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Abstract.

Background: An attenuated heart rate response to exercise, termed chronotropic incompetence, has been reported in Parkin-
son’s disease (PD). Chronotropic incompetence may be a marker of autonomic dysfunction and a cause of exercise intolerance
in early stages of PD.

Objective: To investigate the relationship between chronotropic incompetence, orthostatic blood pressure change (supine —
standing), and exercise performance (maximal oxygen consumption, VOxpq ) in individuals with early PD within 5 years of
diagnosis not on dopaminergic medications.

Methods: We performed secondary analyses of heart rate and blood pressure data from the Study in Parkinson’s Disease of
Exercise (SPARX).

Results: 128 individuals were enrolled into SPARX (63.7 9.3 years; 57.0% male, 0.4 years since diagnosis [median]). 103
individuals were not taking chronotropic medications, of which 90 had a normal maximal heart rate response to exercise testing
(155.3 £ 14.0 bpm; PDnon-chrono) and 13 showed evidence of chronotropic incompetence (121.3 &= 11.3 bpm; PDchrono,
P <0.05). PDchrono had decreased VOspeq compared to PDnon-chrono (19.7 4.5 mL/kg/min and 24.3 £ 5.8 mL/kg/min,
respectively, p=0.027). There was a positive correlation between peak heart rate during exercise and the change in systolic
blood pressure from supine to standing (r=0.365, p <0.001).
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Conclusions: A subgroup of individuals with early PD not on dopaminergic medication had chronotropic incompetence and

decreased VOspea, which may be related to autonomic dysfunction. Evaluation of both heart rate responses to incremental

exercise and orthostatic vital signs may serve as biomarkers of early autonomic impairment and guide treatment. Further

studies should investigate whether cardiovascular autonomic dysfunction affects the ability to exercise and whether exercise

training improves autonomic dysfunction.
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INTRODUCTION

Parkinson’s disease (PD) is a neurodegenera-
tive syndrome characterized by the gradual onset
of motor symptoms such as bradykinesia, rigid-
ity, tremor, gait difficulties and postural instability,
as well as non-motor symptoms such as cognitive
impairment, depression, and apathy [1]. In addi-
tion, there is evidence of autonomic dysfunction
in PD, which worsens as the disease progresses,
and negatively impacts activities of daily living and
health-related quality of life [1-3]. Manifestations of
cardiovascular autonomic dysfunction in PD include
orthostatic hypotension (i.e., drop in blood pressure
greater than 20 mmHg systolic and/or 10 mmHg
diastolic from supine to standing) [4], which may
affect every third individual throughout the disease
course, and low blood pressure and heart rate (HR)
responses to exercise [5], which may limit blood flow
to working muscles and thereby facilitate exercise
intolerance and negatively impact exercise-induced
benefits. Although there are no standardized crite-
ria for chronotropic incompetence, it can be broadly
defined as the inability of the heart to increase its
rate appropriately for the cardiac output to match the
metabolic demands during exertion [6].

There is accumulating evidence that high-intensity
endurance exercise may slow the progression of PD
[7-10]. However, the prescription of high-intensity
endurance exercise may be challenging in individ-
uals with PD with chronotropic incompetence. The
prevalence of chronotropic incompetence in PD is
unknown, but studies using both treadmill and cycle
ergometry exercise testing have consistently shown
that some individuals with PD have a reduced max-
imal HR when compared with age-matched controls
[11-15]. Chronotropic incompetence may also con-
tribute to poor exercise capacity, as studies have
demonstrated a corresponding reduction in exercise
performance among individuals with PD when com-
pared to healthy, age-matched peers [11, 13].

The initial HR increment during exercise is
provoked by parasympathetic withdrawal, and sub-

sequent HR increment is secondary to sympathetic
activation [16]. Both parasympathetic and sympa-
thetic dysfunction have been reported in PD [17].
The abnormal HR response observed during exercise
in some people with PD may be secondary to abnor-
malities in afferent signals from active muscles to
central autonomic regions (e.g., altered exercise pres-
sor reflex) and/or impairment in efferent autonomic
pathways to the heart and blood vessels [5].

It is important to identify autonomic dysfunction
early in PD if it occurs because it is associated with
more rapid disease progression, dementia, falls, hos-
pitalization, and shorter survival time [18]. Early
interventions may prevent these complications. Thus,
orthostatic hypotension should be actively screened
as part of routine standard of care in individuals with
PD by measuring the blood pressure and HR supine
and after 3 min upon standing [4]. Merola and col-
leagues demonstrated that asymptomatic orthostatic
hypotension was associated with similar impair-
ments in activities of daily living and ambulatory
capacity than symptomatic orthostatic hypotension
and both groups differed from those without ortho-
static hypotension [19], highlighting the need to
screen for autonomic dysfunction regardless of symp-
toms. Abnormal postural changes in blood pressure
and blunted HR responses to exercise may identify
individuals with PD with cardiovascular autonomic
dysfunction early in the disease course.

