UCSF

UC San Francisco Previously Published Works

Title

Should | Stay or Should | Go? FMRI Study of Response Inhibition in Early lliness
Schizophrenia and Risk for Psychosis.

Permalink

https://escholarship.org/uc/item/26nlw6hi

Journal
Schizophrenia Bulletin, 45(1)

ISSN
0586-7614

Authors

Fryer, Susanna L
Roach, Brian ]
Ford, Judith M

Publication Date
2019

DOI
10.1093/schbul/sbx198

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/26n1w6hr
https://escholarship.org/uc/item/26n1w6hr#author
https://escholarship.org
http://www.cdlib.org/

Schizophrenia Bulletin vol. 45 no. 1 pp. 158-168, 2019
doi:10.1093/schbul/sbx198
Advance Access publication January 26, 2018

Should I Stay or Should I Go? FMRI Study of Response Inhibition in Early Illness

Schizophrenia and Risk for Psychosis

Susanna L. Fryer'?, Brian J. Roach?, Judith M. Ford'?, Kayla R. Donaldson?, Vince D. Calhoun®*,
Godfrey D. Pearlson>”’, Kent A. Kiehl>*, Vinod H. Srihari’, Thomas H. McGlashan’, Scott W. Woods®, and

Daniel H. Mathalon®'?

"Department of Psychiatry, University of California, San Francisco, San Francisco, CA; *Mental Health, San Francisco VA Medical
Center, San Francisco, CA; *The Mind Research Network, Albuquerque, NM; *Department of Electrical and Computer Engineering,
University of New Mexico, Albuquerque, NM; Department of Psychiatry, Yale University, New Haven, CT; °Olin Neuropsychiatry
Research Center, Institute of Living, Hartford, CT; "Department of Neurobiology, Yale University, New Haven, CT; *Department of

Psychology, University of New Mexico, Albuquerque, NM

*To whom correspondence should be addressed; Psychiatry Service (116D), San Francisco VA Medical Center, 4150 Clement Street, San
Francisco, CA 94121, US; tel: 415-221-4810/23860, fax: 415-750-6622, e-mail: daniel.mathalon@ucsf.edu

Response inhibition (RI) is a component of the cognitive
control systems that support optimal cognition. Cognitive
control deficits are well-described in schizophrenia, but are
not well characterized in individuals at clinical high risk
(CHR) for developing psychosis. Functional magnetic res-
onance imaging during Go/NoGo task performance was
collected from 30 CHR youth, 23 early illness schizophre-
nia patients (ESZ), and 72 healthy adolescents and young
adults (HC). Voxelwise main effects of group were exam-
ined (P < .005 height threshold, family-wise error-corrected
cluster threshold, P < .05) for correct NoGo-Go contrast
values and task-based functional connectivityy. CHR and
ESZ groups had slower and more variable reaction times
(RT) on Go trials compared to HCs. Significant main effects
of group in bilateral dorsal anterior cingulate (dACC) and
right inferior frontal cortex stemmed from CHR and ESZ
groups showing significantly less NoGo-Go activation, rel-
ative to HCs. Faster responding HCs had less functional
coupling between dACC and medial prefrontal cortex, a
default mode network (DMN) region during NoGo vs Go
trials. This functional connectivity—performance relation-
ship was not present in ESZ or CHR groups. The pattern
of findings suggests CHR and ESZ groups were deficient
in developing strong and consistent prepotent respond-
ing, based on their slow and variable motor responses and
decreased engagement of dACC and right inferior frontal
regions implicated in inhibitory control. Furthermore, only
the control group showed a functional connectivity relation-
ship consistent with greater response prepotency requiring
more decoupling of inhibitory control regions from DMN
regions during RI.

Key words: schizophrenia prodrome/ultra-high
risk for psychosis/first-episode schizophrenia/motor
disinhibition/prefrontal cortex/adolescent mental health

Introduction

Response inhibition (RI), the voluntary “top-down” sup-
pression of motor actions, is part of the cognitive control
systems enabling efficient, flexible behavior.! Cognitive
control is thought to be a primary function of the pre-
frontal cortex (PFC).2* Human lesion,* functional mag-
netic resonance imaging (fMRI),!® and non-human
primate studies®’ implicate PFC, particularly ventro-
lateral regions (VLPFC), in inhibitory control. Right
VLPFC, presupplementary and supplementary motor
areas, striatum and thalamic/subthalamic nuclei con-
tribute to the functional neuroanatomy of RI.M341 Also
relevant are anatomically well-defined cortico-striatal
(“indirect”) and cortico-sub-thalamic (“hyperdirect”) cir-
cuits that inhibit motor output via thalamic modulation
of cortex."!! FMRI-based connectivity studies corrob-
orate cortico-striatal-thalamic functional connectivity
during RI'? (though see Erika-Florence'?). Contributions
from dorsolateral PFC (DLPFC), anterior cingulate cor-
tex (ACC), and posterior parietal cortex likely stem from
additional task demands on working memory, sustained
attention, and/or response selection.>!%!4

