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Abstract

Background

Currently, the rat has been a useful animal model in brain stimulation research. Neverthe-
less, extrapolating results from rodent repetitive Transcranial Magnetic Stimulation (rTMS)
research to humans contains several hurdles. This suggests the desperate need for a large
animal model in translational rTMS research. The dog would be a valid choice, not only due
to the fact that humans and dogs share a neurophysiological background, but a similar
neuropathological background as well.

Hypothesis

In order to evaluate the feasibility of the canine rTMS animal model, this study aimed to eval-
uate the neurophysiological response in dogs on a, clinically used, accelerated high fre-
quency (aHF) rTMS protocol. This aHF-rTMS (20 Hz) protocol was performed under
anaesthesia or sedation and either 20 sessions or 5 sessions were given to each dog.

Methods

21 healthy dogs were randomly subjected to one of the four aHF-rTMS protocols (1 sham
and 3 active protocols). For each dog, the perfusion indices (Pl), of a [**"Tc]HMPAO scan
at 4 time points, for the left frontal cortex (stimulation target) were calculated for each
protocol.

Results

Concerning sham stimulation, the average Pl remained at the baseline level. The main
result was the presence of a direct transitory increase in rCBF at the stimulation site, both
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under anaesthesia and sedation. Nevertheless the measured increase in rCBF was higher
but shorter duration under sedation. The magnitude of this increase was not influenced by
number of sessions. No changes in rCBF were found in remote brain regions.

Conclusion

This study shows that, despite the influence of anaesthesia and sedation, comparable and
clinically relevant effects on the rCBF can be obtained in dogs. Since less methodological
hurdles have to be overcome and comparable results can be obtained, it would be accept-
able to put the dog forward as an alternative translational rTMS animal model.

Introduction

Transcranial magnetic stimulation (TMS) is a non-invasive brain stimulation technique that
relies on Faraday’s law of induction. An electric pulse is generated and is sent through a dense
winding of conducting material, the stimulating coil, creating a magnetic field perpendicular
to the pulse flow. When applied alternated over the head, electrical currents—with an opposite
direction to the pulse flow—are induced in the superficial cortical areas [1, 2]. Repetitive TMS
is used clinically, to treat major depression, anxiety disorders, addiction, Alzheimer disease,
chronic pain, stroke, tinnitus, etc. Only a level A recommendation is given for the beneficial
effects of High Frequency rTMS (HF-rTMS) in major depressive disorder (MDD) and neuro-
pathic pain [2-5]. The stimulation in humans is applied while being conscious, this in contrast
to (r)TMS in animals, where anaesthesia or sedation is required. The latter is applied for ethical
and technical considerations (e.g. movement).

Despite the beneficial effects of HF-rTMS, there is still a desperate need for animal models
in the field of rTMS. The current animal models are frequently used to (1) assess the basic
mechanisms of rTMS, (2) evaluate the neurobiological changes induced by the magnetic field,
(3) appraise its influence on neuropsychiatric disorders, and (4) examine the influence of the
different stimulation parameters [1, 6]. Repetitive TMS research in rats has attributed a lot in
unravelling its mechanism. This research has not only shown changes in monoamines [7-10],
amino acids [11, 12] and Blood Derived Neurotrophic Factor (BDNF) [13, 14], but in behav-
iour and neuropsychiatric rat models as well [10, 15, 16]. Nonetheless, the rat model does not
comply with human studies completely.

In order to mirror human TMS studies, accurate and focal stimulation in animals is essen-
tial. A human figure-of-eight coil can easily affect 100-200 mm? of the underlying cortical area
[17] and stimulate as focal as 0.5 cm® [18] whereas the adult rat brain comprise on average
only 1.5 cm®. [6]. This implies that while focal stimulation is achieved in humans, whole brain
stimulations are executed in the rat [19]. A solution to achieve focal stimulation in rats is the
use of smaller, more focal coils. Notwithstanding, a reduction in coil size involves limiting fac-
tors such as coil overheating and a drop in efficiency [17]. As important as focality is the accu-
racy of the coil placement. Localization of the target region in rats is frequently done by means
of stereotactic frames, which supplies a larger level of accuracy than non-stereotactic frameless
neuronavigation systems. Nonetheless, time, safety and cost can be reduced when choosing
frameless over frame based systems [20]. It is clear that, when extrapolating rTMS research
from rodents to humans, some hurdles must be overcome [6].

