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Prognostic significance of impaired
chronotropic response to pharmacologic stress
Rb-82 PET
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Background. An impaired chronotropic response to exercise is an accepted risk marker but
the relationship between heart rate reserve (HRR) with pharmacologic stress is less well-
established. The primary aim of this analysis was to evaluate the prognostic significance of HRR
in patients undergoing rest/stress myocardial perfusion positron emission tomography (PET) in
estimating coronary artery disease (CAD) mortality.

Methods. This subset analysis from the PET Prognosis Multicenter Registry includes a total
of 2,398 patients undergoing rest/stress Rb-PET from three participating sites. The HRR from
rest to peak stress was categorized into tertiles of <4, 5-14, and =15 beats per minute (bpm). At
stress, the % abnormal myocardium was categorized as <5 %,5-9.9 %,and 210 %.We estimated
CAD mortality using univariable and multivariable Cox proportional hazard models.

Results. CAD mortality was 12.8 %, 3.4 %, and 0.8 %, respectively, for HRR measurements
of <4, 5-14, and 215 bpm (P < 0.0001). In a multivariable model, the HRR was independently
predictive of CAD mortality (P < 0.0001) with adjusted hazard ratios elevated 3.5- and 8.4-fold for
HRR of 5-14 and <4 versus =15 bpm. In a multivariable model, both the HRR and stress MPI %
abnormal myocardium were independently and highly predictive of CAD mortality. Moreover,
the net reclassification improvement was (.18 for the HRR when compared to a model including
risk factors, symptoms, rest HR, and PET variables (P = 0.0008). For those with =10 %
abnormal myocardium on stress PET, there was a graded relationship between HRR and CAD
mortality with adjusted hazards exceeding 50-fold for measurements of 5-14 and <4 bpm
(P < 0.0001) compared to stress MPI with <5 % abnormal myocardium and a HRR =15 bpm.

Conclusion. A diminished HRR to vasodilator stress is a novel but increasingly important
predictor of CAD mortality. HRR measurements of <4, 5-14, and =15 bpm were independently
predictive of CAD mortality and underscore the importance of optimizing readily available novel
markers of risk as highly relevant to identifying high and low risk patient subsets. (J Nucl Cardiol
2014;21:233-44.)
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For over two decades, pharmacologic stress is a well-
established technique for elucidating the extent and
severity of myocardial perfusion imaging (MPI) abnor-
malities. An abundance of evidence reports that
pharmacologic stress MPI effectively and independently
risk stratifies patients with suspected myocardial ische-
mia.! Populations referred for pharmacologic stress are
higher risk as a result of functional disability and a greater
degree of comorbidity when compared to the physically
capable patients able to undergo exercise testing. An
impaired chronotropic response with graded exercise test-
ing®? is an established risk marker and only recently has the
evidence of easily identified heart rate responses (HRR)
following vasodilator stress been reported to risk stratify
patients with functional limitations.*® Recently, novel
predictors have been added to the list of prognostically
important variables derived during pharmacologic stress by
including ancillary markers such as the changes in heart
rate following intravenous administration of vasodilator
agents.*’ A blunted HRR to vasodilator stress has been
associated with cardiac autonomic dysfunction.*"’

Despite the intriguing early reports,*® there has been a
limited expansion of these findings to a diverse population of
patients undergoing pharmacologic stress. The Positron
Emission Tomography (PET) Prognosis Registry is a pro-
spective, multicenter registry that has reported risk
stratification evidence in a large series of patients presented
for evaluation of suspected myocardial ischemia.”'® The
aim of the current report was to explore the prognostic utility
of HRR in this contemporary PET registry; with the aim to
define the independent and additive value of HRR following
vasodilator stress in conjunction with the extent and severity
of stress myocardial perfusion imaging (MPI) findings. We
propose that the current analysis with the focus on the
prognostic significance of HRR in patients undergoing rest/
stress Rb-82 PET is important due to the current inability to
perform graded exercise testing in this setting.

METHODS

Registry

The findings from the PET Prognosis Registry have been
previously reported”'® and subsets of this cohort have been
previously published.''? In brief, the PET Prognosis Registry
consists of a total enrollment of 7,061 consecutively tested
patients undergoing rubidium-82 (Rb-82) stress myocardial
perfusion PET. From one center, dobutamine PET was used in
selected indications but not identified in the database. We
excluded data from this enrolling center and are presenting
data on a total subset of 2,398 patients. Enrollment and clinical
characteristics from this excluded center were similar to those
reported herein. All participating centers obtained institutional
review board approval for the stress imaging procedures as
well as follow-up methods.
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Collection of Past Medical History Data

All centers agreed upon a uniform data collection for
relevant clinical history variables.'® At each center, MPI staff
collected data on relevant cardiac risk factors including age,
gender, hypertension, diabetes, dyslipidemia, and smoking.
Prior cardiac history including myocardial infarction and
coronary revascularization procedures were documented. A
patient’s body mass index was calculated. Ongoing medica-
tions including beta blocker, calcium channel blocker, ACE
inhibitor, nitrates, diuretic, and anti-diabetic usage were
detailed in the database.

