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Spontaneous acute and chronic spinal cord injuries in
paraplegic dogs: a comparative study of in vivo diffusion
tensor imaging

A Wang-Leandro1,2, M K Hobert1, N Alisauskaite3, P Dziallas1, K Rohn4, V M Stein1,5 and A Tipold1,2

Study design: Prospective observational-analytical study.
Objectives: Description of diffusion tensor imaging (DTI) metrics obtained from the spinal cord (SC) of dogs with severe acute or
chronic spontaneous, non-experimentally induced spinal cord injury (SCI) and correlation of DTI values with lesion extent of SCI
measured in T2-weighted (T2W) magnetic resonance imaging sequences.
Setting: Hannover, Germany.
Methods: Forty-seven paraplegic dogs, 32 with acute and 15 with chronic SCI, and 6 disease controls were included. T2W and DTI
sequences of the thoracolumbar spinal cord were performed. Values of fractional anisotropy (FA) and apparent diffusion coefficient
(ADC) were obtained from the epicentre of the lesion and one SC segment cranially and caudally and compared between groups.
Pearson’s correlation coefficient was calculated between DTI and T2W metrics.
Results: During acute SCI, FA values were increased (P=0.0065) and ADC values were decreased (P=0.0099) at epicentres
compared to disease controls. FA values obtained from dogs with chronic SCI were lower (Po0.0001 epicentres and caudally;
P=0.0002 cranially) and ADC showed no differences compared to disease control values. Dogs with chronic SCI revealed lower FA and
higher ADC compared to dogs with acute SCI (Po0.0001 for both values at all localisations). FA values from epicentre and cranially to
the lesion during chronic SCI correlated with extent of lesion (r=0.5517; P=0.0052 epicentres and r=0.6810; P=0.0408
cranially).
Conclusion: Using DTI, differences between acute and chronic stages of spontaneous canine SCI were detected and correlations
between T2W and DTI sequences were found in chronic SCI, supporting canine SCI as a useful large animal model.
Spinal Cord (2017) 55, 1108–1116; doi:10.1038/sc.2017.83; published online 1 August 2017

INTRODUCTION

Traumatic spinal cord injury (SCI) is a frequently occurring neuro-
logical condition that can lead to permanent loss of sensorimotor and
visceral function.1 In Germany, the reported annual incidence of
traumatic SCI varies from 10.65 to 36 individuals per million.2–4 Initial
cellular destruction caused by direct mechanical damage is defined as
primary injury.1 Seconds after primary injury occurs, dynamic and
complex cellular responses take place, including cytokine production,
excitotoxicity, inflammatory reactions and free radical release asso-
ciated with variable extent of oedema and haemorrhage.1,5,6 Further
intrinsic de- and regenerative response mechanisms to injury lead to a
consolidation of an astrocyte-mediated glial scar.6–8 Such a cascade of
dynamic events is known as the secondary degeneration.1,9 Current
assessment of the severity and extent of SCI encompasses evaluation of
compression and intramedullary hyperintense signal in conventional
T2-weighted (T2W) magnetic resonance imaging (MRI).10–14 Treat-
ment for traumatic SCI includes decompression of the spinal cord and
stabilisation of the vertebral column;15 nonetheless, specific therapy

targeted to mitigate the effects of the secondary degeneration remains
limited.1,16,17

Several animal models have been used to reproduce SCI and
contribute to a better understanding of pathophysiological processes
that take place during different temporal stages.8,18–22 The most
commonly used is the rodent model, as laboratory conditions enable
low variability;1 however, the necessity of a large animal model has led
to an increased recognition of canine model of spontaneous, that is,
non-experimentally induced, SCI.23–25 Non-experimentally induced
SCI in dogs is most commonly caused by intervertebral disc herniation
(IVDH) and external blunt traumas.26,27 Private-owned dogs (that is,
non-experimental dogs) represent a realistic and challenging scenario,
as these individuals may be affected by concomitant morbidities at the
time of the SCI;28–30 moreover, veterinary clinicians are confronted
with lack of objective prognostic tools and limited treatment
possibilities for dogs affected by severe spontaneous SCI.30,31 Acute
extrusions of degenerated nucleus pulposus into the vertebral canal
produce contusive—compressive forces concurrently damaging the
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spinal cord.23,32 The pathogenesis implies a wide extent of variability
concerning severity of clinical signs, localisation and degree of spinal
cord compression,23,33 resembling human traumatic SCI and repre-
senting a valuable opportunity to bridge the gap between rodents and
humans.7,24,33