We performed secondary analyses of HR and blood
pressure data collected during the Study in Parkin-
son’s Disease of Exercise (SPARX, NCT01506479).
The SPARX clinical trial is a multicenter, random-
ized, controlled, single-blinded, Phase II study that
was designed to test the feasibility of using high-
intensity treadmill exercise to modify symptoms of
PD in individuals diagnosed within 5 years not yet
taking dopaminergic medication [7, 20]. We sought
to investigate the frequency of chronotropic incompe-
tence and its relationship with blood pressure changes
with active standing as well as exercise performance
during treadmill maximal cardiopulmonary exercise
testing (CPET).
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METHODS

Standard protocol approvals, registrations, and
patient consents

All study activities were approved by the Insti-
tutional Review Boards of participating sites (the
University of Colorado, the University of Illinois at
Chicago, Northwestern University, Rush University
Medical Center, and the University of Pittsburgh).
Study individuals provided written informed consent
before participation in any study procedures. Detailed
study procedures have been previously reported
[7, 20].

Study individuals

SPARX enrolled de novo individuals with PD
within 5 years of diagnosis. Individuals were aged
40-80 years, had a Hoehn and Yahr stage of 1-2,
were not expected to begin dopaminergic medica-
tion within 6 months of enrollment, and were not
participating in moderate-intensity endurance exer-
cise more than three days per week leading up to
enrollment into the study. Exclusion criteria included
uncontrolled cardiovascular disease or an abnormal
stress test result, or failure to meet UK Parkinson’s
Disease Society Brain Bank criteria for idiopathic PD
[21].

Health history, clinical assessment, and
medication usage

Participant clinical and demographic data were
obtained prospectively via self-report questionnaires
and individuals were assessed by trained clini-
cians. In addition to the Unified Parkinson’s Disease
Rating Scale (UPDRS), we also collected the
Movement Disorders Society Unified Parkinson’s
Disease Rating Scale (MDS-UPDRS), from which
4 measures related to autonomic dysfunction (i.e.,
sub-sections 1.10 [urinary dysfunction], 1.11 [con-
stipation], 1.12 [lightheadedness on standing], and
1.13 [fatigue]) were derived for analysis. The use
of chronotropic medications was documented dur-
ing the baseline health history and medical records
reviews and was confirmed before the completion
of study-related exercise testing or training. Sup-
plementary Table 1 lists the agents with a negative
chronotropic effect used by individuals enrolled
in SPARX.

Cardiopulmonary exercise testing

Individuals completed a CPET on a treadmill using
a modified Gardner Protocol [22]. Before initiation
of the CPET, baseline blood pressure was measured
after resting supine for 5 min. Then, the participants
were asked to sit up then stand up, with brachial
blood pressure measured in both positions. The tim-
ing of measurement of standing blood pressure was
not standardized. The protocol consisted of a constant
walking speed. The treadmill speed was increased
for a few individuals when it was clear the ini-
tial speed was too slow. The treadmill grade was
increased by 2% every 2 min until volitional fatigue
was reached. Expired gas analyses were sampled to
measure oxygen consumption and carbon dioxide
production (ParvoMedics TrueOne 2400, Salt Lake
City, UT for Chicago and Denver; AEI Technologies,
MOXUS, Bastrop, TX for Pittsburgh). HR, blood
pressure, and rating of perceived exertion (RPE) were
recorded at the end of each stage.

Heart rate monitoring

HR was monitored with an electrocardiogram
(ECG) before, during, and after the CPET. HR values
were obtained during rest in the supine, seated, and
standing positions. HR was recorded during the last
30s of each stage during the CPET. Maximal HR
was defined as the highest HR achieved during the
CPET. Chronotropic incompetence was defined as
a failure to reach 85% of age-predicted maximal
heart rate (APMHR) (calculated as 220-age) for our
primary analyses which we present in this paper
[23]. There are at least two alternative definitions
of chronotropic incompetence. These include using
a threshold of 80% of APMHR and the Wilkoff
method (i.e., chronotropic index) [6], which is used
to further support the identification of chronotropic
incompetence in the event of suspected poor effort
during CPET. Supplemental analyses were per-
formed using both methods. These analyses are
presented as Supplemental Material and are very
similar to our primary analyses. Potential differences
in analyses performed using each method are likely
due to reductions in statistical power associated with
varying sample sizes per group.

Heart rate response groups

We sought to compare individuals based on their
age-adjusted HR response and whether they were
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or were not taking chronotropic medications. The
first group consisted of individuals who were not
taking negative chronotropic medications and did not
display chronotropic incompetence (PDnon-chrono).
The second group consisted of those not taking nega-
tive chronotropic medications, but who demonstrated
chronotropic incompetence (PDchrono). The third
group was defined as those taking medications with a
known negative chronotropic effect (PDchronomed)
regardless of demonstration of chronotropic incom-
petence. Data from the PDchronomed group was
not used to infer the frequency of chronotropic
incompetence because medications with a known
negative chronotropic effect (e.g., B-blockers) may
result in pharmacologically induced low peak HR
during exercise.

Statistical analysis

Participant demographic and clinical character-
istics were summarized for each of the 3 groups
including mean (SD), median (interquartile range),
and frequency (percentage). Continuous variables
were compared using a one-way analysis of variance
(ANOVA) with a Bonferroni correction (adjusted
p-values indicated with the subscript »4;), and categor-
ical variables were analyzed with a Chi-squared test.
Sub-scores of the MDS-UPDRS were analyzed using
a Kruskal-Wallis test. VO2peak data were available for
127 individuals as one data point was identified as an
outlier. Correlations between orthostatic blood pres-
sure response (i.e., standing — lying blood pressure)
and deviation from APMHR were calculated using
Pearson correlation coefficients. These data were ana-
lyzed for the entire sample and for each study group
(i.e., PDnon-chrono, PDchrono, and PDchronomed).

