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Preoperative sonographic measurement can accurately predict
quadrupled hamstring tendon graft diameter for ACL reconstruction
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Abstract

Purpose Previous studies reported sonography was inferior to MRI to predict hamstring tendon graft diameter for ACL
reconstruction. This study aimed to investigate the correlation between intraoperative hamstring tendon graft diameter and
its preoperative measurement using different sonographic scanning protocol from previous studies.

Methods Two cadaveric knees were utilized for validation. Sonographically guided gracilis tendon (G) and semitendinosus
tendon (ST) injections were performed at myotendinous junction of sartorius using colored latex and then dissection was
performed. In the clinical studies, 28 patients underwent primary ACL reconstruction were enrolled. Cross-sectional area
(CSA) of G and ST were measured at myotendinous junction of Sartorius. The diameter of doubled G (2G), doubled ST
(2ST) and quadrupled ST + G (4STG) were intraoperatively measured using graft sizing devices with 0.5-mm increments.

Results Cadaveric dissection showed the presence of latex on the surface of G and ST at myotendinous junction of Sartorius
in all specimens. In the clinical studies, CSA of G, ST, and ST + G significantly correlated with diameter of 2G (r=0.464,
p=0.039), 2ST (r=0.712, p<0.001), and 4STG (r=0.792, p <0.001), respectively. As a result of the simple linear regres-
sion analysis, 4STG diameter could be predicted by the following formula: 4.34540.210 X CSA. The differences between
calculated diameter by this formula and intraoperative 4STG diameter were within +0.5 mm in 89.3% (25/28) of subjects.
Conclusions The diameter of 2ST and 4STG can be reliably predicted based on sonographic CSA measurement preopera-
tively. Sonography is a cost-effective alternate to repeat MRI to predict hamstring graft diameter preoperatively.

Level of evidence Diagnostic study; Level II.

Keywords ACL reconstruction - Preoperative planning - Sonography - Ultrasound - Hamstring tendon graft -
Semitendinosus tendon - Gracilis tendon

Introduction reconstruction. For example, Scandinavian ACL reconstruc-
tion registries showed 84% of ACL reconstructions were
performed using hamstring tendon autografts [11]. In Swe-
den, participating in the aforementioned registry, hamstring

tendon autograft consisted of 95% of ACL reconstructions

Autologous hamstring tendons, that is, semitendinosus
tendon (ST) and gracilis tendon (G), are one of the most
common graft choices for anterior cruciate ligament (ACL)
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in 2012 [16]. A majority (73%) of Canadian orthopaedic
surgeons indicated preference for hamstring autograft [19].
Ease of harvest, reduced donor site morbidity in comparison
to bone—patellar tendon—bone, and no need for additional
skin incision seem to be the reasons for its popularity [14].

As there are substantial variability in cross-section of
these tendons [22, 24], many researchers have tried to pre-
dict graft size preoperatively using anthropometry [6, 15,
26, 29], radiograph [6], and magnetic resonance imaging
(MRI) [14, 9, 12, 13, 18, 28]. Since sonography is a readily
accessible and cost-effective imaging modality, sonography
appeared to be a reasonable alternate to MRI for soft tissue
imaging. Therefore, sonography began to attract attention
for preoperative measurement of the hamstring tendons [9,
10, 20, 21, 25]. Intraoperative hamstring graft diameter has
been reported to have a better correlation with preoperative
MRI measurement than sonography [9, 10]. However, high-
resolution sonographic equipment is reportedly comparative
with MRI for the diagnosis of a rotator cuff tear [5] and
meniscus abnormalities [8]. Different sonographic scanning
protocol from previous studies and utilizing high-resolution
sonographic equipment may improve prediction ability of
hamstring tendon graft diameter for ACL reconstruction. If
a new sonographic scanning protocol with high prediction
ability is established, sonography can be considered as a
cost-effective alternate to repeat MRI when MRI originally
taken to evaluate the injured knee is poor in evaluating ham-
string graft size, such as in the case of overwhelming inflam-
mation or suboptimal slices.

Therefore, the purpose of this study is to investigate the
correlation between intraoperative graft diameter of G and
ST, and their preoperative measurement using high-resolu-
tion sonographic equipment and different sonographic scan-
ning protocol from previous literatures. It was hypothesized
that the diameter of doubled G (2G), doubled ST (2ST) and
quadrupled STG (4STG) would show significantly strong
correlation with preoperatively measured cross-sectional
area (CSA) using sonography for G, ST and combination of
both tendons (ST + G), respectively.

