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Background: Repetitive transcranial magnetic stimulation (rTMS) has been proven to be a useful tool for the treatment of several severe neuropsychiatric disorders. Accelerated (a)rTMS protocols may have the potential to result in faster clinical improvements, but the effects of such accelerated paradigms on brain function remain to be elucidated.

Objectives: This sham-controlled arTMS study aimed to evaluate the immediate and delayed effects of accelerated high frequency rTMS (aHF-rTMS) on glucose metabolism in healthy beagle dogs when applied over the left frontal cortex.

Methods: Twenty-four dogs were randomly divided into four unequal groups: five active (n = 8)/ sham (n = 4) stimulation sessions (five sessions in 1 day), 20 active (n = 8)/ sham (n = 4) stimulation sessions (five sessions/ day for 4 days), respectively. [18F] FDG PET scans were obtained at baseline, 24 h poststimulation, after 1 and 3 months post the last stimulation session. We explicitly focused on four predefined regions of interest (left/right prefrontal cortex and left/right hippocampus).

Results: One day of active aHF-rTMS- and not sham- significantly increased glucose metabolism 24 h post-active stimulation in the left frontal cortex only. Four days of active aHF-rTMS only resulted in a nearly significant metabolic decrease in the left hippocampus after 1 month.

Conclusions: Like in human psychiatric disorders, active aHF-rTMS in healthy beagles modifies glucose metabolism, although differently immediately or after 1 month post stimulation. aHF-rTMS may be also a valid option to treat mentally disordered dogs.
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INTRODUCTION

Repetitive transcranial magnetic stimulation (rTMS) is an FDA-approved, non-invasive neurostimulation technique, which has been widely used in human medicine for major depressive disorder, anxiety, and epilepsy (1–4), as well as in veterinary medicine for epilepsy and anxiety in dogs (5–7). However, rTMS parameters still need to be optimized, and the underlying neurobiological mechanisms of action are not yet unraveled.

Positron emission tomography (PET) and single photo emission tomography (SPECT) have been extensively used in neuroscience research comaring humane and canine species, and several similarities were found in neurological and neuropsychiatric diseases like impulsive aggression, anxiety, and compulsive disorders (8–12). In our former research, we have already proposed that dogs can be a robustly translational animal model for human medicine (6, 13). According to this previous research using Hexamethylpropyleneamine oxime-SPECT (HMPAO-SPECT), high-frequency repetitive transcranial magnetic stimulation (HF-rTMS) applied to the left frontal cortex alters regional cerebral perfusion in healthy dogs (14). Moreover, measured with 3-amino-4-(2-dimethylaminomethylphenylsulfanyl)-benzonitrile-PET ([11C] DASB-PET), serotonin transporter (SERT) binding index alterations in different brain regions were reported (15). Similar changes have been observed in humans (1, 16). This strengthens the idea that further functional imaging techniques in dogs could not only be used to investigate the underlying neurobiological mechanisms, but it can also be used for the refinement of more effective rTMS treatment parameters in men and dogs.

One brain imaging method in particular, 2-deoxy-2-[18F] fluoro-D-glucose ([18F]-FDG), may prove also to be very informative. It reflects the distribution of glucose uptake and phosphorylation by cells. Most of the ATP required for brain function is from glucose metabolism, which is tightly connected to neuronal activity (17). It has potential use for antemortem diagnosis without histologic analysis and for monitoring response to treatment (18). The alteration in glucose metabolism therefore represents a change of neuronal activity induced by the disease (17, 19, 20) and the effects of treatment paradigms (21–23). In a previous study by our group, 18FDG-PET findings in melancholic refractory major depressive disorder (MDD) patients indicated that higher baseline subgenual anterior cingulate cortex (sgACC) metabolic activity may predict clinical outcome with repetitive accelerated (a)HF-rTMS treatment (21). According to previous studies, [18F]-FDG could be used in dogs for cerebral physiologic and pathophysiologic metabolism measurements (11, 24, 25).

