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Abstract
To evaluate the efficacy of high-frequency repetitive transcranial magnetic stimulation (rTMS) in patients with primary 
progressive aphasia (PPA). In this randomized, double-blind trial in a single center, patients who were diagnosed with PPA 
were randomly assigned to receive either real rTMS or sham rTMS treatment. High-frequency rTMS was delivered to the 
dorsolateral prefrontal cortex (DLPFC). The primary outcome was the change in Boston Naming Test (BNT) score at each 
follow-up compared to the baseline. The secondary outcomes included change in CAL (Communicative Activity Log) and 
WAB (Western Aphasia Battery) compared to baseline and neuropsychological assessments. Forty patients (16 with non-
fluent, 12 with semantic and 12 with logopenic variant PPA) were enrolled and randomly assigned to the rTMS or sham 
rTMS group, with 20 patients in each group. Thirty-five patients (87.5%) completed a 6-month follow-up. Compared to the 
sham rTMS group, the BNT improvement and WAB improvement in the real rTMS group were significantly higher. These 
significant improvements could be observed throughout the entire 6-month follow-up. At 1 month and 3 months after treat-
ment, CAL improvements of real rTMS were significantly higher than sham rTMS. The improvements in BNT, CAL and 
WAB did not significantly differ among PPA variants. No significant improvement in neuropsychological assessments was 
observed. High-frequency rTMS delivered to DLPFC improved language functions in patients with different PPA variants. 
The efficacy was still observed after 6 months of treatment. Trial registration: NCT04431401 (https:// clini caltr ials. gov/ ct2/ 
show/ NCT04 431401).

Keywords Primary progressive aphasia · Repetitive transcranial magnetic stimulation · Dorsolateral prefrontal cortex · 
Noninvasive brain stimulation · Frontotemporal dementia

Introduction

Primary progressive aphasia (PPA) is a unique group of 
neurodegenerative diseases characterized by prominent dif-
ficulty with language and isolated language deficits during 
the early stages of the disease (Montembeault et al. 2018). 
PPA can be classified into 3 main variants, namely the non-
fluent/agrammatic variant (nfvPPA), the semantic variant 
(svPPA), and the logopenic variant (lvPPA) (Gorno-Tempini 
et al. 2011). However, subsequent studies have shown that a 
relatively high proportion of PPA patients cannot be classi-
fied into these 3 main variants, and new variants have been 
suggested (Vandenberghe 2016; Teichmann 2021). The clas-
sification of PPA variants was based on the clinical, imaging 
and/or pathological features of each patient. Unfortunately, 
no pharmacological therapies are currently available to slow 
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or halt the progression of any PPA variant (Marshall et al. 
2018). Recent studies have demonstrated improvements in 
symptoms following speech and language therapies and 
noninvasive brain stimulation (NIBS) (Pagnoni et al. 2021; 
Taylor-Rubin et al. 2021; Sheppard 2022).

NIBS consists of a variety of techniques that aims to tran-
scranially modulate the excitability of specific brain areas 
and related networks (Boes et al. 2018). Transcranial direct 
current stimulation (tDCS) and repetitive transcranial mag-
netic stimulation (rTMS) are two widely used methods of 
NIBS, which delivered direct or secondary electrical current 
to the brain to increase or suppress cortical excitability to 
modulate neuroplasticity (Cirillo et al. 2017; Rajji 2021). An 
increasing number of studies have shown promising results 
of NIBS in treatment of neurocognitive disorders, such as 
Alzheimer’s disease (AD), mild cognitive impairment, and 
post-stroke aphasia (Ciullo et al. 2021; Lefaucheur et al. 
2020; Guan et al. 2017).

The efficacy of NIBS in PPA has also been explored in 
various studies. A meta-analysis published in 2020 sum-
marized evidence of the efficacy of tDCS or rTMS paired 
with language therapy in PPA, with 6 tDCS studies and 2 
rTMS studies included (Nissim et al. 2020). The results 
showed that NIBS treatments had a significant and mod-
erate improvement in language functions (mainly naming 
abilities) over sham, and tDCS yielded greater improvements 
than rTMS. Several recent publications also demonstrated 
that tDCS can enhance the efficacy of language therapies 
in naming abilities and apraxia of speech (Themistocleous 
et al. 2021; Zhao et al. 2021; Nissim et al. 2022; Sheppard 
et al. 2022). In addition to language function improvements, 
several studies showed that rTMS can improve global cog-
nitive function and neuropsychiatric symptoms, which are 
common manifestations of PPA patients, especially in the 
advanced stages (Bereau et al. 2016; Pytel et al. 2021).

