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Abstract

Research in healthy adults suggests that C957T polymorphism of the dopamine D2 receptor
encoding DRD2 and the TaqlA polymorphism of the neighbouring gene ankyrin repeat and
kinase domain containing 1 (ANKK1) alter dopaminergic signalling and may influence
prefrontally-mediated executive functions. A systematic review and meta-analysis was carried
out on the evidence for the association of DRD2 C957T and ANKK1 TaglA polymorphisms in
performance on tasks relating to the three core domains of executive function: working
memory, response inhibition and cognitive flexibility in healthy adults. CINAHL, MEDLINE,
PsycARTICLES and PsychINFO databases were searched for predefined key search terms
associated with the two polymorphisms and executive function. Studies were included if they
investigated a healthy adult population with the mean age of 18-65 years, no psychiatric or
neurological disorder and only the healthy adult arm were included in studies with any case-
control design. Data from 17 independent studies were included in meta-analysis, separated by
the TaqlA and C957T polymorphisms and by executive function tests: working memory
(TaqlA, 6 samples, n=1270; C957T, 6 samples, n=977), cognitive flexibility (C957T, 3
samples, n=620), and response inhibition (C957T, 3 samples, n=598). The meta-analyses did
not establish significant associations between these gene polymorphisms of interest and any of
the executive function domains. Theoretical implications and methodological considerations

of these findings are discussed.
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flexibility, response inhibition



1. Introduction

Growing evidence suggests that many of the gene variants associated with mental
health disorders such as schizophrenia, bipolar disorder and depression are also linked to
underlying cognitive processes fundamental to enabling effective reasoning and problem-
solving, decision-making, and future planning (Schwarz, Tost, & Meyer-Lindenberg, 2016;
Zai, Robbins, Sahakian, & Kennedy, 2017). Working memory, response inhibition and
cognitive flexibility are components of these processes and are often grouped under the
umbrella term of executive function (Diamond, 2013). Executive function deficits often
precede the onset of schizophrenia (Fusar-Poli et al., 2012), in addition to having a key role in
mood (Rock, Roiser, Riedel, & Blackwell, 2014) and addiction related disorders (Goldstein &
Volkow, 2002; Redish, Jensen, & Johnson, 2008). Dysfunction in the prefrontal and the
associated subcortical circuitries is thought to mediate these processes (Arnsten & Rubia, 2012;
Nowrangi, Lyketsos, Rao, & Munro, 2014). Understanding the genetic basis of individual
endophenotypes known to confer risk is key in enabling the polygenic basis of the disorder to
be better understood in terms of its component parts (Gur et al., 2007; Schizophrenia Working
Group of the Psychiatric Genomics, 2014).

One of the key neurotransmitter systems known to influence the activity and
functioning of the prefrontal cortex (PFC) is dopamine and dopamine dysfunction is well-
documented in disorders in which executive function deficits play a key role. The dopamine
hypothesis of schizophrenia was conceptualised in the 1970s, suggesting that dopamine
dysfunction is central to the pathophysiology of psychosis and schizophrenia (Snyder, 1976).
Indeed, it is well established that certain components of the dopaminergic system, such as
presynaptic dopamine and dopamine synthesis, are increased in the striatum of individuals with
at high risk of psychosis (Fusar-Poli et al., 2012) and striatal dopamine has been linked to

altered cortical function during cognitive tasks in schizophrenia (Meyer-Lindenberg et al.,



2002). Striatal and frontal dopaminergic abnormalities are also investigated in attention deficit
hyperactivity disorder (ADHD), as well as drug and alcohol abuse disorders that are
characterised by deficits in inhibitory control (Volkow, Fowler, Wang, Swanson, & Telang,
2007). Psychostimulants that increase dopaminergic activity produce symptoms akin to mania
even in healthy participants (Cousins, Butts, & Young, 2009) and dopaminergic gene variants
have also been implicated in schizophrenia, bipolar disorder, mood disorders and substance
abuse disorders (Cousins et al., 2009; Munafo, Matheson, & Flint, 2007; Palomo, Kostrzewa,
Beninger, & Archer, 2007; Patriquin, Bauer, Soares, Graham, & Nielsen, 2015; Savitz et al.,
2013; Wu, Xiao, Sun, Zou, & Zhu, 2012; Zai et al., 2017).

A recent systematic review and meta-analysis suggests a role for C957T single
nucleotide polymorphism (SNP) of the dopamine D2 receptor encoding DRD2 (rs6277) and
the TaqlA (rs1800497) SNP of the neighbouring gene ankyrin repeat and kinase domain
containing 1 (ANKK1) in the development of schizophrenia (Gonzalez-Castro et al., 2016).
These variants appear to have measurable effects on D2 receptor function and dopaminergic
signalling. The DRD2 C957T has been proposed to influence D2 receptor availability via
effects on receptor affinity with CC homozygosity being associated with lower striatal D2
receptor availability and putatively elevated striatal dopamine levels (Hirvonen et al., 2009a;
Hirvonen et al., 2009b; Smith et al., 2017). CC homozygosity has also been associated with
reduced performance in PFC-mediated executive functions such as working memory, response
inhibition and cognitive flexibility (Klaus et al., 2017; Rodriguez-Jiménez et al., 2006; Xu et
al., 2007). The risk allele of the TaglA SNP (A1) has also been shown to affect D2 receptor
availability (Pohjalainen et al., 1998), however, despite being in linkage disequilibrium with
the C957T SNP it has been proposed that the TaglA may influence density rather than affinity
(Hirvonen et al, 2009) and some argue it may not have a significant effect on receptor

availability at all (Smith et al., 2017). Despite this, carriers of the Al allele have also been



reported to have poorer performance in tasks related to executive function (Jocham et al., 2009;
Stelzel, Basten, Montag, Reuter, & Fiebach, 2010).