Cognitive deficits, particularly in PFC-mediated exec-
utive functions such as inhibitory control, are common
in schizophrenia'*!” and are associated with negative
symptoms, disorganization, and poor functioning.'® Such
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deficits may be intermediary phenotypic markers of psy-
chosis vulnerability, given their attenuated presence in
first-degree relatives of patients with schizophrenia.'” An
fMRI meta-analysis of executive functioning reported
hypoactivation in schizophrenia in DLPFC, ACC, and
thalamus, implicating a generalized cognitive control
deficit.?

Behavioral,?" 2 electrophysiological,>?” and fMR %272
techniques reveal alterations in temporal and spatial
features of inhibition-related brain responses and behav-
ior in schizophrenia. However, not all studies report
motor disinhibition in schizophrenia,®*3! suggesting
that deficient use of context to establish task-appropriate
response tendencies, rather than poor inhibition, may
explain observed RI alterations.’** This fits with well-
documented deficits in context-guided behavior and
accompanying brain alterations in patients with schizo-
phrenia,'>'¢323* ynaffected siblings,**3¢ and individuals at
elevated risk for psychosis.’”* Deficits in context process-
ing and developing prepotent responding have a counter-
vailing influence on inhibitory control because deficient
use of task context to establish strong response prepo-
tency results in less need for R1.

Most prior studies of RI in schizophrenia focused on
chronically ill patients. Little is known about neural sub-
strates relevant for establishing and inhibiting prepotent
responses in patients closer to illness onset or at clinical
high risk (CHR) for psychosis. Accordingly, we used a
Go/NoGo paradigm that engages fronto-parietal regions
in healthy individuals'>*** to assess RlI-related brain
functioning in early illness schizophrenia patients (ESZ)
and CHR youth. Because CHR and ESZ populations
differ in age, and RI maturation is expected during neu-
rodevelopment,*** we recruited a large (n = 72) adoles-
cent and young adult healthy comparison (HC) group to
account for normal aging effects. We hypothesized CHR
and ESZ groups would show decreased PFC activation
during RI compared to HCs, with ESZ patients exhibit-
ing more severe abnormalities. Further, to identify inhibi-
tion-related alterations in functional network dynamics,
we analyzed task-based connectivity.

Methods

Participants

CHR participants (» = 30), recruited from Yale
University’s early psychosis clinic, met the Criteria of
Prodromal Syndromes (COPS) based on the Structured
Interview for Prodromal Syndromes (SIPS).**# COPS
criteria comprise attenuated psychotic symptoms (APS),
brief intermittent psychotic states (BIPS), and genetic
risk with functional deterioration. All CHR participants
met APS criteria. Approximately 20%—35% of individuals
designated as CHR develop a psychotic disorder within
2-3 years®* with the APS subgroup conferring less
conversion risk than BIPS.* Symptom severity in CHR
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patients was assessed with the SIPS Scale of Prodromal
Symptoms (SOPS). None of the CHR participants were
on antipsychotic medication (n = 0/30).

ESZ patients (n = 23) were recruited from the com-
munity, and similar to our prior studies,” * were within
5 years of illness onset (mean onset 1.98 years £ 1.41;
range 0.4-5 years). Schizophrenia or schizoaffective
disorder was confirmed using the Structured Clinical
Interview for DSM-IV (SCID).*® Symptom severity was
assessed with the Positive and Negative Syndrome Scale
(PANSS).>! Most ESZ patients were on antipsychotic
medication (n = 20/23).

HCs (n = 72) were recruited from the community.
The SCID (or the Schedule for Affective Disorders and
Schizophrenia for School-Age Children,* if <16 years
old) ruled out Axis I disorders. Across groups, good phys-
ical health, English fluency, and 11-30 years of age were
required. Past-year substance dependence (excepting
nicotine), head injury, neurological illness, or, for HCs,
a first-degree relative with a psychotic disorder were ex-
clusionary criteria. The Hollingshead Index assessed
parental socioeconomic status (pSES).> Participants pro-
vided consent as approved by VA Connecticut Healthcare
System, Hartford Hospital, and Yale University
Institutional Review Boards.

