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ABSTRACT

Morphometric studies have provided crucial insights into the skull anatomy of commonly used
wildtype (WT) laboratory mice strains such as the C57BL/6. With the increasing use of transgenic
(TG) animals in neuroscience research, it is important to determine whether the results from
morphometric studies performed on WT strains can be extended to TG strains derived from these
WT strains. We report a new computer vision-based analysis pipeline for surveying mouse skull
morphology using microcomputed tomography (LCT) scans. We applied this pipeline to study and
compare eight cohorts of adult mice from two strains, including both male and female mice at two
age points. We found that the overall skull morphology was generally conserved between cohorts,
with only 13% of landmark distance differences reaching statistical significance. In addition, we
surveyed the dorsal skull bone thickness differences between cohorts. We observed significantly
thicker dorsal, parietal, and/or interparietal bones in WT, male, or older mice for 53% of thickness
comparisons. This knowledge of dorsal skull bone thickness has potential implications for surgical
planning through skull imaging and has applications in automating cranial microsurgeries on mice.

INTRODUCTION

Mice (mus musculus), with their small size, relatively short breeding and developmental cycle and
well conserved brain morphology have emerged as one of the most widely used mammalian model
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organisms in neuroscience!. Recently developed strategies for cell type-specific expression of
genetically encoded neural activity reporters and perturbations®> have facilitated creation of a wide
range of new TG mouse strains.

Targeting specific brain regions in mice for virus injections, insertion of penetrating neural
interfaces or implantation of cranial windows for imaging generally relies on skull landmark
identification and measurement during stereotactic surgery. A previous morphometric study of
postnatal skull ontogeny* used puCT scans to show that after male C57BL/6 mice reach adulthood,
the growth in overall shape and size of the skull plateaus. Thus, current approaches for stereotactic
targeting are highly reliable and accurate. However, current morphometrics studies focus primarily
on common WT strains®. Generation of TG strains can result in unintended phenotypic changes®.
Not much is known about similarities between TG mice skull morphology and the WT strains they
are derived from. Further, a detailed understanding of the variation of the thickness of bone in the
skull is not known. Knowledge of skull bone thickness would allow better planning of cranial
surgeries.

Here, we combine uCT scanning of mouse skulls with a computer vision analysis pipeline to
perform morphometric analyses on an in-house bred Thyl-GCaMP6f TG mice strain’. These
results were then compared with WT C57BL/6 mice of comparable ages obtained from a
commercial vendor. We also investigated the effect of sex and age on the skull morphometrics of
both strains. Two aspects of skull morphology were considered: the sizes of representative features
in the region surrounding the cranial cavity and the thickness of the bone of the dorsal skull. While
traditional morphometric techniques can measure externally accessible skull features,
measurement of dorsal skull bone thickness from intact specimens requires a non-destructive
imaging technique such as pCT.

RESULTS
Experimental and image analysis workflow

Skull specimens were preserved in 4% paraformaldehyde and scanned in a uCT x-ray scanner
(Fig. 1A). uCT scans were reconstructed and registered to a common reference frame using
commercial software packages CT Pro 3D and VGStudio MAX 3.2, then imported into MATLAB
as a coronal section image stack (Fig. 1B). Bone was segmented from background using an Otsu’s
method-based threshold on the grayscale intensity values (Fig. 1C). Distances between eight pairs
of morphological landmarks were used to characterize the shape of the dorsal skull and cranial
cavity (Fig. 2A). The images after thresholding were analyzed using custom MATLAB scripts
which measured the thickness of the bone across the dorsal skull (Fig. 1D). For each cohort, scans
were co-registered and averaged elementwise to create a representative skull (Supplementary Fig.
1A-C). Average thickness was calculated by dorsal skull bone region of interest (ROI) for each
cohort representative skull, then Students’ t-tests evaluated statistical significance of thickness
differences between cohorts (Supplementary Fig. 2A-D).

