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Abstract

Background: There is accumulating evidence for the advantages of rehabilitation involving sensori-motor training
(SMT) following total knee replacement (TKR). However, the best way in which to deliver SMT remains elusive
because of potential interference effects amongst concurrent exercise stimuli for optimal neuromuscular and
morphological adaptations. The aim of this study was to use additional outcomes (i.e. muscle strength, activation
and size) from a published parent study to compare the effects of early-initiated home-based rehabilitative SMT
with functional exercise training (usual care) in patients undergoing TKR.

Methods: A controlled clinical trial was conducted at the Orthopedic University Hospital of Rion, Greece involving
allocation concealment to patients. Fifty-two patients electing to undergo TKR were randomised to either early-initiated
SMT [experimental] or functional exercise training [control] in a home-based environment. Groups were prescribed
equivalent duration of exercise during 12-weeks, 3-5 sessions of ~ 40 min per week of home-based programmes. Muscle
strength and activation (peak force [PF]; peak amplitude [Peak Amp.] and root mean square of integrated
electromyography [RMS iEMG]), muscular size (including rectus femoris muscle cross-sectional area [CSAge]),
and knee ROM were assessed on three separate occasions (pre-surgery [0 weeks]; 8 weeks post-surgery; 14 weeks post-
surgery).

Results: Patients undertaking SMT rehabilitation showed significantly greater improvements over the 14 weeks
compared to control in outcomes including quadriceps PF (25.1 + 185N vs 124 + 20.8 N); iPeak Amp. (188 + 109.5% vs
25+ 105.8%); CSAge (252.0 +101.0 mm? vs 156.7 + 762 mm?), respectively (p < 0.005); Knee ROM did not offer clinically
relevant changes (p: ns) between groups over time. At 14 weeks post-surgery, the SMT group'’s and control group’s
performances differed by relative effect sizes (Cohen'’s d) ranging between 0.64 and 1.06.

Conclusion: A prescribed equivalent time spent in SMT compared to usual practice, delivered within a home-based
environment, elicited superior restoration of muscle strength, activation and size in patients following TKR.

Trial registration: ISRCTN12101643, December 2017 (retrospective registration).
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Background

Within Europe, more than 0.1% of national populations
elect to undergo total knee replacements (TKR) annually
[1-3] with 20-30% of patients dissatisfied with the out-
come at the end of the pathway of care [4]. Patients’
underlying capacity to generate force and perform tasks
does not fully recover until 12 months post-surgery [5, 6]
and many patients may still present with pain, functional
and balance limitations [7, 8]. Alternative conservative
treatments may be better exploited to deliver better postop-
erative function and enhanced patient experiences and
pathways of care that may counteract dissatisfaction after
surgery [9]. Nevertheless, post-operative healthcare costs
increase annually, with significant economic impact (£7000
[€7980] per patient over a 5-year follow-up period) [10].

The process of early active exercise in joint rehabilitation
is significantly hindered by the patient’s inability to contract
surrounding musculature (arthrogenic muscle inhibition
(AMI), neural activation deficits linked to swelling, pain
or structural damage), as is common after joint surgery
[11, 12]. Functional rehabilitative training has convention-
ally incorporated muscle strengthening stimuli within
functional weight-bearing exercises [13—16], but has not
been capable of counteracting the post-surgery deficits in
strength and disordered movement patterns [15-17].

The mode of exercise delivery during rehabilitation may
be crucial to successful adaptation because eccentric-specific
resistance exercise mitigates post-TKR deficits in strength
[17-20], as does functionally-relevant sensori-motor train-
ing, with its emphasis on sensorial muscular coordination
[21-27, 28]. A recently published parent study to the
current one [22] showed that early initiation of novel SMT
within a home-based environment counteracted contempor-
aneous deficits in sensori-motor function. It had focused on
increased proprioceptive input in weight-bearing positions
to improve motor responses dynamically and was adapted
from antecedent work by Piva et al [25].

One of the unresolved issues in attempting to optimise
post-TKR rehabilitative training is whether the reported
additional gains in patients’ functional capacity associated
with SMT are indeed due to mechanisms inherent within
SMT or by means of increased physiological exposure to
stimuli during greater volumes of exercise. This is because
the majority [21, 25, 26] but not all studies [22], have
relied upon unmatched comparisons of time spent in pre-
scribed exercises to establish the superiority of SMT. Irre-
spective of the issues of quantifying the dose of SMT
eliciting superior efficacy for developing functional
capabilities post-TKR, an interaction of concurrent
strength- and sensori-motor-focused stimuli appears to
be better than conventional, strength-focused training
at eliciting improvements in functionally-relevant cap-
acities. While enhanced sensori-motor performance is
considered to be positive because its linked causally to
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reduced prevalence of falls [22, 29, 30] and to the avoid-
ance of other serious injuries [31, 32], the net outcome
amongst physiologically-competitive and temporarily-ad-
jacent stimuli during exercise, such as those for sen-
sori-motor and strength, may be one of interference [33].

It is not yet known whether substantive gains in
sensori-motor and functional capabilities [22] might be
hindered by concomitant gains in strength. The aim of
this study was to use partnering data associated with a
previously published RCT investigation [22] to under-
take a novel investigation of the patterning of gains
amongst indices of strength performance and other
neuromuscular and muscle size determinants of func-
tional capability following early post-TKR initiation of
home-based SMT. A secondary aim was to gain insight
into the potential mechanisms by which strength perform-
ance is moderated during post-TKR rehabilitative care.
We hypothesised that within a time-matched prescription
of training, the SMT would provoke gains in direct
(muscle strength) and indirect (integrated EMG) measures
of neuromuscular performance and associated indices of
muscle size (ultrasonic imaging) that would be inferior to
those elicited by contemporary post-TKR rehabilitative
practice with its greater emphasis on strength training.

