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Abstract

Magnetic resonance imaging is the gold standard for diagnosing intervertebral disc

(IVD) degeneration in dogs. However, published methods for quantifying severity or

progression of IVD degeneration are currently limited. Mapping MRI sequences are

used in humans for quantifying IVD degeneration but have rarely been applied in dogs.

The objective of this prospective, method comparison study was to evaluate variable

flip angle T1 mapping and multiecho T2 and T2* mapping as methods for quantify-

ing canine lumbar IVD degeneration in twenty canine patients without clinical signs of

spinal disease. Ventral and dorsal lumbar IVD widths were measured on radiographs,

and lumbar IVDs were assigned a qualitative Pfirrmann grade based on standard T2-

weighted sequences. T1, T2, and T2* relaxation times of the nucleus pulposus (NP)

were measured on corresponding maps using manual-drawn ROIs. Strong intra- and

interrater agreementswere found (P<0.01) forNP relaxation times. Radiographic IVD

widths and T1, T2, and T2* mapping NP relaxation times were negatively correlated

with Pfirrmann grading (P < 0.01). Significant differences in T1 NP relaxation times

were found between Pfirrmann grade I and the other grades (P < 0.01). Significant

differences in T2 and T2* NP relaxation times were found between grade I and the

other grades and between grades II and III (P < 0.01). Findings indicated that T1, T2,

and T2* MRI mapping sequences are feasible in dogs. Measured NP relaxation times

were repeatable and decreasedwhenPfirrmann grades increased. Thesemethodsmay

be useful for quantifying the effects of regenerative treatment interventions in future

longitudinal studies.
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1 INTRODUCTION