Comparison with published morphological landmark distances
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The distance between landmarks on the skull quantifies skull shape morphology. To validate our
measurement methodology, we compared the distances measured in our study with published data
from studies which investigated 16-week C57BL/6 male mice* or 12-week C57BL/6 male and
female mice’. We measured C57BL/6 mice at the age of 15-weeks (n=5 male and n=5 female).
Six distances (Fig. 2A) with analogues in the literature were identified: FW — width of the frontal
bone measured at the lateral ends of the coronal suture; PL — length of the parietal bone; IW —
width of the interparietal bone measured at the lateral ends of the lambdoid suture; IL — length of
the interparietal bone; BH — height of the cranial cavity between Bregma and the intersphenoidal
synchondrosis; LH — height of the cranial cavity between Lambda and the spheno-occipital
synchondrosis. All lengths were measured parallel to the midline. The comparisons are
summarized in Table 1.

Table 1: Distances between landmarks compared with published values*>. Standard deviations
are provided when available. The distance measurements are abbreviated as follows (see Fig. 2A):
FW — width of the frontal bone measured at the lateral ends of the coronal suture; PL — length of
the parietal bone; IW — width of the interparietal bone measured at the lateral ends of the lambdoid
suture; IL — length of the interparietal bone measured; BH — height of the cranial cavity between
Bregma and the intersphenoidal synchondrosis; LH — height of the cranial cavity between Lambda

and the spheno-occipital synchondrosis. All lengths are measured parallel to the midline. Published
data provided comparison values for FW, BH, LH* and PL, IW, IL5 respectively.
Distance Measured Standard Published Standard Percent
abbreviation distance (mm) | deviation (mm) | distance (mm) | deviation (mm) difference

Fw 7.1 0.1 7.8 NA 9.4

PL 4.44 0.09 3.889 0.162 13

w 8.8 0.6 8.1 0.229 8.3

IL 2.9 0.1 3.6 0.1 22

BH 5.83 0.09 5.7 NA 2.3

LH 6.3 0.2 6.0 NA 4.9

In general, our measurements agree well with both sets of published results**. The largest
deviation was the IL length of (2.9 £ 0.1) mm versus the published (3.6 = 0.1) mm, a percent
difference of 22%. The dorsal-ventral (D-V) height measurements had the lowest percent
differences, with 2.3% and 4.8% for BH and LH respectively. The mean percent difference was
10% across all measurements. The differences may be due to natural variation between mice or
inherent inconsistencies in manual landmark identification. Since the magnitudes of the percent
differences are relatively small, using pCT scans and our computer vision analysis pipeline to
measure morphological landmark distances is reasonable.

Differences in morphological landmark distances between cohorts
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122 We next compared the landmark distances in TG Thy 1-GCaMP6f mice’ with corresponding values
123 for the WT C57BL/6 strain. The Thy1-GCaMP6f mice were derived from the C57BL/6 line and
124 were bred within our in-house colony. These comparisons thus evaluated any differences between
125 WT and TG mice, while also accounting for differences between in-house bred versus
126  commercially procured mice. Based on prior studies, we expected that morphology would be
127  relatively constant for adult mice, so minimal differences were expected between age points?.
128
129  Inaddition to the six landmark distances described in the previous section, we included LR — width
130  between the anterolateral corners of the frontal bone; and FL — length of the frontal bone measured
131  parallel to the midline. Comparisons were made for each distance between pairs of cohorts where
132 one variable changed and the other two were held constant. For example, the cohort of 15-week
133 male WT mice was compared with the cohort of 30-week male WT mice, varying the age variable
134 while holding sex and strain constant. 13 of the 90 distance comparisons yielded significant
135  differences (Students t-test). Figures 2B-D show the landmark distance measurements. The
136  significance results for each comparison are reported in Table 2.
137
138  Table 2: Results from the landmark distance comparison between cohorts. Abbreviations added
139  to those from Table 1: LR — width between the anterolateral corners of the frontal bone; FL —
140  length of the frontal bone measured parallel to the midline. Distances given in mm. * indicates p
141  <0.05; *** indicates p < 0.001, Students’ t-test. Dashes indicate no significant differences. “NA”
142 indicates distance could not be measured.
Variable Constants LR FWwW Iw FL PL | IL BH LH
30w: 4.34
MWT | 15w: 4.19 - - - -] - - -
*
15w: 9.03 30w: 5.92
FWT - - 30w: 8.42 - - - | 15w: 581 | -
Age * *
(15w vs. 30w)
M TG - - - - - |- - -
15w: 9.25
FTG - - 30w: 8.81 - - - NA NA
*
15w WT - - - - - - - -
M: 4.34 F: 3.57 F:5.92
30w WT F:4.26 - - M:334 | - - M:5.73 -
S sksksk sk sksksk
€X
M: 4.38 M: 7.40
MvsB) | sw1G | Fi422 | F:7.24 - - - -] NA |NA
* *
F: 3.56
30w TG - - - M:3.43 | - - - -
*
TG: 438 | TG: 7.40
. I5wM WT: 4.19 | WT: 7.10 - - - - - -
Strain o o
(WT vs. TG)
15w F - - - - - - NA NA
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30w M - - - ; S - - ;

