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Abstract (en) 

Ultrasound brain sKmulaKon techniques have great potenKal for clinical applicaKon because 

of their non-invasiveness, as well as the possibility to precisely target regions-of-interest. 

Transcranial pulse sKmulaKon (TPS) has been recently shown to be a safe and clinically viable 

sKmulaKon technique. In a clinical sample with Alzheimer’s Disease (AD) paKents, 2-4 weeks 

of TPS therapy resulted in improved neuropsychological scores as well as funcKonal connec-

Kvity (FC) as measured with funcKonal magneKc resonance imaging (fMRI). In this study, an 

fMRI follow-up analysis is presented. Specifically, neuroplasKc changes in FC due to TPS ther-

apy and their potenKal behavioral correlates are explored.  

Analyzing fMRI data showed a normalizaKon of FC between the salience network (right ante-

rior insula) and the ventromedial network (leZ frontal orbital cortex). This funcKonal change 

correlated with improvements in depressive symptoms. SKmulaKon of brain areas related to 

depression (including the dorsolateral prefrontal cortex) with TPS may induce relevant func-

Konal changes and alleviate depressive symptoms.  

TPS was previously hypothesized to induce locaKon-dependent neuromodulatory effects. 

While AD paKents showed overall cogniKve improvements, visuo-construcKve tests showed 

a decrease aZer TPS intervenKon. Notably, funcKonally relevant areas have been largely leZ 

out during sKmulaKon. In this analysis, a matching decrease in FC measures of a visuo-con-

strucKve network is reported, further forKfying the claim of a locaKon-dependent effect. To-

gether, this study presents further evidence that TPS may become a beneficial clinical add-on 

therapy for neurological and psychiatric diseases. 
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Abstract (de) 

HirnsKmulaKon mit Ultraschall birgt viel PotenKal als eine klinische, nicht-invasive SKmula-

Konstechnik, unter anderem aufgrund der Möglichkeit, präzise beliebige Hirnareale zu sKm-

ulieren. Transkranielle PulssKmulaKon (TPS) ist eine sichere und klinisch anwendbare SKmu-

laKonsmethode. In einer ersten Untersuchung mit AlzheimerpaKenten wurden nach 2-4 

Wochen TPS Therapie Verbesserungen in neuropsychologischen Testwerten, sowie erhöhte 

funkKonelle KonnekKvität miAels funkKoneller Magnetresonanztomographie (fMRT) fest-

gestellt. Die vorliegende Untersuchung ist eine Folgeanalyse. NeuroplasKsche Veränderun-

gen der funkKonellen KonnekKvität anhand von fMRT Daten und mögliche entsprechende 

neuropsychologische Veränderungen wurden erforscht.  

In der ersten Analyse wurde eine Normalisierung der funkKonellen KonnekKvität zwischen 

dem Salience-Netzwerk (rechte anteriore Insula) und dem ventromedialen Netzwerk (linker 

frontoorbitaler Cortex) festgestellt. Diese funkKonelle Veränderung korreliert mit 

Verbesserungen von depressiven Symptomen. SKmulaKon von Hirnarealen, die für Depres-

sion relevant sind (zum Beispiel der dorsolaterale Präfrontalcortex), miAels TPS verursacht 

möglicherweise relevante funkKonelle Veränderungen und lindert depressive Symptome. 

Es wird angenommen, dass TPS abhängig von dem SKmulaKonsort einen neuromodula-

torischen Effekt hat. Zwar zeigten AlzheimerpaKenten nach TPS Behandlung kogniKve 

Verbesserungen, jedoch kam es zu einer Abnahme der visuo-konstrukKven Fähigkeiten. 

FunkKonell relevante Hirnareale wurden während der SKmulaKon großteils ausgelassen. Die 

vorliegende Untersuchung zeigt eine entsprechende Verringerung von funkKonellen Konnek-

Kvitätswerten eines visuo-konstrukKven Netzwerks, und untermauert die Hypothese der Ef-

fekte abhängig vom SKmulaKonsort. Zusammenfassend präsenKert diese Analyse weitere 

Belege, dass TPS eine nützliche ergänzende (add-on) Therapie für neurologische und psychia-

trische Erkrankungen werden kann.  
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1. Introduc?on 

Alzheimer’s disease (AD) represents the major cause of demenKa in the current world 

populaKon (Soria Lopez et al., 2019). As life expectancy in most countries conKnues to 

rise, AD will also increasingly become a central epidemiological problem. DemenKa, a 

group of cogniKve impairments that progress over Kme and cause substanKal problems 

for daily acKviKes (such as loss of episodic memory or trouble with orientaKon, both Kme 

and locaKon wise), strongly impacts the life of paKents and their relaKves. Treatment op-

Kons are sKll not able to substanKally alter the course of the disease. Therefore, strate-

gies to slow disease progression and maintain cogniKve abiliKes for a longer period are of 

major importance to help paKents as well as ameliorate the burden on relaKves and 

health care systems (Lane et al., 2018). A parKcular interest lies in intervenKons suited for 

add-on therapy. AD has long been viewed as a mulK-faceted disease with a diverse 

pathology and, therefore, different treatment strategies are required (Scheltens et al., 

2016). Furthermore, as pharmacological treatments are not yet able to halt the degener-

aKve eKology of the disease, clinical intervenKons that uKlize cogniKve reserve of a pa-

Kent (and potenKally show immediate effects on quality of life) are invaluable (Stern, 

2012). 

Non-invasive brain sKmulaKon (NIBS) has been put forth to serve as a potenKal treat-

ment for neurological (Camacho-Conde et al., 2021) and psychiatric diseases (Ferrarelli & 

Phillips, 2021). The most commonly used techniques are based on inducing an electric 

field in neural Kssue using magnet coils, like transcranial magneKc sKmulaKon (TMS; Hal-

leA, 2000; Walsh & Cowey, 2000), or applying a current directly through the scalp, like 

transcranial direct current sKmulaKon (tDCS; Caumo et al., 2012). It has been repeatedly 

shown that NIBS can be well combined with different neuroimaging techniques, like func-

Konal magneKc resonance imaging (fMRI), for both specifying opKmal target sites as well 

as genng a funcKonal readout of its effects (Bergmann et al., 2016). While TMS has al-

ready been approved for clinical applicaKon in major depressive disorder (MDD), there 

are clear limitaKons regarding spaKal accuracy (Minjoli et al., 2017) or reaching deep 

brain Kssue (Spagnolo et al., 2018).  

Ultrasound (US) has been studied as a possible brain sKmulaKon technique going back to 

experiments in the 1950s, where brain sonicaKon was first reported to modulate brain 

acKvity in cats (Fry et al., 1958). AZer a Kme of low interest, it regained popularity with 

reports of low-intensity transcranial focused ultrasound (tFUS) eliciKng neuron excitaKon 
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and motor responses in mice about a decade ago (Tufail et al., 2010). First experiments in 

humans followed a few years later, targeKng mostly somatosensory and visual areas. 

SKmulaKon of somatosensory cortex elicited somatosensory evoked potenKals and, fur-

thermore, altered local electroencephalogram (EEG) oscillatory dynamics. Subjects also 

reported transient tacKle sensaKons and performed beAer in sensory discriminaKon 

tasks (Legon et al., 2014; Mueller et al., 2014; Lee et al., 2015, 2016a). When targeKng 

the visual cortex (V1), subjects reported phosphene percepKons. Changes in neural acKv-

ity as measured by fMRI and EEG were also reported, specifically acKvaKon in visual cor-

tex and visual network areas and visual evoked potenKals, respecKvely (Lee et al., 

2016b). The first clinical applicaKons were in paKents with disorders of consciousness. In 

a longitudinal study, a small group of paKents with unresponsive wakefulness syndrome 

received global transcranial focused shockwave therapy 8-18 years aZer brain injury and 

showed symptomaKc improvements (Lohse-Busch et al., 2014). While there were no 

sham controls, in the years prior to focussed pulse sKmulaKon (with an unchanged regi-

ment of basic complex therapy) there had not been any changes in vigilance in these pa-

Kents. AZer intervenKon paired with ongoing basic therapy, all paKents responded posi-

Kvely and had improved vigilance. 

