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In high-stakes situations, people sometimes exhibit a frustrating
phenomenon known as “choking under pressure.” Usually, we
perform better when the potential payoff is larger. However, once
potential rewards get too high, performance paradoxically decreases—
we “choke.” Why do we choke under pressure? An animal model of
choking would facilitate the investigation of its neural basis. However,
it could be that choking is a uniquely human occurrence. To determine
whether animals also choke, we trained three rhesus monkeys to
perform a difficult reaching task in which they knew in advance the
amount of reward to be given upon successful completion. Like humans,
monkeys performed worse when potential rewards were exceptionally
valuable. Failures that occurred at the highest level of reward were
due to overly cautious reaching, in line with the psychological theory
that explicit monitoring of behavior leads to choking. Our results
demonstrate that choking under pressure is not unique to humans,
and thus, its neural basis might be conserved across species.
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In American football, situations occasionally arise where the
outcome of a game or even an entire season comes down to a
single action by a single player. During a 2015 National Football
League (NFL) tournament game, the Minnesota Vikings faced a
last-minute field goal attempt that, if successful, would have
allowed them to win the game and advance in the playoffs. The
placekicker had a 100% success rate for field goals at this distance
throughout the regular season. This time, however, he missed the
kick, costing the Vikings the game and ending their season. Failing
like this when the stakes are high is no unique occurrence in the
NFL: from 2001 to 2019, the success rate for regular season field
goals at a distance between 40 and 55 yards from the goal posts was
75%. However, when less than two minutes of time remained in
a game and a successful kick would tie or win, kicking accuracy
fell to 66% (SI Appendix, Materials and Methods). Extensive
analyses of American football and other sports have found that
performance can suffer in high-stakes situations (1-4). This is the
well-known effect of “choking under pressure”: performing worse
than expected given your abilities (5-7).

Choking under pressure plagues ordinary people, not just
professional athletes, and it has been demonstrated under a
variety of controlled laboratory conditions, including challenging
motor tasks (8, 9), test-taking (10), and performing in front of an
audience (11, 12). The choking phenomenon is best represented
by an “inverted-U” shape to the relationship between perfor-
mance and incentive (13, 14). That is, performance improves
with increasing reward, but only up to a point; for exceptionally
high rewards, when it seems performance should matter the
most, performance paradoxically declines.

Why do we choke under pressure? Numerous psychological
explanations for choking have been offered, including social
pressure (15, 16), loss aversion (17), distracting thoughts about
possible rewards (7, 18, 19), over-arousal (20, 21), and explicit
monitoring of performance (5, 8, 22, 23). Human imaging studies
have identified differences in activity in several brain areas that
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correlate with choking propensity (17, 18). However, it has been
difficult to link psychological explanations for choking to detailed
neural mechanisms. This is in part because to date, no animal
model for studying choking has been demonstrated. Knowing that
animals also choke under pressure would permit researchers to
probe the cellular-level mechanisms of the phenomenon. Also, showing
that animals choke would suggest that this seemingly counterproductive
behavior is evolutionarily conserved.

Here, we demonstrate that monkeys choke under pressure. We
trained three rhesus monkeys to perform a challenging reaching
task. The size of the potential reward was cued at the beginning of
each trial. Reward sizes included the rare possibility of a “Jackpot”
reward (Fig. 14). We find that success rates on this task follow a
classic inverted-U in which performance improved as reward sizes
increased from Small to Large but then, paradoxically, declined for
Jackpot rewards. Analysis of reaching kinematics indicates that
monkeys choked under pressure in part because they reached too
cautiously on Jackpot trials, a finding that is aligned with the “ex-
plicit monitoring” psychological account of choking (7, 22, 23).

