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Abstract Object: Limited objective evidence exists on the benefits of functional muscle 
transfers following quadriceps resection in sarcoma. In particular, no studies have compared 
patients with functional transfers to those without. In this study, objective and subjective as- 
sessments were performed with 3D Gait Analysis, Environmental Simulator, Electromyography 
(EMG) and Patient-Reported Outcomes. 
Methods: Thirty-four patients at the Scottish Sarcoma Network Glasgow Centre/ Canniesburn 
Plastic Surgery Unit underwent quadriceps resection for sarcoma between 2009 – 2019, includ- 
ing 24 patients with functional reconstruction and 10 without. Both groups were equivalent 
for the extent of quadriceps resection (2.58 versus 2.85 components, p = 0.47). Primary out- 
come measure was 3D Gait Analysis and Gait Profile Score (GPS), and secondary outcome was 
the Toronto Extremity Salvage Score (TESS) score. Ancillary analyses included environmental 
simulation with the Motek CAREN system and EMG of transferred muscles. 
Results: Outcomes measures were better in functional reconstruction patients when compared 
to those without – the GPS score was 8.04 versus 10.2 (p = 0.0019), and the TESS score was 81.85 
versus 71.17 (p = 0.028). Environmental simulator tasks found that functional reconstruction pa- 
tients could complete activities of daily living including shopping and collision avoidance tasks, 
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without significantly slowing their walking speed. Patients without a functional reconstruc- 
tion could not complete weighted shopping tasks. EMG showed that transferred hamstrings 
co-activated with the ipsilateral rectus femoris during the gait cycle. 
Conclusions: These are the first objective data demonstrating the superiority of muscle trans- 
fers for functional restoration in quadriceps resection versus patients without functional trans- 
fers. Critically, these also provide answers to patient-oriented questions relating to the recov- 
ery of function and activities of daily living. 
© 2022 British Association of Plastic, Reconstructive and Aesthetic Surgeons. Pub- 
lished by Elsevier Ltd. This is an open access article under the CC BY license 
( http://creativecommons.org/licenses/by/4.0/ ) 
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“Will I need to use crutches or a knee brace?”
ntroduction 

 need for functionally relevant outcome 

easures in quadriceps reconstruction 

unctional muscle transfers for quadriceps reconstruction, 
uch as hamstring or sartorius transfers, have historically 
een described in the management of poliomyelitis for over 
 century. 1 , 2 Recently, these have been repurposed in the 
anagement of sarcoma resection of the quadriceps and 
ave been augmented with the use of Free Functional Mus- 
le transfers. 3 , 4 

These have been described in relatively small cases 
eries, with the interpretation of previous study out- 
omes commonly affected by two key methodological flaws. 
irstly, outcome measures have been limited to subjective 
easurements prone to investigator bias such as physical 
easurements, or having limited real world applicability 
o patients, including the Musculoskeletal Tumour Society 
core (MSTS) or dynanometry. For example, it is meaningless 
o patients to tell them that they will have an MSTS score 
f 20 post-surgery, or that their quadriceps strength will be 
RC grade 4, or that their isometric strength will be 30% re- 
uced. Even clinicians cannot contextualise these scores for 
heir patients. Other studies have used invalidated and in- 
angible outcome measures such as “good” or “excellent”. 
one of these measures are of functional relevance and can- 
ot be used to inform a patient whether they will be able to 
alk normally again after surgery. 3 , 5-7 

Secondly, no previous study has compared functional 
ransfers for quadriceps reconstruction with a control 
roup. This makes the interpretation of the benefits of the 
uscle transfer meaningless, as outcome measures will be 
onfounded by residual quadriceps components that are left 
n-situ post-resection. 

