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Abstract We aimed to investigate whether the pressor

responses to mental stress (MS) are exaggerated in men

due to heightened cardiac responses, before and after a

bout of exercise. Fifteen men and 19 women underwent a

protocol consisting of blood pressure (BP), cardiac output

(CO) and forearm vascular assessments at baseline and

during MS, and these measurements were performed

before and 60 min after a bout of exercise. Before exercise,

BP response was significantly augmented in men

(D16 ± 2 mmHg) compared to women (D11 ± 1 mmHg).

This BP response was accompanied by greater increases in

CO in men and similar vascular responses between sexes.

After exercise, BP and CO responses to MS were attenu-

ated in men and, consequently, no sex differences were

observed. Vascular responses were not affected by exer-

cise. The mechanism underlying the lack of sex differences

in BP response to MS after exercise was found to be a

marked attenuation in CO in men only.
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Introduction

Exaggerated cardiovascular responses to acute psychological

stress have been prospectively linked to subsequent increase

in resting blood pressure and development of cardiovascular

diseases [1, 2]. Importantly, aerobic exercise has been pro-

posed as a coping resource for stress management. A sys-

tematic review of 15 randomized controlled trials showed

significant reductions in post-exercise stress-related blood

pressure responses [3], which likely have important implica-

tions for cardiovascular health. In addition, we have recently

shown that this attenuation in blood pressure response to

mental stress after a bout of aerobic exercise seemed to be due

to a blunted cardiac response [4]. Of note, these studies

recruited predominantly men and were not designed to

investigate the potential existence of sex differences in post-

exercise mental stress-related blood pressure responses. Yet,

this becomes important to be investigated given accumulated

evidence demonstrating a sex-dependent blood pressure

response to a mental stressor [5], where men exhibit an aug-

mented blood pressure response compared with women.

Despite this general consensus for a sex-dependent

blood pressure response to mental stress, the underlying

physiological mechanisms remain unclear. Overall, previ-

ous studies suggest that it is unlikely related to endogenous

levels of sex steroids [6], sympathetic vasoconstrictor drive

[5] or differences in stress-induced forearm vasodilation

[7]. Given this background, the purpose of the present

study was to determine whether cardiac output and vas-

cular responses contribute to an augmented pressor

response to mental stress in men compared with women,

before and after a maximal aerobic exercise bout. We

hypothesized that blood pressure responses to mental stress

are exaggerated in men due to heightened cardiac output

responses, before and after a bout of exercise.
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Methods

Thirty-four volunteers (15 men and 19 women; age

18–31 years) were studied. No subject had a history or

symptoms of cardiovascular, neurologic, or respiratory

diseases. Subjects arrived at the laboratory after abstaining

from caffeine and exercise for at least 24 h. Subject char-

acteristics are provided in Table 1. Women were studied

between the fourth and tenth day of the menstrual cycle,

during the follicular phase. All experimental procedures

and protocols were consistent with the principles of the

Declaration of Helsinki, and were approved by the Insti-

tutional Review Boards of the Fluminense Federal Uni-

versity. All subjects provided written informed consent

before the study.

The experimental protocol consisted of blood pressure

and forearm vascular assessments at baseline and during

mental stress (3 min, Stroop color–word test), and these

measurements were performed before and 60 min after a

maximal cardiopulmonary exercise test, as previously

described [4, 8, 9]. Briefly, the Stroop color–word test

consisted of a 3-min rapid slide presentation of different

names displayed in different colors, and the subject was

instructed to report the color and not the written word. In

addition, this test was performed with continuous auditory

conflict (headphones playing three taped noises or a taped

voice saying different color names). Each subject was

asked to assess the difficulty of the task according to pre-

viously established levels of difficulty: 0 = not stressful;

1 = slightly stressful; 2 = stressful; 3 = very stressful;

and 4 = extremely stressful. The exercise bout consisted of

a standard maximal cardiopulmonary exercise test

performed on a treadmill (Master ATL; Inbrasport, Porto

Alegre, RS, Brazil). This consisted of 3 min of rest

standing on the treadmill, 3 min of warm-up at 3 km h-1

and 0 % grade, ramp protocol with linear increase in speed

and grade every minute until maximal voluntary exhaus-

tion, and 5 min of recovery at 4 km h-1 and 0 % grade.