Two of the main advantages of US compared to electro-physiological brain sKmulaKon 

techniques are its spaKal specificity as well as the possibility to penetrate into the brain 

Kssue and reach deep brain structures. One of the first examples of this in human sub-

jects was a case report of a paKent diagnosed with disorder of consciousness aZer severe 

brain injury, who received sonicaKon from a single-element US transducer (MonK et al., 

2016). While no sham control was conducted and only liAle physiological data provided, 

behavioral improvements and no adverse side effects were reported. Since then, several 

studies have targeted subcorKcal structures, such as unilateral thalamus (Legon et al., 

2018; Badran et al., 2020), leZ basal ganglia (Cain et al., 2021a) and brainstem (Guerra et 

al., 2021). SonicaKon of the leZ unilateral sensory thalamus aAenuated SEPs and de-

creased performance in a sensory discriminaKon task (Legon et al., 2018). Cain et al. 

(2021a) could show a decreased haemodynamic response from the targeted globus pal-

lidus as well as a brain wide decrease in perfusion aZer sKmulaKon with low-intensity 

focused US. 

Besides the intriguing possibility to non-invasively influence brain structures in-vivo and 

directly observe funcKonal implicaKons (e.g. through behavior or imaging modaliKes), 

brain sKmulaKon techniques are of parKcular interest as non-pharmacological treatment 
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alternaKves. Animal models have long been used to study US sKmulaKon as a possible 

treatment for disorders of the brain (Leinenga et al., 2016). While the first applicaKons of 

US sKmulaKon in human paKents were in disorder of consciousness aZer severe brain 

injury (Lohse-Busch et al., 2014; MonK et al., 2016; Cain et al., 2021b), there is a wide 

field of possible applicaKons. Psychiatric disorders are among the public health concerns 

in need of of novel treatment opKons. The electro-physiological sKmulaKon technique 

TMS is already FDA approved as a viable treatment opKon for major depressive disorder 

(e.g. reviewed in Perera et al., 2016). So far, there has only been one study that looked 

into US sKmulaKon as a possible depression intervenKon in paKents. In a sham controlled 

study, students suffering from mild to moderate depression did not show improvements 

on depression scales, but showed decreases in trait worry aZer receiving tFUS treatment 

(Reznik et al., 2020). Transcranial US to the right prefrontal cortex, a common target site 

for sKmulaKon treatment in depression, showed improvements in mood and alteraKons 

in funcKonal connecKvity in healthy parKcipants (Sanguinen et al., 2020). 

There are first reports of clinical efficacy of brain sonicaKon in AD paKents already receiv-

ing state-of-the-art treatment (Beisteiner et al., 2019; Jeong et al., 2021). Transcranial 

pulse sKmulaKon (TPS) is a newly developed brain sKmulaKon technique that generates 

ultra short pressure pulses to mechanically sKmulate nerve Kssue through the skull (Beis-

teiner et al., 2019). A first pioneering study applied pulse sKmulaKon across the brain 

without navigaKon (Lohse-Busch et al., 2014). Here, individual brain images are generat-

ed with magneKc resonance imaging (MRI), so pulse sKmulaKon can be precisely navigat-

ed in real-Kme. In a first clinical feasibility study, TPS has been shown to improve cogni-

Kve performance in 35 AD paKents, specifically memory and verbal funcKons, for up to 3 

months aZer intervenKon. Correspondingly, neuroplasKc changes as measured by fMRI 

have also been reported. Beisteiner et al. (2019) showed increased funcKonal connecKvi-

ty (FC) in a memory network (Benoit & Schacter, 2015) during resKng-state fMRI and task 

specific acKvaKon increase in the hippocampus aZer TPS intervenKon compared to a 

baseline session. Special structural MRI sequences also showed no major side effects. TPS 

has also been reported to reduce corKcal atrophy in AD relevant areas (Popescu et al., 

2021).  

Two important aspects can be highlighted. Firstly, depression symptoms have also shown 

improvements aZer TPS treatment. Depression is a common co-morbidity in AD and par-

Kcularly problemaKc as it increases the burden on paKents and standard pharmacological 

intervenKon strategies are oZen limited (Galts et al., 2019). Thus, novel add-on treat-
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ment opKons are needed. Secondly, AD paKents in whom TPS was targeted to specific 

regions-of-interest (ROI) have shown a decline in visuo-construcKve abiliKes over 3 

months aZer treatment. Importantly, posterior and parietal regions, that are known to be 

involved in visuo-construcKve processes (Serra et al., 2014), were not or only parKally 

included in the sKmulated ROIs. The decline was not observed in paKents receiving global 

brain wide sKmulaKon, so it was theorized to be due to a locaKon specific effect of TPS. 

There are two aims of this fMRI follow-up analysis to Beisteiner et al. (2019). First, as de-

pression symptoms have significantly improved aZer TPS therapy, potenKal changes in 

funcKonal connecKvity related to depression are invesKgated. Specifically, an ROI-to-ROI 

analysis was used to look for connecKvity changes across the whole brain using a stan-

dard set of predefined ROIs. These FC changes were then correlated with individual de-

pression scores to explore behavioral relevance. Secondly, according to the hypothesis of 

locaKon specific sKmulaKon effects, a related visuo-construcKve funcKonal network can 

be expected to show relaKve perturbaKons aZer TPS intervenKon that are also related to 

the decline in behavioral scores. Therefore, graph theoreKcal measures for a visuo-con-

strucKve network were examined. A decrease in connecKvity measures is hypothesized. 
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2. Methods 

2.1 Par?cipants 

For this study, a subgroup of a previously published report (Beisteiner et al., 2019), for which 

funcKonal MRI data were available, was analyzed. This group consisted of 20 paKents, who 

had been clinically diagnosed for AD according to criteria in ICD-10 (F00) and the NaKonal 

InsKtute of Aging-Alzheimer’s AssociaKon criteria. PaKent characterisKcs and relevant co-

morbidiKes can be found in Beisteiner et al. (2019). Briefly, most paKents suffered from mild 

to moderate AD with a Mini-Mental State ExaminaKon (MMSE) score of ≥18. However, an 

MMSE cutoff was not implemented to minimize inclusion criteria and beAer represent real 

world paKent variability. The mean MMSE was 20.94, standard deviaKon (SD) was 5.8, range 

was 6-30. Common inclusion criteria were clinically stable paKents with probable AD, opK-

mized standard treatments, at least three months of stable anKdemenKa therapy (if therapy 

was necessary), signed wriAen informed consent, age ≥18 years. Common exclusion criteria 

were noncompliance with study protocol, relevant intracerebral pathology unrelated to AD 

(e.g. brain tumor), hemophilia or other blood clonng disorders or thrombosis, corKcosteroid 

treatment within the last six weeks before first treatment, pregnant or breasseeding 

women. AZer dropout, 18 paKents completed the study and were used for further analysis.  

2.2 Study design 

The study design is summarized in Fig. 1. AZer successful inclusion, paKents underwent neu-

ropsychological tesKng as well as an iniKal MRI scan for anatomical data acquisiKon and 

baseline measurements. They then received TPS treatment for 4 weeks, with 3 sessions per 

week. Three paKents only received TPS for 2 weeks and one paKent for 3 weeks. AZer sKmu-

laKon, paKents underwent again neuropsychological tesKng and MRI measurements.  