Results

To determine whether nonhuman animals choke under pressure,
we trained three rhesus monkeys (Macaca mulatta) to perform a
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Fig. 1. Monkeys choke under pressure. (A) Speed + accuracy task structure. Monkeys initiated trials by placing their hand so that a cursor (red circle) fell
within the start target (pale blue circle). The reach target then appeared (gray circle with orange shape) at one of two (Monkeys N and F) or eight (Monkey E)
potential locations (dashed circles), where the inscribed shape’s form (Monkey N) or color (Monkeys F and E) indicated the potential reward available for a
successful reach. After a short, variable delay period, the start target vanished, cueing the animal to reach to the peripheral target. The animals had to quickly
move the cursor into the reach target and hold for 400 ms before receiving the cued reward. Parameters for Monkey N are shown (S/ Appendix, Table S1).
Green font indicates parameters that were titrated to adjust the difficulty of the task. The frequency and magnitude of each reward cue is shown on the right.
(B) All three animals showed a decrease in performance from the Large-to-Jackpot rewards—they “choked under pressure.” The points at each reward
represent the average success rate across all trials for all sessions. Error bars represent the SE of the average success rate, calculated using a bootstrapping
technique (S/ Appendix, S| Materials and Methods). The number of trials presented for each reward cue are listed in parentheses next to the reward name.
Significant differences in success rates between rewards were computed using a binomial proportion test. Stars indicate significance levels: **P < 0.01, ***P <
0.001. For visual clarity, we only show significant differences in performance between Small and Large rewards as well as Large and Jackpot. Note that for
Monkey E, a variety of reward sizes were presented for the Small and Large reward cues (S/ Appendix, SI Materials and Methods). Data shown here are for
0 and 0.4 mL; all data are shown in S/ Appendix, Tables S1 and S2.

challenging delayed-reaching task that required them to plan and All three monkeys choked under pressure (Fig. 1B). Success
then execute reaches that are both fast and accurate (Fig. 14), rates improved from Small to Large rewards for each subject (N:
which we accordingly call the “speed + accuracy” task. We in-  8.0%, F: 8.1%, and E: 24.5%; binomial proportion test, P < 107°
formed the animals of the potential rewards by presenting cues  for all), presumably because increasing reward size increased
indicating which of four different reward sizes (Small, Medium,  motivation. However, performance then paradoxically declined
Large, or Jackpot) would be received upon successful comple- from Large to Jackpot rewards: Monkey N’s success rate fell by
tion of the task. The Jackpot reward was 10 times the size of the ~ 25.2% (P < 107'%), Monkey F’s fell 9.6% (P = 1.5 x 10~%), and
Medium reward and was presented on only 5% of trials. The =~ Monkey E exhibited a decrease of 17.2% (P < 107'°). SI Ap-
animals understood the cues, as shown by a separate two-target  pendix, Table S2 provides a breakdown of trial counts, success
choice task, in which they chose the target with the Jackpot re-  rates, and statistical significance of differences between reward
ward 100% of the time, and they selected the target with the  success rates for each individual session.

larger reward over 95% of the time overall (SI Appendix, Fig. Humans choke across a range of behavioral paradigms (1, 2, 4,
S1A and B). We titrated the difficulty of the task by reducing the 5, 8-12). Is choking robust across tasks in monkeys as well? We
target diameter and the time allowed to complete the reach trained one animal (Monkey F) to perform a “precision” task, in
(green font parameters in Fig. 14). Experimental parameters for ~ which the animal was instructed to follow a path from the center
each subject are shown in SI Appendix, Table S1. of the screen to the reach target (SI Appendix, Fig. S2A and SI

20f8 | PNAS Smoulder et al.
https:/doi.org/10.1073/pnas.2109643118 Monkeys exhibit a paradoxical decrease in performance in high-stakes scenarios


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109643118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109643118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109643118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109643118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109643118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109643118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109643118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109643118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109643118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109643118/-/DCSupplemental
https://doi.org/10.1073/pnas.2109643118

Materials and Methods) (24). While movements were not re-
quired to be fast like those of the original task, the cursor had to
remain within the visible boundary. We collected 29 sessions of
precision task data from this monkey, which provided a total of
611 Jackpot reward trials. The animal also choked under pres-
sure in this task (SI Appendix, Fig. S2B, black line).

Even with years of practice and experience under pressure,
professional athletes can still choke (1-4), implying that choking
cannot be overcome through extensive practice. Similarly, in the
speed + accuracy task, we observed that choking occurred across
many sessions, suggesting monkeys also could not easily over-
come the behavior. Monkey N choked under pressure in 6/6
sessions, Monkey F in 7/8 sessions, and Monkey E in 11/11 ses-
sions (SI Appendix, Fig. S34). We also note that after nearly
a month of exposure to tasks with a Jackpot reward, Monkey F
still showed significant choking under pressure (SI Appendix, Fig.
S2B, olive line). Further, choking occurred in both the first and
second half of the individual experiment day (SI Appendix, Fig.
S3B), suggesting that the effect was relatively robust to the state
of satiation and instead may be driven by a stable understanding
of the Jackpot reward’s relative value. The persistence of chok-
ing across and within sessions leads us to conclude that choking
under pressure in monkeys is a robust and reliable effect, con-
sistent with the phenomenon in humans.

