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Abstract
Purpose  The aim of this study is to describe and validate a simple and reliable method to pre-operatively predict the size 
of the ACL graft in the double strand technique with autologous semitendinosus–gracilis tendons on the same MRI used 
for ACL rupture diagnosis.
Methods  The study included 92 patients, with a median age of 31 years (IQR 26–41 years), 73/92 (79%) of whom were 
males. All patients that underwent an ACL reconstruction with doubled ST + GT between 2017 and 2022 were counted in 
the study.
Results  Overall, the median predicted graft diameter from MR imaging was similar to the actual graft diameter with no sig-
nificant differences (n.s.). Regarding the comparison between predicted and actual graft size, concordance was 78/92 (85%, 
95% CI 76–91%), with κ = 0.797 which corresponds to a level of agreement defined as “Strong”. Tendon sizes calculated on 
pre-operative MRI were evaluated both with intra-observer and inter-observer reliability demonstrating a statistically repro-
ducible method. The predicted graft was then compared to the reported one with a statistically significant reliability found.
Conclusion  This study can help the surgeons to perform a fast pre-operative planning of an ACL reconstruction for graft 
selection. If the planned graft with ST and GT is smaller than 8 mm, the clinician can decide to switch to a different type of 
graft or plan a different graft preparing technique and, therefore, reduce the risk of post-operative ligament re-rupture. The 
method proposed is reliable and reproducible. The major strength of the planning technique proposed is that it relies on data 
that are already available for the clinician before surgery, without the need of further analysis.
Level of evidence  IV.
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Introduction

ACL reconstruction (ACLR) is, therefore, one of the most 
common procedures performed in orthopaedic surgery [26].

Different grafts are used for the ACLR, mainly autologous 
tissues such as Hamstrings tendons (semitendinosus and/or 
gracilis), bone–patellar tendon–bone or quadriceps tendon [8, 
16, 22].

The standard procedure for preparing a hamstrings tendon 
(HT) graft require to flip both tendons in half obtaining a four-
bundle graft. This technique, although easy and fast, has one 
major downside: the size of the graft cannot be decided by 
the surgeon because ST and GT are harvested as one single 
structure [5, 34].

The graft diameter is patient dependent and may vary due to 
the individual biometric characteristics of the patient (height, 
weight, bone structure, sex, ethnicity, etc.) [6, 18, 23].

The overall ACLR re-rupture rate in literature ranges from 
3% up to 25% and is around 8% at 2 years post-op [3, 14, 30, 
33, 34].

One of the risk factors for ACL re-rupture is an insufficient 
graft diameter, leading to a weaker neo-ligament. Different 
studies in literature have shown that an increased risk of re-
rupture is statistically related to an ACL reconstructed with a 
graft with a diameter of 7 mm or less [7, 15, 29, 32, 33].

The necessity to have a graft large enough led to the devel-
opment of an alternative technique for graft preparation or pre-
operative planning.

Knowing pre-operatively the size of the planned graft 
could help the surgeon to different graft choices or different 
graft preparation techniques to maximise the outcome of the 
reconstruction.

Most known procedures at the present time for pre-oper-
ative planning require techniques that, even if accurate, are 
impractical and difficult to apply in a clinical field [2, 20, 25].

The aim of the study is to propose and validate a simple and 
reliable method to pre-operatively predict the size of the ACL 
graft in the double strand technique with autologous ST–GT 
tendons.

The technique proposed is meant to be performed on the 
same MRI used for ACL rupture diagnosis, therefore making 
it available in most clinical settings.

The hypothesis of this study is that the propose method for 
ACL graft diameter prediction is reliable and reproducible.

Materials and methods

The Institutional Review Board approved the study proto-
col (authorization Fondazione IRCCS Ca’ Granda Ospedale 
Maggiore Policlinico—Milano Area 2, Lombardia, Milan 
(n°848_2021, Milan, 14.09.2021).

The study included 92 patients, with a median age of 
31 years (IQR 26–41 years), most of the patients was males 
(73/92 or 79%).

All patients that underwent an ACL reconstruction with 
doubled ST + GT between 2017 and 2022 were included in 
the study.

Only patients who had known final diameter of the graft 
were selected. For all those patients, the pre-operative MRI 
was researched. Amongst those patients, only those that 
had an MRI performed during the investigation centre were 
considered eligible for the study. All MRI analysed were 
performed with the same 1.5 T machine and the same imag-
ing reconstruction protocol. The measurements were per-
formed by two independent researchers at time 0 and then 
repeated after 1 month to assess the inter- and intra-observer 
reliability of the proposed pre-operative planning method. 
All measures were performed using the same programme 
(Impax Client).

The exclusion criteria for the study were as follows: neo-
plastic disease around the knee; radiological evidence of sur-
gical procedures in the affected limb; any synthetic material 
in the affected limb; age less than 18 years old; open physis 
and past fractures around the knee.