Methods

Participants

Seventy consecutive patients (May 2012 — May 2014)
undergoing primary standardised cemented unilateral
TKR (single surgeon; 15-years’ experience of knee
replacement; 50 knee replacements per annum) were
invited to participate in the study. The inclusion criteria
for participants were: a) Ambulatory at the time of sur-
gery patients with OA (clinical and radiological findings
of advanced osteoarthritis, 6—12 months length of wait
for surgery) undergoing primary standardised cemented
TKR by the same surgeon; b) Aged 65-80years old.
Patients were excluded from the study if they had: a)
Infection, or complications after TKR; b) Neurological/
neuromuscular conditions; c¢) Vestibular disorders that
might affect balance; d) Other lower extremity ortho-
pedic problems that limited function; e) Cardiovascular
diseases, high blood pressure not controlled with medi-
cation and f) Unable to communicate or follow instruc-
tions or complete objective assessments.

A clinical trial was undertaken at a primary care
university hospital in Greece (International Standard
Randomised Control Trial Registration: ISRCTN12101643).
All patients provided written informed consent, following a
verbal and written explanation of the study procedures. The
study had been ethically approved by two Institutional Com-
mittees (University Hospital of Patras, Greece and Queen
Margaret University Edinburgh, UK [7052/4-7-2011]) and
adhered to the Consort guidelines.
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Ten blocks of 5 patients were randomly assigned to
two groups (SMT [experimental]; Control [usual prac-
tice]) using a computer-generated number sequence
overseen by an independent statistician. The confidential
coded listing, maintained until after data analyses),
assured allocation concealment from participants. This
study involved a single-blind design as the principal in-
vestigator undertook assessment and training sessions.
However, every effort was made to preclude bias (i.e. an
undergraduate student recorded data during assessment
sessions, and the principal investigator analysed data at
the end of the rehabilitation period using the coded
listing). A further 2 patients were included and assigned
in the original block-allocation order, contributing to the
study’s 52 patients.

Time-matched rehabilitative procedure performed by
both groups

All participants underwent a standardised post-surgery
care-protocol, involving bedside physiotherapy and
gait-retraining up to hospital-discharge (4-5 days after
TKR) with hospital-based physiotherapists. After discharge,
they were encouraged to continue the same exercise proto-
col and gait practice at home. A 12-week programme of
self-managed, home-based exercises designed to enhance
functional capabilities (modified from Piva et al [25]) was
initiated at ~2weeks after surgery (range 15-20 days).
Additional file 1: Appendix 1 reproduced by an associated
parent RCT study [22] details the delivery of SMT and con-
trol programmes. At the programme’s inception, an experi-
enced physiotherapist (principal investigator) conducted an
educational training session with patients in order to teach
the key features and characteristics of safe delivery of the
exercise programme that they would follow at home. Pa-
tients’ training programmes were further prescribed using a
standardised illustrated guidebook of 14 exercises to regu-
late exercise-specific dosages. From week 3 to week 8, pa-
tients undertook 5 exercise sessions per week. Sessions
increased progressively in duration from 35 to 45 min,
incorporating progressively longer durations of walking
from 10 to 20 min. Weeks 9 to 14 required patients to
complete 45-min sessions of exercise, 3 times per week.
The level of difficulty was progressed by adjusting exercise
intensity to calibrate with weekly changes in each patient’s
strength capability. Clinical oversight involved patients
freely reporting effusion or discomfort and clarifying the
delivery (accuracy, dose or safety) of the home-based exer-
cises by telephone and by voluntary attendance ad libitum,
for patients within both groups, within weekly scheduled
clinical practical sessions. Patients’ compliance with the pre-
scribed intensity, duration and frequency of exercise was
verified by 7-day recall activity diaries. Experimental and
control groups were prescribed identical procedures, num-
ber of exercises and total programme’ duration.
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Experimental group: sensori-motor training (SMT)

The experimental group undertook exercises that focused
predominantly on enhancing sensori-motor functioning of
patients. The SMT exercises included novel formulations of
agility and perturbation training techniques [15, 16, 18, 19]
which substituted for a proportion of training (50% — 7/14
exercises) within usual practice. Since the sensori-motor ex-
ercises were instructed to be delivered within a home-based
environment, no specialised equipment was required. Exer-
cise challenges and progression was achieved by using regu-
lar pillows to substitute for unstable surfaces, plastic cups
for overcoming obstacles, and strategies such as bipedal to
monopedal stance and eyes open to eyes closed in order to
increase difficulty in maintaining or achieving balance.

Control group

Usual care exercise sessions involved strengthening,
stretching, and task-oriented functional exercises of the
lower-extremity as described in other studies [15, 16, 34].
The content of the usual care programme was pragmatic-
ally adjusted to match the current trends of TKR rehabili-
tation [35].

Outcome measures

The selected indices included measures of neuromuscular
performance capability (muscle force and activation),
muscle size and knee ROM. Randomly-ordered assess-
ments of outcome data were collected by the principal
investigator at pre-surgery, at 8 weeks post-surgery and at
the study’s primary endpoint, 14 weeks post-surgery.

Neuromuscular performance capability

The knee extensors’ peak force (PF), measured in New-
tons, was the study’s primary outcome and tested on an
isokinetic dynamometer (Primus RS BTE, The Technol-
ogy of Human Performance, USA). Muscle peak force
(PF) was assessed during a maximum voluntary isomet-
ric contraction (MVIC) using a protocol adapted from
Gleeson et al, [36]. The latter was recorded as the mean
peak response from three intra-session muscle contrac-
tions. The reliability and reproducibility of assessing
peak force has been verified [36—38].

Neuromuscular performance capability was assessed
indirectly by surface EMG [38, 39] during MVICs (50 ms
epoch, rectus femoris; Spike 2, version 5.16, Cambridge
Electronics Design Ltd., UK). The EMQG activity from the
rectus femoris (RF) was recorded concomitantly with par-
ticipants’ performance of static PF, using bipolar rectangu-
lar surface electrodes (self-adhesive, Ag/AgCl; 10 mm
diameter; Unilect, UK). The root mean square (RMS) and
peak amplitude, were used to describe the time-domain
information of the EMG signal [40, 41], using commer-
cially available software (Spike 2, version 5.16, Cambridge
Electronics Design Ltd., UK). Normalisation of the EMG
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signal’s peak amplitude and RMS [42, 43] to the baseline
MVIC (100%) facilitated inter-group comparisons over
time. Reliability and validity of assessing EMG during
MVICs has been verified by McKenzie et al. [42].

