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Abstract: Anterior cruciate ligament (ACL) reconstruction is widely used to restore knee stabil-
ity after injury, but the risk of revision surgery increases when the autograft size is inadequate.
Ultrasound (US) measurements of preoperative target tendons have been applied to predict the
intraoperative autograft size, with various outcomes across different studies. This systematic re-
view and meta-analysis aimed to summarize the evidence and investigate the usefulness of US
in predicting autograft size. Electronic databases were searched for relevant studies from incep-
tion to 19 January 2022. The primary outcome was the correlation between the preoperative US
measurements of donor tendons and intraoperative autograft size. The secondary outcomes encom-
passed the predictive performance of US for autograft size and the comparison between US and
magnetic resonance imaging (MRI) for preoperative tendon measurements. Nine studies, comprising
249 patients, were enrolled. The preoperative US measurements of the donor tendons demonstrated a
significant positive correlation with their intraoperative autograft diameter, with a pooled correlation
coefficient of 0.443 (95% confidence interval [CI], 0.266-0.591, p < 0.001) for the gracilis and semi-
tendinosus autograft, 0.525 (95% CI, 0.114-0.783, p = 0.015) for the semitendinosus autograft, and
0.475 (95% CI, 0.187-0.687, p = 0.002) for the gracilis autograft. The pooled sensitivity and specificity
of US imaging in predicting the autograft diameter were 0.83 (95% CI 0.57-0.95) and 0.70 (95% CI,
0.36-0.91), respectively. Moreover, no significant differences were observed between US and MRI
measurements in predicting the sizes of the gracilis and semitendinosus autografts. Preoperative US
measurements of the target tendons were moderately correlated with the intraoperative autograft
size. US imaging has a discriminative performance similar to that of MRI in predicting the autograft
size. A standardized US scanning protocol is needed for future studies to minimize the variations in
tendon measurements across different investigators and increase the comparability of US imaging
with intraoperative findings.

Keywords: knee; sports injury; anterior cruciate ligament; revision surgery; ultrasonography

1. Introduction

Anterior cruciate ligament (ACL) injury is one of the most prevalent sports injuries,
with an incidence ranging from 36.9 to 60.9 per 100,000 person-years [1,2]. Lateral pivoting,
landing, and deceleration are maneuvers that are highly associated with ACL injuries
during sports play [3]. Conservative management for ACL ruptures includes physiotherapy,
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supportive bracing, and physical activity modification [4]. Nonetheless, when patients are
athletes with persistent disability after nonoperative treatments, surgical management is
needed to restore knee joint stability [4].

ACL reconstruction has been widely used, with a satisfactory outcome rate between
75% and 97% [5]. Its benefits include reducing the risk of subluxation and decreasing the
incidence of early posttraumatic osteoarthritis [6]. Herewith, up to 8% of patients have
been reported to undergo revision surgery following ACL reconstruction [7], whereby
the risk factors include low patient-reported functional outcomes and radiographic signs
of tibiofemoral osteoarthritis [8]. The increased rate of revision surgery following ACL
reconstruction has been associated with a hamstring autograft diameter of <8 mm [9,10]. In
this regard, predicting the autograft size before ACL reconstruction appears to be critical
for the surgeon [11].

Various imaging techniques, i.e., three-dimensional computed tomography (3DCT),
magnetic resonance imaging (MRI), and ultrasound (US), have been proposed for predicting
the autograft size in different studies. For instance, the 3DCT-measured semitendinosus
tendon length showed a high positive correlation with graft length [12]. The MRI-measured
tendon cross-sectional area (CSA) yielded a better predictive value than that of the MRI-
measured tendon diameter in estimating the hamstring graft size [13]. US has advantages
over the aforementioned methods such as real-time image acquisition, low cost, zero
ionizing radiation, and high resolution for superficial structures [14]. However, some
studies demonstrated moderate correlations between the US-measured CSA of the donor
tendon and its autograft diameter [14-20], whereas others did not [21,22].

To date, reviews quantifying the effectiveness of the use of preoperative US imaging in
predicting intraoperative autograft size are nonexistent [23]. Therefore, this meta-analysis
aimed to investigate the effectiveness of US imaging in predicting the autograft size in
patients receiving ACL reconstruction.

2. Methods
2.1. Protocol Registration

This systematic review and meta-analysis was based on a preplanned protocol con-
structed in accordance with the standard Preferred Reporting Items for Systematic Reviews
and Meta-Analysis (PRISMA) guidelines [24]. The details are provided in the PRISMA
checklist (supplemental material). The protocol was prospectively registered on inplasy.com
on 23 January 2022 (INPLASY202210114).

2.2. Data Sources and Search Strategy

Five electronic databases, including PubMed, Cochrane CENTRAL, Embase, Clin-
cial.gov, and Web of Science, were searched for relevant studies from inception to
19 January 2022 without language restrictions. The manual retrieval of additional studies
was performed using relevant narratives and systemic reviews. The PICO question was
constructed as follows: P, patients undergoing ACL reconstruction using the autograft;
I, preoperative graft size assessment on US imaging; C, intraoperative graft size; O, pre-
dictive performance of the graft size. The following strategies were used for the literature
search: ((ultrasound) OR (sonography) OR (echography) OR (ultrasonography)) AND
((graft size) OR (graft assessment)) AND ((anterior cruciate ligament surgery) OR (ante-
rior cruciate ligament reconstruction)). The complete search strategy is presented in the
Supplementary Information.

2.3. Inclusion and Exclusion Criteria

The studies were included if they (1) were an original research work investigating
ACL reconstruction using an autograft, (2) were using US imaging for the preoperative
assessment of the donor tendon, (3) had documentation of the intraoperative autograft size,
and (4) were human studies.
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The exclusion criteria were as follows: (1) case reports/series, reviews, study protocols,
editorials, or commentaries; (2) preoperative autograft assessment using CT or MRI only;
(3) lack of information regarding the intraoperative graft size; and (4) studies without avail-
able data either for the correlations between US measurements and intraoperative autograft
size or for the accuracy of US imaging in predicting the adequacy of the autograft size.

2.4. Data Extraction

Following the literature search of the electronic databases, two authors scrutinized
the abstracts from the retrieved articles independently. If there was disagreement between
the two reviewers regarding the selected articles, a decision was made through discussion
or the corresponding author decided. Full texts of the eligible articles were subsequently
downloaded, and data were extracted using a standardized form in Microsoft Excel 2016
(Microsoft Corporation 2016). The excerpted information consisted of the name of the first
author, year of publication, study design, autograft choice, age and sex of participants, US
settings, surgical procedures for ACL reconstruction, interval between US measurement
and ACL reconstruction, outcome of interest, and reference standard.

2.5. Outcomes

The primary outcome of the study was the correlation between the preoperative US
measurements of the donor tendon and intraoperative autograft diameter. The secondary
outcomes included the prediction of the size adequacy of the autograft using US imaging
and the comparison of US and MRI measurements concerning the preoperative size.

2.6. Study Quality Assessment

The Quality Assessment of Diagnostic Accuracy Studies (QUADAS)-2 was used to
assess the quality of studies included in the meta-analysis [25]. Accordingly, each article
was evaluated for risks of bias in four domains. A low risk of bias in each domain was
defined as follows: (1) patient selection—the study excluded patients who could introduce
spectrum bias (the performance of a diagnostic test varied according to differences in
disease severity); (2) index test—the preoperative US measurements were interpreted
without knowing the results of the intraoperative autograft size; (3) reference standard—
the intraoperative autograft diameter was measured using calibrated holes; and (4) flow
and timing—all patients received preoperative US and intraoperative measurements of the
autograft size.

