
Objective: We examined whether a gene known to 
influence dopamine availability in the prefrontal cortex is 
associated with individual differences in learning a super-
visory control task.

Background: Methods are needed for selection and 
training of human operators who can effectively supervise 
multiple unmanned vehicles (UVs). Compared to the valine 
(Val) allele, the methionine (Met) allele of the COMT  
gene has been linked to superior executive function, but it 
is not known whether it is associated with training-related 
effects in multi-UV supervisory control performance.

Method: Ninety-nine healthy adults were genotyped 
for the COMT Val158Met single nucleotide polymorphism 
(rs4680) and divided into Met/Met, Val/Met, and Val/Val 
groups. Participants supervised six UVs in an air defense 
mission requiring them to attack incoming enemy aircraft 
and protect a no-fly zone from intruders in conditions of 
low and high task load (numbers of enemy aircraft). Train-
ing effects were examined across four blocks of trials in 
each task load condition.

Results: Compared to the Val/Met and Val/Val groups, 
Met/Met individuals exhibited a greater increase in enemy 
targets destroyed and greater reduction in enemy red 
zone incursions across training blocks.

Conclusion: Individuals with the COMT Met/Met 
genotype can acquire skill in executive function tasks, such 
as multi-UV supervisory control, to a higher level and/or 
faster than other genotype groups.

Application: Potential applications of this research 
include the development of individualized training meth-
ods for operators of multi-UV systems and selecting per-
sonnel for complex supervisory control tasks.

Keywords: COMT, executive function, genetics, indi-
vidual differences, neuroergonomics, supervisory control, 
training, unmanned vehicles

IntroductIon
Unmanned vehicles (UVs) are being used 

to enhance mission capabilities and reduce 
human exposure to hazards in many civilian 
and military work domains. Many human–
systems integration issues arise because of the 
heterogeneity and complexity of UV platforms 
and interfaces (Chen, Barnes, & Harper-Scia-
rini, 2011; Cooke, Pringle, Pederson, & Con-
nor, 2006; Cummings, Brezinski, & Lee, 2007; 
Parasuraman, Barnes, & Cosenzo, 2007). One 
important issue is the selection and training of 
human operators who can effectively supervise 
such semiautonomous systems in a multitask-
ing environment. Currently two or more per-
sonnel are assigned to a single UV, but plans 
call for a single operator to supervise multiple 
UVs (Cummings, Clare, & Hart, 2010; Chen  
et al., 2011), including “swarms” with hun-
dreds of UVs (Kolling, Nunnally, & Lewis, 
2012). Moreover, operators are required to not 
only supervise multiple UVs but also perform 
other tasks, such as viewing sensor images or 
communicating with crew members. Although 
automation can help to manage the resultant 
high cognitive load (de Visser & Parasuraman, 
2011; Dixon & Wickens, 2006; Parasuraman, 
Cosenzo, & de Visser, 2009), the human oper-
ators of multi-UV systems nevertheless face a 
considerable multitasking challenge.

Some persons are better than others at multi-
tasking, an ability that has been linked to indi-
vidual differences in executive function and 
working memory capacity (Engle, 2002; Mor-
gan et al., 2013). Extensive training can improve 
multitasking performance (Damos & Wickens, 
1980; Gopher, Weil, & Siegel, 1989; Kramer, 
Larish, & Strayer, 1995), but not all individuals 
show the same benefit (Ackerman, 1986). Indi-
vidual operator abilities have been linked to 
effective supervision of multiple UVs (Chen, 
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2010; Chen & Barnes, 2012; Cummings & 
Guerlain, 2007; de Visser, Shaw, Mohamed-
Ameen, & Parasuraman, 2010). However, it is 
not known whether executive function contrib-
utes to multitasking performance while super-
vising UVs or whether this ability modulates 
training-related effects in such tasks.

