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HIGHLIGHTS

e The effect of passive stepping velocity on the soleus H-reflex was studied.
¢ The H-reflexes were smaller during passive stepping than standing.
o The H-reflexes significantly decreased at faster stepping velocities.
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The amplitude of the Hoffmann (H)-reflex in the soleus (Sol) muscle is known to be suppressed during
passive stepping compared with during passive standing. The reduction of the H-reflex is not due to load-
related afferent inputs, but rather to movement-related afferent inputs from the lower limbs. To elucidate
the underlying neural mechanisms of this inhibition, we investigated the effects of the stepping velocity
on the Sol H-reflex during robot-assisted passive stepping in 11 healthy subjects. The Sol H-reflexes were
recorded during passive standing and stepping at five stepping velocities (stride frequencies: 14, 21, 28,
35, and 42 min~') in the air. The Sol H-reflexes were significantly inhibited during passive stepping as
compared with during passive standing, and reduced in size as the stepping velocity increased. These
results indicate that the extent of H-reflex suppression increases with increasing movement-related
afferent inputs from the lower limbs during passive stepping. The velocity dependence suggests that the
Ia afferent inputs from lower-limb muscles around the hip and knee joints are most probably related to
this inhibition.

© 2014 Elsevier Ireland Ltd. All rights reserved.

- 1. Introduction

walking compared with during standing [2], and is further reduced
during running compared with during walking [3]. Although presy-

It is well known that the amplitude of the soleus (Sol) Hoff-
man (H)-reflex is strongly modulated in a task-dependent manner
[2,3]. For example, the Sol H-reflex is significantly reduced during

Abbreviations: AFO, ankle foot orthosis; BF, biceps femoris; BGA, background
electromygraphic activity; DGO, driven-gait orthosis; EMG, electromyography;
H-reflex, hoffmann reflex; Mmax, maximum direct motor response; MT, motor
threshold; RF, rectus femoris; RMS, root mean square; SCl, spinal cord injury; Sol,
soleus; TA, tibialis anterior.

* Corresponding author. Tel.: +81 3 5454 G877; fax: +81 3 5454 6877.

E-mail address: yohei.masugi@gmail.com (Y. Masugi).

http://dx.dol.org/10.1016/j.neulet.2014.10.044
0304-3940/© 2014 Elsevier Ireland Ltd. All rights reserved.

147

naptic inhibition of Ia terminals is conceived to be a key mechanism
in task-dependent H-reflex modulation [2,3], it is not yet fully
understood to what extent, and how afferent inputs during waliking
is involved in this reduction. In previous studies, passive pedaling
or manually assisted stepping was used to investigate the effect
of afferent input, as it has been technically difficult to eliminate
descending inputs from the higher nervous centers during “natural”
walking {1,12]. By using these paradigms, Brooke and co-workers
found in their series of experiments that the extent of inhibition
was dependent on the pedaling velocity [6,12]. Needless to say,
however, pedaling and walking are kinetically and kinematically
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different. It would be better that the effect of afferent input on the
ol H-reflex during walking is studied in passive movements more
similar to “natural” walking.

Recently, a passive stepping paradigm with a driven-gait ortho-
sis (DGO; Lokomat®, Hocoma AG, Switzerland) has been used to
investigate the effects of afferent input on H-reflex excitability dur-
ing walking [9,14]. As DGO can support the upright posture of the
subjects and impose passive stepping movements that are much
similar to “walking,” it is useful to elucidate the effects of affer-
ent input during walking without any influence from descending
inputs from the higher nervous centers. By using this technique,
Kamibayashi et al. found that the Sol H-reflex was reduced during
passive stepping with the DGO as compared with during passive
standing. As this reduction occurred irrespective of body-weight
condition, it was considered that the reduction of the H-reflex was
not due to load-related afferent inputs but rather to movement-
related afferent inputs from the lower limbs [9]. Taking this result
and the series of Brooke et al. into consideration, we hypothe-
sized that the Sol H-reflex during passive stepping would be more
reduced as stepping velocity is increased because the amount of
movement-related afferent inputs should increase with increas-
ing stepping velocity. The present study was designed to test this
hypothesis. Therefore, the purpose of this study is to elucidate the
effect of stepping velocity on the Sol H-reflex during robot-assisted
stepping.

2. Methods

Eleven healthy male subjects [age, 28 +4.9 (SD) years] partic-
ipated in this study, which was conducted with the approval of
the local ethics committee of the national rehabilitation center for
persons with disabilities (Saitama, Japan). All subjects participated
in the main experiment, and six of them participated in an addi-
tional experiment. None of the subjects had any known history of
neurological disorders. Each subject provided informed consent to
participate in the experimental procedures, which were done in
accordance with the Declaration of Helsinki.

A DGO system (Lokomat, Hocoma AG) was used in this study.
A detailed description of the device can be found elsewhere [7].
The subjects were fixed into the DGO with a harness around the
hip, and cuffs around the legs, and connected to a body-weight
support system. To eliminate the effects of load-related afferent
inputs, the body weight was fully removed by using an upper body
harness that was connected to the DGO system. The feet of the
subjectwere not in contact with the ground during passive step-
ping (called “air stepping”). The knee and hip joints were moved
passively from 0° to 60° flexion and from 30° flexion to 15° exten-
sion, respectively. As the DGO provided no ankle movements, ankle
joints were fixed at neutral position by using ankle foot orthoses
(AFOs). The subjects were instructed to relax, and not to inter-
vene with the movements imposed by the DGO during the passive
stepping, and practiced the passive stepping task for a few minute
before recording. To examine the effect of velocity, passive stepping
was performed at five different stride frequencies (14, 21, 28, 35,
and 42 min~1). Stride frequency (min~!) was defined as the num-
ber of strides per minute. Because the ranges of motions in the
lower-limb joints were constant, the stepping velocity was directly
related to stride frequency. Electrical stimuli to elicit the H-reflex
were delivered at the mid-stance phase of the right leg. In addition
to passive stepping, H-reflexes were also recorded during passive
standing “in the air.” In our preliminary study, we investigated the
effect of stepping velocity on the H-reflex at six different phases.
The data showed that there were no phase-dependent differences
in the modulation of H-reflex with increases in stepping velocity
(unpublished data). Therefore, we investigated only a single phase

in the current study. There were two reasons why we selected the
mid-stance phase of the right leg: (i) as the knee joint is extended
at the mid-stance phase, the stimulus efficacy to the nerve is better
at this phase than at the other phases; (ii) the position of the right
leg at the mid-stance phase is similar to that at a passive standing
condition, which we thought was important when H-reflex is com-
pared across different motor tasks or conditions. Each experiment
was performed for 2.0-2.5h.

The electromyographs (EMGs) were recorded from the Sol, tib-
ialis anterior (TA), rectus femoris (RF), and biceps femoris (BF)
muscles of the right leg by using bipolar Ag/AgCl surface electrodes
(F-150S, 18 x 36 mm; Nihon Kohden, Japan) with an interelec-
trode distance of 10 mm. The raw EMG signals were amplified
(x1000), and band-pass filtered between 15 Hz and 3 kHz by using a
bioamplifier system (MEG-6108, Nihon Kohden, Japan). Actual hip
and knee joint angular displacements of both orthotic legs were
recorded with the DGO potentiometers. All EMG and joint angu-
lar signals were digitized at a sampling rate of 5kHz by using a
data acquisition system [Micro1401, Cambridge Electronic Design
(CED), UK] and were stored in a computer with Spike2 software
(CED).

The Sol H-reflexes were elicited by stimulating the right tibial
nerve (rectangular pulse, 1-ms duration) with an electrical stimula-
tor (SEN-7203, Nihon Kohden, Japan), with a cathode (18 x 36 mm)
on the popliteal fossa and an anode (50 x 50 mm) placed over the
patella. The electrodes were secured with adhesive tape and elastic
bands to prevent their movement during the experiment. Dur-
ing passive stepping, an output signal from the DGO system was
used as a trigger signal for electrical stimulation. The minimum
interstimulus interval was 5s. The H-reflexes were recorded at
the stimulus intensity with an M-wave size of 10% maximal direct
motor response (Mmax) in each condition. H-reflex (n=12 sweeps)
amplitudes were measured during passive standing and stepping
at each of the five different velocities. As there was a possibility that
the Mmax would vary across different conditions and over the time
course of an experiment [8], the amplitude of Mmax (n=3 sweeps)
was measured in each condition.

