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Purpose: Measuring heart rate recovery (HRR) holds valuable cardiovascular information and requires minimal technical skill and
cost. Understanding the associations between HRR and more robust cardiovascular indicators, such as central systolic blood pressure
(CSBP), can provide valuable cardiovascular information with less involvement. CSBP is a strong predictor of certain cardiovascular
diseases. The study aims to examine the association between measures of HRR and CSBP and the augmentation index (AIx) in a group
of young, healthy individuals and based on sex.
Participants and Methods: One-hundred and seven participants (men – 55, women – 52) were measured for HRR at one minute
(HRR1) and two minutes (HRR2) after maximum oxygen consumption (VO2max) testing, CSBP, and the AIx at a heart rate of 75
beats∙min−1 (AIx@75).
Results: The Pearson correlation indicated no association between HRR1, HRR2, and CSBP in men and women combined: r = 0.06, P = 0.53;
r = 0.05, P = 0.59, respectively, or based on sex: men = r = 0.01, P = 0.95; r = 0.04, P = 0.79, respectively, and women = r = −0.05, P = 0.75;
r = −0.09, P = 0.52, respectively. However, there were associations between HRR1 and AIx@75 in men and women combined: r = −0.37,
P < 0.001, and based on sex: men = r = −0.31, P = 0.02, and women = r = −0.38, P < 0.01.
Conclusion:Measures of HRR were not associated with CSBP in a combined group of young men and women or based on sex. Most
measures of HRR, especially those established by parasympathetic nervous activity, were associated with lower AIx@75. Though
measures of HRR might be good indicators of cardiovascular disease, they might not be good indicators of CSBP in young, healthy
individuals.
Keywords: heart rate recovery, central blood pressure, central systolic blood pressure, augmentation index, sex

Introduction
Heart rate recovery (HRR), which represents the difference between maximal heart rate and the heart rate during
recovery from exercise,1,2 holds valuable cardiovascular and all-cause mortality information.3 Measuring HRR requires
minimal technical skill and equipment, which makes HRR a good metric of cardiovascular function that can be used in
a variety of settings. Though no epidemiological study has indicated that heart rate would interact with blood pressure
significantly in cardiovascular risk prediction, slower HRR has been reported in older individuals with higher BP and
stiffer arteries.4 Examining the association between HRR and more robust clinical measures of cardiovascular function in
young people, for example, central systolic blood pressure (CSBP), a measure that requires technical skills and advanced
equipment, could provide valuable cardiovascular information without high levels of technical skill and expensive
equipment.

During graded exercise testing, there is significant but not total withdrawal of parasympathetic nervous activity
(PNA)5 and a concomitant increase in sympathetic nervous activity (SNA).6,7 Conversely, after exercise, there is PNA
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reactivation and SNAwithdrawal, which promotes HRR. HRR is a commonly used indicator of parasympathetic activity8

and parasympathetic reactivation5 after exercise. During the first minute of HRR (HRR1), PNA is considered to be the
main determinant of heart rate reduction,9 while during the second minute of HRR (HRR2), SNA withdrawal is
considered to be a more significant contributor to HRR versus PNA.9 Additionally, delayed HRR is considered to be
indicative of reduced PNA reactivation10,11 or reduced SNAwithdrawal,5 or a combination of both depending on the time
of HRR. Delayed HRR is associated with negative cardiovascular and respiratory health.3,12–14 Since HRR is indicative
of PNA, the association between delayed HRR and cardiovascular health can perhaps be explained in part by the
understanding that PNA can offer tonic restraint of SNA to the heart, as several cardiovascular diseases are associated
with pronounced alterations in sympathetic control of circulation.15,16 While many factors have been demonstrated to
affect HRR, sex has been demonstrated to be an important determinant of HRR.17

