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INTRODUCTION 

Cerebral palsy is a neurological disorder that results in 

impaired motor control, spasticity, and consequently, a 

significant reduction in walking ability.  There are a variety of 

orthopedic surgeries available to correct bony alignment and 

lengthen or transfer tight or spastic muscles, with the goal of 

improving walking ability.  Patients often receive multiple 

simultaneous surgical procedures, but these treatments are not 

always successful.  While most patients undergo a gait 

analysis and physical exam prior to treatment, interpreting this 

information is challenging.  Thus, better tools are needed to 

objectively and effectively identify patients who are likely to 

benefit from multi-level surgery and enable realistic surgical 

goal-setting.   

 

In this study, we developed and tested a multivariable linear 

regression model by analyzing retrospective patient data from 

one large clinical center.  Our goals were to 1) predict post-

operative changes in overall gait kinematics, and 2) identify 

the individual factors associated with improvement in walking 

ability. 

 

METHODS 

Subject Selection:  We analyzed children aged 5 to 18 with 

spastic cerebral palsy treated at Gillette Children’s Specialty 

Healthcare between 1994 and 2010.  Subjects were eligible for 

inclusion if they received orthopedic surgery consisting of 2 or 

more major, lower-extremity bone or muscle procedures and 

had pre- and postoperative 3-D gait analyses between 9 and 36 

months apart.  The Gait Deviation Index (GDI) is a 

standardized and clinically-accepted measure of overall 

walking ability that incorporates 3-D kinematics of the pelvis, 

hip, knee, and ankle joints [1].  We included only subjects 

whose preoperative GDI was more than 2 SDs from normal.  

We analyzed only one limb per subject, selecting the earliest 

qualifying visit and the most severely affected limb.  These 

criteria resulted in a total of 253 qualifying subjects. 

 

Model Building:  We used the retrospective patient data to 

build and test a multivariable linear regression model to 

predict a subject’s change in GDI after multi-level surgery.  

We started with a pool of candidate predictive variables, 

drawn from a subject’s preoperative gait analysis that 

characterized a subject’s gait function, strength, spasticity, 

age, height, and weight, as well as a set of binary variables 

indicating which surgical treatments the subject received.  We 

chose a subset of variables to include in our regression model 

using backwards stepwise selection with a probability cut-off 

of p = 0.1 [2]. 

 

Model Assessment:  We used the R
2
 value to assess the overall 

fit of the model.  We examined the coefficients and t-scores 

for each of the model’s variables to assess the association 

between each variable and improvement in GDI.  We also 

performed a post-hoc classification of subjects, using a 10 

point (1 SD) improvement in GDI as the threshold for 

classification as “Improved” after treatment.  Using 10-fold 

cross-validation, we estimated the prediction accuracy of the 

regression model for new subjects [3]. 

 

RESULTS AND DISCUSSION 

Our 10 variable linear regression model was able to classify 

subjects’ postoperative gait kinematics as “Improved” or 

“Unimproved” with 76% accuracy and explained 46% of the 

variance in subjects’ change in GDI (Figure 1).  This is in 

contrast to the 60% observed improvement rate using the 

current standard of care at Gillette.   

 
Figure 1:  Observed vs. predicted improvement in GDI after 

multi-level orthopedic surgery for each subject.  The 

horizontal and vertical dashed lines indicate the 10 point 

threshold for improvement in GDI.  The solid black line is a 

least squares fit to the data points. (R
2
 = 0.46).   

 



When we used cross-validation to estimate the classification 

accuracy for new subjects, the accuracy was reduced slightly 

to 75%.  We caution, however, that this classification rate 

corresponds to subjects treated at Gillette using the current 

treatment paradigms.   

 

Our regression model, which used readily-available data from 

subjects’ gait analysis and surgical plan, was able to correctly 

identify 69 of the 102 subjects who did not have an 

“Improved” GDI after multi-level surgery.  In these subjects, 

invasive surgical treatment may not have been justified or they 

may have received an inappropriate combination of surgeries.   

We recognize that a 10 point improvement in GDI may not 

always be the goal of treatment—a benefit of our regression 

model is that it gives an estimate of the amount of expected 

improvement in gait function, which would allow for 

clinicians to set realistic goals for surgery with patients and 

their families. 

 

Our multivariable regression model also provides insight 

about the factors associated with improvement in gait 

kinematics (Table 1).  For example, a subject’s strength score 

and normalized walking velocity were significant predictors of 

a positive outcome in the regression model.  This indicates 

that stronger subjects had a better response to treatment.  A 

faster walking speed suggests greater muscle control and 

strength, which was also associated with more improvement in 

GDI.   

 

The regression model also included several binary variables 

that indicated whether a subject received a particular 

treatment.  Gastrocnemius lengthenings and femoral 

derotation osteotomies were both associated with more 

improvement in GDI, while adductor lengthenings and psoas 

releases were associated with less improvement.  This 

suggests that the current protocol for prescribing adductor and 

psoas procedures might be improved or that these surgical 

techniques are less effective at improving GDI, hypotheses 

that warrant further investigation.   

 

The multivariable regression allows us to interpret the 

independent effect of each variable when holding other 

confounding factors constant.  For example, we controlled for 

subjects’ preoperative GDI since this was included as a 

variable in the model—subjects with a lower preoperative 

GDI had more room for improvement after treatment.  The 

other variables used in the regression model are displayed in 

Table 1.  We observed that subjects with a less-affected 

contralateral limb, faster knee flexion velocity at toe-off, and a 

smaller pre-operative knee range of motion during gait tended 

to show more improvement in their GDI. 

 

CONCLUSIONS 

In this study, we created a new tool that can help clinicians 

identify good candidates for multi-level orthopedic surgery 

and enable realistic goal-setting for treatment.  Further, our 

regression model was 75% accurate in classifying subjects 

overall gait kinematics as “Improved” or “Unimproved”, using 

data that is available from routine patient care. 

 

This study raises several exciting avenues for future 

investigation.  Future research should determine more 

effective techniques for prescribing adductor lengthenings and 

psoas releases as part of multi-level surgery.  In addition, 

although our findings suggest that motor control and strength 

are indicators of positive treatment outcomes, the current tools 

for measuring these variables are imprecise.  Improving our 

ability to assess motor control as it pertains to gait function in 

children with cerebral palsy has the potential to further 

enhance patient diagnosis and treatment.  
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Table 1: Multivariable linear regression model to predict improvement in GDI. 

 

Predictive Variable Coefficient 95% Confidence Interval p-value 

Gait Deviation Index of Ipsilateral Limb (Dimensionless) -0.96 -1.41 -0.78 0.000 

Gait Deviation Index of Contralateral Limb (Dimensionless) 0.31 0.15 0.46 0.000 

Normalized Walking Speed (Dimensionless) 24.7 12.3 37.0 0.000 

Composite Manual Strength Score (Dimensionless) 1.36 -2.22 -0.50 0.002 

Knee Flexion Velocity at Toe-Off (°/% gait cycle) 3.37 0.62 3.92 0.007 

Knee Flexion Range of Motion During Gait (°) -0.16 -0.25 -0.06 0.002 

Received Adductor Lengthening? (0/1) -2.53 -5.11 0.05 0.055 

Received Psoas Release? (0/1) -3.73 -6.07 -1.39 0.002 

Received Femoral Derotation Osteotomy? (0/1) 3.49 0.88 6.12 0.009 

Received Gastrocnemius Lengthening? (0/1) 2.21 -0.09 4.51 0.060 

Constant 45.3 36.6 54.1 0.000 