The ramp protocol was individualized according to pre-

dicted maximal exercise capacity to reach volitional fati-

gue. Subjects were verbally encouraged to exercise until

exhaustion. All subjects met at least two of the following

criteria to confirm that maximal effort was attained: (1)

respiratory exchange ratio [1.1; (2) heart rate with-

in ±10 beats min-1 of the age-predicted maximum [210-

(age/0.65)]; and (3) score 10 of perceived effort on Borg

0–10 scale. Ventilation, oxygen uptake, and carbon dioxide

output were measured with each breath (CPX Ultima Gas

Exchange System; Medgraphics, St Paul, MN, USA).

Electrocardiogram was monitored through 12 leads (Welch

Allyn CardioPerfect Workstation; Welch Allyn, Skanea-

teles Falls, NY, USA), and perceived exertion was assessed

every minute. Breath-by-breath ventilation and expired

gases were averaged to 20 s to identify peak oxygen con-

sumption (VO2 peak), which was considered the highest

value of oxygen uptake during exercise.

Heart rate was monitored using a standard electrocar-

diogram and beat-to-beat blood pressure was measured

using photoplethysmography (Finometer; Finapres Medical

Systems, Amsterdam, The Netherlands). Blood pressure

was also intermittently monitored from a standard sphyg-

momanometer, specifically during the last 2 min of the

mental stress test. Beat-to-beat left ventricular stroke vol-

ume was estimated by modeling flow from the arterial

pressure waveform (Modelflow; TNO Biomedical Instru-

mentation) [10, 11]. Briefly, Modelflow is a nonlinear

three-element model that uses the arterial input impedance

(including continuous correction for variations in the

diameter), the compliance of the aorta, and total peripheral

resistance to describe the relationship between aortic flow

and pressure and thus compute stroke volume [10, 11].

Cardiac output was calculated multiplying heart rate by

stroke volume. In addition, the cardiac index and stroke

volume index were calculated, respectively, from beat-to-

beat cardiac output and stroke volume divided by body

surface area [body surface area (m2) = 0.20247 9 height

(m)0.725 9 weight (kg)0.425] [12]. The rationale for deriv-

ing cardiac index and stroke volume index relates to the

importance of taking into consideration differences in body

size when comparing men and women. Left ventricular

contractility was estimated by dP/dtmax of finger pressure

pulse. Of note, with Doppler ultrasound, it was shown that

Modelflow accurately tracks changes in both cardiac output

and dP/dtmax on a beat-to-beat basis [13]. In addition, the

intraclass coefficient correlation was calculated to assess

Table 1 Subject characteristics

Men (n = 15) Women (n = 19)

Age 25 ± 2 24 ± 1

Height (cm) 175 ± 2 166 ± 1*

Weight (kg) 79 ± 3 60 ± 1*

BMI (kg m-2) 26 ± 0.9 22 ± 0.4*

VO2 Peak mL (kg min)-1 42 ± 2 31 ± 1*

Time to exhaustion (min) 10 ± 0.4 9.1 ± 0.4

Fasting glucose (mg dL-1) 85 ± 2 78 ± 2*

Fasting insulin (lIU mL-1) 4.0 ± 0.5 6.8 ± 0.8*

HOMA 0.8 ± 0.1 1.3 ± 0.2*

C-Reactive Protein (mg dL-1) 0.34 ± 0.04 0.45 ± 0.09

Total cholesterol (mg dL-1) 157 ± 8 161 ± 6

LDL cholesterol (mg dL-1) 93 ± 5 91 ± 5

HDL cholesterol (mg dL-1) 46 ± 3 56 ± 2*

TG (mg dL-1) 90 ± 13 69 ± 6

BMI body mass index, TG triglycerides

* Significantly different from men (P \ 0.05)
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the intertechnique variability and was found to be high

(ICC: 0.95; P \ 0.001). Forearm blood flow was measured

by venous occlusion plethysmography [8, 14]. The right

arm was supported in a comfortable position, elevated

above the level of the heart at a standardized height. Two

cuffs were used; one (8 cm wide) was placed around the

right wrist, and one (10 cm wide) was placed around the

right upper arm. The arm cuff was attached to a rapid cuff

inflator (EC6; Hokanson, Bellevue, WA, USA). The mer-

cury in silastic strain gauge (Hokanson) was placed at the

widest girth of the right forearm. The diameter of the strain

gauge was 1 or 2 cm smaller than the widest girth of the

forearm. To measure the BF, the wrist cuff was inflated to

220 mmHg 1 min before the onset of the FBF measure-

ment to isolate the vascular circulation of the hand, and it

was kept inflated throughout the blood flow measurement.

