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Background: Transcranial magnetic motor evoked potentials (TMMEP) are associated with sever-

ity of clinical signs and magnetic resonance imaging (MRI) findings in dogs with spinal cord disease.

Hypothesis: That in initially paraplegic dogs with thoracolumbar intervertebral disc herniation

(IVDH), MRI findings before surgery and TMMEPs obtained after decompressive surgery are asso-

ciated with long-term neurological status and correlate with each other.

Animals: Seventeen client-owned paraplegic dogs with acute thoracolumbar IVDH.

Methods: Prospective observational study. TMMEPs were obtained from pelvic limbs and MRI (3T) of

the spinal cord was performed at initial clinical presentation. Follow-up studies were performed�2 days

after reappearance of motor function and 3 months later. Ratios of compression length, intramedullary

hyperintensities’ length (T2-weighted hyperintensity length ratio [T2WLR]), and lesion extension (T2-

weighted-lesion extension ratio) in relation to the length of the 2nd lumbar vertebral bodywere calculated.

Results: TMMEPs could be elicited in 10/17 (59%) dogs at 1st and in 16/17 (94%) dogs at 2nd

follow-up. Comparison of TMMEPs of 1st and 2nd follow-up showed significantly increased ampli-

tudes (median from 0.19 to 0.45 mV) and decreased latencies (from 69.38 to 40.26 ms; P5 .01 and

.001, respectively). At 2nd follow-up latencies were significantly associated with ambulatory status

(P5 .024). T2WLR obtained before surgery correlated with latencies at 2nd follow-up (P5 .04).

Conclusions: TMMEP reflect motor function recovery after severe spinal cord injury.

Abbreviations: CLR, compression length ratio; DPP, deep pain perception; IVDH, intervertebral disc herniation; MRI, magnetic resonance imaging; mFFE, multi-echo

fast field echo; SCI, spinal cord injury; SD, standard deviation; T, tesla; T2W, T2-weighted; T2W-LER, T2-weighted-lesion extension ratio; T2WLR, T2-weighted

hyperintensity length ratio; TE, echo time; TMMEP, transcranial magnetic motor evoked potentials; TMS, transcranial magnetic stimulation; TR, repetition time.
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1 | INTRODUCTION

Spinal cord injury (SCI) in dogs is frequently caused by thoracolumbar

intervertebral disc herniation (IVDH) resulting in a broad range of clini-

cal signs ranging from paraspinal hyperesthesia to paraplegia and loss

of deep pain perception (DPP) with concomitant impairment of micturi-

tion and defecation.1–8 Transcranial magnetic stimulation (TMS) gener-

ates transcranial magnetic motor evoked potentials (TMMEPs) that

enable a noninvasive and fast evaluation of the functional integrity of

descending motor pathways in the brain and spinal cord.9 TMS is well

established in human medicine, providing information about corticospi-

nal tract damage and lesion location in cervical SCI.10–13 Moreover, it

can be of prognostic value in stroke and SCI patients.14,15 In veterinary

medicine application of TMS has been described as an ancillary tool for

evaluation of clinical signs in horses and dogs with spinal cord

diseases.16–18 Associations of TMMEP data with severity of clinical

signs and magnetic resonance imaging (MRI) findings has been

described in cervical spondylomyelopathy in Great Danes and Dober-

mann Pinschers.18,19

Various methods have been used to estimate prognosis after

severe SCI in dogs. In particular, presence or absence of DPP is the

most reliable prognostic indicator for recovery after severe SCI in dogs

and is a frequently used reference for evaluating new prognostic

approaches.1,20–24 Potential cerebrospinal fluid biomarkers and imaging

characteristics have been evaluated with respect to severity of SCI

assessed by neurological examination and correlation with functional

outcome.4,25–30 MRI allows accurate identification of characteristics of

extruded disc material and parenchymal spinal cord damage.31,32 In

several previous studies, MRI measurements on T2-weighted images

have been associated with severity of clinical signs and long-term

ambulatory outcome.25,33,34

A comparison of TMMEP data with MRI findings and long-term

functional outcome has not previously been reported for dogs with

thoracolumbar IVDH.

In this prospective study, initially paraplegic dogs with thoraco-

lumbar IVDH diagnosed by MRI received decompressive surgery and

were re-evaluated after surgery by neurological examination, TMS

and MRI during a 3 to 4 months lasting follow-up period. It was

hypothesized that TMMEPs obtained after surgery (1) are associated

with long-term neurological status and (2) correlate with MRI

findings.

