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Abstract

Osseous-associated cervical spondylomyelopathy in dogs is characterized by both static and

dynamic spinal cord compression; however, standard MRI methods only assess static compres-

sion. In humans with cervical spondylotic myelopathy, kinematic MRI is commonly used to diag-

nose dynamic spinal cord compressions. The purpose of this prospective, analytical study was

to evaluate kinematic MRI as a method for characterizing the dynamic component of osseous-

associated cervical spondylomyelopathy in dogs. We hypothesized that kinematic MRI would

allow visualization of spinal cord compressions that were not identified with standard imaging.

Twelve client-owned dogs with osseous-associated cervical spondylomyelopathy were enrolled.

After standard MRI confirmed a diagnosis of osseous-associated cervical spondylomyelopathy, a

positioning device was used to perform additional MRI sequences with the cervical vertebral col-

umn flexed and extended. Morphologic and morphometric (spinal cord height, intervertebral disc

width, spinal cord width, vertebral canal height, and spinal cord area) assessments were recorded

for images acquired with neutral, flexion, and extension imaging. A total of 25 compressions were

seen with neutral positioning, while extension identified 32 compressions. There was a signifi-

cant association between extension positioning and presence of a compressive lesion at C4-C5

(p = 0.02). Extension was also associated with a change in the most severe site of compression

in four out of 12 (33%) dogs. None of the patients deteriorated neurologically after kinematic

imaging.We concluded that kinematicMRI is a feasible method for evaluating dogs with osseous-

associated cervical spondylomyelopathy, and can reveal new compressions not seen with neutral

positioning.

K EYWORDS

CSM, dynamic, extension, flexion, MRI, wobbler

1 INTRODUCTION

Osseous-associated cervical spondylomyelopathy (Wobbler Syn-

drome) is the most common disease of the cervical vertebral column

in young, giant breed dogs, with Great Danes being an overrepre-

sented breed.1 This condition is characterized by dorsal, lateral, or

dorsolateral spinal cord and nerve root compression secondary to

degenerative changes of the vertebral arch, pedicles, or articular

process joints.1–4 Proliferative changes to the surrounding soft tissue

structures, such as the ligamentum flavum and joint capsule, may fur-

ther contribute to compression of the spinal cord and nerve roots.3,4

Compressive lesions can be static or dynamic;2,5–7 dynamic lesions

are defined as those that improve or worsen with flexion or extension

of the cervical column.2 MRI of the cervical vertebral column is the

preferredmethod to evaluate canine patientswith osseous-associated

cervical spondylomyelopathy.1,2,4,7 The current standard technique

is to acquire MRI studies with the patient’s cervical vertebral column

in a neutral position, allowing for evaluation of static compressive

lesions and signal changes within the spinal cord.2 Kinematic imag-

ing using survey radiography and myelography has been previously

reported.5,13,14 A veterinary study that used flexion/extension myel-

ography to evaluate dogs with cervical spondylomyelopathy observed

neurologic worsening in 20% of patients.14 Due to a concern of

causing neurologic worsening, as well as the inherent challenges

associated with performing flexion/extension MRI, kinematic imag-

ing is not routinely used to assess veterinary patients with cervical

spondylomyelopathy.2

Magnetic resonance imaging is also the preferred modality in peo-

ple with cervical spondylotic myelopathy,8 a condition similar to cer-

vical spondylomyelopathy in dogs and also characterized by static

and dynamic factors.8–12 In human patients with cervical spondy-

lotic myelopathy, kinematic MRI is used to evaluate the dynamic
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component of compressive lesions; this requires a positioning device

that allows controlled flexion and extension of the cervical vertebral

column.10,15–20 It has been shown in humans with cervical spondylotic

myelopathy that kinematic MRI is useful because it can show worsen-

ing of compressive lesions noted with standardMRI as well as identify

compressive lesions that are not apparent with standard MRI.15,16,20

A recent biomechanical study demonstrated significant changes in the

vertebral canal diameter with flexion and extension of the caudal cer-

vical vertebral column in dogs.21

To our knowledge, a prospective in vivo assessment of kinematic

MRI in dogs with osseous-associated spondylomyelopathy has not yet

been reported. The purpose of the current study was to evaluate kine-

maticMRI in dogs with osseous-associated cervical spondylomyelopa-

thy using a novel positioning device that allowed controlled flexion

and extension of the cervical vertebral column. We hypothesized that

flexion and extension would allow visualization of new compressive

lesions that were not present with standard positioning, as well as

reveal worsening of compressive lesions seen in a neutral position.We

also hypothesized that the position of the cervical vertebral column

would affect dimensions of the spinal cord and vertebral canal.