Although rTMS can be conducted in awake humans and animals, anaesthesia/sedation may
be needed in animal models [19]. Stimulation under sedation and anaesthesia is preferred to
stimulation while awake/mechanically restraint. While conscious, dogs might react on the
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acoustic and tactile stimuli provoked by the TMS, which could cause a loss of focality and effi-
cacy. Despite the fact that anaesthesia (e.g. dexmedetomidine, isoflurane, midazolam, keta-
mine) depresses the neural activity [21-24], neural effects of rTMS have been shown in
anesthetized rats. However, Gersner et al. (2011) found different effects on neuroplasticity
markers (BDNF, GluR1) between anesthetized and awake rats after rTMS.

Recently cats, dogs and monkeys have been subjected to (r)TMS [25-32]. The use of these
animals as model would allow accurate and focal stimulations in awake animals, mirroring
human (r)TMS research. Although it has been possible to stimulate cats and monkeys awake
[26, 28], anaesthesia or sedation may still be preferred [21]. Based on the phylogenetic close-
ness, the monkey would be the preferred animal model in preclinical rTMS research. Never-
theless, high costs and ethical considerations coincide with the use of monkeys, which limits
the use of this species in preclinical research [6]. Besides monkeys, dogs have proven their abil-
ity to be a valid natural animal model for several psychiatric conditions [28, 31, 33-37]. While
conscious, animals might react to the acoustic and tactile stimuli provoked by the TMS, which
could cause a loss of focality and efficacy [6]. Therefore, this study aims to evaluate and com-
pare the short and long-term effects, by means of changes in regional cerebral perfusion (Per-
fusion Index, PI), provoked by a navigated, accelerated, High Frequency (20 Hz) rTMS (aHF-
r'TMS) protocol over the left frontal cortex [38] in 21 healthy dogs. Two stimulation conditions
are focussed on: the number of sessions (20 sessions vs 5 sessions) and the consciousness state
(anaesthesia vs sedation). It was hypothesized that the PI, at the stimulation site would differ
significantly (o = 0.05) for each stimulation condition. [**™Tc]JHMPAO SPECT (Single Pho-
ton Emission Computed Tomography; d, 1, hexamethylpropylene amine oxime) scans were
used to semi-quantify the perfusion indices (PI) of the cortical, cerebellar, subcortical areas
and the olfactory bulb [39, 40].

Materials and methods
Animals

Twenty-one healthy neutered dogs (2 fox-hounds and 15 beagles; 13 males and 4 neutered
females; aged between 3 and 8 years old) were incorporated in this study. For practical reasons,
four out of 21 dogs were randomly selected for reuse. Only after a three-month washout period
(equals 6 months after the last stimulation session) and a return to baseline perfusion index
(measured by SPECT) the dogs were reused and considered as a new test subject. Hence, 21
(17 used and 4 reused) dogs entered the study. This study includes, mere for statistical compar-
ison, own data extracted from Dockx et al (2015) [41, 42]. The guidelines for animal welfare,
imposed by the ethical committee were respected. This study (EC 2015_38) was approved by
The Ghent University Ethical Committee. The dogs were provided by the department of veter-
inary medical imaging and small animal orthopedics and the department small animals of the
faculty of veterinary medicine. The dogs were permanently housed in groups (newly built
housing since this year in the new farm of small pets) of 8 on an internal surface of 15 m* with
permanent access to an outside area of 15 m”. The floor coverings in the inner part consisted
of wood shavings. Frequently, toys such as Kongs® were given to the animals and were twice
a day released onto an enclosed play area. In addition, the dogs were regularly walked by stu-
dents of the faculty of veterinary medicine. After the HMPAO scans, the dogs stayed 1 night at
the Nuclear Veterinary Department, where they were accommodated in a separate 3.5 x 3.7
meter cage. No animals were sacrifised at the end of this study. A sample size calculation was
performed based on a prediction linear mixed model with a delta (predicated difference) equal
to 0.05 and a power of 0.80. This provided a sample size of 7.48 animals per group. Therefore,
a sample size of 8 animals per group was chosen.
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Neuronavigation protocol

