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Abstract

Objectives: The efficacy of repetitive transcranial magnetic stimulation (rTMS) in clinically-

relevant neuroplasticity research depends on the degree to which stimulation induces robust, 

reliable effects. The high degree of inter- and intra-individual variability observed in response 

to rTMS protocols, such as continuous theta burst stimulation (cTBS), therefore represents an 

obstacle to its utilization as treatment for neurological disorders. Brain-derived neurotrophic 

factor (BDNF) is a protein involved in human synaptic and neural plasticity, and a common 

polymorphism in the BDNF gene (Val66Met) may influence the capacity for neuroplastic changes 

that underlie the effects of cTBS and other rTMS protocols. While evidence from healthy 

individuals suggests that Val66Met polymorphism carriers may show diminished or facilitative 

effects of rTMS compared to their homozygous Val66Val counterparts, this has yet to be 

demonstrated in the patient populations where neuromodulatory therapies are most relevant.

Materials and Methods: We examined the effects of BDNF Val66Met polymorphism on cTBS 

aftereffects in stroke patients. We compared approximately 30 log-transformed motor-evoked 

potentials (LnMEPs) obtained per time point: at baseline and at 0, 10, 20, and 30 minutes 

after cTBS-600, from 18 patients with chronic stroke using single TMS pulses. We used linear 

mixed-effects regression with trial-level data nested by subject for higher statistical power.

Results: We found a significant interaction between BDNF genotype and pre-/post-cTBS 

LnMEPs. Val66Val carriers showed decrease in cortical excitability, whereas Val66Met carriers 

Corresponding author: Roy H. Hamilton, M.S., M.D., Goddard Laboratories, Room 518, University of Pennsylvania, 3710 Hamilton 
Walk, Philadelphia, PA 19104, USA, Roy.Hamilton@pennmedicine.upenn.edu, Phone: 215-779-1603; Fax: 215-898-1982.
aPresent Address: Department of Neurology, Medical College of Wisconsin, 8701 W Watertown Plank Rd., Wauwatosa, WI 53222
Authorship Statement:
Drs. Harvey, Lohoff, Shah-Basak, Wurzman and Hamilton designed and conducted the study, including data collection. Ms. Parchure 
conducted data analysis with inputs from Dr. Harvey. Mr. Faseyitan, Ms.
DeLoretta and Ms. Sacchetti assisted with patient recruitment, data collection, and organization. Ms. Parchure prepared the manuscript 
draft with important intellectual input from Drs. Harvey and Hamilton.
All authors approved the final manuscript.

Conflicts of Interest: None

HHS Public Access
Author manuscript
Neuromodulation. Author manuscript; available in PMC 2023 June 01.

Published in final edited form as:
Neuromodulation. 2022 June ; 25(4): 569–577. doi:10.1111/ner.13495.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



exhibited a modest increase in cortical excitability for 20 minutes post-stimulation, followed by 

inhibition 30 minutes after cTBS-600.

Conclusions: Our findings strongly suggest that BDNF genotype differentially affects 

neuroplastic responses to TMS in individuals with chronic stroke. This provides novel insight 

into potential sources of variability in cTBS response in patients, which has important implications 

for optimizing the utility of this neuromodulation approach. Incorporating BDNF polymorphism 

genetic screening to stratify patients prior to use of cTBS as a neuromodulatory technique in 

therapy or research may optimize response rates.
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INTRODUCTION

Despite its having been introduced over 30 years ago, clinical and research applications of 

repetitive transcranial magnetic stimulation (rTMS) continue to grow, owing to its ability 

to both probe and modulate cortical activity. Since its approval by the FDA in 2008, rTMS 

has become widely used as a treatment for major depressive disorder1, and is also being 

used as an intervention in obsessive-compulsive disorder2 and several other neurological 

and psychiatric disorders3. It also remains a critical research tool for elucidating the 

structure-function relationships in the brain related to a wide range of motor, perceptual, 

and cognitive abilities4–6, and for characterizing the physiologic mechanisms that underlie 

cortical excitability7 and neuroplasticity8.