Although common gene variants such as SNPs are likely to only have a small effect on
complex cognitive processes such as those involved in executive function (Barnes, Dean,
Nandam, O'Connell, & Bellgrove, 2011; Savitz, Solms, & Ramesar, 2006), some gene variants
may have a greater effect than others and consequently it is important to investigate whether
the processes through which these key gene variants may confer vulnerability to mental health
disorders converge on cognitive processes known to also be associated with risk. This
systematic review aimed to collate the current evidence base for the effects of DRD2 rs6277
and the ANKK1 TaqlA rs1800497 genotype variation on cognitive performance in healthy
adults as evaluated through the three core domains of executive function: working memory,
response inhibition and cognitive flexibility (Diamond, 2013). Although all these processes are
mediated by PFC, previous research has shown that specific aspects of executive function are
associated with distinct patterns of brain activation (Jurado & Rosselli, 2007; Logue & Gould,
2014; Wager & Smith, 2003). Separate meta-analyses will therefore be carried out for the
different executive function domain tasks. It is hoped that this study will build on work aiming
to delineate the cognitive neuroscience of mental health vulnerability in order to better

understand the sub-clinical phenotypes which may be key to onset and treatment response.

2. Methods
Methods for carrying out the systematic review and meta-analysis were specified in
advance and published in a protocol on PROSPERO on 13/01/17 (International Prospective
Register of Systematic Reviews; www.crd.york.ac.uk/PROSPEROY/) with identifier

CRD42017042833.



2.1 Search strategy

EBSCOhost search engine was accessed on 18" June 2018 to search CINAHL,
MEDLINE, PsycARTICLES, and PsycINFO databases. The search terms used were: DRD2
OR ANKK1 AND Tag-1a OR Tag-la OR TaglA OR Tagla OR C32806T OR Glu713Lys
OR rs1800497 OR C957T OR rs6277 OR Pro319Pro AND "executive function*" OR
inhibit* OR "working memory" OR updat* OR "cognitive flexibility" OR shift* OR switch*.
The initial search terms were identified using previous reviews on the core executive function
domains, i.e. working memory, cognitive flexibility and response inhibition (Diamond,
2013), and additional keywords relating to these executive function domains were found
using the review article by Baggetta and Alexander (2016), which summarised the most
commonly used terms and constructs that have been used in executive function research.
Medical sub-headings (MeSH) were additionally scanned for relevant keywords. These
resulting terms were searched within full text of the papers with no restrictions on publishing
date. The searches were limited to human studies and the articles published in English
language. Reference lists of relevant reviews and original research articles were hand
searched to find articles missed by the original search, supplemented with additional Internet
searches (Google Scholar). Study authors and research groups were contacted to retrieve data

and information not included in the original papers.

2.2 Inclusion/exclusion criteria

Eligible studies satisfied the following criteria: 1) investigated a healthy adult
population, i.e. no diagnosis of any psychiatric, neurological, or other medical condition, with
the mean age of the participants between 18-65 years; 2) investigated either DRD2 C957T or

ANKK1 TaqlA polymorphism; 3) investigated the executive function domains of working



memory, cognitive flexibility or response inhibition using cognitive function tests. Only data

from the healthy adult arm in the case-control studies were included.

2.3 Study selection

All titles and abstracts identified through the primary search and hand search were
screened for relevance by two authors (KK and KP). Subsequently, full texts of potentially
eligible studies were retrieved and screened to determine their eligibility for the review by the

same two investigators. Discrepancies were resolved through discussion.

2.4 Data extraction

Data were extracted by one reviewer (KP or KK) and checked for accuracy by a
second reviewer (KK or KP). A standardised, pre-piloted form was used for data extraction.
The following information was extracted: 1) first author and year; 2) participant
demographics, including the number of participants (males/females), age (mean and standard
deviation [SD] of age, or age range where the mean age was not given), ethnicity, diagnostic
status, and the inclusion/exclusion criteria used in the study; 3) the gene polymorphism
studied, genotype distributions, and whether the genotype frequencies conformed to Hardy-
Weinberg Equilibrium (HWE); 4) cognitive domain investigated, cognitive tests and outcome
measures used; 5) statistical analysis methods used and whether codominance or recessive
model was assumed; 6) number of dropouts and final number of participants used in the

analyses, main results (means and SD where available); 7) authors’/reviewers’ comments.

2.5 Quality assessment
The Effective Public Health Practice Project (EPHPP) Quality Assessment Tool

(Thomas, Ciliska, Dobbins, & Micucci, 2004) was used to assess the quality of each study.



The following components were rated: Selection Bias, Study Design, Confounders (ethnicity,
age, educational background and history of mental illness), Blinding, Data Collection
Methods, and Withdrawals/Dropouts. These individual components were rated as strong,
moderate or weak according to the scoring criteria, the ‘Quality Assessment Tool for
Quantitative Studies Dictionary’. The component ratings were further combined into a global
quality rating (strong, moderate or weak) based on the tool’s scoring criteria. Global ratings
were strong if there were no weak component ratings, moderate where there was one weak
component rating, and weak if the study had two or more weak component ratings.

Some modifications were made to the EPHPP to be more relevant for the studies
assessed in this review. Although some studies implemented a randomised controlled trial or
controlled clinical trial design, all studies were scored as cohort analytic in the Study Design
section, as only data from healthy/placebo arm were extracted. Data Collection Methods
section was rated with reference to cognitive tasks. If modifications of standard tasks were
used, these were not rated as valid or reliable unless this was explicitly addressed in the paper
or in a cited paper. Question 2 (Q2) of the Blinding component is intended to evaluate
whether the participant is aware of the research question. In the context of the current review,
this was interpreted as whether the participant was aware of their genotype. However,
notifying the participant of their genotype before cognitive testing is not a common practice
and none of the included studies explicitly reported this information. Therefore, Q2 was
removed and the Blinding component was scored using Q1 only. Two additional aspects of
quality were assessed, although these were not included in the global rating. Firstly,
homogeneity of the population in terms of race/ethnicity was checked and secondly, whether
the distribution of genetic polymorphisms conformed to HWE (seen in Table 1 and Table 2).

Quiality was assessed independently by KK and KB, and disagreements were settled

by KP.



2.6 Data analysis

Data were grouped based on the two polymorphisms of interest and meta-analyses
were carried out for each of these polymorphisms. Although the performance on working
memory, response inhibition and cognitive flexibility tests are attributable to the function of
the PFC, the specific cognitive processes may be associated with the activation in specific,
separate cerebral areas (Jurado & Rosselli, 2007; Logue & Gould, 2014; Wager & Smith,
2003). Separate meta-analyses were therefore carried out for these three executive function
domains. For studies that reported several outcome measures or the results for several
cognitive tests, the outcome that was conceptually and/or directionally most comparable to
other studies was selected.