In order to perform the neuronavigation, a tomographical dataset was required. Each dog
underwent a magnetic resonance imaging (MRI) scan. This acquisition was performed by a
Siemens 3T Magnetom Trio Tim system (Siemens Medical Systems, Erlangen, Germany). A
phased-array spine coil and a phased-array body matrix coil were used to obtain the data set. A
T1-weighted 3D MPRAGE sequence with 176 sagittal slices was acquired. The following
sequence parameters were used: TR = 2250 ms, TE = 4,18 ms, TI = 900 ms, parallel acquisition
method = GRAPPA with acceleration factor = 2, matrix size = 256 ~ 256, sagittal, FOV =220
mm, flip angle = 9°, voxel size = 0.9 ~ 0.86 ~ 0.86 mm3.

After the placement of an intravenous cephalic catheter, the dogs were intramuscularly
(IM) premedicated with dexmedetomidine 375 pg/m? body surface, Dexdomitor®), Orion
Corporation, Espoo, Finland). General anaesthesia was achieved by an intravenous (IV) pro-
pofol injection (Propovet Multidose®), Abbott Laboratories, Berkshire, UK, 1-2 mg/kg given
to effect) and maintained with isoflurane (Isoflo®), Abbott Laboratories, Berkshire, UK) in
oxygen through a rebreathing system.

During the MRI acquisition the dogs were sternally positioned, head first in the scanner
bore. The neuronavigation was performed while the dogs were recovering from general anaes-
thesia. When needed, the dogs were given dexmedetomidine (0,5-1 ug/kg to effect; IV) to fin-
ish the neuronavigation. The dogs” heads were fixated in a self-made mould and the subject
tracker was attached to the neck region.

After the data were loaded into the software (Brainsight, Rogue-resolutions Ltd, Cardift,
UK) a skin reconstruction was made, on which three to four fiducial markers (landmarks)
were set and identified. The left frontal cortex was targeted by manually identifying its centre
on the MRI data set. The target’s external position was located by holding a pointer—connected
to three reflecting balls—perpendicular over the target region as indicated by the neuronaviga-
tion software (for a full description we refer to Dockx et al. (2017, accepted for publication in
Peer]) [43].

The stimulation protocol

The 21 dogs were randomly divided into 3 unequal groups: group 1 (n = 5), group 2 (n = 8)
and group 3 (n = 8). Five neutered male beagle of 6.6 years (sd = 2.01) and 8 neutered beagles
(2 females, 6 males) of 5.75 years old (sd = 2.14) were included in group 1 respectively group 2.
Group 3 comprised 2 male neutered foxhounds and 6 (3 females, 3 males) beagle dogs (all neu-
tered) with an average age of 6.25 years (sd = 0.98).

The data extracted from Dockx et al. (2015) was derived from 8 neutered dogs, group 4.
This group consisted of 6 beagles and 2 mix breed foxhounds (4 males, 4 females; aged between
4 and 8 years).

By using positive reinforcement techniques, all dogs were accustomed to the researchers,
the stimulating room and the sound and placing of a sham coil. This was done several months
before the start of the stimulation experiment. For cardiovascular reasons, it was chosen to per-
form all stimulation protocols in groups 1, 2 and 3 under general anaesthesia. Premedication
consisted of butorphanol IV (0.2 mg/kg; Dolorex®); Intervet Belgium NV). After onset of
sedation anaesthesia was induced intravenously by administering midazolam (0.2 mg/kg; Dor-
micum®); Roche Nederland B.V.) immediately followed by propofol (Propovet Multidose®),
Abbott Laboratories, Berkshire, UK, 1-2 mg/kg given to effect). General anaesthesia was main-
tained with isoflurane (Isoflo®), Abbott Laboratories, Berkshire, UK) in oxygen using a
rebreathing system. Group 4 underwent the stimulation protocol under IM sedation with
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dexmedetomidine at 375 pg/m? body surface. When deemed necessary an additional dose of
183 pg/m? was injected intramuscularly.