Diffusion tensor imaging (DTI) enables in vivo and non-invasive
assessment of white matter tracts of the spinal cord.34 Microstructural
barriers, such as myelin and cellular membranes of axonal tracts,
facilitate a homogeneous and directionally dependent diffusion.35

Fractional anisotropy (FA) and apparent diffusion coefficient (ADC)
are the most commonly evaluated diffusion metrics.36 FA is expressed
as a unitless numerical scale, where FA equal to zero indicates a
directionally unrestricted or equally restricted diffusion, whereas FA
equal to one represents a completely restricted diffusion along a single
axis.37–39 While FA expresses the direction of diffusion, ADC reflects
the capacity and subsequently the magnitude of water molecules to
diffuse in any given preferential direction.36,38,40,41 Axonal tracts of the
spinal cord represent a homogeneous anisotropic environment that
facilitate diffusion of water molecules parallel rather than perpendi-
cular to axons.42,43 ADC and FA values are therefore influenced by
pathological processes that could lead to changes in magnitude and
directionality of water molecule diffusion, respectively, such as
compression of the spinal cord, axonal disruption, demyelination,
cytotoxic oedema and presence of Wallerian degeneration.44,45

Assessment of human SCI using DTI has been primarily performed
for the chronic stage of the disease,34,46 probably due to the fact that
time may represent a restraining factor limiting the number of MRI
scans in patients with acute traumatic SCI. There is therefore a need
for DTI studies during the acute stage of DTI in both, humans and
animal models.47–50 Little is known about in vivo diffusion behaviour
after severe SCI comparing acute and chronic stages, being mostly
reported in rodents showing some degree of motor function recovery
and therefore omitting a population of animals having an unfavour-
able prognosis.51–53

The aim of this study is to describe diffusion metrics obtained from
the spinal cord of paraplegic dogs with acute or chronic SCI using a
clinically applicable DTI protocol and to correlate DTI values with
lesion extent of SCI measured in conventional T2W sequences. We
hypothesise (1) that DTI is capable of detecting microstructural
differences between acute and chronic SCI; and (2) that values
obtained from the spinal cord of paraplegic dogs suffering chronic
SCI will show a more isotropic diffusion and longer lesion extent in
T2W sequences compared to paraplegic dogs with acute SCI.

METHODS

Dog population
For the present study, paraplegic dogs admitted to the Department of Small
Animal Medicine and Surgery, University of Veterinary Medicine Hannover,
were prospectively recruited. Dogs with paraplegia due to SCI with or without
presence of deep pain perception (DPP), a neuroanatomical localisation of the
spinal cord lesion in the T3-L3 segments and a body weight less than 20 kg
were included. Further tests comprised physical and neurological examinations,
radiographs of the vertebral column, blood cell count and serum biochemistry
analysis, urinalysis, MRI of the thoracolumbar segment of the spinal cord, and
cerebrospinal fluid examination. Intact DPP was defined as a targeted
behavioural response (such as whining, turning the head towards the stimulus
or attempting to bite) after clamping the distal phalanges of the hind limbs with
forceps.31,54

SCI in dogs occurs spontaneously, commonly caused by IVDH or vehicular
accidents.6 Time of initial SCI had therefore to be defined as the time point of
non-ambulatory state first noticed by the owners.31 Paraplegic dogs were
assigned into two different groups with regard to the time point of neurological

and MRI examinations in the clinic: the acute SCI group (⩽7 days) and the
chronic SCI group (⩾28 days).8,55,56 Moreover, MRI sequences from six
previously reported dogs, five males and one female, with either orthopaedic
disease or neurological signs localised outside the T3-L3 segments of the spinal
cord were included as disease controls.57 Their mean age was 6.4 years (median,
6.5 years; range, 1.7–12.1 years) and their mean body weight 15.6 kg (median,
11.8 kg; range, 6–30 kg). This study was performed according to the German
animal welfare statutes (Number: 33.9-42502-04-11/0661) and the written
consent of the dog owners for each examination.