2.3 TPS treatment and s?mula?on targets 

TPS treatment was applied using a NEUROLITH TPS generator (Storz Medical AG, Tägerwilen, 

Switzerland). Single US pressure pulses with the following characterisKcs were applied: dura-

Kon about 3 µs, 0.2 mJ mm-2 energy flux density, a maximum ISPTA (spaKal-peak-temporal-av-

erage intensity) of 0.1 W/cm2 , pulse repeKKon frequency 5 Hz, 6000 pulses per therapeuKc 

session. The brain areas targeted with TPS were defined by a neurologist and were chosen 
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due to their relevance to AD. These regions of interest (ROIs), drawn in ellipsoid shape, in-

clude the dorsolateral prefrontal cortex (DLPFC) (a classical target in AD and depression brain 

sKmulaKon; e.g. Pascual-Leone et al., 1996), areas of memory (including ROIs involved in the 

default mode network) and language networks. Anatomical scans were pre-evaluated to de-

termine brain size variability (using an in-house soZware for gross esKmaKon of the size of 

cerebrum), and one of two sets of standardized ROI sizes was employed, either for small or 

large sized paKent brains. More specifically, ROIs comprised: bilateral frontal cortex (DLPFC 

and inferior frontal cortex extending to Broca’s area, ROI volume 136/164 cm3 – 2 x 800 

pulses per hemisphere), bilateral lateral parietal cortex (extending to Wernicke’s area, ROI 

volume 122/147 cm3 – 2 x 400 pulses per hemisphere), and extended precuneus cortex (1 

bilateral volume with 66/92 cm3 – 2 x 600 pulses). During sKmulaKon, the goal was to evenly 

distribute all pulses within the respecKve ROIs. NEUROLITH consists of a mobile single trans-

ducer and an infrared camera system, which tracks the paKent’s head via goggles with in-

frared markers. SKmulaKon was administered equally over each ROI by adequate movement 

of the handpiece and tracked in real Kme to enable standardized distribuKon across the en-

Kre study group. To ensure proper pulse transmission, a large amount of bubble-free US gel 

was applied on skin and hair at the sKmulaKon site. Further descripKon is found in Beisteiner 

et al. (2019).  
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Figure 1: Diagram of the study design. AZer successfully clearing screening, paKents completed 
neuropsychological tesKng and resKng-state fMRI recording for a baseline measurement. TPS sKmu-
laKon was applied 3 Kmes per week for 2-4 weeks, before another neuropsychological tesKng and 
fMRI measurement.



2.4 Neuropsychological assessment 

2.4.1 Depression scale 

To monitor effects of TPS on depressive symptoms, paKents completed the Beck Depression 

Inventory (BDI-II) before beginning of therapy and aZer compleKng the whole cycle of 

treatment. AZer analyzing with a Kolmogorow-Smirnow-Test, test data was shown to not be 

normally distributed and were thus analyzed using the nonparametric Wilcoxon test for 

paired variables. StaKsKcal analysis was done in SPSS 24 (IBM Corp. Released 2016. IBM SPSS 

StaKsKcs for Windows, Version 24.0. Armonk, NY: IBM Corp.). 

2.4.2 CERAD  

The German version of the CERAD Plus was used for tesKng (Ehrensperger et al., 2010). The 

CERAD raw scores were used to calculate the corrected total score (CTS; Chandler et al., 

2005) for all subjects. Further, principle component analysis (PCA) scores were generated 

using the z-transformed scores (corrected for age, gender and formal educaKon as per-

formed by the CERAD Online analysis; norm populaKon CERAD: N = 1100, phonemic word 

fluency N = 604). The PCA on the CERAD subtests produced staKsKcally independent factors 

that were able to explain individual test performance with an eigenvalue > 1, and therefore 

allowed grouping subtests according to cogniKve components for memory (MEMORY), ver-

bal processing (VERBAL) and visuospaKal or construcKonal processing (FIGURAL) scores (for a 

detailed descripKon, see Beisteiner et al., 2019). Complete baseline and post sKmulaKon test 

data was available for 16 paKents. AZer tesKng FIGURAL test scores for normality and ho-

moscedasKcity with Shapiro-Wilk-Test and Levene-Test, respecKvely, data was shown to be 

normally distributed and thus a paired t-test was used. 

2.5 MRI measurements 

To analyze funcKonal changes in the brain from TPS intervenKon, resKng-state fMRI data was 

collected. FMRI can measure very small magneKc changes in brain Kssue due to metabolic 

acKvity corresponding to neural acKvity (Goebel, 2015). Blood-oxygenaKon level dependent 

(BOLD) contrast detects the vascular response to increased neural acKvity, which gives an 

indirect readout at a high spaKal resoluKon (Ogawa et al., 1990). Measuring spontaneous 

brain acKvity when a subject is at rest has been shown to be highly structured across space 

and Kme (Pezzulo et al., 2021) and undergoes drasKc changes in AD (Badhwar et al., 2017). 
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Consequently, it lends itself as a method to track funcKonal changes related to disease pro-

gression as well as treatment efficacy (Hohenfeld et al., 2018). 

2.5.1 MRI parameters 

MRI sequences were acquired with a 3 T SIEMENS PRISMA MR scanner with a 64-channel 

head coil. A T1-weighted structural image using an MPRAGE sequence (TE/TR = 2.7/1800 ms, 

inversion Kme = 900 ms, flip angle = 9°, resoluKon 1 mm isotropic) was recorded for naviga-

Kon purposes. For funcKonal images, a T2*-weighted gradient-echo-planar imaging (EPI) se-

quence was used, with 38 slices aligned to AC-PC (anterior- and posterior-commissure), cov-

ering the whole brain including cerebellum (TE/TR = 30/2500 ms, flip angle = 90°, in-plane 

acceleraKon = GRAPPA 2, field of view = 230 x 230 mm, voxel size = 1.8 x 1.8 x 3 mm, 25% 

gap). 250 volumes (10 min 25 s total run Kme) for resKng state fMRI were recorded. During 

scanning, paKents were shown a white fixaKon cross on a black screen and were instructed 

to not move, let their thoughts roam freely and to not fall asleep.  

2.5.2 Preprocessing 

In order to analyze recorded data, they need to undergo a number of preprocessing steps to 

get rid of noise and arKfacts, as well as prepare for later staKsKcal tests (Poldrack et al., 

2011). All preprocessing procedures and subsequent analyses were performed using the 

CONN toolbox v19 (Whisield-Gabrieli & Nieto-Castanon, 2012), which is an open-source 

soZware based on SPM12 (Wellcome Trust Centre for Neuroimaging; www.fil.ion.ucl.ac.uk/

spm/soZware/spm12).  

First, images were realigned to the first scan of the first session by co-registering and resam-

pling all subsequent subject scans. CONN employs the realign & unwarp procedure (Anders-

son et al., 2001) in SPM12, which combines a correcKon for head moKon with a correcKon 

for distorKons in the magneKc field of the scanner during acquisiKon. Second, images un-

derwent a slice-Kme correcKon. FuncKonal MRI scans only record one slice at a Kme, gener-

aKng many 2-dimensional slices but at slightly different Kme points. To create a meaningful 

measure of brain acKvity at a single point in Kme, this inherent Kme-shiZ needs to be ac-

counted for (Poldrack et al., 2011). CONN uses the SPM12 slice-Kming correcKon procedure, 

as described by Henson et al. (1999), where a reference slice is chosen (Kme point in the 

middle of acquisiKon Kme) and data is then interpolated (using sinc interpolaKon) to match 

that slice. Third, potenKal outlier scans were corrected. PotenKal origins of such noisy out-
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liers are, for example, severe subject moKon or scanner driZ and are being detected from 

the global BOLD signal and the amount of the subject’s moKon. An example is given in Fig. 2. 

AZer these preprocessing steps, addiKonal denoising was performed to reduce residual 

noise and variability factors from non-neural origins. ParKcularly in funcKonal connecKvity 

analyses these steps receive considerable importance, as residual noise factors may intro-

duce strong biases (Poldrack et al., 2011). 12 potenKal confounding moKon effects were 

idenKfied and removed. These comprise 3 translaKon and 3 rotaKon moKon parameters as 

well as their respecKve first-order derivaKves. Further, an anatomical component-based 

noise correcKon method (aCompCor) was applied (Behzadi et al., 2007). This procedure de-

rives 5 noise components each from cerebral white maAer and with CSF areas, which are 

known to introduce non-neural signal, and are then included in the final regression model. In 

another scrubbing step, previously idenKfied outlier scans were removed, a total of 101 pa-

rameters. Lastly, a filter with a pass band of 0.008 to 0.09 Hz was applied aZer regression to 

avoid a mismatch in frequencies between signal and nuisance regressors (Hallquist et al., 

2013). As the most important signal in fMRI is in slow-frequency fluctuaKons, filtering helps 

to reduce noise outside this frequency range, which is most likely of non-neural origin. 
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Figure 2: Example of outlier detec?on (subject 18). The observed global BOLD signal combined 
with the amount of subject-moKon returns a potenKal outlier, which in turn is used as a possible 
confounding effect in a later denoising step to remove its influence on the signal. 



