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Abstract

Background: The Chihuahua dog breed is known for frequent occurrence of a
bregmatic fontanelle on the dorsal skull. A common conception is that this skull
defect is a clinically irrelevant finding. No studies, however, describe its prevalence or
whether it is accompanied by other persistent fontanelles (PFs). Although Chihua-
huas are predisposed to Chiari-like malformation (CM) and syringomyelia (SM), it is
unknown whether PFs occur more commonly in dogs with clinical signs that are cau-
sed by CM or SM.

Hypothesis/Objectives: To describe the number and location of PFs at cranial
sutures (CSs) and to compare the occurrence of these PFs in dogs with and without
CM/SM-related clinical signs. We hypothesized that PFs also occur commonly at lat-
eral and caudal cranial surfaces, affect a higher number of CSs, and are larger in dogs
with CM/SM-related clinical signs.

Animals: Fifty client-owned Chihuahuas with or without CM/SM-related clinical
signs.

Results: Of the 50 dogs evaluated, 46 (92%) had either 1 or several PFs. The mean
+ SD number of PFs was 2.8 + 3.0 (range, 0-13). A total of 138 PFs occupied
118 CSs with 57 (48%) located dorsally, 44 (37%) caudally, and 17 (14%) laterally.
The number of CSs affected by PFs was significantly higher (P < .001) and total PF
area was significantly larger (P = .003) in dogs with CM/SM-related clinical signs.
Conclusions and Clinical Importance: Persistent fontanelles are very common in this
group of Chihuahuas and appear at dorsal, lateral, and caudal cranial surfaces. They

are more numerous and larger in Chihuahuas with CM/SM-related clinical signs.

KEYWORDS
Chiari-like malformation, Chihuahua, craniocervical junction, fontanelle, ossification,
syringomyelia

Abbreviations: BF, bregmatic fontanelle; CCJ, craniocervical junction; Cl, confidence interval; CM, Chiari-like malformation; CS, cranial suture; CT, computed tomography; ICC, intraclass
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1 | INTRODUCTION

The Chihuahua is a dog breed known for its very small size, round
head, and frequent occurrence of a persistent, bregmatic fontanelle
(BF) on the dorsal skull, between the paired frontal and parietal bones.
A common assumption is that in small breed dogs, and especially in
Chihuahuas, the BF (molera) is a clinically irrelevant finding.1 No stud-
ies, however, describe the prevalence of this malformation, state
whether it is accompanied by persistent fontanelles (PFs) at other
locations on the skull, or evaluate its clinical relevance.

In Chihuahuas, abnormalities related to craniocervical development
causing craniocervical junction (CCJ) overcrowding including Chiari-like
malformation (CM), medullary elevation, and dorsal spinal cord compres-
sion at C1-2 are common. Furthermore, this breed commonly has syringo-
myelia (SM). In Chihuahuas, both SM and CCJ junction overcrowding are
associated with CM/SM-related clinical signs such as pain-related behavior
or gait abnormalities.? No studies, however, have evaluated whether dogs
with these CM/SM-related clinical signs are more predisposed to PFs.

Fontanelles are fibrous, membrane-covered gaps that lie between
the cranial bones at the intersection of the cranial sutures (CSs). In
dogs, the literature describes the BF and the fontanelle between the
interparietal and supraoccipital bones, here called the occipital fonta-
nelle. Children, however, are born with 6 fontanelles: 2 along the mid-
line, called the anterior and the posterior fontanelles, as well as 2 on
each side of the skull: the left and right sphenoid, and the left and
right mastoid fontanelles.* The canine BF is equivalent to the human
anterior fontanelle and the canine occipital fontanelle resembles the
posterior fontanelle in children. Fontanelles equivalent to human
sphenoid or mastoid fontanelles have not been described in dogs.

The CSs are the junctions between the cranial bones and form
the intersections in which the fontanelles are located. They serve as
the major sites of bone expansion during postnatal cranial growth of
the cranial vault that accommodates the enlarging brain. This expan-
sion occurs in response to signals from the expanding neurocranium
and dura mater.>® At maturation, further growth of the cranium is dis-
abled and the cranial fontanelles and sutures close. In dogs, BF closure
is assumed to occur at birth or within a month afterward, and the
occipital fontanelle closes at approximately 45 days of gestation.>”

The 2 aims of our study were to describe, in Chihuahuas, the pres-
ence, number, and location of PFs, and to compare the occurrence of
PFs in dogs with and without CM/SM-related clinical signs. Our hypoth-
eses were that PFs are common and occur at other locations in addition
to the BF. Furthermore, we hypothesized that, in Chihuahuas, PFs are

more numerous and larger in dogs with CM/SM-related clinical signs.

2 | MATERIALS AND METHODS

21 | Case selection and assessment of
clinical signs

Our data included 50 Chihuahuas with or without CM/SM-related
clinical signs. The dogs underwent both magnetic resonance imaging

N

(MRI) and computed tomography (CT). These dogs all were recruited
from the caseload of the Veterinary Teaching Hospital of the Univer-
sity of Helsinki between 2012 and 2015. They were members of the
same cohort (one comprising 53 Chihuahuas) participating in another,
concurrent study published earlier.? Imaging of the clinically affected
dogs was a diagnostic procedure, and the nonclinically affected dogs
were imaged for breeding selection to detect CM, SM, and CCJ abnor-
malities (including atlanto-occipital overlapping, medullary elevation,
and dorsal spinal cord compression at C1-2 associated with
atlantoaxial bands). We used previously described methods to image
and define SM and CCJ abnormalities.? The study was approved by
the Finnish National Animal Experiment Board, participation was vol-
untary, and each dog owner provided written consent.

