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Although hemodynamic responses to exercise have been studied for decades, comprehen-
sive and definitive prognostic markers are lacking. The present study aimed to assess the
association between a new hemodynamic index and all-cause mortality in men. Treadmill
exercise testing was performed between 1987 and 2012 in 11,455 men aged 58.5 § 11 years
who were prospectively followed for 9.8 § 5.8 years. Heart rate (HR) and systolic blood
pressure (SBP) responses were used to develop a hemodynamic gain index
(HGI) = [(HRpeak£ SBPpeak)� (HRrest£ SBPrest)]/(HRrest£ SBPrest). Multivariable
Cox hazard models adjusted for established cardiometabolic diseases, risk factors, cardio-
respiratory fitness, and medications were analyzed for HGI and all-cause mortality. Dur-
ing the follow-up, 2,804 participants (24.5%) died, and mean HGI was 1.68 §
0.83 bpm/mm Hg. In a continuous model, every 1 unit higher in HGI was associated with
a 23% (hazard ratio 0.77, 95% confidence interval 0.71−0.82, p <0.001) reduced risk of
mortality. In a categorical model, compared with participants <25th percentile (HGI
<1.1), participants who were between the 25th and 50th (HGI 1.1−1.59), 50th to 75th
(HGI 1.6−2.1) and >75th percentile (HGI >2.1) exhibited 12%, 24%, and 36% reductions
in mortality risk (p trend <0.001), respectively. The inverse association between HGI and
death was significant across wide-range of age groups and among participants with varied
chronic conditions. In conclusion, these novel findings indicate that higher HGI is
inversely and independently associated with lower risk of all-cause mortality in men, sug-
gesting its potential prognostic value for risk stratification in clinical and research
settings. © 2019 Elsevier Inc. All rights reserved. (Am J Cardiol 2019;124:644−649)
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Exercise testing is a well-established clinical procedure,
providing valuable diagnostic and prognostic information
for patients with a wide spectrum of chronic conditions.
Cardiorespiratory fitness (CRF) and hemodynamic
responses during exercise testing are the core variables for
evaluation of functional capacity, diagnosis of cardiovas-
cular disease, and overall prognosis.1−3 Despite the evolu-
tion in exercise testing applications, knowledge regarding
the prognostic utility of hemodynamic responses (heart
rate [HR] and blood pressure) has changed very little.1−4

Chronotropic incompetence, hypotension, and impaired
HR recovery are well-known abnormal hemodynamic
responses associated with cardiovascular disease and poor
prognosis.1−4 Although these established hemodynamic
responses endorsed by exercise testing guidelines, they
reflect different physiologic attributes during an exercise
test, and provide only partial and compartmental informa-
tion on the hemodynamic response.1,2,5 Given that many
clinical and research centers primarily use a standard
exercise test without metabolic or invasive assessments,6

an inexpensive, simple, practical, and sensitive compre-
hensive hemodynamic marker could potentially be useful
to optimize hemodynamic assessment and enhance risk
stratification from an exercise test. Therefore, in the pres-
ent study we aimed to assess the association between a
newly developed hemodynamic index and all-cause mor-
tality in a prospective cohort of men.
Methods

The cohort was drawn from the Veterans Exercise Test-
ing Study from the VA Palo Alto Health Care System
(n = 9,877) and the Exercise Testing and Health Outcomes
Study from the VA Washington DC Medical Center
(n = 2,591). In brief, these cohorts are ongoing, prospective
evaluations of Veteran participants referred for exercise
testing for clinical reasons such cardiometabolic risk fac-
tors, signs or symptoms suggestive of cardiovascular dis-
ease, or known cardiometabolic disease. The study
designed to address exercise test, clinical, and lifestyle fac-
tors and their association with health outcomes. The study
was approved by the respective Institutional Review Boards
at each institution, and all participants gave their written
informed consent before undergoing the exercise test. All
participants who underwent the exercise tests in these cen-
ters between 1987 and 2012 were considered for inclusion
in the study. Of 12,468 participants who completed a base-
line evaluation, 1,013 participants were excluded from the
analysis; women (n = 624), those with less than 1 month
follow-up (n = 29) and those with conditions that prevented
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Figure 1. Flowchart of study design.
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them from completing the exercise test (orthopedic or neu-
rological reasons or those that required emergent interven-
tion) (n = 360). A total of 11,455 male Veterans were
included in the analysis who were followed for a mean of
9.8 § 5.8 years (Figure 1). Clinical information on diagno-
ses, risk factors and health behaviors (smoking, alcohol,
and drug abuse) were collected at the time of the exercise
test using the Veterans Affairs Computerized Patient
Record System (CPRS) and self-report health history.

