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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 (Slsop, SIgop, 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 4-9 s to Slsop = 2a )
avoid anticipation of forthcoming perturbations. After all trials, the MAS of the N 5
right plantar-flexor was assessed. SIrop = mean_oxg<20(4m6” + 3n6° + 200 + p) (5).
Analysis Slsg = ©)
Al?gle and torque data were averaged in five trials ang dlg.xtally low-pass filtered Anglesiack = Ouack )
using a fourth-order zero-lag Butterworth filter'> with a 10-Hz cut-off . . .
1416 . . Slpop is the average of the derivative of the fourth-order polynomial
frequency. Three different mathematical models were fitted to the angle . . .
. o 1627 regression of angle~torque curve across all angle ranges (10° plantar-flexion
(6)-torque (t) data as previously described: . . 4 )
(i) Second-order polynomial (SOP) model (Equation 1) to 20° dorsiflexion). The determination coefficient (R?) of the angle—torque
poiyn 4 curve fitting using SOP, FOP and SK models was also calculated. The reflex
() = at’ (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 4 is experimental constant interception of the regression line in the plotted stretch response to angular
(ii) Fourth-order polynomial (FOP) model (Equation 2) lvelocitylr) & P P
7(0) = m8* + nf® + 06* + p0 + g, (2) .
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
3)) coefficients (R?) between the three models, and post hoc analysis was performed
using Tukey’s HSD test. All variables were logarithmically transformed®® except
<(6) = .l_ea([)_o‘lﬂd‘) (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 6y, are experimental constants. correlation coefficient for the other variables were calculated to determine the
Prior to fitting Equation 1, the angle () and torque (t) 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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4
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
£
£
[0)
>
=
O
F._.
0 : .
~-10 -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, R? = 0.999
"""" Fitting using SK model, R? = 0.728
£
=3
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>
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}...
0 . .
~10 -5 0 5 10 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

66

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*=0.850+0.120; 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, Slgx and Anglegiacx 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 Slsop, 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, Slsop, Slrop, Slsk and
Anglesiack) and the injury duration (Table 2). The peak torque and
SIpop 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,>>3* 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.>>*® 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 SCL In evaluating
the extent of spasticity over time, we found no statistically significant
correlation between the stretch reflex gain and offset in the lower

67

5
20 20
T o+ T 7
£ s £ °
il § e
§ Lo e D I
£ 10F) g o © 2 0B o o
o d 8 X 5 ®
pas ] X (%3]
5 5
0 200 400 0 200 400
Duration (months) Duration (months)
0.01 0.4
=)
o3 O <
g 0.008 | E 02
E. 0,008 B .
£ o £ 0 e
3 0.004% © 9 ;’_,_,_
& boe 7 3 -02
5 0.002F O g
@ 2 °p .
0 -04 .
Q 200 400 0 200 400
Duration (months) Duration (months)
0.4 400
— = r log-log = 0.48197
g o3 g 3001 poi0
3 e = x ]
£ 8
Z 02 S 200
X @ ® ©
w 2
— o
& 01t © £ 100 _“ . e
0 ” * © o 0
o 200 400 0 200 400
Duration (months) Duration (months)
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,®-44
presumably because of the changes in proprioceptor function or
muscle atrophy. In these studies, the time-dependent decline in Mmax
may be caused by muscle atrophy, but because we did not measure
Mmax in our study, we cannot conclude that the spinal reflex
excitability in chronic SCI is maintained. Further research is needed
to clarify this relationship.

Characteristics of the mechanical properties of the paralyzed ankle
joint in SCI
Previous research!® indicates that the mathematical models used to
calculate the mechanical parameters greatly impact the experimental
result. Essentially, the change in a mechanical parameter (for example,
stiffness) varied depending on the selected mathematical model
applied to the angle-torque relation; thus, we evaluated several
mathematical models (SOP, FOP and SK) to calculate each mechanical
parameter. In this study, the peak torque and stiffness index (SIpop)
calculated from the FOP model were inversely correlated with the
injury duration. The determination coefficients for the angle-torque
data fitted with the FOP model were significantly higher than the
coefficients based on the alternative models (SOP, SK), therefore
the result (SIpop) calculated using the FOP model was deemed to be
the most reliable. Notably, Slsop, SIsk and Angleg ocx calculated using
the SOP and SK models were not significantly correlated with the
injury duration. This observation likely reflects the inappropriate data
fitting observed in some participants and the insufficient sample size;
however, the underlying mechanism is unclear.

