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SUMMARY

Executive dysfunction is a prominent feature of schizophrenia and may drive core symptoms. Dorsolateral
prefrontal cortex (dIPFC) deficits have been linked to schizophrenia executive dysfunction, but mechanistic
details critical for treatment development remain unclear. Here, capitalizing on recent animal circuit studies,
we develop a task predicted to engage human dIPFC and its interactions with the mediodorsal thalamus
(MD). We find that individuals with schizophrenia exhibit selective performance deficits when attention is
guided by conflicting cues. Task performance correlates with lateralized MD-dIPFC functional connectivity,
identifying a neural readout that predicts susceptibility to conflict during working memory in a larger indepen-
dent schizophrenia cohort. In healthy subjects performing a probabilistic reversal task, this MD-dIPFC
network predicts switching behavior. Overall, our three independent experiments introduce putative bio-
markers for executive function in schizophrenia and highlight animal circuit studies as inspiration for the

development of clinically relevant readouts.

INTRODUCTION

Schizophrenia is a relatively common disorder with worldwide
impact.’ Despite its global impact on affected individuals, their
families, and the population at large, its treatment has been rela-
tively stagnant over the last several decades. While the mainstay
of treatment is antipsychotic medications, 30% of patients are
treatment resistant and almost all exhibit enduring deficits in
cognition.>”® Collectively, these deficits contribute to poor psy-
chosocial functioning, and their treatment may be central to
improving functional outcomes.®’

A vast body of schizophrenia literature connects cognitive
impairment to prefrontal cortex (PFC) dysfunction,®° with a spe-
cific link between dorsolateral PFC (dIPFC) abnormalities and
executive dysfunction.'® This link is consistent with the basic
notion that dIPFC is an area capable of processing complex in-
puts' """ and of projecting the resulting outputs to downstream
sensorimotor systems to regulate their ongoing operations.’*'®
This formulation is known as the “top-down” model of dIPFC
function.””"'® While top-down deficits in schizophrenia have
been posited,'® they provide limited insight into a treatment
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target, in part because of the diversity and breadth of cognitive
deficits observed. For example, generalized cognitive impair-
ment characteristic of many patients may not map onto a spe-
cific neural system or inform specific treatment targets.”® This
challenge may be addressed by building a mechanistic frame-
work to link specific “latent” cognitive processes with the neural
systems most closely responsible for their underlying computa-
tions.?! Therefore, identifying these latent processes, linking
them to specific executive functions, and correlating them with
computationally inspired brain-based metrics may be a viable
first step.

A clue to such computational inspiration is a series of recent
basic and clinical discoveries involving the thalamus and its in-
teractions with the PFC.%?-32 Although the thalamus is classically
considered to be a sensory relay, recent animal circuit studies
have shown that it plays critical non-relay roles in cortical pro-
cessing.?>°*%8 gpecifically, the mediodorsal thalamus (MD),
the largest thalamic input to the PFC, is essential for configuring
and switching PFC dynamics based on variation in task de-
mands and changes in contingencies within the environ-
ment.®>*3%"*" Such operations, which rely on MD projections
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capable of regulating prefrontal dynamics and effective connec-
tivity,>*%>424% may provide mechanistic inroads for interpreting
non-invasive neural measurements in schizophrenia, such as
functional magnetic resonance imaging (fMRI). In fact, several
groups have already identified changes in temporal correlation
in the resting-state blood-oxygenation-level-dependent (BOLD)
signal between the thalamus and frontal cortex across multiple
schizophrenia cohorts.?*** This finding, which is commonly
referred to as altered resting-state functional connectivity (dys-
connectivity), is of particular importance because it has also
been observed in individuals at increased risk for psychosis
and may predict conversion to a full-blown psychotic disorder.”®

Linking these circuit and computational insights to specific
executive functions would benefit from task-based fMRI mea-
sures, and relatively few studies have examined MD thalamic
changes in task contexts. A key challenge to overcome is
identifying task conditions that would “drive” MD BOLD re-
sponses. Two potential candidates that engage the MD thal-
amus based on observations in multiple animal studies are
changes in stimulus reliability (perceptual uncertainty) on sin-
gle trials and changes in task rules across multiple trials
(contextual uncertainty). For example, rodent studies have
shown that the MD thalamus can track uncertainty in percep-
tual decision-making,*® and the temporal context in changing
environments.®* Intriguingly, perceptual uncertainty has been
shown to drive MD BOLD responses in human subjects per-
forming decision-making tasks,’® and recent behavioral
studies in MD lesion patients have shown a causal relationship
between MD function and various components of cognitive
flexibility, including task switching.*®*” Task switching deficits
following MD lesions have also been reported in non-human
primates.?®

In this study, we started by asking whether uncertainty in de-
ploying executive attention can be used to derive brain-based
metrics for executive dysfunction in schizophrenia. To that
end, we developed a novel decision-making paradigm in hu-
mans based on a previously published rodent task that showed
causal requirement but differential contributions of the MD and
PFC.° Specifically, we asked human subjects to allocate
attention to an upcoming auditory or visual target based on sin-
gle trials, where we parameterized cueing (perceptual) uncer-
tainty and derived behavioral sensitivity measures in a sub-
ject-specific manner. We made two critical observations: first,
people with schizophrenia demonstrated higher sensitivity to
cueing uncertainty than healthy control (HC) participants. Sec-
ond, this behavioral metric showed a robust and selective cor-
relation with lateralized (right-sided) MD-dIPFC resting-state
functional connectivity collected via fMRI in participants per-
forming this task. This right mediodorsal thalamus (rMD)-
rdIPFC neural measure predicted executive function in a larger
independent sample of participants with schizophrenia, but
only when suppressing a conflicting task was required. This
commonality with the attentional control task suggests a role
for rMD in regulating rdIPFC function when processing conflict-
ing cognitive signals. Indeed, this prediction was further
corroborated by a third experiment involving task fMRI. Specif-
ically, in a sample of healthy participants performing a probabi-
listic rule reversal, we found that the rMD showed robust activa-
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tion during task switching and that rMD-rdIPFC task-based
functional connectivity correlated with switching speed. Our
findings therefore suggest that changes in rMD-rdIPFC func-
tional connectivity may represent a readout for executive
dysfunction in schizophrenia, particularly in domains requiring
prioritization and cognitive resource management.

