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Abstract
Objective—Variations in cytochrome P450 (CYP) genes have been shown to be associated with
both accelerated and delayed pharmacokinetic clearance of many psychotropic medications.
Citalopram is metabolized by three CYP enzymes. CYP2C19 and CYP3A4 play a primary role in
citalopram metabolism, whereas CYP2D6 plays a secondary role.

Methods—The STAR*D sample was used to examine the relationships between variations in the
CYP2C19 and CYP2D6 genes and remission of depressive symptoms as well as tolerance to
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treatment with citalopram. The primary analyses were of the white non-Hispanic subjects adherent
to the study protocol (n=1,074).

Results—Generally, subjects who had CYP2C19 genotypes associated with decreased
metabolism were less likely to tolerate citalopram than those with increased metabolism, although
this difference was not statistically significant (p=0.06). However, subjects with the inactive
2C19*2 allele had significantly lower odds of tolerance (p=0.02). Patients with the poor
metabolism CYP2C19 genotype based category who were classified as citalopram tolerant were
more likely to experience remission (p=0.03). No relationship between 2D6 genotype based
categories and either remission or tolerance was identified, although exploratory analyses
identified a potential interaction between CYP2C19 and CYP2D6 effects.

Conclusions—Despite several limitations including the lack of serum drug levels, this study
demonstrated that variations in CYP2C19 were associated with tolerance and remission in a large
sample of white non-Hispanic patients treated with citalopram.

Keywords
pharmacogenomics; cytochrome P450 2C19; cytochrome P450 2D6; citalopram; remission;
tolerance

Introduction
Antidepressant medications are widely prescribed [1]. However, meta-analyses of outcome
studies of antidepressant treatment have concluded that fewer than 50% of depressed
subjects treated in clinical trials using selective serotonin reuptake inhibitors experience a
complete remission of their symptoms [2]. Pharmacogenomic testing to determine metabolic
capacity is a novel strategy to identify individuals who may be better able to tolerate
medications as well as those who are more likely to achieve a therapeutic response [3].

Citalopram is a chiral drug composed of an S-enantiomer and an R-enantiomer. The S-
enantiomer is the pharmacologically active component and is available in a pure form that is
referred to as escitalopram. Citalopram is a highly selective serotonin reuptake inhibitor
metabolized by the cytochrome P450 2C19 enzyme and the cytochrome P450 3A4 enzyme.
The cytochrome P450 2D6 enzyme also plays a secondary role in metabolizing citalopram
[4;5]. An early study described the roles of the cytochrome P450 2C19 enzyme and
cytochrome P450 2D6 enzyme on citalopram metabolism [6]. Subsequent reports have
demonstrated the involvement of cytochrome P450 3A4 enzyme [7;8]. Quite recently, the
homozygous CYP2C19*17 genotype has been demonstrated to be associated with somewhat
increased escitalopram metabolism [9;10]. Previous dose adjustments estimated for poor
2C19 metabolizers have suggested using 61% of the standard dose of citalopram, whereas
minimal downward dose adjustment has been suggested for poor 2D6 metabolizers [11].

“The Sequenced Treatment Alternatives to Relieve Depression” (STAR*D) study is a
multisite clinical trial designed to determine the effectiveness of a sequential
pharmacological treatment approach for patients with major depressive disorder.
Pharmacogenomic studies of remission and response following citalopram treatment based
on subjects in the STAR*D Level 1 sample included a genome-wide association analysis
[12] and analyses of candidate genes expected to influence the pharmacokinetics and
pharmacodynamics of citalopram [13-17]. Initial analysis of the relationship between
CYP2C19 or CYP2D6 genotypes and treatment response or tolerance to citalopram did not
detect an association between variants of either gene and these primary outcome variables
[17]. As per a recent discussion of levels of evidence by Swen and colleagues, this report
presents an independent analysis of the relationships between genotype based categories
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derived from genotyping the CYP2C19 and CPP2D6 genes and the clinical endpoints of
drug tolerance and remission of depressive symptoms in the white non-Hispanic (WNH)
subjects who were systematically treated with citalopram in the STAR*D sample [18].