2.5.3 Preprocessing quality control 

To assure proper preprocessing and denoising output, several quality controls were checked 

during and aZer the procedures described above. Successful denoising was controlled by es-

KmaKng pairs of FC values between randomly selected points in the brain and evaluaKng the 

resulKng distribuKon of FC values. This was done before and aZer the denoising procedures 

were applied (Fig. 3). Note that aZer denoising, distribuKons of FC values are much more re-

sembling a Gaussian shape and have smaller tails, i.e. randomly selected points have less 

correlaKon bias. Further note, that data from subject 01, where FC distribuKon sKll shows a 

flat curve and very long tails (Fig. 3, indicated by red arrow), was excluded from further 

analysis.  

As another quality check, QC-FC correlaKons were computed and evaluated, as described by 

Ciric et al. (2017). This procedure calculates FC values between pairs of random points in the 

brain and correlates them with 5 quality-control (QC) measures (e.g. subject moKon, BOLD 

signal z-score changes). These measures are calculated before and aZer denoising steps and 

summarized in a distribuKon of QC-FC correlaKons. As presented in Fig. 4, denoising shiZed 

QC-FC correlaKon values more towards the expected distribuKon (indicated by the red-

dashed line).  

17

Figure 3: FC distribu?on before and aWer denoising procedures. CorrelaKons between pairs of 
randomly connected points in the brain before denoising show a biased and spread distribuKon. 
AZer denoising, distribuKon is much more normally distributed. Red arrow indicates distribuKon 
for subject 01, which sKll shows a large spread aZer denoising and is not included in final analysis. 



2.5.4 Func?onal connec?vity analysis 

For a further group analysis, bivariate correlaKons between each pair of ROIs were calculated 

on a subject level, weighted for each pre and post sKmulaKon sessions and further Fisher-

transformed to a Z-score matrix. This generates a single staKsKcal parametric map with one 

T- or F-value for each voxel and gives informaKon on the connecKvity (Whisield-Gabrieli & 

Nieto-Castanon, 2012).  

2.5.4.1 ROI-to-ROI-based connec4vity 

For the subsequent group analysis, all 164 default ROIs in the CONN toolbox were chosen, 

which include corKcal and subcorKcal ROIs according to the Harvard-Oxford atlas and prede-

fined CONN toolbox network ROIs that are derived from ICA analyses of the HCP dataset. The 

post sKmulaKon session was compared to the pre sKmulaKon baseline using the connecKon 

threshold 0.05 p-FDR (False discovery rate) corrected, combined with a mulK-voxel paAern 

analysis (MVPA) omnibus test (cluster threshold 0.05 p-uncorrected) on ROI-level. The MVPA 

omnibus test represents a mulKvariate test measure which characterizes the strength of all 

effects or connecKons from each ROI. 
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Figure 4: QC-FC correla?on distribu?on before and aWer denoising. DistribuKon of calculated QC-
FC correlaKon values is closer to expected null hypothesis of no QC-FC associaKons. Red dashed line 
indicates the expected distribuKon.



2.5.4.2 Graph theore4cal analysis of a visuo-construc4ve network 

Graph theoreKcal measures were calculated within an a priori defined network. This visuo-

construcKve network was chosen from Serra et al. (2014), where volumetric grey maAer re-

ducKon in AD paKents with visual construcKonal deficits was compared to AD paKents with-

out such deficits. The reported visuo-construcKve network (VisNW) was largely in posterior 

and parietal brain areas and comprised the bilateral Angular gyrus (AG L, AG R), right intra-

calcarine cortex (ICC R), right posterior medial temporal gyrus (pMTG R), posterior cingulate 

cortex (PCC) and right temporo-occipital fusiform cortex (toFusC R) (Tab. 1). Further, the re-

ported network included the precuneus (Precun). As this parKcular ROI was also among the 

targeted ROIs during TPS therapy, the first network analysis was conducted without the Pre-

cun to account for a potenKal effect from sKmulaKon. In a second analysis, the Precun was 

included to explore this putaKve confound (VisNW+Precun). The corresponding locaKon of 

the ROIs in the Harvard-Oxford atlas, which is implemented in CONN, was checked visually 

using FSLeyes. 

These ROIs were defined in a nondirecKonal graph as nodes, with supra-threshold connec-

Kons as edges. For each subject and condiKon, a graph adjacency matrix was then computed 

and compared between post sKmulaKon and baseline. For the adjacency matrix a correlaKon 

coefficient of 0.35 was chosen as threshold to define connected ROIs. For the analysis 

threshold, p = 0.05 FDR-corrected and a two-sided, paired t-test was chosen.  
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Table 1: List of ROIs for graph analysis of a visuo-construc?ve network 
Table 1: Description of visuo-constructive network

ROI abbr. Hemisphere

Visuo-
construc6ve 

NW
Angular gyrus AG L, AG R bilateral

Intracalcarine cortex ICC R right

Posterior medial 
temporal gyrus pMTG R right

Posterior cingulate 
cortex PCC bilateral

Temporo-occipital 
fusiform cortex toFusC R right

Precuneus Precun bilateral included in 
VisNW+Precun

1



Global efficiency (GE) is defined as inverse of the average shortest path between a parKcular 

node and all other nodes in the same graph (Achard & Bullmore, 2007). GE represents a de-

gree of global connectedness of each ROI within a network. For a network, GE can be under-

stood as a measure of inter-connectedness of the enKre network and the capacity for paral-

lel processing, contrasted with e.g. a higher GE in a random graph. The betweenness central-

ity (BC) is the fracKon of shortest paths that pass through a parKcular node. In other words, 

it is the proporKon of Kmes that a node is part of a shortest path in the network. BC indi-

cates the control of informaKon flow which passes through the node (Sporns, 2011). Lastly, 

degree (Dg) is the number of edges from and to each node. Cost (Ct), which is the inverse of 

Dg, represents the proporKon thereof. These two measures characterize the level of local 

connectedness of an ROI within a network (Nieto-Castanon, 2020).  

2.5.4.3 Func4onal connec4vity and behavior correla4on 

Individual FC values of significant ROI-to-ROI connecKons (post sKmulaKon vs. baseline) were 

correlated with BDI-II scores using non-parametric Spearman rank correlaKon analysis. 

Equally, GE measures for VisNW and VisNW+Precun were correlated with CERAD CTS, MEM-

ORY, VERBAL and FIGURAL scores, also using non-parametric Spearman rank correlaKon. 

ComputaKons were performed in R (R Core Team (2020). R: A language and environment for 

staKsKcal compuKng. R FoundaKon for StaKsKcal CompuKng, Vienna, Austria. URL hAps://

www.R-project.org/). 
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3. Results 

3.1 Neuropsychological assessment 

14 out of 18 paKents completed the BDI-II quesKonnaires in both sessions and could be 

included. The mean BDI-II score was 7.36 (SD = 5.09) at baseline and 5.00 (SD = 4.11) in 

post sKmulaKon session, indicaKng mild depression symptoms as is common in AD (Galts 

et al., 2019). Comparing the two sessions using the non-parametric Wilcoxon-Test 

showed a significant improvement aZer TPS therapy (p = 0.037, two-tailed; Fig. 5).  

As previously reported (Beisteiner et al., 2019), the CERAD CTS showed significant im-

provement in the cogniKve state aZer treatment. For 16 out of 18 paKents, the PCA fac-

tor loadings could be taken to divide CERAD subtest results into MEMORY, VERBAL and 

FIGURAL factors. FIGURAL scores showed a tendency to decline aZer sKmulaKon (p = 

0.0558; Fig. 6). Notably, this decline was significant 3 months aZer sKmulaKon (Beisteiner 

et al., 2019).  
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BA

Post stimulationBaseline

*

Figure 5: Improvement of depression score (Beck Depression Inventory, BDI-II) aWer TPS s?mula?on. 
Comparing the BDI-II depression score (N = 14) at baseline and aZer TPS sKmulaKon with paired 
Wilcoxon-Test showed a significant improvement aZer TPS therapy.  
* p < 0.05



3.2 Func?onal connec?vity analysis 

3.2.1 ROI-to-ROI-based connec?vity 

ROI-to-ROI FC analysis revealed a significantly lower FC between the leZ frontal orbital 

cortex (FOrb L) and the right anterior insula (AInsula R) (Fig. 7). The laAer represents a 

part of the salience network as defined by the CONN toolbox. InteresKngly, all paKents 

displayed a posiKve FC between FOrb L and AInsula R at baseline (Fig. 8). 