There is significant heterogeneity across NIBS studies. 
Part of this heterogeneity is attributed to the heterogeneity 
of PPA, where the pathophysiology differs between different 
PPA variants. Another important reason is that the stimula-
tion sites in NIBS studies are various. The left frontal lobe 
(F7) was the most common stimulation site in tDCS stud-
ies, while the dorsal lateral prefrontal cortex (DLPFC) was 
the most common in rTMS studies (Trebbastoni et al. 2013; 
Pytel et al. 2021; Margolis et al. 2019; Cotelli et al. 2012; 
Bereau et al. 2016; Nissim et al. 2020). High-frequency 
rTMS delivered to DLPFC have shown efficacy to improve 
language functions in nfvPPA and lvPPA patients (Cotelli 
et al. 2012; Trebbastoni et al. 2013; Bereau et al. 2016; 
Neri et al. 2021). A recent randomized, double-blind trial 
of rTMS selected personalized targets for each patient and 
left DLPFC rTMS stimulation yielded greater efficacy than 
other sites in 5 out of 6 svPPA patients (Pytel et al. 2021). 
Thus, rTMS delivered to DLPFC has the most evidence for 

the efficacy of the three main PPA variants, which deserves 
further investigation.

To date, there is only one randomized, double-blind trial 
with a relatively small sample size that explored the efficacy 
of rTMS in PPA, with no lvPPA patients included (Pytel 
et al. 2021). Moreover, patients in most rTMS studies were 
followed for a short period so that the long-term efficacy of 
rTMS has not been well studied. Therefore, we did a ran-
domized, double-blind trial to evaluate the short-term and 
long-term efficacy of rTMS delivered to DFPLC in all 3 
variants of PPA patients.

Methods

Study design and participants

This study was a single-center randomized double-blind 
placebo-controlled trial. Consecutive inpatients and outpa-
tients of Peking Union Medical College Hospital who were 
diagnosed with PPA and aged 35–75 years were enrolled. In 
total, 40 patients (16 with nonfluent, 12 with semantic and 
12 with logopenic variant PPA) were enrolled in this study, 
with 20 allocated to the real rTMS group and 20 allocated 
to the sham rTMS group (Fig. 1). The diagnosis of PPA and 
its variants were based on the consensus published in 2011 
(Gorno-Tempini et al. 2011). Exclusion criteria included: (1) 
Pattern of deficits could be better explained by other nonde-
generative nervous system or medical disorders; (2) cogni-
tive deficits could be explained by other diseases through 
neuropsychological examination; (3) significant impairments 
of episodic memory, visual memory and visual perception 
are observed in early stages; (4) significant behavioral defi-
cits in early stages; (5) history of loss of consciousness due 
to secondary causes such as epilepsy or encephalitis; (6) dis-
ease duration < 6 months. Patients who could not complete 
assessments and rTMS were also excluded: (1) significant 
language impairment (hearing impairment or cannot com-
plete assessments due to other causes); (2) severe depression 
or other psychiatric symptoms (defined as HAMA (Hamilton 
Anxiety Scale, (Hamilton 1969)) > 14 and HRSD (Hamilton 
Rating Scale for Depression, (Hamilton 1960)) > 18, respec-
tively) that make language assessment difficult and/or pre-
vent completion of the assessment and treatment process; (3) 
Mini-mental state examination (MMSE) score ≤ 18 due to 
global cognitive decline judged by the evaluating physician 
(Li et al. 2016); (4) presence of contraindications to MRI or 
rTMS; (5) pregnancy. The study was approved by the Ethics 
Committee of Clinical Research of Peking Union Medical 
College Hospital (Beijing, China) and was registered at Clin-
icalTrials.gov (NCT04431401). Written informed consent 
was obtained from every participant.
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Randomization and masking

Participants were randomly allocated (1: 1) to two groups 
receiving either real rTMS or sham rTMS. Simple ran-
domization without blocks and stratification of any fac-
tors were applied. The random allocation sequence was 
generated by an independent statistician who did not par-
ticipate in this trial using Random Number Generators of 
SPSS (version 25.0). The random numbers were sealed 
in opaque envelopes and a serial number was assigned 
to each envelope according to the sequence of the rand-
omized number. Then each envelope was opened sequen-
tially at the enrollment of each participant. The participant 
was allocated to real rTMS or sham rTMS group accord-
ing to the assigned random number. The randomization 
and allocation process was supervised by the principal 
investigator. Two independent groups were, respectively, 
responsible for the assessments and treatment of patients. 
RTMS treatment was conducted by physicians unblind to 
the allocation, while assessments were conducted by inde-
pendent evaluators blind to the intervention. Participants 
and their caregivers were also blind to the allocation dur-
ing the study, since the sham rTMS differed from the real 
rTMS only in the angle of the coil placement, as described 
below.

Assessments and outcomes

At the time of study inclusion, all patients were evaluated 
by a neurologist trained in neuropsychological examination 
and underwent a 3T brain MRI. We did not perform posi-
tron emission tomography imaging or tests for biomarkers 
and genes. All participants were classified into nfvPPA, 
svPPA and lvPPA based on the features of speech and lan-
guage impairment and brain MRI. Patients were follow-up 
at 1 month (± 1 week), 3 months (± 1 week) and 6 months 
(± 1 week) after treatment. Speech and language assess-
ments including BNT (Boston Naming Test), CAL (Com-
municative Activity Log) and WAB (Western Aphasia Bat-
tery) were carried out at baseline and each follow-up point 
(Cheung et al. 2004; Pulvermuller et al. 2001; Wang 1997). 
These assessments of outcomes will be described in detail 
below. We planned to test Bilingual Aphasia Test in bilin-
gual patients, but there were no bilingual patients included 
in our study. Global cognitive function was assessed with 
MMSE and MoCA (Montreal Cognitive Assessment) at 
enrollment (Li et al. 2016; Lu et al. 2011). HAMA and 
HRDS were conducted at baseline and the last follow-up 
to evaluate anxiety and depression, respectively. We used 
Edinburgh Handedness Inventory to evaluate handedness 
(Oldfield 1971). Safety evaluations included monitoring of 