2 MATERIALS AND METHODS

2.1 Animals

The study was a prospective, analytical design. Procedures were

approved by and conducted in accordance with the Institutional Ani-

mal Care and Use Committee and the Clinical Research Advisory

Committee at The Ohio State University (#2011A00000027). Client-

owned Great Danes (n= 10) and Doberman Pinschers (n= 2) that pre-

sented to The Ohio State University Veterinary Medical Center for

evaluation of a cervical myelopathy were enrolled between January

2014 and August 2015. Complete physical and neurologic examina-

tions, complete blood count, biochemical profile, and cervical radio-

graphs were required for study enrollment. Dogs were selected for

enrollment based on a consensus opinion between a board-certified

veterinary neurologist (R.C.) and a neurology resident (M.P.). A patient

was excluded if examination findings were not consistent with a cervi-

cal myelopathy, if cervical radiographs revealed infectious or neoplas-

tic lesions, or if the patient was deemed unfit to undergo general anes-

thesia.Owner consentwas required at the timeof enrollment. Patients

were monitored constantly during recovery from general anesthesia.

The patient was discharged once ambulatory.

2.2 MRI techniques

All dogswere placed under general anesthesia forMRI using a 3.0 Tesla

scanner (Achieva, Philips Healthcare, Best, The Netherlands) and sur-

face coil. Dogswere first placed in dorsal recumbencywith the cervical

spine in a standard neutral position. Sagittal plane images of the C2-T3

region were acquired using T1-weighted turbo spin echo (TSE) (repe-

tition time (TR) = 450–700 milliseconds (ms); echo time (TE) = 8 ms;

field of view (FOV) = 20 × 30 centimeters (cm); number of excitations

(NEX) = 2) and T2-weighted TSE (TR = 3500–5000 ms; TE = 110 ms;

F IGURE 1 Photograph of novel, MRI-compatible positioning device
[Color figure can be viewed at wileyonlinelibrary.com]

FOV= 20× 30 cm;NEX= 2) pulse sequences. Transverse plane images

were acquired at each disc space from C2-C3 through T2-T3 using T1-

weighted TSE (TR= 500–650ms; TE= 8ms; FOV= 15× 15 cm;NEX=
2) and T2-weighted TSE (TR = 3000–4000 ms; TE = 120 ms; FOV =
15 × 15 cm; NEX = 2) pulse sequences. Three transverse slices were

acquired at each disc space, positioned perpendicular to the vertebral

canal and centeredon the intervertebral disc. Slice thicknesswas3mil-

limeters (contiguous).

For kinematic MRI, the patient was placed in right lateral recum-

bency on an MRI-compatible positioning device (Figs. 1 and 2). The

positioning device was a rectangular board that had multiple, evenly

spaced holes in 10 degrees increments that fit specially designed pegs.

These pegs were used to hold the head and cervical vertebral column

in a fixed positionwhile imagingwas performed (Figs. 1 and 2). The cer-

vical vertebral column was flexed and held in place with the position-

ing device. Sagittal plane images of the C2-T1 region were acquired

using T2-weighted TSE sagittal (TR = 3500–5000 ms; TE = 110 ms;

FOV = 20 × 30 cm; NEX = 2) and transverse (TR = 3000–4000 ms;

TE= 120ms; FOV= 15× 15 cm;NEX= 2) pulse sequences. Transverse

imageswere acquiredusing the same techniques as thoseused for neu-

tral position scans. Immediately after the flexion position MRI scans

were completed, the patient’s cervical vertebral column was extended

and held in placewith the positioning device.MRI scanswere repeated

using the same techniques as those described for flexion.