Knee ROM

Active range of flexion and extension movement (ROM)
of the operated and non-operated knees was assessed by
goniometry [43, 44] using the best of three attempts.
The ICCs for flexion ROM has been found as 0.96,
whilst for extension as 0.81 in a supine position [45, 46].

Muscle size

Muscle size alterations of the RF were examined through-
out the study. Real time ultrasound image was captured at
71MHz with a 55mm linear probe (BK, mini focus,
USA). Imaging was conducted in a seated position with
the knee in 60° of flexion. Measurement of CSArp was
undertaken using the method described by Bruin et al,
[47]. Two images were captured with the muscle in max-
imum relaxation, and subsequently, another two images
with the muscle during maximum voluntary isometric
contraction (at the end of a 5s contraction). Analysis of
images was performed with ‘Image ]’ software (https://
imagej.nih.gov/ij/). Intra-rater reliability ICCs of 0.87 to
0.99 have been reported in studies measuring CSAgg with
a corresponding coefficient of variation (%) within the
range from 3.5 to 8.9% [438, 49].

Statistical analysis

The effects of the SMT were assessed per protocol for
each outcome measure using separate factorial ANOVAs
involving group (experimental; control) by leg (non-op-
erated; operated) and by test occasion (pre-surgery; 8
weeks post-surgery; 14 weeks post-surgery) comparisons,
with repeated measures on the latter two factors.
Assumptions underpinning the use of ANOVA were
assessed and corrections used Greenhouse-Geisser (GG),
where appropriate. For outcomes that had focused on
bilateral limb capabilities, group (experimental; control)
by test occasion (pre-surgery; 8 weeks post-surgery; 14
weeks post-surgery) interactions were assessed, with re-
peated measures on the latter factor.

Effect size (ES; Cohen’s d) was calculated using pooled
standard deviations [24]. A sample size of 30 partici-
pants per group had been computed a priori to discrim-
inate moderate inter-group effects [14] at the study’s
primary endpoint (14 weeks post-surgery) for its primary
outcome (PF). Statistical significance was accepted at
p <0.05. Analyses used the Statistical Package for Social
Sciences (SPSS; v. 16.0).
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Results

Results for 51 of the 52 participants completing the
study are reported (single patient exclusion for
non-completion of the final assessment). A CONSORT
flowchart and statistical equivalence of groups at base-
line can be found in Fig. 1 and Table 1, respectively rep-
licated by the parent study [22]. No adverse events were
noted for any of the participants. Patients’ compliance to
exercise showed an ~10% difference in favour of the
SMT group.

The SMT group vyielded superior gains in muscle
strength, activation and size compared to control (p <
0.001). Tables 2 and Table 3 show group mean scores for
experimental and control groups, and for non-operated
and operated legs, at baseline, 8 weeks post-surgery and
14 weeks post-surgery for outcomes of muscle strength
and activation and for outcomes of knee ROM and
muscle size, respectively.

Sensori-motor training elicited superior gains in quad-
riceps muscle’ strength compared to control (PF: 25.1 +
18.5N vs 12.4 + 20.8 N) as shown in Table 2 and Fig. 2.
Interaction effect was significant across groups over time
(F(2, 08y =7.15; p =0.001), as improvements were similar
for operated and non-operated legs.

Similarly, SMT was superior in eliciting gains in nor-
malised peak amplitude (iPeak Amp.) (188 +109.5% vs
25+105.8%) (F17s4366 =9.3; p <0.001) and iRMS
(223.5+157.1% vs 81.0 £ 191.4%) (F1.993.6)cG =3.6; p <
0.005) of the EMG signal, with the operated leg showing
the most prominent improvements (Table 2).

Groups showed similar patterns of improvement
over time on ROM during knee extension manoeuvres
(Fa s, e68)GG =0.65; ns) (Table 3). However, SMT elicited
greater gains for knee flexion ROM (22+6.9° vs —3.2 ¢
6.9°). Interaction effect was significant across groups over
time (F10612)GG =5.6; p < 0.005), as improvements were
similar for the operated and non-operated legs (Table 3).

Sensori-motor training elicited superior improvements
in RFcga for both the relaxed and contracted states (60°
of knee flexion), with a relatively greater improvement
noted for the leg undergoing surgery (CSAgp in relax-
ation: F(16, g22)cg =19.6, p< 0.001; CSAgr in contrac-
tion: (CSAge (252.0+101.0mm” vs 156.7 + 76.2 mm?),
F(, 05y = 11.3; p < 0.001) (Table 3).

Discussion

The principal finding of this study was that SMT dem-
onstrated superior gains in neuromuscular capacity com-
pared to usual care, when the duration of prescribed
training were matched. Thus, it would appear that the
characteristics of novel sensori-motor training rather
than its duration per se were important to enhancing
post-TKR efficacy for improving strength and associated
neurophysiological performance as measured by peak
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Fig. 1 Patient CONSORT 1 flow of the study. (With permission to replicate adapted from Moutzouri et al, [22], Clinical Rehabilitation Journal)

force and EMG amplitude and RMS. The pattern of en-
hanced gains in neuromuscular capacity associated with
SMT within this study mimicked those noted previously
for functional (TUG) and SM performance [22] (for ex-
ample, ES for change in peak force [Cohen’s d] =1.4;
52%: Table 2 vs. change in TUG performance [Cohen’s
d] =2.8; 49%, respectively). Importantly, these findings
showed that the prior expectation of an unfavourable

competitive interaction [33] between concurrent SM and
strength stimuli within the SMT intervention had
proved to be unfounded. In fact, it is physiologically
plausible that given the prominent strength response to
doses of focal SM training stimuli, the latter may have
characteristics which are capable of physiologically po-
tentiating the recovery of strength capacity. Only one
other study to date corroborates SMT being capable of
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Table 1 Pre-surgery (baseline) demographic characteristics, time
on waiting list and measures of functional performance and pain

Variable

Group mean (SD)
Control (n = 25)

Experimental (n = 26)

Age (years) 723 (5.6) 713 (5.3)
Height (m) 1.64 (0.10) 6 (0.10)
Weight (kg) 82.1 (10.3) 82.5 (89)
Time to surgery (weeks) 17.2 (149) 3(12.8)
TUG (s) 169 (3.8) 9 (3.6)
Pain (cm) 70(1.1) 6.7 (1.2)

TUG: Timed Up and Go Test (with permission to reproduce, adapted from
Moutzouri et al. [22], Clinical Rehabilitation Journal)

improving knee extensor muscle strength in patients
with knee OA, albeit within a design involving non-
matched duration of training [21].

