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Attention facilitates behavior by enhancing perceptual sensitivity (sensory
processing) and choice bias (decisional weighting) for attended information.
Whether distinct neural substrates mediate these distinct components of
attention remains unknown. We investigate the causal role of key nodes of the
right posterior parietal cortex (rPPC) in the forebrain attention network in
sensitivity versus bias control. Two groups of participants performed a cued
attention task while we applied either inhibitory, repetitive transcranial mag-
netic stimulation (n =28) or 40 Hz transcranial alternating current stimulation
(n=26) to the dorsal rPPC. We show that rPPC stimulation - with either
modality - impairs task performance by selectively altering attentional mod-
ulation of bias but not sensitivity. Specifically, participants’ bias toward the
uncued, but not the cued, location reduced significantly following rPPC sti-
mulation - an effect that was consistent across both neurostimulation cohorts.
In sum, the dorsal rPPC causally mediates the reorienting of choice bias, one

M Check for updates

particular component of visual spatial attention.

Attention enables us to rapidly select and accurately process beha-
viorally relevant information from our sensory environment. In parti-
cular, visuospatial attention allows us to devote sensory processing
resources toward locations that are likely to contain behaviorally
relevant stimuli. Such selection operates regardless of whether atten-
tion is directed voluntarily (endogenously) to accomplish a goal or
attracted reflexively (exogenously) toward a salient stimulus'. The
behavioral advantages of attention typically manifest as higher accu-
racy and faster reaction times at the attended location’. These
improvements are mediated by at least one of two distinct psycho-
physical mechanisms: i) perceptual sensitivity enhancement, i.e.,
enhanced sensory processing of the attended stimulus, and ii) choice
bias enhancement, i.e., a bias afforded to the attended stimulus during
decisions®*. It is unclear if these attention components are mediated
by distinct, common, or overlapping neural substrates. Several recent
studies that investigated this question have produced diverse, and
sometimes contradictory, conclusions*®.

Here, we investigate the causal role of the posterior parietal cortex
(PPC) - a key node in the forebrain attention network'” - in mediating
sensitivity and bias. The PPC’s involvement in visuospatial attention has
been extensively studied, from early behavioral studies of spatial
neglect in patients with parietal lesions® to more recent studies
employing electrophysiology, neuroimaging, or neurostimulation’.
The PPC represents both exogenous stimulus properties, such as sal-
ience and novelty, as well as endogenous features, including context
and goal relevance, albeit in a spatially selective manner™”, In parti-
cular, several studies have documented a specific advantage for the
right hemispheric PPC (rPPC) in visuospatial attention™". Both dorsal
and ventral regions of the rPPC have been shown to be involved in the
control of visuospatial attention®.

Within the rPPC, different subdivisions have been hypothesized to
play distinct roles in spatial attention°. In particular, a number of
recent studies have proposed a specific role for dorsal rPPC nodes in
the voluntary “reorienting” of attention”'®. Reorienting of spatial
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attention occurs in cued visuospatial attention tasks, or endogenous
“Posner” cueing tasks, of the type shown in Fig. 1a. In such tasks, par-
ticipants’ attention is directed to one of two (or more) locations with a
spatial, probabilistic cue'. On each trial, the event of interest - in this
case, a grating orientation change - has a significantly higher prob-
ability of occurrence at the cued location. Participants must detect and
localize the orientation change, indicating both whether and where it
occurred with one of 3 responses: change at the cued location, change
at the uncued location, or no change. On each trial, rational observers
would direct their attention to the cued location - the most likely
location of change’. Nonetheless, on a small, but significant proportion
of trials, when the change occurs at the uncued location, they must
also reorient their attention away from the cued location.

Dorsal rPPC nodes, including the superior parietal lobule (SPL)
and the intraparietal sulcus (IPS) have been implicated in such volun-
tary reorienting of attention’’>”'®, In particular, the SPL is hypothe-
sized to be involved in the spatial reorienting (shifts) of attention while
the IPS is hypothesized to be involved in the attentional weighting of
competing stimuli*’. Moreover, IPS lesions resulted in slower reaction
times for contralateral versus ipsilateral targets as well as slower

reaction times for invalidly cued targets compared to validly cued
targets?, suggesting a specific role for this region in reorienting of
attention toward invalidly cued targets. Despite this emerging litera-
ture, the precise role of the rPPC, and its functional sub-divisions, in
mediating the distinct components of attention - sensitivity versus
bias - remains unknown.

In this work, we employ two non-invasive brain stimulation pro-
tocols - transcranial magnetic stimulation (TMS) and transcranial
alternating current stimulation (tACS) - to causally manipulate activity
in the dorsal rPPC, to study its role in visuospatial attention. In parti-
cular, we address three key questions: i) does stimulating the rPPC
produce a selective effect on attentional reorienting? ii) does the effect
manifest as a change in perceptual sensitivity or choice bias? and iii) do
the effects occur for stimuli in both hemifields? In one cohort of n =28
participants, we perturb the rPPC activity with an inhibitory TMS
protocol - continuous theta burst stimulation (cTBS) - that has been
shown to induce prolonged suppression of activity in the motor
cortex”. In another cohort of n=26 participants, we apply online
40 Hz, sinusoidal high-density tACS over rPPC; a protocol that has
been shown in many studies to yield functional inhibition of cortical
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Fig. 1| Experimental protocol for testing the right PPC’s role in sensitivity
versus bias control. a Schematic of the cued attention task. Following a fixation
epoch, two Gabor gratings appeared, one in each visual hemifield. This was followed
by an attention cue (white arrow). The screen was then blanked briefly, and the
gratings reappeared. Upon reappearance either one or none of the gratings had
changed in orientation. The participant reported the location of “change” (left, right)
or “no change” with one of three button presses. (Inset, top) A change occurred at
the cued location in 75% (orange), and at the uncued location in 25% (blue), of
“change” trials. b Stimulation protocols: (Left) cTBS involved 200 bursts of three
pulses (yellow lightning symbol; inter-pulse interval: 33 ms, inter-burst interval:

167 ms). Sham cTBS was delivered with the same protocol, except that the coil was
oriented orthogonally rather than tangentially. (Middle) tACS involved ramping up
the current for 30 s to peak amplitude, which was maintained for 20 min, followed
by a 30 s ramp down. (Right) Sham tACS involved ramping up (to peak) and down

the current for 30, at the beginning and end of the session. ¢ (Left) cTBS experi-
ment protocol: After resting motor threshold (RMT) determination, cTBS (real or
sham) was delivered over rPPC, following which the participants performed five
blocks of the cued attention task. After a washout period, cTBS (sham or real,
respectively) was delivered again, and the participants performed another five task
blocks. (Right) tACS experiment protocol: Participants performed a sham tACS
session followed by a real tACS session, separated by a 5 min interval. A third (post)
session, with no stimulation, followed after a 30 min interval. Participants performed
five blocks of the attention task in each session. Session order was either counter-
balanced (cTBS) or fixed (tACS) across participants. d (Top) Quantifying the effects
of rPPC stimulation with signal detection theory. Green and gray Gaussians: signal
(change) and noise (no change) decision variable distributions, respectively. (Bot-
tom) rPPC stimulation may affect perceptual sensitivity (d) for detecting a change
(left), or the criterion (c, bias) for reporting a change (right).
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activity”**. We measure participants’ behavioral performance on an
endogenous, cued attention task (Fig. 1a) and quantify sensitivity and
bias at the cued and uncued locations, with a recent signal detection
model, developed specifically for the analysis of attention tasks***. In
both cases, we report a consistent decrease in bias at the uncued
location following rPPC neurostimulation. The results indicate a causal
role for the rPPC in reorienting one component of endogenous visual
attention: spatial choice bias.

Results

Two participant cohorts, comprising a total of n =88 participants (83
unique) participated in the neurostimulation experiments. Of these,
n=>54 participated in the main experiment, and the remaining parti-
cipated in control experiments. Of the main experiment cohort, n =28
participated in the cTBS experiment and n=26 in the tACS experi-
ment. In both c¢TBS and tACS experiments, participants performed an
endogenously cued, multialternative, orientation change detection
task (2-ADC task; Fig. 1a, b)*. Following fixation, two Gabor gratings
were presented briefly, one in each hemifield. On each trial, a central
attention cue (short arrow, Fig. 1a) directed participants to attend to
one of the two gratings. After a variable interval, the screen was
blanked, and the gratings reappeared. Upon reappearance, either one
of the gratings had changed in orientation (“change” trials; 80%), or
none had changed (“no change” trials; 20%). On change trials, cue
validity was 75% (Fig. 1a, top inset). Participants indicated the event
that they perceived - change at cued location, uncued location, or no
change - by pressing one of three distinct buttons (for details, see
Methods section on Behavioral Task). We investigated the effects of
rPPC neurostimulation on both psychometric parameters (hit rates,
false alarm rates, and reaction times) and psychophysical parameters
(sensitivity and bias) (Methods; Supplementary Fig. Sla, b).

Effects of rPPC cTBS on psychometric responses

Participants in the cTBS cohort (n = 28) completed two sessions of the
cued attention task (Fig. 1a) comprising 250 trials each, lasting 25 min,
with a 40 min interval between sessions. Real cTBS (600 pulses deliv-
ered as 30 Hz bursts of 3 pulses with an inter-burst interval of 167 ms/
6 Hz) was delivered immediately before one of the two task sessions
(Methods section on TMS experiments; Fig. 1c, left). Sham cTBS was
similarly delivered, except with the coil oriented orthogonal to the
target site (see Discussion for choice of sham protocol). rPPC targets
were identified with MR-guided neuro-navigation (AICHA atlas, BA 77,
Supplementary Fig. S2a); the cTBS protocol is more fully described in
the Methods®. All behavioral results were compared between the sti-
mulation and sham control sessions. The order of these sessions was
counterbalanced across participants.

We evaluated the efficacy of the spatial cueing and neuro-
stimulation protocols with two preliminary analyses. First, we tested
whether participants indeed utilized the cue appropriately to direct
their attention. Hit rates (proportion of correctly reported changes)
were significantly higher (AHR-sham (cued-uncued): z=4.35,
p<0.001, Wilcoxon signed rank test, Cohen’s d=1.87, CI=[21.1,
38.71%; AHR-stim: z=4.62, p<0.001, Cohen’s d=237, CI=[27.9,
44.71%; Fig. 2a, b) and reaction times were lower (ART-sham: z=-4.54,
p<0.001, Cohen’s d=2.26, CI=[-156, -93] ms; ART-stim: z=-4.18,
p<0.001, Cohen’s d=179, CI=[-155, -81] ms; Supplementary
Fig. S3a) at the cued compared to the uncued location both during the
sham and stimulation sessions, confirming that attention was indeed
directed to the cued location. Second, we evaluated the persistence
of the cTBS effects in a separate cohort of n=7 participants. For
these participants, we delivered cTBS over the motor cortex, fol-
lowing which motor-evoked potentials (MEPs) were monitored every
10 min (Methods). The peak MEP amplitude dropped progressively
and significantly until ~50 min, when it was 40.4 +11.4% (mean + std)
of the pre-stimulation baseline (W=21, p=0.031, Wilcoxon signed

rank test, Cohen’s d=5.23, CI=[29.8, 50.9]1%). However, at 60 min
post ¢TBS stimulation, the MEP amplitude was numerically lower
than, but not statistically significantly different from, baseline
(mean+std=66.0+17.2% of pre-stimulation baseline; W=15,
p=0.063, Wilcoxon signed rank test, Cohen’s d=1.98, CI=[50.1,
81.91%); Supplementary Fig. S2b, c). Nevertheless, there was a trend
toward significance, potentially due to variable recovery among
participants?*?**°, Due to a small cohort size and the absence of data
beyond this time point (60 min), we concluded that the cTBS effects
persist for at least 60 min. Therefore, in the main experiment, we
ensured that all behavioral testing was conducted within this window
following cTBS and that >60 min had elapsed between the first cTBS
stimulation and the behavioral testing in the sham cTBS session. In
addition, we conducted a control analysis on the main cohort, and
observed no statistically significant effect of the stimulation order
(“sham first” versus “stim first”) of cTBS on behavior at any location
(SI Results section on Additional control analyses for training and
session order effects).

