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Combinatorial Versus Individual Gene 
Pharmacogenomic Testing in Mental Health:
A Perspective on Context and Implications
on Clinical Utility
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INTRODUCTION

The tantalizing promise of pharmacogenomics to
utilize individual genetic markers to improve efficacy
and decrease side effects has been suggested by re-
searchers [1-3] and the media [4] for years. Precision
medicine offers the possibility of moving away from
“blockbuster” drugs to a personalized modality of treat-
ment that attempts to utilize individual genetic markers to
improve efficacy and decrease side effects for psychiatric
patients. Iterations of this phenomenon include individ-
ual and panel P450 testing for pharmacokinetic (PK) in-
dicators as well as pharmacodynamic (PD) markers
relating to psychiatric pharmacology.  

Individual gene testing (IGT) is best conceptualized
as testing pharmacogenomic markers ad hoc and reveal-
ing each gene’s results to a clinician in an attempt to pos-
itively intervene in the medication management of a
patient. Combinatorial gene testing (CPGx) is the ap-
proach of combining genetic markers into sophisticated

risk categories as an attempt to collect more relevant in-
formation to improve the clinical utility of pharmacoge-
nomic testing. This manuscript will discuss IGT and its
clinical validity, clinical utility, and economic outcomes
related to mental health. Additionally, we will outline
some approaches to CPGx in mental health and share
some of the literature on its clinical validity, clinical util-
ity, and economic outcomes.  

INDIVIDUAL GENE TESTING 
Individual clinical pharmacogenomic testing began

in earnest in 2004 with Food and Drug Administration
(FDA) approval of Roche’s amplichip testing for
CYP2D6 and CYP2C19 [5]. While this amplichip gives
information about two genes, it is most accurately con-
ceptualized as an IGT because each gene’s resultant phe-
notypes are reported individually and not synergized to
provide clinically actionable information from the per-
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Pharmacogenomic testing in mental health has not yet reached its full potential. An important reason for
this involves differentiating individual gene testing (IGT†) from a combinatorial pharmacogenomic (CPGx)
approach. With IGT, any given gene reveals specific information that may, in turn, pertain to a smaller
number of medications. CPGx approaches attempt to encompass more complete genomic information by
combining moderate risk alleles and synergistically viewing the results from the perspective of the medica-
tion. This manuscript will discuss IGT and CPGx approaches to psychiatric pharmacogenomics and review
the clinical validity, clinical utility, and economic parameters of both.
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spective of the medication. Another important aspect to
this microarray was that newly found alleles could not eas-
ily be added to the technology given that it was an FDA-
approved test. It became frozen in time, an anachronism
when further clinically important alleles were discovered
for CYP2D6 [6]. Since that time, several laboratories have
offered individual gene testing either a la carte [7] or in
the form of a panel of genes [8]. Most have updated their
testing for current clinically significant alleles; however,
both a la carte and panels of genes share the limitations
commensurate with IGT.

Attempting to create clinical utility from large
amounts of disparate information is part of the art and sci-
ence of medicine. However, psychiatric pharmacoge-
nomic testing has a classic “big data” problem. There are
few people who would suggest that sharing raw genomic
data — from a full exome sequence or a million SNP mi-
croarray — would engender clinically meaningful change
to practice. IGT represents a truncated version of giving
clinicians raw genomic data. In these panels, individual
genes are selected for their potential to illuminate clini-
cally relevant information. The clinician is expected to put
this information in an appropriate statistical and clinical
context. Increasing amounts of information necessitate the
ability to parse out clinically important information to cre-
ate utility. Given an explosion in our understanding of
genes and alleles, it is not shocking that the transition of
these steps toward clinical utility has come into question.

In IGT panels, each enzyme and resultant phenotypes
provide information about a multitude of medications. For
example, CYP2D6 is involved in the metabolism of many
antidepressants and antipsychotics [9]. When a clinician
orders a CYP2D6 test for a patient, the genotype, pheno-
type (UM, eM, IM, PM), and a list of medications that are
partially or mostly metabolized by CYP2D6 are typically
provided. As multiple enzymes are tested for, the burden
falls on the clinician to “reverse engineer” the effects of
several genes on medications. 

Multiple genes on a pharmacogenomic panel create
more complexity and increase the requirement for analysis
on the part of the clinician who might have very little ex-
perience with pharmacogenomics [10]. Predictably, with
IGT, the clinical relevance has been only validated in med-
ications that are metabolized by one — or maybe two —
enzymes (e.g., tricyclic antidepressants, paroxetine, arip-
iprazole etc.). The Clinical Pharmacogenetics Implementa-
tion Consortium (CPIC) guidelines reinforce this narrowed
scope of testing for individual pharmacokinetic genes [11]. 