Intervertebral disc (IVD) degeneration is a common affliction in dogs

that can lead to IVD displacement and cause a broad variety of clin-

ical signs, from cervical or back pain to severe neurological deficits.1

IVD degeneration can occur spontaneously, with the natural aging of

the IVD, or pathologically, consecutive to an early imbalance of the

cellular and molecular interactions due to structural or mechanical

failures.2 In particular, changes in the molecular composition of the

nucleus pulposus (NP) such as a decrease in the water and proteogly-

can (PG) contents or degradation of the collagen fibers accompany the

degenerative process.3

Veterinary practice has considerably increased the possibilities in

diagnostic assessment by imaging of IVD degeneration in the past few

years. Indeed, in vivo assessment of IVD degeneration by imaging is

essential in the exploration of lumbar or lumbosacral pain. It is helpful

in localizing the degenerated IVD, grading the severity of the findings,

and tailoring the patient care. Although radiography can detect IVD

width loss, calcification of the NP, and osseous changes of the verte-

bral endplates such as sclerosis and spondylosis,4 this modality implies

structural overlays and poor soft-tissue contrast due to the physical

properties of X-rays. Similarly, although CT is increasingly available in

veterinary medicine and overcomes the overlay issue of the vertebral

reliefs identified with radiographs, subtle changes in the IVD can still

not be assessed. Therefore, by its capacity to differentiate the soft tis-

sues and especially the NP from the annulus fibrosus (AF), MRI has

become the gold standard for the investigation of IVD degeneration.5

Morphological assessment of the IVD is traditionally performed on

conventional MRI sequences such as T2-weighted sequences. Initially

described in human medicine,6,7 Pfirrmann grading is one of the MRI

grading systems available in veterinary medicine to qualitatively eval-

uate IVDs. It is the most widely used grading system to assess IVD

degeneration, and it is the only system that has been validated in

dogs.8

Mapping MRI, such as T1, T2, and T2* mapping, has recently been

developed to quantitatively assess the subtle and early degenera-

tive changes that can be discerned in the IVD.9,10 Measurement of

the relaxation times of the NP and/or the AF can reflect the tissular

alterations of the degenerated IVD. In particular, T2 mapping values,

notably in humans, correlate with the water and the proteoglycan

content of the tissue as well as with the Pfirrmann grading.11,12 More-

over, human patients with chronic low back pain (LBP) exhibit a lower

T2 relaxation time of the dorsal AF compared with asymptomatic

patients.13 T2 mapping has been studied in various animal models but,

in the canine model, only one experimental study to date has assessed

canine IVD degeneration using T2 mapping after induction of IVD

degeneration in NC dogs.14 As for humans and sheep, the T2 relax-

ation time decreasedwith IVD degeneration.14,15 In parallel, one study

established the T2 relaxation times for healthy NP in twelve beagles.16

On the other hand, T2* mapping evaluates the mobility of the water

molecules and the spatial architecture of the macromolecules in the

IVD.10,17 In humans, it has been correlated with the Pfirrmann grade

and the glycosaminoglycan content of the NP.18,19 Similarly, T1 map-

ping correlates with the water content20 and decreases with IVD

degeneration as assessed by the morphological Thompson grading.21

Based on our review of the literature, T2* and T1mapping have not yet

been applied to assess canine IVD degeneration.

In this context, the objective of this study was to quantitatively

assess IVD degeneration in dogs using multiecho T2 and T2* mapping

and variable flip angle T1 mapping. It was hypothesized that MRI T1,

T2, and T2* relaxation times of theNPwould correlatewith canine IVD

degeneration as assessed by Pfirrmann grading as well as the ventral

and dorsal IVDwidths on X-rays.

2 MATERIALS AND METHODS

2.1 Selection of subjects

The study was a prospective, methods comparison design. All proce-

dures of this prospective study were approved by the Ethics Commit-

tee of the Veterinary School of Nantes ONIRIS (CERVO-2020-16-V).

Initial inclusion criteria were adult dogs (>2 years of age) present-

ing at the ONIRIS referral center for MRI examination due to reasons

other than spinal disease between September and November of 2020.

Dogswere excluded if they had a history of lumbar or lumbosacral pain

or were not stable enough to withstand long anesthesia. These deci-

sions were based on clinical examinations carried out by the referring

veterinarian or by the neurologist of our center.

2.2 Data recording and analysis

After obtaining the owner’s consent for inclusion in the study, each

dog was anesthetized for the imaging procedures. The anesthesia

was maintained by inhalation of isoflurane (1%−3%) after intravenous

injection of premedication and induction protocols tailored to each

patient’s specificities.

Ventro-dorsal and lateral radiographs of the lumbar spine of each

patient were performed (Convix 80 generator®, Universix 120® table,

Picker) except if the patient already had radiographs of the spinewithin

the month preceding the MRI exam. The exposure (mAs) and pen-

etration power (kVp) values were adapted according to the size of

the patient. Radiographs were read by a radiologist with 20 years of

experience in diagnostic imaging. Dogs with radiographic diagnoses of

majormodifications in vertebral shape, length, height, andopacitywere

excluded.

After the initial referral MR scan was completed, MR images of

the spine from T13 to S1 were obtained with a 1.5T MR scanner

(Magnetom-Essenza®, Siemens Medical Solutions). The coil used for

the sequenceswas adapted to the body form andweight of the patient.

Sagittal T2-weighted images fast SE were acquired, followed by multi-

echoT2 andT2*mapping and variable flip angle T1mapping sequences

(Table 1).
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Image analyses were performed by two observers, using an image

analysis workstation (Horos® software, 3.0, Horos Project, Geneva,

Switzerland; Apple Mac Mini® and Barco Eonis MDRC-2321® LED

screen). The first observer had less than 1 year of experience in diag-

nostic imaging,while the second observer has 20 years of experience in

diagnostic imaging. The ventral and dorsal IVD widths were measured

on lateral radiographs. Based on the T2-weighted mid-sagittal images,

a Pfirrmann score was assigned to each lumbar IVD.6,8 To assess the

relaxation times of theNP, amanual region of interest (ROI) was drawn

around the NP using the “closed polygon” function (Figure 1) on the

T2-weightedmid-sagittal image and then copied and pasted on the T1,

T2, and T2*mid-sagittal mapping images. For each IVD of each patient,

the area of the ROI and the mean T1, T2, and T2* relaxation times of

this ROI were determined. The Pfirrmann grade, the ROI area, and the

T1, T2, and T2* relaxation times of the NP were determined indepen-

dently for each IVD by the two observers who reached a consensus

on the image analysis protocol. The first observer repeated thesemea-

surements twice to evaluate the intra-rater reliability with a minimum

of one week between measurements to blind himself to his previous

results.

