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Abstract Huntington disease (HD) is a relentlessly pro-
gressive neurodegenerative disorder with symptoms across
a wide range of neurological domains, including cognitive
and motor dysfunction. There is still no causative treatment
for HD but environmental factors such as passive lifestyle
may modulate disease onset and progression. In humans,
multidisciplinary rehabilitation has a positive impact on
cognitive functions. However, a specific role for exercise
as a component of an environmental enrichment effect has
been difficult to demonstrate. We aimed at investigating
whether endurance training (ET) stabilizes the progression
of motor and cognitive dysfunction and ameliorates car-
diovascular function in HD patients. Twelve male HD
patients (mean £ SD, 54.8 £ 7.1 years) and twelve male
controls (49.1 £ 6.8 years) completed 26 weeks of
endurance training. Before and after the training interven-
tion, clinical assessments, exercise physiological tests, and
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a body composition measurement were conducted and a
muscle biopsy was taken from M. vastus lateralis. To
examine the natural course of the disease, HD patients
were additionally assessed 6 months prior to ET. During
the ET period, there was a motor deficit stabilization as
indicated by the Unified Huntington’s Disease Rating Scale
motor section score in HD patients (baseline: 18.6 & 9.2,
pre-training: 26.0 & 13.7, post-training: 26.8 £+ 16.4).
Peak oxygen uptake (VOzpeak) significantly increased in
HD patients (AVOzpeak = +0.33 &+ 0.28 1) and controls
(AVOzpeak = +0.29 + 0.41 1). No adverse effects of the
training intervention were reported. Our results confirm
that HD patients are amenable to a specific exercise-in-
duced therapeutic strategy indicated by an increased car-
diovascular function and a stabilization of motor function.

Keywords Unified Huntington disease rating scale
(UHDRS) - Endurance training - Motor function -
Cardiovascular function - Peak oxygen uptake (VOzpeak)

Introduction

Physical activity has the potential to ameliorate cardio-
vascular health and other aspects of physical health,
encompassing postural control, gait and health-related
quality of life in several neurodegenerative diseases [1, 11]
including Huntington Disease (HD; [3, 5, 6]). In transgenic
HD mice, enhanced physical exercise delays the onset of
specific motor deficits [10], attenuates neuropathological
changes, improves gait function and coordination [12], and
certain cognitive deficits may be rescued by wheel running
initiated during adulthood [21]. By contrast, one study
demonstrated a negative effect of exercise on motor
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performance [22]. In HD patients, multidisciplinary reha-
bilitation has been suggested to have a positive impact on
cognitive functions relating to verbal learning and memory
[9]. However, it remains unclear by which mechanisms
exercise exerts its effects [5, 22]. Our aim was to investi-
gate by a systematic, supervised approach the effect of
endurance training (ET) on motor and cognitive impair-
ment as well as on cardiovascular function in HD patients.

Methods

Thirteen male HD patients and fifteen age-matched male
controls were recruited. One HD patient and three controls
prematurely finished the study due to loss of motivation.
Twelve patients with a genetically verified diagnosis of HD
(mean £ SD, age: 54.8 & 7.1 years; height: 1.74 &+
0.05 m; CAG repeat number: 39-45) and twelve controls
(age: 49.1 £ 6.8 years; height: 1.79 £ 0.05 m) completed
the study. Inclusion criteria were male gender, serum levels
of phosphocreatine kinase (CK) below 300 U/l and motor
and cognitive skills that allowed to give written informed
consent and to perform ET. Exclusion criteria included
contraindications of an ET such as cardiovascular, meta-
bolic or orthopedic disorders. Demographic data (date of
birth, gender, etc.), medical history, co-morbid conditions,
current medication, and HD-mutation (CAG repeat analy-
sis, size of the alleles, laboratory performing the analysis,
date of the analysis) were assessed during the screening
phase. All patients and controls gave their written informed
consent. The protocol was approved by the local ethics
committee and was in accordance with the ethical standards
laid down in the 1964 Declaration of Helsinki for research
involving human subjects (ClinicalTrials.gov
NCTO01879267). A pre-trial power analysis revealed that 12
patients and 12 controls were necessary to achieve a sta-
tistical power of 80 % at a significance level of 5 %. The
power analysis was based on an expected average increase
in peak oxygen uptake (VOzpeak) of 8-10 % after 6—
8 weeks of endurance training and a coefficient of variation
for repeated measurements of Vngeak, determined in our
laboratory, of 5.7 %.