COMBINATORIAL PHARMACOGENOMIC 
TESTING

Neuropsychiatric medications are metabolized by
multiple enzymes and interact with multiple neuropath-
ways in order to attain clinical response. The genes that in-
form this response often do so in piecemeal fashion. As an
example, a physician might order pharmacogenomic test-
ing to inform their choice and dosing of escitalopram. Fig-
ure 1 shows that escitalopram is significantly metabolized
by three different P450 enzymes — CYP2D6, CYP2C19,
and CYP3A4 [12]. In a hypothetical scenario, a patient
might be a CYP2D6 ultrarapid (UM) metabolizer,
CYP2C19 poor metabolizer (PM), and a CYP3A4 exten-
sive metabolizer (eM). The clinical information provided
to the physician would be conveyed from the perspective
of each of the genes tested. For CYP2D6, the clinical in-
ference might be to increase the dose due to the patient’s
ultrarapid metabolic capacity. However, for CYP2C19, the
suggestion might be to lower the dose due to the patient’s
poor metabolizing status. The clinical path forward is un-
clear. These opposing clinical suggestions may lead to con-
flicting treatments and likely contribute to the dilution of
the clinical effect of pharmacogenomics in psychiatry.  

The clinician is wholly interested in the fate of the
medication in the body, not the enzyme. examining phar-
macogenomic information in light of each medication’s
unique metabolic profile — as opposed to each enzyme’s
profile — reveals the most useful clinical information.
CPGx testing is the process of simultaneously assessing
the combined effects of multiple pharmacokinetic (PK)
and pharmacodynamic (PD) genes for a given medication
so that the information from each relevant gene is con-
veyed in a way that gives integrated information about the
pharmacology of the medication for an individual.

THE PROCESS OF CREATING A 
COMBINATORIAL PHARMACOGENOMIC TEST

The groundwork for creating a combinatorial phar-
macogenomic test is laid down by research on the effects
of each gene individually. For PK genes, this information
is gathered by in vitro and in vivo studies looking at the ef-
fect of each enzyme on the metabolism of a medication. In
vivo studies confirm that blood levels of a given medica-
tion increase or decrease based on relevant CYP alleles.
These studies are now routinely done for potential new
medications, and requisite warnings are labeled by the
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Figure 1. Metabolism flowchart for escitalopram including relevant P450 enzymes.



FDA based on the functionality of each CYP enzyme for
a given medication [13]. Once individual genes show clin-
ical validity, the study of combinatorial effects are the next
logical step.  

The important question is whether combinations of
these genes give a more complete clinical picture com-
pared to each gene reported individually. Steimer et al.
exemplified this by using a limited combinatorial ap-
proach combining CYP2C19 and CYP2D6 for depressed
patients taking amitriptyline [14]. They categorized the
patients into low, medium low, medium high, and high
risk groups for side effects based on the number of func-
tional CYP2C19 and CYP2D6 alleles. The interesting
caveat in this study was that nortriptyline levels were
highly correlated with side effects, but not amitriptyline
levels. This increased risk for nortriptyline-induced side
effects has previously been suggested by other investiga-
tors [15,16]. The conversion of amitriptyline to nor-
triptyline by several CYP enzymes in the liver [16]
introduces an important clinical scenario in which the
variance in key PK enzymes involved in this process will
have differing effects on nortriptyline levels. Because
nortriptyline levels — and not amitriptyline levels — cor-
relate directly with side effects, the combination of me-
tabolizing phenotypes into categories (low, medium low,
medium high, and high) based on resultant nortriptyline
levels yield the most clinically actionable information
about side effects from amitriptyline.

Figure 2 shows the metabolic pathway of
amitriptyline, which is converted to nortriptyline by

CYP2C19. Nortriptyline is converted, in turn, to its in-
active metabolite by CYP2D6. Given that nortriptyline
levels are associated with toxicity, decreased CYP2D6
activity in conjunction with increased CYP2C19 activ-
ity would be associated with more side effects, whereas
increased CYP2D6 activity and decreased CYP2C19
activity would be associated with lower side effects.
This is exactly what Steimer et al. observed in their
population. The lowest risk group had two active
CYP2D6 alleles and at least one inactive CYP2C19 al-
lele, and the highest risk group had at least one inac-
tive CYP2D6 allele and two active CYP2C19 alleles.
Thus, the combinatorial approach accurately catego-
rized the patients into higher and lower risk groups
based on the simultaneous assimilation of pharma-
cogenomic information.  