2.3 Statistics

The statistical analyses were performed by a statistician and a veteri-

nary student (GraphPad Prism® software, 9.0.2, GraphPad Software).

Intrarater reliability was assessed using Spearman’s correlation for

the Pfirrmann grade and Pearson’s correlation for each relaxation

time. The inter-rater reliability for the Pfirrmann grading was assessed

using the weighted kappa coefficient. For the first observer, the grade

that was assigned the most between the three readings was retained

for the determination of the interrater reliability. Interrater reliabili-

ties for the T1, T2, and T2* relaxation times were determined using

Pearson’s correlation. Correlations between the relaxation times and

the Pfirrmann grades and between the disc widths and the Pfir-

rmann grades were assessed using Spearman’s and Pearson’s correla-

tions, respectively. They were considered significant when the P-value

was <0.05. Significant differences between the Pfirrmann grades for

each imaging parameter were evaluated using a Wilcoxon–Mann–

Whitney test for the T1, T2, and T2* relaxation times. Differences

were considered to be statistically significant when the P-value was

<0.05.

3 RESULTS

Twenty dogs (7 female and 13 male) were included in this study, rep-

resenting 120 IVD. The mean age was 86 months (30−139 months)

and the mean weight was 17.7 kg (5−33.2 kg). Ten of the dogs were

chondrodystrophic breeds (2 Pugs, 1 Beagle, 2 Cavalier King Charles

Spaniels, 1 Boston Terrier, 3 French Bulldogs, and 1 Coton de Tulear).

A power analysis and sample size estimation were performed before

and after the data were collected with an alpha of 0.05 and power
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BOUHSINA ET AL. 867

F IGURE 1 The region-of-interest (ROI) drawingmethod used to delimitate the nucleus pulposus (NP) of canine lumbar intervertebral disc
(IVD) onmid-sagittal T2-weightedMRI sequences (1.5 Tesla, 3 mm slice thickness, 0.3 mm slice interval, TE 86ms, TR 3000ms, flip angle 120◦,
512× 512matrix). A, Healthy IVD graded Pfirrmann I, B, a manual ROI was drawn around the NP using the “closed polygon” function on the
T2-weighted sagittal image, and then copied and pasted on the correspondingmapping images, including (C) T2mapping images. [Color figure can
be viewed at wileyonlinelibrary.com]

TABLE 2 Mean values and standard deviations of radiographic dorsal and ventral intervertebral disc widths and T1, T2, and T2*mapping
nucleus pulposus relaxation times for Pfirrmann grade.

Pfirrmann grading

Dorsal IVDwidths

(mm)

Ventral IVDwidths

(mm)

T1mapping values

(ms)

T2mapping values

(ms)

T2*mapping

values (ms)

Mean SD Mean SD Mean SD Mean SD Mean SD

I (n= 58) 3.965 0.895 5.187 1.312 1364 261.5 249.1 107.2 40.07 20

II (n= 25) 3.269 0.762 4.373 1.051 933.5 204.2 59.61 23.52 21.32 4.48

III (n= 33) 2.954 0.745 3.957 0.877 840.2 122.4 50.24 19.78 18.39 3.75

IV (n= 4) 3.621 0.513 4.429 0.721 762.2 68.77 74.37 68.56 18.78 8.29

Abbreviations: IVD, intervertebral disc; n, number; SD, standard deviation.

of 0.9 (clincalc.com®). With our results of T1, T2, and T2*, it required

respectively 16, 14, and 46 IVD to highlight a difference between two

Pfirrmann grades.