Participants underwent symptom-limited treadmill exer-
cise testing according established guidelines.5,7 An individ-
ualized treadmill ramp protocol was utilized at the VA Palo
Alto Health Care System and a Bruce protocol was used at
the VA Washington DC Medical Center. A 12-lead electro-
cardiogram, HR, manual blood pressure and Borg 6-20 per-
ceived exertion rating were continuously recorded
throughout the tests and standard criteria for test termina-
tion were used.5,7 Participants were instructed to continue
their regular medication regimen on the testing day and
exercise to volitional fatigue in the absence of clinical indi-
cations for stopping. CRF expressed in METs was calcu-
lated from peak treadmill speed and grade for the
individualized ramp protocol, and exercise time for the
Bruce protocols, utilizing the well-established metabolic
equations from the American College of Sports Medicine.5

The hemodynamic gain index (HGI) was developed
using HR and systolic blood pressure (SBP) responses from
the exercise tests. The following equation was constructed:
HGI = ([HRmax £ SBPmax]�[HRrest £ SBPrest])/
(HRrest £ SBPrest). Several validation processes con-
ducted were as follows: (1) correlation analysis with CRF,
a well-established prognostic marker for mortality and
overall health6; (2) assessment of the risk association with a
hard outcome (all-cause mortality); (3) adjustment of the
risk models for many potential confounders to assess the
independent association with mortality; and (4) a stratified
analysis by age groups and clinical conditions.

The Veterans Affairs CPRS was used for capturing all-
cause mortality as the primary outcome. Previous reports
have demonstrated that the Veterans Affairs death records
are relatively complete compared with those from other
sources, such as the Social Security Administration8 and
they have good agreement (kappa = 0.82−0.91) with state
death records.9 Death records were carefully reviewed by
qualified medical personal who were otherwise blinded to
treadmill test results and other study information. Interna-
tional Classification of Diseases ninth and tenth edition
codes were utilized to capture death cases. The vital status
for each participant was ascertained as of August 2016.

SPSS (IBM, Chicago, Illinois) version 23 was used for
statistical analyses. The significance level was set at
p <0.05. Demographic, clinical, and physiological data of
the participants are presented as mean § standard deviation
for continuous variables and in percentages for categorical
variables. Descriptive statistics using quartiles of <25th,
25th to 50th, 50th to 75th, >75th percentiles were used for
categorical analysis of HGI. Participants’ data were com-
pared between the quartiles using analysis of variance for
continuous variables and chi-square tests for categorical
variables. The risk association between HGI and all-cause
mortality was analyzed using a Cox proportional hazard
model. The continuous and categorical models were
adjusted for age, family history of heart diseases, body
mass index, smoking status (never, former, and current),
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hypertension (SBP ≥140 and or diastolic blood pressure
≥90 mm Hg or antihypertensive therapy), dyslipidemia
(total cholesterol ≥200 or low-density lipoprotein choles-
terol ≥130 or high-density lipoprotein cholesterol <40 mg/
dl or on lipid-lowering medications),5 diabetes, presence of
cardiovascular disease, b blockers, calcium channel block-
ers, statins, angiotensin-converting enzyme inhibitor/angio-
tensin receptor blockers, diuretic drugs, and CRF. Kaplan-
Meier survival curves and log-rank tests were utilized for
comparisons between the HGI quartiles. The proportional
hazards assumption was evaluated graphically for HGI per-
centiles and confirmed using the scaled Schoenfeld resid-
uals. In order to address the potential reverse causality bias,
a secondary analysis was performed after excluding partici-
pants who had less than 2 years follow-up. Pearson’s corre-
lations were conducted between HGI and CRF and
exploratory analysis was performed for the risk association
Table 1

