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Abstract

The purpose of this study was to evaluate the efficacy of therapeutic
electrical stimulation (TES) designed to enhance quadriceps femoris muscle
(QFM) recovery in patients following anterior cruciate ligament (ACL) ‘
reconstruction with a patellar tendon graft. Twenty-four patients were
randomly assigned into two groups, an experimental group (n=12) and a
control group (n=12). During the initial 12 postoperative weeks, all patients
followed a standard rehabilitation program. In addition, the experimental
group received treatment with TES for 6-8 hours, 5 nights per week. QFM
isokinetic peak torque, work and mean power were measured in both limbs
at 60°/sec. and 180°/sec. along with the neural activation (iIEMG) and median
power frequency (MED) of the vastus medialis and vastus lateralis muscles,
preoperatively, and at 6 and 12 weeks postoperatively. All measurements
were standardized as a percentage of the uninjured QFM. Results indicate
that postoperatively, isokinetic peak torque, work and mean poWer were
significantly reduced (p<0.01) in the injured QFM when measured at either
speed, both at 6 weeks and 12 weeks when compared to preoperative
values. Vastus lateralis muscle iEMG activity was significantly reduced at 6
(p<0.01) and 12 weeks (p<0.05) postoperatively. However, no significant
reductions in the vastus medialis iIEMG activity were observed at either
speed, both at 6 weeks and 12 weeks postoperatively. The MED had shifted
to lower frequencies in both the vastus lateralis (p<0.01) and vastus medialis
(p<0.05) muscles when measured at 6 weeks. However, by 12 weeks
postoperatively, the MED of the vastus lateralis had returned to within
preoperative values, while the vastus medialis shift in MED persisted (p<0.05).
No significant differences were observed between the control and
experimental groups in terms of maximal isokinetic torque measurements

and activation of the vastus lateralis and vastus medialis muscles throughout



the study period. In conclusion, TES in addition to rehabilitation, provided no
extra benefit in terms of improving the recovery of the QFM during the early

postoperative phase in patients who have undergone ACL reconstruction

with a patellar tendon graft.



Résumé

Avec l'émergence des voyages spatiaux, plusieurs adaptations
physiologiques ont été recensées en état d’apesanteur. L’apesanteur dans
I'espace décroit I'activité et le chargement mécanique des muscles les plus
importants pour déplacer et supporter le poids du corps, dans le but de
maintenir une posture droite. Ces muscles, principalement les groupes
musculaires des membres inférieurs, sont appelés muscles supporteurs du
poids ; en réponse a une utilisation réduite, ils s’affaissent et dépérissent, ou
s'atrophient. Les changements incluent une réduction de la grosseur du
muscle [59, 60], la décomposition des protéines musculaires [61], la
réduction de la force [69, 70] et de I'endurance [60] musculaires, de méme
que des changements dans les types de fibres présentes dans les muscles
[61]. La faiblesse et le mauvais fonctionnement musculaires survenant suite a
une exposition aux vols spatiaux référent communément a latrophie
musculaire fontionnelle induite par microgravité (l'atrophie musculaire
fonctionnelle signifie une réduction du volume des muscles liée a I'inactivité).

Aucun de ces changements ne présente un probléme pour les
astronautes tant et aussi longtemps qu'ils n’effectuent que de légers travaux.
Pour les astronautes, le probléme devient critique lorsqu’ils reviennent sur
terre et que les muscles affaiblis sont de nouveau soumis a la force de gravité
intégrale. Dans une situation d’urgence, les individus aux muscles affaiblis
seraient moins aptes a répondre rapidement ou a utiliser la force musculaire.

A présent, latrophie musculaire fonctionnelle des muscles des
membres inférieurs induite par microgravité demeure un sérieux probléme
pour les astronautes qui poursuivent un vol spatial prolongé. Des contre-
mesures comme l'exercice physique [91] peuvent aider au maintien de la

force et des fonctions musculaires; toutefois, I'exercice seul est insuffisant



pour prévenir I'excés en perte musculaire. Ainsi, il est nécessaire de
développer des solutions plus efficaces.

La présente recherche a été entreprise afin d’évaluer I'efficacité de la
stimulation électrique thérapeutique (SET) pour minimiser l'atrophie
musculaire fonctionnelle et le mauvais fonctionnement musculaire chez des
patients ayant subi une reconstruction du ligament croisé antérieur (LCA). Le
LCA est fréquemment lésé au cours de pratiques sportives. Une atrophie et
un affaiblissement significatifs du groupe musculaire du quadriceps femoris
(GMQF) survient suite a la reconstruction du LCA [131] et s'applique aux
adaptations neuromusculaires survenant chez les astronautes suite a une
exposition prolongée en état d’apesanteur.

L’objectif de cette recherche était d’entreprendre des expériences
préliminaires afin de déterminer le paradigme de stimulation le plus efficace
pour minimiser l'atrophie musculaire fonctionnelle des membres inférieurs
induite par microgravité chez les astronautes. Le recours a des patients ayant
subi une reconstruction du LCA fournit un modéle adéquat servant a étudier
les traitements pouvant minimiser de tels déficits des fonctions musculaires.

Au total, 24 patients ont été assignés au hasard dans deux groupes,
soit un groupe expérimental (n=12) ou un groupe controle (n=12), suite a la
reconstruction du LCA grace a une greffe du tendon patellaire. Durant les 12
semaines suivant l'opération, tous les patients ont suivi un programme
standard de réhabilitation. De plus, le groupe expérimental a recu un
traitement par SET pendant six & huit heures, et ce cing soirs par semaine. Le
torque maximal isocinétique du GMQF, le travail et la puissance moyenne
ont été mesurés dans les deux membres inférieurs & 60°/sec et a 180°/sec,
en plus de Vactivation neurale (iEMG) et de la fréquence de la puissance
médiane (MED) des muscles vastus medialis et vastus lateralis, avant

I'opération et a six et 12 semaines aprés I'opération. Toutes les mesures ont



été standardisées en pourcentage du GMQF sain. Les résultats indiquent
qu’aprés l'opération, le torque maximal isocinétique, le travail et la puissance
moyenne étaient significativement réduits (p<0,01) dans le GMQF Iésé, et ce
pour les deux vitesses, & six et & 12 semaines, comparativement aux valeurs
préopératoires. L'activité EMG du muscle vastus lateralis était
significativement réduite a six (p<0,01) et a 12 semaines (p<0,05) suite a
I'opération. Toutefois, aucune réduction significative de I'activit¢ iIEMG du
vastus medialis n'a été observée, et ce pour les deux vitesses, a six et a 12
semaines aprés I'opération. Le MED est passé a des fréquences plus basses
dans les muscles vastus lateralis (p<0,01) et vastus medialis (p<0,05) lorsque
mesurée A six semaines. Cependant, 12 semaines aprés I'opération, le MED
du vastus lateralis était revenu aux valeurs préopératoires, alors que le
changement de MED du vastus medialis persistait (p<0.05). Aucune
différence significative n’a été observée entre les groupes controle et

expé’rimental en terme de mesures du torqué maximal isocinétique et |
d’activation des muscles vastus lateralis et vastus medialis tout au long de
I'étude. En conclusion, la SET combinée a la réhabilitation n’a pas fourni de
bénéfice supplémentaire en terme d’amélioration de la récupération du
GMQF au début de la phase postopératoire chez des patients ayant subi une

reconstruction du LCA grace a une greffe du tendon patellaire.
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Review of Literature

Muscular weakness and dysfunction arising from exposure to
spaceflight is often termed “disuse atrophy” in much of the scientific
literature.  Spaceflight results in inadequate mechanical loading
(hypodynamia) as generated by the weightless environment which in turn
leads to decreased usage of the skeletal musculature. In combination with
the removal of postural stimuli are reductions in motor activity (hypokinesia)
of the antigravity musculature. Both mechanisms contribute to the atrophy
seen in muscle exposed to prolonged spaceflight. The term “disuse”, in this
case, is unsuitable considering it refers to the discontinuance or cessation of
muscle activity. Therefore, “underuse-related atrophy” is more appropriate
terminology for the atrophic changes accompanying exposure to the
hypodynamia and ensuing hypokinesia of spaceflight.

Underuse-related-atrophy is characterized by several neuromuscular
adaptations that have been demonstrated in numerous ground-based
investigations using models of mechanical unloading or simulated
weightlessness, or both. In animals, the most commonly used models are
joint immobilization and hindlimb suspension. In humans, joint
immobilization, unilateral lower limb suspension (ULLS) and bedrest are
frequently used to study the effects of unloading of the musculoskeletal
system.

This review of the scientific literature will include the most recent
findings using models of underuse-related-atrophy to characterize the
neuromuscular adaptations to unloading and spaceflight. Comparisons
between the results using different models, a list of possible mechanisms and
proposed countermeasures will also be considered. Comprehensive tables
reviewing the recent scientific literature relevant to each section are

included. The tables include a brief description of the methodology,
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significant results and comments on the major contributions of each study.
Each section in turn, offers a brief description of the general findings

presented in the corresponding table.

Part I: Structural and Functional Adaptations of Skeletal Muscle to
Non-Weight-Bearing Activity in Animal Models

Atrophy of skeletal muscle during periods of
unweighting/weightlessness are simply part of an adaptive process
responding to a new physiological state. Chronic reduction of gravitational
load on the hindlimb muscles having primarily an extensor/antigravity
function such as the soleus (Sol), adductor longus (AL), medial gastrocnemius
(MQ), plantaris (PL), and vastus intermedius (VI) undergo atrophic responses
to a greater extent than muscles having a primary flexor function like the
tibialis anterior (TA) and extensor digitorum longus (EDL). Furthermore, fibre
type composition of a muscle plays a role Ain determining the degree of
response. Those muscles having a higher proportion of slow twitch oxidative
fibres, as in the Sol, demonstrate a larger amount of atrophy in comparison to
muscles with a lower proportion of this fibre type. Accompanying this
atrophic response, a large portion of the slow twitch fibres in a postural
muscle express fast myosin isoforms [1-3]. This transformation is largely
manifested as hybrid fibers in which both slow (type I) and fast (type i)

myosin heavy chain (MHC) are coexpressed in a given fibre [4].

Morphological Observations

Muscle fibre types are distinguished on the basis of their myofibrillar
ATPase activity and in the older literature they are distinguished by their

oxydative potential using selected key enzymes of anaerobic or aerobic
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metabolism. Muscle fibres are classified as one of the following types: type |,
type IA and type IIB which correspond to approximately slow twitch
oxidative (SO), fast twitch oxidative glycolytic (FOG), and fast twitch
glycolitic (FG) in the old literature [5, 6]. Slow-twitch motor units contain SO
fibres while fast-twitch motor units contain either FOG or FG fibres. Under
normal physiological conditions, a given fibre is composed of myosin heavy
chain (MHC) isoforms, where SO fibres contain slow (type 1) MHC, FOG
fibres contain fast (type lla) MHC and FG fibres contain fast (type lib) MHC.
Postural muscles have a high proportion of SO fibres whereas fast muscles
have a higher proportion of FG and FOG [5, 6].

Joint immobilization leads to profound atrophy of the muscles that
function around the joint. Atrophy is generally defined as a decrease in
muscle mass associated with a reduction in whole muscle cross-sectional
area. The extent of atrophy is dependent on numerous factors namely:
species, fibre type compbsition of muscle, duration of immobilization and
position of joint fixation. All these factors have been extensively examined in
animal models where direct measurements of muscle weights are obtained at
the end of the study. A review of the recent literature regarding the
morphological changes induced by models of mechanical unloading in
animals is presented in Table I.

To summarize, the rate of atrophy is rapid following the onset of
immobilization, (within the first 2-3 weeks), and then appears to proceed
more gradually until a new steady-state is achieved [7, 8]. [n terms of
absolute muscle weight, a greater degree of atrophy arises in the Sol, a slow-
twitch (ST) extensor muscle, compared to the EDL and the superficial region
of the vastus lateralis (SVL), which happen to be fasttwitch (FT) muscles [7,
8].
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Immobilization, spinal isolation, cord transection and tetrodotoxin
(TTX) treatment are all models designed to simulate the effects of
weightlessness. While these models yield atrophic responses in the skeletal
musculature, they are limited as simulations of weightlessness because they
utilize restriction in limb mobility, unnatural limb positioning at different
lengths or removal of electrical neural input. In contrast, suspension models
including whole-body and tail suspension more realistically simulate the
combination of hypokinesia - and hypodynamia experienced during
spaceflight. Unlike limb casting or denervation, suspension models permit a
full range of voluntary contractions and the freedom to maintain normal
resting lengths.

Hindlimb suspension (HS) is commonly used to simulate the
combined hypokinesia and hypodynamia experienced during weightlessness.
In this model, the hindlimbs are not permitted to touch the ground and the
gravitational force of the body weight is removed from the hindlimbs.
Compa‘rablé with immobilization, data from HS studies show that atrophic
responses of the hindlimb musculature appear early, but to varying degrees
among the different muscles where ST extensor muscles are primarily
affected over FT muscles.

Briefly, as early as 3 days, a significant (14%) loss in relative Sol mass
(mg/100g body wt) is observed [9] and the amount of atrophy continues to
increase with a final 27-29% reduction in Sol mass after 7 days of HS [10,
11]. Atrophic responses appear to slow down and by the end of the second
week, Sol mass is comparable to that seen after one week of HS [12]. In
contrast, the MG, a FT extensor, exhibits a lesser response with a 10-19%
drop in relative mass after 1-2 weeks of HS [10-12]. In comparison to
extensors, flexor muscles appear to be more resistant to the effects of HS

where little or no significant change in muscle mass is observed [9, 10, 12].
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Cross-sectional area (CSA) measurements of individual muscle fibres
offer a direct and fairly accurate method for estimating the amount of
atrophy. Both type | and Il fibres demonstrate significant atrophy as measured
by fibre cross-sectional area (FCSA). However, type | fibres, predominently
found in ST muscles, tend to be more atrophied in comparison to the type II
fibre population [13, 14]. For example, both the Sol and AL muscles exhibited
reductions in mean FCSA of both fibre types but the response was greater in
the type | fibre population after 2 weeks of HS [13, 14].

Myosin isoforms (MHC) of individual fibres, categorized on the basis
of immunohistochemical reaction, have been classified as slow type | and fast
type lla, lix and Iib. Phenotypic MHC expression is modulated by the amount
of gravitational loading where, in the absence of weight bearing activity, the
incidence of type lix MHC expression (a transitory fast MHC isoform)
increases in the preexisting type | and lla fibres of the soleus muscle [4].

Based on myosin isoform (MHC) expression, significant alterations in
fibre fype distribution following HS have primarily been observed in the Sol
muscle, composed predominantly of type | MHC in the rat. To briefly
summarize, evidence suggests that the Sol muscle demonstrates a significant
shift in its MHC profile from predominantly slow (type |) MHC towards a fast
(type Il) MHC expression [2]. After 2 weeks of HS, a 7% decrease in fibres
expressing type | MHC was counterbalanced with a similar increase in fibres
expressing both type | and Il MHCs, commonly referred to as hybrid fibres
[15]. In addition, Talmadge et al. [4] observed a 26% increase in fibres
expressing multiple MHC isoforms following HS, suggesting a transition
sequence of MHC isoform expression from type [—>lla—lIx—Ilb may occur in
the Sol in response to unloading by HS.

Therefore, numerous investigations examining the effects of unloading

on fibre type distribution within the rat soleus have consistently reported
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increases in the percentage of fibres expressing type Il phenotypes and an
augmented presence of hybrid fibres at the expense of the type | fibre
population, with the magnitude of the response being dependent on the
duration of HS [4, 15-19].

Protein Composition

The reported reductions in muscle mass and FCSA are accompanied
by alterations in the protein composition of the unweighted muscles.
Generally speaking, muscles are composed of 75% water and 20% protein,
with 60% of the total protein content attributed to the myofibrillar proteins. A
review of the recent data on protein composition during models of unloading
in the rat are presented in Table II.

In general, marked reductions in total protein content (mg/muscle)
following periods of unweighting are observed in ST skeletal muscle to a
greater extent than FT skeletal muscle [20, 21]; thus resembling the changes
in muscle mass. For example, corresponding with the observed reductions in
absolute Sol muscle mass, Savolainen [20] reported losses of 23% and 43%
in total protein content per Sol muscle pair after 1 week and 3 weeks of
immobilization, respectively [20]. Likewise, at 10 days of HS, a 31% loss in
absolute Sol mass was accompanied by a matching reduction in total protein
content [22].

Owing to the fact that proportionally, myofibrillar proteins make up
the largest fraction of total muscle protein content, observed decrements in
overall ‘content are reflected in the preferential loss of myofibrillar proteins.
For example, Linderman et al. [21] noted a 26% decrement in the myofibrillar
protein content of the gastrocnemius muscle following 5 days of HS, whereas

no observed losses were reported in the Sol. In contrast, profound losses of
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approximately 75-85% in myofibrillar protein content per Sol muscle pair

have been demonstrated after 4-8 weeks of hindlimb unweighting [1, 2].
Most of this loss in the rat Sol appears to be attributed to the preferential
degradation of slow myosin isoform [2].

Therefore, these data indicate that the major impact of suspension is
likely to be the preferential loss of the myofibrillar proteins, which directly
coincides with the absolute reductions in muscle mass, with the magnitude of
the response related to the amount of slow myosin content within the

muscle.

Functional Properties

In animal models, in situ muscle tension generating capacity is
evaluated by measuring the maximal tetanic tension (P,) in grams. Specific
tension (g/cm?) is a measure of P, per unit whole muscle CSA commonly
used as a more accurate measure of intrinsic mubsde force since the tension
exerted is measured independent of size. Both indices of muscle force
production have been reported to decline in the rat soleus following periods
of immobilization [7, 23] and hindlimb suspension [16, 19, 24, 25]. For a
more comprehensive review of the data, please refer to Table Ill.

Briefly, Simard et al. [23] reported that 4 weeks of immobilization at a
shortened length can induce significant changes in the histochemical profiles
and reduction in specific tension of the Sol and MG muscles, but speed-
related properties remained unaffected. Conversely, immobilization at a
lengthened position can delay the onset of these responses [23].

Twitch time course is repeatedly reduced in immobilized soleus
muscle [7, 8, 23], the forcefrequency relationship reportedly shifts to the

right [25] and the maximal shortening velocity (Vmax) is either unchanged
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[23] or increased [7, 16, 19] following periods of immobilization and HS.
Vmax is positively correlated with fibre myofibrillar ATPase activity and an
increase in one parameter often coincides with an increase in the other [16].
Furthermore, there is evidence for a possible reorganization of the Sol motor
unit profile with the presence of sag (normally a feature of FT motor units) in
50% of the motor unit population of primarily ST motor units [25]. These
observations are consistent with the unloaded Sol exhibiting a shift in its
myosin profile towards fast myosin expression.

Single Sol fibres demonstrate a progressive decline in absolute P, until
a new steady-state is reached by the third week of suspension [16, 19].
McDonald et al. [24] suggested that the decrease in Sol fibre P, might result
from the reduction in the number of myofibrillar cross-bridges per unit fibre
area due to the increased myofibrillar lattice spacing caused by the loss of
contractile proteins induced by HS.

The relative decrease in force production over time is commonly used
to measure the fatigue characteristics of a muscle. In the Sol, the ability to
maintain its resistance to fatigue appears to be influenced by the length of
HS. For example, Fell et al. [11] reported that the Sol maintained its
resistance to fatigue following one week of HS. However, after 15 days of
HS, an increase in fatiguability was demonstrated in the Sol muscle during

contractile activity for 10 min. at a stimulation frequency of 100 Hz [26].

Metabolic Properties

Indices of oxidative capacity include the measurement of total
enzyme activities related to aerobic metabolism such as cytrate synthase (CS)
and succinate dehydrogenase (SDH) activity as well as muscle capillarization

(capillaries/fibre). Similarly, indicators of anaerobic metabolism include



18

measurement of glycolytic enzyme activities such as a-glycerophosphate
dehydrogenase (GPD) and phophofructokinase (PFK). Due to the altered
energy demands of skeletal muscle during periods of unloading, HS has been
shown to induce alterations in the metabolic profiles of ST [12, 15, 27, 28]
and FT [27, 29, 30] muscles. In general, the oxidative potential of the
hindlimb musculature following suspension appears to decrease in the
extensors with no changes observed in the flexors. In contrast both
extensors and flexors demonstrate an augmented glycolytic potential.
Metabolic studies on selected muscles of the rat during periods of
unweighting are presented in Table IV.

In summary, the oxidative potential of the Sol has been reported to
decrease with reductions in mean total CS activity (umol/g/min) [12, 27, 28]
and mean total SDH activity (mean optical density (OD)/min x FCSA) [15,
31, 32] and capillarity [28] following HS. Furthermore, in some cases, Sol
muscle fibres have emerged with an enzyme profile that has shifted slightly
toward an elevated glycolytic capacity [15, 29]. The observed responses in
Sol metabolic profile are consistent with the upregulation of fast MHCs,
overall exhibiting a trend towards a faster and more fatiguable muscle.
Conversely, both EDL and TA muscle fibres exhibited no modifications in
mean total CS [28] and SDH [30] activities, respectively, whereas PFK and

GPD activities were increased in muscle fibres of the TA following HS [29].

Neural Adaptations

Recent studies investigating the neuromuscular adaptations related to
neural activation that arise in rat hindlimb musculature during periods of
unloading are reviewed in Table V. Briefly, electromyogaphy (EMG) activity

of the rat hindlimb musculature immobilized at shortened and neutral lengths
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was initially depressed by 63 and 50% in the Sol and 63 and 23% in the MG

respectively during the first week of immobilization [33]. At the end of 4
weeks, however, the immobilized Sol muscle was unable to restore its
normal activity pattern and maintained a 50% reduction from control values
when fixed at a neutral length [33]. While immobilized in the shortened
position, further deterioration in EMG activity, averaging 77% was seen [33].
In contrast, the MG demonstrated a full recovery to normal activity levels
when fixed at neutral length while in a shortened position succeeded to
increase only to 50% normal activity [33].

In agreement with the previous study, Alford et al. [34] reported
significant alterations in the activity patterns of the rat Sol, MG and TA during
HS. The EMG activity recorded in the Sol and MG was reported to decrease
significantly by 91% and 54% respectively on the first day of suspension [34].
However, by day 7, both muscles had returned to within 81 and 98% of their
pre-suspension activity levels despite continuous atrophy [34]. Therefore, the
observed alterations in the level of neuromuscular activity (EMG) do not
appear to be accountable for the atrophic changes and modified functional
properties that ensue following immobilization at different lengths and HS.
Unlike the Sol and MG, the TA muscle activity, a FT flexor, demonstrated a
significant increase within 3 days following the onset of HS which remained
elevated throughout the study. This response is most likely caused by either
the absence of inhibitory inputs via reciprocal inhibition or the slight
mechanical stretch imposed on the TA by the suspension procedure [34].

In contradiction to the above, Blewett and Elder reported the same
trends following the onset of hindlimb suspension, however, the Sol and PL
activity levels remained considerably below pre-suspension values [35]. By
day 28, the Sol and PL activity patterns were practically equivalent to one

another, demonstrating a 61 and 65% reduction, respectively [35].
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Furthermore, the activity pattern of the Sol muscle was reported to shift from

tonic to phasic type activity [13].

Part II: Structural and Functional Adaptations of Skeletal Muscle to
Spaceflight in Animal Models
During spaceflight (SF), animal models are commonly used to study
the effects of weightlessness on the musculoskeletal system in order to obtain
a better understanding of the factors responsible for muscle atrophy. Data
from a variety of studies using rat muscles have shown a great deal of
variability attributed to actual flight and postflight conditions, as well as

differences in methodology.

Morphological Observations

A review of the recent literature regarding the effects of spaceflight on
the morphological properties of skeletal‘ muscle in animal models are
presented in Table VI. Comparable with HS, morphological changes appear
swiftly following the onset of exposure to spaceflight but not uniformly
among the different muscles. Again, extensors are more susceptible than
flexors, and extensors consisting primarily of ST fibres, are more susceptible
than those with a higher proportion of FT fibres. For example, relative Sol
muscle mass (mg/100g body wt.) reportedly dropped 38% in both adult and
juvenile rats, following a 5.4 day SF [9, 36], whereas the MG muscle only lost
16% of its relative mass and relative TA muscle mass was unaffected [36]. In -
addition, SF induces alterations in the size of both fibre types where type |
fibres atrophy to a greater extent than type Il fibres in ST muscles. Mean type

| FCSA decreased by 24% in the Sol [37, 38] and 46% in the AL muscle [37],
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whereas mean type Il FCSA was reportedly unaffected in the Sol [38] and

reduced by 36% in the AL muscle [37] following 7 days of SF.