2 | MATERIAL AND METHODS

2.1 | Study design

For this prospective study, 17 client-owned paraplegic dogs admitted

to the Department of Small Animal Medicine and Surgery, University

of Veterinary Medicine Hannover, Germany were recruited between

November 2013 and May 2015. Before study enrollment, written

owner consent was obtained. The study was conducted in accordance

with the guidelines of the Animal Care Committee of the Government

of Lower Saxony and national regulations for animal welfare (animal

experiment number 33.14–42502-04–13/1277). Dogs had to meet the

inclusion criteria of:<20 kg bodyweight, acute paraplegia (onset�7

days) with present or absent DPP, and SCI due to IVDH between T3-

L3 confirmed by MRI and surgery. Postoperative treatment consisted

of analgetics/anti-inflammatory drugs (methadone 0.2 mg/kg IV or fen-

tanyl 2.7 mg/kg spot-on during hospitalization and pregabalin 4 mg/kg

PO, metamizole 25–50 mg/kg PO), gastroprotective drugs (omeprazole

1 mg/kg PO), alpha blockers if indicated (phenoxybenzamine 0.5 mg/kg

PO), and parasympathomimetics (bethanechol 0.5 mg/kg PO) for con-

trol of urination and physical treatment at a physiotherapist on a

defined weekly routine.

All dogs had a general physical and a neurological examination,

complete blood cell count, routine serum biochemistry, and radio-

graphs of the vertebral column. According to their neurological defi-

cits, dogs were assigned to a scale published before with Grade I

(spinal hyperesthesia without neurological deficits); Grade II (ambu-

latory paraparesis and ataxia); Grade III (non-ambulatory parapare-

sis); Grade IV (paraplegia with DPP); and Grade V (paraplegia with

loss of DPP).35

At initial clinical presentation, TMS was performed under deep

sedation, as described in previously published studies.16,36–39 After-

ward, MRI examinations were performed to definitely localize and char-

acterize IVDH and the lesion within the spinal cord and subsequently

all dogs underwent decompressive surgery during the same anesthesia.

First follow-up including a neurological examination and TMS was per-

formed when motor function reappearance was observed at daily

examination during hospitalization or after discharge either at serial

weekly examinations by the investigators or by the instructed owners

and confirmed at the hospital within 2 days (range 4–35 days after

surgery). Second follow-up was performed 3 months after the 1st

follow-up comprising repeated neurological examination, TMS and MRI

(80–128 days after surgery; Figure 1).

2.2 | TMMEPs

Dogs were sedated with acepromazine (Vetranquil, CEVA Tiergesund-

heit GmbH, D€usseldorf, Germany; 0.02-0.05 mg/kg) and levometha-

done/fenpipramide (L-Polamivet, Intervet Deutschland GmbH,

Unterschleißheim, Germany; 0.2-0.4 mg/kg) IV and TMS was per-

formed in lateral recumbency or sternal positioning. TMMEPs were

recorded as described in previous studies with minor modifica-

tions.19,37,39 A transcranial magnetic stimulator (Magstim 2002, Mag-

stim, Carmarthenshire, UK), capable of producing a maximum 4.0 Tesla
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(T) magnetic field (correlates with a 100% intensity) with a 50 mm ring

coil was used. The coil was held tangentially to the skull in close con-

tact to the skin with the center of the coil lateral to the vertex to stimu-

late the motor cortex. The current flow within the coil ran in clockwise

direction and 4 consecutive stimulations were delivered for generation

of TMMEPs. These resulting 4 potentials were recorded from pelvic

limbs after contralateral magnetic stimulation by use of an electromyo-

graph (Nicolet NicVue 2.9.1, Natus Medical Incorporated, Planegg, Ger-

many). The recording muscle electrode was positioned in the middle of

the muscle belly of the cranial tibial muscle. The reference electrode

was positioned SC 1 cm distal to the muscle electrode, whereas the

ground electrode was placed SC on the dorsal midline of the caudal

lumbar region.

To display, measure, and save TMMEP waveforms commercially

available computer software (VikingSelect-Software Version 11.0,

Viasys healthcare, CareFusion, H€ochberg, Germany) was used. Graphic

analysis was performed on the first 200 ms of recording time after

stimulus offset. Onset latency and peak-to-peak amplitude were meas-

ured as described before by manually directed cursors on the oscillo-

scope.40 Onset latencies were measured in milliseconds (ms) and

defined as interval between the stimulus to the start of the muscle

response. Peak-to-peak amplitudes were measured in microvolts (mV)

and calculated from the peak of the negative wave to the nadir of the

1st positive wave. Neuronal path length was measured starting at the

vertex via the estimated course of nerve fibers to the muscle needle

positioned within the cranial tibial muscle, contralateral to the stimula-

tion site.19

2.3 | Magnetic resonance imaging

All dogs were examined under general anesthesia using a 3.0 T magnet

(Philips Achieva, Philips Medical Systems, PC Best, The Netherlands)