RESULTS
Demographic and clinical characteristics

One hundred twenty-eight individuals were
enrolled in SPARX. Individuals were aged 63.7 £ 9.3
[mean & SD] years, 57% were male, and median dis-
ease duration from symptom onset was 1.5 years.
The mean Unified Parkinson’s Disease Rating Scale
(UPDRS) total score was 23.4+9.0 and 74.2% of
the individuals were at Hoehn and Yahr stage 2.
There were no differences in demographic or clin-
ical characteristics among the 3 groups (Table 1),
except for sex (Chi-square p=0.029). One hun-
dred three individuals were not taking chronotropic

medications. Of these, there were 90 individuals in
the PDnon-chrono group (87.4%) and 13 (12.6%)
displayed evidence of chronotropic incompetence.
Further analysis by the Wilkoff method confirmed
that 11 of these 13 individuals in the PDchrono group
exhibited chronotropic incompetence. 25 individu-
als were taking chronotropic medications (19.5% of
the total sample). There were 11 men (84.6%) and
2 women in the PDchrono group. In contrast, there
were 45 men (50%) and 45 women in the PDnon-
chrono group, and 17 men (68.0%) and 8 women in
the PDchronomed group.

Autonomic function and orthostatic vital signs

Sub-scores of the MDS-UPDRS were not different
among groups. Lying, seated, or standing blood pres-
sures were also not different between the 3 groups.
There was a significant difference in the orthostatic
change in systolic blood pressure (standing — lying)
between the 3 groups (F[2,122]=3.949, p=0.022,
Table 2). Post hoc testing showed a greater reduction
in systolic blood pressure with standing in the
PDchrono group (-14.2+19.1 mmHg) compared
to the PDnon-chrono group (2.9 4+ 12.6 mmHg,
P =0.018,4j, Table 2). There were differences in rest-
ing HR in the lying, seated, and standing positions
between the 3 groups (F[2,116]=10.869, p<0.001;
F[2,124]1=9.282, p<0.001; F[2,123]=10.964,
p<0.001 for lying HR, sitting HR, and standing
HR, respectively). Post hoc testing showed an
increased lying HR in PDnon-chrono (73.0£9.5
bpm) when compared to PDchrono (61.5+7.4
bpm, p<0.001,4j) and PDchronomed (66.1 £ 10.2
bpm, p=0.006,4), an increased seated HR in
PDnon-chrono (77.7+14.3 bpm) when compared
to PDchrono (64.7+410.3 bpm, p=0.004,4)) and
PDchronomed (67.8£10.6 bpm, p=0.004,4)),
and an increased standing HR in PDnon-chrono
(84.3+14.9 bpm) when compared to PDchrono
(71.44£9.9 bpm, p=0.010,3;) and PDchronomed
(71.6 +11.8 bpm, p <0.001,4;).

Cardiopulmonary exercise testing characteristics

All three groups followed the general trend of a
reduction in maximal HR with age. There was consid-
erable variability in maximal HR across ages 40-80
years in all three groups. Some individuals had a HR
well above the APMHR whereas others had a HR
markedly lower than expected for age (Fig. 1). There
was a difference in the maximal HR among the 3



G. Griffith et al. / Chronotropic Incompetence in Parkinson’s Disease

125

Table 1
Demographic and clinical characteristics of SPARX individuals
Group 1 Group 2 Group 3 Overall
PDnon-chrono PDchrono PDchronomed

N 90 13 25 128
Age (s) 62.7 (9.2) 67.9 (9.2) 64.8 (9.4) 63.7 (9.3)
Sex, N (%)

Female 45 (50.0) 2 (15.4) 8 (32.0) 55 (43.0)

Male 45 (50.0) 11 (84.6) 17 (68.0) 73 (57.0)
BMI (kg-m~2) 26.8 (4.3) 25.9(3.7) 27.3 (3.9) 26.8 (4.2)
Race, N (%)

Asian 4(4.4) 0(0.0) 2 (8.0) 6 (4.7)

Black 3(3.3) 0(0.0) 2 (8.0) 5(@3.9)

White 81 (90.0) 13 (100.0) 21 (84.0) 115 (89.8)

Not reported 2(2.2) 0(0.0) 0(0.0) 2(1.6)
Ethnicity, N (%)

Hispanic 4(4.4) 1(7.7) 1(4.0) 6 (4.7)

Not Hispanic 84 (93.3) 11 (84.6) 24 (96.0) 119 (93.0)

Not reported 2.2 1(7.7) 0(0.0) 3.3
Time since PD diagnosis, (y), median [IQR] 0.4 [0.1, 1.1] 0.3 [0.1, 0.4] 0.3[0.1, 1.2] 0.4 0.1, 1.0]
Duration of symptoms (y), median [IQR] 1.5[0.9,2.9] 1.1 0.6, 1.8] 1.6 [1.0, 2.8] 1.510.9, 2.6]
Hoehn and Yahr, N (%)

Stage 1 25 (27.8) 3(23.1) 5(20.0) 33 (25.8)

Stage 2 65 (72.2) 10 (76.9) 20 (80.0) 95 (74.2)
MEFIS Physical Subscale 7.9 (6.5) 8.1(7.1) 6.9 (6.2) 7.7 (6.5)
UPDRS

