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Computed tomography (CT) is the imaging modality of choice to evaluate patients with

acute head trauma. However, magnetic resonance imaging (MRI) may be chosen in

select cases. The objectives of this study were to evaluate the agreement of MRI with

CT in the assessment for presence or absence of acute skull fractures in a canine and

feline cadaver model, compare seven different MRI sequences (T1-W, T2-W, T2-FLAIR,

PD-W, T2∗-W, “SPACE” and “VIBE”), and determine agreement of four different MRI

readers with CT data. Pre- and post-trauma CT and MRI studies were performed on

10 canine and 10 feline cadaver heads. Agreement of MRI with CT as to presence or

absence of a fracture was determined for 26 individual osseous structures and four

anatomic regions (cranium, face, skull base, temporomandibular joint). Overall, there

was 93.5% agreement in assessing a fracture as present or absent between MRI and

CT, with a significant difference between the pre and post trauma studies (99.4 vs.

87.6%; p < 0.0001; OR 0.042; 95%CI 0.034–0.052). There was no significant difference

between dogs and cats. The agreement for the different MRI sequences with CT ranged

from 92.6% (T2∗-W) to 94.4% (PD-W). There was higher agreement of MRI with CT in the

evaluation for fractures of the face than other anatomic regions. Agreement with CT for

individual MRI readers ranged from 92.6 to 94.7%. A PD-W sequence should be added

to the MR protocol when evaluating the small animal head trauma patient.

Keywords: MRI, CT, trauma, head, CNS, dog, cat

INTRODUCTION

Head trauma in dogs and cats is associated with a high morbidity and mortality. Possible causes
include road traffic accidents, falls, injuries caused by other animals (e.g., kicks or bites), and human
inflicted trauma including ballistic injuries and abuse (1–8).

Advanced imaging of the head may be performed for assessment of the type and extent of
intracranial injuries, therapeutic planning, and prognostication (1, 4, 7, 8). Computed tomography
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(CT) is generally considered the modality of choice to
evaluate patients with acute head trauma (9). It is quick,
does not require general anesthesia, and is highly accurate
in the diagnosis of conditions which may impact clinical
management such as fractures, intracranial hemorrhage,
brain swelling and brain herniation (2, 10–17). In people,
magnetic resonance imaging (MRI) is indicated in patients
with acute traumatic brain injury when CT fails to explain
the neurologic findings, and it is the preferred imaging
modality for the evaluation of subacute and chronic brain
trauma (10, 15, 16, 18). While MRI and CT have similar
sensitivity in the detection of acute epidural and subdural
hematomas (19, 20), MRI is superior in the detection of non-
hemorrhagic lesions, brainstem injuries and subarachnoid
hemorrhage (20–22). However, MRI is limited in its ability
to evaluate cortical bone which is characterized by low
proton density and very short T2 relaxation time (23).
Another disadvantage of MRI compared to CT is the need
for general anesthesia.

Performing both CT and MRI in a small animal trauma
patient to optimize diagnostic information for both soft
tissues and bone is often cost prohibitive and requires
longer anesthetic time in potentially unstable patients.
CT is increasingly available in small animal practice
and will likely be given preference in many instances.
However, MRI may be chosen if CT is unavailable or if
improved soft tissue imaging is desired. Advanced MRI
techniques that are being developed for improved cortical
bone imaging in human trauma patients (23–25) may
not be available for veterinary MRI systems or may be
cost prohibitive.

The objectives of this study were to (1) evaluate the overall
agreement of MRI with CT in the assessment for presence
or absence of acute skull fractures in a canine and feline
cadaver model, (2) identify differences in fracture detection
between dogs and cats, (3) determine the agreement of seven
different standard MRI sequences with CT as to the presence
or absence of fractures, (4) determine the agreement of MRI
with CT as to the presence or absence of fractures for different
anatomic regions of the head, and (5) determine agreement
of four different MRI readers with CT data. Hypotheses were
that (1) MRI would have high agreement with CT in assessing
presence or absence of acute skull fractures, (2) there would
not be a significant difference between dogs and cats, (3)
sequences with a short time of echo (TE) (T1-weighting (T1-
W) and proton density weighting (PD-W)) and thinner slice
thickness (T2-weighted turbo spin echo with Variable Flip Angle
(“Sampling Perfection with Application optimized Contrasts
using different flip angle Evolution”, “SPACE”) and T1-W
Volume Interpolated gradient recalled echo (GRE) images with
fat saturation (“Volume Interpolated Breathhold Examination”,
“VIBE”) would have higher agreement with CT compared to
other sequences (T2-W SE, T2∗-W GRE and T2-FLAIR), (4)
there would be no difference in the ability to determine presence
or absence of fractures between different anatomic areas of
the skull, and that (5) there would be no difference between
four observers.

MATERIALS AND METHODS

This study is a prospective, experimental, diagnostic accuracy,
methods comparison cadaver study. A STARD (“Standards for
Reporting Diagnostic accuracy studies”) checklist was followed
during manuscript preparation.

Animals
Approval by the Institutional Animal Care and Use Committee
was not required for this cadaveric study. Ten canine and 10
feline cadaver heads were used for the project. All animals
were humanely euthanized for purposes other than the current
study and were provided by local shelters. Gross (visual)
evidence of pre-existing head trauma and deformities of the
head were considered exclusion criteria. Two different methods
for inducing skull injuries were employed to mimic blunt
force trauma commonly seen in companion animals. Half each
of the canine and feline heads were dropped from a height
of about 15 feet to mimic a fall, and the other half were
hit with an object (hammer or door) in a way to mimic
the impact from a kick or bite wound. Each head from the
dog and cat cohort was randomly assigned to one of the
trauma methods.

Imaging Protocol
CT and MRI were performed twice on each cadaver head, once
before and once after the induction of skull trauma.