TG: 7.32
30w F - WT: 7.22 - - - - - -

143

144 None of the measurable PL, IL, or LH comparisons were significant. Nor were any comparisons
145  between cohorts with differing ages for male TG mice, sexes for 15-week WT mice, strains for
146  15-week female mice, or strains for 30-week male mice. Between strains, only the medial-lateral
147  (M-L) width comparisons had significant differences, all comparisons indicating wider skulls in
148 TG mice. For the six significant sex comparisons, the male skulls were wider in the M-L direction
149  while the female skulls were longer in the anterior-posterior (A-P) direction and taller in the D-V
150  direction. Only M-L width and D-V height showed any significant differences in age comparisons.
151

152 Dorsal skull bone thickness analysis

153

154  Most neuroscience studies requiring invasive or minimally invasive neural recording and
155 manipulation involve performing small to large craniotomies in the skull. For a successful
156  craniotomy procedure, the bone must be removed completely, efficiently, and with little or no
157  damage to the underlying soft tissues like dura and brain. Efforts have been made in recent years
158  to automate this procedure using impedance sensing feedback® or force feedback®!?. These studies
159  have found that there is substantial variation in the thickness of the dorsal skull, both between
160  subregions of the skull for a single mouse and between different mice at the same location on the
161  skulls. In this study, we used the uCT scan database to systematically evaluate the variation in
162 skull thickness across cohorts of mice.

163

164  We constructed representative half skulls for each cohort. A custom control point registration
165  algorithm employing piecewise linear transformations aligned each half skull to a set of reference
166  points. The sets of registered skulls were then averaged elementwise to create the representative
167  skulls for each cohort (Supplementary Fig. 1A-C).

168

169  An example comparing an individual half skull from the cohort of female 30-week WT mice with
170  the cohort average skull is shown in Figure 3A. The qualitative similarities between the features
171  onthe individual and cohort average skulls indicate that the registration was successful and suggest
172 that the finer patterns of bone thickness were consistent between mice once the gross features, such
173 as sutures, sinuses, and peripheral cranial cavity edges, were aligned.

174

175  Qualitatively, we observed consistent patterns of skull thickness variations across the dorsal skull,
176  particularly in the frontal and parietal bones. There were distinct thinner sections separated by
177  thicker ridges in the interparietal bone, which envelopes the cerebellum and midbrain. The thinner
178  sections loosely overlapped with anatomically distinct subregions, including the declive, culmen,
179  simple lobule, and ansiform lobules in the cerebellum as well as the superior and inferior colliculus
180  in the midbrain.

181

182  In contrast, the dorsal cortex in the mouse brain is lissencephalic. A contour plot of the
183  representative half skull comprising all mice in the study was superimposed on the Allen Brain
184  Atlas (Fig. 3B). A rough correspondence between regions of uniform skull thickness and
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185  functional regions of the cortex was apparent, including for the frontal and parietal bones. For
186  example, there are relatively thinner sections of the parietal bone roughly aligned above the
187  retrosplenial cortex and the primary somatosensory area barrel field level 2/3. There is also a
188  relatively thinner section of frontal bone above the secondary motor area and a thicker section
189  above the primary motor area. These qualitative correlations perhaps indicate a closer relationship
190  between the skull and functionally distinct regions of the dorsal cortex.