In general, SF data, using both myofibrillar ATPase (mATPase)
histochemistry and immunohistochemical Vpr'ocedures, show a tendency for
gains in the type Il [37, 39, 40] and/or hybrid [4, 15, 30, 41, 42] fibre
populations in ST skeletal muscle following flights ranging from 1-2 weeks. |
Such gains in percentage usually coincide with a decrease in type |
percentage, and like HS, SF appears to induce a shift in fibre types or
conversion since the total number of fibres remain constant [15, 30, 37, 41].
Accordingly, after a 7 day flight, muscle atrophy of the Sol was accompanied
by a decrease in the percentage of type | fibres, and counterbalanced by an
increase in the percentage of type lla fibres [37].

Categorized on the basis of mATPase histochemical and
immunohistochemical reactions, similar reductions in the percentage of type |
fibres were coupled with increases in hybrid fibre percentage in the AL [41]
and Sol [42] muscles following a 12.5 day and 2 week SF, respectively.
Furthermore, after a 12.5 day flight, both VI (ST extensor) and VL (FT
extensor) muscles exhibited a change in the distribution of myosin isoform
expression, according to mATPase histochemistry, with the preferential
reduction in slow type | and intermediate (hybrid) forms of myosin being
more prominent in muscles with a higher proportion of ST fibres [3]. That is,
microgravity induces a shift in the myosin phenotype expression of the VI
muscle from predominently slow to a higher proportion of fast myosin

isoform [3].
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Protein Composition

Zero gravity has also been reported to have significant effects on
skeletal muscle protein composition. One week of SF exposure featured
observations similar to HS, with reductions in total protein content
(mg/muscle) in the Sol and a net accumulation of protein in the PL and MG
muscles of young rats [36]. A review of the recent data on protein
composition in rat hindlimb muscles during spaceflight are presented in Table
VIL

Briefly, reductions in myofibrillar protein content have been observed
primarily in the Sol [42] and VI [3, 43] muscles, whereas the VL, PL and TA
muscles appear to be unaltered during SF [36, 42].

Regarding myosin (MHC) content, there appears to be a
downregulation of slow type | and upregulation of fast type lix or llb MHC
protein isoforms as a result of microgravity exposure. For example, following
a 14 day SF, the Sol muscle responded with a 30% loss in pure type | MHC
protein isoform and a dramatic increase (148%) in the amount of type lix
MHC protein isoform [42]. The VI muscle displayed qualitatively similar
changes to the Sol in MHC isoform content, however, to a lesser degree [42].
These results are largely in support of the previous findings during simulated
weightlessness, confirming the preferential degradation of slow type | myosin
isoforms.

Therefore, weightlessness exerts a significant influence on the
antigravity musculature. The early onset of atrophic responses are
accompanied by changes in the contractile and speed-related properties
which are mediated by the alterations in MHC content and phenotype
expression, reductions in muscle mass, and preferential loss of contractile

proteins.
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Functional Properties

To date, very few studies have examined the effects of weightlessness
on the in situ contractile properties of rat skeletal muscle; please refer to
Table VIII. Alterations in P, are most likely mediated by the preferential loss
of contractile proteins [24]. Observations in the Sol muscle include,
significant reductions in P, by 24% and 37% and increases in Vmax by 14%
and 20% following 6 [38] and 14 days [42] of SF, respectively. The observed
increase in Vmax is consistent with the trend toward a greater proportion of

fibres expressing fast MHCs.

Metabolic Properties

Data on the effects of microgravity on the rat Sol metabolic profile are
variable. Metabolic studies on selected muscles of the rat following
spaceflight are reviewed in Table IX. In summary, mean SDH activity has
been reported to increase [44], decrease in type Il fibres [15] or remain
unchanged [39] following SF of 1-2 weeks duration. In contrast, mean GPD
activity is commonly observed to increase in both fibre types [39] or
exclusively in type Il fibres [45]. In accordance with HS, capillary density is
reported to increase [46] or remain unchanged [37]. Thus, controversy arises
as to which direction the existing fatigue characteristics of a muscle will

proceed following exposure to weightlessness.
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36
Part I1I: Structural and Functional Adaptations of Human Skeletal

Muscle to Non-Weight-Bearing Activity and Weightlessness

In humans, several ground-based models have been utilized to mimic
the effects df weightlessness. Bedrest (BR) eliminates body weightbearing of
both lower extremities. Unilateral lower limb suspension (ULLS), where all
ambulatory function is accomplished on crutches with an elevated sole on
the shoe of one foot, has recently been employed to unload one lower limb.

Limb immobilization is limited as a model of unloading compared to
ULLS and BR, due to the restrictions imposed on limb mobility by preventing
lengthening and shortening contractions around the joint. Immobilization-
induced atrophy in ambulatory humans by limb casting after trauma or
surgery appears to be more profound than responses induced by ULLS or
BR.

Morphological Observations - Non-Weight-Bearing Activity

Structural observations regarding the effects of irmmb'bilization on
lower extremity human skeletal muscle include: marked atrophy of the
antigravity musculature (quadriceps femoris and calf muscles) with
progressive reductions in muscle and fibre CSA, and no significant changes in
percentage fibre type distribution based on individual muscle biopsies. These
observations are similar to the findings reported in the rat, with the exception
of percentage fibre type distribution, where increases in the percentage of
fibres expressing type Il phenotypes are observed in the rat antigravity
musculature. A selection of studies examining the effects of non-weight
bearing activity and spaceflight in human skeletal muscle mass and structure
are reviewed in Table X.

The quadriceps femoris muscle (QFM) of healthy individuals

immobilized in a plaster leg cast for 4 weeks exhibited profound reductions



3ppsnuW A AY)
Jo saisdoiq o3 Suip10dde 3ZIS puR UORNQUISIP 189Gy Ul
suopeayje Juedyusis 3dnpul o1 pajie) STIN Jo mi (1)

VS 8.qy ul suondnpal
3y} o} anp Ay st Ausuap Asejjiden ug aseasnu ayy (z)
"adAy ueyy seyel

9zis aiqy uodn 3uaBnuod Ay sem asuodsal ayy

Jo spmiudew ay} s1aym ‘ej| pue | adA} tpoq jo Aydone
Aq paiuedwonoe sem S WD ul aulap ayj (1)

“uonezyjiqowwi SuneaglySIem-Uou Jo my Suimoljoy
VSD4 PUB YSOW Ul suonanpal pasiew ay} Aq W40
3y} ul Juasaid asem sasuodsas diydone punojoid (1)

‘uonezijiqowiwi
wiia) Hoys Buimo|jo} paAlasqo alam WA 3yl
Jo sadA1 1aqy yioq ut suononpal Juedyudis vopN (1)

‘y8usas uy
uswaIap paview e yum (| < || 8dA1) sadAl aiqy yioq
3O WSO ul suondnpas padnpul uonezijiqowwy (1)

TOA Ul uondnpal ay}

ey} sareass Ajpreuoiodord pue juapiae sem saiqiy

| pue {j 8dA1 Jo Aydodie aAISURIXS ‘UONEZIIGOWW W13}
3uo] Buimoljo} W4 8y Jo Alandeut ays o) ang (1)

VSDd pue
uonnquisip aiqy ut 98ueyd uedYIUBIS-UON

Y%l | PUB %G|+ €]} % | 9dA1 eaue yun/sded

# 19%G L+ Ausuap Arejpde {(Ajuo ej| adAs)

%S 1- VSD4 It 8dA1 % %7 1- v§Dd | 2dAl fawes
% 9dAl 81qy :sarsdoig ‘pajdaye Jou 4y 9%/

- VS 4 ‘%9 1- VSO Ix :@8ueyd 10U pIp VD
YSIL} [10] SEBIBYM %7 |- VSD SN [elo)

‘Juedyiusis

Jou sem uonngiisip a1qy i adueyd ‘y$H4
ueaw Ul ¢,(7- Ul Bunjnsal ‘Jslawelp aiqy
%91- *Asdoig ‘S WAD JO %L T-:ueds 1D

“(SN)
%€ £ 1- 11 3dA} pue (SN) % ¥ L- | 2dA1 :vsDd

‘uonezijiqowwirisod o, 1 i

- ‘Buiurensod %86+ i1d LS %S T- pPUe 14
%E €~ UORBZIIGOUNL] ‘| S Y, L€+ PUR 14 %6E+
Sururery 1y§D4 ‘adAy aaquy o, ui 98ueyd oN

*ZTOA Ut uondnpal <
Ajjeuoniodosd st uononpal ySD4 INq SWIN|OA
3o} 01 palejas st xew 7OA ‘i @dA1 o, /¢€

- ‘1 odAl %94~ :y§D4 ‘odA) 21qy o, i 38Uy

ON 1%/ |- Xxew ZOA ‘% |- :aunjoa 3aj jejog

VSO4
pue uopisodwod 1aqgyy

1A 30 Asdoig :WiD

*Aysuap
Asejides pue yS4
10} JA Jo Asdoig pue

RIW A VSOW 1W4D

!Asdoiq JA ‘ueds
12 A9 VSOW W40

VSDd :satsdorg WA

's/,0€ ®
1d ‘uonnquisip saqy o,
‘vSD4 ‘mypeaq sdoouy

Asdoiq A ‘XeWZOA
‘VS$D4 ‘awinjoa 3a7
suawodoayuy W40

(Apreay)

g=u
SlEW

4 STIN

(Apreay}
€=U
ajewa
¢=u
afew

mg STIN

(Aypeay)
=\
ajeway
9=U
e

my 1580 89|

oSt
@ 1sed 89

OLl=u

Pe R

(Ayjeay)

[=u
afew

MGG }5ED MOQq|D

(Apreay)
[=u

aew

Mm/-9,  1sed 83|

[z9} €661 ‘Je 12 S1ag
[1s] 7661 °2 19 Jayrey
[£v] €661 "o 13 USZINYPJRA
lv61] re6L

noje|d pue aoqpur]

[e6L] 0861 |2 12 |leSnogoew

lav] £161 "[e 19 Jueadies

SUETgY

S}|nsoy

juautsianses w
JO poiaw

pouad [epow  uewny

#39d

Apms




49 0 M| Buimoj|oy BWNjOA 3PsNW Y3yl ayp
Ui SUCHONPaJ JUBDIUSIS 10913p O} ajqe sem YW (1)

YSD Ul UORDNPaI JBjiWwisS PajeaAal gD pue
W10 a1 jo sueds W “¥g pasuojoid Buimojjo4 (1)

‘padaye Ajuewnd

BU13q SANIWBIIX3 19MOj Yl yum pouad JYg p 611 8y}
noy8noays 1sisiad sa8ueyd dydoste Jey) apnpuod
sjuswdInNsesw yd(J pue [yw ‘e@duejeq uadoaiN (1)

'¥SD4 Ul suononpal
Iejiuns paieys s3[dsnwi A pue snajos yiog (7)
"Ayideded SAIEPIXO Ul 3583103D B YlIM PaJEejauod

Iy} pue yg SuImo|jo) 3jIsNW SN3Jos 3y} Ul Pasealdap
Ausuap Asejjided ‘g4 ui suononpal apdsaq (1)

"AjaAnoadsas 1eq pue yS$D Ul S3seanu
pue saseaidap [euontodoid sjelisuowap sapsNW
e pue ysiys ay) jo sueds AydesSowo) paindwo? (i)

"dg Jo Mg 0} asuodsas ui
paAIasqo alam ySD 01 dAneRs Y18uails Ul suondnpal
ajeuopiodoldsip e pue Aydose apsnw jenussagg (1)

"VSD4 JO suual uf synsas juedyiudisun paygixa A sy}
Jo saisdoiq ‘;aAsmoy ‘YN uo paseq PaAIBSqO alam
VSO WA ul siuawaidap ‘ST1M Jo sAep 91 ey (1)

awnjoa apsnw Ul (£00=d) %81LT
- J{eD {BWNJOA 3PSNW UL % £6°T- YyS1yL

.m:_Ewcuobmmw ayl

WOl 94,6°g SNSIBA SN9jos Jadaap syl wol 150}
%8°TL YUM ‘%G 01 3] auyt Jo sdadu ay) pue
VSO SU JO 9, | Ajwiojiun 150} sdadupend)

‘s9[osnw

¥oeg < IOMOT %8 1-9L- ) PUE IN ‘%1T
-4V ‘%0€- IV SIWR[OA YW ‘squilj Jomoj

ul Apsow paind2o0 sso7 (B §'¢- ‘@duefeq N
W0} palejNd[ed :ss0f anssi Apoq ueaj [ejo]
‘los

:Apsuap Aseppde)) !sjjao aupe1es Suneisuaal
‘BWIAPS ‘S3JqI} DII0IIBU ‘SjqIOAW
paziuegiosi( amPNIISER| A uey} jos ul
0S 210W 1N paulPsp QVH P SO waydoig
'|OS pue A Ul pasnpal aiem 14 %9 IS

110q JO VSIS %8+ [0S %9 € 1A % d4qULS

%¥
- 18] %8V JBD ‘%L 6+ 18] % 18- WD :v¥SD

SU 4V "%92- 3V
18U 'SU YSD 4V 1%T 1 (4d) IV JO VSD

*'STIN AqQ paialje 10u :uonisodwo)) gy
uedyiudis-uou Inq (%6-) 9seaId3p 03 papus)
VSO ‘PRId8ye 10U WeH Inq %8- (YSOW

'sagueyd
SwNjoA spsnw
RIW 31eD pue ydnyg

‘ueds W Aq
VSOW D pue WiD

‘HaW-¢ ‘aduejeq
uaBoniN ‘ssew apsnw
'Vd(@ ‘sawmnjoa feuoi3al

HETARE ) B ) R A

‘sisAfeue feanionisesnn
pue fesjuayoolg
‘[eswayroisiH
:saisdoiq jog pue A

‘ueds |9 Aq
VSDOW :J{ed pue Wid

s/8ap
09 ® Yy8uauls dpaupjos)
PUE YW Vv pue 3v

‘uogisodwod

24qY 'v$D o) saisdoiq
1A 'YSDW 1o) saBeun
AW parydram-| | 1W4D

PL

POt

ML

poe

pot

Mg

P9l

(paquarem)
feyuozLOH

1G0H

[e3uozUOH

1dH

10H

[eiuoziioH

SN

661 ‘[ 32 OpuRLISY

£661 ‘e 19 Auag

C661 "B 38 duega

6861 "[e 12 ephjiH

6861 '|E 19 OUDIBAUOD)

8861 ‘e 12 due|ga]

661 '[e 13 swepy

SJUBWILLIO?)

synsay

jusuwiainseayw
Jo poyPW

pouag

[apow

G=U
. t49]
g=u
- I¥s]
g=u
W [£9]
g=u
" fsg]
g=u
w_m_\c Mmm_
6=U
aleW Isz]
(Apreay)
oL=u  [v9}
alew
uewinH # Joy

Apms




EN)

yim Sunndoo adueyd Jo sael Ja)se) yum Sulpeojun
jo spouad 01 mUIS jo Aujigerdepe sajedipui

PUE UOISIDAUQD 13qY $1S988Ns ‘Sa.qiy [enpiAlpul

J0 uoissaidxa adAjousyd uisoAw ul sa8ueyd pidey (1)

‘uolssaidxa
DHW pue uoisodwod adAy Jaqy ur sa8ueyd apnput
10U Op ¥g J0 Mg Buimofjos sasuodsal diydony ()

saiqy

apsnw A 8j3uss ay) Jo sapsadoid patepi-paads

pue uonisodwod DHW Uo 1233 ou pey yg m9 (7)
'sutajold sejuqyoAw

40 s50| 8y 03 Ajuewnid pajejss uoisua)l dyads g
doup syt yum saiqy A j8uss jo sansadoud ajoenu0d
|y} ui suonesayje yuedyiudis paonpui ¥g (1)

‘wisjoqgelsw usyoid

paie|al pue saads UBIMIBQ IDUBIYIP BYI 510381
¥4 40 piy L SuImojj0} BjasNW UBWINY Ul UMOPERI]
ugjoud ur 98urYd 3jqRAIBSCO UE JO 20Uasqy (¢)
"$93URYD [RUOWLIOY 1O $58115 DIJOGERIS YIM
pa1BIDOSSE J0U SI 3seaidap sisayiuAs ursloid siyj (z)
‘sisayiuAs usyoud

9|ISNW [EIBISYS Ul JUSWIBIDSP ) 0] anp Ajewnd
s utoid Apog-ajoym jo sso padnput-Alianeu} (1)

*4S ps 150d suonesajfe Juedyulis

ON 'SDHW € Jje passaidxa % :(su) DHW el|
adAy Ajuo Buissaidxa siaqy Ul + %7 ‘DHW
| 8dA1 Ajuo passaidxa s1aqy ss9] %0 ] S13qY
9[3uis Jo uomsodwod JHW ‘DHW | adAy
% ‘DHW |1 3dA1 %+ p L] ® :0)siyountuwy

%8 L~ VSO WO "swiojost JHW qif <
% 8§11 9041 ~dwod DHW » adAy o, ui a8ueyd

ON "Ajuo %781~ | 9dA1 “%9°/ |- ¥§D4 ueaw

‘P31D3jJe J0U SBIGY ||B WOl OA %8 LE- aVIi
‘%S’ Ly~ VIl ‘%9 | 8dAL tuoisua [ dyadg
%L T1- VSO QU0 DHW- 9'l ‘spueq
DHW J0j 8ulurels 1axeam 2,9¢ pamoys afed
-SS ‘Paidaye 10u atam suotpodoid HHW
pue sadA1 2iqy aaiejas :uogisodwiod JHW

"38UBYD OU gd /M Sd %¢ L- Apoq ajoym
‘88ueyd su gd ‘Sd %05~ [eIR)}s :wisijoqeaw
u1Rj044 (¥g M puz < N Aleunin) aduejeq
-N-3daoxa (ssass ou) seueyd ou DIjoqedW
S3A[ED pue sySiy} Ui $50] 9%,€/ {(ssew

1)+ ‘WgT-) autes Wg elo] :duto) Apog

‘sisAjeue aSed-sqs pue
Ansiwaypolsiyounuiwi
pue asedj yut
:uoissasdxy adAjouayy
uisoAW :sarsdoiq A

‘uonisodwiod
DHW ‘vSDd Asdoig 1A
TIW AQ VSOW WD

“(apsnw/8w)

W3Lod HHW/ueoid
JejjuquoA

pue uoissaidxa
WwioJOs} UISOAW

‘oA pue (ysD/od)
uoisua) oyidadg :saaqy
apsnw 38uIS 1A

‘(gd) umopyjealq

pue (Sd)sisatpuis
utajold spsnus [e1ajE)s
pue Apogq sjoym
swisijogelaw ulajodd
‘ua8onN Areunin
‘sUOHRIUSDUOD ulnsut
pue |-{Df ‘suois}s0)say
‘tosni00 ewsed
Dijoqelow e) Apoq
% Pue (Ng1) ssew
Apoq ues| 5 ajoym
'vx3q -dwo) Apog

PLL
Ps

m9

M9

Pri

€ pue
£5-'TES1S

1aH

1dH

1dH

§661 e 13 noyz

£661 [0 32 Biag

9661 ‘|e 12 uossie]

9661 ‘|e 12 opuela

SjuaWIWoD)

synsay

juduwaInNsea W
Jo poyjaw

pouad

[SPOwW

g=u
g=u [19]
aew
[=u
e fos]
£=u
e [2s]
=U
W {68]
UBWNH # Joy

Apms




suewny ui Wy8iyededs pue Anagoe Suueaq ydem-uou jo spouad Suimoljo) suonealasqo [edidojoydiow aPsN X 3d]qef

"BUIBSEC MOJOq |[IS 243M
S3[PSNW >2Bq I3MO| disuiiul pue sSupswey Z=u

) BuBLD SWINJOA BPSNW
a9y} A1aA02aY isod seam auypseq o} o apewsa
4 43 1M ¢ v StilpsEq jeuoi8al 10} YW DPRG P L¥S1S PR eg) G661 '[e 12 dur|gal

"D 03 ainsodxa Suunp Apides 1330 azis amjenosnw paiedwiod A&cm.o 1) peq u_m:_.z:._ pue (%09 samo7 pue ‘431 ‘4yen z=u
AoBq pue AlWanxs Jamoj u sjuswana (1) -) sdedupenb ‘(94,£°g) sButswey (%46°¢-) jjed sew
“Jue ‘(%¢£°9-) donses-os :Buipuef Jaye Y g
‘| adhice] adAi<q)) adAl /m , PLL g=u
) : "VSD4 ‘Ansiwaipolsiy g pue )

4S yum Ajpides aejd axey ued  %9€-9L- UBAW YD “q)| 2dAY aBueyd ou ey T2 T fogl  S661 ‘e 19 uowaspy

sa1qy apsnw o sansadoid jesnionas ut suonesdyy (1) adAL Ul %6+ pue | 3dA) %g-9- suonisodwo) T SeW
Juawaanseapy
SJUBIIOD) sjnsay poudd [epow uewnp # Joy Apms

10 poylaw




41
in overall CSA by 21%, as measured by computerized tomography (CT) scan

[47]. Biopsies from the VL muscles demonstrated similar reductions, with a
29% decrease in mean FCSA [47]. Following 6-7 weeks of immobilization,
the VL muscle demonstrated extensive atrophy of type | and Il fibres with
reductions of 46% and 37%, respectively [48].

ULLS induces atrophic responses which are comparatively similar to,
but proportionately less than immobilization. For example, magnetic
resonance imaging (MRI) measurements of the QFM revealed a 6.8% and
16% decrease in whole muscle CSA at 4 and 6 weeks respectively [49-51]. In
contrast, VL biopsies exhibited no alterations in FCSA at 4 weeks, however,
mean type | and Il FCSA decreased by 12 and 15% respectively after 6
weeks of ULLS [51]. Again, no alterations in percentage fibre type distribution
were seen [51].

Horizontal or head-down tilt (HDT) BR have been commonly
employed to induce neuromuscular adaptations to unweighting comparable
with SF. Unlike ULLS, bedrest elimin‘atesrthe weightbearing effect of both
lower extremities, with HDT used to simulate the cephalid fluid shift response
experienced during weightlessness.

Early onset of atrophic responses are observed after 1 week of
horizontal BR where MRI was able to detect significant reductions in thigh
muscle volume [52]. At 4 weeks of BR with HDT, an approximate 8-11%
decrease was detected in the QFM CSA while the calf muscle CSA exhibited
losses from 5-11% [53, 54]. Likewise, both VL and Sol muscle biopsies
displayed significant losses in mean FCSA [55]. After 6 weeks of BR with
HDT, a 13.8% reduction was noted in QFM CSA while both type | and I

fibres of the VL muscle reportedly demonstrated 18% decreases in FCSA

[56].
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Once more, atrophic responses following BR did not include
significant changes in VL muscle fibre type composition and/or MHC
expression [56, 57], with the exception of bne study where the type |
percentage reportedly decreased by 13.6% in the VL muscle and increased
by 8% in the Sol muscle following 4w of BR with HDT [55]. Biopsy
specimens, however, are generally too small to detect any changes in myosin
phenotype expression and the possibility of myosin isoform transition in a

given fibre cannot be excluded [57].

Morphological Observations - Spaceflight

To date, there are limited data in the English language scientific
literature on the effects of microgravity on the neuromuscular system.
Alterations of the musculoskeletal system have been reported over the years
beginning with the earliest Gemini, Apollo and Skylab missions. Postflight
urinary increases in nitrogen, potassium, calcium and phosphoroué, as well as
reductions in anthropometric leg volume and weight loss have all been
reported and considered indirect measures of skeletal muscle atrophy [58].
The following changes in the morphological properties of human skeletal
muscle exposed to SF resemble the responses previously outlined in the rat.

