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Abstract
Purpose Cross-sectional diameter of 7 mm or more of graft in
anterior cruciate ligament reconstruction is arguably the single
most important factor determining the success of the opera-
tion. Pre-operative anthropometric parameters have been re-
ported to correlate with diameter of quadrupled hamstring
graft, which is the most popular graft choice today. We con-
ducted this prospective study to determine the value of some
anthropometric measurements to predict the length of harvest-
ed semitendinosus and gracilis tendons and quadrupled ham-
string graft diameter. We also assessed the reliability of the
mathematical equation in accurately predicting the graft
diameter.
Methods Height, weight, BMI and thigh length of 160 pa-
tients who underwent primary ACL reconstruction was mea-
sured before surgery. Using multivariate logistic regression
analysis length of harvested semitendinous and gracilis ten-
dons along with quadrupled graft diameter were correlated to
height, weight, BMI and thigh length.
Results Ninety-six percent had graft diameter of 7 mm or
more. Height and thigh length were found to be most strongly
correlating to both the length of harvested tendons and the
quadrupled graft diameter (p≤0.001, r=0.25–0.39). Patients
with height less than 147 cm were found to be at highest risk
for inadequate graft diameter (less than 7 mm). Although the
anthropometric parameters were found to be significantly re-
lated to height and thigh length, the strength of association is
moderate. The mathematical equation for prediction of graft

diameter using height was found to inaccurately over-predict
the graft diameter in 33.1 % of cases, assessed using Bland-
Altman plot.
Conclusion Anthropometric parameters, especially height
and thigh length, can serve as a guide to plan hamstring graft
diameter and length before ACL reconstruction. But, it is not
advisable to rely on mathematical equations for absolute
values of graft parameters as there is risk of over-estimating
hamstring length or graft thickness.
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Introduction

The quadrupled hamstring autograft has gained popularity for
the anterior cruciate ligament (ACL) reconstruction procedure
due to fewer incidences of patello-femoral problems that are
encountered in bone–patella tendon–bone grafts (BPTB)
[1–6]. The quadrupled semitendinosus and gracilis tendon graft
provides comparable stiffness and tensile properties in addition
to better cosmesis and excellent clinical outcome when com-
pared to BPTB [1–6]. Although recent studies also show that
there is no difference in functional outcomes and laxity when
using either type of graft in female patients or when used for
revision surgery, the choice of graft may depend on surgeon
preference with hamstring graft being more popular among the
two [7, 8]. The normal ACL is about 11 mm in thickness in an
adult, and for reconstruction a graft no less than 7 mm is rec-
ommended, as the graft strength is known to be related to the
cross-sectional diameter and revision surgery rate [9, 10]. How-
ever, unlike BPTB, the semitendinosus and gracilis tendon di-
ameter can neither be consistent nor controlled during harvest.
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With the increasing demand of patients involved in sports and
heavy activities, alternative choice of graft, fixation technique
or additional post may be required in situations where ham-
string graft is found to be inadequate. Studies in the past have
thus attempted to predict pre-operatively the adequacy of such
quadrupled hamstring graft. Pre-operative parameters such as
age, gender, height, weight, BMI, leg length, thigh circumfer-
ence, etc., have been reported to be of predictive value in a
variety of studies but there is poor consensus [11–18].Magnetic
resonance, 3D tomography, and USG have also been employed
to improve the accuracy of pre-operative prediction of ham-
string tendon graft harvest data [19–21]. Few studies have re-
ported height of the patient to correlate with graft diameter and
length and also derived a mathematical equation to predict the
adequacy of graft, but reproducibility of this has not been
proved [11–13, 16, 18]. Moreover, with the graft diameters
being measured in value increments of 0.5 mm during sizing,
the reliability of these mathematical equations, which are based
on continuous numeric data, needs to be questioned. Few stud-
ies have looked at the length of hamstring tendon at harvest, but
either for triplication of semitendinosus or for double bundle
ACL reconstruction [22, 23]. We conducted this prospective
study to determine the value of these anthropometric measure-
ments in our population to predict the length of harvested ten-
dons and quadrupled hamstring graft diameter. We also
assessed the reliability of a mathematical equation in accurately
predicting the graft diameter.