In accordance with the proposed inverted U-shaped dopamine function, whereby
intermediate levels of dopamine are optimal for PFC functioning (Cools & D'Esposito, 2011),
all C957T genotypes were compared against each other. For TaglA analyses, A1Al and A1A2
genotypes were pooled together due to the rarity of ALA1 genotype, therefore resulting in A1+
and Al- groups. Where the data was presented for A1Al and A1A2 genotypes separately
(Gong et al., 2012; Markett, Montag, & Reuter, 2010; Stelzel, Basten, Montag, Reuter, &
Fiebach, 2009), the combined means were calculated by weighing the means of both groups as

follows:
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The combined standard deviations were computed as:
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where X1 and X> are the subgroup means, n; and n, denote the subgroup sample sizes and Ss,
S> the subgroup standard deviations. Where standard errors (SE) were given, these were

converted to standard deviations as follows:

S=SE/(n)

Where a higher score indicated poorer performance (e.g. the number of errors in
Klaus et al., 2017), the variable was reversed using the following formula:

New Value = Maximum Value + Minimum Value — Old Value

All analyses were conducted using Review Manager version 5.3 (The Cochrane
Collaboration, 2014). Standardised mean difference estimates between the different
genotypes were calculated using Cohen’s d and confidence intervals (CI) were also
computed. Due to expected heterogeneity between study population characteristics, random-
effects model was chosen. Heterogeneity between studies was assessed using Higgins
|2 statistic (Higgins and Thompson, 2002). A p value of 0.05 was considered significant. In
an attempt to reduce expected heterogeneity in the working memory tasks, the studies were
further divided into phonological and visual/visuospatial working memory tasks for
unplanned subgroup analyses broadly based on Baddeley and Hitch (1994) categories. The
working memory tasks were categorised as phonological if the task required storing
subvocally rehearsable material such as letters or digits, and tasks were included in the
visual/visuospatial category if storage of visual features (e.g. colour) or spatial information
was needed (Moran, 2016).

Sensitivity analyses were undertaken by omitting single studies from each meta-
analysis in order to assess the effect of these studies on the pooled effect size in the overall

model and in the subgroup analyses. A study was omitted if it differed from the other studies


http://www.sciencedirect.com/science/article/pii/S0149763416300549#bib0155

based on the pre-specified potentially confounding variables (age, education, ethnicity,
history of mental illness), as these factors may impact on cognitive outcomes (Brockmole &
Logie, 2013; Byrd, Touradji, Tang, & Manly, 2004; Huguelet, Zanello, & Nicastro, 2000;
Wight et al., 2006), and it has further been shown that the effects of age, education, ethnicity
and mental illness on cognitive outcomes may depend on DRD2 genotype (Colzato, van den
Wildenberg, & Hommel, 2013; Nkam et al., 2017; Villalba, Devieux, Rosenberg, & Cadet,
2015; Wight et al., 2006). We further explored the effect of other factors, including the

cognitive tasks and study quality on meta-analysis outcomes.

3. Results

3.1 Search results

The initial database, reference list and the Internet search identified 145 studies after
the removal of duplicates (Figure 1). Eighty-nine studies were excluded at this stage based on
the title and abstract scanning, leaving 56 papers to be retrieved and checked against the
inclusion criteria. Of these, four papers contained study populations whose mean age was not
within the 18-65 range or the participants could not be characterised as healthy, two studies
did not investigate TaqlA or C957T polymorphism. Further, 17 studies used cognitive tests
other than those measuring working memory, response inhibition or cognitive flexibility, or
the outcome measures were not comparable to the measures used in other studies. Authors
were contacted to request outcome measures in 20 cases due to insufficient data in the
published paper (means and SD not supplied). Data could not be obtained for 14 papers either
because the authors did not reply, executive function was not investigated as an outcome
measure, or polygenic score rather than individual polymorphisms were investigated.

Seventeen studies were included in the meta-analysis. However, it should be noted some



studies investigated more than one executive function domain and some investigated both
polymorphisms in the same study. This resulted in 12 reports of the association between the
two polymorphisms of interest and working memory (six reports of TaqlA and six reports of
C957T), three reports of response inhibition (all reports of C957T), and seven reports of
cognitive flexibility (four and three reports of TaqlA and C957T, respectively; see Figure 1,

Table 1 and Table 2).

*FIGURE 1*



Table 1. Characteristics of the Studies Investigating the ANKK1 TaglA Polymorphism

Study Cognitive domain ~ F/M (n) MAE%?D) Ethnicity HWE Test Outcome measure
Arizaetal. (2012) WM-phonological F 29 29.67 (6.97) 3 Hispanics Not reported WM: WAIS-III Letter- Number WM: No. of correct
CF M 13 39 Caucasians Sequencing sequences
CF: WCST CF: Number of
perseverative errors
Berryhill, Wiener, WM-visual F 81 22.8 (6.00) Majority Caucasiant Not reported  Sequential presentation object ~ Corrected recognition (set
Stephens, Lohoff, M 53 WM paradigm size 6, delay 5 s)
and Coslett (2013)
Butcher (2014) WNM-visuospatial F11 25.1 (5.63) 17 Caucasians, 2 Asians, Not reported Spatial WM task Average accuracy (high
M 11 3 Latinos load)
Gong etal. (2012) WM-phonological F 400 Range 19-21* Chinese Han Yes Digital WM arithmetic based task ~ The number of addends
M 282 and subtrahends
remembered
Jocham et al. (2009) CF 35 M** Al+=25092 Caucasian falale Probablistic reversal learning Reversal errors
Al-=26.33 task
Markett et al. WM-visuospatial F 83 24.74 (6.45) White Yes Brief visual array task Cowan’s K (K6)
(2010) M 18
Nkam et al. (2017) CF 34F 43.77 (12.18) Not reported Not reported WCST Number of perseverative
19M errors
Stelzel et al. (2009) WM-phonological F 154 M 23.0 (2.64) Caucasian (German) Yes WAIS-I1I Digit Span Backward Mean factor values
M 142 F 22.64 (2.56) and Letter-Number Sequencing (combined across tasks)
Stelzel et al. (2010) CF 24 F F 22.0 (1.99) Caucasian Fhkk Task-switching paradigm Task-switching costs (RT)
24 M M 22.6 (1.99) (German)

