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Background: Functional underpinnings of cognitive control deficits in unbiased samples (i.e., all comers) of patients with psychotic
spectrum disorders (PSD) remain actively debated. While many studies suggest hypofrontality in the lateral prefrontal cortex (PFC) and
greater deficits during proactive relative to reactive control, few have examined the full hemodynamic response. Methods: Patients with
PSD (n = 154) and healthy controls (n = 65) performed the AX continuous performance task (AX-CPT) during rapid (460 ms) functional
neuroimaging and underwent full clinical characterization. Results: Behavioural results indicated generalized cognitive deficits (slower
and less accurate) across proactive and reactive control conditions in patients with PSD relative to healthy controls. We observed a
delayed/prolonged neural response in the left dorsolateral PFC, the sensorimotor cortex and the superior parietal lobe during proactive
control for patients with PSD. These proactive hemodynamic abnormalities were better explained by negative rather than by positive
symptoms or by traditional diagnoses according to the Diagnostic and Statistical Manual of Mental Disorders Fourth Edition, Text Revision
(DSM-IV-TR), with subsequent simulations unequivocally demonstrating how these abnormalities could be erroneously interpreted as
hypoactivation. Conversely, true hypoactivity, unassociated with clinical symptoms or DSM-IV-TR diagnoses, was observed within the
ventrolateral PFC during reactive control. Limitations: In spite of guidance for AX-CPT use in neuroimaging studies, one-third of patients
with PSD could not perform the task above chance and were more clinically impaired. Conclusion: Current findings question the utility
of the AX-CPT for neuroimaging-based appraisal of cognitive control across the full spectrum of patients with PSD. Previously reported
lateral PFC “hypoactivity” during proactive control may be more indicative of a delayed/prolonged neural response, important for rehabil-
itative purposes. Negative symptoms may better explain certain behavioural and hemodynamic abnormalities in patients with PSD relative

to DSM-IV-TR diagnoses.

Introduction

Cognitive dysfunction represents a core deficit in patients
with psychotic spectrum disorders (PSDs) and is associated
with impairments in everyday functioning'? as well as with
increased negative symptoms.>® A recent trend has aimed to
reconceptualize the range of cognitive impairments as re-
flecting a “common underlying deficit”®” in proactive cogni-
tive control (i.e., early selection and sustained maintenance
of goal relevant information).>® The Dual Mechanisms of
Control theory®® implicates the involvement of the lateral
prefrontal cortex (IPFC) in instantiating and maintaining
proactive control during cognitive tasks,'” with reduced
IPEC activity typically observed in patients diagnosed with

schizophrenia and PSDs.!"'? In contrast, reactive cognitive
control (i.e., rapid retrieval of previously encoded contextual
information in the presence of competing/conflicting
stimuli)®’® has been reported to be more preserved in schizo-
phrenia.>? However, roles of the dorsolateral prefrontal cor-
tex (dIPFC) versus the ventrolateral prefrontal cortex
(VIPFC) and their associated temporal activation patterns
during cognitive control across PSD remain debated.'>™
Specifically, sustained/tonic activation of the IPFC is pos-
ited to occur during proactive control, reflecting active main-
tenance of task goals via connectivity with sensorimotor re-
gions.?%12 Conversely, transient/phasic activation of the
IPFC is associated with reactive control, indicating more
rapid retrieval of previously encoded contextual information

Correspondence to: A. Mayer, Mind Research Network, Pete and Nancy Domenici Hall, 1101 Yale Blvd NE, Albuquerque, NM 87106 USA;

amayer@mrn.org

Submitted Feb. 27, 2020; Revised Apr. 13, 2020; Accepted May 23, 2020; Published online Aug. 31, 2020

DOI: 10.1503/jpn.190212

© 2020 Joule Inc. or its licensors

430 J Psychiatry Neurosci 2020;45(6)



Mechanisms of cognitive control in PSD

in response to environmental changes.'*!> Decreased neural
variability has also been described as a marker of poor pro-
active engagement in schizophrenia'! and healthy controls.'®
The AX Continuous Performance Test (AX-CPT) is recom-
mended by the Cognitive Neuroscience Treatment Research
to Improve Cognition in Schizophrenia (CNTRICS) initiative
to assess behavioural and functional profiles of goal main-
tenance.” Two recent studies reported decreased prefrontal
and parietal cortex activity for schizophrenia relative to
healthy controls during proactive control,''® and equivalent
activation during reactive control.'> Reduced dIPFC activity
during proactive control has also been reported for schizo-
phrenia compared with other PSDs and healthy controls,*!
is present in those at high risk for developing schizophrenia
and other PSDs,* and represents a stable trait after a first-
episode break.”> Conversely, transient activation within the
vIPFC and sensorimotor regions is found to be largely pre-
served in schizophrenia during reactive control,>"? albeit at
a reduced level.®