Immediately following the induction of anaesthesia/sedation, the motor threshold of the
left motor cortex was determined. A motor threshold (MT) of 100% was defined as the set
machine output (Magstim Company Limited, Wales, UK) that could provoke 5 out of 10 visi-
ble muscle contractions in the right upper front limb. After the assessment of the MT, the
external localisation of the centre of the left frontal cortex was located based on the previously
measured X,Y positions and marked with a permanent marker on the fur. The centre of a stan-
dard figure-of-eight coil was placed perpendicular over the mark with the handle pointing
abaxial. For the sham group, the coil was placed in a 90-degree angle with one wing making
contact with the skull. HF-rTMS protocol (20Hz, 110% MT) was applied to the left frontal cor-
tex. The animals received, based on the group they were divided into, 20 sham sessions under
general anaesthesia (group 1; 5 daily sessions during 4 days), 5 active sessions under anaesthe-
sia or sedation on 1 day (group 2 and group 4 respectively) or 20 active sessions under general
anaesthesia (group 3; 5 daily sessions during 4 days). Each session contained 40 trains of 1.9
seconds each. The trains were separated by a 12 second intertrain interval (in total 1560 pulses
were given per session). The time interval between sessions was 10 to 15 minutes. This proto-
col was an exact copy of an accelerated HF-rTMS treatment protocol performed in MDD
patients at our medial university hospital [44, 45]. The depth of the anaesthesia during each
stage of the study was monitored by an anaesthesiologist. In order to maintain a constant
anaesthesia depth, clinical parameters (such as ventral position of the eye and absence of the
eyelid-reflex) were used in combination with a constant end-tidal isoflurane concentration.
When deemed necessary, the isoflurane dose was adjusted to maintain the same depth. Under
sedation, each rTMS session was preceded and followed by checking the sedation depth. Only
when the dogs were not responsive to external stimuli, the next session could be applied.

Tracer

Less than 24 hours prior to each SPECT scan a *’Mo generator was eluted. Approximately 1,85
GBq *™TcO, was added to the exametazime (d,1 hexamethylpropylene amine oxime
(HMPAO); Ceretec®, GE Healthcare LTD, UK).

SPECT scanning procedure

Prior to the stimulation sessions, each dog received a baseline [**™Tc]HMPAO-SPECT scan.
After the last stimulation session, the dogs received 3 additional HMPAO-SPECT scans: 24
hours, 1 month and 3 months post stimulation. In order to perform these scans, an intrave-
nous cephalic catheter was placed and the dogs were IM pre-medicated with dexmedetomidine
(375pg/m2 body surface). When sedated, the dogs were given 348,54 MBq (sd 26,64 MBq)
99mTc-HMPAO IV. Induction of anaesthesia was achieved 15-20 minutes after the tracer
injection by administering propofol IV (1-2 mg/kg body weight to effect). Again, general anes-
thesia was maintained with isoflurane in oxygen through a rebreathing system. Respiratory
and electrocardiographic monitoring was used during the entire duration of each scan.
Equipped with low energy ultrahigh-resolution parallel hole collimators (tomographic resolu-
tion FWHM = 9 mm), a triple head gamma camera (Triad, Trionix, Twinsburg, OH, USA)
was used 30-35 minutes after the tracer injection to acquire the data. The camera collected
data over a circular 360° rotation in a step-and-shoot mode during 20 minutes (120 steps, 10
sec per step, 3° steps) on a 128~128 matrix. Afterwards, the data were iteratively reconstructed
and a Butterworth filter (cut-off 1.4 cycli/cm, order 5) was added.
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Image analysis

A template containing 11 fixed, different brain regions (both frontal, temporal, parietal and
occipital lobes, the cerebellum, olfactory bulb and the subcortical area) was, using BRASS soft-
ware (Brain Registration and Automated SPECT Semiquantification, Nuclear diagnostics,
Sweden), fitted onto each SPECT scan. This template, composed from 14 dogs (9 male, 5
female, mean age 50 months + 20), eliminates the operator dependent demarcation of the vol-
umes of interest (VOI). Hereby facilitating the fitting procedure that is necessary to compen-
sate for inter-individual differences in brain size and shape. The regional Cerebral Blood Flow
(rCBF; perfusion index (PI)) was automatically calculated for each individual dog by normaliz-
ing the regional radioactivity to the radioactivity of the entire brain. The left frontal cortex was
of major interest but since the PIs of the other 10 regions were automatically calculated, these
data were also included in the analysis.