Notes. Cognitive domain investigated, and the working memory (WM) domain investigated according to Baddeley (1986) and Baddeley and Hitch (1994) model, the number (n) of
females (F) and males (M) in each study group, means (M) and standard deviations (SD) of age, ethnicity, whether the genotype frequencies conformed to Hardy-Weinberg
Equilibrium (HWE), cognitive test used and the outcome measures. CF= cognitive flexibility; RI= response inhibition; RT= reaction time; WAIS= The Wechsler Adult Intelligence
Scale; WCST= Wisconsin Card Sorting Test. * Mean and standard deviation of age not provided; ** N analysed 27 (7 not included in final analysis due to not performing the task
satisfactorily or having an excess of switching behaviour or due a malfunction in the presentation system); *** Larger sample was in HWE. Sample used in current study was

recruited on the basis of ANKK1 TaglA polymorphism; **** Participants selected from a larger sample based on their genotype, 24 Al+, 24 Al-; + Exact numbers not specified



Table 2. Characteristics of the Studies Investigating the DRD2 C957T Polymorphism

Study Cognitive domain  F/M (n) MAE%?D) Ethnicity HWE Test Outcome measure
Bellander et al. (2015) WM-visuospatial F 52 25.6 (2.7) Not specified Yes Spatial n-back Baseline data, latent
M 49 means and SD
Beste, Stock, Epplen, RI 108 F 23.9 (3.1) Caucasian descent Yes Go/No-Go False alarms
and Arning (2016) 87 M
Colzato et al. (2016) WM-phonological F 67 CC205 100% Caucasian (Dutch) Yes WM: Letter-based version of WM: No. of hits (3-back)
RI M 14 CT 19.8 the n-back; computerised RI: Stop signal reaction
TT 19.9 RI: Stop signal task time
Gurvich and Rossell RI F 169 41.1 (16.74) European Yes Go/No-Go False positives
(2014) M 153
Gurvich and Rossell WM-phonological F 206 37.46 (18.76) 100% European Yes WM: Digit Span Backwards;  WM: Max. no. of digits
(2015) CF M 209 computerised recalled without an error
CF: Trails B CF: No. of times incorrect
digit letter was pressed
Klaus et al. (2017) WM-visuospatial M 122 35.15(11.02) 115 Caucasians, Yes WM: Spatial WM task WM: No. of errors*
CF 2 mixed race origin, 2 CF: Intra-extradimensional set CF: No. of errors
Asian/Asian British, 2 shift
Iranian/British Iranian, 1 Arab
Markett et al. (2010)+  WM-visuospatial F 83 24.74 (6.45) 100% White Yes Brief visual array task Cowan’s K (K6)
M 18
Markett, Montag, WM-phonological F112 23.9 (5.7) 100% Caucasian Yes  Digit Span Backward (WAIS) The sum of correct
Walter, and Reuter M 25 answers
(2011)
Rodriguez-Jimenez et CF 55 F 25.2 (1.7) Caucasian Yes WCST Perseverative errors
al. (2006) 28 M

Notes. See Table 1 legend.
*variable reverse-coded for analysis; + Same study investigated both TagqlA and C957T polymorphisms



3.2 Findings for the ANKK1 TaqglA polymorphism

Six studies (Ariza et al., 2012; Berryhill et al., 2013; Butcher, 2014; Gong et al., 2012;
Markett et al., 2010; Stelzel et al., 2009) focused on TaglA polymorphism in the context of
working memory performance (total of 1270 participants). Within the six studies, the A1+
group consisted of a total of 670 individuals, while the Al- group consisted of 600
participants. The samples in all but one study (Butcher et al. 2016) used predominantly
female participants, while Butcher et al. tested an equal number of males and females. The
mean age of the participants ranged from 22.64 to 29.67 years, with only Gong et al. (2012)
testing younger participants in the age range of 19-21 years. Gong et al. (2012) investigated a
Chinese population, while the rest of the study populations could be classified as
“majority/all Caucasian/White”. Three studies (Ariza et al., 2012; Berryhill et al., 2013;
Butcher, 2014) did not report HWE, and another three found no deviations from HWE. The
six investigated studies used different working memory tasks, or combined the results from
several tasks (e.g., Stelzel et al., 2009). However, further division into phonological and
visual/visuospatial working memory domains resulted in three studies investigating
phonological working memory domain and three investigating visual/visuospatial working
memory (see Table 1).

The overall random-effects between-group meta-analysis did not detect an association
between working memory performance and TaqlA genotype, d=-.07, 95% CI [-.38, .25],
p=.67, and there was considerable heterogeneity between studies, 1°=80% (see Figure 2).
Division of working memory tasks into phonological and visual/visuospatial working
memory domains did not lead to any significant associations between TaglA polymorphism
and working memory performance (d=-.22, 95% ClI -.73, .29, p=.39 and d=.13, 95% CI -.12,
.39, p=.30, for phonological and visual/visuospatial working memory task subgroups,

respectively). The study heterogeneity for TaglA analyses remained considerable for



phonological working memory subgroup, 1°=90%, but was eliminated for visual/visuospatial

working memory subgroup, 1°=0% (Figure 2).

*FIGURE 2*

Four studies investigated TaqlA polymorphism in the context of cognitive flexibility
(Arizaetal., 2012; Jocham et al., 2009; Nkam et al., 2017; Stelzel et al., 2010). These studies
resulted in a total of 163 participants, with 50 participants in the A1+ group and 113
participants in the Al- group (Figure 3). Ariza et al. (2012) and Nkam et al. (2017) study
samples consisted of predominantly female participants, Stelzel et al. (2010) investigated an
equal number of males and females, and Jocham et al. (2009) investigated males only. Nkam
et al. (2017) did not report the participant ethnicity, whereas the rest of the studies reported
testing primarily or all Caucasian participants. The participants in all studies except Nkam
and colleagues’ study investigated participants with the mean age in their 20s, whereas the
mean participant age in Nkam and colleague’s study was over 40 years. The studies either did
not report HWE (Ariza et al., 2012; Nkam et al., 2017) or the participants were selected for
inclusion in the study from a larger study based on their genotype for the purpose of equal
group sizes (Jocham et al., 2009; Stelzel et al., 2010). Two studies (Ariza et al., 2012; Nkam
et al., 2017) investigated cognitive flexibility using the WCST, and another two studies used
variations of cognitive flexibility tasks (Table 1). Analyses on TaglA polymorphism and its
association with cognitive flexibility revealed no significant results, d=-.47, CI [-1.20, 0.25],

p=.20, and the results showed substantial heterogeneity, 1>=70% (Figure 3).



