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Abstract 

Background: The incidence of anterior cruciate ligament tears and subsequent reconstructions 

in the pediatric population has significantly increased over the last twenty years.2 Hamstring 

autograft reconstruction is a common approach to ACL reconstruction in the pediatric 

population because of their open physes and the reduced risk of re-tear with the use of 

autograft as opposed to allograft tissue.4 In recent publications, the size of the autograft has 

also been shown to be a significant factor influencing the risk of re-tear after ACL 

reconstruction with autograft.10 We attempted to determine patient specific factors that would 

allow us to estimate the patient’s probable quadrupled hamstring graft diameter 

preoperatively. Characteristics that we evaluated included age, sex, height, weight, BMI, and 

graft diameter determined intraoperatively.  

Methods: A retrospective chart review was utilized to extract data on patients under the age of 

18 who underwent ACL reconstruction by one orthopedic surgeon from the years 2012 to 2015. 

Each patient’s age, sex, height, weight, BMI, and graft diameter was recorded. Correlation 

coefficients and linear regression analysis were used to ascertain associations between each of 

the specified predictors with graft diameter as the outcome measure.   

Results: A total of 69 patients met our inclusion criteria. Regression analysis showed a 

significant predictive capability of the variables, including age (Beta=0.11,p=0.002), sex 

(0.40,0.002), height (0.035,<0.001), and weight (0.013,<0.001) to predict the outcome of graft 

diameter. In our study, BMI was not a significant predictor of graft diameter (0.016,0.23). Of the 

four significant variables in our study, height was determined to be the strongest predictor of 

graft diameter, regardless of patient sex (adjusted r2= 0.4172, p<0.001).  

Conclusions: ACL hamstring autograft diameter in a pediatric population can most accurately be 

predicted using the patient’s height. These results are valuable in determining the treatment 

plan for children undergoing ACL reconstruction, and provide useful insight for counseling 

families prior to ACL reconstruction.  
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Introduction 

The rise in the rate of injury of the anterior cruciate ligament (ACL) in the pediatric and 

adolescent population has been a focus of several studies and a concern of providers and 

families of young athletes. Possible factors for this increase rate of injury include an increasing 

number of youth participating in organized sports, early sports specialization, and pressure 

from parents, coaches and peers to continue to participate despite a need for rest and 

recovery.20 In a national database study Werner et al. found that the rate of ACL tears in 

patients between 10-14 years of age increased 18.9% and ACL reconstructions increased 27.6% 

in the same age group during the years 2007-2011. In the 15-19 year old age group diagnosis 

and reconstruction increased 17.7% and 15.7%, respectively.1 Additional evidence of this 

increase was found by Dodwell et al. who discovered that the rate of ACL tears in the pediatric 

population had nearly tripled from 1990 to 2009.2 These findings support the need for further 

investigation into the various treatment parameters in order to most effectively treat the 

affected population.  

Graft selection for ACL reconstructive surgery continues to be investigated to determine 

functional differences and outcome differences between various graft types. Few studies of this 

nature specifically address the pediatric population. A recent comparative study analyzed 

allograft and autograft graft survival in an adolescent sample. The allograft group showed the 

risk of graft failure was 4.4 times greater than the autograft group.4 Continued research on 

graft resources will help guide surgeons’ graft choices and options.  

The majority of currently available research on this topic has been done in adult populations. 

Related studies in adult population have demonstrated that autograft diameters of greater than 

8 mm are associated with a decreased early re-tear rate6,7 and overall improved satisfaction.8 In 

addition, a large cohort study demonstrated that a smaller autograft diameter was associated 

with reduced Knee Injury and Osteoarthritis Outcome Score  for sport/recreation function up to 

two years following a primary ACL reconstruction.9 Analyzing specific autograft diameters, it 

was found that for every increase of 0.5 mm in graft diameter there was a 0.82 times lower 

likelihood of revision reconstruction.10 An increase in graft diameter is also positively correlated 
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with an increase in graft strength.11 Possibly most concerning is the increased risk of re-tear in 

the pediatric and adolescent population. Multiple studies have also shown that the age group 

of 20 years and younger is a high risk population for ACL reconstruction revision due to 

decreased autograft size.6,7,12   

   Based on the limited literature on this topic in pediatrics there was a need to provide 

population specific data for pediatric orthopedic surgeons. The goals of this study was to 

examine the link between patient specific factors including age, sex, height, weight, and BMI 

with graft thickness determined intraoperatively. As the literature continues to grow in regards 

to ACL autograft failures, stratification of various patient characteristics that put patients at a 

higher risk of graft failure will be of continued interest. In a retrospective review of pediatric 

and adolescent patients undergoing ACL reconstruction, we attempted to identify factors that 

would allow us to predict quadrupled hamstring autograft diameter preoperatively. This 

estimation could assist in the preoperative planning and in counseling families regarding option 

for possible graft augmentation and risks of re-tear. 
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Materials and Methods 