The SMT’s efficacy may be driven by aspects of its
content and dosage. It offers an emphasis on functional
weight-bearing and balance/agility exercises in its con-
tent rather than standardised muscle stretching and
strengthening exercises within usual care. The dosage of
SMT mimics that of usual care (2—3 sessions/week) but
the interaction of its exercises with the timing, intensity,
duration and progression of training appears to potenti-
ate an important cascade of gains in strength and func-
tional mobility. As alluded to earlier, the time-matched
prescription of exercise in this study potentially allows
its efficacy in eliciting gains in strength in this study and
concomitant functional capacities [22] to be attributed
to the SMT’s characteristics and content.

Equivalent gains (~25%) in muscle strength for both
the operated and non-operated legs elicited by SMT
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suggested that similar mechanisms were contributing to
the process of training. Even with the potential intrusion
of the physiological effects of AMI, there would appear
to be no substantive impediment to the potential for pa-
tients to gain strength after TKR surgery. For example,
while it’s expected that specific high intensity strength
training initiated early following surgery (within two
weeks) would have been capable of eliciting quadriceps
muscle’ strength improvements of 7 and 30% at 12 and
26 weeks post-TKR in the operated limb, respectively
[50], evidence from the current and previous [15, 27]
studies show that SMT appears to offer some of the
training stimuli necessary for potent gains in strength
when delivered early after surgery, is perhaps more rev-
elatory. Thus, the reasons for why many studies of usual
care, with typically greater emphases on strength train-
ing, report being incapable of reversing strength loss for
up to 6 months post-surgery [15, 16], remains somewhat
elusive.

In the current study, the SMT group also showed con-
comitantly superior gains (~50%) in integrated EMG-
derived outcomes (peak amplitude and RMS) that were
more prominent for the operated leg. The latter sug-
gested an expected physiological coupling of changes
amongst indirect (muscle activation) and direct (muscle
strength) measures of neuromuscular performance cap-
ability. It is plausible that SMT would have facilitated
increased neural drive, numbers of active motor units,
firing rates and other mechanisms for greater capacity in
force generation. However, no significant relationships
were noted amongst change scores for indices of peak
force and the EMG-derived outcomes over the 14 weeks
of the SMT programme (p > 0.05), which suggested that

Table 2 Group mean scores for the patients’ measures of muscle strength and activation across groups, for both limbs

Variable Group Pre-surgery 8 weeks 14 weeks Change over time (12 weeks)
Limb Mean (SD) Mean (SD) Mean (SD) Mean F pvalue  ES %
iPeak Amp. (%) op. control 100.0 (=) 1088 (117.6) 126.3 (105.8) 26.3 - 26
non-op. 100.0 (-) 1082 (77.2) 1250 (63.6) 250 - 25
iPeak Amp. (%) op. experimental 100.0 (—) 153.7 (160.8) 288.1 (109.4) 188.1 93 0.001** - 188
non-op. 100.0 (=) 131.3 (884) 156.7 (92.3) 56.7 - 57
iRMS (%) op. control 100.0 (=) 143.7 (148.9) 181.2 (1914) 81.2 - 81
non-op. 100.0 (-) 130.0 (92.3) 1550 (169.2) 550 - 55
iRMS (%) op. experimental 100.0 (=) 7 (141.0) 3235 (157.1) 2235 36 0.005* - 223
non-op. 100.0 (=) 144.0 (160.0) 168.0 (136.1) 68.0 - 68
F (N) op. control 418 (17.8) 466 (18.6) 554 (23.5) 136 08 33
PF (N) non-op 572 (163) 60.0 (19.3) 69.1 (24.4) 19 0.7 21
F (N) op. experimental 398 (15.3) 49.3 (18.0) 67.5 (174) 27.7 1.3 047 1.8 28
F (N) non-op 553 (20.6) 64.7 (244) 78.5 (20.9) 232 1.1 42

p value signifies the statistical significance of the main interaction effect between the groups; ES: relative effect size, computed as (group mean score at 14 weeks
- group mean score at pre-surgery)/pooled SD; iP.Amp.: integrated EMG peak amplitude; iRMS: integrated Root Mean Square; PF: peak force; op.: operated limb;

non-op.: non-operated limb; * p < 0.05; ** p < 0.001; ns: non-significant
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Table 3 Group mean scores for the patients’ measures of muscle size and knee ROM across groups, for both limbs

Variable Group Pre-surgery 8 weeks 14 weeks Change over time (12 weeks)