Materials and methods

Validation study for sonographic technique using
cadaveric knees

Overall protocol

Two fresh frozen cadaveric knees (mean age 67.0+ 1.4 years
old, mean BMI 22.0 +2.6) from anatomic donation program
were utilized for validation study. They were free of appar-
ent trauma or postsurgical changes and thawed for 24 h at
room temperature prior to the study. One fellowship-trained
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musculoskeletal sonography specialist, both in diagnostic
sonography and sonographically guided interventions, per-
formed sonographically guided G and ST injections using
approximately 0.1 ml of diluted colored latex solution. At a
minimum of 24 h post-injection, specimens were dissected,
and the presence and distribution of latex on the surface of
G and ST were assessed by an orthopaedic surgeon.

Visualization of G and ST

Cadaveric knee specimens were flexed at 20° and posi-
tioned to simulate a clinical scanning position with their
pes anserinus region facing skyward. Both short axis views
of G and ST were identified at pes anserinus region using
a 12 —3 MHz linear array transducer (LOGIQ S8; General
Electric, Fairfield, CT, USA). Both tendons were followed
proximally along their anatomic curvature to myotendinous
junction of Sartorius, where measurement was performed.

Injection protocol

Injections were performed at both insertions and myoten-
dinous junctions for each tendon. Once either G or ST was
visualized at pes anserinus region (Fig. 1a), the operator
advanced a 22-gauge, 40 mm stainless steel needle to each
tendon using an in-plane approach, from caudal to cranial
direction (Fig. 1b). After confirming the needle on the sur-
face of G and ST (Fig. 1c), 0.1 ml of colored diluted latex
(33% latex, 66% water) [27] was injected, while peritendi-
nous flow was monitored with sonography (Fig. 1d). Dissec-
tion showed the presence of latex on the surface of G and ST
in all subjects (Fig. le).

Clinical study

Twenty-eight patients who underwent primary ACL recon-
struction using 4STG autograft were enrolled. Exclusion
criteria were hamstring tendon injuries, which could be
diagnosed by preoperative sonography, history of neuro-
logical disease [10] and intraoperative graft amputation [9,
10]. Nobody was excluded and 28 patients (11 men and 17
women; mean age 21.9 + 8.6 years old; mean body mass
index 23.5+3.6) were included. Two cases were chronic
ACL tear (one case underwent surgery after confirming
growth plate closure and the other case injured his ACL
in his late forties) and the other cases were acute injury.
Excluding these two cases, the mean time from injury to
sonographic measurement was 3.8 +4.0 weeks. Mean time
from sonographic measurement to surgery in all cases was
11.3+9.9 days.
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Fig. 1 a Short axis view of G
and ST at pes anserinus region.
G gracilis tendon, ST semiten-
dinosus tendon. b Sonographi-
cally guided G injection at pes
anserinus region. ¢ Confirming
needle placement before injec-
tion. Arrowheads: needle. d
Monitoring peritendinous flow
of diluted colored latex. e Dis-
section after latex injection. G1:
gracilis tendon at pes anserinus
region, ST1: semitendinosus
tendon at pes anserinus region,
G2: gracilis tendon at myoten-
dinous junction of Sartorius,
ST2: semitendinosus tendon at
myotendinous junction of Sar-
torius, *: patella. Three 0.8 mm
K-wires (arrowheads) showed
medial tibio-femoral joint line

ST1 -

Preoperative measurement using sonography

The sonographic examination was preoperatively performed
by one fellowship-trained musculoskeletal sonography spe-
cialist, same examiner in the cadaveric validation study,
using an 18 —4 MHz linear-array transducer (Samsung
Medicine RS80 Prestige, Samsung Medicine, Seoul, South
Korea). Subjects were in a supine position with their ipsilat-
eral hip and tibia in maximum external rotation and knees
at 20° of flexion. A pillow was positioned beneath the distal
femur for the ease of knee positioning. Both G and ST were
identified at pes anserinus region and scanned proximally,
then measurements were performed at the myotendinous
junction of Sartorius. Measurement items were CSA, width
(long axis) and thickness (short axis) (Fig. 2). CSA was
measured by freehand tracing the outline for each tendon
using an electrical caliper.

Intraoperative measurement of hamstring tendon graft
Each hamstring tendon was harvested by tendon strip-

per after cutting and suturing the distal end of tendon
substance. The diameter of 2G, 2ST, and 4STG were

", Sartorius
S B
G1#,G2

Y

ST2.