Methods and Materials
Study Design and Participants

The rationale and design of the STAR*D study have been previously described [19-21]. All
participants provided written informed consent. Subjects were between ages 18 and 75 and
met DSM-IV criteria for non-psychotic major depressive disorder. Symptomatic status was
measured using the 16-item Quick Inventory of Depressive Symptomatology—Clinician
Rating (QIDS-C16), which rates all nine criterion symptom domains of major depressive
disorder [22-24]. Our analyses of the STAR*D study data were approved by the Mayo
Clinic Institutional Review Board.

Three standardized outcomes were utilized in previous pharmacogenomics analyses of the
STAR*D trial: (1) remission of depression, (2) response to treatment, and (3) tolerance of
citalopram treatment. Definitions for all three outcomes were established in advance of these
analyses. The primary analyses presented in this report focus on tolerance and remission.
Tolerance was defined based on study exit data, as described previously [15]. Patients who
continued citalopram treatment after the completion of Level 1 of the STAR*D trial were
considered tolerant. In contrast, patients who reported side effects and subsequently either
switched to another medication or left the study were considered intolerant. Patients who did
not indicate side effects at the exit time point, but chose to switch to another medication
were classified as probably tolerant or probably intolerant based on their last Global Rating
of Side Effect Burden score. Remission was defined as a score of ≤5 on the QIDS-C16 scale
at the last clinic visit [22-24].

Blood samples were collected from 1,953 of the 4,041 subjects enrolled in the STAR*D
study. Documented differences between subjects who contributed DNA and those for whom
DNA was not obtained have been reported [16]. Subjects who provided DNA were more
likely to be white, married, older, more educated, and treated in primary care clinics. These
subjects also had more depressive episodes with a longer duration of illness. 1,926 DNA
samples were genotyped at the Mayo Clinic. After removing twelve subjects because of
missing or discrepant genetic data, the valid genotyped sample consisted of 1,914 subjects,
as shown by the Consolidated Standards of Reporting Trials (CONSORT) diagram in Figure
1.

Inclusion and exclusion criteria for the primary analysis were similar to those used in
previous publications [14-16]. Specifically, 312 subjects were excluded because they did not
meet the criteria necessary to assess remission (33 did not have sufficient depressive
symptoms at baseline to meet the severity criteria for inclusion in the study; 218
discontinued citalopram treatment within the first six weeks and thus did not have an
adequate trial of citalopram; 61 were determined to be non-compliant with taking the
medication based on a global rating of compliance). Additionally, 99 ethnically diverse
subjects consisting of Asian, multi-racial, Pacific Islander, and unspecified racial subgroups
were excluded from these genetic association analyses. The remaining study adherent
sample (n = 1,503) was analyzed in ethnically homogeneous categories based on subject
self-report: white non-Hispanic (n=1074), white Hispanic (n=196), and black (n=233).
Sensitivity analyses that included the non-compliant subjects and those that discontinued
treatment prior to 6 weeks were also completed.
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Study sample demographic characteristics have been previously described [16].
Comparisons revealed significant differences between ethnic groups in terms of age,
education, household income, gender, employment status, medical insurance, and marital
status. Demographic characteristics of the 1,503 subjects in the study adherent sample and
the 411 subjects excluded from the primary analysis have also been compared [16]. The
excluded subjects had a significantly lower number of years of education (p < 0.0001),
lower household income (p = 0.0004), and were more likely to be unemployed (p = 0.005).

Genotyping
CYP2C19 genotyping (other than *17) was performed on genomic DNA extracted from
whole blood using the xTAG Assay for P450-2C19 v2, which incorporates multiplex
polymerase chain reaction (PCR) and multiplex allele-specific primer extension (ASPE)
with Luminex Molecular Diagnostics' proprietary Universal Tag sorting system on the
Luminex 100 xMAP platform. Direct polymorphism analysis for 681G>A (*2), 636G>A
(*3), 1A>G (*4), 1297C>T (*5), 395G>A (*6), IVS5+2T>A (*7), and 358T>C (*8) was
performed for CYP2C19. The CYP2C19 assay has been validated by comparison with DNA
sequencing (about 200 samples in a different study) to assess accuracy.