Gol/NoGo Task

Participants performed 2 runs of a well-validated event-
related Go/NoGo task.!>?*% Instructions emphasized
responding with speed and accuracy by button pressing
to Go stimuli (412 total “X” trials; probability = 0.84)
and withholding response to NoGo stimuli (78 total
“K” trials; probability = 0.16). Stimulus presentation
was 250 ms, with a pseudorandomly jittered stimulus
onset asynchrony (SOA) (1000, 2000, 3000 ms; mean
SOA = 1675 ms). Behavioral variables were median Go
reaction time (RT), accuracy, and the signal detection
measure ¢’. Go accuracy was the percentage of correct
Go trials (hits; lower scores reflect omissions). NoGo ac-
curacy was the percentage of correctly inhibited NoGo
trials (correct rejections; lower scores reflect commis-
sions). Proportion of NoGo/total errors was also exam-
ined.?* Go stimuli were presented frequently to maintain
a sustained hemodynamic response that would serve as
a baseline against which the well-spaced, jittered NoGo
stimuli would elicit a detectable hemodynamic response.
For this reason, the contrast of NoGo-Go was the main
unit of analysis, and individual condition betas were not
subject to statistical analysis

Neuroimaging Acquisition, Processing, and Modeling

Axial echoplanar (EPI) images were acquired at the
Olin Neuropsychiatry Research Center on a Siemens
Allegra 3 Tesla magnet: TR = 1500 ms, TE = 27 ms, flip
angle = 60°, FOV = 220 mm, 29 4 mm slices (I mm gap),
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3.44 mm X 3.44 mm X 5 mm voxels; 288 1.5 s volumes
(7:12 min) per run. Each run’s first 4 TRs were discarded
to mitigate nonequilibrium effects. Axial magnetization-
prepared rapid gradient-echo (MPRAGE) T1-weighted
high-resolution images were collected: TR = 2500 ms,
TE = 2.74 ms, flip angle = 8°, FOV = 256 mm, 1.0 mm3
voxels.

Image processing was performed with Statistical
Parametric Mapping (SPMS8). Images were motion cor-
rected via affine registration (INRIAlign) and slice-time
corrected. Denoising was conducted with ACompCor,
which performs a principal component analysis on time
series data from white matter and ventricular cerebro-
spinal fluid regions, defined from segmented T1-weighted
anatomical images co-registered to functional data.>*

For individual (first-level) analyses, SPM’s canon-
ical hemodynamic response function (HRF; a double
gamma function with a temporal derivative term) was
convolved with task-vectors (correct Go; incorrect Go;
correct NoGo; incorrect NoGo). Only correct responses
were included in contrast images subjected to second-
level analyses. First-level models specified regressors for
task vectors, ACompCor noise components, and run
(weighted by the number of correct responses). After
high-pass temporal filtering (128s), parameters (beta
coefficients) representing each regressor’s fit to a voxel’s
time series were estimated using the general linear model.
Voxelwise beta estimates were adjusted by their temporal
derivative beta images to reduce latency-induced ampli-
tude bias.*® Mean functional images were normalized
to Montreal Neurological Institute’s EPI template and
smoothed (6 mm FWHM Gaussian filter).

Age-Adjustment Z-scoring

To account for brain maturation during the age range
studied and age differences between the clinical groups,
normal maturation effects were removed from the fMRI
data.®67 Aging effects for each voxel in the HC group
image were modeled, and voxelwise age-adjusted z-scores
for all subjects based on the HC age-regression were
calculated:

Observed beta or contrast value — Predicted

value based on participant’s age

Age-adjusted z-score = ”
gemad Standard error of regression from

HC age regression model

Thus, a participant’s age-adjusted z-score voxelwise map
reflects deviation in fMRI activation, expressed in stan-
dard deviations, from that expected for a HC of the same
age. Behavioral data were similarly adjusted for normal
aging. All regions showing a significant main effect of
group were evaluated for curvilinear effects of age within
the HC group, and in no region did the quadratic age
term account for significant variance in NoGo vs Go
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response beyond the linear age effect (.79 < P < .87) sup-
porting the application of linear regression to control
effects of age. Behavioral metrics were evaluated for cur-
vilinear effects of age within the HC group, and the qua-
dratic age term did not account for significant variance in
NoGo vs Go response beyond the linear age effect in 5 of
the 6 behavioral variables examined (.18 < P < .82). For
the remaining behavioral variable, RT variability, no sig-
nificant differences were found in analyses based on age-
adjustment with the linear vs polynomial age regression
models, and so the more parsimonious linear adjustment
was retained.