Fig. 1  Trial profile. AD Alzhei-
mer’s disease, HAMA Hamilton 
Anxiety Scale, HRSD Hamilton 
Rating Scale for Depression, 
MMSE Mini-mental state 
examination. a Loss to follow-
up because the participant was 
no longer willing to participate. 
b Loss to follow-up because the 
participant was unable to arrive 
at the hospital at the scheduled 
follow-up time
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adverse events, assessment of vital signs and physical and 
neurological examinations. Complete blood count, liver and 
kidney function tests and electrocardiogram were performed 
before treatment, 1 month and 6 months after treatment.

The primary outcome was the change in the BNT score 
of each follow-up point compared to baseline. BNT is one of 
the most widely used tests of confrontation naming, which 
was initially developed for the English-speaking popula-
tion (Kaplan et al. 1983). We used the Chinese version of 
BNT which was adapted by Cheung et al. by selecting 30 
items from the original English version without replacing 
and adjusting items (Cheung et al. 2004). This adapted ver-
sion has been validated and widely used in the Chinese-
speaking population (Chen et al. 2014; Li et al. 2022). It 
has been shown to be valid in differentiating normal from 
brain-damaged participants (Cheung et al. 2004), and dis-
tinguishing between normal individuals, amnestic mild 
cognitive impairment, and AD patients with aphasia (Guo 
et al. 2006; Salmon et al. 1995). Thus, it is recommended 
for screening AD patients for language impairment in China 
(Tian et al. 2020). It is also applied in studies of vascular 
cognitive impairment and PPA (Ma et al. 2022; Liu et al. 
2015b). The Chinese version of BNT is composed of 30 line 
drawings of objects and animals. Thirty cards bearing dif-
ferent line-drawing objects or animals were presented, and 
patients were instructed to name each item depicted on the 
cards. If the patient named the item correctly, one point was 
recorded as a “score of spontaneous naming”. If the initial 
answer was incorrect, a standard semantic cue was provided 
(e.g., “this is a kind of plant” for “tree”). If the answer after 
the cue was correct, one point was recorded as “scores after 
semantic cue”. The total score of BNT was the sum of scores 
of spontaneous naming and scores after semantic cues, rang-
ing from 0 to 30.

The secondary outcomes included changes in CAL and 
WAB compared to baseline and total scores of HAMA 
and HRSD. CAL was developed by Pulvermüller et al. to 
assess the quantity and quality of the patient's daily com-
munication (Pulvermuller et al. 2001). It was rated by a 
caregiver of each patient and contains 18 questions (e.g., 
How frequently would the patient communicate with fam-
ily members or friends?), each scored on a scale of 0 to 5 
(0 = never; 5 = very frequently) with a total score of 90. CAL 
is a commonly used scale to assess speech function and has 
been applied in RCTs to evaluate the efficacy of treatment in 
patients with aphasia (Haro-Martínez et al. 2019; Berthier 
et al. 2009). CAL has been translated into Chinese and is fre-
quently used in Chinese-speaking patients with post-stroke 
aphasia to assess speech function and improvement after 
treatment (Zhou et al. 2014; Xie et al. 2014). WAB was 
first developed by Kertesz and Poole to determine global 
language impairment in 1974 (Kertesz and Poole 1974). In 
1996, Wang translated the Chinese version of the WAB from 

the original version and validated the scale in a Chinese 
population (Wang 1997; Kertesz 2020). The Chinese version 
of WAB is comprised of several subscales that assess the 
patients’ language function in terms of spontaneous speech, 
auditory verbal comprehension, repetition, naming, reading, 
writing and apraxia and has a total score of 700. This ver-
sion has also been widely applied in the Chinese-speaking 
population to evaluate aphasia and assess the improvement 
of aphasia after treatment (Zhang et al. 2021; Yu et al. 2013; 
Ren et al. 2019; Liu et al. 2015a). The same versions of 
scales of language assessment were used at baseline and at 
each follow-up after treatment.