Few cognitive control imaging studies have consecutively
recruited patients with PSDs according to the Research Do-
main Criteria (RDoC) framework (i.e., an all comers study).?
Other AX-CPT studies'®'9? have used variable and/or below-
chance behavioural thresholds for study inclusion. Inclusion
of participants who perform poorly on a task hinders the ac-
curate delineation of specific cognitive deficits* and makes it
challenging to determine the basis for neural activity during
task performance (or the lack thereof).” Finally, few studies
have explicitly examined differences in the temporal profile
and variability of the hemodynamic response function (HRF)
during cognitive control in patients with PSD despite grow-
ing evidence of increased sensitivity.?=°

The current study therefore used a multisensory AX-CPT
variant to decouple the timing and variability of hemody-
namic responses (present/absent; transitory/sustained) to
cues and probes. We predicted increased behavioural and
hemodynamic abnormalities during contrasts of proactive
rather than reactive control for patients with PSD'*!® as well
as decreased variability within motor circuitry’® during pro-
active instantiation.!

Methods
Participants

We consecutively recruited 154 patients with PSD (96 males,
32.00 + 9.28 years old) in this RDoC study?® from local psychi-
atric centres and newspaper ads. Patients between the ages of
18 and 65 years were diagnosed with schizophrenia,
schizoaffective disorder or bipolar disorder type I with psy-
chotic features by a board-certified psychiatrist using the
Structured Clinical Interview for the Diagnostic and Statistical
Manual of Mental Disorders Fourth Edition, Text Revision (DSM-
IV-TR).*" Exclusion criteria consisted of the following: contra-
indications for MRI, developmental disorders (e.g., autism
spectrum or intellectual disability), a history of neurologic
diagnoses, moderate or severe head injury (loss of conscious-
ness > 30 minutes), pregnancy, electroconvulsive shock ther-

apy (scheduled or having occurred within the previous
month), or history of substance abuse disorders within the
previous 12 months (excluding marijuana use).

We recruited 65 healthy controls (41 males, 33.25 +
8.15 years old) from local communities through word of
mouth and fliers. Additional exclusion criteria for healthy
controls included the following: history of an Axis I disorder,
recent history of substance abuse, a first-degree relative with
a PSD, or elevated depressive symptoms (score > 29 on the
Beck Depression Inventory).*

Participants were administered urine-based drug screens
and excluded for positive results. Participants provided
informed consent according to institutional guidelines at the
University of New Mexico School of Medicine.

Clinical and neuropsychological assessments

Primary study measures included the Wechsler Test of Adult
Reading, the Measurement and Treatment Research to Im-
prove Cognition in Schizophrenia (MATRICS) Consensus
Cognitive Battery (MCCB; overall and Continuous Perfor-
mance Test-Identical Pairs [CPT-IP] scores), the Executive
Abilities: Measures and Instruments for Neurobehavioural
Evaluation and Research (EXAMINER) executive composite
scale, the University of California San Diego Performance-
Based Skills Assessment Brief Version, and the Quality of
Life Questionnaire in Schizophrenia 18. Patients with PSD
also completed the Positive and Negative Syndrome Scale
(PANSS), the Schizo-Bipolar Scale and other measures evalu-
ating psychopathology, medication and motor dysfunction
(Appendix 1, available at jpn.ca/190212-a1).

Task description

A detailed description of the intermodal AX-CPT
(Fig. 1A/1B) can be found in previous studies by our
group.'®®® Importantly, these studies evidenced behav-
ioural and functional characteristics similar to the stan-
dard intramodal task in healthy controls'® and patients
with schizophrenia.®® Additional supporting information
in Appendix 1, Table S3, indicates similar performance
across groups to previous unisensory implementations of
the AX-CPT. Furthermore, previous research has found
that multisensory cue—probe tasks do not significantly af-
fect performance relative to unisensory cue—probe tasks,*
in addition to not differentially affecting cognitive control
networks across healthy controls and patients with schizo-
phrenia.®? Participants observed a series of visual cues (A
or non-A letters [collectively B]; duration = 500 ms), fol-
lowed by a varied interstimulus interval (2760~3680 ms).
Next, auditory probes (X or non-X letters [collectively Y];
duration = 500 ms) were presented, followed by a varied
intertrial interval (4060~4980 ms). The target response was
made during an X probe that was preceded by an A cue,
and nontarget responses were made during cue presenta-
tion; an X probe preceded by a B cue; or a Y probe pre-
ceded by any cue (A or B). The jittering between the in-
terstimulus interval and intertrial interval minimized
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nonlinear summing of the HRF between cue-probe Imaging, processing and statistical analyses
phases” and decreased temporal expectations.

