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Abstract
Purpose The current study investigated the distribution of hamstrings graft size and body mass index and any potential effect 
on the risk of revision surgery in a large prospective cohort of patients undergoing ACL reconstruction. More specifically, 
the aim of the study was to investigate whether larger graft size or smaller BMI would decrease the risk of revision after 
ACL reconstruction.
Methods A total of 4029 patients, prospectively registered in the Norwegian Knee Ligament Registry, were included in the 
study. Univariate Kaplan–Meier survival analyses (with log-rank tests) and the Cox proportional hazard (PH) regression 
model were applied to compare risk of revision between groups of patients. Mutual adjustment for gender, age, activity at 
the time of injury and fixation method of the graft was performed.
Results Graft sizes spanned from 5.5 to 11.0 mm and the median of 8.0 mm was reported in 42% of patients in the cohort. 
BMI was reported from 15 to 57 with a median of 25. 46% of patients were classified as overweight (WHO standards), while 
23% of patients were obese. At a median of 2.5 years after surgery, 150 patients had undergone revision surgery. Although 
certain effects were seen in the unadjusted analyses, neither graft size (diameter) nor patient BMI did affect the risk of 
undergoing revision surgery in the adjusted analyses.
Conclusions Graft size and BMI was not found to be independent risk factors for undergoing ACL revision surgery. In 
contrast to other studies, graft size of 8 mm or larger did not have a better outcome than smaller graft sizes. A relatively 
large group of overweight patients undergoing ACL surgery reflects the general increase in weight seen in Western socie-
ties. Although the current study differs from previous findings, it might indicate that graft diameter is less important than 
previously stated.
Level of evidence Cohort study, II.

Introduction

Anterior cruciate ligament (ACL) reconstruction is amongst 
the most common procedures in sports medicine. It has been 
proven successful in restoring knee stability and thereby 
returning patients to their preinjury activity level [1–3]. 
There is, however, a significant failure rate after surgery that 
warrants further research aiming to improve outcomes [4–6]. 

Of the most commonly debated factors, believed to affect the 
rate of failure, is graft diameter used for the reconstruction 
[7]. Unlike autografts from patellar or quadriceps tendons, 
which can reliably be harvested to a predetermined graft 
diameter, hamstrings autografts show a considerable vari-
ability in their length and diameter between patients [8–10]. 
These differences can, to a certain degree, be predicted 
based on anthropometric measures [8, 11], but often the 
graft size is first given after harvesting has been performed. 
Therefore, the effect on outcomes due to differences in graft 
diameter is important knowledge supporting intra-operative 
decision making.

Biomechanical testing suggest that quadrupled ham-
strings autografts have initial strength properties that 
exceed that of bone–patellar tendon–bone grafts [12, 13] 
providing a strong enough tissue for replacing the native 
ACL. The tensile strength is dependent on the diameter of 
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the graft and a certain disagreement exists on what size 
will provide the sufficient mechanical properties for an 
ACL reconstruction [13, 14]. Given a reduction in strength 
over time, and accounting for any disadvantageous effects 
during graft healing, it has been argued that a larger size 
graft is beneficial for optimizing outcomes after surgery 
[7]. Although a certain variety is seen in clinical outcomes, 
several reports support these basic concepts—suggesting 
a graft diameter of 8 mm or more should be sought when 
using hamstrings autografts [9, 15].

Since revision surgery is a relatively rare incident, some 
studies are hampered by a low number of revision cases—
possibly affecting reliability of the results [9, 10, 15]. Typ-
ically registry studies, including large prospective cohorts 
of patients, have the largest number of revisions and are 
therefore more likely to provide knowledge on the effect 
of graft size on risk of revision. Such studies, like the ones 
by Snaebjörnson et al. and Spraggs et al. have both found 
a clear effect of increasing graft size—providing support 
for the choice to size up the small graft diameter where 
encountered [16, 17].

The current study has made use of a prospective cohort 
of patients from the Norwegian Knee Ligament Registry 
(NKLR) to investigate the factors influencing the risk of 
undergoing revision surgery. The primary aims were (1) to 
describe the baseline distribution of graft diameter related 
to height, weight and body mass index in a large cohort of 
patients reconstructed using hamstrings autograft, and (2) 
to investigate the effect of graft size and body mass index 
(BMI) on the relative risk of undergoing revision surgery.

