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Abstract

This research was designed to extend the literature on heart rate variability (HRV) in cognitive performance contexts

by examining whether a subtle threat cue (the color red) in a test environment influences HRV reactivity and whether

HRV reactivity is associated with change in cognitive performance. Thirty-three participants took an IQ test, briefly

viewed red or a chromatic or achromatic control color, and then took a parallel form of the IQ test. High frequency

(HF)-HRV (often referred to as respiratory sinus arrhythmia), was assessed before and after the color manipulation.

Results indicated that participants who viewed red (relative to a control color) exhibited a decrease in HF-HRVand

that decreased HF-HRV was associated with worse IQ performance. These findings demonstrate the sensitivity of

HRVas an index of effective and efficient emotion regulation in an achievement context.

Descriptors: Red, Color, Heart rate variability, Reactivity, Cognitive performance

Psychologists have long been interested in studying cardiovas-
cular activity in cognitive performance contexts (Hebb, 1955;
Yerkes & Dodson, 1908). A popular and powerful indicator of

cardiovascular activity in the contemporary literature is heart
rate variability (HRV), and recent conceptual work has drawn
links between HRV and anxiety (B. H. Friedman, 2007) and

HRV and cognitive functioning in test settings (J. F. Thayer,
Hansen, Saus-Rose, & Johnsen, 2009). In the present research,
we sought to extend the empirical work in this area by examining

whether a subtle threat cue (the color red) in an IQ test envi-
ronment influences HRV reactivity (i.e., change in HRV) and
whether HRV reactivity is associated with change in IQ test per-
formance.

HRV is a noninvasive measure of autonomic contributions to
cardiac functioning. The high frequency (HF) component of
HRV is usedmost commonly in investigations of HRVand is the

primary focus herein (referred to as HF-HRV). HF-HRV is
mediated almost exclusively by parasympathetic activity and is
viewed as an indicator of cardiac vagal tone (Akselrod et al.,

1981; Lane et al., 2009). It is closely related to (and often referred
to as) respiratory sinus arrhythmia (RSA), the degree to which
heart rate accelerates during inspiration and slows during exha-

lation (Bernstein et al., 1997; Frazier, Strauss, & Steinhauer,
2004).

Empirical research shows that stressful events, such as tests of
cognitive ability, lead to decreased HRV (Hansen, Johnsen, &
Thayer, 2003; Lovallo, 2005). Vigilance tasks, working memory

tasks, and reaction time tasks, as well as related tasks that tax
cognitive resources, are associated with decreases in vagally me-
diated HRV (J. F. Thayer et al., 2009). In addition, experimental

manipulations of anxiety, worry, and fear also produce a de-
crease in HRV (Kreibig, 2010; J. F. Thayer, Friedman, &
Borkovec, 1996). All of this empirical work on aversive affective

states andHRV has used explicit manipulations of emotion, such
as picture sets, film clips, and guided imagery exercises. Research
on ‘‘implicit affective cues’’ (R. S. Friedman & Förster, 2010, p.
875) indicates that certain environmental stimuli carry well-being

relevant information, and that simply perceiving such stimuli is
sufficient to evoke important psychological and physiological
processes (for a review, see R. S. Friedman & Förster, 2010). It

remains to be seen whether a subtle threat cue in an achievement
situation is sufficient to influence HRV processes.

Elliot and Maier (2007) recently proposed that the color red

signals the psychological danger of failure in test situations. Red
is used in student evaluation to indicate mistakes and, more
generally, in language to represent negative events (‘‘caught red-

handed’’) and in traffic signals, alarms, and sirens to indicate
impending danger. These uses of red are presumed to produce
learned associations between red and specific forms of danger in
situations where negative possibilities are salient. These cultur-

ally based associations may themselves be bolstered by or even
derived from an evolutionarily engrained predisposition to
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interpret red as a signal of danger in contexts where negative
outcomes are salient (e.g., in several species of ape, red signals the
dominance or attack readiness of an opponent; Pryke, Anders-