Material and methods

After obtaining institutional review committee approval and in-
formed written consent we included 160 patients in our study
during the period from 2010 to 2012. All patients had isolated
ACL injury and no revision cases were included. We obtained
anthropometric measurements including height, weight, and
thigh length (anterior superior iliac spine; ASIS to medial joint
line) preoperatively and length of semitendinosus, gracilis and
quadrupled hamstring graft diameter were measured during the
surgery. Both semitendinosus and gracilis tendon were harvested
by a single surgeon from the ipsilateral limb through standard
vertical incision of 3 cm length at the distal attachment of the
tendons and harvested in identical fashion. The lengths of the
tendons were measured using a standard mathematical metal
scale after removing all muscle fibres and final trimming of the
tendons. The ends were whip-stitched with polyester suture and
both tendons were doubled up at the middle to obtain a four-
strand graft. The graft was passed through the Smith & Nephew
sizing cylinder of 0.5mm increments and theminimumdiameter
that allowed smooth passage of the entire graft completely was
taken as the graft diameter. The femoral tunnel was of the same
diameter as that of the graft which was drilled via antero-medial

portal for anatomic single bundle ACL reconstruction. Both fe-
mur and tibial end fixation techniques were the same in all cases.

Statistical analysis

BMI for patientswas calculated by standard formula using height
and weight. Single linear regression was applied to obtain corre-
lation coefficients (Pearsons r) of the anthropometric data and
identify the relationship to the intra-operative measurements of
the graft lengths and diameter. Multiple stepwise regression anal-
ysis was performed to exclude confounding variables and ex-
plain variance to obtain a predictive equation for the diameter
and length outcome.

We also obtained the predicted value of ACL diameter for
our patients according to the formulae in literature, and the
agreement of the values of predicted to true graft diameter was
studied using Bland-Altman plot. The error rate for predictive
accuracy was also calculated. All data were analysed using
commercial statistical package SPSS (Version 16, SPSS Inc,
Chicago, IL) for MS-Windows. A p-value≤0.05 was consid-
ered statistically significant during the analysis.

Results

This prospective study included 160 subjects of both gender.
All patients included were beyond skeletal maturity. The
means and SD of pre-operative anthropometric data included
height (169.1±6.9 cm), weight (69.2±11.7 kg), BMI (24.1±
3.5) and thigh length (51.5±3.5 cm) (Table 1). After harvest
and preparation the measurements of hamstring tendons were:
gracilis length (27.5±2.8 cm), semitendinosus length (29.2±
3.0 cm) and quadrupled graft diameter (7.7±0.6 mm). Ninety-
one (56.9 %) had graft diameter more than or equal to 8.0 mm,
whereas 64 (40.0 %) and 5 (3.1 %) had graft diameter of 7–
8 mm and less than 7 mm, respectively (Table 2). We used the
equation derived by Tuman et al. which was Graft diameter=

Table 1 Variables and anthropometric data (N=160)

Variable Mean± standard
deviation (SD)

Range

Height 169.1±6.9 152–185 cm

Weight 69.2±11.7 42–108 kg

BMI 24.1±3.5 15.7–35 kg/m²

Thigh length 51.5±3.5 41–63 cm

Semitendinous length 29.2±3.0 20–40 cm

Gracilis length 27.5±2.8 20–35 cm

Quadrupled graft diameter 7.73±0.63 6.0–9.0 mm

Predicted graft diameter 7.47±0.20 6.95–7.95 mm
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2.4+0.03 (height in cm) and calculated the expected graft
diameter for our patients. More than 95 % patients were pre-
dicted to have graft diameter of above 7.0 mm, which on
comparison to the true diameter measured during surgery re-
vealed that about 33 % had diameter less than the predicted
diameter by at least 0.5 mm (Table 3).

Assessment of correlation coefficients revealed moderate
association between height, weight, and thigh length of sub-
jects to the quadrupled graft diameter although BMI had no
statistical significant relationship (Table 4, Fig. 1). On multi-
ple stepwise regression analysis weight and thigh length also
fell out of favour and only height showed a significant asso-
ciation to the graft diameter in our study population and the
following equation was derived for our sample: Graft diameter
(mm)=2.14+0.033 (height; cm), which closely matches the
one derived by Tuman et al. Using this equation we calculated
that our patients with height less than 147 cm are at risk of
quadrupled graft diameter of less than 7 mm.