Approaching the problem from the perspective of one
gene-one enzyme-one medication (i.e., IGT) does not ac-
count for the multiple pathways and creates a simplified
approach that at best obscures the information and at worst
gives information that is antithetical to the true clinical
message. With an IGT approach, most clinicians would
ostensibly surmise that CYP2C19 PMs would have more
side effects and change medications accordingly. How-
ever, the combinatorial categorical approach showed that
side effects were most accurately predicted when both en-
zymes were taken into account. The highest side effect
burden was realized when someone had deficiencies in
CYP2D6 but over-activity in CYP2C19. The combinato-
rial risk categories of low, medium low, medium high, and
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Figure 2. Metabolism flowchart for amitriptyline and nortriptyline including relevant P450 enzymes.



high had more predictive ability for side effect burden than
either gene in isolation.  

An extrapolation of this algorithmic process was
conceived at the Mayo Clinic and Cincinnati Children’s
Hospital Medical Center and refined over several years
to include the most commonly prescribed psychotropic
medications. The GeneSight Psychotropic test has been
developed to provide practicing clinicians with a suite of
preselected psychiatric genes yielding a composite phe-
notype that integrates the known pharmacology of 38
medications compromising the large majority of psy-
chotropic medication prescriptions in the United States
(Figure 3).  

The GeneSight test includes pharmacokinetic and
pharmacodynamic genes, which address both the safety
and efficacy of psychiatric medications. This combinator-
ial stratification process categorizes antidepressant and an-
tipsychotic medications into three color-coded categories
for each genotyped individual: little or no gene-drug inter-
action (green “use as directed”), moderate gene-drug in-
teraction (yellow “use with caution”), and severe
gene-drug interaction (red “use with caution and with more
frequent monitoring”). This combinatorial approach ac-
counts for both single and multiple metabolic pathways for
each medication synergistically combined with genetic
changes to brain pathways affecting the mechanism of drug
action. Additional information is supplied to the clinician
through the use of drug specific footnotes for those med-
ications in the yellow and red advisory categories, which
supply the details of the gene-drug interactions. Genotype
and phenotype results with interpretive comments for each
of the genes provide a further level of detail. This layering
process allows for complex genomic and pharmacologic
data to be presented in discrete, increasingly informative
layers that provide useful clinical insight (example results
for one individual patient are shown in Figure 4).  

CLINICAL VALIDITY AND UTILITY OF 
INDIVIDUAL PSYCHIATRIC 
PHARMACOGENOMICS 

Clinical validity is the accuracy of a genetic test to
predict a stated clinical outcome such as relative blood
levels or the likelihood of response to treatment. Single
gene pharmacogenomic testing has been significantly
studied — particularly for PK genes [17] and a select
number of PD genes [18]. The clinical validity for the pre-
diction of blood levels has been fairly well characterized
[19]. Clinical utility represents the improvement in out-
comes in PGx-tested individuals compared to standard of
care. Individual psychiatric gene studies have historically
produced mixed results regarding clinical outcomes [20],
though recent guidelines have brought attention to a few
clinically important single gene-drug interactions [11,21].  

Recognizing the limitations of IGT, the Centers for
Medicare & Medicaid Services (CMS) has engaged in a
comprehensive review of the literature to address the mon-
etary and clinical value of individual gene testing for spe-
cific indications. After their exhaustive review, they have
concluded that individual gene testing has clinical validity
with only a limited number of antidepressant and antipsy-
chotic medications [22]. Not surprisingly, all of these med-
ications are significantly metabolized by one enzyme. One
viable reason for the lack of overwhelming evidence for IGT
is that the combined (i.e., combinatorial) effects of multiple
genes give the most accurate pharmacologic picture for a
given medication. Without this full combinatorial picture,
the clinical effect may be muted creating mixed outcomes. 

ECONOMIC UTILITY OF INDIVIDUAL GENE
TESTING

The economic viability of IGT for mental illness has
been assessed with several studies. The first study looked
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Figure 3. GeneSight combinatorial process.



at the economic impact of CYP2D6 testing in a severely
mentally ill population [23]. They reported that the treat-
ment costs in patients who had an “extreme phenotype”
(either PM or UM) for CYP2D6 were $4,000 to $6,000
more than eM or IM phenotypes. Additionally, Herbild in-
vestigated a population specifically enriched for extreme
phenotypes for both CYP2D6 and CYP2C19. They were
separated into a treatment as usual (TAU) and pharma-
cogenomic-informed treatment group. The individual phar-
macogenomic-tested group comparatively reduced costs
for the extreme metabolizers [24]. Ruaño et al. (2013) ret-
rospectively found that individuals with reduced CYP2D6
function averaged hospitalization length of stay that was 2
days longer than those with normal or increased CYP2D6
function [25]. Fagerness et al. also looked at the economic
utility of a panel of individual genes in a psychiatric setting
compared to matched controls [26]. Their results suggested
the IGT was associated an increase in pharmacy costs with
a concomitant decrease in health care utilization. Finally,
Olgiati and Seretti have modeled the use of a PD gene,
SLC6A4, and suggested that testing would be cost effec-
tive for antidepressant treatment [27,28].