As an additional experiment, the recruitment curves of the M-
wave and H-reflex were constructed in 6 of the 11 subjects. The
recruitment curves were recorded during passive standing and pas-
sive stepping at two different velocity conditions (slow: 14 min~!
and fast: 28, 35, or 42min~'). The stimulus intensity was gradu-
ally increased from below the threshold of the H-reflex to above
the maximum M-wave, with three stimuli being delivered at each
level.

The peak-to-peak amplitudes of the H-reflex, M-wave, and
Mmax evoked at each condition were measured offline. To min-
imize individual variability, the H-reflex and M-wave amplitude
were each expressed as a percentage of Mmax (H/Mmax and M/Mmax,
respectively). The background electromyographic activity (BGA)
levels in the right Sol TA, RF, and BF muscles were determined as
the root mean square (RMS) values of the EMG signals for 50 ms
before stimulation.

For the analysis of the recruitment curve, the motor thresh-
old (MT) was defined as the lowest stimulus intensity needed to
produce an M-wave of 100 wV [11]. The stimulus intensities were
expressed as a ratio of MT. The amplitudes of the H-reflex and M-
wave were normalized to the corresponding Mmax. The ascending
limb of each individual recruitment curve of the H-reflex was fitted
by using the following sigmoid function [10]:

H(S) = Hmax 1)

1 + em(Ss0—5)

where S is the stimulus intensity, Hmax is the maximum H-reflex, m
is the slope of the function, Sy is the stimulus at 50% of the Hyax,
and H(S) is the H-reflex amplitude at a given stimulus value (S).
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Fig. 1. (A) Typical averaged data (n = 12 sweeps) of right (black lines) and left (gray lines) hip and knee joint angular displacements (°), obtained from a single subject
during passive standing and passive stepping at five different velocity conditions (14, 21, 28, 35, and 42 min~'). Each vertical line represents timing of stimulation. (B) Typical
averaged data (n = 12 sweeps) of Sol H-reflex waveforms during passive standing and passive stepping at five different velocity conditions.

Hslp was defined as the slope of the ascending limb of the recruit-
ment curve at 50% Hmax. This slope was determined by using the
following equation:

m(Hmax)
Ml fmax) @

The threshold (Hth) of the H-reflex was calculated as the x-
intercept of the tangent of the function at Ssq.

Differences in the H/Mmax and M/Mmax were tested with a one-
way repeated measures analysis of variance (rANOVA) [passive
standing and stepping (five different velocity conditions)]. Differ-
ences in the Hpax, Hslp and Hth were also tested with a one-way
rANOVA [passive standing and stepping (slow and fast conditions)].
Post hoc Bonferroni tests were used to identify the significant dif-
ferences among these conditions. Descriptive statistics included
mean+standard error of the mean (SEM). For all tests, the level
of significance was set at P<0.05.

Hslp =

3. Results

Fig. 1A shows representative hip and knee joint angular dis-
placements (°) during passive standing and during passive stepping
at five different velocity conditions, obtained from a single subject.
As the hip and knee joint trajectories of the DGO were controlled
by a computer, the joint movements were highly repeatable. The
stimulus phase was identical across the five different velocity con-
ditions. It was observed that the H-reflexes were inhibited during
passive stepping as compared with during passive standing and
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Fig. 2. Peak- to-peak amplitudes of the H-reflex and M-wave in the Sol muscle
during passive standing and passive stepping at five different velocity conditions.
Filled and open bars represent the average value, and the error bar represents the
standard error of the mean (+SEM) for the 11 subjects.

were decreased with increasing velocity; however, the sizes of
the M-wave were the same across different velocity conditions
(Fig. 1B).

Fig. 2 shows the mean values (+SEM) of the amplitude of the H-
reflex and M-wave for 11 subjects. A one-way rANOVA showed that
there wasasignificant maineffect [F(1.83,18.33)=47.37,P<0.001].
The H-reflexes in each stepping condition were reduced compared
with the value at the standing condition (all P<0.001). In the step-
ping conditions, the H-reflexes were significantly decreased as the
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Fig. 3. Examples of recruitment curves of the M-wave and H-reflex during passive standing (A), and stepping at 14 min~' (B), and 35 min~! (C), obtained from a single subject.
Each plot shows the mean value of three responses at each stimulus intensity. The sigmoid fitting curves are shown as black lines. MT: motor threshold.
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Fig. 4. Three parameters (Hmax, Hslp, and Hth) calculated from the sigmoid
function. Filled circles represent the averaged value. Open circles represent the
magnitude of the H-reflex in each subject. Significant differences among the three
different conditions, *P<0.05, *"P<0.01.

stepping velocity increased (P=0.001-0.045), except in the case of
28 vs. 35min~! (P=0.289) and 35 vs. 42min~' (P=1.02). As for
the M-wave amplitudes, the main effect was not significant [F (5,
50)=1.97, P=0.819]. The BGA levels in the right leg muscles were
negligibly small.

Fig. 3 shows the H-reflex recruitment curves during passive
standing (A) and passive stepping at slow (B) and fast (C) condi-
tions obtained from a single subject. The maximal H-reflex size was
decreased as the velocity increased.

Fig. 4 shows the results for three parameters of the recruitment
curves. A one-way rANOVA showed that there was a significant
main effect in each parameter [Hmax: F (2, 10)=67.78, P<0.001,
Hsip: F(2,10)=26.19, P<0.001; Hth: F(2,10)=40.97, P<0.001}. The
Hmax (A) and Hslp (B) were significantly smaller in the stepping
conditions than in the standing condition (P < 0.05). The Hth (C) was
significantly higher in the stepping conditions than in the standing
condition (P<0.05). Furthermore, Hmax (A) and Hslp (B) were sig-
nificantly smaller in the fast stepping condition than in the slow
stepping condition (P<0.01). The Hth (C) was significantly higher
in the fast stepping condition than in the slow stepping condition
(P<0.05).

4. Discussion

The aim of this study was to clarify the effect of stepping veloc-
ity on the Sol H-reflex during robot-assisted passive stepping. In
this study, passive stepping at five different velocity conditions was
provided by the use of a DGO. Our results provide the first demon-
stration of a velocity-dependent suppression of the Sol H-reflex
during passive stepping. The neuronal mechanisms underlying the
present results will be discussed below.

In this study, the amplitude of the M-wave elicited in the Sol
was used as an index of the consistency of the stimulus intensity,
which is an important parameter in human H-reflex experiments
involving movements [ 16]. As no significant main effect was found
in M-wave amplitude (M/Mmax), the afferent volley evoked at each
condition was considered to be maintained at a constant level. In
addition, as the ankle joint was fixed at the same joint position by
using an AFO, there was only little change in Sol muscle geometry
with respect to the surface electrodes. To eliminate any influence
from the higher nervous centers, the subjects were instructed to
relax and not to intervene with the movements imposed by the DGO
for passive stepping. As a result, the average BGAs at each veloc-
ity were at the noise level, which demonstrated that all subjects
were able to achieve the passive stepping. Therefore, the observed
changes in the excitability of the Sol H-reflex were most probably
due to somatosensory inputs from the lower limbs during passive
stepping in the DGO.

In the present study, the H-reflexes were inhibited during pas-
sive stepping as compared with during passive standing, and were
reduced in size as the stepping velocity increased. During step-
ping with the DGO, the hip and knee joints were moved passively,
whereas the ankle joints were immobilized by using AFOs. As pas-
sive stepping was conducted in the air, load-related afferents would
not be activated. Therefore, the H-reflex inhibition observed in the
present study could be attributed to movement-related afferent
inputs from the lower limbs. Furthermore, it was considered that
the velocity dependent suppression of the H-reflex was caused by
increasing movement-related afferent inputs from the lower limbs,
including muscle, joint, cutaneous afferents, etc. In the main exper-
iments, only one stimulus intensity (M-wave size =10%Mmax) was
used for H-reflex recording to minimize experiment time, although
it is better to apply stimulation at various intensities to know
the H-reflex excitability in more detail. In additional experiments
(n=6),toreveal the input/outputrelation of the spinal neural circuit
mediating H-reflex, we recorded the H-reflex at various stimulus
intensities during passive standing and stepping (fast and slow
conditions) and constructed the recruitment curves. The charac-
teristics of the curves can be described with three parameters: Hth,
Hslp, and Hmax [ 10]. The changes in the parameters also indicated
that the H-reflex excitabilities were more inhibited as the stepping
velocity increased (Fig. 4) and provided a more strong evidence
of velocity-dependent suppression of the H-reflex during passive
stepping.