MPI Protocol and Interpretation

Patients underwent standardized PET MPI protocols as
per the guidelines of the American Society of Nuclear
Cardiology."® Referred patients received Rb-82 MPI PET
using dedicated PET (ECAT ART; Siemens-CTI, Knoxville,
TN; Posicam HZL/R, Positron Corporation, Houston, TX) or
hybrid PET/CT (Discovery Rx or STE Light Speed (16, 64
slice CT), GE Healthcare, Milwaukee, WI; Biograph 64,
Siemens, Knoxville, TN) cameras. Infusion of 20-60 mCi of
Rb-82 occurred during rest and stress protocol with dipyrid-
amole (142 mcg/kg/min for 5 min) or adenosine (140 mcg/kg/
min for 4-6 min) used for vasodilator stress. As stated
previously, one center used dobutamine under the following
circumstances: (1) bronchospastic airway disease requiring
active oral steroid use or active oral theophylline, (2) systolic
blood pressure <100 mmHg, (3) second or third degree AV
block without pacemaker in place, (4) patients on oral
dipyridamole, and (5) caffeine within 12 h. Although this
represented an estimated small proportion of patients (i.e.,
<5 %), documentation of dobutamine use was not reported in
their database. The current analysis represents all included
centers minus this enrolling site. In a separate analysis, the
presented findings were similar to that from the entire registry.
We chose to include only this smaller series so as to affirm that
the heart rate changes were solely documented following
vasodilator stress MPL

Standardized MPI interpretation was applied including
segmental scoring (using the 17 segment scoring system).
Based on the 17-segment scores, the summed rest and stress
scores were calculated and categorized into <5 %, 5-9.9 %,
and >10 % abnormal myocardiu111.14’15 A subset of 2,097
patients had rest left ventricular ejection fraction (LVEF)
measurements obtained; as previously reported.”'® The rest
LVEF was categorized as <45 % and >45 %. Rest and
maximum heart rate measurements before and following
intravenous vasodilator stress were recorded. As well, rest
and maximum blood pressure measurements were also
recorded.

HRR was defined as subtracting the peak minus the
resting heart rate (in beats per minute, bpm). HRR was
categorized into tertiles for the following measurements
including a change of <4, 5-14, and >15 bpm. These tertiles
were chosen based on the approximate equal size of the tertiles
as well as the convenience of the cut-points.
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Follow-Up Methods

A more detailed description of follow-up methodologies
has been reported.' The primary endpoint for this analysis was
coronary artery disease (CAD) death. The timing and occur-
rence of CAD mortality was documented for all patients. CAD
mortality was described as time to first occurrence causing a
fatal event (fatal myocardial infarction, arrhythmia, or primary
cardiovascular abnormality including death from end-stage
CAD or heart failure). The timing and occurrence of all-cause
death was also documented.

Each institution employed a scripted telephone interview
that was employed during patient or family member contact.
The interviews were supplemented by review of the patient’s
electronic medical record or by confirmation of the patient’s
primary care physician. For US centers, the national death
index was queried for ascertainment of survival status of
patients during the study time period. The follow-up time
period was, on average, 1.9 + 0.9 years. For all survival
analysis, the number of patients at-risk was documented during
each year of follow-up.

Statistical Methods

Descriptive statistics were employed to compare clinical
and MPI data by the HRR tertiles using linear-by-linear
association X> statistics. For rest and stress blood pressure
measurements, we compared average measures by HRR
tertiles using analysis of variance techniques.

We estimated the HRR <4 bpm using a multivariable
logistic regression model. All candidate variables were based
on prior literature including drug types (e.g., beta blockers) and
clinical patient subsets (e.g., diabetics, advanced age) known to
influence HRR. Model overfitting procedures were considered
by limiting the final model to 1 variable for every 10 outcomes.
From the multivariable model, the adjusted odds ratio and
95 % confidence intervals (CI) were calculated. We report on
the model X? statistic and model classification rate from the
multivariable model in Table 2. The Hosmer and Lemeshow
and Nagelkerke r* statistics were also reported. For PET data,
we included the stress MPI % abnormal myocardium and
categorical rest LVEF variables. The % ischemic myocardium
was also included as a covariate but was not statistically
significant (P = 0.99) and not presented.