CLINICAL VALIDITY OF COMBINATORIAL 
PSYCHIATRIC PHARMACOGENOMICS

Several case studies have suggested the clinical valid-
ity of combinatorial pharmacogenomic deficiencies relat-
ing to PK side effects in patients on various psychiatric
medications [29-31], including two fatalities due to ex-
tremely high blood levels [32,33]. Other studies have
prospectively assessed the clinical validity of combinator-
ial pharmacogenomics as they relate to side effects and sug-
gested a role for combined PK genetic testing [14,34-36].

Data from three prospective clinical trials (two open-
label trials and one placebo-controlled double-blind trial)
have demonstrated the clinical validity of treatment
guided by GeneSight combinatorial pharmacogenomics
in Major Depressive Disorder [37-39]. The outcomes of
the standard of care groups were analyzed to assess the
clinical validity and predictive capability of the pharma-
cogenomic report. In the standard of care groups, the pa-
tients and the clinicians were blinded to their genetic
information so that the treatment was not guided by CPGx
testing. However, after completion of the study, the CPGx
information was revealed to determine the clinical valid-
ity (predictive ability of response and intolerable treat-
ment) of the categorical approach. In all three prospective
clinical trials, patients on red category medications, indi-
cating the most severe gene-drug interaction, experienced
the worst outcomes based on the 17-item Hamilton Rating
Scale for Depression (HAM-D17) (Figure 5). In a pooled
analysis of the standard of care arm in the three studies,
combinatorial pharmacogenomics showed this ability to
predict poor outcomes, whereas single genes were not pre-
dictive [40]. The clinical validity of the GeneSight CPGx
information is shown by its predictive capability to deter-

mine that patients who are placed on red category med-
ications have increased likelihood of poorer outcomes.

CLINICAL UTILITY, ALGORITHMS, AND EASE OF USE
The framework from which complex pharmacoge-

nomic technology is communicated has an extensive ef-
fect on its clinical utility. various methods have been
employed to bring combinatorial methods from the bench
to the bedside. In the non-psychiatric literature, warfarin
blood levels have long been known to be susceptible to
combined effects of variations in both vKORC1 and
CYP2C9 (i.e., clinical validity) [41]. However, this infor-
mation proved cumbersome for practicing physicians. Un-
derstanding the need to bridge this known combinatorial
gap, the FDA created tables to help with clinical transla-
tion. Subsequently, online genetics-based algorithms were
developed to expand and improve upon the utility of war-
farin pharmacogenomic testing [42]. 

Current CPIC guidelines specifically address this edu-
cation/translation problem and recommend an algorithmic
approach stating that, “Dosing algorithms using genetics
outperform non-genetic clinical algorithms and fixed-dose
approaches in dose prediction ... genetics-based algorithms
also better predict warfarin dose than the FDA-approved
warfarin label table. Therefore, the use of pharmacogenetic
algorithm-based dosing is recommended when possible” [2].
Not only does CPGx testing help aggregate the moderate
clinical effects from genetics, but this suggests it also helps
to simplify the pertinent information into discrete categories
improving clinical utility by simplifying complex informa-
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Figure 4. Example GeneSight Psychotropic results for
antidepressants for an individual patient.



tion for physicians while concomitantly making the end
product more amenable to comparative outcomes research.

CLINICAL UTILITY OF COMBINATORIAL 
PSYCHIATRIC PHARMACOGENOMICS

While the clinical validity of a few previously mentioned
limited combinatorial algorithms for mental illness have been
reported, GeneSight testing is the only combinatorial phar-
macogenomic information prospectively tested in “real
world” clinical settings known to authors, and, therefore,
comprises all of the literature on the clinical utility of com-
binatorial pharmacogenomics. Three clinical trials have stud-
ied the clinical utility of GeneSight combinatorial testing
compared to standard of care. The first prospective, open-
label trial identified a significant reduction in the GeneSight-
guided group compared to the standard of care group based
on the HAM-D17 as well as the 16-item Clinician Rated
Quick Inventory of Depressive Symptomatology (QIDS-
C16) [37]. This was replicated by a much larger study, which
resulted in a significantly improved response on the QIDS-
C16 and HAM-D17, as well as the patient reported nine-item
Patient Health Questionnaire (PHQ-9), in the GeneSight
guided group compared to standard of care [38]. Finally, the
smaller placebo-controlled, double-blind study trended to-
ward similar clinical significance, showing improvement in
the GeneSight group compared to standard of care with dou-
ble the likelihood of response [39].

