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Abstract
Background  Hamstrings muscle morphology is determinant of muscle function (i.e. strength). Among individuals with ACL 
reconstruction (ACLR), less cross-sectional area (CSA) and volume in the ACLR-limb are associated with muscle weakness, 
and may contribute to lower rates of return to preinjury activity level and an increased risk for long-term sequelae.
Objectives  To effectively treat muscular impairments, an accurate understanding of differences in hamstrings morphology 
following ACLR is needed. A systematic review and meta-analysis were undertaken to describe the morphology of the 
hamstring muscle complex after ACLR.
Methods  We searched five databases for studies evaluating the difference between hamstrings size and architecture in indi-
viduals with ACLR. Two independent reviewers assessed each paper for inclusion and quality. Means and standard devia-
tions were extracted from each included study to allow fixed-effect size meta-analysis calculations for comparison of results.
Results  Twenty-four studies were included for final review. Eight categories of morphological outcomes were identified, and 
studies were grouped accordingly: (1) volume, (2) cross-sectional area (CSA), (3) muscle length, (4) muscle thickness, (5) 
fascicle length, (6) pennation angle, (7) fiber area, and (8) fiber type. Meta-analysis demonstrated lower hamstrings volume in 
the ACLR-limb in both contralateral and control group comparisons, and lower CSA, length, and thickness in the ACLR-limb 
in contralateral comparisons. The semitendinosus and gracilis were most profoundly impacted. Limited moderate evidence 
demonstrated greater biceps femoris pennation angle in the ACLR-limb.
Conclusions  Individuals with ACLR demonstrated large deficits in semitendinosus and gracilis muscle CSA and volume in 
the ACLR-limb compared contralaterally, with no differences observed in the biceps femoris or semimembranosus. Clinical 
implications regarding assessment and treatment of individuals with ACLR are discussed.
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Key Points 

1. Moderate-to-high quality evidence demonstrates 
large ACLR-limb deficits in semitendinosus and gracilis 
muscle volume and cross-sectional area compared to the 
contralateral limb in both the short- and long-term post-
surgery.

2. Limited evidence suggests ACLR-limb differences in 
biceps femoris long head architecture compared to the 
contralateral limb despite no differences in size: specifi-
cally, shorter fascicle length and greater pennation angle 
without differences in cross-sectional area or volume.

3. Although limited, moderate-to-high quality evidence 
demonstrates large ACLR-limb deficits in semitendino-
sus muscle volume compared to uninjured controls.

1  Introduction

As a dynamic knee stabilizer against anterior tibial trans-
lation and the primary anterior cruciate ligament (ACL) 
agonist [1], hamstrings muscle function is a critical com-
ponent of injury recovery following ACL reconstruction 
(ACLR) [2–4]. Despite this, individuals commonly fail to 
meet hamstrings-related (i.e. knee flexion) strength criteria 
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at time of return to sport decision making [2]. These find-
ings are concerning considering recent works demonstrating 
lower hamstrings muscle activity [3] and lower strength [5] 
are risk factors for secondary ACL injury. Muscular impair-
ments like these are modifiable, yet continue into the chronic 
stages of recovery and life after ACLR [6, 7]. For example, 
lower hamstrings volume, a morphological impairment, is 
strongly associated with acute and chronic knee flexor weak-
ness [8–12], a clinical impairment present up to 25 years 
following ACLR [12, 13]. Furthermore, these inter-limb 
morphological differences may be most pronounced in indi-
viduals with semitendinosus and gracilis tendon autograft 
[6, 7, 14, 15]. In order for clinicians to better address post-
traumatic hamstrings dysfunction, the presence and degree 
of morphological impairments must be detailed.

Inter-limb differences in hamstrings morphology have 
been characterized relative to size (e.g. muscle volume, 
cross-sectional area [CSA], length, or thickness) or archi-
tecture (e.g. fascicle length, pennation angle, fiber area, and 
fiber type) using musculoskeletal imaging or muscle biopsy 
approaches (Table 1 contains a detailed description of each 
outcome). Studies characterizing hamstrings muscle size 
have independently detailed that lower ACLR-limb ham-
strings size coincides with clinical impairments, such as ipsi-
lateral knee flexor weakness [7, 9, 12, 16, 17]. More recently, 
authors have used muscle volume and CSA to help identify 
clinical targets by determining the extent of individual mus-
cle contributions to joint action following ACLR [18]. In 
contrast, studies of hamstrings muscle architecture attempt 
to determine if mechanical (e.g. pennation angle, fiber size) 
and physiologic properties (e.g. fiber type) result in deficits 
in subclinical muscle behavior (e.g. lower force-generating 
capacity, reduced working range of motion, or altered oxi-
dative capacity) (Table 1) [10, 17, 19]. Collectively, out-
comes of muscle size and architecture can describe multi-
dimensional morphological impairments and may implicate 
targeted clinical interventions following ACLR. Therefore, 
the purpose of this review was to compare the commonly 
described metrics of hamstrings morphology of the ACLR-
limb relative to contralateral and uninjured control limbs. 
We hypothesized that the ACLR-limb would demonstrate 
hamstrings muscle size and architecture deficits compared 
to contralateral and control limbs, specifically of the muscles 
of grafted tendons (i.e. semitendinosus and gracilis).

2 � Methods

2.1 � Registration

We conducted this systematic review in accordance with 
the Preferred Reporting Items for Systematic Reviews and 
Meta-Analysis (PRISMA) statement and registered with 

PROSPERO prior to completion of the initial search (reg-
istration No: CRD42018110824, approval date: Oct 15th, 
2018). PROSPERO was searched to ensure no similar 
reviews were ongoing at time of registration. As this sys-
tematic review was intended to serve as a comprehensive 
assessment of hamstrings neuromuscular function and mor-
phology following ACLR, we performed the search collec-
tively to exhaust the literature on the topic. Due to the scope 
of our preliminary findings, we divided the study results into 
two manuscripts based on categories of outcome measures 
and have presented all muscle morphology-derived outcome 
measures in this manuscript.