Skylab missions ranged in duration from 28 to 84 days. Postflight
analysis of Skylab astronauts showed a 7-11% reduction in leg volume,
however, this loss was attributed to only 50% muscle mass and 50% cephalic
fluid shift [58]. Recently, Leblanc et al. reported significant reductions in
region’al volumes of the calf and thigh using MRI 24 hours after landing
following an 8 day SF [59]. Decrements in lower extremity size are further
exemplified at the muscle fibre level, where biopsies obtained from 5

astronauts demonstrated significant reductions in mean FCSA of type | by
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16%, type lla by 23% and type llb fibres by 36%, following an 11 day SF

[60].

Observations also included alterations in percentage fibre type
composition and myosin phenotype expression of the VL muscle following
11 days of SF [60]. Myosin ATPase histochemical analysis revealed a 6-8%
decrease on average in the type | fibre percentage, with a 9% increase in
type lla percentage and no modifications in type llb percentage [60].

In  keeping with this trend, immunohistochemical analyses
demonstrated a 10% reduction in fibres expressing pure type | MHC isoform
while the percentage of fibres expressing type lla MHC isoform rose 42%
after exposure to microgravity [61]. In addition, 3% of the fibres expressed all
3 MHC protein isoforms suggesting the presence of hybrid fibres [61].

Together, these rapid changes in mATPase activity and myosin
phenotype expression of individual fibres suggests fibre conversion and
indicate the adaptability of» myosin protein isoform to periods of

weightlessness [60, 61].

Functional Properties - Non-Weight-Bearing Activity

Recent data regarding the effects of non-weightbearing activity and
spaceflight on the functional properties of human skeletal muscles of the
lower extremity are reviewed in Table XI. The findings are similar to the
responses delineated in the rat with the exception of the speed-related
properties which appear to decrease in the affected muscles of humans.
Briefly, the profound atrophic responses in QFM mass and structure are
accompanied by marked reductions in isokinetic strength (-52%) and .
endurance (-27%) parameters following 4 weeks of non-weightbearing

immobilization [47]. During ULLS, isokinetic peak torque (PT) [49, 62, 63]



VSO ueyy yiBuans
ut Jareasd Buiaq ssoj ayl ‘STIN Buimojjoy padnpal

alam W40 33 jo ysD pue yiBuans dnaupjos| (1)

VSO Ul uondnpal ayy ueyy
181ea.13 Ajjeuoniodoid sem y8usns ur suipap ay] (7)
JUSIU0D uBjosd 3DBAUOD Ul BSESIIDP BY) WOy
Pa3nsal STIN §0 My BUIMmO|0) VST Ul uoRdNpay (1)

‘uonezijigowuy
BuueagaySiam-uou Jo My Suimojjoy sduBINPUD
pue yy3uans ui suononpal pasiew ayl Ag WAD

2y} u1juasasd a1am sasuodsal djydodye punojoid (1)

‘safljiqeded uonelauad uoisua) ul sso| auy BuiAjusis
8210} [BUIXRWIQNS DANER[DI B JB S9JISNW pasnsip

ul papiodal 31am sHun lojow ploysaiyl-ysdiy alow (z)
‘uofiezijiqowwi 3UIMmoljoy (1se} < MOJs) sHUN Jojow ay)
Jie jo 2jel Buuy [ewixew ayy Ul UORONPSL pasew ay}
AQ paiqiyxa sem asnsip o} UONEDYIPOW [eInau v (|)

‘y8uans ul Juswadsp
paciew e yum ‘(i < || adA1) sadAy auqy Yioq
JO VSD4 Ul suondnpal paonput uoneziiqowuwy (1)

%S 1
- {A1aA0DBI Pl @ PUB 9% | Z- 11SVY-IH UBIW

Yol PUB plLL

- /m Atanodal py @ paisisiad s 9,91 - pue
%ZT- 1SV pue 1d D03 ® NOD ‘squij yioq
ul paseatdap Ay ‘STIN /M %89- :v§D WHD

SN amod 2104 Xep o,/ - :PddueInpus
21}2UD]OS] 'SARIDOJIA 1310 ||’ @ SOSEaIDBP
pue s/009 ® %7S- :(1d) Yi3uans 3y

"%6E- pue
%C - ‘918t Bully XBW 94 E7 |+ PUR %EE |+
((DAW) PIOYS4Y} JUBULINIDAL fo4€ |+

PUB %9 L+ 11D %/E- R %Ly~ 104 B dV
40} 8210} Youmy nwi :sagaadoad ajoenuo)

‘uonezijiqowwiysod

%Lt~ ‘Butuensod o486+ ild “1S %ST- PUe 14
%EE- vopeziiqowlf ‘1S %L €+ PUe |4 %6E+
Suyurer) ysD4 ‘adAy aaquy 9, ul a8ueyd oN

‘pBuans
DUIBWOS] PUR DIIBUPOS|
IV pue Wi0

‘ueds

10 Aq vsD pue {Qy)
Ansuap (esi8ojoipes
‘{15V) anbioy oypads
9j8ue ‘) 4 :aoueunopad
qur] wiad

“(HOM XeW) s/,081

@ DAW%0T © X1
00 |o20j04d DRaupjos:
pue (1amod xew)
SPROPHOM JURIBYIPD
Buipho 8oj-auo Buisn
‘Aypeded adueinpuy

'$/,00£09 ® Ld ‘WD

"ajed Buiiy [ewxew
pue JUBUNINDAL @
a1es Suuy quauninial
Jo J3pio ‘sensadord
3j11oRHUOD uUn
JOJOW :SNOISSOIAUL
[esi0p 3sdi]

pue spijjod Jopnppy

VSD4 's/,0¢€
@ 1d ‘Hyoesq sdaouj

(Ayyeay)
€=U
afetiay
G=ti
El:0Y

M9 STIN los] 7661 e 1@ A9pnQg

{(Ayyeay)
9=u
oW

My STIN (2] 1661 e 32 B1ag

(Appeay)
=u
ajeway
9=U
aew

Mp 1se3 83| [evl €661 e 12 UsZINYPPRA

(Atpreay)
oS B 158D Sjeway
PR ey

0661 IneureH

Mg9 pue neajeyon(

lz4]

(Appeay)
[=U
oW

jsed

moqpp [esl] 0861 B 12 jleBnooew

M9-g

GUENTT g

s)nsay

judwiainseapy
10 poylaw

poudd [Ppow uewnH ¥ Joy Apms




‘sAep 0| Isn{ Ul pjoysaiy} diqoiseue

XBWZOA %lL¥y

‘(L) ploysaiyp
Siqosaeue ‘(1)

/[=U

Ul 9sE3UDAP DlRWEIP 3YY AQ PAYIQIYXa ‘BoURId|0} 03 paseaidap v_.wp_mv.:: u_ao.wmm:m “+ UH aesueay xewzop PO 1aH —_—, [s6l] 5861 2 12 ounIaAUOD
2512198 Ul UondnpaJ Juedyiusis e padnpul yg (1) Xeul pue Xewqns “yg 1348 %/'g- XeWZOA :sasuodsay aspIaxy
|oA3] 010} [euIXEWIGNS . oo %L 8" XEWAY “(xewAy) Aipoppa
UBIB © UrBIUrEW O} PaINDAL SEA BALP [eInau %9L-p m; L- DIAWANS pue JIAW -M Xeuw pue |[aa) (Appeay)
paseaidul Ue ‘Agasaym ‘ADUBIdDIYR [ediurYDBWOND3[D ® bowa/anbio] ipy@ paisnoda1 INg %G T+ (NooL) poxy @ DWI  pOL S1IN Ot=u  [g9l 9661 Yosa) pue Biag
: : : bHw3 xewqng 1nq pasueydun puiewas "DIAW Buunp DW3 W
U] 8se9.109p e Aq pajuedwodde alam b e 4 519A0551 DUE O/ bee |- : payndaI pUe |4 ‘W1D
W40 a1 jo sasso| pBuans ‘'STIN Jo shep 01 19Yv (1) OWIXEWPY @ P pUE %v'el-ild .
"SALIP [BINBU IDUBY ‘|osUoD uoREIYLEND 10}
! . safew ajySiam Agijea
ojow paiaije pue JUSURINIDAI 4Gy B|DSNW [eUOHIPPE . WO ¥ << —\zu_O zZ140 %Hmmc_p__mcm_m A _m_n: W
Bunsa83ns ‘STIN Jo Mg 1aye YoM Jo Junowe 9T STIN e IYS Jsenuod YW ‘.<mu ul syys Suisn aspIaXa MG STIN erway (7] . 5661
SAnE|al B SueIaudB UsyMm (JUSLLIBAJOAUI SSBLL 3|ISNLL Ut mmcw;u %<pBuang Uy SBURYD % ‘%07 SuLnp Juatjoaul p=ul e 10 sopAugTInolg
1312343 Ajjeuoniodoud a3 0) anp) Yiys 1seHUOD p3uanS 133 1y Ut 2BURYD OU /M %t |- VSD Spsnuwi pue yg7) pue W
1MW Ul asea10u] Ue payqiyxe WA paydone ay] (1) (W 1) p3uans :W3D
'SaRIARDe Hid
a8ueld ou :AJapde yid ‘paseansp pue g3 ‘Ajuejded 1A
. JApanae gD “adA) aiqy/sauejjided uy a3ueyd 30 Asdotg ‘suonoenuod A
Auanoe §3 ui uopdnpas juedyiuBis-uoN ‘7 1sod @ + AljIqensney OF Wouj pajejnoed (Anreay) 12158
e Aq pauedwodoe ‘WD ays jo Aipeded adueINpUD (A12r0221 Joye - surewal Aypeded NHOM PUe (14v) 1d my SN %M_M [z9] €661 219 8iog
pue @dueuwlopad yiom ayy siedwl STIN Jo mi (1) MOM) %/ Pue ‘€ ‘/ - Sem (M/) D9y afueiany 's/83pogL ® _
? (Pr) T '(PL)L ¥sod @ sin0q € Joj |y ueapy  SUCHIBAUCD NOD § 10§
(1d1) 1d [eBIUE WD
‘WYSDW Joy .
paIDaye 10U WEH 1] %g- YSIW ‘UonEal mmwae_ AW parysiam (Apresy)
PAAIZSO 34M V§D) WD puE Y1Buans Jnaupost AipojeA anbioy ui 38UBD OUING %7 L- 1SV -L1 'saRID0j3A padajes  pgy SN ol=u  [v9] Y661 e 19 suiepy
Ul sluaWRIDap Ajuo ‘STIN Jo shep 9 Jayy (1) ) ' ’ © 1SV uop pue W
203 JBUOS| (WD
SJUIWIWOD) s}nsay Juswainsesyy pousg [Ppow uewnp # Joy Apms

30 poyjew




‘UONDUNY JBJNDSNWOINAU JO Judutiedul

'VYSD pue yiduans
1o ssew pue Yi3uals spPsNW ussmiaq

ue 1201 Aews (pBuBLS Jo sso] J23eai8 By (£) UONE|DL0D ON ‘[aA3] JUBDYIUBIS z_‘mu_«mumum G/G=u
VSO J0 ssew adsnuw uf suonesalje Buipuodsaliod ay € ¥ INq SA0QE 5B pUsn JEWIS -4g POT poz o_m\EE (a2 1o pynzng
“UONBIDIS BUILNES RIUOZUO =U LY4 Y661 19!
0} 3¥eja.410d you pip saBueyd yBuays jo e ay) (7) ‘W [E101 pue 3] 3y Jo (38uans d1aUIoS] ! e 2 .r.m:_._w POL | HOH M_mi | A
"¥g wisr-3uo) pue Loys Buimo)jo) [B10] WINS W3amlaq Uoneja1I0d oN Y3y RWZOA .Amw_ummE
s3jasnu Auneidnue-uou pue AlaeiBnue yog ul J0 ¥SD pue y18uans - UIMIS] UONE|DII0D quy 1oddn pue 1emoj
P3AI3SGO 31am (NBUSAS DLIBWOS! UL SIUBWAN3C (L) oy ‘paseasdur YoIym wie 1 Jo W 104 3daoxa Pa128J3s) DIAW VSO
3SEDID3P 0) PApUs] SB|QRIBA 3SaY] yg POL  'SSeWw BPSNW N ¥ IN
‘paidaye 5
Aprewind Buiaq saniwe . Sunsl =
jewnd Bulaq sanIWBAX3 19Mo] aYl yim pouad g Suunp yjed pue yBiyy osje ySusns onoupjos) mzp ewoziop B 2ol 2661 ‘¢ 1 2UegaT
49 P 611 21 InoyBnoays isisiad sadueyd oydone ‘ML @ I Ul asea1d9p JedYIUSIS ©RauUDjos] A% I 4V Y e
eyl apn|duod suononpas Y8uans Jnaupjosy (1) )
nduj jeinau
“diysuone|as Aojaa-anbiol oA Ut 3Y) Ajipouwr Jou paie(%e 1) yBusns uf a8ueyd sanejal “diysuonejal /=
590p asuodsal S|y} pue J3 8 UL I Ay Ul jeonud  UBY > 313Mm (%1 1-8) WSD Ut 9Bueyd aafe|ai hpopaenbioioam  pog 1aH w19 6861 '[e 19 AS|png
sloul ae YBualns U sjUBWRIDAp padnpul ¥g (1) AU ‘€ 1G# Yum aredwod usypa ‘(su) %9 ur 4 pue 3y
- I ‘%61 Aq paseaidap sem ndino sdioy Iy
. 0 MG 0} asuodsal ul P i
PaAIasqo a1am yS) 0} m>_«m_Mm;ww=mwm ut m:o_uu:_uw._. nSuens ‘su o .Mc uw< .W\owm- v @ YPsuans Um_ﬂwcwﬂ%mo_ MG [eIOZUOH %M\u I52] 8861 e 12 duejgan
sreuonsodoidsip e pue Aydose apsnw jepuasayi (1) HISUINS U VST AV %1 (4d) IV 30 VSO pue RIW Y pue Iy !
‘3) pue donsen) %L~ 43 PUB %6 1- I %8~ 4 ‘%8 s/8ap 09 @ anbio) cleu
‘los ayy Ajawreu ‘sapsnw AuaesSnue ays ui 1aysiy - V1 ‘%49Z- "Donsen ‘o z- [0S {(33) X3 mogjR JN2UP|OS| [SBPSAUW MG [RIUOZLIOH . (s9} 8861 e 10 eifon
Ajjeuoniodoid asam sasso) anbioy a8ejuadiad (1) 1da0xa sa|Rsnw {[e uj sasso| anbuo) Juedyiusis Auenxs semo1
SHiuoWw 7-G°| sem s/8ap o pue 09
‘uopeInp fepuils awn A1aaoday “swieiBoid aihseaunajunod ‘071 ‘081 ® >naunjos! : u P ep—
JO 4S UBY) ¥g Jo sAep 07 | SuIMO||0) 219A3S as0W 01 3np 510343 ¥g > SIS 4S %8I~ VL 'sopuadoid yiBusns  pozL  1AH oy 14 pue eASAIOBUD
343M s9IsNW JjeD) 3y} uj sasuodsas dyydone ayy (1) “%0%- "LS SPRI20[2A JO S8URL JSAO SIPSNW pue AoojaA (1) ’
V1% '1S jo tpBuans u; auipep sassaidoid sdaouy [eans pue v|
GUETIT g s)nsay jusuisanseaw pouad |Ipow ueBWINY # JOY Apms

JO poylaw




‘sasuodsal

lojow 10} sjeudis doeqpaa) Alosuas paliedw

0} spea} wajsAs Jualaye sy jo Suuonouny palayy (7)
‘PEO| Jewixewiqns

PaXy e Joj UOHRARDE BDSNU Ul a1mnpuadxa

1318248 :AdUBDIYS |edIURYDaWONIS)E padnpay (1)

‘suonejal AiDojaA-92104 Ul saueyd apnpdul

jou op Y9 Jo mg Buimo|jo} sasuodsal sydony (g)
“|aag] anbuoy 3asa1d e aABIYDE 0)

uolsud} aapeal 1a31e) e adnpoud 0} sey mou yoym
W40 paiydone ays jo uojsua) dyads pasnpas
33 JO UOPDBYBI B S| IsERIDUI DT Xewgns (g)
'Speo| felixXew

e 9|osnw 03 indut jeinau padnpal pue Yyi8uals
DLIBWIOS] pue DRBUP[OSE Ul SJUSWIDIDBP PAAIISO
a1 yum Aduaidiya jedjueydawondafs ul aulda (1)

9583.103p W JO Sl B} Ul asealdul dnewep ay; Aq
payijdwaxa se paseanul W0 ayi jo Aigensned (7)
‘tpBusns vy

03 uosiiedwod ul Y3uaAs DHIBWOS] JO SWHaY Ul g
Buimoyjoy patjedwy Apeass sem apsnw WD 3y (1)

‘sa1qyy
3posnui A 3j8uts sy jo sentadoud pajejpl-paads

pue uonisodwod JHW Uo 128y ou pey ¥g Mg (7)
‘suy04d

JejjugyoAut jo ssof ay) o} Ajuewid pajejal uoisua}
oyioads ul dodp 3y Yum saiqgy A 3j8uls jo saptadosd
3|10eAUOD By U suoneIye JuedHIUBIS pacnpul g (1)

*sasuodsal xapya4 jo apnyjdwie xew

- Aq patuedwonde ! (pjoysasy -) xapai-] jo
AUADISUDSH :AIOSURS DoASED UID9p :(s/8ap
081) 21}3unjOs] ‘UONDLNUOD DIEIS XRWgNS
e Buunp pajgnop D3I 153J0AW :£-34

%G T L~ :U0ISUd] dYIIAMS 951G

- XBWAY ‘DWI/WN xew ur s8ueyd ou ‘e,z cr
- DWI/WN Xewqgns “o4b v+ DWI Xewqgns
%P'61- DWI XeW %6'8T- Ld %S PT- DIAW

%99+ YIUS 4dW WD YIS IdW ut aBueyd
OU V1 HdW %S 0Z- WD “%E'S1- VL DIAW
%EEV- V1 %1 €E- WO Bl adueinpuy

‘PRIDdYJE J0U saIqY |[e WOJ) OA "%8 LE- VI
‘%S’ LY~ VI ‘%9 Vi | 9dA) jueisua) duads
%L1 ¥§D4 B0 DHW- 81 ‘spueq
DHW 1o} Buluiels 1axeam 94,ge pamoys afed
-SAdS ‘po1daye Jou aiam suoptodosd HHW
pue sadAy aiqy asnejal :uonisodwod HHW

‘saxayas aandadoudoig
9 walsAs Alosuag
!s/8ap 081 % 09

® anbdo} onoaupjos|
!HW3I/e0i04 djawios|
(1s930AWy) Aouapiys
[eDiuByDBWONDY]

JpeDd pue ysiyy

"OWIxew [(xewAy)
Aipojaa sejndue

xew (s/,081-0¢)

DAW NQOD 2hisunjos]
pue dLBWIosE /M 14 I

uonoUNy IPSNW TWAD

(uonoenuod

Suin8irey Sununp
5e3103p JO ed) YIys
A4dW ‘Bunss) soueinpuy
DIAW ‘WD pue vi

“(epsnui/3w)

U0 DHW/uRoid
JejjuqyoAw

pue uoissaidxa
uLoJos| UsoAw

‘oA pue (vsD/od)
uojsuR) dy1adg sALqY
dpsniy aj3uis A

PS4l
POvL

Mg

my

M9

€34
[4=E|

1aH

1aH

1aH

sjudWIWo))

s}nsay

EuEw..:mm@—z
Jo poya

pouad

I°POW

sew ozl 1861 e 19 eARYSAO|ZOY
L=U .
aew [9s} 661 ‘e 19 S19g
Zi=u )
oW [89] 9661 '[e 12 oialiog
- 1 ‘| 18 uoss.eT]
aew les 9661 |

uewiny # jay Apmis




suewny ul 1ySiyadeds pue Anapoe Suieaq ysem-uou Jo spouad Suimoljos saniadold ajpoenu0d BPSNN (IX 3]qel

-ainejnosnw Ajaes3pue

sS4l Yyum pajeiposse Juiaq spUBLISIDSP 3SAY)

JO AIIBABS 31 YIIM ‘s9josnws Palda)as Ul pajesisuowap
aJe si1dwered Yy8uans ul s1oyap pauep (1)

‘weiBold sainseawajunod

prOQUO 3Y3 Jo ADUDIDIYS Byl O pajpald

1481 9Y) Jo uonEINp aY1 YUM uoie|aLIod BaeSau e
paugiyxe 1y8ypsod Areipawiwl aduewiopad ADofeA
-anbio} Ul s}DYSp 9|dsnW Jjed ays Jo Aleaas ay] (1)

1481y 9y preoquo weioid saunseaWIaUNOD
feaisAyd ayj jo Adedyys ay3 o) sjqeinqune

{34 poz 1) eisaupjodAy ueyy 45 wia)-3uo] salye
819A9s s59] sem Ui3uads sposnu Jjed ur aupaq (1)

3V 253
pue 3] uo?) 1dadnxa |je :auljaseq 0} winjay
I U0 4] 293 pue 3| uo)) AIBA0IIY S

923 4y uoD ‘4178 31 923 pue uoD YIS0

'soxajyal Jo spnyjjdue xew. ayy uj

suoonpal Aq pajuedwoddr a19m sasealdap
PIOYSaIUYL YdIym Ui paialje alom swisiueyosw
xapjal Jeurds pue ssuawspe aandedoudold
‘uofdeUOD JO 1502 DWW Jo asealdul

ue pue -donsed ayy Jo PBuans ul duPag

‘SyILoW 7-G'| Ssem
awin A19A0d9Y ‘swelSoid ainseswaiunod
0} anp s1O3Y3 Yg > S19343 S "%8L

01 0Z- 1S :sandoana jo aBues 1aA0 s9[ISNW
V1 pue jG jo y38uans uj auydap [eRueISgnS

*SUONDBUOD DIJUIIID
pue SuuadUGD Buunp
1d swuswanseaw
yi18uans

onaupjosi (apjue pue
‘sauy “juni ‘Jap|noys

‘moqa) :sepsnw-

10Xy pue 10sUDIXY

'saxa|ja1 aandasoudoiy

2 WaIsAs Aosuasg
!s/39p 081 % 09

@ 2nbio} ondaupjosy
{DWII/a0104 DUIBLLIOS|
(1s910AW) Aouaniyge
featueLDaWoN3l
isnpuRUdoNSED

's/38p 0 pue 09

‘0Z1 ‘081 ® dhaupjos!
:sensadoad Yi8uans
pue AipojeA (1)
sdaouy jeans pue v

7661 sakeH

0661 e 19 BAR)SAO|SOY

/861 BAR)YSAO[ZOY
pue eAsAioBlD)

SUETTIT g

sjjnsay

JUBLIBINSEIW
30 poylaw

uewny # Joy

Apnig




49
and angle-specific torque (AST) [49, 64] in the QFM decline significantly over

a range of velocities and muscle action modes.

Likewise, BR induces profound muscle weakness with percentage
torque losses proportionally greater in the postural musculature, namely the
calf [65-68] and QFM [56, 65-67]. For example, concentric PT at 60°/s
decreased by 19% in the QFM, whereas the calf muscle featured a deficit of
26% after 5 weeks of horizontal BR [65]. Single fibre studies from the VL
muscle revealed significant reductions of 32-45% in specific tension (P,/CSA),
related primarily to the loss of myofibrillar proteins following 6 weeks of BR
with HDT [57].

Finally, whatever the model used, fatiguability of the affected muscle
appears to increase [62, 68], Vmax appears to decrease [56, 63] and torque-

velocity relation appears to be unaffected [64, 66].

Functional Properties - Spaceflight

Measurements of both elbow and knee flexor and extensor strength
were taken preflight and postflight in all the Skylab astronauts, during all
three missions, using an isokinetic dynamometer in a supine position at 45°/s
[69]. Force deficits in the elbow extensor and flexor muscles were minimal in
comparison to the lower extremity musculature. Decrements in average PT
were 21% and 25% in the knee extensors and 10% and 19% in the knee
flexors following 28 day (Skylab 2) and 59 day (Skylab 3) spaceflights,
respectively [69]. Therefore, greater force deficits were demonstrate-d in the
extensor muscles of the lower extremities [69]. In contrast, force deficits were
markedly improved in Skylab 4 astronauts, an 84 day mission, attributed to

the development and efficacy of the physical exercise program onboard the

flight [69].