During flexion, therewas a small risk of the positioning device caus-

ing compression of both the trachea and the vagosympathetic trunk

(Fig. 2). As a result, special attention was paid to heart rate, blood

pressure, capnometry, and pulse oximetry in all patients while under

general anesthesia. Anesthesia time required for each position was

recorded in nine patients.

2.3 Morphologic analysis

Three evaluators (M.P., R.D.C., A.H.) used the mid-sagittal and trans-

verse T2-weighted images to independently evaluate the subjective

degree of spinal cord compression at each disc space from C2-C3

through C7-T1. A compression score was assigned at each disc space
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F IGURE 2 Photograph of a Great Dane positioned on the device in flexion (A) and extension (B) [Color figure can be viewed at wileyonlineli-
brary.com]

based upon a previously described spinal cord compression scale:22

0, no spinal cord compression; 1, mild spinal cord compression (esti-

mated to be affecting<25%of the spinal cord); 2,moderate spinal cord

compression (estimated to be affecting 25–50% of the spinal cord);

3, severe spinal cord compression (estimated to be affecting >50% of

the spinal cord). The most severely affected site of spinal cord com-

pression was recorded for each position. The direction of spinal cord

compression was noted at each disc space as follows: no compression;
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F IGURE 3 Sagittal T2-weightedMR imagesdemonstratinghowtheangles of flexion (A) andextension (B)weremeasured. Tomeasure thedegree
offlexion, two intersecting linesweredrawn; thefirst parallel to the laminaofC5and the secondparallel toC3. Theangle at thepoint of intersection
was defined as the degree of flexion. To measure the degree of extension, two intersecting lines were drawn; the first perpendicular to the C6-C7
disc space and the second parallel to the cervical vertebral column. The angle at the point of intersection was defined as the degree of extension



PROVENCHER ET AL. 415

F IGURE 4 Morphometric measurements showing the following: intervertebral disc width (A) in mid-sagittal plane, spinal cord height on mid-
sagittal plane (B), vertebral canal height on transverse plane (C), spinal cord height andwidth on transverse plane (D), spinal cord area on transverse
plane (E). Spinal cord height and intervertebral disc width (mid-sagittal plane) are shown in white; the remainingmeasurements are shown in black
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dorsal compression; dorsolateral compression; lateral compression;

ventral compression; or multiple directions of compression.

2.4 Morphometric analysis

All MRI scans were transferred to a dedicated workstation (ClearCan-

vas Workstation, Synaptive Medical, Toronto, Canada) for calculation

of morphometric parameters. A single evaluator (MP) performedmea-

surements on all patients; that evaluator then repeatedmeasurements

in three patients in order to assess the intraobserver agreement. A

second evaluator (A.H.) performed measurements in the same three

patients in order to assess the interobserver agreement. To measure

the degree of flexion, two intersecting lines were drawn; the first par-

allel to the lamina of C5 and the second parallel to C3. The angle at

the point of intersection was defined as the degree of flexion. To mea-

sure the degree of extension, two intersecting lines were drawn; the

first perpendicular to the C6-C7 disc space and the second parallel to

the cervical vertebral column. The angle at the point of intersection

was defined as the degree of extension (Fig. 3). The following mor-

phometric parameters were also recorded in all dogs based on previ-

ously published definitions (Fig. 4):22 spinal cord height (T2-weighted,

midsagittal images), intervertebral disc width (T2-weighted, midsagit-

tal images), spinal cord height (T2-weighted, transverse images), spinal

cord width (T2-weighted, transverse images), spinal cord area (T2-

weighted, transverse images), andvertebral canal height (T2-weighted,

transverse images) (Fig. 4).Measurementswereperformedateachdisc

space (at the center of the intervertebral disc) fromC2-C3 throughC7-

T1 in all patients.

2.5 Statistical analysis

All analyses were performed by a biostatistician (G.P.), using com-

mercial software (Stata 14.0, StataCorp, College Station, TX). Mixed-

effects linear regression was used for repeated measures within dogs.