with a phased array SENSE (sensitivity encoding)-spine-coil with 15

channels. The thoracolumbar spinal cord was scanned with the follow-

ing sequences: T2-weighted sequence was a turbo-spin-echo sequence

with sagittal (repetition time [TR]53,100 ms, echo time [TE]5120 ms,

slice thickness 1.8 mm, interslice gap 0.2 mm) and transverse

(TR58,418 ms, TE512 ms, slice thickness 1.8 mm, interslice gap

0.2 mm) planes. Images were complemented by transverse planes of

T1-weighted (TR5491 ms, TE58 ms, slice thickness 1.8 mm, inter-

slice gap 0.2 mm) and multi-echo fast field echo (mFFE; TR521 ms,

TE57 ms, slice thickness 1.8 mm, interslice gap 0.2 mm) sequences.

MRI data sets of all dogs were evaluated as DICOM formatted

images by use of an image viewer and processing software (easyImage,

easyVET, IFS GmbH, Hannover, Germany). T2-weighted sequences

were assessed by board certified neurologists (A. Tipold, VM. Stein, or

both) in order to determine localization of SCI for subsequent surgical

procedures. Identification of T2-weighted intramedullary hyperinten-

sities was performed upon assessment of sagittal images.25,26,33 Corre-

sponding transverse T2-weighted images were evaluated for detection

of hyperintensities’ length expansion to increase accuracy of measure-

ments.41 T1-weighted sequences were assessed in transverse planes to

exclude presence of T1-weighted hyperintensities.33 Quantification of

spinal cord compression by extruded intervertebral disc material was

achieved by measurements on sagittal T2-weighted sequences, trans-

verse T2-, T1-weighted, and mFFE sequences were used to confirm

longitudinal extent of spinal cord compression. Analogously to previ-

ously published data, the maximal spinal cord compression, expressed

as a ratio (SCCR) of the spinal cord diameter 1 vertebral articulation

cranial to any compression was assessed.33 The sagittal height of verte-

bral canal at site of highest compression (most ventral aspect repre-

sented by dorsal border of extruded disc material) was used to

calculate a ratio (VCCR) by division of sagittal vertebral canal height

(ventral aspect represented by dorsal border of healthy disc) 1 vertebral

articulation cranial to any compression.33 Total lesion extension eval-

uated on sagittal T2-weighted sequences (T2W-LE) was defined as

overall length of spinal cord compression together with intramedullary

hyperintense signal. This measurement was performed separately to

account for possible overlapping of hyperintensities and regions of spi-

nal cord compression. The length of L2 was used to calculate standar-

dized T2-weighted hyperintensity length ratio (T2WLR), spinal cord

compression length ratio (CLR), and T2 weighted-lesion extension ratio

(T2W-LER), as described before (Figure 2).25,33,34,42 The same observ-

ers performed all measurements on initial and follow-up MRI examina-

tions and had access to a list of patient IDs, being blinded to

neurological status throughout the study at the time of performing

MRI measurements.

2.4 | Statistical methods

To compensate for the dogs’ differing body sizes and therefore neural

conduction pathway lengths onset latencies of each limb were normal-

ized with the measured neuronal path-length. Resulting stimulus con-

duction velocities (m/s) were used as a surrogate for normalized

latencies in all calculations. TMMEP variables (normalized latencies and

amplitudes) recorded in each dog from the right and left pelvic limbs

were averaged to give a mean value for each dog and variable. Com-

parison of TMMEP data series was limited to dogs with recordable

TMMEPs both at 1st and 2nd follow-up (n59). Latencies and

FIGURE 1 Design of the prospective study. After naturally
occurring thoracolumbar intervertebral disc herniation, dogs were
presented at the clinic within 7 days. At initial presentation, a
neurological examination (NE), transcranial magnetic stimulation
(TMS) to obtain transcranial magnetic motor evoked potentials
from the pelvic limbs and magnetic resonance imaging (MRI) of the
spinal cord were performed before hemilaminectomy (surgery).
First follow-up included a NE and TMS within 2 days after observ-
able motor function reappearance (range 4–35 days after surgery).
Second follow-up was performed 3 months after the 1st follow-up
(range 80–128 days after surgery) comprising repeated NE, TMS,
and MRI
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amplitudes were not normally distributed (determined by use of the