Similarly, CYP2D6 genotyping (other than *41) was performed on genomic DNA extracted
from whole blood using the xTAG assay for CYP2D6, which incorporates multiplex PCR
and multiplex ASPE with Luminex Molecular Diagnostics' proprietary Universal Tag
sorting system on the Luminex 100 xMAP platform. Direct polymorphism analysis for
-1584C>G (*2A), 100C>T (*4, *10), 124G>A (*12), 883G>C (*11), 1023C>T (*17),
1707T>del (*6), 1758G>T (*8/*14), 1846G>A (*4), 2549A>del (*3), 2613delAGA (*9),
2850C>T (*2/*17), 2935A>C (*7), gene deletion, and tandem gene duplication was
performed for CYP2D6 following PCR amplification. Polymorphisms were detected by
multiplex allele-specific primer extension. This methodology has been validated for clinical
use in the Department of Laboratory Medicine at the Mayo Clinic (data now shown). In
addition, the duplicated allele was determined [19] using PCR amplification of each gene
present followed by genotyping using the xTAG Kit for CYP2D6 as described in Kramer
and colleagues [25]. In earlier studies, the CYP2D6 assay was verified for accuracy by
concordance with sequencing of each allele.

Genotyping for CYP2C19 *17 (rs11188072 and rs12248560) and CYP2D6 *41
(rs28371725) was performed as part of a custom 96 plex Illumina VeraCode panel according
to the standard operating procedure, in accordance with the manufacturer's protocol [26].
The concordance rate for *17 calls based on rs11188072 and rs12248560 was 100%. For
quality control, a CEPH family trio (parent, parent, child) was included in duplicate within
each 96 well plate. In addition, two samples per plate were duplicated (blinded to the
genotyping laboratory). There was complete concordance for genotypes in the control CEPH
DNA samples.

Variant star (*) alleles were identified using a commercial genotyping assay protocol and
proprietary software (now Luminex Molecular Diagnostics). Naming of these various alleles
followed the format developed by the Cytochrome P450 Allele Nomenclature Committee
(www.cypalleles.ki.se/).

Statistical Analysis
All association analyses were performed within subgroups based on self-reported race/
ethnicity with a primary emphasis on the WNH group. Prior to analysis of treatment
outcomes, chi-square tests of Hardy-Weinberg Equilibrium were performed for all genetic
variants within the ethnically homogeneous sub-groups. Associations of CYP2C19 and
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CYP2D6 genotype based categories with tolerance and remission rates were assessed in
each of the ethnic groups using logistic regression. Logistic regression models were also
used to assess the effects of common CYP2C19 single nucleotide polymorphisms (SNPs) on
tolerance and remission. For the SNP analyses, log-additive allele effects were assessed by
coding the genotypes based on the number of copies of the minor allele as 0, 1, or 2. As
tolerance is a potentially important contributor to remission, analyses of the remission
outcome were repeated with tolerance included as a covariate (i.e., adjusted for tolerance),
as well as within the tolerant subset of patients. For the analysis of the tolerance outcome,
the small groups of “probably intolerant” and “probably tolerant” individuals were excluded,
resulting in a dichotomous outcome variable. The probability of tolerance (among tolerant or
intolerant patients) was then modeled in terms of genetic predictors using logistic regression.
This approach was previously used for other STAR*D analyses [17]. For each predictor
variable in the logistic regression analyses, the p-value, odds ratio (OR), and the
corresponding 95% confidence interval (CI) were calculated.