Limb Mean (SD) Mean (SD) Mean (SD) F pvalue ES %
ROM Flex (°) op. control 106.9 (9.2) 3(6.6) 103.7 (6.9) -32 13 034 - -29
non-op. 1135 (105) 1125 (9.0) 112.1 (8.5) =14 - - 14
ROM Flex (°) op. experimental  105.1 (10.1) 1044 (6.9) 107.3 (6.9) 2.2 002 22
non-op. 114.1 (9.8) 114.6 (9.0) 115.3(8.8) 12 0.01 1.0
ROM Ext (°) op. control -69 (5.2) —4.2(2.7) —1.6 (0.9) 53 0.7 0.52 1.0 77
non-op. —4.3 (4.1) -3133) -23(15) 20 05 46
ROM Ext (°) op. experimental  —6.0 (4.1) =27 (2.1) 02 (1.1) 58 14 97
non-op. -23(24) 5(1.8) —0.7 (1.5) 1.6 0.6 68
CSAger (Mmm?) op. control 4221 (720) 4978 (694)  564.0 (91.1) 1419 20 34
non-op. 4609 (714) 5373 (780)  612.1(98.7) 1512 2.1 33
CSApe, (Mm?) op. experimental 4502 (69.6) 5579 (774) 7086 (1112) 2584 196 0001* 37 57
non-op. 4874 (64.1) 5785(739) 6639 (73.7) 176.5 2.7 36
CSAcontr (MM?) op. control 3381 (69.2) 433.0(853) 4948 (90.7) 156.7 23 46
non-op. 371.1 (669) 4781 (804) 550.2 (94.9) 179.1 2.7 48
CSAconts (Mm?) op.  experimental 3431 (67.8) 4634 (869)  595.1 (1284) 2520 113 0001* 37 73
non-op. 401.2 (65.3)  496.7 (846) 5763 (814) 1751 2.7 44

p values signifies the statistical significance of the main interaction effect between the groups; ES: relative effect size, computed as (group mean score at 14 weeks
- group mean score at pre-surgery)/pooled SD; op.: operated limb; non-op.: non-operated limb; ROM Ext: range of motion in extension; hypoextension = negative
(-); hyperextension = positive; CSAgg : Cross-sectional area in rectus femoris in relaxation; CSAcontr: Cross-sectional area of rectus femoris in contraction;
*%

p < 0.001

N
100 '
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Fig. 2 Muscle strength (peak force) scores of experimental and control groups for both the operated and non-operated legs from pre-surgery
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other factors had been important for determining gains
in muscle strength.

The commonality amongst the extent of SMT-related
changes for estimates of strength and neural drive ex-
tends further to encompass those for muscle architec-
tural parameters. Using real-time ultrasound to assess
muscle architecture’ parameters of TKR patients marked
improvements were noted. These superior gains (~ 27%)
were noted for CSAgr during the contracted state at 60°
of knee flexion for the experimental compared to the
control group. The latter effect was more pronounced
for the operated limb. This study’s CSArr changes were
observed in both relaxed and contracted muscular states
and endorse the potential importance of SMT to gaining
muscle size. The patterns of SMT-related adaptations in
performance for strength, activation and muscle size
showed some concordance amongst the effect sizes.
Nevertheless, a lack of correlation (p >0.05) amongst
the change scores for these outcomes suggested that
primary determinants for the gains in the SMT group’s
strength would not be clearly defined. A few studies
have used CT scanning or MRI techniques (instead of
ultrasound) to measure quadriceps’ muscle size along
with muscle’ strength’ parameters [12, 17]. The study by
Valtonen et al. [12] compared muscle strength and
muscle size parameters between limbs and found a def-
icit of ~14% for the knee extensor muscle’ area of the
operated side, 10 months after surgery. In the study by
LaStayo et al. [17], increases of ~11% in quadriceps
muscle’ size was observed following 12 weeks of eccen-
tric training, compared to a control group, in which no
changes were reported. The time-frame of follow-up
(12 weeks) could be considered adequate for these con-
siderable changes to have occurred, as the literature in
the field suggests a minimum of 5weeks of training
before any morphological changes can be seen [51].
Therefore, findings from both the current study and from
the literature suggest that enhanced motor-development
strategies would need to be implemented for muscle size
to show improved responses. The marked improvements
in muscle size warrant further investigation in subsequent
trials as to the author’s knowledge this was the first study
reporting morphological changes with SMT.

A potential for assessor’s bias, and therefore potential
overestimation of treatment effects, cannot be precluded
due to the study’s single-blind design [52]. The current
study has been limited to investigating the short-term
effect of early-initiated SMT. Nevertheless, its novel
findings, together with those from a parent study [22],
suggests that compared to contemporary practice, the
SMT has the potential to elicit superior recovery of
functional performance in patients following TKR. Con-
comitant patterns of improvement and favourable interac-
tions amongst sensori-motor, neuromuscular and muscle
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size capacities contribute to the mechanism by which the
SMT achieved enhanced efficacy. Future research will
establish the perseverance of the positive effects noted for
SMT in this study and seek to identify optimised titrated
dose-response characteristics. The latter will facilitate in-
formed decision-making about SMT’s applicability within
a wider range of environments. Future studies should also
consider the calibration amongst substantive physical
gains and any patient-perceived changes in physical cap-
ability, especially in self-managed care environments.

Conclusion

In conclusion, a prescribed equivalent volume of time
spent in SMT compared to usual practice, delivered
within a home-based environment, elicited superior
restoration of muscle strength, activation and size in
patients following TKR. The gains in neuromuscular
performance capability did not appear to be adversely
influenced by patients responding predominantly to
concurrent focal SM stimuli.

Additional file

Additional file 1: Appendix 1. Comparison of exercise training
programmes undertaken by the sensori-motor exercise training group
(experimental) with the functional exercise training group (control).
(DOCX 16 kb)

Abbreviations

AMI: Arthogenic muscle inhibition; CSA: Cross sectional area; OA: Osteoarthritis;
PF: Peak force; PROMs: Patient reported measures; QoL: Quality of life; RF: Rectus
femoris; RMS: Root measn square; SMT: Sensori-motor training; TKR: Total knee
replacement; TUG: Timed Up and Go

Acknowledgements

We would like to thank the Musculoskeletal Association of Chartered.
Physiotherapists (MACP) for partially funding the PhD (via a Doctorial Research.
Award Bursary, This is an award of up to encourage physiotherapists’ wider
participation in research within the field of neuromusculoskeletal physiotherapy)
from which this study has originated.

Funding
Self-funded.

Availability of data and materials
The datasets used and/or analysed during the current study are available
from the corresponding author on reasonable request.

Authors’ contributions

MM: Involved in the conception, design, data acquisition, analysis, interpretation
of data and drafting the manuscript. NG: Involved in the conception, design,
analysis, interpretation, drafting the manuscript and critical review of the
manuscript. JG: Involved in the conception, design, data acquisition and
coordination of the study. EB: Involved in the conception and critical review of
the manuscript. ET: Involved in the analysis, interpretation and critical review of
the manuscript. FC: Involved in the conception, design and coordination of the
study. All authors read and approved the final manuscript.

