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Abstract 28 

Objective: We developed and tested three dimensional (3-D) indices for quantifying 29 

severity of deformational plagiocephaly (DP). 30 

Design:   We evaluated the extent to which infants with and without DP (as determined 31 

by clinic referral and two experts’ ratings) could be correctly classified.   32 

Participants: Infants ages 4-11 months, including 154 with diagnosed DP and 100 infants 33 

without a history of DP or other craniofacial condition.  After excluding participants with 34 

discrepant expert ratings, data from 90 infants with DP and 50 infants without DP were retained.    35 

Measurements:  Two-dimensional histograms of surface normal vector angles were 36 

extracted from 3-D mesh data and used to compute the severity scores below. 37 

Outcome measures:  Left Posterior Flattening Score (LPFS), Right Posterior Flattening 38 

Score (RPFS), Asymmetry Score (AS), Absolute Asymmetry Score (AAS) and an approximation 39 

of a previously described 2-D measure, the Oblique Cranial Length Ratio (aOCLR).  Two-40 

dimensional histograms localized the posterior flatness for each participant. 41 

Analysis: We fit receiver operating characteristic curves and calculated the area under the 42 

curves (AUC) to evaluate the relative accuracy of DP classification using the above measures. 43 

Results: The AUC statistics were: AAS=91%; LPFS=97%, RPFS=91%; AS=99%, and 44 

aOCLR=79%. 45 

Conclusion: Novel 3-D-based plagiocephaly posterior severity scores provided better 46 

sensitivity and specificity in the discrimination of plagiocephalic and typical head shapes than 47 

the 2-D measurements provided by a close approximation of OCLR. These indices will allow for 48 

more precise quantification of the DP phenotype in future studies on the prevalence of this 49 

condition, which may lead to improved clinical care.   50 
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 52 

INTRODUCTION 53 

Deformational plagiocephaly (DP) refers to cranial asymmetry resulting from external 54 

forces shaping the infant’s malleable skull such as positional preference or sleep positioning 55 

(McKinney et al., 2008). Common manifestations include a parallelogram shaped skull, with 56 

asymmetric flattening of the occiput, ipsilateral frontal bossing, and contralateral occipital 57 

bulging. Brachycephaly is thought to have similar etiology, and refers to bilateral (often 58 

symmetric) flattening of the occiput (Graham et al., 2005).  Although considered a minor 59 

cosmetic condition by many clinicians, elevated rates of neurodevelopmental delay have been 60 

observed in some infants with DP and/or brachycephaly, which are especially evident in motor 61 

functions (Panchal et al., 2001; Kordestani et al., 2005; Speltz et al., 2009). DP is of concern to 62 

many parents because of its presumably negative effect on craniofacial appearance, although 63 

studies demonstrating such outcomes are limited (Bialocerkowski et al., 2005; Collett et al., 64 

2005; Steinbok et al., 2007).  Nevertheless, referrals to pediatricians, surgeons and craniofacial 65 

centers for evaluation of DP and/or brachycephaly have increased greatly over the past decade 66 

(Argenta et al., 1996; Mulliken et al., 1999), as has the number of parents opting for physical 67 

therapy interventions or orthotic helmet therapy to “normalize” their infant’s head shape (Kane 68 

et al., 1996; Turk et al., 1996; Mulliken et al., 1999; Bialocerkowski et al., 2005; Collett et al., 69 

2005).  Despite this increase in clinical interest and parental concern, there has been relatively 70 

little research on the causes, course and outcomes of DP (Collett et al., 2005).  This may, in part, 71 

reflect the challenge of reliably capturing the phenotype for epidemiologic studies. 72 
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The severity of DP varies from mild flattening to marked asymmetry along a spectrum that 73 

is difficult to quantify, with unclear separation of “abnormal” from “normal.”  This may partially 74 

account for the wide variation in reported prevalence estimates, which range from less than one 75 

percent to forty-eight percent (Hutchison et al., 2004, Bialocerkowski et al., 2008). Clinically, the 76 

assessment and diagnosis of DP is usually based upon a healthcare provider’s physical 77 

examination of the infant’s skull (and radiographic evaluation to rule out craniosynostosis, if 78 

suspected). This process is often subjective and may be biased by the diagnostician’s knowledge 79 

of the infant’s referral status (i.e., knowing that a parent or health provider is concerned about the 80 

infant’s head shape).    81 

Various methods for quantifying head shape have been developed for both clinical and 82 

research purposes (Hutchison et al., 2005; Ruiz-Correa et al., 2008) and several methods have 83 