esidual quadriceps function confounds outcome 

easurements after muscle transfer 

n all previous studies, the interpretation of the true contri- 
ution of muscle transfers is confounded by heterogeneity 
n the amount of quadriceps resection, variations in the type 
f functional reconstruction and a lack of control groups. 
G University Hospital Bergmannsheil, Germany, analysed 
7 patients with physical measurements, dynanometry and 
atient-reported outcomes. 5 This provided data on ham- 
2 
tring and gracilis transfers, including estimates of knee 
xtension strength at 44% in comparison to the contralat- 
ral leg. However, this study had no comparison group, did 
ot employ validated sarcoma outcome instruments such 
s TESS, and the results are difficult to contextualize for 
atients. The Washington Cancer Institute, USA, evaluated 
5 patients with pedicled muscle transfers using MSTS and 
hysical examination. 3 In this series, sartorius or biceps 
emoris transfers had extensor lag 4-6 °, power was 4.2-4.75, 
nd MSTS score was ‘good’ or ‘excellent’ in 100%. Given 
hat these were performed in patients with 2 or 3 residual 
uadriceps, the excellent outcomes in these pedicled trans- 
ers may reflect residual quadriceps function rather than 
he muscle transfers per se. Innocenti et al. reported 11 
ases of free functioning latissimus dorsi, 6 with MSTS ratings 
anging from ‘good’ to ‘excellent’ in 73% of the cases. How- 
ver, these results were confounded by additional pedicled 
uscle transfers in 36%, there were a lack of objective out- 
ome measures, and there was no control group. Muramatsu 
t al. reviewed 14 free functional latissimus dorsi transfers 
ithout additional pedicled muscle transfers and noted that 
unctional outcomes correlated strongly with the degree of 
uadriceps resection, 8 with total quadriceps resection re- 
ulting in very poor functional results. Valid interpretation 
f the contribution of muscle transfers in all of these stud- 
es is not possible due to confounding by residual quadri- 
eps function, emphasizing the critical need for a compara- 
or group of quadriceps resections that have not undergone 
uscle transfer. 

D Gait Analysis, Environmental Simulator and 

lectromyography 

n addition to addressing methodological flaws relating to 
nvalidated outcome measures and a lack of control groups, 
here are also a number of key patient questions that are 
f functional relevance. This study aims to answer these 
uestions by using validated outcomes compared to a con- 
rol population, which includes: 

“Can I walk again after this operation?”

“Can I go shopping again?”

“Can I go out on the street and be able to avoid bumping
into people?”

http://creativecommons.org/licenses/by/4.0/
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This study investigated patients with objective testing 
sing standardised 3D gait analysis, which leverages 3D cam- 
ra technology and floor pressure sensors to provide a far 
reater degree of sensitivity and objectivity than other 
easures such as visual gait analysis, isometric strength 
nd patient-reported outcomes. It also provides a key out- 
ome measure, the Gait Profile Score (GPS), which quanti- 
es the deviation between pathological and healthy unim- 
aired populations 9 and has been used to assess the impact 
f surgical interventions in cerebral palsy 9 and lower-limb 
mputations. 10 , 11 

To investigate the return of activities of daily living, 
n environmental simulator (Motek CAREN system, Amster- 
am, Netherlands) was used to recreate virtual shopping, 
eighted carrying and collision avoidance tasks. This was 
upported by the Toronto Extremity Salvage Score (TESS), a 
atient-reported outcome measure (PROM) widely used in 
arcoma. 12 By using such an approach, it is hoped that spe- 
ific questions about the recovery of function and activities 
f daily living can be answered for patients, and that ob- 
ective data can be provided to inform and inspire future 
esearch. 

ethods 

he Strengthening the Reporting of Observational Studies in 
pidemiology (STROBE) reporting guidelines for cohort tri- 
ls were followed for this study. Regional Ethics Committee 
18/NW/0165) and site specific management approvals from 

trathclyde University and WestMARC Centre were obtained 
n line with Greater Glasgow and Clyde R and D board re- 
uirements. NCT04911972 is the ClinicalTrial.gov identifier. 
atients consented in writing to participate. 

articipants and Setting 

hirty-four patients in the Scottish Sarcoma Network Glas- 
ow Centre / Canniesburn Plastic Surgery unit underwent 
uadriceps resection between 2009 and 2019, of whom 

4 underwent quadriceps functional reconstruction and 
0 without. Quadriceps resection was defined as cross- 
ectional resection of muscle, classified as total or partial 
er muscle component. Inclusion criteria - age 18-95 years; 
t least 1 quadriceps component resection; > 3 months 
ost-surgery. Exclusions include: active treatment of com- 
lications or metastases; < 3 months post-surgery; actively 
ndergoing radiotherapy; and motion sickness (environmen- 
al simulator). 
Data were collected prospectively, PROMs were collected 

etween 2009 and 2020 (n = 27, 100% eligible participants), 
nd 3D gait analysis was collected between 2016 and 2020 
n = 17, 81% eligible participants). PROMS were collected as 
art of routine post-op care, and gait analysis forms part 
f the normal rehabilitation pathway in complex recon- 
tructions since 2016. Ten patients were deceased at the 
tart of the 3D gait analysis data collection period, and 
hree patients passed away during the data collection pe- 
iod ( Flowchart 1 ). 
The 3D gait analysis was performed at the WestMARC 