To be included in the study, nonaffected dogs had to be at least
3 years old and have no signs of illness (confirmed using a question-
naire and an owner interview during the clinic visit). No age limit
was set for those dogs with CM/SM-related clinical signs. We
excluded all dogs with severe orthopedic disease because such
disease could cause gait abnormalities similar to those observed in
SM-affected dogs (Figure 1). Furthermore, all dogs with prior history
of or a current finding of another central nervous system disease on
MRI (other than CM, SM, ventriculomegaly, or CCJ overcrowding)
were excluded, because these conditions could affect cerebrospinal
fluid flow.

To categorize the dogs as clinically affected or unaffected by
CM/SM required a questionnaire similar to that used in an earlier
study? inquiring as to any persistent scratching episodes (ears, cervical
region, shoulders, or cranial thoracic spine) with or without skin con-
tact, facial rubbing, spinal pain, vocalization, and gait abnormalities
such as incoordination or weakness. Dogs with any of these clinical
signs, we assigned to the cohort with CM/SM-related clinical signs.
Because 7 of the clinically affected dogs had concurrent health prob-
lems observed either during history taking or clinical examination, we
excluded these from assessment of CM/SM-related clinical signs, but

included them in image analysis of the PFs (Figure 1).

2.2 | Diagnostic imaging procedures

All dogs underwent CT and MRI under general anesthesia. As a diag-
nostic procedure, and to exclude other diseases causing clinical signs
similar to those of CCJ overcrowding or SM, we obtained MR images
of the head and cervical spine using a 0.2 Tesla MR scanner (Esaote S.
p.A, Genova, ltaly; Table 1). We positioned each dog in sternal recum-
bency with the base of the skull aligned perpendicular to the ventral
vertebral canal at the first 2 cervical vertebrae.

To obtain head and cervical spine (to the level of the caudal C3 ver-
tebra) CT images, we used a helical dual-slice CT scanner (Somatom
Emotion Duo, Siemens AG, Forcheim, Germany), with a bone algorithm
and a slice thickness of 1.0 mm (feed/rotation 2 mm, reconstruction
increment 0.5 mm, 110 kV). Each dog was positioned so that the base of
the skull was aligned perpendicular to the ventral vertebral canal in the

cranial cervical spine.
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Chihuahuas affected with clinical
signs associated with Chiari-like
malformation and/or syringomyelia:

¢ undergoing imaging for
diagnostic purposes

Chihuahuas without Chiari-like
malformation and/or syringomyelia-
related clinical signs:

e imaged for breeding selection to
detect Chiari-like malformation,
syringomyelia, and craniocervical
junction overcrowding

e clinically affected dogs: any age
* nonaffected: at least 3 years

Exclusion:

50 Chihuahuas with or without CM/SM-related clinical signs inchided:

e all dogs with a prior history of a central nervous system disease (other than CM, SM

or craniocervical junction overcrowding) or a severe orthopedic problem

Assessment of clinical signs with a
questionnaire:

e Of 50 dogs, 7 excluded from the
assessment of clinical signs due
to concurrent diseases:
dermatological (2), orthopedic
(2), and gastro-intestinal (3)
diseases

e 43 dogs included into the
analysis of clinical signs (21
affected, 22 nonaffected)

e if clinically affected, severity of
clinical signs evaluated

50 Chihuahuas underwent computed
tomography of the head and cervical
spine until C3. Images assessed for

e number of cranial sutures
affected by persistent
fontanelles at dorsal, lateral,
and caudal cranial surfaces

e total persistent fontanelle area
at dorsal, lateral, and caudal
cranial surfaces

e inter- and intrarater reliabilities
of the total fontanelle area

50 Chihuahuas underwent
magnetic resonance imaging of the
head and cervical spine. Images
assessed to exclude other possible
diseases

e causing similar clinical signs as
Chiari-like malformation and
syringomyelia

e obstructing the cerebrospinal
fluid flow

FIGURE 1 A flowchart describing the procedures of the study

2.3 | Image analysis

Two board-certified neurologists (C. Rusbridge, T.S. Jokinen),
blinded to the presence or absence of CM/SM-related clinical signs,
independently evaluated the MR images for CM, SM, or other
abnormalities that could cause similar clinical signs or affect cere-
brospinal fluid flow. OsiriX Medical Imaging Software (Pixmeo SARL,
Bernex, Switzerland) was used for analysis of the CT images of all
included dogs for presence, number, location, and area of the PFs at
dorsal, lateral, and caudal CSs. Two board-certified neurologists
(A.-M. Kiviranta and T.S. Jokinen) independently evaluated the

anonymized CT images and were hence unaware of any dogs'

clinical status.

23.1 | Definition of PFs

A PF was defined as full-thickness loss of bone at a CS. Its presence
was assessed at the CSs, that is at junctions between the membrane-
derived bones (nasal, lacrimal, frontal, parietal, interparietal, squamous
part of the temporal) and between membrane- and cartilage-derived

bones (maxillary, palatine, sphenoid, temporal, occipital) that form the
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TABLE 1 Magnetic resonance imaging sequences used to obtain
head and cervical spine images

Dogs without Dogs with
CM/SM-related CM/SM-related
clinical signs clinical signs

T1W sagittal X X

T1W transverse X X

T2W sagittal X X

T2W transverse® X

Abbreviations: CM, Chiari-like malformation; SM, syringomyelia;

W, weighted.

