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ABSTRACT

Background: Ultrasound (US) imaging is used by physical therapists for diagnosis and assessment
of musculoskeletal injury and follow-up

Purpose: The aim was to identify long-term effects of graft harvesting on hamstrings muscle mass
among athletes who had undergone anterior cruciate ligament reconstruction (ACLR).

Methods: Twenty-eight participants (ages 18-55) were recruited: 18 with history of ACLR using
semitendinosus (ST) autograft and 10 healthy controls. Images of the cross-sectional area (CSA) of
ST and biceps femoris (BF) were captured at 30% and 70% of the distance from the ischial tuberosity
to the popliteal crease. A mixed model ANOVA was used to identify inter-limb differences in the CSA
of ST and BF at each location, for each group

Results: Inter-limb differences were found for the CSA of ST but not BF across both locations for the
ACLR group, not controls (p < .001). Within the ACLR group, ST atrophy of the injured limb was
relatively greater at the distal vs. proximal location (p < .001).

Conclusion: US imaging identified selective atrophy of ST on the injured side with no compensa-
tory hypertrophy of BF. Specific rehabilitation may influence muscle mass of medial vs. lateral
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hamstrings muscle groups after ACLR using a ST graft, and monitored with US imaging.

Introduction

The incidence of anterior cruciate ligament (ACL)
injury has been shown to be 75.1 per 100,000 person-
years, most commonly occurring while people are in
their late teens and early twenties where the incidence
is as high as 153.8 per 100,000 (Nicholls, Aspelund,
Ingvarsson, and Briem, 2018). A majority of those
injured sustain at least one concomitant knee injury
(Nicholls, Ingvarsson, and Briem, 2021) and undergo
ACL reconstruction (ACLR) (Nicholls, Aspelund,
Ingvarsson, and Briem, 2018). These knee injuries and
subsequent ACLR result in impairments that require
extensive physical therapy for patients to regain
strength, mobility, and optimal knee function. Grafts
for primary ACLR are generally harvested from the
ipsilateral limb and frequently the tissue is obtained
from the semitendinosus (ST) muscle, with or without
additional tissue from the gracilis muscle. Morbidity
secondary to ACLR depends, in part, on the harvesting
site, which also influences goals, milestones and progres-
sion of post-surgical rehabilitation. Functionally,

harvesting from ST may result in persistent reduction
of knee flexor muscle strength (Johnston, Feller,
McClelland, and Webster, 2022) and altered muscle
activation patterns (Arnason et al, 2014; Briem,
Ragnarsdottir, Arnason, and Sveinsson, 2016).

In recent years studies have increasingly investigated
the effects of graft harvesting on muscle mass and ten-
don regeneration of ST. A recent systematic review and
meta-analysis of studies measuring hamstrings muscle
morphology found that significant muscle atrophy of the
ST after ACLR generally is present in the short term (<
9 months) and persists in the long term (> 4 years)
(Sherman, Rush, Glaviano, and Norte, 2021). The vast
majority of the 24 included studies used magnetic reso-
nance imaging (MRI) for analysis where the most com-
mon outcome measures were the maximal or average
cross-sectional area (CSA), or a calculated volume from
the muscle sequence. Few studies have used musculos-
keletal ultrasound (MSK-US) to assess hamstrings mus-
cle mass after ACLR using: 1) CSA of the ST at mid-
thigh (Gandolfi et al., 2018); 2) ST thickness at the distal
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muscle-tendon junction (Karagiannidis, Kellis, Galanis,
and Vasilios, 2017), and 3) thickness of the long head of
the biceps femoris (BF) at the mid-thigh level (Timmins
et al,, 2016). None were identified that contrasted prox-
imal and distal regions of the muscles after graft harvest-
ing, which might provide greater information regarding
post-surgical morphological adaptation of these bi-
articular muscles.