3.2.1.1 FC analysis with Neurosynth 

The online meta-analysis tool Neurosynth (Yarkoni et al., 2011) was used to further inves-

Kgate FC characterisKcs between FOrb L and AInsula R. Neurosynth is based on resKng-

state FC data of 1000 healthy subjects. This allows for a basic esKmaKon of a typical phys-

iological FC in healthy adults. InspecKng the FC map of the FOrb L (MNI coordinates          

X = -44, Y = 34, Z = -12) revealed a negaKve FC to the AInsula R (MNI coordinates X = 38,  

Y = 18, Z = 8), specifically with a peak FC value of r = -0.24 (Fig. 9). This is markedly differ-

ent to the observed FC in the paKent sample (Fig. 8).  
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Figure 6: FIGURAL test scores show a tendency to decline aWer TPS therapy. Comparing the CERAD 
FIGURAL scores at baseline and aZer TPS sKmulaKon with a paired t-test showed a tendency to decline, 
slightly below significance (p = 0.0558; N = 16). 
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Figure 7: Func?onal connec?vity changes following TPS treatment in ROI-to-ROI connec?vity 
analysis. ROI-to-ROI-based FC analysis showed a significantly lower FC between the leZ frontal or-
bital cortex and the right anterior insula (part of the salience network) comparing the post sKmula-
Kon session to the baseline session. 

Figure 8: Individual FC values between leW frontal orbital cortex (FOrb L) and right anterior insula 
(AInsula R) at baseline and post s?mula?on sessions. FC values are posiKve at baseline for every indi-
vidual, while the average FC change decreased aZer TPS intervenKon (15 out of 18 paKents). Each indi-
vidual is indicated by a different color; the average FC change is indicated by the bold gray line. 



3.2.2 Graph theore?cal analysis of visuo-construc?ve network 

Analyzing the VisNW post vs. pre sKmulaKon revealed a decrease in GE for the AG R (p-

FDR = 0.0153; Fig. 10), a decrease in BC for AG R (p-FDR = 0.0416), as well as a decrease 

in Ct (and Dg) for AG R (p-FDR = 0.0272) and ICC R (p-FDR = 0.0459) (Tab. 2). Analyzing 

the individual connecKvity values revealed that only a minority (2 out of 18 individuals) 

had a small increase in GE for the AG R (Fig. 11). In all the graph theoreKcal measures 

menKoned above, the whole network also tended to decrease but the values did not sur-

vive FDR-correcKon.  

The individual GE values for the AG R paired with the corresponding FIGURAL scores 

show the overall expected trend of a joint decrease (Fig. 12). Note, while there was vari-

ance in the response paAern, only 3 individuals went visibly against the expected orienta-

Kon and displayed a decrease in GE while having a higher FIGURAL score post sKmula-

Kon. 

For the VisNW+Precun, only GE (p-FDR = 0.0262) and Ct (and Dg) (p-FDR = 0.0147) for AG 

R decreases post vs. pre sKmulaKon (Tab. 2).  
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Figure 9: Func?onal connec?vity map derived from Neurosynth (Yarkoni et al., 2011) shows nega?ve 
connec?vity between FOrb L and AInsula R. Neurosynth is an online meta-analysis tool using resKng-
state FC data from 1000 individuals. FOrb L (MNI coordinates X = -44, Y = 34, Z = -12) shows negaKve 
connecKvity with AInsula R (shown in image; MNI coordinates X = 38, Y = 18, Z = 8) with a peak value 
of r = -0.24. 
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Figure 10: Visuo-construc?ve network shows reduced global efficiency (GE) post vs. pre s?mula?on. 
Graph theory analysis shows significantly reduced GE (indicated by the blue sphere) in the right angular 
gyrus, a hub in the network described by Serra et al. (2014). The angular gyrus (bilateral) is shown in 
green, posterior cingulate cortex in yellow, right intracalcarine cortex in blue, right posterior medial 
temporal gyrus in red and right temporo-occipital fusiform cortex in orange. 

Table 2: Graph measures post vs. pre s?mula?on for two visuo-construc?ve networks 

Table X: Graph measures for two visuo-constructive networks post vs. pre 

ROI Global Efficiency Betweenness 
Centrality

Cost (and Degree)

VisNW Whole network p-unc =   0.016 
T =    -2.66

p-unc = 0.0332 
T =    -2.32

Angular gyrus right p-FDR = 0.0153 
T =    -3.53

p-FDR = 0.0416 
T =    -3.07

p-FDR = 0.0272 
T =    -3.18

Intracalcarine cortex 
right

p-FDR = 0.0459 
T =    -2.61

VisNW+Precun Angular gyrus right
p-FDR = 0.0262 
T =    -3.36

p-FDR = 0.0147 
T  =    -3.55

ROI Global Efficiency Betweenness 
Centrality

Cost (and Degree)

p T p T p T

VisNW Whole network 0.016 -2.66 0.0332 -2.32

Angular gyrus right 0.0153* -3.53 0.0416* -3.07 0.0272 -3.18

Intracalcarine cortex 
right

0.0459* -2.61

VisNW+Precun Angular gyrus right 0.0262* -3.36 0.0147* -3.55

* indicates significance aTer FDR correcUon; the uncorrected p-value (when it did not survive FDR-correcUon) is in italics

Table X: Graph measures for two visuo-constructive networks post vs. pre 

ROI Global Efficiency Betweenness 
Centrality

Cost (and Degree)

VisNW Whole network p-unc = 0.016 
T = -2.66

p-unc = 0.0332 
T = -2.32

Angular gyrus right 0.0153* 
T = -3.53

0.0416* 
T = -3.07

0.0272* 
T = -3.18

Intracalcarine cortex 
right

0.0459* 
T = -2.61

VisNW+Precun Angular gyrus right
0.0262* 

T = -3.36
0.0147* 

T = -3.55

* indicates significance aTer FDR correcUon; the uncorrected p-value is given in cases it did not survive correcUon

1



 

3.3. Correla?on analysis 

Individual FC values between FOrb L and AInsula R post sKmulaKon posiKvely correlated 

with matching BDI-II scores (rho = 0.541, p = 0.046, N = 14; Fig. 13). Lower FC values cor-

responded to lower BDI-II scores, i.e. beAer improvements of depressive symptoms.  

Individual GE values from the whole VisNW posiKvely correlated with the pooled (CERAD) 

FIGURAL scores. All nodes, except for PCC and toFusC R also correlated with the FIGURAL 

scores. AddiKonally, pMTG R also correlated with CTS scores (Fig. 14). GE values from is 

NW+Precun showed a tendency to correlate less strongly with FIGURAL scores. However, 

GE of the whole network, pMTG R, PCC and Precun correlated also with CTS scores (Fig. 

15). When dividing the GE of the whole VisNW and FIGURAL measurements into baseline 

and post sKmulaKon session, Spearman’s rho sKll shows a posiKve correlaKon but looses 

significance (Baseline: rho = 0.386, p = 0.14, N = 16; Post SKmulaKon: rho = 0.411, p = 

0.114, N = 16; Fig. 16).  
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Figure 11: Individual global efficiency (GE) values for the right angular gyrus (AG R) at baseline and 
post s?mula?on session. Comparing post sKmulaKon with the baseline session shows either a decrease 
or no change in GE for the AG R for the majority of individuals (16 out of 18 paKents). Each individual is 
indicated by a different color; the average GE change is indicated by the bold gray line. 
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Figure 12: Decrease in global efficiency (GE) in the right angular gyrus (AG R) corresponds to a 
decline in visuo-construc?ve test scores. Individual values from the baseline and post sKmula-
Kon session show that the majority of decreased GE in the AG R went hand in hand with a de-
cline in FIGURAL scores. One subject showed an increase in both GE and FIGURAL scores (along 
the expected direcKon of the relaKonship) and only three subjects visibly displayed a large de-
cline in GE paired with a slight increase in behavioral test performance. Arrows indicate individ-
ual values paired across both sessions. 
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Figure 13: Func?onal connec?vity post s?mula?on correlates with depression symptom improve-
ments. BDI-II scores post TPS intervenKon correlate to ROI-to-ROI connecKvity changes between leZ 
frontal orbital cortex (FOrb L) and right anterior insula (AInsula R). Individual data points for baseline 
session are in blue, for post sKmulaKon session in red with fiAed lines. The significant posiKve corre-
laKon post sKmulaKon (rho = 0.541, p = 0.046, N = 14) indicates that lowered connecKvity between 
these ROIs corresponded to beAer improvements in depressive symptoms. 