This study aimed to investigate the effect of 1-day active/sham and 4-day active/sham aHF-rTMS on cerebral glucose metabolism, as assessed by [18F]-FDG in healthy beagles. Because the neurobiological effects in humans of accelerated rTMS paradigms have been found to affect prefrontal cortical and hippocampal areas (26–29), we explicitly focused on these regions. We hypothesized that active aHF-rTMS and not sham would alter the cerebral glucose metabolism in these regions at different time points. We also hypothesized that the effects of 1 day active (five stimulation sessions) and a complete active aHF-rTMS treatment protocol (20 sessions) would results in different metabolic effects.



MATERIALS AND METHODS


Animals

The pipeline of the whole experimental protocol is shown in Figure 1. Twelve healthy beagle dogs (seven females neutered, five males castrated) were used in this study. Of note, all dogs were reused after a 3-month wash-out period (3 months after the last stimulation session) and with a confirmed return to glucose metabolism baseline checked by an [18F]-FDG PET scan. These dogs were owned by the Ghent University Department of Small Animals and the Department of Veterinary Medical Imaging and Small Animal Orthopedics. They were housed in groups of eight on an internal surface of 15 m2, with access to an outside area of 15 m2. The floor covering in the inner part consisted of wood shavings. Toys were given to these dogs every day and they were released to an enclosed playground twice a day. In addition, the veterinary students and animal house managers walked the dogs regularly. By using positive reinforcement techniques, all dogs were accustomed to the researchers, stimulating room and sound and placing of a sham coil. This was done several months before the start of the stimulation experiment. All dogs displayed normal behavior, regularly evaluated by both veterinarians involved and care takers of the dogs. Behavior remained impeccable over the whole study period. And the beagles didn't show any behavioral abnormalities after TMS treatment. The guidelines for animal welfare imposed by the ethical committee were respected. This study (EC numbers: 2018-09, 2018-088) was approved by the Ghent University Ethical Committee.
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FIGURE 1. Pipeline of the whole experimental protocol: (1) twelve beagles were used, (2) neuronavigation was conducted to locate the accurate TMS point (red arrow), (3) four types of aHF-rTMS protocols were applied, (4) Images with different regions on the transversal, sagittal and dorsal slices: MRI, [18 F]-FDG PET and the fusion of both images, (5) data analysis.




Imaging Procedure

All dogs were scanned on a Biograph mCT 20 imaging system (Siemens, Knoxville, USA) with a 78 cm wide bore, LSO crystals and a true V option extending the field of view to 21.6 cm. Prior to the PET scan, a low dose CT survey (120 kV, 35 mA, pitch of 0.7, 20 slices of 3 mm) was conducted and used for attenuation correction and anatomical framework. A static PET scan of 10 min was performed 30 min after tracer administration (intravenous injection of 148 MBq [18F]-FDG). Emission data were corrected for dead time, scatter and random events, and reconstructed in a 512 × 512 matrix with a voxel size of 0.797 × 0.797 × 2 mm, using the TrueX algorithm.



Neuronavigation

The aHF-rTMS treatment was applied over the left frontal cortex in this study. For neuronavigation purposes, each dog underwent a magnetic resonance imaging (MRI) scan in a Siemens 3T Magnetom Trio Tim system (Siemens Medical Systems, Erlangen, Germany) with the following sequence parameters: a MP-RAGE sequence with the following parameters: repetition time (TR) = 2,250 ms, echo time (TE) = 4.18 ms, matrix size = 256 × 256, field of view (FOV) = 256 × 256 mm2, flip angle = 9°, and voxel size=1 × 1 × 1 mm3, 176 slices. Then, a frameless neuronavigation system was used to provide the external localization of the left frontal cortex of every dog as described by Dockx et al. (14).