Increasingly, MSK-US is used within the scope of
physical therapy as a means for differential diagnosis,
as visual feedback, to monitor muscle mass during reha-
bilitation, and for US guided injection (Whittaker et al.,
2019). The method has been shown to be reliable and
valid for measuring hamstrings muscle CSA (Kositsky
et al., 2020; Palmer et al., 2015; Ruas et al., 2017)
although measures cannot be directly compared
between measurement systems (Rabello et al., 2020).
The technique is relatively cheap and considering
increased relevance for monitoring rehabilitation, the
purpose of this study was to use US imaging to measure
CSA of the ST and that of BF in individuals who had
undergone ACLR, and to compare inter-limb differ-
ences to those in a group of uninjured athletes.
Measurements were performed at two locations along
the length of the hamstrings (proximal and distal loca-
tion), to allow assessment at anatomically diverse loca-
tions of the muscles. We hypothesized that the CSA
obtained with MSK-US would reveal: 1) a measurable
atrophy of ST at both locations with compensatory
hypertrophy of BF on the injured side after ACLR,
while no inter-limb differences would be seen in con-
trols; and 2) that a strong association would be found
between the measured CSA at the proximal and distal
regions of the ST in uninjured as well as injured limbs.

Methods

This cross-sectional study was designed to identify inter-
limb differences in individuals with unilateral ACLR and
successful return to sports. The uninjured limb serves as
a within-subjects control for the research group (ACLR),
while expected between-limb variability is accounted for
by adding a control group (CTRL) of uninjured athletes.
Measurements were performed after all images had been
obtained with blinding as to each subjects’ group alloca-
tion. Obtaining images at both proximal and distal sites
of the muscles was performed to provide greater detail in
terms of anatomical variability between and within BF
and ST, and to assess the sequalae at the distal vs.
proximal region of the ST after graft harvesting. The
study was approved by the National Bioethics
Committee (VSNb2020050013/03.01).

Participants

Participants were recruited over a three-month period
from local sports clubs by advertisements. Inclusion
criteria were that participants be currently active in
sports, age 18 or older, either having returned after
ACLR surgery with a graft harvested from the ST
(ACLR), or without history of serious lower limb injury
(CTRL). Interested athletes made an appointment at the
university research center for a 45-60-minute data col-
lection and confirmed informed consent with their sig-
nature at their arrival. A total of 18 athletes with history
of ACLR and 10 uninjured controls were recruited
within the timeframe of the data collection period of
the study.

Imaging procedure

Imaging data were collected with a Terason uSmart
3200 t NextGen device (Burlington, MA) using
a 38 mm linear probe, capturing transverse plane images
at 16-21 Hz and a depth setting of 6 cm. Transmission
gel was used to obtain acoustic coupling. Participants
rested for approximately 10 minutes in a prone position
(Kositsky et al., 2020) while measurements were made to
identify a distance of 30 and 70% of the distance between
the palpated location of the ischial tuberosity and the
popliteal crease, which were marked onto both thighs
(Figure 1). The procedure and locations were chosen to
provide a simple and standardized method to obtain
a proximal and distal representation of the mus-
cles’ CSA.

The clinician had over 100 hours of training, as
per recently published recommendations in terms of
identifying relevant anatomy of the posterior thigh
(Balius et al., 2019) obtaining hamstrings US ima-
ging and conducting measurements, and was
blinded as to participants’ group allocation. Three
images of each muscle (ST and BF) at proximal and
distal sites of both limbs were saved onto the device,
in addition to a panorama view at each site to give
perspective among the hamstrings muscles. Three
images were obtained at each site to secure a good
representation of each muscle. The procedure
started distally and medially by identifying the ten-
don of the ST and following it proximally to the
distal imaging site (ST70), where images were
obtained and saved, and then the muscle was fol-
lowed to the proximal imaging site (ST30) for
further imaging. The same procedure, distal (BF70)
to proximal (BF30), was performed laterally for the
BF muscle.



Figure 1. Set up used for imaging procedure, with markings for
the proximal (30) and distal (70) imaging sites.

Processing and Reliability Testing

Post-processing was performed within the Terason
computer software, after all data had been collected,
where the border of each muscle for all three images
obtained at each site for each limb of all 28 participants
was traced by the same clinician (APH), which provided
a calculation of the CSA. The data (a total of 671 mea-
sures) were saved with the participants’ code as the right
or left lower limb, with no identification as to group
allocation or injured side. All images were re-processed
by a second clinician (DH) blinded to prior results, who
had gone through the same training, to examine relia-
bility of the data. Inter-rater reliability was found to be
excellent (ICC5, = 0.997).