cTBS over the right posterior parietal cortex (rPPC cTBS) pro-
duced a selective reduction in hit rates (proportion of changes
detected correctly) at the uncued, but not the cued location. Fol-
lowing cTBS, hit rates did not change statistically significantly at the
cued location (Fig. 2a, b) (cued: HR-sham = 65.8 +3.0%, HR-stim =
66.7 +£3.1%; Ocyeq (stim-sham): z=1.48, p=0.139, Cohen’s d=0.23,
Cl=[-1.3, 3.2]%), whereas hit rates decreased significantly at the
uncued location (Fig. 2a, b) (uncued: HR-sham=35.9 +2.9%, HR-
stim=30.4+3.3%; Ouncuea: Z=-2.37, p=0.017, Cohen’s d=0.70,
Cl=[-9.9, -1.1]%). Consequently, attentional modulation of hit rates
- quantified as the difference in hit rates between the cued and
uncued locations (AHR = HRyeq — HRyncued) — increased significantly
following cTBS (Fig. 2e top left, AHR-sham =29.8 + 4.3%, AHR-stim =
36.3+4.1%; 65: z=2.48, p=0.013, Cohen’s d=0.70, Cl =[1.3, 11.5]%).
On the other hand, false alarm rates (proportion of changes reported
incorrectly on “no change” trials) were not statistically significantly
different at any location (Fig. 2d) (cued: FAR-sham =29.8 + 3.1%, FAR-
stim = 32.4+3.4%; 8cueq: 2=1.09, p=0.275, Cohen’s d=0.37, Cl=
[-1.3, 6.71%; uncued: FAR-sham =14.6 +1.6%, FAR-stim =15.8 + 2.5%;
Suncued: Z=0.20, p=0.838, Cohen’s d=0.20, Cl=[-2.6, 5.1]%). As a
consequence, the attentional modulation of false alarm rates was
also not statistically significantly different (Fig. 2e bottom, AFAR-
sham=152+3.7%, AFAR-stim=16.6+4.7%; 8,: z=0.28, p=0.775,
Cohen’s d=0.13, CI=[-4.7, 7.6]%). Following a Shapiro-Wilk test to
identify non-normality (see Methods section on Statistical tests), we
performed a two-way ANOVA to test for the effects of cueing (cued,
uncued) and stimulation condition (sham, stim) on the parameters to
confirm these results. We observed a significant main effect of cueing
on hit rates (F;,,=68.42, p<0.001) and also on false alarm rates
(F1,27=16.24, p=0.004), but no statistically significant main effect of
stimulation condition on either metric (p > 0.05). Nonetheless, there
was a significant interaction between cueing and stimulation condi-
tion, but only on hit rates (HR: F; 57 = 6.74, p=0.015; FAR: F; ,;=0.23,
p=0.636). cTBS also produced systematic effects on the attentional
modulation of mislocalization rates (MLR, Fig. 2c, e top right); these
effects are described in the SI Results section on Effects of neuro-
stimulation on mislocalization responses. Moreover, we observed no
statistically significant effects of rPPC cTBS on reaction times or on
its modulation by attention at any location (Supplementary Fig. S3a)
(cued: RT-sham =527 +17 ms, RT-stim =509 + 20 ms; Scyeq: Z=-1.18,
p=0.236, Cohen’s d =0.44, Cl=[-42, 5] ms; uncued: RT-sham = 655
+13 ms, RT-stim= 626 + 23 ms; Syncued: Z=-1.23, p=0.218, Cohen’s
d=0.61, CI=[-37, 6] ms; ART-sham =-124 +15ms, ART-stim =-118
+18 ms; 8,: z=0.01, p=0.990, Cohen’s d =0.16, CI =[-20, 21] ms).

In summary, rPPC cTBS produced a significant decrease in hit
rates at the uncued location, suggesting a deficit in attentional reor-
ienting for successfully detecting changes at the uncued location.
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Fig. 2 | Effects of rPPC cTBS on psychometrics. a Psychometric functions of hit
rates as a function of orientation change angle magnitude (average across n =28
participants) during the sham cTBS (Sham; open circles) session, indicative of
baseline performance, and the real cTBS (Stim; filled circles) session. Orange and
blue circles: hit rates at the cued and uncued locations, respectively. Curves: sig-
moid fits. Error bars: s.e.m. b Hit rates (HR) for detecting changes at the cued
(orange) and uncued locations (blue) in Sham (open circles) and Stim (filled circles)
sessions, averaged over all change angles. Markers represent individual partici-
pants (n=28). Paired data from the same participant (across Sham and Stim ses-
sions) are connected by dashed lines. Triangles denote median sham (open) and
stim (filled) HR, lines denote the 25th and 75th percentile of each data set. p-values
denote statistical significance levels assessed with a two-sided Wilcoxon signed
rank test, followed by a Benjamini-Hochberg correction for multiple comparisons.
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n.s.: not statistically significantly different at the p =0.05 level. ¢ Same as in panel
(b), but for mislocalization rates (MLR) at the cued (orange) and uncued (blue)
locations. Other conventions are the same as in panel (b). d Same as in panel (b), but
for false alarm rates (FAR) at the cued (orange) and uncued (blue) locations. Other
conventions are the same as in panel (b). e (Top left) Attentional modulation of hit
rates (AHR = HR¢yeq = HRyncued) in the Sham (x axis) and Stim (y axis) sessions.
Markers represent individual participants. Dashed line: line of equality. (Inset)
Histogram of AHR values across participants (n =28). Triangle denotes median
AHR. (Top right) Same as in the top left panel but for mislocalization rates (AMLR =
MLRcyed = MLRyncued)- Other conventions are the same as in the top left panel.
(Bottom) Same as in the top left panel but for false alarm rates (AFAR = FAR yeq —
FARyncued)- Other conventions are the same as in the top left panel.

Next, we tested whether this reorientation deficit could be attributed
to sensitivity versus bias effects.

Effects of rPPC cTBS on sensitivity and bias

We estimated sensitivity and bias, before and after neurostimulation,
by fitting behavioral observations (Supplementary Fig. Sla) with a
recent signal detection (m-ADC) model (Supplementary Fig. Slb;
Methods section on Estimating psychophysical parameters); this
model has been employed and validated in multiple recent studies
investigating behavioral and neural mechanisms of attention®®*-°,
Briefly, sensitivity at each location was quantified as the d’-index for
distinguishing signal (“change”) from noise (“no change”). Bias was
quantified with the choice criterion (c); the criterion is inversely
related to choice bias such that a lower value of the criterion
at a location indicates a higher bias for reporting change at
that location (Methods section on Estimating psychophysical

parameters). Goodness-of-fit tests indicated that the m-ADC model fit
the behavioral observations accurately (Supplementary Fig. Slc,
randomization test).

rPPC cTBS produced no statistically significant effects on d’ either
at the cued location (cued: d-sham =112 + 0.09, d’-stim = 1.06 + 0.10;
Ocued: Z=-1.02, p=0.305, Cohen’s d = 0.29, CI =[-0.17, 0.06]) or at the
uncued location (uncued: d-sham=0.73 + 0.07, d"-stim = 0.63 + 0.08;
Suncued: Z=-1.53, p=0.127, Cohen’s d = 0.44, CI =[-0.22, 0.02]; Fig. 3a).
Moreover, we observed no statistically significant effects on the
attentional modulation of d’ (Ad" = d’cyed = d'uncued) following cTBS
(Ad’-sham = 0.39 + 0.08, Ad’-stim = 0.43 + 0.08; 6,: z=0.52, p = 0.600,
Cohen’s d=0.16, CI =[-0.10, 0.18]; Fig. 3c). We also analyzed the entire
psychophysical function (d’” as a function of change angle; Supple-
mentary Fig. S4a): A two-way ANOVA revealed no statistically sig-
nificant interaction between stimulus strength (change angle values,
i.e, AB) and stimulation condition on Ad’ (Fy10s=0.63, p=0.646).
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Fig. 3 | Effects of rPPC cTBS on sensitivity and bias. a Sensitivity (d’) plotted in
symmetrical logarithmic scale for detecting changes at the cued (orange) and
uncued locations (blue) during the Sham cTBS (open circles) and Stim cTBS (filled
circles) sessions (n =28 participants). p-values denote statistical significance levels
assessed with a two-sided Wilcoxon signed rank test, followed by a Benjamini-
Hochberg correction for multiple comparisons. n.s.: not statistically significantly
different at the p = 0.05 level. Other conventions are the same as in Fig. 2b. b Same
as in panel (a), but for criterion (c). A lower value of the criterion at a location
indicates a higher choice bias for reporting a change at that location. Other con-
ventions are the same as in Fig. 2b. c. Attentional modulation of sensitivity (Ad’ =
d’cued = Q'uncued; grey circles) in the Sham (x axis) and Stim (y axis) sessions. (Top
right inset) Histogram of Ad’ values across participants (n = 28). Other conventions

are the same as in Fig. 2e. d. Same as in panel (c), but for criterion (Ac = Ccyeq —
Cuncued; OPeN circles). Other conventions are the same as in Fig. 2e. e Schematic of
model comparison analysis for rPPC cTBS effects. Signal detection models in which
rPPC stimulation produced only a sensitivity change (“sensitivity-effect” model,
left) or only a criterion change (“bias-effect” model, right) were compared against
the standard signal detection model (“both effects”). f Mean Bayesian Information
Criterion (BIC) scores for the both-effects (grey), bias-effect (blue) and sensitivity-
effect (red) models for the cTBS cohort. Markers represent individual participants
(n=28). Dashed lines connect each participant’s BIC scores across models. Error
bars: s.e.m. p-values denote statistical significance levels, assessed with a two-sided
Wilcoxon signed rank test, followed by a Benjamini-Hochberg correction for mul-
tiple comparisons.

Therefore, sensitivity changes were unlikely to account for the strong
effects of stimulation on hit rates.

On the other hand, rPPC cTBS produced systematic effects on
criteria in a manner that mimicked the effects on hit rates. Although
criteria at the cued location were not statistically significantly
affected following c¢TBS (cued: c-sham =-0.14 + 0.09, c¢-stim=-0.19
+0.09; Ocpes: z=-1.05, p=0.294, Cohen’s d=0.39, CI=[-0.15,
0.03]), criteria at the uncued location increased significantly
(uncued: c-sham =0.54 + 0.08, c-stim = 0.64 + 0.11; Syncued: Z=2.21,
p=0.027, Cohen’s d=0.45, CI=[-0.03, 0.25]; Fig. 3b). This effect
translated into a significant increase in the attentional modulation of
criteria (AC = Ccyed — Cuncued) following cTBS (Ac-sham =-0.68 + 0.12,
Ac-stim=-0.84+0.12; 6,: z=-2.60, p=0.009, Cohen’s d=0.67,
CI=[-0.31, -0.03]; Fig. 3d). In other words, rPPC cTBS affected hit
rates by reducing the bias (increasing the criterion) for reporting
changes at the uncued location. Further insights linking cTBS-
induced modulations of psychophysical parameters (d’, ¢) with
behavioral (psychometric) responses are provided in the SI Results
section on Effects of neurostimulation on mislocalization responses
(Supplementary Fig. S5 and Supplementary Table S1).

We confirmed these results with a two-way ANOVA. While cueing
produced a statistically significant main effect on both sensitivity (d’,
F127=29.55, p<0.001) and criterion (c, F;,;=44.05, p<0.001),

stimulation did not produce a statistically significant main effect in
either case (p>0.1). Nevertheless, we observed a significant inter-
action between cueing and stimulation condition, only for the cri-
terion (F»7=6.23, p=0.019) and not for sensitivity (F;,7=0.38,
p=0.543). Finally, post-hoc comparisons revealed that stimulation
produced a significant increase in the uncued criterion (p=0.031,
Fishers’ LSD) but no statistically significant effect on the other
parameters (p > 0.05). We also tested for differential effects of rPPC
stimulation in the contralateral versus ipsilateral hemifields using a
two-way ANOVA with stimulation condition (sham, stim) and change
hemifield (ipsilateral, contralateral). We did not observe any statis-
tically significant effect of laterality (i.e., interaction between stimu-
lation condition and change hemifield) on either parameter (d’, c¢) at
any location (cued d: F;,;=131, p=0.263; cued c: F;,;=0.32,
p=0.574; uncued d’: F;,;=0.83, p=0.369; uncued c: F;,7;=0.00,
p=0.986; Ad": F; ,;=1.54, p=0.225; Ac: F; 57 = 0.13, p= 0.724). Finally,
we computed the Bayes factors for the sensitivity and criterion
effects induced by rPPC cTBS. This analysis revealed moderate evi-
dence for an increase in criterion modulation following cTBS (Ac,
BF.=15.32) but also moderate evidence for no change in sensitivity
modulation (Ad’, BF,0=0.24). A Bayesian sequential analysis
robustness check (JASP*) - performed by computing Bayes Factors
across successive data points acquired - revealed that the trends on
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Ad’ and Ac persisted nearly throughout data collection (Supple-
mentary Fig. S8).