HD patients performed ET following an observation
period of 6 months while controls performed only the
identical ET. The 6 months of ET were divided into three
training periods that were interspersed with one regenera-
tion week. During the first 10 weeks, participants conducted
30 min of constant intensity cycling at a cycling power
corresponding to 65 % VOzpeak three times per week. After
the first regeneration week, participants completed high-
intensity interval trainings (i.e. 4 x 4 min cycling at a
power eliciting 90-95 % of peak heart rate) according to

Helgerud et al. [13], three times a week for a total of
8 weeks. The last 6 weeks of endurance training consisted
of two interval sessions and one constant-load training per
week, adapted from Russell et al. [24]. During the regen-
eration weeks, the participants conducted two constant-load
trainings at 50 % VOzpeak for 30 min. To maintain sufficient
training stimulation, power was increased based on the
individual level of the participants as monitored by the
perceived exertion using a CR10 scale [4].

Assessments

HD patients and controls were assessed before and after the
ET period. To examine the natural course of the disease, HD
patients were additionally assessed 6 months prior to the ET.
The severity of motor signs in HD patients was quantified
using the Unified Huntington’s Disease Rating Scale
(UHDRS) motor section [15]. Neuropsychological tests
were carried out in a fixed sequence and included the verbal-
fluency test [8], the Hopkins Verbal Learning Test-Revised
(HVLT-R; [2]), the dementia rating scale 2 (DRS-2), for-
merly the Mattis dementia rating scale [20, 19], the Symbol-
Digit Modalities Test [26], the Stroop color naming, word
reading and interference tests [27], the trail making test part
A and B [23], and the category-fluency task [7].

Fasting venous blood samples were taken at the begin-
ning of the natural course observation period as well as
before and after ET. Several metabolic parameters were
measured including lactate, glucose, HbAlc, thyroid
stimulating hormone (TSH) and creatine kinase (CK). To
recognize possible accelerated muscle turnover during the
training period, CK levels were measured weekly [17]. HD
patients with CK levels >300 U/l were excluded from the
study. Before and after the training period, we determined
segmental body composition using dual-energy X-ray
absorptiometry (DXA; Lunar iDXA™, GE Healthcare,
Madison, WI, USA) according to the manufacturers
specifications.

To determine VOzpeak and peak cycling power, a max-
imal graded cycling test was conducted on an electro-
magnetically braked ergometer (Ergoselect 200K,
Ergoline, Bitz, Germany). Prior to the test, participants
were resting on the bicycle ergometer for 3 min equipped
with a facemask, which covered their mouth and nose
(Hans Rudolph, Shawnee, KS, USA). The facemask was
connected with an anti-bacterial filter (PALL PRO1087,
Pall, East Hills, NY, USA) to an Innocor™ device (Inno-
cor™  TInnovision, Odense, Denmark). During the
ergometer trials, pulmonary gas exchange and ventilation
were measured breath by breath. The graded cycling test
started at 25 W and involved power increases of 25 W
every 2 min. The participants were advised to maintain a
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constant cadence (70-80 revolutions per min; rpm)
throughout all cycling tests. Volitional exhaustion was
reached when the participants voluntarily stopped pedaling
or when the pedaling frequency could no longer be sus-
tained within &5 rpm. Endurance capacity was assessed by
a constant-load test. After 3 min of rest (measurement of
ventilation, gas exchange, and heart rate at rest), partici-
pants started pedaling with their individually preferred
cadence, which was recorded during the graded cycling
exercise test. The power of the initial 5 min “warm-up”
stage was 40 % peak power of the graded cycling exercise
test. Subsequently, the power was increased to 85 % peak
power for the constant-load test. The participants pedaled
until volitional exhaustion, which was defined as the point
in time at which the participants stopped pedaling or at
which they were no longer able to maintain their cadence
(£5 rpm). Time-to-exhaustion was recorded.