Kolmogorov-Smirnov test, histogram examination of outliers) and com-

parison between 1st and 2nd follow-up TMMEP data was performed

by use of non-parametric tests (Wilcoxon signed-rank test). Association

between latencies and amplitudes with severity of neurological signs at

1st and 2nd follow-up were examined by use of Wilcoxon rank-sum

test. For comparison of MRI data from initial presentation and 2nd

follow-up, non-parametric methods (Wilcoxon signed-rank test) were

used, because all data sets were not normally distributed. Associations

between initial MRI data with grades of neurological impairment at ini-

tial presentation and 2nd follow-up examinations was calculated by

Wilcoxon rank-sum test. Correlation of CLR, T2WLR, and T2W-LER

obtained at initial presentation with TMMEPs at 1st follow-up and 2nd

follow-up was calculated with a Pearson correlation test. Analogously,

correlation was calculated of MRI findings with TMMEP data, both

assessed at 2nd follow-up. P values of< .05 were considered signifi-

cant. The statistical analyses were performed with commercially avail-

able software programs (SAS Enterprise Guide 7.1, SAS Institute Inc,

Cary, North Carolina; SPSS 24.0.0.0 for Windows, IBM SPSS Statistics,

Chicago, Illinois).

3 | RESULTS

3.1 | Clinical data and neurological status

Seventeen paraplegic dogs with an SCI because of IVDH between T3-

L3 spinal cord segments were enrolled in this study. Onset of clinical

signs was acute (duration of non-ambulatory status median: 1 day;

range,<24 hours-7 days). Dogs had a median age of 5.1 years (range,

2.6–10.7 years) and had a median bodyweight of 8.3 kg (range, 3.9–

19.6 kg). The study population consisted of 5 sexually intact males, 7

FIGURE 2 Sagittal T2-weighted MR image of an 11-year-old Shih
Tzu with intervertebral disc herniation and marked spinal cord
compression at the level of Th11/12. Solid lines indicate intramed-
ullary hyperintensities (T2WL), whereas the dotted line indicates
spinal cord compression length (CL). Summation of solid and dotted
lines represents T2W-LE; division of these lengths by the lengths
of L2 (not depicted here) create the dimensionless ratios T2-
weighted hyperintensity length ratio, compression length ratio, and
T2-weighted-lesion extension ratio. The latter of the 3 ratios was
calculated separately to account for possible overlapping of hyper-
intensities and regions of spinal cord compression

TABLE 1 Course of motor function recovery and TMMEP data during follow-up in 17 paraplegic dogs

Initial presentation 1st follow-up examinationa 2nd follow-up examinationb

Neurological grade
According to Sharp
and Wheeler (2005)c Grade

Latenciesd,e,f (ms)
{stimulus conduction
velocity}(m/s) Amplitudesd,e (mV) Grade

Latenciesd,e,f (ms)
{stimulus conduction
velocity}(m/s) Amplitudesd,e (mV)

(Number of dogs n517)g (n517) (TMMEPs in n510) (n517) (TMMEPs in n516)

V (4) III (4) 93.59 (35.98–151.20)(2) 0.19 (0.10-0.29)(2) III (2) 108.78 (99.55–118.4) (2) 0.15 (0.10-0.20) (2)

{13.17 (4.23-22.10)} {4.42 (2.58-6.27)}
II (2) 36.08 (31.11–41.05) (2) 0.36 (0.26-0.45) (2)

{20.58 (15.59-25.57)}

IV (13) III (10) 84.87 (34.80–118.40)(5) 0.25 (0.215-0.74)(5) II (6) 40.26 (33.73–99.85) (6) 0.64 (0.15-1.43) (6)

{8.89 (5.66-17.39)} {15.97 (8.40-22.40)}
I (4) 29.50 (28.28–61.36) (4) 0.71 (0.22-2.48) (4)

{21.14 (13.41-22.68)}
II (3) 53.87 (48.95-89.98)(4) 0.19 (0.175-0.20)(3) II (1) 39.73 (1) 0.84 (1)

{12.49 (6.59-22.04)} {28.20}
I (2) 44.98 (1) 0.20 (1)

{22.24}

Abbreviation: TMMEP, transcranial magnetic motor evoked potentials. aMedian 13 days; range, 4–35 days after surgery. bMedian 101; range, 80–128
days after surgery. cGrades of severity of neurological signs according to Sharp and Wheeler (2005).35

Grade I5 spinal hyperesthesia without neurological deficits
Grade II5 ambulatory paraparesis and ataxia
Grade III5non-ambulatory paraparesis
Grade IV5paraplegia with deep pain perception
Grade V5paraplegia with loss of deep pain perception

dMedian of onset latencies and peak-to-peak amplitudes. eValues in round brackets represent range of onset latencies and peak-to-peak amplitudes.
fNumbers in curly brackets represent median and range of onset latencies normalized with neuronal path length. gNumbers in square brackets represent
number of dogs.
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neutered males, 4 sexually intact, and 5 spayed females. The study

comprised Dachshunds (n54), mixed breed dogs (n54), 2 dogs of the

following chondrodystrophic breeds: French Bulldog, Jack Russell

Terrier, and Lhasa Apso and 1 dog of the following breeds: Shih Tzu,

Bolognese, Bolonka Zwetna, and Havanese.