Trials were presented pseudorandomly, each run main- We collected MRI data on a Siemens 3 T Tim Trio scanner
taining an equivalent probability structure (AX = 70%, AY/ with a 32-channel head coil. We collected structural scans
BX/BY = 10%), resulting in trial counts of AX =112, AY = 16, using a multi-echo magnetization-prepared rapid gradient-

BX =16, BY = 16. The proportion of low probability (10% AY echo T\-weighted sequence (5-echo; 1 x 1 x 1 mm voxels). We
and BX) versus high probability (70% AX) AX-CPT trials collected functional data for the AX-CPT using a single-shot,

necessitates a longer scan session to achieve the minimum gradient-echo echoplanar pulse sequence with simultaneous
trials needed for neural modelling. Prior to entering the scan- multi-slice technology (repetition time 460 ms; multiband ac-
ner, participants were given detailed instructions on the task celeration factor = 8; 3.02 x 3.02 x 3.00 mm voxels). We also
and performed up to 3 blocks of practice trials (Appendix 1). collected a single band reference image and 2 spin-echo dis-
We performed behavioural analyses on median reaction tortion mapping pre-scan sequences (Appendix 1).
time for correct trials (primary), accuracy (% correct; second- We preprocessed time-series data using AFNI and FSL
ary), behavioural shift index (secondary), d’-index and re- and included despiking, 2- and 3-dimensional motion cor-
sponse variability (secondary). For the latter, Pitman-Morgan rection, susceptibility-induced field distortions correction
tests (Appendix 1) assessed whether variance was greater (FSL Topup), spatial normalization and smoothing (6 mm
during proactive (BX) relative to reactive (AY) trials."® Gaussian kernel). Voxel-wise deconvolution analysis
A B
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Fig. 1: (A and B) These panels graphically represent the task, including the interstimulus interval (ISI) between cues and probes. Correct
responses to cues and probes are denoted in panels. (C) Box-and-scatter plots depict reaction time (RT) between healthy controls (n =
58; blue diamonds) and good-performing patients with psychotic spectrum disorder (PSD,,; = 56% accuracy on all conditions; n = 105; red
diamonds).

*hk

p < 0.001; **p < 0.01; *p < 0.05. CR = correct response; N = no; Y = yes.
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generated a single HRF for each trial type based on the
first 14.26 s post-stimulus onset,'® separately modelling cor-
rect and incorrect responses along with 6 motion param-
eters and their first-order derivatives® relative to the base-
line state (visual fixation plus gradient noise). To ensure
adequate task performance and proper engagement of rele-
vant neural circuitry for appropriate modelling of AY and
BX trials (9/16 trials), all participants were required to
achieve a minimum accuracy rate of 56%. Beta coefficients
were summed for peak (activation = 3.22-5.06 s post-
stimulus) and late-peak (5.06-6.90 s) images and divided by

the average constant intercept to capture temporal dynam-
ics associated with cognitive control.’®

Based on previous studies using the AX-CPT,** we identi-
fied a priori, spherical (12 mm radius) regions of interest
(ROIs; Fig. 2A) for the bilateral dIPFC (Talairach coordinates, x
=+41,y=18,z=28) and VIPFC (x =+ 36, y =22, 2 = 6). A se-
ries of 2 x 2 x 2 (group [PSD v. healthy controls] x condition x
time [peak v. late peak]) mixed-measures analyses of covari-
ance (ANCOVAs), with mean frame-wise displacement as a
covariate, examined functional activation across the following
principal contrasts: increased proactive processes during cue
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Fig. 2: (A) A priori regions of interest (ROls; 12 mm sphere) within the bilateral dorsolateral prefrontal cortex (dIPFC; x = + 41, y = 18, z = 28) and
ventrolateral prefrontal cortex (VIPFC; x = + 36, y = 22, z = 26) based on the Talairach atlas (z = axial slice location). Line graphs with standard
error bars represent the percent signal change (PSC) from baseline for the average hemodynamic response (B) within the dIPFC across cue con-
ditions, and averaged across (C) proactive (B~BX) trials within the dIPFC and (D) reactive (A~AY) trials within the vIPFC contrasting healthy control
(n = 58; blue line) and good-performing patients with psychotic spectrum disorder (PSD,,; n = 105; red line) groups. Panel background shading
designates peak (dark grey) or late peak (light grey) phases of the hemodynamic response. L = left; R = right.
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presentation (B v. A); reactive versus proactive processes dur-
ing probe presentation (AY v. BX); proactive (B v. BX) and re-
active (A v. AY) control across the entire cue/probe phase.
These contrasts were based on previous studies (Appendix 1,
Table S1) for cues'>*! and probe*'®* models of proactive (B and
BX) and reactive (AY) control. We used full cue—probe® con-
trasts to assess the full time-course of neuronal activation dur-
ing prototypical proactive (B~BX) and reactive (A~AY) states.

