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ABSTRACT

Purpose: to develop and validate algorithms that enable a novice user to quantitatively measure the head shape
parameters associated with deformational plagiocephaly, and brachycephaly (DPB) using a smartphone or tablet.

Method: We have developed a technology (called SoftSpot™) based on advanced imaging algorithms to detect
different types and severity of DPB from top-view photos of the head acquired by a novice user at the point-of-care, i.e. in
pediatric offices, and at home. Currently, the head shape parameters are measured using either a 3D scanner or a mechanical
caliper by a specialist such a pediatric neurosurgeon or an orthotist. In our approach, the head contour is extracted semi-
automatically using the intelligent scissors method. We then automatically compute two indices used in the clinical
determination of the DPB: the cranial index (CI), and the cranial vault asymmetry index (CVAI). In this paper, we also
present methods to quantify, and compensate for the user variability in the acquisition of photos, including camera angle,
and distance from the head, by combining the results from different camera positions. We compared the results of our
technology with ground truth measurements from 53 infants with DPB, and normal cranial parameters. Accuracy analysis
was performed by Bland Altman (BA) method, and the Spearman correlation test.

Results: The Spearman correlation coefficients between the new 2D method, and the 3D ground truth were 0.94
(p<0.001), and 0.96 (p<0.001) for CI and CVAI respectively. Different camera angles, and distances from the head resulted
in variation in CI and CVAI in the range of [-2.0, 6.0], and [-4.0, 4.0] units, respectively. The limit of agreement was
reduced from [-3.6, 5.3], and [-3.6, 4.2] to [-0.5, 3.0], and [-1.3, 1.6] for CI and CVAI, respectively, by combining results
from different camera angles, and positions in our method. The overall accuracy of the proposed technology for DPB
detection was 100%.

Conclusions: Photographic 2D images can be accurately analyzed to assess DPB at the point-of-care. By
compensating for the error from variable camera angles, and distance from the head, our technology eliminates user
variability. The algorithms will be packaged in a mobile application to enable the use of the technology at the point-of-
care.
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1. INTRODUCTION

About 20-30% of newborns manifest moderate to severe head deformation in the first months after birth [1], and
delayed identification causes significant medical and societal costs. The most common infant head deformations are
deformational plagiocephaly and brachycephaly (DPB), see Figure 1.a. These conditions require immediate attention, and
benefit from early treatment. Abnormal head shape or growth patterns in infants are correlated with other health conditions
such as developmental delays, torticollis, microcephaly, and hydrocephalus [1,2-11]. In addition, these children and their
families are affected by social stigma and psychological pressure. Therefore, it is essential to monitor the growth of infant
heads to be able to initiate early, and less invasive therapy for children with head deformation, i.e., to prevent the need for
helmet therapy for DPB, and associated health complications [12-16].

The incidence of DPB has risen from 2-5% to 20-46% since the Back-to-Sleep campaign was initiated [1,17] to
avoid sudden infant death syndrome, causing DPB to be called a pediatric epidemic [18]. For diagnosis, families are
referred by a pediatrician to orthotists or pediatric neurosurgeons who use a mechanical caliper called craniometer [19]
(Figure 1.b) or 3D imaging [20] to determine the type and severity of the cranial deformation. It can take up to two months

to schedule such visits, leaving parents in anxiety, and potentially missing the opportunity to correct DPB by conservative
therapy [17], which is effective only in the first 4-6 months of life.



A critical challenge in the early detection of cranial deformations is the absence of tools available to pediatricians
to perform quantitative head shape assessment during brief well-child visits. Typically, only the head circumference of the
infant is measured using a tape. Moreover, head shape evaluation performed by specialists is done only for the indication
of cranial deformation. As a result, over 600,000 infants remain untreated every year in the U.S for their head deformations
[18]. Thus, there is a critical need to develop, and disseminate objective tools for simple, low cost, and reproducible
assessment of cranial shape in pediatrician offices.
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Figure 1. Measurement and management of DPB: a) types of DPB: plagiocephaly--when the head is asymmetric,
brachycephaly--when the head is wider than normal, and scaphocephaly--hen the head is longer than normal; b)
craniometer to measure DPB by a specialist; ¢) correctional helmet for treatment of DPB.