Thirteen of the 17 dogs were paraplegic with DPP and therefore

classified as Grade IV, whereas 4/17 were paraplegic with absent DPP

and classified as Grade V. All dogs showed reappearance of motor

function and recovery of DPP after decompressive surgery. Dogs with

and without DPP before surgery recovered voluntary motor function

(confirmed by neurological examination) within 12.6 days (mean; range:

4–27 days) and 25.5 days (mean; range: 20–35 days), respectively.

Fourteen of 17 dogs (82.35%) remained non-ambulatory and 3/17

dogs (16.65%) regained ambulation at the 1st follow-up. At the 2nd

follow-up (median 100; range, 80–128 days after surgery), 15/17 dogs

(88.24%) became ambulatory, whereas 2/17 dogs (11.76%) with absent

DPP before surgery remained non-ambulatory, achieving Grade III

(Table 1).

3.2 | TMMEPs and comparison of TMMEP and

neurological status

TMMEPs could not be generated in paraplegic dogs with Grade IV and

V signs at initial presentation (n517). At 1st follow-up, 1–2 days after

reappearance of motor function TMMEPs were recorded in 10/17

(58,82%) dogs. In 4/10 paraparetic dogs (n51 with Grade II and n53

with Grade III) TMMEP generation was limited to 1 pelvic limb. The 7/

17 dogs without measurable TMMEP were all still non-ambulatory

(Grade III). At the 2nd follow-up examination, TMMEPs could be

obtained in 16/17 (94.12%) dogs. In 15/17 dogs, TMMEPs were eli-

cited from both pelvic limbs. In 1 non-ambulatory dog (Grade III),

TMMEPs could only be measured in 1 pelvic limb. TMMEPs could not

be elicited in 1 dog that had ambulatory paraparesis (Grade II; Tables 1

and 2).

TMMEP values of 9 dogs could be measured both at 1st (latencies

range: 34.80–151.20 ms; amplitudes range: 0.1-0.74 mV) and 2nd

(latencies range: 29.43–90.18 ms; amplitudes range: 0.1–2,43 mV)

follow-up and revealed a significant decrease of onset latency and a

significant increase of peak-to-peak amplitudes during the course of

therapy monitoring (Figure 3).

Latencies were not significantly different between ambulatory

(Grade II) and non-ambulatory (Grade III) dogs at 1st follow-up (Table

3). TMMEP latencies at 2nd follow-up were significantly longer in non-

ambulatory (Grade III, range: 99.55–118.4) compared to ambulatory

dogs (Grades I1 II, range: 28.28–99.85; Tables 1 and 3).

TMMEP amplitudes did not differ significantly between groups

with various degrees of motor function impairment during follow-up.

Onset latencies and amplitudes recorded at 1st follow-up were not

associated with neurological state at 2nd follow-up, though median of

onset latencies obtained at 1st follow-up was higher in dogs achieving

Grade II than in dogs recovering to Grade I at 2nd follow-up (89.98 ms

and 40.95 ms, respectively). T
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3.3 | MRI data and comparison of MRI data and

neurological status

Imaging data could be obtained in all dogs at initial presentation and at

the 2nd follow-up. At initial presentation intramedullary hyperinten-

sities were detected on T2-weighted images in 4/4 dogs with Grade V

and 8/13 dogs with Grade IV. At the 2nd follow-up, MRI 15/17

(88.23%) dogs showed T2-weighted hyperintensities in the spinal cord.

The 2 dogs without intramedullary hyperintensities in the follow-up

examination were initially presented with Grade IV.

Based on T2-weighted images evaluated spinal cord compres-

sion ratio (SCCR) and vertebral canal compression ratio (VCCR) sig-

nificantly increased, as expected in comparison between initial

presentation (median: 0.772 range: 0.439-0.939 and median: 0.722

range: 0.463-0.921, respectively) and after decompressive surgery

at 2nd follow-up (median: 0.872 range: 0.651-1.076; P5 .005 and

median: 0.907 range: 0.631-1.022; P< .001, respectively). T2WLR

was significantly associated with severity of neurological signs at ini-

tial presentation, as dogs with Grade V (median, 2.48; range, 1.78-

4.15) had significantly higher T2WLR (Table 3) than dogs with Grade

IV (median 0.69; range, 0.00–3.16; Table 2). At initial presentation,

dogs had a median CLR of 1.68 (range, 0.73-4.06) and median T2W-

LER of 2.52 (range, 0.99-9.13) with no significant difference

between dogs with Grade IV and V.