For each of the two investigated genes, the combination of SNP variants observed for each
individual was used to determine their two haplotypes, which are often referred to as alleles
in the literature, using the standard nomenclature. For the primary pharmacogenomic
analyses, individuals were assigned to genotype based categories on the basis of the
metabolic activity of their two alleles. The genotype based categories were derived as a
quantitative measure, by adding the activity scores for the two alleles as has been described
[3]. The activity scores are based on expected metabolic activity of the alleles (Table 1). For
example, for CYP2C19, for a *1/*2 genotype the activity score would be 1 (the activity
score of the *1 allele + the activity score of the *2 allele = 1 + 0 = 1). The quantitative
scores were then labeled using the traditionally used categories: poor metabolizer (PM),
intermediate metabolizer (IM), extensive metabolizer (EM) and ultra-rapid metabolizer
(URM). Because our classification system takes the increased activity of the *17 allele into
account [10], there are 6 CYP2C19 genotype activity levels. We therefore utilize the
additional categories IM+ (intermediate to IM and EM) and EM+ (intermediate to EM and
URM) and thus achieve a more precise grouping. The genotype based categories for
CYP2D6 were PM, IM, EM, URM. Alleles were assigned scores based on their level of
activity (Table 1). The scores of duplicated active alleles were doubled. The total score for
the combined alleles was then used to assign a genotype based category to each subject that
quantifies their CYP2D6 metabolic capacity. Subjects with a total score of ≤0.5 were
classified as a PM, those with a total score of 1.0 or 1.5 as IM, those with a total score of 2.0
or 2.5 as EM, and those with a total score of ≥3.0 as UM. For example, a subject with a
CYP2D6 *4/*9 would receive a score of 0.5 (0 for *4 and 0.5 for *9), placing her in the PM
genotype based category group. In several subjects the duplicated allele was unknown.
These subjects were excluded from analyses of CYP2D6. The genotype based categories
were used as either a categorical or quantitative predictor variable in logistic regression
models for tolerance and remission outcomes.

As in previous STAR*D pharmacogenomics analyses, subjects who discontinued treatment
prior to the sixth week, or who were non-compliant, were excluded from the primary
analysis as they had not been treated for a sufficient time to be able to determine whether
they would have ultimately achieved remission. The exclusion of subjects who drop out
early may introduce bias if early drop out is not random and is related to the predictor of
interest and the study outcome. Therefore, sensitivity analyses that included the non-
compliant subjects and those that discontinued treatment prior to 6 weeks were also
completed.
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Results
Allelic and Genotype Distributions

There were no significant deviations from Hardy Weinberg Equilibrium for any SNP in any
of the ethnic subgroups. The CYP2C19 and CYP2D6 allele distributions of all three ethnic
subgroups are summarized in Supplemental Table 1, Supplemental Digital Content 1,
http://links.lww.com/FPC/A215. The distributions of the resulting genotype based categories
are shown in Supplemental Table 2, Supplemental Digital Content 2,
http://links.lww.com/FPC/A216. The data in Supplemental Table 1, Supplemental Digital
Content 1, http://links.lww.com/FPC/A215 demonstrate that frequencies of certain alleles
vary considerably between ethnic groups. For example, the *17 allele of CYP2D6 is rare in
the WNH (<1%) and white Hispanic (2%) samples, while being relatively common (14%) in
the black sample. Because the outcome and genotype distributions differ across ethnic
subgroups, analyses for these groups were performed separately, with a primary focus on the
large white non-Hispanic subset.

Association of CYP Genes with Tolerance
Among the entire white non-Hispanic sample (n=1,235), 72.6% (n=896) were determined to
be tolerant and 12.0% (n=148) intolerant. Additionally, 2.3% (n=29) were rated as
“probably intolerant” and 13.1% (n=162) were “probably tolerant.” In the study adherent
white non-Hispanic sample (N=1,074), the proportions of subjects who were tolerant,
probably tolerant, probably intolerant, and intolerant were 81.2% (n=872), 10.5% (n=113),
0.8% (n=9), and 7.5% (n=80) respectively. For analyses of tolerance, subjects who had been
classified as either “probably intolerant” or “probably tolerant” were excluded, and
“tolerant” subjects were compared with “intolerant” subjects.