Image acquisition
MRI scans were performed under general anaesthesia and assisted ventilation
and dogs were positioned in dorsal recumbency to avoid movement artefacts.58

A sensitivity-encoding (SENSE) spinal coil with 15 channels was used.
Transversal and sagittal Turbo-Spin-Echo T2W as well as single-shot Echo-
Planar-Imaging DWI SE sequences of the thoracolumbar spinal cord were
performed in all dogs using a 3T MRI scanner (Phillips Achieva, Eindhoven,
the Netherlands).
The protocol used for acquisition of sagittal T2W images consisted of

repetition time (TR) between 3100 and 4786.4 ms, 120 ms echo time (ET), field
of view (FOV) between 260.7 and 392.0 mm, a slice thickness of 1.8 mm and a
space between slices of 0.2 mm. Furthermore, transversal T2W sequences were
acquired using TR between 5472.2 and 9681.7 ms, ET of 120 ms, FOV of
190 mm, slice thickness of 2 mm and a space between slices of 0.2 mm.
Regarding DTI sequences, the protocol had an acquisition matrix of

108× 98, FOV of 214 mm and 70 ms ET. TR varied between 2758 and
11 713 ms depending on slice number adapted according to the dog’s size. Slice
number varied from 42 to 110. Moreover, 32 diffusion directions were applied
(applied diffusion weighting (b value) low b value= 0, maximal b
value= 800 s mm− 2). Furthermore, reconstructed voxel size was determined
for 1.65× 1.65× 2.00 mm, slice thickness was fixed in 2 mm and no space was
left between slices. Phase correction was automatically applied during acquisi-
tion of DTI sequences and spectral pre-saturation with inversion recovery, a
spin manipulation involving fat with no effect on water resonance, was
implemented in order to diminish interference from epidural fat. Moreover,
dynamic stabilisation was used at acquisition time point to improve image
consistency and for motion correction. Using a diffusion registration package,
DTI images were intra-registered to the baseline b= 0 value scans to correct
eddy-current distortions.57,59–61

Image processing
T2W sequences were examined by at least one board certified neurologist (AT
and/or VMS) in order to determine localisation of lesion and presence of spinal
cord compression. Moreover, assessment of lesion extent of SCI was performed
in sagittal T2W planes, as this method is currently used for evaluation of lesion
extent and severity in clinical conditions.12,25,55,56,62 Lesion extent of the spinal
cord in T2W sequences was defined as segments presenting herniated disc
material causing compression of the spinal cord and associated intramedullary
hyperintense signal.25,62 Extent of spinal cord lesion was assessed in sagittal
T2W images. Lengths of hyperintense signal and spinal cord compression were
measured in millimetres and expressed as a ratio in relation to the vertebral
body length of the second lumbar vertebra as previously described and defined
as T2W lesion extent ratio (T2W-LER; Figure 1).25,62 Evaluation of T2W-LER
was performed using the commercially available software easyVET (Version
8.0.0.03/R3, 2015, Isernhagen, Germany).
Definition of the regions of interest (ROI) in DTI sequences was performed

using the extended MR workspace software (Version 2.6.3.4, 2012, Philips
Medical Systems, Eindhoven, the Netherlands). For this purpose, T2W images
were placed over FA maps serving as template for determination and
positioning of the ROIs. In dogs affected by acute or chronic SCI, values of
FA and ADC were obtained from ROIs placed within signal deriving from
spinal cord at the epicentre, as well as one spinal segment cranially and
caudally. In dogs presented with an acute SCI, the epicentres were defined as
segments of spinal cord with contusion and/or compression caused by IVDH or
vertebral fracture; whereas in dogs presented with chronic SCI, epicentres were
defined as spinal cord segments with compression or evidence of previous
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surgical decompression suggesting the initial localisation of SCI. In FA maps,
signal deriving from spinal cord parenchyma above intervertebral disc spaces
was first identified. Herniated disc material and fluid filled cavitations were
identified when present and excluded from measurements; therefore, only
signal from spinal cord parenchyma was taken into consideration for ROI
placement (Figure 2). Individual voxels were first placed within the white and
grey matter of the spinal cord using the application tool ‘Multiple ROIs’
avoiding signals representing cerebrospinal fluid and epidural fat. Voxels were
set in transversal FA maps to minimise partial volume effects.58

Statistical analysis
FA and ADC values obtained from dogs that required positioning of more than
one ROI at the lesion epicentre were reported as mean values. Similarly, in
disease control dogs, mean values of DTI metrics obtained from at least two
localisations between T12 and L3 segments were calculated. Assumption of
normal distribution of DTI values was tested by means of Kolmogorov-
Smirnov test as well as visual evaluation of qq-plots of model residuals.
Moreover, a one-way variance analysis was performed to compare DTI metrics
between groups at each independent spinal localisation and additionally, the
effect of sex on variance analysis was evaluated as a dichotomous variable.