Neuroergonomics research can provide some 
clues that can help address these and related 
issues (Johnson & Proctor, 2013; Parasuraman, 
2003, 2011; Parasuraman, Christensen, & Graf-
ton, 2012; Parasuraman & Rizzo, 2008; Parasur-
aman & Wilson, 2008). In particular, it is well 
known that the prefrontal cortex is critical to 
executive function and that its neural activity is 
strongly modulated by the neurotransmitter 
dopamine (Clark, Cools, & Robbins, 2004; Miller 
& Cohen, 2001). Twin studies have shown that 
executive function is highly heritable (Friedman 
et al., 2008), indicating that variation in prefron-
tal dopamine flux should be under the control of 
genes encoding aspects of dopaminergic neuro-
transmission. Furthermore, neuroimaging stud-
ies have shown that activation in midbrain dopa-
minergic structures increases in response to 
increased task demands (Boehler et al., 2011) 
and cognitive training (McNab et al., 2009).

A number of studies have linked individual 
differences in dopamine extracellular availabil-
ity and executive function to the Val158Met 
variant (single-nucleotide polymorphism [SNP]) 
in the Catechol-O-Methyltransferase (COMT) 
gene (Goldberg & Weinberger, 2004). This SNP, 
which is found in the fourth coding region (exon) 
of the COMT gene, is functional, meaning that it 
leads to a change in protein levels that influence 
neurotransmitter activity in particular brain 
regions and, potentially, cognitive functioning 
(Parasuraman, 2009; Parasuraman & Jiang, 
2012). Specifically, the SNP involves the substi-
tution of the amino acid valine (Val) for methio-
nine (Met), which leads to differences in the 
postsynaptic availability of dopamine. Individu-
als can be homozygous for the COMT Val/Met 
SNP, that is, possess two of the same alleles 
(Val/Val or Met/Met), or they can be heterozy-
gous, having one of each (Val/Met). This COMT 
SNP has specifically been shown to modulate 
dopamine levels in the prefrontal cortex (PFC): 
Positron emission tomography (PET) showed 

that COMT Val/Val homozygotes had greater 
cortical dopamine D1 receptor availability com-
pared with Met carriers. This difference was not 
seen in the subcortical striatum, suggesting spe-
cific cortical effects (Slifstein et al., 2008).

Cognitive evidence on this SNP has been 
marshaled to support the “warrior/worrier” 
hypothesis, which argues that the Val allele is 
associated with poorer executive function but 
better emotional regulation (the “warrior”), 
whereas the Met allele is associated with better 
executive function but poorer emotional regula-
tion (the “worrier”) (Goldman, Oroszi, & Ducci, 
2005). The argument is that natural selection 
preserves each allele in the population because 
of the selective advantage associated with each. 
Although meta-analyses of the cognitive effects 
of this SNP have not supported this view (Bar-
nett, Scoriels, & Munafo, 2008), a meta-analysis 
of PFC activation effects did support it, with a 
large overall effect size of d = 0.73 (Mier, Kirsch, 
& Meyer-Lindenberg, 2010).

The Met allele of the COMT gene is associ-
ated with lower enzymatic activity and hence 
with greater PFC dopamine availability than the 
Val allele (Goldberg & Weinberger, 2004). We 
therefore predicted that individuals with one or 
more Met alleles would be superior to those with 
the Val allele in supervising multiple UVs. We 
expected that this advantage would be particu-
larly evident in multitasking conditions that 
demand high levels of executive function, as 
when many UVs have to be supervised or when 
they have to be directed against many target 
threats. Such conditions tax working memory, 
found in the meta-analysis of Mier et al. (2010) 
to activate PFC less strongly in carriers of the 
COMT Met allele. That finding was interpreted 
as reflecting greater processing efficiency  
in Met allele carriers (Mier et al., 2010). It is 
generally claimed that lower cortical activation 
reflects greater processing efficiency compared 
with higher cortical activation (e.g., Callicott  
et al., 2000; but see Rypma et al., 2006).

Accordingly, in the present study, we had par-
ticipants genotyped for the COMT Val158Met 
SNP perform a simulated air defense task requir-
ing supervision of multiple UVs under either 
low or high task load, defined as the number of 
incoming threats they had to defend against. In 
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addition, given that individuals differ in the 
extent to which they can improve at multitasking 
with practice, we had participants perform the 
multi-UV task across several blocks, so that we 
could also test for possible Gene × Environment 
interactions in performance. Dopamine trans-
porters are sparse in PFC (Sesack, Hawrylak, 
Matus, Guido, & Levey, 1998), and COMT has 
been shown in animals to be an important modu-
lator of dopamine efflux in response to task 
demands (Tunbridge, Bannerman, Sharp, & 
Harrison, 2004). Dopamine availability in the 
PFC appears to be particularly important when 
task demands are high (Abercrombie, Keefe, 
DiFrischia, & Zigmond, 2006; Von Wright & 
Frankenheuser, 1989). Adaptive learning is 
demanding, and a previous study showed that 
working memory training increased both work-
ing memory capacity and dopamine binding to 
receptors in prefrontal and parietal cortices 
(McNab et al., 2009).