The primary endpoint for this analysis was time to CAD
mortality. A total of 64 CAD deaths were observed during
follow-up. Univariable and multivariable Cox proportional
hazards models were calculated. C statistics were calculated
from the Cox models. From the univariable Cox model, we
plotted time to CAD mortality for the HRR tertiles. Crude
CAD mortality rates were compared for HRR tertiles and
LVEF subsets using X> statistics. From the Cox models, an
unadjusted or adjusted hazard ratio and 95 % CI was calcu-
lated. The predicted or adjusted CAD mortality rates were
calculated from the multivariable Cox model. These rates were
annualized by dividing the predicted rate by the years of
follow-up. These predicted rates were compared by HRR
tertiles, stress MPI % abnormal myocardium, and in elderly
(age >65 years) and non-elderly (age <65 years) patients. A
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receiver operating characteristics (ROC) curve analysis was
employed to classify CAD mortality for rest and stress MPI %
abnormal myocardium. In the ROC analysis, the area under the
curve and 95 % CI was calculated. As well, the continuous and
categorical net reclassification improvement (NRI) statistics as
well as 95 % bootstrap CI was calculated. The categories for
the NRI analysis included <1 %, 1-3.9 %, and >4 % annual
CAD mortality.

We created a variable that combined the HRR and MPI %
abnormal myocardium. The ranking for the HRR from low to
high risk was >15, 5-14, and <4 bpm. The ranking for the %
abnormal myocardium from low to high risk was <5 %,
5-99 %, and >10 %. For this variable, we classified a
HRR > 15 bpm and <5 % abnormal myocardium as the
comparator and as the lowest risk group. All other subsets
combining the rankings of HRR and % abnormal myocardium
were evaluated in terms of the relative hazards when compared
to this lowest risk group. Two combined HRR and MPI PET
variables were calculated including the rest MPI % abnormal
myocardium and stress MPI % abnormal myocardium.

We also developed a multivariable Cox model that
included a priori chosen clinical and MPI variables. Only 1
variable for every ten deaths was included in this model. The
proportional hazards assumption was assessed by visual
examination of Logs(—Log) plot of survival curve; with all
plotted lines being parallel. We also developed a multivariable
model that included beta blocker therapy use and a first-order
interaction of beta blocker use xHRR as covariates. These
variables were evaluated to examine if any attenuated impact
of HRR on CAD mortality could be observed. For the final
model, we included known CAD and not rest LVEF due to the
reduced sample size available with this latter measure.

RESULTS

Clinical Descriptors of the Patient Cohort
by Changes in Heart Rate (Table 1)

From the 2,398 patients, a total of 480, 867, and
1,051 patients had HRR of <4, 5-14, and >15 bpm
following vasodilator stress (Table 1). When catego-
rized using these tertiles for HRR, patients with the
lowest category of a A < 4 bpm were generally older,
more often male, with prevalent CAD risk factors, and a
prior history of known CAD. As expected, those patients
with the lowest HRR had a higher (on average) resting
heart rate and a lower (on average) peak stress heart rate
(P < 0.0001 for both comparisons).

In the subset of patients with the lowest HRR (i.e.,
<4 bpm), >40 % had >10 % of the myocardium
abnormal at rest and nearly one-third had a resting
LVEF <45 % (P < 0.0001 for both comparisons).
Similarly, this patient subset with a HRR of <4 bpm
were also more likely to have mild-moderately abnormal
stress MPI with >5 % abnormal stress myocardium in
more than half of patients (P < 0.0001).
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Table 1. Clinical descriptors of the 2,398 patients referred for stress myocardial perfusion Rb-82 PET
by HRR tertiles

HRR
<4 bpm 5-14 bpm 215 bpm P
(n = 480) (n = 867) (n = 1,051) value
Age (in years) <0.0001
<40 25% 2.1 % 32%
40-49 6.0 % 9.6 % 13.7 %
50-59 18.0 % 21.6 % 25.7 %
60-69 225 % 26.2 % 27.0%
70-79 29.3 % 26.6 % 21.5%
>80 21.7 % 139 % 8.9 %
Female gender 37.4 % 449 % 53.2 % 0.001
Cardiac risk factors
Hypertension 82.1% 77.1 % 68.6 % <0.0001
Smoking 25.1 % 27.3 % 27.5% 0.40
Diabetes 36.8 % 35.7 % 24.2 % <0.0001
Dyslipidemia 58.7 % 64.3 % 64.8 % 0.049
Obesity 33.6% 44.0 % 40.9 % 0.22
Angina or dyspnea 57.0 % 54.7 % 60.9 % 0.003
Known CAD 40.7 % 37.6 % 335 % 0.001
Heart rate
Rest 74.1 + 15 69.0 £ 13 66 + 11 <0.0001
Peak stress 74.1 = 14 785+ 13 90.4 + 14 <0.0001
Systolic blood pressure
Rest 139.7 + 25 141.6 + 25 136.2 + 24 <0.0001
Peak Stress 128.4 + 30 130.1 + 26 125.7 + 23 <0.0001
Diastolic blood pressure
Rest 71.7 + 33 71.8 £ 15 71.0+ 12 0.51
Peak stress 61.8+ 15 634+ 14 63.1 + 14 0.062
Rest EF < 45 % (n = 2,097) 34.1 % 17.6 % 8.0 % <0.0001
% Abnormal rest <0.0001
myocardium
<5 % 375 % 51.4 % 60.4 %
5.0-9.9 % 19.7 % 18.6 % 18.5 %
>10.0 % 42.8 % 30.1 % 21.1 %
% Abnormal stress <0.0001
myocardium
<5.0 % 47.0 % 61.4 % 72.1 %
5.0-9.9 % 14.5 % 11.2 % 10.8 %
>10.0 % 385 % 27.4 % 17.0 %
Medications
Beta blockers 67.0 % 58.9 % 45.5 % <0.0001
Calcium channel blockers 26.1 % 24.3 % 20.1 % 0.001
ACE inhibitors 43.5 % 37.8% 35.0 % 0.002
Nitroglycerin 15.9 % 12.7 % 11.8% 0.028
Diuretics 42.6 % 33.8% 23.4 % <0.0001
Anti-diabetics 28.4 % 26.1 % 17.7 % <0.0001