191

192 Similar patterns of bone thickness were observed across the dorsal skull in all cohorts, though the
193 thickness contours appeared to scale by the overall thickness magnitude of the cohort (Fig. 3C,
194 D). As an example, again consider the average skull for the female 30-week WT cohort. The
195  average thickness differs substantially between the frontal/parietal and interparietal ROIs, with an
196  average thickness of 0.19 + 0.04 mm and 0.28 £ 0.06 mm respectively. The maximum thickness
197  for the frontal/parietal region is 0.33 mm, found 2.9 mm lateral and 1.7 mm anterior to Bregma,
198  on the lateral edge of the coronal suture. The minimum thickness is 0.086 mm, located 0.62 mm
199  directly lateral to Bregma. The maximum thickness for the interparietal ROI is 0.49 mm, found
200 1.4 mm lateral and 5.8 mm posterior to Bregma, or just posterior to the lambdoid suture. The
201  minimum thickness of 0.17 mm is located 3.0 mm lateral and 6.0 mm posterior to Bregma, or
202  slightly posterior to lambda and far lateral, above the ansiform lobule.

203

204  Plots of the elementwise standard deviation for each cohort representative skull indicate minimal
205  variation in dorsal skull thickness within cohorts (Fig. 3E, F). The maximum variance for the
206  female 30-week WT frontal/parietal ROI was located 0.64 mm lateral and 3.0 mm anterior to
207  Bregma, likely due to proximity to the midline. The least variance was found 2.7 mm lateral and
208 2.0 mm posterior to Bregma. The thickness of central regions of the parietal bone generally appears
209  more uniform. In the interparietal ROI, the maximum variance in skull thickness was located 0.50
210  mm lateral and 5.8 mm posterior to Bregma, likely due to proximity to the lambdoid suture. The
211  minimum standard deviation is found 0.042 mm lateral and 6.6 mm posterior to Bregma, on the
212 far posterior edge of the ROI. Overall, the standard deviations are small, with maxima tending to
213 fall near sutures where the registration imperfectly aligned the fine features.

214

215  The average thickness across each of the frontal, parietal, and interparietal ROIs was computed by
216  skull and compiled into vectors by cohort (Supplementary Fig. 2A-D). Tests of statistical
217  significance were applied to the average thickness vectors for every pair of cohorts which differed
218 by only one variable (Students’ two-sample t-test, p < 0.05). Twelve pairs of cohorts were
219  compared for each ROI. The null hypothesis was that the cohorts had equal average bone
220  thicknesses across the ROI; the alternative hypothesis was that the averages differed. Figure 4A
221  shows the measurements of average bone thickness. Box plots summarized each significance test;
222 see example in Figure 4B. The significance results for each comparison are reported in Table 3.
223

224 Table 3: Results from the comparisons of average dorsal skull bone thickness between cohorts.
225  Thicknesses given in mm. * indicates p < 0.05; *** indicates p < 0.001 (t-test). Dashes indicate no
226  significant differences.

Variable Constants Frontal Parietal Interparietal
Age 30w: 0.21
MWT - 15w: 0.18 -
(15w vs. 30w) o
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30w: 0.17 30w: 0.18
FWT 15w: 0.14 15w: 0.16 -
skskek okok
30w: 0.18 30w: 0.20 30w: 0.36
M TG 15w: 0.14 15w: 0.16 15w: 0.30
skskek skskek skskek
30w: 0.17 30w: 0.19
FTG 15w: 0.12 15w: 0.15 -
skskek okok
M: 0.17 M: 0.18
15w WT F:0.14 F:0.16 -
skskek okok
M: 0.21 M: 0.35
30w WT - F:0.18 F: 0.28
Sex % skskek
M vs. F) M: 0.14 M: 0.30
15w TG F:0.12 - F:0.26
* *
M: 0.36
30w TG - - F: 0.28
skskek
WT: 0.17 WT: 0.18
15w M TG: 0.14 TG: 0.16 -
skskek okok
WT: 0.14 WT: 0.16
Strain 15w F TG: 0.12 TG: 0.15 -
(WT vs. TG) * *
30w M - - -
30w F - - -

19 of 36 total comparisons were significant. The dorsal skull bones of 30-week mice were thicker
than for 15-week mice in at least one comparison for every ROI, including all parietal ROI
comparisons. Male mice had higher average bone thickness than female mice in at least one
comparison for every ROI. WT mice had thicker dorsal skull bones than TG mice in all 15-week
frontal and parietal ROI comparisons. There were no significant differences between strains for
30-week cohorts or the interparietal ROI.

