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Objectives: Many complications in the perioperative interval are associated with genetic susceptibilities 
that may be unknown in advance of surgery and anesthesia, including drug toxicity and inefficacy, 
thrombosis, prolonged neuromuscular blockade, organ failure and sepsis. The aims of this study were 
to design and validate the first genetic testing platform and panel designed for use in perioperative care, 
to establish allele frequencies in a target population, and to determine the number of mutant alleles 
per patient undergoing surgery.

Design/Setting/Participants and Methods: One hundred fifty patients at Marshfield Clinic, Marshfield, 
Wisconsin, 100 patients at the Medical College of Wisconsin Zablocki Veteran’s Administration Medical 
Center, Milwaukee, Wisconsin, and 200 patients at the University of Wisconsin Hospitals and Clinics, 
Madison, Wisconsin undergoing surgery and anesthesia were tested for 48 polymorphisms in 22 genes 
including ABC, BChE, ACE, CYP2C9, CYP2C19, CYP2D6, CYP3A4, CYP3A5, b2AR, TPMT, F2, F5, F7, MTHFR, 
TNFa,  TNFb, CCR5, ApoE, HBB, MYH7, ABO and Gender (PRKY, PFKFB1). Using structure-specific cleavage 
of oligonucleotide probes (Invader, Third Wave Technologies, Inc., Madison, WI), 96-well plates were 
configured so that each well contained reagents for detection of both the wild type and mutant alleles 
at each locus.

Results: There were 21,600 genotypes confirmed in duplicate. After withdrawal of polymorphisms in 
non-pathogenic genes (i.e., the ABO blood group and gender-specific alleles), 376 of 450 patients were 
found to be homozygous for mutant alleles at one or more loci. Modes of two mutant homozygous 
loci and 10 mutant alleles in aggregate (i.e., the sum of homozygous and heterozygous mutant 
polymorphisms) were observed per patient.

Conclusions: Significant genetic heterogeneity that may not be accounted for by taking a family medical 
history, or by obtaining routine laboratory test results, is present in most patients presenting for 
surgery and may be detected using a newly developed genotyping platform.
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Genetic variations conferring heightened risk before, 
during, and after surgery may fail to manifest phenotypes in the 
absence of drug exposure or surgical stress. However, genetic 
polymorphisms are readily detectable by DNA-based methods 
in advance of surgery, and their consequences may thereby 
be avoided through selection of alternate interventions.1 
To determine the allele frequencies of polymorphisms of 
perioperative interest, and to test the capacity of a novel 
genotyping platform designed for perioperative applications, 
microtiter plates were configured for genotyping by  
structure-specific cleavage of oligonucleotide probes. 
Polymorphisms in DNA samples from 450 participants 
undergoing general anesthesia and surgery at an academic 
suburban hospital, an academic urban Veteran’s Affairs hospital 
and a rural multi-specialty clinic were tested in duplicate for 
48 alleles in 22 genes. Discordant results were resolved by 
replicate testing or by direct DNA sequencing.

MATERIAL AND METHODS
Human Participants
Institutional Review
Investigations were carried out with the approval of the 
Institutional Review Boards of the University of Wisconsin 
School of Medicine and Public Health (Madison, WI), the 
Medical College of Wisconsin and the Zablocki Veteran’s 
Administration Medical Center (Milwaukee, WI), and 
Marshfield Clinic (Marshfield, WI). Written informed consent 
was obtained from all participants. All patient samples were 
de-identified for patient information and assigned unique 
identification numbers prior to transfer to Third Wave 
Technologies, Inc. (Madison, WI).

Protocol
Two hundred participants at the University of Wisconsin, 
150 participants at Marshfield Clinic, and 100 participants 
at the Medical College of Wisconsin Zablocki Veteran’s 
Administration Medical Center provided informed consent 
and a blood sample for DNA isolation in advance anesthesia. 
Participants were not recruited on the basis of type of 
anesthesia or surgery, gender, age, health, outcome or other 
attribute, and protected health information was not recorded. 
The DNA stocks were divided at each of the three test centers, 
and duplicate samples were sent to a reference laboratory at 
Third Wave Technologies, Inc. in order that each assay on 
each DNA template would be replicated at the test center of 
its origin and at the reference laboratory of the manufacturer 
(figure 1).

A comparison of genotypes at each locus for each patient 
observed at the test center of origin and at the reference 
laboratory yielded one of four potential results: (1) the results 
were concordant, (2) the results were discordant, (3) one 
or both of the genotypes exhibited a signal intensity below 
the threshold for accurate interpretation (low signal), (4) or 
one or both of the genotypes exhibited an equivocal ratio of 
signal intensities (see below) precluding discrimination of a 

wild-type or mutant genotype from a heterozygote genotype. 
Samples yielding discordant genotypes between a template 
at the reference laboratory and a test center template were  
re-run side-by-side at the reference laboratory with a second 
20 ng/mL aliquot of the discordant DNA stock forwarded from 
the test center to the reference laboratory. When low signal 
or equivocal results for a given allele in a given patient were 
observed at one of the three test centers, a second aliquot 
of the 20 ng/mL DNA stock was forwarded to the reference 
laboratory to be re-analyzed. When a low signal or equivocal 
result was observed on the reference laboratory stock only, it 
was repeated there. If the low signal, equivocal, or discordant 
results were not resolved after the first repeat test, the patient’s 
DNA templates were bi-directionally sequenced in the regions 
flanking each polymorphism of interest.

DNA Isolation and Quantification
Four hundred fifty unpaid, adult volunteers were enrolled. 
Ten milliliters of whole blood samples were obtained and 
anticoagulated in EDTA when intravenous vascular access 
was established prior to surgery. Samples were assigned an 
anonymized code number for all future use. Genomic DNA 
was prepared from frozen (-20˚C) whole blood samples 
using the desalting Puregene DNA Isolation kit (Gentra 
Systems, Minneapolis, MN) according to the manufacturer’s 
instructions. DNA concentrations were quantified using the 
PicoGreen dsDNA Quantitation Kit (Molecular Probes, Inc., 
Eugene, OR) according to the manufacturer’s instructions. 
DNA stock solutions were diluted in TE (10 mM Tris, 0.1 mM 

Figure 1. Experimental design and flow chart of samples and 
data. Genomic DNA was isolated from 450 participants 
undergoing anesthesia and surgery at three test centers. The 
samples were genotyped at each of the test centers using 
panels of structure-specific cleavage of oligonucleotide 
probes configured for perioperative use. All genotypes were 
replicated at the manufacturer’s reference laboratory, and 
data were scored for analytical validity (signal intensity, 
proportion of equivocal results) and concordance between 
the test center and reference laboratory results.
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EDTA pH 8.0) to 20 ng/mL and stored at 4˚C. Undiluted stock 
solutions were stored at -20˚C.

