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Abstract

Purpose Prediction of hamstring tendon autograft size
facilitates preoperative planning of knee ligament sur-
gery and may reduce the need for allografts in complex
knee reconstructions. The aim of this study was to analyse
whether length and diameter of hamstring tendon auto-
grafts can be predicted preoperatively with anthropometric
parameters and patient characteristics.

Methods In this observational study, 725 consecutive
Caucasian patients scheduled for ACL reconstruction were
included. Preoperatively gender, age, height and weight
were recorded. After harvest, tendon lengths of both gra-
cilis and semitendinosus tendons were measured. Diameter
of the final four-strand hamstring autograft was recorded.
Relationship between length and diameter of tendon grafts
and different anthropometric parameters were assed by lin-
ear and logistic regression analyses.

Results Mean lengths of the semitendinosus and graci-
lis tendon autografts were 28.9 & 3.1 and 27.7 &+ 3.0 cm,
respectively. Length of the gracilis and semitendinosus
grafts was independently related to patient height. Female
gender was correlated with smaller graft diameter. One in
nine female patients had a diameter <8 mm. The ratio in
men was 1 in 36.

Conclusion Hamstring autograft length and size can
be predicted in Caucasians. Length of the gracilis and
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semitendinosus tendons was related to patient height.
Smaller graft diameter was related to female gender.
Level of evidence 1.
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Diameter - Knee ligament reconstruction - ACL -
Multiligament

Introduction

Hamstring autografts have become increasingly popular for
knee ligament reconstructions [22]. In 2012, 95 % of the
primary anterior cruciate ligament (ACL) reconstructions
in Sweden were performed with hamstring tendon auto-
grafts [14]. In a recent review, Samuelsson et al. [30] stated
that hamstring tendons, compared to bone-patella tendon-
bone autografts, put the surgical skills of the orthopedic
surgeon to test because it is not possible to preoperatively
assess the graft dimensions of the tendon. Complex knee
ligament reconstructions require specific tendon length and
diameter depending on the fixation method, graft prepara-
tion technique and type of reconstruction [6, 7, 11, 15, 20,
21, 25].

The question arises whether hamstring autograft tendons
will be of sufficient length and diameter for knee ligament
surgery. Various authors have analysed the predictability of
hamstring tendon dimensions by anthropometric param-
eters [2, 4, 5, 10, 16, 18, 24-27, 29, 31, 32, 35-38]. Some
studies analysed graft diameter [2, 4, 18, 25, 27, 35, 37].
Studies that focused on hamstring tendon length used small
study populations or human cadavers [5, 10, 16, 24, 26, 29,
31, 32, 36]. Only Xie et al. [38] studied a larger popula-
tion of 235 Chinese Han patients. Hamstring tendon length
appears to be longer in Caucasian patients in comparison

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00167-015-3678-5&domain=pdf

1200

Knee Surg Sports Traumatol Arthrosc (2017) 25:1199-1204

with Chinese patients [5]. Length of hamstring tendon auto-
grafts has not been studied in a large Caucasian population.

Prediction of length and diameter of hamstring tendon
autografts is clinically useful. It may reduce the need for
expensive allografts in complex knee ligament surgery [8,
23]. Autografts enhance the quality of reconstructions with
regard to graft rupture and knee stability compared to allo-
grafts [1, 3, 9, 13, 19, 28, 33]. Furthermore, prediction of
hamstring autograft tendon dimension is beneficiary for
complex knee ligament reconstructions in countries where
allografts are not available.

The primary aim of the present study is to analyse
the preoperative predictability of hamstring tendon
length and diameter with anthropometric parameters and
patient characteristics in a large Caucasian population.
The hypothesis is that length and diameter of hamstring
tendon autografts can be predicted by anthropometric
parameters.

Materials and methods

In this observational study, 725 consecutive Caucasian
patients with ACL rupture, scheduled for ACL reconstruc-
tion between October 2007 and January 2014, were eligi-
ble for inclusion. All patients undergoing primary or revi-
sion ACL reconstruction with four-strand hamstring tendon
autografts were included. Exclusion criteria were ACL
reconstruction with other auto- or allografts, previous ipsi-
lateral hamstring tendon harvest, previous limb amputation
or congenital limb deficiency that would affect total body
weight, neuromuscular disorders and non-Caucasian race.

Preoperatively gender, age, height and weight were
recorded. Two orthopedic surgeons (RJ and MB) performed
all procedures using the same hamstring tendon harvesting
technique. Both gracilis and semitendinosus tendons were
harvested for ACL reconstruction. The hamstring tendon
harvesting technique has been described in detail in a pre-
vious publication [12].