Theta burst stimulation (TBS), a modified form of rTMS, is understood to produce robust 

effects on cortical excitability in a fraction of the time of other rTMS protocols, making it 

an attractive approach for research and clinical applications. TBS consists of 50 Hz bursts 

of stimulation pulses delivered in triplets at 5 Hz. An intermittent pattern of TBS (iTBS) 

has been shown to exhibit excitatory aftereffects on cortical activity, while continuous TBS 

(cTBS) has been associated with inhibitory aftereffects9. These aftereffects last from 30 

minutes for 20s cTBS (300 pulses) to a 60 minutes for 40s cTBS (600 pulses), which is 

longer lasting than 1Hz rTMS9. Evidence suggests that the persistent effects of TBS may be 

due to N-methyl-D-aspartate (NMDA)-mediated changes at synapses and may be mediated 

by mechanisms similar to long-term potentiation (LTP) and long-term depression (LTD) 

effects observed in animal studies10–12. Because synaptic plasticity has been associated 

with recovery of functions after stroke and other forms of brain injury, TBS may be a 

promising approach in neurorehabilitation. TBS also affects motor task performance for 

up to 30 minutes after stimulation in healthy subjects9, and improves reaction times (and 

increases corticospinal excitability) in patients with chronic stroke13. The advantages of TBS 

over other non-invasive brain stimulation strategies are its low intensity, short duration of 

application and long-lasting effects.

Efforts to extend the application of TBS to studies of motor, language or cognitive recovery 

following stroke have been pursued13–17. However, despite the promising features of rTMS 
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and of TBS specifically, a few recent large-scale randomized clinical trials have failed 

to show significant effects of stimulation on motor recovery after stroke18,19. Evidence 

suggests that physiologic responses to TBS can exhibit a high degree of inter- and intra-

individual variability14,15. Thus, one potential explanation for null results from studies 

employing TBS may be inter-individual variability in susceptibility to the modulatory 

effects of rTMS on cortical excitability20 and/or motor network connectivity21. Identifying 

factors that contribute to this variability and stratifying patients and research participants 

accordingly could be crucial to successfully advancing TBS treatments for neurological 

disorders, and for optimizing research protocols involving rTMS more broadly. In healthy 

individuals, a variety of factors that impact cortical excitability and synaptic plasticity have 

been shown to impact response to rTMS. For example, preceding motor activity22, subject 

age23, time of day9, and phase of menstrual cycle24 have all been associated with inter- and 

intra-individual variability in neurophysiological response to rTMS protocols.

One factor that has also been shown to be associated with variable responses to rTMS 

among healthy individuals is the naturally occurring difference in the gene encoding 

brain-derived neurotrophic factor (BDNF)25. BDNF, a protein produced by the BDNF 

gene, is a neurotrophin critical to neural repair and plasticity, which exhibits activity-

dependent release at synapses26. It has been shown to modulate LTP11 and LTD12 processes 

and plays a role in neural development12. In humans, the BDNF gene has a single 

nucleotide polymorphism (SNP) Val66Met, which is associated with a decrease in activity-

dependent release of BDNF27 and diminished synaptic plasticity in animal models28. This 

polymorphism has been associated with disruptions to learning and memory in humans29,30. 

Furthermore, the Val66Met allele correlates with poor motor function after stroke31, stronger 

inter-hemispheric imbalance with greater excitability over the unaffected hemisphere32, 

worse outcomes for subcortical stroke33, and possibly different mechanisms of neural 

recovery34. Whether BDNF genotype status impacts response to neuroplasticity-inducing 

brain stimulation protocols, including TBS, remains to be clarified, as the evidence to date 

obtained in healthy individuals is mixed25, 27, 35–37. Some studies have suggested influence 

of BDNF genotype on the responses to rTMS in stroke patients38–40. However, to our 

knowledge this question had yet to be explored for TBS in chronic stroke patients.