We examined bone thickness variation by strain when the cohorts were additionally separated by
sex or age, results shown in Figures 4C and D respectively. Only the parietal bone ROI was
considered as its boundaries were most reliably identifiable. The parietal ROI thickness was
comparable between WT and TG strains for both male and female mice. The WT parietal bones
were thicker at 15 weeks, but the thickness equalized at 30 weeks. Perhaps the WT parietal bones
thicken faster than the TG, but by 30 weeks the TG mice development has caught up.

DISCUSSION

The minimal measurable differences in the morphometry of mouse skulls across strains indicates
that the current approach of using brain atlas maps of WT C57BL/6 mice!!:!? as a ground truth for
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247  planning stereotactic surgeries should continue to be effective in Thy1-GCaMP6f and other TG
248  strains derived from C57BL/6. Further, the few significant differences in age point comparisons
249  indicate that as expected, the overall skull shape remains largely stable once mice reach adulthood.
250

251  Across the frontal, parietal, and interparietal bone ROIs which were analyzed for bone thickness,
252 we found that the thickness of the dorsal skull bone varied between certain cohorts. The older mice
253  at 30-weeks had consistently thicker skull bones in all ROIs where significance was achieved,
254  including all parietal ROI comparisons. Male mice also had significantly thicker skull bones than
255 female mice when the comparison was significant, though fewer comparisons reached
256  significance. In the strain comparisons, the WT mice tended to have thicker skull bones than the
257 TG mice, but significance was only reached in comparisons between 15-week mice for the frontal
258  and parietal ROIs. None of the 30-week or interparietal ROI comparisons between strains were
259  significant. Overall, the trends for which demographic had the thicker skull were consistent across
260  comparisons, but not all comparisons achieved statistical significance.

261

262  The thickness of the dorsal skull bones of mice varies, both between locations on the skull and
263  between mice with different age, sex, or strain characteristics. In practice, surgeons performing
264  craniotomies must be aware of this non-uniform thickness. They can expect that an older mouse
265  will likely have thicker dorsal skull bones than an otherwise comparable young mouse. It is also
266  probable that a male mouse will have a thicker skull than a female mouse and that a C57BL/6
267  mouse will have a thicker skull than a Thy1-GCaMP6f mouse. Differences are more likely for the
268  parietal bone than the frontal or especially the interparietal. While we observed that few distances
269  between landmarks differed significantly, the dorsal skull bone thickness did vary with certain
270  changes in mouse characteristics. The thickness thus may vary more than the overall shape
271  morphology of the dorsal skull, at least within practically relevant orders of magnitude. In future,
272  this data could be incorporated into automated cranial surgery platforms®!° to digitally limit the
273 maximum drilling depth.

274

275  We note that our results are limited by the 21 um spatial resolution of the instrumentation. We also
276  studied a single transgenic line. Further study is necessary to determine whether the results hold
277  for other TG lines derived from the same C57BL/6 line.

278

279  The ability to image brain structure and physiology through the skull has important applications
280  inneuroscience, particularly in studies where immune disruption caused by implantation of cranial
281  windows!*!* is undesirable. Methods for imaging the brain through the skull include using NIR
282  light's, visible light'®, optical coherence tomography!’, or three-photon imaging!®. Other
283  approaches include thinned skull imaging and polished skull techniques'®. Our results indicate that
284  bone thickness variations, which increase light scattering and absorption, may influence the quality
285  of images acquired. This is an experimental variable that should be considered. When using intact
286  skull methods in older animals, the gradual thickening of the skull can also result in lower quality
287  imaging®®?!. As a final note, there has been increased attention paid to skull microvasculature
288  environment?? and the interaction with the meninges. Our results demonstrating increased skull
289  thickness with age indicate possible age-related effects on these interactions.

290

291

292  METHODS
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293

294  Sample preparation

295

296  We scanned eight cohorts of four to six mouse skulls each. The cohorts included 19 male and 17
297  female mice. 18 mice were in-house bred WT C57BL/6 mice and 18 were TG Thyl-GCaMP6f
298  mice from a commercial vendor (Jackson Laboratories). 20 mice were (15 £+ 1) weeks old and 16
299  were (30 £ 1) weeks old. All animal experiments were conducted in accordance with approved
300  University of Minnesota Institutional Animal Care and Use Committee protocol.

