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Abstract: Recent evidence points to the effect of chronotropic incompetence (CI), which
refers to a blunted heart rate (HR) response to exercise, influencing physiological outcomes
in people with Parkinson’s disease (PD). This study explores the effect of CI on physio-
logical responses and examines whether a high-intensity training zone is attained during
non-contact boxing training in people with PD. In total, 11 PD participants with CI (PDCI),
13 without CI (PD non-CI), and 14 age-matched controls performed two non-contact box-
ing sessions on different days. The primary outcomes were the maximum HR (HRmax),
average HR (HRavg), percentage of the highest HR from cardiopulmonary exercise test
(%HR-CPET) and predicted maximum HR (%MA-PHR), time exercising above 85%HRmax
(HI-85%), and second ventilatory threshold (HI-VT2). PDCI participants displayed signifi-
cantly lower HRavg and HRmax values during all rounds than PD non-CI participants and
controls for both sessions (p < 0.001). No significant differences were observed between PD
non-CI participants and controls (p > 0.05). Although all participants exercised at approxi-
mately 100% of %HR-CPET, PDCI participants showed a significantly lower %MA-PHR
than PD non-CI participants and controls (p < 0.001). HI-85% and HI-VT2 were not sig-
nificantly different between PDCI and PD non-CI participants. Despite exhibiting a lower
absolute HRmax and HRavg during boxing compared to PD non-CI participants and aged-
match controls, PDCI participants exercise at a similar intensity within the high-intensity
training zone when expressed as a percentage of the individualized HRmax.

Keywords: Parkinson’s disease; chronotropic incompetence; high-intensity interval training;
non-contact boxing; cardiopulmonary exercise test

1. Introduction

Non-contact boxing training, defined here as boxing, is popular amongst people with
Parkinson’s disease (PD) for management of the condition and improvement in general
fitness [1-3]. It incorporates high-intensity interval training (HIIT), which has been shown
to improve aerobic capacity in the general population and people with PD [4-10]. Boxing
also requires intricate footwork and punches (exercise complexity) that challenge cognition
and dynamic balance, which are particularly relevant to people with PD [11-14].

Combs and colleagues pioneered the feasibility and safety of boxing in PD through a
case series and a randomized clinical trial, reporting enhanced balance, gait, and quality-
of-life outcomes [15,16]. Subsequent studies showed that boxing interventions led to
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improvements in these outcomes, as well as cognitive function and depression [3,15-21].
The literature often refers to boxing as vigorous to high-intensity aerobic exercise for people
with PD. However, studies do not always report the intensity zone achieved during boxing
combinations or the effect of other non-boxing-related drills and activities often included
in protocols that incorporate measures of exercise intensity [1,10,20,22-28]. Exercise inten-
sity is an essential training variable for HIIT protocols and also a determinant of energy
expenditure (EE) [6].

An important feature that may impact on exercise performance is the presence of
an autonomic dysfunction, particularly chronotropic incompetence (CI). This feature is
characterized by the incapacity to achieve a targeted threshold of 85% maximum age-
predicted heart rate (MA-PHR) during peak exercise, even though clinical and physiological
indicators suggest that maximal effort has been achieved [29,30]. CI affects between 10 and
50% of people with PD. Interest in its effect on exercise performance is growing, particularly
during incremental maximal exercise testing and continuous aerobic protocols [31-35].
Studies to date have not examined physiological responses and the level of exercise intensity
in people with PD with CI during boxing. While this activity is considered an alternative
form of HIIT for the general population, this has yet to be examined systematically in
people with PD.

This exploratory study had three key aims. The first was to examine the effect of CI on
physiological and clinical responses during boxing sessions in people with PD. The second
was to evaluate the percentage of time spent in the high-intensity training zone based on
individualized physiological measures of exercise intensity. The last aim was to evaluate
the energy expended during boxing sessions.

2. Materials and Methods
2.1. Participants

Participants with PD and healthy controls were recruited through Parkinson’s New
Zealand, community-based gyms, and organizations working with people with PD. Adver-
tisements were placed in gyms, community notice boards, and via social media platforms.
Inclusion criteria: the study included participants clinically diagnosed with PD without
other neurodegenerative diseases and a score of 23 and above on the Montreal Cognitive
Assessment (MoCA) [36]. Exclusion criteria for PD included marked gait impairment or
postural instability based on the Movement Disorder Society Unified Parkinson’s Disease
Rating Scale (MDS-UPDRS) part I1I scores [37], a deep brain stimulation implant. Exclusion
criteria for all participants included the use of a pacemaker or beta-blockers, the presence
of heart conditions, or any other conditions contraindicated for HIIT [6].

Participants attended on three non-consecutive days. On the first day, participants
underwent a cardiopulmonary exercise test (CPET) and on the second and third days they
performed boxing sessions. Participants were instructed to avoid exercise for 24 h, abstain
from alcohol and caffeine for 12 h, and refrain from consuming a large meal within 3 h of
testing. PD participants were tested approximately one hour after medication to optimize
their ‘on’ state. All testing took place at the Auckland University of Technology in the
exercise performance laboratory under temperature-controlled conditions (19—20 °C).

2.2. Data Collection

Metabolic and heart rate (HR) data were collected breath by breath using a gas ana-
lyzer (MetaLyzer 3B; Cortex Biophysik, Leipzig, Germany) connected to MetaSoft Studio©
software (version 5.13.0 SR2) during CPET and boxing sessions. The equipment was
calibrated following the manufacturer’s instructions prior to each test. A 12-lead elec-
trocardiogram (Customed Cardio 300, Leipzig, Germany) recorded HR responses during
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CPET, and Polar H10 (Polar Electro Oy, Kempele, Finland) sensor chest belt was used
during boxing sessions. CPET breath by breath data were filtered using a 20 s moving time
interval average utilizing MetaSoft Studio© software for determination of maximal and
submaximal (first (VT1) and second (VT2) ventilatory thresholds) physiological measures
according to high-reliability guidelines [35,38,39]. Breath by breath data collected during
boxing sessions were exported to a text file. These were then interpolated and filtered using
a moving average of five points using NI LabView software 2021 (National Instruments) to
determine HR and metabolic responses.

2.3. Cardiopulmonary Exercise Test (CPET)

The CPET ramp protocol began with a warmup that involved three minutes cycling at
60 revolutions per minute (rpm) at a workload of 20 watts on an electronic cycle ergometer
(Daum, premium 8i, Fiirth, Germany). Resistance was then increased incrementally by
15 watts per minute until participants could no longer cycle above 60 rpm or achieve the
American College of Sports Medicine (ACSM) recommendations for test termination [6].
Participants were considered to reach maximum effort if they achieved a respiratory
exchange ratio of 1.10 or higher and a rating of perceived exertion (RPE, 6-20 scale) of 18 or
higher on test termination [6,35,40,41].

2.4. Chronotropic Incompetence

The highest HR (HRmax) obtained during the CPET was used to identify CI, using
the following chronotropic index equation: [(HRmax-HRrest)/(220-age-HRrest)]. HRrest,
refers to the resting HR obtained from an averaged 10 s recording from the 12-lead elec-
trocardiogram recorded in supine position. A chronotropic index below 0.8 was used to
identify participants with CI [42,43].

2.5. Non-Contact Boxing Sessions

Two boxing sessions were randomized and performed at least two days apart. Before
each session, a general warm-up of five minutes was performed on a stationary bike.
Figure 1 illustrates the protocol used in the study, which was based on a HIIT protocol for
people with PD that was shown to be feasible and effective [9]. Each session was divided
into four rounds. Each round consisted of three high intensity bouts of 80 s with a 15 s rest
period between bouts to introduce the next combination. Between rounds, participants
were seated for two minutes. The rounds were performed on a boxing bag and using focus
pads. Each boxing combination included footwork drills, including stance jumps/switch
(skips) or squats (ducks) to simulate the defensive ‘roll’ movement. Consistent voice
commands were used to prompt the boxing combinations (e.g., jab, cross, jab, rear hook)
and to encourage participants to punch as fast and hard as possible throughout the rounds.

2.6. Outcomes

Maximum HR (HRmax) and average HR (HRavg) were measured during each boxing
round. HRmax attained per round was then divided by the highest HR from CPET and
multiplied by 100 to obtain HR as percentage of highest HR during CPET (%HR-CPET).
A similar equation was used to obtain HR as percentage of maximum predicted HR
(%MA-PHR). Tanaka’s equation (207-0.7 * age) was used to estimate the MA-PHR for each
participant [6].

HR at and above VT2 and 85% HRmax obtained from CPET were considered thresh-
olds for high-intensity zones [44—47]. Thus, the percentage of time exercised in the high-
intensity zone was calculated by summing each HR point > VT2 and > 85% HRmax. The
time spent > VT2 was divided by the duration of the rounds and multiplied by 100 for
estimation of the amount of time at and above this threshold (HI-VT2). The same calcula-
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tion was used to estimate the percentage of time > 85% HRmax (HI-85%). At the end of
each round, participants were asked to rate their perceived exertion using the 6-20 point
RPE scale [40]. RPE is a common psychophysical measure of exercise intensity during
activities such as boxing [20,48-50] and has been validated against physiological measures
of exercise intensity in people with PD [51].