?In dogs without CM/SM-related clinical signs, the cervical spine was
imaged until the caudal end of the fourth cervical vertebra. In dogs with
CM/SM-related clinical signs, the entire cervical spinal cord was imaged.
The slice thickness ranged from 3.5 to 4.5 mm. If syringomyelia was
detected, transverse slices were adjusted to the center of it.

dorsal, lateral, and caudal surfaces of the braincase (Table 2,
Figures 2A-C). The cranial base, formed of cartilage-derived bones con-
nected with synchondroses, and naturally occurring with multiple foram-
ina, was not evaluated. To avoid including nonfused, normal CSs, the
fontanelle area had to be large enough, by subjective assessment, to be
measurable using the closed polygon tool of the Osirix Medical Imaging

Software. The smallest PFs were approximately 1 mm in diameter.

2.3.2 | Evaluation of PFs and CSs affected

The evaluators first assessed each CS in 3-dimensional skull models
using volume-rendering technique images to record the presence and
number of all possible PFs (Figures 3A-D). Then, the finding of an area
deficient with bone (full-thickness) was confirmed in the multiplanar
images (Figure 4A-C).

In addition to identifying the presence of a PF, we located the
suture that the PF affected. Because the distinction between some dor-
sal and lateral bones was difficult because of their small size and irregu-
lar shape, we made no attempt to distinguish between the sutures they
affected; instead, we classified these sutures as 1 (Table 2, Figure 2A-C).
Furthermore, because a PF occasionally was located between the
supraoccipital and interparietal bones, but not at a true suture, this loca-
tion was considered an additional location in the analysis.®> Additionally,
the intersections of the lateral sutures, resembling sphenoid and mastoid
fontanelles in children, were classified as additional locations.®

If, after the individual assessment, the evaluators disagreed as to
the presence or number of PFs, or as to the sutures affected, the eval-

uators together reassessed the CT images to reach consensus.

2.3.3 | Persistent fontanelle area measurement

After reaching consensus as to the number and location of the PFs, the
evaluators independently measured the area of each fontanelle from
the anonymized CT images (WL 500 HU, WW of 3500 HU; Figure 4D).
Because PF size varied markedly, we consequently elected to measure

the area of the PFs. We aimed to compare the extent (area) of these
bone-deficient lesions in clinically affected and nonaffected dogs in
addition to comparing the number of the affected sutures. Because the
PFs were occasionally so large and extended over convex surfaces (eg,
on the top of the head at the bregma), it was impossible in multiplanar
images to measure the area of the PFs in a single plane. We used
maximum-intensity projection-technique images for the area measure-
ment. This technique overcame the problem of bias from exclusion
from analysis of large PFs located at convex surfaces. It also overcame
the problem of measuring the PF area by repositioning the index lines.
We visually selected a slice thickness of 14 to 16 mm, which optimized
our ability to measure the convex surfaces without the area to be mea-
sured being affected. We tested this approach by assessing CT images
of 10 pilot dogs not included in the study.

The fontanelle area measurement was carried out by first positioning
1 of the 2 index lines tangential to the outer skull surface, and in the mid-
thickness of the bone surrounding it. Then, the other index line was posi-
tioned perpendicular to the previous index line and in the center of the PF
(Figure 4A-C). After index line positioning, slice thickness was adjusted,

and PF area was measured using a closed polygon tool (Figure 4D).

24 | Statistical analysis
24.1 | Inter- and intrarater reliability of the total
fontanelle area measurement

To evaluate the repeatability of the PF area measurement method, we
evaluated the inter- and intrarater repeatability of the total PF areas
(a sum of the area of all PFs in each dog). We evaluated the random
variation between assessors (inter-rater reliability) in 2 different ways.
First, we calculated a repeatability statistic between the assessors
from a 1-way analysis of variance model, where the effect of the dog
served as the sole fixed effect, and the values were considered as a
percentage of perfect agreement. In these models, the within-group
variation describes the variation between the assessors.

Second, to determine inter-rater reliability estimate between the
2 assessors, we calculated Krippendorff's alpha with 95% confidence
intervals (Cls) to assess consistency between the 2 assessments of the
total PF areas.” An alpha value of 1 describes perfect agreement, a
value of 0.8 describes similar interpretation, and a value of 0.67 is
interpreted as the lowest conceivable limit.1°