rTMS protocol

The rTMS intervention was conducted using a Magstim 
stimulator (Magstim, London, UK) connected to a figure-
of-8 coil. The motor threshold (MT) of the abductor digiti 
minimi muscle was determined for each patient before treat-
ment, which was defined as the lowest intensity capable of 
eliciting at least 5 motor-evoked potentials of at least 50 mV 
in 10 consecutive stimulations when single-pulse TMS was 
delivered to the contralateral M1 cortex (Siebner et al. 2022). 
RTMS was delivered to the left DLPFC for right-handed 
patients and the right DLPFC for left-handed patients. The 
localization of DLPFC was determined using an elastic TMS 
location cap based on the international 10–20 electroenceph-
alography system (Jasper 1958) and DLPFC corresponded to 
the F3 or F4 electroencephalography electrode (Fig. 2). This 
method of localizing DLPFC using TMS location cap has 
been validated using neuronavigation (Herwig et al. 2003) 
and applied in various TMS studies (Zhao et al. 2020; Li 
et al. 2020). Participants were randomly assigned to receive 
real or sham rTMS. The whole course of treatment lasted 
for 4 weeks, participants received rTMS of a session per day 
on 5 consecutive days in each week (20 sessions in total). A 
daily session of stimulation consisted of 50 trains of 10 Hz 
rTMS (20 pulses per train with 2-s inter-train intervals, 1000 
pulses per session) at an intensity of 120% MT. The proto-
col was similar to our previous study on acute stroke (Guan 
et al. 2017) and fulfilled the safety norms recommended for 
this technique (Rossi et al. 2009, 2021). In the real rTMS 
treatment group, coils were placed tangentially to the scalp, 
with the tangent point being the F3 or F4 electrode. While 
sham rTMS was delivered using the same parameters, with 
the coils placed perpendicular to the scalp to produce tac-
tile sensation and noise without applying magnetic fields 
to the brain (Fig. 2). This is because the magnetic field the 
coils generate is perpendicular to the plane of the coils. The 
methodology of sham rTMS was identical to several previ-
ous studies (Shi et al. 2021; Khedr et al. 2019; Jansen et al. 
2019). The TMS coil was held steady with a customized coil 
holder to prevent coil rotation during treatment (Fig. 2). Our 
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protocol did not include any speech and language therapy, 
and no patients received speech or language training outside 
the study. Patients were allowed to continue their previous 
treatment with cholinesterase inhibitors.

Sample size and statistical analysis

The sample size calculation was based on a superiority test. 
In our pilot study, the mean score of objects naming in WAB 
in PPA patients was 13.2, with a standard variation of 1.4. 
A conservative improvement of 10% of the point between 
groups was used to calculate the sample size. The signifi-
cance level was set at 0.05, and the power was set at 0.80. 
The analysis revealed the smallest sample size of 40 par-
ticipants in total (20 per group). The lost to follow-up rate 
was anticipated to be 10%, thus a final sample size of 44 
participants (22 per group) was determined.

Numerical variables were shown as mean ± standard 
deviation (SD) for normal distributed data or median (Inter 
quartile range, IQR) for skewed distributed data. Baseline 
characteristics were compared using t-test or Wilcoxon rank 

sum test for numerical variables and chi-square test for cat-
egorical variables.

The primary and secondary outcomes were examined 
using mixed two-way repeated measures analyses of vari-
ance (ANOVA). For changes in BNT, CAL and WAB scores 
compared to baseline, treatment (real or sham rTMS) was 
the between-subjects factor and time (1, 3 and 6 months 
after treatment) was the within-subjects factor. For HAMA 
and HRSD scores, treatment (real or sham rTMS) was the 
between-subjects factor and time (baseline and 6 months 
after treatment) was the within-subjects factor. Furthermore, 
a mixed three-way repeated measures ANOVA was used to 
analyze whether the effects of rTMS differ across PPA vari-
ants, with treatment (real or sham rTMS) and PPA variants 
(nfvPPA, svPPA or lvPPA) as between-subjects factors, and 
time (same as the two-way repeated measures ANOVA) as a 
within-subjects factor.

Before the repeated measures ANOVAs were conducted, 
the normality of data was tested with a normal quantile plot 
(Q-Q plot). Mauchly’s test was used to test for sphericity 
and Levene’s test was used to test the homogeneity of vari-
ances. The Greenhouse–Geisser correction was used for 

Fig. 2  Site of stimulation and examples of coil placement. A Stimula-
tion was delivered to the left DLPFC for right-handed patients. B Left 
DLPFC correspond to the F3 electrode based on the international 

10–20 electroencephalography system. C Real rTMS treatment, coils 
were placed tangent tangentially to the scalp. D Sham rTMS treat-
ment, coils placed perpendicular to the scalp
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nonspherical data to adjust the degree of freedom. P values 
were adjusted with the Bonferroni correction for multiple 
post hoc comparisons. Partial eta-squared (η2

p) values were 
provided to demonstrate effect size. The significance level 
was set at a two-sided 0.05. Statistical analyses were per-
formed using IBM SPSS (version 25.0).

Results

Baseline Characteristics

Between July 2020 and December 2021, 62 patients were 
assessed for eligibility, of whom 40 (16 with nonfluent, 12 
with semantic and 12 with logopenic variant PPA) were ran-
domly assigned to each group. Twenty patients received real 
rTMS and 20 patients received sham rTMS (Fig. 1). Of the 
40 treated patients, 18 patients in the real rTMS group and 
17 patients in the sham rTMS group completed the study 
of 6 months follow-up, with 5 (12.5%) dropped out. Three 
participants were lost to follow-up because they were unable 
to arrive at the hospital at the scheduled follow-up time. 
Meanwhile, two participants were no longer willing to par-
ticipate during the follow-up (Fig. 1).