Demographic and clinical characteristics of the cohort

Clinical history and

demographics

Entire cohort

(n = 11,455)

HGI <25th
percentile

(n = 2,944)

Age (years) 58.5 § 11.2 62.3 § 10.5

Body mass index (kg/m2) 28.9 § 5.6 28.4 § 5.7

Clinical history

Family history of coronary

artery disease

20.4% 20.3%

Hypertension 53.3% 60.1%

Dyslipidemia 25.8% 18.1%

Obesity (body mass index

≥30)
35.6% 32.6%

Any cardiovascular disease 17.2% 29.2%

Any pulmonary disease 7% 8.9%

Diabetes 48.7% 56.4%

Smoking 15.1% 13.2%

Pack/years 16.3 § 26.7 17.4 § 28.8

Hemodynamics

Resting heart rate (bpm) 75.3 § 14.3 81.3 § 16

Peak heart rate (bpm) 140.3§ 23.6 120.6§ 21.4

Percent of predicted maximal

heart rate (%)(220-age)

84.2 § 13 73.9 § 12.9

Resting systolic blood

presure (mm Hg)

129.9§ 19.4 136.5§ 22

Resting diastolic blood

presure (mm Hg)

80 § 17 81.2 § 12

Peak systolic blood

presure (mm Hg)

178.6§ 28.3 160.6§ 27.7

Peak diastolic blood

presure (mm Hg)

85 § 20 82.4 § 20.4

Hemodynamic gain index

(bpm/mm Hg)

1.68 § 0.83 0.77 § 0.23

Cardiorespiratory fitness

(METs)

8.5 § 3.4 5.93 § 2.6

Medications

Any drugs affecting

hemodynamics

51% 62.4%

Antihyperlipidemias Drugs 17.3% 11%

Deaths (n/%) 2,804/24.5% 1,279/43.2%

Follow up time (years) 9.8 § 5.8 10.2 § 5.9

Data presented as means § standard deviations or % for categorical variables. H

Hypertension was defined as systolic blood pressure ≥140 and or diastolic b

defined as total cholesterol ≥200 and or LDL cholesterol ≥130 and or HDL choles
between maximal rate pressure product (HR £ SBP) and
death using a Cox proportional hazard model. Data report
and presentation were followed the Strengthening the
Reporting of Observational Studies in Epidemiology
guidelines.10
Results

The sample included 11,455 men, aged 58.5 §
11.2 years. Demographic, clinical, and physiological char-
acteristics of the participants are presented in Table 1.
During 9.8 § 5.8 years follow-up, 2,804 participants died.
Both in continuous and categorical models, higher HGI
were associated with lower risk of all-cause mortality
(Figures 2 and 3; Tables 2 and 3). The inverse association
between HGI and death was significant in subgroups of
participants with obesity, hypertension, dyslipidemia,
HGI 25 to 50th

percentiles

(n = 2,888)

HGI 50 to 75th,

percentiles

(n = 2,435)

HGI >75th
percentile

(n = 3,188)

p Value

59.8 § 10.6 57.3 § 10.8 54.5 § 11.1 <0.001
29 § 5.3 29 § 5.5 29.1 § 5.9 <0.001

20.5% 21.4% 19.5% 0.377

57.8% 51.3% 44.6% <0.001
25.1% 26.5% 33.7% <0.001
36.7% 36.9% 36.5% 0.001

18.4% 13.6% 7.3% <0.001
7.6% 5.8% 4.7% <0.001
55.8% 48.1% 35.5% <0.001
17.4% 13.2% 17.4% <0.001

15.9 § 24.5 15.4 § 26.6 16.1 § 26.5 0.259

79.5 § 13.6 74.8 § 11.5 67§ 10.3 <0.001
137.5§ 20.1 147.3§ 18.8 156 § 17.4 <0.001
83.2 § 11.6 88.2 § 10.3 92.3 § 9.2 <0.001