Statistical analysis

All measurement data were compiled and imported into
Jamovi (Jamovi 1.0.7.0. Sydney, Australia) for statistical
analysis, at which point participants were identified as
ACLR or CTRL, and each limb as ‘injured’ or ‘sound,’
with random assignment for the CTRL group.
Demographics were contrasted between groups with
independent t-tests, while a mixed model analysis of
variance (ANOVA) was used to test the research
hypothesis regarding the CSA at proximal and distal
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locations (‘site’) of ST and BF (‘muscle’) between limbs
(limb’) and groups (‘group’). The same mixed model
method was used within each group to explore differ-
ences for the ‘muscle’ and ‘site’ variables between limbs
(‘limb’). The Pearson’s product moment correlation
coefficient was used to determine the strength of asso-
ciation between each participant’s proximal and distal
CSA (average of the three measures) for each muscle,
bilaterally (28 persons * 4 images, or 112 measures per
muscle). The level of significance was set at p < .05.

Results

Five men and five women served as controls for the 7
men and 11 women of the ACLR group. The mean (SD)
time since injury for the ACLR group participants was
3.44 (2.66) years, ranging between 10 and 108 months.
Demographics were similar between groups (Table 1).

An overview of CSA measurements is provided in
Table 2. In Figure 3, tracings of ST and BF are presented
for a representative ACLR participant. The distal CSA of
BF was approximately 70% of that measured at the mus-
cles’ proximal site across each limb of both groups (56
limbs), ranging from a mean (SD) of 66.3 (46.2) to 74.2
(29.6) percent. The distal CSA of ST in those limbs where
no graft harvesting had taken place (38 limbs) was just
under 20% of the proximal site, ranging from a mean (SD)
of 17.2 (9.05) to 19.8 (20.1) percent, whereas the mean
(SD) ratio for the ACLR limb (18 limbs) was less than half
of that, or only 8.51 (4.61) percent.

A statistically significant three-way interaction was
found for group, side, and muscle (p < .001) (Figure 2)
due to inter-limb differences in the CSA of ST, not BF, in
the ACLR group, while participants in the CTRL group
showed no differences between limbs in either muscle.
Within the CTRL group, a significant two-way muscle by
site interaction (p < .001) reflected different proximal vs.
distal anatomy of the two muscles. Within the ACLR
group, a significant three-way interaction of muscle, site,
and side (p < .001) revealed relatively greater ST atrophy
at the distal vs. proximal site of the injured vs. sound limb.

Analysis including the mean CSA of each muscle at
each location for both limbs across both groups revealed
a weak correlation between proximal and distal CSA
measures of ST (r = 0.283) and BF (r = 0.245), which
was statistically significant for ST but not BF (p = .035
and 0.069, respectively).

Discussion

The results demonstrated that MSK-US, a noninvasive,
time-efficient, and relatively economic imaging alterna-
tive, may reliably be used to measure CSA of the ST and
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Table 1. Mean, standard deviation (SD) and range for demographic variables.

ACLR (n = 18) CTRL (n = 10)
Mean (SD) Range Mean (SD) Range
Age (years) 28.6 (10.2) 18-55 26.2 (3.05) 21-32
Height (m) 1.75 (0.10) 1.57-1.95 1.79 (0.10) 1.65-1.96
Weight (kg) 75.9 (8.81) 61-92 78.8 (15.0) 59-102
BMI (kg/m2) 24.8 (2.81) 21.4-30.4 24.3 (2.44) 20.2-28.9

Table 2. Mean and standard deviation (SD) values for cross-sectional area (CSA
(cm?) measurements for semitendinosus (ST) and the long head of biceps femoris
(BF) for the injured (INJ) and sound (SND) limbs of participants with history of
anterior cruciate ligament reconstruction (ACLR) and controls (CTRL) with random
limb assignment performed at 30 and 70% of the distance from the ischial

tuberosity to the popliteal crease.

ACLR (n = 18) CTRL (n = 10)

ST30 7.5 I(T.sz) 1 1.1SND ) 10.4“\(‘;.66) 10.:’\(‘;).46)

ST70 0.563 (0.20) 2.07 (0.84) 1.85 (0.51) 1.49 (0.51)

BF30 9.5(2.22) 8.94 (1.64) 8.62 (2.15) 8.15(1.84)

BF70 6.63 (2.62) 6.45 (2.53) 536 (2.32) 5.34 (2.21)

%% %/ ,
(| WP

- — _
0 é é i = % % é %/; % %

ST30 ST70

BF70

mCTRLINJ mACLINJ «CTRLSND ACLSND

Figure 2. Mean and standard deviation (SD) values for cross-sectional area (CSA (cm?) of semitendinosus (ST) and the long head of
biceps femoris (BF) at proximal (30) and distal (70) sites for the injured (INJ) and sound (SND) limbs of participants with history of
anterior cruciate ligament reconstruction (ACLR) and controls (CTRL) with random limb assignment.