Group effects and interactions are presented here; condi-
tion effects and interactions are briefly discussed in Appen-
dix 1. We corrected voxel-wise results for false positives (p <
0.05) based on 10000 Monte-Carlo simulations (p < 0.001) and
spherical autocorrelation estimates*' according to the latest
recommendations.” Volume thresholding was set at 513 pL.
Finally, all significant (PSD v. healthy controls) behavioural
and/or functional results underwent additional ANCOVAs
within PSD, including both DSM-IV-TR diagnosis and
PANSS positive and negative subscales to determine whether
diagnostic category or positive/negative psychotic symp-
toms accounted for unique variance.® We predicted
spectrum-dependent (schizophrenia > schizoaffective disor-
der > bipolar disorder type I) behavioural and functional def-
icits during proactive control conditions,' primarily medi-
ated by negative clinical symptoms.**

Results
Demographics and clinical data

Surprisingly, 46 PSD patients and 6 healthy controls were
excluded from behavioural analysis for poor performance
(< 56% accuracy on at least 1 trial type) despite practice before
scanning. Three additional PSD patients and 1 healthy control
participant were excluded for excessive (3 times interquartile
range) head motion relative to their group. Therefore, the
functional MRI analyses consisted of 105 good-performing pa-
tients with PSD (PSD,,; schizophrenia = 65, schizoaffective
disorder = 9, bipolar disorder type I = 31; 69 males; 31.58 +
9.32 years old) and 58 healthy controls (34 males; 32.90 +
8.25 years old). Clinical and behavioural comparisons includ-
ing poor-performing patients with PSD (PSD,,; schizophre-
nia= 34, schizoaffective disorder = 3, bipolar disorder type I =
9; 26 males; 32.57 + 9.30 years old) are also presented for full
disclosure (Appendix 1).

We found no significant differences in sex, age or premor-
bid intelligence (all p > 0.05) between PSD,, and healthy con-
trols (Table 1). The PSD,, group had lower educational attain-
ment, executive composite score, MCCB overall cognitive
battery score, MCCB CPT-IP score, quality of life and per-
formance total scores, and elevated nicotine dependence rela-
tive to healthy controls (all p < 0.01; Table 1). However, PSD,,
presented higher educational attainment, premorbid intelli-
gence, executive composite score, MCCB overall cognitive bat-
tery score, MCCB CPT-IP score and performance total scores
relative to the PSD,,. The PSD,, group also demonstrated
lower levels of clinical symptoms (PANSS subscales) and were
less medicated (olanzapine equivalence) than the PSD,, group
(all p<0.01; Table 1).

Behavioural results

We observed significant group effects across all 4 principal
reaction time analyses (PSD,, > healthy controls; all p < 0.01;
Fig. 1C) in conjunction with nonsignificant group x condition
interactions (all p > 0.10), indicative of overall slowing for
PSD. Expected main effects of condition were exhibited for
cue (F, s = 47.92, p <0.001; B > A) and probe (F, = 69.90, p <
0.001; AY > BX) contrasts.>!* Cue—probe effects were present
for A versus AY (F,,; = 324.87, p < 0.001; A < AY) and absent
for B versus BX (p = 0.88). We repeated analyses using all
PSD to align with previous investigations,*>*! and results in-
dicated a proactive deficit driven primarily by PSD,, (Appen-
dix 1, Figure S1).

Secondary analyses indicated group differences in accu-
racy (healthy controls > PSD,; all p < 0.05) for A/AX/BX/
BY conditions, as well as the d’-index. We found no group
differences in response time variance during the AY versus
BX contrast (p > 0.10). Finally, supplemental assessments
replicated previous observations'® that the behavioural shift
index was explained primarily by BX (PSD,, R*> = 73%; healthy
controls R? = 80%) rather than AY (PSD,, R* = 2%; healthy con-
trols R* = 8%) variance in both groups.

Functional task results

The PSD,, group displayed greater mean frame-wise dis-
placement relative to healthy controls (p < 0.001; Z = —4.48;
r = 0.35). We performed all subsequent functional analyses
with mean frame-wise displacement as a covariate of non-
interest. Mixed-measures ANCOVAs of dIPFC ROI activity
exhibited a significant group x cue x time interaction in the
A versus B contrast (F, 5 = 4.16, p = 0.043; n,>= 0.03; Fig. 2B).
Follow-up tests indicated no group differences across the
HREF in either the A or B cue, and within-group tests indi-
cated a similar temporal pattern of activation (peak > late
peak) across groups following A cues. In contrast, whereas
healthy controls (p = 0.003) exhibited a similar pattern fol-
lowing B cues (peak > late peak), patients with PSD (p = 0.87)
exhibited statistically equivalent activation across both HRF
periods (peak ~ late peak). We observed a significant group x
time interaction for the B versus BX contrast (F,,,= 5.86, p =
0.017; n,2 = 0.04; Fig. 2C), with no group differences across
both HRF periods (all p > 0.05). We observed time-
dependent differences in activity within groups for healthy
controls (peak > late peak; p < 0.05) but not PSD,, (peak ~ late
peak; p > 0.10). The probe (AY v. BX) and A versus AY con-
trasts did not demonstrate group effects or interactions for
dIPFC activity.