301

302  Mice were euthanized via isoflurane (Piramal Critical Care Inc., Bethlehem, PA) overdose. The
303  skulls were separated from the cadavers and soft tissue was removed from external surfaces. They
304  were immersed in 4% paraformaldehyde (PFA, CAT# P6148-500G, Sigma Aldrich) for at least
305 12 hours and stored in a refrigerator.

306

307  The skulls were removed from the PFA and rinsed with deionized water. Dental acrylic powder
308  (Dentsply Caulk Orthodontic Resin, York, PA, USA) was mixed with the corresponding curing
309  liquid to form a viscous paste and poured into a mounting ring. The dental acrylic cured for 15-30
310  seconds before the skull was pressed into the surface of the acrylic. Molding the acrylic by hand
311  as it cured ensured proper orientation of the skull and positioning above the top surface of the
312 mounting ring.

313

314  pCT scanning and reconstruction

315

316  Scans were performed using a 225 kV reflection target pCT machine (XT H 225, Nikon Metrology
317  Inc., Brighton, MI, USA). The X-ray settings for all scans were 110 or 120 kV, 85 pA. Each scan
318  consisted of 720 projections at a half degree pitch and took 4 frames for each projection. The
319  exposure time was 708 msec. No filters were used in all but six scans. The location of the skull
320  relative to the scanning head was constant to + 2 mm.

321

322 A 0.5 mm aluminum filter was added in six scans to mitigate edge artifacts. No effect on the results
323  was observed when comparing scans of the same skull with and without the filter, so it was
324  removed for the remaining scans. When present, the artifact is isolated to the anterior medial skull
325  and does not substantially affect the analyses reported here.

326

327  The skull scan was reconstructed using a commercial CT reconstruction package (CT Pro 3D,
328  Nikon Metrology Inc., Brighton, MI, USA). We used the simple registration function in VGStudio
329  MAX 3.2 (Volume Graphics GmbH, Heidelberg, Germany) to align the axes of the skull with the
330  scan axes. The midline was aligned with the Z-axis in the transverse plane, the line secant to
331 Bregma and Lambda parallel with the Z-axis in the sagittal plane, and the craniocaudal axis parallel
332 with the Y-axis in the coronal plane. The scan was exported as a coronal section image stack of
333 full-quality JPEG files with the registration preserved but no filtering.

334

335  Segmenting and measuring the dorsal skull bone thickness from the nCT scans

336

337  Analysis of the image stacks was performed with custom scripts written in MATLAB (MATLAB
338  R2022a, The MathWorks, Inc., Natick, MA, USA). Parameters were entered manually for each
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339  scan, including the image index of the coronal section corresponding to Bregma, the pixel index
340  of the M-L midline location, and the cropping bounds for isolating the dorsal skull. The ventral
341  bound was refined using a coarsely sampled preview of the measured skull to ensure consistent
342  transverse cropping.

343

344  Each coronal section image in the scan was segmented using a modified Otsu’s Method
345  algorithm?3. For consistency across the image stack, the threshold value was determined based on
346  the coronal section at Bregma. The threshold was calculated by averaging the second threshold
347  values from the two- and three-level Otsu threshold results. This balanced optimizing the
348  distinction of bone from background with minimizing edge artifacts. Figure 1C shows an
349  unfiltered coronal section and the corresponding histogram with Otsu thresholds indicated, where
350  the rightmost threshold distinguishes bone from background.

351

352 Bone thickness was then measured. For each D-V column of pixels, the furthest dorsal and ventral
353  pixels identified as bone were found. The skull thickness at that location was defined as the
354  difference between the pixel indices. The factor 0.021 mm/pixel converted the thickness to
355  millimeters. Comparing the measured profile with the corresponding segmented image confirmed
356  plausibility (Fig. 1D). The procedure was repeated for every image in the stack and the bone
357  thickness was displayed in a pseudocolor plot with resolution in each direction of 0.021 mm.