Baseline characteristics of patients are shown in 
Table 1. Median disease duration of all participants was 
24.0 (12.0–36.0) months, and the sham rTMS group had a 
longer disease duration than real rTMS group [35.5 ± 27.9 
vs 24.0 (6.8–24.0) months, p = 0.043]. Two treatment groups 

were generally well matched regarding other characteristics 
including gender, cholinesterase inhibitor usage, PPA vari-
ants and neuropsychological assessments. No significant dif-
ferences were observed between the baseline characteristics 
of the patients who were lost to follow-up and those who 
did not (Table S1 and S2 provided as Online Resource). 
Among patients who completed the 6-month follow-up, 
there were no significant differences in baseline outcome 
variables between the real and sham rTMS group (Table 2), 
but the sham rTMS group had a longer duration of disease 
and higher MMSE and MoCA scores (Table S1 provided as 
Online Resource). One patient in the real rTMS group who 
finished the 6-month follow-up was left-handed and received 
rTMS delivered to the right DLPFC, while all other patients 
were right-handed. No patients were receiving any speech or 
language therapy during the study.

Primary outcome

The primary outcome was the change in the BNT score. The 
BNT scores and changes from baseline are shown in Table 2 
and Fig. 3. For BNT improvement compared to baseline, 
since the data fitted with normal distributions and Levene’s 
test indicated homogenous variances, subsequent repeated 
measures ANOVA was conducted (Table 3). Mauchly’s 
test revealed that the assumption of sphericity was violated 
(p = 0.043), thus Greenhouse–Geisser correction was used 
to adjust the degree of freedom.

Table 1  Baseline characteristics

*p < 0.05
Data are shown as mean ± standard deviation (SD) or median (Inter quartile range, IQR). BNT Boston Naming Test, CAL Communicative Activ-
ity Log, HAMA Hamilton Anxiety Scale, HRSD Hamilton Rating Scale for Depression, MMSE Mini-mental state examination, MoCA Montreal 
Cognitive Assessment, WAB Western Aphasia Battery

All participants (n = 40) real rTMS (n = 20) sham rTMS (n = 20) p value

Age of onset (year) 65.2 ± 6.6 64.2 ± 7.6 66.2 ± 5.5 0.345
Disease duration (month) 24.0 (12.0–36.0) 24.0 (6.8–24.0) 35.5 ± 27.9 0.043*
Female 21 (52.5%) 10 (50.0%) 11 (55.5%) 0.755
Cholinesterase inhibitor usage 19 (47.5%) 11 (55.0%) 8 (40.0%) 0.348
PPA variants 0.454
 nfvPPA 16 (40.0%) 9 (45.0%) 7 (35.0%)
 svPPA 12 (30.0%) 6 (30.0%) 6 (30.0%)
 lvPPA 12 (30.0%) 5 (25.0%) 7 (35.0%)

MMSE 22.0 (21.0–24.0) 22.0 ± 2.0 23.1 ± 2.0 0.086
MoCA 19.5 ± 2.2 18.9 ± 1.7 20.2 ± 2.5 0.066
HAMA 11.2 ± 2.9 11.7 ± 2.3 10.8 ± 3.4 0.309
HRSD 13.0 (10.0–15.0) 11.9 ± 2.5 13.6 ± 3.3 0.074
BNT 21.2 ± 2.4 20.7 ± 2.5 21.6 ± 2.2 0.206
CAL 48.7 ± 4.1 48.6 ± 4.5 48.8 ± 3.7 0.910
WAB 536.9 ± 6.5 537.6 ± 6.0 536.1 ± 7.0 0.469
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There were significant main effects of treatment (F 
(1, 33) = 5.125, p = 0.030, η2

p = 0.134) and time (F (1.70, 
55.99) = 16.815, p < 0.001, η2

p = 0.338). No significant 
interaction between treatment and time was found. Post hoc 
analysis showed that the average improvements of BNT in 
the real and sham rTMS group were 2.9 points (95% CI 
2.1, 3.6) and 1.7 points (95% CI 0.9, 2.4), respectively. The 
improvement of BNT in the real rTMS group was 1.2 points 

(95% CI 0.1, 2.3, p = 0.030) higher than the sham rTMS 
group. This result indicated that real rTMS could provide 
significantly higher improvement in BNT scores than sham 
rTMS, and this effect was stable in 6 months after treatment 
due to the absence of significant interaction.

Secondary outcomes

The secondary outcomes are displayed in Table 2 and Fig. 3. 
These outcomes were all normally distributed for each com-
bination of three factors according to Q–Q plots. Levene’s 
test demonstrated the equality of variance for all the out-
comes. For outcomes including changes in CAL and WAB 
scores compared to baseline, Mauchly’s tests for spheric-
ity were not significant (p = 0.189 and 0.263, respectively). 
For HAMA and HRSD, since the within-subjects factor was 
two-level (i.e., baseline and 6 months), Mauchly’s test could 
not be conducted. The results of two- way repeated meas-
ures ANOVA for every outcome are displayed as follows 
(Table 3).