In addition, work was not significantly correlated with injury
duration, which is consistent with a prior study asserting that work
is not a spasticity indicator.*> Furthermore, the decreased peak
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torque and Slpop over time suggest that plantar-flexor elasticity
decreases with injury duration. However, several studies have found
that the plantar-flexor passive-elasticity in the chronic SCI patients
was higher than observed in the healthy age-matched
participants.?»?6% We speculate that plantar-flexor elasticity in
SCI patients increases with immobilization during the acute stage of
injury (<1 year), and thereafter, elasticity gradually decreases over
time due in part to the muscle atrophy observed in this study. In
theory, muscle morphology influences passive tension. Thus, we
calculated the partial correlation coefficient between mechanical
parameters and injury duration to exclude effects from morpholo-
gical parameters (Table 2); significant relationships persisted,
therefore we concluded that tissue elasticity in the plantar-flexor
was involved in the mechanical parameter changes.

We cannot determine whether the muscle or tendon caused the
plantar-flexor elasticity change. Theoretically, both muscle and
tendon arranged in series can affect the total tissue stiffness,?’
a relationship that has been experimentally confirmed in the
plantar-flexors of healthy participants.!” In contrast, Diong
et al.?* observed that the Gas muscle stiffness is increased in SCI
participants, whereas Olson et al® found that the muscle
changes occur at the cell level and reflect muscle fiber trans-
formation from Type I to Type II. In addition, Maganaris*®
showed that patellar tendon CSA, stiffness, and Young’s modulus
decreased significantly in chronic (18-288 months after injury)
complete SCI patients. Overall, these studies suggest that the
tendon rather than the muscle has a primary role in the decreasing
plantar-flexor elasticity. Further research is needed to clarify the
different changes in muscle and tendon function over time
following a SCI.
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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 Relationships 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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o]

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,

DATA ARCHIVING
There were no data to deposit.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

ACKNOWLEDGEMENTS

This study was partially supported by the KAKENHI (24700581) and the
Japanese Ministry of Health, Labour, and Welfare (201224026A and
201317009A).

1 Lotta S, Scelsi R, Alfonsi £, Sailta A, Nicolotti D, Epifani P et al. Morphometric and
neurophysiological analysis of skeletal muscle in paraplegic patients with traumatic
cord lesion. Pargplegia 1991; 25: 247-252,

2 Castro MJ, Apple DF Jr, Hillegass EA, Dudley GA. Influence of complete spinal
cord injury on skeletal muscle cross-sectional area within the first 6 months of injury.
Eur J Appl Physiol Occup Physiol 1999; 80: 373-378,

3 Castro MJ, Apple DF, Staron RS, Campos GE, Dudley GA. Influence of complete spinal
cord injury on skeletal muscle within 6 mo of injury. J Appl Physiol 1999; 86:
350-358.

4 Grimby G, Broberg C, Krotkiewska |, Krotkiewski M. Muscle fiber composition in
patients with traumatic cord lesion. Scand J Rehabil Med 1976; 8: 37-42,

5 Martin TP, Stein RB, Hoeppner PH, Reid DC. Influence of electrical stimulation on the
morphological and metabolic properties of paralyzed muscle. J Appl Physiol 1992; 72:
1401-1406.

6 Olsson MC, Kriiger M, Meyer LH, Ahnlund |, Gransberg |, Linke WA et al. Fibre type-
specific increase in passive muscle tension in spinal cord-injured subjects with
spasticity. J Physiol 2006; 577: 339-352.

7 Frey-Rindova P, de Bruin ED, Stissi E, Dambacher MA, Dietz V. Bone mineral density
in upper and lower extremities during 12 months after spinal cord injury measured by
peripheral quantitative computed tomography. Spinal Cord 2000; 38: 26-32.

8 Szollar SM, Martin EM, Sartoris DJ, Parthemore JG, Deftos LJ. Bone mineral density
and indexes of bone metabolism in spinal cord injury. Am J Phys Med Rehabil 1998;
77: 28-35.

9 Biering-Sgrensen F, Nielsen JB, Klinge K. Spasticity-assessment: a review. Spinal Cord
2006; 44: 708-722.

10 Grippo A, Carrai R, Hawamdeh Z, Falsini C, Aito S, Pinto F et a/. Biomechanical and
electromyographic assessment of spastic hypertonus in motor complete traumatic spinal
cord-injured individuals. Spinal Cord 2011; 49: 142-148.