2.2 � Search Strategy

Studies were included if (a) the study population included 
adults following primary unilateral ACLR, (b) graft types 
included autograft (bone-patellar tendon-bone [BTB] or 
hamstring tendon [HT]), and (c) outcomes regarding ham-
strings muscle morphology were published. Studies were 
excluded if (a) the study populations included adolescents 
(under 18 years of age) or elderly (over 70 years or age) 
individuals, or (b) individuals underwent ACL revision 
surgery. Studies that also included a comparison group of 
individuals who were ACL deficient were included, but 
those data were not considered for meta-analysis.

We searched the electronic bibliographical databases 
of PubMed, Web of Science, SPORTDiscus, CINAHL, 
and EBSCOhost (MEDLINE) from inception to August 
12th, 2020.

For morphological outcomes, the search strategy 
included key terms relating to the population (e.g. ante-
rior cruciate ligament injury OR anterior cruciate ligament 
reconstruction OR anterior cruciate ligament injuries) and 
describing variables of interest (e.g. morphology OR stiff-
ness OR cross-sectional area OR CSA OR pennation angle 
OR fiber length OR volume OR fascicle, etc.). Since there 
is no universal definition of morphological characteristics, 
this search strategy comprised a widespread spectrum to 
capture all potentially relevant studies. The search terms 
were adapted for database specific filters and language as 
appropriate. Electronic Supplementary Material Appendix 
S1 contains an example search for PubMed.

The search was restricted to English language studies. 
Unpublished research was not considered as it was deemed 
impractical to identify all unpublished work on hamstrings 
muscle morphology associated with ACLR.

2.3 � Study Selection

A single investigator (DAS) exported all studies identified 
by the search strategy to Endnote X9 (Clarivate Analyt-
ics, Jersey). Any duplicates were then deleted using the 
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deduplication feature. The titles and abstracts of all publi-
cations were then screened by a single investigator (DAS), 
and any further duplicates identified were removed during 
this step. Full texts were obtained where eligibility could 
not be determined by the abstract. Any uncertainties were 
reviewed by a second reviewer (JLR) and were resolved at 
a consensus meeting.

2.4 � Quality Assessment

Two independent reviewers (DAS and JLR) assessed the 
quality of all the included studies using the modified New-
castle–Ottawa Scale (mNOS). Electronic Supplementary 
Material Appendix S2 contains the mNOS template. All 
criteria were defined, discussed in detail, and approved by 
all investigators during a consensus meeting prior to quali-
tative assessment. Although not developed specifically for 
ACL research, the mNOS is increasingly recommended for 
the qualitative assessment of observational studies [20]. The 
mNOS was applied using pen and paper. Discrepancies were 
resolved at a consensus meeting. Lack of agreement was 
resolved by a third reviewer (GEN).

The mNOS contains eight categories (total of 9 possible 
points) relating to methodological quality. A score of 0–3 
points was considered a low quality study, a score of 4–6 

points was considered a moderate quality study, and a score 
of 7–9 points was considered a high-quality study.

2.5 � Outcome Measures

The outcome measures considered in this review are metrics 
of muscle morphology. For a description and utility of each, 
see Table 1.

2.6 � Data Extraction

The following information was extracted from each of the 
publications by the primary investigator (DAS):

(a)	 Publication information.
(b)	 Patient descriptors: sample size, sex, age, height, 

weight, source of graft, sport (if any), level of partici-
pation (if specified).

(c)	 Study methods: including study design, muscles 
assessed, method of assessment.

(d)	 Filtering and processing technique applied to imaging 
data.

Table 1   Description of morphology outcomes

ACL anterior cruciate ligament, MSK US musculoskeletal ultrasound, CT computed tomography scan, MRI magnetic resonance imaging, MTJ 
musculotendinous junction

Variable Description Justification Necessary components, acquisition 
techniques

Muscle thickness 1-dimensional assessment of muscle 
size

Persistent muscle atrophy is character-
istic of ACL injury and highly associ-
ated with muscle weakness [7, 12, 16]. 
Impairments limit recovery of muscle 
strength and function

MSK US assessment

Cross sectional area 2-dimensional assessment of muscle 
size

CT, MRI, or MSK US muscle area

Volume 3-dimensional (volumetric) assessment 
of muscle size

MRI-based 3-dimensional muscle 
volume

Muscle length Length from the proximal MTJ to distal 
MTJ

As fusiform muscles, hamstrings muscle 
length directly influences length-
tension relationship and active range 
of motion, thus determining force-
generating capacity [8, 28]

MRI-based assessment

Fascicle length Length of muscle fascicle As fusiform muscles, hamstrings archi-
tecture is largely parallel. An increase 
in pennation angle contributes to 
fewer sarcomeres in series, resulting 
in shorter fascicle length, leading to 
increased force generating capacity 
and decreased active range of motion 
[17, 27, 39, 44]

MSK US assessment
Pennation angle Muscle architecture descriptor of fiber 

angle relative to force generation axis
MSK US assessment

Fiber area Cross sectional area of muscle fiber, 
based on type

Muscle fibers are the individual con-
tractile units of muscle. Fiber type and 
size are critically important to muscle 
function [19]

Biopsy examination of muscle tissue

Fiber type Classification of muscle fiber types (1, 
2A, 2B)

Biopsy examination (myofibrillar 
ATPase staining) of muscle tissue
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(e)	 Outcome measures: muscle volume, muscle cross sec-
tional area, muscle .thickness, muscle length, fascicle 
length, pennation angle, fiber area, and fiber type.