Similarly, the gracilis and semitendinosus graft lengths
were also assessed using single linear and multiple regres-
sion analysis (Table 4, Fig. 2), and a predictive equation was
calculated. However, in all these equations the strength of
association is only moderate (R²<0.20) as only 20 % of
variance is explained by the parameter. Both gracilis and
semitendinosus showed moderate association with height
and thigh length with R² being 0.195 and 0.186 for the
combined equation as follows:

Gracilis cmð Þ ¼ −0:408þ 0:203 thigh length; cmð Þ þ 0:103 height; cmð Þ
Semitendinosus cmð Þ ¼ −1:165þ 0:164 thighlength; cmð Þ þ 0:129 height; cmð Þ

The predicted graft diameter as calculated from the math-
ematical equation of Tuman et al. was compared to the true graft
diameter obtained at the time of surgery, and Bland-Altman
graph was plotted (Fig. 3). The correlation coefficient was
0.8279 (p<0.001) and the slope of the graph was 0.5123
(p<0.001) showing strong agreement between the two values.
As the true graft values can only be calculated in increments of
0.5 mm the predicted values were corrected to next largest graft
size assuming that the graft will easily pass through only the
sizing cylinder of the next size (e.g. 7.34 mm predicted graft will
pass through size 7.5 mm cylinder). This was then compared to

the true graft values for each and 33.1 % of grafts were found to
have size smaller than the predicted diameter. The equation could
not predict graft size less than 7 mm or more than 8.0 mm
(Table 3).

Discussion

Quadrupled hamstring graft is the most commonly utilized
substitute for ACL reconstruction. Knowing the diameter
and lengths of the hamstring graft pre-operatively can be help-
ful in surgical planning. Anthropometric data like age, gender,
height, weight, BMI, leg length, thigh circumference and pa-
rameters like sporting activity have been studied in the past
and different authors have reported differences in each of the-
se factors as having predictive value for quadrupled graft di-
ameter (summary in Table 5). We provide a review of the
analysis of these parameters from previous studies and also
aim to extrapolate the value of these in our population.

We included 160 adult patients of both gender with isolated
ACL tears undergoing primary ACL reconstruction only in our
study. Hamstring tendons measurements showed means as fol-
lows; gracilis length (27.5±2.8 cm), semitendinosus length (29.2
±3.0 cm) and quadrupled graft diameter (7.7±0.6 mm). Ninety-
one (56.9 %) had graft diameter more than or equal to 8.0 mm,
whereas 64 (40.0%) and 5 (3.1%) had graft diameter of 7–8mm
and less than 7 mm, respectively (Table 2).

Table 2 Graft size frequencies (N=160)

Quadrupled graft
diameter (mm)

Actual harvested
quadrupled graft
frequency (%)

Predicted quadrupled
graft frequency (%)

6.0 3 (1.9 %) 0

6.5 2 (1.2 %) 0

7.0 36 (22.5 %) 7 (4.4 %)

7.5 28 (17.5 %) 83 (51.8 %)

8.0 73 (45.6 %) 70 (43.7 %)

8.5 3 (1.9 %) 0

9.0 15 (9.3 %) 0

Total 160 160

Table 3 Predicted graft size frequency (N=160)

Quadrupled
graft diameter
(mm)

Predicted
quadrupled
graft frequency

Graft less than
predicted
diameter (%)

Graft equal or more
than predicted
diameter (%)

6.0 0 0 0

6.5 0 0 0

7.0 7 3 (42.8 %) 4 (57.2 %)

7.5 83 27 (32.5 %) 56 (67.5 %)

8.0 70 23 (32.8 %) 47 (67.2 %)

8.5 0 0 0

9.0 0 0 0

Total 160 53 (33.1 %) 107 (66.9 %)
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Using the equation by Tuman et al. for predicting graft diam-
eter, more than 95 % of patients were predicted to have graft
diameter of above 7.0 mm [11]. On comparison to the true di-
ametermeasured during surgery it was noted that about 33%had
diameter less than the predicted diameter by at least 0.5 mm
(Table 3).

Moderate association (R² up to 0.128) was found to height,
weight, and thigh length of subjects to the quadrupled graft di-
ameter although BMI had no statistical significant relationship
(Table 4, Fig. 1). On multiple stepwise regression analysis how-
ever weight and thigh length also fell out of favour and only
height (p<0.001) showed a significant association to the graft
diameter in our study.

Similarly, the gracilis and semitendinosus graft lengths were
also assessed using single linear and multiple regression analysis
(Table 4, Fig. 2) and a predictive equation was calculated.

However, in all these equations the strength of association is only
moderate (R²<0.20) as only 20%of variance is explained by any
of these parameters.

Although predicted graft diameter using height as sug-
gested by equation from Tuman et al. showed strong agree-
ment with the actual graft diameter among our patients we
found it to be unreliable. As the clinical values are only pos-
sible in increments of 0.5 mm, the actual graft size in 33.1 %
subjects were found to be less than predicted diameter. The
equation also could not predict sizes of less than 7 mm or
above 8 mm, which shows its limited importance in cases
beyond usual 7–8 mm sized grafts.

