIV-1 AmpliPrep 
TaqMan assay (Roche Molecular Diagnostics, 
Pleasanton, CA) are examples of target-based 
amplifi cation assays. The difference between the 
HIV-1 Amplicor Monitor and AmpliPrep TaqMan 
assays are that the Monitor assay is based on the 
conventional PCR method and the TaqMan is a 
real-time PCR-based method. The real-time PCR 
is much more accurate and reproducible with a 
broader linear dynamic range than the conven-
tional PCR method [ 107 ]. Other examples of 
target-based amplifi cation assays include the 
Abbott  m2000  real-time PCR assay (Des Plaines, 
IL) and the Nuclisens HIV RNA QT (Organon-
Teknika, Boxtel, The Netherlands) [ 108 ].

   The bDNA assay, also known as the Versant 
HIV-1 RNA 3.0 assay or formally known as 
Quantiplex™, is one example of the signal 
amplifi cation-based assays. HIV RNA is cap-
tured by complementary oligonucleotides called 
capture probes that are bound to the bottom of a 
plate. The hybridization probes are used to 
simultaneously bind the captured HIV RNA. 
Unlike the target-based assays, detection of the 
captured viral RNA is achieved by linkage of 
oligonucleotide- containing multi-amplifi ers to 
the hybridization probes. 

 In the probe-based assays, the probes that are 
homologous to the target sequences are ampli-
fi ed. One of these assays is LCR [ 109 ,  110 ]. 

LCR is based on the principle that ligation of a 
DNA molecule is most effi cient when the mole-
cules are aligned in a head-to-tail fashion. Thus, 
typically two detection probes are specifi cally 
design to be complementary to a specifi c gene 
target sequence of interest. Once these probes 
are annealed to the gene target, addition of DNA 
ligase will join the two detecting molecules 
[ 111 ]. Repetition of hybridization, ligation, and 
denaturation will achieve probe-based amplifi -
cation. The Abbott Laboratories (IL) markets 
HIV-1 LCx, which is based on LCR technology. 
Table  6.2  summaries the various types of nucleic 
acid-based amplifi cation methods. 

 Although the sensitivity and specifi city of 
these diagnostic tests are high (99 % and 98 %, 
respectively), they should be used in conjunction 
with serologic assays [ 112 ]. In addition, because 
most of these tests are designed to detect HIV-1 
subtype B, they sometimes cannot detect other 
HIV strains and subtypes. Further improved 
real- time PCR-based assays have been intro-
duced (Abbott Real Time HIV-1; Roche 
Amplicor TaqMan ver. 2.0) that are capable of 
detecting all subtypes of HIV group M and 
group O. The TaqScreen MPX from Roche is a 
NAT that has been approved by the FDA to 
simultaneously screen for HIV-1 group O and 
HIV-2. However, the current application of the 
test is for blood and tissue bank screening of 
samples from blood and organ donors. The 
TaqScreen MPX is not approved for clinical 
monitoring [ 113 ]. 

 Despite being an indispensable clinical tool, 
VL testing still has some issues. It requires highly 
skilled personnel and the instruments are very 
expensive. Many developing countries cannot 
routinely use the currently available NAT assays 
[ 114 ,  115 ]. The increasing HIV viral variability 
can also have a serious impact on NAT sensitiv-
ity. Using these assays in geographic regions 
where multiple subtypes and CRFs (circulating 
recombinant forms) are present, can result in a 
failure to detect infection, since primers and 
probes used might not be the right ones to amplify 
nucleic acid of some HIV variants. A similar situ-
ation arises in countries where HIV-2 infection is 
endemic. 
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   Other Viral Load Tests 
 An inexpensive HIV VL assay has been devel-
oped to measure viral reverse transcriptase (RT) 
activity (ExaVir Load Version 2; Cavidi AB, 
Uppsala, Sweden). The test is performed mostly 
manually and was designed primarily for 
resource-limited settings. The assay has a LOD 
of 400 copies/ml [ 116 ,  117 ]. However, it is not 
approved by the FDA for clinical use in the USA.  

   Detection of HIV-1 Non-B Subtypes 
 HIV-1 can be classifi ed into group M (major), a 
rare group O (outlier), and a “new” group N 
(non-M, non-O) [ 118 ,  119 ]. Recently, a new 
HIV-1 group, which is designated as group P, has 
been reported [ 120 ]. Group M can be further 
divided into subtypes (A–D, F–H, J, and K) and 
circulating recombinant forms (CRFs) [ 119 , 
 121 ]. The subtype B virus is at present the pre-
dominate subtype in the USA. Recent data how-
ever suggest increasing prevalence of HIV-1 
non-B subtype in the USA. The clinical signifi -
cance of emerging non-B viruses to HIV treat-
ment and patient care is currently unknown. 
However, in the area of vaccine development, the 
extent of HIV diversity is an important consider-
ation. Early candidate vaccines were developed 
based on the US HIV-1 B subtype type. However, 
non-B subtypes should also be included in future 
research and development of an effective vaccine 
against HIV [ 122 ]. This increase in HIV-1 non-B 
subtype is likely driven by global travel, immi-
gration, commerce, tourism, and military deploy-
ment [ 123 ]. For example, in a study conducted 
from blood donors throughout the USA from 
1997 to 2000, the prevalence of non-B subtypes 
was 2.3 % [ 124 ]. In a recent study conducted in 
the city of Baltimore and the State of Maryland, 
the non-B prevalence, which was determined 
using DNA sequencing analysis, was 13.2 % in a 
Maryland suburb of the Washington, DC area 
[ 125 ]. A similar high level of non-B HIV-1 sub-
types in other part of the USA has also been 
reported [ 126 ,  127 ]. Therefore, new methods that 
are capable of detecting all of the non-B sub-
types including circulating recombinant forms 
should be developed and used. Failure to detect 
or accurately quantify non-B HIV infection has 

been documented in some of the antibody and 
RNA- based assays [ 128 – 134 ].  

   p24 Antigen Measurements 
 Before the advent of viral RNA detection, quanti-
fi cation of HIV-1 in clinical specimens was based 
on gag (p24) protein detection or after in vitro 
cultivation of the virus [ 135 ]. p24 antigenemia 
can also be used to monitor disease progression. 
p24 antigen appears in blood approximately 1 
week before antibodies are detected and can typi-
cally be detected in serum using EIA. Detecting 
p24 antigen by EIA is a relatively simple, inex-
pensive, and rapid method. However, the sensi-
tivity is lower as compared to HIV RNA-based 
assays, but enhanced sensitivity have been 
reported by signal amplifi cation [ 136 – 139 ]. Their 
specifi city is high as long as a neutralization 
(confi rmation) step is used [ 112 ]. These methods 
are commonly used in developing countries. 

 A real-time immuno-PCR (IPCR)-based 
assay, which uses HIV-p24 antigen as a marker 
for quantifi cation of antigenemia, has been 
reported [ 140 ]. The real-time IPCR assay com-
bines the p24 ELISA with real-time PCR ampli-
fi cation of the signal DNA molecules that are 
attached to the detecting antibody of p24. With 
the IPCR, the fi rst protein is captured in the same 
way as in a typical ELISA, but the second anti-
body is conjugated with biotin that, through 
strong binding of biotin to streptavidin, links to 
biotinylated oligonucleotides. The protein level 
can then be quantifi ed by amplifying the signal 
oligonucleotide linked to the antibody. The sen-
sitivity level is in the range of femtograms 
(10 −15  g/ml), which is at least 10 3  times more sen-
sitive than a conventional ELISA assay [ 106 ]. 
Figure  6.6  shows a schematic representation of 
the IPCR assay in comparison with the conven-
tional ELISA.

      HIV Drug-Resistance Testing 
 The development of drug resistance in HIV-1 
variants was fi rst observed in patients treated 
with AZT. Viral isolates from such patients dis-
played phenotypic drug resistance in vitro, 
which later correlated with specifi c mutations 
in the reverse transcriptase (RT) gene [ 141 ]. 
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Despite the approval of more nucleoside (NRTIs) 
and non-nucleoside RT inhibitors (NNRTIs) for 
treatment and also the introduction of double 
combination therapy, no long-term viral sup-
pression was achieved. Following the introduc-
tion of protease (PR) inhibitors (PI) in 1996 and 
the use of a three drug regimen (two NRTIs with 
either a PI or an NNRTI), it was possible to 
achieve the basic requirement for sustaining suc-
cessful antiretroviral treatment [ 142 – 145 ]. 
Keeping viral replication as low as possible is 
crucial in avoiding the emergence of resistant 
viral quasispecies carrying drug resistance-asso-
ciated mutations. For most of the currently FDA 
approved RTI and PI, drug resistance-associated 
mutations in the RT and PR genes respectively 
have been reported. Factors such as poor adher-
ence, malabsorption, other pharmacogenomic 
differences, or missing potency of the therapy 
regimen in the given patient (e.g., high VL and 
history of drug resistance) may result to insuffi -
cient drug level, allowing the virus to replicate in 
the presence of the drugs [ 141 ]. This might lead 
to the development of viral drug resistance. 

 The clinical signifi cance of HIV-1 drug resis-
tance has been well established. Treatment of 
patients with drugs to which their HIV-1 isolates 
are predicted to be resistant on the basis of geno-
typic or phenotypic assays will most likely result 

in no virological response (treatment failure). 
Alternatively, the use of drugs to which the virus 
is predicted to be susceptible enhances the likeli-
hood of reestablishing virological control in 
patients in whom prior treatment regimens have 
failed [ 146 ]. The clinical utility of drug resistance 
testing as a guide to the selection of subsequent 
antiretroviral regimens for patients with virologi-
cal failure of their current regimen have been 
demonstrated [ 147 ,  148 ]. Guidelines recom-
mending drug resistance testing in managing fail-
ure of antiretroviral therapy has been proposed by 
several expert panels [ 149 – 151 ]. The current 
DHHS guidelines recommend that, if possible, 
treatment-experienced patients should receive a 
regimen containing two or three fully active 
drugs [ 152 ]. Following the increasing prevalence 
of resistance of HIV against antiretroviral thera-
peutic agents (mostly RTIs and PIs), there has 
been a rapid development of drug- resistance test-
ing assays. The two main analytic approaches 
currently being use for the detection of HIV-1 
drug-resistance are genotyping and phenotyping. 

 The genotyping detects mutations in the viral 
genes that encode protein targets for the RT or PR 
inhibitors. The presence or absence of specifi c 
mutations is predictive of antiretroviral activity 
[ 153 ]. Analysis is currently being done either 
by sequencing all relevant codons or by 
hybridization- based detection of mutations in 
selected codons mostly in the RT or PR genes. 
The Bayer (Visible Genetics) TRUGENE plat-
form sequences the HIV-1 genes encoding RT 
(codon 40–247) and PR (codon 1–99). Prior to 
sequencing, RT-PCR is performed to amplify 
HIV-1 RNA target sequences in human plasma 
[ 135 ]. This qualitative assay is used in conjunc-
tion with clinical presentation, laboratory mark-
ers, and antiretroviral history. 

 HIV-1 phenotypic assays measure virologi-
cal responsiveness in the presence of differing 
concentrations of ARV [ 153 ]; that is, it mea-
sures the ability of the patient’s virus to grow in 
a cell culture in the presence of known concen-
trations of drugs [ 135 ]. Testing involves deter-
mining the IC 50  (i.e., the median inhibitory 
concentration), which is defi ned as the drug con-
centration which inhibits viral replication by 50 %. 

  Fig. 6.6    Schematic presentation of immuno-PCR in 
comparison with ELISA. Comparison between ELISA ( a ) 
and immuno-PCR ( b ).  P  ( Green Circle ) p24 protein,  E  
enzyme,  S  substrate,  P  ( yellow circle ) colored product,  B  
biotin,  St  streptavidin: [ 106 ,  135 ]       
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The ratio between the IC 50  of the test virus and a 
reference (i.e., wild type) virus is known as the 
fold change. Clinical cutoff values are a correlative 
measure of virological response in treated 
patients and predict how viral resistance may 
affect future treatment response [ 153 ]. Two cur-
rently used phenotypic assays are Antivirogram 
(Virco, Durham, NC) and PhenoSense (Virologic, 
South San Francisco, CA). 

 Genotypic resistance assays have two major 
advantages over phenotypic assays. First, geno-
typic assays have a lower cost than phenotypic. 
Secondly, genotyping is more easily available in 
laboratories. In treatment-naïve patients, geno-
typing is the preferred method. They however 
come with certain disadvantages. These assays 
produce results in two or three categories, which 
incorrectly assume that HIV resistance is binary. 
Few ARV mutations express binary resistance 
(except the K103N mutation, which reduces sus-
ceptibility of NNRTIs, except Etravirine). The 
assays also vary in methodology and lack stan-
dardization [ 154 ]. Results, therefore, often have 
to be interpreted by experts. To maintain validity, 
genotypic algorithms must be continually updated 
with emerging data of viral isolates [ 155 ,  156 ]. 

 Detection of drug resistance is predictive of 
treatment response and adds to knowledge 
obtained from drug history, VL measurements, or 
both [ 150 ,  153 ,  157 ]. Clinical studies have dem-
onstrated that genotyping was superior to patient 
history alone in selecting affective regimens for 
treatment-experienced patients up to 1.5 years 
[ 158 ]. Genotyping assays have enabled physi-
cians to select durable regimens without the use 
of active drug classes.   

    NAT Testing: Regulatory Issues 

 The FDA regulates HIV NAT. Some states also 
regulate testing. If the state under CLIA has 
stricter requirements, testing facilities in that 
state must follow the stricter state requirements. 
Just as the diagnostic confi rmatory assays, all 
HIV NAT are classifi ed as complex non-waived 
tests under the CLIA program. Therefore, the 
same requirements which were previously stated 
also apply here. 

 Similar to the HIV serologic assays, the NAT 
assays are classifi ed by the FDA as Class III 
devices. However, the HIV drug-resistance geno-
typing assays such as the TRUEGENE HIV-1 
Genotyping Kit and OpenGene DNA Sequencing 
System are classifi ed as Class II devices [ 159 ]. 
Class II devices in addition to complying with 
the general controls also require a PMN or 
510(k) prior to marketing. A 510(k) is a premar-
ket submission made to FDA to demonstrate 
that the device to be marketed is at least as safe 
and effective (substantially equivalent) to a 
legally marketed device that is not subject to a 
PMA [ 160 ].  

    How NAT Methods for HIV 
Quantifi cation Have Changed 
Medical Practice 

 Quantifi cation of HIV VL and therapeutic 
responses is essential for the successful treatment 
and management of infected individuals follow-
ing confi rmation of infection with serologic 
assays. Quantitative techniques that provide 
accurate information about a patient’s existing 
infection and immune status allow for physicians 
to make realistic prognosis and initiate or change 
therapy accordingly [ 82 ]. Following the design 
of better drugs targeting various parts of the viral 
life cycle, monitoring of the VL in patients using 
NAT techniques are crucial in patient care and 
management. Safer blood supply has been ensure 
with the use of NAT in blood transfusion medi-
cine which has resulted to about a 50 % reduction 
in the risk of acquiring HIV following a blood 
transfusion [ 96 ]. NAAT has also been very useful 
in detecting acute HIV infection especially in 
situations that are undetectable even with fourth 
generation EIAs.  

    NAT Testing: Future Directions 

   Monitoring HIV Infection in Resource 
Limited Regions 
 HIV infection in resource limited areas remains a 
major cause of morbidity and mortality despite 
increasing availability of ARV therapies [ 161 ]. 
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Quantifi cation of HIV-1 viral RNA loads in 
plasma, although one of the most valuable clini-
cal tools for initiation of therapy, evaluation of 
the effi cacy of ARV, and predicting disease pro-
gression [ 162 – 164 ] are less available in resource- 
limited countries because of infrastructure and 
fi nancial restraints. Plasma VL measurement, 
however, requires venous blood extraction, use of 
RNAase-free materials, freezers for storage, con-
stant electricity supply to run the freezers, and 
also transport in a cold chain which makes it dif-
fi cult to manage in resource-limited countries 
[ 162 ,  165 ]. Spotting and drying whole blood on a 
fi lter (dried blood spots) collected by lancet or 
fi ngerstick have proven to be highly economical 
and an effective alternative method for sample 
collection and storage. For example, the sample 
is easy to obtain, collection volume is small, no 
blood separation is required, and the samples can 
be transported at room temperature; thus, there is 
no need for cold-chain transportation [ 166 ]. In 
addition, the use of dried blood spot (DBS) or 
dried plasma spot (DPS) samples in VL determi-
nation appears to generate results that are less 
sensitive (approx. 2,000 copies/ml) than standard 
liquid plasma-based testing, but they neverthe-
less provide useful information in most of the 
clinical situations. Importantly, it has been dem-
onstrated that HIV-1 RNA in DBS and DPS sam-
ples is stable over time under different conditions 
of temperature and humidity [ 164 ,  165 ,  167 –
 172 ]. Therefore, DBS collections are valuable in 
resource-limited countries, but do not address the 
limitations associated with the testing process.  

   Individualized Molecular Genetic 
Testing for ARV Therapies 
 The genetic background of an individual has 
been shown to affect ARV therapies and the 
prognosis of HIV progression. For example, gene 
copy number of CCL3L1, a ligand of the CCR5 
chemokine co-receptor or the CCL3L1–CCR5 
genotypes, has been shown to be associated with 
each individual’s susceptibility to HIV infection 
or with prognosis of HIV disease progression 
[ 173 ,  174 ]. However, no commercial genetic 
assay is currently available for such a determina-
tion. Certain variations in human leucocytes 

 antigen (HLA) haplotypes such as HLA-B*5701 
have also been reported to be associate with drug 
hypersensitivity to Abacavir (ABC) [ 175 – 177 ]. 
About 4–8 % of HIV patients treated with ABC 
(Ziagen) experience hypersensitivity that is char-
acterized by rash, fever, gastrointestinal symp-
toms and can be life threatening [ 178 ]. Studies 
have shown that, screening for HLA-B*5701 
before treatment with ABC and withholding 
ABC from persons who are positive for HLA- 
B*5701 appears to reduce the risk of an ABC 
hypersensitivity reaction [ 179 ,  180 ]. Current 
guidelines of the USDHHS recommend that 
patients be tested for HLA-B*5701 before ABC 
is initiated and that patients with HLA-B*5701 
should not be given ABC. If HLA-B*5701 
screening is not available, ABC may be used, 
with appropriate counseling and monitoring. It 
should be noted that ABC is FDA approved for 
anti-HIV therapy because studies have shown an 
improvement of CD4 T-lymphocyte counts and 
HIV VL on a 3-drug regimen of zidovudine 
(AZT), lamivudine (3TC), and ABC, in compari-
son with the 2-drug regimen of AZT and 3TC 
[ 181 ]. GlaxoSmithKline (GSK), manufacturer of 
ABC, has developed an approved genetic test for 
HLA-B*5701 [ 182 ].       
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           Background 

 Herpes simplex virus (HSV) is the most common, 
recognized cause of sporadic and severe enceph-
alitis in the USA. The virus is estimated to 
account for at least 10–20 % of all viral encepha-
litis occurring in patients of all ages [ 30 ,  32 ,  57 ]. 
It is also important to underscore the worldwide 
impact of HSV infections in patients with super-
fi cial and systemic disease within every major 
organ system in both normal and immunocom-
promised hosts. Furthermore, this virus is usually 
the most frequent agent recovered in diagnostic 
laboratories from a variety of specimens using 
conventional (tube cell cultures) and rapid shell 
vial culture methods [ 18 ,  47 ]. Approximately 
90 % of adults are seropositive for HSV, which is 
consistent with studies showing the detection of 
the viral genome in the trigeminal ganglia of 
85–95 % of unselected autopsy cases [ 25 ]. 
Despite the high seroprevalence of HSV, the virus 
is rarely recovered from cerebrospinal fl uid 
(CSF) specimens in viral culture, and this has 
been a major technical obstacle for the diagnosis 

of central nervous system (CNS) disease caused 
by this virus. Of 425 viral isolates recovered from 
CSF at the Mayo Clinic over a 12-year period 
(1984–1996), only 9 (2 %) were HSV [ 52 ]. 

 The two genotypes of HSV (HSV-1, HSV-2) 
are members of the herpes virus family, along 
with varicella-zoster virus (VZV), human herpes 
viruses 6 and 7 (HHV-6 and HHV-7), cytomega-
lovirus (CMV), Epstein–Barr virus (EBV), and 
human herpes virus 8 [ 30 ,  57 ]. All herpes viruses 
are morphologically similar, although HSV types 
1 and 2 are serologically and genetically unique 
based on a sequence homology of approximately 
50 %. These double-stranded, linear DNA- 
containing viruses all produce latent infections in 
target host cells after primary infection and are 
generally reactivated by physical, metabolic 
changes, or altered immunosuppressive condi-
tions [ 40 ]. 

 Several target sequences of the HSV genome 
have been utilized by molecular assays designed 
to specifi cally detect signature nucleotides of the 
virus. These include several loci throughout the 
unique long (U L ) and unique short (U S ) regions of 
the 152-kb genome of HSV. Specifi c target 
regions include the thymidine kinase, DNA poly-
merase, DNA binding protein, and glycoprotein 
B and D genes [ 18 ,  19 ,  52 ]. 

 Application of molecular methods, specifi cally 
polymerase chain reaction (PCR), for the detection 
of HSV DNA in CSF was a signifi cant breakthrough 
that has changed the diagnostic focus and landscape 
of clinical virology laboratories worldwide [ 37 ]. 
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Over 20 years ago, Rowley et al. predicted the 
signifi cance of these fi ndings based on the sensitiv-
ity and specifi city of their results [ 37 ]. Interestingly, 
a case report of HSV encephalitis using PCR tech-
nology to establish the laboratory diagnosis of this 
infection was published by Powell et al. in the same 
issue of the  Lancet  as the landmark publication of 
Rowley [ 34 ]. Subsequently, the growing implemen-
tation of PCR for the detection of HSV in CSF has 
confi rmed the utility of this technology for diagnos-
ing HSV CNS disease, rather than relying on inva-
sive brain biopsy procedures and subsequent cell 
culture isolation for laboratory diagnosis of HSV 
infection [ 30 ,  37 ,  52 ]. In addition, several subse-
quent studies have corroborated the performance 
characteristics of molecular technology for the 
rapid and sensitive detection of HSV DNA in CSF 
[ 4 ,  14 ,  30 ,  39 ]. 

 In this chapter, we review the expansive litera-
ture of the last two decades, which provides 
growing support for the routine use of molecular 
methods (e.g., PCR) for the detection of HSV 
DNA from CSF samples. In total, these studies 
have provided a data-driven alternative to the col-
lection of temporal lobe brain biopsy specimens 
for inoculation of cell cultures. The detection of 
HSV DNA from CSF has served as a prototypic 
model assay for expansion of this technology to 
other pathogens and specimen types that are 
commonly encountered in clinical microbiology 
laboratories [ 19 ].  

    Clinical Applications 

 Before the laboratory diagnosis of HSV infections 
by molecular amplifi cation technology, CNS 
disease caused by this virus was commonly diag-
nosed on clinical grounds. The presentation was 
often described as focal febrile encephalitis 
mainly involving the temporal lobes of the brain. 
Acute necrotizing encephalitis generally local-
izes in the orbitofrontal and temporal lobes with 
involvement of the cingulate and insular cortex; 
however, CNS disease caused by HSV in neo-
nates tends to produce a more diffuse pathology 
[ 25 ]. Acute CNS onset is often accompanied by 
headache, altered mental status, focal neurological 
signs, and seizures [ 22 ,  27 ,  54 ,  57 ]. Without 

appropriate treatment, mortality may be as high 
as 70 % [ 22 ]. HSV type 1 has been predomi-
nantly associated with focal and severe necrotiz-
ing encephalitis, whereas type 2 has been 
predominant in infants, in patients with Mollaret’s 
meningitis (benign recurrent aseptic meningitis), 
and in chronic atypical encephalitis presenting 
with headache and cognitive changes without 
focal neurological fi ndings [ 1 ,  25 ]. 

 Prior to molecular diagnostic methods, the 
diagnosis of HSV CNS disease was assessed by a 
typical clinical presentation combined with imag-
ing techniques, abnormal cytologic fi ndings, the 
presence of intrathecal antibodies to HSV, and 
growth of the virus in cell cultures from brain 
biopsy specimens. Magnetic resonance imaging 
provides the most sensitive imaging method for 
detecting early brain lesions; however, imaging 
techniques in general have not provided accept-
able specifi city for the routine laboratory diagno-
sis of CNS disease caused by HSV [ 3 ,  5 ,  22 ]. 
Detection of intrathecal antibodies (standardized 
by concomitant measurement of albumin) is not 
successful in the early acute phase of CNS dis-
ease caused by HSV; generally, these antibodies 
can only be reliably detected after 2–3 weeks into 
the clinical course [ 15 ]. 

 Hematologic fi ndings associated with HSV 
CNS disease typically have a profi le of lympho-
cytic pleocytosis (10–200 cells/mm 3 ), normal 
glucose, and increased proteins (0.6–6 g/l) [ 25 , 
 46 ]. Recovery of HSV from brain tissue has been 
considered the “gold standard” laboratory test for 
HSV CNS disease; however, the invasive surgical 
procedure is controversial and rarely used for this 
purpose [ 52 ]. 

 PCR amplifi cation of HSV DNA in CSF has 
been recognized for several years as the reference 
standard assay for the laboratory diagnosis of 
CNS disease associated with HSV infection. 
This molecular technology can detect HSV DNA 
in CSF specimens in approximately 95 % of 
cases [ 13 ]. False-negative results are most likely 
to occur early in the disease course (during the 
fi rst 72 h), especially in patients with recurrent 
HSV CNS infections [ 2 ,  28 ]. Typically, HSV 
DNA is only detectable for approximately 10–14 
days following the onset of clinical symptoms. 
Nevertheless, persistent DNA in CSF can be 
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present in immunosuppressed patients and those 
with chronic underlying diseases [ 41 ]. 

 PCR testing is sensitive, specifi c, and impor-
tantly, the diagnostic results can be available within 
a day following receipt of the specimen into the 
laboratory. Importantly, a past study performed in 
our laboratory tested 500 specimens (288 genital, 
192 dermal, and 20 ocular) by real- time PCR and 
compared the results with routine cell culture for 
the identifi cation of HSV. We found that PCR was 
23.1 % more sensitive compared to cell culture 
for the routine laboratory detection of non-CNS 
clinical specimens [ 18 ]. We have used PCR for 
the diagnosis of both CNS (since 1992) and 
mucocutaneous HSV infections (since 2000). 
Interestingly, a review of all CSF samples submit-
ted to our laboratory for viral culture ( n  = 22,681) 
and/or HSV PCR ( n  = 86,262) between 2005 and 
2011 showed a higher overall percent positive rate 
by PCR (2.8 %) compared to viral culture (0.04 %). 
Furthermore, the implementation of PCR at our 
institution has increased the detection of HSV-2 
CNS disease by nearly 100-fold compared to viral 
culture over the past 6 years (2.0 % versus 0.03 %) 
(Table  7.1 ). Due to these and other data, PCR has 
been recognized as the gold standard laboratory 
test for the diagnosis of all HSV infections for 
several years [ 16 ,  18 ,  19 ,  53 ].

       Methodology 

 In this section, we will discuss a variety of 
methods used by clinical laboratories to facilitate 
the detection of HSV DNA in CSF. A critical 
pre- analytical step for PCR assays is nucleic acid 
extraction. Proper extraction should isolate and 
concentrate the nucleic acid while providing a 

product free of inhibitors. Extraction of clinical 
specimens can be carried out by either manual or 
automated methods. 

 A number of commercial manufacturers have 
developed manual extraction kits for use in the 
clinical laboratory. These kits vary as to method, 
cost, and time for extraction. This variability 
allows the clinical laboratory the fl exibility to 
choose the kit that best suits its needs. The 
reagents used in manual extraction kits are non-
corrosive and safe to use by the clinical labora-
tory, and they are also generally inexpensive and 
easy to use. The limitations to manual extraction 
kits are that these methods often require multiple 
manipulations, which can increase the potential 
for contamination of target DNA to other speci-
mens. Further, manual extraction is a laborious, 
time-consuming process, which requires exten-
sive training of laboratory personnel to achieve 
consistency and ensure reproducible results. 

 To overcome many of these limitations, auto-
mated extraction instruments have been devel-
oped and manufactured by a number of different 
companies. Similar to manual extraction meth-
ods, automated systems vary in method, cost, and 
time required for extraction. Additionally, they 
can also vary as to specimen capacity and size of 
the instrument (footprint). Studies indicate that 
automated extraction is equivalent, and in some 
instances superior, to manual methods [ 17 ]. 
Automated extraction systems are designed to 
process large numbers of samples in a consistent 
manner and keep sample manipulation to a mini-
mum, reducing the potential for cross contamina-
tion of samples. Automated systems are typically 
walkaway, and do not require constant attention, 
resulting in recovery of nucleic acids which is 
consistent and reproducible. Potential drawbacks 

    Table 7.1    Percent of cerebrospinal fl uid samples testing positive for herpes simplex virus type 1 or 2 by real-time PCR 
analysis or viral culture at Mayo Clinic, 2005–2011   

 No. tested 

 Number (%) CSF with result of 

 Negative a   HSV-1  HSV-2  Indeterminate b  

 Viral culture  22,681  22,673 (99.9)  1 (0.004)  7 (0.03)  N.A. 
 Real-time PCR  86,262  83,833 (97.2)  604 (0.7)  1,721 (2.0)  104 (0.1) 

   a Number of CSF testing negative for HSV type 1 or 2 by viral culture or real-time PCR 
  b Positive for herpes simplex virus nucleic acid, but unable to distinguish between types 1 and 2 
  CSF  cerebrospinal fl uid,  HSV-1  herpes simplex virus type 1,  HSV-2  herpes simplex virus type 2,  N.A.  not applicable  
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to the use of automated systems include cost 
(both for the instrument and the disposables 
required by the instrument) and space require-
ments needed to accommodate the footprint of 
the instrument. Certain companies (e.g., Roche 
Applied Sciences, Qiagen) have manufactured 
smaller versions of their automated extractors. 
While these smaller versions extract fewer 
samples, they are also less expensive and have a 
smaller footprint than the parent instrument. 

 Our current practice at the Mayo Clinic is to 
extract all CSF samples using the Roche MagNA 
Pure (Roche Diagnostics, Indianapolis, IN) using 
a total nucleic acid extraction kit (Roche). While 
this extraction method works well for the majority 
of CSF specimens, we also encounter CSF speci-
mens with inadequate sample volume (e.g., 
<200 μl). For these low volume CSF specimens, 
the sample is diluted to a total volume of 200 μl 
with media followed by MagNA Pure extraction. 
Recently, we compared processing low volume 
CSF specimens by our current method (MagNA 
Pure extraction of diluted CSF) to an experimental 
protocol whereby 50 μl of CSF is heated at 100 °C 
for 5 min followed by direct PCR analysis for HSV 
DNA. This study demonstrated that the heating 
method yielded sensitive detection of HSV in low 
volume CSF specimens and showed superior per-
formance characteristics compared to extracting 
DNA by the MagNA Pure from diluted CSF [ 60 ]. 

    Detection Technologies 
and Platforms 

 Real-time PCR detection of HSV DNA in CSF is 
based on a combination of probes and real-time 
PCR instruments. There are a variety of detection 
technologies that have been developed, with each 
demonstrating certain advantages and limitations.  

    SYBR Green 

 SYBR Green is an asymmetrical cyanine dye 
which is used as a nucleic acid stain. It prefer-
entially binds to double-stranded DNA and 
is used to detect the accumulation of any 

double-stranded DNA product. While SYBR 
Green provides for sensitive detection of target 
nucleic acid, it is not specifi c and, therefore, is 
not routinely used in the clinical diagnostic 
laboratory. Because of the lack of specifi city, 
SYBR Green is mainly used in screening 
assays and in the early stages of development 
of real-time PCR tests.  

    5′ Nuclease (TaqMan) Probes 

 5′ nuclease probes, which are commonly referred 
to as TaqMan probes, were the fi rst real-time 
 fl uorescent probes developed. The probe itself is a 
short oligonucleotide sequence that contains a 5′ 
fl uorescent dye and a 3′ quenching dye. To gener-
ate a fl uorescent signal, the probe must fi rst bind 
to a complementary target strand of DNA at 
60 °C. Second, Taq polymerase must cleave the 5′ 
end of the probe separating the fl uorescent dye 
from the quenching dye, allowing generation of a 
detectable signal. Typically, TaqMan probes are 
used to detect a single target; however, differen-
tiation of a single nucleotide polymorphism from 
the wild-type sequence is possible using this 
technology. This requires the use of a second 
probe with a sequence complementary to the 
polymorphism and a fl uorescent dye with a dif-
ferent emission spectrum than that of the wild- 
type probe [ 19 ].  

    Eclipse Probes 

 Eclipse probes are similar to TaqMan probes in 
that both are labeled with a fl uorescent dye and 
a quenching molecule. However, they differ in 
the orientation of the probe and quencher mole-
cules with the fl uorescent dye being attached to 
the 3′ end and the quencher on the 5′ end in 
eclipse probes. A minor groove-binding mole-
cule (MGB) is also incorporated at the 5′ end 
next to the quencher molecule. The MGB mol-
ecule stabilizes the binding between the probe 
and target molecule and blocks probe hydroly-
sis. Since the Eclipse probe is not destroyed it is 
available for further analysis such as confi rming 
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the amplifi ed product by its specifi c melting 
temperature [ 50 ].  

    Molecular Beacons 

 Molecular beacons are similar to TaqMan probes 
in that they have a fl uorescent dye on the 5′ end 
and a quencher dye on the 3′ end of the probe, but 
they are designed not to be cleaved by the 5′ 
nuclease activity of Taq polymerase. A region at 
each end of the molecular beacon probe is com-
plementary to itself, and at low temperatures, the 
ends anneal creating a hairpin structure. This hair-
pin structure brings the two dyes in close proxim-
ity, quenching the fl uorescence from the reporter 
dye. The probe has a central region which is com-
plementary to the target DNA. At high tempera-
tures the probe and target become single stranded. 
As the temperature is lowered, the central com-
plementary region of the probe binds to the target 
nucleic acid. This binding causes the hairpin 
structure to open, thereby separating the fl uores-
cent dye from the quenching dye and allowing 
detection of a light signal from the reporter dye. 
As with TaqMan probes, molecular beacons typi-
cally detect a single target; however, by using 
multiple beacon probes with different reporter 
dyes single nucleotide polymorphisms can be 
detected [ 19 ].  

    Scorpion Probes 

 Scorpion probes have a hairpin structure similar 
to molecular beacons with a reporter dye on the 
5′ end; however, unlike molecular beacons, the 
quencher dye is directly linked to the 5′ end of a 
PCR primer via a blocker molecule. This allows 
the scorpion probe to serve simultaneously as a 
PCR primer and probe. During PCR, the primer 
is extended and the complementary target strand 
is synthesized. The hairpin loop unfolds and the 
probe hybridizes to the newly synthesized target 
sequence. The reporter dye is no longer in prox-
imity to the quencher dye generating a fl uores-
cent signal. Because the primer and probe are 
incorporated as a single molecule, generation of a 

fl uorescent signal is essentially instantaneous 
providing stronger signals and shorter reaction 
times [ 8 ].  

    FRET Hybridization Probes 

 FRET hybridization probes are two DNA probes 
designed to anneal in close proximity to each 
other (e.g., within several base pairs). The fi rst 
probe has a fl uorescent dye attached to its 3′ end 
and the second probe has an acceptor dye attached 
to its 5′ end. As both probes anneal to their target 
sequence, fl uorescence from the 3′ dye is 
absorbed by the acceptor dye on the 5′ end of the 
second probe. The second dye is excited and 
emits light at a third wavelength, which serves as 
the detection signal. The 3′ end of the second 
probe is phosphorylated so that it can’t be used as 
a primer by Taq polymerase during PCR amplifi -
cation. FRET hybridization probes allow melting 
curve analysis of the amplifi cation product. A sin-
gle nucleotide polymorphism in the target DNA 
under a FRET hybridization probe will generate a 
signal, but the melting curve will display a lower 
melting temperature than that of the wild-type 
control. This allows for differentiation of HSV 
types 1 and 2, due to minor base pair differences in 
the region of the DNA targeted by the probes. 
FRET hybridization probes and molecular bea-
cons are recycled in each round of the PCR cycle. 
This is in contrast to TaqMan probes which are 
destroyed with each round of PCR amplifi cation 
[ 19 ]. Several examples of real-time PCR assays 
designed to detect HSV in CSF samples are listed 
in Table  7.2 .

       Real-Time PCR Instruments 

 Real-time PCR instruments perform two critical 
functions (1) they amplify nucleic acids and (2) 
detect signal generated by target-specifi c probes. 
The usual considerations for choosing a real-
time instrument include cost (instrument, dis-
posables), footprint, maintenance, and service. 
Other considerations can include the volume of 
samples tested, turnaround time, software (result 
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analysis), and probe detection formats. All real-time 
instruments support all or some of the dyes used 
for TaqMan probes and molecular beacons; how-
ever, only the Roche LightCycler supports FRET 
hybridization probe detection with melting curve 
analysis. Real-time instruments can be divided 
into high and low capacity instruments. High 
capacity instruments can amplify up to 96 speci-
mens at one time and are particularly useful for 
laboratories that test large numbers of speci-
mens. A signifi cant drawback to high capacity 
instruments is that they often have slower ther-
mocycling parameters compared to lower capac-
ity instruments due to the use of solid-phase 
material (heating block principle) for heat con-
ductance. Low capacity instruments test fewer 
samples, but typically yield faster thermocycling 
(compared to high throughput platforms), which 
may give the clinical laboratory greater fl exibil-
ity for real-time PCR testing. Some instruments 
use specialized reaction vessels (e.g., Cepheid 
SmartCycler, Roche LightCycler, and FOCUS 
integrated cycler). These vessels aid in rapid 
heat transfer and provide more rapid thermocy-
cling. In addition, several manufacturers have 
developed analyte- specifi c reagents (ASRs), 
which can be used in conjunction with their 
real-time PCR instruments (Cepheid, FOCUS, 
Roche Diagnostics). The commercial availabil-
ity of these reagents for use with the manufac-
turer’s real-time PCR instruments makes it 
considerably easier for clinical laboratories to 
adapt real-time PCR platforms into their work-
fl ow. This has allowed for real-time PCR tech-
nology to be rapidly evaluated and implemented 
for the detection of HSV in clinical samples, 
including CSF.   

    Standard Reagents 

 The use of standard reagents (FDA-approved 
assays) helps to ensure continuity and consistency 
among clinical laboratories by decreasing variabil-
ity in testing protocols and reagents used. 
Unfortunately, FDA-approved assays for  detecting 
HSV DNA in CSF specimens do not currently exist. 
While ASR reagents are commercially available 
(Roche Diagnostics, Cepheid, FOCUS Diagnostics) 
and have demonstrated excellent sensitivity, they 
are manufactured by different companies and vary 
as to target, type of probe, and detection platform. 
Laboratories that use the same ASR reagents can 
benchmark results with each other; however, accu-
rate comparison of results between laboratories 
using different ASR reagents is not possible, as the 
results can vary signifi cantly depending on the tar-
get and detection platform that is utilized.  

    Regulatory Challenges 

 As noted in the sections above, the vast majority 
of molecular tests for the detection and typing of 
HSV from clinical samples often use ASR 
reagents and are categorized as laboratory devel-
oped tests (LDTs). These assays utilize a diverse 
array of target genes, amplifi cation platforms, 
and detection technologies [ 4 ,  16 ,  20 ]. Laboratory 
developed tests require clinical laboratories to 
complete independent validation studies to dem-
onstrate that the performance characteristics of 
the assay are acceptable prior to implementing 
the assay for routine testing. In May 2010, 
EraGen Bioscience (Madison, WI) received FDA 

   Table 7.2    Examples of real-time PCR assays developed for the detection of HSV types 1 and 2 in cerebrospinal fl uid   

 Target  Probe technology  Platform  Sensitivity/specifi city (%)  Reference 

 DNA polymerase  TaqMan  Roche LC  91/95  [ 26 ] 
 DNA polymerase  FRET  Roche LC  100/100  [ 23 ] 
 Glycoprotein G  Eclipse  ABI HT9700  100/100  [ 50 ] 
 Glycoprotein G  SYBR Green  Roche LC  91/84  [ 20 ] 

   LC  LightCycler,  FRET  fl uorescence energy transfer  
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clearance for their MultiCode ®  HSV 1&2 kit. 
This was the fi rst FDA-cleared, molecular PCR 
test for the qualitative detection and typing of 
HSV 1 and 2. This represented a signifi cant 
advance in the diagnosis of HSV infection by 
providing a FDA-cleared, rapid (<4 h turnaround 
time), and sensitive molecular approach. 
However, the EraGen MultiCode HSV assay was 
only cleared for testing vaginal lesion swab spec-
imens from symptomatic female patients. 
Importantly, the device is not FDA cleared for 
use with CSF samples or clinical specimens other 
than vaginal lesions. Therefore, clinical laborato-
ries that test CSF are currently required to vali-
date the assay as an FDA-modifi ed test, or LDT. 
To this point, Selvaraju et al. performed an evalu-
ation of the EraGen MultiCode assay using CSF 
samples to determine the performance character-
istics of the assay for this sample type. This group 
found the sensitivity and specifi city of the EraGen 
assay to be 100 % (25/25) and 100 % (43/43), 
respectively, using CSF samples that were known 
to be positive ( n  = 25) or negative ( n  = 43) for 
HSV type 1 or 2. In addition, they demonstrated 
that the analytical sensitivity of the assay was 
approximately 10 1  copies/reaction [ 44 ]. 

 In March 2011, Becton Dickinson (BD; 
Franklin Lakes, NJ) was the second to receive 
FDA clearance for their BD ProbeTec™ HSV Q x  
assay, which uses strand displacement amplifi ca-
tion (SDA) technology. This was the fi rst fully 
automated HSV molecular assay to be FDA 
cleared, meaning that clinical laboratories could 
potentially increase throughput and decrease the 
turnaround time of results. However, the BD 
ProbeTec HSV test was FDA cleared for only 
clinician-collected, external anogenital speci-
mens. Therefore, similar to the EraGen HSV test, 
clinical laboratories using the BD assay for CSF 
testing are required to complete extensive valida-
tion studies to demonstrate the accuracy of this 
assay on any non-FDA-cleared sample types. 

 The lack of FDA-cleared assays for a particular 
analyte poses a unique set of challenges to clinical 
laboratories, especially for (1) sample types that 
are diffi cult to obtain and (2) disorders or infec-
tions that are relatively rare. This is especially true 

for the development and validation of molecular 
tests for the detection of HSV in CSF. The Clinical 
Laboratory Improvement Amendments (CLIA) of 
1988 require that laboratories performing FDA-
modifi ed tests, or LDTs, validate the following 
performance characteristics prior to implementing 
the test (1) accuracy, (2) precision, (3) reference 
range, (4) reportable range, (5) analytical sensitiv-
ity, and (6) analytical specifi city [ 11 ]. These vali-
dation requirements, which are enforced by the 
Centers for Medicare & Medicaid Services (CMS) 
and reviewed by accrediting agencies, such as the 
College of American Pathologists (CAP) and the 
New York State (NYS) Department of Health, can 
be challenging for clinical laboratories to com-
plete. The CAP Molecular Pathology Checklist 
states that laboratories should complete validation 
studies “with an adequate number and representa-
tive (reasonable) distribution of samples for each 
type of specimen expected for the assay” [ 9 ]. 
Furthermore, CAP requires that “the results of 
each validation study are compared to another 
valid assay, such as comparison to another test 
method or specimen exchange with a laboratory 
performing the same type of test” [ 10 ]. While 
meeting these requirements is essential to ensur-
ing the accuracy of any test, it can be very chal-
lenging for clinical labs to validate HSV PCR 
tests using CSF samples due to the (1) the lack of 
a standardized reference method, (2) the diffi -
culty in obtaining CSF specimens, and (3) the 
low prevalence of positive CSF samples [ 57 ]. 

 The NYS Department of Health also provides 
validation guidelines for clinical labs developing 
nucleic acid amplifi cation tests (NAATs). These 
guidelines recommend the incorporation of posi-
tive and negative lysis/extraction controls into the 
assay, as well as an inhibition control to ensure that 
patient samples are free of amplifi cation inhibitors. 
If an inhibition control is not incorporated into the 
assay, the laboratory should test ~500 samples to 
verify that inhibition is occurring in <1 % of each 
validated specimen type (NYS Micro NAAT 
Checklist). This may be challenging for some labo-
ratories to accomplish, especially small clinical 
laboratories that receive low  numbers of CSF sam-
ples. For the verifi cation of accuracy, the NYS 
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guidance document recommends that laboratories 
include at least 30 positive and 10 negative samples 
for each specimen type and conduct “a random-
ized, blinded validation study where the assay 
results are compared to those of a gold standard or 
FDA-approved assay, or results of spiked clinical 
samples are compared to predicted results based on 
spiking values” [ 49 ]. This presents obvious chal-
lenges for the validation of HSV PCR assays on 
CSF, as the gold standard diagnostic method for 
HSV CNS disease has historically involved a tem-
poral lobe brain biopsy (a procedure that is rarely 
performed); furthermore, FDA-cleared HSV 
molecular assays for CSF samples do not exist. 
Therefore, clinical laboratories have typically 
addressed these requirements by testing a mixture 
of clinical and spiked CSF samples that are known 
to be positive for HSV nucleic acid by an alterna-
tive PCR assay. Due to the regulatory challenges 
associated with validating LDTs, clinical laborato-
rians need to work closely with their partners in 
industry to develop and verify FDA- cleared assays 
for the detection of HSV in CSF samples.  

    Test Interpretation 

 In the context of a clinically compatible syn-
drome, the detection of HSV nucleic acid in 
CSF should be considered a critical laboratory 
result that prompts immediate communication 
to the healthcare provider. This is based on 
the extremely reliable performance of PCR 
for the detection of HSV in CSF, with past stud-
ies showing that the sensitivity and specifi city 
of PCR exceed 90 % in patients with biopsy-
proven disease [ 55 ,  58 ]. However, there are 
important caveats to the interpretation of HSV 
PCR testing that should be considered, includ-
ing the possibility for false-negative and false-
positive results. 

 Despite the high sensitivity of molecular 
amplifi cation methods, cases of PCR-negative 
herpes simplex encephalitis (HSE) have been 
described [ 35 ,  55 ]. In a 2002 report by Weil et al. 
[ 55 ], the authors describe three patients with ini-
tial PCR-negative results who later had positive 
PCR fi ndings for HSV-1 on a subsequent CSF 

sample. It is possible that the HSV viral load in 
CSF is below the limit of detection for PCR 
during the early stage of disease. Furthermore, 
there are some data indicating that the HSV viral 
load may increase during the fi rst several days 
following the administration of antiviral therapy 
[ 36 ,  55 ]. Therefore, it has been suggested that for 
patients with presumed HSE that are negative by 
PCR on initial testing, a second lumbar puncture 
(collected 2–7 days later for PCR testing) should 
be considered to reduce the potential for false- 
negative results [ 55 ,  61 ]. 

 A second important consideration is how to 
interpret a positive HSV PCR result in the absence 
of a clinically compatible disease. In 2008, Plentz 
et al. [ 33 ] reported on a study in which 1,387 CSF 
samples collected from 1,218 patients were tested 
for up to fi ve different herpes viruses by PCR. 
Among the 1,218 patients tested, 30 (2.5 %) were 
positive for HSV-1/2 nucleic acid. Interestingly, a 
review of the clinical histories demonstrated that 
25 of these patients presented with typical symp-
toms of HSV CNS disease, while fi ve patients had 
an atypical presentation. Furthermore, the authors 
noted that among the fi ve patients with a positive 
result and an atypical clinical manifestation, each 
of them had a HSV viral load that was very low 
(e.g., <1,000 copies/ml CSF). Whether these 
results refl ect (1) active disease, (2) subclinical 
infection, or (3) false-positive results due to PCR 
contamination is diffi cult to determine. To this 
point, the authors concluded that the detection of 
low levels of HSV nucleic acid in the CSF requires 
a critical evaluation of the laboratory and clinical 
fi ndings to accurately interpret the signifi cance of 
the results. 

 In recent years, the role of quantitative HSV 
PCR has been assessed to determine its potential 
role in monitoring the effects of antiviral therapy, 
as well as potentially establishing a patient’s 
prognosis. Ziyaeyan et al. [ 61 ] analyzed CSF 
samples collected from 236 patients with sus-
pected HSE, of which 22 (9.3 %) had positive 
results. The HSV viral loads ranged from 2.5 × 10 2  
to 1.7 × 10 6  copies/ml (median = 4.8 × 10 4  copies/
ml). Interestingly, ten patients had sequential 
CSF samples available for testing, which showed 
a signifi cant ( p  = 0.047) decline in viral load 

T.F. Smith et al.



115

between the fi rst and second samples after the 
initiation of antiviral therapy. Several other 
important observations were made in this report, 
including (1) the higher the initial viral load, the 
longer the PCR remained positive for HSV 
nucleic acid following the initiation of treatment, 
and (2) a duration of antiviral therapy of at least 8 
days was required to revert a positive patient to 
PCR negative. 

 In a similar study, Schloss et al. [ 41 ] evaluated 
a quantitative PCR assay using 92 CSF samples 
collected from 29 patients with HSE. Testing 
revealed that the initial CSF samples showed 
viral loads between 2 × 10 2  and 4.2 × 10 6  copies/
ml (median = 1.9 × 10 5  copies/ml). A review of 
patient outcomes demonstrated that there was no 
correlation between the initial HSV CSF viral 
load and the prognosis. However, HSV nucleic 
acid was still detectable after 20 days of treat-
ment in three patients, and the persistence of ele-
vated viral loads in the CSF correlated with poor 
patient outcome. The authors concluded that 
quantifi cation of HSV in CSF does not appear to 
be useful as a prognostic marker for HSE; how-
ever, it was suggested that care providers con-
sider repeating a lumbar puncture prior to 
discontinuing antiviral therapy in patients with 
HSE. The persistence of HSV nucleic acid in CSF 
for long periods of time (e.g., ≥20 days) may sug-
gest more severe disease and, potentially, support 
the extension of antiviral treatment [ 31 ,  41 ].  

    How the Test Has Changed Medical 
Practice 

 The seminal fi ndings and astute predictions by 
Rowley et al. in 1990 provided direction to clini-
cal laboratorians and their industry partners 
regarding the translational potential of molecular 
testing, especially for detection of viruses that 
may not replicate well in cell culture (e.g., HSV 
from CSF) [ 37 ]. A key element related to the 
importance of molecular testing for HSV DNA in 
CSF was the ability to enhance the management 
of patients with CNS disease due to this viral 
infection. Past studies have shown that patients 
with HSV CNS disease who are treated with 

acyclovir have reduced mortality (19–28 %) 
compared to a mortality of 50–54 % in individu-
als treated with vidarabine [ 59 ]. Importantly, the 
effectiveness of acyclovir treatments depends on 
the early and specifi c detection of HSV DNA [ 6 , 
 56 ]. The implementation of real-time PCR has 
led to a signifi cant increase in the detection of 
HSV in CSF samples, with a retrospective study 
performed at our institution showing a nearly 
100-fold increase in the detection of HSV-2 by 
PCR compared to viral culture (Table  7.1 ). 

 Certainly, the molecular detection of human 
immunodefi ciency virus (HIV) and the hepatitis 
viruses (e.g., hepatitis B and C viruses) were pro-
totypic, industry developed assays that clearly 
demonstrated the utility by rapid detection and 
quantitation of viral pathogens for the 
 management of patients with these infections. 
Similarly, conventional diagnostic methods 
including imaging techniques, serology, and cell 
culture detection of HSV infection in CSF were 
replaced by conventional PCR (initial gel electro-
phoresis followed by Southern blot resolution of 
targeted nucleic acids). These cumbersome tech-
niques have now been replaced by real-time, 
automated instruments that provide rapid, sensi-
tive, and specifi c laboratory results in the clinical 
laboratory. Many diagnostic laboratories have 
since extended real-time applications of molecu-
lar testing for the rapid detection of signature 
nucleotide targets for a wide variety of patho-
genic microorganisms [ 18 ,  19 ]. Specimens sub-
mitted for the diagnosis of HSV from all 
anatomical sites accounted for over 70 % of the 
total viruses detected at the Mayo Clinic [ 47 ,  48 ]. 
Due to the impact of real- time PCR, several clini-
cal virology laboratories in the USA have con-
verted from the use of cell culture isolation to 
real-time molecular techniques for the detection 
of viral pathogens. 