In previous studies, a passive pedaling or manually assisted
stepping has been used to investigate the effect of afferent inputs
on the H-reflex during “walking” [1,12]. However, there are dif-
ferences both in kinematics and kinetics between pedaling and
walking. First, the seated posture during pedaling differs from
the upright posture during walking. Second, the movement pat-
terns of pedaling differ from that of walking. The DGO used in
this study can support the upright posture of the subjects and
impose a passive stepping movement that is similar to “natu-
ral” walking. In a previous study, Brooke’s team reported that
H-reflexes were inhibited during passive pedaling as compared
with during sitting, and were reduced in size as the pedaling
velocity increased [12]. Despite these differences between step-
ping and pedaling, the present results were consistent with the
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results with the pedaling paradigm. Thus, it was considered that the
velocity-dependent suppression during passive movements was
not related to the posture and movements patterns. Rather, the
movement-related somatosensory inputs, which are not context
dependent, most probably play the major role in the H-reflex sup-
pression observed during both passive pedaling and stepping. In
the series of experiments by Brooke and co-worker they demon-
strated that the suppression of the H-reflex during passive pedaling
was mainly due to la afferent inputs in the knee extensor mus-
cles [4,5,13]. With the present results, we cannot directly identify
the source of velocity-dependent suppression of the H-reflex dur-
ing passive stepping. Although the discharge of different types of
sensory receptors in the legs should be increased with increasing
velocity, it is considered that, on the basis of the work of Brooke's
team, the velocity-dependent suppression during passive stepping
might have been due to the increasing discharge rate of la afferents.

Concerning the clinical relevance of this study, symptoms of
spasticity are often experienced by persons with spinal cord injury
(SCI)and are thought to be related to hyper-excitability of the spinal
reflex. Furthermore, velocity-dependent modulation is impaired
in these patients during walking [15]. In our previous study, we
showed that Sol H-reflexes were inhibited during passive step-
ping as compared with during passive standing, not only in healthy
subjects but also in those with clinically motor-complete (SCI) [9].
Theseresults suggest that spinal neural circuits may mediate the Sol
H-reflex inhibition during passive stepping, and that there may be
a potential therapeutic use for passive stepping (e.g., body-weight
supported treadmill training) for the management of spasticity in
ankle extensor muscles after SCI and for the improvement of spinal
reflex modulations.

Acknowledgements

‘We thank Hikaru Yokoyama for help and support with the data
collection, This work was supported by a Grant-in-Aid for Scientific
Research (B) (#23300198) to K. Nakazawa from the Japan Society
for the Promotion of Science and by the Ministry of Health, Labor,
and Welfare of Japan.

151

References

[1] J.D. Brooke, J. Cheng, J.E. Misiaszek, K. Lafferty, Amplitude modulation of the
soleus H reflex in the human during active and passive stepping movements,
J. Neurophysiol. 73 (1995) 102-111.

{2] C. Capaday, R.B. Stein, Amplitude modulation of the soleus H-reflex in the
human during walking and standing, J. Neurosci.: Off. J. Soc. Neurosci. 6
(1986) 1308-1313.

[3] C. Capaday, R.B. Stein, Difference in the amplitude of the human soleus H
reflex during walking and running, J. Physiol. 392 (1987) 513-522.

[4] J. Cheng, J.D. Brooke, ].E. Misiaszek, W.R. Staines, The relationship between
the kinematics of passive movement, the stretch of extensor muscles of the
leg and the change induced in the gain of the soleus H reflex in humans, Brain
Res. 672 (1995) 89-96.

[5] J. Cheng, J.D. Brooke, W.R. Staines, J.E. Misiaszek, ]. Hoare, Long-lasting
conditioning of the human soleus H reflex following quadriceps tendon tap,
Brain Res. 681 (1995) 197-200.

[6] D.F. Collins, W.E. Mcllroy, |.D. Brooke, Contralateral inhibition of soleus H
reflexes with different velocities of passive movement of the opposite leg,
Brain Res. 603 (1993) 96-101.

[7]1 G. Colombo, M. Joerg, R. Schreier, V. Dietz, Treadmill training of paraplegic
patients using a robotic orthosis, J. Rehabil. Res. Dev. 37 (2000) 693-700.

[8] C. Crone, L.L. Johnsen, H. Hultborn, G.B. Orsnes, Amplitude of the maximum
motor response (Mmax) in human muscles typically decreases during the
course of an experiment, Exp. Brain Res. Exp. Hirnforschung. Exp. Cerebrale.
124 (1999) 265-270.

[9] K. Kamibayashi, T. Nakajima, M. Fujita, M. Takahashi, T. Ogawa, M. Akai, K.
Nakazawa, Effect of sensory inputs on the soleus H-reflex amplitude during
robotic passive stepping in humans, Exp. Brain Res. Exp. Hirnforschung. Exp.
Cerebrale. 202 (2010) 385-395.

[10] M. Klimstra, E.P. Zehr, A sigmoid function is the best fit for the ascending limb
of the Hoffmann reflex recruitment curve, Exp. Brain Res. Exp. Hirnforschung.
Exp. Cerebrale 186 (2008) 93-105.

[11} J.C. Lamy, C. Ho, A. Badel, R.T. Arrigo, M. Boakye, Modulation of soleus H reflex
by spinal DC stimulation in humans, J. Neurophysiol. 108 (2012) 906-914.

[12] W.E. Mcllroy, D.F. Collins, .D. Brooke, Movement features and H-reflex
modulation. L. Passive rotation, movement velocity and single leg movement,
Brain Res. 582 (1992) 85-93.

[13] J.E. Misiaszek, J.K. Barclay, J.D. Brooke, Inhibition of canine H reflexes during
locomotor-like rotation about the knee arises from muscle mechanoreceptors
in quadriceps, J. Neurophysiol. 73 (1995) 2499-2506.

[14] T. Nakajima, T. Kitamura, K. Kamibayashi, T. Komiyama, E.P. Zehr, S.R. Hundza,
K. Nakazawa, Robotic-assisted stepping modulates monosynaptic reflexes in
forearm muscles in the human, J. Neurophysiol. 106 (2011) 1679-1687.

[15] C.P.Phadke, F.J. Thompson, C.G. Kukulka, P.M. Nair, M.G. Bowden, S.
Madhavan, M.H. Trimble, A.L. Behrman, Soleus H-reflex modulation after
motor incomplete spinal cord injury: effects of body position and walking
speed, J. Spinal Cord Med. 33 (2010) 371-378.

[16] E.P. Zehr, Considerations for use of the Hoffmann reflex in exercise studies,
Eur. J. Appl. Physiol. 86 (2002) 455-468.



Published OnlineFirst January 14, 2015; DOI: 10.1158/1078-0432.CCR-14-2775

_ Personalized Medicine and Imaging

Potential Role of pNF-H, a Biomarker of Axonal _

Clinical
Cancer
_ Research

Damage in the Central Nervous System, as a
Predictive Marker of Chemotherapy-induced

Cognitive Impairment

Akina Natori', Toru Ogata?, Masahiko Sumitani®, Takamichi Kogure®, Teruo Yamauchi', and

Hideko Yamauchi*

Abstract

Introduction

Chemotherapy can offer long-term survival for patients
with cancer, especially patients with breast cancer and blood
cancer. However, several recent reports (1-3) have revealed
that chemotherapy may induce cognitive dysfunction such as
deficits in attention, concentration, executive function, verbal
or visual learning, and processing speed (4, 5) For example,
one study showed that patients' attention and memory task
abilities were worse after than before chemotherapy. How-
ever, healthy subjects exhibited progressive improvement in
these abilities with task repetition (6). Although the cogni-
tive dysfunction following chemotherapy is usually less

'Division of Medical Oncology, Department of Internal Medicine,
St. Luke's International Hospital, Tokyo, Japan. ?Research Institute,
National Rehabilitation Center for Persons with Disabilities, Tokoro-
zawa City, Japan. >Department of Pain and Palliative Medicine, The
University of Tokyo Hospital, Tokyo, Japan. “Department of Breast
Surgery, St. Luke's International Hospital, Tokyo, Japan.