Next, we evaluated intrarater reliability. After a few months, the
2 evaluators independently remeasured the PF areas of 25 of 50 randomly
selected dogs. Because the method was labor-intensive, the CT images of
25 dogs were re-evaluated. Intrarater reliability assessment was evaluated
using 2 different methods. First, we calculated a repeatability statistic sim-
ilar to that for inter-rater reliability between the 2 repeats (total PF area)
by each evaluator. Second, to determine the intrarater reliability estimate
between the repeats, we calculated the intraclass correlation coefficient
(ICC) with 95% Cls to assess consistency between the repeats. An ICC of
<0.5 indicated poor reliability, 0.5 to 0.75 moderate reliability, 0.75 to 0.9
good reliability, and >0.9 indicated excellent reliability.*
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FIGURE 2 A-C, Dorsal, lateral, and caudal volume-rendering technique computed tomography images (window level 500, window width
3500) of a Chihuahua skull showing the cranial sutures evaluated in this study. Numbers 1 to 5 mark dorsal cranial sutures, 6 to 8 lateral
cranial sutures, and 9 to 12 caudal cranial sutures evaluated: 1a (left), 1b (right): frontonasal, frontomaxillar, and frontolacrimal sutures; 2:
interfrontal suture; 3a-b: frontoparietal suture, 4: sagittal suture, 5a-b: parietointerparietal suture, 6: left frontopalatine and sphenofrontal
sutures, 7: intersection of left frontoparietal, sphenofrontal, and sphenoparietal sutures (resembling sphenoid fontanelle in children); 8: left
sphenoparietal and squamous sutures; 9a-b: intersection of squamous, occipitoparietal, and occipitosquamous sutures (resembling mastoid
fontanelle in children); 10a-b: occipitoparietal suture, 11: junction between occipital and interparietal bones (not a true suture); 12a-b:

occipitosquamous suture

FIGURE 3 A-D, Volume-
rendering technique computed
tomography image of Chihuahua
skulls in dorsal (A, B), right lateral
(C), and caudal (D) views showing
(A): single, sharply demarcated,
persistent bregmatic fontanelle at
the intersection of paired frontal
and parietal cranial bones (the
frontoparietal suture). B, Multiple
bregmatic fontanelles. C, Single,
sharply demarcated persistent
fontanelle at the intersection of
frontal, sphenoidal, and parietal
bones, resembling location of the
right sphenoidal fontanelle in
children. D, Multiple persistent
fontanelles on a caudal cranial
surface: persistent fontanelles
marked with a red star were
confirmed, in multiplanar images,
as penetrating through the bone.
Other lesions appearing as
persistent fontanelles (no red
star) are areas of thin bone

2.4.2 | Persistent fontanelles in dogs with and
without CM/SM-related clinical signs

When comparing the dogs with and without CM/SM-related clinical signs,
for each dog we used both the total number of CSs affected by PFs and total

PF area. For this comparison, we used the number of affected CSs instead of

the number of PFs, because occasionally several PFs occupied a single
suture. For statistical analysis of the number of affected CSs, we used univar-
iate Poisson regression. The total number of CSs affected by PFs served as

the response and CM/SM-related clinical signs served as explanatory factor.
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FIGURE 4 A-D, Positioning of index lines and persistent fontanelle area measurement. Transverse (A), sagittal (B), dorsal

(C) multiplanar, and maximum-intensity projection (D) computed tomography images (window level 500, window width 3500, slice
thickness 1 mm) showing position of index lines positioned with the first index line tangential to the outer skull surface and in the
mid-thickness of its surrounding bone (blue index line). Second index line positioned perpendicular to previous index line and in the
center of the persistent fontanelle [orange index line in (A), purple index line in (B)]. In dorsal view (C), intersection of index lines
positioned at the center of the persistent fontanelle. Area of the bregmatic fontanelle, 82.4 mm?, measured by OsiriX Medical Imaging

Software's closed polygon tool (D)

In addition to comparing the number of CSs affected by PFs, we
compared the total PF area of the dogs with and without CM/SM-
related clinical signs. The mean of the 2 measurements (from the
2 evaluators) served for the analysis. In the statistical analysis,
the total PF area was first log-transformed to satisfy the normality
assumptions of the statistical modeling. The normality of the model
residuals was investigated using Shapiro-Wilks tests and Normal QQ-plots.
Because there were some zero observations (ie, dogs without PFs), the
transformation was conducted logarithmically (total sum of PF areas +1).
The analysis utilized a 1-way analysis of variance model. The log-trans-
formed total PF area served as the response, and the CM/SM-related clini-
cal signs served as explanatory factors. P values of <.05 were considered
statistically significant; all P values are 2-sided and not adjusted for multi-
ple testing. All statistical analyses were conducted using SAS System for
Windows, version 9.4 (SAS Institute, Inc, Cary, North Carolina).

3 | RESULTS

The study group consisted of 50 Chihuahuas (Table 3). The mean + SD
age of the 50 dogs was 58 + 28 months (range, 7-139 months), and
their mean + SD weight was 2.8 + 0.6 kg (range, 1.4-4.3 kg).

3.1 | Presence, number, and location of PFs
Of the 50 dogs evaluated, 46 (92%) had either 1 or several PFs, and
4 dogs (8%) lacked any PFs (Table 4). The mean + SD number of PFs
per dog was 2.8 + 3.0 (range, 0-13), and the mean + SD number of
CSs affected by a PF was 2.4 + 2.3 (range, 0-10; Figures 5 and 6).
Because 1 dog had missing CT images of the rostral skull, the cohort
for evaluation of distribution of PFs and affected sutures consisted of
49 dogs (Table 2). In these 49 dogs, 138 PFs were identified, with
72 (52%) appearing dorsally, 49 (36%) caudally, and 17 (12%) laterally
(7 on the left side, 10 on the right side). Furthermore, the 138 PFs
occupied a total of 118 CSs with 57 (48%) located dorsally, 44 (37%)
caudally, and 17 (14%) laterally (7 on the left side, 10 on the
right side).