*FIGURE 3*

3.3 Findings for the DRD2 C957T polymorphism

Six studies (Bellander et al., 2015; Colzato et al., 2016; Gurvich & Rossell, 2015;
Klaus et al., 2017; Markett et al., 2011; Markett et al., 2010) focused on DRD2 C957T
polymorphism in the context of working memory performance (total of 977 participants), and
the number of participants in CC, CT and TT groups were 224, 435, and 318, respectively
(Figures 4a-4c). One study investigated a male-only population (Klaus et al., 2017), two
studies had approximately equal number of males and females (Bellander et al., 2015;
Gurvich & Rossell, 2015) and the remaining studies investigated samples consisting mostly
of female participants (Colzato et al., 2016; Markett et al., 2011; Markett et al., 2010). The
mean age of the participants ranged from 19.8 to 37.46 years. The ethnicity could be
described as predominantly White/Caucasian in five studies, while one study (Bellander et
al., 2015) did not specify the ethnicity of the participants. All studies except one (Bellander et
al., 2015) reported that the genotype distributions conformed to HWE, whereas Bellander and
colleagues did not provide information on this. Two studies used Digit Span Backwards task
(Gurvich & Rossell, 2015; Markett et al., 2011) and the remaining studies used different
working memory tasks. Three studies implemented phonological working memory tasks and
three used visuospatial working memory tasks (see Table 2).

The overall random effects model found no association between C957T genotype and
working memory performance, p>.05 in all cases, and the heterogeneity between studies
varied depending on the genotypes compared, with CT and TT comparisons showing no
inconsistency, 12=0%, CC and TT subgroup comparisons showing low inconsistency across

studies, 1°=27%, and CC and CT comparisons showing substantial inconsistency, 1°=68%



(see Figures 4a-4c). Subgroup analyses failed to find a significant association between C957T
polymorphism and working memory performance, p>.05 in all cases, although a marginally
significant difference was seen between the performance of CC and TT homozygotes on
phonological working memory tasks, d=.20, 95% CI [-.01, .41], p=.07, with CC carriers
showing superior performance. Heterogeneity was eliminated from phonological working
memory subgroup, 1°=0%. Studies investigating the C957T polymorphism and
visual/visuospatial working memory component maintained heterogeneity, with some
inconsistency found in all comparisons (CC vs TT, 1°=39%; CT vs TT, 12=45%; CC vs CT,

12=82%; Figures 4a-4c).

*FIGURES 4A, 4B, 4C*

Three studies (Gurvich & Rossell, 2015; Klaus et al., 2017; Rodriguez-Jimenez et al.,
2006) investigated C957T polymorphism in the context of cognitive flexibility (total of 620
participants), with 132 participants in CC genotype group, 293 in CT group and 195in TT
group (Figures 5a-5c¢). As noted previously, Klaus et al. (2017) tested a sample of male
participants, whereas Gurvich and Rossell (2015) and Rodriguez-Jimenez et al. (2006) used a
mixed sample of males and females. The mean participant age ranged from 25.2 to 37.46
between these studies. All studies used predominantly Caucasian (or European) participants,
and the genotype distributions conformed to HWE. Klaus et al. (2017) and Rodriguez-
Jimenez et al. (2006) both used variations of WCST, whereas Gurvich and Rossell (2015)
used a Trails B task (Table 2). The analyses on the association between DRD2 C957T
polymorphism and cognitive flexibility did not reveal any significant associations, p>.05 in

all cases. There was considerable study heterogeneity for CC and TT comparisons (12=75%)



and for CC and CT comparisons (1>=85%). No heterogeneity was detected for CT and TT

comparisons (1>=0%; see Figures 5a-5¢).

*FIGURES 5A, 5B, 5C*

Three studies (Beste et al., 2016; Colzato et al., 2016; Gurvich & Rossell, 2014)
investigated the association between DRD2 C957T polymorphism and response inhibition
(total of 598 participants), with 149 participants in the CC group, 292 in the CT group and
157 in TT group (Figures 6a-6¢). All studies used mixed gender samples, with the mean age
ranging from 19.8 to 41.1 years. The participants in all studies were primarily of Caucasian
(or European) descent, and genotype distributions in all studies conformed to HWE. One
study used stop signal (Colzato et al., 2016) and two used Go/No-Go tasks (Beste et al., 2016;
Gurvich & Rossell, 2014), see Table 2. The analyses on the association between DRD2
C957T polymorphism and response inhibition similarly failed to find significant associations,
p>.05 in all cases. Study heterogeneity was considerable for CC and TT comparisons
(1?=97%) and for CC and CT comparisons (1>=98%) and substantial for CT and TT

comparisons (1>=70%; see Figures 6a-6¢).

*FIGURES 6A, 6B, 6C*

3.4 Study quality
Component and global ratings for the quality assessment can be seen in Table 3. Twelve
studies were given a weak global rating and five were assessed as having moderate quality,

with none of the studies achieving a strong global rating. The weak global ratings were mostly



driven by the Selection Bias, Confounders, and Data Collection Method components. All but
two studies (Gong et al., 2012; Nkam et al., 2017) were rated as weak on Selection Bias, as the
participants were not likely to be representative of the general population or less than 60% of
the approached or screened individuals agreed to participate in the study. Alternatively, the
study received a weak rating if the participant selection process and the level of participation
were not described. Twelve studies were given weak ratings on Confounders component,
because it was not possible to tell whether there were important differences between the groups
in terms one or more of the relevant confounders (age, education level, ethnicity, history of
mental illness), and it was not clear how many of the relevant confounders were controlled for,
or less than 60% of the confounders were controlled for. Nine studies were given weak ratings
on Data Collection Methods, because the reliability and validity of the data collection tools
were not described.

However, 13 studies achieved a strong rating on Withdrawals/Dropouts section, as the
percentage of participants completing the study was at or above 80%. All studies used design
that could have been described as cohort analytic design and were therefore given moderate
rating on Study Design subsection. Although there were some randomised controlled trials,
controlled clinical trials and case-control studies (Ariza et al., 2012; Colzato et al., 2016; Nkam
et al., 2017), these were rated as cohort analytic because data was only extracted from the
placebo arm. All studies were rated as moderate or strong on the Blinding component, as the
researcher was either not aware of the genotype of the participant (strong) or it was not possible
to tell whether the researcher knew the participant’s genotype (moderate). Eleven studies
reported that the genotype frequencies conformed to HWE, whereas four studies did not
provide information on this, and for two studies the participants were chosen into the study

based on their TaglA genotype (Table 1 and Table 2).