Each article was evaluated for its applicability to the research question. Based on the
domains of patient selection, index test, and reference standard, we defined low concern of
applicability as follows: (1) patient selection—patients presented to the health care setting
with ACL injuries who were scheduled for ACL reconstruction; (2) index test—preoperative
tendon measurement was performed using US imaging; and (3) reference standard—the
intraoperative autograft size was measured.

2.7. Statistical Analysis

Correlations between the size of the donor tendon measured by US/MRI and its auto-
graft diameter were summarized using the Hedges—Olkin method based on the Fisher Z
transformation of the variables [26]. The weighted mean difference was used to investigate
the discrepancy between the US and MRI measurements of the donor tendon CSA [27].
The performance of predicting the size adequacy of the autograft was evaluated by the
average sensitivity, specificity, positive/negative likelihood ratios, and diagnostic odds
ratio using a bivariate random-effects model [28,29]. The summary receiver operating
characteristic (SROC) curve was applied to pool and inspect the predictive performance of
each enrolled study as well as to obtain the area under the curve [30]. The size/extent of
variability of the target parameters across the included studies was determined using I2,
which denotes the proportion of variation across studies that is caused by heterogeneity
rather than chance. An I? > 50% was considered significant [31]. Funnel plots were built
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to examine the publication bias, which was also determined by Egger’s test for continu-
ous variables and Deeks’ funnel plot asymmetry test for diagnostic accuracy [32,33]. All
statistical analyses were conducted using Stata (StataCorp 2015, Stata Statistical Software:
Release 14, StataCorp LP, College Station, TX, USA) and Comprehensive Meta-analysis
Software, version 3 (Biostat, Englewood, NJ, USA); p < 0.05 was considered statistically
significant. Meta-DiSc (version 1.4, Hospital Ramon y Cajal and Universidad Complutense
de, Madrid, Spain) was specifically used to analyze the data for the predictive performance
when the number of available studies was fewer than four.

3. Results
3.1. Literature Search

A total of 509 articles were initially accessed from the electronic databases. After
eliminating duplicates, 439 articles were left, and 37 were related to our topic (based
on their titles/abstracts). After reading their full texts, nine articles met the inclusion
criteria and were enrolled in the meta-analysis [14-22]. The reason for article exclusion is
summarized in Supplementary Table S1. A flow diagram of the literature search is shown
in Figure 1.

Records identified through Additional records identified

z
5
2
w

database searching through other sources

(n=509) (n=0)

Records identified (n=509)
Duplicated records excluded (n=70)

Records after duplicates
removed (n=439)
Excluded by title and abstract (n=402)

Full-text articles assessed
for eligibility (n=37)
28 Articles excluded

Studies included in 25 Preoperational graft assessment
s s . _ using MRI only
qua“tatwe SynthES|S (n 9) 2 Preoperational autograft assessment
using CT only
Studies included in 1 Without correlation analysis between

pre-operative US measurements and

mEta_anaIySIS (n—9) intra-operative autograft diameters

Figure 1. Flow diagram of the literature search based on the Preferred Reporting Items for Systematic
Reviews and Meta Analyses (PRISMA) guidelines. MRI, magnetic resonance imaging; CT, computed
tomography; US, ultrasound.

3.2. Study Characteristics

A total of 1 cross-sectional [21] and 8 cohort studies [14-20,22] comprising 249 partici-
pants undergoing ACL reconstruction were included. The mean age of the patients ranged
from 19.9 to 32 years. The study characteristics are summarized in Table 1. Regarding the
selection of autografts, seven studies used the four-strand semitendinosus and gracilis ten-
dons [14-17,19,21,22], one study used the four-strand semitendinosus tendon [18], and one
study used the quadriceps tendon [20]. Regarding the preoperative US assessment of the
donor tendons, eight studies [14,15,17-22] provided the CSA, and one study [16] measured
the diameter. Other than US, three studies [14,15,20] used additional MRI to evaluate the
preoperative autograft size. Regarding the size adequacy of the intraoperative autograft
diameter, the cutoff values were 8 mm in seven studies [15,16,18-22] and 7.5 mm [14] and
7 mm [17] in the other two studies.
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Table 1. Summary of the retrieved studies investigating the predictive values of ultrasound imaging for autograft size in anterior cruciate ligament reconstruction.

Ultrasound Setting

Manufacturer,

Probe Position,

S\t(:l:l?’r Study Design Autograft Age M/F Transducer Examinee Posture, Surgical Procedure Iljnste_r‘(l)all’ Outcome l;::ir;:rile
Frequency, CSA Site of US
Measurement Measurements
CSA: GT (US, MRI),
LOGIQe, GE GT, ST harvested ST (US, MRI),

Erquicia, Prospective 4S-GST 32 (16-59) t 25/8 Healthcare ﬂeiﬁﬁgggne}l;zie;a GT, ST paired, 15 davs GT + ST (US, MRI) Autograft
2013 [15] cohort Linear array probe, to the m di,F' int lin. closed-hole sizing y Diameter: 45-GST (OP) diameter

7-12 MHz, ellipse tool © the mediatjo € block No inter-rater, intra-rater

reliability
. CSA: GT + ST (US, MRI),
. Perpendicular to the GT, ST tendons ST (US, MRI),
Siemens Acuson S2000 tendon, prone, knee
Galanis Prospective Linear array probe flexion 30°, near the harvested GT (US, MRI) Autograft
’ P 4S-GST 3114 £3.11* 14/0 ¥ probe, ; ; GT, ST paired, NA Diameter: 45-GST (OP), ST Hiog

2016 [14] cohort 10 MHz, ellipse or widest point of the L diameter

. . closed-hole sizing (US, MRI), GT (US, MRI)

dotted line tool medial femoral )
icondvl block Inter-rater and intra-rater
epicondy’e reliability

Diameter: GT + ST (US),

Perpendicular to the GT (US, OP), ST (US, OP),

Rodriguez- Prospective Siemens Acuson 52000 tendon, prone, knee GT}’IaSEVZeSTj;nS 4S-GST (OP) Autograft
Mendez, co};ort 4S-GST (16-43) t 33/0 Linear array probe, flexion 0°, posterior GT. ST folded a NA Length: 45-GST (OP), ST diamge ter
2017 [16] 14 MHz, NA medial of proximal d,r le tendon (OP), GT (OP)

tibia with widest zone quadrupie tendo No inter-rater, intra-rater
reliability
GT, ST tendons .CSA: GT + ST (US)
Astur, Cross- 4S-CST 248 4+ 84 % 19/5 Logic P6 device, Ijeﬁ’;;;et;il harvested 7 davs Dl?gg;tzrsz_gglggg)l’))s T Autograft
2018 [21] sectional ) : 7-11 MHz, NA . 4 ST, GT folded in half to ¥y N . diameter
the articular line No inter-rater, intra-rater
form a quadruple graft L
reliability
o . Philips HD11 XE NA, prone with knee  GT, ST harvested with .CSA: ST+ GT (US)
Asihin, Prospective . .. o Diameter: 45-GST (OP) Autograft
4S-GST 28.48 + 6.0 * 23/4 Linear array probe, flexion in 30°, the a closed-end tendon 1 day . . .
2018 [17] cohort . e s No inter-rater, intra-rater diameter
5-12 MHz, ellipse tool medial joint line harvester o
reliability
. CSA: ST + GT (US)
. .o . . GT, ST harvested with .
Momaya, Prospective y . Fujifilm SonoSite, NA, prone with knee ¢ R Diameter: 4S-GST (OP) Autograft
2018 [22] cohort 45-GST 28466 10/10 NA, NA flexion in 30° a closed-loop tendon 14 days Inter-rater, intra-rater diameter