CT was performed using a 40-slice helical CT scanner
(Philips Brilliance-40TM, Philips International B.V., Amsterdam,
Netherlands). Images were acquired in a transverse plane
using a helical acquisition. The slice thickness was 0.9mm
with a pitch of 0.5. The tube rotation was 1.1s with a
milliamperage (mA) range of 188–237 and peak kilovoltage
(kVp) of 120. The matrix was set at 512 × 512. The
field of view ranged from 94 to 150mm. Images were
reconstructed using a bone algorithm. A bone window was
used for evaluation (preset window center 600 HU, window
width 2600 HU). The window display was not restricted
allowing observers to adjust the display. Multiplanar or three-
dimensional reformatting was not performed. Contrast medium
was not administered.

MRI was performed using a 1.5 Tesla superconducting MRI
system (MAGNETOM EspreeTM, Siemens Medical Solutions,
Malvern, PA) equipped with a head coil. Seven MRI sequences
with transverse slice orientation were acquired for subsequent
image evaluation: T2-weighted turbo spin echo (TSE) (T2-
W), T1-weighted SE (T1-W), T2-weighted fluid attenuated
inversion recovery (T2-FLAIR), proton density weighted TSE
(PD-W), T2∗-weighted gradient recalled echo (GRE) images
(T2∗-W), transverse T2-weighted TSE with Variable Flip Angle
(“Sampling Perfection with Application optimized Contrasts
using different flip angle Evolution”, “SPACE”) and T1-
weighted Volume Interpolated GRE images with fat saturation
(“Volume Interpolated Breathhold Examination”, “VIBE”).
Contrast medium was not administered. Acquisition parameters
are detailed in Table 1.
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TABLE 1 | Acquisition parameters of MRI sequences.

Sequence Sequence type TR (ms) TE (ms) TI (ms) Flip angle (◦) NEX Slice thickness

(mm)

Interslice

gap (%)

Field of

view (cm)

Acquisition

matrix

T2-W TSE 2D 3,820–4,880 102–109 N/A 90◦ 1–2 3–4 10 12–16 256 × 192

T1-W SE 2D 330–437 12 N/A 90◦ 1–2 3–4 10 12–16 256 × 192

T2-FLAIR 2D 7,000–8,980 75–77 2,215–2,496 90◦ 1 3–4 10 12–16 256 × 192

PD-W TSE 2D 2,000–2,300 13–14 N/A 90◦ 1–2 3–4 10 12–16 256 × 192

T2*-W GRE 2D 850–1,220 26 N/A 20◦ 1 3–4 10 12–16 256 × 192

“SPACE” 3D 1,300 123 N/A variable 2 1–1.2 N/A 12–16 256 × 192

“VIBE” 3D 5.5–5.55 2.39 N/A 10◦ 1–2 1–1.2 N/A 12–16 256 × 192

TSE, turbo spin echo; SE, spin echo; GRE, gradient recalled echo; T2-W, T2-weighted; T1-W, T1-weighted; T2-FLAIR, T2-weighted fluid attenuated inversion recovery; PD-W, proton

density-weighted; T2*-W, T2*-weighted; “SPACE”, “sampling perfection with application optimized contrasts using different flip angle evolution”; “VIBE”, “volume interpolated breathhold

examination”; TR, time of repetition; TE, time of echo; TI, time of inversion; NEX, number of excitations; ms, milliseconds; mm, millimeter; cm, centimeter.

TABLE 2 | Agreement of different MRI sequences with CT as the gold standard in the assessment for skull fractures.

Sequence Agreement

with CT

Comparison

to FLAIR

(OR; 95% CI)

Comparison to

T2* GRE (OR;

95% CI)

Comparison to

PD (OR; 95% CI)

Comparison to

“SPACE” (OR;

95% CI)

Comparison to T1

(OR; 95% CI)

Comparison to

T2 (OR; 95% CI)

Comparison to

“VIBE” (OR; 95%

CI)

T2-FLAIR 93.4% 1.126

(0.948–1.337)

0.838

(0.698–1.005)

0.996 (0.835–1.188) 0.948

(0.794–1.132)

1.053

(0.884–1.253)

0.912 (0.763–1.091)

T2* GRE 92.6% 0.744

(0.622–0.889)*

0.884 (0.745–1.050) 0.842

(0.707–1.001)

0.935

(0.789–1.108)

0.810

(0.680–0.965)*

PD 94.4% 1.189 (0.991–1.428) 1.132

(0.941–1.361)

1.257

(1.049–1.506)*

1.089 (0.904–1.312)

“SPACE” 93.4% 0.952

(0.797–1.137)

1.057

(0.888–1.258)

0.916 (0.766–1.096)

T1 93.7% 1.110

(0.931–1.324)

0.962 (0.803–1.153)

T2 93.1% 0.867 (0.726–1.035)

“VIBE” 93.9%

CT, computed tomography; T2-FLAIR, T2-W fluid attenuated inversion recovery; T2* GRE, T2*-W gradient recalled echo; PD, proton density; “SPACE”, sampling perfection with

application optimized contrasts using different flip angle evolution; “VIBE”, volume interpolated breathhold examination; OR, odds ratio; CI, confidence interval.
*Statistically significant difference (p = 0.0360).

Image Evaluation
CT was considered the gold standard for the purpose of this
study. The pre and post trauma CT studies were independently
evaluated by the two PIs (KMA, an ACVIM board-certified
veterinary neurologist, and SH, an ACVR and ECVDI board-
certified veterinary radiologist) not blinded to trauma status, and
a consensus was reached in case of disagreement. Pre-trauma
CT was performed to identify any cases with evidence of pre-
existing acute traumatic lesions. Twenty six osseous structures of
the head were evaluated individually for the presence of fractures
(individual basisphenoid bone, presphenoid bone, ethmoid
bone/cribriform plate and hard palate; and paired occipital bone,
parietal bone, frontal bone, temporal bone “cranium”, temporal
bone “temporomandibular joint (TMJ; mandibular fossa of the
temporal bone)”, incisive bone, nasal bone, maxilla, zygomatic
arch, mandible “ramus and body”, and mandible “TMJ; condyle
of the mandible”). No qualitative information about the fractures
was recorded.