UPDRS Total Score 23.1(9.2) 25.9 (7.0) 23.1(8.9) 23.4(9.0)

UPDRS Part 1 Score 0.8 (1.1) 1.4 (1.8) 0.8 (1.0) 0.8 (1.2)

UPDRS Part 2 Score 6.2 (3.6) 5.6 (3.3) 5.1 (3.3) 5.9 (3.5)

UPDRS Part 3 Score 16.2 (7.0) 18.9 (5.3) 17.2 (7.4) 16.7 (7.0)

BMI, body mass index; PD, Parkinson’s disease; IQR, inter-quartile range; MFIS, Modified Fatigue Impact Scale;
UPDRS, Unified Parkinson’s Disease Rating Scale. Data are mean (SD). For sex, p =0.029 (Chi-squared test).

groups (F[2,125]=34.310, p<0.001, Fig. 2). Post
hoc testing showed that the mean maximal HR dur-
ing CPET in the PDchrono group (121.3 +11.3 bpm
[mean 4= SD]) was lower than PD individuals in both
the PDnon-chrono (155.3 4 14.0 bpm, p <0.001,4;)
and PDchronomed (137.4 £22.1 bpm, p=0.010,q;)
groups (Fig. 2). Individuals in the PDchrono group
also achieved a maximal HR that was markedly
below APMHR (152 bpm, based on group mean
age). There was a difference in maximal HR dur-
ing CPET among the 3 groups according to the
Wilkoff method (F[2,125]=28.105, p <0.001). Post
hoc testing showed that mean maximal HR during
CPET in the PDchronow;k group (121.1 &= 12.4 bpm)
was lower than those in both the PDnon-chronow;jx
(154.6 +=14.6 bpm, p<0.001,4;) and PDchronomed
(137.4 4+22.1 bpm, p=0.019,4;) groups.

Individual values for the orthostatic change in
systolic blood pressure were weakly and positively
correlated with the maximal HR response during
CPET relative to the APMHR (maximum HR -
APMHR) (r=0.365, p <0.001). Additional subgroup
analyses showed that deviation from APMHR was
associated with systolic blood pressure orthostatic

change in both the PDchrono (r=0.581, p=0.037)
and PDchronomed (r=0.462, p =0.020) groups, but
not in the PDnon-chrono group (r=0.195, p=0.070)
(Fig. 3).

All three groups walked at a similar treadmill
speed (F[2,125]1=0.818, p=0.444), but there were
differences among the groups in treadmill grade
(F[2,125]1=5.591, p=0.005) and exercise test
duration (F[2,125]=6.259, p=0.003). Post hoc
testing showed that the mean treadmill grade for
the PDchrono group was 7.9 +2.8%, which was
lower than those in the PDnon-chrono (11.2 +3.5%,
p=0.003,4)) and PDchronomed (10.7+3.2%,
p=0.041,4;) groups. Post hoc testing also revealed
that the mean test duration for the PDchrono group
was 9.3 +3.1min, which was shorter than the
PDnon-chrono (12.543.1min, p=0.002,4;) and
PDchronomed (11.9 & 3.0 min, p =0.047,4;) groups.
Full details of CPET are found in Table 3.

There were also differences among the groups
in cardiorespiratory fitness (F[2,124]=3.526,
p=0.032). Post hoc testing showed that VOzpeax
for the PDchrono group was 19.7 + 4.5 mL/kg/min
which was lower than the PDnon-chrono group
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Table 2
Clinical assessment of autonomic function, orthostatic vital signs, and heart rate response during CPET of SPARX individuals
Group 1 Group 2 Group 3 Overall
PDnon-chrono PDchrono PDchronomed
N 90 13 25 128

MDS-UPDRS, mean (SD), median (IQR)
Part 1.10 Score (Urinary Dysfunction)!
Part 1.11 Score (Constipation)'

Part 1.12 Score (Lightheadedness on Standing)!

Part 1.13 Score (Fatigue)1
Lying SBP, mmHg?*
Lying DBP, mmHg?*
Lying HR, bpm®
Seated SBP, mmHg®
Seated DBP, mmHg*®
Seated HR, bpm*©
Standing SBP, mmHg®
Standing DBP, mmHg*
Standing HR, bpm¢?
A SBP (Standing-Lying), mmHg®
A DBP (Standing-Lying), mmHg®
A HR (Standing-Lying), bpm®

Deviation from APMHR (Maximal HR-APMHR)

A HR/ A SBP (Standing-Lying)?