Given that the persistent effects of rTMS—including TBS—are believed to be mediated 

by LTP- or LTD-like effects on synaptic plasticity, individuals with the Val66Met allele 

may be less responsive to rTMS interventions that aim to spur neuroplastic changes in 

patient populations. The Val66Met allele, ranging from 0% to 72% in various global 

populations, is relatively common41 (~25% Val66Met in the European population; ~5% 

in Sub-Saharan and Northern African populations; ~40% in Asian populations), making any 

impact that this polymorphism may have on rTMS potentially relevant to a wide range of 

therapeutic studies25. Furthermore, the association of Val66Met polymorphism with poor 

stroke recovery indicates that the frequency of this allele may be significantly higher in 

the chronic stroke patient populations for whom TBS is being tested as a therapy. We 

therefore examined the effects of BDNF polymorphism on the response to cTBS in a cohort 

of patients with chronic stroke. We hypothesized that BDNF genotype would be a reliable 

source of variation in response to cTBS in these patients, and that this could potentially 

inform whether and how individuals may be more efficiently stratified to TBS therapies.
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METHODS

Experimental Design

This experiment comprised a single session, which began by determining each patient’s 

resting motor threshold (rMT). Then, in order to obtain baseline MEPs of 1mV peak-to-peak 

amplitudes, stimulation intensity was increased appropriately above rMT and noted for each 

subject. Approximately thirty MEPs were obtained before cTBS (baseline) and immediately 

following stimulation at 0, 10, 20 and 30 minutes (refer to Figure 1), using single TMS 

pulses at the stimulation intensity that had elicited 1mV baseline MEPs for each subject. 

The active motor threshold (aMT), used to determine cTBS intensity, was determined after 

baseline MEP collection, approximately 10–15 minutes prior to administration of cTBS.

Subject Recruitment

Nineteen individuals (16 males) aged 29–79 (mean (M) ± standard deviation (SD) = 57.3 ± 

13.6 years) with a single, left hemisphere ischemic stroke (lesion volume M ± SD = 87.0 

± 70.4 cc) that occurred at least 6 months prior to the study (time since stroke onset M 

± SD = 51.6 ± 57.6 months) participated in this study. Refer to Table 1 for demographic 

and neurophysiological information. Informed consent was obtained from all participants 

in accordance with the guidelines if the Institutional Review Board at the University of 

Pennsylvania.

BDNF Genotyping

Genomic DNA from human saliva samples was collected in Oragene® DNA collection 

kits and then isolated using the prepIT.L2Preagent (cat # PT-L2P-5, DNA Genotek Inc, 

Canada) and precipitated with ethanol according to manufacturer’s instructions. The DNA 

samples were genotyped for BDNF (the single nucleotide polymorphism rs6265) using the 

TaqMan SNP Genotyping Assay (C_11592758_10) designed by Thermo Fisher Scientific. 

Primers and probes were mixed with TaqMan® Universal PCR Master Mix (Thermo Fisher 

Scientific). 4.5 μL of genomic DNA (2.5 ng/ μL) was transferred in triplicate to a 384-well 

plate, with each well containing 5.5 μL of the PCR mixture. PCR reaction was performed 

following a protocol provided by ABI. The allele was discriminated by post-PCR plate 

reading on the ViiA™ 7 System. Data were processed using the ViiA™ 7 Software (Thermo 

Fisher Scientific).

Transcranial Magnetic Stimulation

Single pulse TMS with a monophasic waveform was administered to the primary motor 

cortex of the (intact) right hemisphere using a Magstim 2002 Stimulator with a 70mm figure-

eight coil (Magstim Co., Whitland, Dyfield, UK). Participants’ T1-weighted MRI scans 

were uploaded to the Brainsight® Neuronavigation system (Rogue Research, Montreal) and 

were used to identify the optimal scalp position within the right primary motor cortex for 

eliciting a MEP from the left first dorsal interosseous (FDI) muscle. In line with widely 

employed methods, the intensity of stimulation was adjusted such that resulting baseline 