Furthermore, covariance calculations to assess influence of either age or body

weight over FA and ADC values were additionally implemented for each

variance analysis. Student’s t-tests were performed to compare T2W-LER

between acute and chronic SCI affected dogs. Correlations between DTI values

and T2W-LER obtained from paraplegic dogs were determined by means of a

Pearson’s correlation coefficient. Significance level was set at Po0.05, statistics

were performed using SAS software, version 9.2 (SAS Institute, Cary, NC, USA)

and graphics were generated utilising the commercial software GraphPad Prism

(version 5, GraphPad Software, CA, USA).

RESULTS

Population
A total of 47 paraplegic dogs with thoracolumbar SCI, 28 males and
19 females, fulfilled the inclusion criteria. Mean age was 5.7 years
(median, 4.8 years; range, 2–16 years) and mean body weight was
9.1 kg (median, 8.8 kg; range, 3.8–19.6 kg; detailed information of
subjects is contained in Table 1). Thirty-two dogs were assigned to the
group of acute SCI (time point of non-ambulatory state first noticed
by the owners to examination ⩽ 7 days; mean, 1.4 days; median, 1 day;

Figure 1 Sagittal plane T2W images from the spinal cord of a male Jack Russell Terrier, age 4.4 years and body weight 7.4 kg with an acute SCI due to
IVDH at the level of Th12/13 (white star; a) and a male Dachshund, age 4.8 years and body weight 8.8 kg affected by a chronic SCI caused by IVDH at
Th11/12 (b). Length of vertebral body L2 and T2W lesion extent are shown with green lines.

Figure 2 Transversal planes of T2W and diffusion tensor imaging—FA maps of the spinal cord from (a) a male Dachshund age 9.7 years and body weight
14.8 kg, with an acute SCI after IVDH at the level of L1/2, and (b) a female French bulldog, age 2.8 years and body weight 13 kg, with a chronic SCI at the
level of L2/3. Colour coding of FA maps denote water diffusion in cranio-caudal axis in blue, in latero-lateral axis in red and in ventro-dorsal axis in green.
The star in a shows disc material compressing the spinal cord and arrows in b point at cavitations within the spinal cord. Areas considered for placement of
ROIs are delimitated by a white contour.
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range, 0–7 days), whereas 15 dogs were assigned to the chronic SCI
group (time point of non-ambulatory state first noticed by the owners
to examination ⩾ 28 days; mean, 167.1 days; median, 136 days; range,
53–365 days). In three dogs belonging to the chronic SCI group, it was
not possible to determine the exact time point of initial trauma
precisely as dogs came from animal shelters. Furthermore, the age
could not be determined in one of these dogs for the same reason. All
dogs with an acute SCI were diagnosed with IVDH, with the exception
of one dog with a vertebral fracture following exogenous trauma.
Eleven dogs with chronic SCI had evidence of former decompressive
surgery due to IVDH.

Fractional anisotropy
Measured FA values are summarised in Table 2. At the epicentres,
values measured from the group of dogs with acute SCI were higher
than of disease control dogs (P= 0.0065); furthermore, no difference
was found perilesionally between the group with acute SCI and disease
controls (P= 0.2054 cranially and P= 0.4968 caudally to epicentre;
Figure 3). Moreover, FA values from the group of dogs with chronic

SCI dogs were significantly lower when compared to disease control
dogs (Po0.0001 at epicentres and caudally; P= 0.0002 cranially;
Figure 3). Comparison of dogs with acute or chronic SCI revealed a
highly significant difference at each spinal cord localisation in respect
to the lesion (Po0.0001 at epicentres, cranially and caudally;
Figure 3). Covariance analysis performed between chronic SCI, acute
SCI and disease control groups revealed no influence of sex
(P= 0.1695 at epicentres, P= 0.1663 cranially and P= 0.6012 caud-
ally), body weight (P= 0.8938 at epicentres, P= 0.8956 cranially and
P= 0.8816 caudally) or age (P= 0.5489 at epicentres, P= 0.7151
cranially and P= 0.7734 caudally) among any of the groups on the
variance analysis.
Measured FA values are summarised in Table 2. Comparison of