Next, we asked whether rPPC cTBS effects could be better
explained by changes in either sensitivity or bias alone, employing
formal model comparison analysis® (Methods section on Model com-
parison analysis). Briefly, we modified the m-ADC model in two ways to
fit the behavioral effects of stimulation: i) a “selective bias-effect”
model, in which sensitivity values at each location during the real
(stim) cTBS session were constrained to be equal to their corre-
sponding values during the sham cTBS session (Fig. 3e), and ii) a
“selective sensitivity-effect” model, in which criterion values at each
location during the real (stim) cTBS session were constrained to be
equal to their corresponding values during the sham cTBS session
(Fig. 3e). Both of these, more parsimonious, models were compared
against the standard m-ADC model that incorporated both sensitivity
and bias effects (“both-effects” model) using the Bayesian Information
Criterion (BIC; Fig. 3f; Methods).

The selective bias-effect model outperformed both the selective
sensitivity-effect model (BIC: bias-effect model: 401.5+73.8,
sensitivity-effect model: 437.3+72.9; ABIC (bias-effect - sensitivity-
effect): z=-4.62, p<0.001, signed rank test, Cohen’s d=3.24, Cl=
[-41.8, —29.7]; Fig. 3f) and the both-effects model (both-effects model:
438.3+70.6; ABIC (bias-effect — both-effects): z=-4.62, p<0.001,
Cohen’s d =5.56, Cl =[-40.6, -32.9]; Fig. 3f) with significantly lower BIC
values. The selective sensitivity-effect model’s BIC value was not sta-
tistically significantly different from that of the both-effects model
(ABIC (sensitivity-effect - both-effects): z=-1.21, p=0.228, Cohen’s
d=0.13, CI=[-5.2, 3.2]). Similar results were observed when model
comparison was performed with the corrected Akaike Information
Criterion (Supplementary Fig. S3c). In other words, model comparison
analysis indicated that the effect of rPPC c¢TBS could be better
explained as a change in bias rather than a change in sensitivity.

In summary, rPPC cTBS selectively affected attentional bias
modulation. The effect manifested as a statistically significant reduc-
tion in the reorienting of spatial choice bias: a decrease in bias
(increase in criterion) for reporting changes at the uncued location. By
contrast, we observed moderate evidence against an effect of rPPC
cTBS on sensitivity modulation. Model evidence from the Bayes factor,
as well as model comparison analyses, revealed that stimulation effects
could best be explained by a change in bias modulation rather than by
a change in sensitivity modulation. The results suggest a specific role
for the rPPC in the reorienting of spatial choice bias.

Effects of 40 Hz rPPC tACS on psychometric responses

We performed an additional set of experiments by perturbing rPPC
activity using 40 Hz transcranial alternating current stimulation (tACS)
and studying the effect on sensitivity and bias. tACS sessions followed a
protocol similar to that of Helfrich et al. (2014)** (Methods section on
tACS experiments)®. Briefly, participants (n=26) completed three ses-
sions of the cued attention task (Fig. 1a) comprising 250 trials, lasting
20 min, each (Experiment Protocol in Fig. Ic, right). The first session
was always a sham tACS session (“sham” session). Following a brief
interval (5 min) after the conclusion of the sham session, we delivered
40 Hz high-definition tACS (peak-to-peak amplitude: 1.5-2.0 mA,
Methods) continuously for 20 min over the posterior parietal electro-
des in the right hemisphere (“stimulation” session; Supplementary
Fig. S2d, e). A third post-stimulation (washout) session was conducted
30 min after the end of the 40 Hz tACS session (“post” session).

For the tACS experiment, sham and stimulation sessions were
conducted in a sequential order, rather than in counterbalanced
order, for the following reason: Many recent studies®** have
shown that the effects of tACS can outlast the stimulation itself
by >30 min. Therefore, the sham session was always conducted
before the stimulation session, followed by the post-stimulation
session to assess whether the effect of 40 Hz tACS stimulation

had “washed out”. If the sham session were conducted after the
stimulation session, and if tACS effects were to persist into the
former, this would heavily dilute tACS effect sizes. This 3-session
tACS design is identical to that adopted in earlier, widely cited
studies®**. Because of this sequential ordering of sessions, in
addition to comparing behavioral results between the sham and
stimulation sessions, behavioral results were also compared
between the sham and post sessions to discount training and
familiarity effects.

As a preliminary step, we confirmed that participants successfully
utilized the cue to increase their hit rates at the cued location across all
three sessions (AHR-sham (cued-uncued): z=4.43, p < 0.001, Wilcoxon
signed rank Test, Cohen’s d=2.09, Cl=[14.7, 26.5]%; AHR-stim:
z=4.46, p<0.001, Cohen’s d=3.08, CI=[20.0, 30.6]%; AHR-post:
z=4.46, p<0.001, Cohen’s d =1.84, CI=[13.9, 27.3]%; Fig. 4a, b, Sup-
plementary Fig. S6a). Following 40 Hz tACS over the rPPC, hit rates at
both the cued and the uncued locations did not change statistically
significantly (cued: HR-sham = 63.3 + 2.4%, HR-stim = 64.2 + 2.3%; Ocyed
(stim-sham): z=1.00, p=0.316, signed rank test, Cohen’s d=0.24,
Cl=[-1.2, 3.0]%; Fig. 4a, b; uncued: HR-sham =42.7 + 3.5%, HR-stim =
38.9 £3.7%; Suncued: Z=-1.89, p=0.058, Cohen’s d=0.61, Cl=[-7.4,
-0.2]%; Fig. 4a, b). Similarly, the attentional modulation of hit rates did
not increase statistically significantly following tACS (AHR-sham=
20.6 £2.9%, AHR-stim=25.3+2.6%; 65: z=1.89, p=0.058, Cohen’s
d=0.61, CI=[0.3, 9.2]%; Fig. 4e top left). In addition, false alarm rates
did not change statistically significantly at any location (Fig. 4d) (cued:
FAR-sham=14.2+1.8%, FAR-stim= 121+1.8%; O8cueq: z=-1.60,
p=0.109, Cohen’s d=0.37, Cl=[-5.3, 1.1]%; uncued: FAR-sham =
12.8 £2.3%, FAR-stim =14.7 £ 2.1%; Suncued: Z=1.79, p=0.074, Cohen’s
d=0.52, CI=[-0.2, 4.2]%). Moreover, attentional modulation of false
alarm rates decreased significantly (AFAR-sham=1.4+2.2%, AFAR-
stim=-2.6 £ 1.5%; §,: z=-2.40, p=0.016, Cohen’s d=0.61, CI=[-8.0,
-0.11%) (Fig. 4e bottom).

We also performed a two-way ANOVA, similar to that for the cTBS
cohort, to test for the effects of cueing (cued, uncued) and stimulation
condition (sham, stim) on the parameters: We observed a statistically
significant main effect of cueing only on hit rates (F;,s=84.53,
p <0.001) but not on false alarm rates (F; »s = 0.14, p = 0.715). There was
no statistically significant main effect of stimulation condition
(p>0.05 for both HR and FAR), but a significant interaction between
cueing and stimulation condition on both metrics (HR: Fy,5s=4.75,
p=0.039; FAR: F 5 =4.51, p= 0.044); the effect on HR paralleled those
observed with cTBS. In addition, tACS also produced systematic
effects on the attentional modulation of mislocalization rates, paral-
leling those of cTBS (Fig. 4c, e top right); these results are described in
the SI Results section on Effects of neurostimulation on mislocalization
responses.

Furthermore, we tested for differences between the sham and
post-stim conditions and observed no statistically significant differ-
ences in either psychometric parameter (hit rates and false alarm rates)
at either location (cued: HR-post=63.9 £2.4%; &ueq (post-sham):
z=0.50, p=0.620, Cohen’s d =0.15, Cl =[-1.7, 2.9]%; uncued: HR-post
= 43.3+3.8%; Suncued: Z=0.34, p=0.732, Cohen’s d=0.12, CI=[-2.5,
3.81%; cued: FAR-post=11.0 + 1.7%; S¢yeq: z=-1.39, p=0.166, Cohen’s
d=0.45, CI=[-7.3, 0.9]1%; uncued: FAR-post = 12.4+2.2%; Suncued:
z=-0.50, p=0.619, Cohen’s d = 0.08, Cl =[-3.4, 2.6]%; Supplementary
Fig. S6a-b) or their modulations (AHR-post = 20.6 + 3.3%; §,: z=0.04,
p=0.970, Cohen’s d<0.01, Cl=[-4.1, 4.1]%; AFAR-post=-1.4+2.0%;
8a: z=-0.93, p=0.354, Cohen’s d=0.29, CI=[-8.3, 2.6]1%; Supple-
mentary Fig. S6c). A two-way ANOVA further revealed no statistically
significant interaction between cueing (cued, uncued) and stimulation
condition (sham, post) on either parameter (HR: F;,5=0, p=0.998;
FAR: F; 55 =112, p=0.300).

However, reaction times were significantly faster during the sti-
mulation, compared to the sham session, at the cued location (cued:
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Fig. 4 | Effects of 40 Hz tACS over rPPC on psychometrics. a Same as in Fig. 2a but
showing the psychometric functions of hit rates as a function of orientation change
angle magnitude (average across n = 26 participants) during the sham tACS (Sham;
open circles) and real tACS (Stim; filled circles) sessions. Other conventions are the
same as in Fig. 2a. b Same as in Fig. 2b but showing Hit rates (HR) for detecting
changes at the cued (orange) and uncued locations (blue) in Sham (open circles)
and Stim (filled circles) tACS sessions (n =26), averaged over all angles. p-values
denote statistical significance levels assessed with a two-sided Wilcoxon signed
rank test, followed by a Benjamini-Hochberg correction for multiple comparisons.
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Other conventions are the same as in Fig. 2b. ¢ Same as in panel (b), but showing
mislocalization rates (MLR) at the cued (orange) and uncued (blue) locations
(tACS). Other conventions are the same as in panel (b). d Same as in panel (b), but
showing false alarm rates (FAR) at the cued (orange) and uncued (blue) locations
(tACS). Other conventions are the same as in panel (b). e. Same as in Fig. 2e but
showing the attentional modulation of hit rates (AHR = HR¢yed = HRuncued; top left),
mislocalization rates (AMLR=MLRyeq — MLRyncued; top right) and false alarm rates
(AFAR=FARyed = FARyncuea; bottom) in the Sham (x axis) and Stim (y axis) tACS
sessions (n=26). Other conventions are the same as in Fig. 2e.

RT-sham=571+17ms, RT-stim=539+16ms; &cueq: z=-3.70,
p<0.001, Cohen’s d=1.29, Cl=[-47, -18] ms) but not statistically
significantly faster at the uncued location (uncued: RT-sham =701+
21 ms, RT-stim = 675 + 20 ms; Syncued: Z=-1.87, p=0.062, signed rank
test, Cohen’s d = 0.41, Cl = [-66, 7] ms; Supplementary Fig. S3b). These
effects continued into the post-stimulation session: reaction times
were significantly faster in the post-stimulation session as compared to
the sham session at the cued location (cued: RT-post =534 +15 ms; &,
(post-sham): z=-3.75, p< 0.001, Cohen’s d =1.60, Cl =[-51, —24] ms).
The results suggest that tACS effects on reaction times could perhaps
be explained by training effects.

In summary, 40 Hz tACS over the rPPC produced effects on hit
rates and mislocalization responses that qualitatively paralleled the
effects of rPPC cTBS. We next tested for the effects of 40 Hz rPPC tACS
on the psychophysical parameters.