Functional Connectivity

To assess connectivity patterns relevant to group differ-
ences in NoGo-Go responses, whole-brain voxelwise
functional connectivity, seeded from regions showing a
main effect of group in the activation analysis, was calcu-
lated using generalized psychophysiological interaction
(gPPI).%%% PPI analysis requires 3 principal regressors:
(a) the psychological regressor, reflecting the task design
convolved with the canonical HRF, () the physiological
regressor, derived from the first eigenvariate of the seed’s
BOLD time series, and (c) the interaction of a X b. The
“PPI” interaction term identifies brain regions differen-
tially correlated with activity in the seed region during
the task conditions being compared, reflecting func-
tional connectivity modulated by task condition. Seeds
were 10 mm spheres around significant NoGo—-Go main
effect of group activation maxima. First-level gPPI anal-
yses were conducted in native space. Contrast and beta
images were normalized, smoothed, and age-corrected,
as described above, before second-level group analyses.

Data Analysis

Analysis of variance (ANOVA) compared continuous
demographic and behavioral variables; chi-square tests
compared categorical variables. Scan motion was calcu-
lated as median motion displacement,® the root mean
square (RMS) of the scan-to-scan change in x-y-z trans-
lation or roll-pitch-yaw rotation. Omnibus ANOVA fol-
low-up tests were corrected with Tukey honest significant
difference tests (HSD) for all pairwise comparisons ex-
cept for RT and RT variability, for which planned con-
trasts compared (a) HC vs combined CHR and ESZ
groups and (b) CHR vs ESZ groups, given the a priori
expectation that RTs would be slower and more variable
in the clinical groups relative to HCs.®!

Voxelwise ANOVA of the age-adjusted main effect
of group activation F-map compared NoGo to Go (ie,
correct rejections vs hits). To correct for multiple com-
parisons, we applied a cluster-defining height threshold
(P < .005; extent > 20 voxels) and a family-wise error
(FWE) cluster-level threshold, P < .05. Mean contrast
values from FWE-corrected clusters showing a significant



main effect of group were extracted for all participants
and corrected with Tukey HSD tests to determine pair-
wise group differences.

Voxelwise ANOVA was conducted on age-adjusted
PPI contrast maps using the same thresholds for group
comparisons as the activation analyses (P < .005 height
threshold; P < .05 FWE cluster-corrected). If no signifi-
cant group PPI effects were detected, main effects across
groups were tested in nonage-corrected data, identifying
regions showing significant differences in connectivity
with the seed region during NoGo vs Go. Given the
greater statistical power to detect task condition (relative
to group) PPI effects, a more stringent voxelwise FDR-
corrected threshold (P < .001; extent > 20 voxels) was
applied.

Correlations with task performance were examined
within HC, CHR, and ESZ groups by testing for group
differences in regression slopes relating activation or
connectivity to RT. Correlations with symptoms (posi-
tive and negative symptom totals) were examined within
CHR and ESZ groups within regions that showed main
effects of group or condition.

Results

Demographics and Task Performance

Groups did not differ on gender, handedness, or scan dis-
placement (rotational or translational motion) (P > .16).
A significant main effect of group (P < .001) on age (ESZ
> HC > CHR) was explained by an older ESZ group vs
HC (P =.005) and CHR (P < .001) groups; the HC group
was marginally older than the CHR group (P = .006).
A significant main effect of group (P = .001) on pSES
was explained by lower pSES in the ESZ group compared
to HC (P = .001) and CHR (P = .04) groups.

Analysis of age-adjusted performance indicated com-
parable accuracy among groups for NoGo, Go, and ¢’
(P > .37). When false alarm errors were expressed as a
proportion of total errors, there was a trend toward a
main effect of group (P = .08) explained by increased
proportional false alarms in HCs vs the ESZ group
(P = .08). There were significant main effects of group on
Go median RT (P = .02) and RT variability (P < .001).
ESZ and CHR RTs were significantly slower (P = .005)
and more variable (P < .001) compared to HCs, but the
2 clinical groups did not differ from each other (P > .82).
RT distribution analyses are presented in supplementary
information.

There were no group differences in the relationship
between NoGo accuracy and RT to Go [Group X RT
term F(2, 124) = .914, P > 4] but there was a significant
common slope collapsed across groups [RT term F(1,
124) = 22.58, P < .001], indicating the expected speed-
accuracy tradeoff was present, regardless of group.
See table 1 for demographic, behavioral, and symptom
measures.