dogs with acute or chronic SCI revealed a highly significant difference
at each spinal cord localisation in respect to the lesion (Po0.0001 at
epicentres, cranially and caudally; Figure 3). Moreover, FA values from
the group of dogs with chronic SCI dogs were significantly lower when
compared to disease control dogs (Po0.0001 at epicentres and
caudally; P= 0.0002 cranially; Figure 3). At the epicentres, values
measured from the group of dogs with acute SCI were higher than of
disease control dogs (P= 0.0065); furthermore, no difference was
found perilesionally between the group with acute SCI and disease
controls (P= 0.2054 cranially and P= 0.4968 caudally to epicentre;
Figure 3).
Covariance analysis performed between chronic SCI, acute SCI and

disease control groups revealed no influence of sex (P= 0.1695 at
epicentres, P= 0.1663 cranially and P= 0.6012 caudally), body weight
(P= 0.8938 at epicentres, P= 0.8956 cranially and P= 0.8816 caudally)
or age (P= 0.5489 at epicentres, P= 0.7151 cranially and P= 0.7734
caudally) among any of the groups on the variance analysis.

Apparent diffusion coefficient
ADC values are summarised in Table 2. Values obtained from
epicentres in dogs suffering from acute SCI differed from disease
control values, being significantly lower (P= 0.0099). Decrease in ADC
values was, however, not present in segments cranial and caudal to
epicentres (P= 0.4546 cranial and P= 0.1153 caudal to epicentre;
Figure 4) Interestingly, no significant differences of ADC values were
found between paraplegic dogs with a chronic state of SCI and disease
control values at any localisation (P= 0.1436 epicentres, P= 0.1348
cranially and P= 0.1794 caudally). Paraplegic dogs suffering from
acute SCI had significantly lower ADC values at each localisation
compared to those with chronic SCI (Po0.0001 for epicentres,
cranially and caudally; Figure 4). Neither sex (P= 0.2778 at epicentres,
P= 0.4739 cranially and P= 0.6302 caudally), body weight (P= 0.3202
epicentres, P= 0.1266 cranially and P= 0.2885 caudally) nor age
(P= 0.1818 epicentres, P= 0.5059 cranially and P= 0.8419) had an
influence on ADC values among the different groups at each evaluated
spinal cord segment.
ADC values are summarised in Table 2. Paraplegic dogs suffering

from acute SCI had significantly lower ADC values at each localisation
compared to those with chronic SCI (Po0.0001 for epicentres,
cranially and caudally; Figure 4). Values obtained from epicentres in
dogs suffering from acute SCI differed from disease control values,
being significantly lower (P= 0.0099). Decrease in ADC values was,
however, not present in segments cranial and caudal to epicentres
(P= 0.4546 cranial and P= 0.1153 caudal to epicentre; Figure 4).
Interestingly, no significant differences of ADC values were found
between paraplegic dogs with a chronic state of SCI and disease
control values at any localisation (P= 0.1436 epicentres, P= 0.1348
cranially and P= 0.1794 caudally). Neither sex (P= 0.2778 at

Table 2 Median and mean values of DTI metrics

FA ADC (10−3mm2 s−1)

Median Mean± s.e.m. Median Mean± s.e.m.

Acute SCI
Cranial 0.754 0.739±0.0171 0.885 0.992±0.0638

Epicentre 0.784 0.777±0.0112 0.759 0.818±0.0396

Caudal 0.718 0.705±0.0167 0.937 0.923±0.0476

Chronic SCI
Cranial 0.394 0.408±0.0348 1.470 1.533±0.1160

Epicentre 0.367 0.373±0.0310 1.509 1.513±0.1215

Caudal 0.377 0.378±0.0338 1.371 1.481±0.1189

Disease controls 0.693 0.652±0.0342 1.344 1.286±0.1217

Abbreviations: ADC, apparent diffusion coefficient; DTI, diffusion tensor imaging; FA, fractional
anisotropy; s.e.m., standard error of means.

Figure 3 Tukey box plots depicting distribution of FA values obtained from
paraplegic dogs after acute and chronic SCI at each evaluated spinal cord
segment in relation to the lesion. Second quartile, median and third quartile
of FA obtained from disease control dogs are depicted in the background as
a grey area and horizontal line, respectively. Significance levels between
dogs with acute and chronic SCI are shown with stars (*), whereas
significance level between acute or chronic SCI affected dogs and disease
controls are depicted with numerical signs (#).
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epicentres, P= 0.4739 cranially and P= 0.6302 caudally), body weight
(P= 0.3202 epicentres, P= 0.1266 cranially and P= 0.2885 caudally)
nor age (P= 0.1818 epicentres, P= 0.5059 cranially and P= 0.8419)
had an influence on ADC values among the different groups at each
evaluated spinal cord segment.