Allele Selection
Alleles were chosen for inclusion in the perioperative genomic 
profile of the present investigation on the basis of clinical 
validity, i.e., mutant genotypes that are highly correlated 
with traits of interest to perioperative caregivers comprising 
altered drug transport (ABC), and drug metabolism (BChE, 
ACE, CYP2C9, CYP2C19, CYP2D6, CYP3A4, CYP3A5), 
altered pharmacodynamic effects (b2AR, TPMT), underlying 
co-existing disease and complications (F2, F5, F7, MTHFR, 
TNFa, TNFb, CCR5, ApoE, HBB, MYH7), and unique patient 
identifiers (ABO and Gender) (table 1).2-59 As well, alleles 
were chosen with inherent clinical utility, i.e., the presence 
of one or more mutant alleles guides the caregiver in the 
selection of alternative drugs, dosages, regimens, techniques 
or safety steps.

Structure-Specific Cleavage  
of Oligonucleotide Probes
Genotyping by structure-specific cleavage of oligonucleotide 
probes relies upon the ability of a family of enzymes, termed 
flap endonucleases, to recognize and cleave highly specific 
nucleic acid structures60 (figure 2). A cleavable structure is 
formed in vitro through the adjacent hybridization of two 

synthetic oligonucleotides to a single target DNA molecule. 
The first “invading” oligonucleotide is designed to be 
completely complementary to the target sequence with the 
exception of its terminal 3’ base. The second, or “probe” 
oligonucleotide, comprises a region of complementarity that 
overlaps the first oligonucleotide by one base, thereby creating 
a unique structure that is specifically recognized and cleaved 
by the endonuclease enzyme.

The 5'-end of the probe oligonucleotide includes a  
non-complementary “flap” sequence. After cleavage, the flap 
serves as the first oligonucleotide in a second reaction within 
the same vessel and in contact with the same reagents. In turn, 
the cleaved flap creates a second overlap structure when bound 
to its complementary fluorescence resonance energy transfer 
(FRET) cassette. Subsequent recognition of this structure 
and cleavage of the cassette by the same flap endonuclease 
separate the fluorescent dye from its quencher (Eclipse  
Quencher, Epoch Biosciences, Bothell, WA), resulting in the 
generation of a detectable fluorescent signal.

Signal amplification occurs during both steps of the cleavage 
reaction. The probe oligonucleotide is designed so that its 
melting temperature when hybridized to the target nucleic 
acid is close to the reaction temperature. Cycling of the probe 
on and off its template allows for multiple rounds of cleavage, 

Figure 2. Schematic diagram of structure-specific cleavage of oligonucleotide probes. Recognition and cleavage of specific 
DNA structures by a member of the FEN-1 family of DNA polymerases enables isothermal probe amplification. The cleavage 
reaction requires a primary probe complementary in only its 3' domain to the targeted nucleic acid of interest. A second 
invading oligonucleotide binds immediately upstream of the first probe with a required overlap of at least one nucleotide to 
create the structure shown in Figure 2A. Cleavage releases the 5' domain of the downstream probe, which subsequently acts 
as a second invading oligonucleotide. Secondary invading oligonucleotides initiate cleavage of fluorescent probes giving rise 
to a fluorescent signal. The biplex format uses two different discriminatory probes each with a unique 5' flap, and two different 
fluorescence resonance energy transfer (FRET) cassettes, each with a spectrally distinct fluorophore. The released flaps are 
configured to bind only to their respective FRET to generate a target-specific signal. Accordingly, the RED cassette responds 
to the wild-type (WT) probe flap (A), and the FAM cassette responds to the mutant (MT) FAM cassette (B). Both cassettes 
respond to a heterozygote (HET) template.

Invader ChemIstry
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table 1. Trait, protein name, gene symbol, nucleotide polymorphism, effect of polymorphism and reference number for loci 
and alleles. 

   nucleotide
trait Protein name Gene symbol polymorphism effect of polymorphism reference

Pharmacokinetic effects 

Drug transport ATP-binding cassette  ABCB1 G2677T Impaired epithelial drug transport (e.g.,  2-4
 transporter  C3435T tacrolimus, cyclosporine), anti-emesis

Drug metabolism Butyrlcholinesterase BCHE A209G Prolonged neuromuscular blockade (e.g., 5-7
   G1615A succinylcholine, mivacurium)

 Angiotensin I  ACE DCP-1(D allele) Post-bypass complications, CHF therapy 8-11
 converting enzyme 1

 Cytochrome P450,  CYP2C9 *2 C416T Impaired drug metabolism (e.g., warfarin, 12-16
 family 2, subfamily C,   *3 A1061C phenytoin, ibuprofen)
 polypeptide 9

 Cytochrome P450,  CYP2C19 *2 G681A Impaired drug metabolism (e.g.,
 family 2, subfamily C,   *3 G636A omeprazole, diazepam, phenytoin 17,18
 polypeptide 19   emergence from general anesthesia)

 Cytochrome P450,  CYP2D6 *3 A2549del Impaired drug metabolism (e.g., codeine, 19-23
 family 2, subfamily D,   *4 G1846A) tramadol, ondansetron, dolasetron,
 polypeptide 6  *6 T1707del) postoperative emesis, metoprolol)
   *8 G1758T)
   *9 2613delAGA)
   *10 C100T)
   *14 G1758A)
   *19 2539-
   2543delAACT

 Cytochrome P450,  CYP3A4 *1B A-392G Impaired drug metabolism (e.g., 24
 family 3, subfamily A,    acetaminophen, codeine, cyclosporine,
 polypeptide 4   diazepam, midazolam

 Cytochrome P450,  CYP3A5 *3 G6986A Impaired drug metabolism 25-27
 family 3, subfamily A,  *6 A14690G (e.g., benzodiazepines, tacrolimus)
 polypeptide 5

Pharmacodynamic effects

 Adrenergic, beta-2-,  ADRB2 G46A Altered bronchodilator responsivity 28-30
 receptor, surface   C79G (e.g., albuterol, salbutamol), pressor 
    response to intubation

 Thiopurine S- TPMT *2 G238C Drug toxicity and impaired efficacy, 31
 methyltransferase  *3B G460A organ rejection (e.g., azathioprine,
   *3C A719G 6-mercaptopurine)

Co-existing disease

 Coagulation factor II F2 G20210A Thrombosis and dysprothrombinemia 32,33
 (thrombin)

 Coagulation factor V F5 G1691A Thrombophilia, activated protein C 34-36
 (proaccelerin, labile    resistance, deep venous thrombosis
 factor)

 Coagulation factor VII  F7 G10976T Coagulopathy, mortality in 37
   5' 10bp ins,  myocardial infarction
   NT-323

 5,10-methylene- MTHFR C677T Hyper-homocysteinemia, thrombosis, 38,39
 tetrahydrofolate  A1298C nitrous oxide toxicity, thrombophilia
 reductase (NADPH) 

 Tumor necrosis factor TNF-  G-308A Inflammatory response after 40-45
 (TNF superfamily,   surgery, outcome in sepsis
 member 2) 

 Lymphotoxin-a LTA-TNF- A252G Vasopressor use after cardiac surgery 46
 (TNF superfamily,   
 member 1)

Perioperative genomic profiles
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and therefore multiple cleaved flaps are created for each target 
molecule. Similarly, the flap sequence is designed so that the 
cleaved flap will cycle on and off of its corresponding FRET 
cassette under shared reaction conditions so that a single 
cleaved flap produces multiple fluorescent molecules. The 
combined effect of both reactions running concurrently leads 
to exponential fluorescent signal amplification kinetics, rather 
than DNA template amplification.

