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Abstract

It has been established that blacks have higher overall incidence and prevalence of hypertension
compared to their white counterparts. However, the maximum blood pressure (BP) response of
blacks to exercise has not been characterized. A total of 5996 apparently healthy men from the
Fitness Registry and Importance of Exercise: A National Database (FRIEND) who underwent
maximum cardiopulmonary exercise tests on a cycle ergometer were included in this analysis. Of
these participants, 1245 (21%) self-identified as black while the remaining 4751 (79%) identified
as white. All subjects had a respiratory exchange ratio (RER) of =1.0 and had no reports of
cardiovascular or pulmonary disease. Systolic BP (BP) response to exercise was indexed according
to increase in workload (SBP/MET-slope). Both racial groups were subdivided into age groups

by decade. Black men had higher peak SBP and higher SBP/MET-slopes compared to white men
across all age groups (p < 0.001). Resting SBP was not different between blacks and whites except
within the 18-29-year age group. The differences in peak SBP and SBP/MET-slope between age
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and race groups indicate that black men have an exaggerated BP response to exercise irrespective
of resting BP values. Further investigation is warranted to determine the underlying mechanisms
responsible and clinical implications for this exaggerated BP response to exercise.

Introduction

The hemodynamic response to exercise is an integral component of cardiopulmonary
exercise testing (CPX) [1, 2]. One of the main values of exercise testing is that the

added physiological stress of exercise can uncover masked cardiovascular and hemodynamic
pathologies that otherwise would remain unidentified. Furthermore, it has been shown

that the hemodynamic response to exercise can provide useful clinical information, both
diagnostic and prognostic, independent of resting blood pressure (BP) [3-7].

The expected physiological BP response to dynamic upright exercise is an increase in
systolic BP (SBP), no change or a slight drop in diastolic BP (DBP), and thus widening

of the pulse pressure. During dynamic upright exercise, there is a rapid increase in cardiac
output (CO), to meet the increase in metabolic demand, and a drop in total peripheral
resistance (TPR) due to vasodilation. However, with increases in exercise intensity the gain
in CO is greater than the decrease in TPR and thus SBP begins to rise. The average increase
in SBP from rest to maximal exercise is generally from 55 to 65 mmHg in men and from
45 to 60 mmHg in women; however, these values vary considerably across the lifespan,
and among other factors [8]. For DBP, women tend to show greater changes from baseline
DBP than men during exercise (ADBP), with ADBP also increasing in magnitude along the
lifespan [8].

Racial differences in prevalence and incidence of hypertension (HTN) have been widely
appreciated. In the United States, the prevalence of HTN among blacks is significantly
greater compared to their white counterparts. In 2011-2014, the age-adjusted prevalence of
HTN was 45 and 46% in black males and females, respectively [9]. This amounts to about
a 10-12% higher rate in blacks compared to whites [10]. Even when adjusting for variables
such as body mass index (BMI), cigarette smoking, cardiorespiratory fitness (CRF), alcohol
use, etc., blacks have a 1.5-2 times higher risk for HTN than whites [11].

From a prognostic standpoint, individuals who exhibit an exaggerated BP response to
exercise, also known as exercise HTN, have been shown to possess a 1.4-3.0-fold higher
relative risk for cardiovascular events compared to subjects with a normal BP response to
exercise [12]. As such, it becomes essential to appreciate that many factors contribute to the
overall BP response to exercise. These include resting BP levels, obesity, sex, race/ethnicity,
and mode of exercise (treadmill vs cycle ergometer), among other factors. To enhance

the clinical application of exercise BP as a screening tool, there is a need to determine
normative BP values that consider these factors. While the normative exercise BP values

in a predominately white cohort of North American men and women undergoing symptom-
limited CPX on a treadmill was recently published, the characterization of exercise BPs in
black men has not previously been addressed [8]. Therefore, the purpose of the current study
was to determine the normative BP response to exercise in a cohort of black and white North
American men using cycle ergometer exercise. In addition, we sought to test the hypothesis
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that black men have an exaggerated BP response during graded exercise test compared to
white men across the age lifespan.