Effects of 40 Hz rPPC tACS on sensitivity and bias

Next, we examined the effects of 40 Hz tACS over rPPC on sensitivity
and bias. In line with the cTBS results, rPPC tACS produced no statis-
tically significant effects on d’, either at the cued location (cued: d™

sham=1.74+0.10, d’-stim=1.87+0.10; &8.yeq (stim-sham): z=1.51,
p=0.131, Cohen’s d = 0.43, Cl =[-0.04, 0.31]) or at the uncued location
(uncued: d’-sham=1.03+0.10, d’-stim=0.95 + 0.10; Syncued: Z=-1.16,
p=0.248, Cohen’s d=0.34, CI=[-0.22, 0.06]; Fig. 5a). Nor did tACS
produce a statistically significant effect on the attentional modulation
of d (Ad-sham=0.71+0.08, Ad-stim=0.92+0.11; Sx: z=177,
p=0.078, signed rank test; Cohen’s d=0.54, CI=[-0.02, 0.44];
Fig. 5¢). Similar to cTBS, we further analyzed the entire psychophysical
function (d’ as a function of change angle; Supplementary Fig. S4b): A
two-way ANOVA revealed no statistically significant interaction
between stimulus strength (change angle values, i.e., AB) and stimu-
lation condition on Ad’ (F;100 =1.28, p=0.283).

In contrast, tACS produced systematic effects on criteria: Criteria
at the cued location were not statistically significantly different (cued:
c-sham = 0.20 + 0.09, c-stim = 0.20 + 0.10; Scyeq: Z=-0.06, p=0.949,
Cohen’s d=0.05, CI=[-0.09, 0.10]), whereas criteria at the uncued
location increased significantly (uncued: c-sham=0.58+0.10, c-
stim=0.70 + 0.12; Syncued: Z=2.48, p=0.013, Cohen’s d=0.86, Cl=
[0.04, 0.22]; Fig. 5b). As a consequence, this yielded a significant
increase in the attentional modulation of criteria following tACS (Ac-
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Fig. 5 | Effects of 40 Hz tACS over rPPC on sensitivity and bias. a Same as in

Fig. 3a, but for the Sham (open circles) and Stim tACS (filled circles) sessions (n =26
participants). p-values denote statistical significance levels assessed with a two-

sided Wilcoxon signed rank test, followed by a Benjamini-Hochberg correction for
multiple comparisons. Other conventions are the same as in Fig. 3a. b Same as in
panel (a), but for criterion. Other conventions are the same as in Fig. 3b. ¢ Same as
Fig. 3c but showing the attentional modulation of sensitivity (Ad’ = d’cyed = A'uncued;
grey circles) in the Sham (x axis) and Stim (y axis) tACS sessions. (Top right inset)

Histogram of Ad’ values across participants (n = 26). Other conventions are the
same as in Fig. 3c. d Same as in panel (c), but for criterion (Ac = Ceyed — Cuncued; OPEN
circles). Other conventions are the same as in Fig. 3d. e Schematic of model com-
parison analysis for rPPC tACS stimulation effects. Other conventions are the same
as in Fig. 3e. f Same as in Fig. 3f but showing the mean Bayesian Information
Criterion (BIC) scores for the both-effects (grey), bias-effect (blue) and sensitivity-
effect (red) models for the tACS cohort (n = 26). Other conventions are the same as
in Fig. 3f.

sham=-0.38 + 0.08, Ac-stim=-0.50 +0.08; 6,: z=-2.35, p=0.019,
Cohen’s d =0.56, CI=[-0.24, 0.00]; Fig. 5d). Further insights linking
tACS-induced modulations of psychophysical parameters (d’, c) with
behavioral (psychometric) responses are provided in the SI Results
section on Effects of neurostimulation on mislocalization responses
(Supplementary Fig. S5 and Supplementary Table S1). Again, as with
the cTBS cohort, we performed a two-way ANOVA to test the effects of
cueing (cued, uncued) and stimulation condition (sham, stim) on the
parameters. We observed a statistically significant main effect of cue-
ing on both sensitivity (d’, F;,5=115.82, p<0.001) and criterion (c,
F125=38.4, p<0.001), but no statistically significant main effect of
stimulation condition in either case (p > 0.05); the interaction between
cueing and stimulation condition trended toward significance for cri-
terion modulations (F;»5=4.05, p=0.055). Post-hoc comparisons
showed a significant increase in the uncued criterion following sti-
mulation (p = 0.005); other parameter pairs (cued c, cued d’ or uncued
d’) were not statistically significantly different (p>0.05). A two-way
ANOVA to test the effects of stimulation condition (sham, stim) and
change hemifield (ipsilateral, contralateral) also revealed no statisti-
cally significant interaction effect of laterality, either at the cued or
uncued locations (cued d”: Fy,5=122, p=0.279; cued c: F;,5=0.00,
p=0.988; uncued d: F;,5=0.07, p=0.797; uncued c: F;,5=0.07,
p=0.797; Ad": F; 5= 0.62, p=0.438; Ac: F;»5=0.06, p = 0.810). Again,
as with the cTBS experiment, we computed Bayes factors for the
sensitivity and criterion effects induced by rPPC 40 Hz tACS. This
analysis revealed anecdotal evidence for an increase in criterion
modulation (Ac, BF.o=2.27), accompanied by strong evidence favor-
ing an increase in uncued criterion (uncued c, BF_o=11.45). By

contrast, there was no evidence for or against a change in sensitivity
modulation (Ad’, BF,o=1.01) following tACS. A Bayesian sequential
analysis robustness check revealed that the trend on uncued criterion
persisted nearly throughout data collection (Supplementary Fig. S9).

As with the psychometric parameters, we tested for differences
between the sham and post-stim conditions and observed no statisti-
cally significant differences in the attentional modulation of the para-
meters (Ad’-post - Ad-sham: z=1.26, p = 0.209, signed rank test; Cohen’s
d=0.25, CI=[-0.14, 0.36]; Ac-post - Ac-sham: z=-0.19, p=0.849,
Cohen’s d=0.08, CI=[-0.17, 0.13]; Supplementary Fig. S6d-f). A two-
way ANOVA further revealed no statistically significant interaction
between cueing (cued, uncued) and stimulation condition (sham, post)
on either parameter (d": F;,5=0.08, p=0.777; c: F55=0.83, p=0.372).
Finally, Bayes factor analysis showed moderate evidence for no differ-
ence in the attentional modulation of either sensitivity (BF;o=0.30) or
criterion (BF;o = 0.21) across the sham and post sessions.

Next, we tested whether rPPC 40 Hz tACS effects could be better
explained by sensitivity or bias changes alone, by comparing the same
set of 3 models as before (“selective bias-effect”, “selective sensitivity-
effect” and “both effects”). Again, the selective bias-effect model out-
performed both the selective sensitivity-effect model (BIC: bias-effect
model: 325.7 + 69.6, sensitivity-effect model: 357.0 + 70.4; ABIC (bias-
effect - sensitivity-effect): z=-4.43, p<0.001, Cohen’s d=4.35, Cl=
[-35.4, -27.1]; Fig. 5e) and the both-effects model (both-effects model:
362.7+70.4; ABIC (bias-effect - both-effects): z=-4.43, p<0.001,
Cohen’s d =5.11, Cl =[-41.1, -32.8]; Fig. 5e; for AICc, see Supplementary
Fig. S3d). In other words, bias changes, rather than sensitivity changes,
best explained the effects of 40 Hz tACS over rPPC.

Nature Communications | (2024)15:6938



Article

https://doi.org/10.1038/s41467-024-51283-z

Attend
Cuncued
—
Cued
stimulus
uncued
@ \é’“?

cued

Uncued
stimulus

cued

Fig. 6 | Schematic of rPPC neurostimulation effects on attention components.
Perturbing rPPC activity either with continuous theta-burst stimulation (cTBS)
or with 40 Hz transcranial alternating current stimulation (tACS) produces

@@

T

Reorient

selective deficits with reorienting spatial choice bias toward the uncued location
(increase in Cyncyeq), ONE specific component of attention.

We conducted a control experiment to test if these effects of rPPC
tACS were specific to the 40 Hz frequency (Methods section on tACS
Experiments: Control Experiment). In this control experiment, we tested
an alternative frequency of tACS stimulation (60 Hz) over the right
PPC. The number of participants in the control experiment (n = 26) was
identical to that of the main experiment (Supplementary Fig. S7).

60 Hz tACS produced no statistically significant effects on d’,
either at the cued location (cued: d’-sham=1.30 + 0.10, d’-stim=1.35
+0.09; 8cyed: 2=0.34, p = 0.732, Cohen’s d = 0.19, CI = [-0.10, 0.20]) or
at the uncued location (uncued: d-sham =0.75+ 0.08, d’-stim=0.78
+0.09; Suncued: Z= 0.47, p= 0.638, Cohen’s d = 0.14, Cl = [-0.09, 0.15]).
Moreover, attentional modulation of sensitivity was not statistically
significantly different following 60 Hz tACS (Ad-sham=0.55+0.13,
Ad’-stim=0.58 +0.11; 6,: z=0.42, p=0.675, Cohen’s d=0.06, Cl=
[-0.19,0.23]) (Supplementary Fig. S7b). Similarly, criterion was not
statistically significantly affected at either the cued (cued: c-sham=
-0.00+0.09, c-stim=-0.06 + 0.11; §.yeq: Z=-0.98, p = 0.328, Cohen’s
d=0.31, CI=[-0.16, 0.05]) or the uncued (uncued: c-sham=0.48 +
0.08, c-stim =0.52 + 0.09; S, ncued: Z = 0.85, p=0.395, Cohen’s d = 0.16,

=[-0.09, 0.15]) locations, again, yielding no statistically significant
modulation of criterion with 60 Hz tACS (Ac-sham =-0.49 + 0.11, Ac-
stim=-0.57+£0.12; 8,: z=-146, p=0.144, Cohen’s d=0.33, Cl=
[-0.24, 0.06]) (Supplementary Fig. S7c). Bayes factors revealed mod-
erate evidence for no change in either criterion modulation (Ac,
BF;0 =0.31) or sensitivity modulation (Ad’, BF;o = 0.21) following con-
trol 60 Hz tACS. Additional control analyses, to account for inter-
individual variations in performance, are reported in SI Results.

In summary, 40 Hz tACS over rPPC affected hit rates by reducing
the bias (increasing the criterion) for reporting changes at the uncued
location. Model comparison analysis confirmed that tACS effects were
best explained by a model that incorporated only bias changes. A
control experiment indicated that 40 Hz stimulation effects were
frequency-specific and could not be explained by training or familiarity
effects.

In addition, to test if neurostimulation effects on d’ and criterion
were robust to assumptions in the m-ADC model, we also analyzed
participants’ behavior with a similarity choice model; this analysis
revealed converging evidence for a consistent effect of stimulation on
criterion modulation (Ac), but not on sensitivity modulation (Ad’) (see
SI Results on Analysis with a similarity choice model).

Taken together, the results of both experiments demonstrate
that: i) rPPC stimulation produced systematic and robust effects on

choice bias; evidence for sensitivity effects was either lacking (cTBS) or
equivocal (tACS); ii) both inhibitory theta burst stimulation (cTBS) and
40 Hz tACS produced a significant reduction in choice bias (increase in
criterion) at the uncued location; iii) as a result, both stimulation
modalities strongly increased the attentional cueing-induced mod-
ulation of choice bias (Fig. 6). These results indicate that the rPPC plays
a causal role in reorienting one specific component of attention -
spatial choice bias.

Discussion

The posterior parietal cortex (PPC) is associated with multiple sensory,
motor, and cognitive functions'®**, Activations of the dorsal PPC, in
particular, the intraparietal sulcus and superior parietal lobule (IPS/
SPL; BA 7), are consistently observed in attention tasks, marking these
regions as key nodes of the dorsal frontoparietal attention network in
the forebrain'". Here, we investigated the causal role of the dorsal
rPPC with two neurostimulation modalities - inhibitory theta burst
stimulation (cTBS) and 40 Hz transcranial alternating current stimu-
lation (tACS) - and, using a recent signal detection model®, quantified
the effects on distinct components of attention - sensitivity and bias.
Our results suggest a specific role for the dorsal rPPC in reorienting
bias toward the uncued location.