The vIPFC ROI exhibited a significant group effect (F,,, =
4.03, p = 0.046; n,? = 0.03; Fig. 2D) for the A versus AY con-
trast; healthy controls showed increased overall activity rela-
tive to PSD,,. All other VIPFC contrasts were nonsignificant
for group effects or interactions (all p > 0.05).

Whole-brain analyses for the B versus BX contrast re-
sulted in significant group x time interactions (Fig. 3A) in
the left dIPFC (599 uL; Brodmann area [BA] 9), posterior
sensorimotor cortex (SMC), extending into the left inferior
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parietal lobe (804 uL; BA 2/40) and the posterior portion of
the left superior parietal lobe (SPL), extending in the precu-
neus (602 uL; BA 7/19). The SMC and SPL interactions were
characterized by statistically equivalent activation across

groups during the peak period, coupled with decreased ac-
tivation in healthy controls relative to PSD,, in the late peak
period (Fig. 3B). In contrast, we found no group differences
for the dIPFC. Instead, we observed an inverse pattern of

Table 1: Demographic characteristics and cognitive and clinical measures

p value p value
Characteristic Control (n = 58) PSD,, (n = 105) (effect size)*t PSD,, (n = 46) (effect size)tt
Demographics
Age, yr 32.90 + 8.25 31.58 +9.32 0.25 32.57 +9.30 0.54
(r=-0.09) (r=0.05)
Female, % 41.38 34.29 0.37 43.48 0.28
Education level, yr 15.26 + 1.84 13.75 +2.26 < 0.001 12.24 + 2.38 < 0.001
(r=-0.33) (r=0.31)
Cognitive measures
Wechsler Test of Adult Reading, t score 56.32 + 6.84 53.82 +9.38 0.17 44.35 + 10.56 <0.001
(r=-0.11) (r=0.40)
MATRICS Consensus Cognitive Battery, overall 49.55 + 8.36 39.49 + 11.19 < 0.001 26.63 + 8.74 < 0.001
(d =-1 02) (r = 051)
MATRICS Consensus Cognitive Battery, 46.95 + 10.14 40.40 + 12.07 0.001 30.87 + 11.78 < 0.001
Continuous Performance Test-Identical Pairs score (d =-0.57) (d =-0.80)
EXAMINER, executive composite 1.05 £ 0.56 0.54 + 0.59 < 0.001 0.04 +0.65 < 0.001
(d =-0.89) (d =0.80)
Fagerstrom Test for Nicotine Dependence 0.48 +1.44 143 +2.28 0.002 1.76 £ 2.70 0.55
(r=-0.25) (r=0.05)
Everyday functioning measures
UCSD Performance-Based Skills Assessment Brief 78.52 + 11.34 7217 + 13.96 0.010 60.58 + 15.68 < 0.001
Version, total score (r=-0.20) (r=0.35)
Quality of Life Questionnaire in Schizophrenia 18, 67.54 + 8.17 56.54 + 14.24 < 0.001 56.19 + 16.16 0.82
total score (r=-0.42) (r=0.02)
Clinical measures
Age at symptom onset, yr — 20.38 +6.14 — 19.72 + 5.47 0.32
(r=10.08)
lliness duration, yr — 11.35+9.20 — 11.85 + 8.69 0.75
(r=10.03)
Olanzapine equivalent, mg/d — 10.77 + 11.24 —_ 14.41 + 9.41 0.005
(r=0.23)
Clinical Global Impressions Scale — 3.32 £ 0.91 — 3.74 £ 0.83 0.008
(r=0.22)
Abnormal Involuntary Movement Scale — 0.49 + 0.90 — 0.38 + 0.86** 0.40
(r=0.07)
Barnes Akathisia Scale — 0.43 +1.11 — 0.40 + 0.86™* 0.71
(r=10.03)
Simpson Angus Scale — 0.95 + 1.96 — 0.82 + 1.35™* 0.99
(r=0.002)
Schizo-Bipolar Scale — 5.78 + 2.68 — 6.20 + 2.81 0.27
(r=10.09)
Positive and Negative Syndrome Scale, positive — 12.75+5.05 — 15.33 + 5.02 0.001
(r=0.27)
Positive and Negative Syndrome Scale, negative — 12.62 + 4.27 — 15.78 + 6.31 0.002
(r=0.25)
Positive and Negative Syndrome Scale, general — 24.58 + 6.45 — 28.72 +7.74 < 0.001
(r=10.30)
Specific Levels of Functioning—Informant, total§ — 90.35 + 16.99 — 87.71 £ 20.73 0.68
(r=10.03)

EXAMINER = Executive Abilities; Measures and Instruments for Neurobehavioural Evaluation and Research; MATRICS = Measurement and Treatment Research to Improve Cognition in
Schizophrenia; PSD,, = psychotic spectrum disorder, good performers; PSD,, = psychotic spectrum disorder, poor performers; UCSD = University of California San Diego.