stripper

reliability
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Table 1. Cont.
Ultrasound Setting
Manufacturer, Probe Position,
Study, Study Design Autograft Age M/F Transducer Examinee Posture Surgical Procedure Interval Outcome Reference
Year ! 4 us—or Standard
Frequency, CSA Site of US
Measurement Measurements
Diameter: ST (US, OP),
NA, supine with knee 4S-ST (OP)
Sumanont, Prospective g " flexion in 30°, the ST harvested with a Length: ST (US) Autograft
2019 [18] cohort 45-ST 29.3+£9.6 37/3 NA,NA, NA posterior medial closed tendon stripper NA CSA: ST (US) diameter
aspect of the knee joint Inter-rater, intra-rater
reliability
CSA: GT + ST (US), ST
. . (US), GT (US)
. NA, supine with the . .
Mec;l);cel:teing:SSO hip in maximal ER and  GT, ST harvested with Thlckness(.U(;")F (US), sT
Takenaga, Prospective 4S-GST 2194+86% 11/17 linear-array probe, the knee in ﬂex.lon 20°, tepdon stripper, 113 + 2.9 Width: GT (US), ST (US) A}ltograft
2019 [19] cohort the myotendinous suturing the distal end days . diameter
4-18 MHz, unction of the of tendon Diameter: 45-GST (OP),
freehand tracing junch 2GT (OP), 2ST (OP)
sartorius muscle :
Inter-rater, intra-rater
reliability
Perpendicular to the
tendon, supine with )
Medicine RS80 the knee flexion in 20°, C SA: QT (US, MRI)
Takeuchi Prospective Prestige anterior knee proximal 179 £ 221 Diameter: QT (OP), QT Autograft
/ QT 199 +£50* 18/12 . . QT harvested ) . (US, MRI) .
2021 [20] cohort linear-array probe, to the superior pole of days I . diameter
nter-rater, intra-rater
4-18 MHz, NA the patella at a reliabilit
distance of 15 mm & y
30 mm

t

minimum to maximum. Abbreviations: CSA, cross-sectional area; ER, external rotation; GT, gracilis tendon; MHZ, megahertz; mm, millimeter;

* mean =+ standard deviation.
MRI, magnetic resonance imaging; NA, not applicable; OP, operation; QT, quadriceps tendon; ST, semitendinosus tendon; US, ultrasound; US-OP, interval between the ultrasound

measurement and the anterior cruciate ligament reconstruction; 2GT, doubled gracilis tendon; 25T, doubled semitendinosus tendon; 45-GST, 4-strand gracilis plus semitendinosus

tendon; 4S-ST, 4-strand semitendinosus tendon.
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3.3. Quality Assessment

Table 2 illustrates the methodological analysis of the included studies based on
QUADAS-2. All studies showed a low risk of bias regarding the domains of patient
selection, index test, and reference standard. Three studies [14,16,18] showed a high risk of
bias in the domain of flow and timing due to an unclear interval between the index test
and the reference standard. All studies showed low concern regarding applicability.

Table 2. The methodological quality of the included studies assessed by QUADAS-2.

Risk of Bias Applicability Concerns
sway  gmen S Gl Fewand e PGS R
Measurement) (Autograft Size) Measurement) (Autograft Size)

Erquicia, 2013 [15] Low Low Low Low Low Low Low
Galanis, 2016 [14] Low Low Low High Low Low Low
Rodri;g(;lle; Ell\/é‘]endez, Low Low Low High Low Low Low
Astur, 2018 [21] Low Low Low Low Low Low Low
Asihin, 2018 [17] Low Low Low Low Low Low Low
Momaya, 2018 [22] Low Low Low Low Low Low Low
Sumanont, 2019 [18] Low Low Low High Low Low Low
Takenaga, 2019 [19] Low Low Low Low Low Low Low
Takeuchi, 2021 [20] Low Low Low Low Low Low Low

Abbreviations: US, ultrasound; QUADAS, Quality Assessment of Diagnostic Accuracy Studies.

3.4. Outcome
3.4.1. Correlations between Preoperative US and Intraoperative Autograft Measurements

Preoperative US measurements (mainly CSA) of the gracilis and semitendinosus
tendons demonstrated a significant positive correlation with the intraoperative autograft
diameter based on eight enrolled studies [14-19,21,22], with a pooled correlation coefficient
of 0.443 (95% CI, 0.266-0.591, p < 0.001; I?> = 50.88%). No significant publication bias was
detected when examining the symmetry of the effect sizes on the funnel plot and hypothesis
testing using Egger’s test (p = 0.709) (Supplementary Figure S1).

A significant positive correlation (pooled correlation coefficient, 0.525; 95% CI,
0.114-0.783, p = 0.015; I? = 72.99%) was also identified between the preoperative US
measurements (CSA) of the semitendinosus tendons and the intraoperative autograft diam-
eter from the three included studies [14,18,19]. Similarly, a significant positive correlation
existed between the preoperative US measurements (CSA) of the gracilis tendon and the
autograft diameter based on two enrolled studies [14,19], with a pooled correlation coeftfi-
cient of 0.475 (95% CI, 0.187-0.687, p = 0.002; 2 < 0.001). Forest plots of the aforementioned
correlations are shown in Figure 2.

3.4.2. US Imaging in Predicting the Size Adequacy of the Autograft

The average sensitivity and specificity in predicting the size adequacy of the autograft
using US imaging was 0.83 (95% CI, 0.57-0.95, p < 0.001; I? = 93.25%) and 0.70 (95% CI,
0.36-0.91, p < 0.001; 2= 66.75), respectively (Figure 3).

The pooled positive likelihood, negative likelihood, and diagnostic odds ratios were
2.80 (95% CI, 0.90-8.4), 0.24 (95% CI, 0.06-0.91), and 12 (95% CI, 1-118), respectively. Based
on the SROC curve (Supplementary Figure S2), the area under the curve was 0.84 (95%
CI, 0.81-0.87). The Deeks’ funnel plot asymmetry test revealed no significant evidence of
publication bias (p = 0.21) (Supplementary Figure S3).
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A

3.4.3. Comparison between US and MRI Measurements in Predicting the Autograft Size

A significant positive correlation was observed between the MRI-measured CSA
and the autograft diameter of the gracilis and semitendinosus tendons based on the two
included studies [14,15], with a pooled correlation coefficient of 0.849 (95% CI, 0.738-0.915,
p <0.001; 12 = 94.21%; Figure 4A). In addition, no significant difference was found between
the MRI- and US-measured CSA of the gracilis and semitendinosus tendons based on the
two included studies [14,15], with a weighted median difference of —0.533 mm? (95% CI,
—5.753-4.686, p = 0.841; I = 94.21%; Figure 4B).

Gracilis plus Semitendinosus Tendons

Study name Statistics for each study Correlation and 95% Cl
Lower Upper

Correlation limit limit p-Value
Erquicia etal. 2013 0506 0197 0724 0002
Galanis et al. 2016 0518 -0017 0823 0057 1
Rodriguez-Mendez et al. 2017 0.386 0049 0644 0.026 —.——
Astur et al. 2018 0160 -0260 0529 0460 1
Asihin etal 2018 0436 0067 0700 0022 —{—
Momaya et al. 2018 0380 -0075 0704 0099 -—
Sumanont et al. 2019 0207 -0112 0487 0201 1
Takenaga etal. 2019 0792 0595 0899  0.000 1t

0443 0266 0591  0.000 S 2

-1.00 -0.50 0.00 0.50 1.00
Semitendinosus Tendon
Study name Statistics for each study Correlation and 95% ClI
Lower Upper

Correlation limit limit  p-Value
Galanis et al. 2016 0.612 0.121 0.863 0.018
Sumanont et al. 2019 0.207 -0.112 0.487 0.201
Takenaga et al. 2019 0.712 0.462 0.857 0.000
0.525 0.114 0.783 0.015

-1.00 -0.50  0.00 0.50 1.00
Gracilis Tendon

Study name Statistics for each study Correlation and 95% CI
Lower Upper
Correlation limit limit p-Value
Galanis et al. 2016 0498 -0.044 0.814 0.070
Takenaga et al. 2019 0.464 0.110 0.714 0.012

0.475 0.187 0.687 0.002

bue

-1.00 -0.50 0.00 0.50 1.00

Figure 2. Forest plots of the summarized correlations between the ultrasound measurements and
the intra-operative autograft diameter for (A) the gracilis plus semitendinosus tendons, (B) the
semitendinosus tendon and (C) the gracilis tendon. CI, confidential interval.
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Study

Takeuchi et al.
Takenaga et al.
Sumanont et al.
Momaya et al.