Intrarater analysis revealed strong agreement between the three

different measures for all of the parameters (P<0.001, r> 0.91). Given

these results, the mean score of the three measures was used for

interrater analysis. The interrater reliability for the Pfirrmann grade

was almost perfect, with a Kappa coefficient of 0.885 (SE = 0.036;

95% CI = 0.813−0.956). The interrater agreement was also strong

for the area of the ROI (rho = 0.9077; P < 0.001), for T1 values

(rho = 0.9344; P < 0.001), T2 values (rho = 0.9368; P < 0.001) and

T2* values (rho = 0.8152; P < 0.001). For each MRI parameter, the

mean value of the four measurements was retained to establish the

correlation with the Pfirrmann grades.

There were 58/120 IVD (48%) that were classified as Pfirrmann

grade I, 25/120 IVD (21%) were classified as grade II, 33/120 (28 %)

were classified as grade III, and 4/120 (3%) were classified as grade IV.

Nonewere classified as gradeV.Complete agreement between the two

observers was reached for 111/120 IVD (92.5%). Disagreement was

found for nine IVD,with only a difference of one grade,mostly between

grades II and III (8/9).

The mean ventral and dorsal IVD widths assessed on radiographs

and the mean MRI T1, T2, and T2* relaxation times for each Pfir-

rmann grade are presented in Table 2. Overall, the additional scan

time for the three mapping sequences compared with conventional

spinal MR exam was less than 10 min. The mean ventral and dor-

sal IVD widths decreased significantly when the Pfirrmann grade

increased (P < 0.0001; Figure 2). Statistically significant differences

were found between grades I and II (P = 0.0047 for ventral con-

dition and P = 0.0015 for dorsal condition) and between grades I

and III (P < 0.0001 for both conditions). The mean T1 relaxation

times decreased significantly when the Pfirrmann grade increased

(P < 0.0001; Figures 3 and 4). Statistically significant differences were

found only between grades I and all the other grades (P< 0.0001). The

mean T2 relaxation times decreased significantly when the Pfirrmann

grade increased (P < 0.0001; Figure 5). Statistically significant differ-

enceswere foundbetween grade I and all the other grades (P<0.0001)

and between grades II and III (P = 0.0347). The mean T2* relaxation
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868 BOUHSINA ET AL.

F IGURE 2 Mean ventral (A) and dorsal (B) lumbar canine intervertebral disc (IVD) widths according to the Pfirrmann grading. For each dog,
lumbar ventral and dorsal IVDwidths weremeasured on the lateral radiographs. A negative correlation was found between disc widths and the
Pfirrmann grades (P< 0.0001). Significant differences were found between grades I and II and between grades I and III (*P< 0.001).

times decreased significantly when the Pfirrmann grade increased

(P < 0.0001; Figure 6). Statistically significant differences were found

between grade I and all the other grades (P<0.01) and between grades

II and III (P= 0.0039).

4 DISCUSSION

Findings supported our hypotheses in that mean T1, T2, and T2*

mapping NP relaxation times had a strong intra- and interrater agree-

ment and were correlated with radiographic IVD widths and T2 pulse

sequence Pfirrmann grades. The additional mapping sequences took

less than 10 min to perform. Our method allowed margins between

the NP and the AF to be distinguished, which can be challenging in an

advanced degenerated IVD. To overcome this difficulty, the contrast

on the T2-weighted mid-sagittal image was systematically adapted to

highlight the distinction between the two structures. Strong intra- and

interagreementswere found for the parameter “ROI area” using aman-

ual “closed polygon” ROI drawing method even though the NP edges

could be difficult to determine. Although the two observers did not

have the same level of skill in diagnostic imaging, the interrater reli-

ability was very high for all MR parameters. This implies that even

operators without much experience in MRI should be able to reli-

ably assess IVD degeneration using our drawing method on mapping

sequences in dogs.

T1, T2, and T2* relaxation times decreased when the qualitative

Pfirrmann grade increased in our sample of dogs. Evaluation of the

changes that occur in the lumbar human IVD by T2 and T2* map-

ping have beenwell described, andnumerous studies have investigated

the correlation between T2 and T2* times with various parameters

used to characterize IVD degeneration. Most of these studies have

correlated T2 or T2* times in the IVD with the Pfirrmann grading

system10,17,18,22–26 and have demonstrated that there is a strong neg-

ative correlation betweenMR relaxation times and theMR qualitative

scoring of the IVD degeneration, which is consistent with our findings.