This method takes into account the within and between subject vari-

ability when generating the standard errors in the linear regression

model. After running this linear regressionmodel, linear contrast state-

ments were used to find specific differences within the initial morpho-

metric data of the primary evaluator (M.P.). Standardized normal prob-

ability plots were produced to determine if the data were normally

distributed. Additionally, we checked for homoscedasticity by plotting

the error term in the regression model to insure equal variance across

groups. (Bothof thenormality andhomoscedasticity assumptionsneed

to be verified prior to running a mix-effects regression model.) Mixed-

effects linear regression was also used to calculate the interobserver

and intraobserver agreement for themorphometric data (𝜌). A Fisher’s

exact test was used to determine if an association existed between

the position of the cervical vertebral column and the spinal cord com-

pression score at each disc space; the morphologic data of the pri-

mary evaluator (M.P.) was used to determine this. Specifically, Fisher’s

exact test was applied to a particular disc space and consisted of the

counts between position and spinal cord compression where position

is defined as neutral, extension, and flexion and compression is defined

as none, mild, moderate, and severe. These compression levels were

defined in the morphologic analysis section while the position levels

weredefined in themorphometric analysis section. Sidak’smethodwas

used to adjust p values in order to conserve the overall type I error at

0.05 due to the multiple testing. An adjusted p-value was considered

significant if less than 0.05.

A Kappa analysis was performed to assess the interobserver agree-

ment for the following: spinal cord compression score; direction of

spinal cord compression; most severely affected site of spinal cord

compression; and the number of spinal cord compressions compared

to aneutral position (flexion andextensiononly). Kappa (𝜅) valueswere

interpreted as follows: less than chance agreement (𝜅 <0); slight agree-

ment (0.01–0.20); fair agreement (0.21–0.40); moderate agreement

(0.41–0.60); substantial agreement (0.61–0.80); almost perfect agree-

ment (0.81–0.99); and perfect agreement (𝜅 = 1.00).23

3 RESULTS

3.1 Clinical data

No patient required exclusion from the study; osseous and/or ligamen-

tous compressions were noted in neutral MRI scans for all enrolled

patients. The sample population contained three female and nine male

patients; 10/12 patients were neutered and their median age was

2 years (range, 0.3–10.5 years). Median patient weight was 52.1 kilo-

grams (range, 17.5–79 kilograms). Eleven patients had gait abnor-

malities characterized by ambulatory tetraparesis and proprioceptive

ataxia. One dog had only cervical spinal pain and no gait changes. The

majority of patients (10/12) had no evidence of hyperesthesia on pal-

pation of the cervical region.

None of the patients worsened neurologically after kinematic MRI

was performed. Themedian degrees of flexion and extension obtained

were 29 (range, 16–38) and 32 (range, 20–45), respectively. Anes-

thesia time required to complete kinematic MRI was available for

9/12 patients; themedian anesthesia time required for positioning and

kinematic imaging (flexion and extension) was 45 min (range, 35–75

min). Approximately half of this time was used to properly position

patients parallel to the table in lateral recumbency and the other half

adjusting MRI settings and scanning the dogs. Time to position and

acquire images did improve asmore patientswere imaged.Onepatient

(Great Dane) developed bradycardia shortly after the cervical verte-

bral column was positioned in flexion, and this responded to 1 dose

(0.02 mg/kg, IV) of atropine sulfate injection, USP (West-ward Phar-

maceuticals Corp, Eatontown, NJ).

3.2 Morphologic assessment

Therewere25 total compressions notedwith neutral positioning; 4/12

patients had1 compression, four patients had two compressions, three

patients had three compressions, and one patient had four compres-

sions (Fig. 5). There were 2/25 compressions at C2-C3, 2/25 com-

pressions at C3-C4, 2/25 compressions at C4-C5, 7/25 compressions

at C5-C6, 11/25 compressions at C6-C7, and 1/25 compressions at

C7-T1. The majority of compressions (18/25) were considered mild;
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five were moderate and two were severe. There were 9/25 dorsal

compressions (from thickening and bulging of the ligamentum flavum),

seven lateral compressions (from articular process joint proliferation),

six dorsolateral compressions (from articular process joint prolifera-

tion or synovial cyst compression), two ventral compressions (from

an intervertebral disc protrusion), and one ventral/dorsal compres-

sion (from an intervertebral disc protrusion and bulging of the liga-

mentum flavum). The most severely affected site of compression was

C2-C3 in one patient, C5-C6 in three patients, and C6-C7 in eight

patients.