The Fitness Registry and Importance of Exercise: A National Database (FRIEND) was
established in response to an American Heart Association Policy Statement [13] as a multi-
institute initiative with the purpose of establishing normative CRF values in the United
States across the adult lifespan. Details of the FRIEND registry have been previously
published [14, 15]. Data were gathered from multiple CPX laboratories across the United
States (see “Acknowledgments™). All exercise testing laboratories contributing to the
FRIEND database were performing CPX and employing experienced qualified personnel
to conduct exercise tests, consistent with recommendations provided in recently published
guidelines [16, 17].

Participating laboratories were responsible for obtaining and presenting local institutional
review board (IRB) approval for inclusion in the FRIEND registry before submitting
de-identified, coded data to the FRIEND Core Data Coordinating Center at Ball State
University prior to transferring the data to the core CPX laboratory housed at the University
of Illinois at Chicago (UIC). IRB approval for the core CPX laboratory was also obtained at
UlIC.

All submitted data were reviewed for uniformity prior to inclusion in the registry as
previously described [14]. The core laboratory housed at UIC ensured that all data points
were within physiologic ranges. In the event data were not within the expected normal
range, or other errors were identified, the CPX laboratory submitting the data was contacted
for clarification, validation, and correction if needed.

Cohort and study data points

The current FRIEND database included a total of 105,253 exercise tests from multiple
geographic locations. We applied strict exclusion criteria to only include participants free
from any apparent disease that racially identified as black or white. All other racial groups
were excluded for the purpose of this analysis. We only included exercise tests performed on
the cycle ergometer (Fig. 1). Exercise tests were indicated for determination of CRF either
in the clinical or research setting. Participant screening for testing contraindications and risk
stratification were specific for each laboratory [14, 18]. Inclusion criteria were: (1) black
and white participants age 18-75 years; (2) maximal CPX performed on a cycle ergometer;
and (3) peak SBP values available; (4) peak VO, values available; (5) peak respiratory
exchange ratio (RER) of 21.00 [14]. Exclusion criteria included: (1) any tests that were
terminated for abnormal clinical findings prior to achieving voluntary maximal effort; (2)
the presence of CV or pulmonary disease (e.g., HTN, coronary artery disease, peripheral
artery disease, heart failure, pulmonary disease, etc.); (3) the presence of other disease

(e.g., diabetes, cancer); (4) use of any medication (e.g., #-blockers or calcium-channel
blockers, etc.); and (5) any drop in SBP during exercise (Fig. 1) [14]. Participants with

BMI = 30 were not excluded. Peak SBP values submitted to the FRIEND registry were
collected in the final stage of exercise according to guidelines. Baseline hemodynamic
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variables were collected in the seated position after a brief period of rest, according to
guidelines. All BP measurements were collected manually using standard auscultatory
methods according to current guidelines [16, 19]. All CPX tests were conducted between
September 2010 and February 2019. Due to the small sample size of females after applying
exclusion criteria (white females, 7= 1046; black females, 7= 189) the analysis was made
exclusive to male participants. The final sample for the current analysis included 5996 cycle
ergometer exercise tests from multiple geographic locations within the United States (see
“Acknowledgments™).

Peak SBP, peak VO,, and the SBP/MET-slope were the primary variables used for analysis.
The SBP/MET-slope was calculated as the change in SBP (ASBP) from rest to peak values
and divided by the increase in METs from rest to peak [(peak SBP—resting SBP)/(peak
MET-1)]. The MET value was calculated directly from derived peak VO, rather than
estimated using prediction equations.

Participants without resting BP or peak SBP reported from the CPX were not included in
the analysis. The testing protocol used variable adjustments in workload based upon each
individual’s estimated fitness level. The goal was to elicit a maximal effort within 8-12 min
in accordance with guideline recommendations [20].

Statistical analysis

Results

Data are presented as mean + standard deviation (SD) unless noted otherwise. Independent #
tests were used to compare means between blacks and whites. Two-way analysis of variance
(ANOVA) was used to compare differences in BP values between race and across age
groups. Age groups were presented by decades and 15-year intervals at the tails to allow

for sufficient sample sizes within each group. When significant interactions were detected
by ANOVA, analysis of simple main effects for race and age group were performed with a
Bonferroni adjustment accepted at the p < 0.025 level. To understand the role of multiple
covariates on the BP response a hierarchical multiple regression analysis was performed.
SPSS statistical software, version 26.0 (SPSS Inc.) was used for all analyses and R studio
(version 1.1.453) was used for generating graphs. All tests with a p < 0.05 were considered
statistically significant.