Both Jackpot Reward Rarity and Magnitude Were Needed to Induce
Choking. In humans, choking tends to occur in situations of un-
usually high stakes. However, what defines “high stakes”? In our
paradigm, the Jackpot reward that caused choking was both rarer
than rewards of other sizes and also greater in magnitude. Can
either rarity or magnitude alone account for the decrease in
performance we observed, or are both necessary to cause chok-
ing? We performed two additional experiments in one animal
(E) to separately examine the behavioral effects of the Jackpot’s
rarity and magnitude.

To test whether rarity was sufficient to induce choking, we ran
a control set of experiments in which we introduced a fifth re-
ward cue into the speed + accuracy task. This “Rare-Large” cue
was as rare as the Jackpot reward, but it signaled a reward of the
same magnitude as the Large reward (Fig. 2 A4, Top). If rarity
alone can cause choking, we would expect that performance for
the Rare-Large and Jackpot rewards would be commensurate.
This was not the case (Fig. 24, Bottom): while the animal still
choked for the Jackpot reward (14.3% decrease from Large, P =
7.9 % 10‘9), there was only a small, nonsignificant performance
decrement from Large to Rare-Large (4.1% decrease, P =
0.075), and the success rate for the Rare-Large trials was sig-
nificantly higher than for the Jackpot (SI Appendix, Table S2,
10.2% difference, P = 6.4 x 107%). This result is supported by
observations we made during pilot sessions of the precision task
in Monkey F. In these sessions, a smaller, “Mini-Jackpot” reward
of 0.8 mL was used, and the animal exhibited a small, nonsig-
nificant performance decrement between the Large and Mini-
Jackpot rewards (SI Appendix, Fig. S2C, 2.7% drop, P = 0.24).
Together, these results indicate that a cue’s rarity on its own has
only a small effect on performance.

To determine whether the Jackpot’s magnitude was sufficient
to cause choking, we ran a different control set of experiments in
which we again introduced a fifth reward cue into Monkey E’s
speed + accuracy task. This “Common-Jackpot” cue had the
same magnitude as the Jackpot reward, but it appeared just as
frequently as did the non-Jackpot rewards (Fig. 2 B, Top). If
reward magnitude alone accounted for choking, we would expect
commensurate performance between the Common-Jackpot and
Jackpot rewards. However, this is not what we observed
(Fig. 2 B, Bottom): again, the animal choked for the Jackpot
reward in these sessions (14.8% decrease from Large, P =
0.0059), but the performance decrement from Large to
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Fig. 2. Neither rarity nor reward magnitude alone are sufficient to induce
choking. Monkey E performed additional experiments of the speed + accu-
racy task with a fifth reward cue. (A) A “Rare-Large” (cyan) reward cue
matched Large rewards in magnitude but Jackpot rewards in frequency
(Top). Success rates for each reward are shown (Bottom). The cyan data point
shows the Rare-Large success rate, which was not significantly lower than
that of Large rewards. Black data points and significance bars indicate the
performance values recorded on these sessions with the standard four re-
wards. Stars indicate significance levels: **P < 0.01, ***P < 0.001. (B) A
“Common-Jackpot” (purple) reward cue matched the Jackpot reward mag-
nitude but the frequency of non-Jackpot rewards (Top). Performance and
significant differences in success rates across rewards are shown (Bottom), in
which purple bars show the relationship between Large and Common-
Jackpot success rates. For both experiments, we ensured that Monkey E
understood the relative value of the new reward cues using a two-target
choice task (SI Appendix, Fig. S1 C and D).

Common-Jackpot was small and nonsignificant (4.5%, P = 0.16).
Combined, the results from these two control experiments indi-
cate that both the Jackpot reward’s rarity and magnitude are
needed to induce the animals to choke under pressure in
our task.

Monkeys Choked Due to Approaching the Target with Excess Caution.
What behavioral changes led to choking under pressure? Here,
we report on two trends in behavior that exacerbate as reward
size increases. Then, we show how these behaviors lead to
choking in our speed + accuracy task.