RESULTS

Participants and clinical characterization of the
schizophrenia cohort

We administered a novel decision-making task to a cohort of 24
people with a schizophrenia spectrum disorder diagnosis (i.e.,
schizophreniform disorder, schizoaffective disorder, and schizo-
phrenia; hereafter referred to as the “schizophrenia group,” SZ)
and 18 HCs. All participants were administered the Structured
Clinical Interview for Diagnostic and Statistical Manual (DSM)-
IV/V (SCID) to confirm a schizophrenia spectrum disorder diag-
nosis in patients and rule out past or current psychiatric illnesses
in the HC group. Cognitive ability was measured with the Screen
for Cognitive Impairment in Psychiatry (SCIP; Purdon“®) and the
Wechsler Test of Adult Reading (WTAR,; 47). In the SZ group, the
Positive and Negative Syndrome Scale (PANSS; Kay et al.”®) was
used to characterize and quantify the severity of psychosis
symptoms. Demographic characteristics of all participants are
presented in Table 1. There was no significant difference be-
tween groups in age, sex assigned at birth, race, parental educa-
tion, or premorbid cognition (as measured with the WTAR). The
SZ group had significantly lower education (T(38) = 2.11, p =
0.04) and current general cognitive abilities (measured with the
SCIP composite score) (T(36) = 3.75, p < 0.01).

Validation of a cross-modal attention task with cueing
uncertainty in humans

We developed a novel human decision-making task with cueing
uncertainty based on a previously published rodent task, which
had revealed the selective causal role for the MD in task perfor-
mance as a function of cueing uncertainty®® (Figure S1). In this
task, a subject was first instructed that a cue (100 ms band-
pass filtered white noise pulse, either high pass [HP] or low
pass [LP]) indicated whether an auditory or visual target should
be selected (e.g., HP signals “attend to vision”). Subsequently,
the cue was turned into a sequence of HP and LP mixtures
with varying proportions, where the subject was required to
deploy attention based on the predominant pulse type in that
sequence (Figure 1A). This design allowed for experimental con-
trol over cueing uncertainty on single trials (Figure 1B, example
behavioral session). In one-third of the trials, the visual and audi-
tory targets were spatially congruent, while in the other two-
thirds they were incongruent. In the HC group (n = 17, one was
excluded due to poor model fit, see STAR Methods), we found
that performance was near flawless and did not vary with cueing
uncertainty on congruent trials (Figure 1C, U = 420, p = 0.23;
median + SD = 0.98 + 0.01 for low and 0.98 + 0.02 for high uncer-
tainty; Mann-Whitney U Test, see STAR Methods). Performance
was similar regardless of the target modality (Figure 1D, low un-
certainty: U=331, p = 1; median + SD = 0.95 + 0.03 for visual and
0.94 + 0.04 for auditory trials, high uncertainty: U =324, p = 0.69;
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Table 1. Demographics for schizophrenia and healthy control groups in experiment 1

HC (N = 18) SZ (N = 24) T/%2 p value
Age (years)
Mean (SD) 29 (£6.4) 27 (+8.0) 0.567 0.574
Sex assigned at birth
Female 5 (28%) 8 (33%) 0.002 0.962
Male 13 (72%) 16 (67%) - -
Race
Asian 2 (11%) 0 (0%) 5.114 0.276
Black or African American 3(17%) 2 (8%) - -
More than one 2 (11%) 1(4%) - -
Other 1(6%) 1(4%) - -
White 10 (56%) 20 (83%) = =
Education (years)
Mean (SD) 16 (+£2.5) 15 (+2.7) 2.107 0.042
Parental education (years)
Mean (SD) 15 (£2.2) 16 (+2.3) —1.208 0.235
Missing 0 (0%) 1(4.2%) - -
SCIP total Z score
Mean (SD) 0.44 (+0.62) —0.62 (£0.77) 4.755 <0.001
Missing 2 (11.1%) 0 (0%) - -
WTAR
Mean (SD) 110 (=11) 110 (£13) 0.388 0.7
Missing 2 (11.1%) 3 (12.5%) - -
PANSS positive
Mean (SD) = 14 (+7.3) = =
Missing - 0 (0%) - -
PANSS negative
Mean (SD) - 13 (£4.8) - -
Missing - 0 (0%) - -
PANSS general
Mean (SD) - 24 (£6.7) - -
Missing - 0 (0%) - -
CPZ equivalents
Mean (SD) - 190 (+230) - -
Missing - 1(4.2%) - -

median + SD = 0.76 + 0.06 for visual and 0.77 + 0.06 for auditory
trials). In contrast, performance varied with cueing uncertainty
in incongruent trials, which was well-fit by a logistic function
(Figure 1E).

Reduced tolerance for uncertainty in schizophrenia

Having validated this novel decision-making task, we adminis-
tered it to the SZ group and found that this group showed perfor-
mance deficits that scaled with cueing uncertainty (Friedman
test: %2 = 27.22, p < 0.01) (Figures 2A and 2B). This means that
SZ subjects had a comparable performance to controls when
cues were unambiguous (U = 446, p = 0.19; median = SD =
0.96 + 0.03 HC; 0.91 + 0.02 SZ) or of low uncertainty (U = 473,
p = 0.90; median + SD = 0.91 + 0.03 HC; 0.86 + 0.03 SZ) but
showed significantly lower performance with medium- (U =

512, p = 0.01; median + SD = 0.83 + 0.05 HC; 0.62 + 0.08 S2)
and high-uncertainty cueing (U = 488.5, p = 0.01; median +
SD = 0.65 + 0.04 HC; 0.54 + 0.04 SZ). This result was robust to
selection for task engagement at either the subject or trial level
(Figures S2A and S2B; see STAR Methods). Psychometric func-
tions fit to each subject showed a leftward shift in SZ (Figures 2C
and S2C), indicating a lower threshold for (or increased sensi-
tivity to) uncertainty (U = 478, p < 0.01; median + SD = 0.62 +
0.05 HC; 0.42 + 0.07 SZ). Importantly, and similar to HC, perfor-
mance in SZ was comparable between high and low uncertainty
on congruent trials (Figure S3A), and SZ subjects performed
equivalently for visual and auditory targets (Figure S3B).
Increased behavioral sensitivity to cueing uncertainty was unre-
lated to general cognitive deficits in SZ (Figure S4; WTAR;
F(1,32) =2.84, p = 0.10).
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Figure 1. Human subject performance
varies with cueing uncertainty in the atten-
tional control task

(A) Task schematic.

(B) Example performance of a healthy control
subject showing smoothed performance (top) and
correct (green) vs. incorrect (red) behavioral trial
raster separated by uncertainty level (bottom).

(C) When visual and auditory targets are presented
on the same side (congruent), performance on high
and low uncertainty trials is comparable (U = 362,
p = 0.23, Mann-Whitney U test).

(D) In contrast, when the targets are incongruent,
performance varies with cueing uncertainty. Sub-
jects perform equally well on visual and auditory
trials (U =338, p =1.00and U = 321, p =0.69 for low
and high uncertainty, respectively), and perfor-
mance varies with cueing uncertainty (U = 485,
p <01and U =476, p <0.01 for vision and audition,
respectively) (Mann-Whitney U test).