Ethics approval and consent to participate

The study was ethically approved by two Institutional Committees
(University Hospital of Patras Greece [7052/4-7-2011] and Queen Margaret
University Edinburgh, UK[16/ 22.05.2012]All participants have read and
signed the participation consent form.


https://doi.org/10.1186/s12891-019-2575-3

Moutzouri et al. BMC Musculoskeletal Disorders

(2019) 20:231

Consent for publication
Not Applicable

Competing interests
The authors declare that they have no competing interests” in this section.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Department of Physiotherapy, Technological Educational Institute (TEl) of
Western Greece, Aigion, Greece. *School of Health Sciences, Queen Margaret
University, Edinburgh, UK. *Orthopedic Surgery Department, University
Hospital of Patras, Patras, Greece.

Received: 2 August 2018 Accepted: 15 April 2019
Published online: 17 May 2019

References

1.

http://www.njrcentre.org.uk/njrcentre/Patients/Jointreplacementstatistics/
tabid/99/Defaultaspx, 2017. Accessed 10 Oct 2018.

OECD Health Statistics 2014; OECD/European Union (2016), Hip and knee
replacement, in health at a glance: Europe 2016: state of health in the EU
cycle, OECD publishing, Paris. DOI: https://doi.org/10.1787/health_glance_
eur-2016-60-en;
https.//www.efort.org/total-knee-replacement-international-differences-in-
frequency-and-surgical-technique. Accessed 10 Oct 2018.

Hurley M, Walsh N, Bhavnani V, Britten N, Stevenson F. Health beliefs before
and after participation on an exercise-based rehabilitation programme
for chronic knee pain: doing is believing. BMC Musc Dis. 2010;11:31
https://doi.org/10.1186/147122474211731.

Stevens-Lapsley JE, Schenkman ML, Dayton MR. Comparison of self-reported
knee injury and osteoarthritis outcome score to performance measures in
patients after total knee arthroplasty. PM R. 2011;3(6):541-9. https;//doi.org/
10.1016/jpm1j.2011.03.002.

Yoshida Y, Mizner RL, Ramsey DK, Snyder-Mackler L. Examining outcomes
from total knee arthroplasty and the relationship between quadriceps
strength and knee function over time. Clin Biomech (Bristol, Avon).
2008;23(3):320-8. https://doi.org/10.1016/j.clinbiomech.2007.10.008.
Moutzouri M, Gleeson N, Billis E, Tsepis E, Panoutsopoulou |, Gliatis J. The
effect of total knee arthroplasty on patients' balance and incidence of falls:

a systematic review. Knee Surg Sports Traumatol Arthrosc. 2017,25(11):3439-51.

https://doi.org/10.1007/500167-016-4355-2.

Nam D, Nunley RM, Barrack RL. Patient dissatisfaction following total knee
replacement. A growing concern? In: Bone joint surgery; 2014. https.//doi.
0rg/10.1302/0301-620X.96B11.34152.

Parvizi J, Nunley RM, Berend KR, Lombardi AV Jr, Ruh EL, Clohisy JC, et al.
High level of residual symptoms in young patients after Total knee
arthroplasty. Clin Orthop Relat Res. 2014;472(1):133-7. https://doi.org/10.
1007/511999-013-3229-7.

Dakin H, Gray A, Fitzpatrick R, Maclennan G, Murray D, KAT Trial Group.
Rationing of total knee replacement: a cost-effectiveness analysis on a large
trial data set. BMJ Open. 2012;302(1):e000332. https://doi.org/10.1136/
bmjopen-2011-000332.

Hop kins JT, Ingersoll CD. Arthrogenic muscle inhibition: a limiting factor in
knee joint rehabilitation. J Sport Rehab. 2000; https.//doi.org/10.1123/jsr.9.2.135.
Valtonen A, Poyhdnen T, Heinonen A, Sipild S. Muscle deficits persist after
unilateral knee replacement and have implications for rehabilitation. Phys
Ther. 2009;89(10):1072-9. https://doi.org/10.2522/ptj.20070295.

Shabbir M, Umar B, Ehsan S, Munir S, Bunin U, Sarfraz K. Comparison of
functional training and strength training in improving knee extension lag
after first four weeks of total knee replacement. Biomed Res. 2017;28(12):
5623-7.

Liu S, Zhi-ling H, Qing=xi T, Xiao-feng Q, Jian-hua Y, Qing-hui J. Effect of
knee joint function training on joint functional rehabilitation after knee
replacement. Medicine (Baltimore). 2018,97(28):e11270. https://doi.org/10.
1097/MD.0000000000011270.

Mizner RL, Petterson SC, Snyder-Mackler L, Mizner RL. Quadriceps strength
and the time course of functional recovery after total knee arthroplasty. J
Orthop Sports Phys Ther. 2005. https://doi.org/10.2519/jospt.2005.35.7.424.

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Page 9 of 10

Mizner R, Snyder-Mackler L. Altered loading during walking and sit-to-stand
is affected by quadriceps weakness after total knee arthroplasty. J Orthop
Res. 2005,23(5):1083-90. https://doi.org/10.1016/j.orthres.2005.01.0212005.
LaStayo P, Meier W, Marcus R, Mizner R, Dibble L, Peters C. Reversing
muscle and mobility deficits 1 to 4 years after TKA. A pilot study. Clin Othop
& Rel Res. 2009;467(6):1493-500. https://doi.org/10.1007/511999-009-0801-2.
Ciolac EG, Greve JM. Muscle strength and exercise intensity adaptation to
resistance training in older women with knee osteoarthritis and total knee
arthroplasty. Clinics (Sao Paulo). 2011;66(12):2079-84.