Asihin et al.

Astur et al.
Rodriguez-Mendez et al.
Galanis et al

Erquicia et al.

COMBINED

12021
12019
12019
12018
12018
120188
I
12017 8
I
12016
I

120138

SENSITIVITY (95% Cl)

0.10 [0.02 - 0.27]
0.68 [0.43 - 0.87]
0.71[0.42-0.92)
0.87 [0.60 - 0.98]

0.91[0.71-0.99]

S ——

1.00 [0.69 - 1.00]
0.90 [0.74 - 0.98]
0.63[0.24 - 0.91]

1.00 [0.80 - 1.00]

0.83[0.57 - 0.95]

Q=118.56, df=8.00, p= 0.00

el LT L

12 = 93.25 [90.16 - 96.35]
1
1.00.0

Study

Takeuchi et al.
Takenaga et al.
Sumanont et al.
Momaya et al.

Asihin et al.

Astur et al.
Rodriguez-Mendez et al.
Galanis et al.

Erquicia et al.

COMBINED

SPECIFICITY (95% Cl)

12021 0.00 [0.00 - 0.71]

|
/2019 = 0.89 [0.52-1.00]
|

/2019 ll
|

|
/2018 -
|
|

0.75[0.48 - 0.93]
0.40 [0.05 - 0.85]

/2018 020[0.01-0.72]

/2018,
|

12017
|

1.00 [0.77 - 1.00]

1.00 [0.16 - 1.00]
/2016 1 0.83 [0.36 - 1.00]
|

/2013 4 0.64[0.31-0.89]

Q=24.06,df=800 p= 000

|
|
|
|
$b 0.70[0.36 - 0.91]
|
|
|
|
|
|

12 = 66.75 [43.33 - 90.17]
1.00.0

Figure 3. Forest plot of the summarized sensitivity and specificity of ultrasound imagining for

predicting the autograft size inadequacy. CI, confidential interval.

A

Correlation between MRI measurements and autograft size

Study name

Erquicia et al. 2013

Galanis et al. 2016

Study name

Erquicia et al. 2013

Galanis etal. 2016

Statistics for each study

Lower Upper

Correlation  limit limit
0.860 0.733  0.929
0.813 0.497 0.939
0.849 0.738 0.915

p-Value

0.000

0.000

0.000

-1.00

Correlation and 95% ClI

O

-0.50 0.00 0.50 1.00
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measured cross-sectional area (CSA) and the intra-operative graft diameter and (B) the weighted
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interval.
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Further, we additionally examined the predictive performance of MRI for autograft
diameter adequacy from three included studies [14,15,20]. The average sensitivity and
specificity were 0.97 (95% CI, 0.87-0.99; I? < 0.01%) and 0.53 (95% CI, 0.34-0.70; I?> < 0.01%),
respectively. The pooled positive likelihood, negative likelihood and diagnostic odds ratios
were 1.50 (95% CI, 0.55-4.05), 0.23 (95% CI, 0.03-1.48), and 10.45 (95% CI, 0.28-389.71),
respectively. The corresponding area under the curve was not computed because of the
inadequacy of the number of studies with available data.

4. Discussion

This meta-analysis unmasked several important findings. First, there was a moderate
correlation between the preoperative US measurements of the donor tendons and the
intraoperative autograft size. Second, the average sensitivity and specificity in predicting
the adequacy of autograft size reached 0.83 and 0.70, respectively. Third, no significant
difference was found between the US and MRI measurements of the donor tendon size.

Some factors need to be considered before interpreting the correlation coefficients
between the US measurements of the donor tendon and the autograft diameter. The size
of the autograft could only be represented by its diameter because tendon integrity is
needed for ACL reconstruction. The transection of the target tendon to obtain the CSA
is not practical. However, as the target tendon may not be in a circular or symmetrically
oval shape, it is challenging to define the diameter on US images. Unlike the diameter,
the CSA can be measured by tracking the border of the tendon. It better represents the
tendon size and can serve as an optimal surrogate for predicting the autograft diameter.
Therefore, the majority of the included studies employed the CSA to estimate the autograft
size. In 2012, Mukaka et al. [34] defined a correlation coefficient between 0.5 and 0.7
to indicate a moderate degree of correlation. In our meta-analysis, the point estimate
of the pooled correlation coefficients ranged between 0.443 and 0.525, indicating a low
to moderate correlation between the US-measured tendon size and autograft diameter.
Since the measurement is two-dimensional for the CSA of the donor tendons and one-
dimensional for the intraoperative autograft diameter, the data discrepancy may cause
lower correlations than anticipated.

Most previous studies have suggested that the diameter of donor tendons should be
>7 mm to avoid graft failure [35]. Similarly, recent large-scale studies have reported an in-
creased revision rate if the hamstring autograft size was <8 mm. In 2013, Mariscalco et al. [36]
reported that among 320 participants, 15.3% with autografts <8 mm needed revision surgery.
In 2021, Alkhalaf et al. [37] enrolled 782 cases and found that patients with an autograft
size <8 mm were 7.2 times more likely to experience ACL reconstruction failure. In most
of our included studies, 8 mm was treated as the threshold of autograft size inadequacy,
although the cutoff points of US-measured CSA varied significantly. Our meta-analysis
revealed that the pooled sensitivity and specificity in predicting autograft size inadequacy
were 0.83 and 0.70, respectively. The point estimate of the diagnostic odds ratio for US
imaging could reach 12, indicating its ability to discriminate participants with and without
an inadequate autograft size.

Our study revealed that the pooled diagnostic odds ratio for MRI was 10.45, indicating
the usefulness of MRI in predicting the autograft size. In 2016, Grawe et al. [38] reported
that a CSA of the donor tendon >22 mm? could reliably predict a graft diameter >8 mm.
In 2017, Leiter et al. [39] found that the CSA of the semitendinosus and gracilis tendons
measured on MRI was a good surrogate for predicting the autograft diameter. Our meta-
analysis also revealed no significant differences between the US- and MRI-measured CSA
values. In other words, the predictive performance appears to be similar between the two
imaging modalities.

According to our results, the pooled specificity of US imaging is lower than the pooled
sensitivity in discriminating the size inadequacy of the autograft (0.70 vs. 0.83). This
finding suggests that the ability of US imaging to detect donor tendon sizes lower than the
threshold (specificity) was not as good as its ability to identify a tendon size higher than



J. Clin. Med. 2022, 11, 3876

11 of 15

the cutoff point (sensitivity). As size inadequacy is associated with an increased risk of
autograft failure, specificity would be more important than sensitivity in clinical practice.

The lower specificity of US imaging may be attributed to several factors. First, the
US scanning protocols varied across different studies. There was a noticeable difference
in donor tendon size between the myotendinous junction and distal attachment levels.
As the sizes of the hamstring tendons are not the same at different levels [40], accurate
comparison is not possible on this basis. Second, it could be challenging to differentiate the
paratenon from the tendon tissues using US imaging. This may lead to variations in the
estimated autograft size as the surrounding connective tissues need to be excised during
ACL reconstruction.