T2W to lesion extent ratio
T2W-LER in the acute SCI group displayed a mean value of 3.89
(s.e.m.± 0.3493; median, 3.26), whereas the chronic group showed a

mean value of 5.96 (s.e.m.± 0.7918; median, 5.60). Dogs with chronic
SCI had significantly higher T2W-LER than those acutely affected
(P= 0.0077).
Moreover, results of Pearson’s correlation tests revealed a moderate

negative correlation between T2W-LER and FA values obtained from
dogs with acute and chronic SCI at the level of epicentres and one
spinal cord segment cranially and a weak positive correlation between
T2W-LER and ADC at the same localisations.
Correlations could not be found between both, FA and ADC, and

T2W-LER in paraplegic dogs with acute SCI (Table 3 and
Supplementary Fig. 1). However, a strong negative correlation and a
moderate negative correlation was found between T2W-LER and FA
values at the level of one spinal cord segment cranially to epicentres
and at epicentres, respectively. ADC values and T2W-LER did not
correlate in the chronic stage of SCI (Table 3).

DISCUSSION

In the present study, DTI values measured from the thoracolumbar
spinal cord of a population of paraplegic dogs with acute or chronic
SCI were characterised and compared. Lesions to the spinal cord in
this study were not experimentally induced in laboratory conditions,
but dogs were prospectively recruited as they spontaneously developed
paraplegia.
In dogs with chronic SCI, FA values were lower than in both,

disease controls and dogs with an acute SCI at all spinal cord
localisations evaluated. Chronic state of SCI is the result of complex
adaptation responses engaging vascular changes, free radical forma-
tion, ionic imbalances, inflammation, demyelination and
apoptosis.1,63,64 Such mechanisms facilitate gliosis, activation of
astrocytes and subsequent formation of intraparenchymal fluid-filled
cavitations through glial scar consolidation together with partial
remyelination and large spaces between axons.6,8,24 Consequently,
massive loss of white matter tracts may cause decreases in anisotropy,
which are reflected by a decrease of FA values (Figure 5). Low
anisotropy is the hallmark of chronic SCI in humans and rodents as
well.51,53,65–67 Furthermore, secondary degeneration-mediated lesions
extending cranially and caudally from lesion epicentre lead in some
cases to myelomalacia, fluid cavity formation and Wallerian
degeneration.7,45,63,68 Lower perilesional FA values in paraplegic dogs
affected by chronic SCI are in agreement with former observations in
distant spinal cord segments of humans suffering chronic SCI.45

Dogs affected by acute SCI showed increased FA values at the lesion
epicentre compared to disease controls. This finding is opposed to
reported FA values of rodents after contusion, hemitransection or
transection of the spinal cord.50–52,69 In contrast to most rodent
models, which use contusion injury alone with no compression,
spontaneous canine SCI combines contusion and permanent com-
pression forces exerted over the spinal cord.24,32 Presence of extruded
disc material in the vertebral canal at the level of epicentres may cause
a reduction of space, and therefore the risk of compression, between
intact or swollen axonal tracts increasing its anisotropy (Figure 5).
Increased FA values are commonly reported in acute traumatic brain
injury in humans and cytotoxic oedema in white matter tracts has
been postulated as a possible cause.70,71

ADC revealed a wider distribution than FA in dogs with acute and
chronic SCI. In a study describing healthy canine spinal cords, ADC
values showed more variability among individuals and localisations
than FA.58 In the current study, ADC values obtained at epicentres
and perilesional differed significantly between the acute and chronic
states of SCI. However, these values did not reach significance levels
when compared to disease control dogs, with the exception of ADC

Figure 4 Tukey box plots depicting distribution of ADC values obtained from
paraplegic dogs after acute and chronic SCI at each evaluated spinal cord
segment in respect to the lesion. Second quartile, median and third quartile
of ADC obtained from disease control dogs are depicted in the background
as a grey area and horizontal line, respectively. Significance levels between
acute and chronic SCI affected dogs are shown with stars (*) and
significance level between acute or chronic SCI affected dogs and disease
controls are depicted with numerical signs (#).