The specificity of the endonuclease enzyme for the  
flap-overlap structures, coupled with the sequence specificity 
conferred by the first and second oligonucleotides, enables 
precise discrimination of DNA variation. In the case of a 
single nucleotide polymorphism, oligonucleotide probe-sets 
are designed so that the polymorphic base is located at the 
cleavage site of the first reaction. A mismatch at this site, 
for example, a wild type probe on a mutant DNA target or 
a mutant probe on a wild type DNA target, fails to generate 
the overlap structure recognized by the enzyme. No cleavage 
occurs and no fluorescent signal is detected. Taking advantage 
of two fluorescent dyes, FAM (BioGenex, San Ramon, 
CA) and Redmond Red (Epoch Biosciences), the presence 
or absence of both wild type and mutant alleles of a given 
polymorphism may be interrogated simultaneously in a shared 
reaction. In this biplex format, wild type and mutant assays are 

performed concurrently in the same reaction vessel. Distinct 
flap sequences, FRET cassettes, and fluorescent dyes allow 
segregation of the two reaction pathways, and determination 
of whether 0, 1 or 2 copies of each of the two possible alleles 
at the locus of interest are present. As well, probe sets may 
be designed for specific polymorphism detection on both the 
sense and antisense strands of DNA, enabling third-order 
redundancy for critical clinical applications.

Optimization of probe design by software guided modification 
of probe length, composition and modifications permits 
homogenous reaction conditions including, for example, 
isothermal incubation temperatures, fixed incubation times, 
and shared buffer (MOPS, PEG) preservative (PRoClin, 
Supelco, Inc., Bellefonte, PA), pH and salt concentrations. 
In this fashion, multiple otherwise unrelated biplex assays 
may take place in individual wells of a single microtiter 
plate. Because reagents of the biplex cleavase reaction 
tolerate dehydration and are stable under conventional freezer 
conditions, microtiter plates for specific applications may be 
manufactured and stored months to years in advance to be 
activated for use in the future by the addition of template and 
enzyme. In turn, plates may be designed for use with either 
genomic DNA (plates 1 and 2), or post-PCR templates (plate 
3) without loss of resolution.

   nucleotide
trait Protein name Gene symbol polymorphism effect of polymorphism reference

Co-existing disease (continued)

 Chemokine (C-C motif) CCR5 (delta32) delta32 Delays HIV progression, improved 47,48
 receptor 5   response to antiretroviral therapy,
    transplant rejection

 Apolipoprotein E ApoE  T388C Postoperative cognitive dysfunction,  49-53
   C476T renal dysfunction

 Hemoglobin, beta HBB  G220A Sickle cell disease, sickle cell trait 54
   G19A
   A20T

 Myosin, heavy chain MYH7  G10162A Familial hypertrophic cardiomyopathy 55
 7, cardiac muscle, 
 beta   

Patient identifiers

 ABO blood group ABO  G261del Transfusion reaction 56
 (transferases A and B)   A297G Sample origin
   C467T
   C526G
   C657T
   C1059del

Gender

 Protein kinase,  PRKY  Y chromosome Sample origin 57-59
 Y-linked

 Fructose 6-P, PFKFB1 X chromosome
 2-kinase: fructose 
 2,6-bisphosphatase
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Performance of the present perioperative assays required only 
pipetting steps and 30 minutes or less to prepare the reaction. 
The reaction mixture for each assay was freshly prepared 
prior to each use. Once the reaction was initiated, no further 
manipulation was necessary other than moving the microtiter 
plate from the incubator to a fluorescence microtiter plate 
reader for scanning.

Genomic DNA Templates
Two 96-well microtiter plates (i.e., plates 1 and 2) were 
configured for direct assays of genomic DNA templates. 
The 96-well microtiter plates containing dried-down 
oligonucleotides specific for each assay, FAM and RED 
FRET probes and reaction buffer, together with reagents used 
with the assay including 32 mM MgCl2, Cleavase enzyme, 
and the No-Target-Blank (NTB) control samples (Third Wave 
Technologies), were removed from the freezer and thawed 
to room temperature (table 1, figures 1 and 2). A master mix 
for each plate was made with 780 mL of 32 mM MgCl2 and 
120 mL Cleavase enzyme. To each well of the two 96-well 
genomic DNA plates, 7.5 mL of the master mix was added. 
For each plate, 150 mL of the NTB sample were placed in 
the first well of an 8-well microtube strip, and 150 mL of 
purified patient DNA (20 ng/mL) to be tested from 5 patients 
was placed in the next 5 wells, respectively (figure 3). The  
sample-containing microtube strip (i.e., with two unused 
wells) was capped, denatured at 95˚C for 10 minutes in a 

thermal cycler (MJ Research PTC-100, Watertown, MA), 
and then cooled to room temperature. To each well of the 96-
well microtiter plate containing the Cleavase enzyme/MgCl2 
mixture, 7.5 mL of the denatured samples were then added 
using an 8-channel Transferpipette (Rainin, Woburn, MA). 
Samples were overlaid with 20 mL of mineral oil (M-3516, 
Sigma Chemical Co., St. Louis, MO). The plate was covered 
with adhesive film (Nunc, Roskilde, Denmark) and briefly 
spun to bring all reagents to the bottom of the wells. The 
microtiter plates were then incubated at 63˚C for 4 hours using 
a thermal cycler (MJ Research PTC-100) for single plates, 
or an incubation chamber (St. John’s Associates Biotherm 
Bio-Oven III, Beltsville, MD) for simultaneous incubation of 
multiple plates.

PCR Templates
One 96-well microtiter plate (i.e., plate 3) was configured 
for assays which use amplified DNA as the target template. 
Because of the presence of a pseudogene at the CYP2D6 locus, 
templates for CYP2D6 analysis were first amplified by PCR 
on the microtiter plate, thereby excluding contributions from 
the pseudogene sequence prior to structure-specific cleavage. 
The remaining alleles assayed on the PCR plate were included 
for conservation of reagents and efficiency. PCR primer 
sequences may be found in table 2. PCR was performed with 
80 ng of genomic DNA (i.e., 4 mL of 20 ng/mL), 4 mL of a 1 
mM multiplex forward and reverse primer mix for each allele 

Figure 3. Schematic diagram of platform layout on microtiter plates. The 3 dry-down 96-well microtiter plates were configured 
to test 5 patients for 16 alleles on each plate (A-D). The reagents for each assay were arrayed in six sequential wells on one 
side of the 96-well plate resulting in the first set of 8 alleles on one-half of the plate (A1 to H6), and the second set of 8 alleles 
on the opposite half of the plate (A7 to H12). Five patient samples and one no template blank (NTB) sample were placed in 
columns 1-6 and columns 7-12, respectively. This configuration of the samples positioned the DNA from the same patient in 
columns 2 and 8, 3 and 9, 4 and 10, 5 and 11, and 6 and 12. Thus, each patient was tested for 16 alleles on each of the 3 
plates for a total of 48 alleles per patient, with 32 assays performed on genomic DNA templates and 16 assays performed on 
post-PCR amplicons per patient.
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(Third Wave Technologies) at 0.2 mM final concentration for 
each primer, 3.2. mL of 1.25 mM dNTPs (Roche, Nutley, NJ), 
4 U (0.8 mL) of 5 U/mL Taq polymerase for each reaction 
(Invitrogen, Carlsbad, CA), 2 mL of 10X amplification buffer 
(Third Wave Technologies), and 6. mL of purified, sterile water 
for a total of 20 mL reaction volume.