MEPs for each subject had an average amplitude of ~1mV9. The MEPs were acquired 

as participants were seated in a chair with their arms resting on their lap or a pillow. In 
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line with accepted methods, rMT was defined as the minimum pulse intensity required 

to elicit MEPs with peak-to-peak amplitudes of at least 50 μV in 5 of ten consecutive 

trials with the FDI at rest42,43. The starting point for the stimulation intensity to acquire 

MEPs was at 110% of rMT, after which the intensity was steadily increased by 1–2% 

until 10–12 consecutive MEPs were close to 1 mV in peak-to-peak amplitude. The coil 

position was maintained at the optimal scalp location and orientation during the acquisition 

of MEPs using the neuronavigation system. The single TMS pulses were delivered with 

an inter-stimulus interval of 6s with a random jitter of 6%. Refer to Table 1 for individual 

subjects’ stimulation parameters.

Continuous Theta Burst Stimulation

CTBS-600 was administered with a biphasic waveform using a Magstim SuperRapid2 

Stimulator (Magstim Co., Whitland, Dyfield, UK). CTBS-600 consisted of a continuous 

delivery of 50 Hz triplets of TMS pulses at 5 Hz for a total of 600 pulses (~40s). Intensity 

of cTBS-600 was set to 80% of active motor threshold (aMT), defined as the minimum pulse 

intensity required to produce MEPs with peak-to-peak amplitudes of at least 200 μV in 5 of 

ten consecutive pulses while participants contracted the FDI muscle at 20% of the maximum 

voluntary contraction. Setup used to ensure 20% contraction of the FDI included recording 

EMG of the study subject contracting at maximal force, and then the person practicing to 

push at strength to fill 20% of the maximal EMG bounds. The same biphasic stimulator was 

used to determine aMT and administer cTBS.

Electromyography

Electromyographic (EMG) activity was recorded using surface electrodes spanning the 

belly of the first dorsal interosseous (FDI) muscle of each patient’s left hand, with ground 

electrode placed along the wrist. Signals were amplified and band-pass-filtered between 20 

and 2000 Hz, digitized (sample-rate 5 kHz), and stored for off-line analysis using SIGNAL 

software (Cambridge Electronic Devices, Cambridge, UK).

Statistical Analysis

We used linear mixed effects regression implemented in the lme4 package of R version 

3.6.044 with models containing trial-level MEP data as the expected outcome. The use of 

linear mixed effects modelling is increasingly common in complex biological data45 with 

more than one source of variability, as it allows one to assess the relationship between a 

particular independent variable and the expected outcome after adjusting for relationships 

of other variables with the outcome. We used linear mixed effects modelling as it allows 

to make use of trial-level data nested within subjects, which allows for the inclusion 

of random effects such as the by-participant intercept adopted in our models here. The 

by-participant random effect structure also takes into account individual differences prior to 

the intervention (i.e., MEP differences between subjects at baseline). We were also able to 

assess the effect of a single variable and the interaction between two variables. Analyses 

were conducted on 2865 MEPs, which were natural log-transformed to ensure a normal 

distribution (hereafter, LnMEP).
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We adopted a forward-fitting model comparison approach to determine whether the addition 

of factors significantly accounted for more of the variability in cTBS-induced changes 

in LnMEPs. We first fit a base model to account for the influence of variables not of 

theoretical interest here (hereafter, covariates) on LnMEP. Our initially chosen covariate 

was Age, following which we sequentially added covariates (Education, MSO, Race, MPO, 

Stroke Volume, rMT and aMT) to the base model, looking for covariates that significantly 

improved model fit. Our final base model was compared to models that included factors 

of theoretical interest. To the base model, we sequentially added fixed effects of interest, 

which included Time (baseline vs. 0, 10, 20, and 30 minutes post-cTBS), BDNF (Val66Val 

vs. Val66Met), and the Time*BDNF interaction. Model comparisons assessed whether the 

inclusion of additional variables (covariates and fixed effects) significantly improved model 

fit by a chi-squared log-likelihood test, and also computed effect size46. Covariates and fixed 

effects that did not improve model fit were excluded from subsequent models. All models 

included by-participant random intercepts to capture the inherent correlation among multiple 

measurements within a participant. Post-hoc pairwise comparison tests were conducted, to 

compute the within-group comparisons of changes in LnMEP from baseline, as well as 

between-group comparisons in order to assess differences in LnMEPs between the two 

BDNF genotype groups at each time point. This was done using the estimated marginal 

means implemented in the emmeans package47 in R version 3.6.044 computed from the final 

optimal model with a Tukey adjustment for multiple comparisons.

