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Abstract

Aim—Thiopurine S-methyltransferase (TPMT) testing is used in patients receiving thiopurines to 

identify enzyme deficiencies and risk for adverse drug reactions. It is uncertain whether 

genotyping is superior to phenotyping. The objectives were to conduct a systematic review of 

TPMT-test performance studies.

Materials & methods—Electronic and grey literature sources were searched for studies 

reporting test performance compared with a reference standard. Sixty-six eligible studies were 

appraised for quality.

Results—Thirty phenotype–genotype and six phenotype–phenotype comparisons were of high 

quality. The calculated sensitivity and specificity for genotyping to identify a homozygous 

mutation ranged from 0.0–100.0% and from 97.8–100.0%, respectively.

Conclusion—Clinical decision-makers require high-quality evidence of clinical validity and 

clinical utility of TPMT genotyping to ensure appropriate use in patients.
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With advances in the field of pharmacogenomics, it is increasingly common to use genetic 

or biomarker testing to predict an individual’s drug responses [1]. This personalized 

medicine approach allows for more accurate selection of treatments as well as dosing of 

prescription medicines and the avoidance of potentially serious life-threatening adverse drug 

events (ADEs). The technologies that are used to test for drug metabolizing enzyme activity 

and for the presence of genetic variants that affect drug metabolism are rapidly evolving 

with regard to technical methods and scope [2]. This introduces uncertainty for clinical 

practitioners regarding which tests to use for their patients, and for health plan decision-

makers regarding the value for money of new personalized medicine technologies.

One of the more common applications of personalized medicine is testing for deficiency in 

thiopurine s-methyltransferase (TPMT), an enzyme that metabolizes thiopurines [3]. The 

clinical consequences of deficient TPMT activity are significant. Unless thiopurine drug 

doses are reduced in these patients, they are at greater risk for life-threatening bone marrow 

toxicity, which may lead to myelosuppression, anemia, bleeding, leukopenia, infection and 

death and potentially life-threatening pancreatitis [4].

There are two approaches to testing for TPMT deficiency. Phenotype tests that measure 

levels of TPMT enzyme activity in vitro are common, but test results can be confounded by 

concomitant medications or blood transfusions [2,5–11]. Genotype tests are available that 

detect the presence of variants in the genes responsible for expressing the TPMT enzyme 

[12–16]. It remains uncertain whether an enzyme activity (phenotype) or genotype 

diagnostic test is the most appropriate strategy for clinical practice.

This uncertainty is especially true in the pediatric population, where thiopurine doses are 

calculated based on weight, and ADEs may result in significant morbidity [17]. A recent 

systematic review of clinical guidelines on TPMT testing revealed wide differences in 

testing recommendations as well as differences in thiopurine dosing recommendations for 

patients with identified TPMT deficiencies [18]. Improving information regarding the 

clinical validity and performance characteristics of alternative TPMT testing strategies will 

facilitate testing decision-making and treatment with thiopurines. The research objectives 

were to systematically review the literature on the performance characteristics of phenotype 

and genotype testing for TPMT deficiency and to appraise the quality of the TPMT testing 

literature.

Methods

Systematic review

Inclusion & exclusion criteria—Eligible studies were those conducted in humans that 

evaluated either a TPMT genotype or TPMT phenotype test compared with a reference 

standard, where the reference standard was as another phenotype or genotype test such that 

the comparison could be phenotype–phenotype, genotype–genotype or phenotype–genotype. 

Studies had to provide results or raw data permitting construction of contingency tables for 

calculation of sensitivity, specificity, negative predictive value (NPV), positive predictive 
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value (PPV) or concordance. Studies were not restricted based on age, disease group or 

language. Additional information is available in the full technical report [19].

Literature search—Electronic citation databases were searched, including Biosis, 

Cumulative Index to Nursing and Allied Health Literature (CINAHL), Cochrane Database of 

Systematic Reviews (CDSR), Cochrane Central Register of Controlled Trials (CCTR), 

Database of Abstracts of Reviews of Effects (DARE), Health Technology Assessment 

(HTA), National Health Service Economic Evaluation Database (NHSEED), EMbase, 

International Pharmaceutical Abstracts (IPA), Medline and PubMed. Eligible grey literature 

was obtained directly from websites of government health agencies, health technology 

assessment agencies, health economic research groups, research institutes, academic 

organizations and from websites related to the diseases of interest that are treated with 

thiopurines. Search strategies were developed and terms were selected for each database in 

collaboration with a librarian experienced in systematic reviews and an experienced health 

technology assessment research team. The most comprehensive search strategy combined 

the search concepts in the following manner: TPMT (or related terms) and a thiopurine drug 

(common thiopurine drugs such as AZA, 6-mercaptopurine and thioguanine), and either a 

phenotype or genotype technology. This combination of terms maintained relatively high 

specificity for well-known studies, with 16/17 of previously identified studies detected in the 

results (Supplementary table 1).