son, Lawes, & Piper, 2001; Setchell & Wickings, 2005).
If, indeed, red functions as an implicit danger cue, the mere

act of perceiving red prior to taking a test should evoke anxiety,

worry, and avoidance motivational processes (Moller, Elliot, &
Maier, 2009). Several recent experiments have yielded data sup-
porting this hypothesis, as viewing red, relative to other chro-

matic and achromatic colors, prior to taking a test has led to the
selection of easy rather than moderately challenging test items,
less knocking on the door of a room where the test would be
taken, and an increase in local perceptual focus (indicative of

vigilant processing; Elliot, Maier, Binser, Friedman, & Pekrun,
2009; Elliot, Maier, Moller, Friedman, & Meinhardt, 2007;
Maier, Elliot, & Lichtenfeld, 2008; see also Lichtenfeld, Maier,

Elliot, & Pekrun, 2009). Herein, we used red as a subtle threat cue
in the context of an IQ test and examined whether red (relative to
chromatic and achromatic control colors) produces a decrease in

HRV.
Theorists have posited a link not only between HRV and

emotional experience, but also between HRV and prefrontal

cortical activity involved in sustained attention and executive
function. This takes place at two levels. First, resting levels of
vagally mediated HRV are positively associated with cognitive
performance (J. F. Thayer et al., 2009). Second, during the per-

formance of cognitive tasks, vagally mediated HRV is decreased
relative to resting levels (Hansen et al., 2003). That is, low task-
related HRV is not only viewed as reflecting anxiety and worry,

but is also thought to reflect mental load (Jorna, 1992; Tattersall
& Hockey, 1995) and inefficient and ineffective cognitive func-
tioning (Porges, 1992; J. F. Thayer & Lane, 2000). Thus, low

task-related as well as resting levels of vagally mediated HRV
should be linked to poor performance on cognitive tasks requir-
ing mental manipulation and flexible cognitive processing. Low
task-related HRVmay be related to poor cognitive performance

because it reflects stress, anxiety, or an excessive strain on cog-
nitive resources, all of which can impair task-relevant processing.
Furthermore, the existing research has tended to yield supportive

evidence, indicating that resting HRV is positively associated
with performance on response inhibition and working memory
tasks and thus may be a resource that can be utilized during task

performance (Croizet et al., 2004; Hansen et al., 2003; Hansen,
Johnsen, Sollers, Stenvik, & Thayer, 2004; Hansen, Johnsen, &
Thayer, 2009; Johnsen et al., 2003; Luft, Takase, & Darby,

2009).
The aforementioned research conducted on HRVand cogni-

tive performance has focused on individual differences inHRVor
has assessedHRVduring task performance. Studies of individual

differences inHRVyield valuable information, but are silent with
regard to dynamic HRV processes; likewise, studies assessing
HRV during task performance yield important insights, but also

possess inherent methodological limitations. Specifically, when
HRV is assessed at the same time as task performance, it is im-
possible to discern whether HRV is an antecedent or conse-

quence of variation in task performance, and the physical
movement involved in performing the task itself can influence
HRV (Lehrer et al., 2010). In the present research, we focused on

the link between state HRV, assessed independently of and prior
to task engagement, and performance on the working memory
component of an IQ test, a task requiring mental manipulation
and flexible cognitive processing. This allowed us to clearly

examine state HRV as an antecedent of cognitive performance
and to do so without any potentially confounding influence of
physical movement during the HRV recording.

Method

Participants

Thirty-three students (30 men, 3 women) in France, ages 18–35

years (M5 23.0, SD5 3.78), voluntarily participated in the ex-
periment (this proportion of men to women is representative of
the proportion present in the in the course section selected for the

experiment). Participationwas limited to individuals who did not
have any cardiovascular problems, were not taking any medica-
tion, were not red–green or blue–yellow color deficient, and had

not ingested caffeine, nicotine, or food at least 3 h prior to the
experiment. All participants gave informed consent.