Reaches can be decomposed into two phases: an initial ac-
celerating phase and a subsequent decelerating phase. The initial
phase is probably unaffected by visual feedback, and the decel-
erating phase probably involves adjusting the movement to
“home in” on the target. Thus, we refer to the initial portion of
the reach as the “ballistic” component and the final portion as
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the “homing” component (25-28). To determine the behavioral
changes that led to the animals choking under pressure, we first
examined the “ballistic” portion of the reach. We estimated
where the reach would have landed if there had been no error
correction under visual feedback. To do this, we mirrored the
velocity profile from the start of the reach until peak speed, then
integrated it across time, resulting in a “ballistic reach endpoint
prediction” (Fig. 3 A, Top Left and Bottom; SI Appendix, SI
Materials and Methods). We examined these ballistic reach end-
point predictions and found that they became shorter with higher
reward sizes (Fig. 3B), implying that as the reward size increased,
less of the distance to the target was covered by the initial
portion of the reach.

We then considered the “homing” component of the reach.
We examined how long the animals spent approaching the target
and how that time depended on reward. We calculated the
“homing time” for each trial as the amount of time that it took
for the animal to move the final third of the distance to the target
(Fig. 3 A, Top Right and Bottom, and SI Appendix, SI Materials
and Methods). Homing time increased progressively with reward
(Fig. 3C), indicating that the animals spent a greater amount of
time homing in on the target when rewards were higher. The
homing time trends were not solely the result of overall slower
reaching, as we discuss in SI Appendix, Fig. S4 and in Additional
Idiosyncratic Factors Also Contribute to Choking. We note that
these behavioral changes may be rational when optimizing rea-
ches for greater accuracy (29). Together, these behavioral trends
are consistent with the animals exhibiting increasing caution as
reward sizes increase: they attain their peak velocities further
from the reach target and spend more time homing in to ap-
proach the target.

How might these trends in reaching behavior that are mono-
tonic with reward magnitude lead to the inverted-U character-
istic of choking under pressure? To answer this question, we
must consider how these kinematic metrics relate to perfor-
mance. By the design of the speed + accuracy task, there are
three ways that a reach to the target can end. First, the animal
could successfully stop its hand in the target (Fig. 44, green).
The second possibility is that the animal does not reach far
enough, either landing short of the target or being midreach
when time expires (“undershoot” failures, Fig. 44, light gray).
Third, the animal could reach through or past the target without
stopping in it (“overshoot” failures, Fig. 44, dark gray). If the
animal approaches the target too cautiously, they will exhibit
more undershoot failures. Conversely, overshoots may indicate
less careful reaching; for example, stemming from a longer bal-
listic component of the movement.

The fraction of total reaches that fell into each of these three
categories depended on reward magnitude (Fig. 4B). For all
three animals, the proportion of undershoot failures increased
from Large to Jackpot. This is the manifestation of the over-
caution shown in Fig. 3. Also, in comparing Small to Large re-
wards, the proportion of overshoot failures was greater for Small
reward trials, perhaps indicating a lack of regard for precision
when the potential payoff was low. The combination of more
frequent overshoot errors for Small rewards and undershoot
errors for Jackpots are sufficient to create the inverted-U rela-
tionship between success rate and reward size that characterizes
choking under pressure (SI Appendix, SI Materials and Methods).