Materials and methods

Data were requested and received depersonalized from 
the NKLR. Only primary ACL reconstructions with ham-
string autografts were considered and patients having other 
ligament injuries in addition to a ruptured ACL were not 
included. The following variables were considered: date 
of primary surgery, potential date of revision, time from 
injury to surgery, age at surgery, sex, graft size, height and 
weight at the time of the primary reconstruction, activity 
at the time when the primary injury occurred and fixation 
method for the femur and the tibia. The NKLR was estab-
lished in 2004, however, information on graft size, height 
and weight for each patient was included in the NKLR 
registration form in 2010. All patients in the NKLR gave 
a written consent before the primary ACL reconstruction 
and the NKLR has been approved by the Norwegian Data 
Inspectorate. No new information was collected for the 
purpose of the current study. Therefore, no further ethical 
approval was needed.

Statistical analyses

The data was processed in IBM SPSS Statistics 23. Graft 
size was reported in 0.5-mm intervals and was therefore 
classified as a categorical variable. BMI was calculated and 
divided into five groups based on the World Health Organi-
zation’s international classification, weight in kilograms 
divided by the square of the height in meters (kg/m2). The 
univariate Kaplan–Meier survival analysis (with log-rank 
test) and the Cox proportional hazard (PH) regression model 
were applied to compare risk of revision between groups 
of patients. Schoenfelds residuals were used to check for 
assumptions and the Cox PH regression model was found 
suitable [18]. Variables known to be possible confound-
ers based on previous studies were included in the Cox PH 
regression model [19, 20]. The hazard rate ratio (HR) with 
95% confidence interval (CIs) was used as an estimate of 
relative risk of revision. Mutual adjustment for gender, age 
(in 5-year categories), activity at the time when the primary 
injury occurred and fixation method of the graft in the femur 
and in the tibia was performed in the adjusted Cox model.

Results

Demographic data

A total of 7837 patients were recorded in the NKLR under-
going primary ACL reconstructions with hamstring auto-
grafts between 2010 and 2015. Four thousand and twenty-
nine of these patients (51%) had all three values of graft size, 
height and weight registered and were therefore included in 
the study. The mean follow-up time was 2.5 years (SD 1.3). 
During this period, 150 patients had undergone revision sur-
gery. Mean age at time of surgery was 29.1 (SD 10.7), and 
the mean time from injury to surgery was 22 months (SD 
44). Further, the mean age at surgery for patients that under-
went revision during follow-up was 22.7 years (SD 7.6). 
Detailed demographic data, thereunder activity at injury and 
fixational method can be found in Table 1.

Graft size and BMI

Graft diameter ranged from 5.5 to 11.0 mm, with a median 
of 8.0 mm. Those that had undergone revision surgery also 
had a median graft size of 8.0 mm (range 6.5–10.0). The 
most commonly reported graft size was 8.0, found in 43% 
(N = 1726) of patients (Table 2). BMI, reported according 
to WHO standards, ranged from 15 to 57, with a median of 
25 in the population. A total of 46% of patients were over-
weight (BMI 25 or above) at the time of surgery. Further, 
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23% of all patients were obese (BMI 30 or above) at the time 
of surgery. The distribution of BMI in the study population 
can be found in Table 2.

Risk of revision related to graft size, BMI 
and demographic data

When analyzing the relative risk of revision related to graft 
diameter, graft size was collapsed into five groups: ≤ 7 mm, 
7.5 mm, 8.0 mm, 8.5 mm, ≥ 9 mm. The most frequent graft 
diameter (8 mm) was the comparator for further analyses. 

In the same manner, BMI was collapsed into five groups: 
< 18.5, 18.5–24.9, 25.0–29.9, 30.0–34.9, ≥ 35 and the larg-
est group (18.5–24.9) was used as the comparator. The 
results from the Cox PH regression model is presented in 
Table 3. The graft size of 8.5 was found to have the low-
est risk of revision throughout the follow-up period (Fig. 1) 
but this effect was neither significant in the unadjusted (HR 
0.58, 95% CI 0.31–1.10) nor in the adjusted (HR 0.60, 95% 
CI 0.32–1.36) model. When looking at the risk of revision 
related to patient BMI (Fig. 2), the relative risk (HR) of revi-
sion was significant lower in patients with a BMI of 25–29 
(HR = 0.66 95% CI 0.46–0.95) in the unadjusted model. This 
effect was, however, no longer evident in the adjusted model 
[0.88 (95% CI 0.60–1.29)].