Average oxygen consumption (VO,avg) relative to body weight (mL/kg/min) was
measured during each round. VOj,avg was then divided by peak oxygen consumption
(VO,peak) and multiplied by 100 to obtain the average percentage of VO, peak (% VO, peak)
per round. Total energy expenditure (EE) was calculated for the duration of the session.
Each liter of oxygen consumption (VO,) was approximated to generate 5 kcal-min~! [52].
EE was estimated by multiplying absolute VO, (liter per minute) by 5, and then multi-
plying this figure by the total session duration in minutes. The result was expressed in
kilocalories (Kcal).

Round 1 Round 2 Round 3 Round 4
A B A B E

C D F D E

5 min
cool down
Boxing bag Focus pads Boxing bag Focus pads

Non-Contact Boxing Session One

Round 1 Round 2 Round 3 Round 4
D E D E F A B C A B

5 min
cool down

Boxing bag Focus pads Boxing bag Focus pads

Non-Contact Boxing Session Two

Figure 1. Each boxing round had a total duration of 4 min and 30 s, divided into three bouts of 80 s of
boxing and 15 s of passive recovery (standing). During each round, participants were reminded of the
following combinations. Combination A: jab, cross, jab, rear hook, 2x skip; Combination B: jab, jab,
cross, lead hook, 4x skip; Combination C: jab, rear hook, jab, cross, 2x duck; Combination D: 4x jab,
cross, 2x skip, 4x hook, 2x skip; Combination E: 4x jab, cross, 4x skip, 4x hook, 4x skip; Combination
F: 4x jab, cross, 2x duck, 4x hook, 2x duck; The 2 min interval represents passive recovery (sitting).

2.7. Data Analysis

For demographic data, between-group differences (PD with (PDCI) and without CI
(PD non-ClI), and controls) were examined using analysis of variance (ANOVA) and post
hoc tests (Tukey’s HSD). For clinical data, between-group differences (PDCI and PD non-CI),
time living with PD, levodopa equivalent (medication), and MDS-UPDRS were examined
using t-tests, assuming equal variances and independent observations. These assumptions
were examined using QQ plots, box plots, and histograms.

For CPET data, differences between groups were evaluated using linear regression
models while adjusting for gender, age, height, time living with PD, levodopa equivalent,
and body mass index (BMI). HR and metabolic data from boxing sessions were fitted for
both completed and non-completed boxing rounds within the same linear mixed-effects
model to account for repeated measures. However, model fit statistics were poor due to
zero inflation which resulted in a non-normal distribution. To overcome this, we fitted
models to the completed rounds only. Fixed effects included group, session, and rounds.
Adjustments were made for the same covariates as the CPET data model, with the inclusion
of VO,peak (from CPET) as an additional covariate. The random effects (session and
group) accounted for individual variability in the intercept across different sessions for
each participant. Data were plotted to assess normality assumptions of residuals.
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ANOVA was conducted to assess the significance of independent variables in regres-
sion models. Pairwise comparisons between different levels of the ‘Group’ factor were
also conducted. For boxing data, comparisons were performed within each combination
of ‘round” and ’session’. Estimated means are reported with standard errors (SE) and
95% confidence intervals. The level of significance was set at p < 0.05. Data analysis was
performed using R software (version 2024.12.0+467) for statistical computing [53].

Although this was an exploratory study, we estimated sample size prior to data collection
with HRmax as the primary outcome. Using HRmax (PD 132 = 20, control 158 + 13) reported
by Kanegusuku et al. [54] and CI prevalence data of around 40-50% [31,34], and taking o < 0.05
with 80% power, a sample of 16 PD participants was required.

3. Results

Forty-five participants completed the CPET, including 28 people classified as having
mild to moderate PD (Hoehn and Yahr (H&Y I-III) and 17 age-matched controls. Thirteen
people with PD (46%) presented with CI. Two people with PD without CI requested to
withdraw from boxing sessions due to personal reasons, and two with CI asked to stop
boxing during the first round due to dizziness. Three control participants were excluded
due to issues in collecting data (1 = 1) and an inability to complete at least one full round
due to the demanding intensity of the activity (n = 2).

Therefore, 11 PD participants with CI (PDCI), 13 without CI (PD non-CI), and 14 age-
matched controls completed at least one full round (Table 1). PDCI participants completed
62 rounds of 76 possible (82%), PD non-CI participants completed 89 rounds of 96 (93%),
and controls completed 103 rounds of 104 (99%). Rounds were not completed due to
reported dizziness, or participants requested to stop due to the intense nature of the activity.
Modifications in footwork were made in some sessions. The ‘skip” movement was changed
for ‘duck’ due to poor balance (PDCI (n = 1), PD non-CI (n = 1)) and sore calf muscles (PDCI
n = 1). Sore knuckles were reported after the first boxing session by one control participant,
who requested not to perform the second session.

Table 1. Demographic and clinical outcomes.

PDCI PD Non-CI Control
(n=11) (n=13) (n=14)
Age; years 63.45 £ 6.36 62.31 £ 5.82 62.93 £ 6.38
Females (%) 2 (18%) 6 (46%) 6 (43%)
Height; cm 175.45 +7.19 170.73 +9.08 169.82 + 6.42
Weight; Kg 87.91 + 11.01 ** 69.08 + 12.81 75 £12.36
BMI; Kg/m? 28.64 +3.70 t 23.46 + 3.41 25.79 + 2.69
MoCA 25.27 £ 2.69 27.54 £2.30 26.50 £ 1.99
MDS-UPDRS part III 35.36 + 6.87 T 27.15 £ 8.51 n/a
Years living with PD 6.62 & 4.31 6.43 1 4.06 n/a
Levodopa dose equivalent; mg/day 574 £ 455 605 + 365 n/a

All values are in mean £ SD. BMI: body mass index; MoCA: Montreal Cognitive Assessment; MDS-UPDRS:
Movement Disorder Society Unified Parkinson’s Disease Rating Scale; * p < 0.05 vs. control; * p <0.05vs. PD
non-CI.

3.1. Cardiopulmonary Exercise Test Outcomes

Table 2 summarizes the maximal and submaximal physiological measures obtained
from the CPET. The HRmax, HR at VT2, and 85% HRmax were significantly lower for
PDCI participants compared with PD non-CI participants and controls (p < 0.001), but
were similar for PD non-CI participants and controls (p > 0.05). The VO,peak and VO, at
VT1 and VT2 were not significantly different between groups (p > 0.05).
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Table 2. CPET maximal and submaximal physiological markers data.

PDCI
(n=11)

PD Non-CI
(n=13)

Control
(n=14)

HRmax (bpm)
85% HRmax

HR at VT1 (bpm)
HR at VT2 (bpm)

124 + 3.42[117,131] **
105 4+ 2.91 [99, 111] **

91 + 3.80 [83,99] **

114 + 4.07 [106, 123] **

24.4 4+ 1.83[21, 28]

156 =+ 3.01 [150, 163]
133 =+ 2.56 [128, 138]
113 = 3.34 [106, 120]
144 + 3.58 [136, 151]
28.1 + 1.61 [25, 31]

160 + 3.16 [153, 166]
136 + 2.68 [130, 141]
108 + 3.50 [100, 115]
143 + 3.76 [135, 151]
29 + 1.69 [26, 32]

VO,peak (mL/kg/min)
VO, at VT1 (mL/kg/min)
VO, at VI2 (mL/kg/min)

Chronotropic index

14.6 + 0.86 [13, 16] 15.7 £ 0.75 [14, 17] 15.7 £ 0.80 [14, 17]

22.2 + 1.63 [19, 25] 25 + 1.43 [22, 28] 25.2 + 1.50 [22, 28]
0.65 & 0.03 [0.58, 0.72] ** 0.99 £ 0.03[0.93, 1.06] 1.02 + 0.03 [0.95, 1.08]
All values are in mean =+ SE [95% confidence interval]. HRmax: maximum heart rate obtained from the cardiopul-

monary exercise test; HR: heart rate; VI1 and VT2: first and second ventilatory thresholds; VO,peak: peak oxygen
consumption. * p < 0.05 vs. control; t p <0.05 vs. PD non-CL

3.2. Non-Contact Boxing Training Outcomes
3.2.1. Heart Rate Responses

Table 3 summarizes HR responses during boxing sessions one and two. The HRavg,
HRmax, and %MA-PHR during each round were significantly lower for PDCI participants
than PD non-CI participants and controls during all rounds in both sessions (p < 0.001), but
not between PD non-ClI participants and controls (p > 0.05). The %HR-CPET was similar
between groups across all rounds in both sessions (p = 0.16). Between sessions one and two,
the HRavg (p = 0.51), HRmax (p = 0.72), %HR-CPET (p = 0.76), and percentage MA-PHR
(p = 0.72) were not significantly different amongst all participants.