Both tendons were prepared in a standardized fashion as
a four-strand ACL graft. Muscle tissue was removed from
the tendon. The available length of each tendon was meas-
ured with a ruler and recorded in cm, rounded off to the
nearest 0.5 cm. Each tendon end was sutured with a no. 1
absorbable suture. The diameter of the four-strand ham-
string graft was measured by sizing tubes (Biomet, Warsaw,
IN, USA) calibrated to 1 mm, range 7-9 mm.

The correlation was evaluated between length and diam-
eter of harvested hamstring tendons and gender, age, height
and weight of the patient.

The study was approved by an independent medical eth-
ical committee (METC 2014-30; Maxima Medical Center,
Eindhoven, The Netherlands).
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Statistical analysis

Linear regression analyses were used to analyse the pre-
dictability of hamstring tendon autograft length. For the
diameter of hamstring tendon autografts (cut-off point of
<8 mm), logistic regression analyses were performed.

Length of the hamstring tendon autografts and diameter
of the four-strand ACL grafts were used as dependent vari-
ables, and the anthropometric parameters and patient char-
acteristics as independent variables. Univariable and multi-
variate analyses were performed by the enter method. The
following anthropometric parameters and patient character-
istics were analysed: gender, age, height and weight.

Most current knee ligament reconstructions require graft
lengths of 20-28 cm [11, 15, 17]. Therefore, tendon length
cut-off points of 21 and 28 cm were determined.

Predictability of hamstring tendon autograft length of
<21 and <28 cm was analysed by assessing the above-
mentioned anthropometric parameters and patient charac-
teristics. Significance was set at <0.05 in all analyses. IBM
SPSS Statistics version 19.0 (IBM, Armonk, New York)
was used for statistical analysis.

Results

Baseline characteristics of the study population are shown
in Table 1. Eighteen patients had missing data (respectively,
height, weight, gracilis length, semitendinosus length and
graft diameter in 8, 11, 4, 2 and 2 patients). Some patients
had more than one missing value.

Mean lengths of the semitendinosus and gracilis tendon
autograft were 28.9 £ 3.1 standard deviation (SD) cm and
27.7 £ 3.0 cm SD, respectively. Two patients (0.3 %) had
a semitendinosus tendon length shorter than 21 cm. Twelve
patients (1.7 %) had gracilis tendons shorter than 21 cm.
A total of 42 patients (5.8 %) had graft diameters <7 mm,
359 patients (49.7 %) had graft diameters of 8 mm, and 322
patients (44.5 %) diameters >9 mm.

Table 1 Patient characteristics

Total (n = 725)

Age (year) 28.7 (£10.6)
Gender [% female (n)] 35.4 (257)
Weight (kg) 76.5 (£13.4)
Height (cm) 177.3 (£9)
BMI (kg/m?) 24.3 (£3.5)

Data are presented as mean (standard deviation), unless otherwise
indicated

n number, BMI body mass index
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E;thiz Predictors of tendon Univariable Multivariate
Regr. co. (95 % CI) P value Regr. co. (95 % CI) P value
Gracilis
Age —0.01 (—=0.03; 0.01) n.s. - -
Gender (female) —1.9(-23;-1.4) <0.001 0.06 (—0.49; 0.62) n.s.
Weight 0.06 (0.04; 0.07) <0.001 —0.005 (—0.02; 0.01) n.s.
Height 0.15(0.13; 0.17) <0.001 0.16 (0.13; 0.19) <0.001
Semitendinosus
Age —0.01 (—0.03; 0.01) n.s. - -
Gender (female) —2.4(-2.8;—-1.9) <0.001 —0.03 (—0.55; 0.49) n.s.
Weight 0.07 (0.06; 0.09) <0.001 —0.01 (—0.02; 0.01) n.s.
Height 0.19 (0.17; 0.21) <0.001 0.20 (0.17; 0.23) <0.001

Table 3 Categories of body
height related to tendon length

Table 4 Predictors of diameter
graft <8 mm

Regr. co. regression coefficients, 95 % CI 95 % confidence interval, n.s. non-significant

Height (cm) Gracilis Semitendinosus
<28 cm [% (n)] >28 cm [% (n)] <28 cm [% (n)] >28 cm [% (n)]

<160 (n = 33) 87.9 (29) 12.1 (4) 81.8 (27) 18.2 (6)
161-165 (n = 47) 78.7 (37) 21.3 (10) 61.7 (29) 38.3 (18)
166-170 (n = 100) 68.0 (68) 32.0(32) 55.0 (55) 45.0 (45)
171-180 (n = 280) 46.4 (130) 53.6 (150) 30.7 (86) 69.3 (194)
181-190 (n = 213) 23.7 (50)* 76.3 (161)* 13.6 (29) 86.4 (184)
>191 (n=42) 16.7 (7) 83.3 (35) 7.1 (3) 92.9 (39)
Total (n = 715) 45.0 (321)* 55.0 (392)* 32.0 (229) 68.0 (486)
n number
4 Two missing values gracilis length

Univariable Multivariate

OR (95 % CI) P value OR (95 % CI) P value
Age 0.98 (0.95; 1.01) n.s. - -
Gender (female) 4.5(2.3;8.7) <0.001 4.5(1.9;11.0) 0.001
Weight 0.95 (0.93; 0.98) 0.001 0.97 (0.93; 1.01) n.s.
Height 0.96 (0.93; 0.99) 0.019 1.04 (0.99; 1.10) n.s.