11 Nakazawa K, Kawashima N, Akai M. Enhanced stretch reflex excitability of the soleus
muscle in persons with incomplete rather than complete chronic spinal cord injury. Arch
Phys Med Rehabil 2006; 87: 71-75.

12 Kawashima N, Suzuki R, Nakazawa K, Ohta Y. Novel home-based rehabilitation device
to prevent secondary diseases for patients with spinal cord injury. 2009 IEEE Int Conf
Rehabil Robot 2009; 349-353.

13 Winter DA. Biomechanics and Motor Control of Human Movement. John Wiley &
Sons, 1990.

14 Fouré A, Nordez A, Cornu C. Effects of plyometric training on passive stiffness of
gastrocnemii muscles and Achilles tendon. EurJ Appl Physiol 2012; 112: 2849-2857.

15 Fouré A, Nordez A, Cornu C. Effects of eccentric training on mechanical properties of
the plantar flexor muscle-tendon complex. J App! Physiol 2013; 114: 523-537.

16 Nordez A, Cornu C, McNair PJ. Acute effects of static stretching on passive stiffness of
the hamstring muscles calculated using different mathematical models. Clin Biomech
2006; 21: 755-760.

17 Kawakami Y, Kanehisa H, Fukunaga T. The relationship between passive ankle
plantar flexion joint torque and gastrocnemius muscle and achilles tendon stiffness:
implications for flexibility. J Orthop 2008; 38: 269-276.

18 Sten-Knudsen O. Torsional elasticity of the isolated cross striated muscle fibre. Acta
Physiol Scand 1953; 28: 1-240.

Spinal Cord

70

19 Nordez A, Fouré A, Dombroski EW, Mariot JP, Cornu C, McNair PJ et al. improvements
to Hoang et al.'s method for measuring passive length-tension properties of human
gastrocnemius muscle in vivo. J Biomech 2010; 43: 379-382.

20 Nordez A, Casari P, McNair PJ, Cornu C. Characterization and modelling of the
musculoarticular complex mechanical behavior in passive conditions. Effects of cyclic
and static stretching. /RBM 2009; 30: 20-29.

21 Diong J, Harvey LA, Kwah LK, Clarke JL, Bilston LE, Gandevia SC et al. Gastrocnemius
muscle contracture after spinal cord injury: a longitudinal study. Am J Phys Med
Rehabil 2012; 92: 1-10,

22 Hoang PD, Gorman RB, Todd G, Gandevia SC, Herbert RD. A new method for measuring
passive length-tension properties of human gastrocnemius muscle in vivo. J Biomech
2005; 38: 1333-1341.

23 Hoang PD, Herbert RD, Todd G, Gorman RB, Gandevia SC. Passive mechanical
properties of human gastrocnemius muscle tendon units, muscle fascicles and tendons
in vivo. J Exp Biol 2007; 210: 4159-4168,

24 Diong JH, Herbert RD, Harvey LA, Kwah LK, Clarke JL, Hoang PD et al. Passive
mechanical properties of the gastrocnemius after spinal cord injury. Muscle Nerve
2012; 46: 237-245.

25 Magnusson SP, Simonsen EB, Aagaard P, Kjaer M. Biomechanical responses to
repeated stretches in human hamstring muscie in vivo. Am J Sports Med 1996; 24:
622-628.

26 Kwah LK, Herbert RD, Harvey LA, Diong J, Clarke JL, Martin JH et al. Passive
mechanical properties of gastrocnemius muscles of people with ankle contracture
after stroke. Arch Phys Med Rehabil 2012; 93; 1185-1190.

27 Diong JHL, Herbert RD, Kwah LK, Clarke JL, Harvey LA. Mechanisms of increased
passive compliance of hamstring muscle-tendon units after spinal cord injury. Clin
Biomech 2012; 27: 893-898.

28 Marquardt D. An algorithm for least-squares estimation of nonlinear parameters. J Soc
Ind Appl 1963; 151. 859-860.

29 Emi T, Dietz V. Obstacle avoidance during human walking: learning rate and cross-
modal transfer. J Physiol 2001; 534: 303-312.