CAL improvement

The repeated measures ANOVA yielded significant main 
effects of treatment (F (1, 33) = 4.545, p = 0.041, η2

p = 0.121) 
and time (F (2, 66) = 24.243, p < 0.001, η2

p = 0.424). Since 
there was a significant treatment × time interaction (F (2, 
66) = 3.662, p = 0.031, η2

p = 0.100), simple effects of treat-
ment at each time point need to be analyzed. At 1 month 
and 3 months after treatment, CAL improvements of real 
rTMS were significantly higher than sham rTMS, the mean 
differences were 4.7 (95% CI 1.2, 8.1, p = 0.010) and 2.7 
(0.6, 5.5, p = 0.033), after Bonferroni correction (Table 2). 
The results indicated that rTMS could significantly improve 
CAL score at 1 and 3 months after treatment, but this effect 
did not persist at 6 months.

WAB improvement

For WAB improvement, there were significant main effects 
of treatment (F (1, 33) = 4.861, p = 0.035, η2

p = 0.128) and 
time (F (2, 66) = 19.165, p < 0.001, η2

p = 0.367). There 
was no significant interaction between treatment and time 
(F (2, 66) = 0.285, p = 0.753, η2

p = 0.009). Post hoc analy-
sis showed that the average improvements of WAB in the 
real and sham rTMS group were 25.3 points (95% CI 22.3, 
28.2) and 20.6 points (95% CI 17.6, 23.7), respectively. The 
improvement of WAB in the real rTMS group was 4.6 points 
(95% CI 0.4, 8.9, p = 0.035) higher than the sham rTMS 
group. The results suggested that rTMS could significantly 
improve WAB scores in PPA patients, and the effect was 
stable in 6 months after treatment due to the absence of 
significant interaction.

Table 2  Language and neuropsychological assessments during fol-
low-up

*p < 0.05
Data from 35 patients (18 in the real rTMS group and 17 in the sham 
rTMS group) who finished 6-month follow-up were shown
a p values without multiple comparison correction
b p values after Bonferroni correction for multiple comparisons
Real, real rTMS; Sham, sham rTMS. ND, not done
BNT, Boston Naming Test; CAL, Communicative Activity Log; 
HAMA, Hamilton Anxiety Scale; HRSD, Hamilton Rating Scale for 
Depression; WAB, Western Aphasia Battery

BNT CAL WAB HAMA HRSD

Baseline score
 Real 20.6 ± 2.6 48.2 ± 4.4 538.2 ± 7.4 12.0 ± 2.3 12.1 ± 2.5
 Sham 22.0 ± 2.0 49.4 ± 3.3 536.2 ± 7.4 10.4 ± 2.9 13.4 ± 2.5
 p 0.085 0.375 0.351 0.081 0.217

1 month after treatment
 Score
  Real 23.0 ± 2.2 65.9 ± 5.2 568.4 ± 9.0 ND ND
  Sham 23.5 ± 2.0 62.5 ± 5.7 561.7 ± 8.2 ND ND
   pa 0.468 0.375 0.026* ND ND

 Score improvement
  Real 2.4 ± 1.8 17.7 ± 4.6 30.2 ± 9.8 ND ND
  Sham 1.5 ± 1.9 13.1 ± 5.5 25.5 ± 5.9 ND ND

  pb 0.182 0.010* 0.094 ND ND
3 months after treatment
 Score
  Real 24.4 ± 1.9 63.4 ± 4.1 563.3 ± 7.8 ND ND
  Sham 24.7 ± 2.3 61.9 ± 4.1 558.0 ± 7.3 ND ND
  pa 0.779 0.285 0.045* ND ND

 Score improvement
  Real 3.8 ± 1.8 15.2 ± 3.4 25.1 ± 7.2 ND ND
  Sham 2.7 ± 1.9 12.5 ± 3.8 21.8 ± 6.5 ND ND
  pb 0.071 0.033* 0.167 ND ND

6 months after treatment
 Score
  Real 22.9 ± 2.2 57.6 ± 5.8 558.7 ± 12.6 9.9 ± 1.9 12.2 ± 2.4
  Sham 22.8 ± 1.6 58.9 ± 6.1 550.8 ± 12.0 9.3 ± 2.5 11.6 ± 2.3
  pa 0.784 0.516 0.068 0.422 0.431

 Score improvement
  Real 2.3 ± 2.1 9.3 ± 4.4 20.4 ± 11.4 ND ND
  Sham 0.8 ± 1.6 9.5 ± 5.2 14.6 ± 8.1 ND ND
  pb 0.021* 0.311 0.094 ND ND
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Fig. 3  Language assessments. Box plots with all the data points 
shown. BNT Boston Naming Test, CAL Communicative Activity Log, 
WAB Western Aphasia Battery. *Significant main effect of treatment 

without significant interaction between treatment and time in repeated 
measures ANOVA. **Significant simple effect of treatment when a 
significant treatment-by-time interaction exists