 Because of the routine collection of CSF from 
patients with CNS disease, molecular testing for 
HSV DNA has been integrated into the standard 
operating procedures of many clinical laborato-
ries. Rationale for this decision has been driven 
by data showing that PCR allows for a rapid 
and sensitive diagnosis in patients with CNS 
infection caused by HSV-1/2 [ 27 ,  54 ,  57 ]. 
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Molecular amplifi cation of target HSV DNA 
from CSF has clearly become the standard diag-
nostic technology for the clinical laboratory [ 42 ].  

    Future Directions 

 The implementation of real-time PCR for the 
diagnosis of HSV CNS disease has made an 
extraordinary impact on reducing the morbidity 
and mortality associated with this infection. 
However, given the nonspecifi c clinical presenta-
tion of viral encephalitis and the urgency to make 
a diagnosis, future studies should be aimed at 
improving our ability to detect and identify the 
causative agent in an even more timely fashion. 
In recent years, an area of signifi cant interest has 
been the development of multiplex assays [ 7 ,  12 , 
 21 ,  29 ] that are able to detect a number of differ-
ent viral pathogens, including HSV, in a single 
reaction [ 24 ,  38 ,  43 ,  45 ]. 

 In a recent study, Shi et al. [ 45 ] evaluated a 
PCR microarray designed to simultaneously 
detect HSV types 1 and 2, VZV, EBV, CMV, and 
HHV-6A/B in CSF specimens ( n  = 290) collected 
from children presenting with clinical suspicion 
for viral encephalitis. The results of the PCR 
microarray assay were compared to those of indi-
vidual TaqMan-based real-time PCR assays. The 
results showed that the analytical sensitivity of 
the PCR microarray was approximately ten cop-
ies/reaction, with a clinical sensitivity and speci-
fi city of 91.7 % (11/12) and 100 % (278/278), 
respectively. Interestingly, one of the CSF sam-
ples showed evidence of a double infection with 
HSV-2 and CMV, which was supported by 
sequencing studies. Furthermore, the PCR micro-
array could provide results for seven herpes 
viruses in as few as 4 h. In a similar study, 
Sankuntaw et al. [ 38 ] developed a multiplex real- 
time PCR assay for the detection of HSV-1, HSV- 
2, VZV, EBV, and CMV in clinical CSF samples. 
The analytical sensitivity of the multiplex PCR 
assay was determined to be one copy/reaction for 
HSV-1 and VZV and ten copies/reaction for 
HSV-2, EBV, and CMV. Testing of 62 clinical CSF 
samples showed that 39 (62.9 %) were positive 

for one ( n  = 21 CSF) or multiple viruses ( n  = 18). 
The clinical sensitivity of the multiplex PCR 
ranged from 75 % for EBV to 100 % for HSV-1 
and VZV. These reports suggest that multiplex 
assays may provide a promising alternative to 
single analyte tests for the diagnosis of viral CNS 
disease, especially when the clinical and radio-
graphic presentation is not specifi c for a particu-
lar viral agent. 

 An area where clinical laboratories must con-
tinue to improve is decreasing the turnaround 
time for providing results of HSV CSF testing. 
Although many real-time PCR systems can pro-
vide results in as few as 4 h following receipt of 
the sample in the testing laboratory, new tech-
nologies are emerging that allow for extraction 
and amplifi cation of certain analytes in fewer 
than 60 min [ 51 ]. These systems utilize 
 microfl uidics, which increases the surface area 
and signifi cantly reduces the PCR cycling times 
and the volume of sample required for testing. 
Several commercial manufacturers, including 
BioFire Inc. (Salt Lake City, UT) and Focus 
Diagnostics (Cypress, CA), have developed 
microfl uidics-based PCR assays that allow for 
nucleic acid extraction and target amplifi cation in 
as little as 30 min. This technology could be read-
ily applied to the detection of HSV in CSF sam-
ples, with a signifi cant reduction in turnaround 
time potentially translating into improved patient 
outcomes. 

 Perhaps the most pressing future need related 
to HSV diagnostics is the availability of FDA- 
cleared assays for the detection of HSV nucleic 
acid in CSF samples. The lack of a FDA-cleared 
assay for CSF has forced clinical laboratories to 
develop and implement LDTs, which generally 
demonstrate excellent performance but are not 
standardized and, in some situations, may not have 
been properly validated. In the near future, clinical 
laboratorians should work closely with their part-
ners in industry to develop and validate molecular 
assays that can be cleared by the FDA for detec-
tion of HSV in CSF samples. This will help ensure 
that clinical laboratories are using standardized 
and approved methods for the diagnosis of this 
potentially life-threatening disease.     
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           Background on the Test 

    Introduction 

 Blood banks in the USA strive to have the safest 
blood supply in the world. To accomplish this, 
testing for infectious diseases is federally man-
dated through strict regulatory measures and is 
continuously monitored for effectiveness and 
accuracy. Extraordinary quality assurance over-
sight is omnipresent and monitored by several 
government and nongovernmental organizations 
including the Food and Drug Administration 

(FDA), American Association of Blood Banks 
(AABB), and various state health authorities. 

 Infectious disease testing technologies per-
petually evolve to offer improvement and are 
instituted, sometimes even before licensing by 
the FDA, when they offer better safety for the 
blood supply. In addition, testing strategies have 
improved for better effi ciency, such as multiplex-
ing to detect multiple agents simultaneously. 
Further, testing algorithms that include serologic 
and molecular technologies are perpetually being 
changed to provide better test indices (e.g., sensi-
tivity and specifi city). Testing for additional 
agents (e.g., Trypanosoma, West Nile Virus) has 
been added to the testing menu and inclusion of 
others (e.g., Babesia, Leishmania) is being con-
sidered. Finally, the identifi cation of prions in 
blood, although important, cannot be considered 
at present because there is currently no suitable 
test available for screening blood. 

 Currently, blood banks are mandated to test 
for human immunodefi ciency virus types 1 and 
2 (HIV-1/HIV-2), hepatitis B virus (HBV), hep-
atitis C virus (HCV), human T-cell lympho-
tropic virus types I and II (HTLV-I/HTLV-II), 
 Treponema pallidum  (syphilis),  Trypanosoma 
cruzi  (Chagas Disease), and West Nile Virus 
(WNV). Some use serologic testing only, while 
others are tested by only molecular assays, 
and some by combinations of serologic and 
molecular methods. Although all blood banks 
must test for all agents, the choice of methods 
and strategies (e.g., pooling) varies among the 
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organizations (e.g., American Red Cross [ARC], 
American Blood Centers [ABC], and others 
[e.g., New York Blood Center, Houston Blood 
Center, etc.]). 

 In this chapter, we aim to present a summary 
of infectious disease testing in USA blood banks, 
concentrating on the molecular assays that have 
revolutionized the testing arena and contributed 
to enhancing the safety of the blood supply. To 
set the stage and to describe the strategies used by 
blood banks, we include a brief background on 
the infectious agents, their risk to the blood sup-
ply, and what technologies are available for each. 
Subsequently, we concentrate on the molecular 
methods including their applications, usefulness, 
limitations, interpretation of results, and the 
basics of their methods; details on the molecular 
methodologies can be found in other chapters. 
Finally, we provide some information on the 
costs of these tests, the regulatory aspects that 
form the framework for ensuring blood safety, 
and the impact of molecular testing on changing 
medical practice in the blood bank. Although 
background is presented for all required testing 
in USA blood banks, the emphasis is on molecu-
lar assays and how they have unequivocally con-
tributed to making the blood supply safer.  

    Importance of Screening the Blood 
Supply for Infectious Agents 

 There are nearly 16 million whole blood dona-
tions per year in the USA [ 1 ]. This includes about 
seven million from the ARC, and the rest from 
the ABC and major blood centers throughout the 
USA. All of the agents mentioned above can be 
transmitted effectively through plasma and blood 
transfusions, although some can only be trans-
mitted through the transfusion of cellular compo-
nents (e.g., HTLV). Some are much more 
prevalent, while others may be prevalent only in 
certain geographic areas (e.g.,  Trypanosoma 
cruzi  in infected blood is highest in the southern 
USA). Importantly, blood components (typically 
2–3 including red blood cells, platelet concen-
trates, and fresh frozen plasma) from a single 
infected donor can be used for transfusion to 

multiple recipients, thereby resulting in infection 
of a number of persons receiving one or more 
 components from that same donor. The risk of 
infection by any particular agent varies and is 
dependent on the viral load of the agent and the 
amount of blood transfused [ 2 ]. Nevertheless, the 
risk of transfusion-transmitted infection is high, 
and detection, sequestration, and ultimately, 
elimination of infected units are of essential 
importance. Although all risks cannot currently 
be eliminated for any agent, they are minimized 
to the degree that the tests allow. The current 
risks are dependent somewhat on the prevalence 
of the infectious agent present (see section 
“Clinical Signifi cance”), and the population 
tested; that is, a higher risk donor population has 
a higher chance of containing infectious units 
that are in the window or eclipse period (see 
Fig.  8.1 ). Transfusion-transmitted infections 
result not only in morbidity and mortality, but 
also in potential lawsuits. Finally, newer technol-
ogies have the potential to further reduce the 
eclipse period [ 5 ,  6 ] (see Future Directions 
 section), but these research techniques require 
further development.

       Infectious Agents for Which 
Screening is Required 

 Blood donation (and the subsequent transfusion 
of the donated blood) is a complex process that 
may follow one of several pathways. A single unit 
of whole blood can be collected from an individ-
ual and subsequently processed through simple 
centrifugation into components such as red blood 
cells (RBC), platelet concentrates (PC), and fresh 
frozen plasma (FFP; frozen immediately after 
centrifugation). Alternatively, a donor may choose 
to donate one or more units of whole blood for his 
own use during, for example, a planned surgical 
procedure (autologous donation). In addition, in-
process centrifugation of a single donor (direct 
centrifugation while the blood is being with-
drawn; a process called apheresis) can be used for 
larger collections of red blood cells, white blood 
cells, and platelets. Furthermore, large-volume 
plasma-only collections (source plasma) can be 
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taken from individual donors for subsequent 
 fractionation through chemical methods into 
many products such as immune serum globulin 
and albumin. These types of blood donor collec-
tions have somewhat different regulatory require-
ments, vis-à-vis infectious disease testing. This 
chapter will focus on the testing of traditional 
whole blood donations used only for processing 
into components. However, for interested readers, 
a brief summary of the differences in the testing 
required for autologous, apheresis, and source 
plasma donations is found in the Regulatory 
Issues section. 

 The agents of major threat to the blood supply 
are blood-borne pathogens that are primarily 
viruses, but also include spirochetes ( Treponema 
or T. pallidum ), and protozoa ( Trypanosoma or T. 
cruzi ). Each causes a disease that can result in 
substantial morbidity and mortality. Each agent, 
the condition it causes, and the general methods 
of detection are described briefl y below. 

 HIV is a ribonucleic acid (RNA) virus that is 
transmitted through blood, vertically from mother 
to child, and sexually; included are HIV-1 and 
HIV-2 types, both of which cause acquired 
immunodefi ciency syndrome (AIDS). HIV-1 is 
present globally and consists of a variety of sub-
types (clades). Although HIV-2 is less prevalent 
in the USA (about 200 cases identifi ed), its iden-
tifi cation has become more important because 
the treatment selection must be altered since it is 
less responsive to fi rst-line HIV therapy [ 7 ]. Of 

particular importance is the understanding of the 
kinetics of markers that can be used for detecting 
HIV infection (see Fig.  8.1 ). 

 HBV infection causes liver infl ammation and 
can lead to chronic hepatitis and hepatocellular 
carcinoma. The deoxyribonucleic acid (DNA) 
virus can be transmitted easily through blood 
transfusion, and it is estimated that in the past, 
30 % of multi-transfused recipients could be at 
risk for contracting HBV [ 8 ]. The tests used to 
identify current and previous infection with HBV 
consist of testing for hepatitis B core antibody 
(anti-HBc) to detect recent and established infec-
tion after antigen has disappeared, and hepatitis 
B surface antigen (HBsAg) to detect early or 
chronic (carrier) infection. 

 HCV, previously known as non-A, non-B hep-
atitis, has become a major concern among diag-
nosticians and those trying to protect the blood 
supply. It is the most common cause of viral hep-
atitis in the USA. The RNA virus is prevalent 
throughout the world, with the highest rates 
occurring in Egypt [ 9 ], and high rates (up to 
70 %) in intravenous drug users (IVDU) in the 
USA [ 10 ]. Infection results in acute hepatitis and 
chronic hepatitis (in 40–70 %) and may progress 
to hepatocellular carcinoma. In the USA, the 
threat of infectious units is substantial, but has 
been minimized by the institution of serologic 
and molecular methods for testing blood donors. 

 HTLV types I and II cause infections that can lead 
to leukemia or a variety of neurologic diseases. 

  Fig. 8.1    Kinetics of the appearance of viral and serologic markers for HIV [ 3 ,  4 ] ([ 4 ] with permission from Elsevier)       
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Each is a single-stranded RNA-type C virus that 
has tropism for human T lymphocytes. Their cel-
lular effect is immunoproliferative rather than 
causing an immunodefi ciency via cytopathicity. 
Both of these viruses are able to cause prolonged 
asymptomatic infection in the host. HTLV trans-
mission occurs by the same routes as HIV, spe-
cifi cally sexual, parenteral, IVDUs who share 
contaminated needles, and vertically from mother 
to child; perinatal transmission is suspected but 
remains unproven. In addition, transmission 
through breastfeeding has been reported to have 
a risk of 18–30 % [ 11 ]. Transfusion is the most 
effi cient mode of HTLV transmission, with sero-
conversion occurring in about 27 % of recipients 
following exposure to contaminated cellular 
products, although this seroconversion rate is less 
than that of HIV, HCV, and HBV [ 12 ]. Currently, 
the testing of blood units for HTLV-I and HTLV-II 
is mandated in the USA and these screening pro-
grams have successfully lowered the risk of 
transfusion-related transmission. HTLV-I-
infected blood may be an effi cient means of dis-
ease production and has been linked to the 
development of tropic spastic paraparesis (TSP) 
occurring 1 month to 3 years after transfusion. 
Infection can also lead to Adult T-cell Leukemia 
(ATL), an aggressive disease associated with the 
proliferation of T lymphocytes. HTLV-II infec-
tion has been described in a patient having “hairy 
cell” leukemia and may be associated with Large 
Granular Lymphocyte (LGL) leukemia. However, 
presently the agent is not conclusively linked to 
any specifi c disease. HTLV-II is much more com-
mon in IVDUs than is HTLV-I, but a clear asso-
ciation with disease state or medical condition 
has not been found. 

 Syphilis is caused by the spirochete  T. palli-
dum , a sexually transmitted disease that can 
result in latent infection and subsequent neuro-
logical disease. Theoretically, the organism has 
the potential to be transmitted through the blood 
supply, although there have been no documented 
transfusion-transmitted syphilis cases since 1968 
[ 13 ]. This organism cannot survive beyond 72 h 
in donated blood stored at 1–6 °C. This would 
make platelets, concentrates (routinely stored at 
room temperature) the only component capable 
of transmitting infection. 

 WNV is a mosquito-borne virus that causes 
West Nile encephalitis, a disease that is transmis-
sible through the blood supply. Public health offi -
cials recognized this risk in 2002. The FDA 
collaborated with industry and blood collection 
facilities to develop new donor screening tests, 
and in the summer of 2003, the FDA approved 
clinical trials for these new tests and blood banks 
began screening the blood supply. By July 1, 
2003, 100 % of military donations and 95 % of 
civilian donations were screened, resulting in over 
1,000 WNV-positive donations being identifi ed. 

  T. cruzi  is a protozoan parasite found primar-
ily in Central and South America, but it has been 
estimated that more than 300,000 individuals are 
infected in the USA [ 14 ]. Infection by  T. cruzi  
causes Chagas disease, a condition that may be 
self-limiting with complete resolution but typi-
cally establishes a lifelong infection that can lead 
to cardiomyopathy and congestive heart failure; 
it may also cause megaviscera. Although it is 
transmitted by a vector, human-to-human trans-
mission occurs through blood and organ transfu-
sion, and vertically from mother to child [ 15 – 18 ]. 
As many as 45,000 cases of cardiomyopathy and 
up to 300 new congenital infections may occur 
per year in the USA [ 14 ,  19 ]. Many cases are 
asymptomatic, where there are no signs or symp-
toms; this presents a particular challenge to blood 
donations [ 20 ].  

    Evolution of Infectious Disease 
Testing in the Blood Bank 

 With the discovery in 1965 of the “Australia 
antigen” by Blumberg et al. [ 21 ], a test to detect 
the presence of HBV exposure in blood donors 
could be conceived. This antigen, later renamed 
HBsAg, was the basis for donor hepatitis test-
ing, which began in 1969. At that time, HBV 
was the most signifi cant transfusion-transmitted 
disease. Also at that time, many blood donors 
were not volunteers; they were paid for their 
blood. The lack of a reliable test and the use of 
paid donors resulted in a very high risk that a 
transfusion recipient would contract HBV. Data 
from the National Institutes of Health (NIH) 
showed that a multiply transfused recipient had a 
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30 % risk of contracting posttransfusion hepatitis 
[ 8 ]. In 1970, the NIH Blood Bank simultane-
ously adopted an all- volunteer donor system 
and introduced a fi rst- generation assay to screen 
for HBsAg. The outcome of this dual interven-
tion was dramatic; posttransfusion hepatitis 
rates fell to a new baseline level of approxi-
mately 10 %. By the mid- 1970s, once the 
national blood donor pool became a voluntary 
one and more sensitive testing for HBV expo-
sure became routine, the incidence of posttrans-
fusion hepatitis B dropped to 0.3–0.9 % [ 22 ]. 
The “fi rst-generation” HBsAg testing employed 
agar gel-based immunodiffusion, followed by 
the second-generation testing that used counter-
immunoelectrophoresis (CIE). Beginning in 
1972, the methods of choice were the third-gen-
eration assays of reverse passive hemagglutina-
tion (RPHA) and radioimmunoassay (RIA). 
Subsequently, the development of enzyme 
immunoassays (EIA) was a major breakthrough 
in infectious disease testing, including the test-
ing of blood donors because the method was 
easy to perform and sensitive. 

 Serologic assays for HIV, HTLV-I/II, and 
HCV were established for use in the USA in 
1985, 1997, and 1998, respectively. Once a virus 
was identifi ed, screening tests for antibody to the 
virus (e.g., anti-HIV, anti-HTLV-I/II, or anti- 
HCV) were developed rapidly. As new tests were 
developed and approved, an FDA requirement 
quickly followed that routine donor screening 
include nucleic acid tests/testing (NAT), in addi-
tion to the serologic methods then in use. 

 Syphilis testing was fi rst instituted for blood 
donor screening in the 1950s using the rapid 
plasma reagin (RPR) test and currently uses an 
automated testing method with confi rmation 
using a serologic EIA test for total antibody and a 
test for reagin. No cases of transfusion- transmitted 
syphilis have been recorded since 1968 [ 13 ]. 

 Testing for  T. cruzi  was instituted in 2007, 
with the test being an EIA to qualitatively detect 
antibodies to  T. cruzi ; confi rmation testing is 
performed by radioimmunoprecipitation assay 
(RIPA). Although it is possible to transmit 
 T. cruzi  through blood transfusion, the ARC has 
not, to date, identifi ed any recipients infected 

by blood transfusions from donors who 
 subsequently tested as confi rmed positive. 

 WNV testing was instituted in 2003 as a NAT 
only test. Since donor screening was imple-
mented, there have been nine cases of transfusion 
transmission; all were due to very low viral loads 
below the detectable level.    To further reduce the 
risk of such transmissions in areas where WNV is 
endemic or cases of WNV infection have been 
identifi ed, testing has recently switched from 
testing in small pools to testing individual units. 

 As these test methods for screening and con-
fi rmation were being established and imple-
mented, it was well recognized that there was a 
possibility that an infected blood donor could be 
missed by these tests if the donor was in an early 
stage of infection (a false-negative test), where 
seropositivity was below the lower limit of the 
test’s ability to detect the antibody or the antigen 
of interest. This “window of infectivity” is differ-
ent for the many viruses of interest, but it exists 
for all of them. The thrust of research that fol-
lowed was to develop test methods that could 
detect these very low levels of target viruses. 
NAT for viral RNA/DNA detection was found to 
address that problem effectively.   

    Clinical Signifi cance 

    Prevalence and Incidence of 
Infectious Diseases in Blood Donors 

    HIV 
 The prevalence of HIV infection in blood donors 
and the risk of receiving an infected unit are 
shown in Table  8.1 . An analysis of a decade of 
results (1999–2008) after NAT was introduced 
revealed that 32 HIV RNA-positive/antibody- 
negative donors were detected in 66 million 
donations collected and screened in that decade. 
These infections translate to 1 in 2,060,000 dona-
tions that were screened for HIV. A follow-up for 
22 of the NAT HIV positive showed that 16 sero-
converted within a 15-day median. A further fol-
low- up of 12 of these donors, who continued with 
the study, became antibody-confi rmed positive 
within a median of 21 days [ 25 ].
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       HBV 
 The prevalence rate for HBV infection and the 
risk of receiving an infectious unit from blood 
donors are shown in Table  8.1 . In 2011, a study 
by Stramer et al. [ 26 ] reported using a triplex 
NAT test for HCV, HBV, and HIV and compared 
the results of HBV detection by the routine 
HBsAg and anti-HBc serology assays (PRISM 
ChLIA, a chemiluminescence immunoassay, 
Abbott Diagnostics, Abbott Park, IL). The 
PROCLEIX ®  ULTRIO ®  assay and the 
PROCLEIX ® TIGRIS System automated plat-
form (Gen-Probe and Novartis) were used since 
2008 in three of fi ve ARC National Testing 
Laboratories for this comparison. A minipool 
(MP) of 16 samples (84 %) or individual samples 
(16 %) were screened by the NAT. The study 
included 3,694,858 donations from 2,137,275 
donors. The ULTRIO ®  triplex assay was able to 
distinguish 9 HBV DNA-positive donors before 
seroconversion (1 in 410,540), 7 of which were 
false positives due to previous HBV vaccinations, 
as compared with 426 positive by both NAT and 
serologic analysis (1 in 8,673). These only had a 
brief acute phase of infection that is not proved to  
be transmitted by blood transfusion. The author 
concluded that the cost of such assays is not jus-
tifi ed based on this low number of  detections of 
HBV and their medical signifi cance. 

 Nevertheless, since 2009, the ARC has 
adopted this triplex NAT, using an MP of 16 
donations (MP-NAT) for the detection of HCV, 

HBV, and HIV. The screening results of the 
 triplex screening versus the HBsAg and anti-HBc 
to identify the HBV-infected donors for one full 
year (June 2009 to end of June 2010) were 
recently examined by Stramer et al.  [ 27 ]. Out of 
6.5 million donations screened, 699 were con-
fi rmed HBV-infected. MP-NAT detected only 
477 (68 %) while 697 (99 %) showed reactivity 
to one or more by serologic testing. The preva-
lence of NAT-positive, seronegative donors (two 
donors) was 1 per 3.23 million. Among NAT 
reactive donors, two (0.4 %) had negative serol-
ogy (representing early infection) and ten (2.1 %) 
were HBsAg-confi rmed positive and anti-HBc 
nonreactive.  

    HCV 
 In 1999, NAT for HIV and HCV was fi rst intro-
duced for the screening of blood donated through 
the ARC centers all over the USA. Data compiled 
for the period of 1999–2008 were analyzed to 
examine the effect of NAT for the safety of blood 
donation screening [ 25 ]. NAT testing revealed 
244 HCV RNA positives that were antibody- 
negative donors in 66 million donations. These 
infections account for 1 in 270,000 screened for 
HCV. The current risk of transfusion-transmitted 
HCV is 1:1,390,000 [ 28 ].  

    HTLV 
 It is estimated that 15–20 million individuals 
have HTLV infection [ 29 ]. Within adult popula-
tions, the prevalence rates vary depending on 
risk groups and geographic location, but range 
from very low to as high as 37 % in some areas 
of Japan. ATL and HTLV-associated myelopathy 
(HAM)/TSP most frequently occur in southern 
Japan, which also coincides with a high preva-
lence of virus carriers. The incidence of sero-
positive donors increases with age, and the virus 
has a high prevalence in families when the 
mother is seropositive. In Europe and North 
America, the virus has been mainly detected in 
intravenous drug users (IVDUs) and specifi c 
immigrant populations. 

 In the USA, the prevalence of HTLV-I and 
HTLV–II ranges from 0.025 % in asymptomatic 
blood donors and 3 % in blood transfusion 

      Table 8.1    Prevalence rates and risk of infections for 
HIV, HBsAg, HCV, syphilis, and HTLV in blood donors   

 Agent 

 Positive 
rate (%) 
2000–2001 
[ 23 ] 

 Number 
of pos., 
2000–2001 
[ 23 ] 

 Risk of Infections 
from negative 
blood, 1999–2006 
[ 24 ] 

 HIV  0.0011  30  1:2,135,000 
 HBsAg  0.0012  33  1:205,000–488,000 
 HCV  0.0013  35  1:1,935,000 
 Syphilis  0.0037  100   a  
 HTLV  0.0002  5  1:3,000,000 
 Any one 
confi rmed 

 0.0080  216   a  

  Adapted from Zou [ 23 ] and Stramer [ 24 ] 
  a Not indicated  
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 recipients to 7–49 % in IVDUs and commercial 
sex workers. In the USA, the risk of contracting 
HTLV from receiving contaminated donor blood 
is estimated to be less than 1 in 2,000,000 units 
[ 28 ], but the risk of seroconverting after transfu-
sion of HTLV-1-contaminated blood ranges from 
40 to 60 % [ 29 ]. Among fi rst-time donors, 
HTLV-I/II prevalence has decreased from 10 per 
10,000 in 2000 to 5 per 10,000 in 2009 [ 30 ]. The 
estimated risk of collecting blood during the 
infectious window period for repeat blood donors 
is about 1 in 3,000,000 (Table  8.1 ).  

    WNV 
 National blood donor screening for WNV started 
in June 2003, after the documentation of WNV 
transfusion-associated transmission (TAT) in 
2002. Blood donations were screened with inves-
tigational NAT in MP formats, and blood collec-
tion agencies reported screening results to state 
and local public health authorities. During 2003–
2005, 1,425 presumptive viremic donors were 
reported to the Centers for Disease Control and 
Prevention (CDC) from 41 states. Of 36 investi-
gations of suspected WNV TAT in 2003, six 
cases were documented. Estimated viremia lev-
els were available for donations implicated in 
four TAT cases. National blood screening for 
WNV identifi ed and removed these potentially 
infectious blood donations in 2003 through 2005. 
Despite the success of screening in 2003, some 
residual WNV TAT risk remained due to dona-
tions containing very low levels of virus. 
Screening algorithms employing selected indi-
vidual donation testing were designed to address 
this residual risk and were fully implemented in 
2004 and 2005 [ 31 ].  

     T. pallidum  
 No cases of transfusion-transmitted syphilis have 
been recorded since 1968 [ 13 ].  

     T. cruzi  
 The CDC estimates that there are more than 
300,000  T. cruzi -infected persons in the USA; 
the majority is unaware of their infection. Data 
from the testing of allogeneic blood donors for 
 T. cruzi  during 2007–2009 (nearly three million 

donations from over one million donors) showed 
the prevalence rates of confi rmed donors to be 
0.01 % per donation tested and 0.026 % per 
blood donor were repeatedly reactive; 89 of those 
were confi rmed by RIPA, yielding an overall 
seroprevalence of 1 per 33,039 donations and 1 
per 13,292 donors; the national seroprevalence of 
 T. cruzi  in USA blood donors was estimated to be 
1 in 27,500 donations screened [ 32 ,  33 ]. One of 
200 donors born in Central or South America and 
1 of 800 donors born in Mexico were confi rmed 
positive by RIPA. In the USA, it was found that 
the highest prevalence from donors was in 
California followed by Las Vegas, Nevada, and 
parts of Texas. It was concluded by the authors 
that blood donors or transfusions, although rec-
ognizing that autochthonous infection occurred 
in the USA, do not substantially contribute to the 
burden of  T. cruzi  infections in the USA. 

 Table  8.1  illustrates the prevalence rates in 
blood donors and the risk of infections from neg-
ative blood.    

    Methodology and Interpretation 

    Serologic Testing 

    HIV 
 HIV serologic screening tests vary among facili-
ties, but all must use FDA-licensed tests, and all 
donors are tested. Most blood banks use an EIA 
that detects HIV-1, HIV-2, and HIV-1 group O to 
maximize chances of detecting all HIV infec-
tions. Moreover, they can choose between third- 
or fourth-generation assays. The former is an 
indirect detection format where antibody is 
detected with the use of an anti-immunoglobulin 
conjugate, while the latter uses an antigen sand-
wich format that offers detection of IgG and IgM 
antibodies [ 3 ]. They all offer high throughput, 
simplicity, and are fully automated so thousands 
of samples can be tested daily; they usually pos-
sess front-end processors of blood, including bar-
coding and robotic apparatuses that add samples 
and all reagents. Other types of immunoassays 
are available, including fl uorometric immunoas-
says (FIAs) or ChLIA that use fl uorescence or 
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luminescence, respectively, as the signal rather 
than a colorimetric readout. The confi gurations 
of these assays have been described [ 3 ]. Reactive 
results are repeated to minimize technical errors, 
and repeatedly reactive samples are further tested 
by a confi rmatory (supplemental) assay such as 
the HIV-1 Western blot (WB) or HIV indirect 
immunofl uorescent assay (IFA). The confi rma-
tory test is used to counsel the donor. HIV-2 
confi rmation is not performed because no supple-
mental tests for HIV-2 are licensed; however, a 
rapid FDA-licensed test can be used for HIV-1 
and HIV-2 differentiation. Repeatedly reactive 
samples by the screening test result in deferral of 
the donor and quarantine of the blood donation. 
More specifi cally, donors are deferred who are 
NAT nonreactive (or if NAT was not performed) 
and who were repeatedly reactive by a screening 
test for HIV-1 or HIV-2 or HIV-1/2 antibody, 
with an HIV-1 WB or IFA that was indetermi-
nate, unreadable, negative, or was not performed. 
Performance of an investigational HIV-2 supple-
mental test (if available) is optional. 

 In addition to the use of serologic assays to 
identify most donors who are infected, NAT (see 
below) has been added to detect acute HIV and 
HCV infection (before antibody is produced). As 
shown in Fig.  8.1 , NAT can detect HIV infection 
1–2 weeks before seroconversion, but both sero-
logic and molecular assays are used in combina-
tion to detect most HIV infections except during 
the eclipse period. In response to recommenda-
tions or guidelines by CDC and the Clinical 
Laboratory Standards Institute (CLSI) recently 
[ 34 ], algorithms are being considered that will 
specifi cally identify HIV-1 or HIV-2 infection. 
Although blood banks have not yet revised their 
algorithms to differentiate HIV-1 from HIV-2, 
this may be considered in the future. At present, 
the serologic screening assays detect antibodies 
to both HIV-1 and HIV-2 (although they do not 
differentiate the viral types), while some of the 
molecular assays used in the blood banks detect 
only HIV-1. Because the screening serologic 
assays detect infection by both viruses, the blood 
supply can be kept relatively safe from both 
viruses (except during very early infection). 

 The serologic screening tests detect antibodies 
from about 3 weeks after infection throughout 
established infection; however, with treatment or 
during the late stages of AIDS, antibody levels 
decrease and serologic tests can become negative 
[ 35 ]. Newer fourth-generation serologic tests 
additionally detect HIV-1 p24 antigen in an effort 
to decrease the serologic window period [ 3 ], but 
these are not currently performed in blood banks 
because of the use of NAT, which has a higher 
sensitivity for early infection than does p24 anti-
gen testing. Viral RNA can be detected at about 
11 days postinfection, while p24 antigen is 
detected at about day 17, and antibody at day 21 
(Fig.  8.1 ). However, no technique can detect 
infection during the eclipse period (time zero to 
about 11 days) where even NAT cannot detect 
infection; this period varies, most likely due to 
host factors, the size of the inoculum, as well as 
the sensitivity of the test, and has been estimated 
to have a range of 6–12 days [ 36 ,  37 ]. While the 
sensitivity and specifi city of EIA methods are 
very high, the risk of false-negative results due to 
early infection and the risk of false-positive 
results due to autoimmune conditions or other 
infectious agents (or unknown reasons) in screen-
ing blood donors were identifi ed as signifi cant 
issues. HIV infection rates have decreased among 
blood donors and the window period has been 
shortened from about 45 days in the early 1990s 
[ 38 ] to about 11 days at present (with molecular 
tests). Similarly, the window period for HCV has 
declined to about 10 days [ 23 ].  

    HBV 
 The ARC currently tests for HBsAg and Anti- 
HBc using the fully automated PRISM ChLIA 
(Abbott); some blood banks may use a colorimet-
ric EIA. Samples that are HBsAg reactive are 
repeated and then confi rmed using a neutraliza-
tion assay to rule out false-positive HBsAg reac-
tions. Anti-HBc appears in the serum of 
individuals infected with HBV 1–4 weeks after 
the appearance of HBsAg, and at the onset of 
symptoms for the minority of adults (5 % or less) 
who develop symptoms. HBsAg-positive blood 
units may not be used for transfusion purposes. 
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If the initial HBsAg test is positive, it must be 
repeated in duplicate and a confi rmatory (i.e., 
neutralization) test must be performed. If the con-
fi rmatory test is positive, the donor is considered 
infected (acute or chronic) with HBV and must 
be permanently deferred. If the initial HBsAg test 
is positive but the confi rmatory testing is not (i.e., 
an unconfi rmed positive), the donor does not 
need to be permanently deferred if the anti-HBc 
test is also negative; however, the collected blood 
product(s) will be discarded. The donor is tempo-
rarily deferred for 8 weeks and may be reinstated 
if the next HBsAg test is negative. 

 In addition, some blood banks are instituting 
NAT for HBV DNA to detect early and current 
infection, but it is not required by the FDA. The 
ARC implemented HBV MP-NAT (triplex TMA) 
in 2009, in addition to the existing tests for 
HBsAg and anti-HBc; results from over 6.5 mil-
lion donors indicated that a small number of 
donors (2) were detected who had early infection 
that was missed by serologic testing [ 27 ]. There 
were no NAT-negative samples that were HBsAg 
positive.  

    HCV 
 The serologic testing algorithm for HCV is iden-
tical to that for HIV (see above) except for the 
use of the recombinant immunoblot assay (RIBA) 
instead of WB. Serologically, antibody tests, 
including screening by enzyme immunoassay 
(EIA) and confi rmation by recombinant immu-
noblot assay (RIBA), are generally effective, but 
seroconversion may not occur for up to 6 months 
[ 39 ], resulting in potentially long periods of acute 
infection that cannot be detected by serologic 
assays. In addition, RNA detection is variable, 
with the occurrence of “blips” of RNA in plasma 
(inconsistent presence) and periods where RNA 
is not detected (Constantine, personal observa-
tion). Currently, blood units are screened by 
serology (EIA) and screened by NAT, sometimes 
in a multiplex format (see below).  

    HTLV 
 Several EIA screening tests are available for 
donor screening. Included is the Avioq HTLVI/II 
Microelisa System that has been recently 

approved by the FDA for use to screen individual 
human donors, volunteer donors of whole blood 
and blood components, and other living donors 
for the presence of anti-HTLV-I/II in serum or 
plasma. As with HIV, repeatedly reactive donors 
are further tested by an HTLV-I or HTLV-1/2 WB 
confi rmation test. Currently, NAT assays for 
HTLV are not commercially available and are not 
being used for donor screening. 

 The most common assays used to screen 
donor blood to detect antibodies to HTLV-I and 
HTLV-II in serum or plasma are serologic, but 
these do not discriminate the viruses. HTLV-I/II 
antibody detection methods are divided into two 
classes: screening tests such as EIA or ChLIA 
and confi rmatory tests such as the WB, RIPA, 
and IFA. Generally, these screening assays are 
excellent for the detection of HTLV-I and 
HTLV-II infections. The WB is the most specifi c 
confi rmatory serological assay due to the incor-
poration of both whole virus lysate and recombi-
nant and synthetic peptide antigens. Molecular 
assays such as polymerase chain reaction (PCR) 
can detect HTLV nucleic acid and are particu-
larly useful for resolving individuals with inde-
terminate WB results, but they are not approved 
for screening blood donors. The incorporation of 
antigens spiked with a recombinant transmem-
brane protein (r21e) and some that contain an 
HTLV-II viral lysate has increased sensitivity of 
confi rmatory WB assays.  

     T. pallidum  
 Testing for  T. pallidum  is performed in blood 
banks and is required for whole blood donor 
testing. Screening tests include the rapid plasma 
reagin (RPR) test and the Venereal Disease 
Research Laboratory (VDRL) tests. Both tests 
are based on the detection of reagin, an antibody 
directed toward cardiolipin particles. A positive 
result is indicated by visible fl occulation (or 
agglutination) of cardiolipin-coated carbon par-
ticles. The confi rmatory test for syphilis is the 
FTA-ABS (fl uorescent treponemal antibody 
absorption) test. If the RPR or VDRL screen is 
reactive or indeterminate, that donation must be 
discarded and the donor deferred unless a 
 confi rmatory FTA-ABS test is nonreactive. 
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If the FTA- ABS test is nonreactive, the donor 
may be reentered. 

 A serological test for syphilis (STS) on 
donated whole blood has been required since the 
1950s and continues to be done because syphilis 
is a sexually transmitted disease, meaning that 
the prospective donor is at higher risk for other 
sexually transmitted diseases, such as HBV, 
HCV, and HIV. Currently, all blood donations are 
screened for  T. pallidum  using an STS.  

    WNV 
 WNV infection in blood donors is detected using 
NAT (description below); no serologic tests are 
approved for donor screening. A positive result 
precludes donation.  

     T. cruzi  
 Screening for  T. cruzi  is performed in blood 
banks by EIA or the recently approved Abbott 
PRISM ChLIA assay. RIPA, as a supplemental 
test, and PCR produce variable results and have 
low sensitivity, and the lack of international stan-
dards precludes PCR application into practice. 
All blood donors are screened for a past history 
of  T. cruzi  infection through medical history 
questioning before donation. Those who have a 
history are deferred from donating [ 20 ]. Those 
without a history are tested for antibodies to  T. 
cruzi  using an FDA-licensed EIA test. Those who 
are EIA reactive are retested in duplicate and 
repeatedly reactive donations are further tested 
by a supplemental RIPA that confi rms the EIA 
result. The requirement for screening is that when 
a donor has been tested once and found to be 
negative or nonreactive, they need not be tested 
again. That is, donors need only be tested once 
for evidence of infection with  T. cruzi,  but it is up 
to each blood bank if it wishes to test donors 
every time they donate. PCR research methods 
are available for identifying  T. cruzi  infection 
[ 20 ], but they are not licensed for blood donor 
screening and thus are not used. The authors 
claim that the sensitivity is 0.5 parasites/20 mL 
and the target is kinetoplastic DNA. The only 
implicated products reported to transmit  T. cruzi  
have been platelets, with no evidence of plasma 
or RBC [ 20 ].   

    Molecular Testing 

   HIV 
 NAT for detecting HIV viral RNA or DNA is 
now in wide use, particularly for monitoring viral 
load before and after treatment, and most are 
approved only for this application. They are often 
used as an initial test to detect HIV infection and to 
resolve inconclusive HIV antibody results. There 
are several NAT methods currently being used in 
non-blood bank clinical practice for monitoring (or 
confi rming) HIV infection, including reverse 
transcriptase RT-PCR, nucleic acid sequence-based 
amplifi cation (NASBA), transcription-mediated 
amplifi cation (TMA), and branched-chain DNA. 
Details of some molecular methods and their for-
mats are described below and in other chapters. 
For blood donor screening, NATs have been used 
to identify infected persons who are in the win-
dow period before HIV antibody becomes 
 detectable. These tests have now replaced p24 
antigen testing and are performed on pools of 
samples to decrease cost. The Aptima HIV-1 
NAT (Gen- Probe), if positive, confi rms infection. 
Amplifi cation is by TMA and detection is by 
using probes in a hybridization protection assay 
(HPA). The test has inter- and intra-assay coeffi -
cients of variation (CVs) of about 5 % and 12 %, 
respectively, and the sensitivity is 100 copies/mL 
(98 % at 30 copies/mL). The cobas ®  Taq/Screen 
MPX test has been FDA licensed for the purpose 
of screening individual human donors, including 
donors of whole blood and blood components, 
and other living donors. It is also intended for use 
in testing plasma specimens to screen individual 
organ donors when specimens are obtained while 
the donor’s heart is still beating. For donations of 
whole blood, blood components, and other living 
donors, plasma specimens may be tested indi-
vidually or in pools, and results interpreted in 
conjunction with serology tests. The test detects 
HIV-1 RNA, HIV-1 group M RNA, group O 
RNA and HIV-2 RNA, as well as HCV RNA and 
HBV DNA. 

 Although the NAT strategy shortens the win-
dow period by several days and eliminates some 
infected blood units, it does not eliminate all 
infected units because of the 12-day eclipse 
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period where even viral nucleic acids cannot be 
detected (see Fig.  8.1 ).  

   HBV 
 HBsAg and HBV DNA are the fi rst viral markers 
to circulate in an individual infected with HBV. 
PCR and TMA-based NAT systems for HBV 
have been licensed by FDA for use in donor 
screening since 2005. While there are FDA- 
approved NAT systems available for testing blood 
donors, their use is currently considered optional. 
FDA regards HBV NAT as voluntary because the 
estimated individual and public health benefi ts of 
adding this test to available screening tests are 
thought to be very limited. This consensus deci-
sion was reached by FDA’s Blood Products 
Advisory Committee, the Department of Health 
and Human Services’ (DHHS) Advisory 
Committee on Blood Safety and Availability, and 
the DHHS Blood Safety Committee [ 40 ]. 
According to the FDA, this decision may be 
reconsidered (changed to mandatory NAT donor 
screening for HBV) based on experience with, 
and results of voluntary use of the test, further 
technology developments, and any other factors 
that might affect the health benefi ts expected 
from such testing. Until then, blood donations 
must still be tested for HBsAg and anti-HBc by 
non-NAT methods. On November 15, 2012, FDA 
released a draft guidance document in which it 
recommends that blood establishments consider 
adding an FDA-licensed HBV NAT to the screen-
ing tests now performed on whole blood and 
source plasma donations.  While draft guidance is 
not a regulation, it represents FDA’s current 
thinking on a matter and as such, it is likely that 
this recommendation will be implemented. A 
copy of the draft guidance is available in the 
November 15, 2012 Federal Register. 

 Anti-HBc confi rmation is done by testing 
each individual reactive donation sample for 
DNA detection using NAT. HBV DNA detection 
by NAT for routine blood donor screening is 
done using TMA technology. Screening for DNA 
is performed in small MP of 16 donor samples 
using a combined test that detects HBV DNA as 
well as HIV and HCV RNA. NAT using TMA in 
MP of 16 reduces the window as compared to 

HBsAg detection by 4–7 days. The risk of HBV 
infection through blood transfusion is between 1 
in 200,000 and 1 in 500,000 [ 26 – 28 ].  

   HCV 
 All donor units must be screened for the presence 
of antibodies to HCV (anti-HCV) and if the 
screening test is positive, it must be followed by 
appropriate confi rmatory testing. Alternatively, 
donor specimens may be tested by NAT either 
individually or in MP. For conventional testing, if 
the initial screening test is negative, the unit is 
suitable for transfusion, but fi rst, FDA recom-
mends that it be retested using NAT. If the screen-
ing test is reactive, the test must be repeated in 
duplicate. If any one of the duplicate tests is reac-
tive, the unit must be discarded as well as any 
existing components from prior donations. The 
details of HCV NAT are described below.  

   HTLV-I/II 
 There are no commercially available or FDA- 
licensed NAT for HTLV, and thus, it is not per-
formed in blood banks.  

    T. pallidum  
 At present, there is no NAT for donor blood 
 syphilis testing.  

    T. cruzi  
 There are currently no FDA-licensed NATs for 
use to detect  T. cruzi .  

   WNV 
 NAT screening for WNV started in 2003 after 23 
WNV blood transfusion-transmitted cases were 
confi rmed in the previous year. The assays incor-
porate 6–24 minipools (MP-NAT) [ 41 ]. A retro-
spective individual testing of units in 
high-prevalence regions showed 14 viremic units 
that were missed in MP testing in the 2003 sea-
son in addition to 183 previously identifi ed by 
MP-NAT [ 42 ]. The WNV was detected in 
2003–2004 by routine testing; there were 540 
positive donations of which 147 (27 %) were 
detected by individual testing [ 41 ]. AABB had 
guidelines for triggering NAT screening for 
WNV to close the gap of risk of transfusion from 
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MP-NAT screened units but each blood center 
could defi ne and implement it differently based 
on their capacity or width of area it could cover; 
thus, the guidelines needed to be tighter [ 43 ]. In 
New York City, for example, the trigger was one 
positive MP-NAT, followed by a confi rmed NAT 
which led to 20 excluded units. NAT of all units 
collected during July 1st through October 30th of 
2010 showed that 2 donations could have been 
missed by the triggering system in place, which 
indicated that more revision of the guidelines is 
still required [ 44 ].   

    Multiplex NAT Approaches 

 While individual NAT assays are available for 
testing blood donors for HIV-1/2, HBV, and 
HCV, a more effi cient approach results from 
the development of “multiplex” assays. These 
multiplex assays are FDA approved and avail-
able for use in blood banks to detect some of 
these viruses. 

 The PROCLEIX ®  HIV-1/HCV Assay and the 
PROCLEIX ®  ULTRIO ®  Assay (HIV-1/HCV/
HBV) use the principle of TMA, while the cobas ®  
TaqScreen MPX Test (HIV-1 Group M/HIV-1 
Group O/HIV-2/HCV/HBV) uses PCR. For 
donor testing purposes, all tests have acceptable 
performance characteristics, including analytical 
sensitivity. In addition, all assays can be per-
formed on fully automated platforms. If positive, 
all assays require further testing with individual 
discriminatory assays to demonstrate which viral 
nucleic acid has been detected. 

 Each molecular assay is described briefl y 
below, but the reader is encouraged to review 
package inserts on the FDA’s and company web 
pages for more detail, including specifi c proce-
dures, instrumentation, limitations, and perfor-
mance characteristics during clinical trials. 

 Readers should note that while NAT is avail-
able for HIV-1, HIV-2, HCV, and HBV, the FDA 
has not permitted blood banks to cease testing 
blood donations with traditional methods (EIA 
for screening, WB/IFA/RIBA for confi rmation) 
with the exception that blood banks need no lon-
ger test donations for HIV p24 antigen.   

    Standard Reagents: Examples 

    West Nile Virus [ 45 ,  46 ] 

 Two NAT assays are FDA approved and available 
for use in blood banks to detect WNV. The Gen- 
Probe PROCLEIX WNV Assay uses the princi-
ple of TMA, while the cobas ®  TaqScreen WNV 
Test uses real-time PCR. Both tests are essen-
tially equivalent in their performance characteris-
tics, including their analytical sensitivity. In 
addition, both assays can be performed on fully 
automated platforms, and their costs are similar.  

   PROCLEIX ®  WNV Assay: Principle 
 Gen-Probe’s PROCLEIX ®  WNV Assay is used 
with the PROCLEIX ®  System and the PROCLEIX ®  
TIGRIS System and is a qualitative in vitro assay 
system for the direct detection of WNV RNA in 
human plasma. It is approved for donor screening 
to detect WNV RNA in plasma specimens from 
human donors, as individual specimens or in MP 
of up to 16 equal single specimen aliquots. 

 The assay involves three main steps in a single 
tube: sample preparation, WNV RNA target 
amplifi cation by TMA, and detection of the 
amplifi cation products (amplicon) by HPA. 
During sample preparation, RNA is isolated from 
specimens via target capture. The specimen is 
treated with detergent to solubilize the viral enve-
lope, denature proteins, and release viral genomic 
RNA. “Capture oligonucleotides” that are homol-
ogous to highly conserved regions of the WNV 
are hybridized to the WNV RNA target if pres-
ent, in the test specimen. The hybridized target is 
captured onto magnetic microparticles that are 
separated from the specimen in a magnetic fi eld; 
wash steps remove extraneous components from 
the reaction tube. Target amplifi cation occurs via 
TMA, using two enzymes, MMLV reverse tran-
scriptase (RT) and T7 RNA polymerase. The RT 
generates a DNA copy of the target RNA 
sequence, while the T7 RNA polymerase pro-
duces multiple copies of the RNA amplicon from 
the DNA copy. Detection is carried out by HPA 
using single-stranded nucleic acid probes with 
chemiluminescent labels that are complementary 
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to the amplicon. Labeled nucleic acid probes 
hybridize specifi cally to the amplicon, and a che-
miluminescent signal is produced by the hybrid-
ized probe; it is measured in a luminometer and 
reported in Relative Light Units (RLU). 

 An internal control (IC) is added to each test 
specimen, positive and negative controls (as 
required), and calibrators. The IC in the assay 
controls for specimen processing, amplifi cation, 
and detection steps. The IC signal is discrimi-
nated from the WNV signal by the differential 
kinetics of light emission from probes with dif-
ferent labels. IC-specifi c amplicon is detected 
using a probe with rapid emission of light (fl asher 
signal), while the amplicon specifi c to WNV is 
detected using probes with relatively slower 
kinetics of light emission (glower signal). The 
Dual Kinetic Assay (DKA) differentiates between 
the signals from fl asher and glower labels. 
Positive and negative calibrators are run in tripli-
cate at the beginning of each run. Each run can 
have up to 100 tests, including calibrators.  

   PROCLEIX ®  WNV Assay: Interpretation 
of Results 
 In this assay, a run is valid if four of the six calibra-
tor replicates are valid (2/3 negative and 2/3 posi-
tive replicates), and the calibrators meet acceptance 
criteria specifi ed in the package insert. All speci-
mens in an invalid run must be retested. Cutoff 
values for the assay are automatically calculated 
for IC (fl asher) and test (glower) specimens in a 
valid run. A specimen is reactive or nonreactive 
depending on the analyte signal to cutoff ratio, the 
relationship between the IC signal and cutoff, and 
the IC RLU value. A nonreactive specimen, 
whether from a single donor or a donor pool, 
requires no further testing. A reactive specimen 
from a single donor requires no further testing. If 
a reactive specimen were from a pool, then each 
individual specimen in the pool must be tested and 
interpreted individually. Any  reactive result should 
be resolved according to the resolution algorithm 
for reactive specimens in the package insert. 

 There are assay- and instrument-specifi c dif-
ferences in the performance of the WNV assay 
using the automated TIGRIS ®  system (e.g., using 
controls in addition to calibrators, different soft-
ware, different RLU values for interpretation), 

but the essential principles are the same. There 
also are differences in assay interpretation, owing 
to the differences in performance and use of con-
trols. Each TIGRIS ®  run must have a set of Assay 
Calibrators (positive and negative, in triplicate) at 
the beginning and a set of TIGRIS ®  Controls 
(positive and negative, in singlet) at the end. Each 
run can have up to 500 tests. These differences 
are fully described in the package insert.  

   PROCLEIX ®  WNV Assay: Analytical 
Sensitivity 
 The limit of detection (LOD) was evaluated using 
three reference standards (Table  8.2 ).