Central blood pressure is associated with increased arterial stiffness (AS) and has been suggested as being associated
with cardiovascular events.18 The association between central blood pressure and negative cardiovascular outcomes can
perhaps be explained in part by the understanding that central blood pressure reflects the load placed on the left ventricle
and the coronary and cerebral vasculature.19 Though central blood pressure is more indicative of certain cardiovascular
events, it is not truly superior to brachial blood pressure, and more recent work does not share the earlier enthusiasm for
central blood pressure being a superior indicator of morbidity and mortality.20–22 Men have been noticed to have higher
systolic blood pressure (SBP) up to age fifty versus women, while women have been shown to have greater systolic
augmentation after the first decade, a difference that was significant after age 30.23 Additionally, hypertensive women
have demonstrated both higher reflective aortic pressure waveform and central blood pressure indexes versus men.24 The
augmentation index (AIx) is an important cardiovascular indicator. It has been shown to be robustly associated with
systemic vascular resistance25 and is an independent predictor of cardiovascular events and mortality.26

Sex affects HRR,17 CSBP and cardiovagal tone as a predictor of aortic pressure augmentation.27 Therefore, it is
possible that sex could influence the relationship between HRR and CSBP.

HRR is easily measured, requiring minimal technical skill and inexpensive equipment, and CSBP is a predictor of
cardiovascular mortality.18 Understanding the associations then between measures of HRR (HRR1 and HRR2), CSBP,
and central diastolic blood pressure (CDBP) could provide valuable information regarding cardiovascular function with
relative ease.

Therefore, the aims of this study were to primarily examine the association between measures of HRR and CSBP in
young healthy men and women combined and based on sex, and secondarily to examine the association between
measures of HRR and AIx in the same groups.

Materials and Methods
This study included 107 young men and women (M = 55, W = 52) with a minimum age of 18 from the student
population of Southern Connecticut State University and individuals from the local community. Inclusion criteria
included no history of smoking and no clinical indications of cardiovascular, pulmonary, or metabolic disease, as well
as being medication free with normal electrocardiogram (ECG) and blood pressure patterns. This study was conducted in
accordance with the Declaration of Helsinki and was approved by the Institutional Review Board at Southern
Connecticut State University.

Written informed consent was obtained from all participants. Participants arrived for testing between 7:00 and 10:00
a.m. Prior to arrival, they were advised not to exercise or consume food for 48 and 12 hours respectively but were
allowed to drink water. Women participated in the study within the first five days after menstruation to standardize and
minimize the influence of hormonal levels on autonomic function.28 Measurements were performed in a 21°C tempera-
ture-controlled room. Anthropometric measurements were taken, and after 5 minutes of seated rest, two blood pressure
measurements were taken if the first and second measurements were the same. Three blood pressure measurements were
taken if the first and second measurements were different. These measurements were taken at 5 minute intervals, and the
mean value of these measurements was used to indicate SBP and diastolic blood pressure (DBP).
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Measures
Central systolic blood pressure (CSBP), Central diastolic blood pressure (CDBP), and AIx at a heart rate of 75
beats∙min−1 (AIx@75).

CSBP, CDBP, and AIx@75 were measured via applanation tonometry and pulse wave analysis using the
SphygmoCor system (AtCor Medical Pty Ltd., West Ryde, Australia). The principle of applanation tonometry is based
on Laplace’s law. Here, the association between wall tension and the pressure difference between two sides of a wall and
the radius of a cylindrical thin wall tube is taken into consideration.29

Measurements were taken from the left radial pulse after 6 minutes of rest in a seated position. Here, a high-fidelity
transducer applanation tonometer was placed over the left radial pulse. The CSBP and CDBP were determined by
measuring the peak and trough of the central pressure waveform.30 The AIx was established as the difference between the
main outgoing wave and the reflected wave of the central waveform, expressed as a percent of the central pulse pressure.
Since heart rate has an effect on pressure augmentation,31,32 AIx values were adjusted to a standard heart rate of 75
beats∙min−1, denoted by AIx@75. During the measurement, the SphygmoCor system analyzed the radial waveform via
a generalized transfer function that was validated intra-arterially,33,34 determining CSBP, CDBP, and AIx@75. The
SphygmoCor system automatically captured these measurements when the incorporated quality control component
determined that the data were accurate. All collected data conformed to a research imposed ≥ 90% threshold of accuracy,
determined by the system.