RESULTS

Among the 19 individuals, 8 were BDNF Val66Val carriers, 10 were Val66Met allele 

carriers while 1 was a Met66Met carrier. The Met homozygote was excluded due to an 

insufficient number of such subjects for analysis. All subjects tolerated the cTBS with no 

adverse effects.

In linear mixed modeling, only Age was included as a covariate in the base model because 

age is known to affect plasticity48 and the addition of other covariates considered for 

inclusion did not significantly improve model fit (p’s > 0.11, refer to Supplementary Table 

1). Fixed and random effects structures and model comparison results are reported in Table 

2. Adding Time significantly improved the fit of the model. Adding BDNF alone did not 

significantly improve the fit of the model. However, adding the interaction between BDNF 

Status and Time did significantly improve model fit compared to the model that included 

Time and the covariate. This interaction between BDNF Status and Time is significant at 

0, 10, and 20 minutes after cTBS, but not 30 minutes after cTBS (refer to Table 3). The 

estimates for each predictor and their significance are plotted in Figure 2. We found that 

relative to baseline, Val66Val carriers exhibited a decrease in mean LnMEP from 0–30 

minutes after cTBS. Whereas, relative to baseline, Val66Met carriers had no significant 

change in mean LnMEP from 0–20 minutes after cTBS before decreasing relative to 

baseline at 30 minutes after cTBS (see Figure 2). The difference in mean LnMEP at each 

time post-cTBS from baseline is negative for Val66Val carriers, but is positive up to and 

including 10 minutes after cTBS for Val66Met carriers (refer to Table 4). Please refer to 

supplementary Table 2 for participant-level LnMEP data.
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Post-hoc tests of estimated marginal means for within-group comparisons show significant 

differences for Val66Val in the pairwise tests of LnMEPs at Baseline vs Post 0, Baseline 

vs Post 10, Baseline vs Post 20, and Baseline vs Post 30 (p’s <0.001). These same 

pairwise tests of the Val66Met group show a significant difference, of decreasing LnMEP, 

only between Baseline and Post 30 (p <0.001) but not at other time points (p’s >0.99). 

Further, comparisons between two groups at each time point revealed marginally significant 

difference at Post 10 (p =0.0504) but not at Baseline, Post 0, Post 20 or Post 30. See Table 

4 for full details of the pairwise comparisons using estimated marginal means. This indicates 

that cTBS has an inhibitory effect on the mean LnMEP in Val66Val patients that lasts at least 

30 minutes post-stimulation; however, for Val66Met patients, this inhibitory effect of cTBS 

does not emerge until 30 minutes after stimulation (see Figure 2).

DISCUSSION

The current study demonstrates that BDNF genotype has a significant impact on response 

to cTBS within stroke patients, which is crucial for understanding how genetic factors may 

impact response to cTBS in this patient population. Most studies in healthy individuals have 

shown that homozygous Val66Val BDNF carriers exhibit the expected response to TBS 

protocols25, 27, 35–37. Our data extend this result to stroke patients, revealing that Val66Val 

carriers exhibit the expected inhibitory response due to cTBS, i.e. MEP suppression. 

However, there have been mixed evidence for Met allele carriers in the healthy population, 

with studies indicating either a facilitative response to cTBS35 or no difference in cTBS 

responses as a function of BDNF genotype status25, 36. Thus, the effects of cTBS observed 

here expand on those reported in previous studies, confirming that BDNF impacts cTBS 

aftereffects in the stroke patient population while also revealing that the initial inhibitory 

effect of cTBS for stroke patients with the Val66Val genotype is not seen for stroke patients 

with the Val66Met polymorphism.

This finding has several implications on pairing TMS with other behavioral therapies. 