      PROCLEIX ®  WNV Assay: Clinical 
Performance 
 The clinical specifi city of the PROCLEIX ®  WNV 
Assay was determined in prospectively collected 
voluntary blood donor specimens, tested as 
16-sample pools and as individual plasma sam-
ples. Specifi city was calculated from 16,885 
16-sample pools and 43,503 individual specimens. 
All 16 samples from a reactive pool were tested 
individually. Reactive samples, whether from 
pooled or individual testing, were retested with the 
PROCLEIX WNV Assay, and results compared 
with a validated alternate NAT and a commercial 

   Table 8.2    LOD using reference standards   

 PROCLEIX ®  
system 

 PROCLEIX ®  
TIGRIS ®  

 Health Canada WNV 
Reference Standard 
(Canadian Blood 
Services) 

 100 % @ 100 
copies/mL 

 100 % @ 100 
copies/mL 

 100 % @ 30 
copies/mL 

 100 % @ 30 
copies/mL 

 97 % @ 10 
copies/mL 

 91 % @ 10 
copies/mL 

 53 % @ 3 
copies/mL 

 58 % @ 3 
copies/mL 

 West Nile Virus RNA 
Qualifi cation Panel 
QWN701 (BBI 
Diagnostics) 

 98 % @ 100 
copies/mL 

 100 % @ 100 
copies/mL 

 99 % @ 30 
copies/mL 

 97 % @ 30 
copies/mL 

 89 % @ 10 
copies/mL 

 82 % @ 10 
copies/mL 

 Center for Biologics 
Evaluation and Research 
(CBER)/FDA West Nile 
Virus Panel (produced 
for CBER by BBI 
Diagnostics) 

 100 % @ 
≥100 copies/
mL 

 100 % @ ≥100 
copies/mL 
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serologic IgM assay. Of the 16,885 pools, 16,855 
were nonreactive (true negative). Thirty pools 
were reactive in the PROCLEIX WNV Assay, and 
of these, 21 pools contained at least 1 reactive 
sample when the pool members were tested indi-
vidually. The 21 reactive pools were considered 
true positive pools; the results were confi rmed as 
reactive by alternate NAT and/or positive for IgM 
antibody. Nine reactive pools were considered 
false positive because all individual specimens 
were nonreactive in the PROCLEIX WNV Assay. 
The overall specifi city was 99.95 %. 

 Of the 43,503 individual donor specimens 
tested at four sites, 43,427 were nonreactive (true 
negative); there were 76 reactive specimens. Of 
these, 30 were confi rmed by alternate NAT and/
or IgM results (true positive) and the remaining 
46 were considered false positive. The overall 
specifi city was 99.89 %. Combining the results 
from 16-sample pools and individual donor test-
ing, the overall specifi city of the PROCLEIX 
WNV Assay in these studies was 99.91 %. 

 To test for cross-reactivity, specimens with var-
ious donor conditions were tested. 
No  cross- reactivity or interference was observed 
in a large number of specimens from patients with 
a variety of conditions, including autoimmune dis-
eases, infectious agents, other blood-borne patho-
gens, cancers, and liver diseases (see package 
insert). The assay did detect Kunjin virus, a WNV 
variant. Mostly comparable results (lack of cross- 
reactivity or interference) were observed in testing 
the assay on the PROCLEIX ®  TIGRIS ®  System. 

 For sensitivity, WNV known-positive samples 
obtained from a repository were tested with the 
PROCLEIX ®  WNV Assay. Specimens were 
tested neat and in a 1:16 dilution. Neat samples 
had known WNV RNA concentrations ≥100 cop-
ies/mL, and known-positive samples with WNV 
RNA copy levels less than 100 copies/mL after 
1:16 dilution were included. The sensitivity of the 
assay was 100 % in neat known-positive samples 
and 91.6 % in diluted known-positive samples. 
All diluted samples with false-negative results 
were derived from samples that had low WNV 
viral loads. Assay sensitivity in diluted samples 
with copy levels ≥100 copies/mL was 100 %. 

 Assay clinical sensitivity in pooled samples 
was determined by testing 98 16-sample pools 

comprised 1–3 WNV known-positive samples 
and 13–15 negative samples. Pools contained 
individual specimens with viral concentrations 
ranging from 200 to 430,000 copies/mL. After 
pooling, 6 of the 98 pools had less than 100 cop-
ies/mL. The sensitivity of the assay in these 98 
known-positive pools was 100 %.  

   cobas ®  TaqScreen WNV Test: Principle 
 The Roche Molecular Systems cobas ®  TaqScreen 
WNV Test is used with the cobas s 201 system 
and is a qualitative in vitro test for direct detec-
tion of WNV RNA in human plasma. It is 
approved as a donor screening test to detect 
WNV RNA in plasma from individual human 
donors. Donor plasma may be screened as indi-
vidual specimens or pools of up to six equal 
 aliquots of single specimens. 

 This test uses a generic nucleic acid prepara-
tion technique on the COBAS ®  AmpliPrep 
Instrument. WNV RNA is detected by auto-
mated, real-time PCR amplifi cation on the cobas 
s 201 system. Reagents perform fi ve sequential 
steps in the AmpliPrep. Protease solution digests 
proteins to promote viral lysis, inactivate nucle-
ases, and facilitate RNA/DNA release from viral 
particles. Lysis Reagent induces viral lysis and 
nuclease inactivation by protein denaturation. 
RNA and DNA are released and bind to 
Magnetic Glass Particles, due to the net positive 
charge on the glass particle surface and lysis 
reagent- induced net negative charge of nucleic 
acids. Wash Reagent removes unbound sub-
stances, impurities, and PCR inhibitors. Purifi ed 
nucleic acids are released from the Magnetic 
Glass Particles at elevated temperature with 
Elution Buffer. 

 After isolating the purifi ed nucleic acids, the 
WNV Master Mix (MMX) is used to amplify and 
detect WNV RNA and an internal control (IC) 
RNA. With activation, the WNV MMX permits 
reverse transcription, followed by PCR amplifi -
cation of a highly conserved region of WNV 
RNA and IC RNA using specifi c primers. 
Detection of the amplifi ed DNA is performed by 
fl uorescent signals from 5′-nucleolytic degrada-
tion of WNV and IC-specifi c probes, also present 
in the WNV MMX. Two fl uorescent dyes are 
used: one labels the IC probe and a second labels 
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the target-specifi c probe, permitting independent 
identifi cation of WNV and IC. 

 Reverse transcription and PCR amplifi cation 
are carried out in the same reaction mixture using 
a thermostable enzyme, Z05 DNA Polymerase. 
The enzyme produces a double-stranded DNA 
(amplicon) over multiple cycles, with each cycle 
doubling the amount of amplicon. This system 
allows simultaneous detection of the amplifi ed 
WNV target at one wavelength and of the ampli-
fi ed IC nucleic acid at another wavelength. The 
system detects PCR products by measuring the 
fl uorescence of the released reporter dyes repre-
senting WNV target and IC independently. 
A negative control and a positive control must be 
processed with each batch. A detailed description 
of the process and reagents is found in the prod-
uct’s package insert. 

 For the negative control to be valid, the test 
result must be nonreactive and the IC must be 
valid. For the positive control to be valid, the test 
result must be reactive, and the IC must be valid. 
If the IC is invalid, the result for the control is 
invalid. If the result for either the negative or the 
positive control is invalid, the entire batch is 
invalid and must be repeated. For a donor speci-
men to have a valid nonreactive test result, the 
specimen’s IC must be valid; otherwise, the non-
reactive result is invalid and the donor specimen 
must be retested. For a donor specimen to have a 
valid reactive test result, the specimen’s IC may 
be either valid or invalid. Specimen results are 
valid only if the batch containing the specimen is 
valid. Donor results will be reported out by the 
system software as “Complete, Nonreactive,” 
“Complete, Reactive,” or “Complete, 
Unresolved” (viability time limit expired; see the 
cobas s 201 system Operator’s Manual for a 
description of the viability time limit). 

 Donors that require additional testing include 
donor tubes whose pool or individual donation 
status is invalid (status of “Repeat Needed”) and 
donor tubes included in a reactive pool (status of 
“Resolution Needed”). Invalid donor tubes 
require repeat testing as part of a repeat pool or a 
repeat single determination. Reactive pools 
require repeat testing of all specimens in that 
pool, individually. Any reactive individual speci-
men from that pool is reported as “Complete 

Reactive” and the remaining negative specimens 
in that pool are reported as “Complete, 
Nonreactive.” If all individual donor specimens 
in a reactive pool subsequently test nonreactive, 
the specimens in that pool are all reported as 
“Complete, Nonreactive.”  

   cobas ®  TaqScreen WNV Test: Analytical 
Sensitivity 
 The LOD was evaluated using four reference 
standards: the three standards named above and 
the Roche WNV Secondary Standard. Using the 
Health Canada Standard, the estimated 95 % 
detection rate was at 40.3 copies/mL, while the 
Roche Standard estimated a 95 % detection rate 
at 36.9 copies/mL. The QWN701 Standard esti-
mated a 95 % detection rate of 3.8 copies/mL, 
while the CBER/FDA Panel indicated a detection 
of 100 % at 50 copies/mL.  

   cobas ®  TaqScreen WNV Test: Clinical 
Sensitivity 
 The clinical sensitivity of the test was evaluated 
by testing 315 WNV-positive clinical specimens 
(known WNV RNA positive by one of three 
nucleic acid methods). Three testing laboratories 
tested approximately 100 specimens, neat and 
diluted 1:6. The sensitivity with neat specimens 
in this study was 100 % and with 1:6 diluted 
specimens was 97.5 %. The 8 nonreactive, 1:6 
diluted specimens, had viral loads less than 100 
copies/mL.  

   cobas ®  TaqScreen WNV Test: Clinical 
Specifi city 
 The clinical specifi city of the test was evaluated 
by testing randomly selected whole blood dona-
tions at fi ve sites (individual specimens and 
6-donor pools). There were 86,935 evaluable 
donors from pooled testing and 10,375 evaluable 
donors from individual testing. The clinical spec-
ifi city was 100 % for the pooled strategy and for 
individual testing.  

   cobas ®  TaqScreen WNV Test: 
Interference Studies 
 The specifi city of the test was evaluated against 
52 microorganisms, including 47 viral isolates, 4 
bacterial strains, and 1 yeast isolate, added to 
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normal, virus-negative human plasma and tested 
with and without WNV. Except for 4 isolates of 
the Japanese Encephalitis Virus (JEV) family, 
nonreactive results were obtained with all micro-
organism samples without added WNV and reac-
tive results were obtained for all microorganism 
samples with added WNV. The four JEV family 
isolates were reactive in all eight testing repli-
cates. These results were expected because these 
viruses share nucleotide sequence homology 
with WNV. Specimens from patients infected 
with a number of viruses were tested; results 
indicated nonreactive results on all specimens 
without added WNV and reactive results on all 
specimens with added WNV. Therefore, there 
was no interference with the assay using speci-
mens positive for the viruses.   

    Viral Multiplex Assays 

   PROCLEIX ®  Multiplex Assays for HIV, 
HBV, and HCV: Principle [ 47 ,  48 ] 
 The PROCLEIX ®  HIV-1/HCV Assay and the 
PROCLEIX ®  ULTRIO ®  Assay are both qualita-
tive in vitro nucleic acid assay systems for the 
detection of HIV-1/HCV or HIV-1/HIV-2/HBV/
HCV, respectively, in plasma specimens from 
individual human donors; these can be used as 
either screening individual donor samples or 
pools of not more than 16 individual donors. The 
former is designed to be performed on the 
PROCLEIX ®  System (semi-automated) and the 
latter may be performed on both the PROCLEIX ®  
System and the PROCLEIX ® TIGRIS System 
(fully automated). These assays involve the same 
three main steps as the PROCLEIX ®  WNV assay 
described above in a single tube: sample prepara-
tion. RNA target amplifi cation by TMA, and 
amplicon detection by HPA.  

   PROCLEIX ®  Multiplex Assays: 
Interpretation 
 Valid nonreactive specimens are considered non-
reactive for viral nucleic acid. If the nonreactive 
specimen is a pool, each individual specimen in 
the pool is considered nonreactive and no further 
testing is required. Valid reactive specimens are 
considered reactive. If the reactive specimen is a 

pool, then each of the individual specimens in the 
pool must be tested individually with the multi-
plex assay. The nonreactive individual specimens 
are considered nonreactive. An individual speci-
men reactive with the multiplex assay must be 
tested further with the corresponding discrimina-
tory assays. Specimens that are nonreactive in the 
PROCLEIX Assays or are reactive in the 
PROCLEIX assays but are not discriminated 
(nonreactive discriminatory result) and are also 
repeatedly reactive in a licensed donor screening 
test for antibodies should be further tested using 
an FDA-approved serologic assay (such as WB 
or IFA for HIV-1 or RIBA for HCV).  

   PROCLEIX ®  Multiplex Assays: Analytical 
Sensitivity 
 Using the PROCLEIX ®  HIV-1/HCV assay, 
detection at 300 and 100 copies/mL of virus 
was 100 %. At 30 copies/mL, HIV-1 detection 
was 98.2 % and HCV detection was 93.2 %. 
With the PROCLEIX ®  ULTRIO ®  assay, 
 detection of HIV-1 was 100 % at 300 copies/
mL, 99 % at 100 copies/mL, and 92 % at 30 
copies/mL. Detection of HCV was 100 % at 
300 copies/mL, 100 % at 100 copies/mL, and 
99 % at 10 copies/mL. Detection of HBV was 
100 % at 45 copies/mL and 99 % at 15 copies/
mL. TIGRIS ®  results were comparable. All 
these reported results were obtained with WHO 
Standards.  

   PROCLEIX ®  Multiplex Assays: Clinical 
Performance 
 Overall clinical sensitivity and specifi city for the 
PROCLEIX ®  HIV-1/HCV Assay and the corre-
sponding discriminatory assays are shown in 
Table  8.3 .

   Table 8.3    Clinical performance of the PROCLEIX 
HIV-1/HCV NAT   

 Specifi city  Sensitivity 

 PROCLEIX ®   Pool of 16  99.67 %  99.3 % 

 HIV-1/HCV  Individual  99.87 %  99.8 % 

 HIV-1 
discriminatory 

 Individual  99.76 %  100 % 

 HCV 
discriminatory 

 Individual  99.71 %  99.6 % 
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   Clinical specifi city for the PROCLEIX 
ULTRIO ®  Assay is shown in Table  8.4  for both 
the PROCLEIX ®  and the TIGRIS ®  systems.

   In a head-to-head comparison between the 
PROCLEIX ULTRIO ®  Assay and the PROCLEIX ®  
HIV-1/HCV Assay, both assays detected 100 % of 
HIV-1 RNA-positive specimens and 98.4 % of 
HCV RNA-positive specimens. 

 For the majority of diseases and conditions 
tested, no cross-reactivity or interference was 
observed. However, a small portion of these spec-
imens had random, unexpected results in greater 
than 5 % of the samples tested. These occur-
rences are described in detail in assay package 
inserts. Also, in the PROCLEIX ®  HBV 
Discriminatory Assay, antinuclear antibody 
cross-reactivity may be observed on the 
PROCLEIX ®  System and interference may be 
observed in the PROCLEIX ®  TIGRIS ®  System.  

   cobas ®  TaqScreen MPX Test [ 49 ]: 
Principle and Interpretation 
 The cobas ®  TaqScreen MPX Test, used with the 
cobas s 201 system, is a qualitative multiplex test 
for the direct, simultaneous detection of HIV-1 
Group M and Group O RNA, HIV-2 RNA, HCV 
RNA, and HBV DNA in human plasma. This test 
is used to screen plasma samples from individual 
human donors and donors of source plasma. 
Plasma may be screened as individual specimens 
or in pools of not more than six equal aliquots. 
This test is intended to be used in conjunction with 
licensed serology tests for HIV, HCV, and HBV. 

 To improve the effi ciency of testing for multi-
ple targets, a multiplex (MPX) PCR for simulta-
neous detection of multiple viruses was developed. 
In MPX PCR, more than one target sequence is 

amplifi ed and detected by using multiple pairs of 
primers and probes in one reaction tube. 

 The cobas ®  TaqScreen MPX Test uses a 
generic nucleic acid preparation technique on the 
COBAS ®  AmpliPrep Instrument. HIV-1 Groups 
M and O RNA, HIV-2 RNA, HCV RNA, and 
HBV DNA are amplifi ed and detected using 
automated, real-time PCR on the cobas s 201 sys-
tem. The test incorporates an Internal Control 
(IC) for monitoring test performance in each 
individual test as well as the AmpErase enzyme 
to reduce potential contamination by previously 
amplifi ed material (amplicon). 

 The cobas ®  TaqScreen MPX Test does not dis-
criminate which virus was detected in a speci-
men. Any individual specimens found to be 
reactive should be further tested using the 
COBAS ®  AmpliScreen HIV-1, HCV, and HBV 
Tests for viral target identifi cation (Discriminatory 
Testing). Individual viral identifi cation proce-
dures for HIV-1 Group O and HIV-2 are not 
available from Roche. 

 The cobas ®  TaqScreen MPX Test has four pro-
cesses (all automated): specimen pooling and 
control pipeting; specimen preparation; amplifi -
cation of nucleic acid and real-time detection of 
PCR products; and data management using pro-
prietary software. The instrumentation is essen-
tially the same as for the WNV assay (see above). 
Target and internal control nucleic acids are pro-
cessed simultaneously. Two fl uorescent dyes are 
used; one to label the IC and one to label all 
target- specifi c probes, allowing a distinction 
between target and IC signals. Individual targets 
cannot be distinguished, however. A detailed 
description of the process and reagents is found 
in the product’s package insert. Interpretation of 
results also is essentially the same as for the 
WNV assay (see above).  

   cobas ®  TaqScreen MPX: Analytical 
Sensitivity 
 Testing showed average 95 % LOD as follows:
•    HIV-1 Group O (49 IU/mL; converts to 29.4 

copies/mL)  
•   HIV-1 Group M (89 copies/mL)  
•   HIV-2 (59 copies/mL)  
•   HCV (11 IU/mL; converts to 29.7 copies/mL)  
•   HBV (3.8 IU/mL; converts to 19 copies/mL)    

   Table 8.4    Clinical specifi city for the PROCLEIX 
ULTRIO ®  Assay   

 PROCLEIX  TIGRIS 

 Pool of 16  99.5 %  99.9 % 
 Individual  99.1 %  99.8 % 
 All combined  99.95 %  Not reported in 

package insert 
 HIV-1 discriminatory  99.8 % 
 HCV discriminatory  98.1 % 
 HBV discriminatory  99.8 % 
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 The LOD testing for the cobas ®  TaqScreen 
MPX Test included WHO Standards for HBV 
and HCV and Roche Standards for HIV-1 Group 
M and Group O, and HIV-2 (from Boston 
Biomedica). Genotype/subtype sensitivity and 
inclusivity testing was performed with an array 
of clinical specimens and cultured isolates; 
results are presented in the package insert. 
Commercial seroconversion panels were tested 
for HIV-1 Group M, HCV, and HBV. Specimens 
were tested neat and diluted 1:6. The MPX assay 
was compared against the performance of various 
commercial or research antibody detection 
assays. HIV RNA was detected in neat and 
diluted specimens between 5 and 89 days before 
the antibody detection tests. HCV RNA was 
detected in neat and diluted specimens between 0 
and 97 days before the antibody detection tests. 
In a few cases (1 of 20 panels or 5 %), the MPX 
test result detected HCV RNA on the same day as 
the antibody assays.    HBV DNA was detected in 
neat specimens and diluted specimens before 
HBsAg detection (by EIA) in a majority of speci-
mens tested, but in a substantial number of tests, 
HBV DNA was detected on the same day or after 
HBsAg detection.  

   cobas ®  TaqScreen MPX: Clinical 
Performance 
 Clinical specifi city of the cobas ®  TaqScreen 
MPX Test was evaluated by testing plasma sam-
ples from randomly selected whole blood dona-
tions on both individual blood donations and 
pooled specimens. Clinical specifi city was 
99.98 %. Specimens from high-risk individuals 
were tested neat with the MPX Test. The MPX 
Test showed greater detection rate than three 
licensed discriminatory tests. 

 Specifi city also was evaluated by testing 17 
microorganisms, including viruses, bacteria, and 
yeast. The microorganisms did not cross-react 
with the MPX Test. When target virus was added 
to the microorganism samples, all tested reactive. 
The MPX Test was nonreactive for an array of 
disease states, including viral infections and 
autoimmune diseases. These disease states did 
not interfere with the sensitivity or specifi city of 
the cobas ®  TaqScreen MPX Test.   

    Economics of Keeping the Blood 
Supply Safe 

 One important aspect of NAT specifi cally, and 
increased donor blood testing for transmissible 
agents in general, is the effect of these added tests 
on the cost of a unit of blood. This cost may be 
divided into the cost for procuring (collecting) 
that unit and the cost to the patient for being 
transfused with it. 

 Procurement cost includes recruiting and 
screening donors, collecting the blood, process-
ing and testing the blood, and storing it until dis-
tribution. Procurement cost includes the cost of 
follow-up when a prospective donor’s specimen 
is found to be positive for one or more infectious 
agents. Follow-up includes repeating the positive 
test(s), performing confi rmatory tests on repeat-
edly reactive tests (if available), sequestering the 
blood, adding the donor to the donor deferral reg-
istry, notifying the donor of the positive testing, 
and tracing back and pulling units from prior 
donations that may still be in the inventory, a pro-
cess called “lookback.” 

 News reports in 2007 [ 50 ,  51 ] indicated the 
average procurement cost of blood rose between 
1979 and 2000 from $32 to $96. By 2004, it 
reached over $200 (recall the fi rst NAT approvals 
for HIV-1 and HCV donor screening assays were 
granted in 2002). Recent studies by Toner et al. 
[ 52 ]. and Shander et al. [ 53 ]. indicated average 
acquisition (procurement) cost for a unit of red 
blood cells in the USA ranged from $203 to $248. 
It appears that the rate of increase has stabilized 
since 2004. Each new donor test adds between $5 
and $12 to the cost of that unit. 

 This procurement cost will be passed through 
to the patient being transfused and it represents 
one-fi fth to one-quarter of the total cost charged 
to the patient. That total cost will then be passed 
through (in whole or in part) to insurers (private, 
government) as a hospitalization cost. There are 
geographical differences, of course, and accord-
ing to Toner et al. [ 52 ], volume discounts for 
large teaching hospitals. 

 The public demands a safe blood supply. 
Absolute safety may not be possible unless and 
until methods are developed to treat a unit of 
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blood in a manner that destroys all infectious 
agents without affecting the safety and effective-
ness of the transfused unit. However, as FDA 
issues new donor testing mandates, in the face of 
newly recognized infectious agents and/or newer 
(presumably better) technologies, costs will rise 
again to meet those new mandates. Meantime, 
hospitals may each spend several millions of dol-
lars annually on procuring and transfusing blood 
products. Stakeholders concerned about the ris-
ing cost of health care need to consider this in 
their deliberations about how society can best 
achieve seemingly contradictory goals—high- 
quality and affordable health care [ 54 ].   

    Regulatory Issues 

 Clinical trials for a NAT system useful for screen-
ing blood donors were carried out in the late 
1990s. Trials incorporated several molecular 
diagnostic principles, including PCR and TMA. 
The earliest FDA license approvals were for test-
ing source plasma. They included a 2001 approval 
to National Genetics Institute for its UltraQual 
HCV and HIV-1 RT-PCR assays. NAT screening 
of individual donor units was fi rst FDA approved 
on 2/27/2002, granted to Gen-Probe, Inc. for its 
PROCLEIX HCV/HIV-1 multiplex assay, based 
on TMA. Individual sample test approvals soon 
followed to Roche Molecular Systems for its 
PCR-based tests for HCV (COBAS ®  AmpliScreen 
HCV, 2002) and HIV-1 (COBAS ®  AmpliScreen 
HIV-1, 2002). Since then, NAT assays for HBV 
and WNV have been developed and FDA 
approved. In particular, multiplex or combination 
tests are now available and used (examples 
above). Other molecular amplifi cation modes 
(e.g., signal amplifi cation) have been FDA 
approved for other uses, e.g., patient monitoring, 
but not donor screening. 

 More than 3,000 blood banks in the USA collect 
and process nearly 16 million units of blood, 
donated by volunteers every year. It is the respon-
sibility of FDA’s Center for Biologics Evaluation 
and Research to ensure the safety of the USA 
blood supply. FDA is charged with establishing 

standards for blood products and for regulating 
the collection, preparation, processing, and test-
ing of whole blood and the components that can 
be made from it (RBC, PC, and FFP). FDA also 
is the responsible agency for plasma that is used 
for manufacturing fractionated biological prod-
ucts such as albumin and general or specifi c 
immune serum globulins. Finally, FDA regulates 
blood collection-related devices such as cell sep-
aration devices, blood collection containers, and 
screening tests used in the testing of blood 
products. 

 FDA uses a system of overlapping safeguards 
to protect the blood supply [ 55 ]. These include 
the following:
•    Donor screening 
  Donors are asked many questions about fac-

tors that may refl ect the safety status of their 
blood. For example, donors with a history of 
IVDU are routinely deferred (donor deferral 
defi nitions are provided below). Since 
November 1999, questions have been asked 
about travel to and residence in Europe and 
the UK countries, including USA military 
personnel and their families stationed there, 
owing to the high risk of exposure to variant 
Creutzfeldt–Jakob Disease (vCJD). There 
are travel questions to elicit possible expo-
sure to malaria and leishmaniasis, parasitic 
infections for which there are no current 
tests to detect infection. These questions are 
part of standardized Medical History 
Questionnaires used by all facilities in the 
USA that collect blood and blood products.  

•   Blood testing 
  After donation, each unit of donated blood 

undergoes tests for infectious agents or the 
diseases they cause, including syphilis, HBV, 
HCV, HIV 1/2, HTLV I/II, WNV, and Chagas 
disease.  

•   Donor lists 
  Blood banks must keep current a list of 

deferred donors and use it to ensure that they 
do not collect blood from anyone on the list.  

•   Quarantine 
  Donated blood must be quarantined until 

tested and shown free of infectious agents.  
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•   Problems and defi ciencies 
  Blood centers must investigate manufacturing 

problems, correct all defi ciencies, and notify 
FDA when product deviations occur in distrib-
uted products.    
 If any one of these safeguards is breached, the 

blood product is considered unsuitable for trans-
fusion and is subject to recall. In addition to 
employing these safeguards, FDA has substantial 
oversight of the blood industry. It inspects all 
blood facilities at least every 2 years, and “prob-
lem” facilities are inspected more often. 

 FDA mandates that all blood donors and blood 
units collected for allogeneic transfusion (donat-
ing blood for use by another person) whether by 
whole blood or apheresis collection must be 
screened/tested for infectious diseases that are 
known to be transmissible by blood transfusion. 
These include HBV, HCV, HIV 1/2, HTLV I/II, 
WNV, syphilis, and Chagas Disease. 

 Most source plasma is collected by a process 
called “serial plasmapheresis.” If the source 
plasma is to be further manufactured into inject-
able products such as immune serum globulin or 
clotting factors (derivatives), the infectious disease 
donor screening and testing requirements are the 
same as for whole blood donations. As an added 
protection against infectious disease transmission, 
most plasma derivatives made from source plasma 
go through a pathogen inactivation process that 
may include any of the following: heat inactiva-
tion, solvent/detergent treatment, nanofi ltration, 
chromatography, or cold ethanol fractionation. 

 If the plasma is collected for further manufac-
ture into non-injectable/non-transfusable prod-
ucts such as diagnostic reagents, controls, or 
research material, the donors are exempt from 
strict adherence to the deferral regulations for 
infectious diseases. 

 Donors who are donating for transfusion for 
themselves (autologous donations) do not have to 
be deferred for a history of or a positive test for 
infectious diseases such as HCV, HBV, HIV, 
HTLV, or syphilis. However, their units of blood 
must be labeled with biohazard labels and must 
identify what disease or test was identifi ed. In 
addition, the hospital or facility that will be trans-
fusing these units must be willing to accept them 

into their facility and to store them in a manner 
that segregates the unit(s) from the general trans-
fusion inventory. These units are not permitted to 
be released into the general transfusion inventory, 
and if not used by the donor/patient who donated 
the unit, the unit is discarded. 

    Donor Deferrals 

 A zero risk blood supply may not be possible. As 
biological products, blood and blood products 
always carry an inherent risk of transmitting 
infectious agents. FDA’s role is to drive that risk 
to the lowest level reasonably achievable without 
unduly decreasing the availability of this lifesav-
ing resource. A critical element of that risk reduc-
tion strategy is donor deferral. When a donor fails 
any element of the donor screening process 
(including infectious agent testing), the donor’s 
blood is quarantined and one of the following 
three FDA donor deferral categories is applied: 

  Indefi nite Deferral : The prospective donor is 
unable to donate blood for someone else for an 
unspecifi ed period of time due to current regula-
tory requirements. For example, a prospective 
donor who states he lived in England in 1989 or a 
donor who gives a history of viral hepatitis after 
the age of 11 or a donor who gives a history of 
babesiosis or Chagas Disease would be deferred 
indefi nitely. This donor would not be able to 
donate blood until the current requirement 
changes. This donor may be eligible for autolo-
gous blood donation, e.g., for elective surgery. 

  Permanent Deferral : The prospective donor will 
never be eligible to donate blood for someone 
else. For example, a prospective donor who states 
that he has HCV or the test for HBsAg is con-
fi rmed to be positive will be permanently 
deferred. In addition, some permanent deferrals 
may result from the testing performed on a previ-
ous donation. These donors also may be eligible 
to donate autologous blood. 

  Temporary Deferral : The prospective donor is 
unable to donate blood for a limited period of 
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time. For example, a prospective donor who has 
received a transfusion within the last 12 months 
would be deferred for 12 months from the date of 
the transfusion or a donor who tests positive for 
WNV would be deferred for at least 120 days.  

    American Association of Blood Banks 

 AABB [ 56 ,  57 ] is an international professional 
association of blood centers, transfusion and 
transplantation services, and individuals involved 
in transfusion medicine. It provides a voluntary 
inspection/assessment and accreditation (I&A) 
program for its member institutions that meets 
the requirements of the federal CMS (Centers for 
Medicare and Medicaid Services) and CLIA ‘88 
(Clinical Laboratory Improvement Amendments 
of 1988) regulations. The basis for the AABB 
I&A program is the AABB Standards for Blood 
Banks and Transfusion Services. Since 1957, 
these standards and guidelines have been periodi-
cally revised to refl ect new scientifi c data, chang-
ing FDA regulations and good manufacturing 
practice. The guidelines set forth in the Standards 
refl ect current FDA regulations. Although the 
AABB I&A program is voluntary, and adherence 
to the established standards does not carry regu-
latory impact, it is viewed as an industry standard 
both in the USA and internationally and is con-
sidered the standard of practice in the blood 
banking/transfusion medicine community.  

    College of American Pathologists 

 College of American Pathologists (CAP) is 
another professional organization that provides 
guidelines of practice for blood banks and trans-
fusion services and their guidelines for donor 
screening and donor testing follow the FDA regu-
lations for compliance. Like AABB, CAP pro-
vides a voluntary inspection and accreditation 
program for its members on a 2-year inspection 
cycle that is also approved by CMS for compli-
ance with the CLIA 88 regulations. Since the 
CAP accreditation program encompasses the 
entire clinical laboratory, not just the blood bank, 

CAP accreditation is used by many hospital- 
based donor centers and transfusion services 
instead of or in addition to AABB accreditation.   

    How Nucleic Acid Testing Has 
Changed Medical Practice 

 There is unequivocal evidence that the incorpora-
tion of molecular methods (NAT) has signifi -
cantly improved blood screening for infectious 
agents and has resulted in a decrease in 
transfusion- transmitted infections. Not only has 
this substantially addressed the detection of HIV 
early infection (shortened the window period), 
but has now been applied to decrease the number 
of infectious units for HBV, HCV, and WNV. 
Noteworthy is that only NAT is available to detect 
infectious units for WNV. Collectively, the detec-
tion of infections from these viruses has saved 
numerous lives as compared with the use of sero-
logic assays alone, especially when considering 
the millions of blood units transfused annually in 
the USA. It shouldn’t be overlooked that NAT is 
also used throughout the world (even in some 
resource-limited countries) to screen blood and 
detect early infection. However, NAT has not 
replaced the use of serologic assays because they 
are effi cient and effective for detecting the major-
ity of infections, and because the chance of false- 
negative NAT, although small, is not zero. It is 
evident that as new NAT assays are developed for 
additional infectious agents, they also will be 
implemented to decrease transfusion-related 
infections. Importantly, the availability of auto-
mated instrumentation has allowed these tests to 
be used in blood banks, even if pooling strategies 
must be used to lower costs. 

 NAT has also been invaluable in the diagnostic 
arena and for monitoring infected persons (viral 
load monitoring). Although not the purpose of 
this chapter, NAT has contributed substantially 
and vastly in medical practice. In addition, point 
of care NAT assays are being refi ned and will 
assist for protecting the blood supply in geo-
graphic locations that cannot support current 
instrumentation or ones that do not have adequate 
infrastructure. 
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 Molecular methods will continue to improve to 
push the limits of sensitivity, and it is certain that 
additional multiplexing formats with enhanced 
detection will be implemented for effi ciency and 
cost-savings. Although there are limitations to 
NAT, including the detection of infection during 
the eclipse period, false-negative results, higher 
costs, and increased requirements for regulations, 
there is no question that NAT has contributed sub-
stantially to the safety of the blood supply, and 
that these methods will continue to be used.  

    Future Directions 

 Methods for the detection of infectious diseases 
in human blood perpetually change to offer 
improvement in test indices (sensitivity, specifi c-
ity, predictive values). In addition, quality 
 assurance measures continue to be refi ned and 
expanded, leading to a lesser number of errors 
(both technical and transcriptional). Testing tech-
nologies for HIV, for example, set the stage for 
newer and better methods for all blood-borne 
infectious agents. These technologies have 
evolved from 1985 when the fi rst screening test 
was introduced for HIV, have been supplemented 
with exquisite technologies to detect viral 
 proteins and viral RNA, and are still becoming 
better to challenge even better sensitivity. After 
28 years of evolution of blood screening tools for 
infectious agents, it is certain that the current 
methods will continue to improve. 

 In addition, new methods are being pursued, 
such as immune-PCR, a method that has the 
potential to decrease the eclipse period for early 
HIV detection [ 5 ,  6 ,  58 ]. This technique exploits 
the large number of p24 antigen molecules/virion 
in plasma (~3,000) as a target in comparison with 
just two copies of viral RNA; that is, there are a 
larger number of targets to detect. Accordingly, a 
sensitive technique such as immune-PCR that 
detects protein rather than RNA has been shown 
to detect less than one virion (due to the many 
p24 protein molecules) [ 6 ]. This technique is a 
signal amplifi cation method that couples PCR 
with serologic detection of viral protein. Other 
newer techniques, as described by Azzazy (Chap. 

  10    ) for HCV, have the potential to increase the 
analytical sensitivity of assays for all the threat-
ening agents. Also, newer molecular tests are 
being considered to further increase the sensitiv-
ity of detecting infectious agents. In 2011, it was 
reported that, among nearly four million blood 
samples analyzed, DNA-based assays were more 
effective than conventional tests at detecting HIV, 
HCV, and HBV in newly infected donors [ 26 ]. In 
addition, new DNA molecular tests have shown 
utility over conventional microscopy-based test-
ing for the detection of malarial and Babesia 
infections [ 59 ]. 

 Of major concern are the large number of 
potentially infectious agents that may be trans-
mitted through blood but that are not currently 
being monitored. New threats include 
Chikungunya virus (from Africa) that would 
include specifi c IgM assays to detect infection in 
plasma or cerebrospinal fl uid (CSF); Babesia, a 
protozoan parasitic infection linked to at least ten 
deaths through blood transfusions starting in 
2006 [ 60 ]; and dengue virus, a mosquito-borne 
disease that kills 25,000 people a year worldwide 
(and is being increasingly found in returning 
travelers). The latter has resulted in the ARC cur-
rently using an investigational test to screen 
blood for dengue in Puerto Rico    (although it is 
not yet approved), and showed that a new genetic 
test was ten times more sensitive in detecting 
dengue than conventional blood assays [ 61 ] .  
Recently, concern has been raised about the trans-
missibility of xenotropic murine leukemia virus 
(XMRV), a retrovirus that may be linked to 
chronic fatigue syndrome [ 62 ]. A few years ago, 
researchers identifi ed 68 emerging infectious 
agents with the potential to threaten the blood 
supply [ 60 ]. Current techniques and perhaps 
newer ones will need to be developed in order to 
identify an increasingly high number of blood-
borne pathogens. Future efforts will need to 
address the number of specifi c tests that must be 
performed to address an ultimately safe blood 
supply. Undoubtedly, multiplex testing will have 
a signifi cant role in blood bank testing effi -
ciency and for cost considerations, but maintain-
ing the sensitivity for each agent will continue to 
be a challenge.     
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           Background 

 Since the late 1960s, conventional G-banded 
karyotype analysis has been the gold standard for 
the detection of genetic etiologies in patients with 
unexplained developmental delay/intellectual dis-
ability (DD/ID), autism spectrum disorders (ASD), 
and multiple congenital anomalies (MCA) due to 
its ability to interrogate the entire genome in a 
single assay. While chromosome studies have sig-
nifi cant diagnostic utility, chromosomal variation 
smaller than 5–10 megabases (Mb) is often not 
visible. Whole genome chromosomal microarray 

(CMA) analysis has revolutionized the fi eld of 
clinical cytogenetics due to the signifi cantly 
increased whole genome resolution it provides. 
This increased resolution has allowed the defi ni-
tion of many new clinical syndromes and has pro-
vided vast improvements in the diagnostic yield 
(12–15 % versus ~4 %). As a result, CMA testing 
has now replaced chromosome analysis as the 
fi rst-tier test in this patient population. 

    History of Chromosomal 
Microarray Testing 

 The transition from genome-wide cytogenetic 
analysis carried out by G-banded chromosome 
studies to DNA-based molecular cytogenetic 
methods fi rst occurred with the advent of com-
parative genomic hybridization (CGH). This 
technique, originally developed for use in cancer 
cytogenetics, was the fi rst DNA-based test to 
enable copy number detection of losses and gains 
across the entire genome in a manner similar to a 
G-banded karyotype [ 1 ]. However, whereas 
G-banding analysis is a highly subjective method 
reliant on an individual’s chromosome analysis 
skills, CGH has the advantage of being an objec-
tive test with results based on computationally 
generated signal intensity ratios between two 
DNA samples. CGH is based on a comparative 
hybridization between a test and a control sam-
ple. The two DNA samples are differentially 
labeled with two different fl uorescent dyes and 
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then hybridized to target DNA in the form of 
 normal metaphase chromosome preparations on 
a glass slide. Losses or gains are detected by 
comparing the ratio of the intensities of the two 
fl uorescent dyes along the length of each chro-
mosome. Where the ratio is equal between the 
test and control sample, the test sample is consid-
ered to have normal copy number for that region 
of the genome. If the ratio of the test DNA is 
decreased compared to the normal DNA, then 
this result is indicative of a deleted region. 
Conversely, if the ratio of the test DNA is 
increased compared to the normal DNA, a dupli-
cation is present. 

 While this transformative method proved to be 
extremely useful in defi ning deleted and dupli-
cated regions in highly complex cancer genomes, 
its utility was deemed limited for the detection of 
constitutional copy number changes due to its 
relatively low resolution. Since the target DNA 
for traditional CGH is metaphase chromosomes, 
the resolution is only 5−10 Mb, similar to that 
attained with a G-banded karyotype. However, 
the immense potential for CGH in constitutional 
studies was recognized as an objective method 
for assessing copy number across the genome if 
the resolution could be improved beyond that of 
G-banding. Such a goal was attained when the 
target for CGH assays was changed from meta-
phase chromosomes to mapped DNA sequences 
printed on glass slides. The creation of these 
DNA “microarrays” provided the opportunity for 
signifi cant increases in resolution for the detec-
tion of copy number changes far beyond that of 
G-banded chromosomes and traditional CGH. 

 The initial phase of the human genome project 
focused on building a physical map of the genome 
using large fragments of human sequence cloned 
into vectors such as bacterial artifi cial clones 
(BAC) and P1 clones. These large insert clones 
were used to generate a tiling path of overlapping 
clones for each chromosome of the human 
genome and were used as the input for the 
sequencing process. The earliest array compara-
tive genomic hybridization (array CGH) technol-
ogies took advantage of this physical map and 
used these genomic clones as the target DNA. 
The fi rst reported use of array CGH employed an 

array with BAC and P1 clones from chromosome 
20 to assess gains and losses in breast tumors [ 2 ]. 
As the technology to produce microarrays 
improved, the number of BAC clones that could 
be spotted on a slide increased, eventually reach-
ing tens of thousands of clones. For example, an 
array with approximately 2,400 BAC clones 
spaced at regular intervals across the genome had 
an estimated 1.4 Mb genome-wide resolution for 
the detection of deletions and duplications, while 
a subsequent array developed with 32,433 BAC 
clones tiling across the human genome achieved 
the fi rst microarray with submegabase resolution 
[ 3 ,  4 ]. While genome-wide array CGH with 
genomic clones produced exciting results and 
was quickly integrated into research studies for 
copy number analyses, its incorporation into clin-
ical cytogenetic testing was much more gradual 
for multiple reasons. First, arrays containing a 
large number of genomic clones were challeng-
ing to manufacture in a standardized manner at 
quality suitable for clinical testing. Second, since 
understanding the complexity of copy number 
variation (CNV) across the human genome was 
in its infancy, clinical laboratories were reluctant 
to carry out testing which could generate results 
that were diffi cult to interpret from a clinical per-
spective. A solution to these issues was the cre-
ation of “targeted” arrays, which contained a 
limited number of genomic clones corresponding 
to regions of the genome that were already known 
to be associated with disease. This single array 
test can be equated to examining hundreds of dis-
ease loci using individual fl uorescence in situ 
hybridization (FISH) probes. The use of such tar-
geted arrays in clinical cytogenetic laboratories 
quickly began to replace individual FISH tests 
for subtelomere and centromere imbalances and 
syndromes associated with recurrent microdele-
tions and microduplications [ 5 – 7 ]. 

 Beginning in 2006, a handful of commercial 
vendors began manufacturing microarrays for 
array CGH using synthetic oligonucleotides 
ranging in size from 20 to 60 base pairs synthe-
sized in situ. The use of oligonucleotide probes 
specifi c to particular regions of the human 
genome overcame some of the issues with 
genomic clone arrays since they were much 
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 easier to manufacture in a quality-controlled 
manner and could be printed at much higher den-
sity compared to BAC-based arrays. In addition, 
the oligonucleotides could be designed to avoid 
repetitive elements in the human genome adding 
specifi city to the hybridization process. The fi rst 
oligonucleotide arrays contained 40,000–60,000 
probes, but this number soon increased from hun-
dreds of thousands to greater than one million 
probes today. Oligonucleotide arrays soon 
became widespread and are now the standard due 
to the excellent data quality and resolution 
afforded by these arrays. In addition, some manu-
facturers of oligonucleotide arrays allowed cus-
tomization of the individual probes printed on the 
arrays. The ability to pick probes precisely at the 
genomic regions of interest provided a powerful 
means to develop arrays suited for clinical genetic 
testing. In this manner, arrays with whole genome 
backbone probe coverage but higher density cov-
erage targeted to regions or genes of known clini-
cal signifi cance could be carefully developed 
(Fig.  9.1 ). Lastly, manufacturers also provided 
complete kits for the DNA labeling and hybrid-
ization steps that streamlined the process and 
generated consistent high quality data. These 
advantages provided clinical laboratories with 
the tools needed to assess genome-wide copy 
number changes by DNA microarray technology 
in a quality controlled and highly reproducible 
manner [ 8 ,  9 ].

        Clinical Applications 

 The use of CMA technology has revolutionized 
the diagnostic yield of clinical cytogenetic test-
ing. Although CMA parallels G-banded chromo-
some analysis in providing genome-wide 
assessment of copy number aberrations, it far 
surpasses it in the resolution that can be obtained 
for detecting deletions and duplications: a stan-
dard G-banded karyotype (550 band resolution) 
has been estimated to have a resolution of 
5−10 Mb, while routine CMA can detect imbal-
ances down to 50 kb and smaller, depending on 
probe coverage—resulting in more than a 100- 
fold improvement [ 9 ]! 

 CMA was fi rst incorporated into clinical 
 testing using arrays with targeted coverage of 
known clinically relevant regions, such as syn-
dromes associated with recurrent microdeletions/
duplications and subtelomeric and pericentro-
meric regions. Early reports demonstrated that 
the use of such an array could detect clinically 
relevant genomic alterations in ~5–9 % of 
patients referred for clinical testing [ 5 ,  6 ]. 
Although these targeted arrays could circumvent 
the need for multiple FISH tests and identify 
cryptic imbalances of targeted regions, they were 
not a replacement for a G-banded karyotype, 
since there were still large gaps in probe coverage 
across the genome. 

  Fig. 9.1    Customized oligonucleotide probe coverage allowing for higher density probe coverage in regions of known 
clinical signifi cance       
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 To create microarrays that mirrored the 
genome-wide power of a karyotype, arrays were 
subsequently designed to include whole genome 
coverage, starting with probe coverage at 1–3 Mb 
intervals and eventually including tiling path 
 coverage across the entire unique genome. It was 
quickly realized that the use of such whole 
genome arrays far surpassed the power of a tradi-
tional karyotype; a signifi cant number of clini-
cally relevant abnormalities were identifi ed only 
through the use of CMA when the G-banded 
karyotype was normal. Furthermore, Miller et al. 
[ 10 ]. reviewed 33 CMA studies encompassing 
21,698 subjects and determined that CMA 
detected clinically relevant imbalances in 
~12.2 % of individuals with idiopathic DD/ID, 
ASD, and/or MCA. This diagnostic yield far sur-
passed that of previous testing strategies, such as 
targeted analysis of subtelomeric regions, which 
was shown to have an ~2.5 % yield in the same 
patient population [ 11 ,  12 ]. 

 Multiple types of array platforms are currently 
being used as part of clinical testing, including 
those that include single nucleotide polymor-
phism (SNP) probes in addition to copy number 
probes. Arrays with SNPs have the added benefi t 
of being able to detect certain classes of unipa-
rental disomy (UPD) and regions that are identi-
cal by descent. For example, in a study by Bruno 
et al. [ 13 ], it was demonstrated that clinically 
 signifi cant abnormalities were identifi ed in 0.5 % 
of cases that would not have been detected by 
the use of copy number probes alone. Given the 
various array platforms that have emerged, the 
American College of Medical Genetics (ACMG) 
published recommendations for the design and 
performance of arrays used for postnatal clinical 
CMA [ 14 ]. These guidelines suggested that gains 
and losses of 400 kb or larger should be able to be 
detected genome wide, and that probe enrich-
ment be added for dosage-sensitive genes and 
known clinically relevant regions. 

 With the broad genetics community recogni-
tion of the added value of CMA over the current 
standard of care G-banded karyotype, as well as 
multiple published studies documenting a higher 
diagnostic yield from CMA, the International 
Standard Cytogenomic Array (ISCA) Consortium 

(  https://www.iscaconsortium.org/    ) released a 
consensus statement recommending that CMA 
replace the G-banded karyotype as the fi rst-tier 
postnatal cytogenetic diagnostic test in individu-
als with unexplained DD/ID, ASD, and/or MCA 
[ 10 ]. ACMG practice guidelines for postnatal 
CMA quickly followed which echoed the utility 
of CMA as the fi rst-tier diagnostic test in this 
patient population [ 15 ]. 

 With any technical assay, there are always 
some limitations, and CMA is no exception. 
Unlike chromosome and FISH analyses, which 
can detect both unbalanced and balanced rear-
rangements, CMA can only detect cytogenetic 
rearrangements that result in an  unbalanced  
genomic complement. Therefore, CMA will not 
detect truly balanced rearrangements such as 
translocations or inversions. Given this limita-
tion, CMA is not an appropriate test for certain 
clinical indications such as couples presenting 
with recurrent miscarriages where one of the 
individuals may be expected to carry a balanced 
rearrangement. In addition, since CMA results 
are generated from normalized ratios across the 
entire genome, this test cannot detect most 
cases of polyploidy (triploidy and tetraploidy) 
unless SNP probes are incorporated into the 
array design. Furthermore, since CMA utilizes 
extracted genomic DNA, it cannot provide any 
information about the mechanism of an imbal-
ance. For example, a CMA result may show a 
loss of the terminal region of one chromosome 
and a gain of the terminal region of another 
chromosome, suggestive of an unbalanced 
translocation. However, only a chromosome 
study or metaphase FISH analysis can demon-
strate the actual mechanism leading to the two 
imbalances, which has signifi cant implications 
for genetic counseling and recurrence risks for 
the family.  

    Methodology and Standard 
Reagents 

 There are two main classes of chromosomal 
microarrays available from manufacturers today: 
(1) traditional arrays based on comparative 
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genomic hybridizations with DNA derived from 
both a reference genome and a patient genome 
on the same chip and (2) microarrays that 
require only patient DNA to generate intensity 
data that are subsequently compared to an in 
silico reference. Both of these technologies are 
discussed below. 

    Array CGH 

 In array CGH, the test and control DNA samples 
are labeled with two different fl uorescent dyes. 
Cy5 and Cy3 dyes are the most widely used fl uo-
rescent labels. The fl uorescent labeling is per-
formed by random primer labeling using one of a 
variety of commercially available kits. The dif-
ferentially labeled DNA samples are purifi ed to 
remove excess unincorporated label. The labeled 
products are combined and co-hybridized to the 
microarray slide. The microarray is incubated for 
24–40 h and then washed to remove unhybrid-
ized DNA. The washed slides are subsequently 
scanned on a high-resolution scanner to measure 
the fl uorescence intensity for both dyes at each 
probe. The intensity data are imported into soft-
ware that calculates the relative fl uorescence 

ratios between the experimental and reference 
DNA samples at each probe spot. These data can 
then be plotted, typically on a log2 ratio plot, to 
visualize the relative intensity of fl uorescence, or 
copy number, between the experimental and ref-
erence DNA samples (Fig.  9.2 ).

   The quality of the array data depends on the 
specifi city of the hybridization of the genomic 
DNA to the probe DNA. This specifi city is 
infl uenced by the sequence content of the probe 
such that unique sequence will produce more 
reliable data than sequence containing repeats. 
To improve data quality, Cot-1 DNA is used to 
block nonunique DNA sequences and improve 
hybridization specifi city to the probe sequences. 
The derivative of the log2 ratio (DLR score) is 
a metric often used to evaluate the quality of the 
array data. When the score is low, the array gen-
erally shows good hybridization and strong 
fl uorescence values to produce readily interpre-
table data. High scores may refl ect a poor DNA 
sample, increased background noise, poor spec-
ifi city in probe hybridization, or other subopti-
mal hybridization conditions. In general, an 
array CGH protocol, once established, is gener-
ally very reproducible in a clinical or research 
setting.  

  Fig. 9.2    Array CGH Methodology. Reference and test 
DNA samples are fl uorescently labeled with two different 
dyes, combined and co-hybridized to arrayed oligonucle-
otides on the slide. Following hybridization, high-resolu-

tion scanning of each spot on the array allows for 
calculation of relative fl uorescence ratios which are plot-
ted to visualize copy number differences between the 
experimental and reference DNA samples       
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    SNP-Based Microarrays 

 SNP-based microarrays provide detection of 
copy number changes as well as genotype infor-
mation at multiple polymorphic loci throughout 
the genome. There are several different SNP- 
based microarray platforms currently available, 
each with different methodologies for SNP allele 
discrimination. 

 SNP allele discrimination for single-channel 
microarrays (one-color microarrays), such as 
those manufactured by Affymetrix, is provided 
by differential hybridization to allele-specifi c 
probe targets. In brief, genomic DNA from the 
experimental sample is restricted by endonucle-
ase digestion, ligated with PCR adapters, and 
amplifi ed. Subsequently, fragmented PCR 
products are then TdT (terminal deoxynucleoti-
dyl transferase)-end labeled with biotin and 
hybridized to the array. Arrays are washed 
and stained with a streptavidin conjugate and 
scanned. The individual probe intensity values 
indicate relative abundance when compared to 
other samples processed previously as a refer-
ence set. This data provides both relative 
copy number assessment as well as SNP-allele 
 discrimination for those probe sets targeting 
biallelic SNPs. 

 In contrast to oligonucleotide arrays con-
structed by DNA synthesis directly on the array 
surface, bead-based arrays, such as those manu-
factured by Illumina, are made by attaching oli-
gonucleotides to beads. A subset of these 
oligonucleotides are designed with the 3′ end 
terminating just before a biallelic SNP, the geno-
type of which can be interrogated as described 
below. Because the beads are randomly assem-
bled onto the array for each experiment, the 
position of each bead must fi rst be determined 
before use through a process of repeated hybrid-
izations termed  decoding . Once the decoding 
hybridization cycles are complete, whole-
genome amplifi ed genomic DNA from the 
experimental sample is hybridized directly to the 
array. Following sample hybridization, the arrays 
are washed and labeled. Genomic DNA from the 
experimental sample (now hybridized to the cor-
responding oligo-bound bead) is then used as a 

template for a single base extension reaction 
using differentially labeled nucleotides. If the 
sample is homozygous at the targeted locus, then 
only one of the two labeled nucleotides is intro-
duced. If the sample is heterozygous, then both 
labels are incorporated. After this step, the arrays 
are washed, signals amplifi ed, and further pre-
pared for scanning. Normalized data are then 
compared to the expected normalized fl uores-
cence intensity values from control experiments 
to determine chromosome copy number for an 
experimental specimen. Similarly, a SNP allele 
genotype for each targeted locus in the array is 
assigned by comparing the expected fl uores-
cence ranges in each channel for homozygous 
and heterozygous calls. 