entre, which is an internationally accredited lab (Clinical 
3 
ovement and Analysis Society, UK and Ireland) ( Figure 1 ; 
upplementary Video 1) - using a Vicon Giganet system 

ith 10-bonita cameras (Vicon, Oxford, UK) and two AMTI 
P400600 force platforms (Watertown, MA, USA). Data were 
ollected with participants walking barefoot and using any 
alking aids they normally used, over ten gait cycles. 11 

nvironmental simulation was performed on the CAREN 

otek system at Strathclyde University, Glasgow, using a 
arge virtual screen, treadmill system and pressure sensors 
 Figure 2 ; Supplementary Video 2). Statistical analysis per- 
ormed with SocSciStatistics, with a significance level of 
 = 0.05. 13 

utcomes 

rimary outcome was GPS, and secondary outcome was TESS 
core. Ancillary analyses included Environmental Simulator 
nd Electromyography (EMG). EMG was performed for the 
nalysis of transferred muscle function and did not form a 
omparative outcome measure. 

issing Data 

eventeen of 21 (81%) eligible patients participated in 3D 

ait analysis, and 27 of 27 (100%) eligible patients for the 
ESS score. Missing data were treated as missing completely 
t random or missing at random. 

ample Size 

ilot trial data was used to calculate sample size based on 
PS as primary outcome, 14 giving 7 in intervention and 2 
n control group for unequal group sizes (power 90%, sig- 
ificance 0.05, 2 sided). Using TESS data as a secondary 
utcome gave sample size of 19 intervention and 6 con- 
rol group (Supplementary Table 1). Given the rarity of this 
urgery, pilot data was included as an internal pilot into the 
ain trial. 

esults 

ociodemographic Variables 

wenty-one patients underwent pedicled muscle transfers 
 Figures 3 - 6 ), and three had free functional muscle trans-
ers ( Figures 7 - 9 ). Five patients in the non-functional group
ad flaps for implant cover only. In these cases, the mus- 
le was not attached to the patella as per functional trans- 
ers ( Table 1 ). Walking aids were used by 29% in the func-
ional group (3 crutches and 4 walking sticks) and 70% in 
he non-functional group (4 crutches, 4 knee braces, and 1 
heelchair) (Chi-square, p = 0.0275). MRC power and range 
f motion were not used as outcome measures, due to low 

unctional relevance and criticism of their use in lower limb 
tudies, 15 although are given where available (Supplemen- 
ary Table 2). 
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Table 1 Sociodemographic and Clinical Variables 

Patient Age (at the 
time of 
surgery) 

Sex Side Tumour Endo 
prosthesis 

Resection Femoral 
nerve 
intact 

Functional 
Reconstruction 

Radiotherapy Walking 
Aids 

Brace 

Functional 
Recons- 
truction 

1 ∗ 63 F L Chondrosarcoma Yes VM,VI,VL Yes LHBF, Sartorius, 
Gracilis 

Adjuvant No No 

2 ∗ 45 F L Triton tumour/ 
Spindle cell 

No –allograft VM Yes LHBF, Sartorius No Walking 
Stick 

No. 
Temporary 
knee brace 
for stress 
fracture. 

3 ∗ 72 F L Pleomorphic No VM,VI,VL,RF No LHBF, Sartorius Adjuvant No No 
4 40 F R Osteosarcoma No –allograft VM,VI,VL,RF Yes Sartorius, Gracilis No No No 
5 ∗ 43 M L Pleomorphic No VM,VI,VL,RF Yes LHBF, Sartorius Adjuvant Walking 

stick 
No 

6 18 M L Osteosarcoma Yes, 
complicated 
by fall 

VM,VI,VL Yes LHBF, Sartorius No Crutches No 

7 73 M R Leiomyosarcoma No VM,VI,VL Yes LHBF Adjuvant Occasional 
walking 
stick 

No 

8 50 F L Chondroblastic 
osteosarcoma 

Yes, 
mechanical 
failure req 
total fem 

EPR 

VL,VI Yes LHBF, Sartorius No Crutches No 

9 32 F R Pleomorphic Yes VM,VI,VL,RF No LHBF, Sartorius Adjuvant No No 
10 64 M R Hybrid fibromyx- 

oid/epithelioid 
fibrosarcoma 

Yes VL,VI Yes LHBF No No No 

11 56 M R Myxoid 
Liposarcoma 

No VL,RF(50%), 
VI(50%) 

No. Fem 

A + V 
graft 

Rectus abdominis 
(functional - 
innervated) + FFMT 
(LD) 