In individuals with ACLR, comparisons were made 
between limbs (ACLR-limb to contralateral) and to unin-
jured (control) individuals. In cases where longitudinal 
studies included multiple post-operative examinations, both 
time points were extracted. Corresponding authors were con-
tacted for original data where publications did not report 
in text. Engauge Digitizer software (Open Source, Version 
11.2) [21] was used to extract data from figures [10, 12, 22] 
when authors were unable to recover the original data files, 
or did not respond to requests.

2.7 � Statistical Methods

Statistical analysis was completed using Review Manager 
5 (The Cochrane Collaboration, Copenhagen, Denmark). 
Analyses were completed initially by one investigator 
(DAS). Standardized mean difference (SMD) and 95% con-
fidence interval (CI) calculations are reported using Hedges’ 
g effect sizes. Calculated individual or pooled SMD were 
categorized as small (≤ 0.50), medium (0.51–0.79), or large 
(≥ 0.80) [23].

For studies that specified results for individual hamstrings 
muscles (e.g. semitendinosus [ST], biceps femoris long-head 
[BF LH], etc.), data were analyzed as subgroup compari-
sons. For studies that specified results based on sex or graft 
type, data were pooled and have been presented as a hetero-
geneous cohort. Where methods and outcome measures were 
comparable between studies, a meta-analysis was performed 
and the level of statistical heterogeneity for pooled data 
was established using the χ2 and I2 statistics (heterogeneity 
defined as I2 > 50%, p < 0.05).

The level of evidence, incorporating the methodological 
quality and I2 statistical analysis, was calculated for each 
outcome variable, following the recommendations of van 
Tulder et al. [24]. Pooled results from three or more studies, 
including two high quality homogenous studies, were classi-
fied as strong evidence. Pooled results from multiple studies, 
including at least one high-quality heterogeneous study or 
multiple moderate quality or low-quality homogenous stud-
ies, were classified as moderate evidence. Results from one 
high-quality or multiple moderate- or low-quality studies 
that were heterogeneous were classified as limited evidence. 
Results from one moderate- or low-quality study were clas-
sified as very limited evidence.

3 � Results

3.1 � Search Results

For detail of search results, including deduplication, exclu-
sion, and full-text review, see Fig. 1. Following screening 
of titles and abstracts, 71 publications were retained, and 
full text reviewed. Twenty-four studies were included for 
final review.

In total, the data from 443 unique individuals were con-
sidered with at least 55.3% of the sample being female 
(n ≥ 245). The majority of individuals underwent ACLR 
with HT autograft (84.9%, n = 376), followed by BTB 
(10.6%, n = 47), undefined graft source (3.6%, n = 16), and 
iliotibial band (0.9%, n = 4). Population sources, sample 
sizes, demographic descriptors are reported in Table 2. 
Study design, muscles, morphology variables, and acquisi-
tion techniques are reported in Table 3. The range of time 
from surgery was 3–142 months.

3.2 � Methodological Quality Assessment

Results from the modified Newcastle Ottawa Scale (mNOS) 
are shown in Table 4. The median score was 5 (range 3–8) 
out of 9. Of the 24 studies, 4 (16.7%) were rated as high 
quality [9, 17, 22, 25], 17 (70.8%) were rated as moderate 
quality [6–8, 10–12, 14, 18, 19, 26–33], and 3 (12.5%) were 
rated as low quality [34–36].

3.3 � Volume

Twelve studies [6–12, 18, 25, 28, 31, 35] evaluated ham-
strings muscle volume (Fig. 2), specifically investigating the 
ST (n = 9), semimembranosus (SM) (n = 6), BF LH (n = 5), 
BF short head (BF SH) (n = 4), BF nonspecific (n = 2), 
gracilis (n = 4) and overall muscles (n = 2). Studies were 
of low (n = 1), moderate (n = 8), and high (n = 2) quality. 
The ACLR-limb demonstrated smaller hamstrings volume 
than the contralateral limb (g = − 0.36, 95% CI [− 0.48, 
− 0.23]). Specifically, there were large magnitude deficits 
in the ACLR-limb ST (g = − 0.98, 95% CI [− 1.22, − 0.74]) 
and gracilis (g = -– 0.83, 95% CI [− 1.19, − 0.48]) volume 
compared to the contralateral limb. Conversely, there were 
no differences in muscle volume of the SM or BF between 
ACLR and contralateral limbs. There was no discernible 
pattern in outcomes when considering the time from sur-
gery from individual studies; for example, ST and gracilis 
volume were similarly smaller (majority with overlapping 
95% CI) in the ACLR-limb at time points ≤ 9 months [6, 
11] and > 4 years [7, 9, 18]. Of the 11 studies, 8 included 
only individuals with HT graft sources. To further determine 
the influence of HT graft type, we systematically eliminated 
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studies with PT [35] or heterogenous samples [9, 25]. There 
were no changes in effect size when including only indi-
viduals with HT graft (i.e. ST: g = − 1.05, 95% CI [− 1.30, 
− 0.80], gracilis: g = − 1.15, 95% CI [− 1.72, − 0.58], over-
all: g = − 0.37, 95% CI [− 0.52, − 0.23]) (Electronic Sup-
plementary Material Appendix S3).

Three studies [6, 9, 11] evaluated ST, SM, and BF volume 
of the ACLR-limb in comparison to healthy controls. Two of 
these studies [9, 11] were entered in meta-analysis (Fig. 3). 

Here, the ACLR-limb demonstrated a negligible, but sta-
tistically significant, deficit in overall hamstrings volume 
(g = − 0.29, 95% CI [− 0.50, − 0.08]) compared to controls. 
This was characterized by large magnitude deficits in the 
ACLR-limb ST (g = − 1.01, 95% CI [− 1.40, − 0.62]) with-
out differences in SM (g = 0.01, 95% CI [− 0.36, 0.37]) or 
BF (g = − 0.01, 95% CI [− 0.34, -− 0.32]).