Study Design 

A retrospective chart review of pediatric orthopedic patients who underwent ACL 

reconstruction with a quadrupled hamstring autograft by one surgeon at Phoenix Children’s 

Hospital completed between 2012 and 2015. These patients were identified using diagnosis and 

procedure codes. A chart review was performed obtaining the patients’ age, sex, height, and 

weight. The patients’ height and weight were used to calculate Body Mass Index (BMI). The 

data was tabulated and sorted using a spreadsheet. These patient descriptors were then 

compared with the intraoperatively measured quadrupled hamstring graft diameter. Statistical 

methods were then used to determine factors predictive of graft size. IRB approval was 

obtained through the sponsoring hospital and university system. 

Statistical Analysis 

The outcome for the power and sample size calculation was the estimated mean difference in 

the diameter of the graft per one unit increase in the proposed predictors. 68 patients were 

needed if the estimated mean difference in the diameter is 0.7 millimeter with a statistical 

power of 80% and an alpha of 0.05. Demographic and clinical characteristics were assessed 

using means, standard deviations for continuous variables and frequencies, and proportions for 

categorical variables. Univariate analysis via linear regression was conducted to ascertain 

associations between each of the specified predictors with graft diameter as the main outcome.  

To assess age, sex, weight, height and BMI as a group, multiple linear regression calculated 

Beta-coefficients and 95% Confidence intervals to estimate the mean difference of graft size for 

each of the predictors adjusting for all other covariates in the model.  Finally, backwards 

variable selection at the 0.05 level of significance was implemented to ascertain which of the 

selected covariates best predicted graph size.  All p-values <0.05 were deemed as statistically 

significant with a 2-sided alternative hypothesis.  All data analysis was conducted using STATA 

Version 4 (College Station, TX). 
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Results 

In total, 69 patients met the inclusion criteria (32 females and 37 males). The mean patient age 

was 15.1 ± 1.8 years (range 9-18), height was 168.6 ± 10.5 cm, weight was 68.8 ± 17.5 kg, BMI 

23.9 ± 4.9, and graft diameter was 7.6 ± .56 mm (range 6-9mm) [Table 1]. The male and female 

populations were also analyzed individually [Table 1].  

The univariate analysis showed that four predictors were statistically significant in their 

predictive capability of graft diameter including age (coefficient (95% CI) 0.11 (0.04,0.18), p= 

0.002), sex (0.40 (0.15,0.66), p=0.002), height (0.035 (0.025,0.045), p <0.001), and weight 

(0.013 (0.007,0.021), p<0.001). However, BMI did not have statistically significant predictive 

capability of graft diameter (0.016 (-0.01,0.04), p=0.230) [Table 2]. 

After conducting the backwards variable selection, height was found to be the best predictor of 

the four significant variables in predicting graft diameter based on an adjusted r2 value, which 

represents a goodness of fit in a linear model. Multiple linear regression analysis was also used 

to determine the predictive capability of significant variables. Multiple combinations of 

variables were analyzed together and their significance determined. However, no combination 

of variables produced a stronger predictive capability than by using height as a single predictive 

factor. [Table 3].  

The regression analysis using height to predict graft diameter produced the following 

equation: Graft diameter (mm) = 0.035 height (cm) + 1.70 [Table 4]. After stratification of sex, 

it was determined that sex does not modify the predictive capability of height on graft 

diameter.  
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 Total Males Females P-value 
Age (years) 15.1 ± 1.8 15.2 ± 1.9 14.8 ± 1.7 0.009 
Height (cm) 168.6 ± 10.5 174.2 ± 10.4 162.2 ± 5.9 <0.001 
Weight (kg) 68.8 ± 17.5 73.4 ± 19.9 63.6 ± 12.7 <0.001 
BMI (kg/m2) 23.9 ± 4.9 23.9 ± 5.4 24.1 ± 4.6 0.21 
Graft (mm) 7.6 ± 0.56 7.8±0.63 7.4±0.26 0.001 

Table 1. Demographic and clinical characteristics stratified by sex. 
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Graft Diameter (mm) 
 Coefficient (95% CI) P-value 

Age (years) 0.11 (0.04,0.18) 0.002 
Sex 

Female 
Male 

 
Ref 

0.40 (0.15,0.66) 

0.002 

Height (cm) 0.035 (0.025,0.045) <0.001 
Weight (kg) 0.013 (0.007,0.021) <0.001 
BMI (kg/m2) 0.016 (-0.01,0.04) 0.23 

