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Abstract
Background
Schizophrenia (SCZ) is marked by working memory (WM) deficits, which predict poor functional
outcome. While most functional magnetic resonance imaging (fMRI) studies of WM in SCZ focus on
dorsolateral prefrontal cortex (dlPFC), recent work suggests medial PFC (mPFC) may play a role. We
investigated whether task-evoked mPFC deactivation is associated with WM performance, and whether it
mediates deficits in SCZ. Additionally, we investigated associations between mPFC deactivation and

of

cortical dopamine release.
Methods

ro

Patients with SCZ (N=41) and HC (N=40) performed a visual object n-back task during fMRI.

-p

Dopamine release capacity in mPFC was quantified with [11C]FLB457 in a subset of participants (9 SCZ,

re

14 HC) using an amphetamine challenge. Correlations between task-evoked deactivation and

Results

na

diagnosis and dopamine release.

lP

performance were assessed in mPFC and dlPFC masks, and was further examined for relationships with

ur

mPFC deactivation was associated with WM task performance, but dlPFC activation was not.

Jo

Deactivation in mPFC was reduced in SCZ relative to HC and mediated the relationship between
diagnosis and WM performance. Additionally, mPFC deactivation was significantly and inversely
associated with dopamine release capacity across groups and in HCs alone, but not in patients.
Conclusions
Reduced WM task-evoked mPFC deactivation is a mediator of, and potential substrate for, WM
impairment in SCZ, although our study design does not rule out that these findings could relate to
cognition in general rather than WM specifically. We further present preliminary evidence of an inverse
association between deactivation during WM tasks and dopamine release capacity in mPFC.
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BOLD, blood-oxygen-level-dependent;
BPND, binding potential relative to the non-displaceable compartment;
dlPFC, dorsolateral prefrontal cortex;
D2/3R, dopamine receptor D2/3;
DF, drug free;
DMN, default mode network;
DN, drug naïve;
FD, framewise displacement;
fMRI, functional magnetic resonance imaging;
FWER, family-wise error rate;
HC, healthy control;
HRF, hemodynamic response function;
lPFC, lateral prefrontal cortex;
mPFC, medial prefrontal cortex;
PANSS, Positive and Negative Syndrome Scale;
PET, positron emission tomography;
RMS, root-mean-square;
ROI, region of interest,
SCZ, schizophrenia;
SANS, Scale for the Assessment of Negative Symptoms;
SAPS, Scale for the Assessment of Positive Symptoms;
SD, standard deviation;
SES, socioeconomic status;
PALM, Permutation Analysis of Linear Models
TFCE, threshold-free cluster enhancement;
TMS, transcranial magnetic stimulation;
WM, working memory.
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Introduction
Cognitive deficit has long been recognized as a hallmark of the schizophrenia syndrome (1-5),
but is only modestly improved with antipsychotic treatment (6-11). Patients with schizophrenia (SCZ)
exhibit particularly severe impairments in working memory (WM) (12, 13), which are highly predictive of
patients’ functional outcomes (4, 11, 14, 15). WM performance in humans and nonhuman primates
depends on prefrontal cortical circuits and their dopaminergic modulation (16-20) and pathology of the
prefrontal cortex is implicated in the etiology of SCZ (21-31), including reduced cortical dopamine release

of

(32). Consequently, identifying WM task-evoked functional deficits in neural activation that could explain
impaired WM and provide a link to molecular abnormalities is a major goal in SCZ research.

ro

The medial prefrontal cortex (mPFC, which includes portions of the pregenual and subgenual

-p

cingulate) is a major component of the default mode network (DMN), active in the resting state and during

re

autobiographical, self-referential, or otherwise internally-directed cognition (33-37). Conversely, mPFC is

lP

deactivated during externally-oriented, goal-directed, tasks such as WM, and mPFC deactivation
magnitude is correlated with WM performance (38-40). Patients with SCZ consistently show reduced

na

DMN deactivation, including mPFC, during WM relative to healthy controls (HC), which may reflect a

ur

reduced ability to suppress internally-focused cognition or a general inability to shift from task-negative to

Jo

optimal task-positive brain states in response to task demands (38, 40-48). However, few studies (e.g.,
40, 43) have examined associations between mPFC hypodeactivation and WM performance in SCZ,
which is necessary for group differences in activation to have explanatory power over WM impairment in
SCZ. Critically, one of these studies (43) was an investigation of only 13 patients and employed nowoutdated statistical methodologies, while the other (40) used a relatively under-studied WM task, the SelfOrdered WM Task. In addition, the mechanisms by which cortical hypodopaminergia (32, 49) may
produce WM deficits in SCZ, including potential relationships with mPFC hypodeactivaiton, are unclear.
Furthermore, the role of dopamine in DMN function and deactivation during WM tasks is poorly
understood. In dorsolateral prefrontal cortex (dlPFC), dopamine is thought to mediate the balance of
excitation and inhibition via D1 and D2 receptors by activating GABAergic and pyramidal cells, thus
increasing signal to noise and neuronal activity needed for WM function (50-54). However, its effects in
mPFC are less clear, and to our knowledge it remains unknown whether the circuit dynamics in mPFC
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are similar to dlPFC or if other mechanisms are at play. For example, it is conceivable that mPFC
activation at rest could occur with lower dopamine levels than those needed in dlPFC, allowing broader
representations and less network sculpting (i.e., a noisier network). Regardless, if mPFC deactivation
impacts cognitive deficits in SCZ, understanding dopamine’s effect on mPFC microcircuitry may be critical
in understanding WM impairment.
Here, we performed a secondary analysis of data from medicated and unmedicated patients with
SCZ and matched HC (32, 55) who performed a visual n-back task (55) during fMRI. First, we sought to