Table 3. Results From the Quality Assessment for the Studies Included in the Meta-Analysis

Selection . - Data Collection Withdrawals/ Global
Author bias Study Design Confounders Blinding Methods Dropouts Rating
Avriza et al. (2012) Weak Moderate Moderate Moderate Strong Moderate Moderate
Bellander et al. (2015) Weak Moderate Weak Strong Weak Weak Weak
Berryhill et al. (2013) Weak Moderate Weak Moderate Weak Strong Weak
Beste et al. (2016) Weak Moderate Weak Moderate Weak Strong Weak
Butcher (2014) Weak Moderate Weak Moderate Weak Moderate Weak
Colzato et al. (2016) Weak Moderate Strong Strong Weak Strong Weak
Gong et al. (2012) Moderate Moderate Strong Moderate Weak Strong Moderate
(C;lérlvi;: hand Rossell Weak Moderate Weak Moderate Strong Strong Weak
(C;lérlvg:;: hand Rossell Weak Moderate Weak Moderate Strong Strong Weak
Jocham et al. (2009) Weak Moderate Weak Moderate Weak Strong Weak
Klaus et al. (2017) Weak Moderate Moderate Strong Strong Strong Moderate




Table 3. Results From the Quality Assessment for the Studies Included in the Meta-Analysis (continued)

Selection . - Data Collection Withdrawals/ Global

Author bias Study Design Confounders Blinding Methods Dropouts Rating

Markett et al. (2010) Weak Moderate Weak Moderate Weak Strong Weak

Markett et al. (2011) Weak Moderate Weak Moderate Strong Strong Weak
Nkam et al. (2017) Moderate Moderate Weak Moderate Strong Strong Moderate
(RZ%%%?uez-Jlmenez etal. Weak Moderate Moderate Moderate Strong Strong Moderate

Stelzel et al. (2009) Weak Moderate Weak Strong Strong Strong Weak

Stelzel et al. (2010) Weak Moderate Weak Moderate Weak Weak Weak

Note. Quality assessment was carried out using The Effective Public Health Practice Project (EPHPP) Quality Assessment Tool



3.5 Sensitivity analyses

Of the studies included in these meta-analyses, only one reported using non-
Caucasian participants (Gong et al., 2012). As ethnicity was regarded as one of the potential
confounding variables, the analyses on the TaglA and working memory association were
repeated after excluding the study by Gong and colleagues. The results from the overall
model remained non-significant, d=-.10, 95% CI [-.52, .32], p=.65, and the heterogeneity
between studies remained considerable, 1°=79%. Results from the phonological working
memory subgroup analyses showed a marginally significant effect of the TaglA genotype on
working memory performance, d=-.44, 95% CI [-.90, .02], p=.06, with better performance in
the A1- group. The heterogeneity in the subgroup analyses was considered moderate, 12=.50.
Seventeen studies did not control for or did not report controlling for at least one confounding
variable (age, ethnicity, education, history of mental illness), and 14 studies did not control
for or failed to report controlling for at least two confounding variables. Due to a high
number of such studies, further sensitivity analyses on these variables were not feasible. We
further investigated whether the results were dependent on the cognitive tests used. As seen
in Tables 1 and 2, a number of different cognitive function tasks were used, and omitting
single studies from the analyses based on cognitive tests would not have been informative,
nor backed by theoretical reasoning. We therefore took an alternative approach and explored
the changes in effect size and heterogeneity estimates by investigating only studies that used
variations of the same cogpnitive task. In the context of TaglA and cognitive flexibility, both
Ariza and colleagues (2012) and Nkam and colleagues (2017) used WCST. When including
only these studies in the meta-analysis, the results remained non-significant, d=-.22, 95% CI
[-.80, .36], p=.52, but heterogeneity was eliminated, 1>=0. In the context of DRD2 C957T and
working memory, two studies used Digit Span Backwards task (Gurvich & Rossell, 2015;

Markett et al., 2011). A meta-analysis of these two studies again did not produce significant



findings, p>.05 in all cases, but heterogeneity was eliminated from all phonological working
memory analyses, 12=0. Both Klaus and colleagues (2017) and Rodriguez-Jimenez and
colleagues (2006) implemented variations of the WCST. Analyses of these studies revealed a
significant effect in DRD2 C957T CC and TT group analyses, d=.46, 95% CI [.05, .87],
p=.03, and CC and CT group analyses, d=.67, 95% CI [.29, 1.05], p<.001, with CC group
showing worse performance than CT or TT groups. CT and TT comparisons did not reveal a
significant effect of genotype on cognitive flexibility, d=-.19, 95% CI [-.50, .13], p=.24.
Statistical heterogeneity was eliminated from all analyses, 1>=0. For C957T and response
inhibition, analyses on the two studies that used Go/No-Go tasks (Beste et al., 2016; Gurvich
& Rossell, 2014) produced non-significant results, p>.05 for all cases and heterogeneity
remained notable, ranging from 66 to 99% for the different genotype group analyses. Instead,
heterogeneity was eliminated from CC and CT, as well as CC and TT analyses, 1°=0, and
reduced for CT and TT analyses, 1°=56%, by removing Beste et al. (2016) study. However,
the results after removal of Beste and colleagues’ study remained non-significant, p>.05, and
the reasons for this study driving the statistical heterogeneity could not be determined.
Removal of studies based on poor study quality was not possible, as a high number of studies

(12 altogether) were scored as having Weak global rating.

4. Discussion

4.1 The association between dopaminergic gene variants and executive function

The aim of this study was to systematically review and quantify the effects of two
functional polymorphisms previously associated with mental health disorders such as
schizophrenia, ANKK1 TagqlA and DRD2 C957T (Gonzalez-Castro et al., 2016), on the
performance in executive function tests in healthy adults. More specifically, this review

focused on the performance on working memory, cognitive flexibility and response inhibition



tasks. The findings from these meta-analyses suggest that TaglA and C957T have a limited if
any effect on executive function in healthy adults, but the overall models also showed
evidence of high study heterogeneity. In an attempt to reduce heterogeneity, working memory
tasks were further subdivided into phonological and visual/visuospatial working memory
tasks. The resulting subgroup analyses eliminated heterogeneity from TaglA
visual/visuospatial working memory task analyses, and C957T phonological working
memory subgroup analyses, and showed a marginally significant difference between C957T
CC and TT homozygotes on phonological working memory tasks. Study heterogeneity
remained high for most other analyses, which might have contributed to the lack of
significant findings. Further sensitivity analyses were carried out to investigate the sources of
statistical heterogeneity, such as variation in cognitive tests used, and the results may suggest
some evidence of C957T on cognitive flexibility, whereby CC group shows worse
performance compared to other groups. This is the first study to systematically review these
polymorphisms in the context of executive function but the results are in accord with some of
the other meta-analyses which have found limited effect of SNPs on cognitive performance
(Barnett, Scoriels, & Munafo, 2008; Mandelman & Grigorenko, 2012; Rincon-Perez,
Sanchez-Carmona, Albert, & Hinojosa, 2018).