F IGURE 5 Sagittal T2-weightedMR images (A, C, E) and transverse T2-weightedMR images at the level of C5-C6 (B, D, F) in a dogwith osseous-
associated cervical spondylomyelopathy. Neutral position (A, B), flexion (C, D) and extension (E, F) are represented. There are mild ventral com-
pressions at C4-C5 and C5-C6 and a moderate dorsal compression at C5-C6 in a neutral position. Flexion of the cervical vertebral column results
in mild improvement in the dorsal compression at C5-C6, the ventral compressions remain unchanged. Extension is associated with worsening of
both the ventral and dorsal compression at C5-C6, improvement in the ventral compression at C4-5 and a new, mild dorsal compression at C6-C7
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F IGURE 6 Sagittal T2-weighted MR images (A, C) and transverse T2-weighted MR images at the level of C3-C4 (B, D) in a dog with osseous-
associated cervical spondylomyelopathy. Neutral position (A, B) and extension (C, D) are represented. On the transverse images, the left side of the
image represents the patient’s right. No spinal cord compression or cyst is seen on the transverse image in neutral position (B), though the right
dorsolateral aspect of the vertebral foramen appears enlarged. With extension (D), there is enlargement of the synovial cyst associated with the
right articular process causing moderate dorsolateral compression of the spinal cord. There are new dorsal compressions at C4-C5, C5-C6, and
C6-C7with a new ventral compression at C6-C7

There were 32 total compressions in extension; two patients had

one compression, one patient had two compressions, eight patients

had three compressions, and one patient had four compressions

(Fig. 5). There were 2/32 compressions at C2-C3, 2/32 compressions

at C3-C4, 8/32 compressions at C4-C5, 8/32 compressions at C5-C6,

11/32 compressions at C6-C7, and 1/32 compressions at C7-T1. There

was a significant association between extension and compression at

C4-C5 (p = 0.02). There were 13/32 dorsal compressions, two lateral

compressions, five dorsolateral compressions, two ventral compres-

sions, four dorsal/lateral compressions, one lateral/dorsolateral

compression, four ventral/dorsal compressions, and one ven-

tral/dorsolateral compression. The presence of a dorsal compression

with extension of the cervical vertebral column was significant at

C4-C5 (p = 0.01). The most severely affected site of compression was

at C2-C3 in one patient, C4-C5 in two patients, C5-C6 in four patients,

and C6-C7 in five patients. Extension was associated with a change in

themost severely affected site of compression in 4/12 patients.

Themajority (20/32) of compressions in extensionweremild, seven

were moderate, and four were severe. There was a change from mild

to moderate compression at C4-C5 in one patient, at C5-C6 in three

patients, and at C6-C7 in one patient. In two patients, extension

caused amoderate compression to become severe atC6-C7. Extension

was associated with new, mild compressions at C2-C3 (one patient),

C3-C4 (two patients), C4-C5 (six patients), C5-C6 (one patient), and

C6-C7 (one patient). Extension caused resolution of mild compres-

sions at C2-C3 (one patient), C3-C4 (two patients), and C6-C7 (one

patient).

In flexion, there were 22 total compressions; 1/12 patients had 0

compression, four patients hadone compression, four patients had two

compressions, two patients had three compressions, and one patient

had four compressions. Therewere 2/22 compressions at C2-C3, 2/22

compressions at C3-C4, 2/22 compressions at C4-C5, 7/22 compres-

sions atC5-C6, 8/22compressions atC6-C7, and1/22compressions at

C7-T1. There were eight dorsal compressions, seven lateral compres-

sions, four dorsolateral compressions, two ventral compressions, and

one lateral/dorsolateral compression. The most severely affected site

of compression was at C2-C3 in 2/11 patients, C5-C6 in five patients,

and C6-C7 in four patients.
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TABLE 1 Morphometric data (mean± standard deviation) comparing neutral, flexion, and extension in 12dogswith osseous-associated cervical
spondylomyelopathy