*Controls v. PSD,,

TEffect size was calculated using Cohen’s d or the Mann—-Whitney U test (r).
$PSD,, v. PSD,,.

§PSD,, (n = 84) and PSD,, (n = 31).

qPSD,, (n = 102).

**PSD,, (n = 45).
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activity in the dIPFC for healthy controls (peak > late peak)
relative to patients with PSD (peak < late peak), indicative
of a delayed HRF.

We observed a group x time interaction for the probe (AY

controls) but not the peak phase of the HRF. We found no
group effects or interactions for cue (A v. B) or A versus AY
contrasts during whole-brain analyses.

Activity within all significant ROI and whole-brain clusters

v. BX) contrast in the right fusiform gyrus extending into the
cerebellum (545 uL; BA 19; Appendix 1, Fig. S2), indicating
group differences during the late-peak phase (PSD > healthy

were not associated with medication load (olanzapine
equivalence), nicotine dependence or extrapyramidal
symptoms among patients with PSD,, (all p > 0.05).

A Bv.BX: Group x time
SPL

dIPFC
x=-52
Group X time ——
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Fig. 3: (A) Significant group x time interaction for the B versus BX contrast within the left dorsolateral prefrontal cortex (dIPFC), sensorimotor
cortex (SMC) and superior parietal lobe (SPL) based on the Talairach atlas (x = sagittal slice location). The significance level of the omnibus
test is denoted by colour (red: p < 0.001; yellow: p < 0.0001). (B) Line graphs with standard error bars represent the percent signal change
(PSC) from baseline for the average hemodynamic response averaged across B and BX conditions within the dIPFC (left), SMC (centre) and
SPL (right) between healthy controls (n = 58; blue line) and good-performing patients with psychotic spectrum disorder (PSD,,; n = 105; red
line). Panel background shading designates peak (dark grey) or late peak (light grey) phases of the hemodynamic response. (C) The design
matrix for AX probes (black square wave; up: stimulus on; down: stimulus off) was convolved with a double vy variate function to form a simu-
lated ideal HRF (dashed black line). Realistic noise was added to the ideal hemodynamic response function (HRF; green line) based on empir-
ical data. The coral line represents a simulated HRF time shifted by 920 ms (2 TRs) with experimental noise. Importantly, noise was randomly
applied for all simulations, so the data presented in panel A are only a representative example. (D) Box-and-scatter plot of decreasing 3 co-
efficients corresponding to the ideal HRF regressed upon the 10 time-shifted data averaged over 100 iterations, with each shift corresponding
to 460 ms. (E) Percentage of significant (p < 0.001) results from 1000 permutations when comparing shifted versus unshifted data across
sample sizes ranging from 20-100. The horizontal dotted line indicates cases where 90% of permutations were significant. Presented re-
sults are limited to 460 ms (circle) or 920 ms (diamond) shifts, given that all tests at all sample sizes achieved statistical significance thereaf-
ter. L = left; TR = repetition time.
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Motor variability analyses

Following our previous study,'® variability analyses focused
on activity in the left primary motor cortex and bilateral
supplementary motor area during the after-peak phase
(6.90-8.30 s) for cue comparisons and pre-peak phase for
probe contrasts (1.38-3.22 s post-probe; Fig. 4A). Findings
indicated that healthy controls (r = —0.55) exhibited signifi-
cantly greater post-peak variability for B relative to A cues
in the left primary motor cortex (Z = —2.07, p = 0.038; Fig. 4B)
compared to patients with PSD,, (r = —0.26), but nonsignifi-
cant findings in the supplementary motor area (p = 0.18;
Fig. 4C). We also independently replicated previous find-
ings'® of greater post-peak variability following B relative to
A cues in the supplementary motor area (r = —0.47, p < 0.001)
across both groups and greater pre-peak variability ob-
served for BX relative to AY probes in the left primary motor
cortex (r = —0.49, p < 0.001) and supplementary motor area
(r=-0.54, p < 0.001).

Relationships with DSM diagnosis and symptomatology

Finally, ANCOVAs for patients with PSD only indicated that
DSM diagnosis and positive and negative symptoms were
not associated with behavioural slowing (A, B, AY, BX reac-
tion times; all p > 0.05) or with abnormalities in hemo-
dynamic activity within dIPFC and vIPFC ROIs (p > 0.05).
However, negative symptoms demonstrated a positive rela-
tionship with magnitude difference across peak and late-
peak periods for both the left SPL (F, = 4.45, p = 0.037; n,> =
0.04) and dIPFC (F,4 = 5.41, p = 0.022; 1,*> = 0.05) clusters; in-
creased late-peak relative to peak activity was associated
with elevated negative symptoms, but DSM diagnosis was
not associated for either cluster (all p > 0.05).