We found that the anthropometric characteristics of our
population (mean of height, weight, BMI and graft diam-
eters in our study; 169.1±6.9 cm, 69.2±11.7 kg, 24.1±3.5
and 7.7±0.6 mm) are well matched to previous similar

Table 4 Correlation between anthropometric data and measured graft variables (N=160)

Variable Quadrupled graft diameter (mm) Semitendinous tendon length (cm) Gracilis tendon length (cm)

Pearsons r R² p-value Pearsons r R² p-value Pearsons r R² p-value

Height 0.358 0.128 <0.001 0.398 0.159 <0.001 0.385 0.148 <0.001

Weight 0.245 0.060 0.002 0.134 0.018 0.091 0.196 0.038 0.013

BMI 0.087 0.008 0.272 0.059 0.003 0.461 0.019 0.000 0.810

Thigh length 0.253 0.064 0.001 0.350 0.122 <0.001 0.386 0.149 <0.001

Fig. 1 Correlations of quadrupled hamstring diameter to height (r=0.358, p <0.001), weight (r=0.245, p<0.002), thigh length (r=0.253, p=0.001) and
BMI (r=0.087, p=0.272); (N=160)
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studies [11–13, 15–18]. No study in the past has also
shown a very strong correlation (R²<0.20) with any of
the parameters when multiple stepwise regression analysis
was performed [11, 13, 16–18]. The most consistent pa-
rameter in most of these studies is the height [11–18]. In
our data set we found the height to be significantly valu-
able (p<0.001) in predicting the graft diameter but the
strength of this correlation was moderate (R²=0.128; ex-
plains 12.8 % variance in diameter due to height).
Magnussen and colleagues studied 265 patients who
underwent primary ACL reconstruction with hamstring

autograft for risk factors associated with subsequent revi-
sion and found younger age and smaller graft diameter as
greatest risk factor for early revision surgery [8]. They
reported a revision rate of 13.6 % in patients with initial
graft size of 7 mm or less in comparison to about 5 %
with 7.5 mm or more [8]. When keeping 7 mm or less
initial graft diameter as ‘at risk’ for revision in our regres-
sion equation we noted that our patients with height less
than 147 cm were at risk of yielding final quadrupled
autograft of less than 7 mm. Tuman et al. proposed the
same threshold for height in their study which was

Fig. 2 Correlation of semitendinosus length to height (r=0.398, p <0.001) and thigh length (r=0.350, p<0.001), and gracilis length to height (r=0.385,
p <0.001) and thigh length (r=0.386, p<0.001); (N=160)
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followed up by Treme and colleagues, who further re-
duced the height for risk of graft less than 7 mm to
140 cm, although both mentioned that this remained more
significant for females [11, 12]. Ma et al. [14] and
Pinheiro et al. [17] also noted height to be a factor affect-
ing graft diameter for both men and women although
women had significantly smaller grafts in their study com-
pared to men and they did not propose a threshold of
height for inadequate graft. The findings of Boisvert
et al. suggested a much taller population statistic with
height less than 162.5 cm in women to be a risk for
quadrupled graft less than 7 mm but they could not apply
it in males; in contrast, Celiktas and colleagues [16, 18]
proposed 155.2 cm as a height threshold for the men in
their study. In Schwartzberg’s study only the height fell
out of favour in predicting graft diameter, and although
Loo et al. also rejected the predictive usefulness of height,
theirs was an all Asian male population [13, 15]. Thus
height probably still remains as the most consistent pa-
rameter to predict small hamstring graft and patients
less than about 150 cm in most populations to be at
highest risk.

Treme et al. prospectively evaluated the work of Tuman
and colleagues to suggest weight and BMI explain about
40 % of variance in graft diameter. They suggested BMI less
than 18 kg/m² was a risk factor for graft thickness less than
7 mm, but did not comment on multiple regression analysis
[11, 12]. Also BMI of less than 18 kg/m² alone could not
predict graft of less than 7 mm among 24 patients in their
series. Boisvert et al. supported greater BMI predicting thicker
graft diameter in males but not a lower BMI resulting in small-
er graft [16]. Other studies have alsomixed results with weight
and BMI correlates to graft diameter andmay not have clinical
relevance in predicting graft diameter as BMI in fact cannot
distinguish between lean muscle and fat.

The mean weight and thigh length of our data set (69.2±
11.7 kg, 51.5±3.5 cm) although did have a significant corre-
lation (p<0.01), but we do not propose them to be of impor-
tance as they fell out of the equation in multiple stepwise
regression analysis and only explained about 6 % (R²=0.06)
variance by themselves.