The frontoparietal suture was most commonly affected in 39 (78%) of
50 dogs and comprised 54 (39%) of the 138 PFs. Of 54 PFs at the
frontoparietal suture, 46 (85%) emerged at the intersection of the inter-
frontal, frontoparietal, and sagittal sutures, which is the location of the
BF. Furthermore, of the 138 PFs, 86 (62%) occurred at locations similar to
those of the fontanelles in children (the anterior, posterior, sphenoid, or
mastoid fontanelles), leaving 44 (38%) of the 138 PFs occurring at other
locations (Table 2).
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TABLE 3 Signalment and diagnostic imaging findings in all
50 Chihuahuas

Signalment Number of dogs (%)
Smooth-haired Chihuahuas 26 (52%)
Long-haired Chihuahuas 23 (46%)
Chihuahua-mix 1(2%)

Female 27 (54%)

Male 23 (46%)°
Diagnostic imaging findings

Chiari-like malformation 50 (100%)

Syringomyelia 20 (40%) (syrinx width 2-8 mm)
AOO 35 (70%)

Mean + SD medullary 22% + 8% (range, 6%-43%)
kinking index

Mean + SD dorsal
spinal cord
compression index

25% + 7% (range, 9%-38%)

Abbreviation: AOO, atlanto-occipital overlapping.
2Including one castrated male.

American College of
Veterinary Internal Medicine

Evaluation of the 46 dogs having at least 1 PF showed that
7 (15%) had no PF at a location typical of a BF (Table 4). Of those
dogs, each dog had 1 to 7 affected sutures on dorsal, lateral, or caudal

cranial surfaces.

3.2 | Inter- and intrarater reliability of PF area
measurement in CT images

The inter-rater repeatability of the total fontanelle area measure-
ments between the assessors was 99.8%. When assessing
consistency between the 2 assessments, Krippendorff's alpha
for the total fontanelle area was 0.999 (95% Cl, 0.997-1.000;
Table 5).

The intrarater repeatability of the total fontanelle area mea-
surements was 99.6% for 1 and 99.8% for the other assessor. Fur-
thermore, the ICC for reliability within assessor of the total
fontanelle area ranged from 0.997 to 0.999 (95% Cl, 0.994-0.999;
Table 6).

TABLE 4 Signalment and imaging findings of the 4 dogs lacking any persistent fontanelles and 7 dogs lacking a bregmatic fontanelle

Variable
Mean age (range)
Mean weight

Number of dogs with SM (%) 1/4 (25%)

Maximum syrinx width 3.5 mm

Dogs with clinical signs related to 1/3? (33%)

CM/SM

Abbreviations: CM, Chiari-like malformation; SM, syringomyelia.

4 dogs lacking any persistent fontanelles
56 months (range, 23-89 months)
3.2 kg (range, 2.7-4.3 kg)

7 dogs lacking a bregmatic fontanelle
58 months (range, 12-91 months)
3.0 kg (range, 1.8-3.9 kg)

3/7 (43%)
Range of maximum syrinx width 2-2.7 mm

3/6% (50%)

20One dog excluded from the analysis of clinical signs because of other, concurrent diseases possibly causing similar clinical signs.
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FIGURE 5 Total number of cranial sutures affected per dog
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FIGURE 6 Total number of presented fontanelles per dog

TABLE 5 Inter-rater reliability: repeatability and Krippendorff's alpha reliability estimates between assessors
Area measured Assessor 1 (mm?)  Assessor 2 (mm?)  Repeatability (%) Alpha 95% CI Number of pairs
Total fontanelle area (mean * SD) 78.4+ 1498 77.8 £148.8 99.8 0.999 0.997-1.000 50
Dorsal fontanelle area (mean + SD) 448 + 55.8 442 + 54.3 99.6 0.997 0.995-0.999 50
Left lateral fontanelle area (mean + SD) 65.2 + 106.9 67.0+ 1115 99.7 0.998 0.995-1.000 6
Right lateral fontanelle area (mean + SD)  48.9 + 97.8 469 £97.2 99.5 0.996 0.989-1.000 9
Caudal fontanelle area (mean = SD) 17.0+38.1 171+ 37.7 99.6 0.997 0.994-0.999 50

Note: Inter-rater reliability: repeatability and Krippendorff's alpha reliability estimates of total, dorsal, left and right lateral, and caudal fontanelle area

measurements between the two assessors.
Abbreviation: Cl, confidence interval.

TABLE 6 Intrarater reliability: fontanelle area intraclass correlation coefficient
Assessor 1 Assessor 2 Combined
Area measured ICC 95% Cl ICC 95% Cl ICC 95% ClI
Total fontanelle area 0.999 0.997-0.999 0.997 0.994-0.999 0.998 0.996-0.999
Dorsal fontanelle area 0.999 0.998-1.000 0.998 0.995-0.999 0.999 0.997-0.999
Left lateral fontanelle area 0.996 0.970-1.000 0.999 0.988-1.000 0.997 0.987-0.999
Right lateral fontanelle area 0.999 0.989-1.000 1.000 0.996-1.000 0.999 0.995-1.000
Caudal fontanelle area 0.993 0.984-0.997 0.992 0.981-0.996 0.992 0.986-0.995

Note: Intrarater reliability: Fontanelle area intraclass correlation coefficient to assess the repeatability of the measurement of the total, dorsal, left and right

lateral, and caudal fontanelle area measurements.
Abbreviations: Cl, confidence interval; ICC, intraclass correlation coefficient.