Review for eligibility—Two reviewers (RM Zur and LM Roy) performed the screening 

and selection of studies. Discrepancies were resolved by establishing a set of decision rules, 

in consultation with the principal investigator (WJ Ungar) as needed. Agreement became 

consistent after comparing independent categorization of approximately 130 abstracts and 

titles between the two reviewers. Subsequently, one reviewer (LM Roy) screened the 

remaining titles and abstracts. A reference manager software program (EndNote X4, PA, 

USA) was used to maintain reference citations. Relevant full text articles were retrieved 

where possible through interlibrary loan or requested directly from the author, and reviewed 

for inclusion according to established decision rules.

Translation was required for papers published in Chinese, Dutch, French, German, Japanese, 

Korean, Polish, Serbian and Spanish. University student translators worked with a research 

team member to review eligible non-English publications.

Data extraction—A data extraction tool was created using Microsoft Access (version 

2010) to ensure consistent abstraction of relevant data from each study, including study 

design, study sample and test characteristics. The particular ethnic groups studied were also 

recorded as the incidence of variants is correlated with ethnicity and this can affect 

calculations of positive and negative predictive value, and the stability of calculations of 

sensitivity and specificity. The alleles included in the genotype tests were recorded using 

standard nomenclature [20]. If test performance results including sensitivity, specificity, 

PPV, NPV and concordance were reported, then they were abstracted as reported by the 

authors. In addition, 2 × 2 or 3 × 3 contingency tables were populated for each included 

study using data reported in tables, text or inferred from graphs, to allow reviewers to 

calculate test performance characteristics independently. As no gold standard reference test 
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exists, for the purpose of calculation standardization, the phenotype TPMT test was 

designated as the reference test and the genotype as the index test for all statistical 

calculations of sensitivity and specificity, since the latter represents the innovative 

technology. For the purpose of this report, ‘absent’ and ‘deficient’ activity were considered 

equivalent to ‘low’-enzyme activity. The term ‘intermediate’ was used to describe 

intermediate-enzyme activity. The terms ‘high’ activity and ‘normal’ were both interpreted 

to represent the upper spectrum of enzyme activity, which was categorized as ‘high/normal’ 

(presumed wild-type genotype).

Reviewers first classified TPMT activity into 3 × 3 tables after considering the cutpoints 

reported by the study author, text descriptions and the distribution of the TPMT activity 

results (e.g., graphical results). ‘Low’ activity included reported ‘deficient’ or ‘absent’ 

activity, or enzymatic activity below approximately 5 U/ml packed red blood cells (pRBC). 

Reported activity above 5 U/ml pRBC and below approximately 10 U/ml pRBC was 

categorized as ‘intermediate’ activity. Enzymatic activity reported above 10 U/ml pRBC was 

classified as ‘high/normal’. These activity levels reflect a common classification initially 

reported by Weinshilboum et al. [21]. Where 3 × 3 tables were not possible, 2 × 2 tables 

were populated.

Quality appraisal

The Quality Assessment tool for Diagnostic Accuracy Studies (QUADAS) version 2 was 

used to evaluate the quality of included studies [22]. The QUADAS-2 contains four domains 

pertaining to risk of bias and applicability related to patient selection; the index test; the 

reference standard; and flow and timing of the study. A fifth domain (described below) was 

created for the purpose of this study to assess the risk of bias pertaining specifically to 

genomic tests. A study-specific QUA-DAS-2 appraisal tool was created in Microsoft Access 

(version 2010) by tailoring items to the study objectives to ensure consistent and reliable 

assessment between reviewers.

An overall determination of high versus low quality of included studies was made based on a 

pre-established algorithm created by the reviewers and reviewed for consistency until 

consensus was reached. Studies were considered to be of high quality if all five QUADAS 

domains demonstrated low bias and had low concern for applicability. If only one domain 

demonstrated high risk of bias, then the study was considered to be of high quality overall. If 

the study had two or more domains that were of high or uncertain bias, then the study was 

deemed as low quality overall.

Results

Systematic review

The search results are displayed in Figure 1. The search yielded 4071 publications from the 

database and grey literature sources. After the removal of duplicates, screening of the titles 

and abstracts of 2088 records resulted in 374 full text papers, which were screened for 

eligibility, including 37 requiring translations from Korean, German, Polish, French, 

Japanese, Chinese, Dutch, Spanish and Serbian. One hundred and twenty-one papers 
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appeared to meet inclusion criteria and were assessed for relevant data. Of these, 55 had 

insufficient data to populate contingency tables resulting in 66 papers included in the review.