Table 3. Heart rate responses per round during the first and second boxing sessions.

PDCI PD Non-CI Control
(n=11) (n=14) (n=14)
Average HR (bpm)
Round 1 51 101 + 5.22 [90, 112] ** 134 + 4.22 [126, 143] 140 + 4.26 [132, 149]
Round 1 52 106 + 5.33 [95, 117] ** 135 £ 4.23 [127, 144] 143 £ 4.31 [134, 151]
Round 2 S1 107 + 5.28 [96, 118] ** 141 + 4.22 [133, 150] 147 + 4.26 [139, 156]
Round 2 52 112 + 5.35[101, 123] ** 141 £ 4.23 [133, 150] 147 £+ 4.31 [138, 156]
Round 3 S1 114 + 5.28 [103, 125] ** 146 + 4.24 [138, 155] 154 + 4.26 [145, 162]
Round 3 52 117 + 5.35 [106, 128] ** 146 £ 4.26 [137, 154] 150 £ 4.31 [141, 158]
Round 4 S1 116 4 5.28 [105, 127] ** 147 £ 4.26 [139, 156] 153 £ 4.26 [144, 162]
Round 4 52 118 + 5.38 [107, 129] ** 147 + 4.26 [138, 156] 152 + 4.32 [143, 161]
Maximum HR (bpm)
Round 1 51 113 + 5.10 [103, 124] ** 149 + 4.10 [141, 157] 157 + 4.13 [148, 165]
Round 1 52 119 + 5.37 [108, 130] ** 147 £ 4.26 [139, 156] 159 £ 4.33 [150, 167]
Round 2 51 117 + 5.16 [106, 127] ** 152 + 4.10 [144, 160] 160 + 4.13 [152, 169]
Round 2 52 122 4 5.40 [11,133] ** 152 £ 4.26 [143, 161] 161 £ 4.33 [152, 170]
Round 3 S1 125 + 5.16 [114, 135] * 157 & 4.12 [148, 165] 165 =+ 4.13 [157, 174]
Round 3 52 125 + 5.40 [114, 136] ** 154 £ 4.29 [145, 163] 161 £ 4.33 [152, 169]
Round 4 S1 125 4 5.16 [114, 135] ** 157 £ 4.15 [149, 165] 166 + 4.13 [157, 174]
Round 4 S2 126 + 5.43 [115, 137] ** 154 + 4.29 [146, 163] 163 + 4.35 [154, 171]
%HR-CPET
Round 1 51 90.0 £ 2.57 [85, 95] 95.2 £2.10[91, 99] 99.1 £ 2.09 [95, 103]
Round 1 52 94.6 & 2.65 [89, 100] 94.1 4 2.05 [90, 98] 100.4 £ 2.10 [96, 105]
Round 2 S1 92.7 £ 2.63 [87, 98] 974 £ 2.10[93,102] 101.4 4+ 2.09 [97, 106]
Round 2 52 96.7 £ 2.67 [91, 102] 97.1 £2.05[93,101] 102.0 4 2.10 [98, 102]
Round 3 S1 98.7 4+ 2.63 [93, 104] 100.4 £ 2.12 [96, 105] 104.6 £ 2.09 [100, 109]
Round 3 52 98.9 £ 2.67 [93, 104] 98.3 £ 2.08 [94, 102] 101.5 4+ 2.10 [97, 106]
Round 4 S1 99.0 £ 2.63 [94, 104] 100.6 & 2.15 [96, 105] 104.9 & 2.09 [101, 109]
Round 4 S2 99.6 = 2.70 [94, 105] 98.7 +2.08 [94, 103] 102.8 £ 2.11 [97, 107]
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PDCI PD Non-CI Control
(n=11) n=14) n=14)
%MA-PHR
Round 1 51 69.6 + 3.17 [63, 76] ** 91.5 £ 2.55[83, 97] 96.3 £2.57[91, 101]
Round 152 73.2 + 3.35 [66, 80] ** 90.5 £ 2.66 [85, 96] 97.6 £2.70 [92, 103]
Round 2 S1 71.7 + 3.21 [65, 78] ** 93.5 + 2.55 [88, 9] 98.5 + 2.57 [93, 104]
Round 2 52 749 + 3.36 [68, 82] ** 93.3 £+ 2.66 [88, 99] 99.2 £ 2.70 [94, 105]
Round 3 S1 76.3 + 3.21 [70, 83] ** 96.3 + 2.56 [91, 101] 101.7 £+ 2.57 [96, 107]
Round 3 52 76.5 + 3.36 [70, 83] ** 94.5 £ 2.68 [89, 100] 98.9 £2.70 [93, 104]
Round 4 S1 76.6 + 3.21 [70, 83] ** 96.5 + 2.58 [91, 102] 101.9 + 2.57 [98, 107]
Round 4 S2 77.1 + 3.38 [70, 84] ** 94.8 £ 2.68 [89, 100] 100.1 £ 2.71 [94, 106]
All values are in mean =+ SE [95% confidence interval]. HR: heart rate; bpm: beats per minute; %HR-CPET: heart
rate as percentage of highest HR during CPET); %MA-PHR: heart rate as percentage of maximum predicted HR;
*p < 0.05 vs. control; t p < 0.05 vs. PD non-CI; # p < 0.05 between sessions.
Figure 2 illustrates HR data from a single PDCI participant who completed four rounds
of session one. Using the MA-PHR metric, he did not attain the high-intensity threshold
(>85% HRmax) for any of the boxing rounds. However, when the HRmax derived from
the CPET was used, the high-intensity threshold was achieved in all four rounds.
o
o -
8 _ls s L SICTINCIEORNINATUIE o o i 5 B, 8 o
o
S —
g_ —
: & VA
€ 7 | 85%HR from CPET o, \\/
o
o —
o |
) /\N/
o |
©

I

I [ [ [
500 1000 1500 2000

Time/sec

Figure 2. MA-PHR; maximum predicted heart rate. HR; heart rate; CPET; cardiopulmonary exercise
test. MA-PHR was calculated using Tanaka’s equation (207-0.7 * age) [6]. The participant’s age was
65 years and the maximum HR during CPET was 128 bpm.

3.2.2. Percentage of Time Spent Above the Threshold for High-Intensity Training During
Boxing

Table 4 summarizes the percentage of time spent above >85% HRmax from the CPET
(HI-85%) and >VT2 (HI-VT2) in all rounds during both boxing sessions. HI-85% (p = 0.13)
and HI-VT2 (p = 0.44) were not significantly different between boxing sessions one and two
among all participants.
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Table 4. Percentage of time exercised > 85% HRmax (HI-85%) and > VT2 (HI-VT2) for each round
during the first and second boxing sessions.

PDCI PD Non-CI Control
(n=11) (n=14) (n=14)
HI-85%
Round 1 51 43.6 +9.83 [24, 63] * 65.5 £ 8.06 [49, 82] 74.4 £+ 7.98 [58, 90]
Round 1 52 49.0 +9.25 [30, 68] * 66.3 £+ 7.02 [52, 80] 85.8 = 7.31 [52, 80]
Round 2 S1 52.0 +10.17 [32,72] * 74.6 + 8.06 [58, 91] 86.2 +7.94 [70, 102]
Round 2 S2 64.7 +9.35 [46, 84] 75.8 = 7.02 [62, 90] 89.3 £ 7.39 [62, 90]
Round 3 S1 65.2 +10.17 [45, 86] * 84.0 4+ 8.17 [68, 100] 93.9 +7.94 [78, 110]
Round 3 52 80.8 +9.35[62, 100] 80.5 £ 7.22 [66, 95] 87.5 + 7.39 [66, 95]
Round 4 S1 71.4 £ 10.17 [51, 92] 83.5 4 8.30 [69, 100] 90. + 7.94 [74, 106]
Round 4 S2 84.4 +9.53 [62, 104] 81.6 +7.22 [67,96] 96.7 + 7.47 [82, 112]
HI-VT2
Round 1 51 13.0 £ 11.57 [—10, 36] * 37.0 +29.40 [18, 56] 59.4 +9.23 [41, 78]
Round 1 S2 272 +11.82[3.4,51] % 37.2 +8.98 [19, 55] * 70.8 +9.32 [52, 90]
Round 2 S1 29.1 +12.04[4.9,53] * 49.1 +£9.40 [30, 68] * 78.1 +9.17 [60, 97]
Round 2 S2 423 +11.99 [18, 66] 52.5 + 8.98 [34, 71] 75.5 + 9.44 [57, 94]
Round 3 S1 53.7 4+ 12.04 [29, 78] * 66.6 = 9.57 [47, 86] 92.1 £9.17 [74, 111]
Round 3 S2 66.4 + 11.99 [42, 90] 67.5 +9.24 [49, 86] 76.0 +9.44 [57, 95]
Round 4 S1 59.0 4 12.04 [35, 83] 66.6 = 9.77 [47, 86] 87.3 +9.17 [69, 106]
Round 4 S2 71.4 £ 12.24 [47,96] 66.5 £ 9.24 [48, 85] 87.0 4+ 9.55 [68, 106]

All values are in mean + SE [95% confidence interval]. HI-85%: percentage of time spent at and above 85% of
maximum heart rate obtained from the cardiopulmonary exercise test; HI-VT2: percentage of time spent at and
above the second ventilatory threshold (VT2); * p < 0.05 vs. control; t p <0.05 vs. PD non-CI; # p < 0.05 between
sessions.