SC level Position SCH, sag (mm) SCH, trans (mm) DW (mm) SCA (mm) SCW (mm) VCH (mm)

Neutral 4.04 ± 0.93 4.21 ± 1.19 4.87 ± 0.92 2.98 ± 0.94 8.34 ± 0.96 11.42 ± 2.43

C2-C3 Flexion 4.10 ± 0.71 4.74 ± 1.24 5.61 ± 0.93 3.60 ± 1.03 8.60 ± 1.08 11.35 ± 2.40

Extension 4.13 ± 0.94 4.72 ± 1.01 4.98 ± 0.66 3.42 ± 0.74 8.69 ± 0.97 12.42 ± 2.80

Neutral 4.48 ± 0.75 4.81 ± 0.82 4.77 ± 0.75* 3.19 ± 0.69 8.28 ± 0.71 11.76 ± 1.90

C3-C4 Flexion 4.70 ± 0.84 4.74 ± 1.24 5.61 ± 0.93* 3.39 ± 0.76 8.35 ± 0.95 10.82 ± 1.84

Extension 4.68 ± 0.60 5.34 ± 1.00 5.25 ± 0.75 3.62 ± 0.70 8.10 ± 0.79 12.05 ± 2.40

Neutral 4.79 ± 1.19 5.37 ± 1.05 4.78 ± 0.86 3.58 ± 0.62 8.15 ± 0.68 11.47 ± 2.22

C4-C5 Flexion 4.98 ± 1.03 5.39 ± 1.16 5.28 ± 0.83 3.41 ± 0.60 7.75 ± 0.47 10.19 ± 1.45

Extension 4.81 ± 1.05 5.53 ± 1.00 5.35 ± 0.70 3.65 ± 0.76 7.76 ± 0.86 10.46 ± 2.82

Neutral 5.29 ± 1.49 5.68 ± 1.34 5.41 ± 1.17 4.01 ± 0.77 8.13 ± 1.70 11.41 ± 2.47

C5-C6 Flexion 5.45 ± 1.26 5.79 ± 1.81 5.75 ± 0.98 4.00 ± 1.01 7.92 ± 1.60 10.74 ± 2.79

Extension 5.24 ± 1.44 5.47 ± 1.67 5.52 ± 0.64 3.83 ± 0.86 8.39 ± 1.64 9.51 ± 3.35

Neutral 5.43 ± 1.64 5.88 ± 1.52 5.46 ± 1.16** 4.10 ± 1.09 8.13 ± 2.14 11.96 ± 3.17

C6-C7 Flexion 5.74 ± 1.43 6.38 ± 1.78 5.64 ± 1.30 4.65 ± 1.68 8.55 ± 2.27 11.64 ± 2.80

Extension 5.43 ± 1.86 5.95 ± 1.43 6.34 ± 1.09** 4.35 ± 1.09 8.33 ± 2.32 10.53 ± 3.08

Neutral 5.79 ± 0.83 6.22 ± 0.76 5.96 ± 1.04 3.87 ± 0.70 8.31 ± 1.37 15.67 ± 2.12

C7-T1 Flexion 5.60 ± 0.73 5.97 ± 0.51 6.08 ± 1.16 3.82 ± 0.69 8.07 ± 1.84 14.64 ± 1.86

Extension 5.88 ± 0.48 6.31 ± 0.50 6.19 ± 0.99 4.07 ± 0.71 8.50 ± 1.71 13.79 ± 2.20

SC, spinal cord; SCH, spinal cord height; sag, sagittal; trans, transverse; DW, disc width; SCA, spinal cord area; SCW, spinal cord width; VCH, vertebral canal
height; mm, millimeters.
*Statistically significant difference between neutral and flexion (p< 0.05).
**Statisically significant difference between neutral and extension (p< 0.05).

Themajority (16/22) of compressions in flexionweremild, fivewere

moderate, and onewas severe. In one patient, amoderate compression

at C6-C7 became mild with flexion of the cervical vertebral column. In

another patient, flexion caused a compression to worsen from mild to

moderate at C5-C6. Flexion was associated with the resolution of mild

compressions at four sites (C2-C3 in one patient, C3-C4 in one patient,

andC6-C7 in twopatients) andwith the presenceof newcompressions

at two sites: C2-C3 (mild, ventral) and C3-C4 (mild, dorsal).