T2WLR obtained at initial presentation was significantly associated

with severity of neurological signs at the 2nd follow-up, as dogs with per-

sistent non-ambulatory paraparesis (Grade III) had a significantly higher

T2WLR at initial presentation (range, 2.99-4.15) than dogs achieving

ambulatory paraparesis (Grade II1 I, median 0.89, range, 0–3.16;

P5 .02). Other MRI findings (T2W-LER, CLR) were not significantly asso-

ciated with postoperative ambulatory status at 1st and 2nd follow-up.

No significant differences were found between T2WLR obtained

at initial presentation compared to results at the 2nd follow-up

(P5 .39). However, the CLR and T2W-LER were significantly lower

whereas the SCCR and VCCR were significantly higher at 2nd follow-

up examination compared to data obtained at initial presentation

(P< .001; P5 .002 and P5 .005; P< .001 respectively).

3.4 | Correlation of MRI data and TMMEP

There was a significant correlation of T2WLR at initial presentation and

latencies obtained at 2nd follow-up was detected (P5 .045; r52.507).

No further correlations were found for MRI data with TMMEP var-

iables recorded in paraparetic dogs at 1st and 2nd follow-up.

FIGURE 3 Comparison of peak-to-peak amplitudes and stimulus conduction velocity (normalized latencies) of transcranial magnetic motor
evoked potentials (TMMEPs) recorded at 1st and 2nd follow-up in 9 dogs. Comparison of these values revealed a significant increase of
peak-to-peak amplitudes (3A; P5 .01) and an increase of normalized latencies (3B; P5 .001). Each plot represents 1 dog, dotted lines con-
nect data of the same dog at 1st and 2nd follow-up. At 1st follow-up, TMMEPs could be obtained from the cranial tibial muscle in 16 pelvic
limbs of 9 dogs; at 2nd follow-up TMMEPs were recorded in 18 pelvic limbs of 9 dogs

TABLE 3 Association between TMMEP results, MRI findings and the severity of neurological signs in 17 paraplegic dogs

TMMEP and MRI
findings obtained at:

Association with grade of neurological signs,
assessed at: Latenciesa Amplitudes

P values for:
T2WLR T2W-LER CLR

Initial presentation Grade IV versus Grade V; at initial presentation – – .017* 0.33 0.43

Ambulatory versus non-ambulatory; at 1st follow-up – – .59 0.68 0.86
Ambulatory versus non-ambulatory; at 2nd follow-up – – .02* 0.058 0.500

1st follow-up Ambulatory versus non-ambulatory; at 1st follow-up 0.32 0.5 – – –

Grade I versus Grade II; at 2nd follow-up 0.17 0.26 – – –

2nd follow-up Ambulatory versus non-ambulatory; at 2nd follow-up 0.024* 0.05 .078 0.052 0.24

Abbreviations: TMMEP, transcranial magnetic motor evoked potentials; MRI, magnetic resonance imaging; T2W-LER, T2-weighted-lesion extension
ratio; T2WLR, T2-weighted hyperintensity length ratio; CLR, compression length ratio. aCalculations are based on onset latencies normalized with
neuronal path length (m/s). *Indicates statistical significance (P <.05).
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4 | DISCUSSION

This study outlines that recording of TMMEPs is a feasible method to

assess the course of motor function recovery after surgical intervention

in dogs with thoracolumbar IVDH, reflecting a functional result of indi-

vidual cellular recovery process.

In paraplegic dogs with thoracolumbar IVDH, therapeutic surgical

intervention alleviates spinal cord compression and creates precondi-

tions for motor function improvement.8,23,24,43,44 Therefore, decom-

pressive surgery is a commonly recommended therapeutic regimen in

paraplegic dogs with thoracolumbar IVDH, resulting in a motor function

outcome which is up to now best predicted by presence or absence of

DPP before surgery.4,20,24,43 Findings of this study are in accordance

with the aforementioned reports, as 15/17 dogs recovered ambulatory

status during the approximately 4 month follow-up, and dogs with ini-

tial Grade IV showed better motor function outcome than dogs with

Grade V before surgery.