The aHF-rTMS Protocol

The aHF-rTMS protocol was chosen according the treatment for human patients (21, 30) and evidence-based guidelines (31, 32). All stimulations were applied under general anesthesia. As performed by Dockx et al. (33), premedication consisted of butorphanol IV (0.2 mg/kg; Dolorex1; Intervet Belgium NV). After the onset of sedation, anesthesia was induced intravenously by administering midazolam (0.2 mg/kg; Dormicum; Roche Nederland B.V.), followed by propofol (Propovet Multidose, Abbott Laboratories, Berkshire, UK, 1 ± 2 mg/kg given to effect). General anesthesia was maintained with isoflurane (Isoflo, Abbott Laboratories, Berkshire, UK) in oxygen using a rebreathing system. Following the induction of general anesthesia, for each dog, 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, Minneapolis, USA) that could provoke five out of 10 visible muscle contractions in the right upper front limb. After the assessment of the MT, the external localization of the center 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 center of a human figure-of-eight coil was placed perpendicular over the mark with the handle pointing abaxial. For the sham group, the coil was placed at a 90-degree angle with one wing contacting the skull. HF-rTMS (20 Hz, 110% MT) was applied to the left frontal cortex. Each session contained 40 trains of 1.9 s each. The trains were separated by a 12 s intertrain interval (in total 1,560 pulses were given per session).

In the first experimental part, dogs were randomized to receive accelerated active or sham HF-rTMS (ratio 2:1) where five sessions were applied in a single day (1-day stimulation protocol). The time interval between sessions was 10 to 15 min. Scanning was performed before stimulation (T0 baseline), 24 h following the experiment (T1), and 1 month later to detect delayed effects (T2). An additional PET scan was performed 3 months after the experimental protocol to verify the normalization of metabolic brain patterns (T3).

In the second experimental part, after an extra period of 3 months, the dogs were reused. The same cohort of dogs was randomized again to receive 20 HF-rTMS sessions (ratio 2:1) of active or sham stimulation (five daily sessions over 4 days of stimulation) (4-day stimulation protocol). The time interval between sessions was again 10 to 15 min. Like the 1-day stimulation, [18F]-FDG PET scans were performed before stimulation (T0 baseline), 24 h following the experiment (T1), and 1 month later to detect delayed effects (T2). Again, an additional PET scan was performed 3 months after the experimental protocol to verify the normalization of metabolic brain patterns (T3).



PET Analysis

[18F]-FDG PET images of each dog were automatically registered to a template generated from 14 beagle dogs (nine males, five females, mean age 50 ± 20 months), using Brain Registration and Automated SPECT Semiquantification (BRASS, Nuclear Diagnostics) software (34). This template-based automated registration method eliminates the subjective operator-dependent region definition and facilitates the fitting procedure. The latter is necessary to compensate for intra-individual differences in anatomical brain size and shape. According to a canine brain atlas (35, 36), a region map was generated on this template, including 21 separated manually drawn volumes of interest (VOI), positioned over the frontal, temporal, parietal, and occipital lobes of both hemispheres, and over the cerebellum and subcortical structures. In this study, regional activity within a predefined VOI was calculated by normalizing the regional registered activity to total brain activity.



Statistical Analysis

Given the relatively small sample size, we applied only nonparametric analyses. According to a canine brain atlas (35, 36), we selected four regions of interest: the left and right prefrontal cortex and the left and right hippocampus. We analyzed the effects of the 1-day stimulation and 4-day stimulation on three time points (T0, T1, T2) separately. The last scan after three months (T3) was used to evaluate the normalization of brain metabolism patterns in the selected regions of interest. Because we hypothesized that active aHF-rTMS and not sham would impact glucose metabolism in the four selected regions of interest at one of the two time points following stimulation (T1, T2), Friedman's ANOVAs were Bonferroni corrected for four measurements (p < 0.0125, one-tailed). Significant outcomes were followed by Mann-Whitney U and Wilcoxon signed-rank tests, Bonferroni corrected for three time points (T0, T1, T2). For these post hoc analyses, significance was set at p < 0.0167, two-tailed. All other relevant statistical analyses significance was set at p < 0.05, two-tailed.




RESULTS

For an overview (see Table 1 and Figures 2, 3).


Table 1. Statistical results of the different aHF-aTMS protocols.
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FIGURE 2. Boxplot showing the glucose metabolism changes of the left prefrontal cortex.
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FIGURE 3. Boxplot showing the glucose metabolism changes of the left hippocampus.



One-Day Stimulation

First, Mann-Whitney U tests did not show any significantly different baseline glucose metabolism patterns in any of the four regions of interest before 1 day of active and sham aHF-rTMS (p's > 0.05).