Semitendinosus tendon

c1 1.27 cm
CSA a1 0
i D1

Thickness D2
D1/2

Anterior

Avg(D1,2)

Avg(All) 0.38 cm

Fig.2 Measurement of cross-sectional area (CSA), width and thick-
ness for semitendinosus tendon

intraoperatively measured using graft sizing devices with
0.5-mm increments.

The institutional review board at the University of
Pittsburgh approved the protocol of this study (IRB
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number: PRO14050110). All participants gave their writ-
ten informed consent.

Statistical analysis

Intra- and inter-rater reliabilities for sonographic meas-
urement were assessed using 10 healthy knees. Intra-rater
reliability was assessed for primary examiner, who was a
fellowship-trained musculoskeletal sonography specialist,
using single measurement on 2 separate occasions. Inter-
rater reliability was assessed using first measurements by
primary examiner and single measurements by another
examiner, who was an orthopaedic surgeon with 10 years’
experience of musculoskeletal sonography and blinded to
CSA, width and thickness obtained by primary examiner.
Intraclass correlation coefficient (ICC) with a 95% con-
fidence interval (CI) and standard error of measurement
(SEM) were calculated for intra- and inter-rater reliability.

Paired ¢ test was used to compare each parameter between
G and ST. Pearson correlation coefficients were calculated
to determine the relationship between intraoperative graft
diameter and width, thickness and CSA for both 2G and
2ST. Combined CSA was defined as sum of each CSA of
ST and G. Pearson correlation coefficient was also calcu-
lated to evaluate the correlation between combined CSA and
diameter of 4STG. Simple linear regression analysis was
performed to obtain the formula to predict the 4STG graft
diameter based on CSAs of G and ST measured by sonogra-
phy. Statistical significance was set at p <0.05. All analyses
were performed using the statistical program SPSS version
23.0 (SPSS, Chicago, IL).

Power analysis for detection of correlation between
intraoperative graft diameter and CSA measured by sonog-
raphy was conducted using G*Power3 statistical analysis
software package. An o value was set at 0.05, a correlation

was set at 0.55, which was determined according to the
results of the preliminary study, and a power (1-f) was
set at 0.8. Power analysis suggested that 23 patients were
needed for the total number of subjects.

Results

ICC, 95% CI, and SEM values for intra- and inter-rater
reliabilities for sonographic measurements of G and ST
are shown in Table 1. Although ICC values for inter-rater
reliability of G-CSA was considered as moderate, the other
measurements were considered as substantial or almost
perfect [17].

Both CSA and thickness were significantly greater in
ST than G although width was not significantly different
(Table 2). Intraoperative doubled graft diameter was also
significantly greater in ST than G.

In G, CSA and thickness significantly correlated with
2G graft diameter. In ST, only CSA significantly corre-
lated with 2ST graft diameter while neither width nor
thickness correlated with 2ST graft diameter (Table 3).
The mean combined CSA was 17.3 +2.5 mm? and mean
4STG graft diameter was 8.0 0.7 mm. Combined CSA
had the strongest and positive correlation with intraopera-
tive 4STG graft diameter with significance (Table 3).

As a result of the simple linear regression analysis
(Fig. 3), 4STG diameter could be predicted by the follow-
ing formula:

4.345+0.210 X [Combined CSA], (coefficient of deter-
mination: 0.627).

The differences between calculated diameter by this
formula and intraoperative 4STG diameter were within
+ 0.5 mm in 89.3% (25/28) of subjects (Table 4).

Table 1 Reliability of
sonographic measurement of

Gracilis tendon

Semitendinosus tendon

gracilis and semitendinosus CSA Width Thickness CSA Width Thickness
tendon
Inter-rater reliability
ICC 0.550 0.937 0.865 0.829 0.922 0.894
95%CI —-0.09t00.875 0.747-0.986  0.191-0.747  0.362-0.960 0.714-0.982  0.592-0.975
SEM 0.7 mm? 0.2 mm 0.1 mm 1.0 mm? 0.2 mm 0.2 mm
Intra-rater reliability
ICC 0.796 0.986 0.905 0.979 0.973 0.974
95% CI ~ 0.324-0.950 0.945-0.997  0.634-0.978 0.912-0.995 0.867-0.994  0.898-0.994
SEM 0.5 mm? 0.1 mm 0.1 mm 0.4 mm? 0.1 mm 0.1 mm