In the present study, TMMEPs could not be elicited in paraplegic

limbs which is in accordance with a previously published study.16

During the course of the study all dogs recovered at least non-

ambulatory pelvic limb motor function at 1st follow-up. Concurrent

with motor function TMMEPs also reappeared in 59% (9/17) of the

dogs. In a study in dogs with acute onset of thoracolumbar IVDH

previously published only 3 of 9 dogs with voluntary movements of

the pelvic limbs had recordable TMMEP (30%) after surgery.16 How-

ever, of these 9 dogs only 4 had been paraplegic before surgery of

which none had reappearing TMMEPs limiting comparability of this

and the present study. Furthermore, the period from surgery to 1st

follow-up TMS was much shorter compared to the present study

(median: 2 days; range: 2–16 days and median: 13 days, range, 4–35

days, in the present study).16 Thus, healing mechanisms had more

time to restore spinal cord motor function in the dogs enrolled in

the study reported here. This assumption might be corroborated by

a study of artificially induced SCI in rats; it reported about disap-

pearance of motor evoked potentials after application of 60 g pres-

sure for 10 seconds and reappearance of waves with lower

amplitudes approximately 30 minutes later.45 TMMEP latency and

amplitude are affected by changes in axonal myelination that result

in altered conductivity and axonal integrity. Axonal demyelination is

a prominent feature of SCI, and spontaneous remyelination of axons

is considered to contribute to neurological recovery.46–48 Remyeli-

nation arises from resident glial progenitor cells, infiltrating the

injured region, where they differentiate into oligodendrocytes pro-

ducing myelin.49,50 Additionally, PNS associated Schwann cells

migrate to the spinal cord lesion, contributing to remyelination by

expressing platelet derived growth factor receptor a.49,51 These

processes start immediately after injury. However, it takes weeks to

achieve functional recovery.2 Therefore, the timing of TMS for an

assessment of spinal cord recovery seems to be crucial. Hence, hos-

pitalization and daily assessment of neurological status by specialists

after surgery until reappearance of motor function would lead to

more consistent state of recovery among dogs examined. This limita-

tion of the present study seemed to be inevitable due to owner

consent. Slightly varying state of motor function recovery based on

the individual cellular recovery process at the day of 1st follow-up

examination could be a source of noise in this study. However, as

TMMEPs might reflect cellular-level changes in function not evident

in the neurological exam, they might be considered as more sensitive

early markers for recovery.

In this study, no TMMEPs could be evoked in 6/17 (35%) dogs

from the pelvic limbs of dogs with motor function apparent at 1st

follow-up. This finding is in accordance with studies in human cervical

spondylotic myelopathy, where TMMEPs could not be elicited in all

individuals although motor function was present.11,52 Additionally, simi-

lar findings were reported in Doberman Pinschers, Great Danes, and

horses with cervical spinal cord lesions.17–19 In a previously published

study, TMMEPs could be recorded only in ambulatory dogs after IVDH,

which differs from findings in this study, as 7/14 non-ambulatory dogs

had detectable TMMEPs at least in 1 pelvic limb at 1st follow-up.16 The

reason that TMMEPs cannot be generated from limbs, although motor

function is present, remains subject to assumption.17–19,37 It is sus-

pected that the propagating impulses could be insufficient to depolarize

the postsynaptic membrane of the motor neuron and thus, propagation

of impulses stops and no muscle contraction is detectable.17

Comparison of TMMEP data during therapy monitoring revealed a

significant increase of peak-to-peak amplitude and a significant

decrease of onset latencies at 2nd follow-up, compared to the 1st

follow-up. Simultaneously, between 1st and 2nd follow-up, 14 dogs

recovered motor function of at least 1 Grade. In addition, all dogs

improved motor function of at least 2 grades from initial presentation

to 2nd follow-up, which was approximately 3.5-4.5 months after SCI.

These findings point out that TMMEPs are capable to reflect motor

function improvement in individuals that recover from paraplegia and

emphasize the value of TMS as a supportive tool for recovery monitor-

ing in such cases. At 2nd follow-up, TMMEP latencies and amplitudes

even in dogs with extensive recovery of motor function (that reached

Grade I) did not achieve median values comparable to data of healthy

dogs of similar size and bodyweight which were recently reported.39

However, follow-up period in the present study (median 100; range,

80–128 days) could be still too short to detect the potential recovery

of motor function and further approximation of TMMEP latencies and

amplitudes to normal values.

An association between onset latencies and amplitudes obtained

at 1st follow-up and severity of neurological signs at the 2nd follow-up

did not reach level of significance. The low number of dogs that could

be included for calculation could be a reason for non-significant differ-

ences and over-estimation of differences between these groups at the

same time, limiting validity of these calculations.

At 2nd follow-up, onset latencies were significantly longer in non-

ambulatory compared to ambulatory dogs. However, the number of

dogs with Grade III in comparison to Grade II and I at 2nd follow-up

was very low, thus the high impact of single values could bias this anal-

ysis, as these findings are in conflict with recently published data.53

The normalization of onset latencies in the present study, eliminating

the effect of differing body size between patients could explain the dif-

fering results of these 2 studies as well.
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TMMEP amplitudes did not differ significantly between ambula-

tory and non-ambulatory dogs during follow-up. A possible explanation

might be a high intra- and inter-individual variability of TMMEP

amplitudes.17

T2WLR was significantly associated with initial severity of neuro-

logical signs and with functional outcome, which is consistent with pre-

viously reported findings in a more heterogeneous dog population and

another more recently published study in dogs with inclusion criteria

similar to this study.33,34 However, a significant difference of T2WLR

between dogs with initial Grade IV and V as in our study was not

reported in previously published works.33,34 These findings might be

related to slightly differing principles of T2W-hyperintensity measure-

ment between those and the present study, as the region of compres-

sion was spared according to this article’s definition of T2WLR, which

could differ to previously used definitions.33,34 In addition, the afore-

mentioned studies were performed with a 1 T MRI, thus, the current

findings with a 3 T MRI could reflect higher resolution of spinal cord

lesions, resulting in increased accuracy of hyperintensity detection.