FMRI Response Inhibition Study of Psychosis Risk

Activation Analyses

As expected from prior studies using this task!'>** signif-
icant main effects of condition for NoGo—Go activation
were observed in largely bilateral fronto-parietal and sub-
cortical regions including premotor cortex (BA 6), dorsal
ACC (BA 32), inferior and superior parietal lobules (BA
7,40), thalamus and striatum (FDR P <.001). The reverse
contrast (Go-NoGo) yielded no significant activation at
this threshold. Between-group analyses of NoGo-Go
contrast values revealed significant main effects of group
in right inferior frontal gyrus (RIFG; extending into right
insula) and bilateral dorsal ACC. See table 2 for pairwise
test statistics. Tukey HSD follow-up tests indicated that
within RIFG, both ESZ (P = .001) and CHR (P < .001)
groups showed less NoGo, relative to Go, response than
HC. The same pattern was observed within the bilateral
ACC region for ESZ (P = .04) and CHR (P < .001) com-
pared to HC. This pattern of attenuated NoGo > Go re-
sponse in the clinical groups arose primarily from reduced
NoGo responses rather than increased Go responses, rel-
ative to HC (figure 1). Significant group effects persisted
after controlling, at the between-subject level, for inter-
individual differences in RT, RT variability, and perfor-
mance (d') using ANCOVA models (P < .05). Significant
group effects also persisted in these regions when using
an age-matched grouping strategy in place of age z-scores
(supplementary information).

Functional Connectivity Analyses

Functional connectivity analyses were seeded around
main effect of group activation cluster maxima (RIFG:
36x 23y —11z; ACC: 6x 44y 16z). Age-adjusted PPI maps
showed no significant group effects (P < .005 height
threshold, P < .05 FWE cluster-corrected). We interro-
gated PPI main effects of condition (not age-corrected)
to characterize differential modulation of functional con-
nectivity by Go vs NoGo task conditions across groups.
For the RIFG analysis, no significant effects survived.
For the ACC analysis, there was significantly less cou-
pling during NoGo relative to Go trials between the
ACC and bilateral medial PFC (mPFC; Brodmann area
10), posterior cingulate cortex (PCC), and precuneus
(whole-brain FDR corrected, P < .001; figure 2). These
regions overlapped with anterior and posterior nodes of
the default mode network (DMN); see supplementary
figure 1. This pattern suggests that functional connec-
tivity between dorsal ACC and midline DMN regions
was modulated differently by Go vs NoGo trials. That
is, across all groups, DMN and task-activated ACC func-
tional connectivity was present during Go, but signifi-
cantly decoupled during NoGo.

Lastly, we interrogated significant regions of ACC-
seeded task condition-dependent functional connectivity
(ie, regions showing significant PPI main effects of condi-
tion) for the presence of PPI-RT relationships, including
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Table 1. Demographics of Healthy Control (HC), Clinical High Risk for Psychosis (CHR), and Early Illness Schizophrenia (ESZ)

Participants

HC CHR ESZ
N? 72 30 23
Gender (% male) 51.39 60.00 73.91

Mean = SD Mean = SD Mean = SD
*Age (years) [range] 19.13 £4.8211.3-29.7]  16.96 £ 3.58 [12.1-25.2] 22.51 £3.85[13.8-29.6]
*Parental SES® 28.08 £ 12.61 31.73 £ 14.75 41.57 £16.78
Handedness (% right-handed) 88.06 79.31 91.30
Chlorpromazine® equivalent — — 268.64 + 168.68
Median translation motion displacement (mm) .088 £ .044 .093 £.048 107 £.079
Median rotation motion displacement (degrees) .048 +.029 .052 +.028 .048 +.042

Behavioral performance (age-adjusted z-scores)
Go accuracy (% correct)
NoGo accuracy (% correct)
d
NoGo errors relative to total errors
Total accuracy (% correct, across both trial types)
*Go median reaction time (ms)
*Reaction time variability (ms)

96.49 + 6.67 [.00 + .99]
58.07 + 14.36 [.00 + .99]
2.46 + .78 .00 % .99]
79.87 + .23 [.00 + .99]
90.37 + 5.90 [.00 £ .99]
349.47 + 34.71 [.00 + .99]
109.36 + 26.13 [.00 + 0.99]

94.30 +9.02 [-.24 + 1.34]
57.82 + 18.51 [.05 + 1.24]
2.26 +1.05[.14 + 1.27]
72.06 + 26 [-.26 % 1.11]
88.49 + 8.72 [-.21 * 1.44]
376.30 + 48.40 [.66 + 1.46]
130.43 + 26.68 [0.73 % 1.00]

96.23 + 4.16[~.19 % .66]
61.76 + 13.41 [.16 * .89]
2.34 % .82[-.36 + 1.03]
70.95 + 21 [-.53 £ .97]
90.75 + 4.62 [-.12 + .79]
361.39 +40.90 [.57 * 1.38]
126.01 + 28.47[0.77 + 1.13]

Mean symptom ratings for patient groups®

SOPS positive — 2.26 £0.97 —
SOPS negative — 1.98 £ 1.16 —
SOPS disorganized — 1.46 £ 0.97 —
SOPS general — 2.31£0.98 —
PANSS positive — — 2.28 £0.65
PANSS negative — — 2.54 £0.85
PANSS general — — 2.10£0.43

2PData from 1 HC was not included in this report due to excessive motion artifact (ie, 73 HC images were originally collected). Parental
socioeconomic status (pSES) scores not available for § HC, 0 CHR, 2 ESZ; Handedness scores not available for 5 HC, 1 CHR, 0 ESZ;
Clinical ratings not available for 2 CHR participants and 2 ESZ participants; 1 HC was removed from reaction time (RT) analyses due to
a median RT >3 within-group standard deviations.