CSA cross-sectional area, SEM standard error of measurement

Although inter-rater reliability of CSA measurement of gracilis tendon was considered as moderate, the
other measurements were considered as substantial or almost perfect

@ Springer
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Table 2 .Comparison. of Gracilis tendon Semitendinosus tendon p Value
pre- and intra-operative
parameters between gracilis and Preoperative measurement by sonography
semitendinosus tendon CSA (mm?) 6.5+1.3 10.8+23 <0.001
Width (mm) 49 +1.0 4.8 +0.8 n.s
Thickness (mm) 1.7+04 3.0+0.7 <0.001
Thickness/width (%) 364 +14.7 64.0 +19.5 <0.001
Intraoperative measurement
Doubled graft diameter (mm) 5.0+0.6 6.4 +0.7 <0.001
CSA cross-sectional area, n.s. not significant
Gracilis tendon is smaller and flatter than semitendinosus tendon
Table 3 qu relation bctween Gracilis tendon (G) Semitendinosus tendon (ST)  Combined (ST +G)
intraoperative graft diameter
and preoperative measurements CC p Value CC p Value CcC p Value
by sonography
CSA 0.464 0.039 0.712 <0.001 0.792 <0.001
Width 0.063 n.s 0.399 n.s - -
Thickness 0.471 0.036 0.285 n.s - -

CSA cross-sectional area, CC correlation coefficient, n.s. not significant

CSA of ST and ST+ G had strong and positive correlation with doubled ST and quadrupled STG graft

diameter with significance

_

O =2NWHM,ROON OO
L

y =0.2098x + 4.3452
g R?=0.6268

Quadrupled STG
diameter (mm)

T T 1

0 5 10 15 20 25
Combined cross-sectional area (mm?2)

Fig.3 Correlation of combined cross-sectional area with quadrupled
STG graft diameter. Some dots were overlapped with each other,
which resulted in less dots than 28

Discussion

The most important finding of this study was that the for-
mula could be found to precisely predict 4STG graft diam-
eter from preoperative CSA measurement when hamstring
tendons were measured at myotendinous junction of sarto-
rius using high-resolution sonographic equipment. While
the diameter of hamstring tendon grafts was hypothesized
to show a significantly strong correlation with preopera-
tively measured CSA using sonography, that was validated
for ST and STG. This is the first study to precisely predict
the intraoperative graft diameter for ACL reconstruction,

using new sonographic scanning protocol and high-reso-
lution sonographic equipment.

Although unit of CSA (square millimeters) is different
from diameter (millimeters), correlational analysis between
them was performed in many studies [2—4, 9, 10, 12, 18,
28]. Previous MRI study demonstrated that CSA of ellip-
tical G and ST significantly correlated with intraoperative
graft diameter while neither thickness and width correlated
[3], which was consistent with the present study. Correla-
tion coefficients between CSA measured by our sonographic
scanning protocol with high-resolution sonographic equip-
ment and diameters of 2ST and 4STG were better than previ-
ous sonographic studies [9, 10, 20, 21, 25] and comparable
with MRI [9, 10].

Possible reasons for better correlation between sono-
graphic measurement and intraoperative graft diameter in
this study would be (1) high-frequency sonographic trans-
ducer was utilized, (2) CSA was measured by freehand
tracing, not ellipse tool, (3) different scan level and pos-
ture of subjects from previous studies. The frequency of
sonographic transducer was 18 —4 MHz in this study while
between 12 —7 MHz in previous studies [9, 10, 20]. As the
subjects in this study were young, healthy and active, mean
BMI (23.5) in this study cohort was lower than former stud-
ies (24.8-27.2) [9, 10, 20, 21], which enabled us to utilize
high-frequency transducer. Another reason may be the way
to measure the CSA: former sonographic studies meas-
ured CSA by ellipse tool [9] or mixture of ellipse tool and
freehand tracing [10], while in this study every CSA was
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Table4 Comparison of prediction with intraoperative quadrupled
STG graft diameter