358

359  Computer vision-based co-registration to create an average skull for each cohort

360

361  We created an average skull for each cohort using control point registration. A set of control points
362  were identified across the dorsal skull (Supplementary Fig. 1B) and manually selected using the
363 MATLAB “drawpoint” function. The furthest anterior control point was used only during
364  registration, not for the landmark distance analysis, as it was added solely to prevent skewing of
365  the anterior region during registration.

366

367  Assuming that the skulls are approximately symmetric, we reflected the left halves of the skull
368 across the midline. Reflecting over the midline could increase uncertainty in the results if the
369 midline location was incorrect or if there were lateralized differences between skull halves, but at
370  the resolution of the study is unlikely to cause substantial error. The reflected control points were
371  averaged with the right-side points to eliminate redundant pairs. The unpaired control points along
372 the midline were corrected to lie exactly on the midline.

373

374  The A-P and M-L coordinates of corresponding control points were averaged by cohort. We
375  registered each skull in the cohort to this reference set of control points. The “fitgeotrans” function
376  from the MATLAB Image Processing Toolbox was used to estimate the piecewise linear
377  transformation to fit each skull’s control point distribution to the reference set. The “imwarp”
378  function applied the transformation to each matrix of thickness values. After transforming the
379  matrix, the “imwarp” algorithm then interpolated between the transformed points to recreate an
380 evenly spaced grid. The thickness values were averaged elementwise across the entire cohort. The
381  registration process is illustrated in Supplementary Figure 1A, and an example of the results is
382  shown in Supplementary Figure 1C. We excluded three half-skulls from the analysis which were
383  disturbed during validation of the pnCT measurements.

384
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385 ROIs were selected on the frontal, parietal, and interparietal bones (Fig. 3A). Since the
386  measurements were taken parallel to the D-V axis rather than normal to the skull surface, the outer
387  edges of the scans appeared artificially thick and thus were excluded. We also excluded the sinuses
388  and sutures. Cropping out these areas permitted a narrower color bar range for the bone thickness
389  pseudocolor plots, thus revealing more of the fine bone structure. Most cranial surgeries are
390 performed on the central bone regions, so data focusing on these areas should be sufficient for
391  many applications. We registered the ROI masks to each skull using the control point registration
392 method.

393

394  The preparatory steps for the statistical analysis are illustrated in Supplementary Figures 2A-C.
395  For a given ROI, we calculated the average of the bone thickness measurements across the entire
396  ROI (Supplementary Fig. 2A) and repeated this for every skull in the cohort (Supplementary
397  Fig. 2B). The average thickness values were stored in vectors by cohort for analysis
398  (Supplementary Fig. 2C).

399

400  Validation of pCT scan measurements

401

402  Full thickness burr holes were drilled into the parietal bones of three half skulls during acute
403  surgeries. The skulls were scanned using both the uCT scanner and a custom-built optical
404  coherence tomography (OCT) scanner with a center wavelength of 1300 nm and a resolution of 7
405  pm. The thickness of the bone adjacent to each burr hole was measured with both scan modalities
406  and the results were compared. We found that the thickness measurements agreed to within + 40
407  um. Given the pCT resolution of 21 um, the disagreement is reasonably minor. This experiment
408  confirmed that the pCT scans and pipeline accurately measured the skull bone thickness.
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412 Figure 1. Microcomputed Tomography (nCT) scanning and image stack measurement: (A)
413  pCT scanner setup and example mounted sample. (B) Reconstructed three-dimensional scan of
414  skull with coronal section indicated by intersecting plane. (C) Raw cranial section from pCT scan
415 image stack and histogram of grayscale intensity values. Dashed lines indicate segmentation
416  thresholds identified using a modified Otsu’s Method. (D) Segmented image cropped to area of
417  interest and corresponding plot of skull bone thickness, defined as the distance in millimeters
418  between the first and last white pixels in each column of the image. Plot trace matches above image
419  and dashed line indicates midline location.
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421