Mizner RL, Petterson SC, Clements KE, Zeni JA Jr, Irrgang JJ, Snyder-Mackler
L. Measuring functional improvement after total knee arthroplasty requires
both performance-based and patient-reported assessments: a longitudinal
analysis of outcomes. J Arthroplasty. 2011,26(5):728-37. https://doi.org/10.
1016/j.arth.2010.06.004.

Pozzi F, Snyder- Mackler L, Zeni J. Physical exercise after knee arthroplasty: a
systematic review of controlled trials. Eur J Phy Rehab Med. 2013;49(6):877-92.
Ahmed AF. Effect of sensori-motor training on balance in elderly patients
with knee osteoarthritis. J Adv Res. 2011,2(4):305-31 https://doi.org/10.1016/
jjare.2011.02.001.

Moutzouri M, Gleeson N, Coutts F, Tsepis E, Gliatis J. Early self-managed
focal sensorimotor rehabilitative training enhances functional mobility and
sensorimotor function in patients following total knee replacement: a
controlled clinical trial. Clin Rehabil. 2018. https://doi.org/10.1177/
0269215518757291.

Bruhn S, Kullmann N, Gollhofer A. The effects of a sensorimotor training and
a strength training on postural stabilisation, maximum isometric contraction
and jump performance. Int Sport Med. 2003. https://doi.org/10.1055/5-2003-
45228.

Riemann BL, Lephart SM. The sensorimotor system. Part II: the role of
proprioception in motor control and functional joint stability. J Athl
Training. 2002;37(1):80-4.

Piva SR, Gil AB, Almeida GJ, DiGioia AM, Levison TJ. A balance exercise
program appears to improve function for patients with total knee
arthroplasty: a randomized clinical trial. 2010; 90(6):880-894 doi:
https://doi.org/10.2522/PTJ.20090150.

Liao CD, Liou TH, Huang YY, Huang YC. Effects of balance training on
functional outcome after total knee replacement in patients with knee
osteoarthritis: a randomized controlled trial. Clin Rehabil. 2013. https://doi.
org/10.1177/0269215513476722.

Fitzgerald GK, Piva SR, Gil AB, Wisniewski SR, Oddis CV, Irrgang JJ. Agility and
perturbation training techniques in exercise therapy for reducing pain and
improving function in people with knee osteoarthritis: a randomised control
trial. Phys Ther. 2011;91(4):452-69. https://doi.org/10.2522/PT).20100188.
Tsauo JY, Cheng PF, Yang RS. The effects of sensorimotor training on knee
proprioception and function for patients with knee osteoarthritis: a
preliminary report. Clin Rehabil. 2008;22(5):448-57.

Li F, Harmer P, Fisher KJ, McAuley E, Chaumeton N, Eckstrom E, Wilson NL.
Tai chi and fall reductions in older adults: a randomized controlled trial. J
Gerontol A Biol Sci Med Sci. 2005,60(2):187-94.

Sherrington C, Tiedemann A, Fairhall N, Jacqueline CT, Close BD, Stephen
RL. Exercise to prevent falls in older adults: an updated meta-analysis and
best practice recommendations. NSW Public Health Bulletin. 2011;22:3-4.
Caraffa A, Cerukki G, Projetti M, Aisa G, Rizzo A. Prevention of anterior cruciate
ligament injuries in soccer. A prospective controlled study of proprioceptive
training. Knee Surg Sports Traumatol Arthroscopy. 1996;4:19-21.

Hewett TE, Myer GD, Ford KR. Prevention of anterior cruciate ligament
injuries. Curr Womens Health Rep. 2001;1(3):218-24.

Bailey AK, Minshull C, Richardson J, Gleeson NP. Improvement of outcomes
with nonconcurrent strength and cardiovascular-endurance rehabilitation
conditioning after ACI surgery to the knee. J Sport Rehabil. 2014;23(3):235-43.
https//doi.org/10.1123/jsr.2013-0050.

Moffet H, Collet JP, Shapiro SH, Paradis G, Marquis F, Roy L. Effectiveness of
intensive rehabilitation on functional ability and quality of life after first total
knee arthroplasty: a single-blind randomised controlled trial. Arch Phys Med
Rehabil. 2004;85:546-56.

Moutzouri M, Gleeson N, Billis E, Tsepis E, Gliatis J. Greek physiotherapists'
perspectives on rehabilitation following total knee replacement: a descriptive
survey. Physiother Res Int. 2017;22(4). https://doi.org/10.1002/pri.1671.
Gleeson NP, Naish PF, Mercer TH, Wilcock JE, Hine J. Reliability of indices of
leg neuromuscular performance in end-stage renal failure. Scand J Rehab
Med. 2002;34(6):273-7.


http://www.njrcentre.org.uk/njrcentre/Patients/Jointreplacementstatistics/tabid/99/Default.aspx
http://www.njrcentre.org.uk/njrcentre/Patients/Jointreplacementstatistics/tabid/99/Default.aspx
https://doi.org/10.1787/health_glance_eur-2016-60-en
https://doi.org/10.1787/health_glance_eur-2016-60-en
https://www.efort.org/total-knee-replacement-international-differences-in-frequency-and-surgical-technique
https://www.efort.org/total-knee-replacement-international-differences-in-frequency-and-surgical-technique
https://doi.org/10.1186/1471?2474?11?31
https://doi.org/10.1016/j.pmrj.2011.03.002
https://doi.org/10.1016/j.pmrj.2011.03.002
https://doi.org/10.1016/j.clinbiomech.2007.10.008
https://doi.org/10.1007/s00167-016-4355-z
https://doi.org/10.1302/0301-620X.96B11.34152
https://doi.org/10.1302/0301-620X.96B11.34152
https://doi.org/10.1007/s11999-013-3229-7
https://doi.org/10.1007/s11999-013-3229-7
https://doi.org/10.1136/bmjopen-2011-000332
https://doi.org/10.1136/bmjopen-2011-000332
https://doi.org/10.1123/jsr.9.2.135
https://doi.org/10.2522/ptj.20070295
https://doi.org/10.1097/MD.0000000000011270
https://doi.org/10.1097/MD.0000000000011270
https://doi.org/10.2519/jospt.2005.35.7.424
https://doi.org/10.1016/j.orthres.2005.01.0212005
https://doi.org/10.1007/s11999-009-0801-2
https://doi.org/10.1016/j.arth.2010.06.004
https://doi.org/10.1016/j.arth.2010.06.004
https://doi.org/10.1016/j.jare.2011.02.001
https://doi.org/10.1016/j.jare.2011.02.001
https://doi.org/10.1177/0269215518757291
https://doi.org/10.1177/0269215518757291
https://doi.org/10.1055/s-2003-45228
https://doi.org/10.1055/s-2003-45228
https://doi.org/10.2522/PTJ.20090150
https://doi.org/10.1177/0269215513476722
https://doi.org/10.1177/0269215513476722
https://doi.org/10.2522/PTJ.20100188
https://doi.org/10.1123/jsr.2013-0050
https://doi.org/10.1002/pri.1671