50

Russian spaceflight missions lasting between 110-360 days reported
similar force deficits in the thigh and calf muscles, with the severity of deficits
inversely proportional to the duration of SF [70-72]. Postflight isokinetic PT
measurements of the calf musculature reportedly declined by 20-28% over a
range of velocities following long term SF onboard Salyut-7 [71]. More
recently, long (9-11 days) and short (<6 days) duration Shuttle flights have
reported varied deficits in isokinetic PT of selected upper and lower
extremity extensor and flexor muscles, with the severity of these decrements

being associated with the antigravity musculature [73].

Metabolic Properties - Non-Weight-Bearing Activity

For a review of the metabolic data from human biopsy samples of the
VL and Sol muscles following non-weightbearing activity and spaceflight,
please refer to Table XII. At present, a limited amount of metabolic data from
human muscle samples following exposure to periods of unloading exists.
From this, however, we have surmised that, analogous to the rat, muscle
fatiguability increases [62, 68] and is likely the result of a reduced oxidative
capacity [55, 60, 62]. For example, following ULLS and BR with HDT, CS
activity reportedly declined in the VL [55, 62] and Sol [55] muscles with the

observed decrement being greater in the Sol than VL muscle.

Metabolic Properties - Spaceflight

Postflight histochemical analyses of biopsies taken from the VL
muscles of astronauts, following 11 days of SF, revealed no change in SDH
activity in either fibre type, while GPD activity appeéred to increase by 80%
in the type | fibres [60]. In addition, myofibrillar ATPase/SDH activities ratio, a

sensitive indicator of fatiguability, is reportedly increased by 17% in type |
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fibres and 38% in type Il fibres [60], suggesting an increase in muscle
fatiguability. Consistent with these data, a 24% decrease in capillarity
(capillaries/fibre) was reported [60].

In general, these findings suggest that ULLS, BR and SF induce
alterations in the normal metabolic profile of unloaded human skeletal
muscle, whereby, reductions in oxidative capacity give rise to muscle with a

greater reliability on anaerobic metabolism [60].

Neural Adaptations - Non-Weight-Bearing Activity

Alterations in neuromuscular activity induced by periods of
unweighting and SF may also contribute to decrements in muscular force [50,
56, 63, 70, 72, 74]. Following prolonged periods of unweighting, human
skeletal muscle groups of the lower extremities repeatedly exhibit
decrements in force production which do not correlate with the
- corresponding changes in muscle mass [49, 50, 66, 74-76]. In general, the
decline in strength of the knee [49, 50, 66, 74, 76] and ankle [75] extensors is
proportionately greater than the reduction in muscle CSA. Clearly, factors
aside from muscular atrophy appear to be responsible for the observed
losses in force production. Investigators speculate that the greater loss in
strength may reflect an impairment of neuromuscular function, hence, altered
neural input or a decrease in neural drive [56, 66, 74-76]. Observations
previously noted in the rat model either supported [35] or refuted [34] this
suggestion. Recent studies investigating the neuromuscuiar adaptations that
arise in human skeletal muscle following periods of unloading and spaceflight
are reviewed in Table XIII.

Briefly, Duchateau et al. [77] reported a marked reduction in the

maximum firing rate of both ST and FT motor units (ST>FT) following 6-8
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weeks of immobilization. This neural modification was further exemplified by
the observed increase in the recruitment of high-threshold motor units at a
relative submaximal force, also signifying the loss in tension generation
capacity [77]. Altered behavior of the neuromuscular junction has also been
observed following 4 weeks of immobilization, as demonstrated by an

increase in neuromuscular jitter [78].

Six weeks of ULLS, reportedly decreases maximal integrated EMG of
the VL muscle by 43% and shifts the mean power frequency (MPF) to lower
frequencies [50]. However, after 10 days of ULLS, maximal EMG was
reportedly unaffected while an increase in submaximal EMG activity was
required to maintain a given submaximal force level [63]. This increase in
submaximal EMG activity implies a decrease in electromechanical efficiency
(ratio of force to EMG), where additional motor units are recruited, due to
the reduced specific- tension of atrophied fibres, for the maintenance of

submaximal force production [56, 63, 74].

Likewise, BR with HDT also appears to induce reductions in
neuromuscular efficiency, where a 19% reduction in maximal EMG was
accompanied by a 44% increase in submaximal EMG activity of the QFM
[56] and a MPF shift to lower frequencies was noted using EMG spectral

analysis of the gastrocnemius muscle [68].

Neural Adaptations - Spaceflight

Neural adaptations following actual spaceflight indicate postflight
increases in integrated EMG activity during the performance of a standard

submaximal isometric contraction [70, 72, 79] and a shift of the power
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spectrum to lower frequencies [80]. Once more, this signifies a reduced
electromechanical efficiency where a greater expenditure in muscle

activation is necessary for the exertion of fixed load [70, 72].

Part IV: Proposed Mechanisms of Muscle Atrophy in Response to
Altered Loading States

In general, the precise physiological mechanism(s) responsible for
muscular atrophy have yet to be determined. Information regarding the
proposed mechanisms regulating the adaptability of skeletal muscle to
periods of altered weightbearing activity and weightlessness is largely
obtained from ground-based animal research. A selection of studies
investigating the possible mechanisms associated with non-weightbearing
activity and spaceflight in rats and humans are reviewed in Table XIV.

Evidence suggests that mechanical activity exerts a powerful influence
on the regulation of protein metabolism in skeletal muscle [3, 42, 81, 82].
That is, both protein synthesis and degradation processes are modified during
conditions of unweighting which is consistent with the reduction in the

protein composition of postural muscles.

Muscle proteins are repeatedly being remodeled via protein turnover
and the quantity of protein maintained in the muscle is dependent on the net
balance between protein synthesis and degradation. Evidence suggests that
the rate of protein synthesis (a translational process) is significantly reduced
following the onset of HS and is responsible for the early marked changes in
myofibril protein levels in the Sol muscle [42, 82, 83]. This decline in protein
synthesis rate (fraction/day) persists over the next few days until a new lower
steady-state is achieved [83]. Two days prior to this plateau, however, the

decline in protein synthesis rate is combined with a marked increase in the
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rate of protein degradation [83]. The subsequent increase in the protein
degradation rate continues to rise and consequently is chiefly responsible for
the major loss of myofibril protein in the non-weightbearing Sol muscle [83].
Exposure to prolonged SF can induce alterations in pre-translational
regulation of gene expression for myofibrillar proteins as well as metabolic
proteins [84]. Specifically, skeletal a-actin messenger RNA (mRNA) was
reduced by 25% and 30% in the VL and lateral gastrocnemius (LG) muscles
respectively, while cytochrome ¢ mRNA declined by 36% in the VI muscle
[84].

Factors responsible for the signal cascade initiating the decline in
protein synthesis and subsequent rise in degradation rates, influencing the
degree of atrophy associated with muscle unloading, remain unrecognized.
However, protein expression in skeletal muscle appears to be somewhat
linked to the activity of growth factors and hormones [85], which in turn, can
influence the pre-translational, translational and post-translational regulation
involved in gene expression [86]. Fof example, slow myosin isoform
expression can be upregulated or downregulated depending on the
circulating levels of thyroid hormones (T;) [17]. These findings suggest that
mechanical activity associated with weightbearing may influence the
sensitivity of slow MHC gene to thyroid hormones [17].

In pursuit of the mechanism that initiates a rapid decline in protein
synthesis in non-weightbearing muscle, Ku et al. [87] reported that a
reduction in the nascent polypeptide elongation rate may be responsible in
the early stages of declining synthesis rates in the unloaded Sol. In addition, a
decrease in polysomal hsc 70, a regulatory component that guides the
~ nascent chain through the ribosome channel by adhering to it, may account
for this delay in the elongation rate [88]. It appears that polysomal hsc 70 is

an ATPase and consequently, its regulatory role in protein synthesis is highly
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sensitive to ATP levels [88]. With intracellular ATP levels on the rise in the Sol

muscle during HS, Thomason et al. [88] suggest that protein synthesis
machinery may sense altered functional demands via an ATP-sensitive
mechanism involving hsc 70.

The rise in protein degradation rate (fraction/day) initially lags behind
the rapid decline in synthesis rate in the Sol following the onset of HS [83].
This increase persists over a two week period, accounting for the net
reduction in protein accumulation and myofibrillar protein content within the
unloaded musculature [3, 82, 83]. The apparent uncoupling between
reductions in myosin isoform expression at the protein level and myosin
mRNA content being unaffected, are likely the consequence of protein
degradation or posttranslational events [42, 43].

Proteolytic enzyme activities are observed to increase in the Sol
muscle during HS [82]. Once more, the exact mechanisms responsible for
the initiation of theses proteolytic pathways and how they relate to non-
weightbearing activity, remain to be elucidated. According to Taillandier et al.
[82], both lysosomal and Ca* activated proteinases make minor
contributions to the overall muscle proteolysis during exposure to HS. Based
on strong biochemical evidence at the mRNA level, however, these
investigators suggest that an ATP-ubiquitin dependent pathway is principally
responsible for the increased protein degradation in the unloaded Sol muscle
[82]. ‘

Thus far, limited data are available concerning the effects of unloading
on human protein metabolism. Recent evidence suggests that loss of muscle
mass is primarily due to the decrement in skeletal muscle protein synthesis
[89]. Contrary to what has been acknowledged in the rat, protein breakdown
does not appear to be a factor responsible for the observable reductions in

muscle mass in humans [89, 90]. Indeed, more research is required to
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provide additional insight into the mechanisms responsible for muscle

atrophy following periods of mechanical unweighting and spaceflight.
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Part V: Countermeasures

Microgravity-induced atrophy of lower limb musculature continues to
be a significant problem for astronauts following prolonged spaceflight. In the
future extended visits to orbiting space and planetary stations are being
planned. It is anticipated that the average mission duration aboard the
International Space Station will be 30-60 days. Therefore, more efficient
approaches to counteracting the observed microgravity-induced
pathophysiological changes must be explored in order to ensure astronaut
health and safety during both long-duration spaceflight and upon reentry into
Earth’s gravitational field.

At present, countermeasures such as daily physical exercise regimens
with the aid of various devices [91] and neuromuscular electrical stimulation
(NMES), a transcutaneous application of electrical stimulation to selected
muscles [92, 93], have been developed to attenuate microgravity-induced
muscle atrophy. A wide variety of onboard exercise equipment has been
developed for use in weightlessness, and when used appropriately appears to
minimize physical deconditioning and microgravity-induced muscle atrophy
[91]. During spaceflight missions, the 2-4 hour inflight regimen of daily
exercise is time consuming and extremely costly to both life-support facilities
and the operational workday of astronauts [91, 93]. Therefore, it is essential
to design a more efficient and cost effective method of preventing
microgravity-induced disuse muscle atrophy.

Exercise paradigms currently used in spaceflight are only moderately
successful in sustaining proper physiological function and alleviating muscle
atrophy [91]. Therefore, proposed ground-based investigations have been
undertaken to study the efficacy of various new devices and exercise
modalities [91] alone [22, 31, 32, 94-103] or in combination with

anabolic/pharmacological agents [21, 104-106].
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Recently published studies evaluating the effectiveness of various new
approaches to counteracting the atrophic responses of the unloaded Sol and
Gastrocnemius muscles of the rat during HS and SF are presented in Table
XV. Results of these studies can be summarized as follows: mild periodic
weight support activity (treadmill walking) during HS either prevented [96] or
diminished the atrophic responses in the unloaded Sol [31], while responses
the MG were only partially alleviated [32, 96]. Daily endurance type exercise
(treadmill running) minimized muscle fibre atrophy and maintained oxidative
potential in type Il fibres in the Sol [95]. Resistive exercise training (grid
climbing) was highly efficacious in maintaining Sol muscle mass and function
while having a lesser effect on the MG [94]. Finally, eccentric exercise
training protocols attenuated 80% and 44% of the relative Sol mass and
protein content, respectively [22].

Data indicate that rats exposed to microgravity experience repeatable
decrements in growth hormone (GH) plasma levels [107-110], brodght about
by microgravity-induced secretory dysfunction at the level of the pituitary
somatotroph [107-110]. Having a direct impact on muscle protein synthesis,
hormone replacement therapy, by exogenous treatment with anabolic agents
such as clenbuterol, recombinant human GH (rhGH) and insulin-like growth
factor | (IGF-l), has also been proposed as a countermeasure to non-weight
bearing atrophy.

Clenbuterol-treated rats demonstrated less atrophy of the Sol [111],
while rhGH administration had a slight prophylactic effect on Sol mass [112],
or no effect at all [113]. However, combined treatment of rhGH with daily
regimens of resistive exercise maintained myofibrillar protein content [21]
and preserved muscle mass [104] to a greater extent than exercise alone. In

addition, rhGH administration coupled with IGF-l and daily resistance muscle
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loading completely preserved Sol muscle mass and greatly attenuated muscle
fibre atrophy during 14 days of HS [106].

In humans, the use of high intensity resistance type activity, including
eccentric contractions, has been given considerable attention [97, 99-103]. A
list of recently published ground-based investigations of exercise
countermeasures in humans during simulated microgravity are presented in
Table XVI. Briefly, a variety of isokinetic and/or isotonic heavy resistance
protocols have preserved overall muscle thickness [99] and fibre size [103],
maintained or increased average work capacity [100] and preserved maximal
strength performance [101, 102] of the knee extensors during BR with HDT.
Although preliminary, these results will benefit the development of future
countermeasures which will likely incorporate both endurance and dynamic
resistance training protocols for the maintenance of normal physiological
function during spaceflight.

; Another proposed countermeasure to eliminate or minimize disuse
atrophy is the use of NMES of selected muscles using an apparatus called
"TONUS" developed by the Russian space program [114]. NMES is the
transcutaneous application of an electrical stimulus to selected muscles that
elicits a muscular contraction as a result of the percutaneous stimulation of
peripheral nerves. The application of electrical stimulation with surface
electrodes creates an electrical field, where the depth of penetration is
proportional to the intensity of the stimulus [115]. Depending on the type of
protocol, stimulus parameters, and pattern of stimulation (e.g. chronic vs.
intermittent), NMES induces specific changes in muscular properties [116,
117].

The recruitment order of motor units initiated by direct motor nerve
stimulation is described as follows: the largest motor units which innervate FT

fibres and have larger axons, are recruited at the lowest current intensities
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while the smallest motor units, innervating ST fibres which have smaller
axons, are only recruited at the higher current intensities [118]. That is,
submaximal electrical stimulation preferentially activates the larger axons
which have a lower input resistance in comparison to smaller axons. With
supramaximal stimulation, all axons are activated and all motor units contract
[119-122]. Unlike direct nerve stimulation, however, this orderly recruitment
process (FT—ST) is speculative with the transcutaneous application of
electrical current and appears to be influenced by a number of factors
including the proximity of the motor axons to the applied electrodes and the
branching pattern of these axons within the muscle [115, 123, 124].

NMES has been commonly used in numerous clinical settings as a
rehabilitative tool in artificially activating skeletal muscle to attenuate atrophy
and muscular dysfunction in pre- and post-operative orthopaedic patients
[125-128] and in patients with peripheral or CNS damage or both [129, 130].
Significant atrophy and weakness of the quadriceps femoris muscle
frequently occurs following knee ligament injury and anterior cruciate
ligament (ACL) reconstruction [131]. Clinically, NMES has been used on ACL
patients to minimize postoperative muscular atrophy and pain [127, 132-
136]. Observed therapeutic benefits with NMES include, reduced strength
losses in the early postoperative phase, increased gains in range of motion
(ROM) around the knee joint, and enhanced rate of return to athletic activity
[117, 127, 132-136]. Furthermore, NMES has also been applied to healthy
active athletes as a means of increasing muscular mass and strength [137-
141], and has been shown to minimize simulated microgravity-induced
muscle atrophy and augment muscle strength [142-144].

Furthermore, according to Convertino et al [145], positive results
obtained using NMES as a countermeasure to prevent disuse muscular

atrophy may extend its benefits to reduce venous compliance in the lower
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leg vasculature and subsequently the occurrence of orthostatic intolerance.
Based on the data obtained from 30 days of bedrest, maintaining muscle size
in the lower limbs by NMES provides structural support, limiting expansion of
the veins and subsequently attenuating venous pooling during standing [144,
145]. Subjects with the largest reduction in muscle CSA and increased leg
compliance reportedly fainted after standing post bedrest. Conversely, NMES
treated subjects showed less reductions in muscle CSA with no change in leg
compliance  [144]. Therefore, maintaining leg muscle mass will likely
attenuate high venous compliance and benefit postflight orthostatic stability.
However, certain types of NMES may not be well tolerated by astronauts
because high intensity depolarizing stimuli produces a strong muscle
contraction and depending on its duration often produces discomfort. Thus,
astronauts may not be willing to comply with such a countermeasure.

Therapeutic Electrical Stimulation (TES) is a type of NMES whereby the
current intensity is at or below sensory threshold and does ﬁot evoke a
visible muscular contraction. It is delivered continuously for 6-8 hours at night
while the patient is asleep and has been suggested to be effective in the
prevention and treatment of disuse atrophy in clinical settings [146]. TES is a
successful modality that has been used to strengthen muscles in patients with
cerebral palsy [147-149], myelomeningocoele [150], post-polio syndrome
[151] and spinal cord injury [146].

In light of the clinical observations, it would seem reasonable to
evaluate TES as a tool to control muscular wasting and dysfunction following
exposure to non-weight bearing activity. The mechanism by which TES exerts
its beneficial effects on muscular growth is unknown. NMES at frequencies
ranging from 10-50 pps, delivered to the QFM with an intensity sufficient to
produce mild contractions, has been shown to increase regional blood flow

(RBF) and maintain it throughout the stimulation period [152]. TES, delivered
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continuously over 6-8 hrs nocturnally, coincides with the diurnal variation in
growth hormone (GH) secretion which peaks approximately 2 hours after
sleep onset [153]. Thus, TES may exert its effect by increasing the delivery of
GH to the affected muscles via the increase in RBF. GH enhances amino acid
uptake and protein biosynthesis. Catabolic states, associated with the loss of
body protein, frequently occur during injury and postoperative periods. GH
therapy using recombinant human GH (rhGH) has been shown to
significantly reduce protein catabolism in postoperative states and improve
skeletal muscle strength [154, 155]. Therefore, it has been proposed that TES
delivered nocturnally, may increase RBF and the transport of trophic factors
to the muscle being stimulated. Another possible mechanism involves the
stimulation of proprioceptive afferents via electrical stimulation provoking a
trophic response in the muscle through sensory input to the motoneuron
soma, where the production of trophic factors takes place. Most of the
sensory input to the motoneuron is subthreshold (depolarization insufficient
to generate an action potential), however, it may be adequate to induce
alterations in the soma and play a role in the production of trophic factors
and/or influence their rate of transport down the axon, eventually leading to
the muscle being stimulated. Recent evidence suggests that activation of
neural afferents via electrical stimulation can play a role in regulating the
release of bioactive GH from the pituitary gland in rats [156]. High
compliance (90%) with this therapeutic modality suggests it may be an
attractive alternative to exercise regimens and supramaximal NMES in
preventing microgravity-induced disuse muscle atrophy leaving astronauts
with the maximal amount of time necessary to carry out their daily mission

objectives.
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Rationale For The Study

Ligaments of the knee joint are susceptible to injury and are very
common in sports where knee twists are prevalent. Damage to the anterior
cruciate ligament (ACL) occurs most frequently by either external rotation
forces or hyperextension of the knee joint. Surgical intervention to repair the
damaged ACL involves reconstruction of the ligament using biological grafts.
The middle 1/3 patellar tendon graft is most commonly employed for ACL
reconstruction and becomes fixed in a position via fibrous tissue. This
particular biological graft heals within 6-8 weeks following surgery [131].
Profound atrophy and weakness of the quadriceps femoris muscle (QFM),
related to disuse, can occur as early as the first few days following knee
ligament injury [157-165] and ACL reconstruction [166-171]. In addition, the
disuse atrophy observed may also be related to the reflex muscle inhibition
of the QFM, caused by knee pain and chronic effusion around the joint [18].
~ This reflex inhibition of the QFM following injury or reconstruction of the
ACL impairs a patients ability to voluntarily activate his/her QFM fully, and
may contribute to the overall weakness and disuse atrophy of this muscle
group [172, 173].

The marked atrophy and weakness of the QFM group following knee
ligament injury and ACL reconstruction is applicable to the neuromuscular
adaptations that arise in astronauts following exposure to prolonged
weightlessness. A listing of microgravity-induced neuromuscular responses
corresponding with observations reported in ACL patients is presented in
Table XVII. Briefly, adaptations ih QFM mass and structure in ACL pati'ents
are reasonably analogous to those observed following SF, including
significant reductions in regional muscle volume, CSA, muscle fibre atrophy
and alterations in fibre type composition. In addition, corresponding deficits

of the knee extensors and altered neuromuscular function have been
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reported. Thus, ACL reconstructed patients provide a good model for
studying treatments that can minimize such deficits in muscular function.

Rehabilitation following ACL reconstruction recently focuses on
maximizing both the rate of recovery and return to full function by initiating
motion very soon after surgery. These approaches now center on continuous
passive motion exercises immediately following surgery within a restricted
range of motion (ROM), strength recovery and neuromuscular re-education.
Within 2 weeks following surgery, isometric contractions of the quadriceps
femoris muscle are implemented to attenuate postoperative disuse atrophy
and minimize strength losses [131]. Clinically, neuromuscular electrical
stimulation (NMES) has also been used as a rehabilitative tool to minimize
postoperative disuse atrophy and [127, 132-136]. Observed therapeutic
benefits with NMES include, reduced strength losses in the early
postoperative phase, augmented gains in ROM around the joint, and
increased rate of return to athletic activity [11 7] |

The following research was undertaken to address the issue of using
TES as a countermeasure, by evaluating its effectiveness in minimizing
muscular atrophy and dysfunction in post-operative orthopaedic patients. In
this study, the efficacy of TES was determined by evaluating its effectiveness
in comparison to that of a control group. In conjunction with a standard
rehabilitation protocol, we proposed that TES would attenuate the underuse-
related atrophy observed in the QFM and allow the patient to return to daily
activities and athletics more rapidly. Further research then could be
conducted during space travel in order to study the efficacy of TES as a
countermeasure to prevent microgravity-induced muscle atrophy and
dysfunction of the lower limbs. Unfortunately, due to the limited access of

biological research on humans during long duration spaceflight, groundbase
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studies on orthopaedic patients who are subject to underuse related atrophy,

should be used as a precursor.

Study Objectives:

Our primary objective using TES was to conduct preliminary
experiments to quantify stimulation parameters necessary to attenuate
reductions in neuromuscular function. In view of the high cost and complexity
of bedrest studies to simulate microgravity, we conducted a study on
postoperative orthopaedic patients. The profound muscular atrophy and
weakness of the quadriceps femoris muscle (QFM) following knee ligament
injury is applicable to microgravity-induced underuse-related atrophy and
provides a good model for studying treatments that can attenuate such

deficits in muscular function.

Specific Aims:

The general purpose of this study was to determine if TES would
prevent or attenuate the neuromuscular responses associated with underuse
related muscle atrophy of the QFM following knee ligament surgery. A study
on postoperative anterior cruciate ligament (ACL) patients permitted the
examination of the effectiveness of TES. Comparisons were made between an
experimental group, consisting of patients receiveing TES and a control group,
consisting of patients not receiving any stimulation. The experimental
paradigm was such that the involved QFM of each subject was stimulated
using TES and its efficacy was determined by measuring its effectiveness in

muscle strength and recruitment during isokinetic contractions.
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Introduction

With the emergence of space travel, numerous physiological
adaptations have been documented in weightless environmenté. The
weightless environment of space decreases the activity and mechanical load
of the muscles that are most important in moving and supporting body
weight, in order to maintain erect posture. These muscles, primarily the lower
extremity muscle groups, are termed weight-bearing muscles and in response
to reduced usage, they begin to weaken and waste away, or atrophy.
Changes include, decreases in muscle size [59, 60], breakdown of muscle
protein [61], reductions in muscle strength [69, 70] and endurance [60] as
well as changes in the types of fibres present in the muscles [60]. The
muscular weakness and dysfunction arising from exposure to spaceflight is
commonly referred to as microgravity-induced disuse atrophy.