Adding to the list of other parameters like leg length, thigh
circumference and thigh length, which have been varyingly
reported in past literature, our study also showed significant
(p<0.001) correlation to graft thickness but again the indepen-
dent strength of this association was weak (R²=0.064).

Hamstring tendon length becomes important when (1)
triplicated tendon is required in order to increase graft di-
ameter, (2) longer graft length is needed for augmenting
fixation by a post, (3) single bundle augmentation is
planned using only one of the hamstring tendons, (4) com-
bined reconstructions for multi-ligament injury is to be con-
sidered, or (5) double bundle ACL reconstruction is re-
quired [22–25]. Few studies have correlated anthropometric
parameters to length of hamstring tendons with ACL graft
length of about 8–10 cm (4 cm intra-articular and 2–3 cm
on either side in femur and tibia tunnel) being necessary for
stable fixation during surgery and good tendon to bone
contact for healing [12, 13, 22, 23]. To increase diameter
of graft triplication of either tendon may be required and
length of 24–30 cm of harvested tendons is necessary.

In our study the mean length of ST and gracilis tendons
were 29.2±3.0 and 27±2.8 cm, respectively. We found that
for ST and gracilis length, height and thigh length (ASIS to
MJL) are important predictors (p<0.001, R²=0.12–0.15) with
the following regression equations:

Gracilis cmð Þ ¼ −0:408þ 0:203 thighlength; cmð Þ þ 0:103 height; cmð Þ
Semitendinosus cmð Þ ¼ −1:165þ 0:164 thighlength; cmð Þ þ 0:129 height; cmð Þ

We are able to suggest that this puts patients with
height less than 171.1 cm and with thigh length less
than 33.1 cm at risk for shorter hamstring tendon which
could allow either tendon to be triplicated if diameter of
quadrupled graft is inadequate. This supports the previ-
ous studies by Treme et al. and Schwartzberg who also

reported that the graft length is related to leg length and
height [12, 13].

These variables have however been only assessed for ac-
curacy by Treme and colleagues in their prospective study of
50 patients where they reported 6.7 % error rate in predicting
graft diameter calculated by an equation suggested by a
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Fig. 4 Correlation between true quadrupled graft diameter and predicted
diameter (N=160)
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previous study by the same team [11, 13]. We obtained a
mathematical equation of height with graft diameter which
resembles quite closely the one derived from the data set of
Tuman et al. and used it to predict the graft diameter for our set
of patients. The mean of the predicted graft thickness (7.4±
0.2) had significant agreement with the actual graft thickness
(7.7±0.6) according to Bland-Altman plot (p<0.001) (Figs. 3
and 4). All the predicted graft diameters were between 7 and
8 mm (Table 2) although we had 23 (14.3 %) patients who had
graft diameter on either side of the range predicted by the
equation. Five (3.1 %) patients had true graft thickness less
than the safe limit of 7 mm even though their heights (152–
164.5 cm) were more than the height at risk (147 cm). On
further analysis we found that one-third (33.1 %) of the pa-
tients actually had graft size less than predicted. Thus even
though there is agreement on the mean of graft thickness the
equation is not able to predict the grafts at risk and may over-
estimate graft size in up to one-third of patients when using
height to determine actual value of graft diameter.

We did not include age, gender or sporting activity in our
analysis as they have been repeatedly refuted as significant
parameters in previous studies [12–16].

Conclusion

Anthropometric parameters are easy and relevant in planning
hamstring graft in ACL reconstruction surgery. Height of the
patient has repeatedly shown to be of importance in predicting
graft thickness but the absolute graft diameter may be over-
predicted by equations giving false sense of security to the
surgeon. Any data set of patients which show correlation to
a parameter is exclusive for that set and should not be extrap-
olated to all. A single, long, harvested hamstring tendon may
possibly be adequate when considering single bundle recon-
struction or performing combined reconstruction of multi-
ligament injury. Tripled or quadrupled tendon would have a
good diameter in itself making length of the tendon an impor-
tant consideration. Short patients (less than 150 cm) are not
only at risk of thinner graft but also shorter tendon length in
situations where triplication of tendon or longer tail to aug-
ment fixation may be necessary. We recommend relying on
height and to a lesser extent on thigh length only as a guide to
surgical planning but not depend on mathematical equations
in literature to give absolute values of hamstring length or
graft thickness. There still remain a lot of parameters like
ethnicity, growth pattern, diet and nutrition, etc. to be studied
which will help us to predict accurately the characteristics of
hamstring graft.
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