CAD, coronary artery disease; EF, left ventricular ejection fraction.
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Table 2. Logistic regression model estimators* of diminished HRR < 4 bpm

Odds ratio (95 % Cl) Wald xz P value
Beta blocker use 1.31 (1.03-1.67) 5 0.023
Diuretic use 1.38 (1.10-1.73) 8 0.006
Diabetes 1.32 (1.04-1.69) 5 0.023
Age (in deciles) 1.32 (1.20-1.45) 35 <0.0001
Rest LVEF <45 % 2.49 (1.90-3.27) 43 <0.0001
% Abnormal stress myocardium 1.11 (1.02-1.21) 5 0.019

*The % ischemic myocardium was not statistically significant (P = 0.99) when added to this model in lieu of the % abnormal

myocardium at stress.

Model XZ = 168, P < 0.0001 (model classification: 79.3 %), Hosmer and Lemeshow test P = 0.054, Nagelkerke ¥ =0.12.

As expected, medication usage was more prevalent
in patients with a diminished HRR following vasodilator
stress. Of note, 67 % of patients with a HRR of <4 bpm
were on beta blockers.

Multivariable Logistic Regression Model
Estimating HRR < 4 bpm

Table 2 reports on a multivariable model estimating
diminished HRR < 4 bpm. As expected, drug treatment
with beta blocker (P = 0.027) and diuretic (P = 0.006)
use was associated with a higher adjusted odds for a
diminished HRR. As previously reported,” diabetes was
associated with a higher adjusted odds of a diminished
HRR <4bpm (OR 133, 95% CI 1.04-1.69,
P = 0.023). For every decile of age, the adjusted odds
of a diminished HRR < 4 bpm increased 1.32-fold
(95 % CI 1.20-1.45, P < 0.0001).

With regards to MPI variables, rest LVEF < 45 %
was associated with an adjusted OR of 2.49 (95 % CI
1.90-3.27, P < 0.0001) for a diminished HRR. For every
5 % increase in the % abnormal myocardium at stress
MPI, the adjusted odds of a diminished HRR < 4 bpm
was 1.11 (95 % CI 1.02-1.21, P = 0.019). In a multi-
variable model, the % ischemic myocardium was not
associated with a diminished HRR (P = 0.99).

Estimation of CAD Mortality by Heart Rate
Response and Rb-82 PET MPI Findings

In this cohort of 2,398 patients, a total of 64 CAD
deaths were observed during 1.9 + 0.9 years of follow-
up. Cox survival was 3.8 % at 3 years of follow-up for
the overall patient cohort. When stratifying by the tertile
HRR from rest to peak stress, unadjusted Cox mortality
was 12.8 %, 3.4 %, and 0.8 %, respectively, for HRR
measurements of <4, 5-14, and >15 bpm (Figure 1,
P < 0.0001). The relative hazard for CAD death was 5.7
(95 % CI 2.1-14.9, P < 0.0001) and 18.7 (95 % CI 7.3-

47.7, P < 0.0001) for patients with a HRR of 5-14 and
<4 bpm.

CAD Mortality and Resting LVEF

CAD mortality rates may be further subdivided by the
patient’s resting LVEF measurement (Figure 2,
n = 2,097). In Figure 2, for the 1,710 patients with
preserved resting LVEF > 45 %, the annual CAD mor-
tality rates ranged from 0.3 % to 2.8 % for patients with a
HRR from >15 to <4 bpm (P = 0.001). By comparison,
in the setting of a resting LVEF < 45 % (n = 387), the
annual CAD mortality rates ranged from 1.2 % to 14.2 %
for patients with a change in heart rate from >15 to
<4 bpm (P = 0.001). The crude CAD mortality rates
were significantly higher for patients with a resting
LVEF < 45 % but only for the lower 2 tertiles of HRR
measurements of 5-14 and <4 bpm (P < 0.0001). No
differences were reported in the annual CAD mortality for
patients with a HRR of >15 bpm regardless of their LVEF
measurement (P = 0.26).