(E) Psychometric fits for all healthy control subjects
(average trace in bold). N = 17 subjects for (C-E).
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further supported by lack of correlation
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S6C). Specifically, no correlation was
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Uncertainty thresholds are associated with rMD-rdIPFC
functional connectivity

Given that previous rodent studies suggested a role for the
MD in tracking uncertainty and regulating executive PFC func-
tion accordingly,*>°">? we asked if analogous neural mecha-
nisms explained human performance in our decision-making
task. As resting-state fMRI was collected in a subgroup of
the participants (n = 20: HC = 8, SZ = 12), we extracted func-
tional connectivity values between the MD and dIPFC, defined
a priori. The specific dIPFC region of interest we used in our
analysis was based on activation in a task similar to ours in
a previous study.® We found a significant correlation between
uncertainty thresholds and MD and dIPFC functional connec-
tivity that was selective to the right hemisphere (rMD-rdIPFC;
Figure 2D, F(1,15) = 6.53, p = 0.02, Figure S5). This associa-
tion significantly differed across hemispheres (Z = 2.20, p =
0.03, based on Hittner et aI.54). Brain-behavior correlation
was independent of group (SZ vs. HC), and structurally spe-
cific to executive PFC, as no correlation was observed with
medial PFC structures known to mediate evaluative pro-
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sphere lateralization was also observed
in an association of MD volumes with
uncertainty thresholds (Figure S7).

rMD-rdIPFC resting-state functional connectivity is
predictive of conflict-related executive dysfunction in

an independent schizophrenia dataset

The brain-behavior correlation observed in our relatively small
cohort was intriguing and compelled us to ask whether the
rMD-rdIPFC resting-state functional connectivity measure would
be predictive of other forms of executive dysfunction and, if so,
what they were. Therefore, we examined a previously collected
dataset in which resting-state data were collected alongside a
number of standardized neuropsychological tests.”® The demo-
graphic characteristics of participants included in the analysis
are summarized in Table 2. Although the neuropsychological
tests in this dataset had not been designed to isolate particular
cognitive components the way our attentional control task
does, we reasoned that their diversity may allow us to discover
informative patterns and even draw parallels. Indeed, this was
the case; rMD-rdIPFC resting-state functional connectivity was
positively correlated with the composite score from the SCIP in
SZ (Figure 3A; F(1,65) = 5.56, p = 0.02). This correlation was
not observed in the left hemisphere (F(1,65) = 1.96, p = 0.17).
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Figure 2. SZ patients show behavioral
impairment that scales with cueing uncer-
tainty and correlates with lateralized MD-
dIPFC resting-state functional connectivity
(A) Example performance of an SZ subject showing
smoothed performance (top) and correct (green) vs.
incorrect (red) behavioral trial rasters separated by
uncertainty level (bottom).
(B-C) (B) Group comparison of psychometric fits
shows lower performance of SZ subjects specif-
% ically for trials with higher cueing ambiguity (mean +
> SEM, Friedman test: xz =27.22, p < 0.01 followed
by pairwise comparison with Mann-Whitney U test,
**p < 0.01, *p < 0.05) resulting in (C) a lower un-
certainty threshold for SZ subjects (U = 478,
. p <0.01, Mann-Whitney U test). N = 17 HCs and 24
SZs for (B-C).
. T ° . . (D) There was a positive association between un-
certainty thresholds and rMD-rdIPFC across

1 correct
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F(1,15) = 6.53, p =.02
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The SCIP composite score reflects overall performance across a
variety of tests assessing multiple different cognitive constructs
(e.g., processing speed, working memory, verbal learning),
prompting us to examine which component is most responsible
for the positive correlation with the rMD-rdIPFC measure. Exam-
ining all 5 subdomains (Table S1), the one with the strongest cor-
relation was the SCIP working memory subscale (Figures 3B and
3C). This was a remarkable finding, as the SCIP working memory
subscale is a version of the auditory consonant trigrams tests
and requires maintaining items in working memory in the face
of a conflicting task (digit counting; Figure 3B). Broadly, this of-
fers an intriguing parallel to the conflict observed in the attention
task, albeit in the mnemonic instead of perceptual domain. The
specificity of the rMD-rdIPFC network isolating conflict-related
executive deficits in SZ was further corroborated by the lack of
correlation between a separate, conflict-free working memory
task (Figure 3D) and rMD-rdIPFC resting-state functional con-
nectivity (Figure 3E).

rMD-rdIPFC network is directly activated in a
probabilistic reversal task and predictive of switching
speed

Thus far, our work showed that changes in rMD-rdIPFC resting-
state functional connectivity correlated with conflict-related ex-
ecutive function. To ask whether this network is directly engaged
in resolving conflict, we needed to directly observe it in a task
context. Therefore, we turned to the domain of switching be-
tween tasks based on reinforcement, a domain that requires
active suppression of a task that is no longer rewarding and
one in which the MD thalamus has been shown to play a causal
role.?®*” Specifically, we analyzed BOLD signals and brain-
behavior correlation in a probabilistic Go/NoGo reversal learning
task administered to 32 HCs (Figure 4A). In this task, the
association between two tactile cues and two responses (“Go”
or “NoGo”) was initially learned over a block of trials.”® In each

all participants, regardless of group membership

0 010203 (p =0.02). N =8 HCs and 12 SZs.

right MD-dIPFC connectivity

block, two new tactile patterns were randomly selected from
eight alternative patterns. Because each response yielded a
probabilistic reward (0.7 versus 0.3), participants adopted a pre-
dominant response pattern within a block. This pattern switched
when the association between cues and responses was reversed
(Figure 4B). Participants quickly acquired the stimulus-response
association and reached maximal performance of around 60%
accuracy within 10-15 trials.>® We focused our analyses on block
transitions, which included performance on a well-learned asso-
ciation (steady state) and the learning of a new one (switch).

We applied general linear model analyses to the fMRI data
collected in this task, examining activity within the feedback
period (trial outcome). Contrasting trials immediately after block
transition (switch) with trials immediately before (steady state),
we observed significantly enhanced BOLD signals in the right,
but not left, MD thalamus (rMD) (Figure 4C, x = 2, y = —14,
z = 10, t** = 6.67, p < 0.05, whole-brain family-wise error
[FWE] peak-level correction). In addition to rMD, we also
observed switch-related activity in the dorsomedial PFC,
caudate, and insular cortex—all located in the right hemisphere
(p < 0.05, whole-brain FWE peak-level correction).

Next, we performed a psychophysiological interaction (PPI)
analysis in HC using the rMD as a seed region (x =2, y = —14,
z = 10, Figure 4D). We found a significant enhancement of
rMD-rdIPFC functional connectivity immediately after a switch
(rdIPFC, x = 42, y = 20, z = 26, 1(31) = 4.37, p = 0.03, FWE
peak-level corrected using small-volume correction, Figures 4E
and 4F). This was not observed on the left hemisphere, consis-
tent with the potential specificity of association between this
neural readout and executive function.