133.8§ 19 128.8§ 17 122.2§ 15.4 <0.001

81.5 § 18.5 79.9 § 11.5 77.5 § 22.2 <0.001

178.3§ 24.4 184.7§ 23.9 193.3§ 24.5 <0.001

85.8 § 24 85.4 § 14.5 86.3 § 19 <0.001

1.35 § 0.15 1.84 § 0.14 2.74 § 0.56 <0.001

8§ 2.8 9.4 § 2.9 10.8 § 3.1 <0.001

53.1% 47.6% 41.5% <0.001

16.2% 17.3% 24.5% <0.001
792/27.2% 442/18.2% 295/9.3% <0.001
10.2 § 5.7 10.2 § 5.9 8.6 § 5.7 <0.001

GI = hemodynamic gain index.

lood pressure ≥90 mm Hg or antihypertensive therapy, dyslipidemia was

terol <40 mg/dL or on lipid-lowering medication.5
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Figure 2. Hazard ratios of hemodynamic gain index percentiles and all-cause mortality in men. HGI = hemodynamic gain index.

Figure 3. Survival curves of hemodynamic gain index percentiles in men. HGI = hemodynamic gain index.
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cardiovascular disease, diabetes, those who were on medi-
cations affecting hemodynamics, and smokers as well as
in each age decade between 40 and 79 years (Tables 2 and
3). After exclusion of those with less than 2 years follow-
up, HGI remained a significant predictor of mortality both
in continuous and categorical models. The hazard ratio
and 95% confidence interval for the continuous model was
0.77, (0.72−0.83), p <0.001. The hazard ratios and 95%
confidence interval for the categorical model were 0.90
(0.81−0.98), 0.77 (0.67−0.87), and 0.65 (0.56−0.76),
p trend <0.001. The correlation between HGI and CRF
was r = 0.54, R2 = 0.29, p <0.001 (Table 2). Both in bivari-
able and multivariable hazard models, maximal rate
pressure product (HR £ SBP) alone was not associated
with mortality.
Discussion

In the present study, we aimed to assess the prognostic
value of a newly developed hemodynamic index in a large
cohort of men. Using HR and SBP responses to exercise
testing, we developed a new index (HGI) and conducted
clinical and statistical validation. The novel findings dem-
onstrated that higher HGI is inversely and independently
associated with lower risk of all-cause mortality. HGI
remained a strong predictor of mortality even after
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adjusting for established chronic conditions, age, medica-
tions affecting hemodynamics, exclusion of those with
less than 2 years follow-up, and CRF. This independent
association along with the modest explained variability
(R2 = 0.29) between HGI and CRF, support the potential
additional prognostic value of HGI beyond CRF. Given
that many clinical and research settings have limited
resources where metabolic or other advanced hemody-
namic assessments are not available, these findings have
potentially important clinical implications for risk stratifi-
cation of patients referred for exercise testing. The sim-
plicity of calculating the index and the powerful
prognostic value of HGI provide potential for its applica-
tion in clinical and research settings.

The current results are consistent with the available body
of knowledge with respect to hemodynamic responses to
exercise and mortality risk.1−3 Our findings strengthen this
knowledge, and add a novel index which comprehensively
evaluates the hemodynamic response that could comple-
ment the existing prognostic markers. Although several
hemodynamic markers have been associated with adverse
cardiovascular outcomes, each has limitations.1,2,5 For
instance, achieving a maximal HR <85% of age-predicted,
the first minute of HR recovery <12 bpm and a hypotensive
SBP response during exercise reflect different hemody-
namic abnormalities and are measured at separate time
points during the exercise test. These variables express only
a fractional hemodynamic response to an exercise test and
lack the integration of both HR and blood pressure
responses into one comprehensive metric.1,2,5 HGI offers a
more integrated evaluation of HR and blood pressure
responses to exercise in a single index. In addition, HGI
provides a noninvasive and sensitive evaluation of cardio-
vascular function during exercise that is independently
associated with mortality.4