Heart Rate Recovery (HRR)
In an effort to obtain HRR1 and HRR2, participants performed a maximum oxygen consumption (VO2max) test. Values
were derived using a ParvoMedics TrueOne 2400 metabolic measuring system (ParvoMedics, Sandy, UT). VO2max
testing was performed on a computer-controlled, motorized Trackmaster Treadmill (Full Vision Inc., Newton, KS) using
the Bruce Treadmill Protocol.35 The physical activity level of participants was assessed via the Borg rating of perceived
exertion scale; this assessment being taken at the end of each protocol stage. The stage progressed from the previous one
every 3 minutes by increasing the work rate (speed and grade), until VO2max was reached. VO2max was confirmed in all
subjects by obtaining a combination of at least two of the four following criteria: a plateau in oxygen consumption
despite an increased work rate; a respiratory exchange ratio (RER) > 1.10; a heart rate within 10 beats∙min−1 of the age-
predicted maximum (220-age); or volitional fatigue. Data from any participants who did not meet two of these criteria
were not retained for analysis. HRR1 and HRR2 values were derived as the difference between maximal heart rate at VO2

max, and heart rate at one and two minutes into recovery, expressed as beats∙min-1.

Results
Means and standard deviations for variables for the combined and separate groups of men and women are illustrated in
Table 1. Independent t-test results based on sex are listed in Table 1 and indicated that there was no difference in age
based on sex, but there was a difference in BMI. CSBP and CDBP pressures were higher in men versus women. HRR1

and HRR2 were higher in men versus women, however AIx@75 was higher in women versus men.
Pearson correlation results are listed in Table 2. There was no association between HRR1 and CSBP in the combined

group of men and women (Figure 1) and there was also no association between HRR1 and central diastolic blood
pressure in this group. However, there was an association between HRR1 and AIx@75 (p = < 0.001) (Figure 2).
Additionally, there was no association between HRR2 and CSBP or CDBP, but there was an association between HRR2

and AIx@75 (p = <0.001).
Table 2. In the men’s group, there were no associations between HRR1 and CSBP (Figure 3) or CDBP. However,

there was an association between HRR1 and AIx@75 (p = 0.02) (Figure 4). In this group, there were no associations
between HRR2 and CSBP, CDBP, or AIx@75.

Table 2. In the women’s group, there were no associations between HRR1 and CSBP (Figure 5) or CDBP. However,
there was an association between HRR1 and AIx@75 (p = <0.01) (Figure 6). In this group, there were no associations
between HRR2 and CSBP, or CDBP, but there was an association with AIx@75 (p = < 0.01).
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Discussion
The main findings of this study were that HRR1 and HRR2 were not associated with CSBP or CDBP in a combined group
of men and women or in individual men and women groups. Additionally, we found that most measures of HRR were
associated with AIx@75.

The finding of no association between HRR1 and CSBP suggests that as per HRR1, PNA was not associated with
CSBP in this cohort of young participants. However, since slower HRR has been reported in older individuals who have
higher blood pressure and arterial stiffness,4 if older participants were included in this study, then the result of this
association could have been different. Here, age and health status would be important determinants of the association
between HRR1 and CSBP. Previous works have demonstrated an association between HRR and AS,4,36 and AS has been
found to be associated with central blood pressure. Since we measured AIx@75, in an effort to gain further insight into
the lack of association between HRR and CSBP, we considered examining the association between AIx@75 and HRR. In
this model, the augmentation of the forward pressure wave in the latter part of systole would only occur in the presence
of AS and high pulse wave velocity. Here, the relative late systolic augmentation would be an indicator of increased pulse
wave velocity and AS. However, such an examination might not be helpful in determining the association between HRR
and AS. The lack of usefulness in using the association between HRR and AIx in this instance would indicate an
understanding that certain misconceptions formed the basis for using AIx as an indicator of AS. One such misconception
is regarding the backward pressure wave. Here, more current and detailed investigation (n = 13,770) indicates that the
backward pressure wave peak is always found in late systole.37 This indication opposes the concept of the role the
backward pressure wave plays in the determination of AS, as proposed by the previous model, and questions the validity