The current cohort included a total of 5996 male participants between the ages of 18 and

75 years. Of these participants, 1245 (21%) self-identified as black while the remaining
4751 (79%) identified as white. Descriptive statistics of the cohort are presented in Table 1.
Descriptive statistics as well as cardiovascular and pulmonary responses to maximal exercise
grouped by race and age groups are presented in Table 2. Range of peak SBP values was
between 100 and 280 mmHg. Race and age-group specific percentiles for peak SBP and
SBP/MET-slope are presented in Supplemental Table 1.

Results of the two-way ANOVA indicated a significant interaction between race and age
group on resting SBP (p=0.02). Analysis of simple main effects for race indicated that
differences between both groups only existed in the 60-75-year age group (o = 0.003).
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Differences between all other groups were nonsignificant. Pairwise comparisons revealed
that blacks had a 5 mmHg (95% CI, 2-8 mmHg) SBP value greater than whites in this

age group (60-75 years) (Supplemental Table 2). There was also a significant interaction of
race and age group on resting HR (p = 0.035) with simple main effects analysis showing
differences only within the 18-29-year age group (o = 0.002). Blacks had resting HR
values that were 3 bpm (95% CI, 1-5 bpm) lower than whites within this age group
(Supplemental Table 2). Similarly, there was a significant interaction on maximum HR (p

< 0.001) with simple main effects analysis showing significant differences with the 18-29,
30-39, 4049, and 50-59-year age groups (Supplemental Table 2). There were no significant
interactions for peak SBP or ASBP (p=0.12 and p = 0.208, respectively); however, there
were significant mains effects for race on both variables (p < 0.001) (Table 2). Significant
interactions were noted for absolute Vngeak between groups (p = 0.016). Analysis of
simple main effects revealed that there were significant differences in absolute VOzpeak
between both races in all five age groups (p < 0.001) (Supplemental Table 2). Although there
were no significant interactions for relative VOzpeak between groups, there was a significant
main effect for race (p < 0.001) (Table 2). There was also a significant interaction for

max RER between groups (o = 0.001) with differences between both races within the 30—
39, 40-49, 50-59, and 60-75-year age groups (Supplemental Table 2). When considering
the SBP/MET-slope a positive interaction between race and age-group was found (p =
0.002). Analysis of simple main effects revealed significant differences between all five age
groups (p < 0.001). Pairwise comparisons for all significant interactions are presented in
(Supplemental Table 2). Adjusted marginal means for hemodynamic and CRF variables are
presented in (Supplemental Table 3) and graphically represented in Fig. 2.

Hierarchical multiple regression models were run to determine if the addition of BMI,
resting SBP, resting DBP, max HR, \'/ozpeak (L-min~1), and race obtained from CPX
improved the prediction of peak SBP or SBP/MET-slope over and above age alone (Table
3). For peak SBP, the full model of age, BMI, resting SBP, resting DBP, absolute Vozpeak,
max HR, and race was significant (/% = 0.283, p< 0.001; adjusted /2 = 0.282). All

added variables were found to be statistically significant (o < 0.001). Black men were

found to have peak SBP that were 8 mmHg (95% CI, 6-9 mmHg) higher than their white
counterparts. When predicting the SBP/MET relationship using the same models, the final
model was also significant (/2 = 0.317, p< 0.001; adjusted /2 = 0.316). All added variables
were found to be statistically significant (p < 0.001). Black men were found to have an
SBP/MET-slope that is 1.63 mmHg/MET (95% ClI, 1.4-1.86 mmHg/MET) higher than their
white counterparts.

Discussion

The present study provides a current reference and comparative analysis of SBP at peak
exercise in black and white American men. We show that black men have higher peak SBP
responses to cycle ergometer exercise than their white counterparts. This was true despite
there being no differences in resting SBP between blacks and whites except within the 60—
75 years age group (Supplemental Table 2). This is also evident from the multiple regression
models predicting an 8 mmHg difference in peak SBP when controlling for other factors
such as age, BMI, resting BP, maximum HR, and CRF. However, our model only accounted
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for 28% of the variability (A2 = 0.283). We also showed that black men have a higher
SBP/MET-slope across all age groups with a predicted difference of 1.63 mmHg/MET when
controlling for age, BMI, resting BP, maximum HR, and CRF between both race groups.
The model accounted for 32% of the variability (/2 = 0.317). Although race was found

to be significant in all models, the small effect size suggests that there are other variables
unaccounted for that are likely behind these differences.