OR odds ratios, 95 % CI 95 % confidence interval, n.s. non-significant

Length of both the gracilis and semitendinosus tendon was
correlated to patient height (Table 2). A regression coefficient
of 0.16 signifies that an increase of 1 cm in patient height
is correlated with an increase of 0.16 cm in gracilis length.
Because of the limited number of patients with tendon auto-
grafts <21 cm, assessment of the relationship between this
cut-off point and anthropometric parameters and patient char-
acteristics was not performed. With regard to tendon lengths
<28 cm, shorter patients more frequently had gracilis and
semitendinosus tendon autografts <28 cm (Table 3).

A correlation was found between gender and graft diam-
eter <8 mm (Table 4). Table 5 shows that women more
often had a graft diameter <8 mm in comparison with men.

Discussion

The most important finding of the present study is that
length and diameter of hamstring tendon autografts can be
predicted by anthropometric parameters in patients of Cau-
casian race. Length of gracilis and semitendinosus tendons
was independently related to patient height. Smaller graft
diameter was independently related to female gender.

Hamstring autograft length prediction

In the present study, hamstring tendon length of both sem-
itendinosus and gracilis autograft tendons was correlated
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Table 5 Gender related to diameter graft

<8mm [% (n)] 8mm [% (n)] >8 mm [% (n)]

Male (n = 467) 2.8 (13) 36.8 (172) 60.4 (282)
Female (n = 256) 11.3 (29) 73.1 (187) 15.6 (40)
Total (n = 723) 5.8 (42) 49.7 (359) 44.5 (322)

Two missing values graft diameter

n number

to patient height. A similar correlation was found by other
studies with smaller and/or non-Caucasian populations [5,
10, 24, 29, 32, 36, 38]. Chiang et al. [5] studied a group
of 100 Chinese patients and found a significant correla-
tion between height and length of both semitendinosus
and gracilis tendons after multiple linear regression analy-
sis. The authors compared their data to the study popula-
tion by Treme et al. and concluded that Caucasian patients
had significantly longer hamstring tendons compared to
the Chinese Han population [5, 36]. This conclusion on
racial difference by Chiang et al. [S] may be questionable
since Treme et al. [36] did not specify the race of their 50
consecutive patients. Xie et al. concluded that height and
weight were the best predictors for hamstring tendon length
in men, whereas only height was a predictor in women.
Analysis was by simple linear regression [38]. Although
the present study showed weight to be a predictor for sem-
itendinosus and gracilis tendon length in a univariable
logistic regression analysis, this relationship was explained
by patient height as demonstrated in the multivariate logis-
tic regression analysis.

Gender has been associated with hamstring graft length
[36, 38]. Xie et al. [38] described that women had signifi-
cantly shorter hamstring tendons than men. Treme et al.
[36] found that women had significantly smaller and shorter
grafts compared to men. Other authors have confirmed
these findings [5, 24]. The present study found gender to
be a predictor of semitendinosus and gracilis tendon length
in the univariable logistic regression analysis. However,
this relationship can also be explained by patient height.
Strength of the present study is the large sample size and
level of statistical analysis. This may explain the variance
in significance found in the literature for anthropometric
predictors of graft length.

Current anatomic ACL reconstructions and fixation tech-
niques allow the use of multiple-stranded hamstring auto-
grafts with a minimal tendon length of 21 cm [17]. Pichler
et al. [26] studied the length of harvested hamstring ten-
dons. The shortest harvested semitendinosus tendon was
at least 20 cm long, and 11 % of gracilis tendons were
shorter than 20 cm. Leg length was the only anthropomet-
ric parameter in their cadaveric study. In contrast, the pre-
sent study demonstrated that only two patients (0.3 %) had
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semitendinosus tendon length <21 cm. The gracilis tendon
length was <21 cm in 12 patients (1.7 %). Hamstring ten-
don length was predictable, and almost always of sufficient
length (=21 cm) for ACL and MPFL reconstructions in a
Caucasian population [11, 17].