Preoperative  Prediction Intraopera- Difference  Number of
sonographic tive meas- subjects
measurement urement
Combined Calculated Quadru- ®—® (mm)
ST+G) diameter ©® pled STG
CSA (mm?) (mm) diameter @
(mm)
11 6.66 7 0.34 1
14 7.29 7 -0.29 1
7.5 0.21 1
15 7.50 7 -0.50 3
7.5 0.00 1
16 7.71 7.5 -0.21 1
8 0.29 2
17 7.92 8 0.08 3
8.5 0.58* 1
18 8.13 7 —1.13%* 1
8 -0.13 3
8.5 0.37 2
9 0.87* 1
19 8.34 8 -0.34 1
8.5 0.16 2
21 8.76 8.5 -0.26 2
9 0.24 1
22 8.97 9 0.03 1

The differences between calculated diameter and intraoperative quad-
rupled STG diameter were within +0.5 mm in 89.3% (25/28) of sub-
jects

CSA cross-sectional area
*Underestimate (Difference > 0.5 mm)

*#*Qverestimate (Difference < —0.5 mm)

measured by freehand tracing. As cross-sectional shape of
each tendon has variation [22, 24], ellipse tool would not be
suitable for the accurate measurement. The other reasons
may be the different scan level and positioning of subjects:
previous researches utilized prone position and scan level
was between medial joint line and medial femoral epicon-
dyle [9, 10, 20, 21]. Previous sonographic studies have fol-
lowed the same protocol of the MRI studies [9, 10]. Due to
technological limitation, in MRI hamstring studies, medial
tibio-femoral joint line or medial femoral epicondyle (phy-
sis or physeal scar of distal femur) was set as measurement
level [4, 12, 13, 18, 28]. On the other hand, subjects were
in supine position and CSA was measured at the level of
myotendinous junction of the Sartorius in this study. The
reasons why measurement was performed at the myoten-
dinous junction of Sartorius tendon in this study were (1)
relative location among G, ST and Sartorius are consistent
and (2) surgically relevant. A cadaveric validation study was
conducted to confirm if myotendinous junction of Sartorius
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could be visualized using sonography. Specimens were posi-
tioned in the same alignment and same sonographic scan-
ning protocol was followed as human subjects in the clinical
study. Therefore, both G and ST deep to the myotendinous
junction of Sartorius were clearly differentiated.

Several studies performed simple linear regression anal-
ysis to obtain a formula for the prediction of 4STG graft
diameter [9, 10, 20]. Previous studies have examined the
prediction ability of MRI or sonographic measurements by
identifying a certain cut-off point which discriminates a suf-
ficient diameter of the final graft [9, 28]. This is because
failure rates of a quadrupled STG autograft have reportedly
increased with graft diameter of less than 8 mm [7]. The
differences between calculated diameter and intraoperative
4STG diameter were within +0.5 mm in 89.3% (25/28) of
subjects. If accepting underestimate, which can easily be
dealt with by trimming the graft, concordance rate increased
96.4% (27/28). Based on the formula obtained in this study,
combined CSA was required to be more than 18 mm? to
obtain 4STG graft with the diameter over 8.0 mm.

The formula to predict 4STG graft diameter was obtained
from linear regression analysis of 28 subjects involved in this
study. Therefore, real prediction ability need to be examined
prospectively as a future study.

This study has a few limitations that should be acknowl-
edged. First, only the diameters of 2G, 2ST and 4STG were
analyzed in this study. Therefore, these results were not
applicable to ACL reconstruction using tripled or quadru-
pled ST or G. Second, cadaveric validation study was per-
formed using only two specimens.

Graft choice for ACL reconstruction is decided consid-
ering multiple factors such as tissue availability, prior sur-
gery, patient preference, activity level, sports choice, and
anatomic variance of each individual patient [14]. Accurate
prediction of hamstring tendon graft diameter helps surgeons
choose optimal graft as preoperative planning. A new sono-
graphic scanning protocol of hamstring tendon, established
in this study, increased prediction ability of 4STG and 2ST
graft diameter compared to previous studies, and it shows
sonographic predictability is as accurate as MRI. If avail-
able MRI leaves hamstring tendon visualization in questions
due to concomitant injuries to surrounding tissues or due to
slices that visualized tendons of interest optimally, sonogra-
phy is far more cost- and time-sensitive imaging modality to
be considered instead of repeating an MRI [23], allowing for
more predictable operative flow on the day of the operation.

Conclusion
The diameter of doubled ST and quadrupled STG can be

reliably predicted based on preoperative CSA measurement
when hamstring tendons were measured at myotendinous
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junction of Sartorius using high-resolution sonographic
equipment. Sonography is a cost- and time-effective alter-
nate to repeat MRI to accurately predict hamstring tendon
graft diameter preoperatively.
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