Table 2. Coefficient (95% CI) and P-value calculated using Univariate analysis via simple linear 
regression.  
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Graft Diameter (mm) 
 Adjusted R2 P-value 

Height 0.4172 <0.001 
Age, sex, height, weight, 

BMI 
0.4153 <0.001 

Age, sex 0.2198 0.0001 
Weight 0.1769 0.002 

Age 0.1268 0.0016 
Sex 0.1164 0.0024 

Table 3. Assessing goodness of fit of selected covariates using linear regression.  
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Graft Diameter (mm) 
 Linear regression equation 

Height Y=1.70+0.035(height,cm) 
Weight Y=6.66+0.014(weight, kg) 

Age Y=5.90+0.11(age, years) 
Sex Y=7.41+0.40(M=1,F=0) 

Sex+Age Y=5.87+0.36(M=1,F=0)+0.10(age,years) 
Table 4. Linear regression equations of selected variables predicting graft diameter 
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Figure 1. Scatter plot assessing the correlation between height and Graft Diameter.  R^2 and p-
values were calculated using Univariate linear regression.   
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Discussion 

This study utilized a retrospective chart review to determine the predictive capability of patient 

characteristics on quadrupled hamstring autograft diameter used in ACL reconstruction in a 

pediatric population. Patient characteristics including age, sex, height, and weight were all 

determined to have a significant correlation with autograft diameter. Of these four significant 

predictive variables, height produced the strongest predictive correlation with the outcome 

measure.  

Previous studies in adults have demonstrated that hamstring autografts with diameters of less 

than 8mm have an increased risk of failure in comparison with grafts of a larger size.10 

Comparable studies in the pediatric population are limited, but it has been suggested that a 

diameter of less than 7 mm may have a higher risk of failure. The results produced by this study 

may be useful in predicting patients with smaller graft diameters, which could correlate with an 

increased risk of failure. The linear regression equations shown in Table 4 can be used to quickly 

calculate the estimated graft diameter. Height being the strongest predictive variable, 

regardless of patient sex, height less than 150 cm (59 inches) is predictive of a graft diameter 

less than 7 mm. Additionally, using only limited patient information such as age and patient 

sex, the surgeon can reasonably predict graft diameter preoperatively (Table 4). In this model, 

an 11 year old female would be considered high risk for insufficient graft size.  

In our review of the current orthopedic literature, there were studies that addressed prediction 

of hamstring autograft diameter using similar methods as this study.13-16 However, only one 

similar study was completed using a pediatric population.19 Using adult models, similar results 

to this study were produced with varying exceptions. Several studies indicated that height and 

weight can accurately be used to predict graft diameter in adults.13,14,15  Additionally, height 

was found to be the strongest predictive factor in both male and female adult populations.13,16 

Thigh circumference and leg length have also been analyzed and determined to have an impact 

on graft properties.17 In agreement with the results of this study, differences between genders 

and graft diameter have also been established, with female subjects having predictably smaller 
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grafts.16,18,Table 1 These results in adult populations can help determine possible trends in 

children and adolescents.  

One study addressed predictive variables and their association with graft diameter specifically 

in a pediatric population. Similarly, it was determined that height and weight were significant 

predictors of graft diameter, with differences existing in mean graft diameter between the 

sexes. Additionally, height was again determined to be the strongest predictor in that 

population. Conversely, age was not found to be a significant factor in that sample.19  

Our study adds further evidence to using patient height as a reliable predictor of ACL autograft 

diameter, as well as the capability of using patient age, sex, and weight.  

This study has certain strengths and limitations. A particular strength of this study was the 

quantitative data that was produced. Descriptive statistics of the sample population are useful 

to physicians in understanding the population being treated. The sample size available for this 

study was a source of limitation. However, our sample size collected was sufficient to satisfy the 

power calculation needed for statistical significance. Another possible limitation observed was 

the one center and one surgeon methodology used for data collection. A multi-center study 

would provide a more diverse population that could further stratify results.  
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Future Directions 

Several opportunities exist for future research discovery related to this study. Arguably the 

most important development would be further using this data and selected population to 

analyze factors predicting ACL autograft failure in the pediatric population. As the primary ACL 

reconstruction patient sample size continues to increase, there will inevitably be a larger 

number of graft failures with subsequent ACL reconstruction revisions. These revisions could be 

used retrospectively to identify high risk patient characteristics, and determine if alternate graft 

resources are needed.  
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Conclusions 

The findings of this study provide orthopedic surgeons with valuable information that can be 

used to determine operative management. Age, sex, height, and weight are significant 

predictive measures of graft diameter, with height having the strongest predictive capability. 

These predictive variables can provide the surgeon with multiple parameters to base decision-

making and determine the need for additional graft resources.  
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