Statistical analysis

Rstudio 1.0.136 (R: A Language and Environment for Statistical Computing; R Core Team; R
Foundation for Statistical Computing, Vienna, Austria, 2016, https://www.R-project.org/)
with package nlme version 3.1-131 was used to compute all analyses.

At first, a simple main effects model was fitted with PI as outcome variable and time point
and treatment group set as fixed effects. Forward stepwise regressions model building was
used (04, = 0.1, Oy = 0.15). During the model building process, multicollinearity was taken
into account. After identifying the main effects, the interactions between the different variables
were assessed (04, = Olgyt = 0.05).

For the first dataset, PI of the left frontal cortex was determined at 4 time points (baseline,
24 hours post, 1 month and 3 months) after stimulation under general anaesthesia. The
primary objective was to compare PI at each time point between and within the treatment
groups: 20 sessions sham stimulation as reference, and 5 vs. 20 sessions of active stimulation.
A linear mixed model was fitted on this response variable with treatment group and time
points as fixed-effect factors and subjects as random effect to account for correlations between
repeated measurements. A random slope was included in the model to account for a change in
variance over time. The presence of a time point by treatment interaction was also considered
in the model. Gender and age were considered as fixed effect. Post hoc, this model was fitted
onto the PI of the remaining 10 VOI in order to detect any distant effects of the stimulation
protocol.

For comparing aHF-rTMS stimulation under general anaesthesia and sedation, a previous
dataset (Dockx et al., 2015) was used, where PI of the left frontal cortex was determined by
SPECT scan at the same 4 time points after 5 active sessions under sedation (group 4). The
model is the same as the previous one, except that the treatment groups are now stimulation
under sedation and anaesthesia (always 5 active sessions).

The significance level of was set at 0.05, two-tailed. The assumptions of normality of the
error terms, linearity of the regression function, homoscedasticity and independence of the
error term were checked based on diagnostics plots combined with statistical tests (Bartlett test
of homogeneity of variances and the Shapiro-Wilk normality test).

Results

The set model assumptions, with the exception of independence due to the repeated measures,
were met based on the diagnostics plots. The Bartlett test of homogeneity and the Shapiro-
Wilk normality test revealed a p-value larger than the pre-set significance level of 0.05, two-
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tailed. No outliers were detected. The variables “gender” and “age” did not have a significant
influence on the outcome variable and were thus removed from the model.

The influence of the number of sessions on the short and long term
effects of an aHF-rTMS protocol under anaesthesia

The fitted model was written as E(Yt|T|,T,) = Bo + Bty + Bata + Bats + BaTy + Bs T + Bt Ty +
BT+ Bats T1+ Boty Tot Brota To+ PBrits T, with Yt (PI left frontal cortex) as response variable.
The first predictor value t denoted the different SPECT scan time points, t1 the first of three
(k-1 =4-1 = 3) dummies (= 1 if time point = “24 hours post” or 0 otherwise), t2 the second
dummy (= 1 if time point = “1 month post” or 0 otherwise) and t3 (= 1 if time point = “3
months post” or 0 otherwise). With T denoting the different stimulation conditions (treatment
variable, categorical), T1 the first of 2 dummies (= 1 if the stimulation protocol = “5 active ses-
sions under anaesthesia” or 0 otherwise) and T2 (= 1 if the stimulation protocol = “20 active
sessions under anaesthesia” or 0 otherwise).

Based on Table 1 there is a significant influence (p < 0.05) of the treatment group on the
average PI of the left frontal cortex when compared to the baseline PI of the first group (20
sham sessions under anaesthesia), whereas time points showed no main effect. Based on the
set model, contrasts were created within each treatment group and time point.

Within group 1 (20 sham sessions under anaesthesia) no significant differences in average
PI were found between the different time points (Fig 1). Group 2 and 3 had an average PI at 24
hours post stimulation that differed significantly from the baseline PI as well as from the PI at
3 months after the last stimulation session (Table 2, Fig 1).