Minimally invasive percutaneous muscle needle biop-
sies were taken before and after the training period in HD
patients and controls. In consenting HD patients, an addi-
tional muscle biopsy was taken before the natural course
observation period. The non-dominant vastus lateralis
muscle was biopsied as described previously [16] using a
6-mm Bergstrom muscle biopsy needle (Dixons Surgical
Instruments, Essex, UK) modified to include suction. Par-
ticipants were placed in supine position. After local anes-
thesia with 810 cc of 1 % lidocaine, a small incision was
made into the lateral mid-thigh ~15 cm from the lateral
superior border of the patella. Two muscle samples were
taken from the same insertion site of the biopsy needle by
rotating the needle. One muscle sample was mounted in
embedding medium and frozen in pre-cooled isopentane
for histochemical examinations. The second muscle sample
was fixed in glutaraldehyde and embedded in Epon for
semithin sections. Seven micrometer cryostat sections of
muscle biopsies were stained with hematoxylin and eosin,
with modified Gomori trichrome and with enzyme histo-
chemical methods for succinic dehydrogenase and com-
bined cytochrome oxidase/succinic  dehydrogenase
according to standard methods. For eventual ultrastructural
analysis, a small piece of skeletal muscle tissue (<1 mm?)
was fixed in 2.5 % glutaraldehyde in phosphate buffered
saline (PBS) for 1 h. Specimens were then postfixed in 2 %
osmium tetroxide for 40 min. After dehydration in
increasing concentrations of ethanol (50-100 %), they
were embedded in Epon and polymerized at 60 °C for at
least 24 h. Toluidine blue semithin sections (70 nm) from
two randomly chosen blocks were cut from each biopsy.

Statistics

Data were checked for normality with a Q—Q-plot. All data
were summarized using descriptive statistics as mean
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values =+ standard deviation or minimum and maximum
values for continuous variables. To detect differences
between baseline and pre-training within the HD group,
paired sample ¢ tests were conducted. An analysis of
variance with repeated measures was performed to deter-
mine changes between groups over time during the training
intervention. SPSS 21.0 statistical software (SPSS, Chi-
cago, IL, USA) was used for all statistical calculations. A
value of P < 0.05 was set as statistical significance.

Results

All participants tolerated the ET well, and CK levels
remained below 300 U/l during the course of the study.
Further laboratory analyses as depicted above revealed no
abnormalities at baseline as well as before and after ET
(data not shown). During the natural course observation
period, the UHDRS motor score increased markedly in HD
patients (Fig. 1). The UHDRS motor score did not further
increase during the ET period in the entire patient group
(P = 0.770), indicating a motor deficit stabilization
(baseline: 18.6 4+ 9.2, pre-training: 26.0 & 13.7, post-
training: 26.8 £ 16.4; Fig. 1). We reanalyzed the data
excluding the two patients with 39 CAG repeats and the
statistical results were not altered.

During the observation period, absolute and relative
Vngeak decreased significantly in HD patients, whereas
peak cycling power output was not altered (Table 1). In
both HD patients and controls, absolute and relative