Methodological limitations and controls

The multialternative (m-ADC) task in this study employs spatial prob-
abilistic cueing. This task derives from an endogenously cued version
of the classic Posner cueing paradigm': a canonical attentional
task widely employed in literature to measure attention’s effects on
neurons and behavior**"*%, Yet, previous studies have suggested that
such a task conflates the effect of spatial attention and spatial
expectation®*°, For example, a study by Wyart et al. (2012)*° employed
a two-alternative forced choice (2-AFC) task and showed that signal
relevance modulated sensitivity but not criterion. Similarly, Tarasi et al.
(2022)*° elegantly demonstrated that varying signal expectation
modulated criterion, but not sensitivity, and identified its neural
correlates.

By contrast, several recent studies have shown that — unlike the
2-AFC task - both sensitivities and criteria are modulated by atten-
tional mechanisms in m-ADC tasks*®. Specifically, a recent study’
applied novel risk curvature analyses to show that m-ADC criteria
quantify the weighting of sensory evidence across locations, and are
linked to attentional selection, rather than expectation, mechanisms.
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Importantly, these findings have been replicated, and the m-ADC
model validated, by many subsequent studies®*?**°*., Consequently,
in the present study also, m-ADC criterion modulations induced by
spatial probabilistic cueing and the effects of rPPC stimulation likely
reflect attentional mechanisms. Combining neural recordings (e.g.,
electroencephalography or functional MRI) with neurostimulation
could provide further evidence by identifying the effects of rPPC sti-
mulation on specific neural signatures of attentional modulation*.

Despite being widely-used, state-of-the-art techniques for non-
invasive perturbation of human brain activity, both TMS and tACS
suffer from key limitations: TMS neurostimulation effects have a spa-
tial spread of -1 cm radius**** whereas the effects of high-density tACS
neurostimulation occur over even larger areas ( - 4 cm), determined by
the spatial configuration of the electrodes®. Our cTBS pulses were
targeted toward the intraparietal sulcus (third functional subdivision;
Supplementary Fig. S2a), and tACS was applied with an electrode
montage centered at the P4 electrode (Supplementary Fig. S2d, e).
Nonetheless, the potential for the spatial spread of induced activity -
either directly, through volume conduction or indirectly, through
synaptic transmission - renders it challenging to localize the func-
tional consequences of neurostimulation in this study to particular
sub-divisions within the PPC. Nonetheless, both stimulation paradigms
produced a consistent pattern of deficits with reorienting choice bias.

In our cTBS experiment, sham stimulation was conducted by
holding the coil orthogonal to the target site rather than with vertex or
placebo stimulation. Several reasons necessitated this choice. First,
TMS-fMRI studies have shown that vertex stimulation results in the
deactivation of several brain areas associated with the default mode
network (DMN)*. Some sites within the PPC show overlap with the
DMN* and we sought to avoid these unforeseen interactions. Second,
modelling studies” have shown that cTBS of the vertex may lead to
activation of adjacent cortical motor sites like the supplementary
motor area (SMA), which could yield unexpected effects on response
times. Moreover, other brain areas functionally linked with regions
proximal to the vertex (e.g., SMA, paracentral lobule) may also be
affected by vertex stimulation®. Finally, cTBS is an offline stimulation
protocol. Compared to an online protocol - in which TMS-evoked
auditory or somatic sensations can affect task performance due to
concurrent stimulation - in an offline protocol, such a concern is
substantially ameliorated because no TMS is delivered during the
actual task.

In our tACS experiment, sham stimulation was conducted by
ramping on and off the current for the first and last 30 s of the 20 min
sham control***¢, A mild tingling sensation occurs primarily during the
ramping phase of the current, and the sham protocol we employed
here has been widely used to control for this sensation®***¢, Alter-
natively, we could have also applied active stimulation over other
cortical areas (e.g., frontal eye field, FEF). Yet, the results of this latter
control experiment would not be easily interpretable. For example, if
the FEF were functionally coupled with the PPC during attention, FEF
tACS may yield similar effects on uncued criteria (or it may not). The
results of such an experiment would not confirm or invalidate our
findings regarding the role of the rPPC. Moreover, in our tACS
experiments, the stimulation always followed the sham session to
avoid carryover effects of the stimulation from leaking into the sham
session. Yet, this design raises the concern that behavioral effects in
the real stimulation session could be due to learning or familiarity. We
addressed this concern by showing that performance returned to the
sham baseline in a post stimulation session and also with a control
experimental session (n=26) with a design virtually identical with the
main experiment. This control experiment confirmed that other fre-
quencies of stimulation (60 Hz tACS) did not reproduce the effect of
40 Hz tACS over the rPPC.

Despite these potential shortcomings, both stimulation mod-
alities produced specific - and nearly identical - effects on uncued

criteria following rPPC stimulation. In other words, converging results
from both cTBS and tACS experiments indicate a causal role of the
rPPC in reorienting attentional resources, especially when task-
relevant events occur at the unattended location. Moreover, they
indicate that the rPPC plays a specific role in reorienting spatial choice
bias toward the uncued location.

Putative mechanisms underlying neurostimulation effects

TMS employs the principles of electromagnetic induction to interfere
with the neural activity of the stimulated brain area*. Numerous stu-
dies have demonstrated that continuous theta burst stimulation over
the motor cortex induces lasting inhibition of cortical excitability?>*’*5,
This suppression has been linked to neuroplasticity mechanisms.
Specifically, cTBS has been shown to modulate calcium ion influx
through the NMDA receptors of cortical pyramidal neurons, thereby
decreasing their excitability*®. Continuous, high frequency stimulation
also facilitates GABA-ergic activity of inhibitory interneurons over
time, leading to lasting, suppressive effects at the synapse (e.g. long-
term depression/LTD)*"*%, As a consequence, inhibitory effects of cTBS
persist, typically, for several tens of minutes to an hour. Studies
combining cTBS with functional neuroimaging (fMRI) have also cor-
roborated the inhibitory effect of cTBS. For example, cTBS induces
suppression of cortical activity of stimulated regions, like the FEF?,
and also degrades resting state connectivity between early visual
areas®. Furthermore, we independently confirmed in a small cohort
(n=7) of participants that cTBS indeed produced an inhibitory effect
on the motor cortex, as observed by a significant drop in MEP ampli-
tudes that lasted for at least 50 min following stimulation.

Meanwhile, tACS is hypothesized to entrain endogenous oscilla-
tions of cortical pyramidal neurons and inhibitory interneurons to the
frequency of stimulation®*”". In addition, emerging evidence suggests
that tACS induces synaptic changes via spike timing dependent plas-
ticity (STDP) mechanisms, which can outlast the stimulation by up to
an hour****>*, For instance, a-tACS over bilateral occipito-parietal
cortex found a persistent alpha enhancement tens of minutes after
cessation of tACS, suggesting neuroplasticity at play*>. Similarly,
gamma tACS significantly prolonged the effects of iTBS (intermittent
theta burst stimulation) over the right primary motor cortex**. While
the effects of tACS on neural activity can vary depending on the sti-
mulation frequency*® and intensity>, we hypothesized that 40 Hz tACS
would induce a suppressive effect on cortical activity based on pre-
valent literature.

On the one hand, facilitatory effects of 40 Hz tACS on attentional
processes have been observed in a handful of studies®®”’; other studies
have shown inconsistent effects*®*, Hoy et al. (2015)* observed that
40 Hz tACS over the left DLPFC enhanced target discriminability dur-
ing a working memory task”, while Hopfinger et al. (2017)*° reported
enhanced reaction times following 40 Hz tACS over the right parietal
lobe®. On the other hand, Laczo et al. (2012) observed no effect of
40 Hz tACS, over the primary visual cortex, on contrast sensitivity
during a covert attention task*°. Similarly, Pahor et al. (2018)*® reported
no effect of 40 Hz tACS - over the bilateral frontal, parietal or fronto-
parietal regions across different experiments - on accuracy and reac-
tion times during a working memory task. Importantly, these studies
did not distinguish the effects of stimulation on psychophysical
parameters like d” and criteria.

On the other hand, many more studies have shown suppression of
neural activity as well as behavioral performance following gamma
frequency tACS. For example, tACS at 40 Hz over the primary motor
cortex during a serial search task reduced motor excitability and MEP
amplitudes and increased reaction times®; the authors speculated that
a disruptive effect of 40 Hz tACS could arise from an increase in neural
gamma-band activity over and above what is normally prevalent in the
neocortex. In another study on the motor cortex, tACS at 75Hz
decreased cortical motor excitability and increased short interval
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intracortical inhibition*’. Similarly, applying gamma (40 Hz) tACS over
the medial parietal cortex and precuneus in patients with cognitive
impairments increased short-latency inhibition**. 40 Hz tACS over the
auditory cortex reduced perceptual accuracy during a categorization
task®. Interestingly, a gamma band (47 Hz) tACS over the left occipi-
toparietal region during an endogenous attention task significantly
increased reaction time for only the invalidly cued trials®, reflecting a
specific effect on reorienting attention. Taken together with these
studies, our findings show that 40 Hz tACS disrupted reorienting of
one specific component of attention -- choice bias -- likely via func-
tional inhibition of the rPPC.

Such a mechanism appears at odds with recent studies, which
have shown a selective relationship between gamma oscillations and
feedforward (bottom-up) processing of stimuli in the neocortex; such
activity is generally thought to be excitatory in nature®. Yet, evidence
from optogenetic studies investigating the temporal response char-
acteristics of interneurons suggests a specific role for 40 Hz input
in mediating neocortical inhibition. A seminal study showed that
40 Hz optogenetic stimulation selectively activates parvalbumin-
positive (PV+) inhibitory interneurons, one of the major interneuron
classes in the neocortex®. The gain of the PV+ inhibitory neurons’
response died away sharply as the stimulation frequency deviated
from 40 Hz, indicating frequency-specific, resonant responses. More
recent work in Alzheimer’s Disease (AD) mouse models has shown that
both optogenetically driving PV+interneurons at 40 Hz or simply optic
(visual light) stimulation at 40 Hz reduces amyloid load, an effect that
is hypothesized to be mediated by neocortical inhibition induced by
40 Hz stimulation®*. This finding has been subsequently tested and
partially replicated with 40 Hz tACS in human AD patients®. In the
context of these studies, our findings suggest that 40 Hz tACS pro-
duces functional inhibition of the neocortex and motivate further
exploration of neural mechanisms underlying these tACS effects.

The role of the dorsal rPPC in reorienting attention toward task-
relevant targets

Distinct sub-divisions within the right dorsal PPC mediate orienting or
reorienting of spatial attention depending on task context™"’'®, With
cTBS, we targeted the right IPS based on extensive correlative and
causal evidence for its involvement in spatial attention'. The parietal
nodes of the dorsal attention network, including the SPL, have been
suggested to be involved in reorienting toward salient but task-
irrelevant distractors'’®. Yet, a seminal study observed greater acti-
vation in the dorsal PPC when attention was reoriented to task-relevant
targets at the invalidly cued location®. Interestingly, the spatial coor-
dinates of the activation peak reported in this study nearly overlaps
our own TMS target coordinates. In other words, there is converging
evidence for the involvement of dorsal attention network nodes in the
right PPC in controlling reorienting spatial attention toward task-
relevant targets®’.

Other neurostimulation studies offer converging evidence for this
hypothesis. Several studies applying neurostimulation to the dorsal
rPPC have found attentional effects, specifically at the invalidly cued
target locations®®*°. Moreover, during conjunction search, TMS of the
PPC produced systematic behavioral effects primarily when the con-
junction target was presented at an unfamiliar or unexpected location,
which required reorienting of attention to these locations’. Similarly,
a recent study showed that 40 Hz tACS over the right parietal cortex
modulated uncued target detection during an endogenous attention
task’®. Finally, human patients with lesions to the right PPC (IPS) exhibit
selective deficits with reorienting attention back to locations with low
target probability during visual search”. These studies further confirm
a causal role for the dorsal rPPC in reorienting attention toward task-
relevant targets.

Interestingly, we observed no significant effects of dorsal rPPC
stimulation - either sensitivity or criterion - at the cued location. It is

possible that rPPC stimulation may affect cued performance in more
challenging attention paradigms or may affect subtler aspects of
behavior, such as stimulus or response-history dependence”, at the
cued location. It is also possible that other key regions of the forebrain
attention network (e.g., the FEF) may have compensated for atten-
tional orienting toward the cued location. This hypothesis can be
tested in future studies by combining neurostimulation with neuroi-
maging (e.g., concurrent TMS-fMRI”? or tACS-fMRI).