30 Gorgey AS, Dudley GA. Spasticity may defend skeletal muscle size and composition
after incomplete spinal cord injury. Spinal Cord 2008; 46: 96-102.

31 Ashworth B. Preliminary trial of carisoprodol in multiple sclerosis. Practitioner 1964;
192: 540-542.

32 Bohannon R, Smith M. Interrater reliability of a modified Ashworth scale of muscle
spasticity. Phys Ther 1987; 67: 206-207.

33 Ghotbi N, Ansari NN, Naghdi S, Hasson S, Jamshidpour B, Amiri S. Inter-rater reliability
of the Modified Modified Ashworth Scale in assessing lower limb muscle spasticity.
Brain Inj 2009; 23: 815-819.

34 Rekand T. Clinical assessment and management of spasticity: a review. Acta Neurol
Scand 2010; 122: 62-66.

35 Malhotra S, Pandyan AD, Day CR, Jones PW, Hermens H. Spasticity, an
impairment that is poorly defined and poorly measured. Clin Rehabil 2009; 23:
651-658.

36 Fleuren KS, Voerman GE, Erren-Wolters CV, Snoek GJ, Rietman JS, Hermens HJ et al.
Stop using the Ashworth Scale for the assessment of spasticity. J Neurol Neurosurg
Psychiatry 2010; 81: 46-52.

37 Benz EN, Hornby TG, Bode RK, Scheidt RA, Schmit BD. A physiologically based
clinical measure for spastic reflexes in spinal cord injury. Arch Phys Med Rehabil 2005;
86: 52-59.

38 Pelletier CA, Hicks AL. The length-tension relationship of human dorsiflexor and
plantarflexor muscles after spinal cord injury. Spinal Cord 2010; 48: 202-206.

39 Stein RB, Gordon T, Jefferson J, Sharfenberger A, Yang JF, de Zepetnek JT et al.
Optimal stimulation of paralyzed muscle after human spinal cord injury. J App/ Physiol
1992; 72: 1393-1400.

40 Thomas C. Contractile properties of human thenar muscles paralyzed by spinal
cord injury. Muscle Nerve 1997; 20: 788-799.

41 Huang C-Y, Wang C-H, Hwang I-S. Characterization of the mechanical and neural
components of spastic hypertonia with modified H reflex. J Electromyogr Kinesiol 2006;
16: 384-391.

42 Calancie B, Broton JG, Klose KJ, Traad M, Difini J, Ayyar DR. Evidence that
alterations in presynaptic inhibition contribute to segmental hypo- and hyperexcitability
after spinal cord injury in man. Electroencephalogr Clin Neurophysiol 1993; 89:
177-186.

43 Murillo N, Kumru H, Vidal-Samso J, Benito J, Medina J, Navarro X ef al. Decrease of -
spasticity with muscle vibration in patients with spinal cord injury. Clin Neurophysiol
2011; 122: 1183-1189.

44 Boorman Gl, Lee RG, Becker WJ, Windhorst UR. Impaired ‘natural reciprocal inhibition’
in patients with spasticity due to incomplete spinal cord injury. Electroencephalogr Clin
Neurophysiol 1996; 101 84-92.

45 Akman MN, Bengi R, Karatas M, Kilin¢ S, Sézay S, Ozker R. Assessment of spasticity
using isokinetic dynamometry in patients with spinal cord injury. Spinal Cord 1999; 37:
638-643.

46 Mirbagheri MM, Barbeau H, Ladouceur M, Kearney RE. Intrinsic and reflex stiffness
in normal and- spastic, spinal cord injured subjects. Exp Brain Res 2001; 141:
446-459.

47 Cook CS, McDonagh MJ. Measurement of muscle and tendon stiffness in man. Eur J
App! Physiol Occup Physiol 1996; 72: 380-382.

48 Maganaris CN, Reeves ND, Rittweger J, Sargeant AJ, Jones DA, Gerrits K et al. Adaptive
response of human tendon to paralysis. Muscle Nerve 2006; 33: 85-92.



I'Or personail use omy.

Journal of Pain & Palliative Care Pharmacotherapy. 2015;Early Online:1-6.
Copyright (© 2015 Informa Healthcare USA, Inc.