In this paper, we first present algorithms that enable the semi-automatic measurement of the head shape
parameters associated with DPB from top-view 2D rendered images of the head. We also simulate the effect of user
variability in the acquisition of data, such as the camera angle and distance from the head, and landmark selection (the tip
of the nose) on the accuracy of the cranial shape parameters. Then, we propose methods to compensate for the user
variability error. Finally, we report the accuracy of our technology using 2D rendered images of infants with DPB and
normal cranial shape.

2. METHODS

We have developed a technology (called SoftSpot) based on advanced imaging algorithms to detect different types
and severity of DPB from top-view photos of the head acquired by a novice user at the point-of-care, i.e. in pediatric offices
and at home. We aim to automatically compute two indices used in the clinical determination of the DPB from the head
shape parameters: the cranial index (CI) and the cranial vault asymmetry index (CVAI) [21].

Measurement of CI and CVAI from 2D photographs in the absence of user variability error. We used 53
retrospective, curated 3D data from patients with normal head shape or DPB (both plagiocephaly/brachycephaly and
scaphocephaly). The dataset was acquired using 3dMDHead System (3dMD, Atlanta, GA) or STARscanner
(Orthomerica, Orlando, FL). The ground-truth CI and CVAI was obtained from the 3D scans of the head. Our
measurements were performed on 2D pictures of the head.

Accurate extraction of the head contour is a prerequisite to measuring C/ and CVAI In our initial approach, the
user clicks 6-10 points that roughly trace the head contour on the picture. Then, the contour is refined using the intelligent
scissors algorithm in which a graph is constructed from the image using the seeds. Then the Dijkstra algorithm [24] is used
to find the optimal path between consecutive seed points [25], which is smoothed using a piecewise cubic spline. Given
the head contour, the CI and CVAI are calculated using a published method [21]. In that study, human experts manually
identified landmarks for the measurement of CI and CVAI. In our methods, the identification of the landmarks is automatic.

Results were evaluated using Bland-Altman (BA) analysis and Spearman correlation test. The overall accuracy,
sensitivity and specificity of our method for the identification of DBP were also measured and reported.

Quantify and compensate for the effect of user variability on CI and CVAI measurements. The notion of
apparent contour can best describe the effect of camera angle and distance on C/ and CVAI measurements. Apparent
contours are the projection of the contour generators, as shown in Figure 2, for a given angle and distance from the target
(i.e., the head), which separate the visible and occluded parts on a surface [26]. In other words, the apparent contour is
what appears in the photo, and is a function of the ground-truth contour, as well as of the camera angle, camera-to-head
distance, and camera parameters. The measurement plane is a plane that parallels to the XY plane at the level of the



largest head circumference. The XY plane is defined based on certain anatomical landmarks, i.e., the left and right
tragions, nasion, and subnasale.

Through simulations, we generated top-view 2D projections of the head from the 3D head volumes to study the
effect of camera angle and distance on the accuracy of cranial shape parameters. Two angles were defined for the relative
pose of the smartphone to simulate the effect of variable input by novice users. Pitch and roll were varied from -6° to 14°
and -8° to 8°, respectively. The camera distance was set at 300, 400, and 500 mm from the head. In total, 507 2D projections
were generated from every 3D volume. Next, the head contour was automatically extracted from the 2D pictures.

To perform this automatic extraction, the nose and ears were removed through a series of morphological
operations. Figure 3 shows an example image that contains the ears and nose tip, the output/processed image, and the
difference between the two. We then computed the CI and CVAI from top view pictures.
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Figure 2. Different apparent contour generators can lead to different top-view photos.

Figure 3. Extraction of the head contour: a) top view with an ear and nose visible, b) automatic detection of the nose
and the ear, c) the final head contour used to compute the shape.