HI-85% was not significantly different between PDCI and PD non-CI participants
(p > 0.05), or between PD non-ClI participants and controls (p > 0.05) in both sessions.
However, HI-85% was significantly lower in PDCI participants compared to controls
during the first three rounds of session one (p = 0.03, p = 0.01, and p = 0.04), but not in
the last round (p = 0.18). In the second session, HI-85% was significantly lower in PDCI
participants than controls in the first round (p = 0.007), but not in the last three rounds
(p > 0.05).

In session one, HI-VT2 was significantly lower in PDCI participants than controls in
the first three rounds (p = 0.006, p = 0.004, and p = 0.02), but not in the last round (p = 0.08).
Meanwhile, PD non-ClI participants showed a significantly lower HI-VT2 only in the second
round (p = 0.04) compared to controls, with no significant difference in the other rounds
(p > 0.05). In the second boxing session, HI-VI2 was significantly lower in PDCI and PD
non-CI participants compared to controls (p = 0.01 and p = 0.01) in the first round, but not
in the other rounds of this session (p > 0.05).

3.2.3. Metabolic Responses

Table 5 shows that PDCI participants exhibited a significantly lower VO,avg than
controls in all rounds of both sessions (p < 0.05). In session one, PDCI participants also
showed a significantly lower VO,avg than PD non-ClI participants in the first two rounds
(p =0.024, p = 0.019). PD non-CI participants showed a significantly lower VO,avg than
controls in the second and third rounds (p = 0.043, p = 0.011) of session one, and all rounds
of session two (p < 0.05). The %VO;,peak was significantly lower in PDCI participants
compared to controls across all rounds of session one and two (p < 0.05), but only in rounds
one and two of session one when compared to PD non-CI participants (p < 0.05). PD
non-CI participants showed a significantly lower %VO;peak in rounds one, two, and three
(p < 0.05), but not in round four (p > 0.05) of session one, and in all rounds of session two
compared to controls (p < 0.05). The VOjavg (p = 0.71) and %VO,peak (p = 0.67) were not
significantly different between boxing session one and two for all participants.
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Table 5. Metabolic responses per rounds during the first and second boxing sessions.

PDCI
n=11)

PD Non-CI
(n=14)

Control
(n=14)

VOjavg (mL/kg/min)
Round 1 S1
Round 1 52
Round 2 S1
Round 2 S2
Round 3 S1
Round 3 S2
Round 4 S1
Round 4 S2
% VOypeak
Round 1 S1
Round 1 S2
Round 2 S1
Round 2 S2
Round 3 S1
Round 3 S2
Round 4 S1
Round 4 S2

Energy expenditure (kcal)
Boxing session 1
Boxing session 2

19.3 +1.07 [17, 21] **
20.7 +1.27 [18,23] *
19.5 + 1.12[17, 22] **
20.7 +1.29 [18, 23] *
20.5 + 1.12[18,23] *
20.2 + 1.29 [18,23] *
20.5 + 1.12[18, 23] *
19.6 + 1.31 [17, 22] *

69.2 + 3.84 [61, 77] **
74.5 + 4.48 [65, 84] *
70.7 &+ 3.98 [62, 79] **

22,5 -+ 0.88 [21, 24]
22.2 - 0.98 [20, 24] *
22.9 £ 0.88 [21, 25] *
22.2 £ 0.98 [20, 24] *
23.0 & 0.89 [21, 25] *
21.6 = 1.00 [20, 24] *

22.2 £ 0.91 [20, 24]
21.2 & 1.00 [19, 23] *

80.3 £+ 3.11 [74, 86] *
80.1 +3.47[73,87] *
82.1 +£3.11 [76, 88] *
80.2 +3.47 [73, 87] *
[
[

25.1 = 0.86 [23, 27]
26.0 = 0.99 [24, 28]
25.7 = 0.86 [24, 27]
25.7 £ 0.99 [24, 28]
26.6 + 0.86 [25, 28]
25.3 £ 0.99 [23, 27]
24.2 £ 0.86 [22, 26]
24.8 & 1.00 [23, 27]

91.1 + 3.07 [85, 97]
93.6 + 3.54 [86, 101]
93.2 + 3.07 [87, 99]

74.8 & 4.54 [66, 84] * 92.7 + 3.54 [86, 100]
745 + 3.98 [66, 82] * 82.1 +3.15[76, 88] * 96.3 + 3.07 [90, 102]
72.5 + 4.54 [63, 82] * 77.7 & 3.53 [70, 85] * 91.7 4 3.54 [85, 99]
74.2 + 3.98 [66, 82] * 79.3 + 3.22[73, 87] 88.3 &+ 3.07 [82, 95]
70.3 +4.60[61,79] * 76.6 + 3.53 [69, 84] * 89.4 + 3.56 [82, 97]
PDCI PD non-CI Control
(n=28) (n=11) (n=13)

196 + 16.2 [162, 229] * 238 £ 14.7 [208, 269] 256 £ 13.1 [229, 283]
204 £ 16.4 [170, 237] 230 £ 14.4 [200, 259] 258 £+ 13.2 [231, 286]

All values are in mean £ SE [95% confidence interval]. VO,avg: average oxygen consumption per round;
%VO,peak: average oxygen consumption per round as percentage of peak oxygen consumption obtained from
the cardiopulmonary exercise test. * p < 0.05 vs. control; t p <0.05vs. PD non-CI; # p < 0.05 between sessions.
Energy expenditure (EE) refers to data of those participants who completed all four rounds during the sessions.

Three PDCI participants, three PD non-ClI participants, and one control were unable to
complete the four rounds of at least one session. Thus, their data were not included in the
EE analysis (Table 5). In session one, the EE was significantly lower in PDCI participants
than controls (p = 0.03), but not PD non-ClI participants (p = 0.12). There was no difference
between PD non-ClI participants and controls (p > 0.05). During session two, the EE was
similar between all groups (p > 0.05).

3.2.4. Ratings of Perceived Exertion (RPE) Responses

The RPE results indicate that PDCI participants perceived themselves to be exercising
close to maximum effort despite having lower HR responses than PD non-CI participants
and controls (Figure 3). In session one, the RPE was similar between all groups (p > 0.05),
while in session two, PDCI participants reported a significantly higher RPE in rounds three
and four (p = 0.02, p = 0.01) than the controls, and in round three compared to PD non-CI
participants (p = 0.03). The RPE (p = 0.90) was not significantly different between boxing
sessions one and two for all participants.
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Figure 3. Mean (95% confidence intervals) rating of perceived exertion during the first and second
boxing sessions.

4. Discussion

To our knowledge, this is the first study to demonstrate that boxing is a high-intensity
exercise for people with PD with and without CI, based on individualized physiological
profiles. Our results showed that the threshold for high-intensity exercise was attained
despite the effect of CI on HR and metabolic outcomes during two boxing sessions. CI did
not significantly lower the amount of time spent exercising at and above high-intensity
threshold zones between PD groups, even though PDCI participants perceived that they
were exercising harder than controls and PD non-CI participants. The study results also
highlight that age-predicted equations underestimate exercise intensity in PDCI participants
and should be used with caution.

When exercise intensity was calculated using Tanaka’s equation to estimate HRmax [6],
the PDCI group exercised at approximately 74% MA-PHR (moderate intensity) during
boxing rounds. By comparison, PD non-CI participants trained at 93% and controls at 99%
MA-PHR, respectively, representing a high-intensity training zone [55,56]. However, when
the HRmax obtained from the CPET was used to calculate exercise intensity, all groups
reached 90-105% of their individualized HRmax. These results highlight that age-predicted
equations underestimate exercise intensity in the PDCI group and should be used with
caution.