been used to capture variation in DP.  These include parental and clinician ratings and 84 

classifications, and measurements involving cross-diagonal transcranial lengths and the angles or 85 

ratios between or among them (Hutchison et al., 2005).  Direct measurements can be taken on 86 

the infant’s head by using measuring tapes or calipers, though some investigators have reported 87 

greater precision and reliability from measurements obtained on two-dimensional photographs 88 

taken from a standardized distance (Zonenshayn et al., 2004). 89 

In a recent and well-designed application of the photographic method for measuring DP 90 

severity, Hutchison et al., 2005 developed a technique called HeadsUp that incorporates a top 91 

view digital photograph of infant heads fitted with an elastic head circumference band equipped 92 

with adjustable color markers to identify landmarks. The resulting photograph is then 93 

automatically analyzed to obtain a number of quantitative measurements for head shape 94 
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including head circumference, cephalic index (CI), oblique cranial ratio length (OCLR), and ear 95 

angles. 96 

Although promising, the Hutchison method requires subjective decisions regarding the 97 

placement of midline and ear landmarks and the selection of the posterior point of the OCLR 98 

lines (40 degrees).  In addition, as the authors noted (Hutchison et al., 2005), a head 99 

circumference band only represents head shape in two dimensions. As a result, displacement of 100 

head volume in the parietal and lower occipital areas cannot be assessed.  Logistically, placing 101 

the band and capturing the photograph on an infant can also be challenging. 102 

The goal of the present study was to develop and test a three-dimensional, automated 103 

procedure for the characterization of DP that does not depend on landmark selection. Using 3-104 

dimensional (3-D) surface meshes of infants’ skulls, we computed plagiocephaly posterior 105 

flattening scores with surface normal vectors; i.e., vectors that are perpendicular to the tangent 106 

plane at a particular point on a 3-D surface mesh. Based on the assumption that the surface 107 

normal vectors of 3-D points lying on the flat surfaces of the 3-D head meshes would have more 108 

similar angles than the surface normal vectors of 3-D points that lie on rounded surfaces, we 109 

hypothesized that these measures would differentiate plagiocephaly from more typical head 110 

shapes. We also performed exploratory analyses to determine whether these novel 3-D-based 111 

plagiocephaly posterior severity scores provide better sensitivity and specificity in the 112 

discrimination of plagiocephalic and typical head shapes than the 2-D measurements provided by 113 

OCLR. 114 

 115 

METHODS 116 

Participants 117 
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The study group initially comprised 254 participants: 154 infants referred to a 118 

craniofacial center and diagnosed with DP by a craniofacial specialist, and 100 infants without 119 

any diagnosed craniofacial anomalies who were recruited from a participant registry.. 120 

Cases. Cases were eligible if they were between the ages of 4 and 11 months at the time 121 

of diagnosis with DP.  Infants were diagnosed with DP by one of four craniofacial specialists, all 122 

of whom were either pediatricians or Advanced Registered Nurse Practitioners.  Exclusions 123 

included: (1) prematurity (less than 35 weeks gestation); (2) presence of a known 124 

neurodevelopmental condition, brain injury, or significant vision or hearing impairment; (3) 125 

major malformations or three or more minor malformations; (4) hemifacial microsomia; (5) a 126 

non-English speaking mother (6) a history of adoption or out-of-home placement; and (7) current 127 

plans for the family to move out of state before the completion of the project.  Cases were seen 128 

for their initial study visit within 3-weeks of diagnosis on average (standard deviation = 1.0).  129 

These 154 enrolled cases represented 56% of all eligible cases.  One hundred twenty one families 130 

declined to participate.  When possible, we queried families about their reason(s) for choosing 131 

not to participate.  Among 65 families providing one or more reasons for declining, 32 cited 132 

distance or transportation issues, 33 cited time constraints, 8 reported that they were unconcerned 133 

about their child’s development, 1 cited privacy concerns, and 3 identified other reasons.  134 

All participants were enrolled after obtaining informed consent approved by the 135 

Institutional Review Board of Seattle Children’s Hospital. This research is in full compliance 136 

with HIPAA standards. 137 

Controls. Infants were eligible for participation as “controls” if they (1) had no history of 138 

referral for or provider or parent concern about head shape or other craniofacial anomaly; and (2) 139 

did not meet any of the exclusionary criteria for cases described above.  We identified nearly all 140 
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controls through an infant participant pool, consisting of families residing in King and 141 