°pSES measured by the Hollingshead 2-factor index. Higher Hollingshead scores indicate lower SES. All other assessment measures are
scaled such that higher scores reflect greater levels of the measured variable.

°Chlorpromazine equivalent dosage based on 14/23 ESZ patients due to 3 un-medicated patients and 6 patients with incomplete dosing
information.®> CHR participants were not taking antipsychotic medication at the time of scanning, and therefore no CPZ equivalents
are provided. Among CHR participants 20 were psychotropic medication-free while 10 were taking one or more of the following:
antidepressants, n = 8 (eg, selective serotonin reuptake inhibitors, norepinephrine-dopamine reuptake inhibitors); stimulant or
nonstimulant ADHD medication, » = 3 (eg, atomoxetine, methylphenidate) and/or anticonvulsants, n = 2 (eg, gabapentin, topiramate).
9The sensitivity index, o, is calculated by taking the inverse cumulative distribution function of the hit rate minus the inverse cumulative
distribution function of the false alarm rate, for each individual. A higher & value reflects better signal detection.

Clinical symptom mean ratings are derived from the Scale of Prodromal Symptoms (SOPS) for the CHR group and from the Positive
and Negative Syndrome Scale (PANSS) for the ESZ group.

*Significant omnibus test, P < .05:

*Age: F(2,122) =10.49, P < .001; Tukey—Kramer HSD post hoc tests HC > CHR, P = .06; HC < ESZ, P = .005; CHR < ESZ,

P <.001.

*pSES: F (2, 112) = 7.35, P = .001; Tukey—Kramer HSD post hoc tests HC < ESZ, P =.001; CHR < ESZ, P = .04.

*@Go trial reaction time, age-adjusted F (2, 121) = 4.19, P = .017; planned contrasts HC < CHR + ESZ, P = .005; CHR vs ESZ, P = .82.
*@Go trial reaction time variability, age-adjusted F (2, 121) = 8.13, P <.001; planned contrasts HC < CHR + ESZ, P <.001; CHR vs
ESZ, P = .87.

Nonsignificant (P 2 .05) comparisons:

Gender: ¥’(2, N =125)=3.71, P = .16.

Handedness: X’(4, N = 119) = 4.07, P = .40.

Translational motion displacement, F (2, 122) = 1.14, P = .32.

Rotational motion displacement, F (2, 122) =0.17, P = .85.

Go trial accuracy, age-adjusted F (2, 122) = 0.68, P = .50.

NoGo trial accuracy, age-adjusted F (2, 122) = 0.21, P = .81.

NoGo accuracy (adjusted for total accuracy), age-adjusted F (2, 122) = 2.56, P = .08; Tukey—Kramer HSD post hoc tests HC > ESZ,
P=.08.

d’, age-adjusted F(2, 122) =0.99, P = .37.

slopes were significantly different between groups [group
x RT interaction: F (2, 118) = 3.96, P = .02], even after

testing group differences in regression slopes relating
functional connectivity to RT. Within the mPFC region,
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Table 2. Brain Regions showing a Significant* NoGo-Go Main Effect of Group Comparing Healthy Control (HC), Clinical High-Risk
for Psychosis (CHR), and Early Illness for Schizophrenia (ESZ) Groups

Omnibus Group

F-map FWE Cluster- Pairwise Follow-up

Cluster Neuroanatomy Corrected P-value Tests®

Cluster Size (in Peak MNI

Pairwise Cohen’s d 3 mm? Voxels)  Coordinates (x, y, z)

Bilateral anterior cingulate P = .047
cortex BA: 9, 10, 24, 32

HC>ESZ, P< .04

Right inferior frontal P =.035
cortex (extending into

insular cortex) BA: 13, 47

HC > CHR, P < .001

HC > CHR, P < .001

HC > ESZ, P=.001

HCvs CHR d=0.98 105 6,44, 16
3,44, 25
HC vs ESZ d=0.63 —12,44,13
HCvsCHR d=0.84 95 36,23, -11
24,23, -11
HC vs ESZ d=0.96 36, 14, 14

aCluster-corrected P-values are family-wise error (FWE) corrected, at a height threshold of P < .005; extent = 20 voxels. Brodmann

area = BA.
"Tukey—Kramer HSD post hoc tests, 2-tailed, P < .05.