The cycling parameters for amplification were: denaturation 
at 95˚C for 5 minutes followed by 20 cycles consisting of 
denaturation at 94˚C for 30 seconds, annealing at 55˚C for 
1.5 minutes, and extension at 72˚C for 2.5 minutes, with 
a final extension at 72˚C for 10 minutes. The reaction was 
then held at 99˚C for 10 minutes to heat deactivate the Taq 
polymerase. Samples were diluted 1:50 with TE using 10 mL 
PCR product and 490 mL TE and stored at 4˚C until use. The 
Cleavase procedure for the PCR template-microtiter plate 3 
assay was similar to that using a genomic template; however, 
the amplified templates did not require denaturation, and 
an incubation time of 30 minutes at 63˚C was sufficient to 
complete the reaction.

Microtiter Plate Configuration
The 3 dry-down 96-well microtiter plates were configured 
to test 5 patients for 16 alleles on each plate (figure 3). The 
reagents for each assay were arrayed in six sequential wells 
on one side of the 96-well plate, resulting in the first set of 8 
alleles on one-half of the plate (A1 to H6) and the second set 
of 8 alleles on the opposite half of the plate (A7 to H12). Five 
patient samples and one NTB sample were placed in columns 

1-6 and columns 7-12, respectively. This configuration of the 
samples positioned the DNA from the same patient in columns 
2 and 8, 3 and 9, 4 and 10, 5 and 11, and 6 and 12. Thus, 
each patient was tested for 16 alleles on each of the 3 plates 
for a total of 48 alleles per patient, with 32 assays performed 
on genomic DNA templates and 16 assays performed on  
post-PCR amplicons per patient.

Data Acquisition
After the 4-hour 63˚C incubation for genomic templates and the 
30 minute incubation at 63˚C for the amplified templates were 
complete, the plates were equilibrated to room temperature 
and scanned in either a CytoFluor Multi-Well Plate Reader, 
Series 4000 (PerSeptive Biosystems, Framingham, MA), 
or a Tecan-GENios Plate Reader (Durham, NC). Two scans 
were made sequentially, one for FAM dye (excitation 485/20 
nm, emission 530/25 nm), and one for Redmond Red dye  
(excitation 560/20 nm, emission 620/40 nm (for the CytoFluor 
reader) or 612/10 nm (for the Tecan-GENios plate reader).

DNA Sequencing
Unresolved discordant, low signal, and equivocal samples were 
bi-directionally sequenced. For the allele of interest, both the 
test center and reference laboratory stocks were sequenced. 
Samples to be sequenced were first amplified using Amplitaq 
Gold with GeneAmp PCR reagents (Applied Biosystems, 
Foster City, CA). The total 50 mL PCR reaction mixture 
consisted of 2 mL of 10X PCR buffer II, 4 mL of 10 mM 
dNTPs at a final concentration of 200 mM each, 0.5 mL (2.5 U/
rxn) Amplitaq Gold, 1 mL of the forward and reverse primers 
(20 mM) (table 3), yielding a final primer concentration of 0.4 
mM, 3 to 6 mL of 25 mM MgCl2 for a final concentration of 
1.5 to 3.0 mM, respectively as required for each reaction, 5 
mL of DNA (20 ng/mL) for a final concentration of 100 ng/
mL, and ddH20 to bring the reaction volume to 50 mL. Each 
PCR reaction was amplified with a 95˚C Taq activation step 
for 10 minutes, then 35 cycles of denaturing at 95˚C for 1 
minute, annealing temperature listed in table 3 for 1 minute, 
and elongation at 72˚C for 1 minute, with a final elongation 
at 72˚C for 10 minutes. After PCR amplification, 5 mL of the 
product was treated with 2 mL of ExoSAP-IT (USB, Cleveland, 
OH) and incubated at 37˚C for 15 minutes to remove unused 
dNTPs and primers. The enzyme was heat deactivated at 80˚C 
for 15 minutes.

The sequencing reaction consisted of 1 mL of the ExoSAP-IT 
treated amplified product, 11.75 mL ddH

2
0, 2 mL BigDye 

(Applied Biosystems), 4 mL of 2.5X BigDye buffer, 1 mL 
DMSO (Sigma Chemical Co.), and 0.25 mL of 20 mM primer 
(20 mL total reaction volume). A separate reaction mix was 
made for each primer to bi-directionally sequence each sample. 
The BigDye sequencing reaction was performed using one 
cycle at 96˚C for 3 minutes, 35 cycles at 96˚C for 10 seconds 
and 58˚C for 2 minutes, and one cycle of 72˚C for 2 minutes. 
The sequencing products were cleaned (i.e., for removal 
of dye terminators, dNTPs, and primers) with CleanSEQ 
magnetic beads (Agencourt, Beverly, MA) according to the 

table 2. Primers for PCR templates. 

assay PCr Primers

CYP2C9*2 (C430T) F: GGA GGA TGG AAA ACA GAG ACT TA
 R: GTA GTC CAG TAA GGT CAG TGA TAT G

CYP2C9*3 (A1075C) F: ACA CAT TTG TGC ATC TGT AAC CA
 R: TGA TAC TAT GAA TTT GGG GAC TTC G

CYP2D6 exons 1,2 F: AAG GCT TTG CAG GCT TCA 
 R: GCT CGG ACT ACG GTC ATCA

CYP2D6 exons 3,4 F: TGG AAT CCG GTG TCG AAG 
 R: GGA GAA ACC TAA AAT CGA AAT CTCT G

CYP2D6 exons 5,6 F: TCT GGG CAA GGA GAG AGG 
 R: GGC CCC TGC ACT GTT C

ACE (DCP-1 D allele) F: CTG GAG ACC ACT CCC ATC CCT TCT
 R: GAT GTG GCC ATC ACA TTC GTC AGAT

CYP3A5*3 (G6986A) F: ATT ATG GAG AGT GGC ATA GGA G 
 R: GGA GTT GAC CTT CAT ACG TT

CYP3A5*6 (A14690G) F: CCC TTG AAA TTA GAC ACG CA 
 R: GAA TGT ACA AAA TCA CCA ACT ACTC

CYP3A4*1B (A-392G) F: ATT TTG TTT GTC ATG CAA TCC ATT CA
 R: CTA TTT TCC TGT CAT TAT GAT TCC CAA A

HBB G19A F: CCA GTT TCT ATT GGT CCT CTT AAA
 R: CAG GGC AGA GCC ATC TA

MYH7 G10162A F: GTT GTT GGG AAG AGT GAA CTT
 R: CAA CTT TGC TAC TTG CCT TTT C

F, forward; R, reverse.