Design and Procedure

Participants were randomly assigned to one of three between-
subjects experimental conditions: the red condition, the blue
condition, or the gray condition. Participants were run individ-
ually by an experimenter blind to experimental condition and

hypotheses. All instructions and materials were presented in
French. Participants were informed that they would be taking
two IQ tests commonly used to assess workingmemory in adults.

They then took the first test; no feedback was provided. Next,
participants were told that prior to the second test, physiological
data would be obtained during two 3-min rest periods. The first

3-min HRVassessment then took place.
Next, participants were handed a white binder with three

pages in it. The first page contained the color manipulation,

which was a piece of Epson Enhanced Matte white paper con-
taining a 18 � 12.68-cm colored rectangle with the words ‘‘Ex-
perimental Test’’ printed in black ink in 34 point font in the
middle of the rectangle. Adobe Photoshop was used to put color

on the rectangle, and the colors for the manipulation were se-
lected using the CIELCh color model and a GretagMacBeth
Eye-One Pro spectrophotometer. A trial-and-error process was

used to find standard red, blue, and gray hues that were equal on
lightness and chroma. The parameters for the printed colors were
red LCh(49.9, 50.9, 27.0), blue LCh(49.6, 50.4, 271.0), and gray

LCh(50.1, 10.4, 270.9). The experimenter instructed participants
to open the binder to the first page containing the words ‘‘Ex-
perimental Test.’’ After 2 s had elapsed, the experimenter told

participants to turn the page.
The second page contained the words ‘‘Recording: Hands on

Thighs’’ printed in black ink in the middle of a white page, to
remind participants of the standardized position for the HRV

assessment. The second 3-min HRVassessment then took place.
After the secondHRVassessment, participantswere instructed to
turn to the next page in the binder. This third page contained a

brief questionnaire comprised of themood and general activation
items.

Following the brief questionnaire, participants took the sec-

ond IQ test. At the end of the experiment, participants received a
verbal funnel debriefing that probed for awareness of the purpose
of the experiment (e.g., ‘‘What do you think we were trying to
test?’’). They were then asked to name the color that they saw on
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the manipulation, were told the true purpose of the experiment,
and were dismissed.

Measures

Heart rate and respiratory rate. During the two electrocardio-

gram (ECG) assessment periods, participants were instructed to
sit quietly with their hands on their thighs without speaking or
moving and to breathe regularly. Participants wore a chest belt

hard-wired to a digital interbeat interval (IBI) recorder (model
RS 800, Polar Electro) in which the QRS-signal waveform (IBI)
was sampled at the resolution of 1ms. The IBIs (i.e., the length of
time between the R peaks of consecutive QRS complexes) were

calculated and checked for artifacts. Occasional ectopic beats
(irregularity of the heart rhythm involving extra or skipped heart
beats, i.e., extrasystole and consecutive compensatory pause)

were visually identified and manually replaced with interpolated
adjacent IBI values. After the ectopic-free data were detrended
and resampled, a power spectral analysis was performed sequen-

tially with a fast Fourier transform based on a nonparametric
algorithm with a Welch window. A fixed linear resampling fre-
quency of 1,024 equally spaced points per 3-min periodwas used.

Power density in the HF (0.15–0.50 Hz) band was calculated for
each 3-min spectrum by integrating the spectral power density
within the frequency band.1 An estimate of respiratory rate (RR)
was derived from the central frequency of the HF component

detected in an autoregressive analysis of HRV. The central fre-
quency of HF-HRV is highly correlated with strain gauge mea-
sures of respiration (J. F. Thayer, Sollers, Ruiz-Padial, & Villa,

2002). This RR estimate enabled us to conduct analyses both
without and with RR controlled, deemed important given on-
going debate on this issue in the HRV literature (see Denver,

Reed, & Porges, 2007). Change (i.e., reactivity) in HF-HRVand
RR between Time 1 and Time 2 was expressed in percentage
form (see Duschek, Muckenthaler, Werner, & Reyes del Paso,

2009). Thus, positive values indicated an increase from Time 1 to
Time 2, whereas negative values indicated a decrease fromTime 1
to Time 2.