Current neurorehabilitation studies involving TMS (including studies specifically using 

cTBS) are pairing this therapy with physical/behavioral therapies administered after 

stimulation49–53. That is, cTBS can be used in motor rehabilitation to inhibit activity 

of the contralesional hemisphere. This notion is based on the interhemispheric inhibition 

hypothesis54, which postulates that the intact contralesional hemisphere exerts a deleterious 

inhibitory influence on the lesioned hemisphere. By this account, inhibiting the 

contralesional hemisphere with cTBS during periods of physical therapy may better 

allow for the functional recovery in perilesional areas55. Hence, repeated applications of 

cTBS over multiple sessions is increasingly being investigated as a tool to enhance the 

rehabilitative effects when paired with repeated physical therapy sessions. The underlying 

assumption of this approach is that the delivery of repetitive protocols such as cTBS 

may have facilitative effects on cortical excitability and enhance use-dependent learning 

to enhance responsiveness to concurrent behavioral therapies. That patients with the 

Val66Met genotype in the current study do not have an inhibitory response for the first 

20 minutes after stimulation has important implications for studies pairing neuromodulation 

approaches with physical or behavioral therapies, as this timeframe coincides with when 

therapeutic interventions would typically be performed10. Relatedly, differences in post-
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stimulation behavioral response based on BDNF genotype have also been observed in 

patient populations in studies involving transcranial direct current stimulation (tDCS), 

another noninvasive neuromodulation approach. In prior studies, BDNF Val66Met patients 

did not show improvement in aphasia following tDCS56 and motor learning in patients with 

BDNF Val66Met allele was slower57.

The response of Val66Met patients in our study changes to the expected inhibitory effect 

at 30 minutes after stimulation, which may also suggest a delayed response to cTBS. 

This finding should prompt caution and spur further investigation of whether the same 

protocols that may have beneficial effects in persons of the more common genotype are 

either ineffective or potentially even deleterious in persons with the Val66Met genotype. The 

differences in the time course of cTBS response based on BDNF may relate to differences 

in cortical resilience58, in that a quicker response to and recovery from cTBS may suggest 

greater resilience in Val66Val patients compared to Val66Met patients. The short period 

of data collection is a limitation of this study. Future investigations should follow the 

timeline further out after cTBS (e.g. 60–80 minutes), in order to better elucidate whether 

or not Val66Met carriers experience a delayed response to stimulation or something more 

complex. Therapeutic implications may naturally follow from such an analysis. As the 

patients with BDNF Val66Met polymorphism are more likely to be in the chronic population 

in need of such interventions31–34, the unexpected response among Val66Met carriers 

found here is especially crucial when considering how best to utilize brain stimulation to 

enhance recovery in patient populations. Accounting for the diminished, delayed, or possibly 

facilitative responses of Val66Met carriers, who may represent a significant percentage of 

the stroke population that will receive rTMS therapies, may promote the development of 

personalized stimulation paradigms based on genotype.

These results further suggest a potential for the use of cTBS as a biomarker for stroke 

recovery potential. Studies have implicated the BDNF Val66Met genotype in poor stroke 

recovery25,26,31. Therefore, the relation of BDNF genotype to cTBS response as well, may 

suggest an underlying common mechanism that yields altered neuroplasticity effects in these 

individuals. There is a need for developing further biomarkers of stroke recovery that may 

enhance future clinical trials59. The predictive value of BDNF polymorphism, a known 

predictor of stroke recovery31–33, as a modulator of cTBS responses in the current study may 

point toward cTBS responses as another biomarker for predicting stroke recovery outcomes. 

In the future, BDNF genotype may serve not only as a stratifier of who will respond to 

brain stimulation, but also as a broader biomarker of brain plasticity to help predict which 

individuals are most likely to respond to an intervention. This may be an important clinical 

measure to personalize therapy for stroke recovery.