Corresponding Author: Hideko Yamauchi, Department of Breast Surgery,
St. Luke's International Hospital, 9-1 Akashi-cho, Chuo-ku, Tokyo 104-8560,
Japan. Phone: 81-3-3541-5151; Fax: 81-3-5550-2624; E-mail:
hideyama@luke.ac.jp

doi: 10.1158/1078-0432.CCR-14-2775

©2015 American Association for Cancer Research.

1348 Clin Cancer Res; 21(6) March 15, 2015

severe, it sometimes impairs activities of daily living and
quality of life to the point of debilitation. Recently, such
chemotherapy-induced cognitive impairment {CICI) has been
recognized as a clinically significant issue in patients treated
with chemotherapy and cancer survivors with a history of
chemotherapy (1-3, 7-9). Elucidation of the mechanisms of
and diagnostic and therapeutic measures for CICI is urgently
required.

One proposed mechanism of CICI is direct neurotoxicity by
chemotherapy itself (7). Magneticresonance imaging studies have
demonstrated lower integrity of cerebral white matter (location of
myelinated axons) rather than gray matter (location of neuronal
cell bodies) in patients with CICI than in healthy subjects
(10~12). However, these findings do not directly indicate whether
the decreased integrity of the cerebral white matter is caused by
damage to axons themselves, which are the main components of
white matter, or by Wallerian axonal degeneration following
neuronal damage.

Various tissues in the central nervous system (CNS), including
neurons, axons, and glia, release several lines of proteins into the
cerebral spinal fluid and/or peripheral blood flow when damaged
(13-17). The use of some of these proteins in the cerebral spinal
fluid and/or blood has been explored as objective biomarkers of
the severity of neuronal damage. Increased levels of the circulating
phosphorylated form of the high-molecular-weight neurofila-
ment subunit (pNF-H), a major structural protein in central and
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peripheral axons, were recently reported in a rodent model of spinal
cord injury (17). The pNF-H level is associated with the severity of
spinal cord injury (18) and may have adequate sensitivity to serve
as a biomarker of treatment efficacy in patients with spinal cord
injury (19). Increased pNF-H levels are also observed in patients
with supraspinal CNS damage, such as that caused by multiple
sclerosis (20), febrile seizures (21), hypoxic-ischemic encephalop-
athy (22), acute intracerebral hemorrhage, and other conditions.
Thus, pNF-H has potential as an effective biomarker of CNS
damage caused by either neuronal or axonal injury.

The purpose of the present study was to evaluate the potential
role of pNF-H as a predictive marker of CICI. We performed
a cross-sectional analysis of the results of neuropsychological
tests, which can be conducted in the clinical setting and serum
PNE-H levels in patients with breast cancer undergoing adjuvant
chemotherapy.

Patients and Methods

Patients

Patients were eligible if they had histologic proof of early breast
cancer. Patients were ineligible if they were <18 or>70 years of age,
had a psychiatric disorder, or had a history of chemotherapy for
another malignancy. The patients were assigned to various phases
of treatment (before chemotherapy, after one cycle of chemother-
apy, after three cydes of chemotherapy, after seven cycles of
chemotherapy, and survivors who had undergone previous che-
motherapy). Both neoadjuvant and adjuvant chemotherapy were
eligible for inclusion. Various chemotherapy regimens were
acceptable. The use of hormone agents was permitted in the
group of patients who had undergone previous chemotherapy.
These hormone agents including both tamoxifen and aromatase
inhibitors were applied to the patients according to their meno-
pausal status. Written informed consent was obtained from all
participants. This study was approved by the institutional review
board of our hospital and supported by Health Labour Sciences
Research Grant from the Japanese Ministry of Health, Labour and
Welfare (H24-Ganrinsho-ippan-011 and H26-Kakushinnteki-
gan-ippan-060).

www.aacrjournals.org
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Methods

All patients underwent self-administered neuropsychological
tests and pNF-H level measurements at once when they were
assigned. The EuroQOL-5 Dimension questionnaire (EQ-5D),
Hospital Anxiety and Depression Scale (HAD), State-Trait Anxiety
Inventory (STAI), PainDETECT questionnaire, Epworth Sleepi-
ness Scale (ESS), Raven's Colored Progressive Matrices (RCPM),
Cognitive Failure Questionnaire (CFQ), Japanese version of the
Brief Fatigue Inventory (BFI-]), Japanese version of the Newest
Vital Sign (NVS-]), and Japanese Adult Reading Test (JART) were
used. The EQ-5D is a scale of health-related quality of life (23),
and the HAD is a self-assessment scale of anxiety and depression
in the setting of an outpatient clinic of a medical hospital (24).
The STAI is a 40-item instrument that measures transient and
enduring levels of anxiety (25). PainDETECT is a screening
questionnaire used to identify peripheral neuropathy and neu-
ropathic pain (26). The ESS is a scale of subjective sleepiness (27).
The RCPM is a standardized test designed to measure nonverbal
intellectual capacity (28). The CFQ assesses self-reported cogni-
tive functioning (29). The BFI-] is a nine-item questionnaire
designed to assess fatigue in patients with cancer (30, 31).
The NVS-J measures health literacy in Japanese adults (32).
The JART evaluates the premorbid intelligence quotient (33).
The serum pNFE-H level was determined with a commercially
available enzyme-linked immunosorbent assay kit (Human
Phosphorylated Neurofilament H ELISA; BioVendor), following
the manufacturer's protocol. The serum samples were diluted 3-
fold before the analysis. pNF-H levels of >70.5 pg/mL were
considered to be positive (18).

All statistical analyses were performed using SPSS software. The
x? and Mann-Whitney tests were used to compare data. Statistical
significance was assessed at P < 0.05.

Results

A total of 76 patients participated in this study. Five patients
were naive to chemotherapy; 20 had completed 1 cycle of che-
motherapy, 20 had completed 3 cycles of chemotherapy, 19 had
completed 7 cycles of chemotherapy, and 12 had completed
chemotherapy at least 24 months before this study. The patients'
demographic data and neuropsychological test results are sum-
marized in Tables 1 and 2. An increased pNF-H level was observed
in 28.8% of the patients who underwent chemotherapy, but
in none of the chemotherapy-naive patients or patients who had
undergone previous chemotherapy. The pNF-H-positive rate
in each patient group treated with chemotherapy increased
significantly in proportion to the number of chemotherapy cycles
(one cycle, 5.0%; three cycles, 31.6%; seven cycles, 55.0%;
P < 0.05; Fig. 1). The average pain intensity in each group
according to the PainDETECT was 3.0 + 2.3, 1.8 &= 1.8, 1.7 &
2.0, 1.6 £ 1.6, and 1.6 & 1.9 (naive to chemotherapy, after one
cycle of chemotherapy, after three cycles of chemotherapy, after
seven cycles of chemotherapy, and previously treated by chemo-
therapy, respectively; P = 0.65). The PainDETECT numbness
scores in each group were 2.2 + 1.3, 1.2 = 04, 2.0 £ 1.0, 1.6
+ 1.1, and 1.8 + 0.8, respectively (P = 0.14). Symptoms of
peripheral neuropathy in the patients with increasing pNF-H
levels were not salient and were comparable with those in
pNE-H-negative patients. The average PainDETECT pain intensity
and numbness scores in the pNF-H-positive versus pNF-H-neg-
ative patients were 1.6 &+ 1.8 versus 1.8 + 1.8 (P=0.62)and 1.5 +
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Table 1. Patient demographics

Chemotherapy After 1 cycle of After 3 cycles of After 7 cycles of Patients with a history of
naive chemotherapy chemotherapy chemotherapy previous chemotherapy
(N=15) (N = 20) (N = 20) N=19 (N =12)
Age (median), y 49 455 45 50 46
Postmenopausal, n (%) 3 (60) 3 (15) 9 (45) 7 (35) 6 (50)
Hormonal therapy, n (%) 0(0) 00y 0w 0 9 (75)
Chemotherapy regimen, n (%)
FEC N/A 1(5) 4(20) N/A N/A
AC N/A 15 (75) 9 (45) N/A N/A
DOC N/A 4 (20) 7 (35) N/A N/A
FEC-DOC N/A N/A N/A 15 (79) 8 (67)
AC-DOC N/A N/A N/A 3(16) 0()
Other N/A N/A N/A 1) 4 (33)
Days from first chemotherapy (median) N/A 21 63 154 944

Abbreviations: AC, adriamycin and cyclophosphamide; DOC, docetaxel; FEC, 5-fluorouracil, epirubicin, and cyclophosphamide; N/A, not applicable.