0.6 (0.8),0 (0, 1)
0.4 (0.7),0 (0, 1)
0.3 (0.5),0, (0,025 0.6 (1.0), 0, (0, 1)
0.7 (0.6), 1 (0, 1)

127.4 (15.3)
78.4(10.3)
73.0 (9.5)
124.6 (15.8)
77.4 (10.4)
77.7 (14.3)
125.5 (15.7)
78.7 (10.5)
84.3 (14.9)
2.9 (12.6)
0.0 (5.7)
10.6 (8.6)
2.0(11.2)
0.33 (4.28)

0.2 (0.4), 0 (0, 0.50)
0.5(0.5),0(0, 1)

0.3(0.5),0(0, 1)

0.6 (0.7), 0 (0, 1)
0.3 (0.6), 0 (0, 0.50)
0.2 (0.4), 0 (0, 0)
0.7 (0.7), 1 (0, 1)

0.5 (0.7),0 (0, 1)
0.4 (0.7),0 (0, 1)
0.3 (0.5), 0 (0, 0)
0.6 (0.6), 1 (0, 1)

129.9 (17.5) 130.0 (15.7) 128.2 (15.6)
77.1 (10.4) 77.0 (8.8) 78.0 (10.0)
61.5 (7.4) 66.1 (10.2) 70.4 (10.2)
119.2 (16.3) 125.4 (18.4) 1242 (16.4)
73.7 (10.9) 76.6 (11.8) 76.9 (10.7)
64.7 (10.3) 67.8 (10.6) 74.4 (14.1)
115.7 (17.2) 124.8 (15.7) 124.4 (16.0)
73.5(11.3) 76.7 (12.3) 77.8 (11.0)
71.4 (9.9) 71.6 (11.8) 80.5 (15.0)
~142(19.1) -5.2(13.8) 4.5 (13.9)
-3.5(8.9) -0.2 (8.6) -0.4 (6.7)
8.3(5.6) 5.8 (6.9) 9.4 (8.2)
-30.8 (7.7) ~17.8 (18.8) -8.0(16.1)
0.31 (1.15) 0.74 (2.80) 0.41 (3.81)

IKruskal Wallis test used; 4Lying BP data included n=126; bLying HR data included n=119; “Seated BP, Seated HR, and Standing BP
data included n=127; dStanding HR data included n=126; *A SBP and A DBP data included n=125; fA HR data included n=1 17,
2 AHR/ASBP data included n=105. MDS-UPDRS, Movement Disorders Society Unified Parkinson’s Disease Rating Scale; SBP, systolic
blood pressure; mmHg, millimeters of mercury; DBP, diastolic blood pressure; APMHR, age-predicted maximal heart rate. Data are mean
(SD). For lying HR, p <0.001 for PDnon-chrono vs. PDchrono, and p = 0.006 for PDnon-chrono vs. PDchronomed; For seated HR, p =0.004
for PDnon-chrono vs. PDchrono, and p =0.004 for PDnon-chrono vs. PDchronomed; For standing HR, p=0.010 for PDnon-chrono vs.
PDchrono, and p <0.001 for PDnon-chrono vs. PDchronomed; For ASBP, p=0.018 for PDnon-chrono vs. PDchrono; For AHR, p=0.034
for PDnon-chrono vs. PDchronomed; For deviation from APMHR, p <0.001 for PDnon-chrono vs. PDchrono, p <0.001 for PDnon-chrono

vs. PDchronomed, and p =0.011 for PDchrono vs. PDchronomed.
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Fig. 1. Association between age and maximal heart rate during
CPET in SPARX by chronotropic group. PDnon-chrono (n =90),
PDchrono (n=13), and PDchronomed (n = 25).

(24.3 £5.8 mL/kg/min, p=0.027,q)) (Fig. 4A).
CPET effort as quantified by the peak respira-
tory exchange ratio did not differ among groups
(F[2,125]1=0.809, p =0.448) (Fig. 4B). Further, there
was no difference in percentage of tests that achieved
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8
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>
3
I
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100
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Fig. 2. Maximal heart rate in each study group. Data are median,
interquartile range, and 95% confidence interval. PDnon-chrono
(n=90), PDchrono (n = 13), and PDchronomed (n =25). p <0.001
for PDnon-chrono vs. PDchrono, p <0.001 for PDnon-chrono vs.
PDchronomed, p =0.010 for PDchrono vs. PDchronomed.

maximal effort according to rating of perceived
exertion (RPE) among groups (i.e., RPE>8/10
or > 18/20, p=0.058). The Wilkoff method was
used as an additional level of analysis for those
in the PDchrono group who had a respiratory
exchange ratio<1.05 and for whom submaximal
exercise testing data were available. Supplementary
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Fig. 3. Association between systolic orthostatic blood pressure
response (i.e., standing-lying SBP) and deviation from APMHR
in study participants. PDnon-chrono (n=87), PDchrono (n=13),
and PDchronomed (n = 25).

Figure 1 illustrates how the 11 individuals in the
PDchronowjx group were identified [6].

DISCUSSION

The results of this study suggest that a subset
of individuals with early PD aged 40-80 years and
not on dopaminergic medication has evidence of
decreased maximal HR (chronotropic incompetence)
during maximal CPET on a treadmill (Fig. 1). Indi-
viduals with PD who exhibit an attenuated maximal
HR response experienced a greater reduction in sys-
tolic BP in response to an orthostatic challenge
(i.e., moving from supine to standing) compared to
those without chronotropic incompetence (Fig. 3).
Chronotropic incompetence in these individuals may
reflect early autonomic dysfunction and may be
responsible for lower exercise performance.

Decreased maximal HR has been reported in
previous studies of individuals with PD compared
to age-matched healthy individuals [11-15]. The
present study expands on these findings by present-
ing the presence of chronotropic incompetence in
individuals with early PD not on dopaminergic med-
ications. In contrast, analysis of studies that included

individuals in a similar age range to the SPARX study
revealed that chronotropic incompetence occurred
infrequently in healthy individuals [24-26]. A chal-
lenge in studies of chronotropic incompetence has
been a lack of consistent methodology for deter-
mining chronotropic incompetence. The findings of
the present study were consistent regardless of the
method used to define chronotropic incompetence
[6]. In the clinical setting, using an established per-
centage of either 85% or 80% of the age-predicated
maximal HR may identify individuals with PD with
cardiovascular autonomic dysfunction.