A recent ultrasound study [41] showed that the US-measured CSA was highly cor-
related with that calculated under MRI, with intra-class correlation coefficients ranging
from 0.882 to 0.996. A standardized level of measurements is prerequisite for reaching such
satisfactory reliability, which seems to be lacking in our included studies. Furthermore,
whether the transducer was perpendicular to the tendon or the examined knees were
extended or flexed at a certain angle significantly affects the comparability. Among our
enrolled articles, we also identified no details regarding the transducer used for image
acquisition by Momaya et al. [22] and Sumanont et al. [18], which also made their work not
as reliable as others.

However, although US imaging might be limited by its ability to detect the size
inadequacy of the autograft, it is still beneficial to perform US scanning of the target tendon
before surgery. Because most patients traumatized their ACL due to sport injury, their
hamstring or patellar tendons might be collaterally damaged. US imaging would be helpful
to check whether the donor tendons have scars or tears, which might affect the durability
of the autograft.

5. Limitations

This study has several limitations. First, the interval between the US examination
and the operation was unclear in some of the included studies. Tendon size may vary
at different time points. Second, the number of participants in each study was relatively
small, which limits the power of the present meta-analysis. Third, none of the included
studies stratified the patients’ ages into different groups for analysis. Furthermore, most of
the recruited participants were relatively young, possibly due to injury during sporting.
It may be difficult to generalize our study results to older populations receiving ACL
reconstruction. Future studies should investigate the influence of age regarding the US
measurements of target tendons.

6. Conclusions

This meta-analysis indicated that preoperative US measurements of donor tendons
could be moderately correlated with the intraoperative autograft size. Moreover, US and
MRI had similar discriminative performance with regard to the prediction of autograft size
inadequacy. However, US measurements must be meticulous and comparative; otherwise,
the benefits of US imaging would be lost. Standardized scanning protocols are needed
for future studies to minimize the variations in tendon measurements across different
investigators and increase the comparability of US imaging with intraoperative findings.
As there was only a small number of included studies in this meta-analysis whose statistics
were relatively descriptive, the application of US imaging for the prediction of the autograft
size should be exercised with caution in clinical practice.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jcm11133876/s1. Supplement Method. Table S1. Excluded studies
and reasons [12,13,38,39,42-65]. Figure S1. Funnel plot for ultrasound measurements of the donor
tendons in prediction of the autograft size among the included studies. Figure S2. The summary
receiver operating curve (SROC) curve of ultrasound imaging for predicting size inadequacy of the


https://www.mdpi.com/article/10.3390/jcm11133876/s1
https://www.mdpi.com/article/10.3390/jcm11133876/s1

J. Clin. Med. 2022, 11, 3876 12 of 15

autografts. Figure S3. Deek’s funnel plot for the assessment of potential publication bias of the
included studies. Supplement PRISMA Checklist [66].

Author Contributions: All authors have read and approved the final manuscript. T.-M.L. conceived
and designed the study, recruited the study subjects and planned and performed the statistical
analysis. L.O. made critical revisions to the manuscript. W.-T.W. and T.-M.L. conceived and designed
the study. W.-T.W. and K.-V.C. performed the analysis and interpretation of the data and wrote
the draft; recruited the study subjects and performed the analysis and interpretation of the data;
responsible for acquisition, analysis and interpretation of the data. Y.-H.C. and K.-V.C. contributed to
study supervision and critical revision of the manuscript. T.-M.L. and K.-V.C. contributed to study
supervision.

Funding: K.V.C received funding from (1) National Taiwan University Hospital, Bei-Hu Branch;
(2) Ministry of Science and Technology (MOST 106-2314-B-002-180-MY3 and 109-2314-B-002-114-
MY3); (3) Taiwan Society of Ultrasound in Medicine.

Institutional Review Board Statement: Ethical review and approval were waived for this study
because the study was a review with a secondary analysis of published data.

Informed Consent Statement: The informed consent statements were waived for this study because
the study was a review with a secondary analysis of published data.

Data Availability Statement: The datasets used and/or analyzed during the current study
are available from the corresponding author on reasonable request: contact Dr. Ke-Vin Chang
(kvchang011@gmail.com).

Conflicts of Interest: Each author certifies that he or she has no commercial associations (e.g., con-
sultancies, stock ownership, equity interest, patent/licensing arrangements, etc.) that might pose a
conflict of interest in connection with the submitted article.

References

1. Gianotti, S.M.; Marshall, S.W.; Hume, P.A.; Bunt, L. Incidence of anterior cruciate ligament injury and other knee ligament injuries:
A national population-based study. J. Sci. Med. Sport 2009, 12, 622-627. [CrossRef]

2. Parkkari, J.; Pasanen, K.; Mattila, V.M.; Kannus, P.; Rimpeld, A. The risk for a cruciate ligament injury of the knee in adolescents
and young adults: A population-based cohort study of 46 500 people with a 9 year follow-up. Br. |. Sports Med. 2008, 42, 422-426.
[CrossRef]

3.  Boden, B.P; Sheehan, FT. Mechanism of Non-Contact ACL Injury. J. Orthop. Res. Off. Publ. Orthop. Res. Soc. 2021, 41, 147-i51.
[CrossRef]

4. Alazzawi, S.; Sukeik, M.; Ibrahim, M.; Haddad, ES. Management of anterior cruciate ligament injury: Pathophysiology and
treatment. Br. . Hosp. Med. 2016, 77, 222-225. [CrossRef]

5. Samitier, G.; Marcano, A.L;; Alentorn-Geli, E.; Cugat, R.; Farmer, KW.; Moser, M.W. Failure of Anterior Cruciate Ligament
Reconstruction. Arch. Bone Jt. Surg. 2015, 3, 220-240.

6.  Moksnes, H.; Risberg, M.A. Performance-based functional evaluation of non-operative and operative treatment after anterior
cruciate ligament injury. Scand. |. Med. Sci. Sports 2009, 19, 345-355. [CrossRef]

7. Hettrich, CM.; Dunn, W.R; Reinke, E.K.; Group, M.; Spindler, K.P. The rate of subsequent surgery and predictors after anterior
cruciate ligament reconstruction: Two- and 6-year follow-up results from a multicenter cohort. Am. J. Sports Med. 2013, 41,
1534-1540. [CrossRef] [PubMed]

8. Grassi, A.; Ardern, C.L.; Marcheggiani Muccioli, G.M.; Neri, M.P,; Marcacci, M.; Zaffagnini, S. Does revision ACL reconstruction
measure up to primary surgery? A meta-analysis comparing patient-reported and clinician-reported outcomes, and radiographic
results. Br. J. Sports Med. 2016, 50, 716-724. [CrossRef]

9. Magnussen, R.A.; Lawrence, ].T.; West, R.L.; Toth, A.P,; Taylor, D.C.; Garrett, W.E. Graft size and patient age are predictors of
early revision after anterior cruciate ligament reconstruction with hamstring autograft. Arthroscopy 2012, 28, 526-531. [CrossRef]

10. Conte, EJ.; Hyatt, A.E.; Gatt, C.J., Jr., Dhawan, A. Hamstring autograft size can be predicted and is a potential risk factor for
anterior cruciate ligament reconstruction failure. Arthroscopy 2014, 30, 882-890. [CrossRef] [PubMed]

11. Kamien, PM.; Hydrick, ].M.; Replogle, WH.; Go, L.T.; Barrett, G.R. Age, graft size, and Tegner activity level as predictors of
failure in anterior cruciate ligament reconstruction with hamstring autograft. Am. J. Sports Med. 2013, 41, 1808-1812. [CrossRef]