Of those papers with sufficient data, 55 reported a phenotype–genotype comparison [5–

11,13,14,16,23–67]. The remaining 11 papers reported a laboratory method comparison 

(either phenotype–phenotype or genotype–genotype) [6,7,15,67–74]. Studies comparing 

phenotype and genotype testing were published between 1996 and 2014. Studies comparing 

phenotype–phenotype or genotype–genotype were published between 1994 and 2013. 

Among the 66 eligible studies, sample sizes ranged from 15 [57] to 7195 [30]. Sixteen 

studies were conducted in adults, 11 in children, 13 in a mix of adult and pediatric 

populations, and the remaining 26 did not specify the sample age. Fourteen studies were 

conducted in healthy populations while 51 studies sampled patients, including 14 studies in 

acute lymphoblastic leukemia (ALL), 15 in inflammatory bowel disease (IBD), six that were 

not specified, 13 with ‘other’ patients, one with dermatological conditions and two with 

organ transplant patients. Only one study did not specify the disease population [68]. The 

prevalence of variants is known to vary by ethnic group. Many studies identified a particular 

ethnicity, race or nationality. Caucasian (n = 11) was the most commonly identified group, in 

whom TPMT*2 and TPMT*3 are the most common variants. This was followed by Chinese 

(n = 4), European (n = 5) and German (n = 1). Authors did not commonly identify whether 

participants were related to one another; only 18 studies reported that participants were 

unrelated.

Quality appraisal

Phenotype–genotype comparisons—Of the 55 papers with sufficient data to calculate 

sensitivity and specificity, 30 studies were of high quality (Table 1). Seven studies 

demonstrated ‘high’ or ‘unclear’ concern regarding applicability for at least one of the five 

domains. Fifteen of 30 high-quality studies showed ‘high’ or ‘unclear’ risk of bias for at 

least one of the five domains. Thirteen of the studies consistently demonstrated low scores 

(low risk of bias, low concern for applicability). Low-quality studies generally had more 

‘unclear’ ratings than high-quality studies, as opposed to definitive high risk of bias ratings. 

Only nine low-quality studies were deemed of low quality due to two or more high risk of 

bias or concern for applicability. The remaining 16 studies had at least one element that was 

considered ‘unclear’ in addition to one or more elements of high risk of bias or ‘unclear’ risk 

or concern for applicability.

Among the 25 low-quality studies, the highest risk of bias was observed for Domain 4 

(genomics), with 12 studies appraised as having high risk of bias. A high risk of bias was 

next most frequent in Domain 3 (reference test), with seven studies so categorized. For the 

domains reporting ‘unclear’ risk of bias or applicability, the most problematic domain was 

Domain 3 (Reference test) with 12 studies having insufficient information to determine 

whether bias was high or low. Concern for applicability was highest in Domain 3.

Genotype–genotype & phenotype–phenotype comparisons—Among studies 

comparing genotype–genotype or phenotype–phenotype tests, six were found to be of high 

quality (Table 1) and all were genotype–genotype test comparisons. Only one study 
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demonstrated low risk of bias and low concern for applicability in all domains [74]. The five 

low-quality studies did not have clear patterns of bias risk or concern for applicability. Two 

studies were phenotype–phenotype studies, and therefore, Domain 5 (genomics) did not 

apply.

Design characteristics of high-quality studies

Study objectives & eligibility criteria—High-quality phenotype–genotype studies were 

published between 1997 and 2013. Eleven studies stated their primary objective was to 

investigate the relationship (e.g., concordance) between phenotype and genotype testing for 

TPMT activity determination [11,14,25,27–30,32,37,39,62]. Two studies explicitly stated 

that investigating this relationship was a secondary objective [24,34] (Table 2).

Inclusion criteria for individual studies often specified that participants should meet specific 

disease criteria: healthy [33–35], ALL [16,25,32], IBD [11,29,64,65], transplant [14,36] and 

renal failure [37]. One study specified pediatric patients as an inclusion criterion [25]. 

Common exclusion criteria were a history of blood transfusions [26,31,32], concurrent 

medications such as methotrexate [14,26,58], insufficient functioning of major organs [26] 

and concurrent or history of a variety of acute, chronic or genetic diseases [14,35,37,58]. 

One study specified that blood samples >8 days old were excluded [27]. Most studies did not 

specify exclusion criteria [10,11,13,16,23–25,28–30,33,34,36,38,39,60,62,64–67]. 

Recruitment of patients and conduct of studies ranged from a 4-week period to over 7 years. 

Most studies did not specify the time period during which patients were recruited.