To directly test whether this neural readout predicted behav-
ioral performance on this task, we examined the correlation be-
tween switch-related rMD-rdIPFC connectivity and the speed
to adopt a new strategy. We found this correlation to be signifi-
cant, with higher network connectivity values reflecting faster

Cell Reports Medicine 5, 101802, November 19, 2024 5
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Table 2. Demographics for schizophrenia and healthy control groups in experiment 2

HC (N = 75) SZ (N = 70) T/y2 p value
Age
Mean (SD) 28.3 (8.86) 26.5 (£8.15) 1.28 0.203
Sex assigned at birth
Female 27 (36.0%) 20 (28.6%) 0.6 0.437
Male 48 (64.0%) 50 (71.4%) - -
Race
Asian 4 (5.3%) 1(1.4%) 5.75 0.218
Black or African American 16 (21.3%) 18 (25.7%) - -
More than one race 1(1.3%) 0 (0%) - -
Other 3 (4.0%) 0 (0%) - -
White 51 (68.0%) 51 (72.9%) - -
SCIP total score
Mean (SD) 0.268 (0.605) —0.850 (0.734) 9.96 <0.001
Missing - 0 (0%) - -
PANSS positive score
Mean (SD) - 15.6 (+8.67) - -
Missing - 0 (0%) - -
PANSS negative score
Mean (SD) - 14.1 (+5.56) - =
Missing - 0 (0%) - -
PANSS general score
Mean (SD) - 28.4 (£7.54) - =
Missing - 0 (0%) - -
CPZ equivalents
Mean (SD) - 357 (£196) - =
Missing - 0 (0%) - -

switching (Figure 4G, r = —0.36, p < 0.05). These findings are
consistent with the non-human animal literature showing the
causal requirement for the MD in task switching®®** but reveals
the lateralization of this function in the human brain. Critically, it
provides evidence that rMD-rdIPFC functional connectivity is
directly deployed in (and may be required for) yet a third con-
flict-related executive function.

DISCUSSION

Using a novel decision-making task that allowed us to parame-
terize cueing uncertainty in deploying attention on single trials,
we observed that SZ exhibited a specific pattern of behavioral
deficit. By deriving psychometric functions from SZ and
comparing them to HC, we noted that patients exhibited a higher
sensitivity to cueing uncertainty. Individual sensitivity measures
correlated with rMD-rdIPFC functional connectivity at rest. This
network measure predicted working memory performance in
SZ but only when cognitive resources were taxed by a conflicting
task. These findings are consistent with predictions from
work on animal and human MD, showing its requirement for
regulating prefrontal processing when conflict resolution is
needed.34'35'40'45

Our work extends these findings and adds specificity; the pref-
erential engagement of the right MD-dIPFC network across the

6 Cell Reports Medicine 5, 101802, November 19, 2024

three tasks was novel and unexpected. Nonetheless, this finding
is consistent with previous literature on preferential rdIPFC
engagement in challenging cognitive control tasks.®”*° Specif-
ically, previous research found that perturbing human right but
not left dIPFC function diminished the use of high-level strategies
in a reinforcement learning paradigm.®” While our first two tasks
established a link between conflict-related executive control and
rdIPFC-rMD resting-state functional connectivity, our third
experiment extended that in a task-based paradigm. Specif-
ically, by examining an independent sample of HCs performing
a probabilistic reversal learning task, task-based rMD-rdIPFC
functional connectivity predicted subject switching speed
following reversal.

Our findings are also consistent with previous reports of
greater sensitivity to uncertainty when deploying attentional con-
trol in schizophrenia®' and those at clinical high risk for psycho-
sis.%? Of note, previous literature has also indicated a lateralized
dIPFC engagement in this process using continuous perfor-
mance test.®*®* Increased sensitivity to uncertainty is broadly
supportive of predictive coding models of psychosis, which
relate reduced precision of sensory representations (greater un-
certainty) and overly precise priors to the severity of hallucina-
tions, and greater volatility with delusions.®*®" This is also
consistent with the “jumping-to-conclusions” phenomenon
observed in schizophrenia, whereby SZs “jump” to a decision
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Figure 3. rMD-rdIPFC resting-state functional connectivity is predictive of executive dysfunction in an independent dataset

(A) Association between SCIP scores with rMD-rdIPFC resting-state functional connectivity showed a significant interaction effect (F(1,138) = 8.00, p < 0.01),
showing only a significant positive correlation in the SZ group (N = 75 HCs and 70 SZs).

(B) Schematic of the SCIP working memory subscale, illustrating the task conflict component.

(C) rMD-rdIPFC resting-state functional connectivity shows a significant correlation with SCIP working memory subscale performance in SZ (p = 0.04).

(D) Schematic of the letter-number sequencing working memory task, where there is no task conflict.

(E) The scores of the letter-number sequencing task do not correlate with rMD-rdIPFC resting-state functional connectivity in SZ (p = 0.42).

based on insufficient incoming evidence and are overconfident
in their conclusions.®® Together, our findings add to the evidence
that sensitivity to uncertainty is impaired in schizophrenia, with a
potential link to cognitive theories of psychosis through impaired
allocation of executive (or endogenous) attention.®®

Most existing paradigms examining uncertainty processing in
schizophrenia lack a mechanistic circuit link, making correla-
tional analysis from imaging studies more difficult to interpret.
The paradigm we developed here for human subjects was char-
acterized in rodents and shown to rely on mechanisms relevant
to MD-dIPFC interactions. Specifically, using causal circuit ma-
nipulations and electrophysiological recordings, these studies
have identified that MD neurons track perceptual uncertainty
and project this cognitive variable onto the prelimbic cortex (ro-
dent analog of primate dIPFC®'*?). Because the MD contains
specialized subcircuits that target inhibitory interneurons (par-
valbumin positive), this MD-prelimbic mechanism may afford
the ability to slow down decision dynamics in the face of unreli-
able evidence. Intriguingly, the behavior of SZ (Figure 2C) is qual-
itatively similar to that observed in mice after MD inactivation
(Figures S1B and S1C), and the size of the uncertainty threshold
shift in SZ is comparable to the one resulting from MD inactiva-
tion in mice. It would be important to ask whether the impairment
of such process also generalizes to non-perceptual decisions,
potentially explaining phenomena such as bias against disconfir-
matory evidence which is also observed in schizophrenia.”®""