In another learning study of motor cortex 
plasticity, COMT Met/Met homozygotes showed 
a greater increase in motor-evoked potentials in 
learning an artificial grammar compared with the 
other genotypes (Witte et al., 2012). Thus, nor-
mal variation in COMT alters extracellular levels 
of dopamine, which in turn alters functions 
dependent on dopaminergic transmission. This 
effect appears to be stronger during learning 
when task load is high. In sum, the effect of 
endogenous dopamine on cortical plasticity is 
consistent with a large body of research showing 
that dopamine can rapidly influence a number of 
aspects of synaptic transmission, including neu-
rotransmitter release and membrane excitability 
(reviewed in Tritsch & Sabatini, 2012). Based on 
evidence reviewed earlier that prefrontal dopa-
mine availability has stronger effects on perfor-
mance during training, we hypothesized that 
individuals with the Met/Met COMT genotype 
would exhibit greater training-related increases 
in multitasking performance than would Met/Val 
or Val/Val individuals.

Method
Participants

A total of 105 students participated in the 
study in exchange for course credit. Data from 6 
participants were not available because of poor 

DNA yield from genetic swab samples or equip-
ment problems during testing, resulting in a final 
sample of 99 participants (48 men, 51 women) 
aged 18 to 38 years (M = 20.6, SD = 3.1).

Genotyping
Participants provided cheek saliva samples 

for extraction of DNA using the BuccalAmpTM 
DNA Extraction Kit from Epicentre Biotechnol-
ogies (Madison, WI). The COMT Val158Met 
SNP (rs4680) was assayed by a combination 
of nested polymerase chain reaction (PCR) and 
melting-curve analysis with Tm-shift primers 
(Wang et al., 2005). A 290 bp DNA fragment 
was preamplified from genomic DNA and used 
as a template for second round (allele-specific) 
PCR on a Bio-Rad CFX96 thermal cycler, 
which allows automated melting temperature 
analysis of the PCR products. One allele-spe-
cific primer was designed with a 5′ GC tail, 
resulting in a clearly detectable increase in the 
melting temperature of the PCR product. The 
forward and reverse primers used in the first 
PCR were 5′ ATCCAAGTTCCCCTCTCTC 3′ 
and 5′ CTTTTTCCAGGTCTGACAAC 3′. In 
the second round PCR, the primer specific to 
the G allele (Val) was 5′ CGCCGCCGCCGAC-
CGACCGCACACCTTGTCCTTTAC 3′, the 
primer specific to the A allele (Met) was 5′ 
CGCACACCTTGTCCTTGAT 3′, and the com-
mon primer was 5′ CGCCTGCTGTCACCA 3′.

On the basis of this method, participants were 
divided into three genotype groups: Met/Met  
(n = 16), Val/Met (n = 56), and Val/Val (n = 27). 
The distribution of participants across genotypes 
was not significantly different from that previ-
ously reported for the COMT rs 4680 allele: A 
test for Hardy-Weinberg equilibrium revealed 
no significant difference, χ2(2) = 2.1, p = .15.

Supervisory control task
The supervisory control task was devel-

oped using the Aptima Inc. DDD (Distributed 
Dynamic Decision-Making) test bed (Miller, 
Young, Kleinman, & Serfaty, 1998). Partici-
pants were responsible for managing their UV 
assets, targeting intruding enemy aircraft, and 
delegating orders to protect the “Red Zone,” a 
friendly area (see Figure 1). Each participant 
had six UVs that first appeared inside a no-fly 
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zone (Red Zone) located at the lower portion 
of the screen (Figure 1). Neutral and enemy 
assets approached this Red Zone from different 
directions. Neutral units could also, sometimes, 
without cue, reveal themselves as enemy units. 
Friendly units possessed sufficient autonomous 
capabilities allowing for indefinite “neglect 
time”—the amount of time that a robot can be 
safely not attended to because of its semiautono-
mous capabilities (Crandall, Goodrich, Olsen, 
& Nielsen, 2005). Consequently, participants 
did not need to attend to those UVs not being 
used as part of their strategy to attack incoming 
threats and protect the Red Zone.