These consistent trends with reward size suggest that there is a
“sweet spot” along the reward continuum, with optimal perfor-
mance occurring for Large rewards. On Small reward reaches,
the animals appear to reach carelessly, overshooting more often,
and they do not seem motivated to perform these movements as
reliably as they are capable of. In contrast, on Jackpot reward
reaches, animals come up short, seemingly because they are being
overly cautious. Our results indicate that all animals choked under
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Fig. 3. Animals reach more cautiously with increasing rewards. (A) Illus-
tration of behavioral analysis techniques. (Left) Calculation of ballistic reach
endpoint. For each trial, the velocity to peak speed was mirrored across time,
and the endpoint of this new, mirrored trace is the “ballistic endpoint pre-
diction.” (Right) “"Homing time" is how long it took the animal to move from
2/3 the distance to the target to within 1 mm. (Bottom) An example reach
trajectory with dots every 25 ms and with both the ballistic endpoint pre-
diction and homing time period shown. (B) Mean ballistic reach endpoint
predictions as a function of reward (error bars represent SE). Stars indicate
significance levels: **P < 0.01, ***P < 0.001. P > 0.05 for comparisons listed
as not significant (n.s.). (C) Median homing times versus reward (error bars
are SE of median; SI Appendix, SI Materials and Methods). Homing time
trends were robust to changes in the distance over which it was calculated
(i.e., last 1/2 or 1/4 of the distance; S/ Appendix, SI Materials and Methods).
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due to undershoot (light gray) or overshoot (dark gray). Jackpot trials are highlighted with blue diamonds. Note these are actual reach endpoints and not the
predicted ballistic endpoints examined in Fig. 3B. The black circle indicates the size and location of the reach target. (B) Incidence of different reach outcomes
shown as a function of reward. The black line connects the rates of successful reaches to highlight the “inverted-U" effect of reward on success rate. Stars
indicate significance levels: **P < 0.01, ***P < 0.001. P > 0.05 for comparisons listed as not significant (n.s.). P values for all comparisons are listed in S/

Appendix, Tables S3 and S4.

pressure at least in part due to an apparent excess of caution in
approaching the target for Jackpot rewards.

Additional Idiosyncratic Factors Also Contribute to Choking. All
three animals reached more cautiously as the potential reward
got larger, but this was not the sole source of choking behavior.
In humans, choking manifests differently across individuals in
both manner and extent (14). Similarly, the animals in our ex-
periments exhibited idiosyncratic behavioral changes that also
resulted in choking. We considered separately each epoch of the
speed + accuracy task: delay, reach, and target-hold. In each
epoch, we found behavioral and performance trends that dif-
fered across animals to produce unique choking behavior in
each. As described above, choking behavior during the reach
epoch, interpretable as overcaution, was evident in all animals.
Below, we also discuss the other two epochs of the tasks, in which
trends were not consistent across all three monkeys.

We first examined behavior during the delay epoch, encom-
passing the time after target onset but before the go cue
(Fig. 14). Trial failure during the delay epoch could occur if
animals commenced a reach before the go cue (false starts, ST
Appendix, Fig. S5 A, Top Left) or if they drifted out of the center
start target before the go cue (delay drifts, SI Appendix, Fig.
S5 A, Middle). All monkeys exhibited the inverted-U in success
rates that indicates choking in the delay epoch, and when false
starts and delay drifts were examined separately, each showed
the inverted-U relationship on its own. These effects were not
statistically significant for Monkey F but were particularly sub-
stantial for Monkey E. Full results are listed in SI Appendix,
Tables S3 and S4. It is hard to interpret starting too soon or
drifting out of the start target as overcaution. Instead, this be-
havior might be better described as impulsivity (13, 20, 21),
which suggests that diverse behavioral mechanisms might be at
play when choking occurs. This is consistent with the variety of
explanations offered in the human behavioral literature on
choking (7, 19-21).

If the decrease in delay epoch performance for Jackpot trials
indicated increased impulsivity, we might expect to see faster
reaction times and peak speeds in the reach epoch (SI Appendix,
Fig. S5 B, Left). This was not consistently the case (SI Appendix,
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Fig. S5 B, Right). Instead, reaction time and peak speed showed
idiosyncratic changes with reward for each subject, again sup-
porting the possibility of a diversity of separate behavioral ex-
planations for choking.

Lastly, we consider the target-hold epoch. Even if the subject
successfully lands within the reach target, they still have to hold
the cursor within the target for 400 ms for the trial to be suc-
cessful. If the hand drifts out of the end target (“target hold
drift”), they fail (SI Appendix, Fig. S5 C, Left). This behavioral
tendency could be interpreted as a manifestation of “nerves.”
We looked at successes versus target hold drifts out of all of the
trials that landed within the reach target (SI Appendix, Fig. S5 C,
Right). Monkey N exhibited significant choking due to target
hold drifts, but other monkeys did not. For completeness, all
analyses discussed here were also performed on the Rare-Large
and Common-Jackpot data and are presented in SI Appendix,
Fig. S6.