Subsequently, all MRI sequences (seven pre- trauma and
seven post-trauma for each of the 20 cadaver heads) were
anonymized and randomized. Evaluation of the individual

sequences was independently performed by three ACVR board-
certified veterinary radiologists (JFG, AMH, NN) and one
ACVIM board-certified veterinary neurologist (AC) from three
different institutions and blinded to trauma status and results
of the CT examinations. Both pre trauma MRI studies (negative
controls) and post trauma studies were provided to the
readers for independent evaluation. Images were provided to
investigators in DICOM format and were evaluated on a DICOM
viewing software of their choice. For each individual sequence
readers were asked to evaluate each individual osseous structure
and mark fracture “present” or “absent” on an Excel data sheet
(see Supplementary File 1). Qualitative fracture information was
not collected. Agreement of the seven MRI sequences with
CT in fracture assessment was determined for the 26 osseous
structures listed above. Additionally, these osseous structures
were grouped by anatomic region as follows: Bones forming the
cranium (occipital, parietal, frontal, and temporal bones); bones
forming the face (incisive, nasal, maxilla, and zygomatic arch);
bones forming the temporomandibular joints (TMJ; mandibular
fossa of the temporal bone and condyle of the mandible); and
bones of the skull base (basisphenoid and presphenoid bones).
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FIGURE 1 | Transverse CT image (A), and transverse MR images (B, T2-W; C,

T2-FLAIR; D, PD-W; E, T1-W; F, T2*-W; G, “SPACE” and H, “VIBE”) of a left

temporal bone fracture in a cat (arrow in a). This fracture was identified by all

four readers on the PD-W sequence (D), 3 readers on the T1-W sequence and

“SPACE” sequences (E,G), two readers on the T2-W and “VIBE” sequences

(B,H) and no reader on the T2*-W sequence (F). FLAIR, fluid attenuated

inversion recovery; PD, proton density; “SPACE”, sampling perfection with

application optimized contrasts using different flip angle evolution; “VIBE”,

volume interpolated breathhold examination.

TheMRI evaluation results for each reader were compared to CT
as “match” or “no match” for fracture status (present or absent)
of individual bones.

Statistical Analysis
The statistical analysis was performed by a university employed
statistician (XS). The effects of trauma status (pre and post
trauma), species (dog and cat), MRI sequence, fracture location,
and reader on the evaluation status (agreement betweenMRI and
CT in fracture identification asmatch or nomatch) were analyzed
using generalized linearmixedmodel analysis with the evaluation
status as the binary response variable and individual bones as the
random effect. Odds ratios were calculated for all independent
variables. Qualitative data are presented as count numbers and
percentages. The chance of fracture detection for the qualitative
independent variables was calculated as the probability that an
observation will be correctly classified. Statistical significance
was identified at the level of 0.05. Post-hoc power analysis was
conducted to confirm that the sample size was large enough to
ensure that a two-sided test with α = 0.05 would yield at least
80% power to detect the effects of the independent variables.
Analyses were conducted in SAS 9.4 TS1M6 for Windows 64×
(SAS institute Inc., Cary, NC).

RESULTS

Animals
The sex, breed, and weight of individual animals were not
available as in several cases only the head but not the entire
cadaver was provided to the investigators. All dogs were medium
to large breeds with mesaticephalic or dolichocephalic head
conformation, and all cats had head conformation consistent
with domestic cats. None of the cadavers had visual evidence of
pre-existing head trauma or skull deformity, and no cases were
excluded from the study.

Fractures
Ninety four fractures were induced in 19 cadaver skulls. One
feline skull was traumatized with no fractures found on CT; this
case remained assigned to the post trauma group. At least one
fracture was induced in each of the other skulls. The median
number of fractures in each skull was 3.5 (range, 0–17). Fractures
involved the occipital bone (n= 6), parietal bone (n= 8), frontal
bone (n = 18), temporal bone (cranium) (n = 7), temporal
bone (TMJ—mandibular fossa) (n = 8), incisive bone (n = 3),
nasal bone (n = 2), maxilla (n = 8), zygomatic arch (n = 6),
basisphenoid bone (n = 1), presphenoid bone (n = 5), ethmoid
bone/cribriform plate (n = 4), hard palate (n = 3), mandible
(ramus and body) (n = 10), and mandible (TMJ—condyle of the
mandible) (n= 5).

Dogs
Forty nine fractures were induced in 10 cadaver skulls. The
median number of fractures in each skull was 3.5 (range, 1–17).
Fractures involved the occipital bone (n = 4), parietal bone (n
= 2), frontal bone (n = 11), temporal bone (cranium) (n = 2),
temporal bone (TMJ—mandibular fossa) (n = 4), incisive bone
(n = 3), nasal bone (n = 2), maxilla (n = 5), zygomatic arch
(n = 4), ethmoid bone/cribriform plate (n = 2), hard palate
(n = 3), mandible (ramus and body) (n = 5), and mandible
(TMJ—condyle of the mandible) (n= 2).

Cats
Forty five fractures were induced in nine cadaver skulls. The
median number of fractures in each skull was 3.5 (range, 0–11).
Fractures involved the occipital bone (n = 2), parietal bone (n
= 6), frontal bone (n = 7, temporal bone (cranium) (n = 5),
temporal bone (TMJ—mandibular fossa) (n = 4), nasal bone (n
= 2), maxilla (n= 3), zygomatic arch (n= 2), basisphenoid bone
(n = 1), presphenoid bone (n = 5), ethmoid bone/cribriform
plate (n= 2), mandible (ramus and body) (n= 5), and mandible
(TMJ—condyle of the mandible) (n= 3).