Similar results were found regarding risk of revision 
and graft diameter when replacing the BMI variable in the 
Cox PH model with height and weight as separate variables 
(results not shown). Sub-analyses using the smallest graft 
size as comparator did not change the results, nor did using 
the lowest BMI group as comparator (results not shown) 
and also when conducting the Cox analysis using fewer 
subgroups of graft size (creating larger patient groups with 
more events).

Discussion

The most important finding of the present study, investigat-
ing a cohort of 4029 ACL injured patients reconstructed 
with a hamstrings autograft, was that neither the graft size 
nor patient BMI did affect the risk of undergoing revision 
surgery. Contrary to former studies, use of smaller graft 
diameters (< 8 mm) was not found to give a higher risk of 
revision—and use of larger graft diameters (> 8 mm) was 
not found to give a lower risk of revision surgery. With 
regard to patient BMI, a relative large group of overweight 
and obese patient was seen. To the best of our knowledge, 
this study is the largest to date where the impact of graft size 
and BMI on risk of revision surgery has been investigated.

A case–control study using data from the Kaiser Per-
manente Registry examined the effect of graft size on risk 

Table 1  Demographic data of the cohort

N (%)

Gender
 Male 2229 (55)
 Female 1800 (45)

Age at surgery (years)
 < 20 928 (23)
 20–24 758 (19)
 25–29 568 (14)
 30–34 494 (12)
 > 35 1281 (32)

Activity at injury
 Soccer 1614 (40)
 Alpine skiing 670 (17)
 Handball 505 (12)
 Other 1240 (31)

Fixation femur
 Endobutton 3139 (78)
 ToggleLoc 421 (10)
 Other 469 (12)

Fixation tibia
 Biosure HA 1087 (27)
 RCI 867 (22)
 Intrafix 370 (9)
 Biosure PK 296 (7)
 BioRCI-HA 273 (7)
 Other 1136 (28)

Table 2  Distribution of graft 
diameter related to BMI in the 
study population (number of 
revisions)

BMI (kg/m2) Graft diameter (mm) Total

≤ 7.0 7.5 8.0 8.5 9.0 9.5 ≥ 10.0

< 18.5 16 (0) 8 (1) 27 (3) 5 (0) 7 (0) 0 (0) 0 (0) 63 (4)
18.5–24.9 213 (9) 320 (16) 955 (48) 221 (4) 309 (17) 26 (0) 60 (1) 2104 (95)
25.0–29.9 86 (2) 143 (4) 565 (21) 189 (5) 361 (8) 22 (0) 63 (1) 1429 (41)
30.0–34.9 22 (0) 25 (0) 154 (2) 54 (2) 93 (3) 6 (0) 16 (1) 370 (8)
35.0–39.9 5 (0) 4 (0) 20 (0) 6 (0) 14 (1) 1 (0) 4 (1) 54 (2)
> 40 1 (0) 1 (0) 5 (0) 0 (0) 1 (0) 0 (0) 1 (0) 9 (0)
Total 343 (11) 501 (21) 1726 (74) 475 (11) 785 (29) 55 (0) 144 (4) 4029 (150)
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of revision by matching 124 revised with 367 non-revised 
patients [17] based on age, gender, BMI and type of fixa-
tion. Graft diameter was found to be 7.9 mm in the case 
group and 8.1 mm in the control group, and when analyz-
ing effect of 0.5 mm increments from 6.0 to 10.0 mm, the 
lower graft diameters were proportionally more frequent in 
the revised patients—and the higher graft diameters were 
more frequent in non-revised patients. The likelihood of 
undergoing revision was 0.82 times lower for every 0.5 mm 
increment in graft size throughout the population. Another 
study, from the Swedish National Knee Ligament Registry, 
did similar case–control matching—taking gender, age and 
fixation method into account [16]. In the group of 560 revi-
sions, the mean graft size was 8.0 mm compared to 8.1 mm 
in the control group. When analyzing the effect of 0.5 mm 
increments in graft size from 7.0 to 10.0 mm, the likeli-
hood of a patient requiring revision surgery was similar to 
the study from Kaiser Permanente. When investigating the 
relationship between graft size and patient-reported out-
comes (KOOS and EQ-5D), no relation could, however, be 
found. In contrast to the above studies—where a matching 
algorithm was used—the whole cohort of patients surgically 
treated with hamstrings tendon reconstruction was included 
in the current work. Adjustments were made to account for 
patient gender, age, sex, activity at the level of injury, BMI 
(also including height and weight separately), and femoral/
tibial fixation method. Since the two above studies came 