Here, we analyzed the neurophysiological responses to cTBS instead of considering a 

particular motor or language recovery outcome measure. Our focus on motor physiology 

may be a limitation for directly applying these results to all studies of cTBS in 

neurorehabilitation, or for cTBS therapeutic applications for other cognitive functions and 

their neuroanatomical bases besides the motor physiology. However, neurophysiological 

response is somewhat generalizable to the individual’s overall brain response to cTBS8,9. 

This represents a starting point for future studies that may wish to characterize BDNF-
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mediated variability in cTBS applied to other regions of the brain for the enhancement 

and/or rehabilitation of other cognitive domains. Our results showed an unexpected 

inhibitory response of Val66Met carriers at 30 minutes post-cTBS. The BDNF Val66Met 

allele is also postulated to have duration-dependent effects on cortical plasticity, e.g. late 

modulation of neural plasticity60, which may explain this phenomenon. Future studies could 

also build on the current results by combining measures of contralesional motor excitability 

post-cTBS with measures of motor excitability in the lesioned hemisphere, which are also 

likely to be influenced by BDNF genotype32. Another limitation is the small sample size 

of our study. However, to our knowledge, this is the first study to examine effects of 

BDNF genotype on cTBS responses in stroke patients; future confirmatory studies would 

benefit from testing larger cohorts. Unlike prior studies where Val66Met carriers were a 

small sub-group, our sample sizes with each BDNF genotype are comparable to each other. 

Importantly, our use of a mixed effects model approach is relatively robust to smaller 

sample sizes due to use of trial-level data61. Finally, a general methodologic limitation of 

our approach is that there was no sham stimulation condition, such that both subjects and 

experimenters were aware that subjects were receiving stimulation. However, we do not 

believe that this awareness alone is likely to account for the differential response to brain 

stimulation as a function of BDNF genotype that we observed in this study.

CONCLUSION

This study provides novel insight into the potential sources of variability in cTBS 

response in patients, which has important implications for optimizing the utility of this 

neuromodulation approach in clinical settings. Incorporating BDNF polymorphism genetic 

screening to stratify patients prior to use of cTBS as a neuromodulatory technique in 

therapy or research may optimize response rates. This may help to decrease, or provide 

an explanation for, heterogeneity in responses to cTBS. Future studies may investigate 

BDNF as a mediator of variability in patient responses to a variety of NIBS protocols 

including other rTMS approaches and tDCS. Further research on the differential effects of 

BDNF genotype on synaptic and neural plasticity in humans may help elucidate various 

mechanisms of stroke rehabilitation. We suggest that studies and clinical trials currently 

utilizing TMS for treating neurological disorders take into account BDNF polymorphisms to 

further understand how this factor may be used to optimally stratify patients in future work 

and in turn improve the efficacy of this therapeutic approach.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic of experimental design.
cTBS was administered for 40 s (600 pulses). 30 MEPs each were recorded at times 

pre-cTBS and at 0, 10, 20, and 30 minutes after cTBS. Saliva sample was collected after all 

stimulation.
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Figure 2. cTBS effects on LnMEPs by BDNF Genotype.
Mean LnMEPs at baseline and 0, 10, 20, and 30 minutes post-cTBS for BDNF Val66Val 

(blue) and Val66Met (red) carriers. Logarithmic scale relates to MEPs in mV. Error bars 

reflect Standard Error. Significance shown based on post-hoc pairwise comparisons tests of 

LnMEPs at different times for either Val66Val (blue bars) or Val66Met (red bars) group 

using estimated marginal means computed from model with a Tukey adjustment. *** 

indicates p <0.001.
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Table 2.

Model Comparison Results

Model logLik Deviance χ2 df p-value

LnMEP ~ Age + (1 | Subj_ID) −3728.9 7457.7

LnMEP ~ Age + Time + (1 | Subj_ID) −3682.5 7365.1 92.62 4 < .001

LnMEP ~ Age + Time + BDNF + (1 | Subj_ID) −3682.3 7364.6 0.51 1 0.47

LnMEP ~ Age + Time*BDNF + (1 | Subj_ID) −3619.7 7239.5 125.6 5 < .001

Note. The first row represents the base model, which includes covariates only. Subsequent rows illustrate the model comparison results after adding 
the fixed effect of interest highlighted in bold. Subsequent models are compared to the last significant model.