12. Yasumoto, M.; Deie, M.; Sunagawa, T.; Adachi, N.; Kobayashi, K.; Ochi, M. Predictive value of preoperative 3-dimensional com-

puter tomography measurement of semitendinosus tendon harvested for anterior cruciate ligament reconstruction. Arthroscopy
2006, 22, 259-264. [CrossRef]


http://doi.org/10.1016/j.jsams.2008.07.005
http://doi.org/10.1136/bjsm.2008.046185
http://doi.org/10.1002/jor.25257
http://doi.org/10.12968/hmed.2016.77.4.222
http://doi.org/10.1111/j.1600-0838.2008.00816.x
http://doi.org/10.1177/0363546513490277
http://www.ncbi.nlm.nih.gov/pubmed/23722056
http://doi.org/10.1136/bjsports-2015-094948
http://doi.org/10.1016/j.arthro.2011.11.024
http://doi.org/10.1016/j.arthro.2014.03.028
http://www.ncbi.nlm.nih.gov/pubmed/24951356
http://doi.org/10.1177/0363546513493896
http://doi.org/10.1016/j.arthro.2005.12.018

J. Clin. Med. 2022, 11, 3876 13 of 15

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

Bickel, B.A.; Fowler, T.T.; Mowbray, ].G.; Adler, B.; Klingele, K.; Phillips, G. Preoperative magnetic resonance imaging cross-
sectional area for the measurement of hamstring autograft diameter for reconstruction of the adolescent anterior cruciate ligament.
Arthroscopy 2008, 24, 1336-1341. [CrossRef]

Galanis, N.; Savvidis, M.; Tsifountoudis, I.; Gkouvas, G.; Alafropatis, I.; Kirkos, J.; Kellis, E. Correlation between semitendinosus
and gracilis tendon cross-sectional area determined using ultrasound, magnetic resonance imaging and intraoperative tendon
measurements. J. Electromyogr. Kinesiol. 2016, 26, 44-51. [CrossRef]

Erquicia, J.I; Gelber, PE.; Doreste, ].L.; Pelfort, X.; Abat, F; Monllau, J.C. How to improve the prediction of quadrupled
semitendinosus and gracilis autograft sizes with magnetic resonance imaging and ultrasonography. Am. J. Sports Med. 2013, 41,
1857-1863. [CrossRef]

Rodriguez-Mendez, L.M.; Martinez-Ruiz, ].J.; Perez-Manzo, R.; Corona-Hernandez, J.L.; Alcala-Zermeno, ].L.; Sanchez-Enriquez,
S. Preoperative Ultrasonographic Prediction of Hamstring Tendon Diameter for Anterior Cruciate Ligament Repair. J. Knee Surg.
2017, 30, 544-548. [CrossRef] [PubMed]

Mohd Asihin, M.A.; Bajuri, M.Y.; Ahmad, J.; Syed Kamaruddin, S.F. Pre-operative ultrasonographic prediction of hamstring
autograft size for anterior cruciate ligament reconstruction surgery. Ceylon Med. ]. 2018, 63, 11-16. [CrossRef]

Sumanont, S.; Mahaweerawat, C.; Boonrod, A.; Thammaroj, P.; Boonrod, A. Preoperative Ultrasound Evaluation of the Semitendi-
nosus Tendon for Anterior Cruciate Ligament Reconstruction. Orthop. J. Sports Med. 2019, 7, 2325967118822318. [CrossRef]
Takenaga, T.; Yoshida, M.; Albers, M.; Nagai, K.; Nakamura, T.; Fu, EH.; Onishi, K. Preoperative sonographic measurement can
accurately predict quadrupled hamstring tendon graft diameter for ACL reconstruction. Knee Surg. Sports Traumatol. Arthrosc.
2019, 27, 797-804. [CrossRef] [PubMed]

Takeuchi, S.; Rothrauff, B.B.; Taguchi, M.; Onishi, K.; Fu, EH. Preoperative ultrasound predicts the intraoperative diameter of
the quadriceps tendon autograft more accurately than preoperative magnetic resonance imaging for anterior cruciate ligament
reconstruction. Knee Surg Sports Traumatol. Arthrosc. 2021, 30, 52—60. [CrossRef] [PubMed]

Astur, D.D.C.; Novaretti, ].V,; Liggieri, A.C.; Janovsky, C.; Nicolini, A.P.; Cohen, M. Ultrasonography for evaluation of hamstring
tendon diameter: Is it possible to predict the size of the graft? Rev. Bras. Ortop. 2018, 53, 404—409. [CrossRef]

Momaya, A.M.; Beicker, C.; Siffri, P.; Kissenberth, M.].; Backes, ].; Bailey, L.; Rulewicz, G.J.; Mercuri, ].M.; Shealy, E.C.; Tokish,
J.M,; et al. Preoperative Ultrasonography Is Unreliable in Predicting Hamstring Tendon Graft Diameter for ACL Reconstruction.
Orthop. ]. Sports Med. 2018, 6, 2325967117746146. [CrossRef]

Wu, W.T,; Lee, TM.; Mezian, K.; Nanka, O.; Chang, K.V.; Ozcakar, L. Ultrasound Imaging of the Anterior Cruciate Ligament: A
Pictorial Essay and Narrative Review. Ultrasound Med. Biol. 2021, 30, 52-60. [CrossRef]

Mobher, D,; Liberati, A.; Tetzlaff, J.; Altman, D.G. Preferred reporting items for systematic reviews and meta-analyses: The PRISMA
statement. Ann. Intern. Med. 2009, 339, b2535. [CrossRef]

Whiting, P.E; Rutjes, AW.S.; Westwood, M.E.; Mallett, S.; Deeks, ].].; Reitsma, ].B.; Leeflang, M.M.G.; Sterne, ].A.C.; Bossuyt,
PM.M. QUADAS-2: A Revised Tool for the Quality Assessment of Diagnostic Accuracy Studies. Ann. Intern. Med. 2011, 155,
529-536. [CrossRef]

Chen, K.C,; Lee, TM.; Wu, W.T,; Wang, T.G; Han, D.S.; Chang, K.V. Assessment of Tongue Strength in Sarcopenia and Sarcopenic
Dysphagia: A Systematic Review and Meta-Analysis. Front. Nutr. 2021, 8, 684840. [CrossRef]

Bland, ].M.; Kerry, S.M. Statistics notes. Weighted comparison of means. BM] 1998, 316, 129. [CrossRef]

Chang, K.V,; Wu, W.T,; Han, D.S,; Ozcakar, L. Ulnar Nerve Cross-Sectional Area for the Diagnosis of Cubital Tunnel Syndrome: A
Meta-Analysis of Ultrasonographic Measurements. Arch. Phys. Med. Rehabil. 2018, 99, 743-757. [CrossRef]

Chen, 1].; Chang, K.V.; Wu, W.T,; Ozcakar, L. Ultrasound Parameters Other Than the Direct Measurement of Ulnar Nerve Size for
Diagnosing Cubital Tunnel Syndrome: A Systemic Review and Meta-analysis. Arch. Phys. Med. Rehabil. 2019, 100, 1114-1130.
[CrossRef]

Walter, S.D. Properties of the summary receiver operating characteristic (SROC) curve for diagnostic test data. Stat. Med. 2002, 21,
1237-1256. [CrossRef]

Higgins, J.P.; Thompson, S.G.; Deeks, ].].; Altman, D.G. Measuring inconsistency in meta-analyses. BM]J 2003, 327, 557-560.
[CrossRef]

Lin, L.; Chu, H. Quantifying publication bias in meta-analysis. Biometrics 2018, 74, 785-794. [CrossRef]

Deeks, ].J.; Macaskill, P,; Irwig, L. The performance of tests of publication bias and other sample size effects in systematic reviews
of diagnostic test accuracy was assessed. J. Clin. Epidemiol. 2005, 58, 882—-893. [CrossRef]

Mukaka, M.M. Statistics corner: A guide to appropriate use of correlation coefficient in medical research. Malawi Med. |. 2012, 24,
69-71.