Fig. 1   Flow diagram summariz-
ing study selection for inclusion
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3.4 � Cross‑Sectional Area

Thirteen studies [7, 12, 14, 18, 19, 22, 26, 29–33, 36] eval-
uated hamstrings muscle CSA (Fig. 4), specifically investi-
gating the ST (n = 10), SM (n = 6), BF LH (n = 2), BF SH 
(n = 2), BF nonspecific (n = 4), gracilis (n =  6) or overall 
muscles (n = 3). Studies were of low (n = 2) to moderate 
(n = 11) quality. The ACLR-limb demonstrated smaller 
hamstrings CSA than the contralateral limb (g = -– 0.41, 
95% CI [− 0.51, − 0.31]). There were moderate and large 
magnitude deficits in the ACLR-limb ST (g = − 0.73, 
95% CI [− 0.90, − 0.55]) and gracilis (g = − 1.01, 95% 
CI [− 1.26, − 0.77]) CSA compared to the contralateral 

limb. Conversely, there were no differences in CSA of 
the SM or BF muscles between limbs. There was no dis-
cernible pattern in outcomes when considering the time 
from surgery from individual studies; for example, ST and 
gracilis volume were similarly smaller (overlapping 95% 
CI) in the ACLR-limb at time points ≤ 9 months [19, 30] 
and > 2 years [7]. Of the 13 studies, 10 included only indi-
viduals with HT graft sources. To further determine the 
influence of HT graft type, we systematically eliminated 
studies with PT [22] or heterogenous samples [19, 34]. 
There were no changes in effect size when including only 
individuals with HT graft (ST: g = − 0.73, 95% CI [− 0.91, 
− 0.55], gracilis: g = − 1.01, 95% CI [− 1.26, − 0.77], 

Table 2   Study details included sample size, participant demographics, and population sources

F female, M male, SD standard deviation, ACLR anterior cruciate ligament reconstruction, BTB bone-patellar -tendon-bone autograft, HT ham-
strings tendon autograft, ITB iliotibial band autograft
a Mean ± SD are reported if available. Missing data were not reported
b Not meta-analyzed due to lack of interlimb assessment
c Longitudinal assessment at 3, 6, and 12 months post-surgery
d Included both a < 6 months post-surgery and a > 12 months post-surgery group

Study Population source Sample size (F:M) Age, years 
(± SD) or 
[range]a

Time from surgery, 
months (± SD) or 
[range]a

Graft type

Arangio et al. [34] – 9 32.3 [13–46] 48.7 [4–132] 3 (BTB)
2 (HT)
4 (ITB)

Burks et al. [29] Hospital Clinic 9 (4:5) 28 [21–39] 12 9 (HT)
Eriksson et al. [19] Hospital Clinic 16 (2:14) 26 [17–34] 8 [3–24] -
Gandolfi et al. [32] Hospital Clinic 27 29.6 ± 10.8 c 27 (HT)
Gerber et al. [25] Hospital Clinic 40 (16:24) 29.0 ± 9.0 – 20 (BTB)

20 (HT)
Irie and Tomatsu [26] Hospital Clinic 13 (6:7) 24.5 [17–42] 13.6 [12–16] 13 (HT)
Janssen et al. [14] Hospital Clinic 22 (5:17) 28.4 ± 5.0 12 22 (HT)
Karagiannidis et al. [27]b University 8 (2:6) 28.6 ± 57.7 17.9 ± 5.0 8 (HT)
Kellis et al. [22]b Hospital Clinic 5 (0:5) 40.2 ± 7.8 – 5 (BTB)
Konishi and Fukubayashi [11] Hospital Clinic 18 (7:11)

52 (25:27)
20.7 ± 4.4
21.1 ± 5.3

d 18 (HT)
52 (HT)

Konrath et al. [12] – 20 (6:14) 29.0 ± 7.0 [24–48] 20 (HT)
Makihara et al. [10] Hospital Clinic 16 (13:3) 23.0 ± 5.0 26 [12–43] 16 (HT)
Messer et al. [18] University 14 (9:5) 25.8 ± 5.0 49 [12–78] 14 (HT)
Nishino et al. [28] Hospital Clinic 23 (13:10) 22.0 ± 4.0 23.0 [12–43] 23 (HT)
Nomura et al. [8] University 24 (10:14) 21.0 ± 2.0 27.7 ± 18.2 24 (HT)
Norte et al. [6] Hospital Clinic 4 (2:2) 27.4 ± 7.4 7.4 ± 1.7 4 (HT)
Rush et al. [9] University 11 (6:5) 22.6 ± 1.9 69.5 ± 21.4 9 (BTB)

2 (HT)
Rebai et al. [35]b Hospital Clinic 10 (0:10) [22–35] - 10 (BTB)
Setuain et al. [30] Hospital Clinic 40 (10:30) 24.5 ± 6.9 12 40 (HT)
Snow et al. [7] Retrospective Recruitment 10 (3:7) 33 [18–47] 129 [108–142] 10 (HT)
Takeda et al. [36] Hospital Clinic 11 (5:6) 20.5 [15–35] 12.7 [7–32] 11 (HT)
Timmins et al. [17] Athletic Club 15 (0:15) 24.5 ± 4.2 49.2 ± 33.6 15 (HT)
Williams et al. [31] Hospital Clinic 8 (2:6) 19.3 ± 4.1 6.1 ± 1.7 8 (HT)
Yoshii et al. [33] Hospital Clinic 18 (10:8) 22.7 ± 9.1 1 18 (HT)
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Table 3   Study design, muscles, outcome measures evaluated, and acquisition techniques

Study Study design Muscles Outcome Acquisition/processing tech-
nique

Arangio et al. [34] Cross- sectional Gracilis, ST, SM, BF CSA MRI/average of six CSA meas-
urements along muscle length

Burks et al. [29] Longitudinal Gracilis, ST, SM, BF CSA MRI/average of two CSA 
measurements (one 6 cm 
proximal knee joint, one 
12-16 cm proximal to knee 
joint)