CM&R  2009 : 3 (September)76 Perioperative genomic profiles

manufacturer’s specifications. The products were directly 
sequenced using an Applied Biosystems 3730xl automated 
sequencing instrument at the DNA Sequence Laboratory in 
the UW Biotechnology Center, Madison, WI.

Data Analysis
Fluorescent intensity data were imported from the plate reader 
into a Microsoft Excel 2000 worksheet for analytical calculations 
on the raw data to determine genotypes. The fluorescent emission 
data were analyzed using 3 parameters: (1) FAM dye fold over zero 
(FFOZ), (2) RED dye fold over zero (RFOZ), and (3) fold over 
zero (FOZ) ratio. The FOZ criteria and FOZ ratio specifications 
were predetermined by testing each assay against a panel of 120 
human genomic DNA control samples of varying genotypes and 
ancestral origins. For a given assay, FOZ and FOZ ratio criteria 
were established by tolerance testing the control templates with 
multiple variables including DNA extraction methods, DNA 
concentrations, lot-to-lot variation in otherwise identical DNA 

templates, and alternate instrumentation. Lower specification limits 
for FOZ are set such that the value exceeds the signal to noise ratio 
by a significant margin, i.e., by a factor of 2.5 or greater. FOZ ratio 
thresholds are established by statistical analysis of the tolerance 
test data. For example, the heterozygote FOZ ratio threshold is set 
at approximately 3 standard deviations from the mean to typically 
fall within a range of 0.5 to 2.0, with mutant FOZ ratio thresholds 
at 0.2 or less, and wild-type FOZ ratio thresholds at 5.0 or greater. 
The FFOZ of a sample tested for each allele was obtained by 
dividing the observed raw FAM signal of the patient sample by 
the raw FAM signal from the NTB for that assay. The RFOZ was 
calculated in the same manner. Assays for each allele were assigned 
a specific minimum FOZ value for homozygous normal (or  
wild-type), heterozygous, and homozygous mutant allele FOZ 
determination (table 4).

If the FOZ criteria were not met, then the sample was 
designated low signal. For example, all assays on plate 1 have a  

table 3. PCR and sequencing primers and conditions. 

  annealing mm Primer
assay PCr and sequencing Primers temp. °C mgCl2 reference

ABCB1 (G2677A) F: CTG ATA AAA TAA TGA ATA TAG TCT C 53.0 2.5 1
 R: TAG AGC ATA GTA AGC AGT AGG

ABCB1 (G2677T) F: CTG ATA AAA TAA TGA ATA TAG TCT C 53.0 2.5 1
 R: TAG AGC ATA GTA AGC AGT AGG

ABCB1 (C3435T) F: TGT TTT CAG CTG CTT GAT GG 62.0 1.5 2
 R: AAG GCA TGT ATG TTG GCC TC 

BChE (G1615A) F: CTG TAC TGT GTA GTT AGA GA 53.0 1.5 UW
 R: GAG GAA TCA ATA TTA TCC TTC TGG C

CYP2C19*2 (G681A) F: AAT TAC AAC CAG AGC TTG GC 57.0 2.5 3
 R: TAT CAC TTT CCA TAA AAG CAA G

CYP2D6*3 (A2549del) F: GCT GGG GCC TGA GAC TT 55.5 1.5 F=4
 R: CAC TCT CAC CTT CTC CA   R=TWT

CYP2D6*4 (G1846A) F: CCT GGG CAA GAA GTC GCT GGA CCA G 62.0 2.0 4
 R: GAG ACT CCT CGG TCT CTC G

CYP2D6*6 (T1707del) F: CCT GGG CAA GAA GTC GCT GGA CCA G 62.0 2.0 4
 R: GAG ACT CCT CGG TCT CTC G

CYP2D6*9 (2613delAGA) F: CGT CCT CCT GCA T 55.5 1.5 TWT
 R: TGC ACT GTT TCC CAG

CYP2D6*10 (C100T) F: GGT AGT GAG GCA GGT 57.5 1.5 TWT
 R: GCT TCT GGT AGG GGA G

CYP2D6*19 F: GCT GGG GCC TGA GAC TT 55.5 1.5 F=4
(2539-2543delAACT)  R: CAC TCT CAC CTT CTC CA   R=TWT

CYP3A4*1B (A-392G) F: CTC TAA GAG AAG GCT CTG TCT G 57.5 1.5 UW
 R: GCT GGG CTA TGT GCA TG

CYP3A5*3 (G6986A) F: CAT CAG TTA GTA GAC AGA TGA 58.4 1.5 5
 R: GGT CCA AAC AGG GAA GAA ATA

MTHFR (C677T) F: GGT GGA GGC CAG CCT CTC CTG 69.0 2.5 UW
 R: GCG GTG AGA GTG GGG TGG AGG G

TNF-  (A252G) F: CCG TGC TTC GTG CTT TGG ACT A 61.5 1.5 6
 R: AGA GGG GTG GAT GCT TGG GTT C

Gender F: CTG ATG GTT GGC CTC AAG CCT GTG 65.0 3.0 7
(PRKY and PFKB1) R: TAA AGA GAT TCA TTA ACT TGA CTG

F, forward; R, reverse; TWT, Third Wave Technologies; UW, University of Wisconsin-Madison.
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reactive-minimum FAM wild-type probe FOZ of at least 1.5 
required for a wild-type homozygous genotype assignment, 
and a minimum RED mutant probe FOZ of at least 1.5 for 
a mutant homozygous genotype assignment (table 4). For 
the same plate, a heterozygote assignment requires both 
the FAM and RED FOZ values to be at a minimum of 1.5. 
If the FOZ values for a given sample and a given assay met 
the minimum FOZ allele criteria for wild-type, heterozygote, 
or mutant genotype, then the sample was considered valid. 
Validity criteria for each plate apply to all assays on that 
plate, except for the HBB G19A assay on plate 3, which 
shares identical FOZ criteria as all other assays on plate 3, 
but uses an independent FOZ ratio criterion based on specific 
performance characteristics of the assay (see below).

For samples meeting FOZ signal threshold criteria, the 
FOZ ratio was calculated to determine the final genotype 
designation. The FOZ ratio was calculated from the raw wild- 
type and mutant FOZ scores using the formula:

FOZ ratio =    (wild type FOZ-1) / (mutant FOZ-1)
If the calculated FOZ-1 was <0, its value was assigned as 0.10 
in order that the FOZ ratio cannot be zero. For a given sample 
and assay, if the FOZ values met one of the three minimum 
FOZ allele criteria for wild-type, heterozygote, or mutant, 
and also met the FOZ ratio range criteria for wild-type, 
heterozygote, or mutant, then the sample was considered valid 
and the genotype was properly assigned. If the FOZ validity 
criteria were met, but the FOZ ratio criteria failed to fall 
within the specification range, then the sample was considered 
equivocal. For all wild-type genotype calls, regardless of 
allele, the ratio FOZ must be >5.0. Regardless of the allele in 
question, for all heterozygote genotype designations the FOZ 
ratio must be >0.4 and <2.5. For all mutant genotypes, the 
FOZ ratio must be <0.20. The only exception to the FOZ ratio 
specification was assay HBB_E6L with wild-type FOZ ratio 
>3.5 and mutant FOZ ratio <0.28. For this assay, the wild-type 
and mutant probes exhibit cross reactivity, and specifications 
were widened to assign the correct designation.