Several physiological mechanisms may explain these
results. The product of HR and SBP (rate−pressure prod-
uct) is an indirect measure of myocardial oxygen consump-
tion and overall cardiac function.4,7,11 Rate pressure
product is an accepted metric for determining an ischemic
threshold for exercise training in cardiac rehabilitation, and
is associated with cardiac function and prognosis in patients
with coronary artery disease.4,5,7 HGI in the present study
utilized the net gain (from rest to maximal exercise) in rate
pressure product divided by resting values, a method that
has a strong physiological rationale for assessing the
responsiveness (net gain) in cardiovascular function. The
index objectively reflects the net capacity of the cardiovas-
cular system to generate forceful blood flow for meeting
the physiological demands of maximal aerobic exercise. It
is a mechanistic reflection of the pumping capability of the
heart as well as compliance of the vasculature in response
to physiological stimuli. Overall, the higher the HGI, the
better the cardiovascular function. In contrast, a low HGI
may suggest a noninvasive evaluation of stiffness of the
myocardium and the vascular system.4,7,11,12 Exercise test-
ing guidelines acknowledge that abnormal resting and max-
imal HR and SBP responses are associated with increased
risk of cardiovascular disease and mortality, which the pro-
posed index effectively expresses in a single and simple
metric.1,2,5,7

www.ajconline.org


Table 3

Hazard ratios of hemodynamic gain index and cardiorespiratory fitness by different age groups

Age group (years) /

parameter /analysis

20-29

(n = 106)

30-39

(n = 434)

40-49

(n = 1,822)

50-59

(n = 3,488)

60-69

(n = 3,604)

70-79

(n = 1,560)

≥80
(n = 247)

HGI (bpm/mm Hg) 2.4 § 0.84 2.2 § 0.94 1.9 § 0.84 1.73 § 0.81 1.59 § 0.8 1.3 § 0.64 1.2 § 0.63

Cardiorespiratory

fitness (METs)

13.8 § 3.5 12 § 3.2 10.3 § 3.4 8.9 § 3 7.7 § 3 6.4 § 2.6 5.3 § 2.1

Death events (n) No death

events

No death

events

217 566 1,185 714 122

HR 95%(CI) per 1

unit increase in HGI

N/A N/A 0.71 (0.58-0.86)

p <0.001
0.53 (0.46-0.6)

p <0.001
0.61 (0.56-0.67)

p <0.001
0.6 (0.53-0.69)

p <0.001
NS

CI = confidence intervals; HGI = hemodynamic gain index; HR = hazard ratio; MET = metabolic equivalent; N/A = not applicable; NS = not significant.

The hazard ratio models were adjusted for family history of heart diseases, body mass index, smoking status, hypertension, dyslipidemia, diabetes, any car-

diovascular disease, beta blockers, calcium channel blockers, angiotensin-converting enzyme inhibitor/angiotensin receptor blocker, diuretic drugs, and car-

diorespiratory fitness.
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The strengths of the present study include the application
of noninvasive and easily assessable physiological varia-
bles (HR and SBP), a large sample size (n = 11,455) and
extended prospective follow-up (approximately 10 years)
for adverse outcomes. Mortality outcomes were verified
through the Veterans Affairs computerized medical records
system, which has been demonstrated to be comparatively
accurate and complete.8,9 The prognostic value of HGI was
validated using several clinical and statistical methods. The
study has also several limitations. First, Veteran partici-
pants are a unique population with a rich mixture of co-
morbidities that may have influenced the results by selec-
tion bias. Nevertheless, HGI aligns with a well-established
body of knowledge of physiological responses and exercise
testing guidelines.1,2,5 Second, the study was limited to
men, and the extent to which the findings apply to women
needs to be examined in future studies. Finally, although
the findings provide a strong and independent association
between HGI and mortality outcomes, they do not demon-
strate a cause and effect relation, and require additional val-
idation in a separate cohort.

HGI is a powerful, simple, noninvasive, and practical
prognostic marker requiring only HR and SBP responses to
exercise. Higher HGI is inversely and independently associ-
ated with lower risk of all-cause mortality in men, regard-
less of the presence of established clinical conditions, risk
factors, CRF levels and medications affecting hemodynam-
ics. The current results suggest that HGI adds prognostic
value beyond CRF, and has good potential for clinical and
research applications. Future studies are needed to confirm
these findings and assess changes in HGI over time and risk
of health-related outcomes.
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