Table 3  Hazard rate ratios (HR) and 95% confidence intervals (CI) 
for revision according to graft thickness and body mass index in 
patients undergoing primary ACL reconstruction using hamstrings 
autograft (N = 4029)

Results are based on the Cox proportional hazard regression model
ACL anterior cruciate ligament, HR hazard rate ratio
a Mutual adjustment for the following variables: gender, age at sur-
gery (5-year categories), activity at the time when the primary injury 
occurred, fixation femur, fixation tibia, graft thickness and body mass 
index

Unadjusted HR (95% 
CI)

Adjusted HR (95% 
CI)a

Graft thickness (mm)
 ≤ 7.0 0.69 (0.36–1.29) 0.59 (0.30–1.14)
 7.5 0.93 (0.57–1.51) 0.86 (0.52–1.43)
 8.0 – –
 8.5 0.58 (0.31–1.10) 0.69 (0.36–1.32)
 ≥ 9.0 0.85 (0.57–1.29) 1.04 (0.67–1.61)

BMI (kg/m2)
 < 18.5 1.30 (0.48–3.55) 1.08 (0.39–2.97)
 18.5–24.9 – –
 25.0–29.9 0.66 (0.46–0.95) 0.88 (0.60–1.29)
 30.0–34.9 0.53 (0.26–1.09) 0.80 (0.38–1.64)
 ≥ 35.0 0.80 (0.20–3.24) 1.15 (0.28–4.74)

Fig. 1  Overall cumulative risk 
of revision in different ham-
strings graft diameters
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to a very similar conclusion where the current study could 
not find any effect, one could speculate whether differences 
in applied methodology could be a reason for such differ-
ences. The current applied Cox proportional hazard regres-
sion model is, however, well-established and convention-
ally used for registry data [18, 21]. Where the current study 
applied the most frequent graft size (graft diameter 8 mm) as 
a comparator for the analyses, the other studies have rather 
used the group with the smallest graft size diameter as the 
comparator. In the current analyses, to verify that this did 
not change outcomes, both approaches were applied, without 
any evident change in results.

The current overall mean age was 29.9 years at surgery, 
but when adjusting relative to those that had undergone revi-
sion (N = 150), the mean age was a much lower 22.7. The 
studies by Snaebjörnsson et al. and Spragg et al. reported a 
median of 17.6 and a mean of 21.7 respectively. Although 
the current model did adjust for age when investigating for 
effect of graft diameter and BMI, age differences between 
populations are important to report since younger age at time 
of surgery is a well-known risk of failure after ACL surgery 
[19, 22, 23]. In a joint study from all Scandinavian ACL 
registries, a decrease in risk for revision surgery was seen 
with increasing age (in 5 year intervals) from 20 years and 
above—as compared to those less than 20 years in age at the 
time of surgery [20]. One would believe that younger knees 

would have an advantage in healing and rehabilitation after 
surgery—but this effect is probably counterweighted by the 
tendency to continue risk-seeking behavior after their initial 
ACL reconstruction. The young ACL-reconstructed patient 
will more likely return to pivoting sports than those who are 
older at the time of reconstruction [6, 24, 25].