Snohomish counties in Washington State who agreed at the time of their child’s birth to be 142 

contacted for research participation at a later date. Families with a child in the target age range 143 

were contacted by phone to provide information about the study. Those who expressed an 144 

interest completed a brief phone screen to determine eligibility.  The 100 enrolled control group 145 

participants represented 85% of all those who were screened by telephone. Fourteen infants were 146 

determined ineligible after phone screening and four declined participation.  None of these four 147 

families provided a reason for choosing not to take part in the study.  148 

Data Acquisition and Pre-processing 149 

Each of the 254 participants was photographed by a medical photographer at the Seattle 150 

Children’s Hospital. Each participant’s head was first covered with a close-fitting cap to flatten 151 

the hair. Images of the participant were then taken using the 3-DMD cranialTM imaging system 152 

(3-DMD, 2004), which uses four pods, each containing three cameras. Stereo analysis yields 153 

twelve range maps that are combined using 3-DMD proprietary software to produce a 3-D mesh 154 

of the subject’s head. The resulting 3-D surface mesh data consists of 3-D point coordinates and 155 

the connectivity information among the points. We manually removed artifacts on images, such 156 

as clothing and noise; resulting in final 3-D head mesh data (Figure 1a). 157 

All 3-D head mesh data were rotated and aligned in an automated manner in order to 158 

obtain the same pose and orientation across images (Wilamowska et al., 2009). Although faces 159 

are not completely symmetrical, pose alignment finds the yaw and roll angular rotations that 160 

minimize the difference between the left and right side of the face. The pitch of the head is then 161 

aligned by minimizing the difference between the height of the chin and the height of the 162 
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forehead. Less than 10% of the data required minor manual alignments to change the rotation 163 

parameter. 164 

Expert Severity Ratings  165 

The 3-D images of all cases and controls were assessed by two craniofacial 166 

dysmorphologists (authors MC and CH).  Images were de-identified and viewed in random order 167 

to blind raters to case status. The experts created a scoring tool, which included graphical 168 

illustrations, and used the tool to assign discrete scores based on the severity of the posterior 169 

flattening by using a scale of 0 to 3 (i.e., 0 = normal, 1=mild, 2 = moderate, and 3= severe).  170 

They indicated the laterality of the flatness by using negative scores to represent left-sided 171 

flatness and positive scores to represent right-sided flatness (e.g., moderate left-sided flatness = -172 

2; moderate right-sided flatness = 2).     173 

Our objective was to develop and test a tool for assessing DP severity for which a “gold 174 

standard” does not exist. Hence, we considered the experts’ ratings the gold standard in the 175 

evaluation of the new DP indices, yet the inter-rater agreement between the two 176 

dysmorphologists was only 65%.  For the current analyses, we therefore excluded participants if 177 

(1) the two experts assigned discrepant posterior flattening scores (58 cases and 32 controls) or 178 

(2) the classification based on expert ratings differed from the clinical classification assigned at 179 

the time of enrollment (18 “controls” rated as having any posterior flattening, and 6 “cases” rated 180 

as having no DP by the experts). The final sample included 140 infants including 50 non-DP 181 

controls (by definition in category 0 by expert rating) and 90 cases, of whom 46 were in category 182 

-1 or 1, 35 in category -2 or 2, and 9 in category -3 or 3. 183 

2-D Histogram of Azimuth-Elevation Angles of 3-D Surface Normal Vectors 184 
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Surface normal vectors were calculated for all points on the posterior side of the head.   185 

Surface normal vectors are perpendicular to the tangent plane at a particular point on a 3-D 186 

surface mesh. Surface normals can be computed as the vector cross-product of two non-parallel 187 

vectors on a surface. Given the surface normal vector n(nx, ny, nz) of a 3-D point, the azimuth 188 

angle θ of vector n is defined as the angle between the positive x-axis and the projection of 189 

vector n onto the x-plane. The elevation angle φ of n is defined as the angle between the x-plane 190 

and vector n (Figure 1b). The azimuth and elevation angles of surface normal vector n are 191 

calculated as follows: 192 
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where θ is in the range [-π, π ] and φ is in the range [- π/2, π/2]. 194 

On relatively flat surfaces of the head, all surface normal vectors point in the same 195 

direction. By definition, individuals with DP should have one or more such flat areas, and larger 196 

such flat areas would have a higher number of surface normal vectors pointing in the same 197 

direction. Individuals without DP would be expected to have a more even distribution of the 198 

directions of surface normal vector, since such individuals’ heads are more rounded (Figure 2). 199 