The multitasking environment involved mul-
tiple elements within a multi-UV supervisory 
control task as well as an additional communica-
tions task. In the former, participants had three 
main component tasks: (a) destroy all possible 
enemy targets, (b) minimize enemy intrusions 
into the Red Zone by destroying enemies before 
they were able to enter, and (c) avoid friendly 
fire against own or neutral units by targeting 
only units known to be an enemy. Participants 
destroyed an enemy target by selecting one of 
their six UVs to engage the target, selecting a 
waypoint for the UV to fly to, and firing its 
missile(s) against the target. No information was 
given about multitasking strategy or weapon 
conservation, nor were participants restricted to 
a finite amount of weapon usage.

In the additional communications task, par-
ticipants were cued to incoming aircraft via  
an aid that approximated the information  
acquisition and analysis phase of automation 
(Parasuraman, Sheridan, & Wickens, 2000) and 
that provided the participants with information 
in a message window. Information transmitted 
via the system included the location of appear-
ance of enemy aircraft 5 s following the message 
as well as whether it would appear alone or as 
part of a larger group of aircraft. Automation 
(message) reliability was set at a high but not 
perfect level of 90% to encourage trust in the 
automation. Failures were attributable to the 
automation either not indicating target presence 
or providing a false indication when no target 
was present. The balance between misses and 
false alarms was approximately even and uni-
formly distributed throughout the trials. Since 
automation reliability was not manipulated in 
the present study, and given the relatively small 
number of automation failures, performance 
was not separately analyzed for correct and fail-
ure trials. The rationale for using highly reliable 
but imperfect automation was to keep partici-
pants engaged and using the aid, while also sim-
ulating the presence of message traffic that UV 
operators typically receive. However, partici-
pants were told that their primary mission was to 
carry out the previously described three tasks.

Participants performed the task at each of two 
levels of task load. In the low task load condi-
tion, there were 50 enemy aircraft that partici-
pants had to attack and defend against. In the 
high task load condition, there were 62 enemy 
aircraft. Note that in previous studies with this 
task, participants found it highly challenging 
when more than about 40 enemy units had to be 
defended against (de Visser et al., 2010). Accord-
ingly, both levels of task load in the present 
study (50 and 62) imposed high demands on par-
ticipants and could be characterized as high and 
very high. However, for the sake of simplicity, 
we use the terms low and high.

Procedure
Following a slide presentation on the simu-

lated UV task, participants were given two 
practice blocks to familiarize them with the task. 
They then performed the task in low and high 

Figure 1. Screen shot of the DDD multi–unmanned 
vehicle (UV) simulation. The six UV assets are 
shown in green, enemy aircraft (to be targeted) in 
red, and unknown entities in blue. The no-fly Red 
Zone is also shown in the lower middle half of the 
screen.
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task load conditions, in a counterbalanced man-
ner. Each task load condition was performed 
for four blocks of trials each lasting 7 min. To 
assess subjective workload associated with per-
forming the task, the NASA Task Load Index 
(NASA-TLX; Hart & Staveland, 1988) was 
administered after the second block and again 
after the fourth block.

The performance data were analyzed with the 
use of a 3 (COMT genotype groups) × 2 (low and 
high task load) × 4 (blocks) mixed design, with 
group as the between-subject factor and task load 
and blocks the within-subject (repeated-mea-
sures) factors. Analyses of variance (ANOVAs) 
were conducted for each of the following depen-
dent measures: (a) the percentage of enemy units 
destroyed, (b) the percentage of enemy aircraft 
that penetrated the Red Zone, and (c) attack effi-
ciency of own UV assets (percentage of enemy 
units destroyed by a participant per missile fired). 
The ANOVA for the NASA-TLX measure was 
the same except that the blocks factor had only 
two levels. All participant data were coded as 
part of a blinding process for statistical analyses, 
with significance testing being completed by a 
researcher naive to the code. The Greenhouse-
Geisser correction was applied when necessary 
to compensate for violations of the sphericity 
assumption for all main effects and interactions 
involving within-subject factors. All human par-
ticipants provided written informed consent to 
take part in the study, which was approved by the 