 While SNP-based arrays are used in some set-
tings for specifi c resequencing applications, 
when used for genomic copy number assessment, 
SNP markers are usually generalized as present 
in a homozygous or heterozygous state. For most 
platforms, biallelic SNPs are arbitrarily denoted 
as “A” or “B,” and relative allele distribution is 
provided by either allele difference (A − B) plots 
or B-allele frequency plots (B/A + B), with the 
heterozygous population occupying the central 
position between the two homozygous allele 
states (Fig.  9.3 ). In addition to detection of 
regions with absence of heterozygosity (AOH), 
allele distribution plots have utility for supportive 
assessment of copy number state and detection/
interpretation of mosaic states.

       Chromosomal Microarray Resolution 

 The resolution of a CMA is one parameter used 
to defi ne the utility of the microarray. In general, 
resolution refers to the minimum size of a 
genomic deletion or duplication that can be reli-
ably detected. However, the measurement and 
expression of resolution is often a confusing 
topic. Resolution can be measured spatially by 
determining the number of probes over a given 
genomic distance (e.g., one probe every 1,000 
base pairs or one million probes per genome). 
However, CMA technology generally requires 
data from several consecutive probes to  accurately 
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determine copy number state. Chromosomal 
microarrays from different manufacturers may 
differ substantially in the number of consecutive 
probes required to make a high confi dence copy 
number call due to differences in probe length, 
oligonucleotide synthesis technology, and assay 
protocols. Therefore, spatial resolution is only 
one factor in determining the true functional res-
olution of an array platform. Functional resolu-
tion can be defi ned as the minimum number of 
probes necessary to detect a copy number change 
with high confi dence times the spatial resolution 
of the microarray. Only the functional resolution 
calculation should be utilized to compare the 
true resolution of microarray platforms between 

 manufacturers and to determine the utility of any 
particular microarray. 

 Chromosomal microarrays can be designed 
with different levels of resolution at different 
genomic locations to suit particular applications. 
For example, particular genomic regions may be 
targeted with a higher number of probes to 
increase resolution in regions of known clinical 
signifi cance to ensure reliable detection of copy 
number changes within these regions. In addi-
tion, very high density coverage of individual 
exons within selected genes allows for the detec-
tion of copy number changes affecting as little as 
a single exon. For further discussion on this topic, 
see section “ Single-Gene array CGH .”   

  Fig. 9.3    Allele plots. (a) Screenshot of a chromosome 13 
from a patient DNA sample run on the Illumina Quad610 
array, and visualized in BeadStudio software. Top: Log R 
ratio plot shows a normal copy number state for the chro-
mosome. Bottom: B-allele frequency plot shows a large 
region of homozygosity from bands 13q12.11 to 13q14.3. 
(b) Screenshot of a chromosome 13 from a patient DNA 
sample run on the Affymetrix CytoScan™ HD array and 
visualized in Affymetrix Chromosome Analysis Suite 
(ChAS) software. Top: Weighted log2 ratio plot shows a 
normal copy number state for the chromosome. Bottom: 
Allele difference plot shows 2 regions of homozygosity 
from bands 13q13.1 to q13.3 and 13q33.2 to q33.3. 
Panels C and D represent magnifi ed views of the allele 
plots for each software, from the boxed regions in panels 
A and B. (c) B-allele frequency, as plotted in Illumina 
BeadStudio software. The Y-axis value is determined by 

the formula given on the right. Alleles are plotted as a 
frequency, determined by the number of B alleles com-
pared with the total number of alleles (A + B). B-allele 
frequency of 1 indicates homozygosity for the B allele 
(2/2), a frequency of 0 indicates homozygosity for the A 
allele (0/2), and a frequency of 0.5 indicates a heterozy-
gous genotype (1/2). (d) Allele difference, as plotted in 
Affymetrix Chromosome Analysis Suite (ChAS) soft-
ware. The Y-axis value is determined by the formula 
given on the right. Alleles are plotted as the difference 
between the estimated number of A alleles and the esti-
mated number of B alleles (A-B). Each allele corresponds 
to a value of 0.5. Values near 1 indicate homozygosity for 
the A allele (AA: [0.5 + 0.5] – [0] = 1), values near –1 
indicate homozygosity for the B allele (BB: [0] – [0.5 + 
0.5] = –1), and values near 0 indicate a heterozygous 
genotype (AB: [0.5] – [0.5] = 0)       
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    Regulatory Issues 

 As of this writing, there are no FDA approved 
CMA products on the market. Rather, all of the 
chips from the different manufacturers are sold as 
Research Use Only (RUO) products. As such, it 
is up to each laboratory to thoroughly validate the 
performance of the entire assay according to 
CLIA guidelines to determine the analytical sen-
sitivity, specifi city, accuracy, and reproducibility, 
and establish the reportable and reference ranges. 
In addition, it is the responsibility of the testing 
laboratory to validate each new lot of reagents. 
Currently, the FDA is actively working with vari-
ous chip manufacturers to bring specifi c chips 
through the FDA approval process. It is likely 
that additional regulatory guidance will be avail-
able in the near future.  

    Interpretation 

    Copy Number Variation in Humans 

 Analysis of sequence data from the Human 
Genome Project revealed extensive sequence 
variation in the human genome, including poly-
morphic sequences such as SNPs, variable num-
ber tandem repeats (VNTRs), short tandem 
repeats (STRs), and transposable elements (i.e., 
LINE and SINE elements). While SNPs were 
thought to be the predominant form of human 
variation, the advent of CMA technology revealed 
extensive structural variation, an entirely new 
level of genomic complexity which had largely 
been unrecognized. 

 Structural variation includes both balanced 
variation (chromosomal translocations and inver-
sions) and unbalanced variation in the form of 
CNVs. CNVs include deletions, duplications, and 
insertions relative to the reference human 
genome and are typically defi ned as greater than 
1 kb in size. In 2004, two independent studies 
reported the widespread presence of CNVs in 
phenotypically normal individuals [ 16 ,  17 ]. 
Iafrate et al. [ 16 ]. used BAC-based array CGH 
with BAC clones tiling the human genome at 

about 1 Mb intervals. Among 39 unrelated healthy 
individuals, the study identifi ed 255 loci that con-
tained genomic deletions or duplications. Many of 
these CNVs were present in more than one indi-
vidual and greater than half of the CNVs over-
lapped known coding regions which indicated that 
the CNVs were not limited to intronic or gene-
poor regions of the genome. Sebat et al. [ 17 ]. uti-
lized an oligonucleotide microarray platform to 
analyze 20 healthy individuals. A total of 221 
deletions or duplications were identifi ed of which 
76 were identifi ed in only a single individual. The 
average CNV size was 465 kb, and these regions 
overlapped with at least 70 different genes. 
Overall, these two studies detected an average of 
11 and 12.4 CNVs per individual, suggested that 
while these CNVs may not lead directly to genetic 
disease, structural variation may play a signifi cant 
role in human phenotypic variation. 

 These initial studies were quickly replicated 
in larger populations using higher resolution 
CMAs which revealed even more extensive struc-
tural variation [ 18 – 22 ]. Subsequently, the 
Database of Genomic Variants (DGV;   http://proj-
ects.tcag.ca/variation    ) was created to catalog the 
structural variation published in peer-reviewed 
studies. By 2006, 1,237 CNVs covering an esti-
mated 143 Mb of genomic sequence were cata-
loged in DGV [ 23 ]. An aggregation of this data 
revealed that genomic variation (as measured by 
the total number of base pairs affected) due to 
CNVs in the human genome was greater than the 
variation contributed by SNPs. The CNVs in the 
database averaged 118 kb with a median size of 
about 18 kb. This discrepancy between the mean 
and the median was largely due to the differences 
in the methods of discovery with each having 
particular biases toward specifi c types and sizes 
of CNVs [ 23 ]. As the resolution of the technolo-
gies improved, the number of CNVs identifi ed 
per person increased from tens [ 16 ,  17 ] to hun-
dreds [ 18 ,  24 ,  25 ]. Most recently, even higher 
resolution arrays based on SNP-CNV genotyping 
[ 26 ] and paired-end sequencing [ 27 ] have shown 
that approximately 5 % of the human genome is 
involved in CNVs and at the time of this writing, 
DGV contains 66,741 reported CNVs distributed 
over nearly 16,000 individual loci. 
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 Our understanding of the contributions of 
CNVs to normal human variation and to disease 
phenotypes is still evolving. Many disorders 
associated with recurrent CNVs have been 
described in abnormal patient populations, such 
as Prader–Willi and Williams syndromes. It 
remains challenging to distinguish between 
normal and disease-causing CNV when per-
forming CMA studies on patients with abnor-
mal phenotypes. Therefore, signifi cant efforts 
are ongoing to classify CNVs with regard to 
their frequency and clinical signifi cance (See 
section “Interpretation of Chromosomal 
Microarrays” for additional discussion).  

    Interpretation of Chromosomal 
Microarray Data 

 As alluded to in earlier sections of this chapter, 
the interpretation of CNVs encountered during 
clinical cytogenetic testing can be very challeng-
ing due to the signifi cant amount of CNV that is 
present in the general population. The results of 
high resolution CMA testing in a clinical setting 
typically include 10–30 independent CNV calls 
per individual, each of which must be evaluated 
independently for their potential clinical signifi -
cance. In many ways, the interpretation of novel 
CNVs parallels that of variants of undetermined 
signifi cance that are often encountered in whole 
gene sequencing assays [ 28 ]. Various CNV clas-
sifi cation schemes have been devised to facilitate 
consistency for assessment of the pathogenicity 
of a CNV and reporting its clinical consequences 
between laboratories performing clinical CMA 
testing. The ACMG has recently published 
guidelines for this classifi cation [ 14 ]. The three 
main categories for classifi cation include patho-
genic, uncertain clinical signifi cance, and benign. 
Depending upon the specifi c information avail-
able in the medical literature, the classifi cation of 
uncertain clinical signifi cance may be further 
specifi ed as either likely pathogenic or likely 
benign, indicating the degree of uncertainty. 

 The primary considerations for the classifi ca-
tion of a CNV are its size and genomic content. 
In general, the larger the size of a CNV, the more 

likely it is to have pathogenic consequences. 
However, it is clear that very small CNVs with a 
critical gene can be pathogenic, and very large 
CNVs in gene-poor regions may be benign. 
Therefore, analysis of the genomic content is 
ultimately the most critical factor. This requires 
continual familiarization with established micro-
deletion/microduplication syndromes and moni-
toring of the rapidly expanding medical literature 
for the description of new syndromes. Since an 
identifi ed CNV may involve one or more genes, 
evaluation of the individual genes as well as the 
region as a whole must be considered. In addi-
tion, the identifi cation of multiple CNVs may 
result in a combinatorial effect on the clinical 
outcome [ 29 ]. The location of the multiple 
CNVs may also suggest the mechanism of 
 rearrangement [ 30 ]. For example, the identifi ca-
tion of a terminal deletion on one chromosome 
and a terminal duplication on another may sug-
gest the presence of an unbalanced transloca-
tion. In this situation, additional chromosome or 
FISH studies are necessary to identify and char-
acterize the translocation since this mechanistic 
information has signifi cant implications for 
recurrence risk in the family. 

 The evaluation of genomic content is greatly 
aided by numerous online resources. Useful data-
bases include, but are not limited to, those that 
focus on specifi c syndrome annotation, specifi c 
gene annotation, CNV annotation in the general 
population, and CNV annotation in various 
patient populations. It is also recommended that 
individual laboratories maintain an internal data-
base of detected CNVs. Comparison of prospec-
tive fi ndings with an internal database in addition 
to the public databases is often informative since 
CNVs may be both platform- and population 
specifi c. 

 Two major databases for syndrome annotation 
are GeneReviews (  http://www.ncbi.nlm.nih.gov/
sites/GeneTests/review?db=GeneTests    ) and the 
Online Mendelian Inheritance in Man (OMIM) 
database (  https://www.omim.org    ). A number of 
databases annotate genes and transcripts includ-
ing the National Center for Bioinformatics 
(NCBI) Reference Sequences (RefSeq) (  http://
www.ncbi.nlm.nih.gov/refseq    ), Entrez gene 
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entry (  http://www.ncbi.nlm.nih.gov/gene    ), and 
GeneCards (  http://www.genecards.org/    ). A 
PubMed search should also be considered to cap-
ture additional information, particularly more 
recent literature that may not yet have been 
updated in the relevant databases. 

 Two current patient databases for whole- 
genome microarray analysis are DECIPHER, an 
acronym for Database of Chromosomal 
Imbalance and Phenotype in Humans Using 
Ensembl Resources [ 31 ] (  http://decipher.sanger.
ac.uk/    ), and the ISCA clinical CNV database 
(  http://www.ncbi.nlm.nih.gov/dbvar/studies/
nstd37/    ;   https://www.iscaconsortium.org    ). Both 
databases have been created from consortiums of 
clinical diagnostic laboratories with the patients 
presenting with primarily neuro-developmental 
conditions or congenital anomalies. The DGV 
referred to earlier in this chapter (  http://projects.
tcag.ca/variation/    ) houses a database of structural 
variation, including CNVs, identifi ed primarily 
in the general population collected as control 
cohorts for various studies and published in peer- 
reviewed literature [ 16 ,  32 ]. 

 A number of considerations should be taken 
into account when using databases of CNVs in 
the general population and affected individuals. 
In patient databases, the particular CNV in ques-
tion may not be the only CNV observed in the 
patient, and a review of all the CNVs for a given 
patient is important. The term general population 
rather than normal population is appropriate, as 
“normal” is relative to the phenotype in question 
and review of the primary literature may be 
required to determine what phenotypic data, if 
any, was chosen for inclusion in the particular 
study. Factors such as incomplete penetrance, 
variable expressivity, age of onset, and parent of 
origin imprinting effects also need to be consid-
ered. When comparing a CNV in a patient to an 
outside database, careful comparison of the size 
and gene content of the CNV is critical, particu-
larly since probe placement, type, and density on 
various array platforms can generate differences 
in the reported size of identical CNVs. In addi-
tion, many of the CNVs reported from bacterial 
artifi cial chromosome or low-resolution plat-
forms may both underestimate or overestimate 

the size of a detected CNV. Finally, for X-linked 
CNVs, the sex of the individual in the database 
must be taken into account. 

 Large research studies surveying CNVs in the 
general population may have used CNV calling 
algorithms that are less stringent than those used 
in clinical laboratories, and the majority of CNVs 
in these studies have not been experimentally 
validated with another method. Therefore, a 
CNV detected in only a single study should be 
considered with increased caution. Numerous 
studies may also involve the same study cohort 
(i.e., the HapMap collection), so the identifi ca-
tion of the same CNV in multiple studies, while 
useful for validation of the CNV, should not be 
misinterpreted as multiple independent individu-
als carrying the CNV. 

 The University of California Santa Cruz 
(UCSC) genome browser (  http://www.genome.
ucsc.edu/    ) is a particularly useful tool for both 
the visualization of the genomic interval of a 
CNV as well as a direct portal to many of these 
other online resources [ 33 ]. This tool allows 
many different tracks of data to be visualized 
together in a user-defi ned confi guration in the 
context of the relevant genomic interval. Tracks 
for databases, such as ISCA, DECIPHER, the 
DGV, OMIM, and GeneReviews, and different 
gene sets, such as RefSeq genes, are all available. 
In addition, genomic architecture information 
may be visualized such as segmental duplications 
that may mediate copy number changes and are 
often themselves variable in copy number. 
In addition, links to a large selection of resources 
such as PubMed, mouse model data, expression 
data, and more are available. Although these 
tracks within the UCSC browser enable a quick 
visual graphic of the various resources and over-
view of the relevant information, linking out to 
the home database for any relevant information 
may also be appropriate to ensure the most com-
plete and up-to-date information is utilized. 

 The ISCA Consortium has also created an 
evidence-based review process and a database 
(  http://www.ncbi.nlm.nih.gov/projects/dbvar/
ISCA    ) specifi cally to document and characterize 
any evidence for or against dosage sensitivity of 
individual genes and genomic regions [ 34 ]. 
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The primary source for this evidence is peer-
reviewed literature. The evidence is compiled 
and evaluated before haploinsuffi ciency, and trip-
losensitivity scores are assigned to indicate vary-
ing amounts of evidence that an individual CNV 
is associated with a particular clinical phenotype. 
This database is available as an additional 
resource to aid in the interpretative assessment of 
CNVs containing particular genes and genomic 
regions and their association with specifi c pheno-
types. Through the public Web site, users are also 
encouraged to comment on particular genomic 
regions, provide additional evidence supporting 
or refuting dosage sensitivity, and to suggest 
genomic regions for immediate evaluation. 

 After careful evaluation of all of the available 
data, the clinical signifi cance of a small number of 
CNVs in any given case may remain uncertain. In 
these situations, evaluation of samples from the 
biological parents may provide additional data for 
the interpretation of clinical signifi cance. If the 
same CNV is inherited from a phenotypically nor-
mal parent, it is generally taken as evidence that 
the CNV is more likely to be benign. However, 
incomplete penetrance or variable expressivity of 
the phenotype must also be considered in this sit-
uation. In contrast, if the CNV occurred de novo, 
the CNV is more likely to be pathogenic. However, 
the background mutation rate for CNV formation 
in humans is unknown. Thus, de novo events are 
not always pathogenic. In addition, non-paternity 
should also be considered.  

    Interpretation of Homozygosity 
Detected by SNP-Based Arrays 

 The use of SNP-based microarrays allows for 
both copy number assessment (as outlined previ-
ously) and detection of genomic regions with 
absence of heterozygosity (AOH). The following 
discussion focuses on AOH observed as long 
contiguous stretches of homozygosity (LCSH) 
with diagnostic utility in the constitutional set-
ting. While detection of LCSH rarely results in 
an immediate and defi nitive diagnosis, it can 
prompt additional testing, potentially leading to a 
diagnosis of a disorder of imprinting or recessive 
disease [ 35 ]. 

    Uniparental Disomy 
 Uniparental disomy (UPD) is defi ned as the 
inheritance of both homologues of a chromo-
some from a single parent [ 36 ,  37 ]. Before the 
routine use of SNP-based microarrays, UPD was 
only detected when found with: (1) a hallmark 
cytogenetic fi nding (mosaic trisomy, marker 
chromosome, or other structural rearrangement 
such as a Robertsonian translocation), (2) clinical 
manifestation of an imprinting disorder [ 38 ], or 
(3) homozygosity for a recessive allele with only 
a single carrier parent [ 37 ]. With SNP-based 
microarrays, many more UPD events are detected 
by recognition of the hallmark patterns of homo-
zygosity [ 35 ,  39 ]. One or more regions of LCSH 
found isolated to a single chromosome, particu-
larly when longer than 10–15 Mb [ 39 ], can be a 
hallmark of uniparental disomy (UPD). 

 There are two well-accepted mechanisms 
explaining UPD involving a whole chromosome: 
(1) trisomy rescue, the most frequently observed 
mechanism and (2) monosomy rescue [ 40 ]. 
Additionally, somatic events can produce seg-
mental UPD (involving only part of a chromo-
some) [ 41 ]. Non-mosaic trisomies and 
monosomies involving most chromosomes are 
incompatible with survival, and surviving zygotes 
have typically experienced a “rescue” event [ 42 ]. 
This involves secondary mitotic segregation 
errors to restore disomy or structural reduction of 
a trisomic chromosome (usually by conversion to 
a marker or ring chromosome). When the remain-
ing disomic chromosomes are derived from the 
same parent, the result of this rescue event is uni-
parental disomy. For trisomy rescue, depending 
on the origin of the trisomy (e.g., meiosis I or II 
error) and the number and position of meiotic 
exchanges, the UPD chromosomes may be com-
pletely heterodisomic, completely isodisomic, or 
mixed hetero/isodisomic [ 35 ]. It is important to 
recognize that not all UPD events have regions of 
isodisomy (homozygosity) detectable by SNP- 
based microarrays. Therefore, these arrays can-
not detect all UPD events. For example, trisomy 
rescue following a meiosis I error in the absence 
of recombination can generate uniparental het-
erodisomy for the entire chromosome. These 
events are only detectable through trio analysis to 
demonstrate that there is no contribution of that 
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chromosome from one of the parents. Monosomy 
rescue mechanisms will generate only whole- 
chromosome uniparental isodisomy. Therefore, 
the detection of whole chromosome isodisomy 
indicates that a UPD event has occurred. 

 Segmental isodisomy occurs in mitotic divi-
sion and results in only a portion of a chromo-
some (usually terminal) with uniparental 
inheritance. Because segmental UPD mecha-
nisms generate only regions of uniparental isodi-
somy, the location of the LCSH (isodisomy) 
relative to any imprinted loci should be consid-
ered [ 43 ]. In contrast to whole-chromosome 
UPD, only the loci involved in the isodisomic 
segment are at risk for imprinted disorders if seg-
mental UPD is confi rmed as the mechanism 
underlying the LCSH. 

 When LCSH patterns detected by SNP-based 
microarray suggest UPD, further molecular anal-
ysis is necessary for UPD confi rmation and/or 
determination of parent of origin. LCSH involv-
ing a chromosome associated with disorders of 
imprinting should be strongly considered for UPD 
confi rmatory testing, especially when the patient 
presents with clinical features consistent with the 
syndrome in question. For reviews on UPD mech-
anisms and syndromes, see [ 40 – 42 ,  44 – 48 ].  

    Parental Consanguinity 
 When multiple LCSH regions are found through-
out the genome, the fi ndings are generally 
assumed to represent genomic regions identical 
by descent (IBD), with associated concerns for 
recessive disorders mapping to the homozygous 
intervals. The closer the biological relationship 
of the proband’s parents, the greater the propor-
tion of their shared alleles, and therefore, the 
greater the proband’s risk of inheritance of two 
deleterious recessive mutations [ 49 – 51 ]. In addi-
tion to suspicion for recessive disease, genomic 
homozygosity found in excess of 12–25 % may 
trigger a suspicion for parental consanguinity or 
incest [ 52 ].  

    Autozygosity Mapping 
 Excessive homozygosity is not, by itself, an 
abnormal fi nding, but may suggest a recessive 
disease etiology. Whether found to be a result of 

parental consanguinity or UPD, all LCSH 
segments have the potential to harbor homozy-
gous recessive mutations, and as such, are 
candidate regions for homozygosity/autozygos-
ity mapping. The term autozygosity refers to 
homozygosity of alleles that are identical by 
descent (inherited from a common ancestor), as 
contrasted with homozygosity identical by state 
(random inheritance). The genetic basis of 
numerous recessive disorders has been eluci-
dated through autozygosity mapping in consan-
guineous families [ 53 – 56 ]. While it is generally 
not feasible in the setting of a routine diagnostic 
investigation to pursue gene discovery efforts, 
autozygosity mapping restricted to known dis-
ease genes has proven diagnostic utility [ 57 ,  58 ]. 
When provided a specifi c and unique clinical 
indication, or a differential diagnosis which sug-
gests one of several recessive disorders, it is 
relatively straightforward to map candidate 
genes to determine whether they are found in a 
region of LCSH [ 55 ,  57 ]. Finding a gene of 
interest in an LCSH may help to prioritize addi-
tional single gene testing.   

    Mitochondrial Disorders 

 Array CGH can also be applied to the analysis of 
the mitochondrial genome. Mitochondrial dele-
tions are associated with a variety of disorders, 
including Kearns–Sayre syndrome (KSS), 
Pearson syndrome, and progressive external 
ophthalmoplegia (PEO) [ 59 ]. The mitochondrial 
genome is a 16.6-kb circular fragment that exists 
in multiple copies within each mitochondrion. 
Each cell has several mitochondria, and this 
population varies by tissue type and by the age 
of an individual. For instance, muscle may have 
several thousand mitochondria per cell whereas 
blood cells may have a few hundred. Due to the 
varying number of mitochondria among tissues, 
DNA from the reference genome may not con-
tain the same amount of mitochondrial DNA as 
the patient sample. However, relative copy 
 number of the mitochondrial DNA between 
the patient and control can still be represented 
on the log2 plot and partial deletions of the 
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 mitochondrial genome in the patient sample can 
be clearly visualized. 

 An additional complicating factor affecting 
mitochondrial copy number analysis is hetero-
plasmy. This term refers to the occurrence of a 
deletion or mutation in only a proportion of the 
mitochondria in an individual cell. This propor-
tion can vary between cells in the same tissue and 
between different tissues. While analysis of copy 
number of the mitochondrial genome by array 
CGH is interrogating the aggregate copy number 
in a pool of cells, relative heteroplasmy levels can 
still be determined in that pool of cells. Given 
these complexities, determining the copy number 
of mitochondrial genome sequence is challeng-
ing. However, one group has shown that array 
CGH is a robust method for evaluating deletions 
in the mitochondrial genome [ 60 ] and such test-
ing is now performed routinely in several labora-
tories. In these laboratories, array CGH analysis 
of mitochondrial disorders typically includes 
interrogation of the mitochondrial genome as 
well as the nuclear genes that control mitochon-
drial function.  

    Single-Gene Array CGH 

 Copy number analysis at the exon level for single 
genes has traditionally been done by multiplex 
ligation-dependent amplifi cation analysis 
(MLPA), Southern blot, or quantitative poly-
merase chain reaction (qPCR). However, the 
recent availability of custom designed CGH 
arrays has enabled the design of arrays with 
dense probe coverage at very specifi c regions of 
the genome. Such array designs can be used quite 
effectively for the detection of small deletions or 
duplications that disrupt one or more exons 
within the coding regions of individual genes or 
panels of genes and have proven very useful for 
identifying exonic copy number mutations in a 
variety of disorders [ 61 – 65 ]. 

 These targeted copy number arrays are partic-
ularly useful in conjunction with gene sequencing 
assays for disorders in which loss-of-function 
mutations are expected to result in a particular 
phenotype. The relative frequency of deletions 

and duplications and the inheritance pattern for a 
particular gene may dictate how and when array 
testing is most effectively utilized. Autosomal 
dominant disorders are prime candidates for this 
type of technology, and many exonic copy num-
ber mutations have been identifi ed in disorders 
such as aniridia, Rubenstein–Taybi syndrome, or 
Alagille syndrome [ 61 ]. Testing algorithms for 
autosomal recessive disorders may also benefi t 
from copy number arrays, particularly when only 
a single pathogenic mutation is identifi ed by 
sequencing or when deletion mutations are 
 frequent (e.g., in the  DHCR7  or  NPHP1 genes ). 
Exonic deletions and duplications have been 
reported in a variety of X-linked disorders as well, 
including adrenal hypoplasia, Rett syndrome, and 
Duchenne muscular dystrophy [ 61 ,  65 ,  66 ]. 

 Single-gene copy number analysis by exon 
array CGH requires a different approach to array 
design compared to that necessary for whole 
genome cytogenetic analysis. When determining 
probe coverage across a gene, important consid-
erations include the variety of transcripts or 
splice variants, variability in exon size and the 
number of probes required to reliably detect a 
copy number change of each exon, and probe 
coverage in the promoter, untranslated, and 
intronic regions (Fig.  9.4 ).

   The concept of resolution, as described earlier 
in this chapter, requires some modifi cation in the 
context of exon-level array CGH. The resolution 
of an array intended for single-copy number anal-
ysis must take into account the number of probes 
placed at each exon and the number of exons cov-
ered. Single gene CGH analysis requires high 
density probe coverage at each exon to maximize 
sensitivity. At the resolution of a single exon, at 
least three or four probes are required to reliably 
detect deletions or duplications, and most pub-
lished array designs describe placing at least 
seven or more probes per exon [ 61 ]. 

 Intronic sequences may also be targeted on an 
array used for single gene analysis. The addition 
of intronic probes offers better delineation of 
the breakpoints of a deletion or duplication and 
may add additional confi dence to a copy num-
ber change impacting only a single exon, particu-
larly when that exon is very small. In addition, 
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probe placement within intronic sequences 
immediately fl anking exons is useful when dele-
tion or duplication breakpoints are found very 
close to an exon and may disrupt splicing. 

 While array CGH is quickly replacing MLPA 
and qPCR for single-gene copy number analysis 
in the clinical setting, there are certain limitations 
that must be brought to attention. Many genes 
have GC-rich regions, particularly in promoter 
sequences and the fi rst exon. Probe design and 
performance in these regions can be diffi cult and 
may lead to suboptimal array performance. 
However, the probe performance in these regions 
is reproducible across hybridization experiments, 
and this reproducibility must be taken into 
account during analysis of any gene. In rare 
cases, nearly all probes within a gene can show 
poor performance, likely due to high GC content 
(examples include  STK11 ,  MEN1 , and  SHH ). For 
such genes, MLPA may be a better method for 
copy number analysis because it can interrogate a 
single base and is not subject to the problems 
associated with high GC content.   

    How Chromosome Microarrays 
Have Changed Medical Practice 

    A “Genotype-First” Approach 
to the Diagnosis of Patients with 
Developmental Disorders 

 Prior to the advent of chromosome studies as a 
clinical diagnostic tool, syndromes were defi ned 
by the clinical assessment of patients with similar 
constellations of phenotypic features. The era of 

clinical cytogenetics began with a “phenotype- 
fi rst” approach when it was recognized that Down 
syndrome, a syndrome that had been recognized 
on a clinical basis since the 1800s, was caused by 
an additional copy of chromosome 21 by Lejeune 
in 1959 [ 67 ]. Shortly after this discovery, the 
chromosomal causes of several additional 
 clinically described syndromes were described 
(such as Klinefelter and Turner syndromes). 
A “genotype- fi rst” approach was fi rst applied 
when the ability to identify multiple patients with 
the same cytogenetic abnormality permitted the 
defi nition of new clinical syndromes such as 
Patau and Edwards syndromes in association 
with trisomy 13 and trisomy 18. With the advent 
of G-banded chromosome studies in the 1970s 
and high resolution chromosome studies in the 
1980s, the detection of aneuploidy and large, 
recurrent structural rearrangements in associa-
tion with groups of patients with shared clinical 
features allowed for the cytogenetic defi nition of 
many novel syndromes. 

 FISH technology that came into routine use in 
the 1990s also allowed for the discovery of the 
underlying cytogenetic abnormalities associated 
with syndromes, such as Williams syndrome, that 
were too small to be seen by routine chromosome 
studies. Overall, the syndromes that could be 
detected by chromosome and FISH studies were 
limited in number and were often defi ned by dis-
tinctive phenotypic features that allowed clinical 
diagnoses to be made readily. In these situations, 
the clinical recognition of a syndrome was criti-
cal, and chromosome or FISH testing was often 
utilized as a tool to confi rm the clinical diagno-
sis—a phenotype-fi rst approach. 

  Fig. 9.4    Illustration of theoretical gene showing array 
CGH probe coverage. Backbone probe coverage spans the 
entire gene, including the promoter, untranslated regions, 

and introns, with individual exons specifi cally covered at 
higher density       
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 As FISH testing became more routine, 
 screening the end of chromosomes, the subtelo-
meric regions, became a tool for detecting chro-
mosomal rearrangements involving the ends of 
all chromosomes. This screening technique also 
allowed for a genotype-fi rst approach for defi n-
ing syndromes and making clinical diagnoses—
individuals were grouped by common structural 
rearrangements and when common clinical fea-
tures could be assigned, a novel clinical syn-
drome could be described [ 68 ]. 

 Since the advent of CMA technology and its 
application as a routine research and clinical tool, 
many new syndromes have been discovered. 
However, the smaller size and fewer genes con-
tained within many of the recently described 
microdeletion syndromes are often associated 
with less severe or distinctive phenotypes and are 
associated with signifi cantly more clinical vari-
ability—both in terms of variable expressivity 
and incomplete penetrance. In fact, many of these 
syndromes such as the 1q21.1 microdeletion/
duplication syndromes are associated with a sur-
prisingly wide range of clinical phenotypes [ 69 , 
 70 ] that can confound clinical diagnosis and 
make a genotype-fi rst approach an extremely 
useful tool. In addition, many of these new 
genomic disorders have very similar or overlap-
ping phenotypes, making a specifi c clinical diag-
nosis and ordering a specifi c test to confi rm that 
diagnosis much more diffi cult. Therefore, the use 
of CMA testing allows a clinician to interrogate 
the entire genome with a single test and to have a 
very high diagnostic yield (12–15 %) based on a 
single screening technique. 

 Additional advantages to a genotype-fi rst 
approach to clinical diagnosis include the defi ni-
tion of the entire spectrum of phenotypic vari-
ability associated with a particular genotype and 
earlier diagnosis of a syndrome. Using a 
phenotype- fi rst approach, patients are diagnosed 
based on a set of distinct clinical features. 
However, patients without one or more features 
may not be tested for a particular syndrome 
defi ned by those features. Without this testing, 
the true phenotypic variability associated with a 
particular genotype would go unrecognized. 
Therefore, the genotype-fi rst approach offered 
by CMA testing is an objective means of 

 collecting patient cohorts with the same genotype 
which subsequently allows the complete pheno-
typic spectrum of a syndrome to be defi ned. In 
addition, the application of a genomic screen 
such as CMA testing in patients with nonspe-
cifi c fi ndings may prevent a stepwise “diagnos-
tic odyssey” that can be expensive, time 
consuming, and frustrating for the patient and 
family. Finally, early diagnosis, possibly before 
all features of a syndrome have developed, may 
allow early clinical or therapeutic intervention 
and the opportunity for genetic counseling 
regarding the developmental expectations and 
milestones for the patient and recurrence risk 
counseling for family.   

    Future Directions 

 CMA testing has replaced G-banded chromo-
some analysis in individuals with unexplained 
DD/ID, ASD, or MCA and provided signifi cant 
increases in diagnostic yield for this patient pop-
ulation due to its higher resolution. While this 
transition took over 30 years to complete, recent 
technological advances in sequencing technolo-
gies may soon displace CMA as the fi rst-tier test 
in this patient population. These advances will 
likely allow for the detection of all types of struc-
tural variation (both balanced and unbalanced) at 
base pair resolution revealing a complete picture 
of an individual’s chromosomal structure. This 
information will lead to additional, exciting dis-
coveries regarding the contribution of structural 
variation to human disease and yield further 
improvements in patient care.     
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           Background 

    The Clinical Problem 

 Although breast cancer is most common in 
more- developed countries, it is a global prob-
lem, comprising 22.9 % of all cancers in women, 
excluding noninvasive skin cancers, and 13.7 % 
of all cancer deaths in women [ 1 ]. Excluding 
non- melanoma skin cancers, breast cancer is the 
most common cancer in women and the most 
common cause of cancer death in women world-
wide. The USA has the world’s highest annual 
incidence of breast cancer. Estimates for 2011 
are for the diagnosis of 232,620 new cases and 
39,900 deaths [ 2 ]. 

 As is the case for most types of cancer, it has 
long been known that individuals with a close 
relative who has had breast cancer have an 
increased risk of developing breast cancer them-
selves. The magnitude of this increased risk is 
two- to threefold when the affected relative is 
“fi rst degree,” i.e., a parent, sibling, or child [ 3 ]. 
The basis for this familial risk is thought to be due 
to a combination of environmental, lifestyle, and 
genetic factors. In most cases, the genetic factors 
are believed to involve interactions between 

many different genes, each of which individually 
contributes a relatively small component of the 
risk. However, mutations in a set of genes that 
function as tumor suppressors can have a much 
greater impact on cancer risk. Families in which 
these mutations are being passed down from gen-
eration to generation often have especially strik-
ing breast cancer histories, including not only a 
high incidence of breast cancer but also features 
such as women diagnosed at unusually young 
ages, men with breast cancer, and individuals 
with diagnoses of more than one primary tumor. 

 A subset of women with breast cancer also has 
personal and/or family histories of ovarian can-
cer. Ovarian cancer is a much less common, but 
more deadly cancer. It is estimated that there will 
be 21,990 cases diagnosed in the USA in 2011, 
with 15,460 deaths [ 2 ]. Accumulated observa-
tions of numerous families with a multigenera-
tional pattern of breast and ovarian cancer, 
including breast cancer diagnoses under age 50, 
individuals with multiple primary breast cancers 
or breast and ovarian cancer, and male breast can-
cer, eventually led to the recognition of the genetic 
condition Hereditary Breast and Ovarian Cancer 
syndrome (HBOC) and a competitive search for 
the responsible genes. The search was eventually 
successful, resulting in the isolation of the gene 
 BRCA1  in 1994 [ 4 ] and  BRCA2  in 1995 [ 5 ]. 

 By one estimate, approximately 7 % of breast 
cancers and 10 % of ovarian cancers are due to 
inherited mutations in tumor suppressor genes [ 6 ], 
the vast majority of which occur in  BRCA1  and 
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 BRCA2 . There are many other genes, some of 
which function in the same molecular pathways as 
 BRCA1  and  BRCA2 , also known to have a link to 
an increased risk for breast cancer and/or ovarian 
cancer. Depending on the specifi c gene involved, 
there may also be increased risk for other malig-
nancies. Examples include  TP53 ,  PTEN ,  CDH1 , 
 CHEK2 ,  ATM ,  STK11 ,  RAD51 , and  PALB2  [ 7 ,  8 ]. 
The four DNA mismatch repair genes,  MLH1 , 
 MSH2 ,  MSH6 , and  PMS2 , which primarily 
increase risks for colon and endometrial cancer, 
are responsible for a small percentage of heredi-
tary ovarian cancer as well [ 9 ]. However, due to 
the relatively high prevalence of  BRCA1  and 
 BRCA2  mutations in most populations, and their 
large impact on breast and ovarian cancer risk, 
 BRCA1  and  BRCA2  are widely considered to be 
the most signifi cant and clinically relevant genes 
for both hereditary breast and hereditary ovarian 
cancer. Therefore, genetic testing for patients con-
sidered to be at risk for HBOC will almost always 
start with  BRCA1  and  BRCA2 . If no mutations are 
found, a minority of patients may go on to have 
testing for mutations in other genes. 

 It is estimated that 1:500 to 1:100 individuals 
carry mutations in  BRCA1  or  BRCA2  [ 10 – 12 ]. 
The prevalence of mutations is higher in some 
ethnic populations, most notably Ashkenazi Jews, 
where 1:40 individuals carry one of three discrete 
“founder” mutations (187delAG and 5385insC in 
 BRCA1  and 6174delT in  BRCA2 ) that are very 
common in this population [ 13 ]. Based on these 
fi gures, we can estimate that there are approxi-
mately 300,000 female mutation carriers in the 
USA. The discovery of these genes has provided 
an opportunity to identify these individuals, who 
are at a high risk for both breast and ovarian can-
cer, and take steps to reduce their risk through 
both prevention and early detection. A greater 
understanding of the molecular function of 
 BRCA1  and  BRCA2  also holds promise in the 
development of more effective treatment options 
for those patients who do develop cancer.  

    Molecular Biology 

  BRCA1  and  BRCA2  are classic tumor suppres-
sors—genes that protect cells from the changes 

that trigger transformation to a cancer. Many 
tumor suppressors function to maintain the integ-
rity of the cell’s DNA, and although the full scope 
of their function is not yet completely under-
stood, it is clear that  BRCA1  and  BRCA2  play a 
major role in DNA repair, specifi cally repair of 
double-stranded DNA breaks by a mechanism 
known as homologous recombination. Cells that 
lack functional  BRCA1  or  BRCA2  protein accu-
mulate DNA damage that disrupts other genes, 
including those that regulate normal cell growth. 
Both  BRCA1  and  BRCA2  interact with a host of 
other proteins to carry out their DNA repair activ-
ity, as well as other steps in cell proliferation (i.e., 
cell cycle progression, transcription, and mitotic 
spindle formation). Several reviews are available 
for more detailed discussion of the molecular 
biology of these genes [ 14 – 16 ]. It is not known 
why the tumor suppressor roles of  BRCA1  and 
 BRCA2  are focused primarily, but not exclu-
sively, in preventing breast and ovarian cancer. 

 The basis for the increased risk of cancer in 
patients who inherit a single nonfunctional copy 
of  BRCA1  or  BRCA2  is thought to be via the 
“two-hit model” of tumor suppressor gene inacti-
vation, fi rst described for the retinoblastoma 
tumor suppressor gene [ 17 ]. As with other auto-
somal genes—all genes other than those found 
on the X and Y chromosomes—everyone is usu-
ally born with two copies of the  BRCA1  and 
 BRCA2  genes. Complete loss of  BRCA1  or 
 BRCA2  function would normally only occur as a 
result of sporadic loss of both copies of either 
gene from a cell (i.e., as a result of environmental 
insult or DNA replication error). Random loss of 
both copies of either gene in a single cell is a rela-
tively rare event, but individuals born with one 
copy of either gene that is already nonfunctional 
are at much higher risk of losing all  BRCA1  or 
 BRCA2  function as a result of sporadic loss of 
their one remaining functional copy. 

 HBOC is a “dominant” genetic condition, 
meaning that someone has the condition if they 
inherit a single damaged copy of  BRCA1  or 
 BRCA2  from either parent. While rare, it is pos-
sible for an individual to inherit nonfunctional 
copies of either  BRCA1  or  BRCA2  from both of 
their parents (homozygosity/compound hetero-
zygosity), with generally disastrous results. 
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In the case of  BRCA1 , homozygosity/compound 
heterozygosity for two mutations is widely 
assumed to be an embryonic lethal condition 
[ 18 ]. In the case of  BRCA2 , homozygosity/com-
pound heterozygosity may either be embryoni-
cally lethal or lead to Fanconi Anemia, resulting 
in bone marrow failure and hematological malig-
nancies during childhood, as well as a variety of 
congenital physical anomalies, although there 
may be rare exceptions [ 19 ,  20 ]. 

 Breast cancers arising in  BRCA2  mutation 
carriers do not appear to have any distinctive 
pathological features. In contrast, a majority of 
breast tumors in  BRCA1  mutation carriers lack 
estrogen and progesterone receptors and do not 
over-express HER2/neu. This “triple-negative 
breast cancer” (TNBC) pathology is linked to a 
set of additional characteristics known as a basal 
phenotype. These characteristics are also present 
in breast tumors that arise as a result of sporadic 
loss of  BRCA1  function [ 21 – 23 ].   

    Clinical Applications 

 At this time, the clinical utility associated with 
the identifi cation of  BRCA1  and  BRCA2  muta-
tion carriers is focused primarily on identifying 
individuals at high risk for breast and ovarian 
cancer and targeting them with interventions 
aimed at prevention and early detection. There 
has been a steady accumulation of published evi-
dence supporting risk-reducing strategies for 
 BRCA1/2  mutation carriers in the years since 
clinical testing for  BRCA1  and  BRCA2  fi rst 
became available in the mid-1990s. While there 
is still progress to be made, the weight of this 
evidence has been a key driver behind the incor-
poration of  BRCA1/2  testing into clinical prac-
tice. For those interested in a more comprehensive 
discussion of the clinical applications of  BRCA1  
and  BRCA2  testing, there are many excellent 
reviews available [ 7 ,  24 ,  25 ]. 

 Figure  10.1  dramatically illustrates the 
increase in cancer risk for women with mutations 
in  BRCA1  and  BRCA2 . The increased breast can-
cer risk for women under age 50 is particularly 
striking. This fi gure shows the upper estimates of 
cancer risk in mutation carriers, but the aggregate 

outcome of various studies indicates that the 
breast cancer risk to age 70 may actually fall 
somewhere between 45 and 87 %. The breast 
cancer risk associated with  BRCA2  mutations is 
lower than that associated with  BRCA1 , and 
 BRCA2  mutation carriers are diagnosed at some-
what older ages than carriers of mutations in 
 BRCA1  [ 13 ,  26 – 31 ]. Ovarian cancer risk esti-
mates    also differ between the genes, with ranges 
to age 70 of 28 to 44 % for  BRCA1  mutation car-
riers and 11 to 27 % for  BRCA2  mutation carriers 
[ 26 ,  28 ,  29 ,  31 – 33 ]. It is important to note that 
two other cancers related to ovarian cancer, fal-
lopian tube and papillary serous peritoneal carci-
noma, are also much more common in  BRCA1  
and  BRCA2  mutation carriers [ 34 – 36 ].

   Female mutation carriers have greatly 
increased risks for additional primary breast and 
ovarian cancers after an initial breast cancer, as 
illustrated in Fig.  10.2  [ 29 ,  37 ,  38 ]. There are 
data for  BRCA1  mutation carriers showing that 

  Fig. 10.1    Mutations in  BRCA1  and  BRCA2  lead to dra-
matic increases in risk for breast and ovarian cancer in 
women       

  Fig. 10.2    Mutations in  BRCA1  and  BRCA2  dramatically 
increase the risk for a second cancer in women with a 
breast cancer diagnosis       
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younger ages of diagnosis for the fi rst breast 
cancer may be associated with higher risks for 
second primaries [ 39 ,  40 ]. Presumably, there is 
also an increased risk for breast cancer after a 
diagnosis of ovarian cancer in a mutation car-
rier, but data are lacking because it is much 
more common for breast cancer to be the fi rst 
diagnosis.

   There are confl icting data on the risks for 
malignancies other than breast and ovarian can-
cer in individuals with mutations in  BRCA1  and 
 BRCA2 . At this time, it seems clear that there is 
an increased risk for pancreatic cancer, which is 
estimated to be up to 7 % by age 80 for  BRCA2  
mutation carriers [ 37 ,  41 ], but this risk may be 
considerably higher in  BRCA2  mutation carriers 
where a family history of pancreatic cancer is 
present [ 42 ]. There are less data for  BRCA1  [ 43 ], 
but the National Comprehensive Cancer Network 
(NCCN) has recently added a personal or family 
history of pancreatic cancer to the list of factors 
for consideration when targeting patients for both 
 BRCA1  and  BRCA2  testing [ 24 ]. Male carriers of 
mutations in  BRCA1  and  BRCA2  are thought to 
have an elevated risk for prostate cancer, with 
estimates ranging from 1.8- to 4.6-fold over the 
general population [ 37 ,  43 ,  44 ]. 

 Guidance for the selection of patients who are 
appropriate candidates for  BRCA1  and  BRCA2  
testing is available in the form of guidelines 
from numerous professional societies [ 7 ,  45 ]. 
Typical clinical indications are presented in 
Fig.  10.3 . When a patient has one or more of the 
characteristics listed, or has a close blood rela-
tive who has any of these characteristics, further 

clinical evaluation by a qualifi ed healthcare 
 professional to determine the appropriateness of 
genetic testing for mutations in  BRCA1  and 
 BRCA2  is warranted.

   The fi rst individual in a family to be tested 
can be either affected with a  BRCA1 /2-associated 
cancer, or unaffected, but it is advantageous to 
begin with an affected family member. This is 
because affected family members, especially 
those with the most striking clinical features, are 
the individuals most likely to be positive for a 
clinically signifi cant mutation, and once a muta-
tion has been identifi ed in a family member, test-
ing for relatives is much less expensive and more 
easily interpretable. This is often a confusing 
concept for healthcare providers and patients, 
and a much more detailed discussion is pre-
sented below in the section Interpretation. 
Although there are signifi cant benefi ts to fi rst 
performing testing in affected patients, obstacles 
often make this impossible. The family members 
who are the best candidates for testing may be 
deceased or unavailable for other reasons, 
unwilling to participate, or lacking insurance 
coverage. There are cases where family mem-
bers are not in communication for either logisti-
cal or psychosocial reasons. There is no question 
that failures in family communication reduce the 
potential clinical benefi t from all types of genetic 
testing, including that done for  BRCA1  and 
 BRCA2 , and developing strategies to overcome 
these challenges would have a major impact on 
public health. 

 Medical management options for women with 
mutations in  BRCA1  and  BRCA2  include both 

For the purposes of these clinical indications, breast cancer includes both invasive cancer and ductal 
carcinoma in situ, and ovarian cancer includes cancer of the fallopian tubes and primary peritoneal cancer.

•          Ovarian cancer at any age
•          Breast cancer at age 50 or younger
•          Two primary breast cancers in an individual or family
•          Male breast cancer
•          Triple Negative Breast Cancer
•          Pancreatic cancer with an additional HBOC-associated cancer (breast, ovarian or pancreatic cancer)
•          Ashkenazi Jewish with an HBOC-associated cancer (breast, ovarian or pancreatic cancer)
•          A previously identified BRCA mutation in the family

  Fig. 10.3    Clinical indications for identifying patients for evaluation for genetic testing for mutations in  BRCA1  and 
 BRCA2  (as of 2011)       
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cancer prevention strategies and surveillance for 
early detection. The most effective, albeit crude, 
prevention strategy is the removal of the at risk 
tissues before cancer develops, through risk 
reducing mastectomy (RRM) and removal of the 
ovaries and fallopian tubes, known as risk reduc-
ing bilateral salpingo-oophorectomy (RRBSO). 
Both of these procedures have been shown to 
reduce the risk of the associated cancers by 90 % 
or more in  BRCA1  and  BRCA2  mutation carriers 
[ 35 ,  46 – 53 ]. Neither intervention is 100 % effec-
tive because it is not possible to remove all breast 
tissue from the chest wall during RRM, and a risk 
for primary peritoneal cancer remains after 
RRBSO. Premenopausal RRBSO carries an 
additional benefi t for women who do not opt for 
RRM, as it is associated with an up to 68 % 
decline in the risk for breast cancer, presumably 
due to the reduction in lifetime estrogen expo-
sure, which is a well-established risk factor for 
breast cancer in women with and without  BRCA1  
and  BRCA2  mutations [ 49 ,  51 ]. 

 An alternative prevention strategy is chemo-
prevention. Tamoxifen, which is used widely to 
treat estrogen receptor-positive breast cancers, is 
a drug that interferes with the ability of estrogen 
to stimulate breast cell growth. Tamoxifen has 
also been shown to reduce the risk of developing 
breast cancer in the general population, and there 
is some evidence that it may be effective in 

 BRCA1  and  BRCA2  mutation carriers as well [ 54 , 
 55 ]. A similar situation is seen with oral contra-
ceptives, which have been shown to reduce ovar-
ian cancer risk in the general population, and this 
also seems to be the case in  BRCA1  and  BRCA2  
mutation carriers [ 56 ,  57 ]. One consideration in 
regards to chemoprevention options is whether or 
not even a signifi cant impact on cancer risk (i.e., 
a 50 % reduction) is truly adequate in mutation 
carriers, given the very high level of baseline risk. 

 The goal of more aggressive surveillance is the 
earliest possible detection of breast and ovarian 
cancers, since early stage cancers generally have 
a better prognosis than advanced tumors. 
Surveillance guidelines for women with  BRCA1  
and  BRCA2  mutations are shown in Fig.  10.4 . 
Note that these recommendations are not only for 
more intensive screening but also for the initiation 
of screening at younger ages, since breast cancers 
are diagnosed at substantially younger ages in 
mutation carriers. There is mounting evidence 
that breast screening using magnetic resonance 
imaging (MRI) is more effective than mammog-
raphy and ultrasound, and annual breast MRI is 
now recommended for all mutation carriers [ 58 , 
 59 ]. On the other hand, there is currently no evi-
dence that ovarian cancer screening using existing 
protocols combining transvaginal ultrasound and 
serum CA-125 measurements is an effective strat-
egy for early stage ovarian cancer detection and 

Breast self-exam

Procedure Age to Begin Frequency

18 yrs Monthly

Twice a year

Yearly

Yearly

Twice a year

Twice a year

25 yrs

25 yrs

25 yrs

35 yrs in patients
not electing

RRBSO

35 yrs in patients
not electing

RRBSO

Clinical breast exam

Breast cancer
surveillance

Ovarian cancer
surveillance

Mammography

MRI

Pelvic exam

*Very limited data to support efficacy

TVUS and
CA-125*

  Fig. 10.4    Current surveillance recommendations for women with mutations in  BRCA1  and  BRCA2 . *Very limited data 
to support effi cacy       
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there are no proven alternatives. For this reason, 
NCCN and other professional groups generally 
recommend RRSO for all  BRCA1  and  BRCA2  
mutation carriers, ideally between age 35 and 40, 
or whenever childbearing is complete [ 24 ]. 
Choosing between RRM and surveillance, with or 
without chemoprevention, is a more complex 
decision. Most patients will fi nd breast surgery 
much more demanding than an RRBSO, both 
psychosocially and physically. Since there is 
mounting evidence supporting the effi cacy of a 
well-executed breast surveillance program in the 
early detection of breast cancer it is not surprising 
that studies have found a much higher uptake for 
RRSO than for RRM [ 60 – 62 ].