One patient had a left-sided synovial cyst at C3-C4 (Fig. 6) that was

not able tobe visualizedwith neutral positioning.With extensionof the

cervical vertebral column, the synovial cyst was visible to all investiga-

tors andwas noted to causemoderate compression (Fig. 6).

Interobserver agreement was substantial to moderate for identi-

fying the site of most severely affected compression in flexion (𝜅 =
0.697), extension (𝜅 = 0.796), and neutral positioning (𝜅 = 0.609).

There was fair agreement in the spinal cord compression scoring (𝜅 =
0.397) and for the direction of compression (𝜅 = 0.369). With respect

to number of compressive lesions identified, agreement was slight for

images acquired inflexion (𝜅 =0.132) and fair for extension (𝜅 =0.277).

3.3 Morphometric assessment

Therewere 108plannedmeasurements per patient and a total of 1264

measurementswereperformed for all patients.Datawere summarized

as the mean and standard deviation of each variable at each spinal

cord level in neutral, flexion, and extension (Table 1). Two patients did

not have transverse images in extension at C2-C3, two patients did

not have transverse images in flexion or extension at C7-T1, and one

patient lacked transverse images in extension atC7-T1. The cranial and

caudalmargins of four intervertebral discswere unable to be identified

andmeasurement was not performed.

There was a significant increase in intervertebral disc width from

neutral to flexion at C3-C4 (p = 0.02) and from neutral to extension

at C6-C7 (p = 0.01). No other significant differences in intervertebral

disc width were identified. Compared to neutral positioning, flexion,

andextensionpositions of the cervical vertebral columnwerenot asso-

ciated with significant changes in spinal cord height (sagittal, trans-

verse planes), spinal cord width, spinal cord area, or vertebral canal

height.

Intraobserver agreement was best for vertebral canal height (𝜌 =
0.93) and worst for spinal cord area (𝜌 = 0.72), while interobserver

agreement was best for spinal cord height in the sagittal plane (𝜌 =
0.80) andworst for spinal cord area (𝜌= 0.71).

4 DISCUSSION

To the authors’ knowledge, the current study is the first to report eval-

uation of kinematic MRI in a group of dogs with osseous-associated

cervical spondylomyelopathy. In this sample of dogs, extension posi-

tioning resulted in detection of the greatest number of compressive

lesions. The effect of flexion was more variable. In some patients,

flexion resulted in improvement or resolution of compressive lesions,

while in others it identified new areas of compression.
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Extension of the cervical vertebral column allowed identification of

an increased number of severe compressions, as well as compressive

lesions thatwere not present in a neutral position. This positioning also

allowed identificationof anewsite ofmost severe spinal cord compres-

sion in one-third of patients. In one patient, a synovial cyst was only

visible when the cervical vertebral column was extended. This addi-

tional information was considered to be very important for planning

therapeutic management of patients with osseous-associated spondy-

lomyelopathy, especially surgical intervention. The results of kinematic

MRI have been shown to change therapeutic management in humans

with cervical spondyloticmyelopathy; in one study, 47%ofpatients had

a change in surgical approach based upon kinematic MRI findings.15

In 40% of these patients, there was a change from an anterior to a

posterior approach, and in 7% of patients an anterior plus a poste-

rior approach were selected.15 Furthermore, hyperextension during

surgery was avoided in 27% of the human patients in this study due to

kinematicMRI results.15

Extension of the cervical vertebral column identified new, dorsal

compressive lesions at C4-C5 in six patients. In all cases, dorsal com-

pression was secondary to bulging of the ligamentum flavum into the

vertebral canal. Our findings are consistent with a recent human study,

in which kinematic MRI identified ligamentum flavum bulges at C4-

C5 in 63% of patients with cervical spondylotic myelopathy.24 These

lesions were not present with neutral positioning.24 In humans with

cervical spondylotic myelopathy, thickening of the ligamentum flavum

occurs secondary to alterations in the biomechanics of the cervical

vertebral column due to degeneration of the intervertebral discs.8 A

recent morphometric study comparing normal Great Danes to those

with osseous-associated cervical myelopathy found that despite a nor-

mal T2-weighted signal intensity of the intervertebral disc, the inter-

vertebral discwidth in affected dogswas less than in normal dogs.7 It is

possible that the ligamentous compressions we noted with extension

of the cervical vertebral column were associated with mild ligamen-

tous hypertrophy secondary to abnormal disc morphology; this pos-

sible connection should be considered as an area of future research.