Moutzouri et al. BMC Musculoskeletal Disorders

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

(2019) 20:231

Gleeson NP, Mercer T. Reproducibility of isokinetic leg strength and
endurance characteristics of adult men and women. Eur J Applied Physiol
Occup Physiol. 1992,65(3):221-8.

Minshull C, Gleeson NP, Eston RG, Bailey AK, Rees D. Single measurement
reliability and reproducibility of volitional and magnetically-evoked indices
of neuromuscular performance in adults. J Electromyogr Kinesiol. 2009;19(5):
1013-23.

Guo JY, Zheng YP, Xie HB, Chen X. Continuous monitoring of
electromyography (EMG), mechanomyography (MMG), sonomyography
(SMG) and torque output during ramp and step isometric contractions. Med
Engineer Physics. 2010;32:1032-42.

Burden A, Bartlett R. Normalisation of EMG amplitude: an evaluation and
comparison of old and new methods. Med Eng Phys. 1999;21(4):247-57.
https://doi.org/10.1016/51350-4533(99)00054-5.

Halaki M, Ginn K. Normalization of EMG Signals: To Normalize or Not to
Normalize and What to Normalize to? Computational Intelligence in
Electromyography Analysis Ganesh R. Naik, IntechOpen. Available from:
https://www.intechopen.com/books/computational-intelligence-in-
electromyography-analysis-a-perspective-on-current-applications-and-future-
challenges. https.//doi.org/10.5772/49957. Accessed at 17th Oct 2012.
McKenzie FL, Petushek EJ, Feldmann CR, Hsu BE, Garceau LR, Lutsch BN,
Ebben WP. Reliability of surface electromyography during maximal
voluntary isometric contractions, jump landings, and cutting. J Strength
Cond Res. 2010;24(4):1131-7. https://doi.org/10.1519/JSC.0b013e3181cc2353.
Jones CA, Voaklander DC, Suarez-Alma ME. Determinants of function after
total knee arthroplasty. Phys Ther. 2003;83(8):696-706.

Edwards J, Greene K, Davis R, Kovacik M, Noe D, Askew M. Measuring
flexion in knee arthroplasty patients. J Arthroplasty. 2004;19(3):369-72.
Cibere J, Bellamy N, Thorne A, Esdaile J, McGorm K, Chalmers A, et al.

Reliability of the knee examination in osteoarthritis: effect of standardization.

Arthr Rheum. 2004;50(2):58-468.

Norkin CC, White DJ. Measurement of joint motion: a guide to goniometry.
FA Davis company Philadelphia; 2016. p. 336-40.

de Bruin PF, Ueki J, Watson A, Pride NB. Size and strength of the respiratory
and quadriceps muscles in patients with chronic asthma. Eur Respir J.
1997;10:59-64.

Bembem MG. Use of diagnostic ultrasound for assessing muscle size. J Strength
Cond Res. 2002,16:103-8.

Lima KM, Matta TT, Oliveira LF. Reliability of the rectus femoris muscle cross-
sectional area measurements by ultrasonography. Clin Physiol Funct
Imaging. 2012;32:221-6. https;//doi.org/10.1111/j.1475-097X.2011.01115X.
Bade MJ, Stevens-Lapsley JE. Early high-intensity rehabilitation following
total knee arthroplasty improves outcomes. J Orthop Sports Phys Ther.
2011;41(12):923-41. https://doi.org/10.2519/jospt.2011.3734.

Blazevich AJ, Gill ND, Bronks R, Newton RU. Training-specific muscle
architecture adaptation after 5-wk training in athletes. Med Sci Sports Exerc.
2003,35:2013-22. https://doi.org/10.1249/01.mss.0000099092.83611.

Liu C, LaValley M, Latham NK. Do Unblinded assessors Bias muscle strength
outcomes in randomized controlled trials of progressive resistance strength
training in older adults? Am J Phys Med Rehabil. 2011;90(3):190-6.
https://doi.org/10.1097/PHM.0b013€31820174b3.

Page 10 of 10

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions


https://doi.org/10.1016/s1350-4533(99)00054-5
https://www.intechopen.com/books/computational-intelligence-in-electromyography-analysis-a-perspective-on-current-applications-and-future-challenges
https://www.intechopen.com/books/computational-intelligence-in-electromyography-analysis-a-perspective-on-current-applications-and-future-challenges
https://www.intechopen.com/books/computational-intelligence-in-electromyography-analysis-a-perspective-on-current-applications-and-future-challenges
https://doi.org/10.5772/49957
https://doi.org/10.1519/JSC.0b013e3181cc2353
https://doi.org/10.1111/j.1475-097X.2011.01115.x
https://doi.org/10.2519/jospt.2011.3734
https://doi.org/10.1249/01.mss.0000099092.83611
https://doi.org/10.1097/PHM.0b013e31820174b3

	Abstract
	Background
	Methods
	Results
	Conclusion
	Trial registration

	Background
	Methods
	Participants
	Time-matched rehabilitative procedure performed by both groups
	Experimental group: sensori-motor training (SMT)
	Control group
	Outcome measures
	Neuromuscular performance capability
	Knee ROM
	Muscle size

	Statistical analysis

	Results
	Discussion
	Conclusion
	Additional file
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