To reduce the variability in measurement from different camera angles and positions, we used multiple frames at
random angles, and combined the results. We observed that the effect of novice user input can be substantially reduced
using this method that analyzes multiple data points from each user, thus increasing the accuracy of the computation of
cranial shape parameters used for the clinical evaluation of DPB. We then compared CI and CVAI computed from angles
selected by an expert user with those from “novice users”--one image selected at random angle and distance within the
defined ranges, and with “our method”--combination of 5 or 10 images selected at randomly distributed angles and
distances. We also evaluated how these methods perform for the detection and classification of DPB.

3. RESULTS

Accuracy of photograph-based method in the absence of user variability. The Spearman correlation
coefficients between our method and the ground-truth 3D measurements were 0.94 (p<0.001), and 0.96 (p<0.001) for C/
and CVAI respectively (Figure 4).

Effect and compensation of variation in camera angle and distance on CI and CVAIL Figure 5 shows an
example of the effect of the variability in camera angle and distance. The CI error range was [-6.0, 2.0], and the CVAI
error range was [-5.0, 5.0]. The CI typical range is [65,105], and the CVAI typical range is [-23,23]. Although this large
variation in simulated camera parameters may be exaggerated, the range of errors can result in incorrect diagnosis, and



classification of severity of DPB. In general, the effect of the camera distance from the head was more pronounced on C/
than CVAI while the effect of the roll angular error was more evident on CVA/ than CI.

cl1 CVAI

a5

Q0

SoftSpol

85

SoftSpol

80 |

75 |

70 -10
70 80 20 100 10 e] 10 20
GT GT

Figure 4. Results of regression analysis comparing results from SofiSpot to those of ground-truth using a least square linear
regression (red line). Black line shows the ideal scenario (zero error).

Table 1 shows results when we further process the data acquired by novice users. These findings suggest that our
approach based on combining the results from multiple pictures substantially reduces the error. The proposed methods to
compensate for these errors improved the limits of agreement within the 95% of confidence interval in the Bland-Altman
plot analysis for CI and CVAI to [-0.5,3.0], and [-1.3,1.6] respectively (Table 1 and Figure 6).
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Figure 5. User input variables from camera distance and angle: (left) the effect on CI; (right) the effect on CVAL

Table 1. Results of compensation for the effect of camera angle and distance demonstrated
by the limits of agreement (LoA) in the Bland-Altman test.
LoA in CI LoA in CVAI
A random picture [-3.6,5.3] [-3.6,4.2]
Our method (5 random angle) [-0.9,3.2] [-1.4,1.6]
Our Method (10 random angles) [-0.5,3.0] [-1.3,1.6]

DPB detection and classification. Using the datasets of DPB and normal cases, we compared the ground-truth
with the DPB detection, and classification results of SofiSpot after eliminating the effect of camera angle and distance.
As shown in Table 2, SofiSpot was able to successfully detect all DPB cases (100% accuracy) using the combination of
CI and CVAI Table 3 shows the confusion matrix for the classification of type of DPB indicating that our approach can

accurately detect DPB and indicate the type of condition.



difference between Cl calculations

Table 2. Evaluation of SofSpot DPB detection.

CI CVAI Combined
Accuracy 96% 96% 100%
Sensitivity 100% 94% 100%
Specificity 85% 100% 100%

4. CONCLUSIONS

In this study, we developed algorithms that can accurately assess the presence of DPB from top-view pictures of
infant heads. We quantified the effect of the user variability including camera angle, and the distance from the head. To
compensate for the camera angle/distance, we used multiple measurements from different angles to substantially reduce
the errors. Our results with retrospective 3D data showed 100% accuracy for the detection of DPB, and prove the
feasibility of our approach for the classification of types of DPB. Future studies will be performed with larger and
prospective data.
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Figure 6. Bland Altman plot comparing our method, and the novice user with the expert user. Black lines show limits of
agreements and green line shows the bias. Notable improvement in the limits of agreement can be seen with our method.

Table 3. Confusion matrix for the classification of type of DPB using SofSpot.
Brachycephaly Schaphocephaly Normal
Brachycephaly 40 0 0
S Schaphocephaly 0 2 0
Normal 2 0 9
Right plagiocephaly Left plagiocephaly Normal
~ Right plagiocephaly 22 0 2
% Left plagiocephaly 0 7 0
Normal 0 0 22
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