IQ performance. Two parallel forms of the memory subtest from
the Wechsler Intelligence Test for adults (Wechsler, 1997, 2000)

were used to assess IQ performance. These tests entail memo-
rizing and trying to accurately repeat a series of numbers and/or
letters presented orally; they are designed to assess working

memory. As with the HF-HRV reactivity scores, change in IQ
performance from Time 1 to Time 2 was expressed in percentage
form.2

Self-reported mood and general activation. Mood was assessed
with Greitemeyer’s (2009) single-item measure (‘‘How do you

feel right now?’’ 15 very bad to 95 very good). General activa-
tion was assessed with the item ‘‘How energetic do you feel right
now?’’ (15 not all energetic to 55 very energetic), which is the

highest loader on the General Activation subscale of R. E.
Thayer’s (1986) Activation–Deactivation Adjective Check List.

Results

Preliminary Analyses and Overview

Preliminary analyses revealed no sex or age effects, so these

variables were not included in the primary analyses. No partic-
ipant correctly guessed the purpose of the experiment, and all
participants correctly reported the color that they saw on the

manipulation.
Unifactorial between-subjects (color condition: red vs. blue

vs. gray) analysis of variance (ANOVA) was used to examine the

effect of color on change in IQ performance, HF-HRVreactivity,
RR reactivity, and the self-report variables. Fisher’s least sig-
nificant difference tests were used for planned comparisons.
Pearson Product Moment correlation coefficients were com-

puted to examine relations between HF-HRV reactivity and
change in IQ performance. Preliminary analyses revealed no
baseline (Time 1) differences in IQ performance, F(2,30)5 0.31,

p5 .74, Z2
p ¼ :02, HF-HRV, F(2,30)5 0.30, p5 .74, Z2

p ¼ :02,
and RR, F(2,30)5 1.12, p5 .34, Z2

p ¼ :07, as a function of color
condition (see Table 1).

Color Predicting Change in IQ Performance

Color condition was a significant predictor of change in IQ per-

formance, F(2,30)5 3.25, p5 .05, Z2
p ¼ :18. Participants in the

red condition (M5 � 30.64, SD5 10.99) exhibited a greater
decrease in performance than those in the blue condition

(M5 � 16.86, SD5 16.17, t5 2.13, po.05, d5 1.00) and the
gray condition (M5 � 15.89, SD5 17.61, t5 2.28, po.05,
d5 1.01). Change in IQ performance did not differ between the

blue and gray conditions (t5 0.02, p5 .88, d5 0.06). These
findings conceptually replicate prior work on red and cognitive
performance (Elliot et al., 2007).

Color Predicting HF-HRV Reactivity

Analyses onHF-HRVreactivity were initially conductedwithout

RR being controlled. Color condition was a significant predictor
of HF-HRVreactivity, F(2,30)5 6.70, po.01, Z2

p ¼ :31. As dis-
played in Figure 1, participants in the red condition

(M5 � 21.22, SD5 31.31) exhibited decreased HF-HRV after
exposure to the color, whereas those in the blue condition
(M5 5.43, SD5 15.61, t5 2.49, po.05, d5 1.08) and the gray
condition (M5 16.93, SD5 25.77, t5 3.57, po.01, d5 1.33)

showed increased HF-HRV after exposure to the color. HF-
HRV reactivity did not differ between the blue and gray condi-
tions (t5 1.08, p5 .29, d5 0.54).