Eriksson et al. [19] Longitudinal ST, SM CSA, fiber area, fiber type MRI/12-14 cm distal to pubic 
bone

Biopsy/10 mm serial transverse 
sections stained with myofi-
brillar ATPase

Gandolfi et al. [32] Longitudinal ST Muscle thickness, CSA MSK US/50% between ischial 
tuberosity and medial epicon-
dyle of tibia

Gerber et al. [25] Longitudinal Gracilis, hamstrings (pooled) Volume MRI/muscle CSA in sequential 
axial sections throughout 
length of muscle

Irie and Tomatsu [26] Longitudinal ST, BF CSA MRI/10 cm proximal to patella
Janssen et al. [14] Longitudinal Gracilis, ST CSA MRI/maximal CSA determine 

from full muscle sequence
Karagiannidis et al. [27] Cross- sectional ST Pennation angle, muscle 

thickness
MSK US/most distal 1/3 ST 

at the distal muscle–tendon 
junction

Kellis et al. [22] Cross- sectional ST, SM, BF CSA MRI/maximal CSA determine 
from full muscle sequence

Konishi and Fukubayashi 
[11]

Cross- sectional ST, SM, BF Volume MRI/muscle CSA in sequential 
axial sections throughout 
length of distal 70% of 
muscle

Konrath et al. [12] Cross- sectional Gracilis, ST, SM, BF LH, 
BF SH

CSA MRI/maximal CSA determine 
from full muscle sequence

Makihara et al. [10] Cross- sectional ST, SM, BF Volume MRI/muscle CSA in sequential 
axial sections throughout 
length of muscle

Messer et al. [18] Cross-sectional ST, SM, BF LH, BF SH CSA, volume, muscle length MRI/anatomical CSA (aver-
age of CSA in sequential 
slices caudal and cranial to 
peak CSA), muscle CSA 
in sequential axial sections 
throughout length of muscle

Nishino et al. [28] Cross- sectional ST Volume, muscle length MRI/muscle CSA in sequential 
axial sections throughout 
length of muscle, muscle 
length as distance from 
ischial tuberosity to distal 
muscle–tendon junction

Nomura et al. [8] Cross-sectional ST Volume, muscle length MRI/muscle CSA in sequential 
axial sections throughout 
length of muscle

Norte et al. [6] Longitudinal Gracilis, ST, SM, BF LH, 
BF SH

Volume MRI/muscle CSA in sequential 
axial sections throughout 
length of muscle

Rebai et al. [35] Longitudinal Hamstrings (pooled) Volume MRI/muscle CSA in sequential 
axial sections throughout 
length of muscle
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overall: g = − 0.42, 95% CI [− 0.52, − 0.31]) between this 
and the original comparison (Electronic Supplementary 
Material Appendix S4).

One high-quality study [22] compared hamstrings CSA 
of the ACLR-limb to healthy controls. In five individuals 
with PT autografts, the ST was observed to have greater 
CSA than the control group, while the BF CSA was sig-
nificantly lower.

3.5 � Muscle Length

Three moderate quality studies [8, 18, 28] evaluated ham-
strings muscle length using MRI (Fig. 5), specifically 
investigating the ST (n = 3), SM (n = 1), BF LH (n = 1), 
and BF SH (n = 1). The ACLR-limb demonstrated shorter 
hamstrings muscle length than the contralateral limb 
(g = − 0.74, 95% CI [− 1.06, – 0.41]). However, large 
deficits in ACLR-limb ST (g = − 1.72, 95% CI [− 2.22, 
− 1.23]) length drove this effect, as there were no dif-
ferences in muscle length of the SM, BF LH, or BF SH 
between limbs.

3.6 � Muscle Thickness

Three studies [17, 27, 32] evaluated hamstrings muscle 
thickness using musculoskeletal ultrasound. Two included 
comparison to the contralateral limb (Fig. 6) investigating 
the semitendinosus (ST) [32] and long head of biceps fem-
oris (BF LH) [17]. The ACLR-limb demonstrated smaller 
hamstrings muscle thickness than the contralateral limb 
(g = − 0.40, 95% CI [− 0.66, − 0.13]) with small magni-
tude deficits in ST (g = − 0.42, 95% CI [− 0.73, − 0.11]) 
and no difference in BF LH (g = − 0.35, 95% CI [− 0.86, 
0.16]) muscle thickness. One study [17] also included 
comparison of the ACLR-limb BF LH thickness to con-
trols and found no difference. The third study [27] reported 
a large magnitude difference in the ACLR-limb ST muscle 
thickness being higher at rest and during MVIC compared 
to controls [27].

3.7 � Fascicle Length

One high-quality study [17] evaluated BF LH fascicle length 
using musculoskeletal ultrasound [17], and reported a large 
magnitude deficit in the ACLR-limb (shorter fascicle length) 

ST semitendinosus, SM semimembranosus, BF biceps femoris, BF SH biceps femoris short head, BF LH biceps femoris long head, CSA cross 
sectional area, MRI magnetic resonance imaging, MSK US musculoskeletal ultrasound

Table 3   (continued)

Study Study design Muscles Outcome Acquisition/processing tech-
nique

Rush et al. [9] Cross-sectional ST, SM, BF LH, BF SH Volume MRI/muscle CSA in sequential 
axial sections throughout 
length of muscle

Setuain et al. [30] Longitudinal Gracilis, ST, SM, BF CSA MRI/taken at both 8/15 and 
12/15 of the total femur 
length

Snow et al. [7] Cross-sectional Gracilis, ST, BF LH CSA, volume MRI/maximal CSA from full 
muscle sequence, muscle 
CSA in sequential axial sec-
tions throughout length of 
muscle

Takeda et al. [36] Cross-sectional Gracilis, ST, SM, BF CSA MRI/maximal CSA determine 
from the greater trochanter to 
the lateral epicondyle of the 
femur

Timmins et al. [17] Cross-sectional BF LH Pennation angle, muscle 
thickness, fascicle length

MSK US/midpoint between 
ischial tuberosity and the 
knee joint fold

Williams et al. [31] Longitudinal Gracilis, hamstrings CSA, volume MRI/maximal CSA from full 
muscle sequence, muscle 
CSA in sequential axial sec-
tions throughout length of 
muscle

Yoshii et al. [33] Longitudinal Hamstrings CSA MRI/CSA of hamstrings bulk 
at 15 cm, 10 cm, and 5 cm 
proximal to patella
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compared to the contralateral limb and controls both at rest 
and during isometric contraction at 25% MVIC.