At the beginning of all measurements, the evaluator gen-

erated a standard calibration pulse of 1 mV. The FBF was

measured by rapidly inflating the cuff placed around the

right upper arm to 50 mmHg (in \0.5 s), maintaining this

pressure for 10 s and then rapidly deflating it to 0 mmHg

for 10 s, thus completing a 20-s cycle. Forearm blood flow

was calculated by a semiautomatic method, which has

shown a high intra- and inter-evaluator reproducibility

(intraclass correlation coefficients between 0.98 and 0.99)

[14]. Forearm and total vascular conductance were calcu-

lated by dividing, respectively, FBF and cardiac output by

the mean blood pressure.

All data are presented as mean ± SE. Peak changes

were determined for each variable on the basis of the

largest changes seen after onset of mental stress. Statistical

analyses were conducted using Statistical Package for the

Social Sciences (SPSS). Cardiovascular responses to

mental stress were analyzed in repeated measures analyses

of variance (ANOVA) with a 2 (sex: men, women) 9 2

(time: before exercise, after exercise) design. A Student–

Table 2 Resting

hemodynamics variables

SBP systolic blood pressure,

DBP diastolic blood pressure,

MBP mean blood pressure, CI

cardiac index, HR heart rate,

SVI stroke volume index, total

vascular conductance, FBF

forearm blood flow, FVC

forearm vascular conductance

* Significantly different from

men (P \ 0.05)

Men (n = 15) Women (n = 19)

SBP (mmHg)

Before 120 ± 3 110 ± 1*

After 119 ± 3 109 ± 2*

DBP (mmHg)

Before 75 ± 2 73 ± 1

After 76 ± 2 73 ± 2

MBP (mmHg)

Before 90 ± 2 85 ± 1*

After 91 ± 1 85 ± 2*

CI (L min-1 m-2)

Before 3.4 ± 0.2 3.6 ± 0.1

After 3.5 ± 0.2 3.4 ± 0.1

HR (beats min-1)

Before 65 ± 1 75 ± 2*

After 69 ± 3 80 ± 2*

SVI (mL m-2)

Before 50 ± 2 51 ± 2

After 49 ± 3 45 ± 2

dP/dtmax (mmHg s-1)

Before 1,173 ± 53 1,203 ± 66

After 1,113 ± 53 1,125 ± 59

TVC (mL min-1 mmHg-1)

Before 73 ± 4 73 ± 3

After 75 ± 4 68 ± 2

FBF (mL min-1 100 mL)

Before 1.9 ± 0.2 1.3 ± 0.1*

After 2.1 ± 0.2 1.4 ± 0.2*

FVC (mL min-1 100 mL-1 100 mmHg)

Before 2.2 ± 0.2 1.5 ± 0.2*

After 2.2 ± 0.2 1.6 ± 0.2*
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Newman–Keuls test was used post hoc to investigate main

effects and interactions. An unpaired t test was used to

compare subjects’ characteristics. The relationship of

exercise capacity (i.e., VO2 peak) and post-exercise stress-

related blood pressure response was evaluated by using a

Pearson product moment correlation coefficient. Statistical

significance was set at P \ 0.05.

Results

As shown in Table 1, exercise capacity (i.e., peak oxygen

uptake) and body mass index were higher in men, but time

to exhaustion was similar between men and women.

Table 2 reports resting hemodynamics variables for men

and women before and 60 min after a bout of exercise.

Blood pressure and forearm vascular conductance were

higher in men, but resting cardiac index (i.e., cardiac output

corrected for body surface area) was similar between males

and females (Table 2). These resting absolute values were

different 60 min after a bout of exercise (Table 2).