Vngeak as well as absolute and relative peak power output
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Fig. 1 Individual scores (full dots and dotted lines) of the Unified
Huntington’s Disease Rating Scale (UHDRS) motor section for
twelve HD patients at baseline, pre- and post-training. Solid line
represents mean value for all HD patients. *P < 0.05, significantly
different between baseline and pre-training
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Table 1 Results of the cycling exercise tests for Huntington’s disease (HD) patients and healthy controls
HD (n = 12) Controls (n = 12) ANOVA for training intervention
Baseline Pre-training  Post-training Pre-training Post-training Time Group Time x
effect effect group
GXT
VOspeax (1 min~") 271 £049 254 £038* 2.87+£042 3.03+£059 332£044 P <0001 P=0013 P=0.823
VOspeak, rel 35080 329+£72% 37678 365+£57 401%£36 P<0001 P=0215 P =0.557
(ml kg=" min™")
Ppeax (W) 168 £ 40 165 £ 37 197 £ 31 218 £ 50 256 £37 P <0001 P=0.002 P =049
Ppearet (W kg™ 217£059 213 +£059 257+051 262+£047 3.10£040 P<0.001 P=0.018 P=0.713
CLT
Time to exhaustion (s) 754 £ 274 640 £ 170 1335 £525  915+271 1951 £721 P<0.001 P=0018 P=0.713

Data are presented as mean = SD. Absolute and relative peak oxygen uptake (VOzpeak) as well as absolute and relative peak cycling power
output (Ppeqx) were obtained during a graded cycling exercise test (GXT). Time to exhaustion (s) was determined during a constant-load cycling

exercise test (CLT)
* P < 0.05, significantly different between baseline and pre-training

Table 2 Body composition results for Huntington’s disease (HD) patients and healthy controls

HD (n = 12) Controls (n = 12) ANOVA for training intervention
Baseline Pre-training  Post- Pre-training  Post- Time effect Group effect Time x group
training training

BMI (kg m™?) 26.1 £43 261 +46 257+44 262+41 260+£37 P=0098 P=0906 P =0467
Total body mass (kg)  79.1 £ 133 792 &£ 14.1 780+ 135 83.7+ 133 832+ 12.1 P =0.088 P =0.373 P =0482
Total lean mass (kg) 569 +69 56775 563+70 590+£66 596+£61 P=0480 P =0.332 P =0.042
Body fat (%) 24074 24070 233+68 252+49 241+44 P=0012 P=0670 P =0529
Total fat mass (kg) 193 +£87 195+88 187+£85 216+72 204+63 P=0012 P=0.556 P = 0.681
Arms lean mass (kg) 75 £ 1.1 75+ 1.3 74 £ 13 78 £ 1.1 7710 P=0029 P=0580 P =0.742
Arm fat (%) 220£68 219+67 220+£63 227+42 228+38 P=0642 P=0.724 P =0.99
Legs lean mass (kg) 195+27 1944+£29 193+27 206+26 21.0+£28 P=0.04 P=0214 P =0.006
Leg fat (%) 204 £66 204+66 204+£60 230+44 218+£39 P=0.102 P=0357 P =0.070
Trunk lean mass (kg) 263 £30 262431 262+30 270+29 273+24 P=0356 P=0411 P =0.264
Trunk fat (%) 282 +9.7 287+92 272+94 296+74 281+£70 P=0011 P=0782 P =0927
Android lean mass (kg) 3.8 £ 0.6 39+ 0.6 4.0+ 0.6 3.8+ 0.5 40+04 P=0.031 P=0984 P =0.237
Android fat (%) 31.8 £ 109 31.7 £ 102 290109 352+93 309+£94 P<0.001 P=0.507 P =0.247
Gynoid lean mass (kg) 85+ 1.2 8.6+ 12 87 £ 1.1 84+ 09 90+£08 P<0.001 P=0.825 P = 0.007
Gynoid fat (%) 253 +£82 250+79 230+£66 302+£55 253+49 P<0.001 P=0.151 P =0.021

Data are presented as mean £ SD
BMI body mass index

increased during the training period (Table 1). There were
significant group differences for absolute Vngeak, absolute
and relative peak cycling power output as well as time-to-
exhaustion at 85 % peak cycling power but no significant
time x group interactions (Table 1). Furthermore, there
was a time (P = 0.013) and a group effect (P = 0.003) for
oxygen cost of exercise (HD patients: 15.9 and
14.7 ml O, W™ ! and controls: 14.0 and 13.0 ml O, W'
for pre- and post-training, respectively), but no time x
group interaction (P = 0.794).