Between the treatment groups, differences in PI were found 24h post and 1 month after the
last stimulation session. At baseline no differences in average PI were found between the active
stimulation protocols and the sham stimulation, whereas both active stimulation protocols dif-
fered significantly with the sham protocol at 24 hours post stimulation. At the given time point
the average PI increased, compared to the reference level, 0.050 (95% CI -0.003; 0.102) and
0.039 (95% CI -0.016; 0.090) in group 2 respectively group 3. Between the two active stimula-
tion protocols (1 day versus 5 days under anaesthesia), there was no significant difference
between the average PI at the 24 hours’ time. One month post stimulation there was no differ-
ence in average PI between group 1 and 2. Nonetheless a significant difference was found
between group 1 and group 3 (p = 0.014) and between group 2 and group 3 (p = 0.042). Three
months after the last stimulation session, no significant differences were found over all stimu-
lation groups. As seen in S1 Fig, each dog can react differently on the stimulation. Nonetheless,
an average transient increase for each active protocol is present (Fig 2).

Post hoc the statistical model showed no changes in average PI for the brain regions other
than the left frontal cortex, compared to the reference level (53 Fig).

Table 1. Output type Il main effect test for the stimulation protocols under anaesthesia.

(Intercept)
Time point
Treatment group
Interaction

¥<0.05
¥*<0.001

https://doi.org/10.1371/journal.pone.0185362.t001

Model 1 output

numDF F-value p-value
1 7130.60 <0.001**
3 0.11 0.95
2 3.58 0.03*
6 1.34 0.25
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Fig 1. Boxplots of the left frontal cortex perfusion index for each treatment group based on the first
model. (A =group 1; B =group 2; C = group 3; * <0.01; **<0.001).

https://doi.org/10.1371/journal.pone.0185362.9001

The influence of depth of anaesthesia on the [46]short and long term
effects of a single day aHF-rTMS protocol

Similar to the previous model, the results indicate differences in PI between and within each
treatment group. The intercept was set at the baseline time point of the 5 active sessions stimu-
lation protocol under anaesthesia. The fitted model was written as E(Yt|T1) = By + Bt; + Bats +
BsT; + Bat1 Ty + Bsto Ty with Yt (PI left frontal cortex) as response variable. The first predictor
value t denoted the different SPECT scan time points, t, the first of three (k-1 = 3-1 = 2) dum-
mies (= 1 if time point = “24 hours post” or 0 otherwise) and t, the second dummy (= 1 if time
point = “3 month post” or 0 otherwise. With T denoting the stimulation protocol (treatment
variable, categorical), T; the only dummy (= 1 if the stimulation protocol = “5 active sessions
under sedation” or 0 otherwise). The presence of a time point by stimulation protocol interac-
tion was considered in the model. By default, the first level of the time point and stimulation
protocol group was coded as the reference level (baseline and 5 active stimulation sessions
under anaesthesia).

The two stimulation protocols differed from each other (p-value = 0.009). Table 3 indicates
that the effect of the stimulation is again present at the stimulation site for both protocols
but that the effect last longer under anaesthesia. Even more, a significant difference of 0.036
(95%CI 0.009; 0.064) was found between the average PI at time point 24h post whereas this
difference was not present at time point 3 months post stimulation under sedation. The PI
returned to baseline after 3 months under sedation whereas it did not under anaesthesia (Fig
3, Table 4). As seen in S2 Fig each dog can react differently on the stimulation. Nonetheless, an
average transient increase for each active protocol is present (Fig 4).

Post hoc the statistical model showed no changes in average PI for the brain regions other
than the left frontal cortex, compared to the reference level (54 Fig).

Discussion

Accelerated HF-rTMS—delivered over the left frontal cortex—was applied one or four conse-
cutive days in sedated or anesthetized dogs. In line with comparable research in depressed
patients, sham stimulation did not show short or long term effects on cerebral perfusion [46—
48]. Active aHF-rTMS resulted in a transitory increase in rCBF at the stimulation site, under
anaesthesia as well as under sedation [49]. Although the magnitude of this increase was not

Table 2. Multiple comparison for each time point within the active stimulation protocols.