To summarize these trends, a tendency to choke (that is, to
underperform for a Jackpot reward) was observed in every epoch
of the task for at least one monkey, but only during the reach
epoch was consistent, significant choking behavior seen in all
three animals. It is possible that these diverse manifestations of
choking behavior may all share a common underlying explana-
tion in terms of emotional states triggered when the stakes are
high (5, 7, 30).

Discussion

Three monkeys performed a challenging reaching task in which
they knew in advance the magnitude of the reward they would
earn for a successful movement. We found that monkeys choke
under pressure, just as humans do. This effect is robust in that it
does not go away with extended practice; it persists despite
changes in satiation, and it occurs in challenging tasks with very
different motor demands. All of our animals responded to in-
creases in reward by shortening the initial component of their
reach and then taking longer to home in on the target, ultimately
leading to choking via an excess of short reach (undershoot)
failures at the highest level of reward. Conversely, all animals
were more prone to overshoot the target when smaller rewards
were proffered. This and other aspects of behavior show that
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there is a marked difference in kinematics for Small-reward and
Jackpot-reward trials, even though failures are of comparable
prevalence. We also observed a number of idiosyncratic changes
in behavior with reward, reminiscent of the variety of responses
that humans exhibit in the face of pressure (14, 31).

Choking Occurs When Rare and Exceptionally Large Rewards Are
Proffered. To induce choking under pressure, the magnitude of
the reward had to be high and its probability of occurring had to
be low. Magnitude alone and rarity alone were not sufficient to
elicit the large choking effect we observed (Fig. 2 and SI Ap-
pendix, Fig. S2C). These results also rule out the possibility that
the observed choking is solely due to surprise: we did not see a
significant performance decrement for Rare-Large rewards, even
though they occurred as infrequently as Jackpot rewards.

In sessions during which we presented both Common-Jackpot
cues and rare-Jackpot cues, the animal choked for rare-Jackpot
trials but not Common-Jackpot trials (Fig. 2B). We can think of
two potential explanations for this intriguing behavior. First, it
may be that the rare-Jackpot reward was actually of higher
perceived value than the Common-Jackpot reward. In support of
this view, in the two-target choice task, the monkey chose the
rare-Jackpot target rather than the Common-Jackpot target in
four of five trials (S Appendix, Fig. S1D; note that only five trials
of this comparison were run, because we did not want to disrupt
the animal’s understanding of the frequencies of these cues).
This is perhaps not surprising, as novelty itself can be intrinsically
rewarding (32, 33). A second possibility is that the animal had a
conditioned response to the rare-Jackpot cue after extended
exposure; that is, he was so used to a particular behavioral response
to that cue that he never changed it, even when the same magni-
tude of reward was associated with multiple cues. If true, this has
the interesting implication that choking under pressure might ac-
tually become a learned phenomenon, like a bad habit. In further
support of this possibility is our observation that the choking be-
havior was not eliminated with satiety (SI Appendix, Fig. S3B). This
perspective might be valuable when considering the design of
training regiments that could help professional athletes and others
become less prone to choking under pressure.

Links to Psychological Theories of Choking. Here, we adopt the
operational definition of choking offered from Baumeister (5),
as “performance decrements under circumstances that increase
the importance of good or improved performance.” This seminal
definition is objective and behavioral, and as such, it leaves a
psychological explanation for choking under-determined, and it
also does not address the ultimate neurobiological source of
choking. We conducted a close analysis of our animals’ kinematic
data to see whether we could find support for one or more of the
psychological-level explanations for choking.

Psychological theories of choking fall predominantly into three
categories: explicit monitoring, over-arousal, and distraction (8,
10, 14, 18). Explicit monitoring posits that choking occurs when
normally autonomous actions receive active scrutiny, which can
lead to failure via slowed movements, poorer timing, or worse
coordination (22, 23). Over-arousal theories posit that high
stakes or rewards drive the internal state of arousal beyond an
optimal range, leading to poor performance (17, 20, 21).
Meanwhile, distraction theories posit that the source of pressure
takes up valuable working memory and attentional resources
that might otherwise have been devoted to the task (7, 10, 18,
19). Of course, these explanations are not mutually exclusive,
and in fact, all of these processes may interact.