Basisphenoid and presphenoid fractures were only seen in
cats, while fractures of the nasal bones, incisive bones and hard
palate were only seen in dogs.

Data Evaluation
A table with the evaluation data and graphic data
plots are provided with the supplementary documents
(Supplementary Files 2,3).

Twenty nine thousand one hundred twenty data points were
available for statistical evaluation (20 cadaver heads, 2 MRI
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TABLE 3 | Agreement of MRI with CT in the assessment for fractures at various anatomic locations.

Anatomic region Agreement with CT Comparison to

cranium (OR; 95% CI)

Comparison to Skull

base (OR; 95% CI)

Comparison to face

(OR; 95% CI)

Comparison to TMJ

(OR; 95% CI)

Cranium 92.8% 0.910 (0.754–1.097) 0.655 (0.577–0.743)* 1.007 (0.898–1.129)

Skull base 93.4% 0.720 (0.592–0.874)* 1.107 (0.918–1.335)

Face 95.1% 1.538 (1.355–1.745)*

TMJ 92.7%

Cranium: Occipital, parietal, frontal, and temporal bones.

Skull base: Basisphenoid and presphenoid bones.

Face: Incisive bones, nasal bones, maxillae, and zygomatic arches.

Temporomandibular joints (TMJ: Mandibular fossa of the temporal bone and condyle of the mandible).

CT = Computed Tomography; TMJ = temporomandibular joint; OR = odds ratio; CI = confidence interval.

*Statistically significant difference (p < 0.0001).

studies each, 7 MRI sequences per study, 26 individual osseous
structures per skull, and 4 readers).

Overall, there was 93.5% agreement between MRI and CT
in fracture assessment. There was a significant difference in
agreement of MRI with CT between the pre and post trauma
studies (99.4 vs. 87.6%; p < 0.0001; OR 0.042; 95% CI 0.034–
0.052). On pre-trauma studies, MRI evaluation matched CT in
14,468/14,560 possible data points, while post trauma studies
matched CT in 12,760/14,560 data points.

There was no significant difference in agreement betweenMRI
and CT between dogs and cats (94.1 vs. 92.9%; p = 0.5175; 95%
CI 0.663–2.260).

The agreement for the seven different MRI sequences with CT
ranged from 92.6% (T2∗-W GRE) to 94.6% (PD-W). The T2∗-W
GRE sequence had significantly lower odds of accurate fracture
assessment compared to PD and “VIBE” sequences, and the PD-
W sequence had significantly higher odds of accurate fracture
assessment compared to T2-W sequences (p = 0.0360; Table 2
and Figure 1).

The agreement of MRI with CT was 92.7% for the
temporomandibular joint, 92.8% for the cranium, 93.4% for the
skull base, and 95.1% for the face. The odds of accurate fracture
assessment were significantly higher for facial fractures compared
to the other three anatomic regions (p < 0.0001; Table 3).

When considering the head as a whole, at least one fracture
was identified on MRI on at least one sequence by all readers
in 17/19 cases, and at least one fracture was identified on MRI
on at least one sequence by at least one reader in 18/19 cases.
The single case in which MRI (all readers and all sequences)
failed to correctly identify the single fracture present had a
focal comminution of the angular process of the right mandible
(Figure 2). Additional fractures missed included fractures of the
occipital bone (n = 2), frontal bone (n = 1), temporal bone
(TMJ—mandibular fossa) (n = 1), incisive bone (n = 1), maxilla
(n= 1), hard palate (n= 1), mandible (ramus and body) (n= 5),
and mandible (TMJ—condyle of the mandible) (n = 4). At least
one addition fracture present in each of these cases was correctly
identified. In the pre-trauma assessments, all osseous structures
were correctly identified as normal in four cases. Sporadic (two or
less per reader) false positive diagnoses were made on 15 skulls,
with false positive diagnoses combined for all bones, readers and
sequences ranging from 1 to 12 (out of 728 data points per head

total). A chronic anomaly of the right frontal sinus in one feline
skull was mistaken for an acute fracture by all readers on two to
four sequences.

Four blinded readers were utilized in this study, three
board certified radiologists and one board certified neurologist.
Fracture assessment by individual readers ranged from 92.6 to
94.7%with one reader having significantly higher agreement with
CT than the other three readers (p < 0.0001).

DISCUSSION

The results of this study confirmed our hypotheses that (1) MRI
would have high agreement (93.5%) with CT in the assessment
for presence or absence of acute skull fractures in a canine and
feline cadaver model, and (2) that there would be no statistically
difference between dogs and cats.While CT has traditionally been
the modality of choice for the initial assessment of acute head
trauma and traumatic brain injury in people, MRI is preferred
in many cases of subacute and chronic head trauma and for
improved visualization, especially of brain parenchymal non-
hemorrhagic lesions (15, 26–29). Several studies have compared
MRI to CT in human head trauma patients. In one study of 30
children with head trauma, MRI missed skull fractures in 5 of 13
patients (30). In another study in young children, MRI missed
skull fractures in 6 out of 81 patients (31). Increasing concerns
with radiation exposure in CT, along with the recognition of
excellent soft tissue capabilities of MRI, have prompted several
studies aimed at overcoming the limitations of MRI with regards
to bone imaging. A study investigating Zero TE Skull MRI
found similar diagnostic quality of MR images compared with
CT in the detection of skull fractures in 13/13 patients (24). In
another study, black bone MRI with 3D reconstruction found
19/20 skull fractures in children (25). Similar to people, CT
is typically the first line imaging test in small animal patients
presented with traumatic head injury (4). However, the improved
soft tissue imaging capabilities of MRI compared to CT provide
not only diagnostic but also prognostic information, making it a
desirable tool in the assessment of the small animal head trauma
patient (1, 7, 8). Unfortunately, several of the new imaging
sequences optimized for bone imaging are not available for MRI
systems used in veterinary hospitals or are cost prohibitive at
this point. This study was therefore focused on MRI sequences
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FIGURE 2 | Transverse CT image (A), and transverse MR images (B, T2-W; C,

FLAIR; D, PD-W; E, T1-W; F, T2*-W; G, “SPACE” and H, “VIBE”) of a focal

comminuted fracture of the angular process of the right mandible (arrow in a).