Sample characteristics—Sample sizes for high-quality phenotype–genotype studies 

ranged from 35 to 7195 individuals (Table 2). Four studies reported samples as pediatric 

[16,25,29,32] and 11 studies did not specify the age of the samples 

[11,13,24,27,28,30,33,36,60,67,77]. The remaining studies reported either adult or a mix of 

adult and pediatric samples. Race was not always specified [10,14,27–30,36,37,59], but 

several high-quality studies identified their sample as, for example, Caucasian, Scandinavian 

or from the United Kingdom [16,23,31,32,58,60,62,64–66].

Sample sizes for high-quality genotype–genotype studies ranged from 80–630 (Table 2). 

Two studies included a mix of children and adults [70,76], while one included adults only 

[15]. The remaining three did not specify the age group [71,74,75]. None of the studies 

specified the mean age of their subjects. One study was composed of IBD patients [71] and 

one did not specify a disease group [74]. The remaining studies had a variety of subjects 

including ALL, otherwise healthy blood donors and unspecified patients who were 

undergoing thiopurine treatment or who had TPMT testing requested. One study had 

Chinese subjects [70], two had Caucasian subjects [15,74] and the other three did not 

specify a race or ethnicity [71,75,76]. Only two studies specified that subjects were 

unrelated [70,74].

Laboratory test methods

Genotyping—Genotyping studies employed similar DNA amplification methods, with 

80% (24/30) using PCR, 26% (8/30) allele-specific PCR (AS-PCR) and 6% (2/30) PCR-
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single strand conformation polymorphism (PCR-SSCP). Methods such as denaturing HPLC 

(DHPLC) [62,64], multiplex amplification refractory mutation (ARMS) [27,28], 

pyrosequencing [16,30] and TaqMan SNP genotyping [14,33] were reported. Direct 

sequencing (n = 3) [11,24,67] and RFLP (n = 17) [10,13,23,26,29,31–39,59,60,66] were also 

reported. Only one study did not specify a genotyping method [65].

There were nine different methods of genotype testing reported (Tables 3 & 4). These 

included pyrosequencing (2/30), RFLP (includes restriction mapping, restriction analysis or 

restriction digestion) (17/30), DHPLC (2/30), AS-PCR (8/30), direct sequencing (3/30), 

PCR-SSCP (2/30), ARMS (2/30), PCR (24/30) and TaqMan methods (2/30). Twenty-six 

studies reported more than one method of genotyping, and one study did not report any 

method [65].

For the six high-quality genotype–genotype studies, test methods varied and included RFLP 

[70,71,76], arrayed primer extension technology (APEX) [76], ARMS-PCR [76], AS-PCR 

[70,71,75], DHPLC [70,74], LightSNiP [15], MALDI-TOF-mass spectrometry [74], PCR 

[15,70,75], SNaPshot™ (Thermo Fisher Scientific, MA, USA) sequencing [70] and TaqMan 

SNP genotyping [71]. Microchip RFLP and AS-PCR technologies were investigated in one 

study [71], and two studies referred to ‘sequencing’ as the genotyping method [15,70] (Table 

4).

All but two quality phenotype–genotype comparisons tested for (at least) TPMT*2 and 

TPMT*3 (Table 3). The outlying studies did not test for TPMT*2, only TPMT*3 [32,59]. 

Although this increased bias, the rest of the study characteristics were considered of high 

quality according to the QUADAS-2. All but one genotype–genotype study investigated at 

least TPMT*2 and TPMT*3, the most common polymorphisms [15,70,71,74,75]. One study 

investigated nearly all of the known TPMT polymorphisms, ten in total [74].

Phenotyping—Phenotype test methods included radiochemical method (11/30), HPLC 

(13/30), competitive microwell immunoassay (1/30) and mass spectrometry (1/30), with four 

studies unclear about the method used (Table 3). There were also assay variations such as 

MS/MS and modifications to the traditional radiochemical assay. Measurement units for 

reporting enzyme activity varied across studies. Enzyme activity was most commonly 

measured per milliliter of pRBCs (U/ml pRBCs). Variation in units made direct comparison 

of enzyme activity cutpoints across studies difficult.

In general, TPMT activity was classified by authors as low, intermediate or high. However, 

terminology and classification of activity levels were inconsistent, with some studies using 

‘deficient’ while others used ‘low’. Some studies adding a category of ‘very high’, and some 

studies used ‘normal’ in place of ‘high’. Tables 3 & 5 describe the phenotype test 

characteristics.