3.8 � Pennation Angle

Two studies [17, 27] evaluated hamstrings pennation angle 
using musculoskeletal ultrasound. One study [27] reported no 
difference in ACLR-limb ST pennation angle at rest or dur-
ing MVIC compared to controls. The second [17] included 
comparison of the ACLR-limb BF LH pennation angle to the 
contralateral side and controls. Here, the ACLR-limb demon-
strated a greater pennation angle compared to the contralateral 
limb at rest, and during isometric contraction at 25% MVIC. 
Although there was no difference in pennation angle compared 
to controls, individuals with ACLR did demonstrate greater 
inter-limb asymmetry in pennation angle compared to controls.

3.9 � Fiber Area and Fiber Type

One moderate-quality study [19] evaluated ST fiber area and 
type using biopsy. This study reported no differences in ST 
fiber area or fiber type distribution within-limbs or between-
limbs from pre- to post-surgery.

3.10 � Heterogeneity of Studies

Hamstrings volume (ACLR-limb to contralateral comparison 
I2 = 66.0%, ACLR-limb to control comparison I2 = 68.0%), 
CSA (I2 = 69.0%), and length (I2 = 94.0%) all demonstrated 
a high degree of heterogeneity upon meta-analysis. Mus-
cle thickness demonstrated a low degree of heterogeneity 
(I2 = 0.0%).

4 � Discussion

This systematic review and meta-analysis presents a broad 
spectrum of hamstrings morphological characteristics in 
individuals with ACLR. There is currently a moderate 
level of evidence that the ST and gracilis muscles demon-
strate less volume and CSA in the ACLR-limb with inter-
limb comparison. Lower volume is also present in the 
ACLR-limb compared to controls. In addition, there is lim-
ited to moderate evidence of shorter ST length and smaller 
thickness, as well as shorter BF LH fascicle length and 
greater pennation angle in the ACLR-limb compared con-
tralaterally. Very limited evidence suggest ST fiber type 
distribution is preserved following ACLR. The included 

Table 4   Modified Newcastle–
Ottawa Scale

All items of the mNOS shown. For full instrument, see Electronic Supplementary Material Appen-
dix S1. Shading of cells signifies the following: none = criterion missed, light grey = criterion satis-
fied
L low quality, M moderate quality, H high quality
a Score of 1 indicates controlling for at least 1 demographic factor, 2 indicates controlling for ≥ 2 
factors
b Not included in meta-analysis



1742	 D. A. Sherman et al.

Fig. 2   Inter-limb comparison of hamstrings volume. (1) 6 months post-ACLR, (2) 12 months post-ACLR. ACLR-limb Anterior cruciate ligament 
reconstruction limb, SD Standard deviation, Std. standard, CI confidence interval
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studies varied in methodological quality, acquisition tech-
niques, muscle of interests, and operational definition of 
outcomes, likely contributing to the high degree of het-
erogeneity observed in meta-analysis of volume, CSA, 
and muscle length. Collectively, these findings suggest 
that inter-limb hamstrings morphological differences are 
present in individuals during both subacute and chronic 
stages of recovery following ACLR. Differences in size 
(volume, CSA, length, and thickness) seem to be unique 
to graft source musculature (ST and gracilis). As muscle 
morphology traditionally represents a modifiable clinical 
impairment, the results and the clinical implications of 
these findings are discussed by category.

4.1 � Volume

The ACLR-limb to contralateral limb comparison dem-
onstrated large magnitude deficits in ST and gracilis vol-
ume, whereas the SM and BF muscles were not different. 
Overall, there were small magnitude deficits in hamstrings 
volume in the ACLR-limb, driven by ST and gracilis dif-
ferences. Similarly, the ACLR-limb to control comparison 

demonstrated a large magnitude deficit in the ACLR-limb 
ST without differences in SM or BF. As an estimate of 
three-dimensional muscle size, volumetric assessment is 
the most comprehensive assessment of muscle size and can 
account for post-operative changes in muscle length due to 
graft source, presence of neotendon (regeneration of grafted 
tendon), and proximal shift of the musculotendinous junc-
tion [6, 12, 31]. Collectively, these results demonstrate the 
scope of a profound loss of graft source muscle volume. 
This effect may have occurred due to the large percentage 
of the sample having undergone ACLR with HT autograft. 
Due to the low sample, we were unable to determine if this 
pattern of loss exists in those with PT graft. Three longitu-
dinal studies reported significant muscle volume loss of the 
gracilis [6, 25] and ST [6] from pre-surgery to 6-months 
post-surgery despite rehabilitation. With regard to time from 
surgery, although limited by pooled analysis, there was no 
significant pattern of volumetric differences between the 
subacute [6, 11] and chronic [7, 9, 18] samples included in 
this meta-analysis, which suggests persistent impairment.