Hence, slight differences between extent of hyperintensities in dogs

with Grade IV and V could become more pronounced with 3 T. These

findings reflect association between severity of spinal cord functional

impairment and extent of T2-weighted hyperintensities, which emerge

as a consequence of pathological processes such as myelomalacia,

inflammation, edema, intramedullary hemorrhage, and necrosis.54–56

Restrictively, a low number of dogs initially presenting as Grade V were

included in the study reported here, which could bias these findings. In

the present study, a higher prevalence of T2-weighted hyperintensities

in dogs with absent DPP, compared to dogs with present DPP was

detected, which is consistent with published findings.25,34

As reported in 2 other studies before, in the present study no

association was detected between extent (CLR) and degree (SCCR,

VCCR) of compression and severity of neurological signs at initial pre-

sentation.25,34 However, in one work such correlation was detected.33

These contradictory findings might be attributed to varying degree of

neurological impairment at initial presentation, as in the present study

only paraplegic dogs were enrolled and the aforementioned study

included dogs with modified Frankel score ranging from 0 to 5.33

Assessment of lesion extension ratio did not reveal significant correla-

tions and associations with severity of neurological signs.

Whereas CLR and T2W-LER were significantly reduced and SCCR

and VCCR significantly increased comparing initial and seco t9PoPp45-

Undond follow-up examinations as expected due to successful decom-

pressive surgery, T2WLR did not change significantly. As residual level

decreased spinal cord and vertebral canal diameter at the level of for-

mer compression was very slight, leading to insignificant compression

of the spinal cord a possible effect on functional outcome seems to be

negligible. Compared to pre-surgery MRI examinations at 2nd follow-

up an increased number of dogs presented spinal cord hyperintensities,

this might be individually ascribed in some dogs to an early stage of

chronic processes with edema and demyelination and later to forma-

tion of fluid filled cavities, as it has been described in earlier studies.57

As no histopathologic examination of these dogs has been performed

these theories cannot be proven. This finding casts some doubt on the

usefulness of MRI T2W-hyperintensities as a prognostic tool as timing

of MR imaging is critical; dogs might be imaged before relevant acute

changes develop or potentially irrelevant chronic changes might be mis-

taken for relevant acute changes and differentiation cannot be

achieved on the basis of pure T2W-sequences.

MRI findings reflect severity of injury at initial state and TMMEPs

correspondingly could not be elicited, thus, calculation of a correlation

at that point in time was not possible. T2WLR was significantly associ-

ated with onset latencies assessed at 2nd follow-up, which is consistent

with the association of both variables with the severity of clinical signs

at 2nd follow-up. However, no further significant correlation was found

of MRI findings obtained at initial presentation and 2nd follow-up with

TMMEP variables recorded in paraparetic dogs at 1st and 2nd follow-

up. In human and veterinary medicine, an association of TMMEPs and

degree of chronic spinal cord compression assessed at the same point

in time has been detected in chronic cervical spinal cord lesions.11,19,37

As in the present study, only dogs presenting acute severe motor func-

tion impairment due to a different pathogenesis were enrolled, the dif-

ferences of CLR, T2W-LER, and T2WLR values between Grade IV and

V could be too low to detect a significant correlation with TMMEPs

during therapy monitoring. A correlation of MRI measurements and

TMMEPs both obtained at 2nd follow-up examination was not

expected, because absence of compression and persistence of focal spi-

nal cord hyperintensities do not reflect microstructural processes, which

contribute to functional motor recovery.46,49,51,54,57,58

5 | CONCLUSIONS

The present study revealed reappearance of TMMEPs in dogs with

motor function recovery after severe SCI. During the course of motor

function improvement, a significant increase of peak-to-peak ampli-

tudes and decrease of onset latencies were detected. Thus, TMS is a

valid method for therapy monitoring reflecting functional motor recov-

ery. Additionally, onset latencies obtained during convalescence can

reflect severity of motor function impairment and TMMEPs might pro-

vide information about further improvement of motor function to be

expected. T2WLR obtained before surgery correlates with onset laten-

cies 3 to 4 months after SCI.
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