The choice of cutpoint to distinguish between activity levels was generally cited from 

previous research, although some authors calculated their own cutpoints after sample 

collection and analysis. Typically this was in the form of an receiver operating characteristic 

analysis [26,27,33,34,37]. The conventional classification system developed by 
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Weinshilboum et al. [21] classifies phenotype activity as deficient (<5 U/ml red blood cell 

[RBC]), intermediate (5–10 U/ml pRBC) and normal (>10 U/ml pRBC). This classification 

was used in three studies [13,23,66]. It was not clear whether cut-points varied by any 

particular study characteristic or population. For example, the cutpoint between intermediate 

and high-enzyme activity for ALL patients varied from 9 to 12 U/ml pRBCs, while the 

cutpoint between intermediate and low varied between 2.5 and 6 U/ml pRBCs. For patients 

with IBD, the cutpoint between intermediate and high enzyme activity varied between 8 and 

45.5 nmol 6-MTG/gHb/h, or 4.75 and 15.5 U/ml RBC and the cutpoint between low and 

intermediate varied between 2.5 and 5.6 U/ml RBC. In contrast to these values, one study 

reported a cut-point of 25 between intermediate and high enzyme activity and a cutpoint of 

10 between low and intermediate; however, the unit of this test was specified as picomoles 

[10]. Further, some studies did not specify the unit of measure. Cutpoints used for each 

study are presented in Supplementary Table 2.

Diagnostic test performance characteristics

Diagnostic test performance characteristics such as sensitivity, specificity, NPV and PPV 

were infrequently reported explicitly in studies comparing two tests, although a concordance 

rate was commonly reported (Supplemental Table 3). Using data from the high-quality 

phenotype–genotype publications, the sensitivity, specificity, NPV, PPV and concordance 

were calculated with genotyping as the index test and phenotyping as the reference standard. 

Table 5 presents test performance characteristics for genotyping when deficient was defined 

as the absence of TPMT activity (suggesting the presence of a homozygous mutation).

Fifteen studies provided data sufficient to calculate sensitivity for detection of a homozygous 

mutation [10,13,24,25,27,29–31,35,58,59,62,64,66,67]. Due to the absence of homozygous 

deficient patients (cell count of zero), it was not possible to calculate sensitivity and 

specificity in all studies. Calculated sensitivity of genotyping from these 15 studies ranged 

from 0.0 to 100.0% and with data that were available from 26 studies, specificity ranged 

from 97.8 to 100.0%.

Ten of the 15 studies with sufficient data had 100.0% for both values [13,24–

25,27,35,58,62,64,66–67]. The other five studies only investigated TPMT*2 and TPMT*3, 

although half of those studies with 100.0% calculated values also were limited to these 

polymorphisms [13,25,27,35,58]. The two studies with a sensitivity of 0.0% were conducted 

in samples of 130 (persons with positive test for low enzyme activity = 1; persons with 

negative test for low enzyme activity = 129) [10] and 53 (persons with positive test for low 

enzyme activity = 1; persons with negative test for low TPMT activity = 52) [59]. Most 

studies with calculated sensitivity and specificity of 100.0% generally had large sample sizes 

(n = 88–1214) with the number of persons with positive tests for low enzyme activity 

ranging from 1–7, and the number of persons with negative tests for low enzyme activity 

ranging from 34 to 1207. The largest study [30] had a sensitivity of 86.0% and tested for all 

polymorphisms.

Four of five studies with imperfect sensitivity and specificity did not specify the race of the 

population studied [10,29–30,59]. Among the six studies where polymorphisms beyond the 
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common TPMT*2 and TPMT*3 were examined [16,24,30,62,64,67], five were conducted in 

European populations; the sixth did not specify ethnicity or race [30].

Table 6 presents test performance characteristics for genotyping when deficient was defined 

as absent to intermediate TPMT activity (suggesting the presence of a homozygous, 

heterozygous or compound heterozygous mutation). This table was easier to populate 

compared with the previous table (Table 5) as the ability to detect mutations increased with 

the inclusion of heterozygous status, which is more commonly found. Twenty-five studies 

provided sufficient data to calculate both sensitivity and specificity. Calculated sensitivity 

ranged from 13.4–100.0% and specificity ranged from 90.9–100.0%. Of the 25 studies, only 

one had perfect sensitivity and specificity of 100.0%, the only study conducted in a Tunisian 

population [13].

There was no clear trend indicating whether additional SNPs increased the sensitivity. Six of 

nine (67%) studies with >75% sensitivity tested only TPMT*2 and TPMT*3, whereas 12/16 

(75%) of studies with <75% sensitivity tested only TPMT*2 and TPMT*3. One study with 

>75% sensitivity had a sample size of 35 (number of persons with low + intermediate 

enzyme activity = 18, persons with high enzyme activity = 17) [67], while the remaining 

eight had sample sizes that ranged from 88–1214 (number of persons with low + 

intermediate enzyme activity ranged from 5–954, persons with high enzyme activity ranged 

from 17–6241) [13,23,27,38,58,62,64,66].