Segmental body composition determined by dual-energy

X-ray absorptiometry remained constant during the obser-
vation period in HD patients (Table 2) and there were no
group differences between HD patients and controls. Dur-
ing the training period, there were time effects for total
body fat, total fat mass, trunk fat, android fat and gynoid
fat, showing a decrease in fat content in both training
groups. A significant time x group interaction was only
present for gynoid fat indicating a higher decrease in the
healthy controls. Significant time effects were present for
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Table 3 Results of the neuropsychological tests for Huntington’s disease (HD) patients and healthy controls

HD (n = 12) Controls (n = 12) ANOVA for training intervention
Baseline Pre-training  Post-training  Pre-training  Post-training ~ Time Group Time x group
effect effect

Verbal fluency 282 £ 11.1 259+ 120 268 £128 4524165 49.0+169 P=0.077 P=0.002 P =0.267

Category fluency 16.8 £ 5.2 17.1 £ 6.2 16.8 + 4.7 275 + 8.6 263 £ 7.6 P =0433 P=0.001 P=0.611

Stroop test color 540 £ 168 545 £ 16.8 56.6 £ 142 84.0 £ 8.2 83.1+£101 P =059 P<0.001 P=0.183
naming

Stroop test word 774 £190 773 +£198 76.0+ 204 99.8+£0.6 99.3 £2.0 P =038 P=0.001 P=0.691
reading

Stroop test 348 £ 121 332+ 11.7 323 £109 48755 529 £79 P=0.182 P <0.001 P=0.053
interference

Trail making A 415 £ 140 467 +£254 424 +164 246+39 252 £ 8.7 P =0.383 P=0.006 P=0.262

Trail making B 1315 £47.0 1215 £ 669 126.1 £65.1 727+524 656=+271 P=0902 P=0014 P=0572
(HD: n = 11)

Hopkins verbal 19.5 £ 4.6 21.8 £53 20.7 £ 6.9 294 £ 38 28.3 £4.7 P=0281 P=0.001 P=0.997
learning (HD:
n=11)

Cumulative word 70.1 £24.1 1105 £ 61.7 999 £ 67.1 2228 £71.5 196.0 £ 109.1 P =0.327 P =0.002 P = 0.667
learning (HD:
n = 10)

Symbol digit 382+ 11.0 396+ 137 374+£137 50353 51.0 £ 9.2 P=0540 P=0011 P=0.213
modalities

DRS-2 total score 1353 £62 1339+79 1342+79 1426+17 1418+ 18 P=0.808 P=0.001 P=0.581

DRS-2 subscore 363 £ 1.0 359+ 1.1 34.6 £ 3.0 36.8 £ 04 36.7 £ 0.5 P =0.080 P=0.009 P=0.168
attention

DRS-2 subscore 33.1 £43 320+ 5.0 323 +43 36.8 £ 0.6 364 £ 1.7 P=0971 P=0.002 P=0.499
initiation/
perseveration

DRS-2 subscore 229+ 1.7 22.8 £ 2.1 235+ 15 244 £ 09 24.1 £ 09 P=0564 P=0.025 P=0.142
memory

DRS-2 subscore 373 £ 19 373 £ 13 378 £ 1.5 38.7 £ 09 38.7 £ 0.8 P=0379 P=0.010 P=0379
conceptualization

DRS-2 subscore 57+£05 59+£03 59+03 583+ 04 6.0 £ 0.0 P=0328 P=1.000 P =0.328
construction

Data are mean + SD

arms, legs, android, and gynoid lean mass, indicating
increases in lean mass in the whole cohort, with exception
of arms lean mass, which showed a slight decline. Signif-
icant time x group interactions for legs and gynoid lean
mass were based on increases within the healthy controls,
while the values remained constant in the HD group.