Simulation analyses

Based on current and previous results,''> simulations were
conducted to examine the effects of a delayed (i.e., time-
shifted) hemodynamic response on resultant B coefficients
(Appendix 1, Fig. S3C to E). Briefly, canonical HRFs were
shifted from 1 to 10 repetition times (TRs; 460 ms), followed
by the addition of realistic noise. Simulated data were per-
mutated 100 times and compared using jackknife resampling
across sample sizes ranging from 20 to 100 for 1000 iterations.
Results indicated that delays of a single TR resulted in signifi-
cantly reduced P coefficients relative to non-delayed HRF
with sample sizes of 30 in both groups at thresholds of p <
0.001 on 34.2% of the iterations. However, a delay of 2 TRs
(920 ms) was significant for 100% of the jackknife samples
(n = 20-100). Thus, previous studies that did not explicitly
model temporal HRF characteristics during cognitive-control
tasks may have interpreted a delayed/abnormal HRF re-
sponse as being indicative of hypoactivation.

Discussion

An unexpected finding from the current study was that ap-
proximately 30% of our consecutively recruited PSD sample
could not perform the AX-CPT above chance (= 56% accu-
racy), even with adequate training before scanning. The
poor-performing subgroup also presented with increased
cognitive and everyday functioning deficits, global clinical
symptomatology, positive and negative symptoms and
greater deficits in proactive control, and they were more
medicated than the good-performing PSD group. While the
relationship of poor performance on a complex cognitive
task with other indices of impairment is expected, these
findings collectively question the utility of the AX-CPT to
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Fig. 4: (A) A priori regions of interest (12 mm sphere) within the supplementary motor area (SMA; x = -2, y= -7, z = 55) and the left primary
motor cortex (PMC; x = -39, y= —-38, z = 55) based on the Talairach atlas (z = axial slice location). Box-and-scatter plots present percent sig-
nal change (PSC) from baseline for the average hemodynamic response within (B) the left PMC and (C) SMA across A (green diamonds) and
B (coral diamonds) cue conditions separately for healthy controls (n = 58) and good-performing patients with psychotic spectrum disorder

(PSD,; n = 105). *p < 0.05. L = left; R = right; ROI = region of interest.
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appraise goal maintenance/cognitive control with func-
tional neuroimaging as recommended by CNTRICS."” We
observed overall response slowing and decreased accuracy
for PSD,, during proactive and reactive cognitive control
relative to controls, with no clear statistical differences
based on DSM diagnosis. The results from good performing
patients with PSD were therefore more consistent with gen-
eralized cognitive control deficits,?* rather than with a spe-
cific deficit in proactive control.'>!® In contrast, supplemen-
tal analyses indicated that a more specific deficit in
proactive control was observed when all patients with PSD
were included in behavioural analyses.?'2?!

Previous AX-CPT imaging studies implemented lower per-
formance thresholds (e.g., > 10% accuracy on AX/AY/BX or
> 50% accuracy on BY;"® > 44% accuracy on AX and > 50%
accuracy on BY") or did not report performance criteria to
differentiate good versus poor performers.’> While lower-
than-chance cutoffs can be used when focusing on behav-
ioural impairments, neural activity cannot be appropriately
modelled using such low thresholds for several reasons.
First, error trials have different neural signatures and associ-
ated variance relative to correct trials.® Second, the power of
discriminating specific from overall cognitive deficits in clin-
ical groups is reduced when using below-chance perform-
ance on a task,? leading to inherently biased samples that
could hinder reverse inference of the investigated region (i.e.,
is the brain region really involved in the task),” and to un-
biased differences in activity between groups. Therefore, al-
though previous AX-CPT studies have used below-chance
accuracy rates in schizophrenia® and PSDs," determining the
neural basis of these performance deficits for any clinical
sample may not be feasible.

Current methodologies (rapid temporal sampling in con-
junction with deconvolution) permitted a fine-grained tem-
poral analysis of hemodynamic activity separately for cor-
rect cues and probes, with results indicating different types
of functional abnormalities during proactive (B cue and
BX-probe) relative to reactive (A and AY) control. During
proactive control, the HRF was delayed and/or prolonged
for patients with PSD in the left dIPFC, SMC and SPL. The
dIPFC is commonly implicated in goal maintenance and
top—down bias for processing upcoming stimuli,*"! whereas
both the SMC and SPL are involved in interference condi-
tions for both proactive***” and reactive'®'¢ control.

Previous studies in schizophrenia®!118202340 and PSDs!?
typically report hypoactivity during proactive control condi-
tions. Other studies report abnormal delays in the temporal
profile of the HRF in lieu of magnitude differences for pa-
tients with PSD relative to healthy controls.?** This includes
the absence of the post-stimulus undershoot,” which was
also qualitatively evident in the current findings (Fig. 2 and
Fig. 3). Subsequent simulations clearly demonstrated how a
delayed HRF could manifest as “hypoactivation” in more
common functional MRI (i.e., fixed shape) modelling tech-
niques. The delayed and/or prolonged activity in higher-
order cognitive control regions could therefore be attributed
to increased cognitive demand in PSD,* or it could be the re-
sult of overall behavioural slowing across proactive trials.*

This delineation is important because hypoactivity suggests a
cortical processing deficit that hinders performance of the
task, whereas a delayed hemodynamic response suggests
more typical but slowed cortical reactivity. Similar to a recent
study on connectivity profiles,® these 2 responses would
likely involve different therapeutic strategies.