George Mason University Institutional Review 
Board.

reSultS
targeting Performance

Figure 2 shows the percentage of targets 
destroyed as a function of genotype, task load, 
and blocks. The main effect of COMT genotype 
group was significant, F(2, 96) = 3.428, p < .05, 
ηp

2 = .067. Planned comparisons showed that the 
Met/Met group had a significantly higher per-
centage of enemy targets successfully destroyed 
(M = 82.3%, SD = 14.6%) than the Val/Val group 
(M = 70.6%, SD = 18.5%) (Bonferroni adjusted 
p < .016) and the Val/Met group (M = 73.0%,  
SD = 12.1%) (p < .028). There was no significant 
difference in targeting performance between the 
Val/Met and Val/Val groups. The superior perfor-
mance of the Met/Met group developed across 
blocks, as indicated by a significant interaction 
between genotype and block, F(6, 288) = 6.843, 
p < .001, ηp

2 = .123. The Met/Met group had an 
18% increase in targets destroyed across the four 
blocks of training, F(2.133, 31.989) = 12.975, 
p < .001, ηp

2 = .464, whereas the Val/Met, 
F(2.246, 123.542) = 1.383, p = .254, and Val/
Val, F(1.836, 47.726) = .272, p = .744, groups 
showed no significant change across blocks.

In a further analysis of differential training 
effects in the three genotype groups, we com-
puted the percentage of individuals who showed 
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Figure 2. Mean percentage of enemy targets destroyed for the Met/Met, Val/Met, and Val/Val groups as a 
function of training blocks and for the low (left panel) and high (right panel) task load conditions. Error bars 
show the standard error of the mean.
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an increase in targeting performance from the 
beginning (Block 1) to the end (Block 4) of 
training. Among Met/Met individuals, 75% 
showed improvement with training in the low 
task load condition and 88% under high task 
load. Corresponding values were 39% and 55% 
for the Val/Met group, and 30% and 48% for the 
Val/Val group, respectively. Furthermore, to 
examine whether the superior targeting perfor-
mance of the Met/Met group was attributable to 
only a few high-achieving individuals or was a 
general characteristic of the group, we computed 
the percentage of individuals in each genotype 
group who exceeded the median targeting per-
formance of the middle-performing Val/Met 
group. Figure 3 shows these values for the low 
and high task load conditions and at the begin-
ning (Block 1) and end (Block 4) of training. At 
the low task load, 88% of Met/Met individuals 
had targeting scores at the end of training that 
exceeded the Val/Met median, a distribution that 
differs significantly from chance, χ2(1) = 9.0,  
p = .003, whereas at high task load, 94% of Met/
Met individuals outperformed the median Val/
Met score, χ2(1) = 12.25, p = .0004.

There were also main effects of task load, 
F(1, 96) = 40.855, p < .001, ηp

2 = .298, and 
block, F(2.282, 218.686) = 15.548, p < .001, ηp

2 
= .138, and an interaction between task load and 

block, F(2.535, 243.390) = 5.073, p < .01, ηp
2 = 

.051. Fewer targets were destroyed under high 
than under low task load and training led to an 
increase in the percentage of targets destroyed. 
Given that genotype effects were the primary 
focus of this study, the Task Load × Block inter-
action was not further analyzed. The Genotype × 
Task Load, F(6, 96) = .689, p = .504, and the 
Genotype × Task Load × Block interactions 
were not significant, F(5.071, 243.390) = 1.318, 
p = .256.

red Zone Incursions
Figure 4 shows the percentage of Red Zone 

incursions as a function of genotype, task load, 
and blocks. The main effect of genotype was not 
significant, F(2, 96) = 2.336, p = .10, but the 
interaction between genotype and block was sig-
nificant, F(6, 288) = 5.365, p < .001, ηp

2 = .101. 
The percentage of incursions decreased across 
blocks for the Met/Met, F(3, 45) = 30.409,  
p < .001, ηp

2 = .667, and Val/Met groups, F(3, 
165) = 12.016, p < .001, ηp

2 = .179, but did not 
change significantly for the Val/Val group, F(3, 
78) = 1.400, p = .249.