1.1 versus 1.7 + 0.9 (P = 0.18), respectively. No significant
differences were observed in the neuropsychological test results
among the patient groups (Table 3).

Discussion

In the present study, some of the patients treated with chemo-
therapy showed increased serum pNF-H levels, and the chemo-
therapy-associated pNF-H positivity rate increased in a cumula-
tive dose-dependent manner. These findings indicate that the
serum pNF-H level in patients treated with chemotherapy is
probably derived from axon degeneration in the CNS and that
neuronal toxicity by chemotherapy operates temporally because
none of the patients who had completed chemotherapy at least
24 months before the study showed increasing pNF-H levels.
These results suggest a potential application of pNF-H as a
biomarker of neural damage in the CNS after chemotherapy.
In patients with chemotherapy-induced peripheral neuropathy,
it is already known that chemotherapy impairs function of
the peripheral nervous system in a cumulative dose-dependent

manner (34, 35). However, among the present study participants,
few patients showed peripheral neuropathy and neuropathic
pain, and cumulative dose-dependent development of neuropa-
thy was not observed. Furthermore, although pNF-H is certainly
included in the peripheral nerve axon and oxaliplatin can lead to
loss of pNF-H immunoreactivity in the dorsal root ganglion (36),
symptoms of peripheral neuropathy with increasing pNF-H levels
were not salient in the present patients, as in pNF-H-negative
patients.

We found no differences in the neuropsychological test results
between patients with and without increasing pNF-H levels. These
tests failed to detect cognitive decline from the pretreatment to
posttreatment period in almost all of the patients who still scored
within the normal range in the posttreatment period, possibly
because of high premorbid cognitive function. Previous studies
(6,10, 11) used more dedicated cognitive test batteries assessed by
an experimenter, and the tests were applied much later than in the
present study. The time points at which the patients were assessed
by neuropsychological tests vary among previous studies, but
many tests were conducted from 1 month to 1 year after

Table 2. Results of neuropsychological tests among groups sorted by treatment phase

Chemotherapy After 1 cycle of After 3 cycles of After 7 cycles of Patients with a history
naive chemotherapy chemotherapy chemotherapy of previous chemotherapy
(N = 5) N =20) (N =20) (N=19) N=12)
pNF-H-positive, n (%) 0(0) 1(5) 6 (30) 1 (57.8) 0 (0)
CFQ® (mean, SD). 215+ 83 19.4 £11.0 17.5+10.8 184 £ 14 256 +£10.9
HADS®
Anxiety subscale (mean, SD) 50429 55428 37+28 50429 43+29
Depression subscale (mean, SD) 34+ 40 47 £34 39+34 40+ 36 28+ 34
STAIP
State anxiety (mean, SD) 416 + 1.6 433 £ 111 383+ 14 420 £ 1.9 36.9 £ 1.2
Trait anxiety (mean, SD) 45 £ 9.8 449 £ M4 350114 427 £ N9 381+ 12
ESS® (mean, SD) 6.6 + 4.0 105+ 4.2 9.2+ 4.1 8.0+38 88 +38
BFI-J® (mean, SD) 345 +£175 16 + 14.8 16.3 £ 14.7 173 £15.8 219 £15.7
NVS? (mean, SD) 46 £ 0.7 42 +11 45+ 11 46 +12 42 +11
JART® (mean, SD)
Full-scale IQ 109.6 £ 7.5 106.7 + 9.4 105 +9.2 10.2 £ 10.0 109 + 9.6
Verbal 1Q 1.4 £ 86 108.1 + 10.6 2.4 +£10.5 n21+£n3 112.8 £10.9
Performance 1Q 106.3 + 5.5 104.2 £ 6.9 107.0 + 6.8 106.8 + 7.3 107.2 £ 71
RCPM? (mean, SD) 36.0 £ 1.3 36.0 £ 0.7 358 £ 0.7 358+ 0.8 355+ 0.7
PainDETECT® (mean, SD) 41+£47 4048 37+ 47 42 £50 42+ 47
EQ5D? (mean, SD) 0.8 £0.1 0.8+ 01 0.8+ 0.1 0801 08+ 0.1

Abbreviations: CFQ, cognitive failure questionnaire; EQ5D, EuroQOL-5 Dimension questionnaire; HADS, Hospital Anxiety and Depression Scale; IQ, intelligence
quotient; pNF-H, phosphorylated form of the high-molecular-weight neurofilament subunit.

®The score would decrease when the function declines.
®The score would increase when the function declines.
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Figure 1.

Rate of pNF-H positivity in each patient group treated with chemotherapy.
pNF-H, phosphorylated form of the high-molecular-weight neurofilament
subunit.

chemotherapy (3, 10-12, 37). We used self-administered neuro-
psychological tests to screen CICI in common clinical settings
using simple cognitive test batteries. However, such tests might
not be sensitive enough to detect subtle changes in CICI. Whether
intimate relationships exist between the pNF-H level and ded-
icated cognitive test batteries requires further assessment. Sub-
jective complaints regarding cognitive decline after chemother-
apy and other cancer treatments might be associated with
depression, anxiety, and fatigue (2, 3). Most of the participants
in the present study showed no depression or anxiety. More-
over, the cognitive decline was not found among the patients
who went into menopause or used some hormonal therapy,
although menopausal status and hormone therapy might affect
the cognitive function (38). These may have been related to the
fact that the neuropsychological test results did not detect
cognitive decline. It might be useful to investigate the mechan-
isms and severity indices of CICI and neural toxicity of che-
motherapy on the CNS using pNF-H as a surrogate marker
rather than subjective cognitive test batteries.

www.aacrjournals.org
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Table 3. Results of neuropsychological tests among groups sorted by pNF-H
level

pNF-H-positive pNF-H-negative P

(N =18) (N = 56)

CFQ” (mean, SD) 18.8 = 11.2 2114106 0.77
HADS®

Anxiety subscale (mean, SD) 43428 49+ 28 0.35

Depression subscale (mean, SD) 4.5 + 3.5 39433 0.83
STAIP

State anxiety (mean, SD) 4014+ 1.2 428 +10.9 0.79

Trait anxiety (mean, SD) 402 £ 1.3 431412 0.41
ESS” (mean, 5D) 85+ 42 9.5 + 4.1 0.26
BFI-J® (mean, SD) 1814144 1914149 0.74
NVS? (mean, SD) 48412 45411 0.18
JART?

Full-scale 1Q (mean, SD) N0.4 £ 9.3 134493 0.79

Verbal 1Q (mean, SD) 12.3 +£10.6 115.2 +10.6 0.79

Performance 1Q (mean, SD) 107.0 £ 6.8 1101+ 6.8 0.79
RCPM?® (mean, SD) 359+ 0.7 37.0 £ 0.7 0.37
PainDETECT® (mean, SD) 42449 414 47 0.26
EQSD® (mean, SD) 0.8+ 0.1 0.8 + 01 0.87

Abbreviations: CFQ, cognitive failure questionnaire; EQSD, EuroQOL-5 Dimen-
sion questionnaire; HADS, Hospital Anxiety and Depression Scale; [Q,
intelligence quotient; pNF-H, phosphorylated form of the high-molecular-
weight neurofilament subunit,

*The score would decrease when the function declines.