Analysis of the tolerance outcome, with a quantitative classification of CYP2C19 activity as
the predictor (1=PM, 2=IM, 3=IM+, 4=EM, 5=EM+, 6=URM), revealed a trend of
association of higher CYP2C19 activity with increased odds of tolerance (p=0.06, OR=1.20,
CI=(1.00-1.44)). Table 2 shows the results of logistic regression analyses that model the
odds of tolerance in terms of log-additive effects of CYP2C19 alleles for WNH subjects. As
the low numbers of the rare non-functional *4, *6, and *8 alleles were inadequate to study
their effects individually, all the inactive alleles were considered together as a single allelic
group in one analysis. The results suggest that in the WNH population, the inactive *2 allele
of CYP2C19 is associated with lower odds of tolerance (p = 0.02, OR = 0.60,
95%CI=(0.39-0.91)). When the inactive alleles were grouped into a single category and the
additive effects of “inactive alleles” were evaluated, a trend of association of inactive alleles
with lower tolerance was observed (p=0.06, OR=0.66, 95% CI=(0.43-1.00)).

There was no significant evidence of association of CYP2C19 genotypes or genotype based
categories with tolerance in the white Hispanic or black subject groups. However, in both of
these ethnic groups, odds ratio point estimates indicated the same direction of effects as
those observed in the WNH subset, with higher activity alleles showing trends of higher
tolerance (results not shown).

Sensitivity analysis based on all tolerant and intolerant WNH subjects with baseline QIDS
≥10, regardless of length of time in study or compliance, showed similar results. Again,
higher activity 2C19 genotype based categories were associated with higher rates of
tolerance at the level of a trend (p=0.06), and the inactive *2 allele was significantly
associated with lower odds of tolerance (p=0.02, OR=0.66, 95%CI=(0.47,0.92)).
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CYP2D6 genotype based categories were not found to be significantly associated with
tolerance (results not shown). An exploratory analysis did not reveal significant interaction
effects of CYP2C19 and CYP2D6 genotype categories on tolerance (results not shown).

Association of CYP Genes with Remission
The overall remission rate in the study adherent WNH sample was 48.5% (521/1074).
Analysis of the six-category CYP2C19 genotype based groups did not show overall
evidence of association with remission in the WNH sample (p=0.19). However, a trend of
association of remission with the six-category CYP2C19 genotype based groups emerged
when the analysis was adjusted for tolerance by including the tolerance variable as a
covariate in the model (p=0.06). Moreover, the CYP2C19 genotype category variable was
associated with remission when the analysis was restricted to the 872 tolerant WNH subjects
(p=0.03). Figure 2 demonstrates that WNH patients who were poor metabolizers and were
classified as tolerant achieved an 87% rate of remission.

Analyses of the association of CYP2C19 alleles with remission in the WNH subset are
presented in Table 3. In the WNH study adherent sample, there was no significant evidence
of association of common CYP2C19 alleles with remission. However, there was a trend
suggesting that the number of *17 alleles is associated with lower remission rates (p=0.1,
OR=0.84, CI=(0.69, 1.04)). Since tolerance was strongly associated with remission
(p<0.0001), analyses of the remission outcome were repeated with tolerance included as a
covariate (i.e., adjusted for tolerance), as well as within the tolerant subset of patients. This
trend became more evident when the analysis was adjusted for the effects of tolerance
(p=0.07, OR=0.81, CI=(0.65, 1.01)) or was restricted to patients that tolerated the
medication (p=0.05, OR=0.80, CI=(0.63, 1,00)).

Analyses of CYP2C19 genotype based categories revealed a trend of higher remission rates
in poor metabolizers in the subset of tolerant patients. Poor metabolizers are carriers of two
inactive alleles. In the logistic regression analyses of either all inactive alleles or only *2
alleles, an association of inactive alleles with higher odds of remission was not observed
(Table 3). In these analyses log-additive allele effects had been assumed. Consequently, the
effect of carrying two inactive alleles was not tested. A post-hoc analysis of the association
of inactive alleles (*2,*4, *6, and *8) with remission, under the assumption of a recessive
model, demonstrated that among tolerant subjects, carriers of two inactive 2C19 alleles (i.e.,
2C19 poor metabolizers) have higher odds of remission (Fisher's exact test p=0.03).