Our findings indicate that this generality is plausible. Specif-
ically, we found that the rMD-rdIPFC measure positively
correlated with working memory processing in the face of a
conflicting task, revealed by the SCIP working memory
subscale (Figures 3B and 3C). There was no correlation with
working memory performance when task conflict was absent
(Figures 3D and 3E). Combined, findings across the two datasets
indicate that enhanced rMD-rdIPFC functional connectivity may
be particularly important for patients with schizophrenia to solve

tasks that require managing cognitive resources when there is
task conflict/interference (stimulus conflict in the uncertainty
task, working memory content in the SCIP subscale). This is
consistent with a corpus of neural circuit studies showing a
role for the MD in active updating of PFC task representa-
tions.?®%472 It is also consistent with heightened activation of
this network in patients with schizophrenia in a task requiring
management of conflicting inputs.”®

To directly examine rMD-rdIPFC engagement in task BOLD re-
sponses, we probed the rMD-rdIPFC network in a probabilistic
reversal task (Figure 4). We found that this network showed
real-time engagement at rule reversals, another domain that re-
quires conflict resolution. This finding combined with the animal
literature spanning related processes supports our circuit/
computation — latent cognitive factor — executive function
mapping approach. Generally, it provides support for reciprocal
interactions between the type of translational research reported
in this manuscript and the circuit dissection approach performed
in basic neuroscience.’* %

While we showed that the rMD-rdIPFC network predicts behav-
ioral performance across three different tasks with a conflict
element, there are several limitations that must be considered.
First, the imaging data in experiment 1 were small, limiting our abil-
ity to correct for multiple comparisons, include additional covari-
ates such as age and sex assigned at birth, and examine the ef-
fects of these covariates to increase generalizability of our
results. To address this limitation, we sought validation in a larger
independent sample of rMD-rdIPFC resting-state connectivity.
This (experiment 2) corroborated the notion that conflict-related
executive function is associated with rMD-rdIPFC functional con-
nectivity in SZ and allowed us to control for age and sex assigned
at birth. However, while the fact that these two experiments use
different tasks is a strength on one end, their “offline” nature
may be considered a limitation. We did attempt to address this
by evaluating the direct engagement of the MD-dIPFC network
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(D) rMD was used as the seed region for psychophysiological interaction (PPI) analysis.

(E and F) PPI revealed significantly strengthened connectivity between rMD and right dIPFC (x = 24, y = 20, z = 26) immediately after a transition (switch > steady

state).

(G) Changes of rMD-rdIPFC PPI estimates (switch — steady state) were negatively correlated with the speed to switch the decision strategy, which suggests that,
the more the connectivity between rMD and rdIPFC changed after reversals, the less time (trials) participants required to adapt their behavioral strategy.

in conflict resolution (experiment 3), but that experiment did not
include a patient sample which is a limitation. Therefore, it is pru-
dent for future work to examine HC and SZ uncertainty-cued atten-
tional performance in the scanner, where we are able to directly
establish online brain-behavior correlations. Lastly, animal circuit
work is a strength and motivation—for example, we know that
the MD contains circuits that slow down evidence integration as
well as those that engage in task switching, linking experiments
1 and 2 with 3°°; however, we must acknowledge that there are lim-
itations to making inferences to human brain function. Specifically,
the lateralization in MD-PFC network function in the human brain
likely reflects a unique evolutionary adaptation akin to language,
abstract mathematics, and music, all functions that cannot be
directly studied in non-human animals, including our closest evolu-
tionary relatives.®*54

Despite the aforementioned limitations, our attention task,
which incorporated cueing uncertainty, provides a behavioral
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readout in individuals and connects diminished performance to
the integrity of their right MD-dIPFC network. It is therefore
possible that this or a similar task may be used as a behavioral
screen to identify people with schizophrenia who may benefit
from treatments targeting this network. Additional validation
might involve strengthening this circuit (e.g., through neuromo-
dulation) and seeing if the ability to resolve uncertainty improves
in HC. Together, these directions may inform circuit-based treat-
ments to improve executive function in schizophrenia®®® and
perhaps ameliorate treatment-resistant psychosis. Consistent
with this notion, deep brain stimulation (DBS) of basal ganglia
output to the MD has shown promise to reduce hallucinations
and unusual thoughts in schizophrenia.®” DBS use in psychiatric
disorders may be difficult; on the other hand, transcarnial mag-
netic stimulation (TMS) may be a more easily achievable inter-
vention. Irrespective of these trade-offs, our results suggest
that the rMD-rdIPFC network may be a viable target for
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developing the next-generation neuromodulation targeting
endogenous attention and strategy updating in schizophrenia.

Limitations of the study

Experiment 1 included a limited sample size with neuroimaging
data, restricting our ability to control for multiple comparisons,
include additional demographic variables in our statistical
model, and examine the influence of sex assigned at birth on
our results leading to limited generalizability of this sample. While
the results of experiment 2 corroborated the findings that con-
flict-related executive functions are associated with rMD-rdIPFC
functional connectivity, the tasks used to test conflict-related ex-
ecutive functions were collected outside the scanning session,
limiting our ability to examine the direct BOLD responses during
conflict processing. Experiment 3 was included to address the
direct involvement of rMD-rdIPFC interactions in conflict pro-
cessing; however, we acknowledge that this experiment did
not include a patient sample. Additional experiments directly
testing conflict-related executive functions in the MRI comparing
HC and schizophrenia groups are needed.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

Adult male C57BI/6 mice, purchased at 8- Taconic Biosciences https://www.taconic.com/products/

12 weeks old mouse-rat/standard-strains-and-stocks/

black-6-b6ntac

Software and algorithms

Psychopy version 2020.1.3 Peirce et al.,*® https://www.psychopy.org/

R version 4.3.1 R Core Team®® https://www.r-project.org/

MATLAB versions 2017, 2022b, 2023b Mathworks® N/A

Statistical Parametric Mapping 12 (SPM12) https://www.fil.ion.ucl.ac.uk/spm/ https://www fil.ion.ucl.ac.uk/spm/
software/spm12/ software/spm12/

Computational Anatomy Toolbox (CAT12) Gaser et al.,”’ https://neuro-jena.github.io/cat/

Custom resting state preprocessing script github.com/baxpr https://github.com/baxpr/connprep

Custom seed-based connectivity script github.com/baxpr https://github.com/baxpr/conncalc

CONN toolbox Whitfield-Gabrieli & Nieto-Castanon®? https://web.conn-toolbox.org/home

Thalamus Optimized Multi Atlas Saranathan et al.,%>%* https://github.com/thalamicseg/

Segmentation (THOMAS) hipsthomasdocker

Other

473-nm and a 556-nm laser to activate iC++ Optoengine LLC https://www.optoengine.com/

and NpHRS3.0, respectively.