The collected data for the study were: initials; age at the 
moment of the MRI; gender; affected side; date of the sur-
gical procedure; graft diameter as reported on the surgical 
report; major diameter of ST; minor diameter of ST; major 
diameter of GT; minor diameter of GT.

From the collected data, for each patient, the mean diam-
eters of both the ST and GT and pre-operative graft diameter 
predicted were calculated.

The pre-operative predicted graft size and the intraopera-
tive graft size reported were then confronted.

The intra- and inter-observer reliability was then calcu-
lated between the major and minor diameter of the tendon 
measured by the two researchers at time 0 and 1 month after.

The predicted graft size was then compared with the 
researchers to assess if, even if there were differences in the 
measurements of the single tendons diameters, the overall 
result of the predicted graft size was affected or not.

Measuring method

The measures were performed in the pre-operative MRI. 
Transverse cuts in T2 fat sat, PD or STIR protocols were 
evaluated. One slice for each patient was used for the meas-
urement. The image slice where the epicondyles were more 
represented was selected. After this first selection, the slices 
above and below were also evaluated to select the one where 
the ST and GT tendons were more round shaped (Fig. 1).

Once selected the slice, ST and GT major (D) and minor 
(d) diameters were measured in mm (one decimal approxi-
mation). The measurement of tendons was carried out with 
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one decimal place taken into account due to limitations in 
the measurement programme. However, the mathemati-
cal formula used later was adjusted to include two decimal 
places, enabling a more precise calculation of the mean ten-
don diameter (D + d/2) and consequently leading to a more 
accurate prediction of graft size (Figs. 2, 3).

For each tendon, the mean diameter was calculated 
((D + d)/2). Then the mean diameter of ST and GT was 
added, to obtain the predicted MRI graft diameter. The 
final measure obtained was then rounded up by excess to 
the next full millimetre. The rounding was performed to the 
higher full diameter because, intraoperatively, the graft can 
fit through a bigger tunnel and not in a smaller one.

PGD: predicted graft size; D: major diameter; d: minor 
diameter; St: semitendinosus; Gr: gracilis.

Statistical analysis

Data were reported as median and interquartile range 
(IQR) when quantitative, and as counts and percentages 
when qualitative. Differences between quantitative data 
distributions were evaluated with the Wilcoxon test. For 
both ST, GT and overall graft size, intra- and inter-reader 
reproducibility were appraised via Bland–Altman analyses 

PGD =
DSt + dSt

2
+

DGr + dGr

2

PGD → excessive rounding

and reported as bias and coefficient of repeatability (CoR). 
The agreement between predicted and actual graft size 
was assessed with raw concordance, 95% confidence inter-
vals (CI) and linearly weighted Cohen’s κ, and interpreted 
accordingly [21].

Statistical analyses were conducted using Python 3.7.6, 
and p values < 0.05 were chosen as a threshold for statisti-
cal significance.

No sample size was calculated for the study, but rather 
all consecutive patients referred for pre-operative magnetic 
resonance imaging (MRI) at the research centre before 
anterior cruciate ligament reconstruction between 2017 
and 2022 was retrospectively retrieved.

Results

Study population

Considering the entire patient group, in 48/92 (52%) 
patients, the left ACL was scheduled for reconstruction, 
whereas in 44/92 (48%) of patients, the right ACL was 
considered.

Overall, the median predicted graft diameter from MR 
imaging was 7.5 mm (IQR 6.89–7.90 mm), whilst the 
actual graft diameter was 8.0 mm (IQR 7.00–8.00 mm), 
with no significant differences (n.s.).

Fig. 1   Transverse T2 fat sat cut with the biggest area of the epicon-
dyles present

Fig. 2   Focus on the transverse section on semitendinosus and gracilis 
on transverse T2 fat sat cut
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Graft measurement reproducibility

Concerning intra-reader reproducibility, ST diameter dis-
played a bias of 0.00 mm and a CoR of 0.07 mm, whilst 
GT diameter displayed a bias of 0.00 mm and a CoR of 
0.06 mm. Bland–Altman plots for intra-reader reproducibil-
ity are reported in Fig. 4.

Concerning inter-reader reproducibility, ST diameter 
displayed a bias of 0.00 mm and a CoR of 0.09 mm, whilst 
GT diameter displayed a bias of − 0.01 mm and a CoR of 
0.11 mm. Bland–Altman plots for intra-reader reproducibil-
ity are reported in Fig. 5.

Regarding the comparison between predicted and actual 
graft size, concordance was 78/92 (85%, 95% CI 76–91%), 
with κ = 0.797 which corresponds to a level of agreement 
defined as “Strong”. In 8/92 cases (9%, 95% CI 4–16%), the 
predicted graft size was smaller than the actual graft size, 
whilst in the remaining 6/92 cases (6%, 95% CI 2–14%), 
the predicted graft size was greater than the actual graft 
size. The distributions of predicted and actual graft sizes 
are reported in Fig. 6.