The effects of task load, F(1, 96) = 29.542,  
p < .001, ηp

2 = .235, and block, F(3, 288) = 
23.573, p < .001, ηp

2 = .197, and the interaction 
between task load and block, F(2.77, 265.896) = 
3.862, p < .05, ηp

2 = .039, were significant. Nei-
ther the Genotype × Task Load, F(2, 96) = .108, 
p = .898, nor the Genotype × Task Load × Block 
interactions, F(5.540, 265.896) = .489, p = .803, 
were significant.

Attack efficiency
This measure, the percentage of targets 

destroyed per missiles fired, assessed how effi-
cient participants were in using UV assets in 
targeting enemy aircraft. A score of 100% indi-
cated perfect efficiency (one missile for each 
target destroyed). The main effect of genotype, 
F(2, 96) = 2.308, p = .10, was not significant, 
but there was a significant interaction between 
genotype and block, F(6, 288) = 2.555, p < 
.05, ηp

2 = .051. The Met/Met group showed  
an increase in attack efficiency across blocks, 
F(3, 45) = 4.754, p < .01, ηp

2 = .241, whereas the 
Val/Met, F(3, 165) = 2.504, p = .067, and Val/
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Figure 3. Percentage of individuals in each genotype 
group who had higher target destroyed scores than 
the median of the Val/Met group at the beginning 
(Block 1) and end (Block 4) of training and for the 
low and high task load conditions.
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Val, F(3, 78) = .209, p = .890, groups showed no 
significant change across blocks (see Figure 5).

The main effect of task load was significant, 
F(1, 96) = 9.809, p < .01, ηp

2 = .093, indicating 
decreased efficiency as task load increased.  
The main effect of block, F(3, 288) = .854,  
p = .465, and the Genotype × Task Load × Block 

interaction were not significant, F(6, 288) = 
1.529, p = .17.

Subjective Workload
The main effects of task load, F(1, 96) = 

2.460, p = .12, and genotype, F(2, 96) = 2.060, 
p = .133, and the Genotype × Block interaction, 
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Figure 4. Mean percentage of Red Zone incursions for the Met/Met, Val/Met, and Val/Val groups as a function 
of training blocks and for the low (left panel) and high (right panel) task load conditions. Error bars show the 
standard error of the mean.
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F(2, 96) = .263, p = .769, were not significant. 
As Table 1 shows, genotype did not affect 
overall workload or its change across blocks. 
The main effect of block, F(1, 96) = 14.741, 
p < .001, ηp

2 = .133, and the Task Load × 
Block interaction were significant, F(1, 96) = 
8.460, p < .01, ηp

2 = .081. Subjective workload 
increased across blocks but more so for the low 
task load condition. The Task Load × Genotype 
interaction, F(2, 96) = 2.791, p = . 066, and  
the three-way interaction of Task Load × Geno-
type × Block were not significant, F(2, 96) = 
.016, p = .984.

dIScuSSIon
The results supported the hypothesis that the 

Val158Met variant of the COMT gene influ-
ences training effects in supervisory control of 
UVs, as revealed in a strengthened effect of 
genotype over the course of skill acquisition. 
The Met allele, known to encode a low-activity 
version of the COMT enzyme, resulting in 
higher levels of extracellular dopamine in PFC 
(Goldberg & Weinberger, 2004), was associ-
ated with a greater increase in enemy targets 
destroyed and greater reduction in enemy Red 
Zone incursions across blocks. These findings 
suggest that learning a complex task is strongly 
influenced by extracellular dopamine avail-
ability. In light of evidence that (a) the PFC 
is a major recipient of dopamine projections 
(reviewed in Tritsch & Sabatini, 2012), (b) the 
COMT enzyme is particularly important in 
modulating dopamine levels in PFC (Tunbridge 
et al., 2004), and (c) that executive function 
is dependent on PFC (Miller & Cohen, 2001), 
the results indicate that normal variation in the 
COMT gene exerts effects on PFC dopamine 

availability that strongly influence the rate and 
level of learning of supervisory control in a 
complex, multitasking environment.