RESULTS
Analytical Performance
Of 43,200 genotypes, 42,872 assays (99.24%) were both 
valid and unequivocal on the first testing. Of the remainder, 
164 assays (0.38%) were low signal with 126 resolved (i.e., 
met FOZ validity criteria and FOZ ratio specifications) by 
retesting. Thirty-eight assays (0.09%) remained low signal 

after retesting, and the genotypes were resolved by direct 
sequencing. Similarly, 164 of the 43,200 assays (0.38%) 
were valid but did not meet FOZ ratio specifications and 
were designated equivocal, with 148 resolved by retesting. 
Of the 16 remaining equivocal assays (0.04%), 15 were also 
resolved by direct sequencing. In all, after retesting, 43,145 
assays (99.87%) were both valid and unequivocal with the 
structure-specific genotyping, 53 low signal and equivocal 
assays (0.123%) were resolved by sequencing, and 2 assays 
(0.005%) were unresolved.

On first testing, 21,542 of 21,600 (99.73%) pair-wise 
comparisons of valid and unequivocal assays for the same 
allele on the same DNA template were concordant between 
the test center and the reference laboratory. Fifty-five of the 
remaining 58 valid and unequivocal discordant comparisons 
became concordant upon retesting. Three pair-wise discordant 
comparisons were not resolved using the structure-specific 
technology. After direct sequencing, 2 of the 3 pairs were 
resolved by direct sequencing. A low signal/heterozygote pair 
was found by sequencing to be a mutant/mutant genotype, 
an equivocal/normal pair was found by sequencing to be a 
mutant/mutant genotype, and an equivocal/equivocal pair was 
unresolved by sequencing. In one of the two samples where 
a genotype was determined (ABO A297G), bi-directional 
sequencing revealed a deletion 5’ to the polymorphism of 
interest. In the other (CYP2D6*10 [C100T]), a coincident 
copy number polymorphism led to increased signal intensity 
of the mutant allele due to increased copy number. In all, after 
all testing, 21,597 pair comparisons (99.99%) were valid and 
concordant for the same allele on the same DNA template 
between the test center and the reference laboratory. Two pairs 
(0.009%) were resolved by sequencing, and one pair (0.005%) 
was unresolved.

Allele Frequency
The observed allele frequencies for 38 of the 48 polymorphisms 
comprising the present perioperative genomic profile were in 
close accord with values published by others in comparable 
populations (table 5).61-75 Divergences between observed 
and published allele frequencies were apparent in genotypes 
underlying expression of ABO blood groups and hepatic drug 
metabolism. For example, the overall incidence of CYP2C19*2 
and CYP2D6*4 in the present sample were nearly double 
that reported by others, whereas the allele frequencies of 
CYP2D6*3, and CYP2D6*9 were six-fold and ten-fold greater, 

table 4. Fold over zero (FOZ) and FOZ ratio criteria. 

 normal normal het het het het mutant mutant
 min_ratio FOZ_min min_ratio max_ratio FFOZZ_min rFOZ_min max_ratio min_FOZ

Plate 1 5.00 1.50 0.40 2.50 1.50 1.50 0.20 1.50 
Plate 2 5.00 1.50 0.40 2.50 1.50 1.50 0.20 1.50 
Plate 3 4.90 1.50 0.40 2.50 1.50 1.50 0.21 1.50 
Plate 3 3.50 1.50 0.40 2.50 1.50 1.50 0.28 1.50 
HBB_E6L

FFOZ, FAM dye fold over zero; Het, heterozygote; Max, maximum; Min, minimum; RFOZ, RED dye fold over zero. 
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respectively. Conversely, TPMT*3C was found to be roughly 
half as common in the population under investigation compared 
to prior descriptions. On the basis of these results, it is not 
possible to determine if the allele frequencies we observed at 
these loci differ from prior reports on the basis of population 
stratification, founder effects, or non-random sampling. 
Nevertheless, these differences underscore the potential benefit 
of tailoring selection of the components of a perioperative 
genomic profile to its intended target population.

Polymorphisms per Patient
After withdrawing 8 polymorphisms in non-pathogenic genes 
from analysis (i.e., 6 alleles in the ABO blood group and the 
2 gender-specific alleles), 376 of 450 patients were found to 
be homozygous for mutant alleles at 1 or more of 40 loci, 
with a mode of 2 mutant homozygous loci per patient (figure 
4). A mode of 10 mutant alleles in aggregate (i.e., the sum 
of homozygous plus heterozygous mutant polymorphisms) 
was observed per patient (figure 5). No mutant CYP2D6*8, 
CYP2D6*14, CYP2D6*19, HBB (G220A) or MYH7 alleles 
were detected in keeping with their very low overall frequency. 
A >10% incidence of homozygosity for ABCB1, ACE, 
ADBRB2, MTHFR, and TNFb mutant alleles was observed, 
again in close accord with published accounts.

DISCUSSION
The present report describes the first genomic profile 
prospectively designed, assembled, and tested in surgical 
patients for use by perioperative caregivers. We found that 
the majority of patients were homozygous for mutant alleles 
at 1 or more loci, with a mode of 2 mutant homozygous 
loci, and a mode of 10 mutant alleles in aggregate observed 
per patient. Unless the consequences of prior exposure to 
anesthesia and surgery in the patient or family member are 
known, it is unlikely that perioperative caregivers would learn 
of the presence of these mutant alleles without genotyping. In 
turn, knowledge of non-pathogenic alleles incorporated in the 

perioperative genomic profiles adds safeguards in prevention 
of patient misidentification, for example, prior to organ 
transplantation or transfusion of blood products.