The current relatively high incidence of adipose and 
obese patients has rarely before been reported in ACL 
injured patients. BMI is limited as a measure for overweight, 
since both fat and muscle tissue can contribute to a high 
score. Athletic patients can therefore appear overweight 
due to a substantial muscle mass [26] The high incidence 
(23%) of obese patients, however, indicates that the current 
finding might be linked to the general trend of increasing 
weight in the Western world [27]. An additional factor, 
probably affecting the preoperative BMI, is the time from 
injury to surgery. For most patients, an ACL tear leads to 
a sudden and dramatic reduction in activity as compared 
to the preinjury level. Time to surgery, a current mean of 
22 months, comes with a risk that inactivity can negatively 
affect patients’ weight. Registry-based studies reflect the 
population as a whole—therefore timing of surgery as well 
as body composition might differ from studies that report on 
selected populations of athletes. Underlying differences in 
study populations are therefore important to consider when 
assessing generalizability of and comparability between 

Fig. 2  Overall cumulative risk 
of revision related to patient 
body mass index (BMI)
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studies. In the current work, height and weight were also 
included as separate factors in the Cox regression model to 
account for limitations in BMI. Results did, however, not 
change from only using BMI.

Although commonly reported, BMI has rarely been 
investigated as a primary risk factor for inferior outcomes 
after ACL reconstruction. A systematic review evaluating 
both risk of worse outcomes and postoperative complica-
tions could not find any clear relation to the patient base-
line BMI [28]. Another review reported that patients with 
increased BMI at baseline had a lower level of activity after 
reconstruction—but no increase in risk of undergoing revi-
sion surgery [29]. Pietrosimone et al. recently investigated 
whether BMI above or under 25 was related to inferior out-
comes at mean 30 months after ACL reconstruction [30]. 
Only a weak, and clinically non-relevant, correlation to 
IKDC subjective scores was seen in those with a BMI above 
25. In a report from the NKLR, the effect of BMI above and 
below 25 was also investigated [20]. In that study, a higher 
risk of undergoing revision surgery was found in patients 
with a BMI of less than 25. The authors interpreted these 
findings to be related to a confounding higher level of activ-
ity rather than the relative BMI itself. The current data had 
a trend towards lower risk of revision in patients with a BMI 
of 25–29, perhaps due to a similar effect. The results did, 
however, disappear in the adjusted model.

There are, inevitably, some limitations in the current 
work. Data collected from a registry are volunteered from 
patients and surgeons and error in registrations might there-
fore occur. Further, the current study is somewhat con-
servative when only using revision to define failure after 
primary surgery. It is well-known that revision surgery is 
not performed in all patients that experience failure after 
ACL reconstruction. A study by Crawford et al., including 
findings from clinical examination in addition to revision 
surgery, displayed how the actual failure rate can be up to 
double of what is accounted for by only including revision 
surgery as a measure for failure [5]. Another limitation, 
inherent in the Norwegian registry, is that graft diameter 
is reported as the thickest part of the construct. The graft 
tunnel diameter, as a proxy for graft diameter, is commonly 
used in other studies—so this issue is not only related to 
the current work [17]. Biomechanically, the thinnest part of 
the graft has the lowest load to failure and should perhaps 
rather have been registered. Using data from a registry also 
has a certain limitation in the available data. Therefore, fac-
tors that have previously been shown to affect outcomes—
surgeon experience, graft tunnel placement, rehabilitation 
protocol, timing of return to sport—has not been controlled 
for. Strengths of the current study include a rare and rela-
tive high number of patients (N = 150) undergoing revision 
surgery. Adjusting for age, gender, level of activity at time of 
injury, BMI (and height and weight) and fixation method in 

tibia/femur did account for some potential confounders and 
strengthens the current results. Finally, reporting data from 
a community-based registry might increase the generaliz-
ability of results for the common surgeon as compared to 
case series of more homogenous patients from single-center 
high-volume surgeons.

The findings from the current study do not align with 
other studies displaying that a bigger hamstrings autograft 
diameter reduces the risk of revision surgery as compared 
to smaller graft sizes. The current results does therefore not 
support the choice of upsizing the smaller graft diameters 
when encountered. The authors do, however, feel that more 
studies should reproduce these findings before general rec-
ommendations on accepting smaller graft size is given.

Conclusion

Contrary to former studies—showing an increased risk of 
undergoing revision surgery when a smaller graft size has 
been used at the primary ACL reconstruction—the current 
work could not demonstrate such effects. The influence of 
BMI was also investigated, and although a high incidence 
of adipose patients were identified—the BMI was not found 
to relate to the risk of revision surgery.
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