Table 1 Mean and Standard Deviation Values of Key Study Variables

Men (n=55) Women (n=52) P Total (n=107)

Age 21.6 ± 3.3 21.6 ± 3.1 0.977 21.6 ± 3.2
BMI (kg/m2) 25.2 ± 3.0 23.8 ± 3.5 0.036 24.5 ± 3.3

SBP (mmHg) 111.9 ± 7.2 105.2 ± 7.0 <0.001 108.6 ± 7.8

DBP (mmHg) 67.1 ± 6.7 62.8 ± 5.3 <0.001 65.0 ± 6.4
CSBP (mmHg) 96.8 ± 7.5 92.3 ± 6.5 0.001 94.6 ± 7.3

CDBP (mmHg) 68.0 ± 6.4 64.2 ± 5.4 0.001 66.1 ± 6.2

RHR (beats·min−1) 67.5 ± 9.6 72.9 ± 10.7 0.007 70.2 ± 10.5
HRmax (beats·min−1) 191.9 ± 8.8 190.9 ± 7.7 0.533 191.4 ± 8.3

HRR1 (beats·min
−1) 19.9 ± 8.9 16.2 ± 6.3 0.017 18.1 ± 7.9

HRR2 (beats·min
−1) 36.1 ± 11.3 30.8 ± 11.2 0.018 33.5 ± 11.5

AIx@75 beats·min−1 (%) 2.8 ± 9.5 8.5 ± 11.3 0.005 5.6 ± 10.8

VO2max (mL·kg
−1·min−1) 48.9 ± 7.3 39.1 ± 7.3 <0.001 44.1 ± 8.8

Note: P < 0.05.
Abbreviations: Alx@75 beats·min−1, augmentation index at a heart rate of 75 beats per minute; BMI, body mass index; CSBP, central systolic blood pressure; CDBP,
central diastolic blood pressure; DBP, diastolic blood pressure; HRmax, maximal heart rate; HRR1, heart rate recovery at the first minute of recovery; HRR2, heart rate
recovery at the second minute of recovery; RHR, rest heart rate; SBP, systolic blood pressure; VO2max, maximal oxygen consumption.

Table 2 Pearson Correlation Results for Measures of HRR, Central Blood Pressures and the Augmentation Index at a Heart Rate of
75 Beats·min−1 in Men, Women and a Combined Group

Variables Combined Group (n=107) Men Group (n=55) Women Group (n=52)

HRR1 HRR2 HRR1 HRR2 HRR1 HRR2

CSBP 0.06 (P = 0.53) 0.05 (P = 0.59) 0.01 (P = 0.95) 0.04 (P = 0.79) − 0.05 (P = 0.75) − 0.09 (P = 0.52)

CDBP 0.08 (P = 0.41) 0.13 (P = 0.19) − 0.03 (P = 0.84) 0.07 (P = 0.63 0.08 (P = 0.60) 0.06 (P = 0.68)

AIx@75 − 0.37 (P < 0.001) − 0.34 (P < 0.001) − 0.31 (P = 0.02) − 0.20 (P = 0.14) − 0.38 (P < 0.01) − 0.38 (P < 0.01)

Note: P < 0.05.
Abbreviations: Alx@75 beats·min−1, augmentation index at a heart rate of 75 beats per minute; CSBP, central systolic blood pressure; CDBP, central diastolic blood
pressure; HRR1, heart rate recovery at the first minute of recovery; HRR2, heart rate recovery at the second minute of recovery.
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of using AIx as a surrogate indicator of AS. This concept is supported by pharmacologic works, which indicate that AIx
values changed immediately and dramatically after the infusion of vasoactive agents,38 especially nitric oxide-based
agents.38,39 Here, AIx is considered to be more associated with systemic vascular resistance. Additionally, it has been
proposed that AIx was inversely associated with AS.40 Therefore, we could not use AIx as an indicator of AS.