None of these changes presents a problem to astronauts as long as
they perform only light work. For astronauts, the problerh becomes critical
when they return to earth and the weakened muscles are once again
subjected to the full force of gravity. In an emergency situation, individuals
with weaker muscles would be less able to respond quickly or use physical
strength.

At present, microgravity-induced disuse atrophy of the lower limb
musculature continues to be a serious problem for astronauts following
prolonged spaceflight. Countermeasures such as physical exercise [91] can
help maintain muscle strength and function, however, exercise alone is
insufficient to prevent excess muscle loss. Thus, there is a need to develop
more effective solutions.

The present investigation was undertaken to evaluate the efficacy of

therapeutic electrical stimulation (TES) on minimizing disuse muscle atrophy



80

and dysfunction in postoperative anterior cruciate ligament (ACL) patients.
The ACL is frequently injured during sports participation. Significant atrophy
and weakness of the quadriceps femoris muscle (QFM) group ensues
following ACL reconstruction [131] and is applicable to the neuromuscular
adaptations that arise in astronauts following exposure to prolonged
weightlessness.

The purpose of this investigation was to conduct preliminary
experiments to determine the stimulation paradigm most efficacious in
minimizing microgravity-induced disuse atrophy in the lower extremities of
astronauts. Using ACL reconstructed patients, provides a good model for
studying treatments that can minimize such deficits in muscular function.

Treatment with TES was administered to the involved QFM 6-8 hours,
5 nights per week during the early postoperative phase of recovery, following
ACL reconstruction with a patellar tendon graft. The efficacy of treatment
was assessed in the QFM of tHe involved extremity by evaluating (a)
isokinetic strength, (b) neural activation (iEMG), and (c) regional muscle

volume during the initial 12 weeks of recovery.
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Methodology

Subjects

Twenty four patients with a clinically proven ruptured ACL
participated in this study. Patients were recruited prior to surgery, following a
referral from the involved orthopedic surgeon at the Montreal General
Hospital. Only patients who had elected for operative ACL reconstruction
with a patellar tendon graft (Appendix 1), and who did not have another
injured ligament or previous injury to the knee, were included. Professional
athletes and patients with neurological disorders or involvement of the
contralateral knee were excluded. All surgical procedures were carried out
by the same orthopedic surgeon. The mean time from the initial injury to
surgery was 26.63 (3-120) months. The physical characteristics of patients are
summarized in Table XVIII. Patients were randomly allocated to one of two
groups described under «Design». All patients chosen for this study provided
written informed consent approved by the Montreal General Hospital

Research Ethics Committee (Appendix II).

Table XVIII: Physical characteristics of patients

Characteristics  TES (n=12)  Control (n=12)

Age (years) 28.45 26.73
Weight (kg) 74.31 72.66
Height (cm) 176.65 171.57

Values are means.

Design

The experimental paradigm was 12 weeks in duration following ACL
reconstruction (Figure 1). It consisted of a preoperative orientation session,
where patients were randomized into one of two groups (experimental and
control) and familiarized with the testing equipment. Patients were evaluated

preoperatively and postoperatively at 6 and 12 weeks. The experimental
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group was administered TES during the 12 week trial and utilized a
standardized rehabilitation protocol (Appendix Ill) in conjunction with TES.
Each patient assigned to the experimental group was instructed on the
proper use of the electrical stimulation unit and associated protocol (see
below). The control group consisted of patients who did not receive any

stimulation but underwent the same rehabilitation protocol.

EXPERIMENTAL PROTOCOL
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Figure 1: Experimental paradigm.

Muscle Strength Assessment

Strength was measured by quantifying the /n vivo torque production of
the knee extensor (KE) muscle group of both the involved and normal extremity
during maximal voluntary contractions (MVC). Muscle torque production was
measured using an isokinetic loading dynamometer (KIN COM 125 AP,
Chattanooga Canada, Montreal, Quebec). Patients were seated on a specifically
designed chair with their hip angle flexed 80 degrees, stabilized with restraining
belts placed across the trunk and waist and thigh stabilizer bar placed over the

thigh to isolate the quadriceps femoris muscle. The rotational axis of the
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dynamometer was aligned with the axis of the knee joint (posterior to the
lateral femoral condyle), and a shin pad was secured approximately 1 to 1.5
inches above the medial maleoli to allow free movement at the ankle. Each
experimental procedure was preceded by a warm-up period to minimizes
discomfort during the strength measurements and familiarizes the subject with

the apparatus. The warm-up period consisted of:

1. Bicycle ergometer warm-up for ten minutes starting at 60 rpm then
gradually raised to 90 rpm whilst maintaining a constant work level.

2. Five to ten sub-maximal repetitions and one maximal repetition at each
angular velocity to be tested.

The uninvolved extremity was tested first. Maximal voluntary concentric
contractions Were. performed at a constant velocity of 60 °/sec. and 180 °/sec.
through a range of motion (ROM) of 75 ° (from 85 ° to 10 °), with 0 °
corresponding to the full extension of the knee. Each test consists of several
contractions, interspersed by a 1 minute rest period between each contraction
and 2 minute rest period between respective speeds, until the two successive
torque curves are superimposed upon one another signifying the patients true
MVC [199].

All dynamic contractions were preceded by a maximal preloading static
contraction with a duration of 1.5 seconds. The purpose of this static pre-
loading was to allow for the contractile tension to rise before movement was
permitted, thus eliminating its influence on the early part of the torque curve
[200]. Instructions to each patient were standardized with visual cues and
verbal feedback was given to encourage maximal effort. All torque measures

during voluntary contraction were gravity corrected.
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Electromyographic Assessment

EMG activity from the vastus medialis (VM) and vastus lateralis (VL)
were simultaneously recorded with the force and angle signals. After careful
skin preparation, surface bi-polar electrodes (DE-02 Differential EMG
electrodes, Delsys Inc,, Wellesley, MA) were placed over the mid-line of the
muscle belly between the motor point and the myotendinous junction
(Appendix IV). In this location, the EMG signal with the greatest amplitude is
detected [201].

Differential Electrode Configuration and Data Acquisition

Detection surfaces consisted of two parallel bars, each 1 cm long, 1-2
mm wide, spaced 1 cm apart, oriented perpendicular to the length of the
muscle fibers. These electrodes were connected to a miniature pre-amplifier
and then to a connector box. A shielded cable joined the connector box to the
data acquisition card (Bégnoli-B EMG Data Collection System, Deléys Inc,
Wellesley, MA). For a schematic of the instrumentation used for the data
acquisition system see Appendix V.

Raw EMG signals were then amplified and band pass filtered (20-500
Hz) with the Delsys Isolated Myoelectric Amplifier. EMG signals from two
channels were sampled at a rate of 4 kHz by the analog-to-digital converter of
the Dell Optiplex 486 computer over the signal range =5 V. A computer
program developed from the NI-DAQ library version 4.4 (National Instruments,
Austin, TX) was used for data acquisition and on-ine data analysis. For each
trial, data acquisition was triggered using the velocity signal transmitted by the

lever arm at the start of movement.
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Processing of Torque and EMG Data

All data were analyzed from the MVC of the QFM of both extremities
for each of the two speeds. Peak torque was calculated as the highest point
generated on the torque curve measured in Newton-meters (Nm). Total work
was defined as force times distance, and it is the entire area under the torque
curve measured in Joules (). Mean power was calculated as total work defined
by the time for the MVC, measured in Watts (W).

Digitized EMG data was processed with a 1024 point Fast Fourier
Transform (FFT) to obtain the power density spectrum of the signal. A series of
40 and 8 consecutive spectral windows were averaged over the entire range of
movement and used to calculate the median power frequency (MED),
measured in Hz, at 60°/sec. and 180°/sec., respectively. Quantification of the
EMG signal was accomplished by calculating the integration (area under the
curve) of the fullwave rectified signal generated during the MVC, measured in
Vsec. (Maximal iEMG). Mean knee extension iEMG (iIEMGq,,) Was calculated
by adding the mean values for each muscle and dividing by two:

IEMG qry = [Vastus Lateralis iEMG + Vastus Medialis iEMG] /2

Stimulation Procedure

During the preoperative orientation session, patients assigned to the
experimental group were instructed on the use of the stimulator and
application of the TES protocol. Stimulation parameters for the nocturnal
implementation of TES are listed in Appendix VI.

The "One2One" (Mayatek, Toronto, Ontario) portable battery-
powered neuromuscular electrical stimulator was used to stimulate the QFM
group of the involved extremity. Two self-adhesive bipolar electrodes

conducting the stimulating current were placed on the skin overlying the
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vastus medialis (VM) and rectus femoris (RF) muscles of the involved
extremity according to Appendix VII. The positions of these electrodes were
marked using a non-toxic water-soluble marker so that the patient was able to
reproducibly apply them to the correct positions at home. With the electrodes
in place, the patient was instructed on the proper use and maintainance of the
equipment and the appropriate stimulus intensity (patient setting) was
determined according to Appendix VIII. All patients were required to setup
and activate the stimulators, with the electrodes in place before leaving the
laboratory. Following surgery, once at home, the patient began the treatment
for the selected duration and recorded his/her subjective responses to the
electrical stimulation as outlined in the «Patients Stimulation Log» (Appendix
IX). Each stimulator comes equipped with an internal compliance timer in
order to track patient use.

At two weeks postoperatively, the patient returned to the laboratory
for a fb”ow—up visit. At that time, the compliance meter and proper electrode
placement was verified. At each postoperative tesfing period the patient was
required to bring the stimulator in order to verify the compliance and collect

the log sheets.

Magnetic Resonance Imaging (MRI)

Transverse MRI images were processed from a point 26 cm below the
anterior superior iliac spine (ASIS) inferior to the knee centre. Slices were 10
mm thick, with a 10 mm gap between slices. After a coronal localizer three
sets of scans were obtained: an axial T1, axial FSE and an axial fast stir. The
MRI data were electronically transferred from the MGH to our laboratory
where the axial T1 images were analyzed using the Osiris (version 3.2)

software program for analysis. Muscle was delineated from bone and adipose
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tissues. Muscle volume measurements were computed as cumulative areas of
sequential slices from the scanned region - expressed separately as volumes

of total muscle (QFM) and specifically of the VM.

Statistical Analysis

Statistical analysis of data was prepared by James A. Hanley Ph.D for
the Canadian Space Agency [202]. Pre- and postoperative data were
statistically compared by means of a 2-way ANOVA, with different groups (TES
vs. Control) and time (repeated measures) as the main factors. The null
hypothesis was that stimulation had no effect and that no difference was present
between control and stimulation groups. Significance level will be determined at

p<0.05 level of probability.

Data Reduqtion

The first task was to bring together the 6 observations on a patient, i.e.
for the 2 legs, each of three times. The considerable variation from patient to
patient in individual baseline values, would obscure any treatment effect.
Therefore, we standardized the measurement at 0, 6, and 12 weeks on the
involved leg to the 0 week measurement on the uninvolved leg. Therefore,
we divided the value for the involved leg by the value for the uninvolved leg.

The preoperative values for the standardized value for the involved
leg still varied somewhat from person to person (for example, for the force
variable PT_ROM, the pre-op values for the 12 persons at speed 60 in the
control group varied from 0.65 to 1.06, mean 0.87, SD 0.14). This may reflect
that the involved leg in some patients may have been the "dominant" leg,
whereas in others it may not have been. However, our analysis (see below)

uses the within patient change over time, so that patient to patient variation
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at baseline is effectively removed. The same standardization procedure was
used for each of the Force, VLHEMG, VM-EMG and MRI variables analyzed,

with MRI measures being taken only twice at 0 and 12 weeks.

Descriptive Summary Statistics

The average values of each of the Force, VLHEMG and VM-EMG
variables were calculated for each speed at 3 time points (0, 6 and 12
weeks). The average values of MRI variables were calculated only at two

time points (0 and 6 weeks).

Formal Tests of Significance

Overall tests of statistical significance for the difference between
_groups in the time-course of each variable were performed using the «<PROC
MIXED» procedure in SAS [203].

«Group» and «time» were treated as categorical variables, and the
focus was on the group by time interaction. Lack of interaction would signify
that the two time courses are paralle] while the existence of an interaction
would mean the two were ‘non-parallel’in some sense. When we have three
time points, the test statistic for the interaction has 2 degrees of freedom (2-
1)(3-1) and measures all possible non-paralle/ patterns.

A more sensitive and focused test was carried out by concentrating on
the expected or hoped for changes in the time course produced by the
treatment. These were a lesser decline from 0 to 6 weeks in the treatment
group relative to the control group. This was assessed using the contrast:

[week 6 - week 0](Treatment)- [week 6 - week O](control),
so that a positive quantity reflects favorably on treatment e.g. if

measurements were 0.53 in week 6, and 0.81 in week O, in the control
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group, then the change would be -0.28. Correspondingly if the values were
0.58 and 0.82 in the treatment group, then the change would be -0.24. The
difference of the two, -0.24 and -0.28, is +0.04. One reason to concentrate
on the 0 - 6 week change is that, once patients were allowed to use the
involved leg freely (at about 6 weeks), each patient would be engaged in a
different (and possibly considerable) amount of exercise, therefore obscuring
the (smaller) effects of treatment.

Shallower decline by the 6 week, and greater recovery by the 12
week in the treatment group to the control group. This was assessed using
the contrast of quadratic effect:

[ week 6 - average(week 0 and week 12)](Treatment)

Minus

[week 6 - average(week 0 and week 12](Control),
again so that a positive quantity reflects favorably on treatment. For example,
suppose that 3 measurements were 0.87, 0.38 and 0.53 for a patiéntkin
control group at 0, 6, and 12 weeks. The average (mid value) of 0.87 and
0.53 is 0.70, whereas in fact, the 6 week mean was 0.38, i.e. a «dip» of -0.32.
In contrast, suppose the corresponding values for a patient in the treatment
were 0.87, 0.47 and 0.59. Then the mid value of 0.87 and 0.59 is 0.73,
whereas, the 6 week mean is 0.47, a lesser «dip» of -0.26. Thus, the
difference of the two «dips» is -0.26-(-0.32) =0.06, in favour of treatment.
The MRI measurements were only made twice, at 0 and 12 weeks. For these,
we used the same contrast as the above, but with week 12 instead of week
6. An increase in the MRl measurement values from preoperative to
postoperative in the treatment group to control group would show the effect

of treatment.
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The estimates, their standard errors, student tvalues, and 2-sided p

values were obtained by defining each estimate as a contrast, and treating

each patient (nested within group) as a random effect.
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Results

Analysis of variance demonstrated significant differences between pre
and postoperative values when only the effect of surgery was taken into
account. With regards to the efficacy of treatment on these postoperative
changes, tendencies for an effect were observed; however, these did not
reach statistical significance. Standardized (see Methodology) values are
expressed as the % difference from preoperative to postoperative
measurements + standard error. Therefore, results exhibiting a p value less
than or equal to 0.1 are presented and marked with an asterisk () and
statistically significant values of p<0.05 and p<0.01, will be marked with two

() and three (s) asterisks, respectively. These data- are presented in

Appendix X.

Part I:  Postoperative Effects of Surgery
Isokinetic Test Measurements

Peak Torque

At 6 weeks postoperatively the mean quadriceps femoris muscle
(QFM) peak torque (PT) deficit of the operated knee (Figure 2) was
49.0+4.0% at the speed of 60°/sec. and 47.4+6.1% at the speed of 180°/sec.
(p=0.000). At 12 weeks postoperatively, the deficits were not as severe,

exhibiting a deficiency of 33.744.0% at 60°/sec. and 29.7£6.1% at 180%/sec.
(p=0.000).
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Figure 2: Postoperative effect of surgery on mean involved QFM isokinetic peak torque

x Significant from preoperative measurements {p<0.01)
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Time To Peak Torque

At 6 weeks postoperatively, time to peak torque (TTPT) was increased

by 81.8+41.8% at 60°/sec., but this was not statistically significant (p=0.063)
(Figure 3). No significant differences were demonstrated at 180°/sec., nor at

12 weeks at either speed.

Total Work

The mean total work deficit of the involved QFM (Figure 4) at 6 weeks
postoperatively was 34.7+6.3% at 60°/sec. and 43.5£8.3% at 180°sec.

(p=0.000). At 12 weeks postoperatively, the deficiency lessened, with deficits
of 18.84£6.3% (p=0.007) and 25.5+8.3% (p=0.006) at 60°/sec. and 180°/sec.,

respectively.

Mean Power

At 6 weeks postoperatively, the mean power deficit for the involved
QFM  was 35.846.4% at 60°/sec. and 44.1+8.4% at 180°/sec. (p=0.000).
Deficits at 12 weeks postoperatively were reduced to 20.316.4% and
28.948.4% at 60°/sec. (p=0.005) and 180°sec. (p=0.002), respectively
(Figure 5).

Integrated Electromyographic Activity and Power Density Frequency
Spectrum :

Individual Muscle Activities

The mean maximal iEMG activities for the Vastus Lateralis (VL) and

Vastus Medialis (VM) muscles are shown in Figure 6. At 6 weeks
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Figure 3: Postoperative effect of surgery on mean involved QFM time to peak torque
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Figure 4: Postoperative effect of surgery on mean-involved QFM isokinetic
total work
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Figure 5: Postoperative effect of surgery on mean involved QFM isokinetic mean power

fa Significant from preoperative measurements (p<0.01)
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Figure 6: Postoperative effect of surgery on mean maximal iEMG activity of the involved

VL and VM muscles
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postoperatively, mean maximal iEMG activity for the VL muscle was reduced
by 38.244.9% and 48.5+9.9% at 60°sec. and 180°sec. (p=0.000),
respectively. A slight recovery of maximal iEMG activity was observed at 12
weeks postoperatively, exhibiting decrements of 27.9+4.9% at 60°/sec.
(p=0.000) and 20.74£9.9% at 180°/sec. {p=0.048).

In contrast to the VL muscle, mean maximal iEMG activity for the VM
muscle at 60°/sec. featured no significant changes from preoperative
measurements and remained constant throughout the 12 week postoperative
period. However, at 180°/sec., the VM maximal iEMG activity exhibited a

significant improvement of 31.3£14.9% between 6 and 12 weeks

postoperatively (p=0.047).

Mean Knee Extension iEMG

A significant reduction in the average mean knee extension iEMG
(EMGgem) was observed at 6 weeks postoperaﬁvely with deficits of
23.746.5% at 60°/sec. (p=0.001) and 33.1+10.0% at 180°/sec. (p=0.003). At
12 weeks postoperatively, the deficiency at 60°/sec. persisted but recovered
slightly with only a 13.5£6.5% decline in iEMGgg,, (p=0.048). However, at
180°/sec., the deficiency recovered and was no longer statistically significant

at 12 weeks postoperatively (Figure 7).

Median Power Frequency

The average median power frequency (MED) of the power density
spectrum generated for the VL muscle was significantly reduced by

15.144.3% and 19.046.1% at 6 weeks postoperatively during maximal

voluntary contractions at 60°/sec. (p=0.002) and 180°/sec. (p=0.005), but
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Figure 7. Postoperative effect of surgery on mean involved QFM iEMG
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returned to within preoperative values by 12 weeks postoperatively (Figure
8).

In contrast, at 6 weeks postoperatively, the reduction in average MED
generated from the VM muscle under the same isokinetic conditions was
double that of the VL at 60°sec., exhibiting a decrement of 30.8+7.8%
(p=0.001) whereas a decline of 28.3t 10.0% was observed at 180°sec.
(p=0.01). Unlike the VL, at 12 weeks postoperatively, this decline in MED
persisted with 18.2+7.8% and 21.0+10.0% reductions observed at 60°/sec.

(p=0.028) and 180°/sec. (p=0.048), respectively.

Muscle Volume Measurements

Patients demonstrated no mean changes in the measurement of the
overall QFM volume at 12 weeks postoperatively. In contrast, the mean

individual VL muscle measurements showed a decrease of 23.1+10.8% at 12

weeks with a tendency toward significance (p=0.07') (Figure 9).

Part Il  Effect of Treatment on Postoperative Changes
Isokinetic Test Measurements

Analysis of variance showed no significant differences between the
group means of force deficits namely, PT, work and mean power when
measured at either speed both at 6 weeks and 12 weeks postoperatively.
However, in contrast to the control group, the experimental group
undergoing treatment with TES was able to maintain their mean TTPT values
throughout the postoperative period (Figure 10). This signifies a positive

effect of treatment with a tendency towards significance (p=0.05).
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Integrated Electromyographic Activity and Power Density Frequency

Spectrum

No significant differences were observed between group means at 6
weeks ‘postoperative!y, in terms of maximal iEMG activity of the VL muscle
during the production of a MVC at 60°sec. (Figure 11). At 180°sec,
however, the experimental group demonstrated less of a decline in mean
maximal activity of the VL muscle, when compared with the control group,
but this was not significant (p=0.09)

In direct contrast to the control group, patients in the experimental
group exhibited a strong deficit in the mean maximal iEMG activity of the
VM muscle, at 6 weeks postoperatively, during the production of a MVC at
60°/sec. (Figure 12). This deficit translates into a 25.0£13% difference in the
mean maximal VM iEMG activity between patients in the control and
experimental group; again this difference was not significant (p=0.06). No
significant differences were detected in the mean maximal IEMG activity of
the VM at 180°/se‘c when compari-sons were made between groups. At 12
weeks postoperatively, no significant differences were found between group
means when the maximal iEMG activity of the VL or VM muscles were

compared at either speed.

Muscle Volume Measurements

Patients in the experimental group demonstrate no significant effects
or tendencies toward an effect of treatment with regards to overall QFM

volume and VM muscle volume measurements at 12 weeks postoperatively.
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Discussion

How do our results following ACL reconstructive surgery compare with the
previous literature on ACL reconstructed patients?

Comparisons with the previous literature were restricted to patients
that were not submitted to a postoperative immobilization period following
ACL reconstruction, whenever possible. We felt that comparisons with our
patients to studies involving prolonged immobilization would be
inappropriate, since the detrimental effects of joint immobilization namely,
joint stiffness and severe atrophy and weakness of the thigh musculature
[204], would certainly introduce confounding variables, making possible
comparisons with patients in this study, highly questionable.

Data gathered from the "Patients Stimulation Log" of 12 patients in the
experimental group, were totaled and averaged. Stimulation was applied to
their affected QFM an average of 461.4 total hours over the 12 week
postoperative period. Average number of hours of stimulation per day was

7.69 with an average intensity of 5.47 mA.

Isokinetic Test Measurements

The present study confirms that patients with an ACL deficient knee
exhibit weakness in the QFM. Preoperatively, bilateral strength comparisons
between the involved and uninvolved QFM are in agreement with literature,
defining ratios of 80-89% and 70-79% as indicative of minimal and moderate
deficiency, respectively [205, 206]. Please refer to Appendix X. |

Postoperatively, the results of this study demonstrate that the
isokinetic measurements of the QFM exhibit persistent deficits in PT, work
and mean power for up to 12 weeks following reconstruction of the ACL. At

6 weeks, mean deficits in PT ranged between 47-49%, depending on the
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speed of contraction. At 12 weeks, these mean PT deficits significantly
improved, ranging from 29.7-33.7%. These results are in close agreement
with Shelbourne et al. [207] who reported a ~41% and ~31% deficit in QFM
isokinétic PT at 180°%sec, 6 weeks and 12 weeks following ACL
reconstruction, respectively. With respect to the interval between 6 and 12
week postoperative evaluations, patients in our study exhibited a better
recovery in comparison to the latter investigation by Shelbourne et al. [207].

In our study, postoperative mean total work deficits of the involved
QFM, relative to the uninvolved muscle, were in accordance with previous
studies which reported similar torque deficits in the QFM after ACL
reconstruction [169, 208, 209]. At 12 weeks postoperatively, our patients
exhibited a 25.5% reduction in mean total work capacity at 180°sec..
Similarly, deficits of 30% [169], 25.2% [209] and 20% [208] have been
reported at 12 weeks, 15 weeks and 16 weeks following ACL reconstruction,
respectively. | '

Postoperétive mean power deficits persisted over the 12 weeks with a
28.9% reduction observed at 180°/sec.. This result is highly comparable with
the 29% deficit in mean power reported by Wilk et al. [169] during a 12
week follow-up testing at 180°/sec. following ACL surgery.