Only four studies in the genotype–genotype group reported test performance characteristics. 

Roman et al. [15] reported sensitivity, specificity, PPV and NPV. Schaeffeler et al. [62], Lu 

et al. [76] and Anglicheau et al. [6] reported concordance (Table 6).

Discussion

This review revealed a diverse and large body of literature assessing both phenotype and 

genotype technologies for TPMT testing across several diseases. Published studies compare 

phenotype and genotype technologies, as well as different laboratory methodologies within 

each technology (genotype–genotype testing and phenotype–phenotype testing) with 

increasing focus on genotype methods in recent years. It is clear that there are limitations to 

both genotype testing and phenotype testing, with neither accepted as a gold standard for 

identifying TPMT deficiency.

The quality appraisal revealed that the quality of the studies was varied. Inadequate reporting 

of information regarding index tests, reference tests, recruitment methods and study 

populations was the primary reason for low quality. There was a paucity of reporting by 

authors of test performance results, indicating a need for guidance on reporting for 

diagnostic technologies. This review found 30 high-quality studies comparing phenotype 

and genotype technologies and an additional six high-quality genotype-genotype studies.

When performance characteristics were reported, it was rare for 95% CIs to be included. The 

low prevalence of deficient TPMT activity (homozygous mutations) in the population made 

it challenging for many study authors to acquire a sufficient sample size to calculate test 

accuracy. A number of studies conducted a genotype test only for those subjects who had 
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demonstrated low TPMT enzyme activity on a phenotype. While this choice may reflect 

clinical practice or may be related to the comparatively high cost of genotype testing, a serial 

testing design inflates genotype test sensitivity and should be reported separately from 

estimates from general or heterogeneous patient populations. The highest quality studies 

included genotyping for TPMT*1 (1S & 1A), TPMT*2, TPMT*3 (3A, 3B, 3C & 3D), 

TPMT*4, TPMT*5, TPMT*6, TPMT*7 and TPMT*8. As the number of polymorphisms 

tested increased, the sensitivity of the test was expected to increase, and with the exception 

of one study, this trend was weakly shown.

With regard to measurement of enzymatic activity for the phenotype test, limited consistency 

in cutpoints between low, intermediate and high activity categories was observed. Authors 

frequently used a receiver operating characteristic analysis to determine the cutpoint for their 

study population. In addition, measurement units for enzyme activity were variable, making 

the comparability of cutpoints difficult. Using a cutpoint that defined deficient as the 

absence of enzyme activity/presence of a homozygous mutation, 10 of 15 studies for which 

both sensitivity and specificity could be calculated demonstrated perfect (100%) sensitivity 

and specificity. The inference of perfect values may be misleading, however. Due to the low 

prevalence of homozygous mutations (0.3%), it is possible that the sample sizes of the 

studies were too small for a stable rate of detection of this rare mutation. Using a cut-point 

that defined deficient as low to intermediate enzyme activity/presence of heterozygous/

compound heterozygous or homozygous mutation, only 1 of 25 studies for which both 

sensitivity and specificity could be calculated displayed perfect (100%) sensitivity and 

specificity. Raising the cutpoint for the definition of deficient activity to include the 

intermediate activity (heterozygous/compound heterozygous mutation) enabled the detection 

of more positive cases, resulting in more stable determinations of sensitivity and specificity 

from the data provided. However, such a cutpoint is not useful for isolating patients at 

highest risk of a severe ADE.

The clinical utility of TPMT testing lies in its ability to distinguish patients with 

homozygous mutations (deficient TPMT activity) from other patients to know in whom 

thiopurines should be avoided, as well as to identify who requires a reduced dose 

(heterozygous patients with intermediate TPMT activity). Only 15 studies included 

sufficient data to estimate sensitivity and specificity of genotyping for this purpose. It was 

evident that distinguishing between these different patient groups was not the priority in 

many studies.

The variation in sensitivity and specificity observed in the present review may also be related 

to the disease context. In more severe and life-threatening diseases such as ALL, a higher 

risk of drug-related adverse events such as myelosuppression may be tolerated to maximize 

the chemotherapeutic dose of the thiopurine. This would result in a preference for a higher 

threshold resulting in more false negatives (lower sensitivity) and fewer false positives 

(higher specificity). In contrast, a different set of thresholds, and consequently values for 

sensitivity and specificity, may be preferred for chronic diseases such as IBD and 

dermatological conditions.
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Consideration of preanalytical components is important for the success of any diagnostic 

test, as the risk of error in the laboratory is highest during this phase [78]. Both phenotype 

and genotype tests contain laboratory and operator steps, which could introduce error. 