Previous studies have shown that individual 
operator abilities play an important role in effec-
tive supervision of multiple UVs (Chen, 2010; 
Chen & Barnes, 2012; Cummings & Guerlain, 
2007; de Visser et al., 2010). The present results 
add to that work by showing that executive func-
tion, which is known to be highly heritable 
(Friedman et al., 2008) and which has been 
linked to the COMT gene in neuroimaging stud-
ies (Mier et al., 2010), is associated not only 
with individual differences in multi-UV supervi-
sion but also with the acquisition of supervisory 
control skill.

Importantly, the design used in this study 
allowed assessment of the effects of COMT gen-
otype on optimal task performance. The 
observed benefit of the low-activity Met allele 
on targeting performance was not attributable 
merely to indiscriminant shooting at enemy air-
craft (a kind of response bias effect). If so, the 
attack efficiency measure (percentage of targets 
destroyed per missile fired) should have been 
significantly lower in the Met/Met group than in 
the other genotype groups. In fact, by the end of 
training, the Met/Met group showed greater 
attack efficiency scores at both low and high 
task load than the other two genotype groups.

These findings indicate that the increased 
extracellular dopamine associated with the Met 
allele facilitates acquisition of an optimal 
response strategy. What are the underlying mech-
anisms? That the COMT Val158Met SNP modu-
lates acquisition of a PFC-dependent task is con-
sistent with several lines of evidence indicating 
that dopamine plays an important role in cortical 

TaBLE 1. Mean Subjective Workload Scores on the NASA Task Load Index for the Met/Met, Val/Met, 
and Val/Val Groups and for the Low and High Task Load Conditions

Genotype

Low Task Load  High Task Load

Blocks 1–2 Blocks 3–4 Blocks 1–2 Blocks 3–4

Met/Met 51.2 (3.6) 58.9 (4.0) 60.6 (3.8) 62.1 (4.2)
Val/Met 49.1 (2.6) 55.7 (2.4) 55.9 (2.6) 56.3 (2.4)
Val/Val 55.3 (3.6) 65.4 (3.7) 60.7 (4.0) 59.4 (3.8)

Note. Standard errors in parentheses.
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neuroplasticity. First, in animals, the tonic and 
phasic activity characteristic of the dopamine 
system in PFC has been shown to be important to 
transient neural processes, such as learning a 
response strategy (Grace, Floresco, Goto, & 
Lodge, 2007). Second, in humans, dopaminergic 
activation varies in response to increased task 
load (Boehler et al., 2011). Third, in humans, 
working memory training results in an increase 
in working memory capacity that is associated 
with increased extent of parietal and PFC activa-
tion (Olesen, Westerberg, & Klingberg, 2004) 
and altered dopamine D1 binding potential in 
parietal and PFC (McNab et al., 2009).

The present results also suggest a possible 
reconciliation of previous conflicting results on 
the behavioral (Barnett et al., 2008) and neural 
effects (Mier et al., 2010) of the COMT Val-
158Met SNP. We did not observe effects of 
COMT at baseline, consistent with the negative 
effects reported in the meta-analysis by Barnett 
et al. (2008). However, we did observe effects of 
this SNP over the course of learning an execu-
tive function task, in agreement with the meta-
analysis showing strong effects of this SNP on 
activation of the PFC in such tasks (Mier et al., 
2010). There has been little previous work 
addressing the interaction between COMT Val-
158Met and training. Our finding that effects of 
this COMT SNP are evident mainly late in train-
ing indicate that COMT contributes more to the 
acquisition of multitasking skill than to multi-
tasking performance per se. It will be important 
to confirm these findings in other complex tasks 
that require extensive training to master.