ISSN: 1536-0288 print / 1536-0539 online

DO 10.3109/15360288.2014.1003674

informa

healthcare

ORIGINAL ARTICLE

Minocycline Does Not Decrease Intensity of Neuropathic
Pain, but Improves Its Affective Dimension

Masahiko Sumitani,! Hiroshi Ueda,? Jun Hozumi,?> Reo Inoue,’> Takamichi Kogure,?
Toru Ogata,* and Yoshitsugu Yamada?

ABSTRACT

Purpose: Recent understanding of the neuron—glia communication shed light on an important role of microglia
to develop neuropathic pain The analgesic effect of minocycline on neuropathic pain is promising but it remains
unclear in clinical settings. Methods: The study included 20 patients with neuropathic pain of varied etiologies.
We administered 100 mg/day of minocycline for 1 week and then 200 mg/day for 3 weeks, as an open-label
adjunct to conventional analgesics. An 11-point numerical rating scale (NRS) and the short-form McGill Pain
Questionnaire (SF-MPQ) were used to evaluate pain severity. The data were collected at baseline and after 4
weeks of therapy and analyzed using the Wilcoxon signed-rank test. Results: All except two patients tolerated
the full dose of minocycline. There was no significant improvement in the scoring of NRS (5.6 + 1.2 at baseline vs.
5.3 + 1.9 at 4 weeks; p = .60). The total score of the SF-MPQ decreased significantly (17.2 & 7.4 vs. 13.9 & 9.6;
p = .02), particularly in the affective subscale (4.4 + 2.7 vs. 3.3 4 3.6; p = .007) but not so in the sensory subscale
(12.8 £ 5.2 vs. 10.6 =+ 6.2; p = .06). Conclusion: Minocycline failed to decrease pain intensity but succeeded in

reducing the affective dimension associated with neuropathic pain.

KEYWORDS neuropathic pain, minocycline, microglia, SF-MPQ

INTRODUCTION

Chronic pain is characterized by enhanced sensory
neurotransmission that underlies increased sensitivity
to noxious stimuli (i.e., hyperalgesia) and the percep-
tion of non-noxious stimuli as painful (i.e., allodynia),
and its related affective disorders. Neuropathic pain is
one of the most debilitating chronic pain conditions
that considerably affects the activities of daily living
(ADL) and the quality of life (QoL) of patients.! Sev-
eral strategies are used in the clinical treatment of
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neuropathic pain; however, it is often resistant to ther-
apy and pain intensity remains severe. Therefore, the
search for novel treatments continues.
Pharmacological treatments of neuropathic pain
have primarily targeted neurons, including the ax-
ons and dendrites. And thereby, some adverse ef-
fects (e.g., somnolence), related to restraint of neu-
ronal activity, cannot be avoided, although they have
limited analgesic efficacy. Recent advances in the
understanding of the neuron—glia communication
shed light on an important role of microglia in the
spinal dorsal horn for the development and persis-
tence of neuropathic pain.? Microglia are primary im-
mune sentinels of the central nervous system (CNS).
Pain arising from neuronal injury enhances the re-
lease of pro-nociceptive mediators (e.g., ATP, glu-
tamate, cytokines, and neurotrophic factors) and
activates both neurons and microglia in the spinal
dorsal horn. Following the nerve injury, activated mi-
croglia further produce pro-nociceptive neurotrans-
mitters (e.g., NO, cytokines, and chemokines), all of
which promote synaptic transmission. This process
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of neuron—glia communication ultimately leads to
increased excitability of the spinal dorsal horn neu-
rons and causes the sensation of persistent pain in the
absence of continuous noxious stimuli to the tissue.’
Once microglia are activated, the neuron—microglia
communication maintains this vicious process and
prolongs neuropathic pain.*

Numerous physiological and pharmacological
studies have succeeded in attenuation of neuro-
pathic pain by using a variety of molecules that
target inhibition of microglial activation through
suppression of divergent purinergic receptors (e.g.,
P2 X 4, P2Y12) on the microglial surface.> Among
these, minocycline is a lipophilic molecule absorbed
rapidly and readily across the blood-brain barrier. In
addition to its actions as an antibiotic, minocycline
has neuroprotective and anti-inflammatory effects in
the CNS, probably due to its potent and preferential
inhibitory action on the microglia rather than neu-
rons. The mechanism of action of minocycline on the
microglia is multifaceted;® but for example, previous
studies have shown that its inhibitory effect on
microglia activation attenuates the development of
hypersensitivity in rat models of neuropathic pain.*’
Moreover, because of neuroprotective properties,
minocycline can restore locomotor property in the
model of spinal cord injury and reduce the lesion size
after injury, indicating the ability to prevent neuronal
apoptosis in the injury site.®? Apoptosis of spinal
dorsal horn neurons was reported in patients with
post-herpetic neuralgia, even though it is a peripheral
neuropathic pain condition.!®

Considering the above data, the analgesic effect of
minocycline is promising but it remains still unclear
whether it will be clinically useful in the treatment
of neuropathic pain. To elucidate this question, the
present study was designed to investigate the anal-
gesic effect of minocycline in patients with neuro-
pathic pain.