These observations provide the rationale for development of the four novel DP severity scores 200 

presented here. 201 

After calculating the surface normal vectors of all points on the posterior side of the head, 202 

we constructed a 2-D histogram of the resulting azimuth and elevation angles (hereafter referred 203 

to simply as a “2-D histogram”). The elevation angles span 180°, ranging from -90 to 90°, while 204 

the azimuth angles span 360° degree ranging from -180 to 180°. We then grouped the computed 205 

angles into a small number of “bins,” 12 bins for elevation and 12 for azimuth. These form the 206 

basis for constructing a 144-bin 2-dimensional histogram, each bin representing an azimuth-207 
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elevation combination corresponding to a particular area on the head. The value of each bin is 208 

the percentage of surface normal vectors with a particular azimuth-elevation angle combination. 209 

Since the surface normal vectors of points that lie on a flat surface are almost parallel, they will 210 

have similar azimuth-elevation angles. Thus, flat parts of the head will tend to have high-valued 211 

bins or peaks in the 2-D histogram. In comparison, the surface normal vectors of points that lie 212 

on a rounded surface will have many different angles and hence would be distributed over 213 

multiple histogram bins. 214 

Posterior Flattening Score 215 

We defined a severity score for the left and right sides of the back of the head (posterior 216 

flattening) using selected bins of the 2-D histogram. The Left Posterior Flatness Score (LPFS) is 217 

the sum of the histogram bins that correspond to the combination of azimuth angles ranging from 218 

-90° to -30° and elevation angles ranging from -15° to 45°, while the Right Posterior Flatness 219 

Score (RPFS) is the sum of the histogram bins corresponding to the combination of azimuth 220 

angles ranging from -150° to -90° and elevation angles ranging from -15° to 45° (Figure 3).  221 

Asymmetry Score 222 

We developed an Asymmetry Score (AS) that represents the difference between the RPFS 223 

and the LPFS. The AS quantifies the degree of asymmetry and also indicates which side is 224 

flatter, with negative AS values indicating that the left side is flatter (LPFS > RPFS). The 225 

absolute value of the asymmetry score, Absolute Asymmetry Score (AAS), allows us to compare 226 

our measurements to the OCLR described in previous studies (Hutchison et al., 2005). 227 

Oblique Cranial Ratio Length 228 

In the HeadsUp technique (Hutchison et al., 2005), digital photographs of infants’ heads 229 

were taken from the vertex perspective while infants wore an elastic head circumference band 230 
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with adjustable color markers to identify landmarks. The resulting photograph of head and band 231 

was then automatically analyzed to obtain quantitative measurements of head shape including: 232 

(1) Cephalic index (CI), and (2) OCLR. The OCLR is the ratio of the longer to the shorter cross-233 

diagonal length and quantifies cranial asymmetry. Since we did not use a head circumference 234 

band, we computed an approximation of the OCLR (aOCLR) by taking a top view snapshot of 235 

the 3-D head mesh and measuring the cross-diagonal length of the head contour in the snapshot.  236 

Severity Localization 237 

We also used the 2-D histogram to indicate the specific location of any posterior 238 

flattening. This was done by identifying points at which the surface normal vectors’ azimuth and 239 

elevation angles corresponded to the 16 relevant histogram bins used in the severity score 240 

computations. Points at which the azimuth-elevation angle combinations corresponded to one of 241 

these relevant bins were marked and subsequently displayed on a color map (Figure 4).  High bin 242 

values are represented by warm colors (red, orange, yellow), while low bin values correspond to 243 

cool colors (blue, cyan, green).  A representative non-DP control participant with an expert score 244 

of zero has all bins colored in cool colors, i.e. with no angle combination that is relatively more 245 

prevalent than any of the other combinations (Figure 4).  In DP cases with right and left posterior 246 

flatness, the increasing prevalence of red, orange, and yellow indicates increasing severity of DP 247 

(Figure 4).   248 

Data Analyses 249 

We fit receiver operating characteristic (ROC) curves and calculated the area under the 250 

curves (AUC) to determine the extent to which DP cases and non-DP controls could be correctly 251 

classified by the LPFS, RPFS, AS, and aOCLR scores.  For all possible diagnostic threshold 252 

values the ROC curve plots the sensitivity (percentage of cases correctly identified) versus one 253 
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minus the specificity (the percentage of non-DP head shapes correctly identified). To estimate 254 

overall accuracy, we computed the area under the ROC curve (AUC). A perfect diagnostic test 255 

yields an AUC of 1. We also selected a threshold value for each score, such that the threshold 256 

maximized the combination of sensitivity and specificity for distinguishing head shape 257 

characteristics such as left posterior flattening, right posterior flattening, and head asymmetry.  258 