For the reactive control condition, the current study ob-
served minimal vIPFC activity (i.e., true hypoactivation) for
patients with PSD relative to healthy controls across the cue-
probe (A and AY) period during ROI analyses. Although
some studies have observed reduced anterior insula/vIPFC
activity in PSD and schizophrenia,®' others report preserved
activity,'?5? with findings seemingly dependent on the type
of contrast employed. In the context of the current study, the
reduced VIPFC activity most likely reflects differences in the
ability of patients with PSD to inhibit a prepotent motor re-
sponse relative to healthy controls.”® Finally, crus I of the
cerebellum demonstrated increased activity in patients with
PSD relative to healthy controls across both proactive and
reactive probe conditions. This region of the cerebellum has
previously been observed to be involved in the “executive
task” network™ and has connections with the dIPFC.* The
increased activity across probes could represent impairment
in making connections of contextual demands, as well as
error response modulation in patients with PSD.>*

We have previously demonstrated'® and now replicated in-
creased behavioural variability for BX relative to AY probes,
with BX probes also accounting for the majority of variance
in the behavioural shift index. Similarly, we observed in-
creased variance for healthy controls relative to patients with
PSD in motor circuitry during proactive (B cue and BX-
probe) relative to reactive (A and AY) control. Increased
neural variability within frontostriatal-motor systems likely
reflect individual differences in the use of diverse strategies
during proactive control relative to a more homogeneous ap-
proach during reactive trials.® The observed group difference
in variability therefore represents increased attentional and
varied proactive responding in healthy controls relative to
less variable and more reactive responding in patients with
PSD during proactive conditions.®

This study implemented RDoC-style recruitment and an-
alyses to investigate the contribution of symptom burden
(here positive and negative symptoms) versus DSM diagno-
ses in cognitive control.* A previous study by Smucny and
colleagues' demonstrated a linear trend of performance
among participants with PSD: participants with schizophre-
nia and bipolar disorder type I performed worse than healthy
controls, but participants with bipolar disorder type I per-
formed better than participants with schizophrenia on behav-
ioural and functional outcomes. However, other work in a
similar sample indicates that positive and negative symptom
burden explains more variance for both everyday function-
ing deficits (replicated across cohorts) and cognitive dysfunc-
tion (observed for a single cohort) relative to traditional DSM
diagnoses.* Similar results have been observed for disorg-
anized symptoms in schizophrenia®*'? and bipolar disorder
type LY In the current study, negative symptom load was as-
sociated with abnormal activity within the dIPFC and SPL,
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irrespective of DSM diagnosis and positive symptom burden,
indicating the importance of negative symptomatology on
performance and compensatory effort in PSDs.*® We ob-
served null findings for functional abnormalities in terms of
reactive control for both symptom burden and DSM diagno-
ses. Therefore, both current and previous results®#% suggest
that symptom burden may have greater effects on cognitive
and neural performance above and beyond traditional diag-
nostic categories.

Limitations

The current experiment was limited by several factors. First,
functional MRI may be inherently restrictive in truly delin-
eating sustained versus transient activity during proactive/
reactive cognitive control due to the temporally sluggish
nature of brain hemodynamics, even with the more rapid
sampling scheme used in the current experiment. Second,
a primary aim of the study was to implement RDoC-style re-
cruitment and analysis. However, a large number of patients
with PSD were subsequently excluded for poor performance
(schizophrenia = 34; schizoaffective disorder = 3; bipolar dis-
order type I = 9), contributing to limited sample size and
power, further highlighting issues using the AX-CPT for in-
clusive hemodynamic modelling of cognitive performance.
Finally, future studies will aim to include additional cogni-
tive tests to better ascertain domain ability.

Conclusion

Current results indicate delayed and/or prolonged dIPFC,
SMC and SPL activity for a subset of patients with PSD (i.e.,
who performed the task above chance levels) relative to
healthy controls, potentially representing aberrant activa-
tion of the dIPFC in terms of subsequent signalling to the
SMC and SPL during proactive control. Hemodynamic ab-
normalities were better explained by negative symptom
burden relative to DSM diagnosis. In contrast, decreased
vIPFC activation may indicate impairment in the inhibition
of prepotent motor responses during reactive control. Cur-
rent and previous findings™ suggest that selective impair-
ment in proactive control may be limited to lower-
functioning PSD, with unique contributions of specific
regions of the IPFC to cognitive control strategies.'®!* Previ-
ous findings of a “hypoactive” profile may be the result of
more restrictive approaches to hemodynamic modelling
that fail to assess the temporally delayed aspect of the HRF
in schizophrenia and PSDs.2-
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