422  Figure 2. Morphological landmark distances: (A) Distance measurements and landmarks
423  indicated on 2D plot of dorsal skull thickness measurements (top) and a sagittal section at Bregma
424  (bottom). Distance measurements are abbreviated as follows: LR — width between anterolateral
425  corners of the frontal bone; FW — width of the frontal bone measured at the lateral ends of the
426  coronal suture; FL — length of the frontal bone measured parallel to the midline; PL — length of the
427  parietal bone measured parallel to the midline; IW — width of the interparietal bone measured at
428  the lateral ends of the lambdoid suture; IL — length of the interparietal bone measured parallel to
429  the midline; BH — height of the cranial cavity measured between Bregma and the intersphenoidal
430  synchondrosis; LH — height of the cranial cavity measured between Lambda and the spheno-
431  occipital synchondrosis. (B-D) Bar plots showing the average of the measured distances between
432  landmark pairs divided by cohort; (B) medial-lateral (M-L) direction; (C) anterior-posterior (A-P)
433  direction; (D) dorsal-ventral (D-V) direction. Error bars indicate one standard deviation.

434
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436

437  Figure 3. Bone thickness profile across dorsal skull: (A) Comparison between the individual
438  skull from the female 30-week wildtype (WT) cohort (top) and the corresponding cohort average
439  skull (bottom). Similarity between gross structures on the skulls indicates successful registration,
440  while consistency in the finer features suggests uniformity between skulls on the scale of bone
441  subregions. Region of interest (ROI) boundaries indicated by dashed white lines superimposed on
442 cohort average plot. From anterior to posterior: frontal ROI, parietal ROI, and interparietal ROL.
443  (B) Contour plot of the average skull from all scans in the study superimposed on the Allen Mouse
444  Brain Connectivity Atlas, connectivity.brain-map.org/. Patterns of subregions with consistent
445  thickness align with anatomically distinct regions of the cerebellum and midbrain, as expected, but
446  also with functional regions on the lissencephalic cortex. (C-D) Average skulls for each cohort,
447  frontal and parietal (C) and interparietal (D) ROIs. There is apparent similarity in the bone
448  thickness profile between cohorts. Note the larger range in thickness color bar values required for
449  interparietal ROI pseudocolor plots. (E-F) Standard deviation of average skulls by cohort, frontal
450  and parietal (E) and interparietal (F) ROIs. Low standard deviations suggest minimal variation in
451  bone thickness profile within cohorts after registration. Generally larger standard deviation values
452  for interparietal than for frontal and parietal ROIs.
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Figure 4. Average dorsal skull bone thickness differences between cohorts: (A) Average bone
thickness across frontal, parietal, and interparietal ROlIs, divided by cohort. Error bars indicate one
standard deviation. (B) Example of box-and-whisker plots which summarize the mean and
distribution of dorsal skull bone thickness for each comparison between cohorts. (C) Box-and-
whisker plot of average parietal ROI thickness divided by strain with sex as the independent
variable. (D) Box-and-whisker plot of average parietal ROI thickness divided by strain with age
as the independent variable.
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581  Figure illustrating the registration of skulls to a common reference to create an average skull for
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584  Supplementary Figure 2

585  Figure showing quantification of average dorsal bone thickness differences between cohorts.
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591  Supplementary Figure 1. Registering skulls to common reference to create average skull for
592  each cohort: (A) Method for registering skulls. Cranial form varied between skulls, so registration
593  was necessary before averaging. Using a control point registration method from the MATLAB
594  Image Processing Toolbox, we manually selected landmarks on each skull. Each measurement
595  matrix was then warped to fit its landmarks to a set of averaged reference control points using a
596  piecewise linear transformation method. (B) The control points used during registration, selected
597 based on the morphological landmarks which were consistently identifiable in scans. (C)
598  Comparing pseudo-color plots of dorsal skull bone thickness in (top) an individual skull and
599  (bottom) the corresponding cohort average registered skull. Similarities in bone thickness structure

600  between individual skulls and the cohort average skull indicate successful registration.
601
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603

604  Supplementary Figure 2. Method for quantifying average dorsal bone thickness differences
605  between cohorts: (A) For a given ROI, the average of the bone thickness values was calculated
606  for each half skull in the cohort. (B) Each average bone thickness metric from all the half skull
607  ROIs in the cohort was stored in a vector. (C) A Students’ two-sample t-test was performed on the
608  average thickness vectors from each set of two cohorts with only one variable differing between
609  them. (D) Locations of ROIs: frontal, parietal, and interparietal bone ROlIs, avoiding sutures.
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