There are several possible explanations for the current findings. Firstly, it might be
argued that these polymorphisms indeed have a limited effect on executive function. This
potential explanation is supported by the subgroup analyses, whereby the non-significance of
the results remained largely unchanged even after heterogeneity was reduced by creating
phonological and visual/visuospatial working memory subgroups. Although a marginally
significant difference in the DRD2 C957T CC and TT homozygotes’ performance on
phonological working memory tasks was seen, this association was not strong enough to

draw clear conclusions. The limited effect of single SNPs on endophenotypic outcomes is



perhaps not surprising, as genome-wide association studies have demonstrated the complex
polygenic nature of cognitive abilities (Trampush et al., 2017), as well as the mental health
disorders characterised by executive function deficits such as schizophrenia (Schizophrenia
Working Group of the Psychiatric Genomics Consortium, 2014), addiction (Treutlein &
Rietschel, 2011) and ADHD (Hinney et al., 2011). Secondly, it could be argued that these
polymorphisms impact on intermediate phenotypes at a neural level that do not translate
directly to effects on executive function. In support of this idea, a recent meta-analysis found
that Taq1A minor allele (Al) is associated with decreased striatal D2 binding potential
(Gluskin & Mickey, 2017) and C957T has similarly been associated with D2 binding
potential in both striatal (Hirvonen et al., 2004, 2005) and extrastriatal regions (Hirvonen et
al., 2009b). Alternatively, it might be argued that these polymorphisms have an effect on
cognitive endophenotypes not investigated in the current meta-analysis, such as reward
responsivity (Davis et al., 2008). Lastly, as any effects of single SNPs on cognitive function
are expected to be small (Trampush et al., 2017), it is possible that small but true effects of
these gene variants on executive function exist, but were supressed due to limitations such as

heterogeneity between studies entered in the meta-analyses.

4.2 Heterogeneity between studies

The results from the meta-analyses showed substantial or considerable heterogeneity
in many of the analyses, which may have partly stemmed from the differences between
cognitive tests used, study populations investigated and the lack of control over confounding
variables. An overview of the methodologies used for investigating executive function
revealed that the studies have been inconsistent in the use of executive function tests which
might have diminished any detectable effect of these polymorphisms on executive function

performance. Furthermore, results from the quality assessment showed that nine studies did



not state whether the cognitive tests used were reliable and valid, or the reliability and the
validity of the tools was not known, which may have introduced further variability in the
cognitive test outcomes. Owing to the different executive function tasks used, the studies also
reported a variety of outcome measures. To overcome this limitation, we chose the outcome
measures that were most comparable to those reported across studies and picked the most
taxing version if different difficulty levels were investigated). Nevertheless, harmonisation of
the outcome measures was not possible for the two studies that investigated ANKK1 TaglA
polymorphism in the context of response inhibition using variations of stop signal task
(Weafer et al., 2017; White et al., 2008). Whereas Weafer and colleagues (2017) used the
number of inhibitory failures as an outcome measure, White and colleagues (2008) focused
on the percentage of inhibited responses. As no data transformation was possible in order to
make the outcome measures comparable, no meta-analysis was carried out on these studies.
Another study (White et al., 2009) had to be omitted from the C957T and response inhibition
analyses due to the directionality issue. Regarding working memory tasks, whereas some
studies used simple count-based outcome measures such as the number of correct answers
(e.g. Arizaet al., 2012; Gong et al., 2012), others provided complex measures taking into
account factors such as hits, correct rejections and sample size (e.g. Cowan’s K; Markett et
al., 2010), which led to inconsistency in the reported outputs. The notion of different tests
leading to statistical heterogeneity was supported by sensitivity analyses, which showed that
when only the studies that used (variations of) the same cognitive tests were included in the
analyses, statistical heterogeneity was eliminated from many of the analyses.

Another source of heterogeneity might have been the variability in study populations
investigated. The majority of the studies used mixed gender samples or were dominated by
female participants, with only Klaus et al. (2017) and Jocham et al. (2009) using a male-only

sample. The genotype-by-gender interaction on cognitive outcomes has been noted for



C957T (Gurvich & Rossell, 2015) and a recent meta-analysis by Gluskin and Mickey (2017)
suggested that gender might mediate the effect of TaqlA on D2 binding potential, with a
weaker effect of TaglA genotype noted in males. Although the neurobiological basis of these
sex differences have not been fully delineated, sex steroids are likely to play a role, as both
oestrogen and testosterone have shown to affect D2 receptor expression in rodent models (Al
Sweidi, Morissette, Rouillard, & Di Paolo, 2013; Purves-Tyson et al., 2014; Sarvari et al.,
2014). Unfortunately, stratification by sex was not possible in the current analyses. Secondly,
the sensitivity analyses on the TaqlA carrier working memory performance showed that the
removal of the Gong and colleagues’ (2012) Chinese sample resulted in A1- carriers showing
better performance on phonological working memory tasks at a marginal significance level,
therefore perhaps suggesting ethnicity-specific effects of TaqlA genotype on working
memory performance. However, clear conclusions cannot be drawn, as these results were
only based on two samples and were largely driven by Stelzel and colleagues’ (2009)
findings. Furthermore, quality assessment showed that 12 studies failed to control (or did not
report controlling) for several of the potential confounders, including age, education level,
ethnicity, and history of mental illness, all of which may affect outcomes on the cognitive
tests either directly or via interaction with genotype (Brockmole & Logie, 2013; Byrd et al.,
2004; Colzato et al., 2013; Huguelet et al., 2000; Nkam et al., 2017; Villalba et al., 2015;

Wight et al., 2006).