The relationship between chronotropic incompe-
tence and orthostatic blood pressure changes suggests
autonomic dysfunction in a subset of individuals
with early PD. Our data support that those with
chronotropic incompetence experience a greater drop
in systolic BP when moving from supine to standing
(Fig. 3). However, this finding should be interpreted
as preliminary and needs to be confirmed in a larger
cohort in which measurements of vital signs are
standardized (e.g., blood pressure measured after
3min of standing). Initial orthostatic hypotension
detected within the first minute of standing is com-
mon and often reflects a physiological response to
standing caused by a sudden increase of gravitational
force [27]. On the other hand, a sustained excessive
drop in blood pressure at 3min (‘“classic” ortho-
static hypotension) or after 5 min of standing (delayed
orthostatic hypotension) reflects inadequate compen-
satory neurocirculatory responses to postural change
due to autonomic dysfunction [28].

Orthostatic hypotension in PD is secondary to
impaired sympathetic nerve activity with insufficient
norepinephrine release from sympathetic postgan-
glionic neurons upon standing up [4]. Impaired
sympathetic activity during exercise may also be
responsible for chronotropic incompetence; however,
the underlying pathophysiologic mechanisms that
contribute to the blunted HR responses to exercise
in PD are still not fully understood. Sabino-Carvalho
and colleagues demonstrated an attenuation of the
metabolic component of the exercise pressor reflex
in PD compared to controls, while the blood pressure
and total peripheral resistance responses to the cold
pressor test were similar between PD and controls
[29]. These findings suggest impaired afferent signal-
ing during isometric exercise in PD [29]. However,
the results of the study by Sabino-Carvalho should
be interpreted as preliminary due to the low sample
size (11 individuals with PD), the use of isometric
handgrip exercise which does not stimulate HR to the
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Table 3
Cardiopulmonary exercise testing characteristics in SPARX individuals
Group 1 Group 2 Group 3 Overall
PDnon-chrono PDchrono PDchronomed

N 90 13 25 128
Resting Heart Rate, bpm 75.1 (10.0) 62.9 (11.4) 67.2 (11.3) 72.3(11.2)
Peak Treadmill Speed, mph 2.9 (0.6) 2.9(0.5) 3.1(0.7) 3.0 (0.6)
Peak Treadmill Grade, % 11.2 (3.5) 7.9 (2.8) 10.7 (3.2) 10.8 (3.5)
Exercise Duration, min 12.5(3.1) 9.3(3.1) 11.9 (3.0) 12.0 (3.2)
Maximal HR, bpm 155.3 (14.0) 121.3 (11.3) 137.4 (22.1) 148.3 (19.3)
VO2peak, mL/kg/min® 24.3 (5.8) 19.7 (4.5) 23.8 (6.7) 23.8 (6.0)
Peak RER 1.06 (0.07) 1.03 (0.07) 1.06 (0.06) 1.06 (0.07)
RPE (n with maximal effort, %)P 51 (56.7) 3(23.1) 11 (44.0) 65 (50.8)

#VOnpeqx data included n=127 as 1 data point was determined to be an outlier; bMaximal effort defined
by an RPE > 18/20, or an RPE > 8/10. bpm, beats per minute; HR, heart rate; mph, miles per hour; min,
minutes; mL/kg/min, milliliters of oxygen per kilogram of body weight per minute; RER, respiratory
exchange ratio; RPE, rating of perceived exertion. Data are mean (SD).

same degree as endurance exercise, the lack of con-
trol for dopaminergic medications, and the absence
of recording of sympathetic nerve activity with
microneurography [29]. Further studies should inves-
tigate the neural mechanisms responsible for blunted
cardiovascular responses during endurance exercise
in PD. Besides an abnormal metaboreflex-mediated
pressor response, other possible contributors include
impairment of the central command, vascular sym-
pathetic and cardiovagal baroreflex dysfunction,
cardiac sympathetic denervation, blunted sympa-
thetic norepinephrine release, lower alpha-adrenergic
responsiveness, and impairment of peripheral and
central chemoreflexes [30—-32]. Impaired sympathetic
activation can be identified in individuals with ortho-
static hypotension by dividing the change in HR by
the fall in systolic blood pressure at the 3-min mark
from supine to standing [33]. In the present study,
the AHR/ASBP ratio was not different between the
PDchrono and PDnon-chrono groups, but most indi-
viduals with PD in the SPARX study did not have
orthostatic hypotension.