200 pum core optic fibers for optical Doric Lenses https://www.doriclenses.com/

inactivation

3T Philips Intera Achieva MRI scanner Philips https://www.usa.philips.com/healthcare/

solutions/magnetic-resonance

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Experiment 1

42 participants were recruited; 18 healthy controls (HC) and 24 people with a schizophrenia spectrum disorder diagnosis (i.e., schiz-
ophreniform disorder, schizoaffective disorder, schizophrenia; hereafter referred to as the “schizophrenia” (SZ) group). Information
about age, sex assigned at birth, racial profile and parental education are available in Table 1. One HC was excluded because the
model for behavior failed to converge (performance was too high across all task conditions). Therefore, the final analyzed dataset
included 17 HCs and 24 SZ patients. SZ patients were recruited from inpatient and outpatient services at the Vanderbilt Psychiatric
Hospital in Nashville, Tennessee. HCs were recruited from Nashville and the surrounding area through advertisement. All participants
were administered either the Structured Clinical Interview for Diagnosing (SCID) for DSM-IV®® or DSM-V® Disorders to confirm a
schizophrenia spectrum disorder in patients and rule out current or past psychiatric illnesses in healthy individuals. The Positive
and Negative Syndrome Scale (PANSS;"°) was used to further characterize and quantify the severity of psychosis symptoms in pa-
tients. Inclusion criteria included: an estimated premorbid I1Q > 80, age 18-55 years, not having any medical illnesses that would affect
study participation, not being pregnant or lactating, not having a substance use disorder (1-month in patients; lifetime in HCs), not
taking any psychotropic drugs (HCs), and not having any MRI contraindications (e.g., metal implants, claustrophobia). Structural MRI
scans (n = 37: 16 HC, 21 SZ), resting-state scans (n = 20: 8 HC, 12 SZ) and neurocognitive testing (n = 39: 15 HC, 24 SZ) were also
obtained on a subset of participants. This study was approved by the Vanderbilt University Institutional Review Board. All participants
provided written informed consent before participating and received financial compensation.

Experiment 2

Data from an independent cohort of 172 individuals (SZ = 96; HC = 76) recruited as part of a previous study °° was used to investigate
the generalization of MD-dIPFC resting-state connectivity associations with cognition. From the independent cohort, 11 were
excluded (HC = 1, SZ = 10) for poor scan quality or high motion (FD > 0.5). To reduce heterogeneity in this dataset, an additional
16 SZ were excluded if they were not on antipsychotic medications, or their medication status was uncertain. The final sample
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consisted of 75 HC and 70 SZ. Information about age, sex assigned at birth, racial profile and parental education are available in
Table 2. Diagnoses of schizophrenia in patients and rule out in healthy individuals was confirmed with the Structured Clinical Interview
for Diagnosing DSM-IV Disorders (SCID%;). Clinical symptoms of psychosis and mania were quantified in patients with the Positive
and Negative Syndrome Scale (PANSS;>°). Exclusion criteria included estimated premorbid IQ of less than 80, age less than 18 or
greater than 55, presence of medical illness that would affect study participation (e.g., diabetes, cardiovascular or central nervous
system disorder, history of significant head trauma), reported pregnancy or lactation, history of substance abuse/dependence
(3-month in patients; lifetime in healthy individuals), psychotropic drug use (healthy individuals), and any MRI contra-indications
(e.g., metal implants, claustrophobia). This study was approved by the Vanderbilt University Institutional Review Board and all par-
ticipants provided written informed consent prior to participating in this study and received financial compensation.

All study participants were administered several neurocognitive tests, including: the Wechsler Test of Adult Reading (WTAR;’"), a
single word-reading test of estimated premorbid intellectual functioning; The Screen for Cognitive Impairment in Psychiatry (SCIP;*),
a brief test of neuropsychological functioning that assesses verbal learning, WM, processing speed, and verbal fluency; and the
Weschler Memory Scale 3™ edition,®® which consists of the letter number sequencing and spatial span tests.

Experiment 3

Analyses in this study used previously collected data from 32 healthy human participants (16 females, mean age +SD: 24.5 + 3.5
years).”® The study was approved by the local ethics committee of the Ruhr-University Bochum, Germany. All participants gave writ-
ten informed consent prior to participation. Demographics and the experimental design were described in more detail in °°.

METHOD DETAILS

Experiment 1: Attentional control with cueing uncertainty task

Figure 1A includes a schematic of the attention task with cueing uncertainty. Participants were presented with an auditory cue that
consisted of 9 pulses of high- and low-frequency sounds, followed by a brief delay and a stimuli period where both a visual and audi-
tory stimulus were presented simultaneously on the right or left of the screen (visual stimulus) or ear (auditory stimulus). The cue indi-
cated if the participant should respond to the visual or auditory stimulus. Uncertainty was manipulated by varying the ambiguity of the
cue, defined as the mixture of high-pass and low-pass cues. Cues were presented with 4 levels of uncertainty: certain, low, medium,
and high uncertainty. Participants were instructed to respond to the visual or auditory stimulus depending on which cue (high or low
frequency) was most prominent. In one-third of the trials, the visual and auditory stimuli were congruent (appeared on the same side),
while in the other two-thirds, the visual and auditory stimuli were incongruent (appeared on opposite sides). We set one-third of the
trials as congruent trials to avoid participants adopting a pro-anti strategy, where they only attend to or away from one of the targets.
The average task duration was approximately 45 (+5) minutes for HC and 49 (+9) minutes for SZ, including 9 self-paced breaks. The
experimental task was coded in Psychopy version 2020.1.3.%°

Experiment 1: Behavioral model fitting

We analyzed the effect of uncertainty on participants’ performance in incongruent trials by fitting a psychometric curve for each in-
dividual. This function described the ability of a subject to perform the task across uncertainty levels. It assumes a chance level (50%)
performance at the limit of maximum uncertainty (i.e., no sensory evidence), and has three fittable parameters, namely the asymptotic
performance in the certain (i.e., infinite sensory evidence) condition (ymax), the evidence needed to reach the midpoint of maximum
and minimum performance (EC50), and the slope of performance drop with increasing uncertainty (slope):

1

P(c) = 0.5+ (Ymax — 0.5)—1+107(07[:_050)*S,0pe

For a first pass analysis, we only included subjects that performed well on the unambiguous trials over the entire session. With a
criterion threshold of 65% accuracy, 17 out of 18 HC and 13 out of 24 participants in the SZ group were included in the analysis
(Figure S1).

Schizophrenia patients are known for deficits in sustained attention®® which may have led to general task dis-engagement and
contributed to poor overall performance across an entire session. Consistent with this, we observed significant fluctuations in per-
formance of easy trials with consolidated periods of high performance (Figure S1B), suggesting that patients did fully acquire the task
rules, but disengaged for some periods during the task. To account for the instability of subjects to engage, we developed an algo-
rithm to identify periods of subject engagement, and only included trials in such periods for further analysis.