Treme, G.; Diduch, D.R;; Billante, M.J.; Miller, M.D.; Hart, ]. M. Hamstring graft size prediction: A prospective clinical evaluation.
Am. J. Sports Med. 2008, 36, 2204-2209. [CrossRef]

Mariscalco, M.W.; Flanigan, D.C.; Mitchell, J.; Pedroza, A.D.; Jones, M.H.; Andrish, ].T.; Parker, R.D.; Kaeding, C.C.; Magnussen,
R.A. The influence of hamstring autograft size on patient-reported outcomes and risk of revision after anterior cruciate liga-
ment reconstruction: A Multicenter Orthopaedic Outcomes Network (MOON) Cohort Study. Arthroscopy 2013, 29, 1948-1953.
[CrossRef]

Alkhalaf, EN.A.; Hanna, S.; Alkhaldi, M.S.H.; Alenezi, F.; Khaja, A. Autograft diameter in ACL reconstruction: Size does matter.
SICOT J. 2021, 7, 16. [CrossRef]


http://doi.org/10.1016/j.arthro.2008.07.012
http://doi.org/10.1016/j.jelekin.2015.11.006
http://doi.org/10.1177/0363546513479340
http://doi.org/10.1055/s-0036-1593622
http://www.ncbi.nlm.nih.gov/pubmed/27780286
http://doi.org/10.4038/cmj.v63i1.8628
http://doi.org/10.1177/2325967118822318
http://doi.org/10.1007/s00167-018-5101-5
http://www.ncbi.nlm.nih.gov/pubmed/30167751
http://doi.org/10.1007/s00167-020-06408-4
http://www.ncbi.nlm.nih.gov/pubmed/33459834
http://doi.org/10.1016/j.rbo.2017.02.007
http://doi.org/10.1177/2325967117746146
http://doi.org/10.1016/j.ultrasmedbio.2021.11.004
http://doi.org/10.1136/bmj.b2535%J.BMJ
http://doi.org/10.7326/0003-4819-155-8-201110180-00009
http://doi.org/10.3389/fnut.2021.684840
http://doi.org/10.1136/bmj.316.7125.129
http://doi.org/10.1016/j.apmr.2017.08.467
http://doi.org/10.1016/j.apmr.2018.06.021
http://doi.org/10.1002/sim.1099
http://doi.org/10.1136/bmj.327.7414.557
http://doi.org/10.1111/biom.12817
http://doi.org/10.1016/j.jclinepi.2005.01.016
http://doi.org/10.1177/0363546508319901
http://doi.org/10.1016/j.arthro.2013.08.025
http://doi.org/10.1051/sicotj/2021018

J. Clin. Med. 2022, 11, 3876 14 of 15

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Grawe, B.M.; Williams, PN.; Burge, A.; Voigt, M.; Altchek, D.W.; Hannafin, J.A.; Allen, A.A. Anterior Cruciate Ligament
Reconstruction With Autologous Hamstring: Can Preoperative Magnetic Resonance Imaging Accurately Predict Graft Diameter?
Orthop. |. Sports Med. 2016, 4, 2325967116646360. [CrossRef]

Leiter, J.; Elkurbo, M.; McRae, S.; Chiu, ].; Froese, W.; MacDonald, P. Using pre-operative MRI to predict intraoperative hamstring
graft size for anterior cruciate ligament reconstruction. Knee Surg. Sports Traumatol. Arthrosc. 2017, 25, 229-235. [CrossRef]
Grassi, C.A.; Fruheling, VM.; Abdo, J.C.; de Moura, M.F.A.; Namba, M.; da Silva, ].L.V.; da Cunha, L.A.M.; de Oliveira Franco,
A.P.G,; Costa, I.Z; Filho, E.S. Hamstring tendons insertion—An anatomical study. Rev. Bras. Ortop. 2013, 48, 417-420. [CrossRef]
Kositsky, A.; Gongalves, B.A.M.; Stenroth, L.; Barrett, R.S.; Diamond, L.E.; Saxby, D.J. Reliability and Validity of Ultrasonography
for Measurement of Hamstring Muscle and Tendon Cross-Sectional Area. Ultrasound Med. Biol. 2020, 46, 55-63. [CrossRef]
[PubMed]

Hamada, M.; Shino, K.; Mitsuoka, T.; Abe, N.; Horibe, S. Cross-sectional area measurement of the semitendinosus tendon for
anterior cruciate ligament reconstruction. Arthroscopy 1998, 14, 696-701. [CrossRef]

Wernecke, G.; Harris, I.A.; Houang, M.T.; Seeto, B.G.; Chen, D.B.; MacDessi, S.J. Using magnetic resonance imaging to predict
adequate graft diameters for autologous hamstring double-bundle anterior cruciate ligament reconstruction. Arthroscopy 2011, 27,
1055-1059. [CrossRef] [PubMed]

Beyzadeoglu, T.; Akgun, U.; Tasdelen, N.; Karahan, M. Prediction of semitendinosus and gracilis autograft sizes for ACL
reconstruction. Knee Surg. Sports Traumatol. Arthrosc. 2012, 20, 1293-1297. [CrossRef]

Cobanoglu, M.; Ozgezmez, ET.; Omurlu, L.K.; Ozkan, I; Savk, S.0.; Cully, E. Preoperative magnetic resonance imaging evaluation
of semitendinosus tendon in anterior cruciate ligament reconstruction: Does this have an effect on graft choice? Indian J. Orthop.
2016, 50, 499-504. [CrossRef]

Serino, J.; Murray, R.; Argintar, E.H. Use of Magnetic Resonance Imaging to Predict Quadrupled Semitendinosus Graft Diameter
in All-Inside Anterior Cruciate Ligament Reconstruction. Orthopedics 2017, 40, e617-e622. [CrossRef]

Zakko, P; van Eck, C.E; Guenther, D.; Irrgang, J.J.; Fu, EH. Can we predict the size of frequently used autografts in ACL
reconstruction? Knee Surg. Sports Traumatol. Arthrosc. 2017, 25, 3704-3710. [CrossRef]

Ashford, W.B.; Kelly, T.H.; Chapin, R.W.; Xerogeanes, ].W.; Slone, H.S. Predicted quadriceps vs. quadrupled hamstring tendon
graft size using 3-dimensional MRI. Knee 2018, 25, 1100-1106. [CrossRef]

Corey, S.; Mueller, T.; Hartness, C.; Prasad, B.M. Correlation of intra-operative hamstring autograft size with pre-operative
anthropometric and MRI measurements. J. Orthop. 2018, 15, 988-991. [CrossRef]

Ilahi, O.A.; Staewen, R.S.; Stautberg, E.F,, 3rd; Qadeer, A.A. Estimating Lengths of Semitendinosus and Gracilis Tendons by
Magnetic Resonance Imaging. Arthroscopy 2018, 34, 2457-2462. [CrossRef]

Hodges, C.T.; Shelton, T.J.; Bateni, C.P.; Henrichon, S.S.; Skaggs, A.W.; Boutin, R.D.; Lee, C.A.; Haus, B.M.; Marder, R.A. The
medial epicondyle of the distal femur is the optimal location for MRI measurement of semitendinosus and gracilis tendon
cross-sectional area. Knee Surg. Sports Traumatol. Arthrosc. 2019, 27, 3498-3504. [CrossRef] [PubMed]