Multiple studies have shown abnormal HR and
electrophysiological changes in the prodromal phase
of PD [34, 35]. Palma and colleagues demonstrated
that the maximal HR response to exercise testing is
decreased when compared to age-matched controls
in the premotor phase of PD, suggesting the pres-
ence of autonomic dysfunction as early as 4.3 years
before PD diagnosis [12]. There is evidence that the
prevalence of autonomic dysfunction in PD increases
as the disease progresses [36], and that this dysfunc-
tion may manifest as HR- and blood pressure-related
differences when compared to those with normal
hemodynamic responses to exercise [11, 13, 15, 37].
Baschieri and colleagues performed cardiovascular
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Fig. 4. A) Cardiorespiratory fitness as measured by VO2peak,
p=0.027 for PDnon-chrono vs. PDchrono (PDnon-chrono
(n=89), PDchrono (n=13), and PDchronomed (n =25)). B) peak
respiratory exchange ratio, p=0.448 (PDnon-chrono (n=90),
PDchrono (n=13), and PDchronomed (n=25). Data are median,
interquartile range, and 95% confidence interval.

reflex tests in 105 people with PD within 3 years from
motor onset and reported that 7.8% of individuals had
neurogenic orthostatic hypotension after 16 months
of follow-up with progressive worsening of sym-
pathetic function [38]. The present study confirms
autonomic impairment in a subset of people with
early PD, which manifests as impaired cardiovascu-
lar responses during orthostatic stress and exercise
(Figs. 3 and 4A).
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Assessment of autonomic symptoms with ques-
tionnaires (e.g., MDS-UPDRS part 1) may not be
sensitive to detecting early manifestation of car-
diovascular autonomic impairment in PD. On the
other hand, the measurement of orthostatic vital signs
should be part of the routine clinical evaluation in
PD. Importantly, most individuals with chronotropic
incompetence in the present study did not have
orthostatic hypotension (i.e., drop in blood pres-
sure greater than 20 mmHg systolic and/or 10 mmHg
diastolic from supine to standing). Further studies
should investigate if lower cutoffs for orthostatic
blood pressure changes would identify individu-
als with early PD with chronotropic incompetence.
Early identification and treatment of autonomic dys-
function may prevent future complications including
falls, dementia, and hospitalization [18, 39, 40].
The presence of cardiovascular autonomic impair-
ment early in the disease process may also support
the hypothesis that some individuals with PD have
a more widespread involvement across peripheral
and central nervous system locations [41]. There-
fore, the identification of autonomic dysfunction
by evaluating both HR response to incremental
exercise and orthostatic blood pressure changes in
early PD may have important prognostic value and
assist in tailoring exercise prescriptions and treat-
ment options. Indeed, dopamine agonist therapy can
cause or exacerbate orthostatic hypotension, espe-
cially during initiation or up-titration [42], whereas
this issue has remained controversial with lev-
odopa (the most commonly prescribed medication
in PD) [43]. Further studies need to investigate the
consequence of cardiovascular autonomic impair-
ment in PD in terms of disease prognosis and
management.

Chronotropic incompetence is problematic when
clinicians develop personalized endurance exercise
prescriptions in PD based on APMHR. Individuals
with PD with reduced maximal HR may have dif-
ficulty following a prescription based on APMHR,
as the calculated value may be an unrealistic and
unobtainable HR. One alternative exercise prescrip-
tion method would be using the percentage of the
measured maximal HR. Some individuals with PD
may benefit from an objective clinical assessment
of maximal HR via CPET to guide exercise pre-
scriptions. Additional research is needed to better
identify PD individuals who are more likely to exhibit
chronotropic incompetence, so clinicians can per-
form a CPET and provide appropriate endurance
exercise prescriptions.

In people with heart failure, chronotropic incom-
petence is an important cause of exercise intolerance
and an independent predictor of major adverse car-
diovascular events and mortality [6]. In the present
study, those with chronotropic incompetence had
lower cardiorespiratory fitness (Fig. 4A). This reduc-
tion in VOzpeqx of 4.6 mL/kg/min is greater than the
2.2 mL/kg/min reduction that has been reported in
heart failure patients who demonstrate chronotropic
incompetence [25]. This decrease in fitness may
have important clinical implications and contribute
to decreased work output for a given HR in some
individuals with PD [44, 45]. Individuals with PD
have been shown to have reduced VOjpesx [13]
and exercise duration [11] during maximal exer-
cise testing when compared to those without PD.
The present study shows similar reductions in exer-
cise capacity alongside reductions in maximal HR
among a subset of adults recently diagnosed with
PD and not yet on medications. Further research
is necessary to investigate the impact of cardiovas-
cular autonomic dysfunction on exercise tolerance
in PD. It is also unknown if people with PD with
autonomic dysfunction experience the same benefits
from endurance exercise training as their counter-
parts without autonomic dysfunction. Cardiovascular
autonomic dysfunction may improve with exercise
training, as shown by Keteyian and colleagues who
demonstrated that peak HR increased following exer-
cise training with partial reversal of chronotropic
incompetence among individuals with stable heart
failure [46]. Whether the same is true in PD is
unknown. SPARX3, a multi-center Phase III trial
in exercise training in PD and the follow-up study
to SPARX, is positioned to answer both important
questions and provide additional insight into poten-
tial improvement in autonomic dysfunction in these
patients.