Specifically, for each participant we computed a performance score over trials, using the two least ambiguous trial conditions and
with a smoothing window of 15 trials. We identified engagement periods iteratively by starting from the trial of the highest perfor-
mance score and expanding (i.e., including trials before and after) the range until just before the mean performance crosses an ac-
curacy threshold of 80%. Over the remaining trials we repeat the process starting from the trial of the next highest performance score.
We continue the process until it cannot define any other periods of a minimum trial length of greater performance. As such this length
defines the minimal trial length where an additional error in the next trial will not decrease the performance below the threshold. This
allowed us to include 17 HC and 24 SZ subjects for further analysis (see Table S2 for the fraction of trial excluded for each subject).
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Mouse data (Figure S1) was collected previously.®® For optogenetic suppression, animals were injected into PFC and MD with
AAV-CamKIl-eNPHR3.0-eYFP and AAV-CamKII-IC++-eYFP and light (566nm or 473nm, respectively) was delivered only during
the cueing period of the task on a subset of trials and on a trial-by-trial basis. Here, we re-analyzed this data, after bootstrapping
for robustness, as described above with single subject psychometric curve fitting for direct comparison with human data.

Experiment 1: Image acquisition and resting-state connectivity processing

Resting-state fMRI scans were acquired from a sub-sample of 20 individuals'° (HC = 8, SZ = 12) who did the behavioral task. For
each individual, a structural T1 and a 5-min resting-state scan were acquired on a Philips 3T scanner. Structural scan: High resolution
T1-weighted structural scans were acquired with the MPRAGE sequence (voxel size = 1mm?, TR = 8, FOV = 256 x 156, matrix = 256 x
256; flip angle = 5°). Resting-state scan: A 10-min T2*-weighted resting state BOLD scan was acquired for each participant with a
single-shot, interleaved, multi-slice, gradient-echo EPI sequence. 300 volumes were acquired with a voxel resolution 3 x 3 x
3.2mm (38 slices, TR/TE = 2000/28ms, FOV = 80 x 80mm, flip angle = 90°).

Resting-state scans were preprocessed in SPM12 (https://www.fil.ion.ucl.ac.uk/spm/). Scans were first slice time corrected, real-
igned to a mean scan, co-registered with a native space structural scan then normalized to the MNI template using deformation pa-
rameters derived from DARTEL normalization in CAT12(91) (https://neuro-jena.github.io/cat/). Denoising and functional connectivity
were calculated using the conn toolbox®? (https://web.conn-toolbox.org/) in MATLAB. Denoising was done with default parameters
and included bandpass filtering (0.008-0.9 Hz), regression of CSF and white matter signals, and 12 motion parameters (6 translation
and rotation parameters and their first derivative). Framewise displacement (FD) was calculated for all resting-state scans and only
scans with a mean FD > 0.5 were included in the analyses. No scans were removed for motion.

After denoising, functional connectivity for each participant was calculated as Pearson’s correlations on time-courses extracted
from the right MD and dIPFC regions-of-interest (ROIs) described below.

Experiment 1 and 2: Regions-of-interest for functional connectivity analysis

ROls used in the functional connectivity analysis included separate left and right MD nucleus ROls derived from the THOMAS atlas in
CAT12.9"19" This atlas is based on manual tracings of multiple thalamic nuclei from white matter nulled structural MRI scans ina 7T
scanner.?® Left and right dIPFC ROls were derived from a previous study that identified dorsolateral prefrontal cortex clusters that
were activated in the comparison of a dual vs. single two alternative forced choice task.”® These dIPFC ROIs were selected as there
were similarities between the task from the previous study and the current task, with both requiring performing choices based on
a cue.

Experiment 2: Image acquisition and functional connectivity analysis

Imaging data were collected on a 3T Philips Intera Achieva scanner located at the Vanderbilt University Institute of Imaging Science.
High resolution T1 structural scans were collected with a 4.5 min 3D T1 fast field echo sequence with 1 mm? isotropic voxels (170
slices, TR/TE = 8.9/4.6, FOV = 256 x 256 x 170 mm, matrix =256 x 256 x 170, flip angle = 8°). A 10-min T2* weighted resting state
echo-planar imaging (EPI) scan was collected with 3 mm? isotropic voxels (38 slices, TR/TE = 2000/25 ms, FOV = 240 x 240 mm,
matrix = 80 x 80, slice thickness = 3 mm with 0.3 mm gap, flip angle = 90°).

Preprocessing and subject level analyses were carried out using custom code based on SPM12 in MATLAB (https://github.com/
baxpr/connprep; https://github.com/baxpr/conncalc). Each study participant’s T1 structural scan was segmented into gray matter,
white matter, and CSF tissue classes and normalized to Montreal Neurological Institute (MNI) space using CAT12. Functional data
underwent motion correction, followed by rigid body registration of the mean functional image to the high resolution T1 image, after
non-brain tissue was first removed from the T1. Functional images were then normalized to MNI space using the deformation param-
eters derived from CAT12 and then smoothed with a 6 mm FWHM Gaussian kernel. Additional denoising of the normalized smoothed
images included 0.01-0.10 Hz bandpass filtering and removal of 12 motion parameters (6 motion parameters and their 15 derivatives)
as well as 6 principal components of the white matter and CSF.

Functional connectivity for each participant was calculated Pearson’s correlations on time-courses extracted from the right MD
and dIPFC ROls used in Experiment 1. For statistical analyses, r values were z-transformed.

Experiment 3: Probabilistic reversal learning task

The participants performed a probabilistic reversal learning Go/NoGo task during fMRI scanning (Figure 4A). In each block, two tactile
patterns were randomly selected from eight alternative patterns. 70% of trials with one tactile pattern were assigned to ‘Go’, and 70%
of trials with the alternative tactile pattern were assigned to ‘NoGo’ (Figure 4B). By trial and error, participants had to learn which of the
two available responses (‘Go’ and ‘NoGo’) had the higher reward probability for each of the two tactile patterns. In each individual
block, the association between tactile stimuli and Go/NoGo responses was reversed at a random trial from trial 20 to 25, forcing par-
ticipants to adjust their behavior to maximize reward (Figure 4B). Participants were informed of the probabilistic nature of the asso-
ciation between tactile stimuli and Go/NoGo responses, as well as the existence of a rule switch in each block, but they were not
given information about the levels of probability and the specific timing of the reversal. For each trial, participants first received
one out of the two tactile stimulation patterns for 500ms on the index fingertip of the right (dominant) hand. After the tactile cue,
the participants had to press the button with the index finger of the left hand (‘Go’), or refrain from pressing the button (‘NoGo’). After
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an interval of 500-1500ms, the outcomes were presented for 500ms to indicate whether the action was correct or wrong. Trials were
presented with randomized intertrial interval (ITl) ranging between 1500 and 3000ms in 100ms steps. The task was organized in
blocks of 45 trials, and consisted of 3 runs, each included four blocks and lasted about 16min. In total, the fMRI experiment consisted
of 540 trials and took about 50mins.