As the medial hamstrings are the primary dynamic 
restraint against tibial external rotation [37], these findings 

Fig. 3   Comparison of hamstring volume between ACLR-limb and 
controls. (1) 6  months post-ACLR, (2) 12  months post-ACLR, (3) 
biceps femoris long head, (4) biceps femoris short head. ACLR Ante-

rior cruciate ligament reconstruction limb, SD Standard deviation, 
Std. standard, CI confidence interval
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are particularly concerning and may indicate that hamstrings 
muscle impairments are overlooked in rehabilitation. These 
results suggest that clinicians should devote more attention 
to hamstrings hypertrophy exercise to specifically target ST 
and gracilis, such as eccentric training [38, 39]. Selected 
eccentric hip and knee dominant exercises have been shown 
to selectively activate the medial hamstrings [40, 41]. Fur-
thermore, consideration must be given to evidence [18] that 
suggests persistent ST volume impairments (and low level 
of activation during supramaximal exercise [18]) indicate 
the ST is not loaded adequately to stimulate muscle growth 
following ACLR. Since the SM is also a knee internal rota-
tor (as well as hip extensor) and is unimpaired according 
to our results, targeting SM hypertrophy to compensate for 
ST atrophy may be appropriate. Evidence-based treatment 
approaches to guide hamstrings recovery in this population 
are needed.

4.2 � Cross‑Sectional Area

Similar to volume, the ST and gracilis both demonstrated 
large magnitude deficits in CSA in the ACLR-limb com-
pared to the contralateral limb, whereas no differences 
were observed in the SM and BF muscles. Overall, there 
were small magnitude deficits in total hamstrings CSA in 
the ACLR-limb compared to the contralateral limb of indi-
viduals with ACLR. Conversely, one study comparing the 
ACLR-limb to controls [22] reported a small increase in ST 
and decrease in BF CSA. These findings suggest an indi-
vidualized muscle response and appear to detail selective 
atrophy of the ST and gracilis as an autogenous graft source 
[14]. With regard to time from surgery, although limited 
by pooled analysis, there was no significant pattern of CSA 
differences between the subacute [19, 30] and chronic [7] 
samples included in this meta-analysis, which suggests per-
sistent impairment.

Hamstrings CSA is strongly associated with knee flexion 
strength and represents a clinically relevant and accessible 
assessment [12, 42]. However, differences in acquisition 
technique must be considered when interpreting results. 
For example, the relative location of peak CSA may differ 
between-limb and between-individuals [12, 22]. While MRI 
acquisition allows for scanning of the entire muscle length 
and statistical consideration of the CSA at the largest point 
[12], musculoskeletal ultrasound is limited by assessment at 
standardized anatomical locations [32]. Regardless, muscle 

CSA captured by panoramic musculoskeletal ultrasound 
constitutes a clinically accessible and reliable technique for 
quantifying hamstrings muscle size [32, 43]. Despite consid-
erable barriers posed by sonographer experience and imag-
ing processing training [43], the potential benefits of muscle 
size assessment in the clinic and during activity [17, 27, 32] 
warrant future investigation.

4.3 � Muscle Length

There is limited evidence reporting large magnitude deficit 
in ST muscle length was observed in the ACLR-limb com-
pared to the contralateral limb. Although outside the scope 
of this review, greater neotendon cross-sectional area and 
length were described in two studies compared to the con-
tralateral limb [8, 28]. Collectively, increased tendon length 
and shorter muscle length indicate that there is a significant 
change in muscle–tendon morphology of the ST, constitut-
ing a proximal shift of the distal musculotendinous junction. 
This directly influences the length–tension curve of the ham-
strings [8] and manifests clinically as weakness in deep knee 
flexion (e.g. active insufficiency) [8, 28].

4.4 � Muscle Thickness

There is limited evidence reporting small magnitude defi-
cit in ST muscle thickness was observed in the ACLR-limb 
compared to the contralateral limb [32], whereas no differ-
ences were observed in the BF LH [17]. Muscle thickness 
captured by musculoskeletal ultrasound constitutes a clini-
cally accessible technique for quantifying muscle size defi-
cits [32]. In particular, hamstrings muscle thickness at 50% 
thigh length has been shown to be highly associated with 
both MRI CSA and volumetric assessments [42]. However, 
limitations in the assessment technique and population-
specific considerations (i.e. proximal shift of distal mus-
culotendinous junction [12]) may have contributed to con-
flicting results. Namely, one-dimensional assessment fails 
to consider muscle width or length [43], such as potential 
changes in location of maximal muscle CSA along its length 
following ST/gracilis graft [12]. Considering the magnitude 
of impairments in higher dimensional morphological analy-
ses (e.g. CSA and volume as discussed), additional research 
regarding the clinical utility of this approach in this popula-
tion is warranted.

4.5 � Fascicle Length

There is limited evidence reporting BF LH fascicle length 
in individuals with ACLR. The one included study [17] 
reported a large magnitude deficit in the ACLR-limb com-
pared contralaterally and to controls both at rest and during 
isometric contraction at 25% MVIC. In combination with 

Fig. 4   Inter-limb comparison of hamstrings cross sectional area. (1) 
3 months post-ACLR, (2) 6 months post-ACLR, (3) 12 months post-
ACLR, (4) measured at 50% of femur length, (5) measured at 70% of 
femur length, (6) measured at 5 cm proximal to patella, (7) measured 
at 10 cm proximal to patella, and (8) measured at 15 cm proximal to 
patella. ACLR-limb Anterior cruciate ligament reconstruction limb, 
SD Standard deviation, Std. standard, CI confidence interval

◂
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shorter hamstrings length, shorter fascicle length represents 
fewer sarcomeres in series, which shortens a muscle’s active 
range of motion and may theoretically contribute to ham-
string strain injuries [44, 45]. However, research is needed 

to determine whether such fascicle length deficits influence 
hamstrings injury risk after ACLR. Recent evidence demon-
strates that eccentric exercise training effectively increases 
fascicle length (see Bourne et al. 2018 for review) [39, 41, 

Fig. 5   Inter-limb comparison of hamstrings length. Abbreviations: ACLR-limb Anterior cruciate ligament reconstruction limb, SD Standard 
deviation, Std. standard, CI confidence interval

Fig. 6   Inter-limb comparison of hamstrings thickness. (1) 3  months 
post-ACLR, (2) 6 months post-ACLR, (3) 12 months post-ACLR, (4) 
measured at rest, (5) measured at 25% of maximum voluntary isomet-

ric contraction. ACLR-limb Anterior cruciate ligament reconstruction 
limb, SD Standard deviation, Std. standard, CI confidence interval
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46], suggesting a clinically relevant intervention for address-
ing fascicle length deficits.