In our cohort, without considering age group, black men showed statistically significant
differences in height, BMI, and resting DBP (Table 1). However, when considering race
and age group together, height was only different between races in the first three age

groups (Supplemental Table 2). There was no interaction for BMI and resting DBP between
groups, but there were significant main effects for race (Table 2). CRF levels indicated

by Vozpeak were also significantly different across both racial groups (Table 2). This is

in agreement with previously published data [11, 21] that showed blacks to have higher
rates of modifiable risk factors such as higher BMI and lower CRF levels than whites. This
held true in our cohort as black men had slightly higher BMI values (27.8 + 3.9 kg/m?2)
compared to white men (27.5 + 3.9 kg/m?) (p = 0.01). BMI is a known risk factor and culprit
for HTN [22, 23]; however, it is questionable whether the mean difference in BMI (0.3
kg/m?2) observed in this cohort, albeit statistically significant, is physiologically or clinically
significant.

The exact mechanisms behind the disparity in the BP response to exercise between blacks
and whites seem to be multifactorial. Berry et al. [21] determined that blacks and whites

had similar CV lifetime risk when their risk profiles were similar. They concluded that

it is the presence or absence of traditional risk factors, and not race, which is the main
determinant of long-term CVD risk. Recently published data from the CARDIA study [11]
also found blacks to have higher rates of modifiable risk factors than whites. However,

after multivariable adjustment blacks had 1.5-2 times the risk for HTN than whites, which
indicates that other physiological mechanisms beside modifiable risk factors are contributing
to the development of HTN in this population [11].

Pathophysiological mechanisms behind the high prevalence and incidence of HTN in blacks
are multiple, but it has been shown that blacks have higher levels of endothelial dysfunction,
oxidative stress, sympathetic overactivity and reduced functional sympatholysis, arterial
stiffness, and lower nitric oxide bioavailability than whites [22, 24-30]. The vascular
response to exercise training is also not identical between blacks and whites. It has been
hypothesized that blacks can achieve greater reductions in central BP and improved arterial
function with resistance exercise training than aerobic training while white individuals show
greater improvements with aerobic training. Even so, Bond et al. [31] demonstrated that
aerobic exercise training was successful in decreasing an exaggerated exercise BP response
in 21 normotensive young African-American men. This reduction in the BP response was
coupled with reductions in TPR supporting improved vasodilation or vascular compliance. It
should be noted that the authors defined an exaggerated exercise BP response as a calculated
change in SBP from rest to 50% VOzpeak of greater than or equal to 50 mmHg [31]. A
detailed exercise prescription guideline for the prevention of HTN and reduction of CV risk
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that takes into consideration racial and ethnic differences is not yet available and is an area
of active research.

Despite blacks having higher average peak SBP values, we also show that white men had
greater absolute and relative VOzpeak values than black men. In our cohort black men
expressed an average increase in SBP of 10.8 + 5.1 mmHg/MET compared to an increase
of 8.2 + 3.7 mmHg/MET in white men (Table 1). Current guidelines consider the average
increase in SBP to be 10 mmHg/MET [20, 32]. This finding indicates that the BP response
per unit of metabolic rate is considerably higher in black than white men. The higher BP
response per unit of metabolic rate observed in black men may be due to increases in