This was the only fracture in this cadaver skull and was missed by all four

readers on all sequences. FLAIR, fluid attenuated inversion recovery; PD,

proton density; “SPACE,” sampling perfection with application optimized

contrasts using different flip angle evolution; “VIBE,” volume interpolated

breathhold examination.

available on a standard 1.5T MRI system, hoping to provide
useful clinical information for veterinary teaching hospitals and
private practices alike. When considering the head as a whole, at
least one fracture was identified on MRI on at least one sequence
by at least one reader in 18/19 cases. While this is a high number,
several missed lesions in cases with multiple fractures underlines
that CT may still be needed in some patients if a skull fracture is
of concern but not identified on MRI.

The third hypothesis was that sequences with a short TE
(T1-W and PD-W) and thinner slice thickness would have
higher agreement with CT compared to other sequences. This
was confirmed. The PD-W sequence had the highest agreement
with CT (94.4%) in fracture assessment. This is not surprising
as it provides excellent contrast between dense cortical bone
and bone marrow and for this reason is considered a mainstay
in human and veterinary orthopedic imaging (32, 33). The
sequence with the second highest agreement in this study
was the “VIBE” sequence, a thin section 3D T1-weighted
GRE sequence with fat suppression originally developed for
abdominal breath hold MRI in people (34) but also utilized
for brain imaging (35, 36). Advantages of this technique for
bone evaluation include a thin slice thickness combined with
T1-weighting. An additional advantage in a clinical setting is
the multiplanar reconstruction capability of the 3D data set to

allow for fracture evaluation in different planes. This potential
additional advantage of this sequence was not explored in this
project and could be investigated in a follow-up project using
the same dataset. The regular T1-W SE sequence performed
similarly well as the “VIBE” sequence in this study (93.7 vs.
93.9% agreement with CT). The second thin section sequence
tested in this study (“SPACE,” a three-dimensional T2-weighted
turbo spin echo sequence) was also slightly better compared
to the regular T2-W SE sequence obtained with thicker slices
(93.4 vs. 93.1%). Despite these differences between sequences it
is important to note that the agreement of all individual MRI
sequences with CT was high (above 90%), and that the only
significant differences between sequences were between the T2∗-
W and PD-W, the T2∗-W and “VIBE,” and the PD-W and
T2-W sequence, respectively. The T2∗-W GRE sequence had
least agreement with CT (92.6%) which is unsurprising. This
gradient echo sequence uses a low flip angle (20◦), resulting
in a low echo amplitude and an inherently lower signal-
to-noise ratio compared to SE sequences (37). Additionally,
subcutaneous and intracranial susceptibility artifacts related to
trauma and postmortem gas accumulation commonly resulted in
susceptibility artifacts, limiting the assessment of adjacent bony
structures (see study limitations below).

The fourth hypothesis was that there would be no difference
in the ability to determine presence or absence of fractures
between different anatomic areas of the skull. This hypothesis was
rejected. MRI was significantly better in assessing for fractures
affecting the face than other areas including the cranium. While
this information is interesting, it will likely not result in a change
in clinical practice. The overarching goal of this and similar
studies is to identify instances where MRI can be used in lieu of
CT to provide adequate concurrent assessment of traumatic brain
injuries and associated fractures of the cranial vault. Despite the
good diagnostic performance ofMRI in facial fracture assessment
in this study, CT will likely remain the gold standard for imaging
of animals with maxillofacial trauma, especially when planning
surgical interventions (38, 39). MRI had least agreement with
CT in the detection of TMJ fractures. Even though both CT and
MRI may be used for evaluation of patients with TMJ diseases,
CT is typically given preference for evaluation of the osseous
structures (40). The agreement between MRI and CT for fracture
assessment of the cranium and skull base was high and may have
even been improved with a different study design. Investigators
were presented with individual MRI sequences rather than the
entire set of sequences to allow comparison of the diagnostic
yield of different sequences. This is unrealistic from a clinical
perspective where several sequences are typically acquired and
used in conjunction for clinical decision making.

The fifth and last hypothesis that there would be no difference
between four observers was also rejected. While all readers had
high agreement with CT, one reader had a significantly higher
agreement than the others. Unfortunately, there were not enough
readers to evaluate effects of years of experience or type of
board certification.

There are several limitations to this study. Despite best efforts
to mimic naturally occurring head trauma, skull fractures were
induced artificially and may not be representative of naturally
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occurring fractures, or the type and severity of these artificially
induced fractures may be incompatible with patient survival to
diagnostic imaging. Prior to this study, investigators attempted
multiple additional ways to induce skull fractures and were often
unsuccessful especially in large breed dogs. In case of multiple,
extensive, and comminuted fractures, identification of which
exact bones were affected was sometimes challenging, even on CT
which was used as the gold standard. We attempted to minimize
this problem by having two investigators read the CT studies
independently and then reach an agreement by consensus. For
fractures following suture lines that could not be unequivocally
attributed to a specific bone, readers were given credit when
they assigned the fracture to either of the two bones bordering
the suture.

Accumulation of gas within the cranial vault and in some cases
subcutaneous tissues was a major problem in some cases, was
worse for cadavers that had been decapitated prior to imaging,
and was progressive over time. As the cadaver studies had to
be scheduled to accommodate the clinical schedule, there was
often a several hour time lapse between the initial (pre trauma)
and the post trauma MRI study. Progressive gas accumulation
over time and associated susceptibility artifacts on MRI made the
evaluation progressively difficult (Figure 3).