BF to identify atrophy in individuals who have under-
gone ACLR with a graft harvested from the ST. Both
muscles generally present greater muscle mass proxi-
mally, but weak correlations between proximal and dis-
tal CSA of both muscles likely reflect anatomical
variability among participants.

The results demonstrated significant ST atrophy
10-104 months after ACLR where a graft was har-
vested from the muscle, without compensatory
hypertrophy of BF. The present study used US ima-
ging and the results are in agreement with those of
two recent systematic reviews and meta-analyses of
mid-muscle CSA and muscle volume measured

primarily with MRI and computed tomography
(Dutaillis et al., 2021; Sherman, Rush, Glaviano, and
Norte, 2021). Those studies found selective ST atro-
phy for both short- and long-term follow-up mea-
sures. However, although the passing of time does
not normalize measures of muscle mass, there are
indications that time is a factor for tendon regrowth,
biomechanical properties of the tendon, and recovery
of ST function (Suydam et al., 2017). A recent study
used MRI to model bilateral volumetric shape of the
ST after ACLR (du Moulin et al., 2022). The results
highlighted region-specific inter-limb differences in
muscle mass and shape, and greater atrophy in
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£
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Figure 3. Ultrasound images of a participant from the ACLR group showing the injured (L) and sound (R) limb, with outline tracings of
the semitendinosus (ST) for the distal (70; above) and proximal (30; below) sites.

those without tendon regeneration. The degree of
tendon regeneration after ST harvesting, assessed
with MSK-US, may also be associated with knee
flexor strength (Dhillon et al., 2021; Perumal,
Thiyagarajan, Prakash, and Arumugam, 2020;
Suydam et al., 2017) although the direct link between
regeneration, global muscle morphology, and
strength is unclear. Previous publications using MSK-
US for assessment of muscle CSA or thickness of the
ST after graft harvesting for ACLR have focused on
a single site. However, the results of the present
study demonstrate that, both in terms of absolute
CSA and relative to the proximal measure, atrophy
is much more marked distally, or more than twice as
great when compared to the contralateral limb. This
is important to consider when standardizing methods
for research and clinical documentation of ham-
strings CSA and will need to be kept in mind when
considering meaningful differences or changes in
these measurements. Ruas et al. (2017) performed
MSK-US measures on thigh muscles of 10 healthy
collegiate males on different days and found the
minimal detectable difference (MDD) for the CSA
(cm®) of ST and BF at mid-thigh to be 2.98 and
2.79, respectively. The different measurement site

and population used for that study, in addition to
the possible influence of different equipment, was
reflected in a much larger CSA for BF at the mid-
thigh level and a slightly smaller CSA for ST.
Therefore, published data on such outcome measures
and their MDD must be interpreted with caution due
to possible limitations in terms of external validity.

Although both ST and BF generally have a greater
CSA proximally than distally, the data demonstrate clear
anatomical differences between the muscles. The ST
narrows much earlier than the BF in the distal region
of the thigh as its muscle-tendon junction is well prox-
imal to the knee joint. Despite this general presentation
of both muscles, the association between their proximal
and distal CSA was weak, indicating that anatomical
variability is to be expected. Clinicians must, therefore,
keep this in mind during clinical use of MSK-US and
interpret findings while considering the contralateral
limb when possible.

The results must be considered in light of the limita-
tions of the study. A static image of the muscles’ resting
CSA does not speak to their contractile ability or per-
formance. Neither strength measures nor examination
of ST tendon regeneration were performed, and so the
implications of ST atrophy on hamstrings and lower
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limb function are unknown. No information regarding
concomitant injuries, surgical procedure, or rehabilita-
tion was available and time since surgery varied greatly
within the ACLR group. However, the results regarding
muscle CSA were clear although the cross-sectional
design of the study precludes specific cause-and-effect
conclusions.

Conclusion

Clinicians using MSK-US to monitor ST muscle mass
after ACLR harvesting the graft from ST may expect to
see relatively greater deficits distally with no consistent
signs of compensatory hypertrophy of BF. Specific reha-
bilitation may be considered to influence muscle mass
after ACLR when the graft is harvested from the ST
muscle, the influence of which may be successfully mon-
itored with periodic US imaging. Further research is
needed to elucidate whether restoration of ST muscle
mass positively influences hamstrings muscle strength
and activation, and lower limb function.
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