MATERIALS AND METHODS

The study was approved by an institutional ethical
review board and registered in the University Med-
ical Information Network (UMIN), which is one of
data center as public institution in Japan (trial ID:
UMIN000008594).

Subjects

The study included 20 patients with the diagnosis
of neuropathic pain recruited from our outpatient
clinic. Diagnosis of neuropathic pain was established
for each patient by their pain specialist based on the
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available diagnostic grading system.!! The inclusion
criteria were as follows: (1) diagnosis of neuropathic
pain (irrespective of its origin); (2) mean pain inten-
sity in the past week of >4 on an 11-point numeri-
cal rating scale (INRS) (where 0 stands for no pain,
and 10 for worst possible pain); (3) pain duration
>3 months; and (4) age between 20 and 80 years.
Patients with slight or more clinically relevant cogni-
tive dysfunction and those with a history of allergy
to tetracycline antibiotics were excluded. All patients
gave written informed consent to participate in the
study.

Minocycline Treatment

All patients took a stable dose of analgesics, including
gabapentinoids, tricyclic antidepressants, opioids and
others, for at least 1 month before baseline screen-
ing. Next, they started an open-label treatment with
minocycline. Participants were required to continue
the same dose of analgesics throughout the study. Af-
ter baseline assessment, minocycline treatment was
initiated according to the following titration schedule:
50 mg orally twice a day (daily dose, 100 mg) for the
first week, and 100 mg orally twice a day (daily dose,
200 mg) for 3 weeks. At the end of the first week,
patients were screened for any side effects of minocy-
cline.

Treatment was continued providing that the pa-
tients gave their consent and accepted potential com-
plications.

Evaluation of Neuropathic Pain

We evaluated pain intensity using an 11-point NRS
and the Japanese version of the short-form McGill
Pain Questionnaire (SF-MPQ). The total score and
both sensory and affective subscales of the SF-MPQ
were used. ADL were assessed by the Japanese ver-
sion of the Brief Pain Inventory (BPI). Because dif-
ferent characteristics of pain description can indi-
cate different underlying mechanisms,'? we evaluated
seven pain characteristics (burning sensation, tin-
gling or prickling sensation, tactile allodynia, elec-
tric shock-like pain attacks, thermal allodynia, numb-
ness, and hyperpathia) on a 6-point scale (0 = never,
1 = hardly noticed, 2 = slightly, 3 = moderately,
4 = strongly, and 5 = very strongly) for speculating
the analgesic mechanism(s) by minocycline. To eval-
uate pain characteristics, we took an example from
the rating system of PainDETECT.!? PainDETECT
is a screening questionnaire that describes all the
seven characteristics as specific for neuropathic pain
and has been confirmed to screen for a neuropathic
pain component from a variety of pain complaints.
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All of the above measures were conducted twice:
at baseline and after 4 weeks of minocycline therapy.
The primary outcome measure of the present study
was a decrease in the NRS score of more than 30%,
because it is known that a decrease in pain intensity
of at least 30% can lead to the improvement of gen-
eral health status of patients with chronic pain.!* All
data were expressed as means =+ standard deviation.
We used the Wilcoxon signed-rank test to compare
between parameters at baseline and those at 4 weeks.
The level of statistical significance was set at a p-value
of less than 0.05.

Since minocycline has been reported to reverse
opioid-induced antinociceptive tolerance,’” we di-
vided patients into two groups (those who used opi-
oid analgesics vs. those who did not). Using the
Mann-Whitney test, we compared the two groups in
terms of a percent decrease in the NRS score caused
by minocycline.