Experiment 3: Image acquisition parameters
The fMRI data for Experiment 3 were obtained using a Philips Achieva 3.0 T X-series scanner equipped with a 32-channel head coil as
described in detail in Wang et al., (2023).°° Functional scans were conducted using a multi-band echo-planar imaging (EPI) sequence
with a multi-band acceleration factor of 2. A total of thirty-eight transaxial slices, aligned parallel to the anterior-posterior commissure
(AC-PC) and covering the entire brain, were acquired with a voxel size of 2 x 2 x 3 mm?®. The acquisition parameters included a repe-
tition time (TR) of 2,200 ms, an echo time (TE) of 24 ms, a flip angle of 90°, a field of view of 224 mm, and no interslice gap.
Additionally, high-resolution T1-weighted structural images were collected for each participant, comprising 176 transversally ori-
ented slices covering the entire brain. These structural images were used for geometric distortion correction and co-registration with
the EPI data. The T1-weighted images were acquired using an isotropic T1 TFE sequence with a voxel size of 1 x 1 x I1mm®and a
field of view of 240 x 176 mm?. Each participant’s EPI volumes were preprocessed and analyzed with the Statistical Parametric Map-
ping software SPM12 (Wellcome Department of Imaging Neuroscience, University College London, UK; http://www.fil.ion.ucl.ac.uk/
spm) implemented in MATLAB (R2017b).

Experiment 3: The general linear model (GLM) of fMRI data

The fMRI data preprocessing was described in detail in Wang et al., (2023).°° In the current study, the preprocessed fMRI data (real-
igned, normalized, smoothed) was used to conduct a first level general linear model (GLM) time-locked to the onset of the outcome.
The GLM included two regressors of interest per block, which accounted for trials in the two key phases of the task (i.e., phase imme-
diately before and phase immediately after the reversals, Steady state and Switch, respectively). The trials in other phases (i.e., phase
of initial learning and phase before task completion) and invalid trials (i.e., missing or late responses) were modeled separately.
Furthermore, six head motion parameters, as estimated during the realignment procedure, were added as regressors of no interest
to minimize false-positive activations due to task-correlated motion. To measure the brain activity related to the effect of the reversal,
the fMRI BOLD signal during trials immediately after the reversals (Switch) was contrasted with the fMRI BOLD signal during trials
immediately before the reversals (Steady state). The respective t-contrast images for each subject were applied to the group-level
one-sample t test (p < 0.05, family-wise error (FWE) corrected for the whole brain).

Experiment 3: Psychophysiological interaction (PPI) analysis

To assess context-related differences in functional connectivity of right MD, we performed a PPI analysis using the right MD as the
seed region (x =2,y = —14,z=10, Figure 4D). First, individual time series of the seed region were extracted from a ROI closest to the
nearest local maximum of the group contrast between both contexts (i.e., Switch > Steady state) within a radius of 12 mm. The first
Eigenvariate was then calculated across all voxels only located in the right hemisphere and surviving p = 0.05 uncorrected within a
6 mm sphere centered on the individual peak voxel. The resulting BOLD time series were adjusted for effects of no interest (e.g.,
invalid trials and movement parameters) and deconvolved to generate the time series required for constructing first-level GLMs
for the PPIs. Then, we examined the effect of the reversals on right MD connectivity. To this end, first-level contrast images were
created using the PPI regressor of the interaction between the physiological variable and trials of Steady state, as well as the inter-
action between the physiological variable and trials of Switch. Next, the contrast images (i.e., Switch > Steady state) were applied to
the group-level one-sample t-test. We expected that the immediate effect of reversal was related to interactions between the right
MD and right dIPFC. Therefore, we performed a small volume correction (SVC) by restricting the search volume to the right dIPFC
mask with a threshold at FWE-corrected peak-level of p < 0.05. The right dIPFC mask was defined as Brodmann areas 46 as imple-
mented in the WFU PickAtlas'%?'%° based on the results from SZ patients.

QUANTIFICATION AND STATISTICAL ANALYSIS

Experiment 1

We predicted the SZ group (n = 24) would have lower uncertainty thresholds than the HC group (n = 17). One HC was excluded
because the model for behavior failed to converge (performance was too high across all task conditions). To directly compare group
performance over different uncertainty levels, we first performed Friedman test with chi-squared (y?) test in MATLAB (R2020b), fol-
lowed by point-to-point comparisons using non-parametric Wilcoxon rank-sum test (Mann Whitney U test) to identify significant dif-
ferences between the two groups. To account for multiple comparisons, we set the significance threshold of alpha = 0.0125 (Bon-
ferroni correction). Where appropriate, median and standard deviations for each group are reported in the Results.

To examine the association between behavior in the task with cueing uncertainty and MD-dIPFC functional connectivity in R
version 4.3.1. We employed a linear regression model, using uncertainty threshold as the dependent variable and MD-dIPFC func-
tional connectivity and group as independent variables, controlling for FD. Initially, we included an interaction term for functional con-
nectivity and group, but after finding it non-significant, we removed it from the model. We used a threshold of p < 0.05 for significance
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testing. Comparisons of correlation coefficients between functional connectivity and cognition of the left and right hemisphere as-
sociation was done to test for hemisphere specificity.>*

Additional exploratory analyses examining the relationship between uncertainty threshold and MD volumes and general cognition
are included in the Supplemental Materials.

Experiment 2
Group differences in MD-dIPFC connectivity between the SZ (n = 70) and HC (n = 75) groups were tested with a linear regression
model in R version 4.3.1, testing the effect of group on connectivity, controlling for age, sex assigned at birth and FD. From the in-
dependent cohort, 11 were excluded (HC = 1, SZ = 10) for poor scan quality or high motion (FD > 0.5). To reduce heterogeneity in this
dataset, an additional 16 SZ were excluded if they were not on antipsychotic medications, or their medication status was uncertain.
To measure associations between cognition and functional connectivity in the right MD-dIPFC network in SZ, we ran linear regres-
sion models with each cognitive measure (SCIP total score and 5 subscales, and WMI and 2 subscales) as the dependent variable,
and functional connectivity as the independent variable, controlling for age, sex assigned at birth and FD in the SZ group. To examine
the effect of sex assigned at birth, we ran a separate model with an interaction term for functional connectivity and sex assigned at
birth and found that there was no interaction effect for either the SCIP WM task (F = 0.21, p = 0.65) or the LNS task (F = 0.56, p = 0.46),
so the interaction term was not included in our main analyses. We used a threshold of p < 0.05 for significance testing. Comparisons
of correlation coefficients between functional connectivity and cognition of the left and right hemisphere association was done to test
for hemisphere specificity.>* Parallel analyses in the healthy group were run as controls and are included in the Supplements.
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