Association analyses of remission and CYP2C19 using all WNH subjects, including those
that dropped out of the study before the sixth week, provided similar results to those
described above for the study adherent sample. Again, among tolerant subjects, the *17
allele was associated with lower odds of remission (p=0.04), and the six phenotypic 2C19
categories showed overall association with remission (p=0.03).

CYP2D6 genotype based categories were not found to be significantly associated with
remission (results not shown).

Combined CYP2C19 and CYP2D6 Variability and Remission
An exploratory analysis of the association between remission and the combined effects of
CYP2C19 and CYP2D6 in the WNH study adherent sample did not detect a significant
interaction of the two genes. However, when this analysis was performed for all WNH
subjects, including those that dropped out of the study prior to the sixth week, a significant
interaction of the genotype based categories representing activity levels of the two genes
was detected (p=0.04). This logistic regression analysis tested for the effects of the
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quantitative activity score of CYP2C19 (ranging from 1=PM to 6=URM), the quantitative
activity score of CYP2D6 (ranging from 1=PM to 4=URM), and their interaction.

Having detected evidence of interaction effects of the two genes on remission, as part of a
post-hoc analysis, a “combined CYP gene” variable was created (Figure 3). The intent of
this categorization was to create a variable that summarizes the overall CYP2C19 and
CYP2D6 enzyme activity level based on the genotypes of both genes. Chi-square analyses
of this CYP-combination variable revealed an association of this variable with remission in
the study adherent WNH sample (p=0.025) as well as the entire WNH sample (p=0.013).
The results demonstrate that remission rates are highest among patients with intermediate
levels of enzyme activity, whereas both low and high levels of metabolic capacity appear to
be associated with reduced rates of remission (Figure 4). These post-hoc analyses were
exploratory and must be interpreted cautiously. The model proposed here needs to be tested
in independent samples and further studies are needed to refine this model and determine the
optimal method of combining CYP2C19 and CYP2D6 genotypes to predict outcomes of
treatment with specific SSRIs.

Discussion
These results indicate that there is an association between the CYP2C19 *2 inactive allele
and tolerance of citalopram, as well as a modest association between CYP2C19 variation
and remission following citalopram treatment, particularly in a subset of patients able to
tolerate the medication. As expected, the inactive *2 allele of CYP2C19 was associated with
lower odds of tolerance, and there was an overall trend of genotypes that correspond to
higher CYP2C19 enzyme activity to be associated with higher tolerance. A small previously
published study reported that patients who were poor metabolizers of 2C19 substrates were
able to tolerate a 60 mg dose of citalopram [27].

There was also a trend of association of lower remission with the increased activity *17
allele, which was statistically significant in the subset of medication tolerant subjects. In the
subset of subjects who were found to be tolerant of citalopram treatment, remission was
highest for subjects in the “poor metabolizer” CYP2C19 activity category.

It is expected that activity of relevant drug metabolizing enzymes may impact remission
rates via two mechanisms. Poor metabolizers may achieve high drug serum levels, which in
some patients may be associated with lower drug tolerance. In such situations, drug dose
may be reduced or treatment may be discontinued, reducing chances of remission. On the
other hand, poor metabolizers who are able to tolerate the medication may have favorable
treatment outcomes. In contrast, ultra-rapid metabolizers may not achieve adequate drug
serum levels with standard dosing, which may also lead to lower remission rates, although
via a different causal pathway than the reduced remission rates seen in poor metabolizers.
Thus, in order to gain insights into such possibilities, we evaluated evidence of association
of genotypes with remission without, as well as with, adjustment for the effects of tolerance
on remission, as well as in the subset of subjects that tolerated citalopram treatment. The
results of these analyses do in fact support the prediction that poor metabolizers have overall
lower tolerance, however, poor metabolizers may also have a greater probability of
achieving remission if they are able to tolerate citalopram.