Neoadjuvant No No 

12 ∗ 57 M L Osteosarcoma Yes VL Yes LHBF, Sartorius No No No 
13 53 M L Synovial No VM,VI,VL Yes LHBF, FFMT (RF) Neoadjuvant No No 
14 ∗∗ 21 M R Osteosarcoma Yes 

VM(50%),VI,VL 
Yes LHBF, Sartorius No No No 

15 17 M L Osteosarcoma Yes VM,VI,VL Yes LHBF, Sartorius No No No 
16 36 F L Spindle Cell No VL,VI Yes LHBF Adjuvant No No 

( continued on next page ) 
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Table 1 ( continued ) 

Patient Age (at the 
time of 
surgery) 

Sex Side Tumour Endo 
prosthesis 

Resection Femoral 
nerve 
intact 

Functional 
Reconstruction 

Radiotherapy Walking 
Aids 

Brace 

17 ∗ 74 F L Spindle Cell No VM,VI,VL,RF 
(necrosis) 

Yes FFMT (ALT-Rectus 
Femoris) as salvage 
procedure 

Adjuvant No No 

18 44 M L Liposarcoma No VL,RF Yes FFMT (ALT-Vastus 
lateralis) 

Adjuvant No No 

19 38 M L Aggressive 
Aneurysmal Bone 
Cyst 

Yes VM,VI Yes LHBF, Sartorius No Occasional 
walking 
stick 

No 

20 59 M R 
Rhabdomyosarcoma 

No VI,VL Yes LHBF No No No 

21 43 M R Chondrosarcoma Yes VM Yes Sartorius No No No 
22 17 F L Osteosarcoma Yes VM,VI,VL Yes LHBF, SHBF, Sartorius No Occasional 

walking 
stick 

No 

23 20 F R Osteosarcoma Yes VI,VL Yes LHBF, Sartorius No No No 
24 ∗ 23 M R Ewing’s Yes 

VM,VI,VL(50%) 
Yes Sartorius No No No 

Non- 
Functional 
Reconst- 
ruction 

25 ∗ 83 M R Pleomorphic No VM,VI,VL,RF Yes No Adjuvant 
Wheelchair 
bound 

Wheelchair 
bound 

26 ∗ 16 M R Osteosarcoma Yes VM,VI,VL Yes No. Sartorius for 
implant cover only 

No No Knee brace 

27 17 M R Osteosarcoma Yes 
VM,VI,VL(50%) 

Yes No. Sartorius for 
implant cover only 

No No No 

28 ∗ 62 M R Liposarcoma Yes None 
(Femoral 
Nerve 
resected) 

No. No Adjuvant Crutches No 

( continued on next page ) 
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Table 1 ( continued ) 

Patient Age (at the 
time of 
surgery) 

Sex Side Tumour Endo 
prosthesis 

Resection Femoral 
nerve 
intact 

Functional 
Reconstruction 

Radiotherapy Walking 
Aids 

Brace 

29 ∗ 22 M R Osteosarcoma Yes 
VM,VI,VL(50%) 

Yes No. Sartorius for 
implant cover only 

No No No 

30 18 M L Ewing’s Yes VM,VI,VL Yes No No No Knee brace 
(as knee 
gives out oc- 
cassionally) 

31 52 M R Osteosarcoma Yes 
VM,VI,VL(50%) 

Yes No No Crutches Knee brace 

32 82 M L 
Myxofibrosarcoma 

No VM,VI,VL,RF Yes No. Salvage wound 
breakdown with 
Rectus abdominis 
(non-functional – not 
innervated) + MSAP 

Neoadjuvant Crutches Knee brace 

33 19 M L Osteosarcoma Yes VM Yes No. Sartorius for 
implant cover only 

No No No 

34 52 F L Pleomorphic No VM,VI Yes No Adjuvant Crutches No 
∗ patient passed away prior or during data collection period 
∗∗ lost to follow-up – did not attend follow-up clinicsLHBF – Long Head Biceps FemorisSHBF – Short Head Biceps FemorisFFMT – Free functioning muscle transfer 

6
 



Journal of Plastic, Reconstructive & Aesthetic Surgery xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: PRAS [m6+; September 14, 2022;5:0 ] 

Figure 1 Patient with quadriceps reconstruction in the 3D Gait analysis laboratory with 3D model overlay. 

Figure 2 The Motek CAREN system with a treadmill system, safety harness for patient and a large virtual reality screen. The 
system is equipped for 3D Gait analysis, whilst the patient navigates a virtual environment. This can test a patient’s gait whilst they 
perform activities of daily living. 