Table 3 Pearson’s correlation coefficients (r) between DTI and

T2W-LER values

DTI Localisation r P-value

Acute and chronic SCI (n=47)
FA Cranial −0.4369 0.0027

Epicentre −0.4781 0.0007

Caudal −0.2945 0.0445

ADC Cranial 0.3710 0.0121

Epicentre 0.3056 0.0367

Caudal 0.1483 0.3200

Acute SCI (n=32)
FA Cranial 0.0978 0.6007

Epicentre 0.1077 0.5576

Caudal 0.2568 0.1559

ADC Cranial −0.0114 0.9513

Epicentre 0.0195 0.9155

Caudal −0.2218 0.2224

Chronic SCI (n=15)
FA Cranial −0.5517 0.0408

Epicentre −0.6810 0.0052

Caudal −0.1801 0.5197

ADC Cranial 0.4502 0.1062

Epicentre 0.06324 0.8228

Caudal −0.0370 0.8958

Abbreviations: ADC, apparent diffusion coefficient; DTI, diffusion tensor imaging; FA, fractional
anisotropy; T2W-LER, T2-weighted lesion extent ratio. Bold values indicate statistical significance.
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metrics measured at epicentres during acute SCI. Spheroid formation
as well as intra-axonal mitochondrial accumulations and permanent
mechanical deformation by extruded disc material during the acute
state of injury may explain the impaired diffusivity found at the
epicentre (Figure 5).6,7 A clear differentiation of the compressed spinal
cord’s white and grey matter is challenging, even when evaluating
conventional T2W sequences. Therefore, no attempt was made to
distinguish individual funiculi and signal deriving from whole
parenchyma was considered for ROI placement as previously
reported.57,58,72

In conventional T2W sequences, SCI can be evidenced by the
presence of compression and/or intramedullary hyperintense
signal.10–12,14 Intramedullary T2W hyperintensities have been asso-
ciated with oedema, haemorrhage, malacia, necrosis, liquefaction and
fluid-filled cavitations.8,73,74 As expected, dogs with acute SCI showed
a lower T2W-LER than dogs from the chronic group, since progres-
sion of the secondary degeneration may induce microstructural and
MRI signal intensity changes as evidenced in perilesional and distant
segments.7,75,76 Interestingly, lower values of FA obtained from lesion
epicentres and one spinal cord segment cranially were correlated with

longer T2W-LER in the chronic group, suggesting that Wallerian
degeneration and enlarged space between axonal tracts and glial scar
most commonly occur caudal to the lesion epicentre, and as the lesion
extends, cranial segments are involved. Similar, in humans, extent of
retrograde Wallerian degeneration during chronic SCI has been
evidenced in axonal tracts of the dorsal column cranial to the
epicentre.11,76–78 Quantifiable data for structural integrity obtained
through DTI of the spinal cord could complement visual assessment
of T2W sequences and provide greater insight into the nature of the
lesion. This may be particularly important in clinical decision making
situations.
As DTI of the spinal cord has been scarcely described in animal

models with spontaneous SCI,42 our first aim was to characterise both
temporal stages of SCI in dogs. This study validates the use of DTI
technique in acute and chronic SCI in dogs, a tool which was formerly
reported in healthy dogs.57,58,79 Private-owned dogs with SCI represent
a very unique study population mirroring circumstances present in
human SCI, as many of them may present co-morbidities at the time
point of the SCI and may be affected from post-injury complications
such as recurrent urinary bladder infections.30,80 Moreover, dogs
affected by spontaneous SCI are often managed long term by their
owners albeit absent or incomplete functional recovery.30 In contrast
to what has been reported in rodents with experimentally induced SCI,
the fact that DTI metrics behave differently between acute and chronic
stages in a spontaneous model of SCI opens the window for further
research opportunities such as correlations regarding outcome, motor
functional recovery and prognostic value of DTI for clinical trials that
could potentially benefit both, humans and dogs affected with
severe SCI.
Diffusion tensor MR was able to determine microstructural

differences between acute and chronic stages of SCI, particularly
regarding parenchymal anisotropy depicted by the FA value. Further-
more, FA values correlated with T2W-LER in chronic SCI. These
findings suggest that measurements of FA are a promising comple-
mentary monitoring tool for microstructural evaluation of the spinal
cord in dogs with chronic SCI for novel treatment implementation
and emphasise the role of spontaneous canine SCI as a large animal
translational model for human SCI.
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