 259 

RESULTS 260 

Descriptive Statistics 261 

A higher proportion of cases than controls were male or of mixed race, and cases tended 262 

to be slightly younger and of lower socioeconomic status (Table 1). DP cases with left posterior 263 

flattening had a higher mean LPFS ranging from 0.159-0.194 (depending on the expert severity 264 

rating), while non-DP controls and DP cases with right posterior flattening had a lower mean 265 

LPFS ranging from 0.111-0.127 (Table 2 and Figure 5). In contrast, DP cases with right posterior 266 

flattening had mean RPFS ranging from 0.171-0.184 , while non-DP controls and DP cases with 267 

left posterior flattening had lower mean RPFS ranging from 0.115-0.144 (Table 3 and Figure 6). 268 

DP ases with left posterior flattening had mean AS ranging from -0.015 to -0.079, while DP 269 

cases with right posterior flattening had mean AS ranging from 0.048 to 0.069 (Table 4 and 270 

Figure 7). The non-DP control group had a slightly positive mean AS of 0.012. The distribution 271 

of the AAS for non-DP controls had a mean of 0.016 and standard deviation 0.012 (Table 5), 272 

while DP cases had higher mean AAS ranging from 0.042 – 0.073 (or 260-450% that of the non-273 

DP control group mean). The mean aOCLR score for non-DP controls was 103.5 and ranges 274 

between 105.2-114.8 for DP cases (or 102-111% of the control group mean) depending on the 275 

assigned expert scores for these DP cases. 276 
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Graphical analyses indicated that there was no single threshold for any of the indices that 277 

perfectly distinguished DP cases and non-DP controls (Figures 5-9).  Nevertheless, the 278 

automatically set threshold of 0.15 for the LPFS (or RPFS) distinguished most DP cases with left 279 

(or right) posterior flattening (enclosed in a box in Figures 5 and 6) from most non-DP controls 280 

and participants with right (or left) posterior flattening. Excluding the non-DP control 281 

participants, an AS threshold of zero produced a relatively clear distinction between DP cases 282 

with left and right posterior flattening (Figure 7). Setting the AAS threshold to 0.0352 provided a 283 

reasonable, though imperfect, classification of non-DP control participants (expert score = 0) 284 

versus DP case participants (expert score > 0) (Figure 8). 285 

The AAS correlated with the aOCLR; for both measures, there was overlap in the range 286 

of scores between non-DP controls and DP cases who were given expert ratings of mild or 287 

moderate DP (Figure 9).  All DP cases with expert ratings of severe DP were above the 288 

diagnostic threshold for both measures (0.035 for AAS and 106 for aOCLR). 289 

Relative Discrimination of DP Cases and non-DP Controls  290 

 The LPFS and RPFS had relatively high accuracy in distinguishing DP cases from non-291 

DP controls (Figures 10a and b), but they were not directly comparable with the aOCLR. The 292 

AAS produced more accurate classification (90.9%) than the aOCLR (78.6 %; Table 6 and 293 

Figure 10d). The AS demonstrated very high accuracy in the classification of DP cases with left 294 

posterior flattening from those with right posterior flattening (Figure 10c).  295 

 296 

DISCUSSION 297 

In this study we developed an automated procedure for the 3-D characterization of DP that 298 

does not depend on human landmark selection, a process that is subjective, time-consuming and 299 
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potentially unreliable. Three-dimensional representation is of special importance to the 300 

quantification of DP, as it allows for measurement of volume displacement in the parietal and 301 

lower occipital regions, areas that are not covered by 2-D methods. In addition to creating novel 302 

indices of flatness and asymmetry, we provided an initial test of their relative ability to 303 

discriminate DP cases and non-DP controls by comparing the new indices with a published 2-D 304 

method (OCLR; Hutchison et al, 2005).  An important design feature of this study was the 305 

operational definition of DP on the basis of both: (1) the occurrence of clinic referral and (2) the 306 

independent, blinded ratings of 3-D images by two craniofacial dysmorphologists.    307 