E
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F
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g

quivalency of Functional and Non-functional 
roups 

 number of quadriceps resected were 2.58 in the functional 
roup and 2.85 in the non-functional group (p = 0.47). Other 
actors known to affect functional outcomes were compared 
etween groups including age, sex, radiotherapy and endo- 
rostheses, with no significant differences ( Table 2 ). 
7 
rimary Outcome: 3D Gait Analysis 

unctional reconstructions had significantly better GPS than 
n non-functional reconstructions (mean 8.04, 95% CI 7.49- 
.49 versus 10.2, 95% CI 9.21-11.12) (p = 0.0019, indepen- 
ent t-test, 2 tailed). Cohen’s d = 2.94 indicating a ‘huge’ 
ffect size. The only difference in subdomains between 
roups was step time symmetry (mean 0.91, 95% CI 0.88- 
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Figure 3 Distal femur sarcoma excision with 3 components re- 
section adjacent to endoprosthesis. 

Figure 4 Residual defect with endoprosthesis in-situ. RF is 
only residual quadriceps component left. The instrument is 
pointing towards the long head of biceps femoris prior to 
raising. 

Figure 5 Sartorius (proximal) and long head biceps femoris 
(distal) as shown from the side. 

Figure 6 Neo-quadriceps created by sartorius centralisation 
with the long head biceps femoris sutured to the patella and 
side-to-side. 

Figure 7 Total quadriceps loss after resection, radiotherapy 
and secondary wound breakdown, with the exposure of bone 
and femoral artery. 

Figure 8 Anterolateral thigh (ALT) –RF free functional muscle 
flap. A small portion of the vastus lateralis has been raised to 
cover the exposed distal femur and prevent adherence of RF to 
the bone, and thereby facilitate glide. 

8 
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Figure 9 Combined flap in-situ but with RF not inset to 
patella. Exposed femur visible distally. A ORAM flap is present 
proximally to cover the proximal extent of the wound bed. 

Table 2 Comparison between Groups 

Functional 
reconstruction 

No Functional 
Reconstruction 

Significance 

Age (years) 44.6 42.3 p = 0.779 ∗∗

Sex 10F: 14M 1F: 9M p = 0.07 + 

Number of 
quadriceps 
components ∗

2.58 2.85 p = 0.47 ∗∗

Endoprostheses 
(EPR) 

13 EPR: 11 
none 

7 EPR: 3 none p = 0.39 + 

Radiotherapy 
(DXT) 

10 DXT: 14 
none 

4 DXT: 6 none p = 0.77 + 

∗ femoral nerve resection equivalent to 4 component resection 
∗∗ Independent t test, 2 tailed 
+ Chi-square test 

0
d
s

S

T
s
n
d
‘

R
o

T
t
c
p

Figure 10 EMG sensors placed on the long head biceps femoris 
transfer and on the ipsilateral residual RF to assess for co- 
activation of transferred muscle with residual quadriceps. See 
Supplementary Digital Content 6 and 7 for corresponding intra- 
operative photographs. 
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.94 versus 0.82, 95% CI 0.62-1.02 95%) (p = 0.034, indepen- 
ent t-test, 2 tailed). Cohen’s d = 1.31 (‘very large’ effect 
ize) ( Table 3 ). 

econdary Outcome: Patient-Reported Outcomes 

ESS mean sum score was better in the functional recon- 
truction group at 81.85 (95% CI 77.12-86.58) versus in the 
on-functional group 71.17 (95% CI 64.43-77.91) (Indepen- 
ent t-test, 2 tailed, p = 0.028). Cohen’s d = 1.07 indicates a 
large’ effect size ( Table 4 ). 

e-Analysis of Data with ≥ 2 component resections 
nly 

he primary and secondary outcomes were re-analysed with 
he inclusion of patients with a resection of ≥ 2 quadriceps 
omponents only. All outcomes remained significant (Sup- 
lementary Table 3). 
9 
ime to Testing intervals 

o significant differences in time to testing were noted be- 
ween groups for measurement of primary (3D Gait Analysis) 
r secondary outcomes (PROMs) ( Tables 3 and 4 ). 