“The score would increase when the function declines.

Conclusions

The serum pNF-H level in patients with breast cancer treated
with chemotherapy increased in a cumulative dose-dependent
manner. Axonal damage in the CNS can be cumulatively caused
by chemotherapy, which might eventually lead to CICI. The present
findings suggest a potential application of pNF-H as a biomarker of
CNS damage after chemotherapy. However, the self-administered
neuropsychological tests used in this study did not demonstrate
significant cognitive impairment. A prospective cohort study is
needed to validate the usefulness of pNF-H for assessment of CICI.
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ORIGINAL ARTICLE
Mechanical and neural changes in plantar-flexor muscles
after spinal cord injury in humans

K Yaeshimal?2, D Negishi3, S Yamamoto’, T Ogataz, K Nakazawa! and N Kawashima?

Study design: Cross-sectional study.

Objectives: To determine the effect of injury duration on plantar-flexor elastic properties in individuals with chronic spinal cord injury
(SCI) and spasticity.

Setting: National Rehabilitation Center for Persons with Disabilities, Japan.

Methods: A total of 16 chronic SCI patients (age, 33+9.3 years; injury localization, C6-T12; injury duration, 11-371 months)
participated. Spasticity of the ankle plantar-flexors was assessed using the Modified Ashworth Scale (MAS). The calf circumference and
muscle thickness of the medial gastrocnemius (MG), lateral gastrocnemius and soleus were assessed using tape measure and
ultrasonography. In addition, the ankle was rotated from 10° plantar-flexion to 20° dorsiflexion at 5 degs™! with a dynamometer, and
the ankle angle and torque were recorded. After normalizing the data (the initial points of angle and torque were set to zero), we
calculated the peak torque and energy. Furthermore, angle—torque data (before and after normalization) were fitted with a second- and
fourth-order polynomial, and exponential (Sten—Knudsen) models, and stiffness indices (Slsop, Slrop, Slsk) and Anglespack (the angle
at which plantar-flexor passive torque equals zero) were calculated. The stretch reflex gain and offset were determined from 0-10°
dorsiflexion at 50, 90, 120 and 150 degs™. After logarithmic transformation, Pearson’s correlation coefficients were calculated.
Results: MAS, calf circumference, MG thickness, peak torque and Slgop significantly decreased with injury duration (r log-
log=-0.63, -0.69, —0.63, —0.53 and -0.55, respectively, P<0.05). The peak torque and Slgop maintained significant

relationships even after excluding impacts from muscle morphology.

Conclusion:

Plantar-flexor elasticity in chronic SCI patients decreased with increased injury duration.

Spinal Cord advance online publication, 10 February 2015; doi:10.1038/sc.2015.9

INTRODUCTION

Motor paralysis following spinal cord injury (SCI) inevitably prevents
daily activities such as upright standing and bipedal walking;
consequently, physical activity declines in affected patients. Previous
studies have indicated that SCI patients experience extreme muscle
atrophy,!= fiber transformation towards a fast-fatigable type*® and
decreased bone mineral density.”® This musculoskeletal degeneration
is attributed largely to the dramatically decreased muscle activity and
mechanical stress in the paralyzed limbs, caused primarily by post-SCI
motor paralysis.

Quantitative evaluation of the muscle viscoelasticity and tone is
important in preventing secondary disorders after SCI. The Modified
Ashworth Scale (MAS) is generally used to measure muscle tone and
spasticity,” but this score lacks adequate sensitivity to distinguish the
contributions from the mechanical and neural components.!? In a
study of the neural profile after SCI, we reported that spinal reflex
excitability in participants experiencing both complete and incomplete
SCI are significantly higher than the excitability in healthy young
participants, but the Hmax/Mmax did not change significantly in
incomplete SCI participants.!! In addition, the change in Hmax/

Mmax was not associated with the chronicity of injury in SCI
participants. Muscle viscoelasticity is a significant contributor to
muscle tone, and it is therefore necessary to understand not only
the neural but also the mechanical properties of the paralyzed region
in SCI patients. To date, the relationship between the mechanical
properties and the duration of injury has not been reported. This
information could guide clinicians in determining the appropriate
intervention for the patient’s pathologic condition.

The objective of the present study is to determine the effect of
injury duration on plantar-flexor elastic properties in individuals with
chronic SCI and spasticity.