For the right prefrontal cortex and the left and right hippocampus, Friedman's ANOVAs showed no significance in metabolic changes for active and sham aHF-rTMS in any of the three timepoints (T0, T1, T2), (p's > 0.05).

Friedman's ANOVA for the left prefrontal cortex showed a significant difference between the three time points after active aHF-rTMs (X2(2) = 9.00, p = 0.010), not after sham (X2(2) = 2.00, p = 0.431). Wilcoxon signed-rank post hoc test revealed a significant increase of glucose metabolism 24 h post-active stimulation (z = −2.521, n(ties) = 8, p = 0.012, r = −0.63, 24 h post). Mann-Whitney U tests did not show any significant different glucose metabolism between sham and active aHF-rTMS at any of the poststimulation time points (T1, T2) (p's > 0.05).

Finally, Mann-Whitney U and Wilcoxon signed-rank tests yielded no significant changes in brain glucose metabolism in the four predefined VOIs after 3 months of stimulation (T3), when compared to the baseline (T0). This indicates that 1 day of accelerated HF-rTMS in healthy dogs does not alter brain glucose metabolism in the long term.



Four-Day Stimulation

Again, Mann-Whitney U tests did not show significantly different baseline glucose metabolism patterns in any of the four regions of interest before 4 days of active and sham aHF-rTMS (p's > 0.05).

Although Friedman's ANOVAs for the left and right prefrontal cortex and the right hippocampus showed no significant changes in glucose metabolism for active and sham aHF-rTMS in any of the three timepoints (p's > 0.05), Friedman's ANOVA for the left hippocampus showed a nearly significant difference after active aHF-rTMs (X2(2) = 7.00, p = 0.015) and not after sham (X2(2) = 1.500, p = 0.653). Given our a priori hypothesis that active and not sham aHF-rTMS would affect left hippocampal areas specifically, we further explored with the Wilcoxon signed-rank post hoc test, which revealed a near significant decrease of glucose metabolism 1 month poststimulation (z = −2.380, n(ties) = 8, p = 0.017, r = −0.60, 1 month post). Mann Whitney U tests showed near significant lower glucose metabolism 1 month post stimulation in the active condition when compared to sham (U = 2.00, n1 = 8, n2 = 4, p = 0.017, r = −0.69).

Finally, also after the 4-day aHF-rTMS protocol, Mann-Whitney U and Wilcoxon signed-rank tests yielded no significant changes in brain glucose metabolism in the four predefined regions of interest after 3 months of stimulation (T3), when compared to the baseline (T0). This indicates that also 4 days of accelerated HF-rTMS in healthy dogs does not alter brain glucose metabolism in the long term.




DISCUSSION

The results of this study indicate that active aHF-rTMS, 1-day or 4-days, applied to the left frontal cortex impact the cerebral glucose metabolism in different regions over time.

First, 1 day of active and not sham aHF-rTMS significantly increased glucose metabolism 24 h postactive stimulation only in the left prefrontal cortex. This was a relatively strong effect. This metabolic increase is of course not surprising, given that this was the stimulated area. Furthermore, the frontal cortex has been shown to be implicated in general anxiety disorder (GAD) and major depression disorder (MDD) in humans (37). MDD patients typically show a lower resting-state cerebral glucose uptake index in the left lateral orbitofrontal cortex, left/right dorsolateral prefrontal cortex, and left ventrolateral prefrontal cortex when compared to healthy volunteers (38, 39). In dogs with anxiety disorders, decreased perfusion was reported in the left frontal cortex (10). Furthermore, animal research indicates that anxiety elicits a sustained background “hypofrontality” in the dorsomedial prefrontal cortex (dmPFC) due to a reduced recruitment of dmPFC neurons, reducing the firing rate of spontaneously active neuronal subpopulations (40). Because left frontal cortical metabolism has often been found to be decreased in major depression, one might exp ect fast left frontal rTMS to “normalize” metabolism and thus be more effective than slow left frontal rTMS in improving mood (41). Indeed, also in human research 20 Hz rTMS delivered over the left prefrontal cortex was associated with significant increases in regional cerebral blood flow (rCBF) across the group of all 10 MDD patients, which were located in the prefrontal cortex (L > R) (42). On the other hand, we did not observe a similar increase after the 4-day stimulation protocol. This suggests that 1 and 4 days of accelerated HF-rTMS does not automatically mean higher neuronal activity resulting from multiple stimulation days in the stimulated area. It also suggests no carry-over effects from the first 1-day stimulation to the 4-days stimulation, so many months later. At this point, however, it is speculative to assume that habituation could have occurred by stimulating daily, and that the prefrontal cortex strives to “normalization” the regional metabolic activity. It can also just indicate that in healthy beagle dogs brain glucose metabolism returns relatively fast to baseline.