The effects of other potentially important covariates (results not shown) were considered.
Age was not significantly associated with tolerance or remission, thus the effects of age in
the analyses of these outcomes were not assessed. Gender was not significantly associated
with remission; however, it was associated with tolerance, with men being more frequently
classified as intolerant than women. When gender was included as a covariate in the analysis
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of tolerance, results for the gene-tolerance association did not change substantially. Finally,
the association of drug dose with both genotypes and treatment outcomes was evaluated. In
the study adherent sample, there was no significant association between final dose and
genotypes. However, in the entire WNH sample there was a trend of an association between
final drug dose and the quantitative CYP2C19 genotype based enzyme activity categories,
with median final dose in the PM, IM and IM+ and EM groups being 40, while in the EM+
group median final dose was 50 and in the URM group it was 55 (Spearman rho=0.06,
p=0.04). Therefore, dose was considered as a covariate in the analysis of association
between CYP2C19 genotype based categories and both tolerance and remission. Results of
these analyses did not differ substantially from the unadjusted analyses, although the p-
values were slightly higher.

Peters and others [17] analyzed data from the STAR*D study and did not find evidence of
association between variations in CYP2C19 or CYP2D6 and remission of depression after
treatment with citalopram. In our analyses, modest associations between CYP genotype and
remission were detected. There are a number of differences between the two analyses,
including different outcome definitions in the remission analyses and different groupings of
genotypes for analyses. Peters and colleagues compared remitters (final QIDS-SR≤5) versus
non-responders (<50% reduction in symptom severity), whereas our analysis compared
remitters (final QIDS-C≤5) versus non-remitters (final QIDS-SR>5). For the predictor
variables describing CYP enzyme activity genotype based category, Peters and associates
considered poor metabolizers versus all other subjects, whereas we considered more
categories, such as intermediate, extensive, and ultrarapid metabolizers. Most importantly,
we analyzed data from all eligible subjects simultaneously, whereas Peters and coworkers
performed a two-stage analysis by splitting the entire cohort into discovery and validation
sets. Although this strategy allows for internal replication of results, it also leads to a
reduction in power. Such differences in the analyzed sample sets and analytic approaches
can lead to different estimates of effects and statistical significance. Given the modest effect
sizes for the genetic effects detected in our analyses, it is not surprising that a different
approach with less power could lead to failure to detect an effect and different conclusions.

In examining differences between our analyses and the analyses of Peters and colleagues
[17], the distributions of the identified alleles were similar for the CYP2C19 gene, although
a small number of inactive alleles were not identified by Peters and associates. In contrast,
the allelic distribution of CYP2D6 was quite different. Peters and colleagues did not test for
as many SNPs and did not test for duplications of active alleles (Supplemental Table 3,
Supplemental Digital Content 3, http://links.lww.com/FPC/A217).

Because of the potential of false-positive associations in genetic studies of ethnically mixed
populations, ancestral groups were analyzed separately. It has previously been reported that
subjects of European origin generally have better outcomes when treated with selective
serotonin reuptake inhibitors (SSRI) when compared to subjects from other ancestral origins
[28]. This finding is replicated in the STAR*D cohort [24]. Because of the differences in
allele frequencies and remission rates between groups with different geographic ancestry,
separation of the sample into more homogenous ancestral subgroups is important to avoid
potentially spurious association findings as a result of population stratification. Previous
studies that included groups of African Americans, European Americans, and Hispanics
have shown that self-reported ethnicity corresponds closely to genetic marker based
classifications and that self-reported ethnicity can play an important role in controlling for
population stratification [29;30]. Consequently, analyses of self-report based ethnically
homogeneous sub-groups were conducted with a primary focus on the WNH sub-sample.
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These findings should be interpreted cautiously given the sample selection criteria.
Specifically, the sample may have an unspecified shift toward patients who may be more
likely to respond to citalopram treatment because some patients who had been
unsuccessfully treated with citalopram in the past were excluded. Also, the main analyses in
this paper were based on a subset of patients who completed at least six weeks in the study
and for whom there was no evidence of non-compliance. Because of the study exclusion
criteria and the exclusion of subjects from analysis, absolute remission rates in the analyzed
subset are likely to be higher than could be achieved in the general population of patients
with major depressive disorder. However, this sampling bias should not significantly bias
measures of genotype-remission association unless the probability of early drop-out is
related to remission and the genotype itself is related to early drop-out. To test the
robustness of our findings, all analyses were repeated using data from all WNH subjects
who initiated citalopram treatment and were available for genotyping, leading to similar
results and conclusions.