Concerning cases with a predicted graft size smaller 
than the actual graft size, the difference was 1 mm in all 
instances, with 5/8 (63%) cases with a predicted diameter 
(after rounding) of 7.00 mm versus an actual diameter of 
8.00 mm, and 3/8 (37%) cases with a predicted diameter 
(after rounding) of 8.00 mm versus an actual diameter of 
9.00 mm. In all these cases, patients were males with a 
median age of 27 years (IQR 24–30 years), whilst the ACL 
lesion was on the left side in 5/8 (63%) cases and on the right 
side in 3/8 (37%) cases, with no significant differences (n.s.).

Discussion

The main finding of this study is that the proposed method 
for pre-operative evaluation of expected graft diam-
eter in ACL reconstruction with ST–GT is reliable and 
reproducible.

In ACL reconstruction surgery, the importance of surgi-
cal planning is supported by the evidence that up to 8.2% of 
ACLR end in graft failure [7, 9, 11, 19, 22, 29, 34].

Fig. 3   A Major diameter of 
gracilis tendon; B minor diam-
eter of gracilis tendon; C major 
diameter of semitendinosus 
tendon; D minor diameter of 
semitendinosus tendon
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Multiple causes could lead to an ACL re-rupture includ-
ing non-compliance to the rehabilitation protocol, traumas, 
patients’ selection, or surgical error.

One of the risk factors reported in literature for neo-ACL 
rupture is the reconstruction with a graft of insufficient diam-
eter. Eight millimetre is reported as the threshold under which 
the risk of ACL re-rupture is statistically higher [12, 17, 29].

Amongst the graft that the surgeon can decide to use, ST 
and GT have one major disadvantage over the others: the 
size of the graft is patient dependent and cannot be selected 
by the surgeon.

Different studies are present in the literature showing the 
possibility of successful graft size prediction using analysis 
of MRI images of the knee both in children [27, 31] and 
adults [4, 13, 28].

Nearly every one of them succeeded, supporting the the-
ory that a pre-operative planning is possible.

The previously reported techniques, even if accurate, are 
complex to perform, requesting elaborated mathematical 

calculations, and therefore fail to present a clinically feasi-
ble planning method.

Furthermore, most of the proposed systems have not been 
validated by the inter- and intra-observer reliability.

Other studies tried different imaging techniques or plan-
ning performed on anthropometric parameters with poorer 
results [1, 2, 10, 24, 31].

These studies require a pre-operative planning based on 
exams that are not necessary for the diagnosis nor the treat-
ment of a patient with an ACL rupture, therefore represent-
ing a waste of time and resources either for the patient or the 
national health system.

The authors’ idea was that all patients with a diagnosis of 
ACL rupture must have performed at least one MRI; there-
fore, this was the imaging method that the authors choose 
for the planning.

The evaluation method proposed has been found to be 
reliable and reproducible.

Fig. 4   Bland–Altman plots for intra-reader reproducibility for the semitendinosus tendon (ST) and gracilis tendon (GT)

Fig. 5   Bland–Altman plots for inter-reader reproducibility for the semitendinosus tendon (ST) and gracilis tendon (GT)
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This method, although reliable, presents two main 
limitations.

The first limitation is that the study has been performed 
with strict inclusion criteria that allowed only the selection 
of patients that performed the knee MRI at the research cen-
tre, with the same machine, the same image reconstruction 
protocol and the same measuring programme (Impax Cli-
ent). More studies performed in different centres with differ-
ent programmes should be performed to confirm the effec-
tiveness of the proposed pre-operative planning method.

The authors selected for this study a measuring pro-
gramme that allowed for millimetre decimals (e.g. 0.1 mm). 
The measures of the tendons calculated are small, and a 
programme that automatically rounds one decimal, instead 
all mathematical calculations rounded to two decimals.

The second limitation is that the study was retrospectively 
designed; therefore, it was not possible to directly evaluate the 
graft size reported in the surgical report. There is one patient 
in the study database that has a 2-mm difference between the 
predicted size (9 mm) and the reported size (7 mm).

The main strength of this study is that the proposed 
method is highly reproducible, as confirmed by the statisti-
cally significant inter- and intra-observer reliability.

The results of this study could help the clinicians to per-
form a fast pre-operative planning of an ACL reconstruc-
tion regarding graft selection. If the planned graft with ST 
and GT is smaller than 8 mm, the clinician could decide to 
switch to a different type of graft or plan a different graft 
preparing technique and, therefore, reduce the risk of post-
operative ligament re-rupture.

Conclusion

The method proposed is reliable and reproducible. The 
major strength of the planning technique proposed is that 
it relies on data that are already available for the clinician 
before surgery, without the need for further analysis or com-
plex mathematical formulas. This method will help the cli-
nician to select the graft or the graft preparing technique 
before surgery.
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