CAD Mortality and Rest/Stress MPI Findings

When the HRR measurements were integrated with
the stress MPI % abnormal myocardium, both variables
were independently and highly predictive of CAD
mortality. In Table 3, the adjusted (controlling for
diabetes, age, known CAD, gender, and hypertension)
CAD mortality was compared to patients with a low risk
stress MPI PET (i.e., <5 % abnormal myocardium) and
HRR > 15 bpm. For all of the subsets of patients with a
low risk MPI PET, the HRR was associated with similar
CAD mortality (P = 0.11 for 5-14 and P = 0.09 for
<4 bpm). When compared to patients with a low risk
MPI PET and a HRR > 15 bpm, the relative hazard for
CAD mortality ranged from 16.8 for those with a HRR
of 5-14 bpm to 63.7 with a HRR < 4 bpm in the subset
of patients with a mildly abnormal MPI scan. For those
with >10 % abnormal stress myocardium, there was a



238 Bellam et al.

Prognostic significance of impaired chronotropic response

20.0%

15.0% =

10.0%

5.0% -

Cumulative Cardiac Mortality Rate (%)

Journal of Nuclear Cardiology®
March/April 2014

HR A <4 bpm (n=480)
p<0.0001

HR A 5-14 bpm (n=867)
p<0.0001

HR A >14 bpm (n=1,051)

0.0% = G

T T
0.0 1.0

Model X2=75, p<0.0001
T T 1
20 3.0 4.0

Time to Follow-up (in years)

Figure 1. Time to cumulative CAD mortality by heart rate A, in beats per min (bpm) from rest to
peak stress. During pharmacologic stress Rb-82 myocardial perfusion PET (n = 2,398).

W EF <45% (n=387)

M EF >45% (n=1,710)
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HR A >14 bpm

Heart Rate Change (beats per minute)

Figure 2. Crude CAD mortality rates by rest left ventricular ejection fraction (EF) and heart rate
change during pharmacologic stress Rb-82 myocardial perfusion PET (n = 2,097).

graded relationship between HRR and CAD mortality
with adjusted hazards ranging from 18.0 (P = 0.01) to
146.0 (P < 0.0001) for measurements from >15 to
<4 bpm when compared to a low risk MPI PET and
elevated HRR > 15 bpm.

In a separate analysis, we also examined the inter-
relationship between the rest MPI % abnormal myocar-
dium and HRR (Table 3). Even in the setting of a low

risk, rest MPI (<5 % abnormal myocardium), reduced
HRR measurements were significant estimators of CAD
mortality (<4 bpm: P < 0.0001) and 5-14 bpm: P =
0.007) when compared to patients with HRR of
>15 bpm. Patients with moderate-severely abnormal
myocardium at rest had the highest relative hazard for
CAD mortality; ranging from 10.5 (P = 0.01) to 75.9
(P < 0.0001) for HRR measures from >15 to <4 bpm.
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Table 3. Adjusted CAD mortality and hazard ratios (95 % confidence intervals) for % abnormal stress
myocardium and HRR tertiles (n = 64 deaths)

% Abnormal stress myocardium (model 12 = 200, P < 0.0001)
% Abnormal stress myocardium
5-9.9 % Myocardium 210 % Myocardium

<5 % Myocardium

(n = 1,495) (n = 399) (n = 610)
Hazard ratio Hazard Ratio Hazard ratio
HRR (95 % CI) P value (95 % CI) P value (95 % CI) P value
<4 bpm 7.90 0.09 63.72 <0.0001 146.01 <0.0001
(n = 480) (0.72-87.33) (7.44-545.89) (19.89->1,000)
5-14 bpm 6.08 0.11 16.79 0.021 56.24 <0.0001
(n = 867) (0.68-54.40) (1.52-185.35) (7.45-424.25)
>15 bpm - - 6.93 0.17 18.04 0.01
(n=1,051) (0.43-110.81) (2.02-161.39)
% Abnormal rest myocardium (model xz = 178, P < 0.0001)
% Abnormal rest myocardium
<5 % Myocardium 5-9.9 % Myocardium 210 % Myocardium
(n = 1,982) (n = 158) (n = 262)
Hazard ratio Hazard ratio Hazard ratio
HRR (95 % CI) P value (95 % CI) P value (95 % CI) P value
HR A < 4 bpm 14.01 <0.0001 30.33 <0.0001 75.89 <0.0001
(n = 480) (3.99-49.21) (6.79-135.59) (22.54-225.52)
HR A 5-14 bpm 5.67 0.007 11.87 0.007 25.08 <0.0001
(n = 867) (1.60-20.10) (1.98-71.10) (6.65-94.54)
HR A > 15 bpm - - 0.00* 0.97 10.54 0.01
(n = 1,051) (0.00-0.00) (1.76-63.09)

*All models were adjusted with cardiac risk factors (age, diabetes,

Multivariable Model Estimating CAD
Mortality

Table 4 reports the clinical multivariable model for
estimating CAD mortality. In this model, the HRR
variable was independently predictive of CAD mortality
(P < 0.0001) with adjusted hazards in the range of 3.5-
8.4. In a separate stepwise model, the % abnormal stress
myocardium and HRR were rated as the two strongest
estimators of CAD mortality. In prior clinical models,
age was prominent and highly predictive of CAD
mortality. When known CAD, HRR, and stress MPI %
abnormal myocardium were added to the predictive
model, age was of borderline significance in estimating
CAD mortality (P = 0.076). In a related model, an
interaction of beta blocker therapy by the HRR variable
was not statistically significant (Table 5, P = 0.97).