Figure 14: Global efficiency (GE) for visuo-construc?ve network (without precuneus) correlates with 
(CERAD) FIGURAL scores. Pooled GE of whole network correlates primarily with FIGURAL test scores   
(N = 32). CTS stands for (CERAD) corrected total score, pMTG R for right posterior middle temporal 
gyrus, AG R/L for right/leZ angular gyrus, ICC R for right intracalcarine cortex, PCC for posterior cingu-
late cortex and toFusC R for right temporo-occipital fusiform cortex. 
* p < 0.05; ** p < 0.01;  *** p < 0.001



29

Figure 15: Global efficiency (GE) for visuo-construc?ve network (including precuneus) correlates with 
(CERAD) FIGURAL and CTS scores. Pooled GE of whole network correlates with FIGURAL test scores, 
but also to an extent with global CTS (N = 32). CTS stands for (CERAD) corrected total score, pMTG R for 
right posterior middle temporal gyrus, AG R/L for right/leZ angular gyrus, ICC R for right intracalcarine 
cortex, PCC for posterior cingulate cortex, Precun for precuneus and toFusC R for right temporo-occipi-
tal fusiform cortex. 
* p < 0.05; ** p < 0.01; *** p < 0.001

Figure 16: Global efficiency (GE) of visuo-construc?ve network and (CERAD) FIGURAL scores at base-
line and post TPS interven?on show a joint trend. CorrelaKng pre and post GE of a visuo-construcKve 
network with FIGURAL test scores shows a non-significant trend towards a posiKve correlaKon (Base-
line: Spearman’s rho = 0.386, p = 0.14, N = 16; Post SKmulaKon: Spearman’s rho = 0.411, p = 0.114,      
N = 16). VisNW stands for visuo-construcKve network, excluding the precuneus.



4. Discussion 

4.1 Main findings 

The aim of the current study was to further invesKgate effects of clinical TPS therapy in a 

small AD paKent cohort as detected by resKng-state fMRI, as a follow-up study to Beis-

teiner et al. (2019). ComplemenKng these analyses are neuropsychological assessments 

which have shown significant changes aZer TPS. The main findings of this analysis are 

twofold.  

First, a significant decrease in FC between the FOrb L and AInsula R was shown. Crucially, 

this change from a posiKve towards negaKve FC approached the expected, physiological 

anK-correlaKon. Correspondingly, lower FC correlated with more improved depressive 

symptoms, indicaKng a funcKonal basis for this behavioral change. 

Secondly, matching an iniKally reported decline in visuo-construcKve scores, we show a 

decrease in connecKvity measures of a VisNW. These behavioral changes have been pre-

viously proposed as a sign for locaKon specific effects of TPS, because funcKonally related 

areas have been mostly omiAed during sKmulaKon. The decline in connecKvity, shown 

here, reinforces this hypothesis.  

4.2 Func?onal connec?vity changes correlate with improvements in depressive 

symptoms 

Comparing post sKmulaKon vs. baseline, resKng-state fMRI data revealed a significant 

decrease in FC between the FOrb L and AInsula R. The overall connecKvity values corre-

lated with BDI-II in AD paKents. Lower FC between FOrb L and AInsula R aZer TPS inter-

venKon corresponded to beAer improvements in depressive symptoms (Fig. 13). FOrb L 

and AInsula R represent two nodes of the ventromedial network (VMN) and the salience 

network (SN), respecKvely (Dunlop et al., 2017; Seeley, 2019). In a comprehensive net-

work analysis, Dunlop et al. (2017) have demonstrated the VMN and SN to be anK-net-

works, i.e. negaKvely correlated networks. Accordingly, an analysis using Neurosynth 

(Yarkoni et al., 2011) revealed a negaKve correlaKon between FOrb L and AInsula R, two 

central hubs of these respecKve networks. In contrast, the results presented here show 

that individual FC values between FOrb L and AInsula are posiKve in all paKents before 

TPS intervenKon and approach a more negaKve connecKvity aZer sKmulaKon (Fig. 8). 

This suggests a pathological FC between the two network nodes, presumably due to AD 

effects on FC architecture. AD has widespread disturbing effects on funcKonal network 
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connecKvity in the brain (Agosta et al., 2012). A possible hypothesis is therefore that due 

to AD depression the negaKve correlaKon between these areas was disrupted in the pa-

Kent cohort but improved aZer TPS.  

Current understanding of resKng-state FC in depression is sKll incomplete (Brakowski et 

al., 2017) and even more so in depression as a comorbidity in AD (Kim & Kim, 2021). 

MDD has been linked to hypoacKvity in the SN and hyperacKvity in the VMN (Koenigs & 

Grafman, 2009). During resKng-state measurements, MDD paKents show reduced acKva-

Kon in central nodes of the SN (Dunlop et al., 2017). Furthermore, responses to anK-de-

pressive electrical brain sKmulaKon treatments were associated with frontal corKcal and 

limbic brain regions. For instance, the subgenual anterior cingulate cortex (sgACC), an-

other node of the SN, is implicated in several studies analyzing the efficacy of repeated 

TMS (Dichter et al., 2015). Specifically, hyperconnecKvity between the sgACC with the 

default mode network and central control network predicted the degree of symptom im-

provement aZer repeated TMS (Liston et al., 2014). Fox et al. (2012) showed that the effi-

cacy of the TMS target site at the DLPFC is posiKvely correlated with the degree of func-

Konal anKcorrelaKon the target site has with the sgACC.  

Depression is one of the most common neuropsychiatric comorbidiKes of AD (Zhao et al., 

2016). Pharmacological therapies have shown limited to no effects of standard anKde-

pressant therapy, such as selecKve serotonin reuptake inhibitors, in AD paKents (Banerjee 

et al., 2013) and understanding of the molecular basis of depression in AD is sKll incom-

plete (Siarkos et al., 2015). There are non-pharmacological alternaKves that have been 

shown to have posiKve effects on depression in demenKa. Such strategies include, for 

instance, music therapy or reminiscence therapy, i.e. recalling and telling stories (Abraha 

et al., 2017). Further, while there are mixed reports concerning effects of physical thera-

py, a physically acKve lifestyle can decrease risk in demenKa and MDD (Mammen & 

Faulkner, 2013; Rovio et al., 2005). Overall, there is sKll a need for novel therapeuKcal 

intervenKons to ameliorate depression in AD, as well as generally in MDD.  

Several studies have now shown that brain sKmulaKon using US may become a potenKal 

add-on therapy for depression. Sanguinen et al. (2020) showed that tFUS to the right 

inferior frontal gyrus (IFG R) could improve mood in healthy subjects, as well as changes 

in FC. Specifically, a decrease in FC between the IFG R and the sgACC and FOrb was re-

ported. Reznik et al. (2020) showed an effect of tFUS to the right frontotemporal cortex 

on the miKgaKon of worry in college students with mild to moderate depression. Besides 

these preliminary results in human subjects, there is also evidence present for animal 
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models. In a rat depression model, 15 min/day low-intensity tFUS for 2 weeks could re-

verse the depressive phenotype (anhedonia, tested by sucrose preference test, as well as 

exploratory behavior; Zhang et al., 2019). Furthermore, hippocampal brain-derived neu-

rotrophic factor (BDNF) was increased compared to sham sKmulated rats, indicaKng neu-

roplasKc effects of sKmulaKon. Notably, decreased BDNF levels have been shown consis-

tently in paKents with depression and have been suggested as a potenKal biomarker for 

disease acKvity (Fernandes et al., 2015). In a different rat depression model, Zhang et al. 

(2020) could show that tFUS sKmulaKon to the ventromedial prefrontal cortex in awake 

rats also improved depression-like behaviors (sucrose preference) and enhanced BDNF in 

the prefrontal cortex compared to depressed control rats.  