Pre-existing lesions were a minor problem in this study as the
cadaver heads were visually prescreened prior to being enrolled in
the study. However, a chronic anomaly of the right frontal sinus
in one feline skull (Figure 4), believed to be likely congenital
or related to prior trauma based on CT, was mistaken for an
acute fracture by all readers on two to four sequences. This skull
was not excluded from the study as the goal was to determine
agreement of MRI with CT in acute skull trauma, and chronic or
congenital osseous anomaliesmay pose a potential imaging pitfall
in head trauma imaging of clinical patients. Traumatic soft tissue
changes could not be evaluated in this postmortem model. In a
live patient, lack of swelling and intensity changes of soft tissue
overlying this abnormality may have aided in differentiation
between a chronic lesion and acute trauma.

Finally, reader factors may have affected the outcome of this
study. It is likely that an investigator paid closer attention to the
remainder of the skull once a fracture was identified. However,
this is likely the case with interpretation of clinical trauma
head MRI studies as well and is not considered a significant
study limitation. Even though all specimen and MRI sequences
were randomized, a certain “reader memory” for very distinctive
features of a given head cannot be excluded. For example, if a
skull had a very obvious mandibular fracture and a less obvious
skull base fracture, a reader might have recognized the particular
mandibular fracture when evaluating a new sequence and may
have specifically looked for additional lesions he/she remembered
being there. Even though this is a possible study limitation, it
is considered unlikely that this played a major role considering
the sheer number of individual MRI sequences evaluated by each
reader (280). Readers were neither given a timeline to read the
studies nor asked to limit the number of sequences interpreted
on a given day. One reader reported that he felt very fatigued
at the end of the data evaluation and stated that this may have
negatively affected his performance. It is likely that all readers

FIGURE 3 | Transverse CT (A,D), PD-W (B,E) and T2*-W (C,F) MR images

before (A–C) and after (D–F) induction of skull trauma. (A–C) Even on the “pre

trauma” images a moderate amount of gas is associated with the cranial vault

and brain parenchyma, attributed to prior cadaver decapitation and

postmortem status and resulting in marked susceptibility artifacts especially on

the T2*-W image (C). (D–F) The post trauma images were acquired almost 6 h

later and are characterized by an increase in intra-cranial gas accumulations

and associated susceptibility artifacts. PD, proton density.

FIGURE 4 | Transverse CT (A,C) and PD-W MRI (B,D) images of a feline skull

before (A,B) and after (C,D) induction of head trauma. The right frontal sinus is

filled with material of heterogeneous bone attenuation, and there is a focal

smoothly marginated defect bordered by an osseous rim associated with the

dorsal right frontal bone. Based on CT these changes were considered

chronic and most consistent with previous trauma or a congenital anomaly. On

MRI this lesion was mistaken for an acute fracture by all readers on 2–4

sequences. PD, proton density.

experienced some degree of fatigue. However, considering the
overall good to excellent agreement between MRI interpretation
and CT, this does not appear to have played a major role in the
study outcome.

Future studies could include a comparison of CT and MRI
examinations in small animal patients with naturally occurring
head trauma and taking into account traumatic soft tissue lesions
in addition to fractures, a study with an increased number of
readers of various experience levels and backgrounds to further
evaluate interobserver variability, and studies investigating newer
MRI sequences optimized for bone imaging as they become
available for MRI systems in veterinary practice.
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CONCLUDING REMARKS

MRI has high agreement with CT in skull fracture assessment
in a canine and feline cadaver model and may be an
acceptable alternate modality if CT is unavailable or if
the main indication for imaging is soft tissue evaluation.
Fractures were missed in several instances, underlining the
need for follow-up CT imaging if there is clinical concern
for fractures but MRI is negative. Of the sequences evaluated,
the PD-W sequence had highest agreement with CT. As
it may not be considered a routine sequence for brain
MR imaging at some institutions, addition of this sequence
to the protocol should be considered when imaging head
trauma patients.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

Ethical review and approval was not required for the animal study
because the study was performed on cadavers.

AUTHOR CONTRIBUTIONS

SH and KA devised the study and prepared the manuscript.
AC, JG, A-MH, and NN performed MRI evaluations. SH, KA,
and XS performed the data analysis and interpretation. AC, JG,
A-MH, NN, and XS revised the manuscript. Final approval of the
completed article done by all authors.

FUNDING

Publication fee provided by the Department of Small Animal
Clinical Services, College of Veterinary Medicine, University
of Tennessee.

ACKNOWLEDGMENTS

The authors would like to thank Gordon Conklin, Dorothy
Sharp, and Janet Paquette for their help with the CT and MRI
study acquisitions.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fvets.
2021.603775/full#supplementary-material

REFERENCES

1. Beltran E, Platt SR, McConnell JF, Dennis R, Keys DA, De Risio L. Prognostic

value of early magnetic resonance imaging in dogs after traumatic brain

injury: 50 cases. J Vet Intern Med. (2014) 28:1256–62. doi: 10.1111/jvim.12368

2. DiFazio J, Fletcher DJ. Updates in the management of the small animal

patient with neurologic trauma. Vet Clin North Am Small Anim Pract. (2013)

43:915–40. doi: 10.1016/j.cvsm.2013.03.002

3. Knight R, Meeson RL. Feline head trauma: a CT analysis of skull fractures

and their management in 75 cats. J Feline Med Surg. (2019) 21:1120–6.

doi: 10.1177/1098612X18819183

4. Kuo KW, Bacek LM, Taylor AR. Head trauma.Vet Clin North Am Small Anim

Pract. (2018) 48:111–28. doi: 10.1016/j.cvsm.2017.08.005

5. Phillips IR. A survey of bone fractures in the dog and cat. J Small Anim Pract.

(1979) 20:661–74. doi: 10.1111/j.1748-5827.1979.tb06679.x

6. Simpson SA, Syring R, Otto CM. Severe blunt trauma in dogs: 235 cases

(1997–2003). J Vet Emerg Crit Care (San Antonio). (2009) 19:588–602.