This study was designed to examine the association between HRR and CSBP in a cohort of young participants, and
we found no association in this group of participants. Factors such as age and health status could have contributed to this
finding. Unfortunately, due to the homogeneity of the participants, we were limited in examining further possibilities
related to our finding.

Figure 1 Correlation between HRR1 and CSBP in a combined men and women group.

Figure 2 Correlation between HRR1 and AIx@75 in a combined men and women group.
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Much attention is now being given to including sex as a biological variable when developing study designs.41 This
attention is particularly needed in cardiovascular research, since sex differences have been observed in autonomic
function42 and in elements of neurovascular control.43,44 Given these sex differences in cardiovascular parameters, we
examined the association between measures of HRR, CSBP, and CDBP in men and women. Our findings indicated no
associations between measures of HRR, CSBP, and CDBP in the individual men and women groups. This finding
suggests that sex did not affect the association between measures of HRR, CSBP, and CDBP in young men and women
under the age of 25.

While the primary focus of this study was not to examine the association between HRR and AIx, we found that,
except for the lack of association between HRR2 and AIx@75 in men, AIx@75 was negatively associated with all other

Figure 3 Correlation between HRR1 and CSBP in men.

Figure 4 Correlation between HRR1 and AIx@75 in men.
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measures of HRR in both men and women. As mentioned earlier, there is a robust association between AIx and systemic
vascular resistance,25 with vasoactive drugs,38 and the inhibition of basal nitric oxide synthase found to be associated
with AIx.39 In the current study, most measures of HRR were found to be associated with AIx@75. Given the association
between AIx and systemic vascular resistance, our observation seems to indicate that faster HRR1, which is more
attributable to PNA versus SNA, is associated with reduced systemic vascular resistance in both men and women. Since
HRR2 is more attributed to reduced SNA versus PNA, the finding of no association between HRR2 and AIx@75 in men

Figure 5 Correlation between HRR1 and CSBP in women.

Figure 6 Correlation between HRR1 and AIx@75 in women.
Note: P < 0.05.
Abbreviations: Alx@75 beats·min−1, augmentation index at a heart rate of 75 beats per minute; CSBP, central systolic blood pressure;HRR1, heart rate recovery at the
first minute of recovery.
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suggests that sex could perhaps influence the association between measures of HRR and AIx when reduced SNA is the
main contributing factor to HRR. While we are not certain of the clinical relevance of our finding, the observation of an
association between HRR and AIx is particularly interesting since to the best of our knowledge such a finding has not
been previously reported in young individuals.

The findings of no association between measures of HRR, CSBP, and CDBP in a combined group, and in men and
women under 25 years of age, with sex not affecting that association, seem to suggest that though HRR can be a useful
surrogate marker of cardiovascular health in certain populations, HHR might not be a helpful tool in extrapolating
information regarding CSBP and CDBP in young individuals.

Based on findings in the current study, more work is needed to fully understand the association between measures of
HRR and AIx and to determine the clinical relevance of this association. Such understandings could hold valuable
information on using measures of HRR as a surrogate marker of cardiovascular function.

Conclusion
Measures of HRR were not associated with CSBP or CDBP in a combined group of healthy young men and women or
based on sex. Most measures of HRR, especially the ones that PNA establishes, were associated with lower AIx. Though
measures of HRR might be good indicators of cardiovascular disease, they might not be a good indicator of CSBP in
young individuals. More work is needed then examining the association between HRR and AIx in young individuals.

Disclosure
The authors report no conflicts of interest related to this work.
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