We did not observe strong evidence for lateralized effects with
either rPPC cTBS or 40 Hz tACS. Classical studies documenting lesions
of the right PPC report characteristic, contralesional (left) hemispatial
neglect'*’*. However, other studies have reported evidence of bilateral
effects also. For example, patients with right intraparietal lobule (IPL)
lesions showed a decrease in contralesional extinction when presented
with bilateral stimuli that elicited Gestalt percepts (e.g., Kanizsa
stimuli”®) or in tasks that required parallel visual processing across the
hemifields’. There is considerable evidence for right hemispheric
dominance for visuospatial attention in humans, especially when the
stimulus is infrequent or invalidly cued"”. In fact, recent studies have
suggested that visuospatial functions are controlled by right hemi-
spheric nodes of the dorsal fronto-parietal attention network, with the
left hemispheric nodes involved in non-spatial and motor attention.

Multiple studies have provided evidence suggesting that dorsal
rPPC nodes control attention bilaterally across hemifields. For exam-
ple, an rTMS study targeting the right SPL reported bilaterally impaired
target discrimination following stimulation’®. Similarly, BOLD respon-
ses in the right IPS showed no significant evidence of laterality during a
change detection task’®. Moreover, even in lesion studies, although
one IPS-lesion patient (H.H) showed a strong contralesional deficit in
invalidly cued trials, the other patient (N.V.), whose lesion extended to
the superior parietal lobule, showed a bilateral deficit®. Given that
rPPC lesion patients tested in such experiments have had some time to
recover, left hemispheric compensatory mechanisms may have
developed, thereby manifesting a strongly lateralized effect. On the
other hand, it is possible that the acute functional inhibition of rPPC
with c¢TBS or tACS in our study did not provide a window long enough
for left hemispheric compensation to occur, thereby yielding a bilat-
eral effect.

Distinguishing the rPPC’s contribution to sensitivity versus bias
control

We observed a significant and consistent effect of rPPC stimulation on
choice bias rather than sensitivity. Our results are consistent with
previous observations regarding the role of the PPC in encoding
decision states and biasing choices based on reward and choice
histories®®®'. Moreover, microstimulation of the LIP produced an
increase in the proportion of saccadic choices toward the stimulated
neurons’ receptive field®”.

Our findings are also relevant for understanding the nature of top-
down influences exerted by PPC over visual cortex, in terms of sensi-
tivity versus bias changes'*’%. For example, stimulus representations in
category-selective regions of ventral temporal cortex systematically
vary with the level of activity in the intraparietal sulcus (IPS)**. Stimu-
lation of the PPC with single pulse or repetitive TMS increased neu-
ronal activity and excitability in spatially aligned receptive fields in
extrastriate visual cortex*”%, In addition, TMS to the rPPC reduced
phosphene thresholds in the visual cortex (area V4) by increasing
the excitability of visual cortical neurons®. Yet, these influences of PPC
on visual cortex are consistent with both sensitivity and bias
effects. For example, in a signal detection theory framework, scaling
up visual cortex activity for both signal and noise distributions is
equivalent to a shift in decision criteria®. In a recent study, Di Luzio
et al. (2022)*¢ showed that cortico-cortical paired associative TMS
(ccPAS) between dorsal parietal (IPS/LIP) and visual cortical (V1/V2)
regions, during a motion coherence discrimination task, selectively
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affected metacognitive decision confidence rather than perceptual
sensitivity®. This dissociation is consistent with our findings, which
show that rPPC stimulation affected decisional weightage (bias) rather
than perceptual sensitivity in an endogenous spatial attention task.

Of particular interest are two recent studies that inactivated
neural populations in macaque LIP¥® and studied the effects on
sensitivity and bias. One study found that despite observing robust
sensory evidence accumulation signals in LIP neurons, inactivation of
these neurons produced no systematic deficits in either sensitivity or
bias during task performance®. By contrast, LIP inactivation produced
a reduction in contralateral choice bias in a free-choice saccade task.
On the other hand, the second study®® reported systematic effects of
LIP inactivation on both sensitivity (threshold) and bias parameters.
Interestingly, sensitivity impairments occurred only when the visual
motion stimulus was placed within the inactivated visual field, whereas
choice bias impairments occurred as long as a saccade had to be
executed to a target within the inactivated visual field. In other words,
PPC inactivation produced robust effects on both sensitivity and bias
contralateral to the inactivated location. In our study, neither cTBS nor
tACS over human rPPC produced any effects on sensitivity. Moreover,
they produced an effect, selectively, on reorienting spatial choice bias,
consistent with the vast body of literature on the human rPPC'**7'8 In
addition to direct explanations in terms of inter-species differences, it
is possible that differences in stimulus (motion stimuli versus gratings)
or response modalities (saccades versus button press responses) could
explain the discrepancies with these previous studies. Integrating
evidence from studies with diverse stimulus types and sensorimotor
mappings will be key to understanding the causal role of the PPC in
controlling endogenous visual attention.

Methods

Participant details

A total of 88 participants (83 unique individuals, including 26 females)
with no known history of neurological or psychological disorders, and
with normal or corrected to normal vision were tested in the two
experiments. All participants provided written, informed consent and
underwent questionnaire-based screening for contra-indications to
stimulation. All experimental procedures were approved by the Insti-
tute Human Ethics Committee at the Indian Institute of Science,
Bangalore.

De-identified individual data has been made available to repro-
duce the results® (see Data Availability). The sex and gender of the
participants were self-reported. Because our aims do not include
comparative analyses based on the sex or gender of the participants,
this information has not been considered in the design of this study.

cTBS experiments. 36 healthy participants (14 females, age range
19-35 years; median age 22 years) participated in the continuous theta
burst stimulation (cTBS) experiments. Of these, 28 participated in the
rPPC cTBS experiment and 8 in the motor cortex cTBS experiment.
There was no overlap between the rPPC and motor cortex cTBS par-
ticipants. All participants but one in the rPPC cohort were right-
handed. Data from 1 participant in the motor cortex cTBS experiment
was excluded from further analyses due to head twitches.

tACS experiments. 52 healthy participants (12 females, age range
18-35 years; median age 23 years) participated in the transcranial
alternating current stimulation (tACS) experiments. Of these, 26 par-
ticipated in the main 40Hz rPPC stimulation experiment (main
cohort), and the remaining 26 participated in a control 60 Hz rPPC
stimulation experiment (control cohort). All participants were right-
handed. In the main cohort, each participant participated in two tACS
experiments - one for the left PPC stimulation and one for the right
PPC stimulation. These experiments occurred on different days
(counterbalanced order) and were separated by at least one week (see

also SI Results section on Additional control analyses for training and
session order effects). To enable a direct comparison with the cTBS
experiment, we analyze and report results only from the right PPC
40 Hz tACS sessions; results from left PPC tACS sessions are being
compiled for a different study. In the control experiment, 3 of the
participants also underwent a 60 Hz stimulation session over the left
PPC on a different day, separated by at least one week from the rPPC
session; the remaining 23 participants underwent only rPPC stimula-
tion. 5 participants overlapped between the c¢TBS and tACS
experiments.

Experimental procedure: cTBS experiments

Neuro-navigation protocol. For precise positioning of the TMS caoil,
the rPPC was localized with a frameless stereotaxic neuro-navigation
system (Brainsight version 2.2, Rogue Resolution Ltd., UK). High-
resolution, Tl-weighted anatomical scans of participants were
obtained on a 3T Magnetic Resonance Imaging (MRI) scanner (Sie-
mens Skyra scanner, Siemens Healthcare, Germany) at HealthCare
Global Hospital, Bangalore. Images were acquired with an MPRAGE
sequence (TR=2300ms, TE=2.32ms, Field of View =240 mm, flip
angle = 8°, 256 voxel matrix size, Parallel acquisition technique (PAT)
with in-plane acceleration factor 2, 32 channel head coil, voxel size
1x1x1mm?®). For 4/28 participants in the rPPC cTBS cohort, MRI scans
could not be obtained due to logistical challenges. For these partici-
pants, the distance between the right and left tragus, and the inion and
nasion were measured, and the scan of the participant with the most
similar head measurements was used for neuro-navigation. The right
PPC subdivision corresponding to the caudal-most extent of the third
functional subdivision of the intraparietal sulcus (AICHA atlas, BA 77)
was targeted (Talairach coordinates: [26.5, 34, -65.5], MNI coordinates:
[26,36,-69]). MR images were mapped from the scanner space to the
MNI space to create a three-dimensional, curvilinear representation of
each participant’s brain, upon which the rPPC coordinates were pro-
jected. This was followed by registering a set of anatomical landmarks
for each participant so that the position and orientation of the coil
could be adjusted manually to the target location on the participant’s
head, in real time. The coil was held in position through the stimulation
session with the help of an articulated mechanical arm. For resting
motor threshold (RMT) determination, the coil was positioned using
the Brainsight software by visually identifying the “omega” shaped
hand knob area near the central sulcus. Then, the coil was moved in
1cmincrements (anterior, posterior, left, and right along a virtual grid)
until large, clear MEPs and/or visible hand twitches were observed®.

Neurostimulation protocol. TMS was delivered with a MagPro
X100 stimulator (Magventure A/S, Denmark) and a static cooled,
figure-of-eight magnetic coil (MCF B65, Magventure). The coil was held
tangentially to the skull, with the handle pointing backward and lat-
erally at a 45-degree angle away from the midline.

Resting motor threshold (RMT) was determined for each partici-
pant by delivering single, biphasic pulses to the right motor cortex and
measuring Motor Evoked Potentials (MEPs) elicited from the FDI
muscle of the left hand in resting state. Ag-AgCl surface electrodes
were used in a belly tendon montage on the FDI muscle (Kendall foam
electrodes/ 3 M foam electrodes, 3 M India Ltd.), and the ulnar bone
was used for placing the reference/ground electrode. RMT was defined
as the machine output (intensity) at which an MEP equal to or above
50 uV (peak to peak voltage) was elicited, in five out of ten pulses. After
finding the optimal cortical location for the FDI muscle or motor
hotspot, pulse intensity was reduced from 55% of maximum stimulator
output (MSO), in steps of 2%, until RMT was reached. 18/28 partici-
pants showed consistent MEPs. In 10 participants for whom consistent
MEPs could not be obtained in the FDI muscle despite prolonged
search for the motor hotspot, we employed a subjective measure —
stimulation intensity at which the participant reported a twitching
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sensation (without overt movement) between their thumb and fore-
finger in half of the delivered pulses - as the participant’s RMT. The
range of RMTs was comparable between the two sub-groups (MEP-
based RMT: 38-55% of MSO, n=18; subjective report-based RMT:
42-55%, n=10). Moreover, we observed nearly identical results even if
the latter group of 10 participants (with a subjective report based
RMTs) was excluded from all subsequent analyses.

The cTBS paradigm followed the one proposed by Goldsworthy
et al. (2012)*, which has been reported to yield superlative suppres-
sion of MEP amplitudes. Biphasic pulses were delivered at 80% of the
participant’s RMT* in continuous bursts, each burst comprising 3
pulses with 33.3 ms between them (30 Hz). The inter-burst interval was
167 ms (6 Hz), and the entire protocol was completed in ~33 s (n =600
total pulses). For sham cTBS sessions the same procedure was fol-
lowed, except that the coil was held perpendicular to, rather than
tangential to, the scalp to avoid magnetic flux from entering the head,
while simulating coil proximity and auditory sensations as in the
actual cTBS.

Behavioral testing with rPPC cTBS. The rPPC cTBS group were
trained and tested over two days. On the first day, each participant
performed a training session comprising 7-12 task blocks of 50 trials
each until they were able to detect changes successfully (average
d’>1.0). Participants who performed the task successfully were then
invited to participate in the main stimulation experiment, which was
conducted within at most two days after training. Visual feedback was
provided in the first two blocks of the training session informing the
participant regarding the location of change or no change, and if their
response was correct or incorrect. No feedback was provided in sub-
sequent training blocks and all testing blocks in the stimulation
experiment. Training data were excluded from further analyses.