Only T2mapping has been correlatedwith IVDdegeneration in dogs.14

This is the first published study describing T1 and T2* mapping val-

ues and correlating them with IVD degeneration in a canine model. T1

mapping has rarely been used to assess IVD in humans as well as in

animal models.25,27–29 All of the studies to date have used the inver-

sion recovery method to obtain T1mapping sequences. This is also the

first published studydescribing the applicationof the variable flip angle

method to obtain T1 relaxation times in the canine NP.

Although MR mapping can enhance the evaluation by quantifying

the degenerative changes that occur in canine IVD, its objective is

not to replace the Pfirrmann grading. These two methods are com-

plementary in the assessment of IVD degeneration. Nevertheless, only

asymptomatic dogswere included in this study and, consequently, very

few IVD were severely degenerated (4/120 were Pfirrmann grade IV

and 0/120 were grade V). Moreover, no dogs with vertebral malfor-

mation or spondylosis were studied as it was a criterion of exclusion

though these abnormalities can be a common feature in dogs suffer-

ing from back pain. A larger investigation with a higher number of

IVD, a better repartition between the five grades of the Pfirrmann

classification and which includes dogs with vertebral malformations or

spondylosis may be of interest to assess the relevance of the mapping

sequences on more severe grades of IVD degeneration. As MR map-

ping is relevant in the assessment of mildly degenerated canine IVD,

the assumption can be made it should also be relevant for severely

degenerated IVD but would be of limited interest given the fact that

they would be easily detected on conventional MR images.

Numerous studies have reported correlations between relaxation

times and the molecular composition of the NP. In particular, T2

and T2* mapping reflects the hydration of the NP according to PG

content,10–12,19,23,30 which decreases with IVD degeneration. Finally,

T1 relaxation times decrease with the water content.20 Combining the
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BOUHSINA ET AL. 869

F IGURE 3 Mid-sagittal T2-weighted images and the corresponding T1maps of lumbar canine intervertebral discs (IVD) with different
Pfirrmann grades. A, T2-weightedmid-sagittal image of a 4-year-old Golden Retriever with Pfirrmann grade I IVDs (1.5 Tesla, 3 mm slice thickness,
0.3 mm slice interval, TE 86ms, TR 3000ms, flip angle 120◦, 512× 512matrix), and B, its corresponding T1map (1.5 Tesla, 3 mm slice thickness,
0.3 mm slice interval, TE 1.7ms, TR 14ms, flip angles 5◦/26◦, 618× 520matrix). The NP is visible (in red) with a high T1 relaxation time value. C,
T2-weightedmid-sagittal image of an 11-year-old Beagle which IVDs classified as Pfirrmann grades III and IV (1.5 Tesla, 3 mm slice thickness,
0.3 mm slice interval, TE 95ms, TR 3000ms, flip angle 120◦, 450× 450matrix), and D, the corresponding T1map (1.5 Tesla, 3 mm slice thickness,
0.3 mm slice interval, TE 1.7ms, TR 15ms, flip angle 5◦/26◦, 520× 520matrix). The NP is difficult to visualize and has a very low T1 relaxation
value. Examples of manually designed regions of interest (ROI) have been drawn on T2-W images and pasted on corresponding T1maps (purple
polygons). [Color figure can be viewed at wileyonlinelibrary.com]
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870 BOUHSINA ET AL.

F IGURE 4 Mean T1 relaxation time in the nucleus pulposus (NP)
of the lumbar canine intervertebral discs (IVD) according to the
Pfirrmann grading. Themean T1 relaxation time of the NPwas
measured bymanually drawing a region of interest (ROI) around the
NP of each lumbar canine IVD on the sagittal T2-weighted image and
by copying it onto the T1mapping image. A negative correlation was
found between the T1 relaxation times and the Pfirrmann grades
(P< 0.0001). Significant differences were found between grade I and
the other grades (*P< 0.05).