The results presented here show the first evidence for treaKng depressive symptoms in 

AD paKents in a clinical study using a brain sonicaKon technique. Together with global 

cogniKve improvements and FC improvements in a memory network (Beisteiner et al., 

2019), as well as structural improvements in corKcal grey maAer (Popescu et al., 2021), 

this also adds to the accumulaKng evidence for neuroplasKc effects from TPS with corre-

sponding behavioral changes.  

4.3 Decreases in visuo-construc?ve neuropsychological scores and graph theore?cal 

measures indicate loca?on specific effects of TPS 

As previously reported (Beisteiner et al., 2019), a locaKon specific effect of TPS treatment 

was hypothesized due to overall increases in cogniKve capaciKes, except for a specific de-

crease in visuo-construcKve test scores. Crucially, brain areas central to these funcKons 

have been largely omiAed during sKmulaKon. The present results underline the decline in 

visuo-construcKve abiliKes with a funcKonal decrease in a VisNW. Historically, construc-

Konal apraxia was related to right hemispheric lesions (e.g. aZer right hemispheric 

stroke; Piercy et al., 1960). A modern perspecKve suggests that different aspects of visuo-

construcKve deficits relate to many different lesion loci and are not constrained in the 

right hemisphere (Gainon & Trojano, 2018; Chechlacz et al., 2014). In a lesion-mapping 

study with a large sample of stroke paKents, Biesbroek et al. (2014) reported a variety of 

lesions in both hemispheres correlaKng with sub-scores of a complex figure copy task. 

Notably, these lesions were mainly located in the parietal and occipital parts of the brain, 

such as the AG R as well as right superior parietal lobe and middle occipital gyrus.  

ConstrucKonal apraxia is not only present in paKents with structural damage at these 

funcKonally relevant lesions, but is also one of the most common behavioral symptoms in 
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different demenKas (Trojano & Gainon, 2016). AD has been shown to involve large net-

work disrupKons over the enKre brain as the disease progresses (Sendi et al., 2021). Typi-

cally, the symptoms are assigned either to problems in visual-spaKal processing or to im-

pairments in planning abiliKes, since construcKonal tasks, like copying a complex figure, 

requires strategy and can be considered a problem-solving task (Gainon & Trojano, 

2018). It has been shown that drawing tasks to test construcKonal deficits in paKents can 

be a useful tool to monitor disease progression in AD (Binen et al., 1998). There is a sub-

stanKal amount of variability in the reported literature about the precise areas involved 

in visuo-construcKve deficits. Arguably, this may oZen stem from different tesKng meth-

ods. In a funcKonal imaging study using positron emission tomography, Förster et al. 

(2010) reported that hypoacKvity in different posterior and parietal brain areas correlates 

with the difficulty in figure copying tasks. Such qualitaKve differences in test modaliKes 

can make it difficult to disentangle neural correlates of the diverse aspects in visuo-con-

strucKve impairments. Similarly, paKent sample characterisKcs can produce variability in 

findings (Gainon & Trojano, 2018). This factor can also be used to highlight different 

cogniKve impairments involved in visuo-construcKve disabiliKes. When comparing visuo-

construcKve impairments between paKents with AD and frontotemporal demenKa (FTD), 

Possin et al. (2011) could show that lower figure copy performance in AD was associated 

with spaKal percepKon and aAenKon, while in FTD it was associated with spaKal planning 

and working memory. Correspondingly, low figure copy performance in the AD group cor-

related with right parietal cortex volume, while test scores FTD paKents correlated with 

right DLPFC volume.  

Serra et al. (2014) compared morphometric results between AD paKents with or without 

construcKonal apraxia, which they grouped according to performance on a free-hand 

copying of drawings test. They could describe a network of parietal and occipital regions 

which showed a significant decrease in grey maAer volume in AD paKents with construc-

Konal apraxia. Because of this decline specific to an AD subgroup and the notable similar-

ity with regions leZ out in the sKmulaKon protocol in Beisteiner et al. (2019), this net-

work was chosen for a sub-analysis. The Precun was excluded in the first network analy-

sis, as it was the only ROI in the network from Serra et al. (2014) that received specific 

sKmulaKon and potenKally introduced a confounding effect.  

Graph theoreKcal analysis of resKng-state fMRI data showed significantly decreased GE in 

the AG R (Fig. 10; Tab. 2). GE is a measure for efficiency of informaKon flow (Achard & 

Bullmore, 2007). The results presented here indicate funcKonal deficiency in the AG R as 
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a part of the VisNW, as would be expected due to a conKnuing progression of the disease 

(Mondragón et al., 2021). Correspondingly, FIGURAL scores have also decreased aZer TPS 

sKmulaKon, though slightly above the significance level (Fig. 6). Individual GE values for 

the AG R showed that the majority of individuals displayed either a decrease or no 

change aZer TPS intervenKon and only 2 paKents had a slight increase (Fig. 11). Notably, 

the paired changes in individual GE and FIGURAL test scores showed the expected trend 

of a joint decline in GE and visuo-construcKve performance (Fig. 12). One paKent dis-

played a joint increase in GE and FIGURAL scores (along the expected relaKonship be-

tween connecKvity changes and behavioral outcome) and only 3 paKents had a visibly 

different response profile. Overall, the observed effects appear to be quite small, which is 

not surprising as only about 4 weeks have passed between measurements. Presumably, a 

funcKonal decrease would have been stronger aZer a Kme of 3 months, when paKents 

have also had the lowest FIGURAL test scores (Beisteiner et al., 2019). 

As another result, including the Precun in the VisNW only slightly lessened the observed 

FC decline and the significant decrease in GE of the AG R remained (see VisNW+Precun, 

Tab. 2). It can be hypothesized that putaKve posiKve FC effects of TPS and negaKve ef-

fects of disease progression would cancel each other out. Together, this speaks to the va-

lidity of the observed funcKonal decline: while a part of the sKmulated Precun is included 

in the VisNW in Serra et al. (2014), it seems to not have a deciding funcKonal influence 

on the network. 

The pooled GE values of the VisNW and the majority of its nodes also correlated posiKve-

ly with the FIGURAL scores (Fig. 14). In contrast, parts of the network nodes of the Vis-

NW+Precun also correlated with the (CERAD) CTS, showing a mixed behavior (notably the 

Precun correlated only with the CTS; Fig. 15). SeparaKng the baseline and post sKmula-

Kon also showed a posiKve correlaKon between the VisNW GE and FIGURAL scores (Fig. 

16). While significance was not achieved, there was an observable trend. This indicates 

that the beAer the VisNW is funcKonally connected (both across the enKre network or 

only with the AG R as a representaKve hub) the beAer the clinical visuo-construcKve per-

formance remains. Nevertheless, these results need to be interpreted with cauKon. Puta-

Kvely, a larger sample size may forKfy the posiKve correlaKon between FC values of the 

VisNW and FIGURAL scores, pre and post TPS.  
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4.4 Evidence for neuromodulatory and loca?on dependent effects of TPS  

The results presented here are further supporKng the case for neuromodulatory effects 

of TPS. Besides fMRI data strongly indicaKng off-line neuroplasKc changes, immediate 

modulaKon in neuronal acKvity has also been observed aZer TPS applicaKon in ten hu-

man subjects. SKmulaKng the somatosensory cortex elicited somatosensory-evoked po-

tenKals (sham controlled) and a dosage dependent effect was also reported (Beisteiner et 

al., 2019). Disentangling the exact mechanisms of neuromodulaKon with sonicaKon is sKll 

incomplete, however a number of models have been put forth, that also include impor-

tant aspects for clinical translaKon. The most popular mechanism argues for a direct in-

fluence on membrane-bound mechanosensiKve receptors and channels in neurons and 

support cells (Tyler, 2011). TFUS has been shown to induce calcium influx through 

mechanosensiKve ion channels, which in turn elicits neural acKvaKon (Yoo et al., 2020). 

Recent results also suggest the likely possibility of glia cell mediated modulatory acKvity, 

through mechanical sKmulaKon of membrane channels in astrocytes (Oh et al., 2020). 

Several reports have shown increases in BDNF aZer US sKmulaKon in animal models (e.g. 