The rPPC stimulation experiment involved two task sessions,
comprising 5 blocks of 50 trials each; thus, each participant performed
a total of 500 trials throughout the entire experiment. After deter-
mining the resting motor threshold (RMT), actual (or sham) cTBS was
delivered to the rPPC. Immediately afterward, participants performed
a task session of five blocks, which typically required 30 min to com-
plete. After a 40 min rest interval, sham (or actual) cTBS was delivered,
followed immediately by another task session of five blocks. The order
of sham and actual cTBS sessions was counterbalanced across parti-
cipants (see also SI Results section on Additional control analyses for
training and session order effects).

Motor cortex cTBS. First, we identified the motor hotspot for FDI
muscle stimulation and recorded participants’ resting motor thresh-
olds (RMT) with the procedure outlined previously (subsection on
Neurostimulation protocol); in this case, the motor hot-spot and RMT
were reliably determined in all (7/7) participants. We then determined
baseline excitability as the median of the MEP elicited by 15 single
pulses delivered at 110% of RMT. Then, cTBS was administered at 80%
RMT over the motor hot-spot. MEP amplitudes were monitored at
Smin following stimulation and subsequently every 10 min, up to
60 min post stimulation. The median amplitude at each time point was
compared to that at baseline, with Wilcoxon signed rank tests, to
quantify the extent of suppression (or facilitation).

Experimental procedure: tACS experiments

Neurostimulation protocol. We applied transcranial electrical stimu-
lation (tES) over the left or the right PPC using a Soterix 4 x 1 HD-tES
system (Soterix Medical Inc, New York, NY). A Soterix Medical HD cap -
with electrode positions based on the international 10-10 system - was
placed on the participant’s scalp using the Cz electrode location as a
reference. For each participant, we identified the Cz electrode location
based on the intersection of the two lines connecting the left and right
preauricular points (anterior to the left and right tragus, respectively)

and the inion and nasion. Sintered Ag-AgCl ring electrodes mounted
on customized HD1 Electrode Holders (Soterix Medical Inc) were
placed in a 4x1 montage centered at the P4 location***" (Supple-
mentary Fig. S2d, e). HD-Gel conductive gel (Soterix Medical Inc) was
used to provide electrical contact between the scalp and the electro-
des. Electrode impedance was monitored throughout the experiment
to ensure optimal contact quality (threshold: 0.5 quality units®™). The
duration (20 min), peak-to-peak amplitude, and frequency of stimu-
lation were manually selected in the tES device before the experiment.
The onset of stimulation was manually controlled, and stimulation
commenced immediately before the start of each task session.

During the tACS stimulation session (Fig. 1c, right flowchart),
transcranial alternating current was delivered at 40 Hz with a peak-to-
peak amplitude of 1.5 mA (n =16 participants) or 2 mA (n =10 partici-
pants) for 20 min, including a ramp-up and ramp-down interval of 30 s,
each. During the sham stimulation session (Fig. 1c, right flowchart), the
current was ramped up for 30 s and then immediately ramped down to
zero for 30s; no stimulation was provided subsequently. Sham sti-
mulation was delivered using the Auto-Sham setting on the tACS
controller. Such ramping of currents mimics the somatosensory effect
induced by real tES, which is the strongest when the currents ramp up
or down in amplitude®*°. A two-way ANOVA with stimulation condi-
tion (sham, stim) and stimulation amplitude (1.5 mA, 2.0 mA) revealed
no statistically significant main effect of stimulation amplitude on any
parameter (HR, Fy45=148, p=0.230; FA: Fy45=0.39, p=0.535; d"
F148=0.71, p=0.404; c: F1 45 =3.55, p=0.066). There was also no sta-
tistically significant interaction of stimulation condition and stimula-
tion amplitude on any of the parameters (HR: F; 45 =0.04, p=0.849;
FA: F1,43 =12, p= 0.278; d: F1,48 =0.02, p= 0.894; c: F1,43 =0.5,
p=0.482). Therefore, we combined the data across these cohorts
(n=26) for all reported 40 Hz tACS results.

Behavioral testing with rPPC tACS. Participants were trained on the
behavioral task one day before the main experiment. Training details
are identical to those described for the cTBS cohort.

The neurostimulation experiment was conducted in 3 sessions:
“sham”, real (“stim”), and “post” stimulation sessions, always con-
ducted in that order. During each session, participants performed 5
blocks of 50 trials each of the cued multialternative orientation change
detection task (Fig. 1a), for a total of 750 trials. Each session lasted
around 20 min, with a 5min break between the sham and stim ses-
sions, and a 30 min break (“washout”) period between the stim and
post sessions. No stimulation was applied during the post session. The
entire experiment session lasted approximately 2 hours.

Counterbalancing. The fixed order of the sham-stim-post sessions in
our study is the same as that employed in previous, seminal tACS
studies®***, and is motivated by the observation that tACS effects can
persist for tens of minutes to >1h even after cessation of
stimulation®***. Consequently, our sham session always preceded the
stim session to avoid any persistent effects of prolonged tACS stimu-
lation from carrying over into the sham baseline. In addition, 30 min
after the stimulation, behavioral performance was assessed in the post-
stimulation session to confirm that stimulation effects had washed out
and that performance had returned to pre-stimulation baseline after
the entire experiment. To address any concern that the absence of
counterbalancing in tACS could lead to training-related or stimulation-
unrelated effects on behavior, we tested n = 26 participants in a control
experiment, described next.

Control experiment. We tested n=26 participants in a control
experiment to test for training effects and to test for the specificity of
effects with respect to the tACS stimulation frequency employed in the
main experiment. In this case, participants received 60 Hz (instead of
40 Hz) tACS for 20 min over the rPPC in the actual stimulation session
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(Supplementary Fig. S7a); none of the participants overlapped
between this control cohort and 40 Hz (main experimental) cohort. 3
of the participants also underwent a 60 Hz stimulation session over the
left PPC on a different day, separated by at least one week from the
rPPC session; the remaining 23 participants underwent only rPPC sti-
mulation. All other experimental protocols for the control experiment
were identical to the main experimental session (Fig. 1c right).

Our choice of control tACS frequency (60 Hz) was inspired by
previous studies that showed strong frequency dependency of beha-
vioral effects, even within the gamma band*®*. For example, a recent
study applied tACS at 40, 60, and 80 Hz over the primary visual cortex
during a covert spatial attention task and observed a decrease in dis-
crimination threshold only during 60 Hz stimulation but not for 40
and 80 Hz*. Similarly, a strong enhancement in visuo-motor perfor-
mance was reported following 80 Hz tACS but not 5, 20 and 60 Hz
tACS over the motor cortex®. While we could have chosen control
frequencies of stimulation in neighbouring frequency bands (e.g.,
alpha band (8-12 Hz), theta band (4-8 Hz), or beta band (>20 Hz)),
such oscillations are already associated with specific cognitive or
motor functions (e.g., distractor suppression®, working memory®*, or
movement initiation”, respectively). Stimulating at these control fre-
quencies may have produced behavioral effects (e.g., changes in RT
due to motor inhibition) unrelated to our question of interest.
Selecting 60 Hz as a control frequency strengthens our claim for a
frequency-specific effect of 40Hz rPPC tACS on psychophysical
parameters. Such a frequency-specific effect also has a plausible phy-
siological basis, given recent evidence of sharp frequency tuning of
cortical inhibitory neurons®.

Behavioral task

Participants were seated comfortably in an isolated room, 60 cm in
front of a contrast-calibrated display monitor (22-inch LG LCD), with
their head supported on a chin rest. Stimuli were programmed with
Psychtoolbox (version 3.0.11) and MATLAB R2014b (Natick, MA), and
an RB-840 response box (Cedrus Inc.) was used to record participants’
responses.

A predictively cued, 3-alternative, attention task (Posner cueing
task®™") was used to assess the effect of rPPC stimulation. Participants
detected grating orientation changes at one of two locations with
probabilistic (predictive) spatial cues. The task protocols for the cTBS
and tACS cohorts were nearly identical. In the cTBS experiment, sti-
mulation was applied offline, and then the participants performed the
2-ADC behavioral task sessions (sham/pre- and stim/post-cTBS). In the
tACS experiment, however, both the sham and actual stimulation were
applied online for 20 min, per standard protocols®, during which the
participants performed the 2-ADC task. Therefore, the durations of
various task epochs had to be adjusted (shortened) for the latter
experiment to fit within the 20 min window of tACS stimulation
(Fig. 1a—c). Here, we report the task as performed by the participants in
both cohorts; minor differences between the cTBS and tACS task sti-
mulus timings are noted, parenthetically, in the following description
(see also Fig. 1a).

Each trial began with the appearance of a fixation cross at the
centre of a grey screen (0.5° diameter). Following a short fixation
period (cTBS: 200 ms, tACS: 200 ms), two Gabor gratings appeared at
adistance of 3.5° from the fixation cross along the horizontal meridian,
one in each visual hemifield (s.d.=0.6°; grating spatial frequency, 1.5
cycles/degree, full contrast, mean luminance 10 cd/m?), whose orien-
tations were independently and pseudorandomly sampled from a
uniform random distribution (O to 180°) across trials and locations.
Shortly after (cTBS: 250 ms, tACS: 250 ms), a central attention cue
(directed 0.35° positive contrast line segment) appeared above the
fixation cross. The cue remained on screen for a variable, exponentially
distributed interval (cTBS: 300-1100 ms, mean: 2000 ms; tACS:
300-1100 ms, mean: 2000 ms). Then, the gratings briefly disappeared

(cTBS: 200 ms; tACS: 200 ms), and reappeared. Following reappear-
ance, either one of the Gabors had changed in orientation, or none had
changed (cTBS: 500 ms; tACS: 200 ms). The participant indicated the
location of “change” (left or right) or “no change”, by pressing one of
three buttons on the response box with their dominant hand (cTBS:
1000 ms response window; tACS: 1000 ms for n=8 and 1500 ms for
n =18 in the main experiment; 1500 ms for all control experiments).

We term trials in which a change in orientation occurred at one of
the two locations as “change” trials (80% of all trials), and trials with no
change in orientation, as “no change” or “catch” trials (20% of all trials).
On 75% of change trials, a change in orientation occurred at the cued
location (80% cue validity); on the remaining 25% of change trials, the
change occurred at the uncued location (Fig. 1b). The cue was equally
likely to point toward the left or the right hemifield, sampled in
pseudorandom order. Participants were not explicitly informed about
the probabilities of the different event types but were informed that
changes were more probable at the cued location than at the uncued
location and that no changes could also occur at either of the
locations.

The change angle at which neurostimulation would induce the
strongest effect on d’ could not be ascertained a priori. Therefore, for
each participant, we measured the entire psychophysical function
across a range of change angles (A0, Figs. 2a, 4a, and Supplementary
Fig. S4). For the cTBS experiments, orientation change angles (AO)
were sampled from five different values (5°, 10°, 15°, 20°, 25°) equally
and pseudorandomly, both at the cued and uncued locations for all
n=28 participants. For the tACS experiments, orientation changes
were sampled from among 5 orientations (5°,9°,15°, 26°, 45°) for n=16
participants in the main cohort and from a slightly different set (5°, 15°,
45°, 65°, 90°) for the remaining n =10 participants in the main cohort
as well as the n =26 participants in the control cohort.

Eye-tracking. Fixation was monitored with an infrared eye-tracker
(Gazepoint GP3; 60 Hz sampling rate). On each trial, gaze positions
along the azimuth and elevation were stored for subsequent offline
analysis. Trials in which the eye position deviated by more than 1.5
degrees from the fixation cross in the azimuthal direction, in a time
window from stimulus onset until response, were flagged for rejection.
Blinks were detected with a custom MATLAB code. Trials in
which the tracker lost the location of the pupil for more than 100 ms
continuously were also flagged for rejection. Upon applying these
rejection criteria, median rejection rates were 7.2% (+ 8.1 %, std. dev)
for the cTBS cohort and 5.6% (+1.5 %, std. dev) for the 40 Hz tACS
cohort.