One limitation of this study relates to the fact that only about half of the entire STAR*D full
patient cohort was genotyped. Although the subset of patients who were genotyped were
similar to the entire STAR*D cohort in many respects, there were some differences that
reached statistical significance. McMahon and associates [15] have discussed these
differences and concluded that they are unlikely to affect the genetic association results that
are based on the genotyped sample. However, the differences do limit the generalizability of
the findings. Other limitations of the STAR*D study include the fact that analyses did not
adjust for certain potential confounders such as concomitant medication use and medication
compliance. Although concomitant medications were allowed in this study as long as they
were not mood stabilizing and were not contraindicated in patients taking citalopram, data
on concomitant medications were not available. Serum levels were not obtained from
subjects and compliance was not rigorously monitored. However, a global measure of
compliance that was available for most subjects was used to exclude non-compliant patients
from the primary analyses.

Given the relatively modest detected genetic effects, the results of our study do not suggest
changes in the specific guidance of the use of citalopram in patients with adequate
CYP2C19 metabolic capacity. However, these results do indicate that testing for deficient or
completely inactive alleles could help identify individuals that may have difficulties
tolerating citalopram. These findings should encourage further investigation into the role of
CYP2C19 as a predictor of outcome of citalopram treatment. Identification of other factors
that are associated with treatment response would allow modeling of the joint effects of
relevant genomic variation and clinical factors.

Conclusion
Variations in CYP2C19 were associated with tolerance and remission in a large sample of
white non-Hispanic patients treated with citalopram. Development of more sophisticated
models may ultimately provide more accurate predictions of treatment response and
guidance in the selection of the most appropriate treatment of individual patients.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
CONSORT Diagram of Study Sample. Initial samples dropped from the genotype analysis
included (1) five subjects missing clinical data, (2) three subjects who were duplicates, and
(3) four subjects' whose DNA results did not match reported gender. To define the
“remission analysis sample,” 411 additional subjects were excluded because (1) 61 were
medication non-compliant, (2) 33 had a baseline QIDS-C16 <10, (3) 218 dropped out within
the first six weeks, and (4) 99 were part of an ethnically diverse group. From reference [16]
with permission.
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Figure 2.
Percentage of tolerant white non-Hispanic subjects who remitted shown by CYP2C19
activity genotype based category. Bars represent 95% CI. The overall remission rate in the
study adherent tolerant white non-Hispanic subjects was 57.8% (405/872).
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Figure 3.
Methodology for defining combined CYP genotype based categories.
Subjects with reduced activity genotype based categories for both enzymes were classified
as having low combined activity. The group defined as having moderate combined activity
consists of subjects with an extensive genotype based category for one enzyme paired with a
reduced or extensive genotype based category for the other enzyme. Subjects with at least
one ultra rapid genotype based category were classified into the high activity combined CYP
genotype based category group.
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Figure 4.
White non-Hispanic remission rates for combined CYP genotype based categories (p =
0.01).
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Table 1

CYP2C19 and CYP2D6 allele activity scores.

Activity Score CYP2D6 Alleles CYP2C19 Alleles

None 0 *3, *4, *5, *6, *7 *2, *3, *4, *5, *6, *8

Reduced 0.5 *2 (not 2A), *9, *10, *17, *41

Normal 1 *1 *1

Increased 1.5 *2A *17
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Table 2

Association of CYP2C19 alleles with tolerance for white non-Hispanic subjects (n=872 tolerant, n=80
intolerant subjects). Reported results are based on logistic regression models comparing tolerant versus
intolerant subjects. Analyses assume log-additive allele effects on tolerance.

Predictor OR (95% CI) P

*2 0.60 (0.39,0.91) 0.02

*17 1.26 (0.84,1.91) 0.26

*1 1.08 (0.77,1.52) 0.64

Inactive (*2/*4/*6/*8) 0.66 (0.43,1.00) 0.06
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