A genotyping method adapted for perioperative use must 
accurately sort over 3 billion DNA base pairs in each 
patient to identify differences upon which well-being during 
surgery and anesthesia depends. Ideally, the method must 
be equally sensitive to rare and common polymorphisms, 
to allelic and locus heterogeneity, and to compound and 
mixed heterozygosity underlying a given trait. The preferred 
genotyping method must detect polymorphisms equally 
well in samples from distinct origins (i.e., genomic DNA,  
RNA-derived complementary DNA, the products of PCR, or 
whole genome amplification from blood, tissue or cheek swab 
specimens). The present results indicate that susceptibilities 
from multiple predisposing genetic conditions can be 
effectively quantified using a shared genotyping format, i.e., 
oligonucleotide probes designed for biplex cleavage and 
detection assembled on a universal platform, i.e., dried-down 
reagents in 96-well microtiter plates. This format and platform 
enable homogenous reaction conditions (e.g., identical 
volumes and concentrations of template and enzyme, and 
shared incubation duration and temperature) that are suited 
to the acquisition of highly heterogenous genomic data, e.g., 
single nucleotide polymorphisms in coding, non-coding and 
promoter sequences, deletions, and insertions. The technique 
does not rely on radioisotopes or intercalating dyes, and does 
not require acrylamide or agarose gels, or dedicated hardware 
that is costly to purchase and maintain. Because detection of 
structure-specific cleavage of oligonucleotide probes relies on 
signal rather than template amplification, it is refractory to 
contamination by ambient or sample-to-sample contamination, 
and is sparing of DNA stocks. Moreover, the raw scores and 
ratios of fluorescent intensity are immediately accessible to 
the operator and end-user wishing to look beyond computed 
calculation for quality assurance.

Figure 4. Homozygous mutant alleles per patient. After 
withdrawing 8 polymorphisms in non-pathogenic genes from 
analysis (i.e., 6 alleles in the ABO blood group and the  
2 gender-specific alleles), 376 of 450 patients were found to 
be homozygous for mutant alleles at 1 or more of 40 loci, with 
a mode of 2 mutant homozygous loci per patient.

Figure 5. Total mutant alleles per patient. A mode of 10 
mutant alleles in aggregate (i.e., the sum of homozygous plus 
heterozygous mutant polymorphisms) were observed per 
patient.
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Of 43,200 genotypes, 99.24% were both valid and unequivocal 
on first testing, rising to 99.87% after a single replication. 
These results suggest that systemic factors inherent to the 
template or assay did not contribute to initial low signal or 
equivocal designations, but rather point to extrinsic variables 
amenable to automation, e.g., errors in pipetting, mixing, or 
data entry. On first testing, 99.73% of 21,600 comparisons of 
valid and unequivocal assays for the same allele on the same 
DNA template were concordant between the test center and a 
reference laboratory, rising to 99.99% after a single replication. 
In 2 of the 3 residual discordant comparisons (i.e., 3 pairs of 

alleles), a second polymorphism was detected in one of the 
paired templates that interfered with the probe-set in question. 
In aggregate, these results using newly designed assays in 
novel formats and platforms compare well with an overall 
0.5% to 1.0% rate of genotyping errors using long-established 
methods.76 In no circumstance were skewed results traceable 
to ambient or sample-to-sample contamination during assay 
performance despite using allele-specific microtiter plates 
(i.e., samples from multiple patients on one plate) rather than 
patient-specific microtiter plates, and manual rather than 
robotic operating procedures.

table 5. Observed vs published allele frequencies. 

    Observed allele Published allele
Genotype Wt % het % mut % frequency (%) frequency (%) reference

ABCB1 (G2677T) 32.4 48.7 18.9 43.2 46.0 61
ABCB1 (C3435T) 30.0 51.1 27.1 52.7 54.0 61
BCHE (A209G) 96.9 3.1 0.0 1.6 2.4 62
BCHE (G1615A) 63.8 33.6 2.7 19.4 18.7 62
ACE DCP-1 (D allele) 22.0 51.3 26.7 52.3 44.6 63
CYP2C9*2 (C416T) 78.0 20.0 2.0 12.0 15.5 64
CYP2C9*3 (A1061C) 84.0 14.9 1.1 8.6 6.9 64
CYP2C19*2 (G681A) 73.3 24.9 1.8 14.2 8.0 65
CYP2C19*3 (G636A) 99.3 0.4 0.2 0.4 0.0 65
CYP2D6*3 (A2549del) 95.3 4.4 0.2 2.4 0.4 23
CYP2D6*4 (G1846A) 63.3 30.0 6.7 21.7 13.1 23
CYP2D6*6 (T1707del) 97.6 2.4 0.0 1.2 0.4 23
CYP2D6*8 (G1758T) 100.0 0.0 0.0 0.0 0.0 66
CYP2D6*9 (2613delAGA) 96.7 3.1 0.2 1.8 1.5 23
CYP2D6*10 (C100T) 61.8 30.7 6.9 22.2 2.9 23
CYP2D6*14 (G1758A) 100.0 0.0 0.0 0.0 0.2 23
CYP2D6*19 (2539-2543delAACT) 100.0 0.0 0.0 0.0 0.1 67
CYP3A4*1B (A-392G) 89.6 8.7 1.8 6.1 6.5 68
CYP3A5*3 (G6986A) 82.4 14.2 3.3 10.4 13.0 69
CYP3A5*6 (A14690G) 79.8 16.7 3.6 11.9 9.6 69
ADRB2 (G46A) 38.7 46.0 15.3 38.3 37.8 63
ADRB2 (C79G) 36.7 44.4 18.9 41.1 41.0 63
TPMT*2 (G238C) 99.6 0.4 0.0 0.2 0.2 70
TPMT*3B (G460A) 94.0 5.8 0.2 3.1 2.6 71
TPMT*3C (A719G) 92.7 7.1 0.2 3.8 7.3 71
F2 (G20210A) 97.1 2.9 0.0 1.4 1.9 63
F5 (G1691A) 95.1 4.7 0.2 2.6 2.5 63
F7 (G10976T) 79.1 18.7 2.2 11.6 13.8 63
F7 5' (10bp ins, NT-323) 76.4 20.7 2.9 13.2 14.6 63
MTHFR (C677T) 40.0 46.7 13.3 36.7 35.3 63
MTHFR (A1298C) 49.1 41.6 9.3 30.1 32.4 72
TNF Alpha (G-308A) 68.2 29.6 2.2 17.0 15.4 63
LTA (A252G) 43.8 41.3 14.9 35.6 31.0 63
CCR5 (delta32) 79.6 19.6 0.9 10.7 10.9 63
ApoE (T388C) 74.7 24.7 0.7 13.0 13.9 63
ApoE (C476T) 84.7 14.4 0.9 8.1 8.3 63
HBB (G220A) 100.0 0.0 0.0 0.0 0.01 73
HBB (G19A) 99.8 0.2 0.0 0.1 0.01 73
HBB (A20T) 99.6 0.4 0.0 0.2 0.05 73
MYH7 (G10162A) 100.0 0.0 0.0 0.0 0.0 74
ABO (G261del) 39.3 50.7 9.8 35.1 57.2 75
ABO (A297G) 84.4 14.9 0.7 8.1 30.1 75
ABO (C467T) 77.8 20.4 1.8 12.0 7.1 75
ABO (C526G) 82.4 16.9 0.7 9.1 13.8 75
ABO (C657T) 18.0 46.7 35.3 58.7 12.8 75
ABO (C1059del) 86.2 13.1 0.7 7.2 5.6 75
Gender (PRKY and PFKFB1) 0.0 0.0 0.0 200 female **** ****
    250 male