TPR that are compensated by increases in BP to maintain adequate CO necessary for the
increased workload. Both impaired vasodilation secondary to endothelial dysfunction [28]
and reduced vascular compliance [30, 33] have been found to be significantly greater in
blacks than whites, and would explain the greater BP response per unit of metabolic rate
observed in our study. Generally speaking, functional sympatholysis has also been found

to be reduced in patients with HTN [29], which is more predominant in blacks, and may
possibly explain the greater BP response per unit of metabolic rate. In a group (7= 20)

of young healthy black and white men, Barbosa et al. [34] showed that black men indeed
had attenuated increases in forearm conductance with incremental forearm exercise. This
was also true for forearm blood flow; however, mean arterial pressure was similar between
groups. In the current study, blacks also showed lower peak O pulse values (a surrogate for
stroke volume) [35] compared to whites (blacks: 13.8 + 2.92 mL/beat, whites: 16.2 £ 3.5
mL/beat; p < 0.001). This finding could result from greater afterload and would be indicative
of reduced peak stroke volume and thus reduced CO. Furthermore, the higher peak RER

in blacks reported in our study (Table 1) is indicative of greater metabolic acidosis, and
together with the reduced O, pulse values may explain the lower peak VOzpeak values as
reported here. However, it has recently been shown that antihypertensive medication fails
to abolish the exaggerated BP response to exercise in adults with HTN, even when resting
levels are well controlled [36]. Whether BP-lowering medications would effectively reduce
an exaggerated BP response in black men with normal resting BP remains to be determined.
It is important to mention that the BP response to exercise indexed by workload was found
to be a superior predictor of all-cause mortality than the peak SBP response [5, 6]. Hedman
et al. recently showed that an SBP/MET-slope greater than 10 mmHg/MET was associated
with 69% higher risk of 20-year all-cause mortality in unadjusted analysis and 20% higher
risk in adjusted analyses [6]. In the current study, this value was surpassed starting from

the 30-39-year age group and on in black men and was not achieved in white men until

the 60-75-year age group. Given that there were no differences in resting SBP between
these groups, the SBP response to exercise expressed as the SBP/MET-slope can potentially
provide a useful prognostic indicator.

An exaggerated BP response to exercise has been defined as a reading that is =90th
percentile from relative normative data [8, 37]. Other available definitions include readings
>95th percentile, absolute values >210 mmHg for men and >190 mmHg for women, and
increases >12 mmHg/MET [5]. However, these values appear to be arbitrarily defined and
usually do not appreciate differences in sex, race and ethnicity, population, or exercise
modality. Furthermore, 95% or more of normative data used to derive these values come
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from white or Caucasian populations [8, 38, 39]. Given the differences in the BP response
to exercise between whites and blacks presented in this study; using most of the above
mentioned definitions for an exaggerated BP response to exercise will entail that a greater
number of blacks fall under the classification of exercise HTN. This would be in accordance
with what we already know regarding the higher prevalence and incidence of HTN in
blacks. Nonetheless, it is still to be determined if using these normative values obtained
from predominantly white cohorts yield similar prognostic outcomes in blacks as they do
in whites. The differences between blacks and whites presented in this study also stress
the importance of establishing race-specific normative data for hemodynamic responses
to exercise. In addition, further consideration must be given when interpreting results of
nonwhite individuals. Furthermore, the results of this study emphasize the importance of
monitoring and assessing exercise BP in black men during exercise testing.

Limitations

There were several limitations of our study. First, our cohort only included male participants
and thus a study of female responses to maximal exercise across racial groups is still needed.
Second, the current study only included participants who are under 75 years of age and

did not include an analysis of BP responses of older individuals. Additionally, we only

had 68 black participants in the 60—75-year age group. Third, values reported here only
pertain to cycle ergometer exercise and should not be generalized to other forms of exercise.
Lastly, while data included in the present study came from established and experienced CPX
laboratories, the accuracy of manual auscultatory methods during exercise is subject to some
degree of measurement error.

Conclusion

We believe that racial differences pose significant nuances that need to be considered when
interpreting physiological data. Here we show that the BP response to maximal exercise is
different between black and white American men. Black men show higher values of peak
SBP as well as greater increases in SBP per workload during exercise (SBP/MET-slope)
that are independent of resting BP values. Further investigation is warranted to determine
the underlying mechanisms responsible for the exaggerated BP response to exercise in black
compared to white men and the prognostic implications of these higher values in blacks
compared to whites.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Summary table
What is known about this topic
. Black individuals have higher incidence and prevalence rates of hypertension
compared to their white counterparts.
. The peak BP response to exercise can serve as a prognostic marker of future
CV disease.
What this study adds
. The peak BP response to exercise is higher in black men compared to white

men independent of resting BP values.