Second, although we observed nearly significant decreases in left hippocampal brain glucose metabolism 1 month post active 4-day stimulation, the effect size of this decrease was also quite high. Delayed biological effects in the (left) hippocampus after rTMS in humans as well as in animal studies have been reported. Although the interpretation here should be done with caution, given that these were healthy beagle dogs; these observations indicate some form of delayed effect on neuronal activity after prolonged accelerated stimulation. However, to provide a potential biological explanation, it must be mentioned that functional and structural connections between the prefrontal cortex and the hippocampus exist, playing an important role in cognitive functioning and a disrupted interaction may contribute to the pathophysiology of various psychiatric diseases such as MDD (43, 44). It was reported that the structure-function relationships in rTMS-induced neuroplastic changes were mediated through the hippocampus and prefrontal network at the stimulated side, and high-frequency prefrontal rTMS may exert its cognitive effects through the hippocampal structural functional neuroplasticity (36). Importantly, in this study, the effects of aHF-rTMS were both found in the left side, suggesting structural connections between the prefrontal cortex and hippocampus. In a recent accelerated intermittent theta burst stimulation study in human MDD, we also found that active and not sham accelerated stimulation resulted in structural changes in the left dentate gyrus and part of the hippocampus, and in relation to clinical improvement (45). Although these were healthy beagles, it is tempting to assume that the prolonged effect of aHF-rTMS on left hippocampal metabolism are related to the neurobiological effects of this kind of stimulation. Nevertheless, this change in left hippocampal metabolic activity normalized 3 months later. This indicates that in healthy dogs, 4 days of aHF-rTMS does not alter brain glucose metabolism in the long run. On the other hand, not continuing treatment after successful rTMS in MDD may result in high relapse rates within 1 year post stimulation (46). Our findings support the assumption that at least the rTMS treatment effects have to be considered as temporary, and post-treatment sessions, such as maintenance rTMS, may be mandatory to sustain the antidepressant effect (47).

Some limitations must be mentioned. First, this is a single blinded study, the handler is not blinded. At this point, we can only report these changes without associating this with behavioral effects, because we did not include behavioral assessments here, and the beagle dogs had no diagnosis of pathological behavior. Secondly, the aHF-rTMS protocol was only applied in a limited number of healthy dogs, due to our ethical restrictions, where all of them were reused for stimulation in line with the triple R (replace, reduce and refine) rules imposed by ethical regulations for experimental animals. Thirdly, during the sham treatment, an active coil was placed over the left frontal cortex, tilted 90 degrees. An active coil placed in this manner could provoke minor voltages in the underlying cortical tissue (48). Lastly, our protocol was performed under anesthesia. Although we used the same anesthetic protocol for all procedures, this might cause deviations from the awake condition.



CONCLUSION

Our [18F]-FDG study in healthy beagle dogs showed immediate and delayed effects of aHF-rTMS differently in the left prefrontal cortex and the left hippocampus. The short-term left prefrontal metabolic increase may indicate the start of the metabolic cascade toward the subcortical connected brain regions. This delayed left hippocampal decrease may point to the presumably therapeutic effect as this is in line with some other antidepressant treatments, where meaningful clinical effects are to be expected after a couple of weeks and not immediately. In summary, this study provides more insights into the mechanism of aHF-rTMS in dogs, benefiting both veterinary medicine and human medicine. Of course, it remains to be determined whether accelerated low frequency rTMS would yield similar metabolic changes in these kinds of healthy dogs.
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