Exercise intensity in our study was higher than that reported for elite male and female
athletes who exercise at approximately 80 to 95% of their individualized HRmax when
sparring, simulating boxing matches, or training on boxing bags or focus pads [4,7,57]. The
higher %HRmax achieved in our study compared to professional boxers may be due to
the format of rounds, participants’ fitness levels, and training specificity [6,58]. From a
clinical perspective, our findings show that boxing is a high-intensity activity for PD with
and without CL

Most boxing interventions in people with PD provide little information on exercise intensity
and only include boxing as a portion of their exercise intervention [1,3,15,16,18-21,55]. To the
best of our knowledge, only one study has investigated HR responses during boxing in people
with PD [50]. In a feasibility study, Blacker and colleagues included ten participants with
PD in the early disease stage (H&Y I-II) during a 12-week boxing training program split into
three training blocks of 4 weeks each [50]. Participants achieved the target exercise intensity of
>80% of their MA-PHR, which was less than our PD non-CI participants (£93% MA-PHR).
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The reasons for this may include an unknown number of participants with CI in their study
compared with ours (participants were not categorized according to CI so this cannot be verified),
or differences in the boxing protocol. For example, boxing rounds in the Blacker et al. study had
a duration of 2-3 min each and were increased from six to eleven rounds per session during
the 12-week exercise program. The authors used a Fightmaster unit with numbered pads for
the boxing protocol, which also involved short bursts of punches (typically uppercuts lasting
10-15 s performed with maximal effort), loud upbeat music, and additional exercises such as
star jumps [50]. By contrast, the boxing intervention in our study used equipment (punching
bags and pads) typically available in community settings. In our study, the combinations and
number of rounds were consistent, and although participants were asked to punch as fast and
hard as possible, the punch rate and speed were self-selected. From a practical viewpoint, our
data show that self-paced boxing training and standard boxing equipment could be used as
an intervention to elicit high-intensity physiological responses in people with PD with and
without CL

The results from our study show that the percentage of time spent exercising at high
intensity differed according to cutoffs. For example, PDCI participants spent about 47%
of their exercise session time at or above VI2 and 64% at or above 85% HRmax obtained
from the CPET. PD non-ClI participants spent 54.5% and 76% of their session time at or
above these intensity levels, respectively. The HR at VT2 represented approximately 90%
of participants’ HRmax.

Harvey et al. [9] used a similar protocol to our study, consisting of 4-minute intervals
(45 s of exercise on a double-concentric resistance machine followed by 15 s of rest),
interspersed with 3.5 min of recovery. They reported that their PD group (H&Y I-III)
achieved high intensity (>85% of HRmax) during 67% to 84% of their repetitions. This
result is comparable to our PD non-CI group (76%), but higher than the PDCI group (64%).
Harvey et al. [9] found a significant improvement in VO,peak following the intervention
and concluded that HIIT is feasible for people with PD and promising for improving
aerobic capacity in this population.

In the current study, VO,avg and %VO,peak per round were significantly lower
in both PD groups than in controls. While this difference can be partially explained by
the presence of CI in the PDCI group, this does not expand to the PD non-CI group.
Blunted HR in the PDCI group reduces cardiac output, which could significantly impact
oxygen consumption [31,32,35,54,59]. Mitochondria dysfunction is another potential factor
associated with reduced oxygen consumption in people with PD, which can reduce the
arterio—venous oxygen difference by impairing the efficiency of oxygen extraction from
the blood [6,54,60,61]. Despite having a lower metabolic response per round, people with
PD exercised at approximately 72% (PDCI) and 80% (PD non-ClI) of their VO, peak, which,
although lower than the control group (92%), is still higher than amateur boxers, who
achieved around 66% VO,peak during pad work [4]. The difference in VO, estimation
methods, training protocols, participants’ fitness levels, and training specificity may explain
the variations in %VO,peak observed between the two studies [4,6,58]. For example,
our study collected metabolic data continuously throughout the boxing sessions, and
combinations were not paced. In contrast, amateur boxers in the study by Arseneau and
Mekary (4) were paced at a cadence of 180 beats per minute, with metabolic data collected
only after the cessation of the final round.

The EE was significantly lower between the PDCI group and controls for session
one, with a similar significant trend in session two. These findings suggest that PDCI
participants may need to increase their training volume to meet the ACSM guideline of
1000 Kcal per week for health benefits and improvement in aerobic capacity [6]. Training
volume adjustments may help compensate for the reduced energy expenditure of the
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PDCI participants, which was approximately 40 to 50 Kcal per session compared to the
PD non-CI group and controls. Participants from our study exercised for approximately
18 min (4 rounds of 4 min 30 s each), in which the EE per session was approximately 200
Kcal in the PDCI group, 234 Kcal in the PD non-CI group, and 257 kcal in controls. To
achieve the ACSM recommendation, people with PD with CI would need to exercise for 90
min per week (11.11 kcal /per min), while people with PD without CI would need 77 min
per week (13 kcal /per min), and controls 70 min per week (14.27 kcal/per min). The EE of
our participants was similar to that of young males and females (9.8 and 11.2 Kcal/min),
punching for 2 min during a six rounds of boxing [62].

The PDCI group displayed a significantly higher RPE than the PD non-CI and control
groups in the later rounds of session two. The mean RPE for the PDCI group in rounds 3
and 4 was 18.2 and 18.4, which coincided with the higher percentage of time spent above
85% of HRmax in these rounds 2 (Table 4). Blacker et al. (50) reported an RPE of around
13-16 during their 12-week boxing exercise program, which is lower than in our study. This
was probably due to different protocols and to the lower target HR that participants were
required to achieve in the Blacker et al. study [50]. The RPE can be employed to monitor
exercise intensity in individuals with CI. However, given its subjectivity, it is best utilized as
a complementary tool alongside more objective measures of exercise intensity [6,35,63]. Our
findings suggest that utilizing the RPE alongside HR monitoring may be a better approach
for monitoring exercise intensity in people with PD when CPET data are unavailable.

5. Clinical Implications

e  People with PD with CI achieved high-intensity thresholds during boxing sessions
based on individualized measures but not on measures obtained from age-predicted
equations.

e HR responses were significantly lower in people with PD with CI, while the RPE was
similar or higher compared to those without CL.

e  Age-predicted equations underestimate exercise intensity in people with PDCI and
should be used with caution.

e Combining the RPE with HR monitoring can enhance the prescription of boxing
exercises for people with PD with and without CI when individualized measures from
CPET are not available [35].

6. Limitations

Although people with PD achieved a comparable %HRmax to controls, participants
may not have punched at a similar speed or with comparable power, which may have
influenced exercise intensity and EE [4,62,64—69]. Some participants with PD, as well as
controls, reported previous boxing experience and, as a result, may have felt more confident
when boxing. The findings reflect our current study protocol, and different bursts (rounds),
recovery time and type (active or passive), and other training variables can influence
physiological and clinical responses to boxing training [44—47]. Our study did not evaluate
the improvement in aerobic performance to explore whether people with PD with and
without CI showed similar improvements in VO,peak after boxing training. Body weight
was significantly higher in the PDCI group compared with the PD non-CI and control
groups. BMI was included as a covariate in all models to account for the potential impact of
body weight on outcomes. Although the main effects were non-significant, an undetected
interaction may have influenced the findings [70,71]. Lastly, the small sample size and
inclusion of people with PD with mild to moderate disease severity (H&Y I-III) limit the
generalizability of our findings. Future research may consider using markerless video
analysis to evaluate movement speed during boxing in people with PD. Studies with larger
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sample sizes are necessary to investigate the differences between individuals with PD with
and without CI in the advanced stages of the disease. Additionally, exploring the effects
of aerobic training, including boxing, on the VO,max in individuals with PD with and
without CI is warranted.

7. Conclusions

People with PD with and without CI attained high-intensity thresholds for aerobic
training during two boxing sessions and spend significant time exercising at and above
threshold zones. PDCI participants exhibited lower HR responses during boxing compared
with PD non-ClI participants and controls; however, when expressed as the %HRmax
derived from CPET profiles, they exercised at a similar intensity. The RPE may be a useful
clinical tool for measuring exercise intensity in conjunction with HR, and more informative
than predictive equations, which may underestimate the HR response for people with PD.

Author Contributions: Conceptualization, TR.B.P, S.L., D.T. and G.M.; methodology, T.R.B.P. and
G.M,; formal analysis, U.R. and T.R.B.P.; writing—original draft preparation, T.R.B.P.; writing—review
and editing, S.L. and G.M,; supervision, S.L., D.T. and G.M.; funding acquisition, S.L. and TR.B.P. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded in part by the Neurology Special Interest Group of Physiotherapy
New Zealand Award (NSIG) and Parkinson’s New Zealand (PNZ).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki [72] and received ethical approval from the Health and Disability Ethics Committees
(HDEC: 2022 AM 9601) and the Auckland University of Technology Ethics Committees (AUTEC:
20/307). All participants signed informed consent forms prior to enrolment.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Not applicable.

Conlflicts of Interest: The funders had no role in the design of the study; in the collection, analyses,
or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.

References

1.

10.