RESULTS

Of 20 patients, 2 dropped out of the study. One
patient was a 77-year-old woman with postherpetic
neuralgia who suffered from severe allergic skin rash
3 days after starting minocycline. She was treated
with oral steroids for 2 weeks and the rash dis-
appeared completely. The other patient was a 76-
year-old man with chronic inflammatory demyelinat-
ing polyneuropathy who complained of nonspecific
hoarseness and showed poor medication compliance
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at the end of the first week. The remaining 18 pa-
tients tolerated the full dose of minocycline (100 mg/d
for 1 week and 200 mg/d for 3 weeks) (6 patients
had post-brachial plexus avulsion injury pain, 2 post
herpetic neuralgia, 1 thalamic pain, 1 median nerve
injury, 1 phantom limb pain after amputation, 1
spinal cord injury, 1 lumbar radicular nerve injury, 1
chemotherapy-induced polyneuropathy, 3 failed back
surgery syndrome, and 1 caudal neurinoma). No ad-
verse events were observed in these patients; thus,
our final analysis included these 18 patients with neu-
ropathic pain. Their demographical data as well as
the results of the outcome measures are presented in
Table 1.

There was no significant change in pain intensity
after minocycline therapy (5.6 + 1.2 at baseline vs.
5.3 + 1.9 at 4 weeks; p = 0.60). The total scores of
BPI were also comparable before and after treatment
(31.3 £ 13.9 vs. 27.9 £ 18.0; p = 0.23). The total
score of the SF-MPQ decreased significantly (17.2 =+
7.4vs. 13.9 £ 9.6; p = 0.02), particularly in the affec-
tive subscale (4.4 4 2.7 vs. 3.3 &£ 3.6; p = 0.007) but
not so in the sensory subscale (12.8 + 5.2 vs. 10.6 =+
6.2; p = 0.06). Of 7 pain characteristics, only thermal
allodynia improved significantly (1.6 £ 1.4vs. 1.0 &
1.1; p = 0.02). The remaining six characteristics did
not improve after minocycline therapy (Table 1).

Simultaneous use of opioids and minocycline did
not significantly relieve pain. In the group with opioid
use (n = 9), we observed a decrease in the NRS of
5.5% -+ 37.8%, and in that without opioid use (n =
9), it was 14.9% =+ 22.2% (p = 0.23).

TABLE 1. Demographic and clinical data of participants with neuropathic pain
Pre Post p-value**

No. of patients* 18 18

Male: Female 14:4

Age (¥) 58.5+13.9

Duration of pain (wk) 109.6 =94.8

Pain intensity (NRS) 56+1.2 53+1.9 0.60

BPI . 31.34+13.9 27.9+18.0 0.23

SF-MPQ Total 17.2+7.4 13.9+9.6 0.02
Sensory 12.84+5.2 10.6 £6.2 0.06
Affective 44427 33436 0.007

Pain characteristics Burning 22+1.6 19+1.1 0.22
Tingling/prickling 27+13 25+1.2 0.53
Tactile allodynia 1.8+1.0 19+1.1 0.85
Electric shock-like 25+1.4 23+14 0.45
Thermal allodynia 1.6+11.4 1.04+1.1 0.02
Numbness 29+1.9 28+1.6 0.61
Hyperpathia 19+14 1.8+1.4 0.93

*Initially, 20 patients were enrolled into the study; 2 patients dropped out during the study and their data were not included in the table.

**Statistical analyses were conducted by the Wilcoxon signed-rank test.

NRS = Numerical Rating Scale; BPI = Brief Pain Inventory; SF-MPQ = short-form McGill Pain Questionnaire

© 2015 Informa Healthcare USA, Inc.
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DISCUSSION

In the present study, minocycline did not reduce the
intensity of neuropathic pain, as measured by the
NRS. Likewise, a recent study found that minocy-
cline improves neuropathic pain, which is naive to
analgesics other than nonsteroidal anti~-inflammatory
drugs and acetaminophen, compared to placebo but
its effect size is very small, and concluded that
minocycline is not likely to be clinically meaningful.!®
Several studies involving animal pain models indi-
cated that minocycline could exert an analgesic effect
on neuropathic pain when given preemptively or im-
mediately after neural injury, but the same effect was
not observed at longer times after injury.*”-® This sug-
gests that there may be a therapeutic time window for
postinjury administration of minocycline. Prescribing
minocycline at the initiation of neuropathic pain can
prevent prolonged pain. In clinical practice, most pa-
tients with neuropathic pain, including those in our
study, seek treatment only after the signs and symp-
toms of pain have developed. The time point when
minocycline was administered to our patients was
probably not within the therapeutic time window.