Color condition was not a significant predictor of RR reac-
tivity (F5 2.39, p5 .11). Repeating the initial HF-HRV reac-
tivity analyses after residualizing RR reactivity from the HF-

HRV reactivity scores produced the same results. Color condi-
tion was a significant predictor of HF-HRV reactivity,
F(2,30)5 6.89, po.01, Z2

p ¼ :31. Participants in the red condi-

tion (M5 � 22.09, SD5 27.58) exhibited decreased HF-HRV
after exposure to the color, whereas those in the blue condition
(M5 7.67, SD5 17.89, t5 2.84, po.05, d5 1.28) and the gray
condition (M5 14.42, SD5 26.96, t5 3.49, po.01, d5 1.34)
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1. Power density in the low frequency (LF) band (0.04–0.15 Hz) was
also calculated, and both HF-HRV and LF-HRV ratios were created
(Buchheit & Gindre, 2006) and used in ancillary analyses. The pattern of
results for the HF-HRVratio was the same as that reported in the text for
HF-HRV, and the pattern of results for the LF-HRV ratio was the
reciprocal of that for HF-HRVand the HF-HRV ratio.

2. Ancillary analyses on HF-HRVand IQ performance using anal-
ysis of covariance, rather than percentage reactivity/change scores, yield a
pattern of results that was the same as that reported in the text.



showed increased HF-HRV after exposure to the color. HF-
HRV reactivity did not differ between the blue and gray condi-

tions (t5 0.65, p5 .52, d5 0.30).

Correlation between HF-HRV Reactivity and Change in IQ

Performance

A significant positive relation was observed between HF-HRV

reactivity and change in IQ performance (r5 .41, po.05). That
is, increased HF-HRV was associated with increased perfor-
mance attainment. This correlation was the same when RR re-

activity was residualized from HF-HRV reactivity (r5 .44,
po.01). See Table 2 for all intercorrelations among the study
variables.

The Self-Report Variables

Color condition was not a significant predictor of either mood or
general activation (Fso1.08, ps4.35). All of the results reported
above remained the same when the analyses were repeated with

mood and general activation controlled.

Discussion

The present research is the first to show that an ‘‘implicit affective
cue’’ (R. S. Friedman & Förster, 2010, p. 875) influences HRV.

As such, these findings link HRV to rudimentary perceptual
processes involved in adaptation-relevant approach–avoidance
appraisals of the environment. Red in a test context signals dan-

ger (Moller et al., 2009), so the autonomic nervous system
responds with increased cardiac activity, effected via the para-

sympathetic nervous system, to prepare the organism to cope.
This cardiac reaction is part of an emotional response (anxiety,

worry; B. H. Friedman & Thayer, 1998) that itself is part of a
broad ‘‘call to arms’’ involving cognition (e.g., perceptual vig-
ilance) and behavioral preparation (e.g., motor readiness for

fight or flight; Elliot & Thrash, 2002; J. F. Thayer & Lane, 2009).
These processes operate without intention or awareness, as il-
lustrated herein by funnel debriefing and self-report data.

Although anxiety and worry can be adaptive responses to

some physical and psychological threats (Elliot, 2006), in most
real-world achievement contexts they disrupt flexible cognition
and lead to worse performance attainment (Cury, Da Fonseca,

Zahn, & Elliot, 2008; Elliot & McGregor, 1999). In accord with
this pattern, our results indicate that a state decrease in HRV is
associated with a drop in IQ test performance. Although con-

sistent withmost extant research, this findingmay, at first glance,
seem to contradict a recent article by Duschek et al. (2009) link-
ing reduced HRV to better cognitive performance. However,

there are several noteworthy differences between the two exper-
iments. Duschek et al. assessed HRV reactivity during task en-
gagement (when factors other than emotion regulation
contribute to autonomic functioning; see Lehrer et al., 2010),

assessed cognitive performance once (yielding a score reflecting a
combination of general cognitive ability and current cognitive
functioning), and used a task requiring low-level cognitive pro-

cessing known to be facilitated by anxiety (Seibt & Förster,
2004). In our experiment, we assessed HRV reactivity indepen-
dent of task engagement, assessed change in cognitive perfor-

mance, and used a task requiring high-level cognitive processing
known to be undermined by anxiety (Hembree, 1988). Thus,
both the Duschek et al. and our findings map nicely onto the

established literature on anxiety and cognitive performance.
Subsequent research would do well to use multiple tasks within a
single experiment to test whether indeed the same threat stimulus
evokes a decrease in HRV while simultaneously enhancing per-

formance on a low-level task and undermining performance on
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Table 1. Descriptive Statistics for the Primary Variables for Time 1 and Time 2