Abbreviations: logLik = log-likelihood test; χ2 = chi-squared test statistic; df = degrees of freedom; LnMEP = log-transformed motor-evoked 
potential; Time = time point (baseline vs. 0, 10, 20, and 30 minutes post-cTBS); BDNF = brain-derived neurotropic factor (Val66Val vs. Val66Met); 
(1 | Subj_ID) = random effects structure representing the inclusion of a by-participant random intercept.
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Table 3.

Linear Mixed Effects Model Coefficients and Associated Test Statistics

Estimate SE t-value p-value d

Fixed Effects

 Age −0.01 0.01 −1.09 0.29 −0.01191

 Time 0 −0.67 0.07 −9.51 < .001 −0.6321

 Time 10 −0.84 0.07 −11.73 < .001 −0.79069

 Time 20 −0.56 0.07 −7.59 < .001 −0.53166

 Time 30 −0.44 0.07 −5.96 < .001 −0.41661

 BDNF −0.19 0.32 −0.60 0.56 −0.17664

 Time 0 × BDNF 0.72 0.10 7.29 < .001 0.677257

 Time 10 × BDNF 0.90 0.10 9.09 < .001 0.847445

 Time 20 × BDNF 0.51 0.10 5.09 < .001 0.482617

 Time 30 × BDNF 0.04 0.10 0.37 0.71 0.034079

s2 Std. Deviation

Random Effects

 Subject ID 0.3408 0.5838

Note: Reference level is baseline for “Time” and Val66Val for “BDNF”. Significant fixed effects and interactions are highlighted in bold. SE = 
standard error; d = Effect Size, calculated as the ratio of Estimate to square root of the sum of random effects variances; BDNF = brain-derived 

neurotropic factor (reference level = Val66Val); Time = time point (reference level = Baseline); s2 = random effect variance; Std. Deviation = 
standard deviation.
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Table 4.

Estimated Marginal Means Post-hoc Comparisons

Comparison Estimate SE df t-value p-value

Within-group Val66Val

 Val66Val Baseline - Val66Val Post0 0.6711 0.0706 2855.3 9.499 <.0001

 Val66Val Baseline - Val66Val Post10 0.8394 0.0717 2855.1 11.714 <.0001

 Val66Val Baseline - Val66Val Post20 0.5644 0.0744 2856.4 7.582 <.0001

 Val66Val Baseline - Val66Val Post30 0.4423 0.0743 2856.5 5.953 <.0001

Within-group Val66Met

 Val66Met Baseline - Val66Met Post0 −0.0479 0.0690 2858.8 −0.695 0.9995

 Val66Met Baseline - Val66Met Post10 −0.0603 0.0685 2858.8 −0.880 0.9970

 Val66Met Baseline - Val66Met Post20 0.0521 0.0679 2858.8 0.767 0.9990

 Val66Met Baseline - Val66Met Post30 0.4061 0.0650 2855.2 6.249 <.0001

Cross-group at same times

 Val66Val Baseline - Val66Met Baseline 0.1875 0.3442 23.2 0.545 0.5911

 Val66Val Post0 - Val66Met Post0 −0.5315 0.3451 23.5 −1.540 0.1370

 Val66Val Post10 - Val66Met Post10 −0.7122 0.3453 23.5 −2.062 0.0504

 Val66Val Post20 - Val66Met Post20 −0.3248 0.3459 23.7 −0.939 0.3571

 Val66Met Post30 - Val66Met Post30 0.1514 0.3453 23.5 0.438 0.6651

Note: Significant differences in MEP amplitudes for Val66Val and Val66Met carriers are highlighted in bold. Estimate = difference in model-
estimated MEPs from Baseline to Post-cTBS time points within each BDNF genotype group (Val66Val and Val66Met); SE = standard error of the 
estimate; df = degrees of freedom. Statistical test results represent Tukey-adjusted values correcting for multiple comparisons within the family of 
estimates compared.
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