All four novel severity indices yielded high accuracy in the classification of DP cases vs. 308 

non-DP control group participants, with all classification coefficients greater than 90%.  The 309 

asymmetry score (AS) provided the best overall discrimination (99.5%).  In contrast, the aOCLR 310 

demonstrated lower accuracy of classification (78.6%), suggesting that the methods described 311 

here--surface normal vectors and resulting 2-D histograms--offer better definition of cranial 312 

asymmetry than the computation of cross-diagonal length ratios.     313 

As expected, mean non-DP control group scores for all of the severity indices were lower 314 

than DP cases’ average scores. However, the variance for non-DP control group scores was 315 

relatively high, as was variation among cases rated by the experts as having mild DP.  In 316 

addition, we excluded DP cases and non-DP controls for which the expert scores disagreed, 317 

many of whom were in the zero-one range. For both reasons, these indices therefore may be less 318 

useful for distinguishing mild DP cases from individuals without DP.   319 

Our goal in creating these severity indices was to develop a 3-D method for more precise, 320 

reliable, informative, and efficient quantification of variation in DP head shape.  The new indices 321 

provide continuous (vs. categorical) measurement of head shape that could be used, for example, 322 
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to examine associations between DP severity and neurodevelopmental outcomes (e.g., see Speltz 323 

et al., 2009) or to assess changes in head shape over time, both for cases who undergo helmet 324 

therapy and those who do not.  These procedures may also be applied in population-based studies 325 

to determine what constitutes normal variation in infant head shape and prevalence of DP. The 326 

new indices provide more information than previous methods, particularly the localization of the 327 

deformation, which might prove in future studies to have predictive significance. For example, 328 

the side of occipital flatness may have implications for the development of particular motor 329 

functions.  These methods may also prove useful for the assessment of head shape in 330 

craniosynostosis, craniofacial microsomia, and other craniofacial conditions.  331 

Clinical diagnosis and treatment may also benefit from the more precise quantification 332 

and localization offered by these novel indices, particularly if subtle distinctions in flatness, 333 

asymmetry, or location are associated with clinical outcomes.  Diagnosticians may focus on the 334 

most severe flat areas of the head. However, a head shape with moderate left posterior flatness 335 

may have additional shape deformation in other areas of the skull that are not captured by the 336 

clinician’s diagnosis, but nevertheless has potential diagnostic value (e.g., response to helmet 337 

therapy). This possibility requires further study.  The potential clinical utility of our methods will 338 

depend on the outcomes of future research studies, as well as the availability and affordability of 339 

3-D imaging systems and user-friendly software that automatically cleans images and computes 340 

the severity indices described here.     341 

This study has several limitations. First, the comparison of the new indices with OCLR to 342 

discriminate DP cases and non-DP controls was limited by the fact that our participants were not 343 

marked with the necessary landmarks used in the HeadsUp program. Our computed aOCLR 344 

measurements relied upon approximations of the true OCLR indices (i.e., the cross-diagonal line 345 
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at 45 degrees from the vertical midline).  Second, we did not include additional dysmorphic 346 

features associated with DP that may have diagnostic or prognostic value (e.g., asymmetric ear 347 

placement, forehead shape, and brachycephaly). We are working on other indices to capture such 348 

features.  Third, the two experts had relatively low inter-rater agreement in their ratings of 349 

posterior flattening, which reflects the inherent difficulty of assigning categorical values to three-350 

dimensional shape, and may also reflect the fact that judgments were based on computer images, 351 

not the infants themselves.  A large number of cases and controls were excluded on the basis of 352 

these ratings (due in part to the expected presence of mild plagiocephaly among infants enrolled 353 

in the control group); this produced two highly contrasting groups of DP cases and non-DP 354 

controls.  Although the resulting isolation of two highly contrasting groups of DP cases and non-355 

DP controls suited the objectives of this study, the accuracy estimates may not generalize to a 356 

more heterogeneous population with milder forms of posterior flattening. Still, it is possible that 357 

the proposed methods would perform more accurately than existing methods even in such a more 358 

heterogeneous group of children. Finally, we did not examine the correspondence between our 359 

measures and other measures of brachycephaly (e.g., the cephalic index (CI) used by Hutchison 360 

et al., 2005), though these comparisons are planned.   361 

CONCLUSION 362 

In this study we presented a new methodology to quantify and localize skull asymmetry 363 

associated with DP. Two-dimensional histograms of surface normal vector angles were extracted 364 

from the 3-D head mesh data from each participant in the study. Four severity scores, the LPFS, 365 

RPFS, AS, and AAS, were computed from 2-D histogram representations, which can also be 366 

used to localize and highlight the flat posterior areas. In this study, the proposed AAS more 367 

accurately distinguished DP cases from non-DP controls than our approximation to the 368 
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previously described OCLR (aOCLR), which is based on measurements taken from 2-D 369 

photographs. Although our primary goal was to develop improved severity indices for research 370 

purposes, clinical diagnosis may also eventually benefit from their use, pending further research 371 

on the predictive value of variation in flatness and asymmetry, and location of dysmorphology.  372 