To our knowledge, this type of skilled reaching task has not
been used previously to study choking under pressure in the
laboratory. It is not straightforward to make a one-to-one cor-
respondence between the psychological theories of choking and
the changes in kinematics that they might predict. Nevertheless,
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we can argue in support of some explanations based on the be-
havioral manifestations that we observe. We see our findings as
most consistent with an explicit monitoring explanation for
choking under pressure. One way to interpret explicit monitoring
is that it makes one over-reliant on sensory feedback. The
shortening of the initial component of the reach and the increase
in homing time with increases in reward are consistent with this.
These changes may indicate a desire on the part of the animal to
prioritize accuracy over speed, since accuracy is the more-evident
indicator of success in the speed + accuracy task. All three an-
imals exhibited this behavior, and thus, we posit that explicit
monitoring seems to be the dominant factor underlying choking
in our task. However, it was not the only factor. For example, we
also saw behavioral changes that we can interpret as over-arousal
(34, 35). Monkey F showed a decrease in reaction time with
increasing rewards (SI Appendix, Fig. S5B), and all monkeys
showed an increased incidence of false starts from the Large to
Jackpot rewards (SI Appendix, Fig. SSA). Monkeys N and E
showed increases in reaction time from Large to Jackpot re-
wards, which is arguably consistent with distraction theories of
choking, although since the animals sat alone in a darkened
room, any source of distraction must be purely internal.

These psychological explanations for choking can provide
some signposts toward identifying the neurobiological source of
choking under pressure. We join others in speculating that the
ultimate driver of choking is internal emotional states, such as
anxiety, reward anticipation, arousal, or a combination of these
(30, 36). Thus, choking might be tightly tied to neuromodulatory
systems in the brain (6, 37, 38). This intriguing prospect heightens
the value of this first demonstration of choking in a nonhuman
animal, since in the future, invasive neural recordings might reveal
the neuromodulatory drivers of choking under pressure. We con-
clude by considering how emotional states might interact with
motor control signals.

Relationships to Theories of the Neural Basis of Choking Under
Pressure. What might be the neural basis of choking under
pressure? Skilled motor behavior presumably requires precise
neural activity patterns to be formed in the cerebral cortex (39,
40). Reward signals have been reported throughout the cerebral
cortex (41-44), including in areas involved in motor planning
(41, 45) and in motor cortex (42, 46-48). It may be that reward
anticipation signals help boost the quality of cortical motor sig-
nals, but only up to a point; when these signals become unusually
large, they may actually degrade the quality of movement-related
signals. For example, dopamine neuron activity is known to scale
with the magnitude of an anticipated reward (49, 50). The inverted-
U relationship present in the animals’ success rates resembles those
seen in studies relating the activity of neuromodulators such as
dopamine and norepinephrine to performance in working memory,
visuomotor, and attention tasks (37, 38, 51, 52). These studies
demonstrate that a graded release of a neurotransmitter can lead to
discontinuities in behavioral performance. An appealing aspect of a
neuromodulatory explanation of choking is that the same mecha-
nism can explain why choking occurs in motor tasks (as shown here)
as well as in cognitive tasks (10). There is, of course, not necessarily
a solitary neural mechanism for choking under pressure, a view
which is supported by the fact that different psychological expla-
nations have been proposed and different brain areas have been
implicated in choking (8, 17, 18). However, the same underlying
“cause” of choking behavior, such as the activity of a neuro-
modulator like dopamine, may have different impacts on different
recipient brain areas. Because different neurophysiological path-
ways are implicated in each of the psychological theories (17, 18),
invasive neural recordings may provide an avenue to characterize
this mixture of causes at a high spatial and temporal resolution, on
a subject-by-subject and task-by-task basis. Given that we now know
that both monkeys and humans choke under pressure, it is reasonable
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to assume that at least some of the neural mechanisms that lead to
choking are conserved between them. Thus, this study elevates the
prospect of identifying the neural mechanisms of choking, because an
animal model for this curious phenomenon now exists.

Materials and Methods

Subjects. Three adult male rhesus monkeys (M. mulatta, Monkeys N, F, and E)
were used in this study. All animal procedures were approved by the Uni-
versity of Pittsburgh Institutional Animal Care and Use Committee and were
in accordance with the guidelines of the US Department of Agriculture, the
International Association for the Assessment and Accreditation of Labora-
tory Animal Care, and the NIH.

Tasks. Equipment information and details for all tasks are provided in S/
Appendix, S| Materials and Methods. Parameters for each task layout and
reward distribution are listed in S/ Appendix, Table S1.