Before exercise, blood pressure response to mental

stress was significantly exaggerated in men compared to

women (Fig. 1), despite similar perceived stress score

between groups (1.9 ± 0.2 vs. 2.0 ± 0.1 AU, respectively,

men and women) and greater increases in total vascular

conductance (Fig. 2b). This heightened pressor response to

mental stress, was also accompanied by significantly

greater increases in cardiac output in men compared with

women (Fig. 2a) and similar forearm vasodilation between

sexes (Fig. 2c). Additionally, stroke volume (Fig. 2e) and

dP/dtmax (Fig. 2f) were also augmented in men compared

with women during mental stress before exercise. Heart

rate during mental stress was not different between sexes

before and after exercise (Fig. 2d). After exercise, the

blood pressure, total vascular conductance, cardiac output,

stroke volume, and dP/dtmax responses to mental stress

were markedly attenuated only in men and slightly in

women and, consequently, no sex differences were appar-

ent during this period (Figs. 1, 2). The magnitude of

reduction in blood pressure response to mental stress after a

bout of exercise was not associated to exercise capacity

exercise capacity (r = 0.25, P = 0.168). Self-reported

perceived stress levels and vascular responses to mental

stress were not affected by exercise.

Discussion

Sex differences in cardiovascular responses during mental

stress have been studied extensively, but the extent to

which sexual dimorphism in cardiac output and left ven-

tricular performance contributes to these differences has

been lacking. Furthermore, it was also unknown if the

attenuation in blood pressure response to mental stress after

a bout of aerobic exercise could be influenced by whether

the subject is male or female. This becomes important

given accumulated evidence demonstrating that an acute

bout of exercise (of moderate to high intensity) attenuates

stress-related blood pressure responses [3, 4, 8]. The

present study reports two new findings.

First, the exaggerated pressor response to mental stress

in men was associated with a significantly rise in cardiac

output compared with women. In addition, this was largely

mediated by changes in stroke volume. This is supported

by the marked increase in dP/dtmax that we observed only

in men and by the lack of sex differences in heart rate

response to mental stress. In line with this idea, Wainstein

et al. [15] showed impairments to left ventricular filling

with increased heart rate by right atrial pacing in women,

Fig. 1 Summary data for men

and women showing the time

course of the mean blood

pressure responses

(MBP; a) and percent changes

(MBP; b) during mental stress

before and 60 min after a bout

of aerobic exercise. Values are

means ± SEM. *Significantly

different from the response

observed before exercise

(P \ 0.05). #Significantly

different between men and

women (P \ 0.05)
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which appeared to limit an HR-associated rise in cardiac

output in this group. Since left ventricular dP/dtmax has

been utilized as a determinant of recoil or diastolic suction

[15], the current study appears to extend these findings to a

more physiological stimulus by showing a reduced left

ventricular performance (i.e., attenuated rise in dP/dtmax)

during mental stress in young women compared with

young men. Despite this, it is also possible that the left

ventricular mass [16, 17] or a cardiac sympathetic mech-

anism contributes to our observation that cardiac responses

to mental stress were augmented in men compared with

women, although we acknowledge that this was not

directly investigated as a part of the present study.

