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Synopsis
Prediction of growth potential in the pediatric population is critical to trace therapies targeting growth de ciencies and to inform surgical planning. Clinical models to
predict growth potential are very inaccurate. We aim to validate DTI of the physis and metaphysis (DTI-P/M) as a prediction biomarker of growth potential in children. We
compared in a cohort of 90 children the prediction accuracy of DTI-P/M and clinical models. Our data showed that DTI-P/M predicted growth potential more accurately
than clinical models (over 40% reduction in error). Even more importantly, compared to clinical models DTI-MP predictions did not show any prediction bias.

INTRODUCTION
Early detection of abnormal skeletal growth is challenging as abnormal function of the physis, or growth plate, only becomes evident when there is slow height gain,
deformity, or a nal short stature. Clinically, physeal function is assessed with height measurements, which are used to predict height velocity (HV), or change in stature
during 1 year, and total height gain (THG), or the di erence between present height and nal height.1 Current methods to predict HV and THG rely on determination of
bone age1,2 and provide inaccurate predictions, which may vary by as much as 8 cm.3
Di usion tensor imaging of the physis and metaphysis (DTI-P/M) has shown promise to assess physeal function.5 DTI-P/M measures di usion through the columns of
physeal chondrocytes and metaphyseal ossifying cartilage aligned with the bone’s longitudinal axis. As children approach skeletal maturity physeal chondrocytes
progressively ossify reducing the organization and length of columns. Thus, measures of tractography can be a direct measure of growth plate activity.6
The objectives of this study were 1) to validate DTI-P/M as a predictive biomarker of VH and THG; 2) To compare predictive value of DTI-M/P with current clinical measures.

METHODS
Subjects. We included 90 children (42/48 girls/boys, 4 to 17 years, median 13 y) with an open distal femoral physis and no evidence of physeal abnormality on T1-weighted
images. All children provided measurements of height at the time of MRI and 10‒14 months after. 70 of children (36/34 girls/boys, median 14 y) provided serial height
measurements until nal height.
DTI-P/M. MRIs of the right knee were acquired at 3T with a 15-channel knee coil. DTI was measured using a fat-suppressed EPI sequence with 20 di usion directions; bvalues of 0, 600 s/mm2; TR/TE=7100/82 ms; parallel imaging factor=2; resolution=2×2×3 mm3. Conventional MRI of the knee was also acquired in each children.
Image processing. From DTI-P/M images we calculated fractional anisotropy (FA) and performed tractography using a minimum FA threshold of 0.15 and a maximum
turning angle of 40° between two adjacent voxels. Tractography were summarized by tract volume (TV), tract length (TL).
Clinical prediction of HV and THG. Bone age was estimated for all the subjects. From bone age we used the standard models to predict VH7 and THG8. Root mean square
errors (RMSE) between estimated and measured HV and THG were calculated.
DTI-P/M prediction of HV and THG. To test predictive value of DTI-P/M for HV and THG we build a multilinear model including DTI-P/M measures (FA, TV and TL), and
biological variables (age, sex). Models were validated using 10-fold correlation and RMSE between estimated and measured parameters were calculated for all validation
sets (RMSECV).
Statistical analysis. To validate DTI-P/M we built a multilinear model using a stepwise algorithm (enter criteria: p-value<0.05; exit-criteria p>0.10; criteria of improved t: pvalue<0.05). The prediction value of the models was tested using 10-fold cross-validation (1,000 partitions). We used average cross-validation RMSECV as prediction error.
Bland-Altman plots were used to compare the predictive value of DTI-P/M and bone age. For DTI-P/M we used the RMSECV from validation datasets in 10-fold crossvalidation. Two-sided t-test strati ed by age was used to test for prediction bias after testing for normality (Kolmogorov-Smirnov).

RESULTS
Clinical prediction of HV and THG. The RMSE of the prediction was 2.87 and 4.97 cm for VH and THG, respectively. Bland Altman plots for bone-age based predictions (Fig.
1) showed signi cant bias in the estimation of both HV (0.93±2.73 cm, p<0.01) and THG (3.19±3.85 cm, p<0.01). Analysis of the residuals by age (Fig. 2) indicated signi cant
(p<0.05) prediction bias in VH for the 12 y group (+3.30 cm) and in THG for ages 12‒14 y (6.61‒2.54 cm).
DTI-P/M prediction of HV and THG. The stepwise model identi ed TV as the strongest predictor for HV and THG (Table 1). DTI-P/M signi cantly improved data tting
(p<0.05) and explained 63% (RMSECV=1.76cm, VH) and 59% (RMSECV=1.83cm, THG) of the variance. Bland-Altman plots (Fig. 1) did not have a signi cant bias in HV
(p=0.99, (0.00±1.83) cm), nor in THG (p=0.94, (-0.02±1.94) cm). Analysis of residuals did not show bias in VH nor THG for any age group (p>0.25, Fig. 2).

DISCUSION
Our study shows that compared to standard clinical methods DTI-P/M improved prediction of both HV (40% RMSE reduction) and THG (63% RMSE reduction) without
measurement bias.
Providing an accurate assessment of physeal function is critical. Current clinical methods detect physeal dysfunction after many months, which is suboptimal for
evaluating the response to therapies such as growth hormone (GH) treatment. GH treatment entails daily injections, has potential complications, and costs $100,000
annually per child.9,10 Accurate prediction of growth will facilitate decisions about surgical interventions, which di er based on residual growth potential.
The function of the physis relates to the columnar architecture of the cartilage. HV depends on the number of cells in each physeal column and their organization. DTI
tractography metrics re ect the length and organization of columns of cartilage and newly formed bone. Thus, DTI metrics should provide a window into the microstructure and function of the physis, and thus into physeal activity.5

CONCLUSION
Our data demonstrate that DTI-P/M, particularly tract volume, can be an accurate predictive biomarker of potential growth overperforming current clinical methods.
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Figures

Figure 1. Example of tractography. Example of tractography of two children, ages 12 (boy) and 15 (girl).

Figure 1. Bland-Altman plots of predicted and measured VH and THG. Bland-Altman plots showed reduced error in DTI-P/M predictions (top) compared to bone-age
predictions (bottom). Also, DTI-P/M predictions did not have bias (zero di erence within the 95%-con dence interval), while bone-age predictions had a signi cant bias.
The dashed line represents the mean di erence between predicted and measured; the dot-dash line the two-sigma range. The light gray area indicates the 95%con dence interval of the mean di erence. Purple circles are boys and dark pink girls.
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Figure 2. Analysis of residuals strati ed by age for VH and THG. Predicted values using DTI-P/M (top row) or the bone-age (bottom row) show a overestimation of bone-age
predictions, specially for children bellow 15 y. Age groups that included less than 4 subjects were represented as individual measures. Boxes span between the 25th and
75th percentile, with the red line indicating the median.

Table 1: Summary of the stepwise linear models for HV and THG
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