Table 3  Two-way repeated 
measures ANOVA of outcomes

*p < 0.05
BNT Boston Naming Test, CAL Communicative Activity Log, HAMA Hamilton Anxiety Scale, HRSD 
Hamilton Rating Scale for Depression, WAB Western Aphasia Battery

Repeated measure ANOVA Factors F Statistics p value Effect size (η2
p)

Primary outcome
 BNT improvement
  Between-subject Treatment F (1, 33) = 5.125 0.030* 0.134
  Within-subject Time F (1.70, 55.99) = 16.815  < 0.001* 0.338

Time × treatment F (1.70, 55.99) = 0.680 0.487 0.020
Secondary outcomes
 CAL improvement
  Between-subject Treatment F (1, 33) = 4.545 0.041* 0.121
  Within-subject Time F (2, 66) = 24.243  < 0.001* 0.424

Time × treatment F (2, 66) = 3.662 0.031* 0.100
 WAB improvement
  Between-subject Treatment F (1, 33) = 4.861 0.035* 0.128
  Within-subject Time F (2, 66) = 19.165  < 0.001* 0.367

Time × treatment F (2, 66) = 0.285 0.753 0.009
 HAMA
  Between-subject Treatment F (1, 33) = 2.000 0.167 0.057
  Within-subject Time F (1, 33) = 32.856  < 0.001* 0.499

Time × treatment F (1, 33) = 3.111 0.087 0.086
 HRSD
  Between-subject Treatment F (1, 33) = 0.166 0.686 0.005
  Within-subject Time F (1, 33) = 2.854 0.063 0.101

Time × treatment F (1, 33) = 4.921 0.027* 0.140
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HAMA and HRSD

For HAMA, the main effect of time was significant (F (1, 
33) = 32.856, p < 0.001, η2

p = 0.499). However, the main 
effect of treatment and the interaction between time and 
treatment did not reach significance (Table 3). For HRSD, 
no significant main effect was found. The effect of treat-
ment × time interaction was significant (F (1, 29) = 4.921, 
p = 0.027, η2

p = 0.140). However, post hoc analysis showed 
that there were no significant differences between the 
sham and the real rTMS group at 6 months after treatment 
(p = 0.431).

The effect of PPA variants on outcomes

A mixed three-way repeated measures ANOVA of outcomes 
with PPA variant included as a between-subject factor was 
conducted (Table S3 provided as an Online Resource). The 
results showed that no main effect of the PPA variant and its 
interaction with other factors were significant. This indicated 
that the effect of rTMS on all the outcomes did not differ 
across different PPA variants.

Discussion

In this randomized double-blind sham-controlled trial, 
we found that high-frequency rTMS delivered to DLPFC 
improved language function in PPA patients. We used 
changes in BNT, CAL, and WAB scores to assess improve-
ments in naming, quantity and quality of daily communica-
tion, and overall language function, respectively. The sig-
nificant improvement of BNT and WAB scores could be 
observed throughout the entire 6-month follow-up, while 
the significant improvement of CAL scores could only be 
observed at 1 and 3 months after treatment. The effect of 
rTMS on all these outcomes did not differ across different 
PPA variants.

Our findings validate the results of several previous 
non-randomized controlled studies with relatively small 
sample sizes. Naming function is an important outcome 
assessment in the vast majority of rTMS studies for PPA. 
Several studies have shown that rTMS improves naming 
function, including action naming and object naming, 
mainly in nfvPPA and lvPPA patients (Cotelli et al. 2012; 
Bereau et al. 2016; Pytel et al. 2021; Margolis et al. 2019). 
In addition, we found that rTMS could also improve nam-
ing function in svPPA patients. Furthermore, the results 
of a previous RCT showed that rTMS improved clinical 
symptoms reported by PPA patients and caregivers (Pytel 
et  al. 2021). Likewise, we found that rTMS improved 
CAL scores, which reflected caregiver-reported improve-
ments in language function. The same study also reported 

improvements in neuropsychiatric symptoms including 
apathy and depression after rTMS treatment, and a ten-
dency of improvement of anxiety (p = 0.05). However, our 
study also evaluated anxiety and depression by measuring 
HAMA and HRSD scores at baseline and 6 months but did 
not see significant improvements (Pytel et al. 2021). This 
may be explained because we did not monitor the scores 
of neuropsychiatric symptoms in the short term after treat-
ment, and the improvement of neuropsychiatric symptoms 
by rTMS does not last for up to 6 months. This needs to be 
further investigated in future studies.

Another interesting point is that in our study, the sham 
rTMS group also showed improvements in including BNT, 
CAL and WAB (Table 2 and Fig. 2). We assume that this 
may be due to placebo effects or practice effects. Previ-
ous unblinded studies with small sample sizes of rTMS 
showed no placebo or practice effect for sham rTMS in 
PPA patients (Bereau et al. 2016; Cotelli et al. 2012). How-
ever, a recent randomized controlled trial showed that sham 
rTMS improved spontaneous speech, reading efficiency, 
and apathy in nearly half of the patients (Pytel et al. 2021). 
In addition, placebo effects or practice effects appear to be 
more common in studies of tDCS for PPA. In the study by 
Nissim et al., sham tDCS delivered to the left frontotempo-
ral region improved WAB-Aphasia quotient (Nissim et al. 
2022). Moreover, Zhao et.al found that sham tDCS deliv-
ered to the left frontal lobe also improved letter accuracy on 
trained items (Zhao et al. 2021). Both studies were similar 
to ours in that the same set of scales was used for assessment 
before and after NIBS, and showed a similar placebo effect 
or practice effect, indicating possible practicing effects when 
testing untrained items.