. The SBP response per workload (SBP/MET-slope) is also higher in black men
compared to white men independent of resting BP values.
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Race
* Other races

* Treadmill
* Missing
Peak Vo,

RER
¢ RER<1

* Unidentified/missing (n=53661)
Exercise Mode

Peak SBP measures
* Missing or novalue (n=1675)

* Missing or novalue (n=682)

(n=3877)

(n=21552)
(n=49)

(n=3615)

Comorbidities, cardiac

Hypertension
HF
Cardiomyopathy
Mi

CABG

PCI

Stroke

PAD

Valvular heart disease
Other CAD

Any CVD

Comorbidities, other

Cancer

CKD

Diabetes

Endocrine disease
Liver disease
Neurological disease
Asthma

COPD

(n=8268)
(n=613)
(n=275)
(n=81)
(n=95)
(n=126)
(n=30)
(n=22)
(n=400)
(n=1484)
(n=4819)

(n=20)
(n=17)
(n=1429)
(n=36)
(n=13)
(n=8)
(n=78)
(n=85)

Restrictive lung disease (n=65)

Other disease
Any disease
1 or more disease

(n=177)
(n=260)
(n=6827)

Medications

* ACE/ARB

¢ Anti-arrhythmia
Anti-coagulants
Beta blockers
Calcium channel blockers
Digoxin

Diuretics

Estrogen

Nitrates

Statins

Other medications

(n=2270)
(n=384)
(n=1892)
(n=3611)
(n=1728)
(n=108)
(n=108)
(n=1531)
(n=668)
(n=6129)
(n=812)

White females
Black females
Missing resting BP values

SBP>peak SBP
Missing max HR
Tests before 2010
Age <18 or >75

Any drop in SBP during exercise, resting

(n=1046)
(n=189)
(n=97)

(n=35)
(n=3)

(n=51)
(n=93)

Fig. 1. Study flowchart.

Boxes indicate specific exclusions and their numbers. RER respiratory exchange ratio;
HF heart failure; Ml myocardial infarction; CABG coronary artery bypass graft; PCI

\ 4

| Final sample, n=5996 |

percutaneous coronary intervention; PAD peripheral artery disease; CAD coronary artery
disease; CVD cardiovascular disease; ACE angiotensin converting enzyme inhibitors; ARB

angiotensin-receptor blockers; BP blood pressure; SBP systolic BP; HR heart rate.
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Fig. 2. Blood pressure responses at rest and maximum exercise using a cycle ergometer in black

and white men.

Data points indicate adjusted marginal mean values and error bars indicate 95% confidence
intervals. a, b Resting systolic and diastolic blood pressures (SBP, DBP, mmHg). ¢ Peak
exercise systolic blood pressures (SBP, mmHg). d Delta systolic blood pressure defined as
(peak value—resting value, mmHg). e peak oxygen consumption (L-min~1) in black and
white American men. f SBP/MET-slope (mmHg/MET).
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Table 1.

Descriptive statistics for baseline variables, hemodynamic, and cardiorespiratory fitness responses to
maximum exercise on a cycle ergometer for black and white American men. Data presented as mean +
SD along with results of independent #tests.

Blacks Whites
(n=1245) (n = 4751)

Variable Mean SD Mean SD p
Age (y) 422 108 429 113 0.052
Height (cm) 1789 76 1798 69 <.001*
Weight (kg) 89.1 143 889 141 0.667
BMI (kg/m2) 278 39 275 39  01*
Resting HR (bpm) 748 115 752 122 0.389
Resting SBP (mmHg) 1202 133 1195 119 0.073
Resting DBP (mmHg) 78.9 9 775 8.4  <.001*
Max HR (bpm) 151.2 173 1564 165 <.001*
Peak SBP (mmHg) 179 269 1747 228 <.001*
A SBP (mmHg) 587 233 552 208 <.001*
Absolute VVOgpes (L-min~h) 208 049 253 061 <.001*

Relative VOgeq (MIkg™tmin~) 236 53 288 72 <001*
Max RER (Vco,/Vo,) 115 01 113 008 <.001*

Peak O, Pulse (ml/beat) 138 292 16.2 35 <.001*
SBP/MET-slope (mmHg/MET) 10.8 5.1 8.2 3.7 <.001*
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