 373 
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LIST OF FIGURES 423 

Figure 1 (a) 3-D head mesh and orientation of a 3-D head mesh with respect to the x, y, and z 424 

axis in 3-D space  (b) Azimuth angle θ and elevation angles φ of a surface normal vector n. 425 

 426 

Figure 2 (a) The surface normal vectors of points that lie on a flat surface tend to have similar 427 

azimuth and elevation angles. (b) The surface normal vectors of points that lie on a more 428 

rounded surface have a wider distribution of angles. 429 

 430 

Figure 3 (a) 2-D Histogram of azimuth elevation angles of surface normal vector angles. The 431 

Left Posterior Flattening Score is computed by summing the values of the bins highlighted in 432 

red, while Right Posterior Flattening Score is computed by summing the values of the bins 433 

highlighted in green. (b)  Back view of the head showing the points whose surface normal vector 434 

angles correspond to the selected bins’ azimuth-elevation angle combination highlighted in the 2-435 

D histogram. 436 

 437 

Figure 4(a): Mesh surface depictions of seven skulls representative of possible deformational 438 

plagiocephaly severity scores from expert clinician ratings. (b) Relevant bins of 2-D histogram of 439 

azimuth and elevation angles of surface normal vectors on 3-D head mesh models.  These bins 440 

are used to calculate the various deformation severity indices. As the severity of posterior 441 

flatness increases on the side of the head, the peak in the 2-D histogram becomes more 442 

prominent as shown by the warmer colors (red, yellow, green). (c)The last row shows the 443 

localization of the posterior flatness, where the flat areas are colored in a similar shade as their 444 

corresponding histogram bins. 445 
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Figure 5 Correlations between Left Posterior Flattening Score and Expert Score. The optimal 446 

threshold at 0.15 (thick line) distinguishes the cases with left posterior flattening (enclosed in 447 

box) from the rest of the participants. 448 

 449 

Figure 6 Correlations between Right Posterior Flattening Score and Expert Score. The optimal 450 

threshold at 0.15 (thick line) distinguishes the cases with right posterior flattening (enclosed in 451 

box) from the rest of the participants. 452 

 453 

Figure 7 Correlations between Asymmetry Score and Expert Score. A threshold at value = 0 454 

produces a clear distinction between cases with left posterior flattening (enclosed in the box in 455 

the lower left quadrant) and cases with right posterior flattening(enclosed in the box in the upper 456 

right quadrant). 457 

 458 

Figure 8 Correlations between the Absolute Asymmetry Score and Expert Score. Setting 459 

threshold at value 0.0352 (thick line) provides a reasonable classification of non-DP control 460 

participants versus DP cases participants. 461 

 462 

Figure 9 Correlation between the Absolute Asymmetry Score and the approximate Oblique 463 

Cranial Ratio Length. 464 

 465 

Figure 10 (a) Receiver Operating Characteristic (ROC) using Left Posterior Flattening Score 466 

(LPFS) curves for classification of cases with left posterior flattening versus other participants. 467 
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The sensitivity and specificity at which the AUC is maximized (marked point on the graph) are 468 

96.6% and 95.8% respectively. 469 

 470 

Figure 10 (b) Receiver Operating Characteristic (ROC) curves using Right Posterior Flattening 471 

Score (RPFS) for classification of cases with right posterior flattening versus other participants. 472 

The sensitivity and specificity at which the AUC is maximized (marked point on the graph) are 473 

91.9% and 86.4% respectively. 474 

 475 

Figure 10(c) Receiver Operating Characteristic (ROC) curves using Asymmetry Score (AS) for 476 

classification of patients with left posterior flattening versus patients with right posterior 477 

flattening. The sensitivity and specificity at which the AUC is maximized (marked point on the 478 

graph) are 100% and 98.5% respectively. 479 

 480 

Figure 10(d) Receiver Operating Characteristic (ROC) curves for classification of patients with 481 

posterior flattening versus non-DP controls using Absolute Asymmetry Score (AAS) and 482 

approximate Oblique Cranial Length Ratio (aOCLR). The performance of AAS is better than 483 

that of aOCLR. The sensitivity and specificity at which the AUC is maximized (marked point on 484 

the graph) are 96% and 80% respectively. 485 

 486 

 487 

 488 

 489 

 490 
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    491 

Table 1 Demographic characteristics by group. 492 

 493 

Characteristic DP Cases 

(n=154) 

n (%) 