Speed + accuracy task. The speed + accuracy task design is shown in Fig. 1A.
The animals acquired a center target with a hand-controlled cursor to begin
a trial. After 200 ms, a peripheral reach target appeared in one of two
(Monkeys N and F) or eight (Monkey E) locations. Inside the target, an
inscribed shape’s form (Monkey N) or color (Monkeys F and E) indicated the
reward size that would be received upon trial success. Reward size was
drawn independently for each trial. After holding the cursor at the center
for a variable delay period, the center target disappeared as a go cue. The
animals had a limited time to reach to the end target. They then had to hold
the cursor within it for 400 ms before reward was administered.

We identified a total of five primary ways that the animals could fail a trial
in this task (Fig. 3A and S/ Appendix, Fig. S5 A and C), referred to as false
starts, delay drifts, overshoots, undershoots, and target hold drifts. These,
along with any other ways that a trial could be failed, are defined in detail in
SI Appendix, SI Materials and Methods. Each failed trial was given one
categorical label.

Two-target choice task. \We tested that the animals understood the relative
value of the reward cues using a two-target choice task (S/ Appendix, Fig. S1).
The task was similar to the speed + accuracy task, with the key difference
being the simultaneous presentation of two diametrically opposed reaching
targets. We presented trials with differing target reward values to assess the
animals’ valuation of the cues and also showed cases with the same reward
values to assess any bias in the direction in which the animals preferred
to reach.

Precision task. Monkey F performed 29 sessions of a precision reaching task
designed to assess whether choking would occur in conditions that did not
necessitate fast movements (S/ Appendix, Fig. S2). The general design was
the same as the speed + accuracy task, except that the subject had to keep
the cursor along a preset path from the center to the reach target and had a
lax (2,000 ms) reach time constraint (24). Earlier, we performed 28 sessions of
this task with a smaller Jackpot reward size.

Data Analysis. Due to the low numbers of Jackpot trials within individual
sessions, we evaluated our data by pooling trials across all sessions (with the
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exceptions of S/ Appendix, Fig. S3A and Table S2). Details for all analyses are
provided in S/ Appendix, SI Materials and Methods.

Statistics and error bars. For comparisons across reward sizes involving rates of
an event (i.e., success rates or rates of specific failure modes), we used a two-tailed
binomial proportion test comparing Small-to-Large and Large-to-Jackpot con-
ditions. For comparisons across reward sizes involving peak speed and ballistic
endpoint predictions, we used Welch’s t test for unequal sample sizes. We
compared reaction time and homing time across reward sizes using the me-
dian to prevent the heavy tails of the distribution from affecting interpreta-
tion, and we used a Mann-Whitney U test to evaluate significant differences.
For all of these summary metrics (success rates, medians, and means), we cal-
culated SE bars with a bootstrapping procedure. To do this, within each sub-
ject and reward, we resampled (with replacement) a new set of trials equal to
the original number from the data and calculated the metric of interest. We
did 10,000 of these bootstraps and calculated the SE of the metric as the SD
of these bootstraps.

Kinematic analysis. Fig. 3 shows two key kinematic metrics calculated from the
speed + accuracy task data for each subject and reward size. To calculate
ballistic endpoint predictions, we first found the time of peak speed. We
then took the velocity profile from the go cue until this time and reflected it
around the time of peak speed. The resulting symmetric velocity profile is
then integrated to find the displacement from the position of go cue. For
homing time, we wanted a metric that reflected time spent near or
approaching the reach target. To calculate this, we used the time it took the
animals to cover the distance starting when the cursor was 2/3 of the way to
the target and ending when the cursor first reached within 1 mm of it. The
latest point in the trial at which homing time could be completed was set to
be 150 ms after the reach failure timeout. We selected this 1-mm and 150-ms
buffer to permit undershoot failures inclusion, in which the subject’s tra-
jectory often had them very close to achieving the reach target near the
time of failure. Altering these parameters did not change interpretation of
the results (S/ Appendix, SI Materials and Methods).

Data Availability. .mat files of kinematic data have been deposited in Figshare
(DOI: 10.6084/m9.figshare.13547435) (53). All code used for analysis is available
in GitHub at https:/github.com/adam-smoulder/MonkeysChokeUnderPressure_
behavior.
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