removing an HC outlier whose median RT value was 3
SD slower than the HC group mean [group X RT interac-
tion: F (2, 117) = 3.35, P = .04]; figure 3. Follow-up tests
of correlations within each group were not significant in
CHR (r=-.15, P= .43) or ESZ (r = —.16 P = .46) groups,
whereas a significant positive relationship was present in
HCs (r = .32, P = .006) indicating that the greater the
HC attenuation of mPFC-ACC functional connectivity
during RI, the faster the RT to Go trials. Within the PCC
region, there were no significant relationships between
PPI values and RT, for either between-group slope differ-
ences [group X RT interaction: F (2, 117) = 0.98, P = .38]
or the common slope of the PPI-RT regression line [RT
term F (1, 119) =0.98, P = .32].

Additional Correlates

Analyses examining NoGo-Go activation association
with symptoms, medication dosage, and RT-activation
slopes were not significant (P > .05) (supplementary
information).

Discussion

Compared to HCs, CHR and ESZ groups had slower
and more variable Go RTs, decreased RIFG and ACC
NoGo activation, and an absence of the normal rela-
tionship in which ACC-mPFC decoupling during
NoGo covaries with faster Go RTs. CHR and ESZ
participants were inconsistent and slow, but not inac-
curate. Further, analysis of RT distributions indicated
both clinical groups had increased RT variability inde-
pendent of long, slow responses characteristic of lapses
(supplementary figure 3). RT slowing and increased
variability are hallmark findings in schizophrenia® and
there tends to be a linear relationship between these 2
metrics.® In the setting of the Go/NoGo task, slow and
variable responding may best be understood as indica-
tors of inefficient response preparation, which could
explain why we observe performance differences in speed

and consistency of responding, rather than in inhibitory
control. The task fosters strong prepotent responding,
with a higher probability of Go (84%) vs NoGo (16%)
trials.!>* This context implicitly elicits a prepotent ten-
dency to “go,” intensifying the need for RI, recruitment
of inhibition-related neural circuitry, and false alarm
propensity. Our data suggest that HCs made use of this
task context, responding more quickly and consistently
than CHR and ESZ groups on Go trials, with a tendency
to commit more false alarms than omission errors (based
on examination of NoGo errors relative to total errors),
similar to the pattern we observed in HCs relative to
chronic schizophrenia patients.”* The strong prepotent
responding in HCs may contribute to their significantly
greater activation of inhibitory control circuitry during
NoGeo trials. However, controlling for behavioral indica-
tors of prepotency did not eliminate group differences
in NoGo-Go activation, demonstrating that prefrontal
hypoactivation in clinical groups is not confounded with
task performance.

Consistent with study hypotheses, CHR and ESZ
groups, compared to HCs, showed significantly reduced
NoGo-Go contrast values in bilateral dorsal ACC
and RIFG/insula (figure 1), regions associated with
response conflict®® and RI." These findings are con-
sistent with the cognitive control literature in schizo-
phrenia. A meta-analysis across executive functioning
tasks found prefrontal hypoactivation, including ACC,
in schizophrenia.?’ More specifically, prior Go/NoGo
fMRI studies of chronic schizophrenia report prefrontal
hypoactivation during RI, in the absence of group per-
formance differences, in ACC?**?%3° and right VLPFC.”
Although fewer studies have used the stop signal task
to examine motor stopping in schizophrenia, reduced
RIFG* and ACC? activation during successful stop
trials, has been reported in patients with schizophrenia
relative to controls using that paradigm as well, though
intact activation to reactive stopping?! has also been
reported. Our results replicate findings of prefrontal
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Fig. 1. Bar graphs display age-adjusted z-score (left) and age un-adjusted (right) cluster mean (*standard error of the mean) by group
for regions showing a significant main effect of group (P < .005 height threshold; P < .05 FWE cluster-corrected). Contrast values are
displayed for NoGo—-Go, whereas individual conditions (NoGo, Go) represent contrasts with the implicit baseline. Both CHR and ESZ
groups showed significantly reduced NoGo-Go response relative to the HC group in right inferior frontal gyrus (RIFG) and anterior
cingulate cortex (ACC) regions.
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Fig. 2. Plots show task condition psychophysiological interaction (PPI) effects, depicting less functional connectivity (fconnectivity)
between the anterior cingulate seed region and medial prefrontal and posterior cingulate/precuneus cortices during NoGo, relative to Go
trials, across all participant groups (main effect of condition FDR whole brain P < .001 corrected). Plot depicts PPI effect within each
participant group (HC = red; CHR = green; ESZ = purple) and collapsed across groups (ALL = aqua).