doi: 10.1111/j.1476-4431.2009.00468.x

7. Yanai H, Tapia-Nieto R, Cherubini GB, Caine A. Results of magnetic

resonance imaging performed within 48 hours after head trauma in dogs and

association with outcome: 18 cases (2007–2012). J Am Vet Med Assoc. (2015)

246:1222–9. doi: 10.2460/javma.246.11.1222

8. Caine A, Brash R, De Risio L, Van Dijk J, Cherubini GB, Dennis R. MRI

in 30 cats with traumatic brain injury. J Feline Med Surg. (2019) 21:1111–9.

doi: 10.1177/1098612X18819162

9. Smith LGF, Milliron E, Ho ML, Hu HH, Rusin J, Leonard J, et al. Advanced

neuroimaging in traumatic brain injury: an overview.Neurosurg Focus. (2019)

47:E17. doi: 10.3171/2019.9.FOCUS19652

10. Le TH, Gean AD. Neuroimaging of traumatic brain injury. Mt Sinai J Med.

(2009) 76:145–62. doi: 10.1002/msj.20102

11. Wisner ER, Zwingenberger AL. Brain. In: Wisner ER, Zwingenberger AL,

editors. Atlas of Small Animal CT and MRI. Ames, IA: Wiley Blackwell (2015)

p. 153–278.

12. Hecht S, Adams WH. MRI of brain disease in veterinary

patients part 2: acquired brain disorders. Vet Clin North Am

Small Anim Pract. (2010) 40:39–63. doi: 10.1016/j.cvsm.2009.

09.006

13. Dewey CW. Encephalopathies: disorders of the brain. In: Dewey CW, editor.

A Practical Guide to Canine and Feline Neurology. Ames, IA: Iowa State Press

(2003). p. 99–178.

14. Hecht S. Brain. In: Schwarz T, Saunders J, editors. Veterinary Computed

Tomography. Ames, IA: Wiley-Blackwell (2011). p. 185–95.

15. Duckworth JL, Stevens RD. Imaging brain trauma. Curr Opin Crit Care.

(2010) 16:92–7. doi: 10.1097/MCC.0b013e3283374900

16. Thomas WB. Nonneoplastic disorders of the brain. Clin Tech

Small Anim Pract. (1999) 14:125–47. doi: 10.1016/S1096-2867(99)

80030-9

17. Chai O, Peery D, Bdolah-Abram T, Moscovich E, Kelmer E, Klainbart S, et al.

Computed tomographic findings in dogs with head trauma and development

of a novel prognostic computed tomography-based scoring system. Am J Vet

Res. (2017) 78:1085–90. doi: 10.2460/ajvr.78.9.1085

18. Lee B, Newberg A. Neuroimaging in traumatic brain imaging. NeuroRx.

(2005) 2:372–83. doi: 10.1602/neurorx.2.2.372

19. Gentry LR, Godersky JC, Thompson B, Dunn VD. Prospective comparative

study of intermediate-field MR and CT in the evaluation of closed

head trauma. AJR American journal of roentgenology. (1988) 150:673–82.

doi: 10.2214/ajr.150.3.673

20. Orrison WW, Gentry LR, Stimac GK, Tarrel RM, Espinosa MC, Cobb LC.

Blinded comparison of cranial CT and MR in closed head injury evaluation.

AJNR Am J Neuroradiol. (1994) 15:351–6.

21. Noguchi K, Ogawa T, Seto H, Inugami A, Hadeishi H, Fujita H, et

al. Subacute and chronic subarachnoid hemorrhage: diagnosis with fluid-

attenuated inversion-recovery MR imaging. Radiology. (1997) 203:257–62.

doi: 10.1148/radiology.203.1.9122404

22. Woodcock RJ Jr, Short J, Do HM, Jensen ME, Kallmes DF. Imaging of

acute subarachnoid hemorrhage with a fluid-attenuated inversion recovery

sequence in an animal model: comparison with non-contrast-enhanced CT.

AJNR Am J Neuroradiol. (2001) 22:1698–703.

23. Du J, Bydder GM. Qualitative and quantitative ultrashort-TE MRI of cortical

bone. NMR in biomedicine. (2013) 26:489–506. doi: 10.1002/nbm.2906

Frontiers in Veterinary Science | www.frontiersin.org 8 April 2021 | Volume 8 | Article 603775

https://www.frontiersin.org/articles/10.3389/fvets.2021.603775/full#supplementary-material
https://doi.org/10.1111/jvim.12368
https://doi.org/10.1016/j.cvsm.2013.03.002
https://doi.org/10.1177/1098612X18819183
https://doi.org/10.1016/j.cvsm.2017.08.005
https://doi.org/10.1111/j.1748-5827.1979.tb06679.x
https://doi.org/10.1111/j.1476-4431.2009.00468.x
https://doi.org/10.2460/javma.246.11.1222
https://doi.org/10.1177/1098612X18819162
https://doi.org/10.3171/2019.9.FOCUS19652
https://doi.org/10.1002/msj.20102
https://doi.org/10.1016/j.cvsm.2009.09.006
https://doi.org/10.1097/MCC.0b013e3283374900
https://doi.org/10.1016/S1096-2867(99)80030-9
https://doi.org/10.2460/ajvr.78.9.1085
https://doi.org/10.1602/neurorx.2.2.372
https://doi.org/10.2214/ajr.150.3.673
https://doi.org/10.1148/radiology.203.1.9122404
https://doi.org/10.1002/nbm.2906
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Hecht et al. MRI in Skull Fractures

24. Cho SB, Baek HJ, Ryu KH, Choi BH, Moon JI, Kim TB, et al. Clinical

feasibility of zero TE skull MRI in patients with head trauma in comparison

with CT: a single-center study. AJNR Am J Neuroradiol. (2019) 40:109–15.

doi: 10.3174/ajnr.A5916

25. Kralik SF, Supakul N, Wu IC, Delso G, Radhakrishnan R, Ho CY, et al.

Black bone MRI with 3D reconstruction for the detection of skull fractures in

children with suspected abusive head trauma.Neuroradiology. (2019) 61:81–7.

doi: 10.1007/s00234-018-2127-9

26. Kelly AB, Zimmerman RD, Snow RB, Gandy SE, Heier LA, Deck MD. Head

trauma: comparison of MR and CT–experience in 100 patients. AJNR Am J

Neuroradiol. (1988) 9:699–708.