F IGURE 5 Mean T2 relaxation time in the nucleus pulposus (NP)
of the lumbar canine intervertebral discs (IVD) according to the
Pfirrmann grading. Themean T2 relaxation time of the NPwas
measured bymanually drawing a region of interest (ROI) around the
NP of each lumbar canine IVD on the sagittal T2-weighted image and
by copying it onto the T2mapping image. A negative correlation was
found between the T2 relaxation times and the Pfirrmann grades
(P< 0.0001). Significant differences were found between grade I and
the other grades and between grades II and III (*P< 0.05).

F IGURE 6 Mean T2* relaxation time in the nucleus pulposus (NP)
of the lumbar canine intervertebral discs (IVD) according to the
Pfirrmann grading. Themean T2* relaxation time of the NPwas
measured bymanually drawing a region of interest (ROI) around the
NP of each lumbar canine IVD on the sagittal T2-weighted image and
by copying it onto the T2*mapping image. A negative correlation was
found between the T2* relaxation times and the Pfirrmann grades
(P< 0.0001). Significant differences were found between grade I and
the other grades and between grades II and III (*P< 0.05).

three quantitative sequences may provide a more precise overview of

the degenerated processes that occur in the IVD. Determination of

threshold values would be interesting to more precisely detect and

quantify degenerative IVD.

In human medicine, T2 and T2* relaxation time measurements

have been correlated with LBP using different clinical orthopedic pain

scores.13,23 In humans, LBP is mostly due to IVD degeneration, and

although it is more difficult to highlight this pain in dogs, it is thought

to be similar in veterinary medicine. Indeed, the canine model is one

of the only animal models of IVD degeneration to exhibit lumbar or

lumbosacral pain with comparable clinical and neurological signs as

in human patients suffering from painful IVD.31 As lumbar or lum-

bosacral pain was an exclusion criterion in this study, no comparison

could be made between nonpainful and painful canine patients. Thus,

further investigation would be interesting to apply our quantitative

mapping sequences to a cohort of painful dogs. These would aim to

assess whether a distinction can be made between healthy and painful

IVDs in dogs with lumbar or lumbosacral pain but without disc hernia.

Quantifying the IVD degeneration may be interesting for patient

follow-up and longitudinal studies. Irrespective of the treatment

chosen, the follow-up could be optimal with a quantified evaluation.
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In addition to comparison of the follow-up relaxation times with the

previous measurements, the color maps could also be compared with

confirm the efficacy of the treatment. Mean values were obtained

with the manually-drawn ROI. However, on the color maps, the NP

appeared to not be homogeneous. Combining the relaxation time

measurements with the color map on which the extreme and aberrant

values could be excluded could allow better characterization of the NP

degeneration. A pertinent use of these color maps with the exclusion

of the aberrant values needs specific software that was not available in

our hospital at the time of the study. The measure of the NP relaxation

time combined with the results of the corresponding color map will

be further assessed to gain sensibility in the characterization of the

NP degeneration. Moreover, further longitudinal studies are needed

to assess the stability of the relaxation time measurements in healthy

canine IVD and to develop these sequences for the evaluation of the

efficacy of the chosen treatment.

In conclusion, variable flip angle T1 andmultiecho T2 and T2* relax-

ation time measurements focused on the NP appear to be repeatable

and reproducible. These measurements were shown to be predictive

of Pfirrmann IVD grading scores in a small sample of canine patients

with no history of lumbar or lumbosacral pain. Complementary to con-

ventional qualitative Pfirrmann grading, these sequences could allow

quantification of IVD degeneration. A quantified evaluation of degen-

erated IVD degeneration could be of interest in the management of

painful IVD, especially for the evaluation of the efficacy of regenera-

tive treatments. Further studies are needed to assess the reliability of

T1, T2, andT2*mapping sequences in symptomatic canine patients and

longitudinal assessment of canine IVD degeneration.
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