Integrated Electromyographic Activity

Mean standardized iEMG values of the VM and VL muscles provide a
good representation of the level of activation in these muscles during the
performance of a MVC at selected speeds. For the VL muscle, a significant
decline in its activity persisted throughout the 12 week postoperative period,
ranging from 38.2% and 48.5% at 6 weeks to 27.9% and 20.7% at 12 weeks

during maximal contractions at 60°/sec. and 180°/sec., respectively. Unlike
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the VL muscle, a marked increase in maximal iEMG activity of 31.3% was
observed postoperatively in the VM muscle from 6 to 12 weeks at 180°/sec.,
bringing the activation of the VM to within 90% of the uninvolved VM
muscle. Unfortuhately, no comparisons can be made with previous findings
regarding changes in the activation of individual muscles in ACL
reconstructive patients.

Earlier studies reporting deficits in maximal IEMG activities in ACL
patients are limited to observations in patients sustaining an injury to the
ACL, without surgical intervention. These findings are in close relation to the
observed iEMG deficits in the injured limb of patients with an ACL tear,
where the activity of the VL and VM muscles were reportedly reduced by
19.2% and only 0.6%, respectively, relative to the non-injured limb [161].

In our study, the significant decline in mean knee extension iEMG
activity, measured at 6 weeks postoperatively, persisted over the following 6
weeks during the production of a MVC at 6‘0°/sec.. However, no statisticall
deficits were observed at 180°/sec. by 12 weeks. This was in contrast to
Elmqvist et al. [161], where a 13% deficit remained in the mean iEMG activity
of the injured QFM, when the individual iEMG values for the rectus femoris
(RF), VM and VL muscles at 180°/sec., were taken into account.

According to Sale et al. [210], maximal iEMG is a well established
measure of the amount of electrical activity produced within a muscle by
representing the individual activation of muscle fibers of recruited motor
units during the production of a MVC. Reduction in the maximal iEMG
activity of individual muscles can reflect an inability of that muscle for
complete activation and point to a disruption in the neuromuscular
mechanism [173]. If maximal activation is reduced, this suggests a diminished
capacity for the proper utilization of motor units, leading to reduced motor

unit excitation and resulting in a diminished performance of the muscle [173].
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Altered utilization of motor units in the VM and/or VL muscle can
arise from the reflex inhibition of the QFM, after injury or reconstruction of
the ACL. Reflex inhibition arises from the receptor afferents located in the
knee, which provide an altered sensory feedback to the motoneuron pool in
the spinal cord and consequently leads to a decreased neural input or
neuromuscular drive to the muscle [18]. This reduction in neuromuscular
drive to the muscle may, in part, account for the deficits in the isokinetic

performance of the QFM in patients following ACL reconstruction.

Power Density Frequency Spectrum

The shift in MED of the VL and VM muscles over the early
postoperative phase may imply that a significant proportion of type | fibres
over type Il fibres were preferentially recruited during the isokinetic
maneuver. Previous findings have indicated that the MED is a reflection of
the peréentage of muscle fibres recruited, where a higher percentage of type
[l fibres generates a higher MED and a higher proportion of type | fibres
generates a lower MED [211].

Can a MED shift to lower values predict the occurrence of reflex
inhibition during a MVC? Altered motor unit utilization may be responsible
for the marked reduction in iEMG activity and partly responsible for the
subsequent deficits in isokinetic performance. Since type | fibres are more
easily recruited.than type Il fibres during voluntary contraction, a reduction in
type Il fibre involvement during a MVC, as reflected in the MED shift, would
be expected in a situation of reduced neural input and result in the
diminished neuromuscular performance of that muscle [212] Therefore, in
the context of a MVC, the MED shift to lower values can highlight the

occurrence of reflex inhibition.
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Muscle Volume Measurements

No significant differences were observed between preoperative and
postoperative measurements of the overall QFM and individual VM muscle
volumes. However, there was a tendency for a decrease in the postoperative
VM volume. Previous findings in thigh muscle volumes on ACL reconstructed
patients were not found, however, this decline in muscle volume would
signify a degree of atrophy present in the VM, but not statistically significant.
Between 5-31% atrophy has been reported in the literature following ACL
injury and reconstruction [161, 163, 164, 166, 170].
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What are the effects of treatment with TES during the early postoperative
phase of recovery following ACL reconstruction?

The aim of the present study was to compare the effect of TES
coupled with a standard rehabilitation protocol with patients following the
rehabilitation protocol exclusively. Our results indicate that there were no
significant differences between the experimental and control groups. We
wanted to see if TES would attenuate any of the effects of surgery as
previously discussed. TES, in addition to rehabilitation, provided no benefit to
the subjects in minimizing the effects of surgery measured in this study,
during the early postoperative phase of recovery (0-6 weeks) following ACL
reconstruction. Of the numerous outcome measurements undertaken during
this investigation to test the possible benefits of TES, only TTPT and mean
iIEMG activities of the VL and VM muscles exhibited a tendency for a
treatment effect, during the early postoperative phase.

Mean TTPT values were maintained throughout the treathent perAi’odf
in comparison to the control group, approaching significance at 6 weeks
postoperatively with a p-value of 0.05. TTPT is indicative of the type ll/type |
fibre ratio [213]. Force-time characteristics of the QFM likely reflect the fibre
composition of the muscle, since a reduction in TTPT has been observed
following significant gains in force generating capacity in power athletes and
after strength training [213]. A lack of change in this parameter, as noted in
our study, may suggest that treatment with TES is efficacious in maintaining
the neural input to the muscle as well as the time for maximal activation.

In comparison to the control group, the effects of surgery on the
decline of the maximal iEMG activity of the VL muscle was attenuated by
TES, showing a tendency for a positive effect of treatment, during the early
postoperative period. Contrary to this finding, however, maximal iEMG

activity of the VM muscle in the experimental group was observed to
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decrease, unlike the control group, where the maximal iEMG activity of the
VM muscle was maintained throughout the initial postoperative stages of
recovery. This finding may signify a tendency for a negative effect of
treatment, however, it is more likely explained by a reduction in neural drive
to the muscle due to the presence of reflex inhibition [173, 214], commonly
observed during the early postoperative phase [135].

The literature concerning the effects of NMES in patients during the
early postoperative phase following ACL reconstruction, is quite limited and
inconsistent. The rationale behind the use of NMES protocols during the
initial stages of recovery lies in the inability for intensive volitional exercise of
the muscle for the prevention of atrophy, since muscles around the joint are
significantly restricted [204]. NMES has been preferentially shown to activate
type Il fibres [215, 216] and selective atrophy of type IIB fibres have been
reported in the literature following ACL reconstruction [171]. Furthermore,
because type Il motor units are only activated at high levelvsv of voluntary
contraction, selective atrophy of these fibres may be manifested in strength
deficits during the performance of a MVC. Therefore, NMES may be a useful
treatment for patients who are weak. It is mainly for this reason that NMES
has been considered as an effective supplementary tool to the standard
rehabilitation of inactive muscle groups [115, 214].

NMES has been shown to be effective in preventing deficits in
strength, muscle mass and oxidative capacity of the QFM following knee
ligament surgery [127, 132, 133, 136], while others have reported no
significant differences in strength gains between groups training with
voluntary contractions and those training with NMES [125, 136, 217, 218].
One must keep in mind that the inadequate standardization of experimental
procedures, evaluation methods and stimulus protocols makes comparing
these studies and drawing accurate conclusions concerning the utilization of
NMES difficult.

Following ACL reconstruction, treatment with NMES protocols during

the early postoperative phase of recovery is limited to relatively few studies
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in the literature [134, 136, 218, 219]. Delitto et al. [134] compared the

effectiveness of NMES with voluntary exercise in minimizing postoperative
strength deficits. The experimental protocol consisted of simultaneous co-
contractions of the quadriceps and hamstring muscles either by NMES or
voluntary exercise 5 days per week, over a 3 week period. This high intensity
NMES treatment was administered for a total of 56.25 minutes («on time» of
actual stimulus being delivered to the selected muscles). The investigators of
this study reported that NMES was more efficacious than voluntary exercise
in minimizing postoperative strength deficits [134].

Snyder-Mackler et al. [219] proposed the use of both high intensity
and low intensity NMES protocols for the purposes of making a comparison
between the two protocols in their effectiveness in minimizing postoperative
strength deficits of the QFM over a 4 week period. The high intensity NMES
protocol generated a contraction equivalent to 50% of the uninvolved MVC,
and was administered during 3 sessions per week, for a tétal treatment «bn.
time» of 30 minutes. The low intensity NMES protocol delivered a
contraction equivalent to less than 10% of the uninvolved MVC, 5 sessions
per week for a total treatment «on time» of 18.7 hours . They concluded that
high intensity NMES provided a highly beneficial treatment versus the low
intensity protocol, which exhibited no effect during the early postoperative
phases of rehabilitation following ACL surgery [219].

Another study by Snyder-Mackler et al. [136] examined the
effectiveness of high intensity NMES versus low intensity NMES, in
comparison to high volitional exercise over a 4 week postoperative period.
Both high intensity NMES and volitional exercise protocols were
administered 3 times per week. The low intensity NMES protocol was
administered 5 times per week for a total treatment «on time» of 4.5 hours

versus 33 minutes of for the high intensity NMES protocol. The investigators
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concluded once again that high intensity NMES was highly efficacious in
minimizing the postoperative strength deficits of the QFM and that there was
no advantage to using a low intensity NMES protocol for these purposes
[136]. |

Finally, Lieber et al. [218] proposed the use of a high intensity type
NMES protocol versus volitional exercise in hopes of providing further
benefits to patients following reconstruction of their ACL. This NMES
protocol consisted of 5 sessions per week, for a total treatment «on time» of
3.3 hours, over a 4 week period. They concluded that NMES provided no
further benefit to these patients than volitional exercise and that identical
strength gains were observed following treatment with NMES or the
voluntary exercise regimen, where treatment activity was matched between
groups [218].

Differences in the doses of stimulation among patient samples might
account for the discrepancies between our ﬁndings’ (.‘no effect) and those of
Delitto et al. [134], Snyder-Mackler et al. [136, 219] and Lieber et al. [218]. In
our study, patients in the experimental group received TES for a total of 210
hours «on time» over the 12 week treatment period. It is disappointing to
note that this low intensity stimulation protocol (Appendix VI), when used
over a long duration, demonstrated only few effects during the early
postoperative phase of recovery, following ACL reconstruction.

In regards to our protocol, perhaps the production of a visible muscle
contraction would have been more efficacious for the patients in the
experimental group. According to Snyder-Mackler et al. [219], there appears
to be a threshold contraction intensity of 10% the MVC force of the
uninvolved QFM that is required to evoke a training effect that increases
muscle function performance. Our TES protocol failed to generate average

training contractions with intensities greater than 10% uninvolved MVC in
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the involved QFM of these patients. Therefore, this may provide evidence for

the lack of treatment effect in our experimental group.
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What are the limitations and delimitations of this study?

Although we controlled certain variables during the study, for
example, the surgeon, the surgical technique performed, and the
rehabilitation protocol being the same for all patients, certain limitations and

delimitations prevailed.

Limitations
Number of Recruited Subjects

The number of subjects that we were able to recruit, satisfying the
necessary criteria, was limited. As a result, the sample size in this
investigation may not have been sufficient enough to detect small treatment
effects in the experimental group. Although we had originally proposed a
sample size of 30 patients, it took nearly three years to achieve a sample size
of 24 patients. Perhaps the recruitment of an additional surgeon performing

the same surgical technique would have expedited the process.

Possible inadequacy of Outcome Measurements

It may have been that the outcome measurements were inappropriate
for detecting changes in the VM muscle. Because the VM muscle was the
primary target of the stimulus protocol, it would seem reasonable to assume
that isokinetic force measurements of the overall QFM would mask any
functional changes in the VM. Furthermore, during the first postoperative 6
weeks, patients train their QFMs isometrically and perhaps evaluation of
strength and iEMG activity would have been more appropriate during the
performance of a maximal isometric contraction, due to the specificity of

exercise training [213, 220, 221].
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Stimulation Protocol

The TES protocol required a minimum of 6 hours of stimulation per
night, 5 nights per week. This parameter was changed from the original
paradigm, in order to minimize the lack of compliance due the overall
greater demands of this protocol, which stated 8 hours minimum per night, 6
nights per week. Furthermore, with regards to compliance, the builtin meter
used to track patient compliance was faulty 90% of the time. Without this
feature, we were unable to track the actual patient usage and therefore, were

unable to confirm patient compliance as stated on their individual log sheets.

Delimitations

The delimitations of this study include the recruitment of volunteers,
the injury itself, degree of preoperative QFM weakness and atrophy, the

timing of surgery and the trauma of the graft harvesting procedure.

Volunteer vs. Non-Volunteers

In our study, the recruitment of subjects was on a volunteer basis and
volunteers, in turn, are often better motivated. It is common knowledge that
motivation, self-perceived capabilities, degree of compliance, and the belief
in the efficacy of treatment can influence the physical performance or
therapeutic outcome. Therefore, these motivational factors would likely

influence the results of our investigation.
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Timing of Surgery

How the initial injury to the ACL took place and the interval between
the original injury and ACL reconstruction, was greatly variable among the
different patients. It is common practice to undergo physiotherapy for a
period of 6 months to 1 year prior before recommending invasive surgery to
replace a ruptured ACL with a brand new reconstructed ligament (Dr. E
Lenczner, personal communication). During this time, patients are advised to
wear a protective knee brace both at the early stages post-injury, and during
recreational sporting activities. Furthermore, depending on the course of
action undertaken post injury and at the time surgery, atrophy and

subsequent weakness of the QFM will vary to different degrees.

Future studies on postoperative ACL patients should take this into
account when making comparisons between different treatment groups and
postoperative rehabilitation programs. To circumvent this variability, perhaps
a better approach would entail recruitment of patients with a fixed time delay
between injury to surgical intervention. According to Shelbourne et al. [208],
patients who delayed surgery by 2 months, demonstrated faster progress in
postoperative QFM strength when compared with patients who had surgery
only 11 days following injury. Therefore, in light of this observation, a
minimum delay of 2 months should be required when deciding on a fixed

time delay.

Graft Procedure

The patellar tendon autograft is commonly referred to as the gold
standard for ACL reconstruction. The benefits of the medial third bone-

patellar tendon-bone (BPTB) graft include its high tensile strength and fixation
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with bone to bone healing [222]. Reported drawbacks of the patellar tendon

autograft include patellofemoral pain (PFP), patellar tendinitis, patellar
fracture and impairment of the QFM mechanism, as a result of the graft
harvesting procedure'[223]. PFP imposes limitations on complete extension
of the knee joint which, in turn, inhibits proper activation of the QFM. This
would make complete rehabilitation of the QFM difficult and delay the
progress in strength recovery during the early postoperative period [224-
226]. Patients with PFP would introduce a confounding variable into the

study and possibly skew the results of the ensuing investigation.

Alternative graft choices, such as the semitendinosus and gracilis
autografts, have generated similar results to the BPTB autograft, in terms of
postoperative stability in the early stages of recovery [222]. However, unlike
the BPTB autograft, the harvesting procedure relative to the semitendinosus
and gracilis autografts, spares the trauma to the_QFM mechanism [222].
Therefore, we recommend the use of andkalternative autograft procedure in
order to avoid the morbidity reportedly caused by the harvest of the patellar
tendon autoigraft, when studying ACL patients during the early postoperative

stages.

Conclusions

[n summary, improvement of function, activity level and muscle
strength in the QFM was evident in both the experimental and control
groups, however, no significant differences were found between the two
groups, during the early postoperative stages of recovery following ACL

reconstruction. Therefore, it was concluded that TES, in addition to
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rehabilitation, has minimal extra benefit for patients who have undergone

ACL reconstruction.
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APPENDIX 1

Anterior Cruciate Ligament Surgical Reconstruction Procedure

e mild line incision

e muscle biopsy distal vastus medialis

e removal 10mm strip of central one third pattella tendon -
full thickness - with bone blocks from distal patella and

proximal tibial tubercle

e arthroscopic joint debridement and meniscal surgery if
needed

o arthroscopic notch plasty
e drilling of tibia T0mm tunnel and femur 1T0mm tunnel
e insertion of patella tendon autograft in isometric position

e fixation of bone plugs in femur and tibia with interference
screws

¢ wound closure, closing patella tendon sheath, bone graft
patella
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Patient Consent Form

HUMAN RESEARCH CONSENT FORM

TITLE: A Study of the Efficacy of Therapeutic Electrical Stimulation in Minimizing
Disuse Muscle Atrophy and Dysfunction of the Quadriceps Femoris Muscle
Following Knee Surgery: A Model for Microgravity-Induced Disuse Atrophy.

SPONSORS: This study will be conducted at the Montreal General Hospital as a
joint project between University of Montreal and the Canadian Space Agency

TYPE OF STUDY: Postoperative study on orthopaedic patients following
reconstruction of their anterior cruciate ligament.

INVESTIGATORS:

Phillip Gardiner PhD
Professor Department of Physical Education
Université de Montréal

Karen Pape MD FRCP(C)
Medical Director Magee Clinic

Christina Hui-Chan Ph.D
School of Physical and Occupational Therapy
McGill University

Eric Lenczner MD FRCS (C)

Orthopedic Surgeon, Montreal General Hospital
Assistant Professor of Orthopedics, McGill University
Director of McGill University Sports Medicine Clinic

David R. Williams MSc MD CM CCFP FRCP(C)
Astronaut, Canadian Space Agency,
Assistant Professor of Surgery, McGill University

Carrie Olha BSc
Graduate Student, University of Montreal
Research Assistant, Canadian Space Agency

This is a research study designed to evaluate the effects of neuromuscular
electrical stimulation (NMES) on preventing disuse muscle atrophy (muscle shrinkage
related to inactivity) and inadequate muscle function in postoperative orthopaedic
patients. Significant atrophy and weakness of the quadriceps femoris muscle (QFM) or
thigh muscle group occurs following knee injury and anterior cruciate ligament (ACL)
reconstruction. The ACL is a ligament of the knee just underneath the knee cap which
helps to attach the thigh bone to the shin bone. The purpose of this study is to
conduct preliminary experiments to determine if the stimulation pattern is effective in
minimizing muscular wasting that arises in the lower extremities of astronauts
following prolonged spaceflight. Using ACL reconstructed patients, provides a good
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following prolonged spaceflight. Using ACL reconstructed patients, provides a good
model! for studying treatments that can minimize such deficits in muscular function.

The treatment of NMES will be administered in conjunction with a standardized
rehabilitation program.

Prior to surgery | will come to the lab at the University of Montreal (U of M)
for an orientation session and | will be assigned to one of two groups which will differ
in the procedures to be undertaken during my recovery. Both groups are required to
follow the standard rehabilitation program as outline by Dr. Lenczner in appendix 3.
If I am assigned to group (1) control, no stimulation is required and | will only be
required to follow the standard rehabilitation program. If | am assigned to group (2)
experimental group, | will be required to follow a nightly stimulation protocol
consisting of low intensity muscle stimulation in addition to the rehabilitation. If | am
assigned to the experimental group, | will be instructed in the proper use of the
electrical stimulation unit and the associated protocol along with the goals of the
stimulation program.

After the orientation session, | will be asked to perform a series of leg
contractions to evaluate the strength of the quadriceps femoris muscle groups in both
legs. These contractions will be evaluated on a machine that measures muscle strength
called an isokinetic dynamometer. Surface electrodes (rubber patches placed over the
skin) will be placed over this muscle group to record the activity in the muscle as |
perform 2 sets of 3 repetitive contractions. At the time of contraction, if | experience
- pain, | will be asked to rate my pain on a graphic rating scale (Appendix 1). | will also
be asked to undergo measurements of my legs and magnetic resonance imaging
(MR} will be taken prior to my surgery.

The MRI apparatus is a large hollow cylindrical drum that is similar to an x-ray
but the image obtained does not require the use of radiation. I will be asked to
undergo an MRI whereby | will be lying horizontally and totally submerged, from head
to toe, inside this cylindrical drum. | will be asked to lie still for approximately 1 hour as
the machine proceeds to take pictures of my legs. As the machine is operating, | will
hear a series of knocking sounds, like someone using a hammer and tapping on the
outside, but this should not concern me since this is how the machine normally
operates to take the pictures needed. Finally, | will be asked to allow the surgeon to
perform a muscle biopsy (small tissue sample) during surgery to provide one sample of
muscle tissue (approximately half the size of a corn kernel) from my involved
quadriceps

Following surgery, | will remain in the hospital for a minimum of 24 hours and
follow the recovery procedures advised by the orthopedic surgeon as outline on page
1 of appendix 3. Depending upon which group | will be assigned to, | may receive low
intensity electrical stimulation applied to the surface of the extensor muscles (QFM) of
my involved knee. This type of stimulation will be a mild tingling sensation
administered for 6-8 consecutive hours while | sleep. A pair of electrodes will be
applied over the vastus medialis and rectus femoris muscles of my involved limb. The
positions of these electrodes will be marked using a non-toxic water-soluble marker so
that | will be able to reproducibly apply them to the correct positions at home. Once
familiar, | will begin the treatment for the selected duration and record my subjective
responses to the electrical stimulation as outline in the “Patients Stimulation Log”
(Appendix 2). If | find the stimuli uncomfortable or disruptive to my sleep, | will be able
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to inform my nurse, or a member of the research team. who will adjust the stimulation
to more comfortable levels.

GROUPS 1 and 2

The next day, following the advice of the orthopaedic surgeon, | will be
discharged from the hospital and will begin a standardized physical therapy program
(Appendix 3) for a period of 12 weeks.

GROUP 2

For the next 12 weeks, in combination with physical therapy, at home [ will be
required to wear and activate the stimulation unit according to the protocol. | will
place the electrode patches over the marked positions and each day | will keep a
record of my stimulation schedule and record my subjective feelings and any problems
! may have on the “Patients Stimulation Log” V've been provided with. { will be
allowed to take 2 rest days each week whereby I won’t have to stimulate my leg but
these days must not be consecutive.

Within two weeks from the day of surgery, | will be asked to return to U of M
for a follow-up visit with the supervising orthopaedic surgeon for approximately 30
minutes. At this time, | will be asked to bring my log sheet and the stimulator, and
proper electrode placement will be verified.

GR’OUPS 1land 2

At 6 weeks following my surgery (postoperatively), | will be asked to return to
U of M for approx. 2 hours with my log sheet to repeat the dynamic leg contractions
in order to evaluate the recovery of my muscle strength in the involved limb. Pain.
measurements will also be recorded as before.

At 12 weeks postoperatively, | will be asked to return to U of M for approx. 2
hours to repeat the testing procedure previously undergone in the preoperative
session. These will include the dynamic leg contractions, pain assessment and another
MRI will be scheduled. Following the testing procedures, | will be asked to undergo a
muscle biopsy to provide another sample of muscle tissue (approx. 1/2 the size of a
corn kernel) from my involved leg. The study will then be terminated and | will be
asked to return all the equipment and the completed log sheet.

If at the end of the study, the data collected indicates that the stimulation .

protocol helps muscle recovery, then if | am assigned to the control group, | will be
given the opportunity to receive stimulation at the end of the study.

POSSIBLE BENEFITS OF PARTICIPATION IN THE STUDY

The potential benefits of my participation in this study, although not assured
(there is the possibility of no benefit), include:
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1) Reduced strength loses and reduced pain in the early
postoperative phase.

2) Augmented gains in range of motion around the knee joint.

3) Increased rate of return to full athletic activity.

Clinicbased stimulation protocols, which often can be uncomfortable, require
the presence of an experienced technician and therefore, the patient must travel to a
facility to receive treatments. This may not be achievable over an extended period of
time since the patient must make time during working hours to undergo the
stimulation. In alternative to clinic-based stimulation , these home-based stimulation
protocols are easy to use, with minimal discomfort to the patient. Furthermore, home-
based stimulation would be more practical for the patient and if proven to be effective,
it may allow for less time to be spent in a supervised rehabilitation program. Thus, the
patient would be allowed to stimulate in the comfort of his/her home, accelerate the
overall rate of recovery and resume full activity more rapidly with less risk of injury to
the knee or graft.