3.3 | Persistent fontanelles in dogs with and
without CM/SM-related clinical signs

Of the 50 dogs, 28 (56%) had CM/SM-related clinical signs, and of
those, 7 had concurrent diseases (dermatological [2], orthopedic [2],
and gastrointestinal [3]) possibly causing clinical signs similar to those
of CM and SM. These 7 thus were excluded from the comparison of
the number of affected CSs and total fontanelle area in dogs with and

without CM/SM-related clinical signs, because these diseases may

cause scratching, pain-related behavior, or gait abnormalities, making
it difficult to differentiate the clinical signs from those caused by CM,
SM, or CCJ abnormalities. Table 7 describes the clinical signs in the
21 dogs included in the analysis and Table 8 the imaging findings in
dogs with and without clinical signs.

The number of CSs affected by PFs was significantly higher
(P <.001) in dogs with CM/SM-related clinical signs (Table 9). Fur-
thermore, the mean + SD total PF area was significantly larger in
dogs with CM/SM-related clinical signs (133.7 + 214.4; P = .003)
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when compared to dogs without CM/SM-related clinical signs
(33.7 £ 43.3 mm?). When the mean # SD area of the palpable PFs
at the (mid-dorsal) top of the skull was compared in dogs with
(54.57 £ 60.77 mm?) and without (28.93 £ 38.70 mm?) CM/SM-
related clinical signs, dogs with CM/SM-related clinical signs had

significantly larger fontanelles than those without Cclinical
signs (P = .03).
4 | DISCUSSION

Our study shows that PFs are common in adult Chihuahuas. In addi-
tion to their well-known location on the dorsal surface of the cranium
(ie, the BF), PFs are common at other locations as well. Furthermore,
the number of CSs affected by PFs was higher and the PFs larger in
dogs with CM/SM-related clinical signs.

4.1 | Persistent fontanelles

The Chihuahuas in our study almost all had either 1 or several PFs
emerging on each of their cranial surfaces. The frontoparietal suture
(location of the BF) was the CS most commonly affected. In a minority of
the dogs, however, the frontoparietal suture was not affected, although
the dog had PFs at other CSs. This finding indicates that a BF cannot

serve as a marker of these bony lesions elsewhere on the cranial surface.

TABLE 7 Clinical signs observed in the 21 dogs with clinical signs
related to Chiari-like malformation or syringomyelia

Number of
Clinical sign dogs (%)
Persistent scratching episodes 16 (76%)
Episodes of facial rubbing 9 (43%)
Spinal hyperesthesia 9 (43%)
Vocalization evoked by scratching, excitement, or 9 (43%)
movement
Gait abnormalities: stumbling, incoordination, or 11 (52%)

weakness

o g e

The BF (a molera) earlier was considered a sign of the purity of
the Chihuahua breed. Today, in Chihuahua breed standards of various
kennel clubs, the occurrence of a molera as a trait ranges from being
accepted to a disqualifying fault, and hence possibly affecting breed-
ing selection.*?"*°> The existence of this PF is commonly tested by pal-
pating the head. In adult Chihuahuas, doing so allows recognition only
of PFs located in areas of the skull lacking a thick muscle layer (such
as the mid-dorsal region). Furthermore, the PFs must be large enough
to be recognized by palpation. Because PFs at sites other than that of
the BF (midsagittal, dorsal surface of the cranium) are covered by
muscle thick enough to hinder palpation, in our experience, palpating
only the molera will leave more than half of all PFs undetected.

Only the bregmatic and caudally located fontanelle, resembling the

human posterior fontanelle, and here called the occipital fontanelle, is

TABLE 9 Number of cranial sutures affected by persistent
fontanelles in dogs with and without clinical signs related to Chiari-
like malformation or syringomyelia

Number of cranial
sutures affected

by persistent Dogs without clinical  Dogs with clinical
fontanelles signs related to signs related to
per dog CM/SM (%) CM/SM (%)

0 2 (9%) 1(5%)

1 14 (64%) 4 (20%)

2 4 (18%) 4 (20%)

3] 1 (5%) 3(15%)

4 1(5%) 1(5%)

5 0 (0%) 1(5%)

6 0 (0%) 3(15%)

7 0 (0%) 1(5%)

8 0 (0%) 1(5%)

9 0(0%) 0 (0%)

10 0 (0%) 1(5%)

Total 22 20°

Abbreviations: CM, Chiari-like malformation; SM, syringomyelia.

2Due to one dog missing computed tomography images of the cranial
skull, it was left out from the analysis of total number of cranial sutures
affected by persistent fontanelles.

TABLE 8 Diagnostic imaging findings in 43 dogs with and without clinical signs related to Chiari-like malformation or syringomyelia

Dogs without CM/SM-related

clinical signs®

CcM 22
SM 5
AOO 16

20% + 8%
24% + 8%

Mean * SD medullary kinking index

Mean + SD dorsal spinal cord compression index

Dogs with CM/SM-related

clinical signs® Total (%)

21 43/43 (100%)
12 17/43 (40%)
16 32/43 (74%)
26% * 6% NA

26% + 7% NA

Abbreviations: AOO, atlanto-occipital overlapping; CM, Chiari-like malformation; NA, not applicable; SM, syringomyelia.
3The mean * SD age of dogs without CM/SM-related clinical signs was 63 + 18 months, and in dogs with CM/SM-related clinical signs was

55 + 36 months.
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described in dogs, with the literature lacking any description of the sphe-
noid and mastoid fontanelles. Based on our results, it appears that the
majority of the PF in Chihuahuas occurred in similar locations to fontanelles
in humans. In children, however, the fontanelles close during early child-
hood, the anterior fontanelle between 3 and 27 months.é'” The posterior
fontanelle is open in only 1.5% of newborn children, and in those it closes
by 2 months of age.?® The paired sphenoid fontanelles close at around

3 month, and the mastoid fontanelles during the second year of life.®

4.2 | Inter-rater and intrarater reliabilities of
fontanelle area measurement

When assessing both the percentage agreement and Krippendorff's
alpha, repeatability of total PF area measurements between the asses-
sors (inter-rater reliability) was almost perfect. Similarly, repeatability
of the total PF area within the same assessor (intrarater reliability)
reached excellent reliability when both percentage agreement and
ICC were assessed. These excellent inter- and intrarater reliabilities

suggest that the PF area measurement is repeatable.