Non-

DPControls 

(n=100) 

n (%) 

Sex 

Male 

Female 

 

102 

52 

 

(66.2) 

(33.8) 

 

61 

39 

 

(61.0) 

(39.0) 

Age (months) 

4-5 

6-7 

8-9 

10-11 

 

49 

71 

23 

11 

 

(31.82) 

(46.1) 

(14.9) 

8 (7.1) 

 

42 

32 

22 

4 

 

(42.0) 

(32.0) 

(22.0) 

(4.0) 

Race/Ethnicity 

Caucasian 

Asian/Pacific Islander 

Black/African American 

Latino 

Native American 

More than One Race 

 

108 

7 

0 

3 

1 

35 

 

(70.1) 

(4.6) 

(0.0) 

(2.0) 

(0.7) 

(22.7) 

 

78 

4 

1 

0 

0 

17 

 

(78.0) 

(4.0) 

(1.0) 

(0.0) 

(0.0) 

(17.0) 

Familial SES     
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I (High) 

II 

III 

IV 

V (Low) 

Missing 

46 

65 

18 

11 

2 

12 

(29.9) 

(42.2) 

(11.7) 

(7.1) 

(1.3) 

(7.8) 

37 

50 

10 

3 

0 

0 

(37.0) 

(50.0) 

(10.0) 

(3.0) 

(0.0) 

(0.0) 

 494 

495 
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Table 2 Descriptive statistics for the Left Posterior Flattening Score (LPFS)  496 

Patient group 

Expert 

Score Mean  

Standard 

Deviation

Non-DP control  0 0.127 0.014 

  

DP cases with left posterior 

flattening 

  

-1 0.159 0.018 

-2 0.182 0.025 

-3 0.194 0.040 

  

DP cases with right posterior 

flattening 

  

1 0.123 0.013 

2 0.116 0.014 

3 0.111 0.008 

 497 

498 
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Table 3 Descriptive statistics for the Right Posterior Flattening Score (RPFS) 499 

Patient group 

Expert 

Score Mean  

Standard 

Deviation

Non-DP control 0 0.139 0.018 

DP cases with left posterior 

flattening 

  

-1 0.144 0.017 

-2 0.127 0.015 

-3 0.115 0.016 

  

DP cases with right posterior 

flattening 

  

1 0.171 0.023 

2 0.184 0.020 

3 0.181 0.020 

 500 

501 
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Table 4 Descriptive statistics for the Asymmetry Score (AS) 502 

Patient group 

Expert 

Score Mean  

Standard 

Deviation

Non-DP control 0 0.012 0.016 

  

DP cases with left posterior 

flattening 

  

-1 -0.015 0.018 

-2 -0.055 0.020 

-3 -0.079 0.026 

  

DP cases with right posterior 

flattening 

  

1 0.048 0.024 

2 0.068 0.022 

3 0.069 0.015 

 503 

 504 

 505 

 506 

 507 

 508 

509 
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Table 5 Descriptive statistics for the Absolute Asymmetry Score (AAS) and approximate 510 

Oblique Cranial Length Ratio (aOCLR) measurements 511 

Patient group 

Absolute 

Expert 

Score Method Mean  

Standard 

Deviation

Non-DP control 

  

0 

  

AAS+ 0.016 0.012 

aOCLR+ 103.566 2.474 

  

  

DP cases  

  

  

  

1 

  

AAS 0.042 0.024 

aOCLR 105.218 3.259 

2 

  

AAS 0.064 0.022 

aOCLR 109.135 3.298 

3 

  

AAS 0.073 0.020 

aOCLR 114.809 3.427 

+ AAS – Absolute Asymmetry Score, aOCLR – approximate Oblique Cranial Length Ratio 512 

 513 

 514 

515 
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Table 6 Area under the curve and corresponding 95% confidence intervals computed from 516 

receiver operating characteristics curves 517 

Score AUC 95% CI 

LPFS+ 0.9745 0.93 – 1.02 

RPFS+ 0.91851 0.87 – 0.97 

AAS+ 0.90911 0.86 – 0.96 

aOCLR+ 0.78611 0.71 – 0.86 

AS+ 0.99558 0.98 – 1.01 

+ LPFS – Left Posterior Flattening Score, RPFS – Right Posterior Flattening Score, AAS – 518 

Absolute Asymmetry Score, aOCLR – approximate Oblique Cranial Length Ratio, AS – 519 

Asymmetry Score 520 

 521 
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