This relationship may also be illustrated by plotting
the annual CAD mortality rates by the % abnormal stress
myocardium and HRR tertiles in elderly and non-elderly
patients (Figure 3). There was a similar gradient

smoking) and known CAD.

relationship between HRR and stress MPI % abnormal
myocardium. For younger patients <65 years of age,
those at high risk were patients with >10 % abnormal
stress myocardium, the annual CAD mortality rates
ranged from 0.9 % for 7.5 % for those with HRR
measurements of >15 to <4 bpm (P < 0.0001). Simi-
larly, for elderly patients, the annual CAD mortality rates
ranged from 1.3 % for 9.2 % for those with HRR
measurements of >15 to <4 bpm (P < 0.0001). Patients
with a low risk, stress MPI (i.e., <5 % abnormal myocar-
dium) and elevated HRR measurement (>15 bpm) had a
very low risk of CAD death per year (0.1 %).

In two separate multivariable models, we examined
the added independent value of HRR over and above
resting HR. In Table 6, the first model reports that
resting HR was highly predictive of CAD mortality
(P = 0.0022) over and above the stress MPI % abnor-
mal myocardium, age, hypertension, and smoking.
However, in the second model, when HRR was added
to the model, resting HR was no longer statistically
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Table 4. Clinical multivariable model estimating CAD mortality (n = 64 deaths)

95.0 % CI for HR

Hazard ratio (HR) Lower Upper Wald ;2 P value
Age (by deciles) 1.24 0.98 1.57 3 0.076
Current smoker 1.64 0.99 2.72 4 0.057
Diabetes 1.66 1.01 2.74 4 0.046
Known CAD 2.38 1.28 4.43 8 0.006
HRR 23 <0.0001
<4 bpm 8.37 3.18 22.04 <0.0001
5-14 bpm 3.47 1.30 9.30 0.013
% Abnormal myocardium 25 <0.0001
5.0-9.9 % 3.81 1.29 11.22 0.015
>10 % 8.60 3.53 20.95 <0.0001

Model 4% = 175, P < 0.0001.

Table 5. Multivariable model estimating CAD mortality and the interaction of beta blocker therapy

with HRR
95.0 % CI for HR

HR Lower Lower Wald ;2 P value
Diabetes 1.87 1.14 3.08 6 0.014
Known CAD 3.17 1.65 6.06 12 0.001
Beta blocker therapy use 0.75 0.39 1.42 1 0.38
Abnormal myocardium (%) 1.05 1.03 1.06 33 <0.0001
HRR?* 0.53 0.35 0.79 10 0.002
Interaction of beta blocker therapy x HRR 0.99 0.59 1.67 <1 0.97

In order to avoid model overfitting, we removed age and smoking from the previous model as they were of borderline

significance.
“HRR variable is categorized as in Table 4.

significant (P = 0.36) and the HRR was highly signif-
icant (P < 0.0001).

CAD Death Classification Analysis

We examined the ability of the combination of %
abnormal myocardium with the HRR variable to classify
CAD mortality (Figure 4). The combination of stress
MPI % abnormal myocardium with the variable HRR
exhibited a high area under the curve for classifying
CAD mortality (0.86, P < 0.0001). The combination of
the rest MPI % abnormal myocardium with the HRR
variable had an area under the curve of 0.81 for
classifying CAD mortality (P < 0.0001).

When compared to a multivariable model including
resting HR, the categorical NRI for the HRR was 0.18
(95 % CI 0.02-0.35) (Table 6) when compared to a
model that included the resting HR as well as risk

factors and the stress MPI % abnormal myocardium.
The proportion of events and non-events that were
correctly reclassified with HRR was 10.8 % and 7.7 %.

DISCUSSION

The inability of the heart rate to increase normally
with exercise,>'® during a timed walk,'” or, as in the
current analysis, with pharmacologic stress™>’ has
important implications for the detection of at-risk
patients undergoing stress testing. The majority of
evidence on changes in heart rate is reported for patients
undergoing exercise testing.”>'®'® The exercise testing
literature identifies an impaired chronotropic response as
a major predictor of cardiovascular outcomes.”?'®!?
From the current series, the measurement of the HRR to
vasodilator stress was highly predictive of CAD mor-
tality. In fact, CAD mortality was as high as 12.8 % for
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Figure 3.
perfusion PET imaging results.
patients with a diminished HRR of <4 bpm