   Women with mutations in  BRCA1  and  BRCA2  
are typically very interested in lifestyle modifi ca-
tions that could lower their risk for breast and 
ovarian cancer. However, unlike certain other 
common cancers that are strongly linked to spe-
cifi c lifestyle factors over which patients have a 
great deal of control, such as smoking and lung 
cancer, or sun exposure and skin cancer, only 
small effects on risk in the general population 
have been documented from factors such as 
smoking, alcohol use, exercise, childbearing, 
breast feeding, and diet [ 63 ]. The potential impact 
of these factors in modifying risk in  BRCA1  and 
 BRCA2  mutation carriers has been investigated, 
and there are indications of a similar impact on 
mutation carriers. However, as with chemopre-
vention, the question is whether or not even a 
twofold reduction in cancer risk is enough when 
the baseline risk is so high [ 64 – 66 ]. 

 Many women undergo genetic testing for 
 BRCA1  and  BRCA2  mutations only after a diag-
nosis of breast or ovarian cancer. Increasingly, 
testing is being offered at the time of diagnosis, 
particularly for new breast cancer patients, who 
may benefi t from knowing their mutation status 
before proceeding with surgery, radiation, and 
reconstruction. This provides mutation carriers 
the opportunity to opt for bilateral mastectomies, 
even if a unilateral lumpectomy or mastectomy 
would have been adequate for treatment of the 
existing cancer. Studies have shown that 50 % or 
more patients newly diagnosed with unilateral 
breast cancer opt for bilateral mastectomies if 

it is possible to determine that they carry a 
 deleterious mutation before surgery [ 67 ,  68 ]. 
Providing them with this opportunity requires 
that patients who are appropriate candidates for 
testing are identifi ed quickly and counseled about 
their options early in their treatment. Samples 
from patients who opt for testing under these cir-
cumstances must be sent to the laboratory and 
processed quickly. 

 So far, only breast cancer risk management 
strategies in women have been discussed, 
although 50 % of all  BRCA1  and  BRCA2  muta-
tion carriers are men. Male mutation carriers 
have a risk for breast cancer that is greatly ele-
vated over men in the general population. This 
has best been characterized for  BRCA2 , where 
the breast cancer risk is estimated to be 7–8 % to 
age 80 [ 18 ,  43 ,  44 ,  69 ]. There is less data for 
 BRCA1 , with an estimate of a 1.8 % risk to age 80 
[ 69 ]. Although these numbers are low compared 
with the breast cancer risks for women, they rep-
resent a very large increase over the 0.1 % risk 
for men in the general population. Therefore, 
male mutation carriers should have semiannual 
clinical breast exams, training in breast self- 
exams and consideration of mammography in the 
presence of characteristics such as gynecomastia 
[ 70 ]. As discussed earlier,  BRCA1  and  BRCA2  
mutations also increase the risk for prostate can-
cer, but there are no specifi c screening recom-
mendations [ 70 ]. Pancreatic cancer risk is also 
increased for both male and female mutation car-
riers, but there are no proven methods for screen-
ing or prevention, and the only protocols currently 
available are investigational. Participation in 
these protocols may be particularly appropriate 
for patients with a family history that includes 
pancreatic cancer [ 71 ]. 

 There is growing evidence that the identifi ca-
tion of  BRCA1  and  BRCA2  mutation carriers will 
have clinical utility in guiding chemotherapy 
decisions for patients with breast and ovarian 
cancer, and possibly pancreatic cancer as well. 
The role of  BRCA1  and  BRCA2  in repair of 
double- strand DNA breaks suggests that tumors 
that arise in cells lacking  BRCA1  or  BRCA2  func-
tion may be particularly susceptible to certain 
chemotherapy agents that kill tumor cells by 
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causing lethal levels of DNA damage. There is 
evidence that this is the case with cisplatin treat-
ment for breast and ovarian tumors in  BRCA1  
mutation carriers [ 72 ,  73 ]. There is also a great 
deal of excitement surrounding ongoing clinical 
trials investigating the use of PARP inhibitors to 
treat breast and ovarian cancers in mutation carri-
ers, as well as patients whose cancers developed 
due to sporadic inactivation of  BRCA1 . These 
drugs inhibit the activity of poly ADP-ribose 
polymerase (PARP), a protein that participates in 
an alternative pathway that can substitute for the 
 BRCA1  and  BRCA2  pathway in DNA repair. 
Tumors arising through loss of  BRCA1  or  BRCA2  
function appear to be highly sensitive to PARP 
inhibition, presumably because this results in a 
lethal inability to repair certain types of DNA 
damage [ 74 – 76 ].  

    Methodology and Technical 
Interpretation 

 Comprehensive genetic analysis of  BRCA1  and 
 BRCA2  is currently capable of identifying both 
small DNA mutations, such as single nucleotide 
substitutions or small deletions/insertions, and 
larger genomic rearrangements spanning one or 
more exons. In a previous study, 90.1 % of 
 mutations identifi ed within a high-risk patient 
cohort were small nucleotide changes that were 
detectible by sequencing analysis, and the 
remaining 9.9 % were larger genomic deletions 
or insertions that were only detectible through 
large rearrangement analysis [ 77 ]. However, 
there may have been some selection bias for large 
rearrangements within this group as large rear-
rangements are more common within  BRCA1  
than  BRCA2 , and  BRCA1  mutations are predicted 
to be more common within a high-risk group due 
to the higher penetrance of  BRCA1  mutations in 
comparison with  BRCA2.  The proportion of large 
rearrangements varied by ethnicity. Within the 
same high-risk group, large rearrangements rep-
resented 9.6 % of mutations identifi ed in Western/
Northern Europeans, 21.4 % of mutations identi-
fi ed in individuals of Latin American/Caribbean 
descent, and 8.3 % of mutations identifi ed in 
individuals of African ancestry. 

    Detection of Point Mutations 
and Small Deletions/Insertions 
Using DNA Sequence Analysis 

 DNA sequence analysis is a powerful genetic 
analysis tool considered to be the gold standard 
for detecting single base substitutions and small 
deletions/insertions in genomic DNA. In brief, 
genomic DNA regions corresponding to the 
 BRCA1  and  BRCA2  genes are amplifi ed using the 
Polymerase Chain Reaction (PCR) [ 78 ]. PCR 
primers are designed to anneal within the gene 
introns, allowing for amplifi cation of all coding 
regions and small portions of each fl anking 
intron. Partial intronic amplifi cation is required 
in order to allow genetic analysis of intron/exon 
splice junctions, mutations of which can result in 
abnormal protein production and/or function. 
Each coding exon is PCR amplifi ed using one or 
more primer pairs, depending on the size of the 
exon. If multiple primer pairs are required to 
amplify a larger exon, primer pairs are designed 
to overlap each other, allowing for full coverage 
of the exon. Full sequence analysis of the  BRCA1  
and  BRCA2  genes currently analyzes approxi-
mately 15,600 coding base pairs and an addi-
tional 1,650 adjacent intronic base pairs. 

 PCR primers contain M13 sequence tails in 
order to facilitate subsequent sequencing analysis. 
Resulting PCR products are cycle sequenced in 
both the forward and reverse orientations using 
dye-primer chemistry [ 79 ]. PCR products are 
denatured and fl uorescently labeled M13 primers 
annealed in the presence of all four deoxynucleo-
tides (dATP, dGTP, dCTP, and dTTP) and only one 
of four dideoxynucleotides (ddATP, ddGTP, 
ddCTP, or ddTTP), which terminates extension 
once incorporated into the sequencing product. As 
only one dideoxynucleotide can be added to each 
reaction, four reactions (one for each dideoxynu-
cleotide) are required in order to generate a com-
plete unidirectional sequence. These four reactions 
are subsequently combined and analyzed on an 
automated capillary electrophoresis DNA 
sequencer (e.g., an ABI3730 from Applied 
Biosystems), which produces a sequencing chro-
matogram (Fig.  10.5 ). Computerized analysis of 
the resulting chromatograms is initially performed, 
followed by visual inspection and confi rmation of 
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computer-generated sequence results. All patient 
sequencing results are compared with a known 
normal control sequence in order to identify 
sequence variants. Reportable sequence variants 
are confi rmed by repeated PCR amplifi cation of 
the relevant gene region and subsequent sequenc-
ing analysis.

   For autosomal genes, DNA variants can be 
present on either one copy of the gene (heterozy-
gous) or both copies of the gene (homozygous). 
The heterozygous deleterious  BRCA1  mutation 
C61G (300T>G; GenBank # HSU14680) is an 
example of a single base substitution that is eas-
ily detectable by sequencing analysis (Fig.  10.5 ) 
[ 80 ]. This common mutation is caused by the 
substitution of the nucleotide deoxyguanosine 
(G) for deoxythymidine (T) at nucleotide posi-
tion 300 (300T>G), resulting in the replacement 
of the amino acid cysteine by glycine in the 
BRCA1 protein product. Highly penetrant dele-
terious  BRCA1  and  BRCA2  mutations are always 
observed in the heterozygous state, which is eas-
ily detected as a double peak on sequencing chro-
matograms with one peak representing the 
wild-type allele and the other peak representing 
the variant allele. 

 The deleterious  BRCA1  Ashkenazi founder 
mutation 187delAG is an example of a small 
deletion that is also detectable by sequencing 
analysis (Fig.  10.5 ) [ 81 ]. This mutation is caused 
by the deletion of two nucleotides, deoxy-
adenosine (A) and deoxyguanosine (G) from 
nucleotide positions 187 and 188. As a single 

codon is composed of three nucleotides,  deletions 
or insertions composed of nucleotide numbers 
that are not a multiple of three are predicted to 
result in a shift of the translation reading frame 
and most commonly, premature protein trunca-
tion. As with single nucleotide substitutions, 
highly penetrant small deletions and insertions 
are observed in the heterozygous state, which is 
easily detectable as two overlapping sequences 
on sequencing chromatograms.  

    Detection of Large Genomic 
Rearrangements 

 The identifi cation of large genomic rearrange-
ments, including deletions and insertions, is tech-
nically complex and multiple methodologies may 
be utilized. In cases where the DNA breakpoints 
of the rearrangement are previously known and 
well characterized, recombination-specifi c PCR 
analysis can be performed. In short, PCR primers 
are designed to specifi cally amplify both the 
wild-type allele and the allele carrying the large 
rearrangement, based on prior knowledge of the 
specifi c DNA breakpoints. One multiplex PCR 
reaction, including primer pairs for both the wild- 
type and deleterious alleles, is performed and the 
resulting PCR products analyzed and separated 
by size on a capillary electrophoresis instrument. 
Visual inspection of resulting chromatograms 
(Fig.  10.6 ) readily identifi es both wild-type and 
deleterious alleles. Bins representing the expected 
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  Fig. 10.5     BRCA1 s equencing chromatograms. ( a ) A het-
erozygous single nucleotide substitution at nucleotide 
position 300 (300T>G; C61G). ( b ) No mutation detected 
at nucleotide position 300. ( c ) A heterozygous two nucle-

otide deletion at positions 187–188 (187delAG; reverse 
complement). ( d ) No deletion detected at nucleotide posi-
tions 187–188 (reverse complement)       
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sizes of the wild-type and deleterious alleles for 
each large rearrangement are defi ned. Mutation- 
negative individuals are expected to have peaks 
only within the wild-type bins. Individuals het-
erozygous for a large rearrangement have peaks 
within both the wild-type bin and the bin corre-
sponding to the specifi c large rearrangement.

   In cases where the exact nature of the large 
rearrangement is unknown, analysis of the entire 
 BRCA1  and  BRCA2  coding regions is required. 
Multiple methodologies, including but not lim-
ited to Multiplex Ligation-dependent Probe 
Amplifi cation (MLPA) [ 82 ] and quantitative 
PCR analysis, have been utilized. For example, 
during multiplexed quantitative PCR analysis, 
the  BRCA1  and  BRCA2  exon and promoter 
regions are PCR amplifi ed using multiple fl uo-
rescently labeled primer pairs. Multiplex PCR 
products are analyzed on a capillary electropho-
resis instrument and resulting signals for each 
amplicon are normalized and displayed on a 

 scatter plot (Fig.  10.7 ) in order to detect copy 
number variation. Data points with values of 
approximately 1 indicate that a particular exon is 
present in the expected two copies (i.e., a normal 
result). Deletions are demonstrated on the scatter 
plot as one or more data points, corresponding to 
one or more exons, with values of approximately 
0.5, indicating that only one copy is present. 
Duplications are shown as data points with val-
ues of approximately 1.5, demonstrating the 
presence of three exon copies.

   While the interpretation of multi-exon dele-
tions and duplications is relatively straightfor-
ward, caution must be used when analyzing large 
rearrangement data indicative of a single exon 
deletion. Large rearrangement analyses are often 
highly reliant upon the effi cient annealing of 
PCR primers or other probes in order to yield an 
accurate result. Small sequence changes, such as 
a single nucleotide polymorphism (SNP) located 
at a PCR primer or probe annealing site, have the 
potential to result in decreased annealing, leading 
to a false-positive single exon deletion call even 
though both alleles are present within the 
genomic DNA sample. Due to this potential 
issue, sequencing analysis of all PCR primer and 
probe annealing sites is recommended in order to 
confi rm that interfering SNPs are not present.   

    Regulatory Compliance 

 Clinical diagnostic testing is regulated by multi-
ple agencies within the USA. On the national 
level, clinical laboratory testing, excluding 
research testing, is regulated by the Centers for 
Medicare & Medicaid Services (CMS) through 
the Clinical Laboratory Improvement 
Amendments (CLIA), and CLIA accreditation is 
required of clinical laboratories. This helps 
ensure that laboratory testing meets minimum 
standards for quality. Many clinical laboratories 
also participate in the College of American 
Pathologists (CAP) accreditation program, which 
is designed to improve laboratory standards of 
excellence above and beyond the minimal 
requirements established by CLIA. In addition to 
accreditation at the national level, licensure is 
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  Fig. 10.6    Illustration of recombination-specifi c PCR 
analysis chromatograms. The  shaded bins  (LR) indicate 
the expected locations of peaks resulting from the pres-
ence of a large rearrangement. Wild-type peaks (WT) are 
expected to be observed in all individuals, as HBOC is an 
autosomal dominant disease. Signal intensity is indicated 
on the  y -axis. ( a ) Testing results from an individual with 
no large rearrangement detected. ( b ) Testing results from 
an individual with a 510 bp deletion of exon 22       
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sometimes required by individual states in order 
to allow for laboratory operation within the state 
or to allow samples from within the state to be 
processed by a laboratory located outside of the 
state. The regulation of clinical diagnostic testing 
is constantly evolving to address changes in 
patient care expectations and available testing 
technologies. 

 CAP accreditation requires that laboratories 
meet high standards for laboratory quality to 
ensure that appropriate clinical management can 
be provided based on generated test results, and 
CAP regulations apply to all aspects of the clini-
cal laboratory. Validation of all clinical labora-
tory tests is required, and test validation can be 
divided into three key components: (1) technical 
validation, (2) process validation, and (3) clinical 
validation. Through technical validation, the lab-
oratory establishes that it can generate an accu-
rate, reproducible result. A successful process 
validation shows that samples fl ow effi ciently 
through all laboratory processes, as expected. 
Clinical validations are designed to demonstrate 
that the test offered has clinical utility, as speci-
fi ed by the laboratory. 

 Once a test is fully validated and made 
 available to patients, continuous quality control 
is essential. Quality control requirements are 
extensive and encompass reagent and equipment 
qualifi cation, instrument maintenance, and use of 
appropriate positive and negative assay controls. 
Documentation of all key quality control mea-
sures is essential to maintaining accreditation. 
Laboratory personnel are essential for maintain-
ing quality, and all employees are required to 
meet minimal educational requirements specifi c 
to their duties. Employees must undergo initial 
training as well as yearly competency assess-
ments, and they must participate in an established 
continuing education program. 

 CAP assesses quality through multiple mech-
anisms including laboratory inspections and pro-
fi ciency testing. A biannual inspection performed 
by a team of practicing laboratory professionals 
chosen by CAP assesses adherence to CAP and 
CLIA regulations. Defi ciencies identifi ed during 
the inspection are documented and must be cor-
rected within a specifi ed time period in order to 

maintain accreditation. During years in which a 
CAP inspection does not occur, laboratories are 
required to perform and document self- inspection. 
Defi ciencies identifi ed during self-inspections 
must be corrected in a timely manner. Quality is 
also assessed through profi ciency testing. At least 
twice per year, all accredited laboratories must 
perform profi ciency testing for each laboratory 
test offered. Whenever possible, profi ciency test-
ing should be performed by obtaining samples 
through a profi ciency testing program, such as 
that offered by CAP. Blinded samples with a 
known result are sent to the laboratory for testing. 
Samples are tested by the laboratory using its 
normal processes and results reported to the test-
ing agency in order to determine accuracy. If 
samples are not available through an agency 
offering profi ciency testing, samples can be 
obtained through either inter-laboratory exchange 
or by blinding of internal laboratory samples 
through a Quality Assurance department or third 
party, if necessary.  

    Interpretation 

 The clinical interpretation of  BRCA1  and  BRCA2  
comprehensive genetic analysis test results can be 
highly complex and must take into account the 
personal and family history of the patient tested. 
Whenever possible, genetic testing should be tar-
geted to a family member whose personal history 
is more suggestive of HBOC, i.e., a female family 
member affected with breast cancer before the age 
of 50 or ovarian cancer at any age, or a male fam-
ily member with breast cancer at any age. 
However, in many cases, family members meeting 
these criteria are unavailable for testing, and test-
ing must be performed for other family members 

    Interpretation of a Negative 
Comprehensive Test Result 

 Although families segregating a germline  BRCA1  
or  BRCA2  mutation have a signifi cantly increased 
incidence of breast and/or ovarian cancer in 
 comparison with the general population, not all 
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individuals with high-risk personal and family 
histories carry a deleterious mutation in one of 
these genes. Failure to identify a disease-causing 
 BRCA1/BRCA2  mutation in a high-risk affected 
individual may be due to either technical or 
genetic reasons. While comprehensive testing, 
including sequencing and large rearrangement 
analysis, identifi es the vast majority of mutations 
in these genes, not all mutations are detectable. 
For example, only a small portion of each intron 
is sequenced; thus, mutations lying deep within 
an intron are not detectable. Promoter and 
enhancer mutations may also not be detectable 
by sequencing due to the limited region being 
analyzed, and while most large rearrangements 
can be identifi ed through methods, such as multi-
plexed quantitative PCR analysis, it is possible 
that certain large rearrangements, such as gene 
inversions, are not captured. Therefore, there is a 
small chance that a disease-causing  BRCA1/
BRCA2  mutation could go undetected. In addi-
tion, mutations in genes other than  BRCA1  and 
 BRCA2  are associated with increased risk of 
 cancer; therefore, a negative comprehensive test 
result does not exclude the possibility of a famil-
ial mutation within another gene, and it must be 
viewed in light of an individual’s personal and 
family history. Individuals with personal and 
family histories indicative of high cancer risk 
should be clinically managed as high-risk patients 
regardless of a negative test result. Studies indi-
cate that high-risk probands testing negative for a 
 BRCA1 / BRCA2  deleterious mutation still have a 
signifi cantly increased risk of breast cancer [ 3 , 
 83 ]. However, it is important to note that nega-
tively testing probands do not appear to be at a 
signifi cantly increased risk of ovarian cancer in 
comparison with the general population. 

 In cases where the patient tested is unaffected, 
the interpretation of a negative comprehensive 
test result is more complicated as the patient could 
test negative for either genetic or technical rea-
sons (see above). Testing of an additional affected 
high-risk family member may help to clarify 
results in this case. Should a disease- associated 
mutation be identifi ed in this family member, in 
most cases (excluding rare situations where more 
than one disease-associated mutation is present 

within the same family), the unaffected family 
member would be assumed to be a true negative 
for the familial mutation. If a disease- associated 
mutation is not identifi ed in the affected family 
member, the test result is uninformative and all 
family members should be clinically managed 
based on personal and family history.  

    Interpretation of Site-Specifi c 
Test Results 

 Once a disease-associated mutation is identifi ed 
in an individual, additional family members may 
be appropriate for testing. First- and second- 
degree relatives have a 50 % and 25 % chance of 
carrying the deleterious mutation, respectively. 
Individuals testing positive for a familial muta-
tion are considered to have HBOC and its associ-
ated cancer risks. Thus, regardless of personal 
cancer history, these individuals should be clini-
cally managed as high risk. 

 Unaffected individuals testing negative for the 
familial mutation are considered true negatives 
and are assumed to have cancer risks similar to 
the general population unless the individual’s 
noncarrier parent has a strong personal and/or 
family history of cancer. In rare instances, an 
individual may have the potential to inherit both 
a deleterious  BRCA1  and  BRCA2  mutation. This 
is more common in individuals of Ashkenazi 
descent due to the high frequency of three founder 
mutations within this population. Individuals 
inheriting both a  BRCA1  and a  BRCA2  disease- 
associated mutation do not appear to have more 
severe cancers than those carrying one mutation 
alone. In most instances, individuals carrying two 
disease-associated mutations (one in  BRCA1  and 
one in  BRCA2 ) inherit one mutation from each 
parent. However, it is possible to inherit both 
mutations from the same parent. 

 Affected family members testing negative for 
a familial mutation most likely represent pheno-
copies. Due to the high frequency of breast can-
cer within the female population, it is not 
uncommon for affected family members to test 
negative for a familial mutation. However, cau-
tion must be used, especially if the proband and 
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family members are tested at different laboratories, 
that the testing methodology used is able to 
detect the familial mutation. Technical issues, 
such as the occurrence of a SNP lying within a 
PCR primer-binding site, may cause a false- 
negative result. Whenever possible, a DNA 
sample from a mutation-positive family member 
should be submitted along with the patient 
sample, if the familial mutation was identifi ed 
by a different laboratory.  

    Clinical Interpretation 
of Genetic Variants 

 Genetic testing, including sequencing and large 
rearrangement analyses, identifi es multiple types 
of variants which must be assigned a clinical 
interpretation. Based upon variant classifi cation 
recommendations by the American College of 
Medical Genetics [ 84 ], a fi ve-tier variant classifi -
cation system is currently utilized within the 
USA for  BRCA1 / BRCA2  analysis. While, these 
fi ve tiers have been designated in different ways 
by various groups [ 77 ,  85 ], they are generally 
composed of the following fi ve categories:
    1.    Deleterious Mutation (Pathogenic)   
   2.    Suspected Deleterious Mutation (Likely 

Pathogenic)   
   3.    Variant of Uncertain Clinical Signifi cance 

(Uncertain)   
   4.    Genetic Variant, Favor Polymorphism (Likely 

Not Pathogenic or of Little Clinical 
Signifi cance)   

   5.    Genetic Variant, Polymorphism (Not Pathogenic 
or of No Clinical Signifi cance)    
  As always, any classifi cation of any variant is 

dependent upon the scientifi c information avail-
able at the time of classifi cation. Should new 
information become available, the classifi cation 
of a variant can change.  

    “Deleterious” or “Suspected 
Deleterious” Mutations 

 Sequencing or large rearrangement mutations 
that have been demonstrated or are strongly 

 predicted to result in HBOC are classifi ed as 
either “Deleterious” or “Suspected Deleterious.” 
Mutations classifi ed as “Deleterious” typically 
are either of a variant type that is strongly pre-
dicted to result in abnormal protein production or 
function (i.e., large rearrangements, frameshifts, 
or protein-truncating mutations) or have multiple 
lines of evidence, such as segregation, functional, 
or statistical analyses, that demonstrate that they 
are associated with increased cancer risk. 
“Suspected Deleterious” mutations also have 
extremely strong evidence to indicate that they 
are associated with increased cancer risk. 
However, this evidence is weaker. 

 Deleterious mutations in  BRCA1  and  BRCA2  
are associated with different cancer risks. In gen-
eral,  BRCA1  mutations confer greater breast and 
ovarian cancer risks in comparison with  BRCA2  
mutations, and mutations in both genes demon-
strate age-related penetrance. Mutation risks con-
ferred by a deleterious mutation are specifi c to 
the particular mutation; and at the present time, 
there are insuffi cient data to determine the exact 
penetrance/risk of most mutations. However, 
more generalized risk estimates have been deter-
mined for mutations in either gene (see above). 
Given these risks, the identifi cation of a deleteri-
ous  BRCA1  or  BRCA2  mutation warrants 
increased clinical surveillance and/or preventa-
tive surgeries [ 70 ]. Clinical management of 
HBOC is patient specifi c and should be based 
upon personalized interaction between patient 
and healthcare provider. 

 As HBOC is an autosomal dominant syn-
drome, fi rst-degree relatives (i.e., full-siblings, 
parents, and children) of individuals carrying a 
deleterious mutation have a 50 % chance of also 
carrying the mutation and its associated increased 
cancer risks. Therefore, genetic testing is recom-
mended for these individuals. Once the familial 
mutation is identifi ed, genetic testing for the spe-
cifi c familial mutation can be performed for addi-
tional family members at a signifi cantly reduced 
cost. Given the high frequency of three founder 
mutations in the Ashkenazi population (i.e., 
187delAG and 5385insC in  BRCA1  and 6174delT 
in  BRCA2 ), it is recommended that individuals of 
Ashkenazi descent be tested for all three founder 
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mutations in addition to a previously identifi ed 
familial mutation. Due to psychological and 
 privacy issues associated with genetic testing and 
given that  BRCA1/BRCA2  deleterious mutations 
very rarely result in pediatric cancers, testing of 
asymptomatic minors for a familial mutation is 
strongly discouraged. While preimplantation 
diagnosis for a deleterious mutation is available 
in some laboratories, most families do not 
actively pursue this testing.  

    Implications of Deleterious and 
Suspected Deleterious Mutations 
with Reduced Penetrance 

 Statistical analyses of deleterious and suspected 
deleterious mutations have identifi ed a small per-
centage of mutations that confer a signifi cantly 
increased risk of cancer in comparison with the 
general population but a lower risk in comparison 
with other  BRCA1  and  BRCA2  deleterious/sus-
pected deleterious mutations [ 77 ]. These variants 
represent low penetrance alleles. It is believed 
that while these mutations disrupt normal protein 
production and/or function, some residual pro-
duction/function remains. This residual protein 
production/function is predicted to be mutation- 
specifi c, and currently there is insuffi cient data to 
determine the exact cancer risks conferred by 
these mutations. Statistical variant classifi cation 
techniques currently utilized may not be suffi -
ciently sensitive to identify alleles that confer a 
very low level of risk due to lack of data required 
for analysis of each specifi c variant. As low pen-
etrance alleles do not convey the same level of 
risk as other deleterious mutations, standard 
HBOC clinical management recommendations 
may not apply for these mutations; therefore, 
clinical management should be strongly based on 
the patient’s personal and family history.  

    Variants Classifi ed as 
“Polymorphisms” or “Favor 
Polymorphisms” 

 Person-to-person genetic variation is expected, 
and most genetic differences between individuals 

are not associated with disease. Sequencing 
 analysis frequently identifi es small DNA changes 
in the  BRCA1  and  BRCA2  genes that are not asso-
ciated with increased cancer risk. Variants classi-
fi ed as “Polymorphisms” typically are either of a 
variant type that is strongly predicted not to affect 
protein production or function (i.e., silent vari-
ants that most likely do not affect splicing) or 
have multiple lines of evidence, such as segrega-
tion, functional, or statistical analyses, that dem-
onstrate that they are benign. Interestingly, while 
variants predicted to result in premature protein 
truncation are usually assumed to be deleterious, 
some  BRCA2  variants resulting in premature pro-
tein truncation have been shown to represent 
benign polymorphisms.  BRCA2 -truncating vari-
ants located near the 3′ terminus of the gene have 
been shown not to be associated with a signifi -
cantly increased risk of cancer [ 86 ], indicating 
that the C terminus of the protein is not necessary 
for normal protein function. There is currently 
insuffi cient data to determine if the  BRCA1  C ter-
minus is necessary for proper function. 

 Variants classifi ed as “Favor Polymorphisms” 
also have strong evidence to indicate they are 
benign. However, this evidence is weaker than 
that used to classify polymorphisms. As variants 
classifi ed as Polymorphisms or Favor 
Polymorphisms are expected to be benign, clini-
cal management of an individual identifi ed with 
one or more of these variants should be based on 
personal and family clinical history and not on the 
presence of the variant itself. In most cases, test-
ing of additional family members is not warranted 
or recommended. However, limited family testing 
is sometimes offered for “Favor Polymorphisms” 
that are still being investigated in hopes of obtain-
ing an eventual reclassifi cation. This type of test-
ing is for reclassifi cation purposes only, and it 
should not be used to guide clinical management.  

    Variants of Uncertain Clinical 
Signifi cance 

 A “Variant of Uncertain Clinical Signifi cance 
(VUS)” is currently identifi ed in approximately 
3 % of patients undergoing genetic analysis for 
HBOC [ 77 ]. This variant category is mainly 
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 comprised of missense variants, small in-frame 
deletions or insertions, and intronic variants with 
unknown splicing effects, although other variant 
types are included within this classifi cation cate-
gory. VUSs have insuffi cient data to determine if 
they affect protein production or function; there-
fore, it is not known if they have the potential to 
convey an increased risk of HBOC. In the absence 
of a deleterious or suspected deleterious muta-
tion, clinical management of an individual identi-
fi ed with a VUS should be based upon personal 
and family history and not the presence of the 
VUS. Genetic testing of additional family mem-
bers for the purpose of guiding clinical manage-
ment is inappropriate and strongly discouraged. 
However, testing of select family members may 
aid in the eventual reclassifi cation of a variant to 
a more defi nitive classifi cation category (see 
below). Therefore, genetic testing is frequently 
offered to key family members who may be 
informative for reclassifi cation purposes only.  

    Approaches to Variant 
Reclassifi cation 

 The value of  BRCA1  and  BRCA2  genetic testing 
lies in the ability of the test to produce a clinically 
actionable test result. While the initial classifi ca-
tion of a variant as a VUS may be unavoidable, 
great strides are taken with the ultimate goal of 
providing a defi nitive classifi cation and clinical 
interpretation for each variant observed. To this 
end, multiple variant reclassifi cation techniques 
can be utilized. While variations of some of these 
techniques have been utilized by geneticists for 
many years, others have only become feasible 
within recent years due to the large data set 
required for their development and use. It is 
expected that as technology continues to advance 
and more data becomes available, new reclassifi -
cation techniques will be developed and improve-
ments made to existing techniques.  

    Structural and Functional Analyses 

 One method of determining the clinical effect 
of a variant is to examine its effect on protein 

structure and function. However, this is 
 complicated for  BRCA1  and  BRCA2  variants as 
the functional roles of BRCA1 and BRCA2 have 
not been fully elucidated. BRCA1 has been 
shown to perform multiple functions necessary 
for transcriptional regulation, DNA repair 
through DNA damage- induced nuclear signaling, 
and the maintenance of cell-cycle control and 
centrosome number [ 87 – 92 ]. Multiple assays 
have been designed to assess the effects of 
 BRCA1  missense variants on normal protein 
function. These assays include, but are not lim-
ited to, those designed to measure variant effects 
on centrosome number control [ 89 ], homologous 
recombination [ 93 ], transcription, protein fold-
ing, and phosphopeptide binding [ 94 ]. 

 BRCA2 is necessary for homologous 
recombination- dependent DNA repair and centro-
some number control. As with BRCA1, multiple 
assays have been developed to determine variant 
effects on normal BRCA2 protein function. These 
techniques include homologous recombination 
and centrosome amplifi cation assays [ 95 ]. In 
addition, analysis of the BRCA2 crystal structure 
can sometimes be utilized to determine the effect 
that a variant may have on BRCA2 function. 

 While these BRCA1 and BRCA2 functional 
assays have proven useful in a research setting, 
they are currently not utilized for missense vari-
ant reclassifi cation in the absence of other sup-
portive data as they have been tested on a limited 
number of variants. Analysis of a large number of 
variants of known clinical classifi cation would be 
required to assess and be confi dent in their clini-
cal utility as their current error rate is unknown. 
In addition, due to the complexity and labor- 
intensive nature of these assays, they are currently 
not practical in a large-scale diagnostic setting, 
and there is much that is still not known about the 
functional roles of BRCA1 and BRCA2. 
Therefore, it is not certain that these assays provide 
accurate measures of all BRCA1 and BRCA2 
protein functions in all cell types. Despite these 
limitations, functional analyses can often be used 
as supportive evidence for reclassifi cation when 
additional data from other reclassifi cation meth-
odologies is available. 

 While current protein function assays are 
of limited value for variant reclassifi cation, 
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 biochemical analyses of potential mRNA  splicing 
variants can be invaluable, but they must be 
viewed conservatively. Analysis of patient 
mRNA or a minigene assay demonstrating a par-
ticular variant results in abnormal mRNA splic-
ing provides strong evidence that the variant is 
deleterious. However, caution must be used in 
interpreting the data. It is important that the assay 
show that the variant allele produces only abnor-
mal mRNA transcripts. If the variant allele pro-
duces some level of normally spliced transcript, 
one cannot exclude the possibility that the allele 
may represent a polymorphism of limited clinical 
signifi cance or a low penetrance allele. At the 
present time, there is insuffi cient information to 
determine the level of normal  BRCA1  or  BRCA2  
mRNA expression or BRCA1 and BRCA2 pro-
tein production required for normal cellular func-
tion. Splicing variants that result in the production 
of an abnormal transcript that maintains a normal 
translation reading frame must also be interpreted 
with caution as these transcripts have the poten-
tial to produce a functional protein, albeit of 
abnormal length.  

    Segregation Analysis 

 Segregation analysis, which measures whether or 
not a variant segregates with cancer in one or 
more families, represents the gold standard for 
determining whether or not a genetic variant is 
associated with disease. It has traditionally relied 
upon obtaining one or more large pedigrees with 
multiple affected family members available for 
analysis. However, as families for  BRCA1 / BRCA2  
genetic testing are ascertained due to high inci-
dence of breast and/or ovarian cancers which can 
be fatal, often times there are insuffi cient num-
bers of affected family members available for 
testing. In addition, due to age related penetrance, 
young unaffected family members are not partic-
ularly informative. Due to these limitations, mod-
ifi cations that allow for analysis of multiple small 
families must be made to the traditional segrega-
tion analysis approach. Thus, active participation 
of multiple families carrying the same variant is 
required before a variant can be reclassifi ed. 

 In rare instances, a single family may be 
 ascertained that is of suffi cient size to theoreti-
cally allow for reclassifi cation of a variant in the 
absence of additional data from other families 
carrying the same variant. However, these data 
must be used with extreme caution. While statis-
tical evidence from one family may indicate that 
a particular variant segregates with cancer and is 
therefore deleterious, one cannot defi nitively 
exclude the possibility that the variant is benign 
but lies in  cis  (i.e., on the same allele) with a del-
eterious mutation that is not detectable by the 
current assay.  

    Conservation Analysis 

 Evaluation of species conservation can provide 
data that are useful for variant reclassifi cation. 
The premise behind this type of analysis is that if 
a particular amino acid is important for protein 
function, it will be conserved within numerous 
species. Functionally signifi cant amino acids are 
predicted to be highly conserved and are either 
identifi ed in multiple species, or if replaced, are 
substituted by an amino acid with similar bio-
chemical properties. In contrast, functionally 
insignifi cant amino acids are often replaced with 
biochemically dissimilar amino acids in other 
species or may be absent altogether. Multiple 
computational algorithms have been designed to 
evaluate the evolutionary/functional signifi cance 
of an amino acid change through analysis of mul-
tiple species protein alignments. Two of the most 
common programs currently utilized are SIFT 
and PolyPhen-2 [ 96 – 98 ]. While these programs 
are often used in a research setting, their esti-
mated error rates are too high to be used for stand-
alone variant classifi cation in a clinical setting.  

    Identifi cation of Homozygous or 
Compound Heterozygous Individuals 

 Absence of  Brca1  expression in mice has been 
demonstrated to be embryonically lethal [ 99 –
 103 ], and it is believed that normal  BRCA1  
expression is also required for human embryonic 
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development. While  BRCA1  mutations are 
 relatively rare within most ethnic groups, two 
Ashkenazi founder mutations, 187delAG and 
5385insC, occur with a relatively high frequency 
(1:40) within this ethnic group. Given the high 
frequency of these mutations, one would expect 
to identify Ashkenazi individuals who are homo-
zygous or compound heterozygous for these two 
founder mutations. However, to date, homozy-
gous or compound heterozygous individuals have 
not been observed, suggesting that homozygosity 
or compound heterozygosity for highly penetrant 
 BRCA1  deleterious mutations is most likely 
embryonically lethal [ 18 ,  104 ]. Similarly, homo-
zygosity or compound heterozygosity for delete-
rious  BRCA2  mutations is most likely either 
embryonically lethal or results in childhood 
Fanconi anemia (FANC D1), which is an autoso-
mal recessive disease resulting in developmental 
abnormalities, bone marrow failure, and early- 
onset leukemia or solid tumors [ 19 ,  20 ]. 

 Given the severe phenotypes associated with 
homozygosity for a  BRCA1  or  BRCA2  deleteri-
ous mutation, observation of a homozygous vari-
ant in a healthy individual or an individual with 
later onset cancer provides signifi cant evidence 
that the variant itself does not represent a delete-
rious mutation. Caution must be used in deter-
mining that a variant is truly homozygous. It is 
necessary to rule-out other possibilities, such as 
allelic drop-out during PCR amplifi cation and 
sequencing. In addition, a hemizygous variant 
may appear to be homozygous due to a large 
genomic deletion on the allele opposite the vari-
ant. This would represent an in  trans  observation 
of the variant with a deleterious mutation (i.e., 
compound heterozygosity), which also provides 
strong evidence that the variant is benign and not 
associated with increased cancer risk. The phase 
(i.e., in  cis  or in  trans ) of a variant and a deleteri-
ous mutation can be determined using multiple 
methodologies. However, the gold standard for 
determining phase is family analysis. For exam-
ple, if an individual is found to carry two variants 
and family analysis identifi es one parent with 
each variant, then the variants lie in  trans . If one 
parent carries both variants, then they lie in  cis . 
Due to limited availability of family members, 

family analysis for determining phase is not 
always possible and other more complex method-
ologies for determining phase must be utilized. 

 Caution must be used when reclassifying a 
variant based upon a homozygous or compound 
heterozygous observation. The use of this reclas-
sifi cation technique assumes that deleterious 
mutations are highly penetrant. While most 
 BRCA1  and  BRCA2  deleterious mutations associ-
ated with signifi cantly increased cancer risk are 
assumed to result in a nonfunctional or severely 
impaired protein, one cannot exclude the possi-
bility that a  BRCA1  or  BRCA2  low penetrance 
deleterious mutation may retain partial function-
ality. Should this occur, homozygosity or com-
pound heterozygosity with a second deleterious 
mutation may not necessarily result in embryonic 
lethality or Fanconi anemia ( BRCA2  only).  

    Mutation Co-occurrence 
and Phenotype Analyses 

  BRCA1  and  BRCA2  deleterious mutations are 
uncommon within the general population, 
excluding individuals of Ashkenazi descent, and 
it is very rare to identify a non-Ashkenazi indi-
vidual carrying two deleterious mutations either 
within the same gene or one in each gene. The 
identifi cation of multiple individuals carrying a 
particular variant in addition to a deleterious 
mutation provides supporting statistical evidence 
that the variant itself is not deleterious [ 105 ,  106 ]. 
Mutation Co-occurrence analysis analyzes the 
frequency at which a variant co-occurs with a 
deleterious mutation within the same individual 
in order to determine whether or not the variant 
may be deleterious. 

 Phenotype analysis is based upon a very sim-
ple premise. If a variant is deleterious, it should 
be identifi ed more often in probands with strong 
personal and family histories of cancer. If a vari-
ant is not associated with increased risk of can-
cer, it should be identifi ed more often in probands 
with less severe personal and family histories of 
cancer relative to other individuals who pursue 
genetic testing. Using statistical analysis based 
upon empirical data, phenotype data gathered 
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from multiple probands carrying the same variant 
can be used to determine whether a variant repre-
sents a deleterious mutation or a benign polymor-
phism [ 107 ,  108 ].   

    How Genetic Testing for  BRCA1  
and  BRCA2  Has Changed Medical 
Practice 

 Prior to the introduction of clinical genetic test-
ing for mutations in  BRCA1  and  BRCA2 , the 
medical management of patients at risk for 
HBOC was surrounded by uncertainty. A young 
woman with a strong family history of breast and 
ovarian cancer had no way of knowing for sure if 
she shared the high risk apparently present in the 
family. Women being treated for early-onset 
breast cancer in one breast had limited knowl-
edge to guide them about their risk for a subse-
quent breast cancer in either breast or ovarian 
cancer. The lack of a clear explanation for a 
 pattern of cancers in the family not only posed 
medical management dilemmas, but exacted an 
emotional toll as well. 

 The identifi cation of a  BRCA1  or  BRCA2  
mutation in a patient provides guidance not only 
for their own future care but also permits rela-
tives to utilize testing to determine, with a very 
high degree of certainty, their own level of risk. 
Thus, high risk medical management can be 
effectively targeted only to those family members 
who will benefi t. While some uncertainty remains 
for women from families in which there is no 
detectable mutation in  BRCA1  or  BRCA2 , a nega-
tive result from analysis of these genes rules out 
the most common cause of a greatly increased 
risk for both breast and ovarian cancer. 

 Attitudes towards the integration of genetic 
testing into mainstream medical care have 
changed dramatically in the past 15 years, and 
the widespread utilization of  BRCA1  and  BRCA2  
testing has been a key driver of increased aware-
ness and acceptance among both healthcare pro-
viders and the public.  BRCA1  and  BRCA2  were 
the fi rst genes for a common adult-onset disorder 
for which clinical testing was made available, 
and at the time, there was considerable debate 

about the wisdom of offering such a test in the 
absence of any proven interventions to prevent 
the adverse outcomes associated with having a 
mutation. There were concerns that the identifi -
cation of a mutation would create enormous anxi-
ety in patients, disrupt family dynamics, and lead 
to insurance, employment, and even social dis-
crimination. The model originally proposed for 
the provision of  BRCA1  and  BRCA2  testing was 
based on what had been put in place for 
Huntington’s Disease (HD), a severe genetic neu-
rodegenerative condition for which there was, 
and still is, no effective prevention or treatment. 
Genetic testing for HD fi rst became available in 
1993, using a protocol that required multiple 
patient visits with a multidisciplinary team of 
healthcare providers, including neurologists, 
genetic counselors/medical geneticists, and men-
tal health professionals. The focus of this process 
was not to provide the patient with a recommen-
dation about testing, but to guide the patient to 
their own carefully considered decision, and 
assist them with the medical/psychosocial out-
comes of that decision. 

 Over time, the protocols for providing  BRCA1  
and  BRCA2  testing have diverged considerably 
from this original model. This is due in large part 
to the accumulated evidence that, in contrast to 
HD, there are highly effective medical manage-
ment options available to mutation carriers. This 
supports a more “directive” approach on the part 
of healthcare providers, which may result in a 
clear recommendation to proceed with testing. 
The potential utility of the testing for guiding 
immediate treatment decisions, as discussed 
above, creates a need for streamlining the testing 
process. Also, since the testing has signifi cant 
clinical utility, it is questionable whether or not 
concerns about the potential for emotional dis-
tress and discrimination should factor heavily 
into the decision-making process. While these 
issues should certainly be part of the informed 
consent process, the same can probably be said 
for any medical procedure. This evolution in the 
testing protocol for  BRCA1  and  BRCA2  has set a 
signifi cant precedent for future genetic testing in 
cases where the results will guide effective medi-
cal management interventions. 
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 Outside of testing performed in the prenatal 
setting,  BRCA1  and  BRCA2  analysis is probably 
the most familiar and frequently utilized genetic 
test in the USA. Over 600,000 individuals have 
been tested with either comprehensive analyses, 
targeted analysis for the Ashkenazi Jewish 
founder mutations or single-site testing for 
known family mutations.  

    Future Directions 

 The paradigm for genetic testing across all areas 
of medicine, including testing for hereditary can-
cer risk, is likely to change dramatically in coming 
years. A key driver of this change will be the 
ongoing development and validation of new tech-
nologies that greatly reduce the cost of analyzing 
genetic variation, the most prominent current 
example being next generation sequencing plat-
forms that have already made it feasible to 
sequence entire exomes and even genomes. 
However, while the costs associated with acquir-
ing sequence data are anticipated to drop signifi -
cantly, the challenges associated with effi cient and 
accurate data interpretation remain, and they pose 
an obstacle to the application of whole exome or 
genome sequencing in the clinical setting. 

 In the past, genetic tests such as  BRCA1  and 
 BRCA2  analysis have been selectively triaged to 
patients based on an assessment of their personal 
and family history. Earlier, we pointed out that 
although  BRCA1  and  BRCA2  are unquestionably 
the most important genes for both hereditary 
breast and hereditary ovarian cancer, there are 
many other genes that are also capable of modu-
lating risk for these cancers. Mutations in some 
of these genes result in distinctive patterns of 
malignancy, i.e., testing for mutations in the gene 
 CDH1  may be a better choice than  BRCA1  and 
 BRCA2  for a family with a combination of dif-
fuse gastric cancer and breast cancer, or testing 
for mutations in the four Lynch syndrome genes 
may be the best fi rst option for a patient with 
ovarian cancer if her personal or family history 
includes early-onset colon and endometrial can-
cers. Due to current cost constraints, providers 
currently choose genetic tests targeting the gene 

or a limited panel of genes that fi ts best with the 
pattern of disease in a patient and his/her family. 
This is an imperfect exercise, as it is diffi cult to 
obtain an accurate family history for most 
patients, there is considerable overlap between 
the patterns of malignancy associated with differ-
ent genes and our understanding of exactly which 
cancers are associated with which genes comes 
from studies that are often subject to ascertain-
ment bias and may be too small to be defi nitive. 

 Technologies that dramatically reduce the cost 
of genetic analysis make it possible to simply test 
patients for variation in all of the genes that could 
possibly be relevant to the clinical issue at hand, 
be it a patient with early-onset breast cancer or a 
family history of ovarian and pancreatic cancer. 
A limited number of such multigene panels tar-
geted to specifi c conditions are already clinically 
available (i.e., for X-linked mental retardation 
and muscular dystrophy) [ 109 ,  110 ], and many 
others are in development. The feasibility of a 
40-gene panel for hereditary breast and heredi-
tary ovarian cancer, including  BRCA1  and 
 BRCA2 , has been already demonstrated in the 
research setting [ 111 ], and panels are now avail-
able in the diagnostic setting. Some have sug-
gested that whole genome sequencing is a viable 
alternative to the development of targeted multi-
gene panels, and pilot projects are already under-
way to investigate this option. 

 These developments pose both tremendous 
opportunities and challenges for patients, health-
care providers, and clinical laboratories. More 
data, for more genes, will provide an opportunity 
to investigate gene–gene interactions, which 
could explain much of the variation in the clinical 
presentation of patients and families with muta-
tions in genes like  BRCA1  and  BRCA2 . A higher 
percentage of patients tested will have at least 
some sort of informative result and our under-
standing of the natural history associated with 
mutations in different genes will improve. 
However, none of this will come to fruition with-
out the development of mechanisms to collect, 
store, analyze, and annotate massive amounts of 
genetic and clinical information. It seems inevi-
table that the overall interpretation of the data 
from this testing will require constant re- evaluation, 
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as variants of uncertain signifi cance will be 
abundant in all patients undergoing testing for 
large numbers of genes, or entire genomes, and 
even the overall interpretation of clearly deleteri-
ous mutations will be subject to modifi cation as 
we learn more about modifi er effects of variants 
in other genes. 

 Some additional areas of excitement for the 
future of clinical  BRCA1  and  BRCA2  genetic 
testing include: (1) hope that current clinical 
 trials will demonstrate the effectiveness of tar-
geted therapy (e.g., the platinum-based and PARP 
inhibitor chemotherapies) for the treatment of 
cancer in mutation carriers, as well as the possi-
ble future development of additional agents 
informed by an improved understanding of the 
molecular biology of these genes, (2) the devel-
opment of more reliable strategies for the early 
detection of cancer, particularly ovarian cancer, 
(3) alternatives to surgical removal of the breasts 
and ovaries for cancer prevention, through che-
moprevention and/or lifestyle modifi cation, and 
(4) further education of providers and the public 
so that  BRCA1  and  BRCA2  testing is utilized 
appropriately and fully integrated into medical 
practice.     
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�Introduction

Cystic fibrosis (CF) is the most common life-
shortening autosomal recessive genetic disorder in 
the Caucasian population. CF is due to mutations 
in the cystic fibrosis transmembrane regulator 
(CFTR) gene, located on chromosome 7 at 7q31.2, 
which encodes a cyclic AMP-activated chloride 
channel [1, 2]. The disorder has a broad range of 
severity, but classical CF is manifested by chronic 
pulmonary disease, exocrine pancreatic insuffi-
ciency, and elevated concentrations of chloride in 
sweat. Approximately 85  % of individuals with 
CF do not retain sufficient exocrine pancreatic 
function to adequately digest food. Thus, without 
oral pancreatic enzyme supplementation, severe 
malnutrition and growth failure can occur within 
the first years of life. The major cause of morbidity 
and mortality in CF is the chronic, suppurative 
pulmonary disease. The CF lung is extremely sus-
ceptible to infection, particularly with the mucoid 
form of the gram negative bacterium Pseudomonas 
aeruginosa and the gram-positive Staphylococcus 
aureus [3]. Although the details are still unclear, 

the mechanism of the lung disease is thought to 
originate in the relative lack of airway surface 
hydration due to abnormal sodium and chloride 
transport and the associated movement of water 
across the apical epithelia. The dehydrated mucus 
lining the airways becomes difficult for the cilia to 
move and clear trapped particulate matter, includ-
ing inhaled bacteria. Subsequent bacterial growth 
stimulates inflammation and mucus hypersecre-
tion, which in turn becomes dehydrated and diffi-
cult to expel. Thus, there is cycle of increasing 
pulmonary obstruction and inflammation that 
leads, without treatment, and in some cases, in 
spite of treatment, to bronchiectasis and end-stage 
lung disease [4].

The ion transport abnormalities are not limited 
to the lining of the lung; rather, they affect many 
secretory epithelia, including those lining the 
pancreatic ducts, the biliary tree, and the sweat 
glands. Indeed, one of the early milestones in CF 
research occurred during a historic heat wave in 
the summer of 1948 in New York City when 
Dr. di Sant’ Agnese and coworkers noted that a 
large number of the babies that presented with 
heat prostration has cystic fibrosis and that they 
had an excessive amount of salt in their sweat [5]. 
This observation lead to the development of a 
diagnostic test for CF, the measurement of the 
chloride ion concentration is sweat, which 
remains a cornerstone of CF diagnostics today. 
In addition to the epithelial dysfunctions, approx-
imately 97 % of males with CF are infertile due 
to the absence of the vas deferens [3].
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Over 1,800 mutations have been reported in 
the CFTR gene (http://www.genet.sickkids.
on.ca/cftr/app), but only 10 % or fewer have high 
enough frequencies to have been well character-
ized (http://www.cftr2.org). Of the characterized 
mutations, one is by far the most common, with 
only approximately 23 having frequencies of 
greater than 0.1 % of CF chromosomes in North 
America. The most common mutation, del-
taF508, a three base-pair (bp) deletion that leads 
to the deletion of a single phenylalanine residue 
at codon 508 of the protein, accounts for approxi-
mately 70 % of CF mutation in North American 
CF patients [6].