5 active sessions 20 active sessions

p-value p-value
Baseline—24h post <0.001** 0.009*
Baseline—1 month post 0.267 0.320
Baseline—3 months post 0.129 0.978
24h post—1 month post 0.074 0.247
24h post—3 months post 0.004* 0.001**
1 month post—3 months post 0.913 0.288
*<0.01
*%<0.001

https://doi.org/10.1371/journal.pone.0185362.t002
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Fig 2. Difference in perfusion index of the left frontal cortex for the three treatment groups under
anaesthesia.

https://doi.org/10.1371/journal.pone.0185362.9002

influenced by the number of sessions, the increase in rCBF was higher but more short-lived
under sedation. Under anaesthesia, both active protocols (5 and 20 sessions aHF-rTMS) pro-
voked increased neuronal activity in the left frontal cortex, which lasted until 1 month after
stimulation. This is comparable with the work executed in human subjects, undergoing 10
consecutive daily HF-rTMS sessions (one session/day), that observed an increased neuronal
activity lasting up to 2 weeks post stimulation [46, 47, 50]. Moreover, this study obtained a
comparable increase in rCBF of the left frontal cortex (2-3%) as Catafau et al (2001) reported
in 7 depressed patients (medication-resistant). Although we did not assess behavioural mea-
surements, this observed perfusion increase might initiate speculation on the potential role of
r'TMS in behaviour-disordered dogs, especially in anxiety disordered animals that have been
reported to suffer from hypoperfusion in the left frontal cortex [35]. Similarly, increased rCBF
in the left frontal region after HF-rTMS has been associated with clinical improvement in
MDD patients [51].

In this study, we only detected increased rCBF after active aHF-rTMS limited to the stimu-
lated area, and not more widespread in the structurally and functionally connected areas. A
reason for the absence of remote effects could be the state in which the animals were stimu-
lated. A study on human subject by Massimini et al. (2005) found that during non-rapid eye
movement sleep (NREM) the initial response at stimulation site did not propagate to distant
regions. They explained this by a loss of cortical integration during NREM sleep, which also
occurs during midazolam-induced loss of consciousness [52, 53]. Ferrarelli et al. (2010) found
an hd-EEG response with a short lasting high positive-negative wave under midazolam anaes-
thesia indicating a local and shorter TMS activity in contrast to the effect registered during

Table 3. Output type Il main effect test for the 5 session stimulation protocols.

Model 2 output

numDF F-value p-value
(Intercept) 1 12785.57 <0.001**
Time point 2 5.19 0.010*
Treatment group 1 6.67 0.013*
Interaction 2 1.82 0.175
*<0.05
**<0.001

https://doi.org/10.1371/journal.pone.0185362.t003
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wakefulness. Aside from the effects of midazolam, all volatile anaesthetics can affect neuroplas-

ticity, reduce excitatory and augment inhibitory neuronal transmission. In conclusion, it is

therefore possible that the absence of remote activation is confounded by the combined use of
midazolam and isoflurane.

Despite the presence of a (linear) dose-response relationship [54-56], the measured signifi-
cant increase in rCBF after stimulation was identical for the 2 active protocols (5 session or 20
sessions) under anaesthesia. This implies that an increase in number of sessions does not seem

to influence the magnitude of the rCBF increase. Nonetheless, this does not rule out the pres-

ence of a (linear) dose-response relationship. In this study, it was not possible to determine a
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Table 4. Multiple comparison for each time point within the 5 active sessions stimulation protocols.

5 active session anaesthesia 5 active sessions sedation
p-value p-value
Baseline—24h post 0.007** 0.001**
Baseline—3 months post 0.030* 1.000
24h post—3 months post 0.649 0.001**
*<0.05
**<0.01

https://doi.org/10.1371/journal.pone.0185362.t1004

response rate, which excludes the possibility to examine the presence of a dose-response
relationship.