Morris, M.E,; Ellis, T.D.; Jazayeri, D.; Heng, H.; Thomson, A.; Balasundaram, A.P,; Slade, S.C. Boxing for Parkinson’s disease: Has
implementation accelerated beyond current evidence? Front. Neurol. 2019, 10, 1222. [CrossRef]

Dawson, R.A.; Sayadi, ].; Kapust, L.; Anderson, L.; Lee, S.; Latulippe, A.; Simon, D.K. Boxing exercises as therapy for Parkinson
disease. Top. Geriatr. Rehabil. 2020, 36, 160-165. [CrossRef]

Lowery, B.; Flewwellin, J.; Terrell, S.L. Can Boxing Deliver a Knockout Punch against Parkinson’s Disease? A Review of the
Evidence. ACSM’s Health Fit. ]. 2023, 27, 11-18. [CrossRef]

Arseneau, E.; Mekary, S.; Léger, L.A. Vo2 requirements of boxing exercises. |. Strength Cond. Res. 2011, 25, 348-359. [CrossRef]
Nikolaidis, P.T.; Clemente, EM.; Busko, K.; Knechtle, B. Physiological responses to simulated boxing: The effect of sitting versus
standing body position during breaks: A pilot study. Asian |. Sports Med. 2017, 8, e55434. [CrossRef]

Liguori, G.; Feito, Y.; Fountaine, C.; Roy, B.A. (Eds.) ACSM’s Guidelines for Exercise Testing and Prescription, 11th ed.; Wolters
Kluwer: Philadelphia, PA, USA, 2022.

Said, E.-A.; Helmi, C.; Yassine, N.; Olaf, P.; Urs, G. Cardio-respiratory endurance responses following a simulated 3 x 3 minutes
amateur boxing contest in elite level boxers. Sports 2018, 64, 119. [CrossRef]

Shultz, S.P,; Stoner, L.; Lambrick, D.M.; Lane, A.M. A boxing-oriented exercise intervention for obese adolescent males: Findings
from a pilot study. J. Sports Sci. Med. 2014, 13, 751-757.

Harvey, M.; Weston, K.L.; Gray, WK.; O’Callaghan, A ; Oates, L.L.; Davidson, R.; Walker, R.W. High-intensity interval training in
people with Parkinson’s disease: A randomized, controlled feasibility trial. Clin. Rehabil. 2019, 33, 428-438. [CrossRef]
Demonceau, M.; Maquet, D.; Jidovtseff, B.; Donneau, A.F; Bury, T.; Croisier, ].L.; Crielaard, ].M.; De La Cruz, C.R.; Delvaux,
V.; Garraux, G. Effects of twelve weeks of aerobic or strength training in addition to standard care in Parkinson’s disease: A
controlled study. Eur. J. Phys. Rehabil. Med. 2017, 53, 184-200. [CrossRef]


https://doi.org/10.3389/fneur.2019.01222
https://doi.org/10.1097/TGR.0000000000000275
https://doi.org/10.1249/FIT.0000000000000878
https://doi.org/10.1519/JSC.0b013e3181ef64cb
https://doi.org/10.5812/asjsm.55434
https://doi.org/10.3390/sports6040119
https://doi.org/10.1177/0269215518815221
https://doi.org/10.23736/S1973-9087.16.04272-6

Appl. Sci. 2025, 15, 2433 14 0f 16

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Peterson, D.S.; King, L.A.; Cohen, R.C.; Horak, E.B. Cognitive contributions to freezing of gait in Parkinson disease: Implications
for physical rehabilitation. Phys. Ther. 2016, 96, 659-670. [CrossRef]

Kruszewski, M.; Kruszewski, A.; Kuzmicki, S.; Sklepiriski, L.; Kepa, G.; Landowski, K. Boxing techniques based on the analysis of
boxing tournament finals during Olympic Games in London in 2012. ]. Combat Sports Martial Arts 2016, 7, 61-66.

Rzepko, M.; Drozd, S.; Kr6l, P; Bajorek, W.; Czarny, W.; Blach, W.; Cardoso, A.F.A. Importance of visualization to postural stability
in amateur boxers. Ido Mov. Cult. 2014, 14, 23-28. [CrossRef]

Lesiakowski, P.; Zwierko, T.; Krzepota, ]. Visuospatial attentional functioning in amateur boxers. J. Combat Sports Martial Arts
2013, 4, 141-144. [CrossRef]

Combs, S.A ; Diehl, M.D.; Chrzastowski, C.; Didrick, N.; McCoin, B.; Mox, N.; Staples, W.H.; Wayman, J. Community-based group
exercise for persons with Parkinson disease: A randomized controlled trial. NeuroRehabilitation 2013, 32, 117-124. [CrossRef]
[PubMed]

Combs, S.A.; Diehl, M.D.; Staples, W.H.; Conn, L.; Davis, K.; Lewis, N.; Schaneman, K. Boxing training for patients with parkinson
disease: A case series. Phys. Ther. 2011, 91, 132-142. [CrossRef] [PubMed]

King, L.A.; Horak, F.B. Delaying mobility disability in people with Parkinson disease using a sensorimotor agility exercise
program. Phys. Ther. 2009, 89, 384-393. [CrossRef]

Larson, D.; Yeh, C.; Rafferty, M.; Bega, D. High satisfaction and improved quality of life with Rock Steady Boxing in Parkinson’s
disease: Results of a large-scale survey. Disabil. Rehabil. 2021, 44, 6034—6041. [CrossRef]

Hermanns, M.; Mastel-Smith, B.; Donnell, R.; Quarles, A.; Rodriguez, M.; Wang, T. Counterpunching to improve the health of
people with Parkinson’s disease. J. Am. Assoc. Nurse Pract. 2021, 33, 1230-1239. [CrossRef]

Moore, A.; Yee, E.; Willis, B.W.; Prost, E.L.; Gray, A.D.; Mann, J.B. A community-based boxing program is associated with
improved balance in individuals with Parkinson’s disease. Int. J. Exerc. Sci. 2021, 14, 876-884.

Sonne, ].W.H.; Joslyn, K; Reus, K.; Angulo, M.; Guettler, S.; Beato, M.C. A Retrospective analysis of group-based boxing exercise
on measures of physical mobility in patients With Parkinson disease. Am. J. Lifestyle Med. 2024, 18, 558-566. [CrossRef]

Douris, P.C.; Cogen, Z.S.; Fields, H.T.; Greco, L.C.; Hasley, M.R.; Machado, C.M.; Romagnuolo, PM.; Stamboulis, G.; DiFrancisco-
Donoghue, J. The effects of blood flow restriction training on functional improvements in an active single subject with Parkinson
Disease. Int. |. Sports Phys. Ther. 2018, 13, 247-254. [CrossRef]

Nadeau, A.; Lungu, O.; Duchesne, C.; Robillard, M.; Bore, A.; Bobeuf, F.; Plamondon, R.; Lafontaine, A.; Gheysen, F.; Bherer,
L.; et al. A12-week cycling training regimen improves gait and executive functions concomitantly in people with Parkinson’s
Disease. Front. Hum. Neurosci. 2017, 10, 690. [CrossRef]

Pelosin, E.; Faelli, E.; Lofrano, F,; Avanzino, L.; Marinelli, L.; Bove, M.; Ruggeri, P.; Abbruzzese, G. Effects of treadmill training on
walking economy in Parkinson’s disease: A pilot study. Neurol. Sci. 2009, 30, 499-504. [CrossRef] [PubMed]

Shulman, L.M.; Katzel, L.I; Ivey, EM.; Sorkin, ]J.D.; Favors, K.; Anderson, K.E.; Smith, B.A.; Reich, S.G.; Weiner, W.J.; Macko, R.F.
Randomized clinical trial of 3 types of physical exercise for patients with Parkinson disease. JAMA Neurol. 2013, 70, 183-190.
[CrossRef]

Song, R.; Grabowska, W.; Park, M.; Osypiuk, K.; Vergara-Diaz, G.P,; Bonato, P.; Hausdorff, ]. M.; Fox, M.; Sudarsky, L.R.; Macklin,
E.; et al. The impact of Tai Chi and Qigong mind-body exercises on motor and non-motor function and quality of life in
Parkinson’s Disease: A systematic review and meta-analysis. Park. Relat. Disord. 2017, 41, 3-13. [CrossRef]

Sangarapillai, K.; Norman, B.M.; Almeida, Q.]. Boxing vs sensory exercise for Parkinson’s disease: A double-blinded randomized
controlled trial. Neurorehabil. Neural Repair. 2021, 35, 769-777. [CrossRef]

Borrero, L.; Miller, S.A.; Hoffman, E. The meaning of regular participation in vigorous-intensity exercise among men with
Parkinson’s disease. Disabil. Rehabil. 2022, 44, 2385-2391. [CrossRef]

Brubaker, P.H.; Joo, K.C.; Stewart, K.P; Fray, B.; Moore, B.; Kitzman, D.W. Chronotropic incompetence and its contribution to
exercise intolerance in older heart failure patients. J. Cardiopulm. Rehabil. Prev. 2006, 26, 86—89. [CrossRef]