Longer grafts may be necessary for complex knee liga-
ment surgery [15, 17]. Papastergiou et al. [24] analysed
the predictability of semitendinosus tendon length by
anthropometric parameters. Seventy-nine percent of har-
vested semitendinosus tendons were >28 cm. However,
length of semitendinosus tendons was <28 cm in 43.8 %
of female patients. Patients shorter than 167 cm were at
highest risk for semitendinosus tendons <28 cm [24]. This
is comparable to the results of the present study; height
>170 cm showed a greater probability of semitendino-
sus and/or gracilis tendons >28 cm. The comparable
patient height in both studies (176.3 + 8 cm [24] and
177.3 £ 9 cm, respectively) could explain these similar
results. The present study showed that hamstring tendon
length was predictable for complex knee ligament surgery
in Caucasians.

Hamstring autograft diameter prediction

The present study has shown that the diameter of a four-
strand hamstring tendon autograft is significantly corre-
lated to gender. One in nine female patients had a diam-
eter <8 mm. The ratio in men was 1 in 36. The correlation
between gender and graft diameter has been described in
previous studies [2, 18, 25-27, 35-38].

Park et al. [25] concluded that graft diameter <8 mm led
to significantly more failures. In younger patients, higher
failure rates of ACL reconstructions with graft diameter
<8 mm have been described [20, 21]. In the present study,
graft diameter was <8 mm in 2.8 % of men and 11.3 %
of women. In contrast, Ma et al. [18] found graft diame-
ter <8 mm in 18.4 % of men and 42.3 % of women. Pin-
heiro et al. [27] also described a larger percentage of graft
diameters <8 mm compared to the present study (18.5 %
of men and 66.7 % of women). These authors also used
a four-strand hamstring tendon autograft. However, it
should be noted that mean patient height in the studies by
Ma et al. [18] and Pinheiro et al. [27] was shorter in com-
parison with the present study (167.3 £ 4, 170.0 = 10
and 177.3 & 9 cm, respectively). This difference in height
could explain the differences in graft diameter between the
studies.

Ma et al. [18] also correlated height to graft diam-
eter in a multivariate regression analysis. Men had
significantly larger grafts than women (8.1 & 0.8 vs.
7.5 £ 0.6 mm, respectively). Height was a specific pre-
dictor solely in men. In women, none of the preopera-
tive measures were predictors for graft diameter [18].
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Similarly, Papastergiou et al. [24] did not find any sig-
nificant predictor for graft diameter in women. In their
retrospective study of 61 consecutive patients (46 men,
16 women), the definition of adequate size graft was
>7 mm. The majority of patients (90 %) had adequate
grafts, and only 10 % of patients had grafts <7 mm.
Stratified for gender, 25 % (all women) had graft sizes
<7 mm. Women were significantly shorter and lighter
than men. Their hamstring grafts were also shorter with
smaller diameters compared to men [24]. In the present
study, adequate graft diameter was defined as >8 mm.
Therefore, the results of the present study cannot be
compared to the data by Papastergiou et al. [24]. Other
authors have confirmed the correlation between height
and graft diameter [4, 18, 24, 25, 27, 32, 35, 37, 38].

Several authors have described correlations between
graft diameter and body weight [31, 35, 37, 38] and leg
length [31]. In these studies, however, statistical limita-
tions, small sample sizes and women-to-men odds ratios
may explain the different predictors for graft diameter com-
pared to the present study. In the latter, univariable linear
regression analysis showed that gender, height and weight
were significantly correlated to graft diameter. However,
only gender was correlated to graft diameter after multi-
variate linear regression analysis in this large Caucasian
population.

There are several limitations to the present study. Leg
length was not measured and could not be used as param-
eter to predict autograft tendon length. Another limitation
was the missing data in 18 patients. Furthermore, height
and weight were not specifically measured but self-reported
by patients. This could limit the accuracy of the meas-
urements. Nevertheless, Spencer et al. [34] assessed the
validity of self-reported height and weight by compari-
son with measured height and weight and concluded that
self-reported data are valid for identifying relationships
in epidemiological studies. The harvest technique in the
study could have left a remnant tendon part after harvest.
Pichler et al. [26] researched this possible phenomenon in a
cadaver study and concluded that insufficient tendon length
was mainly caused by anatomic variations rather than ten-
don harvesting technique. Another limitation of the present
study is the fact that ACL reconstruction only allowed siz-
ing by 1-mm intervals instead of 0.5-mm intervals. This
might have led to an overestimation of the amount of larger
diameter grafts.

The clinical relevance of the present study is that predic-
tion of hamstring tendon length and graft diameter allows
better preoperative planning for complex knee ligament
surgery and may reduce the necessity of allografts. This
reduces surgical costs [8, 23] and increases the quality of
ligament reconstructions with regard to possible graft rup-
ture and postoperative stability [1, 3, 9, 13, 19, 28, 33].

Furthermore, knee ligament reconstructions may be per-
formed with greater confidence in countries where allo-
grafts are not available.

Conclusion

Length and diameter of hamstring autograft tendons can
be predicted by anthropometric parameters in Caucasians.
Length of gracilis and semitendinosus tendons is related to
patient height. Smaller graft diameter is related to female
gender.
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