(P < 0.0001) following administration of a vasodilator
stressor. Conversely, CAD mortality was low for
patients with high HRR measurements >15 bpm; often
<1 % annual CAD mortality rates. Interestingly, there
was a synergistic relationship between rest and stress
MPI findings and HRR. Such that, the adjusted hazard
for CAD mortality increased with the % abnormal
myocardium on rest and stress MPI and was further
exacerbated based on the HRR measurements. This data
is consistent with previous single center registry data
that identified a diminished HRR to vasodilator stress as
prognostically significant.®™®

Impaired Chronotropic Response and CAD
Mortality

The body of evidence on the prognostic significance of
changes in heart rate to stress has largely been put forth in
exercising patients.>>'® In these reports, a failure to
achieve predicted maximum heart rate of 85 % or greater
atmaximal exertional stress or a defined reduced peak heart
rate (e.g., <110-120 bpm at peak exercise) is consistently
reported and validated as prognostically important.®~%>?
The common definition for an impaired chronotropic
response is a failure of the heart to adequately increase its
beating rate commensurate with the higher metabolic
demands of graded exercise.” For pharmacologic stress,

one may similarly propose to define an impaired chrono-
tropic response as a failure to adequately increase the heart
rate commensurate with the vasodilatory action of the
infused pharmacologic stressor. The normative response to
infusion of a vasodilating stress agent is a drop in blood
pressure that is associated with a compensatory increase in
heart rate. Although one may subset this data many ways,
we defined the HRR by categorizing the HRR into tertiles
of <4, 5-14, and >15 bpm. These results indicate that
patients with a diminished heart rate reserve of <4 bpm are
at high risk of CAD mortality. Our analysis revealed an
improved risk reclassification (NRI = 0.18) with the
addition of HRR to a model including resting heart rate.
However, the risk associated with HRR is augmented in the
setting of mild (5-9.9 % of the myocardium) to moderate-
severely (>10 % of the myocardium) abnormal stress MPI
findings with relative hazards for CAD death in excess of
50-times higher than that of patients with low risk MPI
(<5 % of the myocardium) and a normal HRR > 15 bpm
(P < 0.0001). In the current series and as previously
reported,”” the HRR was independently associated with
CAD mortality. In a recent report on rest-stress Rb-82, the
change in heart rate following dipyridamole infusion
was inversely related to all-cause death (P = 0.0006).6
That is, the lower the HRR, the higher the all-cause death
rates. In the current report, similar findings were reported
with those at highest CAD mortality risk having a HRR of
<4 bpm.
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Table 6. Multivariable models evaluating the prognostic significance of rest heart rate and HRR

95 % Hazard ratio

Parameter Hazard ratio confidence limits 1 P value
Model #1: Resting Heart Rate®
Age (in years) 1.05 1.02 1.07 15 <0.0001
Hypertension 1.41 0.76 2.63 1 0.28
Smoking 1.92 1.15 3.20 6 0.0122
Stress MPI % abnormal myocardium 1.06 1.05 1.08 79 <0.0001
Resting heart rate (bpm) 1.03 1.01 1.05 9 0.0022
Model #2: including HRRP
Age (in years) 1.03 1.01 1.06 8 0.0049
Hypertension 1.38 0.74 2.58 1 0.32
Smoking 1.82 1.09 3.05 5 0.02
Stress MPI % abnormal myocardium 1.06 1.05 1.08 65 <0.0001
Resting heart rate (bpm) 1.01 0.99 1.03 1 0.36
HRR (bpm) 0.94 0.92 0.96 30 <0.0001
NRI

NRI percentile

% of Events % of Non-events

method 95 % correctly correctly
NRI Bootstrap CI reclassified reclassified
Continuous NRI 0.801 (0.5544-1.0211) 5817 % 2193 %
Categorical NRI 0.185 (0.0231-0.3469) 10.77 % 7.72 %

C statistic: Model #1: 0.85 (0.81-0.90)
Model #2: 0.89 (0.84-0.92)

P value difference: P = 0.0008
%Model * = 117, P < 0.0001

®Model 4% = 133, P < 0.0001

Key Patient Subsets with Abnormal HRR

The underlying etiology for an abnormal HRR has
been reported to be autonomic dysfunction which is
prevalent in patients with CAD, left ventricular dys-
function, and in diabetics.>”**® Our report similarly
highlights the greater prevalence of impaired HRR
(<4 bpm) in subsets of diabetics, in older age sub-
groups, and in patients with an impaired LVEF. Of the
latter group, a subset of 2,097 had resting LVEF
measurements. In this group, the estimated annual
CAD mortality rates were demonstrably higher for
patients with impaired systolic function and a dimin-
ished HRR (Figure 2). Specifically, for patients with a
HRR of <4 bpm, the annual CAD mortality rate was
142 % versus 2.8 % for patients with rest LVEF
measures of <45 % and >45 % (P < 0.0001). A similar
relationship was reported for patients with intermediate
HRR values of 5-14 bpm (P < 0.0001). However, in
patients with preserved HRR of 15 bpm or greater, there
was no difference in the CAD death rates for patients
with and without impaired rest LVEF (P = 0.26). We
also reported a synergistic relationship between the

resting MPI abnormalities and HRR. These data support
the prognostic strength of HRR measures as highly
predictive of CAD mortality and an important means to
risk stratify patient subsets with expectedly high death
risk (i.e., patients with systolic dysfunction or scarred
myocardium).