Fan et al., 2021; Zhang et al., 2019; Tufail et al., 2011). US can further induce cavitaKon 

effects and generate, for instance, bubbles or voids in cell membranes (Krasovitski et al., 

2011). Another bio-effect observed in tFUS is hyperthermia, which has been shown to 

have inhibitory effects on motor neuron spiking in the medicinal leech (Collins et al., 

2021). Importantly, increases in temperature seem to be dependent on longer sonicaKon 

trains and ISPTA values, i.e. a higher intensity over the course of US pulses (Darrow et al., 

2019). Due to applying only single pressure pulses, TPS operates at a much lower intensi-

ty (max. ISPTA of 0.1 W/cm2) and, therefore, poses no danger of Kssue heaKng.  

A further aspect of brain sKmulaKon, which is vital for clinical translaKon, is inducing 

long-term, neuroplasKc changes that go beyond immediate excitatory or inhibitory neu-

romodulaKon. Already 40 s of tFUS of brain structures in non-human primates have been 

shown to have prolonged acKvity effects, even aZer up to 2 hours have passed since in-

tervenKon (Verhagen et al., 2019; Khalighinejad et al., 2020). Notably, TPS has shown in-

creases in FC (Beisteiner et al., 2019) and also reduced grey maAer atrophy in disease 

relevant brain areas (Popescu et al., 2021) aZer 2-4 weeks of intervenKon.  

A clear advantage of US sKmulaKon compared to e.g. current-based non-invasive brain 

sKmulaKon methods is its high spaKal resoluKon (Meng et al., 2021). While many devel-

opments have been made to increase spaKal accuracy, there are sKll limitaKons (Cash et 

al., 2020). Problems especially occur in subjects with atypical brain morphology, e.g. due 
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to stroke, or more generally when aAempKng deep brain sKmulaKon (Minjoli et al., 

2017). In contrast, US sKmulaKon can be tuned to have extremely precise local effects, 

even in deep Kssue. Using 7 T MRI, Ai et al. (2018) demonstrated that tFUS can sKmulate 

M1 thumb representaKon without inducing acKvity increase in neighboring M1 index or 

middle finger representaKons.  

Verhagen et al. (2019) reported that not only the sKmulated regions but also their closest 

connected neighboring areas show modulated acKvity paAerns, and Folloni et al. (2019) 

reported a similar finding in deep brain structures, such as the amygdala and anterior 

cingulate cortex (both in non-human primates). This indicates an influence not only to 

the direct sKmulaKon targets, but also indirectly to funcKonally connected areas. The 

current results suggest an indirect neuromodulatory effect of TPS intervenKon on two 

representaKve nodes of the SN and VMN (Fig. 7) without direct sKmulaKon of these brain 

areas. While the extended DLPFC, the most widely used target in non-invasive brain 

sKmulaKon for MDD, was included in the sKmulated ROIs, a mechanisKc model of the 

observed effect is not possible with this study. CorKco-thalamic-striatal FC (a brain circuit 

including nodes of the SN) has been shown to predict clinical outcome of TMS interven-

Kon in MDD paKents (Salomons et al., 2014). TMS has been theorized to modulate this 

brain circuit and thereby influence the SN (Dunlop et al., 2017). A possible hypothesis for 

the current study is that TPS also acts upon this corKco-thalamic-striatal circuit and in-

creases funcKonal integrity within this circuit.  

Complementary to this indirect modulaKon, the decrease in GE of the AG R as a node of a 

visuo-construcKve network (Fig. 10) indicates a locaKon-dependent effect of TPS. As al-

ready menKoned, Verhagen et al. (2019) reported that aZer sKmulaKng, for instance, the 

secondary motor area in non-human primates, the global acKvity paAern changed pro-

porKonal to the FC profile, meaning regions with a higher funcKonal proximity (such as 

M1, superior parietal lobule or middle cingulate cortex) showed a relaKve increase in ac-

Kvity, while funcKonally more distant regions showed lower acKvity. Similarly, it can be 

argued that due to liAle or no overlap during TPS intervenKon with areas related to vi-

suo-construcKon, a relaKve decrease in FC could be observed. Correspondingly, AD pa-

Kents have shown a significant decrease in FIGURAL test scores aZer 3 months, which are 

in stark contrast to increases in the other CERAD subtest results (Beisteiner et al., 2019). 

This discrepancy also speaks to the validity of the funcKonal and clinical outcomes: while 

there was no sham control for this study, the improvements in cogniKon and mood to-
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gether with a specific funcKonal and behavioral decline are promising evidence for a 

therapy-induced change instead of a placebo response. 

4.5 Limita?ons and conclusion 

A number of limitaKons have to be addressed. As already menKoned, the iniKal study in-

cluded no sham-control and thus, results to be interpreted carefully. However, as already 

discussed, the results presented here strengthen the hypothesis of locaKon-dependent 

effects of TPS and subsequently strengthen the foundaKon for the efficacy of TPS. Fur-

thermore, the observed changes deviate from an expected placebo response (Ito et al., 

2013). While all available paKent data with completed fMRI measurements was included, 

the sample size was small. Nevertheless, it is sKll similar to recent related literature (e.g. 

Reznik et al., 2020; Cui et al., 2019). Future studies with larger sample sizes may be able 

to elucidate the observed variability in treatment responses, including 3 paKents who 

responded atypically (Fig. 8). Concerning the generalizability in alleviaKng depressive 

symptoms, it has to be emphasized that this was an AD paKent sample with mild depres-

sive symptoms. While promising, TPS effects would need to be studied in an MDD paKent 

sample for a stronger claim. The treatment duraKon may have been too short to induce 

stronger effects and subsequent studies may empirically tease out an ideal sKmulaKon 

amount. Similarly, fMRI measurements were taken only at one Kme point aZer therapy 

and so not much is known about long-term funcKonal changes. This would be especially 

interesKng concerning the presented funcKonal decreases in a VisNW, as behavioral de-

cline has only reached significance 3 months aZer therapy.  

TPS holds much promise as a clinical add-on therapy for AD, but also for other neurologi-

cal and psychiatric diseases. These results give more evidence for sKmulaKon-induced 

neuroplasKc effects. Specifically, we could show promising signs on miKgaKng depressive 

symptoms with TPS and a potenKal funcKonal basis for these changes. Further, while 

there are no sham controlled results at the moment, we forKfied the claim for a locaKon-

dependent effect of TPS, which also makes a mere placebo effect improbable. Together, 

these are strong arguments to further explore the possibiliKes of TPS as a clinical add-on 

treatment.  
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6. List of abbrevia?ons 

AD   Alzheimer’s disease 

AG L / R  Angular gyrus (leZ / right) 

AInsula R  Anterior insula (right) 

BC   Betweenness centrality 

BDI-II   Beck-Depression-Inventory 

BDNF   Brain-derived neurotrophic factor 

BOLD   Blood-oxygenated level dependent 

Ct   Cost 

CTS   Corrected total score 

Dg   Degree 

DLPFC   Dorsolateral prefrontal cortex 

EEG   Electroencephalogram 

FC   FuncKonal connecKvity 

FDR   False discovery rate 

fMRI   FuncKonal magneKc resonance imaging 

FOrb L   Frontal orbital cortex (leZ) 

FTD   Frontotemporal demenKa 

GE   Global efficiency 

ICC R   Intracalcarine cortex (right) 

IFG R   Inferior frontal gyrus (right) 

ISPTA   SpaKal-peak-temporal-average intensity 

MDD   Major depressive disorder 

MMSE   Mini-mental state examinaKon 

MRI   MagneKc resonance imaging 

MVPA   MulK-voxel paAern analysis 

NIBS   Non-invasive brain sKmulaKon 

PCA   Principal component analysis 

PCC   Posterior cingulate cortex 

pMTG R  Posterior medial temporal gyrus (right) 

Precun   Precuneus 

QC   Quality control 

ROI   Region of interest 
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SD   Standard deviaKon 

sgACC   subgenual anterior cingulate cortex 

SN   Salience Network 

tDCS   Transcranial direct current sKmulaKon 

tFUS   Transcranial focused ultrasound 

TMS   Transcranial magneKc sKmulaKon 

toFusC R  Temporo-occipital fusiform cortex (right) 

TPS   Transcranial pulse sKmulaKon 

US   Ultrasound 

VisNW (+Precun) Visuo-construcKve network (+ precuneus) 

VMN    Ventromedial Network 
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