4.3 Studies not included in the meta-analyses

The current meta-analyses might also have been biased because some studies that
reported significant association between the TaglA or C957T genotype and the performance
on executive function tasks could not be included in the analyses. For example, the study by

Xu and colleagues (2007) who investigated the effect of C957T polymorphism on working



memory outcomes was excluded from the meta-analysis due to insufficient data being
available, but the authors report significantly poorer performance of CC homozygotes
compared to CT and TT carriers in a Word Serial Position Test (WSPT), a verbal working
memory test. The authors claim this finding suggests deficits in maintaining phonological and
serial order information in the CC homozygotes and may partly explain the verbal memory
deficits seen in some schizophrenia patients tested on WSPT. However, the authors reported
no significant differences between the genotypes in other working memory tests including an
n-back test, the WAIS-II1 Letter-Number Sequencing, and the Spatial Delayed-Response test.
Another study (Jacobsen, Pugh, Mencl, & Gelernter, 2006) similarly reported worse working
memory performance in C957T CC homozygotes, who showed impaired performance
compared to the T allele carriers in an n-back test. However, Jacobsen and colleagues’ study
combined both smokers and non-smokers in their analyses with the smokers meeting the
Diagnostic and Statistical Manual of Mental Disorders (DSM-4; American Psychiatric
Association, 1994) criteria for nicotine dependence. With the data for the healthy arm not
separable, these data could not be included in the meta-analysis. A third study not included in
the meta-analysis, conducted by Sundararajan (2012) found better performance in TaglA
Al+ group in a spatial working memory task, but only when age was included as a between-
subjects variable. Two other studies mentioned above, which could not be integrated into the
meta-analyses due to incomparability of the outcome measures (Weafer et al., 2017; White et
al., 2008) showed better performance in A1+ carriers compared to A- carriers. On the other
hand, some studies have noted that C957T CC homozygotes or C carriers were more
successful in inhibiting responses on a stop signal task (Colzato et al., 2013; Colzato, van den
Wildenberg, Van der Does, & Hommel, 2010). There have also been reports of negative
findings in relation to C957T and executive function (White et al., 2009; Mitaki et al., 2013).

Lastly, it should be noted that the sample sizes in several studies included in the meta-



analysis were relatively small, which might have resulted in limited statistical power in the

overall results.

4.4 Strengths and future directions

However, there were also some strengths to the meta-analytic results reported here.
All studies included in this review used participants with the mean age under 45 years,
suggesting that age was not likely to bias the results. Further, the dropout/withdrawal rate was
generally low across studies and in majority of the cases the experimenters were likely to
have been blind to the genotype of the participants, therefore not biasing the results. Although
a number of different executive function tests was used, particularly for working memory
analyses, all studies except Berryhill et al. (2013) and Butcher (2014) included working
memory manipulation, rather than simple working memory maintenance tasks, with the
former but not the latter requiring the involvement of central executive according to Baddeley
and Hitch (1994) model. Therefore, the tasks used were rather homogenous in terms of the
working memory domain (maintenance vs manipulation) investigated and involved the
activation of similar underlying brain regions, such as the dIPFC and ventromedial PFC
(Jolles, Kleibeuker, Rombouts, & Crone, 2011; Veltman, Rombouts, & Dolan, 2003).
However, as dissociable patterns of brain activation has been noted between working
memory maintenance and manipulation, as well as spatial and non-spatial tasks (Wager &
Smith, 2003), future studies could investigate the effect of TaglA and C957T polymorphisms
on other working memory components. Furthermore, although stop signal task and Go/No-
Go tasks both provide information on response inhibition, stop-signal task additionally shows
the time taken to inhibit the response (as measured by SSRT) therefore providing information
on “action restraint” and “action cancellation”, respectively (Rincon-Perez et al., 2018).

Although it was not possible to distinguish between these aspects of response inhibition in the



current meta-analysis, this may be of interest in future studies. It might also be that these
polymorphisms affect other cognitive processes such as reward sensitivity, which may be
investigated in future studies (Davis et al., 2008). Finally, as C957T and TaqlA are in
moderate linkage disequilibrium with each other and in strong linkage disequilibrium with
other variants (Zhang et al., 2007), future studies could consider more complex interactions

between different polymorphisms, as well as composite risk scores on executive function.

4.5 Conclusions

In sum, the current meta-analysis suggests that ANKK1 TaglA and DRD2 C957T
polymorphisms have limited if any effect on the performance on executive function tasks in
healthy adults. However, the findings also show great heterogeneity in the assessment
methods, outcome measures and study populations used, which may have concealed any
detectable effect of genotype on executive function. Given the functional significance of both
TaqlA and C957T in affecting striatal and cortical D2 receptor availability (Gluskin &
Mickey, 2017; Hirvonen et al., 2004, 2005; Hirvonen et al., 2009b), the possibility for a role
of these polymorphisms in some aspects of executive function or other cognitive processes

should not be excluded.
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Figure 1. Flow diagram of literature search and study inclusion. Note that the number of
studies included in the meta-analysis does not match with the total number of executive
function (EF) measures, as some studies measured more than one EF domain or reported

findings for both Taq1lA and C957T polymorphisms.



Figure 2. Forest plot for random effects between-group meta-analysis comparing the ANKK1
TaqlA schizophrenia risk allele Al carriers (Al+) to the non-carriers (Al-) in their working
memory (WM) performance. Both overall effects and results from the subgroup analyses
investigating phonological WM and visual/visuospatial WM tasks are presented.



Figure 3. Forest plot for random effects between-group meta-analysis comparing the ANKK1
TaqlA schizophrenia risk allele Al carriers (Al+) to the non-carriers (Al-) in their cognitive
flexibility task performance.



Figure 4. Forest plots for random effects between-group meta-analyses comparing the
following DRD2 C957T genotype groups in their working memory (WM) performance: a)
CCvsTT, b) CCvsCT,c) CT vs TT. Both overall effects and results from the subgroup
analyses investigating phonological WM and visual/visuospatial WM tasks are presented.



Figure 5. Forest plots for random effects between-group meta-analyses comparing the
following DRD2 C957T genotype groups in their cognitive flexibility test performance: a)
CCvsTT,b)CCvsCT,c)CTvsTT.



Figure 6. Forest plots for random effects between-group meta-analyses comparing the
following DRD2 C957T genotype groups in their response inhibition task performance: a)
CCvsTT,b)CCvsCT,c)CTvsTT.