27. Kim JJ, Gean AD. Imaging for the diagnosis and management

of traumatic brain injury. Neurotherapeutics. (2011) 8:39–53.

doi: 10.1007/s13311-010-0003-3

28. Mirvis SE, Shanmuganathan K. Trauma radiology: part IV. Imaging

of acute craniocerebral trauma. J Intensive Care Med. (1994) 9:305–15.

doi: 10.1177/088506669400900605

29. Zimmerman RA, Bilaniuk LT, Hackney DB, Goldberg HI, Grossman

RI. Head injury: early results of comparing CT and high-field

MR. AJR Am J Roentgenol. (1986) 147:1215–22. doi: 10.2214/ajr.14

7.6.1215

30. Roguski M, Morel B, Sweeney M, Talan J, Rideout L, Riesenburger

RI, et al. Magnetic resonance imaging as an alternative to computed

tomography in select patients with traumatic brain injury: a retrospective

comparison. J Neurosurg Pediatr. (2015) 15:529–34. doi: 10.3171/2014.10.PED

S14128

31. Lindberg DM, Stence NV, Grubenhoff JA, Lewis T, Mirsky DM, Miller

AL, et al. Feasibility and accuracy of fast MRI versus CT for traumatic

brain injury in young children. Pediatrics. (2019) 144:e20190419.

doi: 10.1542/peds.2019-0419

32. Nolte-Ernsting CC, Adam G, Buhne M, Prescher A, Gunther RW. MRI

of degenerative bone marrow lesions in experimental osteoarthritis of

canine knee joints. Skeletal Radiol. (1996) 25:413–20. doi: 10.1007/s002560

050108

33. Zalcman AR, Cook CR, Mai W. General features and optimized technique for

the musculoskeletal system. In: Mai W, editor. Diagnostic MRI in Dogs and

Cats. Boca Raton, FL: CRC Press (2018). p. 130–52.

34. Rofsky NM, Lee VS, Laub G, Pollack MA, Krinsky GA,

Thomasson D, et al. Abdominal MR imaging with a volumetric

interpolated breath-hold examination. Radiology. (1999) 212:876–84.

doi: 10.1148/radiology.212.3.r99se34876

35. Park JE, Choi YH, Cheon JE, Kim WS, Kim IO, Ryu YJ, et al. Three-

dimensional radial VIBE sequence for contrast-enhanced brain imaging:

an alternative for reducing motion artifacts in restless children. AJR Am J

Roentgenol. (2018) 210:876–82. doi: 10.2214/AJR.17.18490

36. Wetzel SG, Johnson G, Tan AG, Cha S, Knopp EA, Lee VS, et al.

Three-dimensional, T1-weighted gradient-echo imaging of the brain with a

volumetric interpolated examination. AJNR Am J Neuroradiol. (2002) 23:995–

1002.

37. Tang MY, Chen TW, Zhang XM, Huang XH. GRE T2 ∗-weighted MRI:

principles and clinical applications. Biomed Res Int. (2014) 2014:312142.

doi: 10.1155/2014/312142

38. De Paolo MH, Arzi B, Pollard RE, Kass PH, Verstraete FJM.

Craniomaxillofacial trauma in dogs-part II: association between

fracture location, morphology and etiology. Front Vet Sci. (2020) 7:242.

doi: 10.3389/fvets.2020.00242

39. De Paolo MH, Arzi B, Pollard RE, Kass PH, Verstraete FJM.

Craniomaxillofacial Trauma in Dogs-Part I: Fracture Location, Morphology

and Etiology. Front Vet Sci. (2020) 7:241. doi: 10.3389/fvets.2020.00241

40. Eubanks DL. Advanced imaging of the temporomandibular

joint and other oral structures. J Vet Dent. (2013) 30:180–2.

doi: 10.1177/089875641303000313

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Hecht, Anderson, Castel, Griffin, Hespel, Nelson and Sun. This

is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Veterinary Science | www.frontiersin.org 9 April 2021 | Volume 8 | Article 603775

https://doi.org/10.3174/ajnr.A5916
https://doi.org/10.1007/s00234-018-2127-9
https://doi.org/10.1007/s13311-010-0003-3
https://doi.org/10.1177/088506669400900605
https://doi.org/10.2214/ajr.147.6.1215
https://doi.org/10.3171/2014.10.PEDS14128
https://doi.org/10.1542/peds.2019-0419
https://doi.org/10.1007/s002560050108
https://doi.org/10.1148/radiology.212.3.r99se34876
https://doi.org/10.2214/AJR.17.18490
https://doi.org/10.1155/2014/312142
https://doi.org/10.3389/fvets.2020.00242
https://doi.org/10.3389/fvets.2020.00241
https://doi.org/10.1177/089875641303000313
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

	Agreement of Magnetic Resonance Imaging With Computed Tomography in the Assessment for Acute Skull Fractures in a Canine and Feline Cadaver Model
	Introduction
	Materials and Methods
	Animals
	Imaging Protocol
	Image Evaluation
	Statistical Analysis

	Results
	Animals
	Fractures
	Dogs
	Cats

	Data Evaluation

	Discussion
	Concluding Remarks
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