ncillary Analyses 

nvironmental Simulator 

ine patients underwent further optional participation in 
he CAREN Motek simulator. Patients underwent 3D gait 
nalysis in real-time in the virtual reality simulated envi- 
onment whilst performing a “shopping” task (pushing an 
maginary shopping cart to pick up ingredients to make 
 pizza), a “collision avoidance” task (avoiding oncoming 
eagulls - requiring patients to make sudden side-step tran- 
itions), and walking with weighted bags task (1 kg per side). 
unctional reconstruction patients did not slow down signif- 
cantly when carrying weighted bags (0.89 versus 1.0 m/s, 
 = 0.64) nor with collision avoidance tasks (0.89 versus 0.92 
/s, p = 0.88). This indicated that patients can go shopping 
nd perform collision avoidance as normal, without having 
o stop, hesitate or slow down. Patients without functional 
econstruction were unable to complete the weighted bags 
ask (Functional reconstruction - successful task completion 
 = 7, non-functional n = 0, Fisher’s exact test, p = 0.028).
Supplementary Table 4) 

lectromyography 

ncillary analysis of EMG synched with 3D gait analysis dur- 
ng walking (n = 3) indicated that the transferred long head 
f the biceps femoris fires in phase with the ipsilateral rec- 
us femoris during the gait cycle ( Figures 10 and 11 ; Supple-
entary Figures 1 and 2; Supplementary Video 3). During 
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Table 3 3D Gait Analysis Data 

Group Patient Follow-up 
Interval 
(months) 

GPS 
(degrees) 

Walking 
Velocity 
(m/s) 

Step 
length (m) 

Fz 
Symmetry 

Step 
Length 
Symmetry 

Step Time 
Symmetry 

Knee 
Flex/ext 
(degrees) 

Functional 
Reconstruction 

4 40 6.8 1.3 0.68 3.7 0.96 0.91 6.3 
6 22 7.9 1 0.61 13.9 0.84 0.86 11.5 
7 16 8.4 0.62 0.47 1.54 0.921 0.957 21.8 
9 22 7.6 1.2 0.64 4.17 0.93 0.92 8.3 
10 5 7.3 1 0.57 7.53 0.9 0.95 13.8 
11 17 9.5 0.95 0.51 3.3 0.9 0.91 21.3 
13 8 8.4 0.89 0.54 4.9 0.89 0.85 13.5 
16 6 7.5 1.2 0.63 2.66 0.9 0.96 5.2 
18 8 6 1.7 0.88 7.6 0.99 0.98 8.1 
19 8 8.6 0.41 0.28 16.75 0.88 0.83 12 
20 105 8.3 1.3 0.66 13.2 0.91 0.88 17.6 
21 94 8.8 1.1 0.59 0.94 0.94 0.99 4.2 
22 11 9.4 0.87 0.6 15.1 0.89 0.82 8.8 
23 12 8.1 1.25 0.66 3.4 0.87 0.89 13.5 

Non-functional 
Reconstruction 

30 42 10.2 0.92 0.61 7.77 0.87 0.74 12.9 
31 59 9.8 0.7 0.46 8.6 0.93 0.9 12.6 
32 9 10.6 0.6 0.38 5.37 0.88 0.82 15.8 

Mean of groups, 
significance 

26.7 vs 
36.7, 
p = 0.63 

8.04 vs 
10.2, 
p = 0.0019 ∗

1.06 vs 
0.74, 
p = 0.119 

0.59 vs 
0.48, 
P = 0.200 

7.05 vs 
7.25, 
p = 0.952 

0.91 vs 
0.89, 
p = 0.529 

0.91 vs 
0.82, 
p = 0.034 ∗

11.85 vs 
13.77, 
p = 0.571 

∗ significant at p = 0.05 level 

Figure 11 EMG synched with 3D gait analysis. The upper EMG trace is the ipsilateral RF and the lower trace is the hamstring 
transfer. The red arrows indicate the reconstructed leg in stance. The upper graphic shows the synched 3D gait analysis, with the 
green foot represents the normal side and the red foot represents the reconstructed side. See Supplementary Video 3 for more 
details. 
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Flowchart 1 Flowchart of participant recruitment for primary and secondary outcome measures. 
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eated leg extensions, EMG showed that transferred biceps 
emoris fires in phase with ipsilateral rectus femoris during 
xtension and isometric contraction. 

arms 

o harms were recorded in this study. No cases of disease re- 
urrence occurred in the hamstring transfer donor site (pos- 
erior compartment thigh). No genu recuvartum or lateral 
islocation of the patella were noted. 