We observed the best learning in COMT Met/
Met homozygotes. This finding is consistent 
with PET evidence that COMT Met carriers 
exhibit lower cortical D1 receptor binding com-
pared with Val/Val homozygotes (Slifstein et al., 
2008). However, our finding is not consistent 
with evidence that stimulation of dopamine D1 
receptors in PFC produces an “inverted-U” dose 
response function between working memory–
related activation of neurons in PFC and dopa-
mine D1 receptor stimulation (e.g., Williams & 
Goldman-Rakic, 1995). Working memory train-
ing–related alteration in dopamine D1 binding 
potential in parietal and PFC cortex (described 
earlier) was consistent with an inverted-U function 

(McNab et al., 2009). Why did we not observe 
such a function in the present study? Floresco 
(2013) reviewed the relevant literature from a 
range of tasks and found evidence that there is a 
“family” of dopamine functions. Whereas PFC 
D1 receptors show the inverted-U function in 
working memory, D1 and D2 receptors exert 
both cooperative and antagonistic effects in 
mediating set shifting and decision making and 
show different functions (monotonic, exponen-
tial, polynomial, etc.). The absence of a hetero-
zygote advantage in the present multi-UV super-
visory control task may not be surprising consid-
ering it is a complex executive function task 
with demands on working memory and decision 
making, among other functions. However, our 
evidence does not allow us to speculate on the 
nature of the relative influences of D1 and D2 
receptors on this task.

Understanding and quantifying individual dif-
ferences in different aspects of human perfor-
mance has recently been emphasized as an 
important addition to traditional group analyses 
in human factors and ergonomics (Matthews  
et al., 2011; Szalma, 2009). One limitation of the 
present study is that we did not have cognitive 
ability or other individual difference measures 
available on the study participants. Consequently, 
we could not compare the relative effects of nor-
mal variation in the COMT gene to other sources 
of interindividual variation that may contribute 
to skill acquisition in supervisory control of  
multiple UVs, such as working memory capacity 
(de Visser et al., 2010; McKendrick et al., 2013) 
or spatial ability (Chen & Barnes, 2012). Addi-
tional studies are warranted to examine this issue. 
It will be also important to examine the sensitiv-
ity and specificity of the COMT Val158Met SNP 
in predicting training-related gains in supervi-
sory control performance.

The present findings indicate that normal 
genetic variation contributes significantly to skill 
acquisition in a supervisory control task. Previ-
ously we also reported that variants in another 
gene related to dopamine availability in PFC, 
dopamine beta hydroxylase, were associated 
with individual differences in the susceptibility 
to “automation bias” (Mosier, Skitka, Heers, & 
Burdick, 1998; Parasuraman & Manzey, 2010)—
the tendency to follow erroneous advice from a 
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decision aid (Parasuraman, de Visser, Lin, & 
Greenwood, 2012). The results of that study and 
the present investigation reiterate the importance 
of examining individual differences. Further-
more, consistent with the neuroergonomics goal 
of harnessing theories and methods from neuro-
science (Parasuraman, 2011; Parasuraman & 
Rizzo, 2008; Parasuraman & Wilson, 2008), 
these results show that molecular genetics can 
provide key information on individual variability 
in complex human–machine tasks, with implica-
tions for personnel selection and training.

concluSIonS
The present study found training-related 

effects of the COMT gene on a task in which 
single participants supervised multiple UVs, 
consistent with the near-term planned role for 
human operators in military systems. The results 
support the conclusion that individuals with the 
COMT Met/Met genotype can acquire skill in 
such multi-UV supervisory control tasks to a 
higher level and/or faster than other genotype 
groups. We found that 88% to 94% of Met/Met 
individuals performed better than the median 
group after training. These findings also sup-
port the view that developing training meth-
ods matched to the specific cognitive abilities 
of individuals may provide a more powerful 
method for enhancing human–system perfor-
mance than personnel selection (Szalma, 2009). 
Although future work should examine effects of 
the COMT gene on other multi-UV supervisory 
control tasks and training effects over longer 
periods, the current findings are encouraging 
with respect to the development of individual-
ized training methods for operators of multi-UV 
systems for complex supervisory control tasks.
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key PoIntS
 • Methods are needed for selection and training 

human operators who can effectively supervise 
multiple unmanned vehicles (UVs) in a multitask-
ing environment.

 • In a simulated multi-UV task, individuals with 
the COMT Met/Met genotype exhibited greater 
training-related improvement in performance in 
targeting enemy aircraft and protecting a no-fly 
zone than did Val/Met or Val/Val individuals.

 • That 88% to 94% of Met/Met individuals per-
formed better than the median group after training 
has implications for the development of improved 
selection and training methods for operators of 
multi-UV systems.
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