ECONOMIC UTILITY OF COMBINATORIAL 
PSYCHIATRIC PHARMACOGENOMICS

In a retrospective chart review using the GeneSight
Psychotropic report, patients who were on medications

predicted to yield the greatest gene-drug complications
(i.e., “red category” medications) presented with signifi-
cantly increased total health care visits, medical absence
days, and disability claims compared to patients taking
green or yellow category medications, resulting in nearly
$5,200 greater health care expenditures than those on ge-
netically appropriate medications [43]. 

The largest economic study to date on pharmacoge-
nomics for mental illness was done with GeneSight CPGx
testing (n = 2,166 patients with genetic testing and n =
10,880 standard of care controls). This study analyzed total
medication expenditures with the GeneSight test compared
to standard of care in a prospective design. In this study, the
pharmacy costs in the GeneSight group were $1,035.60
lower per patient per year compared to the propensity
matched standard of care group. Given the large popula-
tion, this difference was highly significant (p = 0.0007).
These costs improved even more for non-psychiatrists, pa-
tients whose physicians followed the genetic report, and
patients with anxiety disorders [44].

CONCLUSIONS AND OUTLOOK
The ultimate purpose of psychiatric pharmacoge-

nomic testing is to improve patients’ lives by accurately
predicting response to treatment (clinical validity) and
then significantly improving outcomes with this predic-
tion (clinical utility). An enticing third characteristic is that
CPGx testing might clinically improve patient lives while
simultaneously saving health care dollars. The promise of
this appealing triumvirate has been presaged since the
publication of the full sequenced human genome.

Recognizing the ongoing accumulation of clinical data
in the psychiatric pharmacogenomic field and the enticing
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Figure 5. Clinical outcomes of blinded subjects treated without pharmacogenomic testing by GeneSight CPGx advi-
sory category (pooled data from three trials).



potential of lower costs and improved outcomes for its pa-
tient population, the Centers for Medicare & Medicaid
Services extensively evaluated the clinical validity, clinical
utility, and economic data for both IGT and CPGx testing
presented here. After this comprehensive process, CMS re-
leased a specific coverage decision for the CPGx GeneSight
Psychotropic test [45] while simultaneously narrowing the
reimbursed indications for IGT for antidepressants and an-
tipsychotics [22]. Multiple private insurance companies and
the U.S. Department of veterans Affairs have also made de-
cisions to cover the GeneSight combinatorial test.

The distinction between IGT panel testing and CPGx
testing is an important one. With IGT, any given gene re-
veals specific information that may, in turn, pertain to a
small number of medications. Additionally, it requires a
sophisticated level of knowledge to accurately weigh the
information so that it is not over- or under-valued in clin-
ical decision making. Given this limited scope, IGT has
demonstrated a narrowed clinical impact for psychiatric
medications. Up to 40 percent of the inter-individual dif-
ferences in antidepressant response may be explained by
common genetic variations [46]. However, this is juxta-
posed with the fact that the clinical utility of individual
genes has not been robust. Combinations of genes — each
with a small to moderate effect — likely represent the
problem and solution to this conundrum. Additionally, the
way in which the clinician interfaces with complex ge-
nomic information likely has an important impact on clin-
ical utility as well.  

The importance of the curation and formulation of rel-
evant genes and biomarkers comprising a CPGx test is un-
derscored by the expense of proving its clinical utility.
While individual genetic information is becoming less ex-
pensive, establishing true clinical utility is a much more
involved endeavor. With terabytes of data at our disposal,
we are now beyond an era where it is feasible to “dump”
information on a clinician in the hopes that it will yield
positive results. Future biomarkers, genetic information,
and “big data” necessitate combining a precision approach
with the appropriate translation of this data to help guide
treatment. This translational combinatorial approach must
then demonstrate efficacy through prospective clinical tri-
als. Future iterations of the CPGx process could incorpo-
rate drug-drug interactions, other biomarkers, and
electronic medical record-derived clinical data overlaid on
the combinatorial pharmacogenomics platform. We believe
that a true phase shift forward in psychiatric practice rests
in CPGx testing and precision algorithms that demonstrate
clinical utility through replicated outcome studies.  
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