4.3 | Persistent fontanelles in dogs with and
without CM/SM-related clinical signs

The number of CSs affected by PFs was higher and total PF area
larger in dogs with CM/SM-related clinical signs. Furthermore, none
of the dogs that were free of CM/SM-related clinical signs had more
than 4 CSs affected by PF, and 91% of the dogs had O to 2 CSs
affected. In dogs with CM/SM-related clinical signs, however, the
number of CSs affected by PF ranged from O to 10, with only 45% of
the dogs having O to 2 CSs affected.

As in cavalier King Charles spaniels, SM is an important
predisposing factor for CM/SM-related clinical signs in Chihua-
huas.2172° Although SM is an important predisposing factor in dogs
that are clinically affected, 1 study (evaluating the association of
CM/SM-related clinical signs and morphological traits in Chihuahuas)
found that approximately half of the clinically affected Chihuahuas
lacked SM.2 The study found that concomitant occurrence of medul-
lary elevation and dorsal spinal cord compression at C1-2 was associ-
ated with a dog's being clinically affected, which implied that CCJ
overcrowding itself could predispose to pain-related behavior.? Simi-
larly, in cavalier King Charles spaniels, medullary elevation and dorsal
spinal cord compression at C1-2 both are associated with CM/SM-
related clinical signs.?%?? Furthermore, a recent study described clini-
cally affected cavalier King Charles spaniels without SM (thought to
have CM-related pain) that had an association between short skull
base and increased cranial height. This finding indicated more exten-
sive brachycephaly, in addition to ventral olfactory bulb rotation.?®
These findings highlight the importance of cranial-base shortening
and resultant compensatory changes in the cranial vault and neural

tissue as predisposing factors for development of clinical signs.

Because our clinically affected dogs had both higher numbers of
CSs affected by PFs and larger total PF area, we suggest that structures
predisposing to CM/SM-related clinical signs may share common
pathomechanisms with PF development. The statistical significance and
concomitant occurrence, however, does not prove causality between
the structures predisposing to clinical signs and PFs. It is unknown why
cavalier King Charles spaniels, a breed commonly affected by clinical
signs caused by CM or SM, do not empirically appear to have PFs. How-
ever, studies evaluating the occurrence of PFs using multimodal imaging
techniques in this or other breeds are lacking. Hence, future studies
should evaluate if PFs occur in all dogs with structures associated with
CM/SM-related clinical signs or if another factor, such as small body (or
possibly skull) size, is needed. However, our findings challenge the cur-
rent notion that PFs are clinically irrelevant findings, especially when
occurring in large number and size. Although we find it unlikely that PFs
would cause the clinical signs observed in these dogs, we suggest that
they share the same pathophysiology with the structures that do cause
clinical signs. Based on these findings, critical re-evaluation is necessary
for the inclusion of a large BF (molera) in the breed standards as a
desired trait. If selection for a “well-rounded ‘apple-domed* skull” is
made, then PF may be the inevitable consequence for the neuro-
parenchymal disproportion occurring because of extreme brachycephaly

and miniaturization.**

44 | Possible causes of PFs
Areas deficient in bone can occur as a result of congenital disorders of
ossification of developing bone, atrophy of mature bone, or sutural
diastasis (delayed closure). Both forms of acquired bone defects, bone
remodeling and bone atrophy occur in dogs. In cavalier King Charles
spaniels, which like Chihuahuas are also affected by CM, foramen
magnum height increases over time, suggesting active supraoccipital
bone remodeling due to cerebellar pulsation.>?42°> Furthermore, skull
bone defects, suggestive of bone atrophy can be a consequence of
multiple choroid plexus carcinomas leading to noncommunicating
hydrocephalus and increased intracranial pressure.?®

In children, several conditions cause delayed anterior fontanelle
closure, the most common conditions being increased intracranial
pressure, congenital hypothyroidism, Down syndrome, rickets, and
achondroplasia causing dwarfism.* One-third of the PFs in Chihua-
huas, however, occurred at locations distinct from the sites of fonta-
nelles described in children, suggesting that in these dogs, skull defect
etiology differed. Non-fontanelle anterior bone defects in children
may include a lacunar skull or a skull with a diffuse copper-beaten
appearance. The first, also called “Luckenshadel skull” (in German,
“holes in the skull”) is a developmental, congenital failure of bone
ossification. The copper-beaten appearance is, in contrast, acquired as
a consequence of bone remodeling.?” Both lesions affect the inner
table of the anterior vault, resulting in thinning or loss of bone. The
copper-beaten pattern has indistinct margins of varied depth and fol-

lows the gyral margins. By contrast, lacunar skull defects have sharply
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demarcated margins, are separated by branches of bone, and may
appear as full-thickness defects (called craniofenestra).?832