The clinical heterogeneity of CF had long 
been a puzzle, specifically; it was unclear why 
the majority of CF patients had severe exocrine 
pancreatic insufficiency, yet approximately 15 % 
of patients retained sufficient exocrine pancreatic 
function to digest food. As a consequence, these 
children are better nourished and typically (but 
not always) have milder pulmonary disease. With 
the identification of the CFTR gene and the most 
common mutation, studies of genotype/pheno-
type correlation quickly began. In 1990, a study 
appeared showing that CF patients with the pancre-
atic insufficient (PI) form of the disease were fre-
quently found to be homozygous for the deltaF508 
mutation. In contrast, patients with pancreatic suf-
ficiency (PS) and milder lung disease were very 
rarely homozygous for the deltaF508 mutation [7]. 
The hypothesis that was generated was that there 
were two fundamental types of CFTR mutation—
those associated with PI disease and those associ-
ated with PS disease; with the PS form being 
dominant, such that individuals who were com-
pound heterozygotes with one PI and one PS 
mutation had the pancreatic sufficient form of the 
disease. This was soon shown to be correct.

There are multiple molecular mechanisms of 
CFTR dysfunction that have been identified. 
These are summarized in Table  11.1. Of these 
classes of mutation Types I–III have been identi-
fied as being associated with more severe disease 
(typically PI CF), while Types IV and V are often 
associated with less severe disease (often the PS 
form of the disease) [8]. Although genotype/
phenotype correlations have been established for 

groups of CF patients, due to the contributions of 
other factors that affect disease severity, such as 
other genetic modifiers or environmental insults 
(secondhand smoke or smoking, for example), 
it is not recommended to try and predict the 
course of any given patient’s disease using just 
the genotype.

The diagnosis of CF is often straightforward 
using sweat chloride and/or DNA testing after, 
historically, presentation with characteristic 
symptoms or, today, most often (but not always) 
after a positive newborn screening test result. 
However, a minority of diagnostic cases can be 
very challenging. A Cystic Fibrosis Foundation 
Consensus Conference agreed that the sweat 
chloride was the primary test for confirming the 
diagnosis of CF. However, they noted that it was 
well known that a small percentage of CF patients 
can have sweat chloride values in the intermedi-
ate, or even normal, range. In addition, they noted 
that DNA mutation analysis had a very high pre-
dictive value when two known CF mutations 
were identified, but molecular testing was less 
useful when a known mutation and a variant of 
uncertain significance were identified. Further, 
they stated that an infant with an intermediate 
sweat chloride value and one or no CFTR muta-
tions identified cannot be positively diagnosed 
with CF, but should be followed as they are at risk 
of developing symptoms at a later age [9].

The diagnostic conundrums are exacerbated by 
the realization that CF can present with a broad 
range of disease severities, not just the classical 
presentation of PI and severe, early onset pulmo-
nary disease. Since the original observation in 
1992, multiple studies have confirmed that isolated 
male infertility due to congenital bilateral absence 
of the vas deferens (CBAVD) was associated with 

Table 11.1  Categories of CFTR mutations

Mutation 
type Molecular mechanism Examples [3]

I No protein production W1282X, R553X
II Defective processing DeltaF508, N3103K
III Defective regulation G551D
IV Defective conduction R117H, R347P
V Reduced protein 

production
3849 + 10 kb C > T, 
2789 + 5 G > A
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one or two sequence variation in the CFTR  
gene [10]. Similarly, isolated chronic idiopathic 
pancreatitis, without elevated sweat chlorides or 
pulmonary disease, can be the result of CFTR 
mutations [11]. In order to distinguish these milder, 
single organ disorders from classical PI or PS CF, 
the term CFRD or CF-Related Disorder is often 
recommended [12].

Although CF is still associated with a 
decreased lifespan, the mean age of survival has 
increased markedly since the disease was first 
described in 1938 [13]. At that time, the typical 
age of death of children with CF was 2–3 years of 
age. Currently, the Cystic Fibrosis Foundation 
estimates that the median age of survival of a 
child born with CF in 2010 is 37 years [14]. 
Current CF treatment requires a specially trained 
team of healthcare providers, including physi-
cians, nurses, genetic counselors, and respiratory 
and physical therapists. Therapy involves pancre-
atic enzyme supplementation, high calorie diets, 
both physical and medicinal methods to help clear 
inspissated mucus, and antibiotic regimens. Very 
recently, a molecularly targeted drug, Kalydeco™ 
(ivacaftor, Vertex Pharmaceuticals) has been 
cleared by the FDA for use in CF patients with a 
specific mutation (Gly551Asp) [15, 16]. The 
introduction of drugs targeting not the disease 
symptoms, but the root cause of the genetic disor-
der, is an extremely exciting development in CF 
therapeutics.

�Cystic Fibrosis: Carrier Screening

�Carrier Screening: Background

The identification of markers that were in linkage 
disequilibrium with the CF gene [17], and the 
inference that there would only be one CF muta-
tion, or only a few, gave strength to the notion 
that population-based carrier testing could be 
reasonably accomplished. The principle driver 
behind the idea of population-based carrier 
screening was the desire to provide couples with 
the information needed for them to make 
informed decisions about their reproductive lives. 
However, there were significant concerns as well. 

One of the major concerns was the possibility of 
loss of insurance coverage after an individual was 
identified as a carrier of CF. In addition, the 
effects of revealed carrier status on families and 
marriages, particularly when one member of a 
couple was found to be a carrier while the other 
tested negative, was unknown. After the identifi-
cation of the CFTR gene in 1989, it became clear 
that that, although one mutation accounted for the 
majority of CF alleles, the sensitivity of testing 
would be substantially less than 100 %.

In the early 1990s, with only a handful of CF 
mutations having been identified, testing was 
able to identify approximately 70 % of carriers 
(in the US population). Thus, only about half 
(0.7 × 0.7 = 0.49) of couples at a one in four risk, 
i.e., both members of the couple test positive for 
carrier status, could be identified. This difficulty, 
along with issues of how to educate the popula-
tion (and physicians) in the use of imperfect tests 
and the differing frequency of disease and muta-
tional spectrum in different ethnic groups, lead, 
first the NIH and then the American College of 
Obstetrics and Gynecology (ACOG) and the 
American Association for Human Genetics 
(ASHG) to issue opinions that population-based 
testing was not yet appropriate in 1990, 1991, and 
1992, respectively [18–20].

In 1991, using the new Ethical, Legal, and 
Social Issues (ELSI) program, the new National 
Human Genome Research Institute (NHGRI) 
funded the NIH Cystic Fibrosis Studies 
Consortium (CFSC), which supported eight RO1 
grants that were designed to address the various 
concerns surrounding CF carrier testing [21]. 
Further, during the early 1990s, many investiga-
tors worldwide were sequencing CFTR genes 
from many different patient populations and a 
large number of new and novel mutations were 
identified. However, the majority of the identified 
mutations were very rare, probably even family 
specific, and the overall sensitivity of detection 
remained disappointing low. For example, in a 
widely cited review by Zielenski and Tsui from 
1995, even though over 550 mutations had been 
reported, only 13 were recurrent in the general 
population, with a combined detection rate of 
75.7 % [22].
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After the ELSI studies were completed and 
the results published, the NIH called a consensus 
conference to, once again, address the question of 
whether the USA was ready for population-based 
carrier screening. As the ELSI studies were uni-
form in their conclusions that risk of harm was 
low, and, as the sensitivity of detection continued 
to slowly increase, the 1997 consensus confer-
ence recommended offering CF carrier testing 
not only to individuals with a family history of 
CF but also to the prenatal population and to cou-
ples planning a pregnancy [23].

Although there was a modest increase in 
obstetricians discussing CF carrier testing with 
their patients after the NIH Consensus Conference 
recommendations [24], it was not until the 
endorsement of population carrier testing by both 
the ACOG and ACMG in 2001 that testing vol-
umes in the USA started to grow in earnest.

The 2001 ACOG and ACMG recommenda-
tions called for offering testing to all Ashkenazi 
Jews and non-Jewish Caucasians who were 
pregnant or planning a pregnancy and making 
testing available on request to individuals of 
other ethnic groups [25]. The test would consist 
of a panel of mutations comprised of those muta-
tions which had a frequency of greater than or 
equal to 0.1  % of CF alleles in the general 
American population.

In 2004, ACOG modified their recommenda-
tions [26]. The differences between offering test-
ing to individuals of some ethnic groups while 
“making it available” to others created significant 
confusion in the already busy obstetrics commu-
nity. Accordingly, the 2004 recommendations 
removed this distinction and called for offering 
testing to all, regardless of ethnicity. In addition, 
two mutations from the original list of 25 were 
removed. Several years of testing large numbers 
of individuals revealed that the 1078delT muta-
tion was not as common as previously thought. 
As its frequency did not rise to the level of 0.1 % on 
CF chromosomes, it was dropped from the panel. 
I148T was removed from the panel because it 
was shown by investigators at Genzyme Genetics 
and the University of North Carolina not to be a 
mutation at all, but a benign polymorphism that 
was linked to a disease causing mutation 

(3199del6) on approximately 1 in 50 I148T-bearing 
chromosomes [27].

The sensitivity of the 23 mutation panel for 
the detection of mutations in the Northern 
European Caucasian population is relatively 
high. It is, however, difficult to determine exactly 
what the sensitivity of a given panel is. The only 
way to accomplish this is to study a population of 
individuals with diagnosed CF and determine the 
fraction of alleles that are identified. The muta-
tions for the panel were selected from the over 
15,000 cases with molecular results in the Cystic 
Fibrosis Foundation registry; however, a figure 
for the sensitivity of the selected panel could not 
be determined as many of the patients were only 
tested with a number of different small panels of 
mutations.

The decision to limit the standard panel to 23 
mutations was not without controversy and is not 
without drawbacks. Even though the sensitivity 
of detection is high in the Northern European 
population, estimated at 80.2 % in a 1997 paper 
from the Cystic Fibrosis Mutation Analysis 
Consortium, the detection rates were known to be 
significantly reduced in other populations, spe-
cifically Southern Europeans, Hispanics, and 
African Americans [28]. Even though the ACMG 
recommendation specifically did not recommend 
offering panels with additional mutations, one 
commercial laboratory, Genzyme Genetics, mar-
keted a 64 mutation panel, claiming increased 
sensitivity in the North American population. 
Indeed, in the next issue after the publication of 
the ACMG recommendations in Genetics in 
Medicine, Genzyme Genetics published a study 
of 5,840 CF chromosomes from individuals with 
clinical diagnoses using panels with 64, 70, or 86 
mutations. In this study, the sensitivity of detec-
tion in the CF patients of Northern European 
ancestry rose modestly as the number of muta-
tions tested increased from 23 (81.5 % detected) 
to 70 (84.3 % detected) to 86 (85.7 % detected). 
The increase in detection rate for individuals of 
Hispanic ancestry also increased modestly from 
56 % detected with 23 mutations to 58.3 % with 
86 mutations. However, the gain in sensitivity in 
the African-American patients was more impres-
sive, rising from only 47  % detected with 23 
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mutations to 61.9  % with 86 [29]. The authors 
concluded that, particularly given the racial 
mixture and ethnic heterogeneity in the USA, a 
pan-ethnic, expanded panel had value for popula-
tion screening.

The question of what is the optimal number of 
mutations to include in screening assays is, some-
what surprisingly, still an open question. The 
debate over whether “less is more” or “more is 
better” continues and is further explored in the 
Standard Reagents section.

�Carrier Screening: Clinical 
Applications and Test Interpretation

The purpose of CF carrier testing, reiterated in 
numerous articles and reviews, is the empower-
ment of individual couples to better plan their 
reproductive lives [30]. For couples who know 
that both partners are carriers of the same auto-
somal recessive disorder, there are numerous 
actions and alternatives available to them 
(Fig. 11.1). As most carriers of autosomal recessive 

diseases, in particular, carriers of CF, are asymp-
tomatic, the typical way that a couple finds out 
that they are both carriers is by having an affected 
child. The purpose of carrier screening is to pro-
vide couples with the information that they are at 
a one in four risk before the birth of the first 
affected child.

A key concept for the use of tests with less 
than perfect sensitivity is that of residual risk. 
An individual who tests negative for carrier status 
with a test that is, for example, 90 % sensitive, 
has had their chances of being a carrier reduced, 
but not eliminated.

In order to fulfill the goals of the carrier-
screening program, to inform the patient, it is 
necessary to calculate the residual risk that an 
individual with a negative test result is still a car-
rier. This can be a complex task, given a family 
history of CF (if any); the variation of carrier 
risks in different populations and ethnic groups; 
and, the variation in the distribution of mutations 
in different groups, which results in different 
levels of clinical sensitivity when using the same 
test in different populations.

Fig. 11.1  Carrier screening yields options. Couples who 
know that they are both carriers for the same recessive dis-
order have numerous options available to them. Whether 
they take advantage of these options or not is a decision that 
is entirely left to the couple. The profession of genetic coun-
seling has arisen, in part, to assist individuals and couples 
navigate through technically difficult and personally 

challenging decisions. When the couple knows of their 
carrier status prior to pregnancy, options include those 
centered on whether to take the known risk of an affected 
child or not. When the information is only available after 
pregnancy, the decisions available center on whether or not 
to seek prenatal testing or not and decisions of what to do in 
the case that an affected fetus is identified
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First, an estimate of the sensitivity of detection 
for each ethnic group that the laboratory is 
expecting to serve needs to be made. As noted 
previously, it is difficult to determine sensitivity 
experimentally as it requires a large population of 
well-characterized CF patients that the test in 
question can be applied to. An indirect method 
that is widely used for the determination of sensi-
tivity is to examine published studies in which 
either all of the patient samples were completely 
sequenced or tested with a high sensitivity muta-
tion scanning method or large panels of mutations 
(for example, the Heim et al. study cited above) 
were used. As whole gene sequencing is relatively 
expensive (and was more so in the recent past), 
the number of studies that are available for com-
parison are relatively few.

Given an estimate of sensitivity, and knowing 
the a priori carrier rate in the population, the resid-
ual risk is calculated using Baysean analysis. For 
example, the carrier rate is 1 in 25 the Northern 
European Caucasian population. Using a panel of 
mutations with a sensitivity of 91 % in that popu-
lation, a Baysean analysis yields a posttest risk of 
1 in 267 of being a CF carrier for an individual 
with a negative test result.

A secondary, but still important clinical appli-
cation of multi-mutation panel testing is in the 
conformation of clinical diagnoses. However, the 
use of specific mutation panels to confirm a clini-
cal diagnosis should be approached with caution. 
As noted above, even expanded panels have 
much less than perfect sensitivity for the detec-
tion of CF carriers. The sensitivity for the detec-
tion of two CF mutations, required to make or 
confirm a diagnosis, is significantly less. Using 
the Hardy–Weinberg equation

	 p pq q2 22 1+ + = , 	
where p is the fraction of CF mutations that are 
detectable in a population with a given test, and q 
is the fraction that is not detected, then the frac-
tion of cases in which both mutations are detected 
is the square of the fraction detectable. For exam-
ple, using the Genzyme 86 mutation panel in the 
Northern European Caucasian population, with a 
sensitivity of 85.7  %, both mutations would be 
detected in (0.857 × 0.857) × 100 = 73.4  % of 

Northern European CF patients. Similarly, 2pq, 
(2 × 0.857 × 0.143) × 100 = 24.5 %, of CF patients 
will only have one mutation identified, which 
would increase the likelihood of CF, but would 
not confirm it. However, using this test, only q2, 
(0.143)2 × 100 = 2  % of CF patients would not 
have any mutation detected at all.

�Carrier Screening: Methodology  
and Standard Reagents

In many respects, the clinical and commercial 
success of population-based CF carrier screening 
is a testament to the ingenuity of the American In 
Vitro Diagnostics industry. Although multiplex 
PCR for a genetic disease was first developed in 
1988 for the detection of deletions in Duchenne 
muscular dystrophy [31], prior to 2001, there 
were few publications using multiplex analysis, 
and no commercial products were available 
which utilized it.

The opening of a large market, approximately 
four million births per year in the USA, about three 
million of them being Caucasian, stimulated 
multiple companies to develop robust multiplex 
amplification and mutation detection strategies. 
A cursory examination of the commercially avail-
able methods reveals something remarkable—how 
few of them only offer the 23 mutation panel rec-
ommended by the ACMG and ACOG. Although 
somewhat speculative, it is very likely that the 
choices of numbers of mutations offered by each 
company are driven by thoughts of competitive 
advantage. Why would a physician order one test 
versus another, and why would a laboratory choose 
to implement one system over another? One driver 
could certainly be price. However, from a corporate 
point of view, it often is considered best not to 
compete on price, but on some other feature of a 
product that distinguishes it from its competition. 
In the case of CF carrier-screening tests, that dif-
ferentiator was very likely to have been number 
of mutations. Shouldn’t a 32 mutation test be better 
than a 23 mutation test? Shouldn’t 60, 96, or 106 
mutation tests be even better?

The escalation of numbers of mutations tested 
for by commercial panels was the subject of an 
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editorial in the journal Genetics in Medicine in 
2007. The coauthors, all of whom were coauthors 
on the 2001 and 2004 ACMG recommendations, 
called this development “a rather unseemly arms 
race” and emphasized that the reasons that 
expanded panels “should not be offered rou-
tinely” were just as valid in 2007 as they were in 
2001. The authors argue against the upsurge in 
expanded panels citing: since the increase in sen-
sitivity is so small, their use gives a false sense of 
security; there is substantial uncertainty regard-
ing allele frequency and genotype–phenotype 
correlations with the rarer mutations; the futility 
of targeting ethnicity-specific mutations in such 
diverse populations as Hispanics or African 
Americans; and the added costs and diminishing 
returns for testing rarer and rarer mutations [32].

However, multiple studies have shown that 
there is an approximately 10–15  % increase in 
detection rate in Hispanic and African-American 
populations with expanded panels. Heim et  al., 
cited previously, increased the numbers of muta-
tions identified by 15  % using the 86 mutation 
Genzyme panel. A follow-up manuscript, pub-
lished in 2004, specifically addressed the increase 
in sensitivity in Hispanic and African-American 
populations seen with the Genzyme 86 mutation 
panel. Compared to the recommended 23 mutation 
panel, the investigators observed an additional 9.7 
and 7.4 % mutation in the Hispanic and African-
American population, respectively [33]. They 
noted that some of the most common of the addi-
tional mutations were ones that were associated 
with a mild or variable clinical phenotype, D1152H 
and L206W [34, 35]. This is consistent with our 
experience with the 70 mutation Luminex Tag-IT 
assay. We found a similar increase in mutation 
detection in the Hispanic and African Americans, 
respectively, who submitted samples for CF test-
ing to the Mayo Clinic Molecular Genetics labora-
tory from 2007 to 2009, with the most common 
non-ACMG panel mutations being D1152H and 
L206W (unpublished data).

Genzyme added additional mutations to their 
panel in 2005, bringing the total to 98. In a recent 
analysis of over 370,000 samples submitted for 
carrier testing over 33 months, the Genzyme 
group found that 27  % and 23  % of mutations 

detected in their Hispanic and African-American 
patients, respectively, were non-ACMG panel 
mutations [36]. Together, these reports clearly 
indicate that the sensitivity of detection of CF 
carrier status in minority populations can be 
increased with expanded panels; however, fairly 
large panels are required to affect a significant 
increase. (Our experience with a 106 mutation 
laboratory developed test is shown in Fig. 11.2.)

On the other hand, in another recent publica-
tion, Quest Diagnostics published its experience 
with 23–32 mutation panels (depending on the 
time when the samples were analyzed). They 
reported data on almost three million samples 
analyzed between 2002 and 2010. Overall, the 
observed carrier rate was 1 in 37.6, which, after 
adjusting to a figure of 1 in 25, yields an overall 
sensitivity of 77  %. After extensive analysis of 
their data, the Quest group concluded that the 
ACMG/ACOG panel was performing as it was 
designed to do and that they found no compelling 
reason to recommend that the recommendations 
be changed in favor of expanded panels [37].

Thus, the controversy over the use of expanded 
panels continues. However, the market is speak-
ing to this issue. With over 350,000 tests done 
over 2.5 years, there are clearly physicians and 
patients who prefer the expanded panel approach 
of Genzyme. On the other hand, many more sam-
ples were analyzed with the Quest panels, which 
are much closer to the recommended panel. The 
complete reasoning for this is not clear, but may, 
in part, be due to lower costs of smaller panels. 
Intriguing is the observation that in the Quest 
series approximately 60 % of the samples tested 
were from individuals who self reported as 
Caucasian, whereas that fraction was about 40 % 
in the 2011 Genzyme series. Perhaps clinicians 
are sorting this out themselves and are tending to 
send samples from minority populations for 
expanded panels and reserving the standard panel 
for Caucasians.

�Carrier Screening: Regulatory Issues

Between 2001 and 2005, none of the CF muta-
tion detection kits on the market were cleared for 
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use as in vitro diagnostic tests by the FDA. 
Rather, they were marketed as analyte-specific 
reagents, something of a stretch for the original 
meaning of the term. In 2005, the Tm Biosciences 
40+4 Tag-IT assay, which used the Luminex flow 
cytometer for detection, became the first CF kit to 
be FDA approved (since then, Luminex Inc. pur-
chased Tm Bioscience. It continues to market the 
CF assay, and has received FDA approval for a 
60-mutation Version 2 of the test). Since 2005, 
several other companies have taken their CF tests 
through the FDA and have received approval. At 
this writing, in addition to Luminex, Celera 
Diagnostics, GenMark Diagnostics, Hologic, 
Inc., and Nanosphere Inc. all have FDA cleared 
CF carrier-screening kits on the market. 
Companies that have not are likely in the process 
of doing so. Shortly, it is very likely that all CF 
carrier screening done in the USA will be done 
using FDA-approved kits.

It is interesting to note that when the ACMG/
ACOG recommendations were published, control 
material, required for test validation under the 
CLIA regulations, for all of the 23 mutations 

were, in the words of Grody et al., “were not to be 
had for love or money” [32]. Indeed, it was not 
until 2005, when a conference was called by the 
CDC, that this problem was addressed [38]. 
Currently, genomic DNA samples heterozygous 
for all 23 ACMG panel mutations (and additional 
mutations) are available from the Coriell Cell 
Repository [39]. In addition, several companies 
are marketing so-called super-controls, samples 
with synthetic constructs corresponding to mutant 
and wild-type sequences for multiple mutations 
that can be analyzed simultaneously.

�Carrier Screening: How CF Carrier 
Screening Has Changed Medical 
Practice

As previously noted, the purpose of population-
based CF carrier screening programs is to pro-
vide individuals and couples the information 
that they may use to plan their reproductive lives. 
The purpose of screening was never eugenic. 
That is, the purpose of carrier testing was never to 
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Mayo Clinic experience with a 106 mutation cystic fibrosis screening panel.
Mutations detected after tested >25,000 patient samples.
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Fig. 11.2  Mayo Clinic experience with a 106 mutation 
cystic fibrosis-screening panel. Shown are the 819 muta-
tions identified after testing 27,339 samples. As the range 
of number of mutations detected range from 521 (for del-
taF508) to 1, the data is displayed on a log scale for con-
venience. The mutations are grouped according to 
commercially available testing panels. Shown is the distri-

bution of mutations detectable with: the ACMG 23 muta-
tion panel; a 70 mutation panel; a 98 mutation panel; and 
the Mayo 106 mutation panel. Note that more mutations 
are detected as the number of mutations tested for 
increases; however, the number of positive cases identi-
fied decreases fairly quickly after testing for the most 
common ~50 mutations
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“wipe out CF.” Nevertheless, evidence is emerg-
ing that the birth rates of CF is declining in areas 
of the world where screening is commonplace. 
Whether this is due primarily to carrier screening 
is debatable, as areas with robust carrier-screen-
ing programs also typically have newborn-
screening (NBS) programs as well. Indeed, it is 
from NBS programs that the trends in incidence 
figures are derived. As both programs result in 
the referral of couples to genetic counseling and 
access to prenatal diagnostics, it is likely that 
both are having an effect.

Using data from the Canadian CF Foundation, 
Dupus et  al. found that although the birth inci-
dence of CF had remained stable from 1971 to 
1987, after the cloning of the gene in 1989, the 
birth rate had fallen from 1 in 2,714 to 1 in 3,608 
in 2000. The author speculated that the decline 
was due to the availability of carrier testing and 
prenatal diagnosis [40]. The State of 
Massachusetts has seen a fall in the frequency of 
CF births after 2003. Interestingly, the decrease 
in the number of babies with a homozygous 
dF508 genotype was almost halved. Again the 
authors speculated that the increase in numbers 
of individuals screened for CF carrier status was 
the reason for the fall [41]. An interesting study 
from Italy was published in which it was possible 
to compare the CF birth rates in two adjacent 
regions, one of which has widely available carrier 
testing and one that limits testing to individuals 
with a family history of CF. The region with the 
carrier screening had a threefold fewer CF births 
in 2006 and 2007 than the region with the more 
conservative approach to screening [42]. Thus, 
CF carrier screening, along with newborn screen-
ing, appears to be decreasing the incidence of CF 
in countries and regions that offer these services. 
As importantly, millions of women and likely 
tens of thousands of couples have been screened 
for CF carrier status at this point worldwide. The 
great majority of these individuals and couples 
tested negative and thus were relieved of at least 
one worry about the birth of their child that that 
child would have CF. The individuals and cou-
ples who tested positive had options available to 
them that they otherwise would not have had. 

Thus, screening can be said to be accomplishing 
the goals that it set out to meet.

�Carrier Screening: Future Directions

The controversy over how many mutations com-
prise an optimal carrier test is likely to continue. 
At this writing, there are discussions of greatly 
expanded panels, consisting of 150–300 muta-
tions that could have sensitivities as high as 
95+ % in all ethnic groups in the USA. It will be 
very interesting to see if this strategy comes to 
fruition and how such a highly multiplexed panel 
could be achieved technically.

However, it is worth asking whether, given the 
recent success of ivacaftor for one specific 
CFTR mutation [15, 16] and the aggressive 
investigation and development of molecularly 
targeted therapeutics for other mutations, par-
ticularly the deltaF508 mutation, will CF soon 
become a chronic disease that is well managed by 
medication? If so, what would the role of carrier 
screening be?

�Cystic Fibrosis Newborn Screening

�Newborn Screening: Background

Newborn Screening (NBS) was first demon-
strated as an effective public health program 
when Robert Guthrie showed that phenylketon-
uria, a devastating genetic disorder characterized 
by profound mental retardation, could be detected 
well in advance of symptoms by testing a small 
blood sample collected onto filter paper and that 
symptoms could be essentially eliminated by 
dietary intervention [43]. Other disorders such as 
congenital hypothyroidism and medium chain 
acyl dehydrogenase deficiency were soon identi-
fied and added to state sponsored NBS programs 
in the USA and Europe. NBS for CF was first 
demonstrated in 1979 when it was shown that CF 
babies had high levels of trypsinogen detectable 
by immunoassay in dried blood spots [44]. Pilot 
studies began almost immediately in Australasia, 
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Europe, and the USA. The cloning of the CFTR 
gene in 1989 and the identification of the most 
common mutation allowed a substantial increase 
in specificity by introducing a molecular second 
tier test. Following up a positive IRT (immunore-
active trypsinogen) result with molecular analy-
sis for CFTR mutations has been further 
developed and refined on the past two decades 
and is in use in many areas of the world.

In the USA, NBS programs are administered 
by state public health agencies and, historically, 
there has been substantial variation in how many 
and which conditions were tested for in each state. 
An expert panel convened by the ACMG in 
response to a request by the Health Resources and 
Services Administration, an agency of the US 
Department of Health and Human Services, and 
charged with recommending a standardized panel 
of NBS target disorders and tests in the US. Results 
of the group’s deliberations were published as a 
special issue of the Journal Genetics in Medicine 
in May of 2006 [45]. As part of their work, this 
Newborn Screening Expert Group established 
guiding principles as a framework for defining cri-
teria for the evaluation of conditions and making 
recommendations. These principles included a 
statement that NBS is an essential public health 
responsibility that is critical to improve the health 
of affected children. For a disorder or condition to 
be included in an NBS program, they had to meet 
certain minimal criteria: it can be detected in the 
early newborn period, at a phase in the natural his-
tory of the disease that it would not ordinarily be 
clinically detected; that an analytical test with 
appropriate sensitivity and specificity is available 
for it; and, there are demonstrated benefits of early 
therapeutic intervention which is only made pos-
sible by early detection. The group reviewed the 
published literature on over 80 disorders and con-
ducted surveys of stakeholders and experts to 
identify those conditions that by consensus best 
met the criteria for inclusion in a recommended 
standard NBS panel. Cystic fibrosis was included 
in the final set of disorders that the expert group 
felt had sufficient objective evidence for inclusion. 
At this time, all 50 states in the USA, over 25 
regions of Europe, Australia, and New Zealand 
include CF in their NBS programs.

�Newborn Screening: Clinical 
Applications and Test Interpretation

The devastating consequences of some of the 
disorders screened for in NBS programs, such as 
profound mental retardation in PKU or the high 
likelihood of sudden infant death in MCAD defi-
ciency, can be all but eliminated by the early 
intervention afforded by presymptomatic detec-
tion. Unfortunately, this is not the case with CF. 
The improvement in outcomes in CF are more 
modest, but are significant nonetheless.

The improvements in outcome for children 
with CF as a result of NBS have been extensively 
studied and documented [46, 47]. There have 
been two large, randomized controlled trials, one 
in the USA and one in the UK [48, 49]. In addi-
tion, there have been numerous reports of the 
experiences of individual programs in the Western 
world. Recently, the Clinical and Laboratory 
Standard Institute published Approved Guidelines 
for laboratories engaged in CF NBS [50]. Overall, 
benefits in nutritional status, growth, pulmonary 
function have been observed, as well as a decrease 
in frequency of antibiotic usage and hospitaliza-
tions for children who were identified in NBS 
programs versus cohorts who were diagnosed 
clinically later in life (reviewed in [51, 52]). 
Increased survival has been less well demon-
strated, but evidence to this effect is emerging [53]. 
That there are potential hazards to CF NBS has 
also been widely acknowledged. The parental 
anxiety caused by false positive or inconclusive 
NBS tests is a challenge not restricted to CF test-
ing. The disclosure of CF carrier status of infants 
who test positive for one mutation but have a neg-
ative sweat chloride test is an unwanted conse-
quence of CF NBS. The hazard that this represents 
is unknown, and has been the subject of study, 
but may impact parental interactions with the 
child and influence views of self-worth later in 
life [54]. One hazard that was identified early in 
the history of CF newborn screening was the 
possibility of cross-infection from older chil-
dren with established pulmonary infections to 
infants who were newly diagnosed via NBS pro-
grams [55, 56]. This observation leads quickly 
to implementation of screening days in CF 
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clinics where only infants without P. aeruginosa 
were seen. However, whether the infections 
were person-to-person or artifacts of older, more 
crowded facilities have recently been studied 
[57]. Prevention of respiratory colonization is 
a topic of ongoing research and keen interest. 
A CDC workshop reviewed the evidence for CF 
NBS and concluded that the health benefits to 
children with CF outweigh the risks and justify 
screening [58].

A European consensus conference on CF NBS 
was convened in 2008. This group reviewed the 
evidence supporting CF NBS and presented a set 
of recommendations for best practices in European 
programs. This group noted that there were many 
different protocol types across Europe, reflecting 
differences in ethnic group makeup of different 
populations; variations in resources and healthcare 
provision; and, the structure of existing NBS pro-
tocols, particularly with respect to infrastructure 
for obtaining follow-up specimens. Due to these 
differences, which are also at play in the USA, 
development of a single method for carrying out 
CF NBS was not realistic and probably not desir-
able. Some harmonization was thought to be use-
ful, however. The panel of experts reviewed the 
use of IRT and mutation analysis, as well as sweat 
chloride testing, still regarded as the “gold stan-
dard” of a CF diagnosis. They made a number of 
recommendations regarding the counseling before 
NBS, after a positive NBS result, after a positive 
diagnosis of CF, and when CF NBS identifies a 
carrier infant [59].

�Newborn Screening: Methodology

There are four general strategies for CF NBS: 
IRT/IRT, IRT/DNA, IRT/IRT/DNA, and IRT/
DNA-whole gene analysis. The choice of what 
strategy and method to use in any given state or 
province is complex and depends upon multiple 
factors, including cost of the testing, the ethnic 
makeup of the population to be screened, and 
whether the NBS program takes only one blood 
spot during the first few days of life, or whether it 
takes a second one at 2–3 weeks of age.

One strategy which does not involve molecular 
test is the IRT/IRT method. Here, the first 
bloodspot is tested for IRT concentration, and 
babies who have levels greater than the cutoff, 
typically the top 0.5–1 % of values, will have IRT 
done on a second blood spot after 2–33 weeks. 
Babies who have a second result greater than the 
cutoff are referred for sweat chloride testing. The 
advantage of this method is the simplicity and 
low cost. In addition, since carriers are not identi-
fied with a molecular technique, there is no need 
for parental genetic counseling in this situation. 
The disadvantages are the need for a second 
sample, difficulties in setting appropriate cutoff 
values, and possible false positives due to IRT 
elevation in low birth weight and African-
American babies. The state of Colorado has used 
the IRT/IRT method for many years with an esti-
mated sensitivity for the detection of CF of 
approximately 95 % [60]. The recent European 
CF Society best practices guidelines found little 
evidence to support the use of IRT alone as a sec-
ond tier test, although it acknowledged that such 
a strategy may be appropriate in some circum-
stances [11].

Soon after the identification of the deltaF508 
mutation, its detection was applied to NBS, with 
positive results. In the IRT/DNA strategy for 
screening, the first test is still the IRT. Those sam-
ples with results higher than the cutoff are reflexed, 
not to a second IRT test, but to a molecular test for 
the common CFTR mutation. Trials in large 
screening programs demonstrated that testing for 
detaF508 decreased the number of false-positive 
cases, babies referred for sweat chloride test, ver-
sus the IRT/IRT strategy [61, 62]. As the number 
of mutations identified continued to grow, so did 
the number tested in NBS programs. Currently, the 
majority of NBS programs utilize commercial kits 
that were developed for carrier screening. Several 
retrospective analyses have been carried out using 
data from 14 to 20 years of screening demonstrat-
ing that here is an increased sensitivity using an 
IRT/DNA strategy when the DNA portion of the 
test consists of (at least) the 23 mutation panel ver-
sus IRT/deltaF508 or IRT/IRT approaches [46, 
63]. The disadvantage is that a number of hetero-
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zygote carriers will be identified. A CF carrier 
with an elevated IRT will be referred for sweat 
chloride testing, which, if the infant is only a 
carrier, will be negative. Although these children 
are not identified as having CF, they are identified 
as being carriers. As noted above, the actual hazard 
that this represents is unknown. Currently, the 
IRT/DNA method is the most commonly used 
strategy worldwide.

A combination strategy, termed IRT/IRT/
DNA, has been proposed for programs that 
collect two NBS blood spots [64]. The main 
difference between this method and the IRT/IRT 
method is that the IRT cutoff value is lowered in 
the second tier test to increase sensitivity. Infants 
with one or two mutations identified will be 
referred for sweat chloride testing. An advantage 
of this method is that it identified fewer heterozy-
gote carriers.

A disadvantage of any DNA-based NBS strat-
egy that relies on testing specific mutations, no 
matter how large the number, will have less than 
perfect sensitivity because the square of (1 − detec-
tion frequency) (q2) will not have a mutation iden-
tified and 2(pq) will have only one mutation 
identified. As the number of CF patients with one 
identified mutation is significantly smaller than 
the number of carriers in any given population, a 
relatively large fraction of infants referred for 
sweat chloride testing will be carriers. For exam-
ple, as noted above, for a test that detects 85 % of 
CF alleles in a given population, 2(85 % × 15 %), 
or 25.5 % will have one mutation and (15 %)2, or 
2.25 % of CF patients will not have a mutation 
identified and will be missed. For populations that 
are ethnically diverse, the problem is greater 
because the overall detection rate decreases. One 
such population is found in the state of California, 
which has a particularly large Hispanic popula-
tion and significant numbers of other minority 
groups such as African or Asian Americans. To 
address this problem, California has adopted a 
three-tier strategy termed IRT/DNA/whole gene 
analysis. In this method, the top 1.5  % of IRT 
samples is forwarded to DNA testing using a 
commercial 30–40 mutations panel. Infants with 
two mutations are referred for sweat chloride test-
ing and early therapy at a CF Center. Infants with 

no mutations identified are reported as screen 
negative. Samples with one mutation are for-
warded for whole gene analysis, which consists of 
a mutation scanning/sequencing method plus 
deletion/duplication testing (Ambry Test®:CF, 
Ambry Genetics, Aliso Viejo, CA) [65]. Samples 
that do not have another mutation identified are 
reported as screen negative, while infants with a 
second mutation are referred to a CF Center. 
Although per case the cost is much higher than a 
typical NBS test, as only a small percentage of 
samples are sent for expanded testing, the addi-
tional cost to the entire program is minimal. The 
advantage of this method is increased sensitivity; 
the disadvantages are the increased cost and the 
detection of variants of uncertain significance in 
the whole gene analysis.

�Newborn Screening: Regulatory 
Issues

In the USA, the FDA does not currently regulate 
NBS, which is almost uniformly carried out in 
state-operated public health laboratories (which 
are CAP or CLIA certified). Although many state 
NBS laboratories utilize molecular methods and 
kits that have been cleared by the FDA for carrier 
screening, none of these kits have been approved 
for use in diagnostic testing or NBS.

�Newborn Screening: How CF NBS  
Has Changed Medical Practice

It would be difficult to overstate the impact that 
NBS has had on public health. By identifying 
infants before genetic disease would be clini-
cally apparent and instituting appropriate ther-
apy, many of the identified children will go on to 
lead normal, productive lives. Thus, NBS is 
viewed by many as a model for public health 
practice. For babies with CF, the institution of 
therapy yields significantly better outcomes. 
Coupled with better therapies and molecularly 
targeted pharmaceuticals, CF NBS is helping 
reduce the burden of this common, life-shortening 
genetic disorder.
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�Newborn Screening:  
Future Directions

Research into optimizing CF NBS continues 
worldwide. When whole genome sequencing is 
sufficiently sophisticated and low cost, it is difficult 
to believe that it will not be applied to NBS, at 
least in wealthier Western countries. In principle, 
this would allow, not only the identification of 
babies with CF and other genetic disorders with 
very high sensitivity and specificity, it could also 
identify drug targets and genetic modifiers. 
However, there is a significant amount of work 
to do before NextGeneration sequencing technol-
ogy is prepared to take on this challenge.

�Diagnostic Testing of Cystic Fibrosis 
Using Exon Sequencing and 
Deletion/Duplication Analysis

�Diagnostic Testing: Background

Panel tests, as described above, are often used to 
confirm clinical diagnoses as well as for their 
intended use in carrier screening. Although there 
is little disadvantage to this use, some caveats are 
worth noting. When a homozygous result is 
observed, it is wise to confirm with another 
method, as an unsuspected variant maybe inter-
fering with detection of the wild-type allele. 
When the purpose of testing is to rule-out CF, the 
use of panel tests may be more problematic. If the 
clinical diagnosis is not clear cut, the likelihood 
that there is at least one non-panel mutation 
increases. The reason is that the standard panel 
was developed for classical CF (pancreatic suffi-
cient as well as pancreatic insufficient), not vari-
ant presentations.

Even in the best case, when a panel test is used 
to confirm the diagnosis in a classical case of CF 
that has been established with an elevated sweat 
chloride tests, the sensitivity for detecting both 
mutations is limited. It should be remembered 
that 2pq% of cases, where p is the fraction of CF 
alleles that is detectable with the test, and q is the 
fraction that is not, will only have one mutation 
identified. For example, for a test with a sensitiv-

ity of 85 %, the percentage of classical CF cases 
that will only have one mutation detected is: 
2(0.85)(0.15) × 100 = 25.5 %. For non-Caucasian 
ethnic groups and variant presentations, where 
the sensitivity of the panel tests will be lower, the 
fraction of cases with one or zero mutations 
identifiable increases. The identification of a 
single mutation increases the likelihood of CF, 
but does not confirm it.

Exon-by-exon sequencing from genomic 
DNA, coupled with a robust deletion/duplication 
detection method such as Southern blot or 
Multiplex Ligation dependent Probe Amplification 
(MLPA) [66], is often termed whole gene analy-
sis. This combined approach detects all mutations 
in the coding regions of the gene and is consid-
ered the reference method, or gold standard 
method, for mutation detection in virtually all 
genes, including CFTR.

�Diagnostic Testing: Clinical 
Applications and Interpretation

In the USA, the CF Foundation recommends 
characterization of each CF case by mutation 
analysis. This commitment began early, with 
the identification of the dF508 mutation in 1989. 
It was the accumulation of a large database of 
mutations with associated clinical information, 
which provided the data for research on geno-
type–phenotype correlation [8] and the design of 
the standard 23 mutation panel. Thus, character-
ization of each patient by genotyping is typically 
done in the USA, Europe, and Australia, excep-
tions being cases where this relatively expensive 
test would pose a financial hardship for the fam-
ily. It is up to the clinician and the family (and 
third-party payer) how far they want to go in pur-
suit of a genotype result. In q2% of cases, both 
mutations will be identified with a panel test, 
with homozygous dF508 being the most common 
genotype.

The clinical utility of whole gene analysis is in 
characterizing and confirming, not only clinical 
diagnoses but also variant presentation such as late 
onset disease, pancreatitis, or CBAVD. Another 
utility, infrequently, but not rarely, used is for 
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carrier screening for the spouse of an individual 
who has tested positive with a panel test.

When a well-characterized mutation, such as 
one of the standard panel mutations, is identified, 
the interpretation is straightforward. Similarly, 
when a variant that results in a truncated protein is 
detected, such as a frame-shifting insertion or 
deletion, or, a nonsense mutation, an interpretation 
that the variant is pathogenic has a very high prob-
ability of being correct. However, when a novel 
missense mutation, one where the wild-type amino 
acid is replaced by another, is detected, it is impos-
sible to determine whether the variant is a benign 
polymorphism or a disease-causing mutation. 
These events, which are reported as Variants of 
Uncertain Significance (VUS) are a source of frus-
tration for the clinician and laboratory alike. 
Although there is a substantial body of literature 
describing a variety of statistical approaches to 
the prediction of pathogenicity, none have been 
sufficiently validated for clinical use. The value 
of the use of such commonly used prediction 
tools as SIFT (http://sift.jcvi.org/) and PolyPhen 
(http://genetics.bwh.harvard.edu/pph/) for CFTR 
in particular is uncertain.

That over 1,500 mutations have been identi-
fied in the CFTR gene is a widely quoted statistic. 
However, the overwhelming majority of these 
variants have not been proven to affect CFTR 
function. Indeed, a recent analysis of the variants 
list in the CFTR Mutation Database maintained 
at Sick Kids Hospital in Toronto revealed that 
only 43 had either functional studies done or at 
least ten examples in the published literature 
(unpublished data).

The ongoing CFTR2 project is designed to 
address the uncertainty of the clinical signifi-
cance in the reported missense CFTR mutations. 
The investigators are compiling the literature on 
individual mutations, as well as doing functional 
studies. When completed, this is expected to be 
an extremely useful resource for CF testing labo-
ratories and clinicians.

However, novel sequence variants continue to 
be detected and the number of VUSs is certain to 
stay well ahead of any attempts to characterize 
them. The interpretation of a VUS in CFTR, or 
any other gene, is that the results of the test are 

uninformative. Indeed, such a result should be 
interpreted as if the test had not been done.

�Diagnostic Testing: Methodology  
and Standard Reagents

Gene sequencing is the gold standard to detect 
aberrations such as substitutions and small dele-
tions and insertions at the nucleotide level. 
Sequencing is particularly useful when allelic 
heterogeneity is high in a disease, as with CF.

The first step in any DNA sequencing is the 
extraction, or purification, of DNA, typically 
from a peripheral blood sample. Many platforms 
are commercially available for DNA extraction; 
the author’s laboratory uses the M96 (Roche 
Diagnostics). Following DNA extraction, the sam-
ples are prepared for PCR with primers specific to 
the gene of interest and the usual PCR constituents 
(Taq polymerase, buffer, magnesium chloride, and 
sterile PCR-grade water). The authors perform a 
gel electrophoresis step to confirm the PCR reac-
tion prior to proceeding with the sequencing assay. 
Next, the PCR product is treated or “cleaned” to 
remove unincorporated primers and nucleotides. 
Again, there are multiple ways that this can be 
accomplished. One widely used method utilizes 
shrimp alkaline phosphatase [to convert unincorpo-
rated deoxynucleotide triphosphates (dNTP’s) into 
dephosphorylated products that will not interfere 
with the downstream sequencing reaction] and 
exonuclease (to digest unextended PCR primers 
into nucleotides to prevent unwanted extension 
during the sequencing reaction). The cleaned PCR 
product is next combined with a mixture of fluores-
cently labeled di-deoxynucleotide triphosphates 
and dNTP’s (ex: BigDye® terminators [Applied 
Biosystems]), sequencing buffer, and a thermo-
stabile DNA polymerase. After carrying out the 
sequencing reaction by thermal cycling and 
another purification step, this time removing 
unincorporated fluorescent material, the sample 
is analyzed by capillary electrophoresis. There 
are multiple software programs commercially 
available for base calling, alignments, and mutation 
detection. The authors use Mutation Surveyor® 
(Soft Genetics, College Station, PA).
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�Diagnostic Testing: Regulatory Issues

Currently, there are no FDA-approved tests or 
instruments for the sequence analysis of any 
human gene for diagnostic purposes. There are 
over 2,000 genetic diseases for which clinical 
diagnostic testing availability is listed at 
GeneTests.org. Although not all of these tests are 
whole gene analysis tests, a sizable fraction are. 
All of these are currently available as Laboratory 
Developed Tests (LDTs). As such, all of them that 
are offered by US CAP or CLIA certified labora-
tories validated their sequencing and deletion test-
ing according to CLIA guidelines.

The performance characteristics that are 
required by CLIA to be validated are: accuracy, 
precision, reference range, reportable range, and 
analytic sensitivity and specificity. Although the 
meanings of reference range and reportable range 
as applied to DNA sequencing is debatable, the 
need for a rigorous validation of the analytical 
characteristics of sequencing assays is not.

�How Has CFTR Diagnostic Testing 
Changed Medical Practice?

Although not as transformative as either 
population-based carrier screening or newborn 
screening, the broad availability of extended 
CFTR analysis has proven useful for affected 
individuals whose mutations are not detected 
using the standard screening panels. In particular, 
the availability of extended gene analysis has 
helped define a new category of disease—the 
CFTR-related disorder (CFRD) [12].

�Diagnostic Testing: Future Directions

Sequencing and deletion detection technology 
are in the early phases of revolutionary changes. 
The availability of the so-called Next Generation 
sequencing technology will transform how we 
approach virtually all diseases, but genetic disor-
ders in particular. With respect to CF, it will soon 
be possible (and economically feasible) to not 
only obtain the completed CFTR gene sequence 

of every CF patient but also the sequence of all 
known gene modifiers. Ultimately, knowledge 
about CF patients at the genomic level, not only 
the sequences of CFTR and gene modifiers, but 
genes involved in drug metabolism and immune 
responses, will allow for more finely nuanced 
therapeutic regimens and truly personalized 
medical care.
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        Over the last several of decades, newborn 
screening (NBS) has rapidly expanded from 
the application of a single test to identify a 
severe but treatable disorder in presymptom-
atic newborns in order to provide therapy and 
prevent disease, to a complex and important 
health program. 

    Background and Clinical 
Applications of NBS 

    History of NBS 

 Newborn screening for genetic conditions was 
fi rst applied to the autosomal recessive disorder 
phenylketonuria (PKU). PKU was, and still is, an 
ideal candidate for newborn screening as PKU 
infants can be fed a diet with a reduced concentra-

tion of phenylalanine and remain asymptomatic 
[ 1 ]. Originally, PKU was screened postnatally in 
urine by a colorimetric ferric chloride assay [ 2 ]. 
Although this assay was effective, it was often 
diffi cult to collect the urine required and was 
prone to false- positive results due to interfering 
substances. This issue was addressed by Dr. 
Robert Guthrie, often referred to as “the father of 
newborn screening” when he developed and 
championed a specifi c bacterial inhibition assay 
(BIA) [ 3 ]. The BIA test was successfully applied 
to dried blood spots on fi lter paper, which could 
be easily collected, shipped, and stored at ambient 
conditions, but it was impeded by the fact that the 
dried blood spots had to be sterilized by autoclav-
ing prior to analysis. In the immediately following 
years, BIA tests for other metabolic disorders 
(e.g., maple syrup urine disease, orotic aciduria, 
and argininosuccinic aciduria) were developed for 
newborn screening, although not as widely 
accepted as the original PKU screen [ 4 ,  5 ]. In fol-
lowing decades, screens for several alternative 
technologies (radioimmunoassays, fl uorometric 
enzyme assays, electrophoresis, etc.) were devel-
oped and utilized to screen newborns for other 
disorders including congenital adrenal hyperpla-
sia (CAH), congenital hypothyroidism (CH), and 
hemoglobinopathies [ 6 – 8 ]. As with the additional 
BIA tests, these were not as widely adopted by 
public health laboratories as the “PKU test” lead-
ing to a disparity in the number, ranging from 1 to 
9, of disorders that a newborn is screened for 
depending on the baby’s birth state.  
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    Tandem Mass Spectrometry in NBS 

 Newborn screening had a quantum leap in the late 
1980s when tandem mass spectrometry (MS/MS) 
was introduced for the diagnosis of inborn errors of 
metabolism, and in particular, fatty acid metabo-
lism. This technology was initially described for the 
detection of acylcarnitine species in urine, plasma, 
and tissue by Millington et al. [ 9 ]. The usefulness of 
this technique to NBS was quickly realized, and in 
1990, its application to this topic was demonstrated 
[ 10 ]. By 1993, a complementary MS/MS method 
for the detection of amino acids was developed and 
its application to the diagnosis of aminoacidopa-
thies in the newborn period was also shown [ 11 ]. 
Robert Guthrie’s successful campaign decades ear-
lier convinced states to collect dried blood spot 
samples from newborns, thereby the combination 
of these two MS/MS analyses for the detection of 
acylcarnitines and amino acids in dried blood spots 
signifi cantly increased the number of screenable 
disorders from 9 to greater than 60 without disrupt-
ing previously established infrastructure. 

 As a single new technology, MS/MS, allowed 
state newborn screening laboratories to screen for 
over 60 disorders with only one additional punch 
of the NBS card (Guthrie card). This completely 
shattered the paradigm of 1 punch/1 test/1 disor-
der, which would have forced the number of tests 
possible to quickly reach a maximum based on 
the amount of blood spotted on the card.  

    Uniform Panel of Disorders 

 With this huge jump came an even larger disparity 
in the number of disorders for which state newborn 
screening laboratories across the USA were testing 
(4–49). This meant that the detection of crippling 
disorders was entirely dependent on location of an 
infant’s birth state. To address this serious issue, in 
2002 the Department of Health and Human 
Services commissioned the American College of 
Human Genetics (ACMG) to form an expert group 
and generate a consensus- recommended panel of 
disorders to be screened by state newborn screen-
ing laboratories. 

 This ACMG expert group adapted the World 
Health Organization’s “Principles and Practice of 

Screening for Disease” written by Wilson and 
Jungner originally for infectious and chronic 
 disease screening in 1968 [ 12 ]. In the WHO 
 document, ten criteria highlighted the need for 
establishing a defi nitive benefi t to the patient 
and society as well as for demonstrating cost- 
effectiveness that benefi ts society. The ACMG 
ranking adapted these ten Wilson and Jungner 
criteria yielding several weighted categories 
including the following: the availability of a 
screening test; the availability and complexity of 
diagnostic services; and the availability and 
effectiveness of treatments related to targeted 
genetic conditions. 

 Eighty-four conditions were ranked and the top 
29 were classifi ed as the minimum recommended 
panel of disorders that each state NBS laboratory 
should screen. An additional 25 disorders were 
classifi ed as secondary targets due to the fact that 
these conditions would be identifi ed using the 
available technologies for the core panel of disor-
ders, but had either incomplete disease character-
ization or an unclear benefi t of detection in the 
newborn period. In an impressively short time 
span, the ACMG-recommended core disorders 
were integrated into almost all of the state NBS 
programs. In 2003, the Secretary’s Advisory 
Committee on Heritable Disorders in Newborns 
and Children (SACHDNC) was chartered to advise 
the Secretary regarding NBS and eventually the 
Newborn Screening Saves Lives Act of 2008 was 
passed. In May of 2010, the Secretary agreed to the 
SACHDNC recommendation to adopt the ACMG 
panel (screen for the 29 core conditions and report 
on the 25 secondary conditions) as a national 
 standard for state newborn screening labs. The 
SACHDNC also established guidelines for adding 
and removing disorders from the core and 
 secondary conditions, and formed seven Regional 
Genetics and Newborn Screening Service 
Collaboratives and a National Coordinating Center 
groups to aid in the advancement of NBS.  