The result of this study will contribute to the assessment of NMES in
minimizing or preventing the physiological adaptations that arise from periods of
disuse and unloading. These include knee ligament injury, cast immobilization, bedrest
following surgery and periods of weightlessness during prolonged spaceflight. While
the global objective of this proposed study is to evaluate the potential efficacy of new
medical technologies in preventing some of the medical problems associated with
human spaceflight, the data will have significant implications in the field of
rehabilitation medicine.

FORESEEABLE INCONVENIENCES, DISCOMFORTS AND RISKS

Surgical reconstruction of the injured ACL is performed on the basis that
persons with an ACL deficient knee, are prone to further joint injury. The ultimate goal
is to prevent further injury and retard the onset of degenerative arthritis, while allowing
the person to continue to participate in demanding athletic activities. Profound
atrophy and weakness of the quadriceps femoris muscle, related to inactivity (disuse),
can occur as early as the first few days following knee ligament injury and ACL
reconstruction. NMES has been used as a treatment to minimize muscular atrophy and
weakness related to many musculoskeletal and neuromuscular disorders. It has also
been used on ACL patients as -a rehabilitative tool to attenuate postoperative disuse
atrophy and pain. While the interventions described above are standard clinical
procedures, they still may involve possible risks.

A) I may experience some discomfort due to the electrical stimulation and the
wearing of skin surface electrodes, such as minor skin irritation.

B) I may feel some discomfort (slight sting) during the injection of the local
anaesthetic prior to insertion of muscle biopsy needle, as well as additional soreness a
day or so after at the insertion site. Infection is possible but unlikely due to the sterile
conditions used. »

Q) The potential risks associated with muscle biopsies include:
1. Allergic reactions to local anaesthetics
2. Post-biopsy infections
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3. Damage to underlying anatomical structures
4. Excessive bleeding.
The incidences of these however, are extremely rare (< 1 in 1000)

If any of these should arise immediately contact Dr. Fric Lenczner at 989-
1231

D) I may experience muscular soreness or injury following the testing procedure
or upon return to exercise following the study period so care must be taken to
exercise progressively.

E) I may experience anxiety or claustrophobia during the MRI analysis procedure
however, MR imagery does not produce any known health risks or rely upon the use
of intravenous chemicals. Therefore, for these reasons, no potential risks associated
with an MRI are foreseen.

Measures taken to minimize these risks will include:

1. Close supervision by an individual specially trained in the use of isokinetic
dynamometers.
2. Only skilled individuals specially trained in the percutaneous needle
biopsy technique will be employed.

EMERGENCY TELEPHONE NUMBERS

1) Dr. Phillip Gardiner: (514) 343-7450
2) Dr. N.B. Whittermore: (514) 934-8087
3) Dr. E. Lenczner: (514) 989-1231

INQUIRIES CONCERNING THE STUDY

| understand that all the questions | may have about this study will be
answered by Miss Carrie Olha and/or her supervisor Dr. Phillip Gardiner at the
Centre d’Education Physique et des Sports {CEPSUM), Université of Montréal, 2100
boul. Edouard-Montpetit Room 8205, Montreal, Québec, (514) 343-7450. If | have
any questions concerning my rights as a study participant or in the event of a research
related injury, | can contact Dr. N.B. Whittermore, the Director of Professional
Services at the Montreal General Hospital at 934-8087.

In order to monitor compliance with institutional regulations regarding
research involving human subjects, the Research and Clinical Trials Committees
reserve the right to review the research records at the MGH and MGH Research
Institute.
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WITHDRAWAL FROM THE STUDY

I understand that my participation in this research study is strictly voluntary of
my own volition. | may refuse to participate or withdraw from the study at any time
which will not involve any prejudice or penalty to the health care or the benefits to
which | am entitled. | understand that my participation in this study may also be
terminated with or without my consent and that the study has been approved by the
Ethics Committee of the Montreal General Hospital. In addition, any personal
information obtained from me through this study will remain confidential and
participants will not be identified in any communication concerning this work. This
confidentiality will be maintained whereby each file will be assigned a code and this
code will only have significance to the investigators in this study. Furthermore, the
coded files will be kept in a locked filing cabinet to which only the investigators will
have access.Lastly, | will be given a copy of this consent form for my future references.

PARTICIPANTS DECLARATION

l, agree to participate as a subjectin a
Printed Name of the Subject

research study designed to evaluate the effects of two modalities of neuromuscular

electrical stimulation (NMES) on preventing disuse muscle atrophy and muscle

weakness in the lower extremities.

I have understood all of the testing and experimental procedures described in the
preceding form.

| am aware of the possible foreseeable harmful consequences that may result from
such participation, and that such participation may otherwise cause me inconvenience
and discomfort as described in the preceding form.

| also understand that by signing this form | do not give up any legal rights.

Lastly, | have had the opportunity to ask questions and | have received satisfactory
answers to each question | have asked.

Signature of subject: Date:

Print Name:

DECLARATION OF THE INVESTIGATOR

1, Carrie Olha certify that | have fully explained the above-mentioned subject
matter, the nature of the experiment, the known risks involved in participating in this
study, and the fact that he/she has the right to withdraw from the study at any time,
without prejudice.

Signature of researcher: Date:
Signature of witness: Date:
Print Name:

(witness)
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Rehabilitation Protocol following ACL reconstruction

daily

ACL PROTOCOL - Dr. E. Lenczner.

Prepared in conjunction with S.Cross pht.,, CA.T. (C). and the McGill University
Sport Medicine Clinic. Revised April 1995.

PRE-OPERATIVE PERIOD

PROTECT the torn ligament(s) and/or meniscus during the treatment

Increase the ROM (bike, AROM, etc.)

Decrease the swelling/effusion as much as possible

Maximize the strength pre-op

Quads, hamstring, calf flexibility

Good proprioception

Normal gait pattern

Avoid cutting activities, stick to straight ahead exercises/sports (treadmill, cycling)

- Educate the patient about the stages of the rehabilitation post-op
especially the immediate period around the surgery. Review the
necessity of icing frequently.

- Make sure the patient can use crutches pre-op.

- Make sure the patient is familiar with isometric Quads, Hamstrings,
Gluts as well as ankle pumping/ROM exercises.

POST-OPERATIVE PERIOD
0-2 weeks

Check for DVT

Check for abnormal pain or abnormal swelling

Change dressing if necessary, observe healing status of incision

Feather WB-PWB (crutches)

Gentle weight shifting side to side with the splint

Wear Zimmer splint when not icing or working ROM

Wear ace wrap for compression to control effusion and swelling
AAROM-AROM knee flexion, begin bike for ROM exercises

Maintain extension :

AROM ankle pumping

[sometric Quads, Hams, Gluts

Hip ABDuction, ADDuction, SLR and prone SLR with the brace
Hamstring stretching

Patellar Mobilizations

Pool therapy program can begin once incision healed (remove the brace)
Ice the knee after the treatment, and advise the patient to ice at home several times

F/U at 1 week post-op.
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2-4 weeks

PWB-FWB with Zimmer splint (crutches vs. cane).

Continue ROM for flexion, bike should be progressed

Maintain or increase extension (overpressure or gentle tibiofemoral mobilization)
Continue with isometric Quads, Hams, Gluts, if necessary

Continue with hip SLR, prone SLR, and ABD/ADD

Toe raises for calf strengthening

Hamstring stretching

Calf stretching

Patellar mobilizations

Scar mobilizations, can use Vitamin E gel capsules to massage into the incision
Massage/friction patellar tendon to decrease scar tissue formation

Continue the pool therapy program (if the incision is well healed)

Ice the knee after the treatment

4-6 weeks

Patient should be FWB if the knee is in full extension
D/C Zimmer splint

Continue flexion/extension ROM and increase biking
Continue hip exercises and increase resistance

Closed kinetic chain exercises for quads (step ups, etc...)
+++ Hamstring strengthening both concentric and eccentric
Continues toe raises and progress to one foot toe raises
Continue Q+H flexibility '

Continue patellar mobs

Continue scar mobs

Balance on one foot to begin proprioception training
Ice the knee after the treatment.

6-8 weeks

Bike for endurance, strength and ROM
General strengthening for the lower extremity with closed chain exercises for the

Biodex/Cybec with ANTISHEAR BAR at > 120 degrees per second. (ACL Brace is
NOT good enough support for resisted knee extension).

Continue with Q+H flexibility

Ice the knee after the treatment/exercises

XV
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8-12 weeks

Ensure full ROM for flexion/extension

Continue strengthening, progress eccentric quadriceps work in closed kinetic chain
and/or with the antishear bar on the Biodex/Cybex

Jogging in a straight line if isokinetic testis > 75 - 80%

Continue stretching/flexibility

Ensure good patellar mobility

Patellar tendon should be clear of scar tissue/thickening

Continue/progress proprioception exercises

Ice the knee after exercises

12-16 weeks

Strength and endurance work

Jogging (only in a straight line, no cutting should be done yet)
LE stretching

Proprioception ++

16-24 weeks

Continue strength and endurance work

Continue flexibility

Increase running, cycling

Begin plyometric drills

Begin to work on sport specific drills with gentle cutting and progress as tolerated

At 6 months

Make sure the patellar tendon is clear of scar tissue/swelling

Make sure knee ROM is full

Make sure the patellar mobility is normal

Make sure the flexibility is good

Isokinetic test

Return to sports (may need a longer period depending on the sport)
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APPENDIX IV

Differential EMG Electrode Placement over the Vastus Lateralis and Vastus
Medialis '

Vastus Lateralis :>
‘— Vastus Medialis

Reference
Electrode
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APPENDIX VI

Nocturnal implementation of TES - Stimulation Parameters

sWaveform: Assymetrical biphasic pulse

sPulse Rate: 35 Hz

ePulse width: 300 wsec

ePeak intensity: <10 mA

eRamp time: 2 seconds

¢On time: 12 seconds

oOff time: 12 seconds

eTreatment time: Continuous

eDuration: 6-8 hrs each night for the duration of the

studly.



APPENDIX VII
QUADRICEPS
... ]
GOAL
¢ Increase hip and knee stability
e Improve ambulatory skills
* Improve endurance MUSCLES
e Vastus Medialis
e Vastus Lateralis
e  Vastus Intermedius
¢ Rectus Femoris
e Sartorius
FUNCTION

Knee Extension
Hip Flexion

Sartorius

Rectus Femoris

Vastus Lateralis

Vastus Medialis
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QUADRICEPS

TO ISOLATE THE QUADRICEPS :

expose the leg from the groin to the knee
view from above with the knee flexed in a
seated position

resist knee extension to define rectus
femoris

the quadriceps narrow and become a
tendon a variable number of inches
above its patellar insertion

landmarks include the patella, patellar
tendon and the inguinal crease
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QUADRICEPS

R A
RED ELECTRODE :

BLACK ELECTRODE :

Lower (black) electrode should be placed first
place on the belly of the vastus medialis
muscle

Draw an imaginary line from the inner edge
of the patella and place just outside to this
line

Approximately 5 to 7 cm from the superior
patella border.

Upper (red) electrode should be placed
centrally over the belly of the rectus femoris
muscle

Place approximately two thirds of its length,
as measured from the superior patella border
Should be parallel to the lower (black)
electrode

Electrodes should not be more than 15 c¢m
apart ; if they are too far apart, the treatment
will be less effective
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APPENDIX VI

TRAINING
MANUAL

Guidelines On The Proper Use And Maintenance Of
The ONE 2 ONE Stimulator

~ Revised and Printed with Permission from Mayatek Inc.
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OVERVIEW
Neuromuscular electrical stimulation (NMES) is part of the core curriculum in most schools of Physical
Therapy. This electrical stimulation of muscle is recognized therapy widely used in sports training and
orthopedic rehabilitation.

CAUTIONS

You will be asked to sign a consent form indicating that you have been made aware of a few major safety
precautions. They are repeated here for your reference. Federal law in the USA restricts this device to sale by
or on the order of a physician. A similar restriction is advised in Canada.

INDICATIONS

The Food and Drug Agency (FDA) in the United States has accepted Electrical Stimulation for the following
uses:

e for the prevention or retardation of disuse atrophy;

for maintaining or increasing the range of motion;

for muscle reeducation;

for relaxation of muscle spasms;

to increase local blood flow.

e © 9 9

CONTRA-INDICATIONS AND WARNINGS
As the effects of NMES during pregnancy are unknown, it is recommended that stimulation not be used while
you are pregnant or if you are planning to become pregnant.

The electrical current of the stimulator may effect patients with known myocardial arrythmias, or the output of
a pacemaker. The stimulator must not be used by, or demonstrated on anyone with, a pacemaker or patients
with known myocardial arrythmias.

Stimulation should not be used on cancer patients or on patients with suspected or diagnosed epilepsy.
You should not stimulate over swollen, infected or inflamed areas or skin eruptions such as phlebitis.

This device should be used only under the continued supervision of a trained professional for the treatment for
which it is prescribed. The device is designed for external use only.

PRECAUTIONS AND ADVERSE EFFECTS

Occasionally, skin irritation may occur at the site of the electrode placement following long-term application.
Sometimes, electrode burns may occur at the electrode site. Please ensure that the stimulator power is turned
off before removing or applying electrodes.

GETTING TO KNOW THE EQUIPMENT

THE STIMULATOR

The ONE 2 ONE neuromuscular electrical stimulator is a small rectangular box with a display window and a
control panel protected by a sliding front cover. To access the controls, slide the front cover down. The power
switch is located on the left side of the face of the stimulator just below the display window.

The ONE 2 ONE stimulator has two separate channels allowing two
different muscle groups to be stimulated at the same time through
different sets of electrodes. However, for the purposes. of this study,
only Channel 1 will be used.

THE WIRES

The ONE 2 ONE will be supplied with one lead wire. This lead wire
has a black connector with two prongs at one end and a split plug
(one red and one black) at the other end. This lead wire consists of
two wires joined together throughout most of its length, but which
splits into two at the plug end. They can be split as far as necessary to
accommodate the electrode placement pattern designed for you.




ELECTRODE PATCHES

The ONE 2 ONE will be used with one type of electrode patches
which are latex-free. Complete instructions for their application and
use will be provided by the investigators of this study. You will be
provided with two complete sets of patches to start your program.
The size of the electrodes to be used will vary depending on the
individual.

THE CLIP ATTACHMENT
The clip on the back of the unit can be used to secure it so it won’t
move around during the treatment. If the clip is not needed, use a
screwdriver to remove it.

THE BATTERY :
The ONE 2 ONE is powered by a 9-volt battery. Disposable 9-volt (alkaline) batteries will be provided at each
visit during the study. Storing extra batteries in the refrigerator will promote durability.

INSERTING THE BATTERY

1. Be sure the power is in the “OFF” position. Remove the cover of
the unit by sliding it completely off to expose the battery
compartment.

2. Lift the battery connector plate by placing a finger undemeath it
and holding it in the raised position.

3. Snap the new 9-volt battery into the connector.

4. Slide the cover into the grooves on the side of the case and push it
up until the battery and control panel are concealed.

When you tumn the unit on, if the amber light stays on rather than
flashing once, the battery must be replaced.

REPLACING THE BATTERY

The battery should be replaced every 7 days to avoid any complications

with the overall treatment time. The new battery should be placed into

the unit within 3 minutes of removing the old one. This will keep the
builtin memory of the unit intact.

1. Be sure the power switch is in the “OFF” position and remove the
front cover of the unit.

2. Tip the stimulator so that the battery tums outward. Place a finger
underneath the battery connector plate to hold it in position. Then
carefully remove the old battery from the connector.

3. Snap the new 9-volt battery into the connector. Slide the cover into
the grooves on the side of the case and close it.

NOTE: This unit must never be plugged into an electrical outlet. Never
use 9-volt adapters.

LIGHT SEQUENCE

The red light indications are as follows:

* Flashing 1 time per second: No current flow

¢ Flashing 8 times per second: Current ramping up to stimulation level

e Continuous red light: Current is flowing

¢  Flashing 4 times per second: Current ramping down from stimulation level



HOW TO OPERATE THE STIMULATOR

GENERAL INSTRUCTIONS

Plug the black two-pronged wire connector into the output jack on
the left side (channel 1) of the stimulator. The wire must be inserted
so that it hangs down at the side of the stimulator as seen in the
photo. Never attempt to plug a connector into an electrical outlet.

Leaving the wire connected to the stimulator between uses reduces
wear. [t may be taped across the back of the unit as illustrated.

To prepare the electrode patches, refer to the instructions on the
package. The red wire lead plugs into one electrode and the black
wire lead into the other electrode. Connect the wires by inserting the
pin into the hole in each electrode. Push the pin in all the way until no
metal is left exposed.

TREATMENT TIME

The stimulator should be used for a minimum of 8 hours, five nights
per week. You will be allowed to take two non-consecutive nights off
per week. As body growth and repair take place while you sleep, this
program is to be used only at night. Together with the investigator of
this study, you will determine the level of electrical current that is
comfortable for you. You should be able to feel a slight sensation
around the electrode area, whenever the lights on the control panel
indicate that the current is on. This slight sensation has been described
as a “tickle”. You should not feel muscles contracting or toes
responding to the current. You should not find that the stimulation is
affecting your ability to fall asleep. It may take a few nights to get used
to the stimulation while sleeping. If you find that your muscles ache in
the morning after a night of therapy, the setting is too high. Please call
the investigator to discuss this problem. ~ :

Do not be surprised if you do not feel the stimulator when you wake up in the morning. Some people
habituate to the stimulation sensation and become unaware of it after a time. This does not mean it is no
longer working. It just means that you have “blocked out” the awareness of the stimulation (similar to blocking
out loud street noise within weeks of moving to a new home). It is not a signal for you to tumn the stimulator
up.

BEGINNING STIMULATION

Once you have connected the lead wire to both the ONE 2 ONE
stimulator and to the electrodes, place the electrodes on the leg
according to the chart provided. Before tuming on the power, verify
that the program switch is in the correct position (NT 1). Align the
arrowhead of the switch knob to NT 1 on the front panel.

You are now ready to turn the unit on. Turn switch to the “ON”
position. A short delay will occur while the system is initializing. The
red light will begin its cycle. The yellow light on the right hand side
should blink once and go off. If it stays on, replace the battery.

You must set the amplitude of Channel 1 each night. When you tumn
the machine on, a “1” appears in the display and the word “AMP”
appears in the upper left comner. You are now ready to adjust the
amplitude of the stimulation for Channel 1.




To increase the amplitude, press the button marked INC 1. To
decrease it, press the button marked DEC 1. Adjust it slowly until you
obtain the required setting.

Your setting is :

Always exercise caution when increasing the amplitude
setting. It is recommended that you increase the amplitude one
milliamp at a time by repeating single button pushes. The increase will
be present after the two second ramp up. Holding the button down
causes the amplitude to increase quickly to the maximum output. You
should never do this since a painful muscle contraction will result
and you could damage the muscle being stimulated.

Now slide the front cover to its closed position. This will prevent the
settings from being moved to an incorrect level during the night.

As a safety feature, NT 1 programs have been designed with a
maximum output of 25 milliamps. This level of current will cause a
contraction strong enough to waken you, but would be unlikely to
cause significant muscle damage in the short term.

TREATMENT TIME RECORD
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Sixty seconds after turning the stimulator on, it will begin to record the number of treatment minutes. A
flashing number will replace the intensity and “AMP” displays. This number increases each minute to provide a
visual record of treatment time. When the machine is turned off in the morning, it will reset automatically for

the next night.

SAFETY SHUT-OFF

If the wires or electrodes come loose from your leg, the ONE 2 ONE stimulator will automatically shut off.

Should this occur, the red light will remain on and the readout will indicate zero. Turn the on/off switch to the
“OFF” position and reconnect the wires and/or electrodes. Once the electrodes and wires are refastened, turn

the stimulator back on and reset the machine to the prescribed level.

If you turn up the stimulator intensity without connecting the wires
and electrodes to the stimulator and the leg, the display will read zero.

IN THE MORNING

To keep track of the number of minutes of treatment received
overnight, record the flashing number on the display screen onto your
log sheet prior to turning the stimulator off.

Always turn the stimulator off before attempting to remove the lead
wire or electrodes or you may receive a shock.

To tumn the stimulator off, open the front cover and turn the power
switch to the “OFF” position. Remove the electrodes and store
according to the instructions on the package.

NOTES ON POTENTIAL ADVERSE EFFECTS

Skin irritation may occur in the area covered by the electrodes. If they are not placed accurately, there is a
slight risk that the wrong muscles will be stimulated. If the stimulator is set too high, there is the possibility -*
large muscle contraction which can cause pain in the muscle and could result in damage to tendon or graf Xxi1
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Do not exceed the maximum recommended setting or change electrode positions on your own.

Your NMES program may be continued during the common cold. You should not use the stimulator during
significant illness, especially if you have a fever. Take a break from the therapy until you have recovered, then
begin again. Please keep track of and report any prolonged periods off NMES.

Discuss with the investigator if one of these situations develops:

¢ if you are experiencing any pain,

o if a rash or skin irritation occurs at the site of the electrode,

e if the machine does not seem to be working properly, or

e if you have any questions or problems, no matter how silly they may seem.

.CLEANING THE EQUIPMENT

The only maintenance necessary on your ONE 2 ONE stimulator is occasional cleaning and battery care. Wipe
the unit gently with a soft cloth or sponge dampened with water to remove dust and dirt.

Rubbing alcohol may be used to remove stains or adhesives that stick to the case. Do not use strong
household cleaners as they may damage the plastic parts. Never immerse your ONE 2 ONE in liquid.
Excessive moisture may damage the electronic components. If your stimulator becomes wet, let it dry well
before using it again.

SOME ADVICE ABOUT TRAVELING
Transport and store the stimulator in the travel case provided. This reduces the risk of damage. Airport x-ray
machines will not harm the unit. You should register the unit at a customs office if you plan to take the unit out
of the country. You will be provided with a letter of medical necessity to explain the purpose and use of the
stimulator and your need to carry it with you.
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Patients Stimulation Log Sheet

Patients Daily Stimulation Log (Weeks 1-5)
For questions, please call 343-6111 ext. 2606, ask for Carrie.

Name: Doctor:
Date of Surgery: Date of First Stimulation:
Week Day Hours of Thiensily JEquipment SkKin Comments
Stimulation Problems |Problems
1
1
1
1
1
1
1
2
2
2
2
2
2
2
3
3
3
3
3
3
3
4
4
4
4
4
4
Py
5
5
5
5
5
5
5

Describe equipment problems and date of occurences:

Describe skin problems and date of occurences:

Date(s) of battery change:
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APPENDIX X

Statistical Analysis of Force, EMG and MRI Data

Force Variables
Average values of the standardized measurements at pre-operation, 6 and 12 weeks
for the control and treatment groups separately and for two speeds separately.