HD patients performed worse than controls for all
assessed neuropsychological tests, namely Mattis dementia
rating scale (DRS-2), the DRS-2 initiation/perseveration
subscale score [25], the verbal and category fluency test
[14], the Hopkins verbal learning test [18], the Stroop tests
[18], the trail making test part A and B, and the symbol
digit modalities test (Fig. 2; Table 3). Solely for the DRS-2
subscore construction HD patients attained similar values
as compared to healthy controls. There were neither time
effects nor time x group interactions for all assessed
neuropsychological variables.

Histological analysis of cross-sections of vastus lateralis
muscle fibers showed no clear pathological changes. There
were scattered ragged red fibers in one patient post-training.
Rare cytochrome oxidase (COX)-negative fibers were
detected in HD patients and controls at baseline as well as in
pre- and post-training biopsies. Increased subsarcolemmal
staining on GOomori trichrome-stained sections, suggestive of
mitochondrial proliferation was observed post-training in HD
patients and controls. Semithin sections from a few HD
patients and controls showed increased intracellular lipid.

Discussion
Our exercise physiological data indicate that HD patients

had a similar trainability for the assessed cycling variables
as compared to healthy controls. ET was well tolerated by
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HD patients and no adverse events were reported. In par-
ticular, no clinically relevant weight loss or elevated CK
levels were observed during ET. This is of importance since
ET appeared to accelerate disease onset in a transgenic
mouse model [22], and a case report suggested a detrimental
training effect in a semi-professional marathon runner with
premanifest HD who developed rhabdomyolysis earlier
than the predicted disease onset [17]. In this cohort, ET
improved cardiovascular function and endurance capacity
in both HD patients and controls. HD patients reached post-
training values for VOzpeak and peak cycling power
approaching pre-training values of controls. Our results
indicate that HD patients are capable of increasing their
cardiovascular fitness to the level of age-matched controls,
and may also profit from a concomitantly improved quality
of life. During ET, segmental body composition in HD
subjects was only slightly altered. Notably, total lean mass
and leg lean mass was not reduced during the ET inter-
vention, indicating that neither weight loss nor skeletal
muscle wasting was induced by ET in the HD patients.

The UHDRS motor score stabilized during the ET per-
iod, indicating the possibility of a beneficial effect of ET on
motor function in at least a subgroup of patients. This result
is supported by previous studies that reported positive
effects of exercise on motor readouts in the R6/1 mouse
model [10, 21]. By contrast, we could not observe an effect
of ET on any of the investigated neuropsychological vari-
ables. However, the high variability within both groups and
the relatively small number of participants might be a
responsible factor for our outcome. In line with these
results, there were no significant alterations in the UHDRS
behavior and functional abilities components during the
entire study period in HD patients (data not shown).
Overall, the effects of ET on all assessed cognitive vari-
ables were rather small. Therefore, to detect significant
differences for these variables a larger cohort and/or a
longer training period might be necessary.

The histopathological analyses revealed no significant
morphological differences between HD patients and con-
trols. The only possible ET-related change was the pres-
ence of subsarcolemmal caps observed in trichrome-
combined COX/SDH and SDH-stained sections, suggestive
of mitochondrial proliferation, which can also be observed
in healthy controls after ET. Although not conclusive, these
findings may represent a morphologic correlate of ET-re-
lated improved mitochondrial metabolism in HD patients,
which in turn may promote cardiorespiratory and muscular
function. However, a further analysis of the effects of ET
on the mitochondrial function in HD is warranted.

To date, neither the quantity nor the quality of physical
interventions that are beneficial for HD patients can be
conclusively defined. Namely, it is not known if aerobic,
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anaerobic or combined ET should be applied. Nevertheless,
our results demonstrate that physical training in HD
patients is safe and that HD patients are amenable to
exercise-induced therapeutic effects. Our study is limited
by the small number of participants; however, the results of
our study justify further investigation of exercise effects in
HD patients. Larger multicenter trials might help identi-
fying patients which will benefit from ET.
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