Approximately 20% of individuals with early
PD in SPARX were prescribed medications with a
known negative chronotropic effect (Supplementary
Table 1), which is comparable to the 22% of adults
taking beta-blockers in the non-PD population [47].
The type, dosage, and duration of beta-blocker ther-
apy may impact a participant’s perceived effort for a
given bout of endurance exercise [48]. Despite being
on beta-blocker medications, 14 individuals (56%)
were able to achieve > 85% of APMHR. Of these 14
individuals, 9 (64%) achieved an RER > 1.05. Like
other studies, albeit in different patient populations
[49, 50], this finding suggests that beta-blockers may
not cause chronotropic incompetence. The patho-
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genesis of chronotropic incompetence may involve
mechanisms other than cardioinhibition from -1
receptor downregulation and desensitization includ-
ing impairment of the central command, arterial
baroreflex, muscle metaboreflex, or peripheral vas-
cular response to exercise. The current findings
highlight the need for further studies to investi-
gate the pathogenesis of chronotropic incompetence.
Additional research is also required to determine if
responses to exercise differ based on chronotropic
medication status in PD, and further how to best
prescribe exercise intensity in these individuals.
SPARX3 will address this important question.

While this study included a relatively large sam-
ple size of recently diagnosed individuals with PD
who were not taking dopaminergic medications, four
methodological considerations are important: 1) lack
of comprehensive cardiac testing, 2) determining a
true maximal effort, 3) the possibility of impaired
motor coordination, and 4) disproportionate sex dis-
tributions in the PDchrono group. We will address
these methodological considerations in turn.

First, there exists the possibility of cardiac causes
of chronotropic incompetence (i.e., heart failure);
however, poorly controlled or unstable cardiovascular
disease and uncontrolled hypertension were exclu-
sion criteria, and all individuals were evaluated by
a physician. In addition, the CPETs were all over-
seen by a cardiologist, or a physician trained in ECG
interpretation.

Second, itis important to recognize that some study
individuals may have provided a submaximal effort
during CPET as evidenced by the distribution of res-
piratory exchange ratio (RER) values in each group.
As such, itis possible that not every participant identi-
fied as having a decreased maximal HR during CPET
had chronotropic incompetence. The mean difference
in RER between the PDnon-chrono and PDchrono
groups was 0.03, and there were no significant dif-
ferences among groups (p =0.448). This observation
is comparable to data reported in heart failure and
may notbe clinically meaningful [51], supporting that
poor effort during CPET does not explain decreased
maximal HR in the PDchrono group. Importantly,
the RER and CI relationship is not well-defined
in the literature. It is important that future stud-
ies monitor CPET administration and performance
and establish criteria for maximal efforts. A com-
monly used criterion is an RER value of 1.05 [51],
which may help increase confidence in identifying
chronotropic incompetence. In the current study, we
present supplemental analyses using alternative cri-

teria for chronotropic incompetence, specifically the
Wilkoff method (chronotropic index) (Supplemen-
tary Tables 2-5). These analyses confirm that, even
with the application of more conservative approaches
to the identification of chronotropic incompetence, a
subset of recently diagnosed PD patients still shows
attenuated HR responses to maximal exercise.

The Wilkoff method relies upon the analysis of
submaximal exercise data from each stage of a CPET
and provides an approach to further analyze the rela-
tionship between HR response and metabolic effort
during exercise instances in which low RER may
be reported. The application of this method to our
SPARX data resulted in 11 PD patients being catego-
rized as having chronotropic incompetence compared
to 13 patients in our primary analysis (with criteria
for chronotropic incompetence as being a failure to
achieve 85% of APMHR), supporting our approach
with supplemental analysis of metabolic data dur-
ing exercise. Future studies should establish clear
and consistent maximal criteria for CPET, including
HR-, RER-, and VO, plateau-guided metrics to eval-
uate the effort provided during CPET. The maximal
CPET was performed in three different centers, which
may have introduced variability in data collection and
testing protocol; however, cardiopulmonary exercise
testing was performed according to guidelines and
supervised by trained investigators [52]. Importantly,
out of the 13 individuals in the PDchrono group, none
reported any dizziness, and no instances of hypoten-
sion were documented. Further, no individuals in this
group experienced ECG changes. The most common
patient-reported reason for stopping the CPET was
“fatigue.”

Third, there is always the possibility that when
studying people with PD, impaired motor coordi-
nation could limit a person’s ability to achieve a
maximal CPET. We do not think this is likely in the
individuals we studied as all our individuals were
Hoehn and Yahr Stages 1-2 (25.8% in Stage 1 in
the total study sample), meaning that their balance
was not seriously impacted. Several studies have been
conducted using both treadmills and cycle ergome-
ters in which lower maximal HR responses during
exercise testing have been identified in PD compared
to healthy controls [11-15]. Since the reductions in
maximal HR in PD have been shown using both exer-
cise testing modalities, impaired motor coordination
related to exercise testing mode would appear an
unlikely explanation.

Lastly, we do not know how sex-based differences
may affect the results of the study. Our proportion of
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males to females in the overall study sample is con-
sistent with the literature on the prevalence of PD.
While it is well-established that PD prevalence is
higher in men compared to women [53, 54], there
are conflicting data about sex differences in auto-
nomic dysfunction in PD. While some studies find
that women are more likely to experience orthostatic
hypotension [55, 56], a study looking at early PD
(using a similar cohort to ours) found that men are
more likely to experience orthostatic hypotension
compared to women [57]. Additional research into
potential sex-based differences in autonomic dys-
function in PD is warranted.

In summary, a subgroup of individuals with early
PD had evidence of chronotropic incompetence
during maximal cardiopulmonary exercise testing
which may be secondary to cardiovascular autonomic
dysfunction. Further studies should investigate the
consequences of autonomic dysfunction on exercise
tolerance and the effects of autonomic dysfunction
on the potential benefit of exercise training in PD.
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