Het, heterozygote; Mut, mutant; WT, wild type; ****, not applicable.
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Structure-specific cleavage of oligonucleotide probes is 
not the only method suitable for perioperative applications. 
Whereas conventional genotyping techniques, including 
direct DNA sequencing, restriction fragment length 
polymorphism analysis, and allele-specific PCR provide 
sufficient accuracy, they are ill-suited for point-of-care, 
broad-scale screening because of constraints in ease of use, 
cost, and scalability. Emerging high through-put approaches 
including, microarray-based detection (i.e., gene chips), mass 
spectrometry and whole genome sequencing may be able to 
rapidly score up to thousands of polymorphisms on a single 
sample, but routine use in health care is hampered by the need 
for expensive, single purpose hardware and by inaccuracies 
in heterozygote detection. Recently, the performance of 
another Invader platform (i.e., InPlex for cystic fibrosis 
genotyping on a microfluidics card) was compared with 
eSensor (Osmetech Molecular Diagnostics, Pasadena, CA), 
CF v3.0 oligonucleotide ligation assay (Abbott Laboratories, 
Abbott Park, IL/Celera Diagnostics, Alameda, CA), Signature 
CF 2.0 ASR (Asuragen, Austin, TX), and Tag-It Mutation 
Detection Kit for CFTR (TM Biosciences, Toronto, Canada) 
technologies on the same sample of CFTR templates.77 The 
Invader assay exhibited the least cost for instrumentation 
($12,900 vs. $45,000 to $145,000), the least cost of reagents 
per patient sample ($39.00 vs. $45.00 to $64.00), the least 
hands-on operator time (<1 hour vs. 1 to 2.5 hours), and the 
least start to finish time (4 hours vs. 5 to 8 hours). While 
the Inplex microfluidics card and the PCR-independent and  
PCR-dependent microtiter platforms of the present 
investigation lack a number of features in common, they are 
generally equivalent in consumption of reagents other than 
oligonucleotide probes, instrumentation, operator time and 
start to finish time. Similar comparisons of methods testing 
identical polymorphisms on identical templates are needed to 
determine whether these advantages are shared with invader 
formats and platforms designed for perioperative use.

Prior to routine applications in the interval surrounding 
surgery, any chosen genotyping method must first be shown 
to exert a beneficial effect on patient outcomes in blinded, 
prospective trials. To this end, the inclusion of additional 
alleles underlying traits of perioperative significance will add 
to economies of scale, e.g., polymorphisms that correlate with 
analgesic requirements (e.g., polymorphisms in OPRM1, the 
gene encoding the u-opioid receptor), cardiac dysrhythmia 
and ischemia, and malignant hyperthermia. Methods that are 
sensitive to other mechanisms of inherited predisposition may 
also be desired including, for example, alternate splicing, 
epigenomic variation, variable number tandem repeats, 
copy number polymorphisms and haplotype analysis. In 
all likelihood, the number of assays necessary to directly 
detect these and other DNA variations will require higher 
order miniaturization and automation than that reported 
here. Nevertheless, the probe-sets and formats of the present 
investigation are easily adaptable to both intermediate- (e.g., 
384-well microtiter plates) and high-throughput (e.g., solid 
phase microarray) platforms.

An established genotype-phenotype correlation for each 
allele was a primary criterion for its incorporation into the 
perioperative genomic profile, thus the present investigation 
was not designed to address the clinical validity of the 
individual genotypes selected for inclusion. Nor do the present 
results establish the clinical utility of individual alleles, or 
of the profile as a whole in a perioperative context. Such an 
investigation awaits the availability and validity of a suitable 
genotyping platform. While the observed allele frequencies 
for the preponderance of polymorphisms comprising the 
perioperative genomic profile were in close accord with earlier 
reports (table 5), it is not possible on the basis of the present 
results to determine if the divergent allele frequencies we 
observed at ABO blood group and hepatic drug metabolism 
loci arise from population stratification, founder effects, or 
non-random sampling. Larger sample sizes with specific 
experimental designs (e.g., incorporation of haplotype data at 
multiple loci and documentation of ancestral ethnic origins) 
are required to confirm or refute the observed differences, 
and to resolve the underlying mechanisms. Nevertheless, 
these differences underscore the potential benefit of tailoring 
selection of the components of a perioperative genomic 
profile to its intended target population. Accordingly, a 
primary objective of the present investigation was to guide the 
design of an efficient platform based on knowledge of allele 
frequencies in a specific target population.

Over 200 million surgical procedures are performed 
worldwide each year.78 Current data indicate that the overall 
mortality rate during and immediately after surgery from any 
cause, for any procedure and for all categories of physical 
status approaches 1 per 500 anesthetics.79 Multiple studies 
document a consistent profile of perioperative risk, in which 
the overall incidence of complications is at least 20% with 
moderate, severe or catastrophic sequelae observed in over 3% 
of patients.80-82 A high proportion of these adverse outcomes 
are strongly associated with genetic predispositions including 
thrombosis, bronchospasm, cardiac dysrhythmia and sepsis. 
Others reflect pharmacokinetic and pharmacodynamic 
genomic susceptibilities that are unknown in advance of 
exposure to drugs first encountered in perioperative care.83 
Affected patients survive because deleterious events are 
recognized while rescue measures are still effective.84 In 
practice, perioperative drug regimens are determined through 
test doses, trial infusions and one-size-fits-all protocols (i.e., 
all patients of a given weight), and are reinforced as needed 
with the immediate availability of countermeasures and 
antidotes. Nevertheless, the high incidence of morbidity and 
mortality that accompanies surgical procedures indicates that 
current practices too often fall short.
At present, genetic screening is not performed prior to 
surgery despite rapidly expanding identification of relevant 
alleles. The gap between use of abundant and high quality 
DNA-based predictors and contemporary screening practice, 
which consists of a family medical history checkbox on a 
preoperative evaluation form, is best explained by the lack of 
a genotypic technology that has been specifically configured 
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for perioperative use. While the majority of genetic variations 
identified thus far to be of value in perioperative care express 
monogenic traits, their ultimate effects on patient outcome 
may in fact involve the participation of multiple gene 
products. Thus, a single patient may have multiple mutant 
alleles within one or more loci or pathways that contribute to 
disease predisposition and response to its management (e.g., 
susceptibility to thrombosis via F2 and F5 polymorphisms, 
and response to anticoagulation via CYP2C9 polymorphisms), 
thereby highlighting the advantages of genomic profiling for 
an array of alleles in the perioperative setting.

A key step in bringing “personalized medicine” to the operating 
room is availability of a genotyping method that combines 
high precision, operator safety, timely and unambiguous 
results, and that can be adapted to conform to the regulatory 
requirements and financial constraints of clinical laboratories 
faced with testing multiple alleles on each of many tens to 
hundreds of patients on a daily surgical schedule. The present 
results show that molecular surveillance in the perioperative 
interval using structure-specific cleavage of oligonucleotide 
probes is analytically valid and well-suited to the detection 
of alleles with diverse DNA sequence variations, allele 
frequencies, and mechanisms of inheritance, penetrance and 
expressivity of associated traits. In the alternative, failing to 
genotype in the perioperative interval risks penalizing genetic 
outliers, a category that the genomic profiles of the present 
investigation suggest may well include us all in turn.
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