Brubaker, PH.; Kitzman, D.W. Chronotropic incompetence: Causes, consequences, and management. Circulation 2011, 123,
1010-1020. [CrossRef]

Penko, A.L.; Zimmerman, N.M.; Crawford, M.; Linder, S.M.; Alberts, J.L. The impact of aerobic exercise on cardiopulmonary
responses and predictors of change in individuals with Parkinson’s disease. Arch. Phys. Med. Rehabil. 2021, 102, 925-931.
[CrossRef]

Griffith, G.; Lamotte, G.; Mehta, N.; Fan, P,; Nikolich, J.; Springman, V.; Suttman, E.; Joslin, E.; Balfany, K.; Dunlap, M.; et al.
Chronotropic Incompetence During Exercise Testing as a Marker of Autonomic Dysfunction in Individuals with Early Parkinson’s
Disease. J. Park. Dis. 2024, 14, 121-133. [CrossRef] [PubMed]

Werner, W.G.; DiFrancisco-Donoghue, J.; Lamberg, E.M. Cardiovascular response to treadmill testing in Parkinson disease. J.
Neurol. Phys. Ther. 2006, 30, 68-73. [CrossRef] [PubMed]


https://doi.org/10.2522/ptj.20140603
https://doi.org/10.14589/ido.14.2.3
https://doi.org/10.5604/20815735.1090659
https://doi.org/10.3233/NRE-130828
https://www.ncbi.nlm.nih.gov/pubmed/23422464
https://doi.org/10.2522/ptj.20100142
https://www.ncbi.nlm.nih.gov/pubmed/21088118
https://doi.org/10.2522/ptj.20080214
https://doi.org/10.1080/09638288.2021.1963854
https://doi.org/10.1097/JXX.0000000000000598
https://doi.org/10.1177/15598276211028144
https://doi.org/10.26603/ijspt20180247
https://doi.org/10.3389/fnhum.2016.00690
https://doi.org/10.1007/s10072-009-0141-8
https://www.ncbi.nlm.nih.gov/pubmed/19768366
https://doi.org/10.1001/jamaneurol.2013.646
https://doi.org/10.1016/j.parkreldis.2017.05.019
https://doi.org/10.1177/15459683211023197
https://doi.org/10.1080/09638288.2020.1836042
https://doi.org/10.1097/00008483-200603000-00007
https://doi.org/10.1161/CIRCULATIONAHA.110.940577
https://doi.org/10.1016/j.apmr.2020.12.011
https://doi.org/10.3233/JPD-230006
https://www.ncbi.nlm.nih.gov/pubmed/38189712
https://doi.org/10.1097/01.NPT.0000282570.78544.00
https://www.ncbi.nlm.nih.gov/pubmed/16796771

Appl. Sci. 2025, 15, 2433 15 0f 16

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Speelman, A.D.; Groothuis, ].T.; van Nimwegen, M.; van der Scheer, E.S.; Borm, G.F,; Bloem, B.R.; Hopman, M.T.; Munneke, M.
Cardiovascular responses during a submaximal exercise test in patients with Parkinson’s disease. J. Park. Dis. 2012, 2, 241-247.
[CrossRef] [PubMed]

Panassollo, T.R.B.; Lord, S.; Rashid, U.; Taylor, D.; Mawston, G. The effect of chronotropic incompetence on physiologic responses
during progressive exercise in people with Parkinson’s disease. Eur. J. Appl. Physiol. 2024, 124, 2799-2807. [CrossRef] [PubMed]
Dalrymple-Alford, ].C.; MacAskill, M.R.; Livingston, L.; Graham, C.; Melzer, T.R.; Kirwan, J.; Keenan, R.; Wells, S.; Watts, R.;
Anderson, T.J.; et al. The MoCA: Well-suited screen for cognitive impairment in Parkinson disease. Neurology 2010, 75, 1717-1725.
[CrossRef]

Goetz, C.G,; Fahn, S.; Martinez-Martin, P.; Poewe, W.; Sampaio, C.; Stebbins, G.T.; Stern, M.B,; Tilley, B.C.; Dodel, R.; Dubois,
B.; et al. MDS-UPDRS: The MDS-Sponsored Revision of the Unified Parkinson’s Disease Rating Scale; International Parkinson and
Movement Disorder Society: Milwaukee, W1, USA, 2019.

Franssen, R.EW.; Eversdijk, A.].].; Kuikhoven, M.; Klaase, ].M.; Vogelaar, E].; Janssen-Heijnen, M.L.G.; Bongers, B.C. Inter-
observer agreement of preoperative cardiopulmonary exercise test interpretation in major abdominal surgery. BMC Anesthesiol.
2022, 22, 131. [CrossRef]

Robergs, R.A.; Dwyer, D.; Astorino, T. Recommendations for improved data processing from expired gas analysis indirect
calorimetry. Sports Med. 2010, 40, 95-111. [CrossRef]

Borg, G.A. Psychophysical bases of perceived exertion. Med. Sci. Sports Exerc. 1982, 14, 377-381. [CrossRef]

Peterman, ].E.; Arena, R.; Myers, J.; Harber, M.P,; Bonikowske, A.R.; Squires, R.W.; Kaminsky, L.A. Reference Standards for Peak
Rating of Perceived Exertion during Cardiopulmonary Exercise Testing: Data from FRIEND. Med. Sci. Sports Exerc. 2023, 55,
74-79. [CrossRef]

Lauer, M.; Froelicher, E.S.; Williams, M.; Kligfield, P. Exercise testing in asymptomatic adults: A statement for professionals
from the American Heart Association Council on Clinical Cardiology, Subcommittee on Exercise, Cardiac Rehabilitation, and
Prevention. Circulation 2005, 112, 771-776. [CrossRef]

von Scheidt, E; Meier, S.; Kramer, J.; Apitz, A.; Siaplaouras, J.; Bride, P.; Kaestner, M.; Apitz, C. Heart rate response during
treadmill exercise test in children and adolescents with congenital heart disease. Front. Pediatr. 2019, 7, 65. [CrossRef] [PubMed]
Wen, D.; Utesch, T.; Wu, J.; Robertson, S.; Liu, J.; Hu, G.; Chen, H. Effects of different protocols of high intensity interval training
for VO2max improvements in adults: A meta-analysis of randomised controlled trials. J. Sci. Med. Sport 2019, 22, 941-947.
[CrossRef] [PubMed]

Taylor, ].L.; Holland, D.]J.; Spathis, ]J.G.; Beetham, K.S.; Wisloff, U.; Keating, S.E.; Coombes, ]J.S. Guidelines for the delivery
and monitoring of high intensity interval training in clinical populations. Prog. Cardiovasc. Dis. 2019, 62, 140-146. [CrossRef]
[PubMed]

Lehtonen, E.; Gagnon, D.; Eklund, D.; Kaseva, K.; Peltonen, J.E. Hierarchical framework to improve individualised exercise
prescription in adults: A critical review. BM] Open Sport. Exerc. Med. 2022, 8, e001339. [CrossRef] [PubMed]

Quindry, J.C.; Franklin, B.A.; Chapman, M.; Humphrey, R.; Mathis, S. Benefits and risks of high-intensity interval training in
patients with coronary artery disease. Am. J. Cardiol. 2019, 123, 1370-1377. [CrossRef]

Slimani, M.; Davis, P.; Franchini, E.; Moalla, W. Rating of Perceived Exertion for Quantification of Training and Combat Loads
During Combat Sport-Specific Activities: A Short Review. J. Strength. Cond. Res. 2017, 31, 2889-2902. [CrossRef]

Uchida, M.C; Teixeira, L.F.; Godoi, V.J.; Marchetti, P.H.; Conte, M.; Coutts, A.].; Bacurau, R.F. Does the Timing of Measurement
Alter Session-RPE in Boxers? J. Sports Sci. Med. 2014, 13, 59-65.