Although the descriptive analysis of this study revealed an individual response to the aHF-
r'TMS protocol (Figs 3 and 4), no main effect was found for the fixed variables age and gender.
This is in line with studies performed in human subjects that found that gender and age were
no significant predictor variables for the outcome of an rTMS treatment [51, 57-60]. Nonethe-
less, a better rTMS outcome has been found in younger people [61] and rats [62]. It is hypothe-
sized that in older individuals the distance between the frontal cortex and the skull increases
increase, limiting the rTMS response. Since aging also causes atrophy of the canine brain [63],
it is plausible that the canine cortex-scalp distance increases as well, thus provoking an age
related response. In the current study, no age main effect was found, due to the selection of an
age homogeneous population. Although a gender dependent rTMS response is not present, it
appears that a high oestradiol to progesterone ratio may positively influence the outcome of
SSRI’s and rTMS treatment. [64]. This study used neutered female dogs, suggesting a lower
oestradiol to progesterone ratio and therefor a lower rTMS response compared to intact female
dogs.

When using a coil that provides a larger coil to brain size, the focality and efficacy might
plummet [19]. Nonetheless, focality can be assumed in this study since only an increase in
rCBF was found for the stimulation target and not in surrounding cortical regions. A focal
increase in rCBF, might indicate that no whole brain stimulation took place notwithstanding
the presence of a larger coil to brain size ration. The, in comparison, smaller canine brain
could not have been able to capture the total flux generated by the coil, which might help to
explain the absence of remote effects in this study.

Perfusion index over time

0.10

0.05

Perfusion Index Left Frontal

Baseline 24h post 3 months post
Time Points
treatment == 5 sessions anesthesia == 5 sessions sedation

Fig 4. Difference in perfusion index of the left frontal cortex for the two treatment groups that
underwent 5 aHF-rTMS sessions.

https://doi.org/10.1371/journal.pone.0185362.9004
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Although this study has some major advantages such as including individual neuronaviga-
tion, some limitations must be kept in mind. An active coil, tilted 90 degrees was used as the
sham condition. Despite the fact that an active coil, held this way, can provoke minor voltages
in the underlying cortical tissue [65]. However, no changes in the rCBF were noticed in the
control group. Only the one-day protocol under sedation was explored, leaving the question
whether accelerated HF-rTMS under sedation allows propagation of the initial response at the
stimulation site, unanswered. In the current study, 21 neutered healthy dogs were included.
More information is needed regarding the effects of the gonadal status, age and natural brain
disorders on the neuromodulation of the accelerated HF-rTMS protocols. Hereby, clearer
insights into the canine rTMS model can be obtained and its use as a valid translational model
for rTMS research. Nonetheless, it must be emphasised that the obtained results should be
interpreted with caution. In order to exclude the effects of anaesthesia in the canine rTMS
model; different anaesthetic/sedative protocols should be compared to conscious dogs
while rTMS is applied. The final limitation is that SPECT has in comparison to PET a lower
sensitivity.

To conclude, the results in this study suggest that accelerated HF-rTMS can provoke the
neuronal activation in the stimulated cortical region in healthy anesthetized dogs. Because
these findings—acquired with human rTMS apparatus—in healthy dogs strongly resemble
SPECT findings in humans, is it reasonable to reserve a role for the dog as an alternative ani-
mal model for rTMS research in humans.

Supporting information

S1 Fig. Line plot for each individual dog in each treatment group.
(TIF)

S2 Fig. Line plot for each individual dog in each treatment group.
(TTF)

S3 Fig. Average perfusion indices for 10 brain regions for each time point for each treat-
ment group under anaesthesia.
(TIF)

S4 Fig. Average perfusion indices for 10 brain regions for each time point for each treat-
ment group that received 5 aHF-rTMS sessions.
(TIF)

S5 Fig. Average perfusion index of the left frontal cortex for the three treatment groups
under anaesthesia.
(TIF)

S6 Fig. Average perfusion index of the left frontal cortex for the two treatment groups that
underwent 5 aHF-rTMS sessions.
(TIF)

S1 Table. Descriptive statistics for the left frontal cortex perfusion index for each treat-
ment group under anaesthesia (* only male beagle dogs were included assigned to this
group).

(DOCX)

$2 Table. Descriptive statistics for the left frontal cortex perfusion index for each treat-
ment group that underwent 5 aHF-rTMS sessions.
(DOCX)
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