4.6 � Pennation Angle

There is very limited evidence reporting pennation angle of 
the hamstrings in individuals with ACLR. In one study [27], 
the pennation angle of the fusiform ST muscles were not 
different to that of controls. Conversely, greater BF LH pen-
nation angle coincides with the observed decreases in fas-
cicle length reported above [17], indicating a shift towards 
sarcomere alignment in parallel rather than in series. The 
relationship between fascicle length and pennation angle is 
a well known architectural determinant of muscle function, 
with larger, pennate muscles being more powerful through 
shorter ranges of active motion. These results indicate 
the BF LH may adapt by increasing pennation angle and 
decreasing fascicle length. This may represent an adaptive 
strategy to increase muscle strength and power.

4.7 � Fiber Area and Fiber Type

There is very limited evidence reporting ST fiber area and 
fiber type distribution are preserved pre-operatively to post-
operatively in individuals with ACLR. The one included 
study [19] concluded that these findings indicate there is no 
denervation of hamstrings muscle tissue or changes in ham-
strings muscle oxidative metabolism following ACLR. How-
ever, considering the low sample size, future work detailing 
pre- to post-operative fiber area and type of the neighboring 
knee flexor muscles would be informative.

4.8 � Heterogeneity of Results

These meta-analyses were characterized by a large degree 
of heterogeneity (an I2 statistic greater than 50%), which 
indicates a large degree of variability in the results. This is 
likely a representation of the nuances of acquisition or com-
parison techniques and inclusion of individual hamstring 
muscle results represented in the collective sample (Table 3). 
For example, several studies reported mean CSA through-
out the entire muscle length, whereas others used a priori 
defined locations based on femur length, or simply peak 
CSA. This may also indicate a heterogeneity of individual 
muscle morphologies following ACLR. We have included 
subgrouping by hamstring muscles in effort to demonstrate 
the drivers of this heterogeneity for each outcome of interest. 
The means and standard deviations from included studies 
represent either reporting of overall volume or percent dif-
ference between limbs. Although use of standardized mean 
difference is not considered a limitation in meta-analysis, 
this prevented use of the more clinically meaningful mean 
differences in our analysis.

4.9 � Methodological Quality, Limitations, 
and Directions for Future Research

There were many methodological limitations identified 
using the mNOS. For example, only six of the included 
studies included an uninjured control group (mNOS items 
3–5), resulting in the inability to compare each outcome to 
a control group with meta-analysis. Most notably, this could 
result in inappropriate comparisons of outcomes to the con-
tralateral limb, a practice that is flawed due to bilateral defi-
cits existing with ACL injury [6, 12, 47, 48]. Some outcomes 
were represented by only a few studies (i.e. muscle length 
and thickness, pennation angle, fascicle length, and fiber 
type and area). Additionally, comparisons of muscle length 
and thickness were further limited by few studies reporting 
outcomes for individuals’ muscles. Lastly, changes of archi-
tecture over time (and from pre- to post-ACLR) are not clear. 
These limitations should be addressed in future research.

Musculoskeletal ultrasound is increasingly common in 
clinical assessment [32, 42, 43]. These results demonstrate 
that deficits in ACLR-limb CSA, fascicle length, and pen-
nation angle are clinically meaningful and can be identified 
using this technique [32, 43]. As hamstrings CSA is highly 
associated with knee flexion strength, the clinical utility of 
using panoramic musculoskeletal ultrasound to monitor 
clinical progress toward hypertrophy goals is established 
[17, 32, 43].

Demographic factors such as sex, age, and graft-type are 
known to influence muscle recovery [49] and passing tradi-
tional return to sport tests following ACLR [2]. Although the 
majority of the included sample underwent ACLR with HT 
autograft (84.5%), our primary aim was to characterize the 
overall effect of ACLR. To this end, the influence of these 
factors on hamstrings morphology following ACLR is not 
fully understood. This could not be explored as part of the 
review and remains an area of further research. Lastly, our 
inclusion and exclusion criteria did not control for the pos-
sibility of multiple confounders, such as contralateral graft 
sources or rehabilitation regimen.

5 � Conclusion

Moderate evidence suggests that individuals with ACLR 
demonstrate smaller ST and gracilis CSA and volume, 
shorter ST length, and smaller thickness in the ACLR com-
pared to the contralateral limb. The presence of profound 
deficits in ST and gracilis may indicate selective atrophy and 
shortening of graft source muscles. There is limited evidence 
to suggest that the ACLR-limb BF LH demonstrates shorter 
fascicle length and greater pennation angle compared con-
tralaterally and to controls. There is very limited evidence 
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indicating that ST fiber area or fiber type distribution are not 
different between limbs following ACLR. Collectively, these 
morphological characteristics align with known clinical (e.g. 
decreased hamstrings muscle strength) impairments, all of 
which may contribute to poor outcomes seen in this popu-
lation. The largest of these impairments, ST and gracilis 
CSA and volume, may be modifiable (or compensated for) 
by clinical emphasis on medial hamstring hypertrophy. Mus-
culoskeletal ultrasound offers a clinically feasible modality 
for assessment of both muscle size and architecture. Future 
research should detail longitudinal architecture changes 
and determine the utility of clinical morphology assess-
ment techniques (i.e. musculoskeletal ultrasound) in this 
population.
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