We tested whether excluding these trials would significantly alter
the distribution of response proportions in the stimulus-response
contingency table, using a randomization test based on the chi-
squared statistic®. We found that contingency tables were statistically
indistinguishable (Supplementary Fig. Sle, f) (median: p = 0.99) before
and after eye tracking-based rejection. Given the nearly indis-
tinguishable distribution of response proportions, with or without eye-
tracking rejection, all experimental trials were included in the analyses
reported in the main text to avoid any systematic differences in task or
stimulus parameters in these excluded trials from confounding the
results when quantifying the effects of stimulation.

In addition, we performed a two-way ANOVA to compare the
effects of stimulation condition (sham, stim) and trial type (cued
change vs uncued change vs no change) on the rejection rates in each
cohort. The analysis revealed no main effect of stimulation condition
(CTBS: Fys54=1.16, p=0.291; tACS: F;50=159, p=0.214) nor a sig-
nificant interaction effect of stimulation condition and trial type on
trial rejection rates (cTBS: F;s4=0.58, p=0.565; tACS: F;s50=1.56,
p=0.220). In other words, the fixation performance was not statisti-
cally significantly different across trial types before and following
stimulation.
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Analysis of psychometric parameters: Hit rates, false alarm
rates, and reaction times

We analysed the effects of rPPC cTBS and tACS on behavioral
accuracies and reaction times. Because our task was a cued,
3-alternative change detection task, each participant’s behavioral
responses were organized into a 3 x 3 stimulus-response contingency
table. Change locations and response locations in the left and right
hemifields were represented in the first two rows and the first two
columns, respectively. No-change events and responses were repre-
sented in the last row and last column, respectively. The contingency
table was then transformed so that change events and responses were
quantified relative to the cued location, pooling data across both
hemifields. Following this transformation, the first two rows (first two
columns) now represented change events (responses) at the cued and
the uncued locations, respectively (Supplementary Fig. S1a).

The contingency table contains five categories of responses: hits
(correct localization during change trials), misses (no change respon-
ses during change trials), false-alarms (change responses during no
change trials), mislocalizations (incorrect localization during change
trial), and correct rejections (no change responses during no-change
trials). The proportion of each type of response was computed by
dividing the number of responses in each cell by the total number of
events in each row. We note that the proportion of misses and the
proportion of correct rejections are not independent of the other
response proportions (e.g., proportion of misses = 1 - [proportion of
hits + proportion of mislocalizations]). Individual psychometric func-
tions (performance as a function of orientation change angle) were
computed and fit with a 3-parameter sigmoid function to hit rates
across all change angle values at each location.

Reaction times. Reaction times were computed as the time from the
change onset to the time of response (button press). Participants were
instructed to respond as quickly as possible following the onset of the
change stimulus (Fig. 1a). Responses that exceeded the maximum
response time window (see Methods section on Behavioral Task) were
not recorded. For each participant, RT values falling outside three
standard deviations from the mean were marked as outliers and
excluded from further analysis. Reaction times reported in the results
(Supplementary Fig. S3a, b) correspond to averages at each location
for correct change detection (hit) trials alone.

Estimating psychophysical parameters: Sensitivity and Criterion
We examined the effect of rPPC cTBS on sensitivity and bias with a
recent, multidimensional signal detection model - the m-ADC model -
that was developed, specifically, for the analysis of attention tasks>?.
An elaborate description of the model is available from previous studies
(e.g. Sridharan et al., 2017%; Banerjee et al., 2019°>%). Here, we provide
a brief description and intuition of the model in two dimensions (2-
ADC). Briefly, the participant’s decision is modeled in a two-dimensional
decision space based on a bivariate Gaussian decision variable , which
encodes the sensory evidence for a change at two stimulus locations
(here, cued and uncued). Signal distributions - indicating evidence of
change at each location - are represented along orthogonal axes
(Supplementary Fig. S1b). The noise distribution, i.e., when no change in
orientation occurs at either location, is centered at the origin. The mean
of a signal distribution along each axis represents the average evidence
for change and quantifies sensitivity (d’) at the respective location. The
participant employs different, independent decision thresholds (tcueq
and tyncueq) for each location. On each trial, the participant’s decision is
modeled as follows: the participant chooses to report change at
whichever location the decision variable exceeds the decision thresh-
old. If decision variables at both locations exceed their respective
thresholds, the location at which the decision variable component
exceeds its threshold by a greater magnitude is chosen for a change
report. If the decision variable at neither location exceeds its

(respective) threshold, the participant indicates a “no change” response.
As in conventional signal detection theory, the participant’s criterion at
each location is quantified based on the distance of the decision
threshold at that location from the location of equal likelihood for
signal and noise (intersection of the signal and noise distributions along
the respective axis). The m-ADC model was fit to each participant’s
responses in the contingency table for sham and stimulation (and post)
sessions independently for both cTBS and tACS cohorts. Goodness of fit
p-values, with a randomization test based on the chi-squared statistic,
for each cohort are reported in Supplementary Fig. Slc, d.

Sensitivity (d’) and threshold (t) were estimated at each location
using a maximum likelihood estimation approach>?. At each location
(cued, uncued), d’ was estimated for each change angle tested. At each
location, a single, uniform decision threshold (t) was estimated across
all change angles; because of the pseudorandom distribution of
change angles, it is reasonable to expect that participants could not
anticipate the specific change angle on each trial and adjust their
threshold accordingly. On the whole, a total of 12 parameters (10 d’ and
2 thresholds (t); i.e., 5 d’ and one t for each of the two locations) were
estimated. The criterion (c) at each location (cued, uncued) was then
estimated with the formula: ¢ = t - d',,/2, where d',, refers to the
average value of d’ across all angles tested at that location®. The cri-
terion is inversely related to the bias, such that the lower the criterion
at a location, the higher the bias for reporting changes at that
location’. Average d’ values and the criteria are plotted in Figs. 3a-d,
5a-d for each participant and stimulation condition.

We computed the cue-induced change in sensitivity and bias as
the difference between the value of the respective parameter (d’, c)
between the cued and uncued locations (Ad'=d'cued — d'uncued;
AC=Ccued — Cuncued); We refer to this difference as the “attentional
modulation” of d’ or c in the text. Because an ANOVA did not reveal a
significant interaction between change angle and stimulation condi-
tion (see Results), we reported the stimulation effect on Ad’ averaged
across angles tested. We also quantified the stimulation induced
change in sensitivity or bias between the sham and stimulation ses-
sions (6d’ = d’stim — d’sham; 6C = Cstim — Csham) fOr each location (cued,
uncued); this difference was also quantified for the attentional mod-
ulation (referred to as 5,).

Statistical tests and model comparison analysis

Statistical tests. Pairwise comparisons of parameter values (HR, FAR,
d’, ¢ and RT) between sham and stimulation (or sham and post) ses-
sions, or their attentional modulations (e.g., Figs. 3¢, d and 5c, d) were
performed with non-parametric two-sided Wilcoxon signed rank tests;
p-values were computed using normal approximation (z-statistic) due
to sample size >15 in all cohorts. Unless otherwise stated, we employed
a Benjamini-Hochberg (BH) correction for multiple comparisons®’; p-
values were considered significant only if they passed a BH false dis-
covery rate (FDR) threshold of 0.05. Absolute values of the effect sizes
(Cohen’s d) were also computed for the pairwise comparisons, using a
correction factor of v(1-—r), where r is the Pearson’s correlation
between the pairwise observations’®. In addition, we compute and
report 95% confidence intervals, condition-wise, for the change in
parameter values induced by stimulation (5). A two-way ANOVA was
used to examine the effects of cueing (cued, uncued) and stimulation
condition (sham, stim) on the attentional parameters. Unless other-
wise stated, we performed a Shapiro-Wilk test of normality for the data
before performing an ANOVA. In all cases, we found no evidence for
deviation from normality (at the p = 0.05 level); a Lilliefors’ goodness-
of-fit test for normality yielded essentially identical results. To test the
laterality effects of the stimulation protocols, a two-way ANOVA was
performed using stimulation condition (sham, stim) and change
hemifield (ipsilateral change, contralateral change) for the parameters
at the cued and uncued locations separately. We also tested if the
strength of sensitivity and bias effects at the uncued location were
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different between the two modalities of stimulation by performing a
two-way ANOVA with stimulation type (cTBS, tACS) and stimulation
condition (sham, stim).

Bayes factors were computed with the JASP software® and always
reported as the ratio of the likelihood of the alternative hypothesis to
the likelihood of the null hypothesis (e.g., BF;0)°°. We hypothesized
that rPPC stimulation would produce a significant reorienting deficit in
bias (increase in criterion) at the uncued location, and a corresponding
increase in criterion modulation. Therefore, we computed a one-tailed
Bayes factor to quantify evidence for an increase in the magnitude of
criterion modulation (more negative Ac; BF.) or anincrease in uncued
criterion (BF_o) following cTBS or 40 Hz tACS stimulation using JZW
priors'®’. We did not have an a priori hypothesis regarding the direc-
tionality of change in sensitivity (d’) following rPPC stimulation. In this
case, we computed a two-tailed Bayes factor (BFyo) to quantify evi-
dence for a change in sensitivity modulation, regardless of direction of
change. In each case, the null hypothesis was an absence of change in
modulation in the respective parameter (d’ or c) following stimulation.
To compare parameter modulations between the sham and post ses-
sions, as well as to compare the effects between the main (40 Hz) tACS
and control (60 Hz) tACS experiments, we computed two-tailed Bayes
factors (BFyp), as we were agnostic to the direction of the effects. In
addition, Bayesian sequential analysis robustness check was also per-
formed with the JASP software.

To assess the goodness-of-fit of the m-ADC model to the beha-
vioral data, we employed randomization tests based on the chi-
squared statistic; the procedure is described in detail elsewhere**. To
examine the effects of the order of rPPC tACS (before or after IPPC
tACS), we performed a two-way ANOVA with stimulation condition
(sham, stim) and stimulation session order (IPPC first, rPPC first).
Similarly, another two-way ANOVA tested the effects of stimulation
condition (sham, stim) and stimulation order (sham first, stim first) in
the cTBS cohort.

Model comparison analysis. We performed a formal model compar-
ison analysis to test whether rPPC stimulation effects could be better
explained by either sensitivity changes or bias changes alone. We
modified the m-ADC model with different constraints on d’ and c to fit
the behavioral effects of stimulation. In the first model - the “selective
bias-effect” model - sensitivity values at each location during the
actual stimulation session were constrained to be equal to their cor-
responding values during the sham session; this constraint served to
model the scenario of no sensitivity change with neurostimulation. As
aresult, the sham session was fit with 12 parameters (10 for d’ and 2 for
t), whereas the stimulation session was fit with 2 parameters (for t
alone); values of d’ were taken to be identical with their sham session
values. In the second model - the “selective sensitivity-effect” model -
threshold (criterion) values at each location during the actual stimu-
lation session were constrained to be equal to their corresponding
values during the sham session; this constraint served to model the
scenario of no threshold (criterion) change with neurostimulation. In
this case, the sham session was fit, as before, with 12 parameters (10 for
d’ and 2 for t), whereas the stimulation session was fit with 10 para-
meters (for d” alone); values of t were taken to be identical with their
sham session values. These more parsimonious models were com-
pared with the standard m-ADC model that incorporated both sensi-
tivity and criterion changes (“both-effects” model). The resultant three
models were compared with the Bayesian Information Criterion (BIC;
Figs. 3f, 5f) and the corrected Akaike Information Criterion (AICc;
Supplementary Fig. S3c, d); computed as follows:

BIC= —2In(L)+k [n(n)

AICc=2k — 2In(L)+ ((2k* +2k)/(n — k — 1))

where k is the number of model parameters, n is the number of sam-
ples, L is the likelihood value based on the maximum likelihood model
fit, and In () represents the natural logarithm function. Each informa-
tion criterion quantifies a trade-off between model complexity and
goodness-of-fit: a lower BIC or AICc score represents a better
candidate model. BIC (and AlCc) values were compared across all 3
models with Wilcoxon signed rank tests (Figs. 3f, 5f, Supplementary
Fig. S3c, d)'*.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data generated and analyzed in this study have been deposited in
an online database under the accession code: https://doi.org/10.6084/
m9.figshare.25125470.

Code availability

Analyses were performed with MATLAB (MathWorks, Natick, MA) and
JASP. All codes used to generate the results and figures presented in
this study are available in an online database at: https://doi.org/10.
6084/m9.figshare.25125470.
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