————————————————————————————— ~—- SPEED=60 VARIABLE=PT ROM ===mm === m oo

PRE-OPERATIVE 6 WEEK 12 WEEK

VARIABLE GROUP MEASUREMENT MEASUREMENT MEASUREMENT
PT ROM CONTROL 0.86928 0.37908 0.53255
PT ROM TES 0.87185 0.46957 : 0.59338

———————————————————————————————— SPEED=60 VARIABLE=ttp mS —==-————m—m e o e

- PRE-OPERATIVE 6 WEEK 12 WEEK
VARIABLE  GROUP MEASUREMENT MEASUREMENT MEASUREMENT
ttp_ms CONTROL 1.24075 2.05913 1.93852
ttp_ms TES " 1.05575 0.94755 1.04321

——————————————————————————————— SPEED=60 VARIABLE=WOrk IXOmM ———=—— == e e

PRE-OPERATIVE 6 WEEK 12 WEEK

. VARIABLE GROUP MEASUREMENT MEASUREMENT MEASUREMENT
work rom CONTROL - 0.81856 0.47202 0.63022
work rom TES 0.87514 0.45901 0.80572

——————————————————————————————— SPEED=60 VARIABLE=MPOW IO === === === = = e e e

PRE~-OPERATIVE 6 WEEK 12 WEEK
VARIABLE GROUP MEASUREMENT MEASUREMENT MEASUREMENT
mpow_rom CONTROL 0.87256 0.51495 0.66997
mpow_rom TES 0.87534 0.47707 0.79999

——————————————————————————————— SPEED=180 VARIABLE=PT ROM =========—m—mm oo

' PRE-OPERATIVE 6 WEEK 12 WEEK

VARIABLE GROUP MEASUREMENT MEASUREMENT MEASUREMENT .
PT_ROM CONTROL 0.83988 0.36603 0.54243
PT_ROM TES 0.92325 0.50247 0.66994

——————————————————————————————— SPEED=180 VARIABLE=ttp M§ ———==—======m === e e

PRE-OPERATIVE 6 WEEK 12 WEEK
VARIABLE GROUP MEASUREMENT MEASUREMENT MEASUREMENT
ttp ms CONTROL 1.29521 36.7154 6.12024

ttp _ms TES 3.43301 3.8111 3.91140



e e SPEED=180 VARIABLE=WOrk rom =-—-----—--——-———-——————— oo

PRE-OPERATIVE
MEASUREMENT

VARIABLE GROUP
work rom CONTROL
work rom TES

6 WEEK
MEASUREMENT

0.73593
0.87187

0.30130
0.41126

12 WEEK
MEASUREMENT

0.48133
0.57736

—————————————————————————————— SPEED=180 VARIABLE=MPOW IOM —— == === === m o

PRE-OPERATIVE
MEASUREMENT

VARIABLE GROUP
mpowW_rom CONTROL
mpow_rom TES

SURGERY EFFECT ON THE FORCE VARIABLES

6 WEEK
MEASUREMENT

0.74391
0.88049

0.30293
0.41830

12 WEEK
MEASUREMENT

0.45502
0.59487

—————————————————————————————— SPEED=60 MEASUREMENT=PT ROM —======m== == m oo oo oo

MEASUREMENT

PT_ROM
PT_ROM
PT_ROM.

MEASUREMENT

TTP_MS
TTP_MS
TTP_MS

MEASUREMENT

WORK_ROM
WORK_ROM
WORK_ROM

MEASUREMENT

MPOW_ROM
>OW_ROM
_20W_ROM

GROUP

CONTROL
CONTROL
CONTROL

GROUP

CONTROL
CONTROL
CONTROL

GROUP

CONTROL
CONTROL
CONTROL

GROUP

CONTROL
CONTROL
CONTROL

SURGERY
TIME COURSE EFFECT
TIME Week6 - WeekO -0.490

TIME Weekl2 - Week6 0.153
TIME Weekl2 - WeekO

SURGERY

TIME COURSE EFFECT
TIME Week6 - WeekO 0.818
TIME Weekl2 - Week6 ~0.121
TIME Weekl2 - WeekO 0.698

SURGERY
TIME COURSE EFFECT
TIME Week6 - WeekO -0.347

TIME Weekl2 - Week6 0.158
TIME Weekl2 - WeekO -0.188

SURGERY
TIME COURSE EFFECT
TIME Week6 - WeekO -0.358

TIME Weekl2 - Week6 0.155
TIME Weekl2 - WeekO -0.203

-0.337.

SPEED=60 MEASUREMENT=TTP MS === === o oo

SPEED=60 MEASUREMENT=WORK_ROM =—====m====mm——m—m oo oo

SPEED=60 MEASUREMENT=MPOW_ROM === =— == === == oo o e

STANDARD
ERROR T-VALUE P _VALUE
0.040 -12.137 0.000
0.040 3.800 0.001
0.040 -8.337 0.000 -
STANDARD
ERROR T-VALUE P_VALUE
0.418 1.960 0.063
0.418 -0.289 0.775
0.418 1.671 0.109
STANDARD
ERROR T-VALUE P_VALUE
0.063 -5.521 0.000
0.063 2.520 0.019
0.063 -3.001 0.007
STANDARD
ERROR T-VALUE P _VALUE
0.064 -5.554 0.000
0.064 2.408 0.025
0.064 -3.147 0.005



XXXii

—————————————————————————————— SPEED=180 MEASUREMENT=PT ROM === === ===

SURGERY STANDARD

MEASUREMENT GROUP TIME COURSE EFFECT ERROR T-VALUE P _VALUE
PT_ROM CONTROL TIME Week6 - WeekO . -0.474 0.061 -7.715 0.000
-PT_ROM CONTROL TIME Weekl2 - Week6 0.176 0.061 2.872 0.009
PT_ROM CONTROL TIME Weekl2 - WeekO -0.297 0.061 -4.843 0.000

—————————————————————————————— SPEED=180 MEASUREMENT=TTP MS —========m o m o

SURGERY STANDARD

MEASUREMENT GROUP TIME COURSE EFFECT ERROR T-VALUE P_VALUE
TTP_MS CONTROL TIME Week6 - WeekO 35.420 26.447 1.339 0.194
TTP_MS CONTROL TIME Weekl2 - Week6 -30.595 26.447 -1.157 0.260
TTP_MS CONTROL TIME Weekl2 - WeekO 4.825 26.447 0.182 0.857

————————————————————————————— SPEED=180 MEASUREMENT=WORK ROM ===—=======m—mmmm e

SURGERY STANDARD

MEASUREMENT GROUP TIME COURSE EFFECT ERROR T-VALUE P _VALUE
WORK_ROM CONTROL TIME Week6 - WeekO -0.435 0.083 -5.218 0.000
WORK_ROM CONTROL TIME Weekl2 - Week6 0.180 0.083 2.162 0.042
.WORK_ROM CONTROL TIME Weekl2 - WeekO -0.255 - 0.083 -3.057 0.006

————————————————————————————— SPEED=180 MEASUREMENT=MPOW ROM ——===========m oo

SURGERY STANDARD

MEASUREMENT GROUP TIME COURSE EFFECT ERROR T-VALUE P _VALUE
MPOW_ROM CONTROL TIME Week6 - WeekO -0.441 0.084 -5.260 0.000
MPOW_ROM CONTROL TIME Weekl2 - Week6 0.152 0.084 1.814 0.083
MPOW_ ROM CONTROL TIME Weekl2 - WeekO -0.289 0.084 -3.446 0.002

ANALYSIS FOR THE FORCE VARIABLES

—————————————————————————————— SPEED=60 MEASUREMENT=PT ROM —==—==m=-m—mmmmmmmmmmmmm o oo

TREATMENT STANDARD
MEASUREMENT TIME COURSE MINUS CONTROL ERROR T-VALUE P_VALUE
PT_ROM PREOP TO 6 WEEKS 0.088 0.060 1.474 0.148
PT_ROM QUADRATIC (See Text) 0.059 0.052 1.138 0.261

—————————————————————————————— SPEED=60 MEASUREMENT=TTP MS —========——=====—=—— oo

TREATMENT STANDARD
MEASUREMENT TIME COURSE MINUS CONTROL ERROR T-VALUE P _VALUE
TTP_MS PREOP TO 6 WEEKS -0.927 0.464 -1.997 0.052
TTP_MS QUADRATIC (See Text) ~-0.571 0.402 -1.422 0.162
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' TREATMENT STANDARD
MEASUREMENT TIME COURSE MINUS CONTROL ERROR T-VALUE P_VALUE
MPOW_ROM PREOP TO 6 WEEKS -0.041 0.139 -0.292 0.772
MPOW_ROM QUADRATIC (See Text) -0.104 0.121 -0.864 0.392

e SPEED=60 MEASUREMENT=WORK ROM —-=—===m===m— oo

TREATMENT STANDARD
MEASUREMENT TIME COURSE MINUS CONTROL ERROR T-VALUE P_VALUE
WORK_ROM PREOP TO 6 WEEKS ~-0.070 0.136 -0.511 0.612
WORK_ROM QUADRATIC (See Text) -0.129 0.118 -1.095 0.279

—————————————————————————————— SPEED=180 MEASUREMENT=PT ROM == ====== === oo mmmmm oo

TREATMENT STANDARD
MEASUREMENT TIME COURSE MINUS CONTROL ERROR T-VALUE - P_VALUE
PT_ROM PREOP TO 6 WEEKS 0.053 0.080 0.664 0.510
PT ROM QUADRATIC (See Text) 0.031 0.069 0.448 0.657

—————————————————————————————— SPEED=180 MEASUREMENT=TTP M§ ————========—m—mmmm oo

o ‘ TREATMENT STANDARD i
MEASUREMENT - TIME COURSE, MINUS CONTROL ERROR T-VALUE P_VALUE

TTP_MS PREOP TO 6 WEEKS -35.042 26.452 -1.325 0.192

TTP_MS QUADRATIC(See Text) -32.869 22.908 -1.435 0.158

————————————————————————————— SPEED=180 MEASUREMENT=MPOW ROM ——============mmmmmmmm e oo

TREATMENT STANDARD
MEASUREMENT TIME COURSE MINUS CONTROL ERROR T-VALUE P_VALUE
MPOW_ROM PREOP TO 6 WEEKS -0.021 0.106 -0.201 0.842
MPOW_ROM QUADRATIC (See Text) -0.023 0.092 -0.250 0.804

————————————————————————————— SPEED=180 MEASUREMENT=WORK ROM —=—=====—====m——mmm—mmm oo

TREATMENT STANDARD
MEASUREMENT TIME COURSE MINUS CONTROL ERROR T-VALUE P VALUE
WORK_ROM PREOP TO 6 WEEKS -0.026 0.105 -0.246 0.807
WORK_ROM QUADRATIC (See Text) -0.006 0.091 -0.066 0.948

EMG ACTIVITIES FROM THE VASTUS LATERALIS (VL)
Average values of the standardized measurements at pre-operation, 6 and 12 weeks
for the control and treatment groups separately and for two speeds separately.
e e T T SPEED=60 VARIABLE=MED —=-————====—=m——————m e

Pre-operative 6 week 12 week
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VARIABLE group measurement measurement measurement
medp 102 CONTROL 0.93 0.78 0.90
medp 102 TES 0.93 0.82 0.81

——————————————————————————————— SPEED=60 VARIABLE=iemg rom ~———=—=———=— ===

Pre-operative 6 week 12 week
VARIABLE group measurement measurement measurement
iemg rom CONTROL 0.79 0.41 0.51
iemg rom TES 0.88 0.57 0.69

—————————————————————————————— SPEED=180 VARTABLE=MED ——======= === e e

Pre~operative 6 week 12 week
VARIABLE group measurement measurement measurement
medp 102 CONTROL 0.92 0.73 0.87
medp 102 TES 0.97 0.75 0.77

—————————————————————————————— SPEED=180 VARIABLE=iemg YOm ————=—=—— === ———m——— oo

Pre-operative 6 week 12 week
VARIABLE group measurement measurement measurement
iemg_rom CONTROL : 0.88 0.39 ©0.67
iemg_rom TES , N : 0.85 0.60 0.73

EMG ACTIVITIES FROM THE VASTUS MEDIALIS (VM)

Average values of the standardized measurements at pre-operation, 6 and 12 weeks
for the control and treatment groups separately and for two speeds separately.

——————————————————————————————— SPEED=60 VARIABLE=MED —=========——— oo —mmmm oo

Pre-operative 6 week 12 week
VARIABLE GROUP measurement measurement measurement
medp 102 CONTROL 0.99 0.69 0.81
medp 102 TES 1.00 0.78 0.80

m e~ SPEED=60 VARIABLE=iemg YrOm =========== === m oo '

Pre—operative 6 week 12 week
VARIABLE GROUP measurement measurement measurement
iemg_rom CONTROL 0.83 0.74 0.84
iemg_rom TES 0.93 0.59 0.64

—————————————————————————————— SPEED=180 VARIABLE=MED ============—===———m————m

Pre-operative 6 week 12 week
VARIABLE GROUP measurement measurement measurement
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medp 102 CONTROL 0.96 0.68 0.75
medp_ 102 TES 1.05 0.76 0.76

—————————————————————————————— SPEED=180 VARIABLE=iemg rom —==—==—===— == e

, ' Pre-operative 6 week 12 week
VARIABLE GROUP measurement measurement measurement
iemg_rom CONTROL 0.77 0.59 0.90
iemg rom TES 0.98 0.56 0.85

SURGERY EFFECT ON THE VL VARIABLES
————————————————————————————— SPEED=60 MEASUREMENT=MED —==——======————m—— e

SURGERY STANDARD

MEASUREMENT group TIME COURSE EFFECT ERROR T-VALUE P_VALUE
MEDP_102 CONTROL TIME Week6 - WeekO -0.151 0.043 -3.537 0.002
MEDP_102 CONTROL TIME Weekl2 - Week6 0.115 0.043 2.687 0.013
MEDP_102 CONTROL TIME Weekl2 - WeekO -0.036 0.043 -0.850 0.405

————————————————————————————— SPEED=60 MEASUREMENT=IEMG_ROM == === == === oo mmo e

SURGERY STANDARD

MEASUREMENT group TIME COURSE - EFFECT ERROR T-VALUE P_VALUE
IEMG_ROM CONTROL TIME Week6 - WeekO -0.382 0.049 -7.811 ' 0.000
IEMG_ROM CONTROL TIME Weekl2 - Week6 0.103 0.049 2.101 0.047
IEMG_ROM CONTROL TIME WeeklZ - WeekO -0.279 0.049 -5.710 0.000

————————————————————————————— SPEED=180 MEASUREMENT=MED ——=—======—== = —mmmm oo

SURGERY STANDARD

MEASUREMENT group TIME COURSE EFFECT ERROR T-VALUE P_VALUE
MEDP 102 CONTROL TIME Week6 - WeekO -0.190 0.061 -3.137 0.005
MEDP_102 CONTROL TIME Weekl2 - Week6 0.140 0.061 2.306 0.031
MEDP_102 CONTROL TIME Weekl2 - WeekO -0.050 0.061 -0.831 0.415

————————————————————————————— SPEED=180 MEASUREMENT=IEMG ROM ——=—======—===—m—m e

SURGERY STANDARD

MEASUREMENT group TIME COURSE EFFECT ERROR T-VALUE P _VALUE
IEMG_ROM CONTROL TIME Week6 - WeekO -0.485 0.0899 -4.918 0.000
IEMG_ROM CONTROL TIME Weekl2 - Week6 0.279 0.089 2.823 0.010
IEMG_ROM CONTROL TIME Weekl2 - WeekO -0.207 0.099 -2.085 0.048

SURGERY EFFECT ON THE VM VARIABLES
————————————————————————————— SPEED=60 MEASUREMENT=MED —-==--==========—————m—mm— o

SURGERY STANDARD
MEASUREMENT GROUP TIME COURSE EFFECT ERROR T-VALUE P _VALUE
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5 CONTROL TIME Week6 - WeekO -0.308 0.078 ~3.967 0.001
MEDP_102 CONTROL TIME Weekl2 - Week6 0.126 0.078 1.621 0.119
MEDP_102 CONTROL TIME Weekl2 - WeekO -0.182 0.078 -2.347 0.028

————————————————————————————— SPEED=60 MEASUREMENT=IEMG ROM =============m oo oo oo
SURGERY STANDARD
MEASUREMENT  GROUP TIME COURSE EFFECT ERROR T-VALUE P_VALUE
IEMG_ROM CONTROL TIME Week6 - WeekO -0.093 0.103 -0.900 0.378
IEMG_ROM CONTROL TIME Weekl2 - Weeké 0.101 0.103 0.981 0.337
TEMG_ROM CONTROL TIME Weekl2 - Week0 0.008 0.103 0.081 0.936
————————————————————————————— SPEED=180 MEASUREMENT=MED —=-=—==————=———mmm—mm oo
SURGERY STANDARD
MEASUREMENT  GROUP TIME COURSE EFFECT ERROR T-VALUE P_VALUE
MEDP_102 CONTROL TIME Week6 - WeekO -0.283 0.100 -2.820 0.010
MEDP_102 CONTROL TIME Weekl2 - Week6 0.073 0.100 0.726 0.475
MEDP_ 102 CONTROL TIME Weekl2 - WeekO -0.210 0.100 -2.093 0.048
————————————————————————————— SPEED=180 MEASUREMENT=IEMG ROM =—======————=—momm oo
SURGERY STANDARD
MEASUREMENT  GROUP TIME COURSE EFFECT ERROR ' T-VALUE P_VALUE
IEMG ROM ~ CONTROL TIME Week6 - WeekO -0.177 0.149 -1.189 0.247
IEMG_ROM CONTROL TIME Weekl2 - Week6 0.313 0.149 2.101 0.047
IEMG_ROM CONTROL TIME Weekl2 - WeekO 0.136 0.149 0.912 0.372
TEST OF SIGNIFICANCE FOR THE VL MEASUREMENTS
————————————————————————————— SPEED=60 MEASUREMENT=MED == === ====mmmmm oo o oo
TREATMENT STANDARD
MEASUREMENT TIME COURSE MINUS CONTROL ERROR T-VALUE P_VALUE
MEDP_102 PREOP TO 6 WEEKS 0.04 0.06 0.69 0.49
MEDP_102 QUADRATIC (See Text) 0.09 0.05 1.61 0.11
————————————————————————————— SPEED=60 MEASUREMENT=TEMG_ROM ========m === oo oo
TREATMENT STANDARD
MEASUREMENT TIME COURSE MINUS CONTROL ERROR T-VALUE P _VALUE
TEMG_ROM PREOP TO 6 WEEKS 0.07 0.10 0.71 0.48
IEMG_ROM QUADRATIC (See Text) 0.03 0.09 0.28 0.78
————————————————————————————— SPEED=180 MEASUREMENT=MED =—=-—=========== === mmmmm—
/ TREATMENT STANDARD
MEASUREMENT TIME COURSE MINUS CONTROL ERROR T-VALUE P_VALUE
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QEDB”102 PREOP TO 6 WEEKS -0.02 0.08 -0.24 0.81
MEDP_102 QUADRATIC (See Text) 0.05 0.07 0.75 0.46

————————————————————————————— SPEED=180 MEASUREMENT=TEMG ROM == ==========m— e

: : TREATMENT ) STANDARD
MEASUREMENT "TIME COURSE MINUS CONTROL ERROR T-VALUE P_VALUE
IEMG_ROM PREOP TO 6 WEEKS 0.24 0.14 1.71 0.09
IEMG_ROM QUADRATIC (See Text) 0.18 0.12 1.62 0.11

TEST OF SIGNIFICANCE OF THE VM MEASUREMENTS

————————————————————————————— SPEED=60 MEASUREMENT=MED =============—— e

TREATMENT STANDARD
MEASUREMENT TIME COURSE MINUS CONTROL ERROR T-VALUE P_VALUE
MEDP_102 PREOP TO 6 WEEKS 0.09 0.09 1.02 0.31
MEDP_102 QUADRATIC (See Text) 0.10 0.08 1.28 0.20

————————————————————————————— SPEED=60 MEASUREMENT=IEMG ROM ==========m= oo

TREATMENT STANDARD
MEASUREMENT TIME COURSE MINUS CONTROL ERROR -~  T-VALUE P_VALUE
IEMG_ROM PREOP TO 6 WEEKS -0.25 0.13 -1.96 ~0.06
TEMG_ROM QUADRATIC (See Text) -0.10 - 0.11 -0.88 0.38

————————————————————————————— SPEED=180 MEASUREMENT=MEDP 102 —============—===—meooomme

TREATMENT STANDARD
MEASUREMENT TIME COURSE MINUS CONTROL ERROR T-VALUE P_VALUE
MEDP_102 PREOP TO 6 WEEKS -0.01 0.11 -0.12 0.91
MEDP_102 QUADRATIC (See Text) 0.03 0.10 0.27 0.79

————————————————————————————— SPEED=180 MEASUREMENT=MED === ======m == o mmm e

TREATMENT STANDARD
MEASUREMENT TIME COURSE MINUS CONTROL ERROR T-VALUE P_VALUE
MEDP_NO PREOP TO 6 WEEKS -0.03 0.03 -1.21 0.23
MEDP_NO QUADRATIC (See Text) -0.01 0.02 ~0.32 0.75

————————————————————————————— SPEED=180 MEASUREMENT=IEMG ROM ———=======mm oo e

TREATMENT STANDARD
MEASUREMENT TIME COURSE MINUS CONTROL ERROR T-VALUE P_VALUE
IEMG_ROM PREOP TO 6 WEEKS -0.24 0.19 -1.27 0.21
TEMG_ROM QUADRATIC (See Text) -0.11 0.16 -0.64 0.52

MEAN EMG
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e SPEED=60 VARIABLE=MEAN IEMG ROM —-————=-——m=—m————mm—m—m o me

PRE-OPERATIVE 6 WEEK 12 WEEK
VARIABLE GROUP MEASUREMENT MEASUREMENT MEASUREMENT
MEAN IEMG ROM CONTROL 0.81 0.57 0.68

MEAN IEMG ROM TES ) 0.91 0.58 0.67

———————————————————————————— SPEED=180 VARTABLE=MEAN TEMG ROM =======m= == mmm e

PRE-OPERATIVE 6 WEEK 12 WEEK
VARIABLE GROUP MEASUREMENT MEASUREMENT MEASUREMENT
MEAN IEMG ROM CONTROL 0.82 0.49 0.79
MEAN IEMG ROM TES 0.92 0.58 0.79

SURGERY EFFECT ON THE MEAN LEG EMG VARIABLES
——————————————————————————— SPEED=60 MEASUREMENT=MEAN TEMG ROM —============——mmm e o e

SURGERY STANDARD

MEASUREMENT group TIME COURSE EFFECT ERROR T-VALUE P_VALUE
MEAN TIEMG ROM CONTROL TIME Week6 - WeekO -0.237 0.065 -3.668 0.001
MEAN IEMG ROM CONTROL TIME Weekl2 - Week6 0.102 0.065 1.578 0.129
MEAN IEMG ROM CONTROL TIME Weekl2 - WeekO -0.135 0.065 -2.091 0.04s8

e~ SPEED=180 MEASUREMENT=MEAN TEMG ROM —======—===——mmmmmm e oo

SURGERY STANDARD

MEASUREMENT group TIME COURSE EFFECT ERROR T-VALUE P_VALUE
MEAN IEMG ROM CONTROL TIME Week6 - WeekO -0.331 0.100 -3.312 0.003
MEAN IEMG ROM CONTROL TIME Weekl2 - Week6 0.296 0.100 2.957 0.007
MEAN IEMG ROM CONTROL TIME Weekl2 - WeekO ~-0.036 0.100 -0.355 0.726

Test of significance for MEAN EMG

——————————————————————————— SPEED=60 MEASUREMENT=MEAN IEMG ROM ====—=======—m—mmmee e

TREATMENT STANDARD
MEASUREMENT TIME COURSE MINUS CONTROL ERROR T-VALUE P_VALUE
MEAN IEMG ROM PREOP TO 6 WEEKS -0.088 0.086 -1.028 0.309
MEAN IEMG ROM QUADRATIC (See Text) -0.036 0.074 -0.486 0.629

—————————————————————————— SPEED=180 MEASUREMENT=MEAN IEMG ROM ——===m==m==m oo oo o

TREATMENT STANDARD
MEASUREMENT TIME COURSE MINUS CONTROL ERROR T-VALUE P_VALUE
MEAN IEMG ROM PREOP TO 6 WEEKS -0.002 0.129 -0.016 0.988
MEAN IEMG ROM QUADRATIC (See Text) 0.044 0.112 0.396 0.694

SURGERY EFFECT ON MRI VARIABLES



- GROUP PARM

CONTROL POST - PRE
CONTROL POST - PRE

MEASUREMENT

SQF

SVM

EST

0.058
-0.231

SE T-VALUE
0.195 0.299
0.108 -2.135

Analysis for the MRI variables

GROUP

CONTROL
TES

CONTROL
TES

PRE OPERATION
MEAN

TEST OF SIGNIFICANCE OF MRI MEASUREMENTS

TIME TREATMENT STANDARD

MEASUREMENT COURSE MINUS CONTROL ERROR
SQF PRE -~ POST 0.20

SVM PRE - POST 0.16

POST

XXXiX

P_VALUE MEASURE

0.777 SQF
0.070 SVM

OPERATION
MEAN

T-VALUE P_VALUE

1.26 0.24

0.83 0.43
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