PATIENTS AND METHODS

Participants

Sixteen participants diagnosed with SCI (age, 33 9 years; height, 172 +7 cm;
weight, 62 + 10 kg; injury localization, C6-T12; injury duration, 11-371 months)
and spasticity (10 complete and 6 incomplete), five participants with complete
SCI without spasticity (age, 30 + 7 years; height, 174 + 4 cm; weight, 67 + 14 kg;
injury localization, T9-L3; injury duration, 12-213 months) and 13 healthy
control participants (age, 27 5 years; height, 169 £ 10 cm; weight, 62 + 10 kg;
10 male and 3 female) participated in this study. The population demographics
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Table 1 Population demographics
Subject Sex  Age (years) Height (cm) Weight (kg)  Lesion level  Injury type  With spasticity ~ MAS  Duration of injury (months) Medication
1 M 20 181 57 Cc6 Incomplete Yes 2 11 Gabalon
2 M 30 170 71 T7 Incomplete Yes 2 14 —_
3 M 22 178 64 Cc7 Incomplete Yes 2 18 ITB
4 M 45 171 64 T1 Incomplete Yes 2 19 —_
5 M 49 173 70 T3, 4,5 Incomplete Yes 1+ 52 Dantrium, lendormin
6 M 25 170 54 5 Incomplete Yes 1+ 63 —
7 M 23 175 61 T10 Complete Yes 1+ 18 o
8 M 27 178 55 T11, 12 Complete Yes 2 30 e
9 F 27 172 50 8,9, 10 Complete Yes 0 36 —_
10 M 27 171 62 T10, 11 Complete Yes 1 114 —
11 M 37 180 75 Ti2 Complete Yes 1 115 Ternelin
12 M 35 173 62 79, 10 Complete Yes 1 144 -
13 M 33 174 77 Ti2 Complete Yes 1+ 144 : —
14 M 39 174 77 T8 Complete Yes 1+ 155 e
15 F 40 163 55 T9 Complete Yes 1+ 300 -
16 F 48 153 40 T5 Complete Yes 1 371 —
17 M 27 173 55 L3 Complete No — 12 —
18 M 30 175 58 Thiz,L1,L2  Complete No —_ 15 —
19 M 21 178 60 Th9 Complete No — 23 e
20 M 33 175 87 Thil,12 Complete No — 198 —
21 M 41 168 75 Th10 Complete No e 213 e
Abbreviations: MAS, Modified Ashworth Scale, ITB, intrathecal baclofen therapy.
Healthy control subjects (n=13): age, 27 % 6; height, 169+ 10; weight, 621 10.
Table 2 A: partial correlation coefficient between mechanical properties and injury duration {(months), excluding muscle architecture and injury
level. B: associated P-values
Calf circumference (mm) MG (mm) LG (mm) Sol {(mm) Level of injury
A
Peak torque (Nm) -0.70 -0.63 -0.80 ~-0.72 -0.79
Energy (Nm per deg) -0.70 -0.33 -0.72 ~0.58 -0.67
Slgop (Nm per deg) ~0.69 -0.57 -0.78 ~0.69 -0.77
Slrop (Nm per deg) -0.70 -0.63 -0.80 -0.72 -0.79
Slgk (Nm per deg) -0.45 -0.25 -0.62 -0.57 -0.65
Anglegi ack (Nm per deg) 0.58 0.42 0.71 0.63 0.72
B
Peak torque (Nm) 0.017 0.039 0.003 0.019 0.004
Energy (Nm per deg) 0.017 0.319 0.012 0.077 0.024
Sisop (Nm per deg) 0.019 0.070 0.005 0.027 0.006
Slrop (Nm per deg) 0.016 0.038 0.003 0.018 0.004
Slsk (Nm per deg) 0.163 0.461 0.042 0.087 0.032
Angles ack (Nm per deg) 0.061 0.201 0.014 0.052 0.013
Abbreviations: LG, lateral gastrocnemius; MG, medial gastrocnemius; Sol, soleus.
are summarized in Table 1. There was no statistical age difference among the  soleus (Sol) thickness of participants 1, 5, 6 and 8, and five healthy control
three groups (SCI participants with spasticity, SCI participants without  participants, were not obtained. We have stated that this lack of data might lead
spasticity and healthy participants; F-value=2.075, P=0.1422). Each partici-  to type I error. The right ankle joint was rotated from 10° of plantar-flexion to
pant provided written informed consent for the experimental procedure, which ~ 20° dorsiflexion at 5 degs™!. During the measurement, ankle joint angle and
was approved by the National Rehabilitation Center for Persons with  plantar-flexion torque were recorded at a 1kHz sampling frequency using a
Disabilities (NRCD). 16-bit analog-to-digital converter (Powerlab, AD Instruments, Bella Vista,
NSW, Australia). The muscle activity of the Gas, Sol and tibialis anterior were
Measurements also measured using surface electromyograms with a bipolar electrode (DE-2.3,
The participants were seated with their hip and knee joints angled at 90°. The  Delsys, Boston, MA, USA) spaced 1 cm apart. The electromyograms signal was
ankle joint was fixed onto the foot plate of a custom dynamometer.!> The calf — amplified (The Bagnoli-8 EMG System, Delsys) with band-pass filtering
circumference and muscle thickness of the plantar-flexors were measured at  between 20 Hz and 450 Hz. Some participants (#1, 2, 3, 4 and 5 in Table 2)
30% of the calf length using a tape measure and ultrasonography (Prosound 2,  had clonus. In those participants, therefore, we took care not to miss the
Aloka, Tokyo, Japan) with a linear array probe (7.5MHz). The calf circum-  emergence of symptoms by visually monitoring the joint motion and the
ference, medial gastrocnemius (Gas (MG)) and lateral Gas thicknesses of  surface electromyography displayed on an oscilloscope, and if clonus occurred,
participants 5, 6 and 8, and four healthy control participants, as well as the  the experiment was temporarily stopped. The trial was repeated 6-10 times,
Spinal Cord
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Figure 1 (a) Representative angle and electromyograms (EMG; Gas, Sol, TA) waveform during passive motion test. Broken lines indicate +3 s.d. of baseline.
(b) Angle and EMG waveform of an excluded participant (participant 3 in Table 1).
and five trials without muscle activity of the lower limb were selected and  energy (the area between the angle—torque curve and the line torque equaling
analyzed further. One participant (Table 1, participant 3) showed remarkable  zero) were calculated from the normalized angle-torque data. In Equations 2
muscle activity exceeding+3 s.d. of baseline (Figure 1b), therefore the data  and 3, the raw angle-torque data were used. Equation 3 fitting parameters were
from this participant was excluded. determined by the non-linear least square method (Levendberg-Marquardt
The passive motion test was then followed by a stretch reflex test in the SCI  algorithm?®) using the optimization toolbox from MATLAB (The Mathworks,
participants with spasticity and healthy control participants only. Stretch  Natick, MA, USA). A total of 1200® data points were used in each fitting. The
reflexes were elicited by quick 10° toe-up rotations of the footplate from 0°  stiffness indices (SIsop, Slpop, Slsk) and Anglesiacx were determined from
with participants at rest. Four different angular velocities (60, 90, 120 and 150  these equations as follows:
degs™!) were applied five times in each participant in a random order. The
inter-stimulus intervals were not constant but were randomized within 4-9s to Slsop = 2a (4)
avoid anticipation of forthcoming perturbations. After all trials, the MAS of the N )
right plantar-flexor was assessed. Slrop = mean_o<o<20(4mb” + 316" + 206 + p) )
Analysis Shsx = a (6)
Ar.xgle and torque data were averaged in five trials ang dlgtdly low-pass filtered Anglesiack = Ooct @)
using a fourth-order zero-lag Butterworth filter’> with a 10-Hz cut-off . o .
14-16 . . Slpop is the average of the derivative of the fourth-order polynomial
frequency. Three different mathematical models were fitted to the angle . R .
. o 11627 regression of angle—torque curve across all angle ranges (10° plantar-flexion
(8)-torque (t) data as previously described: N . L . "
(i) Second-order polynomial (SOP) model (Equation 1) to 20° dorsiflexion). The determination coefficient (R?) of the angle~torque
poiyn d curve fitting using SOP, FOP and SK models was also calculated. The reflex
1(0) = ab? (1) responses were analyzed as the peak-to-peak amplitude for 35ms after
o perturbation. The SR gain and offset were calculated as the slope and
where a is experimental constant; interception of the regression line in the plotted stretch response to angul
(ii) Fourth-order polynomial (FOP) model (Equation 2) Velocit)llp & P stretch respons guiar
7(6) = mb* + n0® + 00” + p0 + g, (2) o
where m, 1, 0, p and g are experimental constants; Statistics ) ) o
(iii) Exponential model similar to the Sten—Knudsen (SK) model (Equation One-way analysis of variance was used to compare the determination
coefficients (R2) between the three models, and post hoc analysis was performed
) p ¥: p
using Tukey’s HSD test. All variables were logarithmically transformed?®® except
(6) = lex(g*(;m) (3) the Gas and Sol offsets, which have negative magnitudes. Then, the Spearman’s
o ’ rank-correlation coefficient for the MAS and the Pearson’s product-moment
where a and g, are experimental constants. correlation coefficient for the other variables were calculated to determine the
Prior to fitting Equation 1, the angle (6) and torque () data reference points  relationship between the injury duration and mechanical parameters. In
were set to zero. The plantar-flexor, peak torque (torque waveform peak), and  addition, the relationships between all variables and injury localization were
Spinal Cord
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determined using the same procedure. Before logarithmic transformation, MAS
values were corrected by designating the minimum data value as one. The
partial correlation coefficient, excluding morphological parameters, was also
calculated for the mechanical parameters. The statistical significances of the
correlation coefficients were assessed for SCI participants with spasticity.
Statistical significance was set at P-<0.05,
RESULTS
Representative angle~torque data (raw and normalized) and fitting
data using the three models are illustrated in Figure 2. In both
a === Raw data before and after normalization
= =~=Fitting using SOP model, R? = 0.976
''''' Fitting using FOP model, R? = 0.999
"""" Fitting using SK model, R? = 0.989
6
5
— 4
=
£
2 3
<2
e
9]
F o
1 b
0 e : ~
-10 -5 5 10 15 20 25 30
Angle [deg]
b ====Raw data before and after normalization
== =Fitting using SOP model, R? = 0.810
== Fitting using FOP model, R2 = 0.999
"""" Fitting using SK model, R? = 0.728
E
£,
0]
>
g
&
i—.
0 . .
-10 -5 15 20 25 30
Angle [deg]
Figure 2 Representative angle-torque data fitting using three mathematical
models (SOP, FOP and SK). (a) The fitting was good in all models, which
were fitted to angle-torque data from participant 12 in Table 1. (b) The SOP
and SK model fittings were inferior compared with the FOP model, based on
angle-torque data from participant 13 in Table 1.
Spinal Cord
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examples (Figure 2a: participant 12 in Table 1; Figure 2b: participant
13 in Table 1), the FOP model fits the angle—torque data well.
However, data fitting using the SOP and SK models is poor in some
participants (Figure 2b: participant 13 in Table 1). Similarly, the
collective determination coefficient data fitting using the FOP model
was very good (R*=0.999+0.001) and significantly higher than in
both the SOP (R?=0.869+0.135) and SK (0.904 +0.130) models in
all the participants (n=33). This trend also occurred and was
significant in  SCI participants with spasticity (FOP model:
R*=0.999£0.001; SOP model: R?*=0.85040.120; SK model:
R?=0.883 - 0.114, n=15). MAS negatively correlated with the injury
duration in the SCI participants with spasticity (Figure 3). In addition,
the calf circumference and MG thickness were negatively correlated to
the injury duration (n=13 excluding the missing data described
previously; Figure 3). However, there were no statistically significant
relationships between the neural parameters (Gas gain and offset, Sol
gain and offset) and injury duration in the group.