    Increasing the Effectiveness of NBS 

 Since the adoption of MS/MS for newborn 
screening, most advancement in the fi eld has 
been directed at increasing the positive predictive 
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value of newborn screening by decreasing the 
number of false-positive and false-negative 
results. Several simple innovations have guided 
NBS programs in this direction and these are dis-
cussed below.  

    Evidence-Based Disease Ranges 

 Evidence-based approaches to diagnostic testing 
utilize the most scientifi cally sound information 
(evidence) to determine the most effective way to 
test for a specifi c disorder. Historically, the refer-
ence ranges used in most clinical laboratories come 
from single reports or small studies using “normal 
controls” that were either selected at random or 
arose from patients tested for a completely different 
assay, and therefore considered “normal”. Often, 
laboratory reference range are formulated using the 
5th and 95th percentiles as cutoffs. This may work 
for some diagnostic assays, but with NBS, the 
subtle differences between a “normal” newborn and 
an affected newborn may be too small to confi -
dently trigger a true positive result. In addition, 
using traditional reference ranges may lead to a 
 signifi cant number of false positives and false 
 negatives results. An innovative way to avoid the 
problems associated with normal control reference 
ranges is to collect enough data (evidence) on 
patients with true positive NBS results in order 
to generate disease-specifi c ranges.  

    Regional Collaboratives 

 One of the four original Regional Genetics 
Collaboratives, Region 4 (encompassing US states 
IL, IN, KY, MI, MN, OH, and WI), has taken up 
the challenge of creating a system to facilitate data 
collection and analysis for the evidence- based 
determination of disease ranges for NBS condi-
tions. Initially, this effort was focused on the states 
included in the regional collaborative, but it was 
quickly realized that a more global effort would be 
required to compensate for the low prevalence of 
true positive cases for a large number of the NBS 
conditions. Currently there are over 47 states and 
42 countries that have submitted their newborn 
screening data on over 15,000 positive cases and 

contributed to the effort. Having such a large num-
ber of true positives and true negatives, the Region 
4 Collaborative has designed disease-specifi c cut-
off ranges for each analyte [ 13 ] and has developed 
post-analytical tools that permit newborn screen-
ing labs to determine the likelihood that a particu-
lar analyte fl ag (high or low) will be indicative of a 
genetic condition and a positive newborn screen. 
In addition, the Newborn Screening Clearinghouse 
(NBSC) was generated to provide families and 
providers with information on NBS, condition-
specifi c information, state-specifi c NBS program 
information, and nationwide NBS statistics.  

    Second-Tier Testing and the 
Reduction of False Positives 

 The development of second-tier testing has 
greatly reduced the number of false positives in 
newborn screening programs that have adopted 
this methodology [ 14 ]. Since newborn screening 
is based on the use of MS/MS for acylcarnitine 
(AC) and amino acid (AA) analyses, oftentimes 
the marker for a specifi c disease or the specifi c 
reference range is not ideal, but is used because it 
is available. An example of such a marker is the 
measurement of tyrosine to detect tyrosinemia 
type 1 [ 15 ]. By developing a test for a specifi c 
analyte not measured in the initial MS/MS analy-
sis, specimens with preliminary positive AC or 
AA result can be refl exed for a second- tier test 
prior to determining whether an initial result is 
positive or negative, and thereby signifi cantly 
reducing the number of false- positive patients. 
For the example of tyrosinemia type 1, instead of 
using a nonspecifi c marker like tyrosine, a 
second- tier test for the disease-specifi c metabo-
lite, succinylacetone, was developed, which is 
pathognomonic for that specifi c disorder, and 
therefore, dramatically reducing the false- 
positive rate [ 15 ]. These second-tier tests are run 
at no additional cost to the patient and only insig-
nifi cantly increase the turnaround time of a fi nal 
result. The reasons these tests are not added to the 
primary screen of all newborns are that the 
increased cost can be prohibitive and separate 
analyses are be needed for each specifi c analyte, 
which will increase the turnround time. Currently 
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available second-tier testing includes the 
 following: elevation of propionylcarnitine (C3)—
measurement of methylmalonic acid (MMA), 
methylcitrate, and homocysteine; elevation of 
branched chain amino acids—measurement of 
alloisoleucine; and elevation of tyrosine—mea-
surement of succinylacetone. The latter has been 
incorporated directly into the Minnesota primary 
newborn screen methodology and other states 
will likely follow suit to more precisely screen 
for tyrosinemia type 1 [ 16 ]   

    Methodology 

    NBS by MS/MS 

 An electrospray ionization triple quadrupole 
tandem mass spectrometry system (ESI-MS/
MS) is the workhorse of the modern newborn 
screening laboratories and biochemical genetics 
laboratories. The system gains its specifi city 
from its three quadrupoles; the Q1, which mea-
sures the parent ion mass; the q2, which is the 
collision cell that fragments the parent mole-
cule; and the Q3, which measures the mass of 
the daughter ions produced (Fig.  12.1a ). This 
instrument typically uses two different scans for 
newborn screening: a precursor ion scan for 
acylcarnitine analysis and a neutral loss scan 
for amino acid analysis (Fig.  12.1b, c ).

       Acylcarnitine Analysis 
by Precursor Ion Scan 

 Acylcarnitine analysis by MS/MS detects and 
quantitates acylcarnitines of various chain lengths 
taking advantage of the common fragmentation 
that all acylcarnitines share, the splitting off of a 
positively charged 85 mass unit (mu) following 

fragmentation in the collision cell. Initially the 
parent compound is measured and recorded by 
the fi rst quadrupole. Then the compound enters 
into the collision cell and is broken apart. The 
fragments are detected in the third quadrupole, 
and if one of the daughter ions is 85 mu, the 
information is  correlated to the measurement 
taken at the fi rst quadrupole corresponding to the 
respective parent ion. In this sense, all com-
pounds in the specimen are detected in the fi rst 
quadrupole, but only parent ions leading to an 
85 mu daughter ion are measured; i.e., all other 
compounds are ignored. Dueterated internal stan-
dards are added to each sample before analysis 
and at a known  concentration against which the 
resulting acylcarnitine species are quantifi ed. The 
quantitative values for each acylcarnitine species 
are compared to an age-matched reference range 
and disease-specifi c range, and high and/or low 
fl ags are interpreted in the context of other acyl-
carnitine levels as positive or negative.  

    Amino Acid Analysis by Neutral Loss 

 Similar to the fragmentation of acylcarnitine spe-
cies resulting in an 85 mu daughter ion, the anal-
ysis for most amino acids in a dried blood spot is 
based on a common fragmentation pattern. In 
contrast to the acylcarnitine analysis, the com-
mon daughter ion that is produced following the 
fragmentation in the collision cell (q2) is a neu-
tral 102 mu species, which cannot be detected by 
the Q3. Therefore, the loss of this 102 mu neutral 
fragment is the defi ning characteristic that is uti-
lized to measure the relative abundance of the 
amino acid parent ion detected in Q1. Dueterated 
amino acids are used as internal standards at a 
known concentrations. The resulting abundances 
of each amino acid (parent ion detected in Q1) 
are quantitated against these internal standards. 

Fig. 12.1 (continued) 85 mu ( m / z ). The instrument corre-
lates and quantitates the parent ion detected in Q1 for each 
85 mu daughter ion detected in Q3 ( fi lled circles ), which 
represents the different acylcarnitine species. ( c ) For 
amino acid analysis, the tandem mass spectrometer is 
 programmed to perform a neutral loss scan. In this setup, 
the Q1 measures the parent ions within a predetermined 

range, and the Q3 measures only daughter ions created by 
a loss of a neutral mass fragment of 102 mu and correlates 
and quantitates the parent ion detected in Q1 for each 
daughter ion detected in Q3 ( open circles ), representing 
the specifi c amino acids. An exemplary group of amino 
acids and acylcarnitine species were used to simplify the 
schematics in ( b ) and ( c )       
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  Fig. 12.1    Schematic of tandem mass spectrometer. ( a ) All 
ions that are sprayed into the fi rst quadrupole (Q1) within 
a specifi c mass range are measured (parent ions). These 
ions are broken apart in the collision cell (q2) forming 
daughter ions, which are measured in the third quadrupole, 

(Q3), where their masses are recorded. ( b ) For acylcarni-
tine  analysis, the tandem mass spectrometer is pro-
grammed to perform a precursor scan. In this setup, the Q1 
measures the parent ions within a predetermined range, 
and the Q3 measures only daughter ions with a mass of 
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Values outside of the established reference range 
are fl agged and interpreted in the context of the 
other amino acid concentrations in order to deter-
mine whether a test results in a positive or nega-
tive newborn screen. There are only a handful of 
amino acids whose fragmentation patterns do not 
elicit a 102 mu neutral fragment; among these 
compounds is citrulline, which provides 103 mu 
and 119 mu daughter ions for quantifi cation.  

    Laboratory Follow-Up of Positive NBS 

 With any screening test, the trade-off for ensuring 
that the highest number of true positives (false 
negative) are detected is to lower analyte cutoffs, 
which inadvertently increases the number of false 
positives. The high number of false positives leads 
to the need for adequate follow-up testing 
 typically performed in biochemical genetics labo-
ratories and molecular genetics laboratories.  

    Biochemical Genetics Follow-Up 
of Positive NBS 

 The three often used diagnostic tests to follow up 
an abnormal newborn screen include plasma 
 acylcarnitine analysis, urine organic acid analysis, 
and plasma amino acid analysis. Specifi c testing 
algorithms are found in the ACMG ACT Sheets 
available at (  http://www.acmg.net    ). The additional 
testing of urine acylcarnitines, plasma total and 
free carnitine, and urine amino acids may also be 
required depending on the specifi c elevations found 
on the NBS. These biochemical genetics assays are 
often conclusive and diagnostic. However, for a 
few target conditions this is not the case, or for the 
purpose of counseling the parents for future preg-
nancies and testing siblings, molecular analyses for 
confi rmation is needed (Fig.  12.2 ).

       Molecular Follow-Up of Positive NBS 

 In the few disorders caused by common muta-
tions, allele-specifi c hybridization methods have 
been utilized as a fi rst-tier molecular test. This is 

mainly the case for the fi ve common galactosemia 
disease alleles and the Duarte variant, and the 
common 985A > G mutation in medium-chain 
acyl CoA dehydrogenase (MCAD) defi ciency. 
However, many newborn screening conditions 
are ultrarare disorders without a single common 
mutation, and thus, full gene sequencing analyses 
are necessary for confi rmation. Most molecular 
analyses can be performed directly from the NBS 
blood spot card, but fresh EDTA blood is often the 
specimen of choice. More recently, deletion 
detection, which has always been limited in 
direct exon sequencing assays, has become a nec-
essary practice via multiplex ligation-dependent 
probe amplifi cation (MLPA) and/or comparative 
genomic hybridization (CGH-Array) due to the 
increased recognition of exonic deletions for 
some of these conditions.   

    Regulatory Issues of NBS 

 Newborn screening is not currently regulated 
by the FDA, but this may change in the future. 
The regulation of NBS can be split into two 
distinct areas: regulation of NBS programs and 
regulation of laboratories performing NBS. 

    Regulation of NBS Programs 

 As previously discussed, in May of 2010, the 
Secretary of Health and Human Services agreed to 
the SACHDNC recommendation to adopt the 
ACMG panel (screen for the 29 core conditions 
and report on the 25 secondary conditions) as a 
national standard for state newborn screening labs. 
However, the specifi c state NBS programs are 
controlled by each individual state. Each state reg-
ulates their respective NBS programs and deter-
mines where the testing will occur, which disorders 
are screened in addition to the 29 core conditions, 
how the residual dried blood spots will be stored, 
and how consent from parents is obtained. 

 Oftentimes, an appointed group is responsible 
to consult with state legislators and provide 
insight into the disorders that should be added 
or removed from a state’s newborn screening 

S. Hofherr and D. Oglesbee

http://www.acmg.net/


215

program, but this group is not always fi lled with 
 clinicians and scientists, and it may not be as 
infl uential as a strong lobbyist or lobbying group. 
The respective state’s Health Department has 
central role in regulating the logistics of screen-
ing and compliance throughout the state. The 
Health Department also is in charge of ensuring 
that a positive newborn screen is followed up in 
a reasonable time, and this may include sending 
law enforcement authorities to insure that a 
newborn who is screened positive is taken to a 
clinical geneticist to initiate treatment. 

 There are several different models utilized in 
the USA for each NBS programs’ design involv-
ing the relationships between the State’s 
Department of Health, the testing laboratory, 
and the physicians who perform newborn 

screening follow-up. The fi rst of these models 
involves an all-inclusive system where the 
State’s Department of Health coordinates the 
collection and transport of blood spots, per-
forms each test in a government laboratory, and 
provides referrals to physicians and nurses the 
patients with abnormal newborn screening 
results. This all-inclusive model exists in 
Florida. The second model involves the State’s 
Department of Health performing all the afore-
mentioned tasks with the exception of the test-
ing. In this model, the testing might be 
performed by a commercial lab, as in 
Washington, DC, or by another state’s NBS 
laboratory, as is the case for New Mexico, 
whose newborn screening is performed by 
Oregon’s NBS laboratory. 

  Fig. 12.2    ACMG testing algorithms for medium-chain 
acyl-CoA dehydrogenase (MCAD) defi ciency and very 
long- chain acyl-CoA dehydrogenase (VLCAD) defi ciency. 
( A ) The testing algorithm for the follow-up of an abnormal 
newborn screen consistent with MCAD defi ciency almost 
exclusively involves biochemical testing to determine the 
legitimacy of the abnormal call. The use of molecular 
sequencing is only utilized once the biochemical follow-up 

testing is consistent with MCAD defi ciency. The purpose of 
molecular sequencing confi rmation is to aid in the counsel-
ing of the family and testing other family member including 
future pregnancies. ( B ) In contrast, the algorithm for 
VLCAD defi ciency relies heavily on the molecular sequenc-
ing because patients with VLCAD defi ciency have been 
reported to have normal biochemical follow-up testing of an 
abnormal newborn screen consistent with this disorder       
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 In Minnesota, there exists a third system, 
where the Minnesota Department of Health 
(MDH) coordinates the logistics of collection 
and transport of blood spots. Once the blood spot 
cards are transported to a central MDH facility, 
three of the fi ve blood spots on each card are 
 catalogued and retained to screen for all non-MS/
MS assays. The other two spots are couriered to 
the Mayo Clinic, where they are run for all 
MS/MS assays. MDH handles the reporting of 
 positive screens and ensures that the positive 
patient will be seen by the genetics clinic at the 
University of Minnesota. 

 How residual dried blood spots are stored and 
how consent is acquired differ between each state 
and both are controversial topics. In the past, 
residual dried blood spots were often used for 
assay development, profi ciency testing, quality 
control, and research, and the residual specimens 
were retained as long as possible. The duration of 
storage widely varied between each state and was 
usually related to the amount of physical space 
that a specifi c program had for sample storage. 
In recent years, the retention of dried blood spots 
is limited and tightly controlled because of the 
risk to potentially disclose genetic information 
that can now be obtained from DNA, which can 
 readily be isolated from blood spots. This was 
exemplifi ed when Texas was accused of shipping 
NBS residual blood spots to the military for the 
generation of a forensic database [ 17 ]. 

 There have been two recent court cases, one in 
Texas and the other in Minnesota, which centered 
on the issue of informed consent and retention 
and use of residual dried blood spots. Up to this 
point, every state had an opt-out policy, where the 
parents must explicitly state that they do not con-
sent to their child to be screened. This differs 
from most medical procedures, which are based 
on an opt-in system, whereby the parents must 
consent that they want a procedure performed on 
their child before the procedure can be done. The 
Texas Department of Health lost and the result 
was the mandatory destruction of all stored dried 
blood spots and the requirement to obtain 
informed consent for each newborn screen. 
A Minnesota Supreme Court case was ruled 

against the Minnesota Department of Health, and 
it has prohibited the use of residual newborn 
screening specimens for research without 
informed consent. Other states like Michigan 
chose to avoid any potential confl icts and altered 
their process from opt-out to opt-in. 

 The opt-out method is considered the gold 
standard by most state programs because it is in 
the best interest of a newborn’s health, and if 
informed consent was required from a parent or 
guardian, some newborns may not be screened 
due to their parent’s inability to fully comprehend 
the screening process and its risks to the infant’s 
privacy. While a balanced view would claim that 
each side has a basis for concerns, the best man-
ner to address these legal confl icts is by educating 
the public about the importance and outcomes 
from newborn screening. The education needs to be 
widespread with the ability to reach an entire pop-
ulation regardless of socioeconomic status. This is a 
daunting task that must involve cooperation 
between different patient advocacy groups, the 
American College of Obstetrics and Gynecology, 
the American College of Medical Genetics, the 
American Medical Association, and the American 
Society of Genetic Counseling.  

    Regulation of Laboratories 
Performing the Newborn Screening 
and Follow-Up Testing 

 Many laboratories performing the newborn screen-
ing tests as well as those performing most follow-
up testing of positive screens are regulated by the 
Centers for Medicare and Medicaid Services 
(CMS) and are guided by the Clinical Laboratories 
Institutional Act of 1988 (CLIA). CMS contracts 
third-party groups to administer programs to help 
enforce CLIA, such as College 
of American Pathologists (CAP), the Joint 
Commission, JASCO, and others. These groups 
perform on-site visits, inspections, profi ciency test-
ing, and certifi cation of diagnostic laboratories in 
the USA. This ensures that each laboratory contin-
ues to function with the highest quality standards 
needed for complex genetic and diagnostic testing.   
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    Interpretation of Newborn 
Screening Testing 

    Positive or Negative 

 The result of any newborn screen should be 
reported as either a positive or a negative result. 
There is no room for ambiguity or inconclusive-
ness. It must be recognized that a screen is not a 
diagnostic test, but is designed to avoid as many 
false negatives, and to collect as many true 
 positives, as possible. For the genetic conditions 
detected by MS/MS, the request for a second 
blood spot collection should be limited as there 
are laboratory procedures available that can delin-
eate as possible diagnosis in a timely manner, and 
the alternative would delay the initiation of treat-
ment prior to the onset of irreversible damage. 

 A positive newborn screen report should list 
the relevant elevated markers along with corre-
sponding reference ranges, the differential diag-
nosis of the particular analyte elevations detected 
in the sample, and a recommendation of appropri-
ate follow-up tests in order to help sort out a fi nal 
diagnosis. A possible differential diagnosis can 
include one to fi ve or more possible disorders that 
are associated with a particular elevation(s). 
Follow-up guidelines and recommendations 
should also be listed with an emphasis on a man-
datory emergency follow-up procedure.  

    ACMG ACTion Sheets 

 Each state has a different protocol for reporting a 
positive test, but all states have a protocol that 
involves either contacting the ordering physician to 
coordinate follow-up testing, or where required, 
providing a referral to a genetic specialist. Due to 
the rarity, severity, and complexity of the targeted 
genetic disorders, the patient is often referred to an 
experienced geneticist. The American College of 
Medical Genetics (ACMG) developed  ACT ion 
 Sheets  accessible on the web through the ACMG 
website (  http://www.acmg.net    ) that have simplifi ed 
instructions for the follow- up of an abnormal new-

born screen by the primary health professional. 
These ACT Sheets have confi rmatory testing 
guidelines and guidance on when referral is 
required. In addition, the ACMG formed confi rma-
tory algorithms, which guide physicians through 
the tests to be ordered and reach the diagnosis and 
confi rmation of a positive screen.  

    Post-analytical Tools 

 Similarly, post-analytical tools generated by the 
large amount of data accumulated by the Region 4 
Collaborative have allowed screening labs to reli-
ably use ratios of markers not necessarily expected 
to be informative for a particular  disorder to dif-
ferential true positives. These post- analytical 
tools can be accessed by all participants at the 
Region 4 Collaborative website (  http://www.
region4genetics.org    ), (personal communication 
with Piero Rinaldo) [ 18 ].  

    Confi rmation of NBS 
by Molecular Analyses 

 Following up a positive NBS with molecular 
analyses previously described in this chapter has 
become the standard of care in most states. There 
are three main purposes for the use of molecular 
diagnostic testing in this capacity. 

 The fi rst rationale is to provide accurate 
genetic counseling to an infant’s family and to 
have the ability to screen future pregnancies for 
the specifi c mutation detected in the proband. 
This is the most frequent reason for referral in the 
clinical molecular genetics laboratories offering 
these assays. Although not all disorders on the 
ACMG- recommended panel would qualify, the 
ability to use preimplantation genetic diagnosis 
(PGD) to screen fertilized embryos prior to 
implantation would require the genetic abnor-
mality to be defi ned in the proband. 

 The second rationale is for the confi rmation of 
a positive newborn screening result. This is 
important due to the fact that some disorders can 
have an abnormal newborn screen result with 
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 normal biochemical genetics follow-up testing 
even though the newborn may have the respective 
disorder. This is the case with very long-chain 
acyl-CoA dehydrogenase (VLCAD) defi ciency 
(Fig.  12.2b ), where patients have been reported to 
screen positive by the MS/MS method, but fol-
low-up plasma acylcarnitine analysis is com-
pletely normal [ 19 ]. The options for clinicians to 
confi rm or dispute the putative positive screen for 
VLCAD defi ciency include molecular analysis, 
fi broblast culture fatty acid oxidation probe 
assay, or an enzyme-specifi c assay in fi broblasts 
or leukocytes. Considering the time required for 
culturing cells, and the invasive nature of obtain-
ing a fi broblast biopsy from the patient, molecu-
lar analysis is frequently the desired method to 
confi rm a newborn screening result. Additionally, 
it is possible that some biochemical tests may 
lead to an equivocal result indicating possible 
carrier or affected status and cannot be informa-
tive without the additional molecular analysis. 
However, considering the current high cost and 
low reimbursability of molecular genetics testing 
in the USA, biochemical genetic testing should 
be the fi rst line of follow- up testing of an abnor-
mal newborn screen. 

 The third rationale is to assess the specifi c 
genotype of the patient in order to guide therapy. 
This practice is in its infancy, but as more 
targeted therapies come into the marketplace, its 
relevance will increase dramatically. An example 
of the current use of molecular analysis to guide 
therapy is in the BH4 responsiveness of PKU. 
Different genotypes are more amenable to BH4 
treatment and therefore this is useful when deter-
mining the treatment plan [ 20 ]. 

 Unfortunately, these three purposes are fre-
quently bypassed and molecular genetic testing is 
performed regardless of the usefulness to the 
patient. This practice is oftentimes unnecessary 
when the follow-up biochemical genetic testing 
is confi rmatory and diagnostic for a particular 
disorder. Given the type of analysis and reduced 
costs associated with biochemical genetic test-
ing, follow-up biochemical assays are more 
likely to be reimbursed by insurance companies 
in the USA and usually have faster turnaround 
times than molecular testing. Therefore, while 

molecular genetics testing has its utility in the 
follow-up of an abnormal newborn screen, it 
should not be used indiscriminately to each 
situation because of the limitations and pitfalls to 
molecular analyses. 

 The limitations of molecular genetics in the 
current practice of newborn screening are cen-
tered on obtaining an equivocal molecular 
genetic result. The issue that frequently comes 
up in practice is the occurrences of familial vari-
ants of uncertain signifi cance (VUS) and the 
corresponding poor genotype–phenotype corre-
lation. This is especially problematic in the 
 follow-up of an abnormal newborn screen 
because it leaves the clinician unable to defi ni-
tively call the newborn screen a true positive or 
false  positive. This can result in additional and 
 unnecessary follow-up testing and cause undue 
psychological stress to a family. 

 Similarly, when a patient has a positive newborn 
screen and biochemical genetic follow-up testing 
results disagree with the molecular genetics test-
ing results, irreparable harm can occur to the 
patient and their family. This often manifests as a 
positive newborn screening result with confi rma-
tory biochemical genetic testing results but with a 
subsequent molecular analysis that detects only a 
single mutation, or one VUS, or one mutation 
and one VUS. It would be a grave mistake to 
attempt to negate the positive screen and positive 
biochemical genetic testing with such a fi nding, 
but the molecular testing can also not be ignored. 
One possibility leading to this scenario could be 
that both the NBS and the biochemical genetics 
follow-up testing were incorrect due to an inter-
fering substance, which could be the result of a 
medication or specifi c gestational or nutritional 
factor. Another possibility is that the NBS and 
the biochemical genetics follow-up testing were 
correct, but the molecular testing was a false neg-
ative. This occurrence is not too infrequent, as 
with all gene-specifi c sequencing reactions, large 
exonic deletions are often missed and rare poly-
morphisms under a primer’s binding site will 
lead to allele dropout during PCR. These issues 
can often be delineated with further testing, such 
as a specifi c enzyme assay, but this type of testing 
is typically invasive and increases costs and the 
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turnaround time to a fi nal diagnosis. This period 
when a NBS-positive infant is neither positive 
nor negative for a disorder has recently been 
described as a “patient in waiting,” and may have 
an  impact on the psychology of parents [ 21 ].   

    How Newborn Screening Changed 
the Medical Practice 

 Newborn screening by MS/MS has dramatically 
changed the fi elds of public health, clinical genet-
ics, biochemical genetics, molecular genetics, 
genetic counseling, and many others. Each new-
born in the USA is screened for 29 to 60+ disor-
ders (depending on the state), and approximately 
1:700 to 1:800 newborns are now presymtomati-
cally diagnosed and treated, leading to a reduc-
tion in harm to the patient and providing an 
irreplaceable benefi t to society. In addition, the 
fi nancial advantage of screening newborns over 
the chronic long-term care of individuals 
 diagnosed symptomatically after irreversible 
damage has been calculated and is consistently 
demonstrated to be cost-effective from condition 
to condition [ 22 ,  23 ]. 

 Newborn screening by MS/MS has revolution-
ized the perception of these rare disorders amongst 
members of the medical community. In fact, many 
physicians have never heard of some of the condi-
tions included on the ACMG NBS panel. With the 
work of the regional collaboratives, the public 
health community, and the ACMG, there are now 
freely available follow-up guidelines and algo-
rithms for the diagnosis of each disorder as well as 
clinical descriptions of their symptoms for the 
educational benefi t of primary care physicians and 
parents. Universal newborn screening in the USA 
has pushed these disorders to the forefront of 
everyone involved in neonatal care. Unfortunately, 
more education is still needed to inform the public 
about the benefi ts of newborn screening, and until 
this can occur there will continue to be defi cien-
cies in the system. 

 NBS by MS/MS has also led to an evolution in 
the characterization of many of the rare disorders 
selected for inclusion in the ACMG-recommended 
panel. For instance, disorders that were once 

thought to be only severe, like isovaleric  acidemia 
(IVA), are now realized to be a spectrum of phe-
notypes, ranging from very severe to essentially 
benign. Disorders that were once thought to be 
pathogenic, like short-chain acyl CoA dehydro-
genase (SCAD) defi ciency and 2- methylbutyryl 
CoA dehydrogenase (SBCAD) defi ciency, are 
now classifi ed as benign conditions by most 
biochemical geneticists and clinical geneticists. 
Conditions that were once thought to be caused 
by one common mutation in most cases, like 
medium-chain acyl-CoA dehydrogenase 
(MCAD) defi ciency with its frequent Northern 
European 985A > G mutation, are now known to 
be more often caused by compound heterozygos-
ity with a rare mutation, and less than 50 % of 
cases are caused by homozygosity of the com-
mon allele. And fi nally, disorders that were once 
thought to be only present in the newborn period 
with severe and debilitating disease, like glutaric 
aciduria, type 1, and VLCAD defi ciency, have 
now been even detected in relatively asymptom-
atic adult women identifi ed by an abnormal 
screen on their newborn offspring.  

    Future Directions 

 The future of NBS is one of expansion and 
increased specifi city. First, disorders that were 
excluded from the ACMG-recommended NBS 
panel due to the lack of an available treatment or an 
available assay at the time of nomination would 
be elected for inclusion as these defi ciencies are 
corrected. Lysosomal storage disorders (LSDs) 
are a great example of this expansion in play. 
Since the ACMG-recommended NBS panel was 
made, therapeutics for several of the LSDs have 
been FDA approved. In addition, among testing 
modalities, a multiplex-enzyme assay for these 
disorders using an MS/MS platform has been 
reported and more recently improved [ 24 ,  25 ]. 

 Diagnostic platforms other than MS/MS are 
more frequently being used for newborn screen-
ing and could rapidly alter the fi eld of NBS. Flow 
cytometry-based bead array systems, like those 
available from Luminex, have been shown to have 
utility in the diagnostic setting for molecular 
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alterations common to cystic fi brosis and can be 
used to multiplex analytes much like MS/MS 
methods [ 26 ]. Microfl uidics- or “Lab-on-a- Chip”-
based assays, like those from Advanced Liquid 
Logics, are starting to be found in diagnostic labs, 
and they may demonstrate an enhanced  potential 
in regard to multiplexing enzyme assays [ 27 ]. 
Any new technology that has the ability to reduce 
sample volume will become a necessity as new 
disorders are added piecemeal to screening pan-
els, as the amount of blood spot surface area on a 
NBS “Guthrie” card will become a limiting factor 
the expansion to new conditions. In fact, another 
attractive outcome of reducing reagent volume is 
the added benefi t of reducing reagent cost as price 
is another driver of technological advancement. 

 Finally, we anticipate that in the future some 
manifestation of DNA sequencing will become 
an integral part of newborn screening. In order 
for DNA sequencing to be adopted as a frontline 
screening methodology, the time of analysis and 
the cost must be signifi cantly reduced, as well as 
its sensitivity and specifi city must be markedly 
increased. If current estimates are correct, this 
should occur not too far in the future. In addition 
to cost, we anticipate that the bioinformatics 
needed for whole-genome analysis will eventually 
be refi ned to the point that very few de novo alter-
ations will be detected. Indeed, person-to-person 
variation at the genomic level will likely be the 
biggest technical challenge facing DNA sequenc-
ing as a NBS methodology. 

 From a technical applications standpoint, 
there are several key program modifi cations that 
must be made in order to exploit the most from a 
Next-Generation DNA Sequencing (NGS) meth-
odology for newborn screening. The fi rst of 
which is the need to change the specimen require-
ments for screening each newborn. The current 
system’s use of fi lter paper cards, and dried blood 
spots, is currently insuffi cient to perform a 
whole-genome DNA analysis. However, at fi rst 
glance, cord blood is likely ethically one of the 
best sample types since a peripheral blood draw 
on a newborn could be easily avoided and circu-
lating fetal DNA analysis would be socially 
unacceptable. Another possible, but less desir-
able option, would be a blood draw within the 

fi rst year of life. Nevertheless, following up all 
babies outside of the immediate postpartum 
period could prove to be diffi cult and it would fail 
to aid in the diagnosis and treatment of condi-
tions that appear in the immediate neonatal 
period. 

 The next issue facing NGS for newborn screen-
ing is the task of deciding what to analyze and 
what to report. There are currently three options. 
The fi rst is to perform a targeted gene panel look-
ing only for specifi c mutations that are known to 
cause disorders that fall within the Wilson and 
Jungner criteria. A good starting point would be 
looking for known mutations that lead to the dis-
orders included in the ACMG- recommended 
NBS panel. A targeted approach would have the 
lowest involvement of bioinformatics and could 
potentially be the most cost- effective, but if the 
lessons learned from MCAD defi ciency have any-
thing to teach, a targeted approach would have the 
disadvantage of providing a relatively higher false 
negative outcome over current MS/MS technol-
ogy. Another viable option would be to perform 
whole-exome sequencing. With a minimal 
increase in cost, this approach could potentially 
have less false negatives, but the bioinformatics 
involved would be signifi cantly increased as 
would the time needed to complete each exome 
analysis. This option has the benefi t of potentially 
detecting a larger number of Mendelian disorders 
caused by missense mutations, but it also has the 
potential to uncover a larger number of VUSs 
present in each patient, and the interpretation of 
such fi ndings in an asymptomatic newborn could 
prove to be a daunting task at the start of a pro-
gram. We also anticipate that a NBS program 
using this methodology would benefi t from a 
tiered inform-consent process, thereby enabling a 
parent to select only the disorders for which they 
wish their child to be screened. Evidence support-
ing this consent approach is found in the literature 
surrounding the molecular analysis of 
Huntington’s disease. Many people may not want 
to know their status for conditions such as 
Huntington’s disease, and a substantial number of 
parents would be unprepared to deal with this 
information in the neonatal period. The third 
option, which is whole-genome sequencing, has 
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potentially the greatest benefi t, because it would 
be all-inclusive, but it is also the most problem-
atic. This large amount of genetic information 
would enable the detection of known gene muta-
tions and variants of unknown signifi cance, as 
well as signal nucleotide polymorphisms and 
copy number variants associated with multifacto-
rial diseases among other genetic changes. While 
such knowledge is not hard to imagine lying just 
beyond one’s fi ngertips, it is diffi cult to anticipate 
the time it will take to accumulate the necessary 
bioinformatics to make sense of such information 
and apply it with the best ethical standards during 
the newborn period.     
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           Introduction 

 The development of automated sequencing plat-
forms based upon capillary electrophoresis and 
fl uorescently labeled terminator bases made it 
possible to generate the fi rst draft sequence of the 
human genome. However, what started as an 
effort to develop new technologies to sequence 
entire human genomes cheaper and faster than 
capillary electrophoresis-based technologies has 
engendered a sequencing revolution that has 
resulted in tremendous increases in sequence out-
put capacity. Since the introduction of these so- 
called next-generation sequencing technologies 
in 2006, the sequencing output of various platforms 

has been increasing greater than fi vefold every 
year. This has led to dramatic increases in 
sequencing output and correspondingly decreased 
costs for DNA sequencing. These sequencing 
platforms will quickly make whole genome 
sequencing so affordable that it will inevitably 
become a routine part of clinical practice. In this 
chapter we will review the sequencing revolution 
and discuss the potential clinical applications of 
this transformative technology.  

    History of DNA Sequencing 

    Technologies to Develop a Draft 
Sequence of the Human Genome 

 The human genome is comprised of 6.6 gigabases 
(Gb, billion bases) of genomic sequence, 3.3 Gb of 
which is inherited from our mothers and 3.3 Gb 
from our fathers [ 1 ]. Developing the technology to 
sequence this quantity of DNA has spanned sev-
eral decades, starting with cumbersome chemical 
cleavage and manual di-deoxy terminator (Sanger 
sequencing) methods that utilized gel electropho-
resis [ 2 ,  3 ]. The sequencing strategy that was uti-
lized to develop the fi rst draft sequence of the 
human genome was a semiautomated form of 
Sanger sequencing, which utilized labeled di-deoxy 
nucleotides as chain terminators on a large number 
of identical molecules that were cloned into bacterial 
plasmids carrying inserts from random locations 
in the human genome [ 4 ]. When this technology 
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was fi rst developed, the di-deoxy nucleotides were 
radioactively labeled; hence, four separate reac-
tions were necessary to terminate the growing 
chains for each of the four different nucleotides. 
Each separate reaction was then run on a poly-
acrylamide gel to separate the different size frag-
ments generated [ 5 ]. 

 A signifi cant advance with Sanger sequencing 
was the utilization of four differently colored, 
fl uorescently labeled di-deoxy nucleotides, 
which made it possible to run the sequencing 
reaction for all four nucleotide bases in a single 
sequencing reaction and gel lane [ 4 ]. Another 
important advance was to develop long, polymer- 
fi lled, reusable capillaries to resolve different 
sized DNA fragments in place of the nonreusable 
polyacrylamide gels [ 6 ]. This was termed capil-
lary electrophoresis (CE). By combining these 
two advances in a single machine capable of 
 performing up to 96 simultaneous sequencing 
reactions in approximately 3 hours, such as the 
ABI3700 (Applied Biosystems, Foster City, CA), 
it became technically feasible to set up large 
sequencing facilities with many CE machines in 
order to sequence hundreds of thousands of inde-
pendently cloned DNA fragments, which could 
then be assembled into a draft human genome 
sequence [ 7 ]. This technology has also been lev-
eraged extensively in current clinical diagnostic 
laboratories, allowing for the development of 
numerous single gene sequencing assays. In fact, 
there are currently over 2,300 different genetic 
tests that are clinically available in the USA, the 
majority of which are sequencing assays that uti-
lize this technology (GeneTests.org).  

    Public Versus Private Sequencing 
Efforts 

 The development of the fi rst draft sequence of a 
human genome was done by two competing 
groups. The fi rst was a public genome sequencing 
effort based upon two tenets. Tenet one was that 
the developed sequence would be freely available 
to everyone as soon as the data was generated [ 8 ]. 
Tenet two was a sequencing strategy based upon a 
top-down approach where the genome was fi rst 

fractionated into individual chromosomes, and 
then the chromosomes themselves were further 
fractionated into smaller and smaller regions [ 9 ]. 
Eventually, an entire genome contig of physically 
mapped large insert clones could be sequenced by 
sub-cloning the large insert pieces into even 
smaller, overlapping inserts, followed by sequenc-
ing on a CE machine [ 10 ]. This public genome 
sequencing effort also utilized a number of orthog-
onal strategies including the generation of both 
physical and genetic maps of the human genome, 
which provided a genomic framework to string 
together the resulting sequences into a coherent 
integrated genome sequence [ 11 ]. 

 The alternative sequencing strategy was a 
private effort pioneered by Craig Venter and his 
colleagues at Celera. Their hope was to develop a 
draft sequence of the human genome to be made 
commercially available to the scientifi c commu-
nity. The Celera effort utilized a bottom-up 
sequencing strategy based upon shot-gun cloning 
of the entire genome into small, overlapping 
cloned fragments, which could then be sequenced 
randomly and assembled together into a fi rst draft 
sequence using powerful bioinformatics [ 12 ]. 

 There was considerable competition between 
the public and private genome sequencing efforts, 
as well as much discussion about which of these 
two strategies was superior. Much of the discus-
sion was regarding whether or not the necessary 
raw computing power existed to assemble the gar-
gantuan numbers of sequencing reads without a 
framework to reference them to. Eventually, due to 
advances in bioinformatics and computer hard-
ware, it became clear that the shot-gun sequencing 
strategy was the easier and more straightforward 
method to generate a draft sequence. However, the 
efforts of Craig Venter and his Celera colleagues 
were reportedly facilitated by utilizing some of the 
framework mapping performed by the public 
genome effort [ 12 ]. In 2000, both the public and 
the private sequencing efforts published their fi rst 
draft sequences [ 11 ,  12 ]. 

 The combined scientifi c contribution of these 
two efforts towards the development of Next 
Generation DNA sequencing should not be 
underappreciated. The presence of a physical ref-
erence map of the human genome allowed for the 
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development of unguided approaches where a 
priori knowledge of the sequence generated was 
no longer a requirement for successful DNA 
sequencing. This allowed scientists to propose 
systems that could generate massive amounts of 
DNA sequencing data without knowledge of its 
spatial relationship to any other sequence in the 
experiment. These random sequences were then 
placed into a meaningful context by utilizing 
powerful computers that could map them back to 
the reference sequence.  

    Lessons Learned from the Human 
Genome Project 

 The fi rst draft sequences provided important 
answers to a number of questions about the future 
of genome sequencing. One of these was the cost 
for generating the fi rst draft sequence, which was 
an astounding three billion dollars [ 13 ]. This was 
considerably less than it would have cost if not 
for the advances in CE fl uorescent sequencing. 
However, in order to make routine genome 
sequencing feasible it would be necessary to fur-
ther decrease this cost substantially, most proba-
bly with a completely distinct sequencing 
platform from CE. 

 The generation of these draft sequences 
coupled with the implementation of “genome 
browsers” such as the University of California 
Santa Cruz (UCSC) genome database made it 
very straightforward for researchers to design 
polymerase chain reaction (PCR) primers any-
where within the sequenced genome in order to 
amplify that specifi c region of any individual. 
This greatly facilitated efforts to more quickly 
identify underlying mutations that were respon-
sible for many Mendelian disorders as well as 
identify important mutational targets during the 
development of different cancers.  

    Next Generation Sequencing 

 Putting together a sequencing factory based upon 
many CE machines with each generating 96 simul-
taneous sequences every 3 hours made it possible to 

generate the fi rst draft sequences. However, the cost 
of the fi rst genome sequences was over three billion 
dollars and took several years. While it would cer-
tainly be less expensive to generate subsequent 
human genome sequences, especially since the 
genome assembly would no longer be de novo but 
instead based upon the existing draft sequences, 
considerable advances in sequencing technology 
were still necessary such that the cost and turn-
around time for an individual genome sequence 
could decrease adequately to be useful for basic, 
scientifi c research. Ultimately, the hope was that the 
costs would eventually decrease suffi ciently to be 
useful for routine clinical testing. With the develop-
ment of next-generation sequencing (NGS) plat-
forms, this hope is now becoming a reality. 

 The unifying feature of all NGS platforms is 
the ability to perform massively parallel DNA 
sequencing in a non-relational format. While the 
ABI 3,700 generates 96 simultaneous sequences 
using CE, the fi rst NGS sequencer could generate 
hundreds of thousands of sequencing reactions 
simultaneously, and current high-throughput 
machines are capable of generating billions of 
fragments simultaneously. The major similarities 
between Next Generation sequencing platforms 
and Sanger sequencing are the need to isolate 
individual fragments from a genome, and to pro-
duce suffi ciently large amounts such that the sig-
nal generated by the sequencer is detectable. 
Early applications of Sanger sequencing, up to 
and including the Human Genome Project, uti-
lized bacterial cloning for the fi rst step and 
expanded each bacterial colony that harbored an 
insert bearing plasmid in liquid culture on a mil-
liliter scale for the second step. Current clinical 
sequencing assays accomplish this using PCR. 
The individual fragment is isolated by amplify-
ing the DNA between the two PCR primers. 
Suffi cient quantities for analysis are produced by 
choosing the appropriate number of thermal 
cycling steps. Both the bacterial cloning and PCR 
strategies are easily automatable for production 
on a reasonably large scale (hundreds to thou-
sands of reactions per day). Indeed, the PCR- 
based strategy is used routinely by both clinical 
and research laboratories daily. However, for 
truly massive throughput (hundreds of thousands 
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to millions of reactions per day), these method-
ologies are insuffi cient. However, recently two 
key amplifi cation strategies were developed that 
enabled massively parallel NGS methodologies: 
emulsion PCR and bridge amplifi cation. 

 Emulsion PCR utilizes very small water drop-
lets in a lipid solution, creating individual PCR 
reaction vessels that amplify specifi c DNA frag-

ments onto small beads (Fig.  13.1 ) [ 14 ]. Key to 
this approach is balancing the concentrations of 
DNA and beads in the reaction such that, on aver-
age, each emulsion droplet contains a single copy 
of the DNA starting material. If this is the case, 
then the product produced by the PCR amplifi ca-
tion within the droplet is pure, representing only 
a single allele. Furthermore, as one of the PCR 

  Fig. 13.1    Emulsion PCR. ( a ) Template with ligated adapt-
ers is mixed with beads containing complementary adapters. 
( b ) Beads with attached template are emulsifi ed in droplets 

containing PCR reaction components. ( c – f ) Standard PCR 
reaction amplifi es product attached to beads. ( g ) Droplet 
lysed, amplifi ed product is ready for sequencing       
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primers is chemically tethered to the surface of 
the beads, the resulting pure, amplifi ed product is 
bound to the bead surface. Depending upon the 
size of the beads, each bead will carry a unique 
DNA fragment with 50,000 to 1 million copies 
bound per bead. The beads containing amplifi ed 
DNA can then be used by one of several NGS 
sequencing platforms [ 15 ].

   The alternative to emulsion PCR is bridge 
amplifi cation. Instead of using emulsions and 
small beads, the actual amplifi cation occurs on a 
slide surface coated with oligonucleotides com-
plementary to those that have been ligated onto 
the ends of a sheared DNA sample [ 16 ]. If the 
DNA with the adapter oligonucleotides ligated to 

the ends (the library) is bound to the slide at suf-
fi ciently low concentration, individual molecules 
of DNA are physically isolated on the slide. 
Adding PCR reagents and thermal cycling of the 
slide gives a solid phase PCR reaction that can 
generate 30–50,000 copies of each individual 
fragment. Advances in slide design and reaction 
conditions now allow for the production of mil-
lions of clonally amplifi ed DNA, which can then 
undergo the sequencing reactions (Fig.  13.2 ).

   Once library preparation is completed using a 
methodology such as emulsion PCR or bridge 
amplifi cation, the DNA is ready to be sequenced 
on an NGS machine. The fi rst NGS platform to be 
commercialized was the 454 Genome Sequencer 

  Fig. 13.2    Bridge amplifi cation and Illumina sequencing 
chemistry. ( a ) Adapters ligated to randomly fragmented 
DNA. ( b ) Fragments attach to fl ow cell randomly. ( c – d ) 
Bridge amplifi cation generates multiple copies of DNA 
fragment, resulting in clusters of DNA fragments contain-

ing universal sequencing primer sequences. ( e ) Fluorescent 
reversible terminator nucleotides wash over fl ow cell, 
extending sequencing by one base per cycle. ( f ) Image of 
fl ow cell captured, after which fl uorescent molecular and 
block removed. New sequencing cycle begins       
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(454 Life Sciences, a Roche Company, Branford, 
CT) [ 17 ]. This platform utilizes emulsion PCR to 
amplify DNA fragments onto 28 μm beads. 
Beads with amplifi ed DNA are spun into a picoti-
ter plate constructed from fi ber optic cables, and 
then hundreds of thousands of beads are simulta-
neously sequenced by pyrosequencing. The 
picotiter plate is fi rst fl ooded with dATP, and 
those beads that incorporate adenosine at their 
fi rst position generate light via the pyrosequenc-
ing reaction that is detected by a CCD camera. 
The machine then repeats the same process with 
the remaining three bases, one at a time. By con-
tinuing this process 454 instrument is able to gen-
erate hundreds of bases of sequence from each 
bead in the experiment (Fig.  13.3 ).

   The strength of this platform was how it dra-
matically increased sequence output from CE 
sequencing. The fi rst 454 machines could gener-
ate 20 megabases (Mb   , millions of bases) of 
sequence data in a 12-h run, and this quickly 
increased to over 500 Mb in just a few years. 
Other advantages included sequence read length 
(which was comparable to CE sequencing) and 
overall sequence accuracy. However, there were 
several key disadvantages to this platform. The 

fi rst was problems in distinguishing the number 
of bases in a sequence while sequencing homo-
polymers (long stretches of a single base). In 
pyrosequencing reactions, the incorporation of a 
nucleotide into a growing strand of newly synthe-
sized DNA is coupled to a luciferase reaction 
such that each incorporation event yields a pho-
ton of light. For example, when a single A occurs 
in a sequencing reaction, the pyrosequencing 
instrument will record a “fl ash” of light from a 
bead located at a particular place on the plate 
when the plate is fl ooded with dATP. When two 
A’s occur in a sequence, two photons of light are 
generated. However, due to ineffi ciencies in the 
chemistry and in optical geometry, the intensity 
of the two photons observed is not quite double 
that seen from one. Nevertheless, it is straightfor-
ward to distinguish one A from two, two from 
three, and three from four A’s in a row. However, 
when there are approximately eight nucleotides 
or more in a stretch of homopolymer sequence, it 
becomes increasingly diffi cult to accurately 
assess the correct number of bases. A second 
problem was that the emulsion PCR steps are 
clumsy, messy, and cumbersome, although auto-
mation of the process could solve this problem. 

  Fig. 13.3    454 sequencing chemistry. When a base is 
added to the newly synthesized strand, inorganic pyro-
phosphate (PPI) is released. ATP sulfurylase uses PPI in a 
reaction with adenosine phosphosulfate (APS) to generate 

ATP, which is in turn utilized by the enzyme luciferase 
along with the substrate luciferin to produce light. The 
light is detected by a camera and indicates incorporation 
of that base into the growing DNA strand       
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Ultimately, this platform was limited by its 
inability to compete with the volume of sequence 
output that other approaches were able to achieve. 

 A second platform, developed by Solexa Inc. 
and later purchased by Illumina Inc. (San Diego, 
CA), utilizes bridge amplifi cation to generate 
many millions of DNA fragments, which are then 
sequenced with four different colored, blocked, 
and fl uorescently labeled terminated nucleotides 
in a “sequencing by synthesis” strategy [ 18 ]. 
Briefl y, all four nucleotides are washed over the 

glass slide (fl ow cell) simultaneously. Because 
the nucleotides are blocked at the 3′ position by 
the fl uorescent tag, only one can be added per 
round of sequencing, effectively solving the 
homopolymer problem. After each base addition, 
a camera takes a picture of the colored nucleo-
tides that are incorporated at each cluster. Then, 
the fl uorescent and blocking tags are chemically 
removed, and the slide is fl ooded with fresh- 
labeled nucleotides for the next base addition 
(Fig.  13.4 ).

  Fig. 13.4    SOLiD sequencing chemistry. ( a ) Sequencing 
probes are fl uorescently labeled di-base probes that 
interrogate two-base positions at a time. ( b ) During 
ligation cycle 1, a di-base probe anneals to the template 
strand and is ligated to the sequencing primer. Unbound 
probe is washed away, and the fl uorescent signal is 
imaged. ( c ) The fl uorophore and degenerate bases are 

cleaved, so that ( d ) the second ligation cycle can begin. 
This is repeated for a total of seven cycles. ( e ) The 
newly synthesized strand is denatured to remove, and a 
new sequencing primer is added that is one basepair off 
( n  − 1). ( f ) Seven new ligation cycles are completed, and 
an additional four primer resets are then performed to 
complete the sequencing run       

13 Next Generation Clinical Diagnostics: The Sequence of Events



232

   There were a number of signifi cant weak-
nesses to this platform when it fi rst became com-
mercially available in 2007. The fi rst was that it 
was only capable of generating 36 bases of 
sequence from each amplifi ed fragment. This 
made alignment to the reference sequence and 
detection of small insertions and deletions very 
diffi cult. However, since the entire slide could 
contain almost 50 million amplifi ed fragments, 
the sequencing output on this machine was far 
greater than 454 despite the vastly shorter read 
lengths. Another major issue, particularly rele-
vant to the clinical laboratory, is that this sequenc-
ing platform is quite slow, with a single run 
requiring 5–14 days of run time on the machine. 
A third problem is sequence accuracy, which was 
less than 454 and progressively decreases towards 
the end of the sequencing read. 

 Despite these disadvantages, there are a 
number of key strengths to this platform, such 
as the tremendous potential for greater sequence 
output. This has already been accomplished by 
the combination of improvements in the 
sequencing chemistry, which have now resulted 
in the capability of sequencing 150 base pair 
reads off both ends of the amplifi ed fragments, 
and by dramatically increasing the number of 
amplifi ed fragments that can be sequenced 
simultaneously on the fl ow cell. The current 
Illumina sequencing machines (the HiSeq 
2000) can generate 150 bases of sequence from 

both ends of over two  billion DNA fragments to 
generate a total of 600 Gb of sequence per run. 
This platform has increased its sequencing out-
put by at least fi vefold each year since it was 
fi rst available in early 2007. Because of these 
improvements leading to its impressive 
sequence output, this machine has captured 
over 65 % of the NGS market. 

 A third Next Generation platform, which 
was developed by Applied Biosystems (now 
Life Technologies), is called the SOLiD plat-
form, which stands for sequencing by ligation. 
This platform utilizes emulsion PCR to amplify 
fragments onto beads with a radius of 0.5 μm, 
which are then covalently attached to a slide 
surface. The actual sequencing is done by ligat-
ing oligonucleotides to the amplifi ed DNA 
fragments on the beads (Fig.  13.5 ) [ 19 ]. The 
strength of this platform is that each base is 
actually analyzed twice (in a process called 
two-base encoding) for potentially greater 
sequence accuracy. However, this platform has 
a number of limitations that include the cum-
bersome emulsion PCR, shorter read-lengths 
(now maximizing around 50–60 bp), and the 
fact that the output from this sequencing plat-
form is now lagging behind that currently 
obtained on the Illumina platform (the current 
output on the SOLiD platform is about 80 Gb, 
while the HiSeq 2000 can currently generate 
over 600 Gb per run).