The majority of studies involving animal pain mod-
els focused on the measures of hypersensitivity and al-
lodynia subsequent to tissue or nerve injury. Among
these, both tactile and thermal allodynia have been
reported to be attenuated by minocycline.*”'” In our
study, minocycline did not reduce tactile allodynia
but improved thermal allodynia. Thus, our data from
humans are not in line with the previous findings in
animals. At the level of nerve conduction and neu-
rotransmission, the underlying mechanisms of tactile
and thermal allodynia are different, which may ex-
plain the differences in analgesic action of minocy-
cline on neuropathic pain in human subjects. Another
explanation might be that thermal allodynia was the
least impaired of all seven characteristics evaluated in
this study, and hence it might be most responsive to
minocycline.

Minocycline has also been reported to reverse
opioid-induced antinociceptive tolerance,'® which
is considered to share some common pathological
mechanisms with neuropathic pain. These mecha-
nisms possibly explain why opioid analgesics show
the ceiling effect on neuropathic pain.'® In our study,
minocycline was less effective in patients who used
opioid analgesics compared with those who did not.
Our study did not show any clinical evidence that
minocycline can reverse opioid-induced antinocicep-
tive' tolerance. The development of opioid-induced
antinociceptive tolerance can be prevented if minocy-
cline is administered at the adequate stage.'® The
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time point when minocycline was administered to our
patients was probably not within the therapeutic time
window.

Pain is defined as “an unpleasant sensory and emo-
tional experience associated with actual or potential
tissue damage, or described in terms of such dam-
age” (by The International Association for the Study
of Pain). Thus, pain always has two aspects: sen-
sory and affective. In the present study, minocycline
did not decrease pain intensity but improved neuro-
pathic pain-associated affective disorders. In several
studies on animal pain models, affective disorders,
such as depression and anxiety, were improved by a
pharmacological treatment, and the results were di-
rectly related to particular brain regions (e.g., ante-
rior cingulate cortex and amygdala).?’ Our findings
indicate that minocycline works mainly at the supra-
spinal level. Supporting evidence comes from several
reports that minocycline has a potential to protect
cerebral damage in multiple sclerosis and Parkinson’s
disease,® and that it can normalize neuronal dys-
function in schizophrenia. In particular, minocycline
improved not only positive symptoms (i.e., halluci-
nation, delusion, and catatonia) but also negative af-
fective symptoms (i.e., depression and flattening of
emotion) of schizophrenia.?! Previous basic studies
reported that neuropathic pain occurred after mi-
croglial activation in the spinal cord, and, what fol-
lows, minocycline attenuated neuropathic pain by in-
activating spinal microglia. However, those studies
did not investigate the microglia in the supra-spinal
CNS, and our clinical findings require basic research
to reveal the close associations between neuropathic
pain, affective disorders, and microglia.

To adequately control chronic pain in the clinical
setting, it is vital for healthcare professionals to ed-
ucate patients on how to cope with chronic pain.??
For example, cognitive behavioral therapy sometimes
fails to decrease pain intensity but usually succeeds
in reducing distress associated with chronic pain and
improving ADL and QoL in the long term.?* Thus,
minocycline might become a novel trearment for neu-
ropathic pain, in that it could be used as a pharma-
cological pain-coping strategy. Of note, some of our
patients expressed a wish to continue minocycline at
the end of the study, although they recognized that it
did not satisfactorily decrease pain intensity.

Our findings have to be interpreted with caution
owing to a number of limitations of the study, in-
cluding an open-label design, lack of a control group,
and a small sample size, in addition to no signifi-
cant improvement in the ADL. However, our results
may possibly lead to novel basic-science insight into
the mechanisms of neuropathic pain and associated
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affective disorders because pain is both sensory and
affective experience. What follows, our findings may
indicate the necessity to consider the sensory and af-
fective aspects of pain separately in clinical settings.
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Implication statement

Microglia in the spinal dorsal horn play an im-
portant role for the development of neuropathic
pain. Minocycline modulates microglial activation
and its inhibitory effect on microglia attenuates neu-
ropathic pain. In neuropathic pain patients, minocy-
cline failed to decrease pain intensity but succeeded
in removing the distress associated with neuropathic
pain.
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