Blacker, D.J.; Fazio, R.; Tucak, C.; Beranek, P.; Pollard, C.; Shelley, T.; Rajandran, S.; Holbeche, G.; Turner, M.; Cruickshank, T.
FIGHT-PD: A feasibility study of periodized boxing training for Parkinson disease. PMR 2024, 16, 36—46. [CrossRef]

Penko, A.L.; Barkley, J.E.; Koop, M.M.; Alberts, J.L. Borg scale is valid for ratings of perceived exertion for individuals with
Parkinson’s disease. Int. |. Exerc. Sci. 2017, 10, 76-86. [CrossRef]

Cortis, C.; Fusco, A.; Cook, M.; Doberstein, S.T.; Gillette, C.; Porcari, J.P,; Foster, C. Indoor Cycling Energy Expenditure: Does
Sequence Matter? Int. J. Environ. Res. Public Health 2021, 18, 870. [CrossRef]

Bates, D.; Méchler, M.; Bolker, B.; Walker, S. Fitting linear mixed-effects models using Ime4. J. Stat. Softw. 2015, 67, 1-48. [CrossRef]
Kanegusuku, H.; Silva-Batista, C.; Pecanha, T.; Silva, N.D.; Costa, L.A.; Ugrinowitsch, C.; Forjaz, C.L.; Nieuwboer, A.; De Mello,
M.T.; Piemonte, M.E. Blunted maximal and submaximal responses to cardiopulmonary exercise tests in patients with Parkinson
Disease. Arch. Phys. Med. Rehabil. 2016, 97, 720-725. [CrossRef] [PubMed]

Panassollo, T.R.B.; Mawston, G.; Taylor, D.; Lord, S. Targeting exercise intensity and aerobic training to improve outcomes in
Parkinson’s disease. Sport. Sci. Health 2024, 20, 287-297. [CrossRef]

Wahl, P.; Bloch, W.; Proschinger, S. The Molecular Signature of High-intensity Training in the Human Body. Int. J. Sports Med.
2022, 43, 195-205. [CrossRef] [PubMed]

Cunniffe, B.; Ellison, M.; Loosemore, M.; Cardinale, M. Warm-up practices in elite boxing athletes: Impact on power output. J.
Strength Cond. Res. 2017, 31, 95-105. [CrossRef]


https://doi.org/10.3233/JPD-2012-012111
https://www.ncbi.nlm.nih.gov/pubmed/23938232
https://doi.org/10.1007/s00421-024-05492-5
https://www.ncbi.nlm.nih.gov/pubmed/38683403
https://doi.org/10.1212/WNL.0b013e3181fc29c9
https://doi.org/10.1186/s12871-022-01680-y
https://doi.org/10.2165/11319670-000000000-00000
https://doi.org/10.1249/00005768-198205000-00012
https://doi.org/10.1249/MSS.0000000000003023
https://doi.org/10.1161/CIRCULATIONAHA.105.166543
https://doi.org/10.3389/fped.2019.00065
https://www.ncbi.nlm.nih.gov/pubmed/30915321
https://doi.org/10.1016/j.jsams.2019.01.013
https://www.ncbi.nlm.nih.gov/pubmed/30733142
https://doi.org/10.1016/j.pcad.2019.01.004
https://www.ncbi.nlm.nih.gov/pubmed/30685470
https://doi.org/10.1136/bmjsem-2022-001339
https://www.ncbi.nlm.nih.gov/pubmed/35722045
https://doi.org/10.1016/j.amjcard.2019.01.008
https://doi.org/10.1519/JSC.0000000000002047
https://doi.org/10.1002/pmrj.12986
https://doi.org/10.70252/RVAQ3828
https://doi.org/10.3390/ijerph18030870
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1016/j.apmr.2015.12.020
https://www.ncbi.nlm.nih.gov/pubmed/26780469
https://doi.org/10.1007/s11332-024-01165-0
https://doi.org/10.1055/a-1551-9294
https://www.ncbi.nlm.nih.gov/pubmed/34265857
https://doi.org/10.1519/JSC.0000000000001484

Appl. Sci. 2025, 15, 2433 16 of 16

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Laursen, P.; Buchheit, M. Science and Application of High-Intensity Interval Training: Solutions to the Programming Puzzle; Electronic
document; Human Kinetics: Champaign, IL, USA, 2019. Available online: http://ebookcentral.proquest.com/lib/AUT /detail.
action?docID=5730705 (accessed on 5 January 2025).

Herbsleb, M.; Schumann, A.; Malchow, B.; Puta, C.; Schulze, P.C.; Gabriel, HW.; Bar, K.J. Chronotropic incompetence of the heart
is associated with exercise intolerance in patients with schizophrenia. Schizophr. Res. 2018, 197, 162-169. [CrossRef]

Larsen, EJ.; Schiffer, T.A.; Zinner, C.; Willis, S.J.; Morales-Alamo, D.; Calbet, ].A.L.; Boushel, R.; Holmberg, H.C. Mitochondrial
oxygen affinity increases after sprint interval training and is related to the improvement in peak oxygen uptake. Acta Physiol.
2020, 229, 13463. [CrossRef]

Wasserman, K. Principles of Exercise Testing and Interpretation: Including Pathophysiology and Clinical Applications, 5th ed.; Wolters
Kluwer Health/Lippincott Williams & Wilkins: Baltimore, MD, USA, 2012.

Kravitz, L.; Greene, L.; Burkett, Z.; Wongsathikun, J. Cardiovascular response to punching tempo. J. Strength Cond. Res. 2003, 17,
104-108. [CrossRef]

Alberts, J.L.; Rosenfeldt, A.B. The universal prescription for Parkinson’s disease: Exercise. ]. Park. Dis. 2020, 10, S21-S27.
[CrossRef]

Helgerud, J.; Thomsen, S.N.; Hoff, J.; Strandbraten, A_; Leivseth, G.; Unhjem, R.; Wang, E. Maximal strength training in patients
with Parkinson’s disease: Impact on efferent neural drive, force-generating capacity, and functional performance. J. Appl. Physiol.
(1985) 2020, 129, 683-690. [CrossRef]

Pelicioni, P.H.S.; Pereira, M.P,; Lahr, J.; dos Santos, P.C.R.; Gobbi, L.T.B. Assessment of force production in Parkinson’s disease
subtypes. Int. J. Environ. Res. Public Health 2021, 18, 10044. [CrossRef] [PubMed]

Allen, N.E.; Canning, C.G.; Sherrington, C.; Fung, V.S. Bradykinesia, muscle weakness and reduced muscle power in Parkinson’s
disease. Mov. Disord. 2009, 24, 1344-1351. [CrossRef] [PubMed]

Hammond, K.G.; Pfeiffer, R.F.; LeDoux, M.S.; Schilling, B.K. Neuromuscular rate of force development deficit in Parkinson
disease. Clin. Biomech. 2017, 45, 14-18. [CrossRef] [PubMed]

Ma, H.I; Hwang, W.]J.; Wang, C.Y.; Fang, ].].; Leong, LF,; Wang, T.Y. Trunk-arm coordination in reaching for moving targets in
people with Parkinson’s disease: Comparison between virtual and physical reality. Hum. Mov. Sci. 2012, 31, 1340-1352. [CrossRef]
Ravizza, S.M.; Goudreau, J.; Delgado, M.R.; Ruiz, S. Executive function in Parkinson’s disease: Contributions of the dorsal
frontostriatal pathways to action and motivation. Cogn. Affect. Behav. Neurosci. 2012, 12, 193-206. [CrossRef]

Gregory, J.; Johns, D.P.; Walls, ].T. Relative vs. absolute physiological measures as predictors of mountain bike cross-country race
performance. J. Strength. Cond. Res. 2007, 21, 17-22. [CrossRef]

Johnson, PJ.; Winter, E.M.; Paterson, D.H.; Koval, ].J.; Nevill, A.M.; Cunningham, D.A. Modelling the Influence of Age, Body Size
and Sex on Maximum Oxygen Uptake in Older Humans. Exp. Physiol. 2004, 85, 219-225. [CrossRef]

Williams, ].R. The Declaration of Helsinki and public health. Bull. World Health Organ. 2008, 86, 650-652. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://ebookcentral.proquest.com/lib/AUT/detail.action?docID=5730705
http://ebookcentral.proquest.com/lib/AUT/detail.action?docID=5730705
https://doi.org/10.1016/j.schres.2018.02.020
https://doi.org/10.1111/apha.13463
https://doi.org/10.1519/1533-4287(2003)017%3C0104:crtpt%3E2.0.co;2
https://doi.org/10.3233/JPD-202100
https://doi.org/10.1152/japplphysiol.00208.2020
https://doi.org/10.3390/ijerph181910044
https://www.ncbi.nlm.nih.gov/pubmed/34639343
https://doi.org/10.1002/mds.22609
https://www.ncbi.nlm.nih.gov/pubmed/19425085
https://doi.org/10.1016/j.clinbiomech.2017.04.003
https://www.ncbi.nlm.nih.gov/pubmed/28432901
https://doi.org/10.1016/j.humov.2011.11.004
https://doi.org/10.3758/s13415-011-0066-6
https://doi.org/10.1519/00124278-200702000-00004
https://doi.org/10.1111/j.1469-445X.2000.01933.x
https://doi.org/10.2471/BLT.08.050955

	Introduction 
	Materials and Methods 
	Participants 
	Data Collection 
	Cardiopulmonary Exercise Test (CPET) 
	Chronotropic Incompetence 
	Non-Contact Boxing Sessions 
	Outcomes 
	Data Analysis 

	Results 
	Cardiopulmonary Exercise Test Outcomes 
	Non-Contact Boxing Training Outcomes 
	Heart Rate Responses 
	Percentage of Time Spent Above the Threshold for High-Intensity Training During Boxing 
	Metabolic Responses 
	Ratings of Perceived Exertion (RPE) Responses 


	Discussion 
	Clinical Implications 
	Limitations 
	Conclusions 
	References