The second major finding is that sex differences in blood

pressure reaction to mental stress were abolished following

a bout of maximal exercise. Several studies have consis-

tently shown significant reductions in post-exercise stress-

related blood pressure responses [3, 4]. The present study,

however, provides persuasive evidence that the attenuation

in blood pressure response to mental stress after a bout of

aerobic exercise in healthy young adults is markedly

observed in men only. Furthermore, the hemodynamic

mechanism underlying the lack of sex differences in blood

pressure response to mental stress after exercise was found

to be a marked attenuation in cardiac responses (i.e., car-

diac output, stroke volume, and dP/dtmax) in men. Despite

the importance of this finding, it is difficult to determine

which mechanism is responsible for this. One reasonable

possibility is that b-adrenergic receptors are desensitized

following strenuous exercise, which may explain attenu-

ated cardiac responses to mental stress. In support of this

possibility, Hart et al. [10] demonstrated in healthy male

subjects that left ventricular function is attenuated at rest

following a prolonged bout of rowing and in response to b-

adrenergic receptor stimulation, regardless of changes in

heart rate. In addition, the desensitization of the b-adren-

ergic receptors may also be contributing to a post-exercise

reduction in total vascular conductance during mental

stress, since a role for these receptors in mediating vaso-

dilation during mental stress has previously been estab-

lished [11]. Nonetheless, the investigation of these

possibilities is beyond the scope of the present study and

consequently remains to be determined. Of note, despite

differences in exercise capacity between men and women,

our main findings are unrelated to VO2 peak (r = 0.25,

P = 0.168), and this is in line with previous studies [3, 18,

19], indicating that fitness level does not have an effect on

post-exercise stress-related blood pressure response. Col-

lectively, our findings extend the scope of these previous

studies [3, 4] by indicating that the magnitude of blood

pressure stress buffering effect of acute exercise is influ-

enced by whether the subject is male or female.

Fig. 2 Summary data for men and women showing peak changes in

cardiac output corrected for body surface area (CI; a), total vascular

conductance (TVC; b), forearm vascular conductance (FVC; c), heart

rate (HR; d), stroke volume corrected for body surface area (SVI;

e) and left ventricular performance (dP/dtmax; f) during mental stress

before and 60 min after a bout of aerobic exercise. Values are

means ± SEM. *Significantly different from the response observed

before exercise (P \ 0.05). #Significantly different between men and

women (P \ 0.05)
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In the present study, resting blood pressure was not

lower after exercise, indicating the absence of post-exercise

hypotension. It is well established that the post-exercise

hypotension phenomenon is quite variable and fundamen-

tally depends on several different factors [20], such as

intensity and duration of the exercise, resting pre-exercise

blood pressure values, body position, and muscle mass, or

may not even occur [3, 4, 8]. In the present study, this

phenomenon was not observed, likely because of the

characteristics of the exercise bout, i.e., progressive

dynamic exercise to exhaustion of about 10-min duration.

Another finding was that forearm vasodilation during

mental stress was not different between sexes, regardless

the moment of the mental task (i.e., before or after a bout of

exercise). It is important to note that a plethora of studies

have demonstrated forearm vasodilation during a mental

stress, which confirms its consistence. Yet, the mechanisms

mediating this response are still unresolved, but it is known

that nitric oxide [21], circulating catecholamine levels [22],

and b-adrenergic receptors sensitivity [23] are important

contributors. Based on our results, mechanisms underlying

the sex-dependent blood pressure responses to mental

stress are unlikely related to stress-induced forearm

vasodilation.

Several limitations of the design and interpretation of

the present investigation should be considered. First, it

could be argued that men are more reactive to a mental

stress simply because they engage more with the Stroop

color test. However, in the present study, the heightened

blood pressure response in men before exercise was asso-

ciated with a similar perceived stress level compared with

women. In addition to this, male subjects exhibited a

substantial attenuation in cardiovascular reaction to a

mental stress following a bout of exercise, although

reporting a similar perceived stress level compared to their

values observed before exercise. Given this, it is possible

that perceived stress level is not a determinant of the

magnitude of cardiovascular responses to mental stress

before and after exercise. In support of this idea, Carter and

Ray [5] demonstrated that women perceive the mental

arithmetic trial as more stressful than their male counter-

parts, despite their significantly reduced hypertensive

response to the mental arithmetic trial. Second, the present

work used a maximal exercise bout (high intensity exer-

cise) to support the usefulness of an acute bout of exercise

in buffering the cardiovascular response to a psychological

stress. The rationale for using a high intensity exercise bout

is based on previous studies [3, 24] that failed to support

exercise as a coping resource for stress management when

a relatively low to moderate intensity were used. Given

this, our major findings should be extrapolated and inter-

preted with caution. Moreover, further studies should

investigate whether a regular session of aerobic exercise

training yields similar results. Third, blood flow was

measured in the forearm and this variable was used as a

proxy of general vascular responses to acute mental stress.

Given the heterogeneity throughout the arterial tree [25],

our vascular data may not represent, for example, vascular

responses in the lower limbs.

Conclusion

In conclusion, these findings highlight for the first time a

potential role for cardiac output and left ventricular per-

formance in mediating the exaggerated blood pressure

response to mental stress in men, as well as how exercise

could benefit only male healthy adults in regards to the

cardiovascular reactivity during a mental stress.
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