Previous studies of NIBS have had relatively short follow-
up periods, including the recently published randomized 
controlled trials (Coemans et al. 2021; Themistocleous et al. 
2021; Zhao et al. 2021; Nissim et al. 2022; Sheppard et al. 
2022; Pytel et al. 2021). One strength of our study is that 
we proved long-term improvements in language function 
after rTMS treatment. Our results suggest that improvements 
in BNT and WAB scores are still observed 6 months after 
treatment, although the improvement is greater at 1 month 
and 3 months. The mechanism by which short-term treat-
ment of NIBS produces long-term effects is still unclear. 
Experimental studies suggest that the mechanism of long-
term effects may involve gene regulation, protein expres-
sion, morphological changes, modified network properties 
and glial function (Cirillo et al. 2017; Ciullo et al. 2021). 
Since no effective disease-modifying therapy is available for 
PPA, we speculate that multiple courses of tDCS or rTMS 
treatment are promising to improve symptoms and maintain 
language function in the long term. Therefore, further stud-
ies are needed to explore the duration of the efficacy of NIBS 
and its mechanism to design a multi-course treatment plan.
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We demonstrated that high-frequency rTMS delivered to 
DLPFC could improve language function in 3 PPA variants. 
DLPFC is traditionally considered to be mainly associated 
with general executive control functions (Hertrich et al. 
2021). However, studies of intracranial brain mapping and 
anatomy have shown that DLPFC is connected with both 
ventral and dorsal language pathways (Sarubbo et al. 2020, 
2016, 2013). Hagoort’s “Memory, Unification, Control” 
model of language processing assigned DLPFC to the con-
trol component (Hagoort 2013). Thus, damage to DLPFC 
might affect the connection with these pathways related to 
language. Meanwhile, rTMS studies have proven that stimu-
lation delivered to DPLFC can improve naming function 
and sentence processing in healthy people or Alzheimer’s 
disease patients (Klaus and Schutter 2018; Cotelli et al. 
2011; Fertonani et al. 2010). Cotelli et al. demonstrated that 
high-frequency rTMS delivered to DLPFC could enhance 
action naming in nfvPPA, but no improvement in svPPA 
was observed (Cotelli et al. 2012). Subsequent studies have 
shown that rTMS delivered to DLPFC could also enhance 
language function in both nfvPPA and lvPPA patients (Treb-
bastoni et al. 2013; Margolis et al. 2019; Bereau et al. 2016). 
A recent randomized, double-blind trial of rTMS selected 
personalized targets for each patient and left DLPFC rTMS 
stimulation yielded greater efficacy than other sites in 5 out 
of 6 svPPA patients (Pytel et al. 2021). Thus, DLPFC rTMS 
has been proven to be effective in all 3 main PPA variants, 
which is similar to our study. Although the mechanism of 
rTMS delivered to DLPFC to improve the language function 
of PPA patients is not clear, a hypothesis has been proposed 
that DLPFC is also involved in PPA patients (Teichmann 
2021). Therefore, DLPFC might be an important treatment 
target for PPA and deserved further investigation.

The following limitations should be considered. First, 
we did not apply a neuronavigation system to localize the 
stimulation site because of the limitation of the device. 
Considering that the efficacy of TMS may decline without 
neuronavigation (Nguyen et al. 2018), further studies using 
neuronavigation are needed to validate our results. Second, 
no functional MRI or nuclear medicine imagining was per-
formed in our study. Previous studies have combined NIBS 
and imaging techniques to explore the mechanisms of NIBS 
and predictive factors of response to treatment (Coemans 
et al. 2021; Harris et al. 2019; Nissim et al. 2022; Bereau 
et al. 2016; Sheppard 2022). Third, we did not evaluate neu-
ropsychiatric symptoms at 1 month and 3 months after treat-
ment, such that neuropsychiatry symptoms improvement 
shortly after rTMS might be neglected. However, improve-
ment in neuropsychiatric symptoms in short term has been 
demonstrated in other study (Pytel et al. 2021).

In conclusion, our study suggests that high-frequency 
rTMS delivered to DLPFC improves language functions in 
patients with nfvPPA, svPPA and lvPPA, and the efficacy 

was still observed after 6 months of treatment. Our study 
shows that the effects of rTMS could be sustained over a 
relatively long period of time, therefore, provides evidence 
for designing multiple courses of rTMS treatment for long-
term improvement in patients with PPA. We look forward 
to future studies to provide more evidence on the efficacy 
and the duration of the treatment effect of rTMS on PPA 
patients. And hopefully, PPA patients would have access to 
management strategies of high-quality evidence and a better 
chance of favorable outcomes in the future.
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