iscussion 

he data presented here represent the largest comparative 
tudy worldwide on functional lower limb reconstruction af- 
er quadriceps resection, with data prospectively collected 
ver a decade. This details describes the recovery of func- 
ion after quadriceps reconstruction using a truly objective 
orm of assessment in 3D Gait Analysis, and it, significantly, 
mploys a control group without muscle transfers. Here, we 
emonstrate using 3D gait analysis, PROMs and environmen- 
al simulator tasks that functional muscle transfers result in 
 more normal gait than patients without a functional re- 
onstruction, exhibit less “limp”, and can perform key ac- 
ivities of daily living such as shopping and collision avoid- 
nce. The importance of these data is that clinicians can 
ow inform patients about potential outcomes using mean- 
ngful and tangible terms. 
11 
ontextualising 3D gait analysis for patients 

he 3D gait analysis indicated a significantly better GPS 
core in functional reconstruction than in non-functional pa- 
ients, exceeding known Minimal Clinically Important Differ- 
nces (MCID) of 1.6 for GPS. 16 The advantage of the GPS is 
hat it is an objective measure that can be standardized to 
ata from other studies. 10 , 11 A normal control has a mean 
PS of 5.4, a below knee amputation (BKA) wearing pros- 
hetics has a GPS of 7.1, and an above knee amputation 
AKA) has a GPS of 10.7. 10 , 11 Therefore to contextualise the 
PS score for patients, a functional reconstruction functions 
t a similar level to a patient with a BKA wearing prosthet-
cs, whilst a non-functional reconstruction will be closer to 
n AKA. In real terms, this is a highly significant difference 
nd is supported by the ‘huge’ effect size noted between 
roups. A significant difference was also noted in “step-time 
ymmetry”, which in simple term means that there is per- 
eptibly less “limp” in a patient’s gait after functional re- 
onstruction. 

nvironmental Simulator Tasks 

he Environmental simulator tasks provided answers to key 
atient questions regarding issues such as “Can I go shop- 
ing?” and “Can I go out on the street and be able to 
void bumping into people?” In this study, patients with 
 functional reconstruction could complete simulator shop- 
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Table 4 Patient-Reported Outcomes (TESS score) 

Patient Follow-up 
interval 

TESS (out of 
100) 

Functional 1 24 77.8 
2 9 71.8 
3 NR NR 
4 66 81.02 
5 NR NR 
6 24 68 
7 19 78.6 
8 22 64.2 
9 51 83.8 
10 48 94.6 
11 50 66.6 
12 14 66 
13 NR NR 
14 21 72.6 
15 54 89 
16 22 88 
17 NR NR 
18 12 96.8 
19 12 86.6 
20 12 81.4 
21 12 95.4 
22 15 88.2 
23 11 89.6 
24 21 97 

Non-functional 25 NR NR 
26 12 77 
27 24 78.6 
28 6 75.8 
29 NR NR 
30 13 54.6 
31 24 71.4 
32 24 77.8 
33 12 63 
34 NR NR 

Mean of groups, 
significance 

26.0 vs 16.4, 
p = 0.18 

81.85 vs 71.17, 
p = 0.028 

NR = not recorded (patients deceased or with metastatic disease 
at the start of PROMS data collection period, see Flowchart 1) 
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ing tasks and collision avoidance without a significant slow- 
ng in their normal walking speed. This means that patients 
an return to activities such as shopping or walking in a 
rowded street without hesitancy, undue caution or stop- 
ing. Patients who did not have a functional reconstruction 
ere not able to complete the weighted shopping bag task. 

atient-Reported Outcome Measures 

he TESS score in this study was significantly better for pa- 
ients with a functional reconstruction compared to non- 
unctional patients. Until recently, the MCID had not been 
elineated for the TESS score, despite its use in many sar- 
oma studies as an outcome measure. Estimates for MCID 

or the TESS score are in the range of 4-11.6. 17 The present 
tudy noted a difference in the TESS score of 10.68, which 
12 
ould support the notion that the difference in scores seen 
n the present study is of functional relevance to patients. 

lectromyography indicates co-activation of 
ransferred muscles 

lthough hamstring transfers have been used for over a 
entury in poliomyelitis, criticisms regarding the transfer 
f non-synergistic muscles still persist. 18 EMG is critical to 
emonstrate that muscle transfers can function during the 
orrect part of the gait cycle. These are the first data to 
emonstrate co-activation of the hamstrings and ipsilateral 
uadriceps during the gait cycle, as demonstrated by syn- 
hronisation with 3D gait assessment. Concerns regarding 
he use of non-synergistic transfers such as the hamstrings, 
lthough seemingly logical, are therefore unfounded. 