Red Blue Gray

Time 1 Time 2 Time 1 Time 2 Time 1 Time 2

M (SD) M (SD) M (SD) M (SD) M (SD) M (SD)

IQ perf. 14.55 (2.54) 9.91 (1.38) 14.91 (2.63) 12.27 (2.72) 14.09 (2.17) 11.64 (1.86)
HF-HRV (nu) 40.53 (15.33) 30.05 (12.59) 36.80 (21.46) 39.27 (23.61) 34.22 (20.04) 38.17 (18.95)
RR (cpm) 10.42 (3.11) 11.44 (4.08) 12.02 (3.48) 10.82 (2.95) 10.38 (1.98) 12.12 (3.54)

Note. IQ perf.5 Intelligence Quotient performance; HF-HRV5high frequency heart rate variability; RR5 respiratory rate.

Figure 1. Mean high frequency heart rate variability (HF-HRV)

reactivity as a function of color condition. Values are expressed in

percentage form. Error bars represent the standard error from the mean.

Table 2. Intercorrelations among Study Variables

1. 2. 3. 4. 5.

1. IQ perf. F
2. HF-HRV react. .41n F
3. HF-HRV react. (RR react. cont.) .44nn .98nn F
4. Mood � .03 .08 .10 F
5. General activation .03 .16 .18 .58nn F

Note. IQ perf.5 Intelligence Quotient performance; HF-HRV re-
act.5high frequency heart rate reactivity; RR react. cont.5 respiratory
rate reactivity controlled.
npo.05; nnpo.01.



a high-level task. Subsequent research would also do well to
examine whether the results from our research hold in achieve-
ment situations where performance across conditions increases

from Time 1 to Time 2, rather than decreases as observed in our
experiment.

There has been a recent influx of research on color and psy-

chological functioning, and the present work extends this pro-
vocative literature by linking red to cardiac functioning. Color,
especially red, is clearly a meaning-based as well as aesthetic

stimulus, able to affect activity at multiple levels of the neuraxis.
Interestingly, in a number of published HRV experiments
(Gilissen, Koolstra, van IJzendoorn, Bakermans-Kranenburg,
& van der Veer, 2007; Herbert, Pollatos, Flor, Enck, & Schan-

dry, 2009; Lehrer et al., 2010; Martin et al., 2010), color, in-
cluding red, has been used in experimental procedures in
incidental fashion (e.g., on a fixation stimulus during baseline

HRVassessment). Our findings suggest that this is problematic,

as color may influence affect, cognition, and behavior in such
contexts, adding unsystematic variance at minimum and perhaps
even producing systematic, but undetected, effects.

Placed in the broader context of the HRV literature, our
findings add support to the contention that state and trait HRV
are linked to important processes and outcomes in a similar

fashion. J. F. Thayer and Lane (2009) have argued that ‘‘HRV
functions at both the trait and state levels as a resource’’ (p. 85),
and the emerging empirical corpus indeed suggests that either

chronic or temporary decrements in this resource is problematic
for emotional experience and cognitive functioning. As such,
in accord with both Polyvagal Theory (Porges, 1995, 2001)
and the Neurovisceral Integration Model (J. F. Thayer &

Friedman, 2002; J. F. Thayer & Lane, 2000), HRV seems to
reflect the integrity of integrative functioning across the central
and autonomic nervous systems in the service of goal-directed

behavior.
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