Angle—torque representative curves of all participants (excluding
participant 3) are shown in Figure 4a. After the polynomial and
exponential regression, the Slpop, Slsk and Anglegacx were calcu-
lated, and Figure 4b was generated by designating the angle and torque
reference points in Figure 4a as zero. Using the data in Figure 4a, we
calculated the peak torque, energy and Slgop, and found that the peak
torque and Slpop (stiffness index calculated from the fourth-order
polynomial regression) were inversely correlated with the injury
duration (n=15).

Muscle morphology theoretically affects passive tension in the
muscles and tendons. The effects of these morphologic variables (calf
circumference and MG, lateral Gas, and Sol thicknesses) were
excluded by calculating the partial correlation coefficients between
the mechanical properties (peak torque, energy, SIsop, SIrop, Slsk and
Angleg; pcx) and the injury duration (Table 2). The peak torque and
Slpop were negatively correlated, even after excluding the effects of the
calf circumference and MG thickness, which significantly decreased
with the injury duration. In addition, we confirmed that the injury
severity was not correlated with these results (Figure 5).

DISCUSSION

We investigated the effect of injury duration on plantar-flexor
elasticity in individuals with chronic SCI and found negative correla-
tions between the clinical index of spasticity (MAS), morphologic
parameters (calf circumference and MG thickness), mechanical
parameters (peak torque and stiffness index) and injury duration in
SCI participants with spasticity. In addition, there were significant
partial correlation coefficients between the mechanical parameters and
the injury duration excluding morphologic parameters.

Alteration of the ankle joint stiffness after SCI
As clearly shown in Figure 3, the decline in calf circumference and MG
thickness with injury duration indicates that muscle atrophy continues
in SCI even during the chronic stage. Castro et al? measured the
cross-sectional area of the lower musculature (Gas, Sol and tibialis
anterior) during the 6 months following spinal injury and showed that
the CSA of Gas decreased significantly. The present result showing a
selectively decreased MG thickness is consistent with previous
findings.? Notably, involuntary muscle activity resulting from clonus
and spasm with spasticity might contribute to attenuate atrophy,*
therefore the decreasing spasticity observed in this study, coupled with
the immobilization, likely accelerated the muscle atrophy.

The Ashworth scale®® remains a major clinical scale for evaluating
spasticity,>*=* but its validity and reliability are questioned by some
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Figure 3 Relationship between mechanical variables and injury duration (months). Complete SCI participants with spasticity (filled circles), incomplete SCi
participants with spasticity (open circles), complete SCI participants without spasticity (x), and healthy participants (horizontal bar) are shown. The horizontal

dashed line indicates the mean value in healthy participants.

reports.?>3% A positive correlation has been reported between the
Ashworth scale and indices of clonus and spasm,” therefore the
negative correlation between MAS and the injury duration observed in
this study suggest that the frequency of involuntary muscle contraction
because of spasm gradually decreases over time after SCI. In evaluating
the extent of spasticity over time, we found no statistically significant
correlation between the stretch reflex gain and offset in the lower
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muscles (MG, Sol) and injury duration. This result is consistent with
our previous study!! that found that the stretch reflex peak-to-peak
amplitude and stretch reflex peak-to-peak amplitude/Mmax in com-
plete and incomplete SCI participants were not correlated to the time
post-injury, suggesting that spinal circuit excitability in SCI patients
does not change during the chronic stage. However, several reports
showed that Mmax was decreased more in the chronic SCI
Spinal Cord
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Figure 4 (a) Angle-torque curves of plantar-flexor muscles for all complete SCI participants with spasticity (chain), incomplete SCI participants with spasticity
(solid), complete SCI participants without spasticity (dashed) and healthy control participants (dotted), excluding participant 3. (b) The angle and torque
reference points in a were set at zero. (c) Angle-torque curve for SCI participants with spasticity (both complete and incomplete) from a, with grayscale
intensities of lines indicating injury duration (months). (d) The angle and torque reference points in ¢ were set at zero.
participants than in the age-matched healthy control participants,®®#4  torque and Slgop over time suggest that plantar-flexor elasticity
presumably because of the changes in proprioceptor function or  decreases with injury duration. However, several studies have found
muscle atrophy. In these studies, the time-dependent decline in Mmax  that the plantar-flexor passive-elasticity in the chronic SCI patients
may be caused by muscle atrophy, but because we did not measure was higher than observed in the healthy age-matched
Mmax in our study, we cannot conclude that the spinal reflex participants.?»?64 We speculate that plantar-flexor elasticity in
excitability in chronic SCI is maintained. Further research is needed  SCI patients increases with immobilization during the acute stage of
to clarify this relationship. injury (<1 year), and thereafter, elasticity gradually decreases over
time due in part to the muscle atrophy observed in this study. In
Characteristics of the mechanical properties of the paralyzed ankle theory, muscle morphology influences passive tension. Thus, we
joint in SCI calculated the partial correlation coefficient between mechanical
Previous research'® indicates that the mathematical models used to  parameters and injury duration to exclude effects from morpholo-
calculate the mechanical parameters greatly impact the experimental gical parameters (Table 2); significant relationships persisted,
result. Essentially, the change in a mechanical parameter (for example, therefore we concluded that tissue elasticity in the plantar-flexor
stiffness) varied depending on the selected mathematical model was involved in the mechanical parameter changes.
applied to the angle-torque relation; thus, we evaluated several We cannot determine whether the muscle or tendon caused the
mathematical models (SOP, FOP and SK) to calculate each mechanical ~ plantar-flexor elasticity change. Theoretically, both muscle and
parameter. In this study, the peak torque and stiffness index (SIggp) tendon arranged in series can affect the total tissue stiffness,*’
calculated from the FOP model were inversely correlated with the a relationship that has been experimentally confirmed in the
injury duration. The determination coefficients for the angle-torque  plantar-flexors of healthy participants.!” In contrast, Diong
data fitted with the FOP model were significantly higher than the et al.?* observed that the Gas muscle stiffness is increased in SCI
coefficients based on the alternative models (SOP, SK), therefore participants, whereas Olson et al® found that the muscle
the result (SIpop) calculated using the FOP model was deemed to be  changes occur at the cell level and reflect muscle fiber trans-
the most reliable. Notably, SIsop, SIsk and Angleg; ack calculated using  formation from Type I to Type Il In addition, Maganaris*®
the SOP and SK models were not significantly correlated with the showed that patellar tendon CSA, stiffness, and Young’s modulus
injury duration. This observation likely reflects the inappropriate data  decreased significantly in chronic (18-288 months after injury)
fitting observed in some participants and the insufficient sample size; complete SCI patients. Overall, these studies suggest that the
however, the underlying mechanism is unclear. tendon rather than the muscle has a primary role in the decreasing
In addition, work was not significantly correlated with injury plantar-flexor elasticity. Further research is needed to clarify the
duration, which is consistent with a prior study asserting that work  different changes in muscle and tendon function over time
is not a spasticity indicator.*> Furthermore, the decreased peak following a SCI.
Spinal Cord
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participants with spasticity (open circles), complete SCI participants without spasticity (x).

Limitations

We did not measure the range of motion of plantar-dorsiflexion in the
SCI participants. Therefore, it is unclear whether contracture occurred
in SCI participants. However, we visually confirmed that all
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Figure 5 Retatiénships between mechanical parameters and injury location. Complete SCI participants with spasticity (filled <circles), incomplete SCI
participants achieved a 20° dorsiflexion while keeping the heel in
contact with the dynamometer footplate during the passive motion
test. In addition, we confirmed that muscle activity in the calf muscles
(MG, Sol) and antagonist (tibialis anterior) were low (within the
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baseline mean + 3 s.d.) during the passive motion test (representative
participant in Figure 2a). Thus, the influence of articular alternation
and muscle activity on the plantar-flexor torque was minimal, and the
passive motion test was conducted appropriately.

In conclusion, the degree of spasticity (MAS), morphologic
(circumference and MG muscle thickness) and mechanical (muscle-
tendon elasticity) properties of the plantar-flexors in chronic SCI
patients with spasticity decreased with the injury duration. Therapeutic
intervention, such as FES or BWST, may be needed to prevent these
sequelae in chronic SCI patients.
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