Internal brace” theory of transferred muscles 

his study also provides answers to a longstanding and per- 
lexing question as to why a relatively weak muscle trans- 
er - when measured by MRC grade, straight leg raise or 
ynanometry parameters - can be effective for walking. 
ransferred muscles are postulated to work via an “inter- 
al brace” effect, with co-activation of transferred muscles 
ith ipsilateral residual quadriceps demonstrated in stance 
hase during EMG testing. It is surmised that muscle trans- 
ers are thought to be at a mechanical disadvantage, with 
he knee in flexion. Once the patient is in the standing po- 
ition, the vector of pull changes to allow a transferred 
uscle to “lock” the knee during the stance phase of gait. 
his therefore may act like an internal “dynamic brace”
uring the gait cycle, thereby allowing even a relatively 
eak transfer (as measured by MRC grade) to be effective in 
he “stance” position. This further emphasizes the need to 
easure objective functional parameters rather than non- 
unctional assessments such as MRC grade or knee extension 
trength, particularly in mechanically disadvantaged posi- 
ions (e.g., seated). 

lgorithm for reconstruction 

he Canniesburn Plastic Surgery Unit follows the algorithm 

escribed in 2012, 19 which takes into account two fac- 
ors: the degree of quadriceps resection and the associated 
oft tissue envelope defect. In brief, the long head of bi- 
eps femoris and sartorius transfers represented the pri- 
ary choice in most cases, whilst free functional transfers 
ere reserved for cases with a concomitant major soft tis- 
ue defect. The present study was not powered to examine 
ifferences in functional outcomes between surgical tech- 
iques, and therefore the preference for pedicled transfers 
emains a pragmatic one, given that free functional trans- 
ers take approximately 9 months to recovery function. A 
uture revision of our algorithm will incorporate a third fac- 
or in determining choice of technique, placing greater em- 
hasis on the need for endoprosthetic cover irrespective of 
egree of quadriceps resection. 
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ias, Limitations and Generalisability 

n sarcoma, heterogeneity in factors such as the degree 
f muscle resection may affect outcome measures such as 
ESS. 20 Selection bias exists in non-randomised trials, with 
urgeon preference potentially influencing patients chosen 
or functional reconstruction. However, both groups in this 
tudy were statistically equivalent for known functional pa- 
ameters - extent of quadriceps resection, age, sex, ra- 
iotherapy and endoprostheses. 20 To further mitigate for 
ifferences in degree of muscle resection, data were re- 
nalysed for patients with at least 2 quadriceps components 
esected, and the outcomes remained significant. 
Additionally, time to testing dates were equivalent 

n both groups, and the use of a standardized surgi- 
al algorithm reduced variability in choice of surgical 
echnique. 
Data skewing may exist in 3D gait analysis as the study 

ecruited fewer patients in the non-functional group. How- 
ver, PROMs (completed by the entire eligible study cohort) 
upported the 3D gait analysis conclusions. Furthermore, 3D 

ait analysis did not sub-select a group of higher functioning 
atients as TESS scores in the gait analysis sub-group were 
imilar to the group as a whole (Supplementary Digital Con- 
ent 5). The use of an internationally accredited gait lab 
nd validated sarcoma PROMs allows generalisability of this 
esearch to other major sarcoma units. 

ummary 

his study has provided for the first time - objective and 
linically relevant data on the recovery of function af- 
er muscle transfers for quadriceps reconstruction. These 
ata have changed our practice, with all patients under- 
oing quadriceps resection now offered a functional trans- 
er. These data can also empower patients to make a more 
nformed choices and consent by providing answers to key 
atient questions raised earlier regarding functional recon- 
tructions: 

1. Patients with a functional reconstruction can walk 
better than those without – 3D gait analysis demon- 
strates better overall gait and less perceptable “limp”. 
A functional reconstruction is approximately equivalent 
to a BKA, whilst non-functional closer to an AKA. 

2. Patients can return to activities of daily living – pa- 
tients can perform shopping and collision avoidance 
tasks, without having to hesitate, slow down or stop. 
Without a functional reconstruction, patients may not be 
able to walk with shopping bags. 

3. Walking aids – patients with a functional reconstruc- 
tion are significantly less likely to use a walking aid, 
with none requiring long-term use of a knee brace or 
wheelchair. 

4. Patients may notice meaningful benefits from func- 
tional reconstructions – PROMs exceed estimates for 
MCID in sarcoma. 

5. Transferred muscles function like neo-quadriceps 
– EMG shows co-activation of transferred hamstrings 
with the ipsilateral residual quadriceps during the gait 

cycle. 
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