Interestingly, the morphometric analysis did not show significant dif-

ferences, whereas the morphologic analysis did. Findings therefore

support the use of morphologic (visual assessment), rather than mor-

phometric analysis (using measurement tools) for assessing individual

clinical patients.

An interesting finding of our study was the increase in interver-

tebral disc width that occurred with flexion and extension of the

cervical vertebral column. In general, flexion caused widening of the

cranial cervical discs and extension caused widening of the caudal

cervical discs. A previous morphometric study showed that traction

caused distraction and widening of the intervertebral discs in clini-

cally normal Doberman Pinschers aswell as thosewith disc-associated

cervical spondylomyelopathy.22 Authors propose that the increase in

intervertebral disc width that we appreciated was secondary to dis-

traction of the cranial cervical vertebral columnwith flexion and of the

caudal cervical vertebral columnwith extension.

A lack of neurologic deterioration in our patients suggests that

kinematic MRI is safe to perform in dogs with osseous-associated

cervical spondylomyelopathy. This finding differs from a previous

kinematic myelographic report that found neurologic deterioration in

20% of patients after flexion/extension myelography.14 Another study

evaluating flexion/extension myelography did not report postproce-

dure neurologic status; patients were euthanized at the conclusion of

imaging.5 Prior to these studies, flexion radiographywas used to evalu-

ate patientswith cervical spondylomyelopathy andneurologic deterio-

rationwas not reported;13 therefore, one could assume that extension

of the cervical vertebral column is more likely to be associated with

neurologic worsening than flexion is. Chemical meningitis secondary

to contrast administration has been reported after myelography;25 it

is possible that this effect, in combinationwith spinal cord compression

fromboth contrastmaterial in the subarachnoid spaceandextensionof

the cervical vertebral column, led to neurologic worsening in patients

undergoing flexion/extensionmyelography.

There were limitations associated with kinematic MRI in our

patients. The technique did add a considerable amount of time to the

standard MRI protocol and positioning large patients on the device

was labor intensive; however, this did improve as more patients were

imaged.Weattempted to standardize thedegrees of flexion andexten-

sion, but due to variations in patient size and space available in the

magnet bore, we were unable to do so at the time of imaging. There-

fore, thesewere not standardizedmeasurements and therewas awide

range of angles, which could have affected the results. In addition, flex-

ion and extension imaging are unlikely to allow full assessment of the

dynamic changes associatedwith the articular processes and joint cap-

sule. Given the pathogenesis of osseous-associated cervical spondy-

lomyelopathy, identification of dynamic changes associated with these

structures is desirable. In human studies, MRI with the cervical verte-

bral column rotated to the right or left has beenused to assess articular

process joint spaces.26 Although it may prove to be technically chal-

lenging, one could consider the effects of lateral bending and or tor-

sion in dogs with osseous-associated cervical myelopathy as an area

of future investigation. Finally, clinically normal dogs were not exam-

ined in the current study. Therefore effects of flexion and extension on

the normal MRI appearance of the canine cervical spinal cord remain

unknown.

In conclusion, results of the current study supported the use of

kinematic MRI as a procedure for assessing the dynamic component

of osseous-associated cervical spondylomyelopathy in dogs. Authors

recommend that extension MRI be performed in addition to neutral

MRI in patients with osseous-associated cervical spondylomyelopa-

thy. Future studies exploring the dynamic component of osseous-

associated cervical spondylomyelopathy are needed in dogs. By bet-

ter characterizing all compressive lesions that are present, treatment

options, and long-term outcome could be improved for dogs with this

disease.
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