Hollnagel, K.; Johnson, B.M.; Whitmer, K.K.; Hanna, A.; Miller, T.K. Prediction of Autograft Hamstring Size for Anterior Cruciate
Ligament Reconstruction Using MRI. Clin. Orthop. Relat. Res. 2019, 477, 2677-2684. [CrossRef] [PubMed]

Vardiabasis, N.; Mosier, B.; Walters, J.; Burgess, A.; Altman, G.; Akhavan, S. Can We Accurately Predict the Quadruple Hamstring
Graft Diameter From Preoperative Magnetic Resonance Imaging? Orthop. J. Sports Med. 2019, 7, 2325967119834504. [CrossRef]
[PubMed]

Oliva Moya, E; Sotelo Sevillano, B.; Vilches Fernandez, ].M.; Mantic Lugo, M.; Orta Chincoa, J.; Andrés Garcia, J.A. Can we
predict the graft diameter for autologous hamstring in anterior cruciate ligament reconstruction? Rev. Esp. Cir. Ortop. Traumatol.
2020, 64, 145-150. [CrossRef]

Pérez-Mozas, M.; Payo-Ollero, ].; Montiel-Terron, V.; Valenti-Nin, ].R.; Valenti-Azcarate, A. Preoperative prediction of autologous
hamstring graft diameter in anterior cruciate ligament reconstruction. Rev. Esp. Cir. Ortop. Traumatol. 2020, 64, 310-317. [CrossRef]
Thwin, L.; Ho, SW.; Tan, T.J.L.; Lim, W.Y.; Lee, K.T. Pre-operative MRI measurements versus anthropometric data: Which is
more accurate in predicting 4-stranded hamstring graft size in anterior cruciate ligament reconstruction? Asia-Pac. |. Sports Med.
Arthrosc. Rehabil. Technol. 2020, 22, 5-9. [CrossRef]

Heijboer, W.M.P; Suijkerbuijk, M.A.M.; van Meer, B.L.; Bakker, E.W.P.; Meuffels, D.E. Predictive Factors for Hamstring Autograft
Diameter in Anterior Cruciate Ligament Reconstruction. J. Knee Surg. 2021, 34, 605-611. [CrossRef]

Partan, M.].; Stapleton, E.J.; Atlas, A.M.; DiMauro, J.P. Predicting Autologous Hamstring Graft Diameter in the Pediatric
Population Using Preoperative Magnetic Resonance Imaging and Demographic Data. Am. J. Sports Med. 2021, 49, 1482-1491.
[CrossRef]

Sherman, B.; Kwan, K_; Schlechter, J. Magnetic Resonance Imaging Predictive Model Determines Hamstring Autograft Size for
Anterior Cruciate Ligament Reconstruction in Patients Under 18 Years Old. Arthrosc. Sports Med. Rehabil. 2021, 3, €715-€720.
[CrossRef]

Chang, C.B.; Seong, S.C.; Kim, T.K. Preoperative magnetic resonance assessment of patellar tendon dimensions for graft selection
in anterior cruciate ligament reconstruction. Am. J. Sports Med. 2009, 37, 376-382. [CrossRef]

Goldstein, J.L.; Verma, N.; McNickle, A.G.; Zelazny, A.; Ghodadra, N.; Bach, B.R., Jr. Avoiding mismatch in allograft anterior
cruciate ligament reconstruction: Correlation between patient height and patellar tendon length. Arthroscopy 2010, 26, 643—650.
[CrossRef]


http://doi.org/10.1177/2325967116646360
http://doi.org/10.1007/s00167-016-4205-z
http://doi.org/10.1016/j.rbo.2012.07.011
http://doi.org/10.1016/j.ultrasmedbio.2019.09.013
http://www.ncbi.nlm.nih.gov/pubmed/31668942
http://doi.org/10.1016/S0749-8063(98)70096-9
http://doi.org/10.1016/j.arthro.2011.02.035
http://www.ncbi.nlm.nih.gov/pubmed/21704471
http://doi.org/10.1007/s00167-011-1770-z
http://doi.org/10.4103/0019-5413.189612
http://doi.org/10.3928/01477447-20170418-02
http://doi.org/10.1007/s00167-015-3695-4
http://doi.org/10.1016/j.knee.2018.08.001
http://doi.org/10.1016/j.jor.2018.08.034
http://doi.org/10.1016/j.arthro.2018.03.031
http://doi.org/10.1007/s00167-019-05421-6
http://www.ncbi.nlm.nih.gov/pubmed/30809723
http://doi.org/10.1097/CORR.0000000000000952
http://www.ncbi.nlm.nih.gov/pubmed/31764334
http://doi.org/10.1177/2325967119834504
http://www.ncbi.nlm.nih.gov/pubmed/30937321
http://doi.org/10.1016/j.recote.2020.03.009
http://doi.org/10.1016/j.recote.2020.07.005
http://doi.org/10.1016/j.asmart.2020.05.004
http://doi.org/10.1055/s-0039-1700495
http://doi.org/10.1177/03635465211001771
http://doi.org/10.1016/j.asmr.2021.01.009
http://doi.org/10.1177/0363546508324971
http://doi.org/10.1016/j.arthro.2009.09.012

J. Clin. Med. 2022, 11, 3876 15 of 15

62.

63.

64.

65.

66.

Baghdadi, S.; VanEenenaam, D.P, Jr.; Williams, B.A.; Lawrence, ].T.R.; Maguire, K.J.; Wells, L.; Ganley, T.J. Quadriceps Tendon
Autograft in Pediatric ACL Reconstruction: Graft Dimensions and Prediction of Size on Preoperative MRI. Orthop. ]. Sports Med.
2021, 9, 23259671211056678. [CrossRef]

Gagliardi, A.G.; Howell, D.R; Stein, ].M.; Monson, M.A; Pearce, S.S.; Albright, J.C. Prediction of quadriceps tendon-patellar bone
autograft diameter in adolescents with 2-dimensional magnetic resonance imaging and anthropometric measures. Skelet. Radiol.
2021, 51, 619-623. [CrossRef]

Truong, PN.; Toan, N.V,; Nam, V.H.; Fang, W.H.; Vangsness, C.T., Jr.; Han, B.; Hoang, B.X. Preoperative Determination of the Size
of the Semitendinosus and Gracilis Tendon by Multidetector Row CT Scanner for Anterior Cruciate Ligament Reconstruction. J.
Knee Surg. 2021. [CrossRef]

Seijas, R.; Rius, M.; Barastegui, D.; Ares, O.; Rivera, E.; Alvarez-Diaz, P. Sonographic Measurement of the Patellar Tendon Should
Predict Autograft Bone Patellar Tendon Bone (BPTB) Size: Comparison of Anatomical and Clinical Findings. J. Investig. Surg.
2020, 33, 621-626. [CrossRef]

Page, M.].; McKenzie, J.E.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ] M.; Akl, E.A,;
Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BM]J 2021, 372, n71.
[CrossRef]


http://doi.org/10.1177/23259671211056678
http://doi.org/10.1007/s00256-021-03874-w
http://doi.org/10.1055/s-0041-1727112
http://doi.org/10.1080/08941939.2018.1551949
http://doi.org/10.1136/bmj.n71

	Introduction 
	Methods 
	Protocol Registration 
	Data Sources and Search Strategy 
	Inclusion and Exclusion Criteria 
	Data Extraction 
	Outcomes 
	Study Quality Assessment 
	Statistical Analysis 

	Results 
	Literature Search 
	Study Characteristics 
	Quality Assessment 
	Outcome 
	Correlations between Preoperative US and Intraoperative Autograft Measurements 
	US Imaging in Predicting the Size Adequacy of the Autograft 
	Comparison between US and MRI Measurements in Predicting the Autograft Size 


	Discussion 
	Limitations 
	Conclusions 
	References