that observed prefrontal hypoactivation using different
executive tasks.’”*® In particular, the ACC and RIFG
regions that showed hypoactivation in the CHR group

hypoactivation in chronic schizophrenia, and extend
them to early illness and CHR samples. Our data also
support 2 prior studies of the psychosis risk syndrome
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Fig. 3. Significant (P < .05) group differences in the relationship
between reaction time to Go trials vs functional connectivity with
the anterior cingulate cortex (ACC) and medial prefrontal cortex
(mPFC) in NoGo, relative to Go, trials.

in our study anatomically overlap with ACC and RIFG
hypoactivation in CHR individuals in the Colibazzi
et al*” study (supplementary figure 2). There were no sig-
nificant activation differences between CHR and ESZ
groups in our study. Deficits in context-guided response
acquisition and/or inhibition may, therefore, reflect vul-
nerability for psychosis with no progression if full psy-
chosis develops.

In addition to signaling a need for RI, NoGo stimuli are
infrequent and unexpected. NoGo-Go hypoactivation in
the clinical groups could also reflect reduced response to
infrequent stimuli. This alternative interpretation fits with
(a) recent findings showing inferior frontal cortex (IFC)
and IFC-ACC connectivity patterns respond equiva-
lently across tasks that require infrequent response cue
monitoring, regardless of inhibition demands'® and (b)

FMRI Response Inhibition Study of Psychosis Risk

the IFC’s well-established role in stimulus-driven atten-
tion.® Observed activation differences may be explained
by noninhibitory demands of the task, and could relate
to long-recognized schizophrenia-associated alterations
in processing expectancy.®”” Consistent with this possibil-
ity, fMRI studies of schizophrenia using oddball tasks
report reduced TFC activation to infrequent stimuli.®®

Task-dependent functional connectivity analysis
seeded from regions with group activation effects (RIFG;
ACC) revealed no group differences. However, a signifi-
cant PPI main effect of condition indicated that, across
all groups, ACC activation positively correlated with
mPFC and precuneus/PCC activation during Go trials,
while these correlations were significantly absent dur-
ing NoGo trials (figure 2). The mPFC and precuneus/
PCC regions showing this task-modulated connectivity
with the ACC overlapped with DMN nodes (supple-
mentary figure 1), revealing that the ACC is positively
coupled to DMN during prepotent Go responding and
decoupled when responses are inhibited during NoGo.
Further, within HCs, faster Go responders showed
greater ACC-mPFC decoupling during NoGo. This
HC pattern of task substrate-DMN decoupling during
RI correlating with faster Go responses was not present
in CHR or ESZ groups (figure 3). We speculate that the
prepotent responding contextually encouraged by the
task was strongest in the fastest HCs, who consequently
required more ACC-DMN decoupling when inhibiting
responses. Optimal responding may require greater re-
cruitment of task-relevant inhibitory control circuitry
to override the prepotent “Go” motor plan, as well as
greater suppression of DMN activity to devote resources
to overcoming prepotency. Consistent with this interpre-
tation, task-induced DMN deactivation increases with
task difficulty.””" That equivalent inverse coupling of
these regions does not correspond with faster RTs in
the clinical groups could indicate that this functional
connectivity pattern is more effectively translated into
adaptive behavior in HCs. Together, these activation
and connectivity results extend our previous work dem-
onstrating reduced task-induced DMN suppression in
CHR and ESZ participants.*® Our results are consistent
with broader findings indicating the expected reciprocity
between DMN and external “task positive” networks
may be attenuated in schizophrenia,” and demonstrate
that DM N-related deficits associated with schizophrenia
precede illness onset.

These findings are limited by several factors. Foremost,
we have insufficient clinical follow-up to examine psy-
chosis conversion. Additionally, medication status
differed among groups. Within ESZ patients, chlor-
promazine dose equivalents were not associated with
NoGo-Go contrast values or connectivity measures
(supplementary information). The similar magnitude
and direction of brain activation and behavioral effects
within the antipsychotic-free CHR individuals argues
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against antipsychotic medication status accounting for
ESZ group effects. Future research is needed to determine
the extent to which observed alterations of in vivo brain
functioning covary with adaptive functioning and clinical
course. Despite these limitations, we combined analysis
of activation and task-based connectivity to show sim-
ilar behavioral and functional brain alterations in CHR
and ESZ patients, demonstrating that inhibitory con-
trol alterations in schizophrenia predate psychosis onset.
Both clinical groups showed less differentiation between
NoGo and Go activity than HCs, a pattern that may
best be explained by deficits in establishing appropriate
response patterns based on contextual learning that are
well-described in schizophrenia'>'7*3 and detectable
during the CHR phase,** rather than by an inhibitory
deficit per se.

Supplementary Material

Supplementary data are available at Schizophrenia
Bulletin online.
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