Genotyping offers a solution to the variability of TPMT phenotype activity measurement and 

potential misclassification due to confounding effects such as recent blood transfusions and 

certain medications [79]. Graham [80] suggests that selectively genotyping patients whose 

phenotype tests indicate low enzyme activity and who may be at highest risk of an ADE may 

be the best approach to avoid the confounding issues of phenotype testing. Again, the issue 

of choice of polymorphisms in the genotype must be considered.

A previous review identified 17 studies of the performance characteristics of phenotype or 

genotype testing [2]; however, not all of those studies were found to be of high quality when 

appraised using the QUADAS-2 tool in this review [5,6,8,9,49,51,53,67,81]. In the previous 

review, the genotype test performance characteristics, expressed in terms of sensitivity and 

specificity, ranged from 55 to 100% and from 94 to 100%, respectively. The sensitivity and 

specificity of the phenotype test ranged from 92 to 100% and 86 to 98%, respectively.

Poor reporting practices were a significant contributor to the exclusion of studies from the 

present review and were also found in the previous review that used a modified Critical 

Appraisal Skills Program tool [82]. In another review of papers studying the relationship 

between genotype and drug-related myelosuppression, a quality appraisal of 67 studies that 

used a pharmacogenetic assessment tool [83] did not detect any low-quality studies [84]. In 

a review comparing phenotype and genotype diagnostic accuracy that used the QUADAS-2, 

37% of the studies were deemed low quality [78]. The range of quality appraisal tools, 

reporting practices and judgments regarding high and low quality underscore the importance 

of building a consensus on reporting of quality in evaluations of diagnostic tests. This issue 

will become more salient with the increasing use of pharmacogenomics in healthcare.

A meta-analysis of 16 studies of TPMT test performance was performed by the US Agency 

for Health-care Research and Quality (AHRQ) in 2010. In that review, pooled sensitivity for 

detecting homozygosity and heterozygosity was 70.7% (95% CI: 37.9–90.5) and pooled 

specificity was 99.9% (95% CI: 97.4–99.6). Sensitivity and specificity estimates from 

individual studies were statistically transformed to make them more normally distributed 

before independent mean estimates were calculated [78]. However, that review did not 

address the correlation between sensitivity and specificity in performing the meta-analysis. 

A further limitation of the AHRQ analysis was that it only considered TPMT testing for IBD 

patients and omitted adults or children with ALL. In addition, the AHRQ analysis assumed 

that all cutpoints for labeling results as positive or negative were the same across studies. 

The variation in cutpoints observed in the present review suggests that an assumption of 

cutpoint equivalence may have introduced bias into the AHRQ pooled estimates [78].

With regard to strengths and limitations, the search strategy was comprehensive by 

thoroughly searching all relevant citation databases, grey literature sources and by including 

foreign language articles. It is possible, however, that some relevant articles were missed. As 

the bulk of screening, reviewing and appraising was performed by a single reviewer with 
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consultation from two others, the present review might have been enhanced had two 

independent reviewers been available for all filtering, review and appraisal tasks.

Choosing the QUADAS-2 allowed the assessment to be tailored to the research objective and 

this tool is recommended by the Cochrane Diagnostic Test Accuracy Working Group, the 

world leader in systematic review and quality appraisal methods [85]. One disadvantage of 

the QUADAS is that it is a summary tool that was not designed to distinguish between low 

and high quality, requiring reviewers to develop judgment-based criteria regarding what 

constitutes low quality. The addition of a genomics domain to the QUADAS-2 significantly 

improved the ability to use this tool to assess bias pertaining to genomic testing and can be 

useful for future quality appraisals of assessments of genomic diagnostic tests. The 

calculations of sensitivity and specificity were hampered by the absence of cell count data in 

many studies and low cell counts may have contributed to unstable estimates.

In the absence of a gold standard, the present review set the reference test as the phenotype 

test. This is the older test and test results are subject to confounding from blood transfusions 

as well as drug interactions [79] with known imperfect sensitivity and specificity [82]. The 

range of polymorphisms included in the genotype test would also affect its sensitivity and 

specificity, thus both approaches have limitations.