HRR and the Aging Cardiovascular System

With regards to aging, there is a well-established
relationship whereby maximal heart rate values decline
with age.” That is the rationale for the commonly used
measure to predict maximal heart rate which is inclusive
of patient age.” One may postulate that our analysis of
the prognostic significance of HRR is merely emulating
the age-related effects on the vascular system and the
higher CAD mortality risk associated with advanced
age. Historically, age is commonly the most prominent
prognostic variable in multivariable models. Interest-
ingly, in our cohort, the inclusion of HRR into the Cox
models attenuated the influence of age, such that there
was only a trend toward significance in estimating CAD
mortality (P = 0.076). These data imply that the
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prognostic significance of patient age may be better
elucidated by examining the HRR to stress. In our
analysis, higher CAD death rates were reported for
elderly patients but were low for the aged with preserved
HRR > 15 bpm. From the Cardiovascular Health Study
of older subjects (mean age: 77 years), the lowest tertile
of HRR (<20 bpm) with a timed 6-min walk was
associated with a 20 % increase in mortality risk.'’
Moreover, this analysis also confirms an earlier analysis
by Abidov and colleagues® showing the importance of
HRR in older patients. In this report of 3,444 patients
who were 55 years of age and older, resting and peak
HR were independently predictive of CAD mortality.
From this series,® the beta coefficient for CAD mortality
was positive (B = 0.042) suggesting that those with
higher resting HR had an elevated death risk. As well,
the beta coefficient for CAD mortality was negative
(B = —0.026) suggesting that those with a lower peak
HR had an elevated death risk. Combining this result
renders findings similar to the current analysis that a
diminished HRR was a highly significant estimator of
CAD mortality.

Study Limitations

Limitations to this registry have been previously
defined by Dorbala et al.'® We included a consecutive
series of patients and, as such, our findings reflect the
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pattern of testing from the participating institutions.
Selection bias is operational and may have influenced
our findings. Our findings do validate prior series®® and
support the consistency of the prognostic relationships
reported herein. Data were collected prospectively but
with limited depth of detail on past medical history of
enrolled patients. A greater depth of detail in key patient
subsets including symptom burden and onboard medi-
cations may have provided further detail as to the
relationship between HRR and prognosis. Specifically,
we did not evaluate the potential influences of arrhyth-
mias and prescribed anti-arrhythmic medication.
Moreover, the presence of electrocardiographic rhythm
abnormalities including atrial fibrillation or a paced
rhythm was not available. We did not compare the type
of vasodilatory agent and combined all pharmacologic
stressors with a vasodilatory mechanism of action
together. We attempted to control for the influence of
beta blockers and other drugs which have an effect on
heart rate. Information was unavailable with regards to
pre-test caffeine intake. However, additional details on
dosing or type of prescribed drug were not available
which may further defined, for example, the short- or
long-term effects of beta blockade on HRR. Irrespective
of medications involved, we employed a tertile analysis
to define HRR subsets. Although we examined other
approaches, alternative categorization may have resulted
in a varied analysis to that reported in the current
manuscript.

NEW KNOWLEDGE GAINED

Simple measures, often minimized in lieu of more
advanced imaging risk markers, can provide important
clues as to patient risk. The current report details the
prognostic significance of heart rate reserve (HRR)
measures obtained during pharmacologic stress PET
imaging from a multicenter registry. We reported that
the simple HRR independently risk stratifies and
improves risk reclassification over and above clinical
and PET variables. This finding validates prior reports
on the prognostic significance of heart rate measure-
ments with exercise and single site reports using SPECT
imaging.

CONCLUSION

Data from this PET prognosis multicenter registry
demonstrates that a diminished HRR to vasodilator
stress was an independent predictor of CAD mortality.
We simplified the HRR measurements by categorizing
them into subsets of <4, 5-14, and >15 bpm. Consistent
with prior findings that report on the prognostic signif-
icance of impaired chronotropic responses with exercise,
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the current report details the relationship between HRR
and MPI findings as they relate to CAD mortality. From
the current series, CAD mortality was high in patients
with a diminished HRR of <4 bpm (P < 0.0001)
following administration of vasodilator stress while
CAD mortality was low for patients with high HRR
measurements (>15 bpm); with <1 % annual CAD
mortality rates. In particular, high risk elderly and
patients with systolic dysfunction were effectively risk
stratified based on HRR measurements. These data
underscore the importance of optimizing readily avail-
able novel markers of risk as highly relevant to
identifying high and low risk patient subsets.
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