  Fig. 13.5    Ion Torrent sequencing chemistry. Real-time 
base incorporation is monitored inside the wells of an Ion 
Torrent microchip by sensing the pH change upon H+ 

release when a nucleotide is incorporated into the newly 
synthesized DNA strand       
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   One common theme among the fi rst three 
NGS platforms that were commercially avail-
able is that all used an optical (fl uorescent or 
pyrosequencing) method for the actual 
sequence detection. A fourth platform, The Ion 
Torrent, represents a different strategy for mas-
sively parallel sequencing. This instrument uti-
lizes the same emulsion PCR and sequencing 
chemistry that the 454 does, but instead of 
using a CCD camera to detect the incorpora-
tion of nucleotides, the sequencing reaction is 
performed in tiny semiconductor-based chips 
[ 20 ]. This platform takes advantage of the 
hydrogen atom released following base addi-
tion and measures the pH changes in the small 
sequencing wells as a result (Fig. 13.6). There 
are a number of strengths to this sequencing 
platform. First, since it is based upon semicon-
ductors, there is considerable headroom for 
improvements in sequence output. In fact, this 
platform has seen a tenfold increase in sequence 
output every 6 months over the past 18 months. 
A second strength is that the nucleotides uti-
lized are non-modifi ed; hence, they are much 
cheaper than the bases used in many other Next 
Generation sequencing platforms. However, 
there are weaknesses to this platform, includ-
ing the need for emulsion PCR and the fact that 
the unmodifi ed, and thus unblocked, bases 
have the same homopolymer problem as the 
454 sequencing platform.  

    Single Molecule Sequencing 

 Each of the NGS platforms discussed above has 
amplifi cation-related limitations affecting accuracy 
of the platform. In addition, the shorter read lengths 
of some NGS platforms create problems with 
sequence alignment when the generated sequence 
diverges signifi cantly from the reference. Also, it is 
often important to know if a series of variants are 
linked to one another on the same or different chro-
mosomes. Short read platforms do not allow for 
direct evaluation of “phase.” An obvious solution to 
this problem is to sequence individual, large, unam-
plifi ed molecules, as this circumvents many of the 

aforementioned problems inherent with short read, 
amplifi cation-based strategies. 

 The fi rst company to develop a single mole-
cule sequencer was Helicos Inc. (Cambridge, 
MA) [ 21 ]. This machine has been commercially 
available for several years, but this platform has 
been plagued by two signifi cant issues. The fi rst 
is sequencing accuracy, largely due to the fact 
that there is no signal amplifi cation strategy 
employed in most single molecule sequencing 
strategies. This makes it diffi cult for the detection 
devices to “recognize” when base incorporation 
actually happened. The second impediment has 
been the high cost of the instrument itself. 
Together, these have resulted in poor commercial 
adaption of this platform. 

 A potentially more viable single molecule 
sequencer was developed by Pacifi c Biosciences 
(Lacey, WA). Their platform tethers a single 
DNA polymerase molecule to the bottom of a 
sequencing chamber (a zero mode waveguide 
chamber) and then uses four different fl uores-
cently labeled nucleotides [ 22 ]. The strength of 
this platform is that it generates sequence data 
very quickly (just a few minutes to generate hun-
dreds of bases of sequence from a template) and 
that it generates relatively long reads (sometimes 
in excess of several kilobases). However, the 
sequence accuracy of this machine is quite poor 
(barely 86 %), and the current total output per run 
of this machine is very low. The output of this 
platform is, however, ideal for analyzing the 
genome sequence from organisms with small 
genomes such as bacteria. Another strength of 
this platform is its ability to discern unmethyl-
ated cytosines from methylated cytosines (as well 
as other base modifi cations); hence, it could have 
potential applications in analyzing genomic 
methylation patterns [ 23 ]. 

 The next generation of single molecule 
sequencing machines currently being developed 
are those that use some type of nanopore device 
through which individual DNA molecules are 
pushed or pulled. The nanopores can be either bio-
logically formed by a pore-forming protein in a 
membrane such as a lipid bilayer or solid state, 
formed in synthetic materials such as silicon 
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nitride or grapheme. One company working on 
this type of system is Oxford Nanopore, which is 
developing a sequencer that works by passing 
intact DNA polymers through a protein nanopore 
[ 24 ]. They are currently commercializing machines 
that should be available by the end of 2012. 

 Obviously, the NGS fi eld is incredibly 
dynamic and there are many different compet-
ing platforms. Unfortunately, these technologies 
are developing so rapidly that they are also 
highly disruptive; when a laboratory purchases 
one of these instruments, by the time they have 
it in place and generating data, it is nearly obso-
lete. In spite of this, the competition in this fi eld 
has resulted in sequencing capabilities increas-
ing at least fi vefold every year over the past 5 
years. This has decreased the cost of sequencing 
an entire human genome from three billion dol-
lars (in 2000) to greater than one million dollars 
(in 2007) to the current cost of about $2,000 (in 
2012) [ 25 ]. This decrease in cost is projected to 
continue further as sequence output continues to 
increase.  

    Genome Complexity Reduction 

 Next Generation sequencing can also be utilized 
to sequence only a portion of the genome. For 
example, one might only be interested in a small 
panel of genes involved in a specifi c disease pro-
cess. There are a variety of technologies that can 
be employed to reduce genome complexity and 
isolate specifi c regions or genes of interest prior 
to sequencing. This enables clinical tests to be 
developed that target multiple genes at a cost 
point cheaper than current molecular genetic 
tests that only analyze a single gene, one exon at 
a time. 

 There are two distinct strategies that have been 
used to capture defi ned portions of the genome. 
The fi rst utilizes a hybridization strategy with oli-
gonucleotide probes either on a microarray sur-
face or in solution [ 26 ,  27 ]. Of the various 
hybridization platforms available, one that works 
quite well is the Agilent SureSelect platform 
(Fig. 13.7). There are a number of advantages to 
this platform including low set-up costs and its 

inherent fl exibility to enable effi cient capture of 
either small numbers or very large numbers of tar-
gets. One powerful application of this technology 
is the capture of all 200,000 exons in the genome 
(the “exome”). SureSelect can be utilized to select 
for the 38 Mb of the exome that can be very read-
ily sequenced at excellent depth on a fraction of 
an Illumina HiSeq 2000 fl ow cell lane. 

 The alternative to the hybridization strategy is 
a PCR-based method using microfl uidic droplets 
[ 28 ]. One excellent example of this is RainDance, 
which performs PCR reactions in microfl uid 
droplets. The advantage of this platform is the 
high effi ciency and specifi city with which it 
amplifi es the desired targets. However, this sys-
tem requires an expensive equipment purchase 
and is limited in the number of targets that you 
can enrich for in a single experiment.   

    Clinical Applications 

    Introduction 

 For several years after the fi rst publication intro-
duced next-generation sequencing (NGS) to the 
world [ 17 ], these technologies rapidly took the 
research realm by storm. Not only were entire 
genomes of multiple organisms, including 
humans, being sequenced in a matter of weeks or, 
later, days, but cancer genomes were also interro-
gated and compared to normal tissue in the same 
patient. NGS led to many important discoveries, 
many of which had potentially important clinical 
implications. However, in its beginnings, the error 
rates of next-generation sequencing technologies 
compared to the Sanger method were high, and 
the cost was not suffi ciently low to consider it for 
clinical use. Over a short time, with improve-
ments in chemistry, the error rate has dropped to 
near Sanger levels. At the same time, the cost has 
plummeted nearly 10,000-fold [ 29 ]. Because of 
these two key advances, NGS now promises to 
revolutionize clinical testing across the board, in 
areas including but not limited to testing for con-
genital Mendelian disorders, oncology, and infectious 
disease. However, this technology is not without 
its pitfalls. The potential uses, advantages, and 
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disadvantages of NGS in a clinical setting will be 
discussed here, using congenital (Mendelian) dis-
orders as a model.  

    Small Gene Sequencing Panels 

 DNA-based sequencing for congenital disorders 
utilizing the Sanger method typically consists of 
assays examining genes known to harbor muta-
tions with known, well-characterized clinical 
phenotypes. However, to limit the cost of testing, 
most clinical laboratories performing this type of 
testing limit their assays to include only the 
exons, splice junctions, and, in some cases, the 
promoter and other regulatory regions. Since 
deep, intronic disease causing mutations are 
extremely rare, focusing on these regions not 
only dramatically decreases the cost of a sequenc-
ing assay, but it also decreases turnaround time 
and limits discovery of variants of unknown sig-
nifi cance (VUS) while maintaining a sensitivity 
of up to 99 % in many cases. 

 From the clinicians’ perspective, test ordering 
in the case of a symptomatic patient typically fol-
lows an algorithm in which the initial test(s) 
ordered depends on the phenotype of the patient. 
For example, in a case where a diagnosis of cystic 
fi brosis (CF) is suspected,  CFTR  gene sequencing 
would be ordered; since this is the only gene in 
which mutations have been identifi ed that cause 
CF [ 30 ], it is the only gene that needs to be 
sequenced. In situations such as this, Sanger 
sequencing is generally an ideal method and is 
often accompanied by a separate assay to detect 
large deletions and duplications encompassing one 
or more exons. However, when several genes are 
known to cause a particular phenotype, gene pan-
els can be utilized to sequence multiple genes 
either simultaneously or in a tiered approach 
where the most commonly mutated genes are 
sequenced fi rst, and the remainder are sequenced 
only if a negative or inconclusive result is obtained. 
This concept is exemplifi ed by the case of non-
syndromic hereditary hearing loss, for which mul-
tiple genes are known to harbor mutations that 
result in hearing loss; however, mutations in  GJB2  
are responsible for up to half of all autosomal 

recessive cases. Therefore, the approach to genetic 
testing in a patient with hereditary hearing loss 
typically begins with sequencing of  GJB2 , and 
then, if pathogenic mutations are not identifi ed, 
refl exing to sequencing of one or more other genes 
will likely be considered [ 31 ]. 

 There is an obvious interpretive advantage to 
this approach, as the diagnostic value from 
sequencing one or a few well-characterized genes 
is relatively high, minimizing the likelihood that 
a variant of undermined signifi cance (VUS) will 
be discovered. On the other hand, genes that are 
not well characterized with only a few known 
pathogenic mutations are unlikely to ever be 
added to a laboratory’s test menu because the 
probability of detecting a pathogenic mutation 
does not justify the cost of developing, validat-
ing, and performing a clinical sequencing test for 
that mutation utilizing the Sanger method. 
However, by limiting the number of genes 
included in an assay, one also effectively lowers 
the overall sensitivity of the test. Therefore, 
patients in whom a specifi c diagnosis is being 
questioned are sometimes unable to obtain a pos-
itive mutation test result because additional test-
ing is not available through a CLIA-certifi ed 
laboratory. This is a major obstacle in conducting 
testing in at-risk relatives for carrier status, pres-
ymptomatic testing, prenatal diagnosis, and in 
some cases this may even prevent the correct 
diagnosis from being obtained. 

 Next generation sequencing overcomes these 
disadvantages by allowing low-cost, massively 
parallel sequencing of potentially hundreds or 
even thousands of potential gene targets. The 
concept of disease-centered sequencing panels is 
quite feasible using next-generation sequencing. 
One begins by utilizing one of the genome com-
plexity reduction strategies mentioned earlier. 
These methods are customizable so that only the 
gene(s) of interest will be captured and isolated; 
hence, a laboratory could develop and offer sev-
eral disease and/or phenotype-specifi c custom 
panels for physicians to choose from. This not 
only allows sequencing of only the target of inter-
est but also eliminates the majority of unwanted 
genetic material from being sequenced. 
Therefore, most of the reads obtained will be of 
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relevance. This helps the laboratory director 
focus his or her attention on only the genes of 
interest, and also physically decreases the amount 
of bases sequenced per patient. Therefore, multi-
ple patients can be run in a single lane via multi-
plexing, dramatically decreasing both the cost 
and turnaround time of the test. 

 In addition, this technology allows both the 
most common and extremely rare disease genes 
to be screened in parallel for mutations, greatly 
increasing the sensitivity of the test, at lower cost 
than the Sanger method. However, one of the 
most obvious drawbacks to adding rare genes is 
that these genes are less likely to be well charac-
terized in terms of both benign and disease- 
causing mutations. Therefore, the chance that the 
laboratory will identify a VUS increases with 
each additional gene sequenced. Furthermore, 
the current commercially available capture 
reagents typically do not include introns and reg-
ulatory regions, due to lack of mutations in these 
regions as well as physical diffi culty with captur-
ing such regions because they typically have 
more repetitive elements and higher G + C con-
tent than the coding regions. So, these sequenc-
ing panels are also likely to be limited to exons, 
splice junctions, and regulatory elements with 
known pathogenic mutations for the time being. 

 The majority of known pathogenic mutations 
described for most Mendelian disorders to date 
are point mutations or small insertion/deletion 
mutations that can be detected by either Sanger 
or next-generation technologies. However, the 
current algorithm of genome complexity reduc-
tion followed by NGS is not amenable to detec-
tion of large deletions and duplications. 
Therefore, as with the Sanger method, supple-
mentary deletion/duplication analysis must also 
be performed to identify large deletions and 
duplications that traditional sequencing assays 
are not able to detect (i.e., whole exon, multi- 
exon, whole gene, etc.) in order to offer a com-
plete, comprehensive test panel. Currently, 
several methodologies are utilized to detect dele-
tions and duplications. Southern blot is a low- 
cost but low-throughput, time and labor intensive 
method for detecting large variants which is cur-
rently being phased out of many clinical labora-

tories. Quantitative polymerase chain reaction 
(qPCR) and multiplex ligation-dependent probe 
amplifi cation (MLPA) [ 32 ] are faster, less labori-
ous methods which have gained popularity over 
the last several years and are being increasingly 
utilized in clinical laboratories. Although meth-
ods such as qPCR and MLPA are useful in deter-
mining the presence and extent of large deletions 
and duplications, they are limited in the number 
of sites one can multiplex and interrogate within 
the same reaction. 

 While these techniques are suitable when ana-
lyzing a single or handful of genes, the addition 
of a large number of genes to a sequencing panel 
requires more high-throughput methods in order 
to decrease cost, effort, and turnaround time. 
Targeted array comparative genomic hybridiza-
tion (array CGH) is currently the most suitable 
method to use as a complementary deletion/
duplication analysis for large gene sequencing 
panels [ 33 ,  34 ]. Such arrays are commercially 
available in multiple formats and probe densities, 
and are customizable so that a laboratory can 
select probes to interrogate only the genes of 
interest at high density. Since the frequency of 
large deletions and duplications is quite low, one 
could perform the sequencing portion of the test 
fi rst and refl ex to the copy number analysis por-
tion only if the sequencing result is negative; 
however, this potential cost savings is offset by 
the increased turnaround time. Furthermore, 
despite the hope that an expanded panel will 
increase sensitivity, the reality may be that the 
majority of patients tested will nevertheless be 
negative for a known disease-causing mutation 
for a variety of reasons. First, many patients will 
be tested even if they do not fi t, or weakly satisfy, 
the criteria for a given phenotype, especially if 
the cost of sequencing continues to decline. 
Second, although an expanded panel will have 
increased sensitivity, a large proportion of vari-
ants will still not be identifi ed either due to loca-
tion in a gene not included in the panel or a region 
of a known gene that is not covered by the 
sequencing assays. Also, a signifi cant proportion 
of variants identifi ed will be of unknown signifi -
cance, in which case copy number analysis will 
still be necessary to exclude the possibility of a 
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known pathogenic deletion or duplication. 
Therefore, a tiered approach to testing would 
theoretically decrease costs for a limited set of 
patients, while leading to increased turnaround 
time for the majority of patients.  

    Expanded Panels 

 Disease-specifi c gene panels performed by NGS 
are already being utilized in clinical molecular 
diagnostics and will become more widespread 
over time. However, NGS easily has the potential 
to expand beyond these focused panels. 
Complexity-reduction techniques can be utilized 
to create more diffuse panels, which could have 
implications for the “healthy” population and rev-
olutionize the public health sector. For example, 
an obvious extension of disease-specifi c panels 
would be a panel that includes every known auto-
somal recessive and X-linked disorder, which 
could be performed on an individual as a carrier 
screening panel. Presently, carrier screening pan-
els are typically targeted towards populations with 
high carrier frequencies for certain Mendelian dis-
orders. For example, due to a founder effect, the 
Ashkenazi Jewish population has a high carrier 
frequency for several disorders, including Tay–
Sachs disease, Gaucher disease, Bloom Syndrome, 
and several others. Preconception carrier testing is 
encouraged in this population in order to identify 
couples who are carriers for the same autosomal 
recessive disorders and has resulted in a dramatic 
reduction in the incidence of these disorders in the 
Ashkenazi Jewish population [ 35 ]. This type of 
carrier testing is performed using a targeted muta-
tion panel that tests only for mutations known to 
have a high frequency in the target population. 
Hence, the test has high sensitivity and specifi city 
within this population. 

 For individuals not of Ashkenazi Jewish ances-
try, unless an affected family member has been 
diagnosed with a particular disorder and has a 
documented mutation, carrier testing is not feasi-
ble, as there are hundreds of known autosomal 
recessive disorders for which any one person 
could be a carrier. Furthermore, with a few 
 exceptions, the majority of mutations causing 

 autosomal recessive disorders are private, familial 
mutations that can be found anywhere throughout 
a given gene. Therefore, for the general popula-
tion, carrier screening for any such autosomal 
recessive disorder without a documented familial 
mutation currently would have to be performed 
by Sanger sequencing, which is too expensive and 
low throughput to be carried out on a large scale. 
Next-generation sequencing, on the other hand, 
has the potential to open the door for general 
 population-based screening of autosomal reces-
sive disorders. 

 Although technically feasible, this type of 
testing is not without its disadvantages. As with 
the small, disease-focused panels, as the number 
of genes sequenced increases, so does the num-
ber of variants of undetermined signifi cance one 
will uncover. As clinical laboratories are able to 
increase their test menus and examine genes in 
which mutations have been described rarely, this 
will become an increasingly large issue.  

    Whole Exome/Whole Genome 
Sequencing 

 The decreasing cost of NGS is now enabling the 
sequencing of every exon at a cost comparable to 
that of some focused panels. Although the num-
ber of exons sequenced will increase, the cost 
will still be relatively low given that less than 
1.5 % of the genome contains coding exons. 
Hence, exome sequencing is the next logical step 
after the panels mentioned above; the only differ-
ence being that instead of examining only known, 
clinically relevant exons, a laboratory instead uti-
lizes a capture method to sequence every exon in 
the human genome. Exome sequencing has made 
headlines recently in the research realm as a use-
ful tool for identifying causative mutations for 
patients in whom a genetic disorder is suspected 
but either no known gene has been identifi ed, or 
all known genes have been tested with negative 
results. Recent examples of this include Kabuki 
Syndrome (mutations in  MLL2 ), Fowler 
Syndrome (mutations in  FLVCR2 ), and many 
others (reviewed in [ 36 ]). This technology has 
been particularly useful in cases of very rare 
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Mendelian disorders, for which linkage studies 
are impossible due to the lack of families avail-
able for testing, and sporadic disorders. 

 Whole genome sequencing is, then, the logical 
next step after whole exome sequencing. In fact, 
exome sequencing will likely be a short- lived 
bridge in-between targeted panels and whole 
genome sequencing, as it will rapidly be cheaper 
and faster to simply sequence genomic DNA 
directly rather than utilize capture methodologies 
as a sample preparation method, which adds time, 
money, and complexity to clinical testing. The 
other major advantage to whole genome sequenc-
ing is that by using modifi ed protocols, such as 
paired-end or mate-pair sequencing, one is not 
limited to detection of point mutations and small 
insertions and deletions. With whole genome 
sequencing, one can also detect large deletions, 
duplications, and structural rearrangements (both 
balanced and unbalanced) such as translocations 
and inversions [ 37 ]. In a sense, whole genome 
sequencing is not merely “sequencing”; instead it 
provides much of the same information as sequenc-
ing, array CGH, and a chromosome study com-
bined. That, combined with the ability to examine 
regulatory regions of any gene of interest and lack 
of exon dropout due to incomplete or suboptimal 
capture, makes whole genome sequencing a very 
powerful diagnostic tool. In addition, a clinical 
laboratory can still choose to apply the same fi lters 
as discussed previously in order to limit the data 
analyzed as per the clinical question. 

 Both whole exome and whole genome 
sequencing have the potential to revolutionize 
molecular medicine and help us enter the era of 
genomic medicine. However, the amount of data 
and variants generated by these methodologies 
can be overwhelming to the laboratory director, 
who must interpret the data, and the clinician and/
or genetic counselor, who must relay this infor-
mation to the patient in a meaningful manner. In 
fact, some estimates predict that each whole 
genome sequence may generate more than three 
million variants, all of which must be classifi ed 
and potentially interpreted [ 38 ]. A small fraction 
of these variants will be known, clinically relevant 
detrimental mutations that are straightforward to 
interpret. However, the majority of variants 

(>99 %) will fall into one of several categories: 
variants of unknown signifi cance in a clinically 
relevant gene, variants in genes with no known 
phenotypic effect, and known benign variants. 

 In order to interpret the overwhelming data in 
a meaningful way for the clinicians, identifi ed 
variants will have to be fi ltered and classifi ed to 
the best of the laboratory’s ability. However, 
because neither whole exome sequencing nor 
whole genome sequencing is restricted to genes of 
known phenotypic signifi cance, both will result 
not only in a huge number of variants of unknown 
signifi cance, but also potentially a plethora of 
incidental fi ndings such as variants resulting in 
infertility or carrier status for late- onset autoso-
mal dominant disorders such as Huntington’s dis-
ease that are both devastating and incurable. 
Because of issues such as these, even when whole 
exome sequencing becomes cost-effective as a 
clinical test, labs may choose to mask data and 
only analyze genes relevant to the patient’s reason 
for testing or those with a known phenotype. For 
example, a laboratory may perform whole exome 
sequencing for every patient in order to simplify 
processes in the lab, and then apply different data 
“masks” in order to limit analysis to only the 
genes of interest given the reason for testing. In 
the case that additional sequence information was 
desired at a later time, either due to new informa-
tion about a gene’s pathogenicity or desire on the 
part of the patient, that data could theoretically be 
“unmasked” and analyzed at any time. 

 One publication addressed the issue of inci-
dental fi ndings in great depth [ 39 ]. Here, the 
authors describe a “binning” classifi cation sys-
tem. The fi rst essential step of this process is 
determining, for each gene, which of the follow-
ing bins it belongs: genes in which pathogenic 
variants are clinically actionable (bin 1); genes in 
which pathogenic variants have clinical relevance 
and pose high risk (bin 2C); genes in which vari-
ants have clinical signifi cance and of moderate 
risk (bin 2B); genes in which variants have some 
clinical relevance but are of low risk (bin 2A); 
and fi nally, genes which currently have no known 
clinical signifi cance (bin 3). Then, variants within 
each gene are classifi ed by pathogenicity (known 
pathogenic, likely pathogenic, unknown signifi cance, 
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likely benign, etc.). For each patient, the authors 
propose, the variants found within these catego-
rized genes may or may not be reported depend-
ing on their potential pathogenicity. This is only 
one of many potential ways to fi lter the enormous 
amount of data that will be generated for each 
patient using whole genome and whole exome 
sequencing; however, a clinical laboratory offer-
ing such testing must establish a similar system 
before commencing suchtesting. 

 Obviously, one laboratory alone cannot estab-
lish a comprehensive, accurate classifi cation sys-
tem for every gene in the human genome. The 
establishment of collaborations between multiple 
laboratories must occur to help classify genes 
and decide on reporting criteria. This will not 
only ensure consistency and standardization both 
within and between clinical laboratories but also 
will enable periodic review and, in the future, re- 
classifi cation of genes and/or variants. The latter 
necessitates that multiple laboratories share de- 
identifi ed patient sequence data, preferably 
including patient phenotype data, similar to that 
of the International Standards for Cytogenomic 
Arrays (ISCA) consortium [ 40 ]. 

 Despite all of the benefi ts of next-generation 
sequencing’s use in the world of molecular diag-
nostics, the Sanger method is likely to persist for 
the foreseeable future. Most laboratories will uti-
lize Sanger sequencing to confi rm variants identi-
fi ed by NGS, in fact this will likely be a regulatory 
requirement. In addition, there will also be situa-
tions in which there is a known genetic disorder in 
which the causative mutation has been identifi ed 
segregating in a family. Individuals at risk of 
inheriting such a mutation may opt to have testing 
performed for only that specifi c mutation; since 
this would involve sequencing only a single exon 
or even just a portion, the most cost-effective way 
for a laboratory to perform such a test will likely 
be the Sanger method. 

    Other (Oncology and Infectious 
Disease) 
 Sequencing for Mendelian disorders exemplifi es 
many of the potential abilities of NGS in the clin-
ical laboratory. Obviously, its potential applica-
tions are much more far-reaching than merely 

congenital disorders. NGS has the potential to 
impart profound implications in the area of 
oncology and infectious disease. 

 Currently, a large battery of tests is utilized in 
order to provide diagnostic and prognostic infor-
mation regarding solid tumors and especially 
hematologic malignancies. Patients with such 
neoplasms, depending on the type, may receive a 
series of tests that include one or more of the fol-
lowing: chromosome studies, molecular assays 
such as quantitative real-time PCR, and fl uores-
cent in situ hybridization (FISH) using one or 
more probes specifi c for certain chromosomal 
rearrangements. 

 Next-generation sequencing could potentially 
replace most, or even all, of the battery of tests 
performed on oncology specimens while giving 
additional information that many of these tests 
cannot due to the nature of NGS and its lack of 
necessity of a priori knowledge of sequence. 
However, NGS for oncology specimens suffers 
from the same drawbacks as mentioned for con-
genital disorders, in addition to some that are 
specifi c to oncology testing. For example, many 
oncology specimens are small biopsies or fi ne 
needle aspirates that generally yield a small 
quantity of DNA. Furthermore, these specimens 
are traditionally fi xed in formalin or an alterna-
tive preservative, which not only degrade 
genomic DNA but also may induce chemical 
modifi cations; however, NGS protocols for mate-
rials such as formalin-fi xed, paraffi n-embedded 
specimens are being developed [ 41 ]. Also impor-
tant to keep in mind is that unlike a congenital 
specimen, which is typically homogenous, oncol-
ogy specimens can have a great deal of heteroge-
neity. Therefore, it may be diffi cult to distinguish 
low level, relevant oncogenic mutations against a 
background of normal cells, which are often 
admixed in these specimens. However, there are 
many potential ways to enrich for tumor cells in 
these samples, including laser capture microdis-
section for solid tumors or cell sorting for hema-
tologic specimens. Furthermore, a great deal of 
heterogeneity can be present even among the 
tumor cells themselves, which can also compli-
cate the data analysis. Finally, it is currently com-
mon to sequence both tumor and matched normal 
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tissue from the patient in order to fi lter out germline 
variants. This would, of course, increase the cost 
of the test. However, there is important informa-
tion to be gained from also sequencing germline 
DNA such as potentially discovering pharmaco-
genetic alterations that may be important for 
deciding on the drug or dose with which to treat a 
given patient. 

 Infectious disease is another obvious niche in 
which NGS could have a huge impact on clinical 
testing. Molecular methods have revolutionized 
testing in the clinical microbiology laboratory; 
however, the techniques currently utilized typi-
cally require suspicion of a particular pathogen 
or strain, and the molecular assays are designed 
to detect, confi rm, and/or differentiate between 
different strains (one pathogen-one test). If a 
negative result is obtained, additional testing 
may need to be performed. In addition, some 
pathogens such as RNA viruses mutate at 
extremely high rates, which could theoretically 
make molecular detection diffi cult. The beauty 
of next- generation sequencing is that, if a cap-
ture method is not used up-front, no a priori 
knowledge regarding the sequence to be interro-
gated is necessary. Therefore, if the appropriate 
specimen is tested by NGS, a complete genome 
sequence of the pathogen will be acquired and 
can be blasted against known genomic sequence 
to identify the culprit; hence, testing is for “any” 
pathogen. In addition, any potentially important 
sequence variants (drug-resistance mutations, 
etc.) would be simultaneously identifi ed; in fact, 
NGS would be particularly amenable to detec-
tion of low- level drug resistant strains. The 
downfall to this approach is that sequence will 
be obtained from any DNA present in the sam-
ple, including that of the human host and other 
organisms such as bacteria that may be present 
yet do not contribute to disease.   

    Future Uses for NGS 

 In the near future, when whole genome sequenc-
ing is both feasible and cost-effective, one could 
imagine that every person will have their genome 
sequenced at some point. This opens up additional 

uses for this technology, such as newborn screening 
(NBS). NBS is mandatory       in most states; how-
ever, the number and types of disorders screened 
for vary widely (anywhere from 3 to 43), but 
typically are limited to 29 “core” conditions and, 
in some cases, a number of additional secondary 
targets, chosen because they satisfy all or the 
majority of defi ned criteria, including the avail-
ability of a screening test with appropriate sensitivity 
and specifi city, demonstrated benefi ts of early 
detection and available treatment [ 42 ]. However, 
there are a number of disorders that are not 
screened for at birth because they do not suffi -
ciently satisfy these criteria but would still be 
benefi cial to screen for. An example of this type 
of disorder is Wilson disease (WD). Wilson dis-
ease is an autosomal recessive disorder caused by 
mutations in  ATP7B . The phenotype of WD can 
be severe, including liver disease, neurologic 
dysfunction, and psychiatric disturbance leading 
to intellectual deterioration. Unfortunately, the 
age of onset varies widely (early childhood to 
adulthood) and the symptoms vary to the point 
where a diagnosis of WD can be diffi cult to make. 
The latter point is important to realize because 
treatment with copper chelating agents can pre-
vent the development of these hepatic, neuro-
logic, and psychiatric symptoms if started in the 
asymptomatic period [ 43 ]. But, as with many 
autosomal recessive disorders, there are few 
clues as to the diagnosis until an affected indi-
vidual presents with symptoms; hence, treatment 
is often not started until the phenotype manifests. 

 Wilson disease is only one example of a disor-
der that is not included in NBS panels yet would 
be benefi cial to detect before symptoms arise. 
NGS opens the door to screening for this disor-
der, and essentially every known single gene dis-
order, at birth. One could simply collect blood 
from an infant after delivery and perform whole 
genome sequencing, either alone or (more likely 
at fi rst) in tandem with the biochemical assays, 
which have a faster turnaround time. Since the 
amount of DNA collected from a newborn is typ-
ically very low, methods to increase the amount 
of DNA such as whole genome amplifi cation 
may be necessary until NGS technology is ame-
nable to such small sample quantities. 
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 It is likely that by the time NGS is utilized for 
newborn screening, it will be more cost-effective 
to perform WGS rather than utilizing a capture 
method to isolate and analyze only the desired 
genes. Performing WGS at birth would allow for 
the detection of a multitude of disorders beyond 
those currently screened for. However, the trad-
eoff is that WGS will convey information regard-
ing not only treatable disorders but also 
everything else-untreatable disorders of child-
hood, disorders with incomplete penetrance, 
adult-onset conditions, cancer syndromes, etc. 
This fact leads into a further consideration regard-
ing the analysis of genomic sequence data—
WGS can be performed up front, but one does not 
have to analyze all of the data up front. In fact, 
this would be ideal in the case of NBS because 
the analysis would be much faster if limited only 
to a subset of disorders suitable for screening at 
birth. The remaining data is stored, but not ana-
lyzed, until it is either necessary or requested. 
Hence, we may one day adapt a model in which 
every person has his or her genome sequenced, 
but the data is analyzed in sections as the clinical 
need for the data arises. Some of this analysis 
may occur at birth, with the remainder occurring 
later in life at specifi ed time points. A pilot 
exploring a similar model is, in fact, currently 
underway in the Faroe Islands. The goal is to 
offer WGS to each of its 50,000 citizens but will 
begin with a pilot involving 100 adults in order to 
explore the many challenges of such an undertak-
ing. This data will be linked to each individual’s 
health records, and when a physician is question-
ing a particular condition, an inquiry will be sent 
in order to gain access to the relevant genomic 
information pertaining to the questioned diagno-
sis. Each individual would also have access to 
their own data, and the goal is to provide educa-
tion to each person in order to ensure that they are 
adequately informed regarding such testing [ 44 ].  

    Physician/GC Considerations 

 With WGS, as with any genetic test, there is 
much to consider both pre- and posttest on the 
part of the physicians and/or genetic counselors. 

Currently, when a sequencing-based test is 
ordered, there is a specifi c question in mind, and 
the appropriate test is ordered based on that clini-
cal question. With disease-oriented NGS panels, 
this will likely still be the case; however, the 
patient will need to be appropriately counseled 
regarding the greatly increased risk of detecting a 
VUS. However, exome and whole genome 
sequencing will require much more consideration 
both pre- and posttest. The physicians and genetic 
counselors who ultimately order the test are 
responsible for explaining to the patients, before 
ordering the test, the information that can be 
obtained from such studies. For example, indi-
viduals must understand that they will not only 
receive the information they are seeking, such as 
carrier status for rare recessive disorders, but also 
incidental information, such as late-onset neuro-
logic (and often untreatable) conditions. Patients 
must also be cautioned that, even when a gene in 
which mutations are known to cause a disorder is 
found to have a sequence variant, there is a 
chance that the variant will have unknown sig-
nifi cance. Additionally, patients and physicians 
alike must understand that of the 25,000 known 
genes in the human genome, many have unknown 
function or have never been described to harbor 
pathogenic mutations; hence, reporting any vari-
ants identifi ed in these genes might not be medi-
cally valuable. Finally, it must be clear that every 
patient will likely be identifi ed as a carrier for an 
autosomal recessive disorder. From these conver-
sations, the care provider must be able to deter-
mine what information the patient wishes to 
learn. This will determine what test is ordered 
and what results are given to the patients. 

 Once the appropriate information is returned 
to the care provider from the laboratory, the labo-
rious task of explaining the fi ndings to the patient 
begins. For every possible sequence fi nding, the 
physician or genetic counselor must be able to 
relate the results not only to the immediate 
health-related question at hand, but also what, if 
any, future impact these results have. Finally, the 
physician needs to be able to understand and 
relay to the patient what implications these fi nd-
ings have for the patient’s family members and 
potential future offspring.   
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    Informatics 

    Introduction 

 The emergence of next generation sequencing 
instruments described in the previous section is 
poised to enable the implementation of new and 
revolutionary clinical tests. However, these 
opportunities are mirrored by formidable chal-
lenges associated with managing, processing, 
and interpreting the large datasets generated by 
these instruments. This technical complexity has 
resulted in the critical need for bioinformatics in 
any institution implementing NGS-based testing. 
Extracting useful information from the sea of 
short sequence reads generated by NGS systems 
requires multistep workfl ows designed to effi -
ciently analyze the data. Interpreting the results 
to identify clinically actionable items presents an 
even bigger challenge, requiring aggregation and 
integration of multiple data sources to annotate 
the resulting variants. Finally, infrastructure 
requirements to analyze and store the data gener-
ated by current sequencing platforms often 
requires substantial investment in, and retooling 
of, institutional hardware. This section will pro-
vide a high-level overview of the informatics 
aspects of NGS. 

 NGS data analysis can be conceptualized as a 
four-step process, including on-instrument signal 
processing, sequence-read alignment, variant 
detection, and results annotation. Through this 
process, the physical readout of the nucleotide 
sequence is converted into a digital representa-
tion and presented, where possible, with specifi c 
context to enable an investigator or clinician to 
interpret the results. While the details of each 
step in this process vary with the sequencing 
instrument selected, test being performed, and 
selection of analytic tools by the lab, this process 
is conformed to in most sequencing assays and 
will be used to template our overview of the ana-
lytics in this section. 

    On-Instrument Signal Processing 
 With every sequencing instrument there are fi le 
conversion and signal processing methods that 

must be executed to convert the initial instrument 
readings into specifi c nucleotides and associated 
sequence reads. This step in the analysis process 
is often carried out by software provided with the 
sequencing instrument and is akin to analysis of a 
trace chromatogram from Sanger sequencing. 
For example, the Illumina sequencers measure 
fl orescent intensities from the fl ow cells by tak-
ing a series of digital images, which are pro-
cessed into numeric values, and ultimately 
converted into single nucleotide base calls [ 45 ]. 
Individual base calls are then appended together 
to create a short-sequence “read” refl ecting the 
sequence of the target DNA. With each called 
nucleotide base, there is a corresponding quality 
score that refl ects the confi dence in the base call 
and is instrumental in downstream alignment and 
variant-base detection. The resulting data is writ-
ten to a fi le (standard fi le format FASTQ) for sub-
sequent reference sequence realignment or de 
novo assembly [ 46 ].  

    Sequence Read Mapping/Assembly 
 Every NGS experiment generates millions of 
short nucleotide sequences, refl ecting a highly 
redundant and overlapping set of reads derived 
from the original DNA. The process of creating a 
representation of the target DNA sequence 
involves mapping the reads back to a reference 
sequence (remapping) or the de novo assembly of 
overlapping reads to defi ne larger sequences rep-
resentative of the target (shot-gun assembly). For 
reasons of computational effi ciency and to mini-
mize the algorithmic complexity, most clinical 
sequencing applications of NGS rely on reference 
sequence remapping. Despite the relative compu-
tational effi ciency, remapping still requires vast 
computational resources. Consequently, numer-
ous mapping programs have been developed to 
accurately map the short read sequences (35–100 
bases long) back to the reference genome using 
highly parallelized computer systems [ 47 – 51 ]. 
Many of the most popular programs used for 
remapping were fi rst developed in academia and 
are offered under an open-source license. More 
recently, commercial offerings have increased, 
providing users with a number of choices when 
selecting an alignment program. Most alignment 
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programs now support a standard post-alignment 
output format, the binary alignment map (BAM) 
[ 52 ]. The BAM fi le is directly viewable by a vari-
ety of visualization programs (i.e., IGV) and is the 
primary input fi le for most sequence variant 
detection programs [ 53 ]. 

 Since the initial advent of NGS, signifi cant 
advances have been made in the programs used to 
map these short-read sequences back to a reference 
genome. Most sequencing centers employ a com-
plex series of bioinformatics processes to refi ne the 
initial read alignments. These include the use of 
base-quality scores to optimize read alignments, 
removal of identical short-reads that likely repre-
sent PCR amplifi cation artifact, strategies to maxi-
mize the likelihood of properly placing a read that 
aligns to multiple places in a reference genome, 
and processes for improving the fi delity of align-
ments around highly variant regions of the target 
genome, to name a few. Many of these steps are 
included in current “best- practice” alignment pro-
tocols and analysis pipeline, such as the Broad’s 
GATK alignment toolkit [ 54 ,  55 ].  

    Variant Detection 
 Following read alignment to the reference 
genome, the NGS data is processed by one or 
more programs designed to identify single nucle-
otide variants (SNVs) and short insertions and 
deletions (INDELs). Unlike Sanger sequencing, 
calling variants using NGS data often involves 
algorithms that incorporate several characteris-
tics of the aligned data, including position- 
specifi c base counts (read-depth), quality values 
for the individual bases in each read aligned to a 
putative variant region, and quality values associ-
ated with how well the short-read aligned to the 
reference in the putative variant region. These 
characteristics are often integrated into either 
probabilistic-based algorithms or used as hard 
threshold to fi lter putative variants [ 54 ,  56 ]. The 
incorporation of these parameters in variant 
detection algorithms is used to account for poten-
tial sequencing and read-alignment errors. Unlike 
Sanger sequencing, NGS variant calls are often 
reported with a numeric estimate of the variant 
frequency in the aligned reads at a given position. 
Given the digital nature of this data, low- 
frequency variants arising from heteroplasmy or 

complex sample types can be identifi ed. However, 
this is not a trivial process, as biases in the next- 
generation sequencing and analysis processes 
complicate the identifi cation of simple heterozy-
gotic variants, which can comprise between 30 
and 65 %, and not exactly 50 %, of the bases at a 
given position. Therefore, all NGS assays will 
require substantial bioinformatics support to 
identify and account for sample- and process- 
specifi c biases.  

    Sequence Variant Annotation 
and Interpretation 
 Perhaps the single most challenging aspect of the 
NGS analysis process is curating variants with 
suffi cient supporting information that will allow 
them to be rapidly and accurately interpreted by 
the clinical laboratory director. First pass annota-
tion strategies often involve identifying variants 
with prior evidence that establishes them as 
benign polymorphic variants (SNPs) or known 
pathogenic variants. A variety of public data 
sources can be leveraged for these annotations, 
including the NCBI database dbSNP (which con-
tains information on known polymorphisms) [ 57 ] 
and the HAPMAP [ 58 ] and the 1,000 genomes 
[ 59 ] projects, which contain information on the 
frequency of variant occurrence in different pop-
ulations. Information about known pathogenic 
variants can be found in the Online Mendelian 
Inheritance in Man (OMIM) [ 60 ], the Human 
Gene Mutation Database (HGMD) [ 61 ], the 
GeneTests website [ 62 ], and other disease- 
specifi c resources. 

 Those variants without an unambiguous 
assignment, VUSs, are more diffi cult to curate. 
One can fi rst easily determine whether the given 
variant is synonymous, non-synonymous (mis-
sense), nonsense, or frameshift. However, unless 
a variant is an obvious loss of function mutation 
(nonsense or frameshift), additional tools are 
necessary in order to gather more information as 
to the potential pathogenicity of the variant. 
There are many programs that incorporate spe-
cies conservation, encoded protein structure, 
and amino-acid substitution properties to pre-
dict the likelihood a non-synonymous variant is 
disruptive to the encoded protein [ 63 ,  64 ]. 
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Additionally, inferences of disruption of known 
splice sites and regulatory element binding 
motifs can also be made using publically and 
commercially available softwares. 

 As institutions begin adopting this technology 
for clinical testing, they must be prepared to add 
bioinformaticians to the staff involved in the 
assay development and implementation. These 
professionals will provide the expertise needed to 
manage, analyze, and aid in the interpretation of 
the vast amounts of raw data generated. On a 
related note, one of the potentially unanticipated 
impacts of next-generation sequencing is the size 
and scope of the datasets generated and computa-
tional infrastructure needed to analyze it. The 
rapidly escalating output from NGS platforms 
(measured in gigabases) has lead to the revamp-
ing of most institutional computational centers to 
accommodate requirements for post-sequencing 
data processing. The volume of raw and pro-
cessed data has likewise forced institutions to 
critically assess data storage capacity and more-
often- than-not led to the development of highly 
structured/limited data retention policies. Data 
retention policies need to be defi ned and endorsed 
by the regulatory community, including defi ni-
tions of what is the primary data generated by 
NGS instruments and how long should it be 
stored by a clinical lab. Beyond this, the scope of 
the raw information that is presented back to 
investigators is also driving the development of 
integrated systems for results fi ltering and inter-
pretation. Despite these technical challenges, 
NGS is beginning to revolutionize clinical labo-
ratories and is creating exciting new opportuni-
ties for the world of clinical diagnostics.   

    Regulatory Considerations 

 The transformational power of NGS in the diag-
nostic arena has been thoroughly discussed in this 
chapter. With such potential, one might expect 
that making a decision to implement a clinical 
diagnostic NGS laboratory would be trivial. 
However, even after the necessary chemistry and 
informatics pipelines are in place, signifi cant 
effort must be put into understanding how the cur-

rent regulatory environment could impact clinical 
NGS testing. This is made even more complicated 
in the light of changing FDA policies regarding 
laboratory developed tests (LDTs) [ 65 ]. 

 In the past, the FDA has exercised what it calls 
“enforcement discretion” of LDTs, allowing 
other regulatory bodies and legislation like the 
Center for Medicare and Medicaid Services 
(CMS) and The Clinical Laboratory Improvement 
Amendments (CLIA) to regulate this type of test-
ing [ 66 ]. However, with the recent explosion of 
high-complexity testing and direct-to-consumer 
(DTC) genetic tests, the FDA is creating new guid-
ance for the development, validation, and imple-
mentation of LDTs. There is currently signifi cant 
uncertainty about what this guidance will look like 
and what amount of effort it will take to satisfy the 
new FDA regulations. This concern is so signifi -
cant that many clinical laboratories have chosen to 
postpone the implementation of NGS- based 
assays until these new regulations are clear [ 67 ]. 

 Fortunately, there are a number of organiza-
tions moving forward with their own draft guid-
ance regarding NGS test development and 
implementation to help address some of FDA’s 
concerns. Recently, the American College of 
Medical Genetics (ACMG) published a brief 
report on one of the FDA’s top LDT concerns, the 
clinical utility of NGS [ 68 ]. In the ACMG docu-
ment, the college outlines three areas where they 
feel the clinical utility of NGS is well established. 
The fi rst scenario recognized in this document is 
the potential for signifi cant improvements in the 
diagnosis, prognosis, and treatment decisions 
made for patients suffering from late stage can-
cers. In another, they describe the clinical utility 
of sequencing parents and their affected children 
in cases where the suspicion of a genetic disorder 
is high, but standard DNA testing has failed to 
resolve the case and identify a diagnosis. Finally, 
the ACMG supports (with caveats) the notion that 
some individuals will want to perform “explor-
atory sequencing” of their personal genome to be 
“screened” for health conditions they may be at a 
higher risk to develop. In this third class, a very 
clear note is made regarding the higher bar for 
reporting variants when there is no specifi c 
disease pathway under investigation, stating “the 
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threshold for determining which results should be 
returned to individuals seeking screening should 
be set signifi cantly higher than that set for diag-
nostic testing due to the much lower a priori 
chance of disease in such individuals.”  

    Validation and Quality Control 

 It could be said that NGS is one of the most com-
plex laboratory methodologies to be implemented 
in the clinical diagnostic arena to date. It is true 
that there are many considerations to take into 
account regarding sample preparation, sequenc-
ing equipment, computer hardware, and soft-
ware. However, the fact remains that this is a 
controllable process that is not fundamentally 
different from any other LDT and can therefore 
be fully understood by performing a robust test 
validation. Currently, there are no specifi c FDA, 
CLIA, or CAP guidelines regarding the valida-
tion of a clinical NGS test. While the ACMG 
addressed regulatory issues like clinical utility, 
other groups like the Centers for Disease Control 
and Prevention (CDC), Division of Laboratory 
Science and Standards, are now focusing on the 
analytical performance of diagnostic NGS tests. 
In a developing document, the CDC workgroup 
plans to address test Validation, Quality Control, 
Strategies for Profi ciency Testing, and the devel-
opment of Reference Materials all in support of 
clinical NGS [ 69 ]. Briefl y stated, it will be impor-
tant to create a validation strategy that addresses 
the performance of the specifi c NGS platform 
being utilized. This should include all of the 
reagents for sequence enrichment, library prepa-
ration, sequence generation, and the instrument 
itself. In addition, the bioinformatics pipeline 
(hardware and software) should undergo rigorous 
optimization during this platform validation. 
Finally, the test proper should be validated. This 
will include running a number of well- 
characterized samples to be certain the NGS pro-
cess is identifying the mutations the test has been 
developed to detect. This is easily accomplished 
for relatively small panel type tests, but much 
more diffi cult for whole exome and whole 
genome sequencing. In the latter example, it may 

have to suffi ce to validate regions of the targeted 
design, and then extrapolate that performance to 
the rest of the exome or genome. In addition, the 
extremely large number of possible variants cou-
pled with the relatively high false positive variant 
detection rate will dictate that all “reportable” 
variants be verifi ed by an existing laboratory gold 
standard methodology. Finally, there is a need to 
validate the informatics pipeline for its ability to 
detect the types of mutations expected in the 
sample population. Currently, most informatics 
pipelines are very good at fi nding single nucleo-
tide variants but struggle with accurately detect-
ing insertions and deletions. One interesting 
method for pipeline validation that has been dis-
cussed is to create known synthetic data sets that 
represent all imaginable types of alterations 
through the system. The results of such a test 
should give you a very good idea of what your 
system will and will not detect. 

 The adoption of next-generation sequencing as 
a standard clinical testing modality will also 
require substantial advancements in quality con-
trol and assurance processes for this technology. 
As is the case for validation, there are currently no 
guidelines that specifi cally address clinical grade 
quality control of next generation sequencing. 
Additionally, there is often little to no validation 
or control of the public datasets routinely used for 
the annotation and interpretation of sequencing 
results. Despite the need and opportunity for mas-
sive growth in this area, steps can be taken to 
monitor mapping accuracy and feature detection 
by implementing routine quality- control testing 
protocols that leverage the same well-character-
ized datasets used for validation. Understanding 
the performance metrics of the entire NGS test 
process, monitoring these metrics over time, and 
communicating known limitations to ordering 
physicians will be critical to the successful clini-
cal implementation of this technology.  

    Intellectual Property 

 There is very little debate regarding the value of a 
patent’s ability to protect the intellectual property 
(IP) of scientists and inventors. That general 
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agreement falls to the wayside when the question 
revolves around processes and compositions that 
are considered products of nature. In this light, the 
individual genes in the human genome have his-
torically been patentable, but with much contro-
versy as many feel they are “natural occurrences” 
and thus not patentable [ 70 ]. This is becoming a 
very important issue as diagnostic laboratories 
begin to outfi t themselves with the technical capa-
bilities to sequence entire exomes and genomes. 
Even though it is possible to generate a whole 
exome or whole genome sequence for a single 
individual in a diagnostic laboratory, with the cur-
rent patent laws in place, it is illegal for any single 
laboratory to issue a comprehensive interpretative 
genome-wide report. In essence, no diagnostic 
complete genome is truly complete as individual 
laboratories do not hold rights to the IP required 
to report mutations found in every gene. This 
might not be completely accurate, as most current 
gene patents refer to an isolation process that 
techniques like WGS might circumvent. This has 
not been challenged in court yet. 

 The issue of gene patents has been challenged 
by the American Civil Liberties Union (ACLU) 
in a case they have initiated against the United 
States Patent and Trademark Offi ce and Myriad 
Genetics  Association For Molecular Pathology, 
et al., vs. United States Patent and Trademark 
Offi ce, et al . [ 71 ]. The case, initiated in 2009, 
revolves around the ability for a patent to be 
issued for a “natural occurrence,” of which the 
ACLU posits, genes are. The position taken by 
the ACLU is that by owning patents for  BRCA1  
and  BRCA2 , Myriad can essentially monopolize 
diagnostic testing for these important breast and 
ovarian cancer-related genes. Allowing gene pat-
ents has led to increased costs for diagnostic test-
ing and virtually no recourse for a second opinion. 
In March of 2010, the ACLU’s position was vali-
dated by a federal district court, but the judgment 
was quickly appealed and partially overturned in 
July of 2011 [ 72 ]. Though the ACLU and Myriad 
would both like to have the case heard by the US 
Supreme Court, the justices have recommended 
that the case be reconsidered using the recent 
 Prometheus v Mayo Collaborative Services  deci-
sion [ 73 ,  74 ]. In this landmark case, the Supreme 

Court has made it clear that “natural observances” 
are not patentable subject matter. 

 The decision of this case will have a profound 
effect on how genome sequencing will be 
deployed in the clinical setting. At this time, 
small, focused panels are desirable due to their 
relative simplicity. However, as the cost of 
sequencing decreases and sequencers and infor-
matics pipelines become easier to use, many 
assume that whole genome sequencing will 
become the default molecular test. If, however, 
intellectual property rights exist for individual 
genes, the task of obtaining the appropriate 
licenses could become logistically and fi nan-
cially prohibitive, so much so that no single 
 institution could realistically provide a true 
 comprehensive genome interpretation.   

    Conclusions 

 In a very brief period of time, NGS technologies 
have transformed from a billion dollar research 
project to just a few thousand dollars per genome 
with real clinical value. While the price is still too 
high for high volume genomes, focused high- 
content panels have an immediate, value focused, 
application in the clinical diagnostic laboratory. 
These panels will continue to grow in number 
and utilization for the next 2–3 years. Very 
quickly however, we will see most clinical DNA 
sequencing switching from panels to whole 
genomes. The importance of continued bioinfor-
matics investments cannot be understated. 
Creating high output sequencing data has become 
routine. Extracting value, in a timely and cost- 
effective manner, from that sequencing data is the 
“secret sauce” of the genomics future. 
Understanding the “whole genome” will be an 
endless journey. This further understanding is 
required to fully extract the value of a whole 
genome sequence. While NGS is indeed a LDT, 
the workings of the system are of the most com-
plex used in diagnostic laboratories to date. 
Important issues regarding the oversight of 
LDT’s by the FDA, CMS, CAP, and others will 
need further clarifi cation in order to promote the 
full potential of WGS. Finally, even when all the 
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technical and regulatory issues are settled, there 
remain the complex issues surrounding IP and 
gene patents. If a full genome sequence exists, 
but cannot be interpreted, it is of marginal value.     
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