Conclusion

The types of pharmacogenomic tests available for selection of drug treatment and dose to 

avert serious ADEs have been growing. This systematic review comparing phenotype testing 

and genotype testing for TPMT status demonstrates a broad but diverse base of evidence for 

these tests. The quality of the studies for assessing diagnostic test accuracy was mixed. The 

literature displayed a profound lack of patients with low TPMT activity or homozygous 

TPMT mutations, making estimates of sensitivity of the tests uncertain. Clinical and 

laboratory decision-makers require high-quality evidence of clinical validity and clinical 

utility of TPMT genotyping technologies to ensure appropriate and consistent use in patient 

populations who would benefit from this testing. In selecting a testing approach, clinical 

decision-makers must consider the patient population, the ethnicity of the patient and the 

variants that should be included in the test if a genotype test is preferred. Laboratory 

directors must also consider the availability and cost of tests that permit testing for a wide 

range of variants, the ability to automate testing, training required and other operator 

characteristics as well as the technology’s shelf-life.

Future perpsective

There is a growing use of personalized medicine applications such as pharmacogenomics in 

clinical diagnostics and selection of drug treatment and dose. The automation of laboratory 

processes including DNA extraction and PCR has made genotyping more rapid and less 

expensive. Although current tests may become less costly in the future, there may also be 

variants that have not yet been identified with current methods. Next generation sequencing 

including whole exome and whole genome sequencing is expected to provide greater yields 

of variants related to disease as well as drug metabolizing activity [86], but use of these 
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technologies may not be cost–effective for all applications and requires further evaluation. 

Consideration also needs to be given to the applicability of pharmacogenetic discoveries to 

ethnically diverse populations and to vulnerable populations such as children and the elderly.

There is a need for consistent guidelines for reporting diagnostic test accuracy findings. This 

will be increasingly important as new technologies evolve. Likewise, it is important that 

future studies adequately sample subjects with homozygous mutations and deficient TPMT 

activity to better estimate sensitivity of diagnostic tests.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Executive summary

Background

• The absence or a deficiency of thiopurine S-methyltransferase (TPMT) can 

significantly increase the risk of adverse drug events in patients receiving 

thiopurines.

• There has long been phenotype blood testing to measure TPMT enzyme 

activity, and more recently a genotype test is used to identify individuals with 

genetic variants to assess TPMT status. Guidelines disagree on which test to 

recommend and uncertainty persists.

• The objectives were to systematically review the literature on the performance 

characteristics of thiopurine testing for TPMT deficiency, to appraise the 

quality of the literature and to identify the characteristics of high-quality 

studies.

Literature retrieval & quality appraisal

• The search identified 4071 publications for review. Full text review was 

performed on 373 papers and 66 met eligibility criteria and underwent quality 

appraisal with the Quality Assessment tool for Diagnostic Accuracy Studies.

• In total, 30/55 phenotype–genotype and 6/11 phenotype–phenotype 

comparisons were deemed of high quality.

• Low-quality studies demonstrated high levels of bias and concerns for 

applicability,

• High-quality studies were published between 1997 and 2013 and examined a 

range of genotype and phenotype test methods.

Test performance

• Based on data from 15 studies, the calculated sensitivity for genotyping to 

identify a homozygous mutation ranged from 0.0–100.0%.

• Based on data from 26 studies, the calculated specificity for genotyping to 

identify a homozygous mutation ranged from 97.8–100.0%.

• Based on data from 25 studies, the calculated sensitivity for genotyping to 

detect a homozygous or heterozygous mutation ranged from 13.4–100.0% 

and specificity ranged from 90.9–100.0%.

Genotyping

• Genotyping studies employed similar DNA amplification methods, with 80% 

(24/30) using a method of PCR, 57% (17/30) using PCR with RFLP, 26% 

(8/30) Allele-specific-PCR and 6% (2/30) PCR-single strand conformational 

polymorphism.
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• Methods such as denaturing HPLC, multiplex amplification refractory 

mutation, pyrosequencing and TaqMan SNP genotyping were reported and 

direct sequencing was used in three studies.

Conclusion

• There are limitations to both genotype and phenotype testing, and neither test 

can be referred to as the ‘gold standard’ for identifying TPMT deficiency.

• Lack of reporting of diagnostic test accuracy indicates a need for guidance on 

reporting of test performance characteristics.

• The number of polymorphisms included in genotype tests ranged from two to 

nine, with most studies including TPMT*2 and TPMT*3, the most common 

genetic variants in persons with deficient TPMT activity.

• The variation in sensitivity and specificity observed in the present review may 

be related to the disease context and low prevalence of a homozygous TPMT 

mutation.

• The tolerance for the risk of serious adverse drug events, and consequently 

values for sensitivity and specificity, may be different for chronic disease such 

as inflammatory bowel disease compared with life-threatening diseases such 

as acute lymphoblastic leukemia.

• Clinical decision-makers require high-quality evidence of clinical validity and 

clinical utility of TPMT genotyping technologies to ensure appropriate use in 

patient populations who would benefit from this testing.
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Figure 1. 
PRISMA flowchart.
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