Although both copper-beaten appearance and lacunar skull may
occur as incidental findings in children, they are associated with cra-
niosynostosis, a disorder of premature CS closure.?® Craniosynostosis
prevents normal bone growth perpendicular to the affected suture
and results in a characteristic head shape typical of that type of cra-
niosynostosis. For example, a bilateral coronal suture synostosis
(between the frontal and parietal bones) causes shortening of the skull
and results in brachycephaly.®® Furthermore, it may occur simulta-
neously with premature cranial base synchondrosis closure causing
cranial base shortening.3*

In brachycephalic dogs, and especially in cavalier King Charles
spaniels, the cranial base spheno-occipital synchondrosis closes pre-
maturely, restricting rostrocaudal skull expansion.3> Furthermore, in
Chihuahuas, a short skull base at the caudal cranial fossa and
increased proximity of the cervical vertebrae both cause over-
crowding of the CCJ which predisposes both to SM and CM/SM-
related clinical signs.23® Furthermore, more extreme brachycephaly
(ie, a short skull base with compensatory doming of the skull) is associ-
ated in cavalier King Charles spaniels with CM-associated pain.2®
Hence, because the CSs affected by PFs are more numerous and the
PFs larger in dogs with CM/SM-related clinical signs, and such clinical
signs are associated with structures of abnormal cranial shape, a cra-
nial growth disorder such as craniosynostosis may serve as a factor
predisposing to PFs.

Based on our study design, and with all but 2 Chihuahuas of our
study having been >12 months old, it is impossible to evaluate whether
the PFs described here are congenital or acquired defects of bone.
Because the present study focuses on describing the distribution and
clinical relevance of PFs, future studies should investigate whether PFs
are congenital defects of bone ossification, acquired bone remodeling

emerging later in life, or result from a combination of these.

4.5 | Limitations of the study

Limitations of our study were related to cohort collection and image
analysis. First, most of the Chihuahuas were from the same country,
making multicenter studies evaluating international cohorts essential.
Furthermore, because participation in the study was voluntary, and
hence not randomized, the numbers described here do not necessarily
represent the true prevalence of PFs in this breed. Second, evaluation
of the PFs occasionally was difficult because of very thin bone and
low spatial resolution because of the 2-slice CT imaging equipment's
anisotropic data, making it sometimes difficult to differentiate
between bone thinning and a true, full-thickness lesion. Because our
main aim was to compare findings in dogs with or without CM/SM-
related clinical signs, we considered the risk of an error in classifica-
tion of extremely thin bone as a PF (or the reverse) to be similar in
both groups although we did not verify the PFs histologically. Histol-

ogy was not performed because most of the dogs were alive at the

N

end of the study and thus had not undergone necropsy. Furthermore,
because the CSs sometimes were difficult to define, it occasionally
was challenging to determine the exact location of the lesion. To over-
come these problems, consensus between the evaluators improved
the accuracy both of lesion presence and location.

Third, although the PF area measurement method was repeatable,
we did not test its validity (ie, its ability to measure the true area of
the lesion) because we lacked the necropsy data necessary to com-
pare CT area measurement findings with actual PF areas.

Finally, because no method enabling measurement of these irreg-
ular and occasionally very large bone defects located on convex sur-
faces existed, we developed our own method. One study describes
anterior fontanelle area measurement in CT images in children, calcu-
lating the surface area by multiplying the width of the fontanelle by
its anterioposterior length and dividing that figure by 2.3” Because of
the irregular shape of canine PFs, we were unable to use the same
formula. Although studies in dogs describe measurement of the caudal
cranial fossa and foramen magnum area using either CT or MRI, we
were unable to use either of these methods because of the convexity
of the cranial surface (cranial doming) and occasionally large area of
the PFs, which made it impossible to delineate some of the PF in a sin-
gle plane.}?84° Hence, we adopted maximum-intensity projection-
technique images to evaluate the extent of the lesions in addition to
the number of CSs they affected. This approach allowed us to better
compare the findings in dogs with and without CM/SM-related clinical
signs. A maximum-intensity projection-technique image is a projection
formed from a stack of slices and that projects only the voxel with the
highest attenuation value in a 2-dimensional image. This process has
been previously described in dogs in angiographic studies to improve
mesenteric artery visualization.**

To compare findings between dogs with and without CM/SM-
related clinical signs, rather than to describe the true area of the
lesions, any error in PF area measurement would have affected all
dogs in both groups similarly. Our comparison of the total PF area in
dogs with and without CM/SM-related clinical signs was similar to
comparisons of the number of CSs affected with PFs, but we used a
different method (multiplanar reconstruction) of evaluating CT images

and used different statistical analyses.

5 | CONCLUSIONS

The lesions described here as PFs were very common in this group of
Chihuahuas. The number of PFs varied per dog from single to multi-
ple, and they were located on dorsal, lateral, and caudal surfaces of
the cranium. Furthermore, in dogs with CM/SM-related clinical signs,
the numbers of CSs affected by PFs were higher and the total PF
areas larger in dogs with CM/SM-related clinical signs. Our findings
challenge the current notion that PFs, especially when large and
occurring multiply, are a clinically irrelevant finding. Furthermore, criti-
cal re-evaluation is necessary for the inclusion of a large BF (molera)

in the breed standard as a desired trait.
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