of

identify mPFC voxels that both deactivate during task and show a relationship between deactivation and
task performance across participants. We then assessed whether hypodeactivation in these voxels is a

ro

statistical mediator of WM impairment in SCZ. Second, we conducted the same analyses to investigate

-p

lateral PFC (lPFC; which includes dlPFC and ventrolateral PFC, which is also commonly activated by WM

re

tasks) activation, a major target of investigations into WM impairments for several decades (26, 40, 56-

lP

67). Our hypotheses were that: 1) activation in lPFC, and deactivation in mPFC, would be associated with
n-back performance; and 2) activation in lPFC, and deactivation in mPFC, would be impaired in patients

na

and that these impairments would mediate group differences in performance.

ur

Finally, we explored the relationship between task-induced changes in activation and dopamine
release in a subset of participants who underwent positron emission tomography (PET) imaging with the

Jo

dopamine receptor D2/3 (D2/3R) antagonist FLB457 ([11C]FLB457) before and after an amphetamine
challenge, enabling quantification of prefrontal synaptic dopamine release (68-70). We evaluated the
relationship between task-induced deactivation and dopamine release in mPFC and lPFC. We predicted
that prefrontal dopamine release would be associated with greater activation and deactivation within
performance-associated subregions of lPFC and mPFC, respectively.

Materials and Methods
Participants
All procedures described in this study were approved by the New York State Psychiatric Institute
Institutional Review Board, and by the Yale University Human Investigation committee and Yale Radiation
Safety Committee. This study is a secondary analysis of fMRI, PET, and clinical data collected from
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patients with SCZ and matched HC that were published previously (see 32, 55, 71).
From an initial sample of 18 unmedicated patients, 39 medicated patients, and 43 matched HC,
quality control procedures resulted in the exclusion of 4 unmedicated patients, 12 medicated patients, and
3 HC for failing to meet performance and/or fMRI data quality requirements; the final sample included 14
unmedicated patients, 27 medicated patients, and 40 HC. Table 1 contains a summary of the clinical
measures and demographic data for these participants, as well as a subgroup of individuals for whom
[11C]FLB457 PET data were available. Details regarding recruitment, informed consent, inclusion and

of

exclusion criteria, clinical assessments, and requirements for task performance and fMRI data quality are

-p

Visual n-back Working Memory fMRI Task Procedures

ro

detailed in Supplementary Materials and Methods.

re

All participants completed a visual n-back working memory task (55) that uses simple isometric

lP

line drawings of 3D objects (40, 62, 78); see Figure 1A. During the n-back task (79-82), participants are
presented stimuli sequentially and must respond with a button press to indicate whether the current

na

stimulus (the probe) matches the one presented n trials previously (the target). WM load was modulated

ur

by changing the number of trials between probe and target (n), resulting in a 1-back condition (Figure 1A,

Jo

top) and 2-back condition (Figure 1A, bottom).
Participants completed four 290-second runs of the n-back task during fMRI (Figure 1B) with a 2
second repetition time and 3 mm isotropic voxels. Two HC and 4 SCZ completed 3 runs (average 3.95
runs HC, 3.90 runs SCZ), and all other participants completed 4 full runs. Within each run, each
participant completed 2 full blocks of both 1-back and 2-back task conditions (i.e., no partial completion of
task blocks or runs). Data were pre-processed using fMRIPrep v20.0.7 (83-85). Details of the task design,
fMRI acquisition, pre-processing, and post-processing are further described in Supplementary Materials
and Methods.

Positron Emission Tomography (PET) Acquisition and Analysis
The PET data used in this study are a subset of a previously published investigation with detailed
methods described in that report (32). PET imaging data were acquired using [11C]FLB457 on a Siemens
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HR+ PET scanner at the Yale University PET Center. Participants completed two scan sessions in a
single day. After an initial 90-minute baseline scan, a second 90-minute scan was performed 3 hours
following oral administration of 0.5 mg/kg amphetamine. Binding potential relative to the non-displaceable
compartment (BPND) was quantified within an a priori mPFC region of interest (ROI) drawn on each
participant’s high-resolution T1-weighted MR image using MEDx (Medical Numerics, Inc., Germantown,
MD), as has been described in detail previously (29, 32, 86, 87). It should be noted that these
individualized, hand-drawn mPFC ROIs did not completely overlap the fMRI ROI, as they were defined

of

using operational criteria rather than being taken from a parcellation in MNI space. However, a direct
comparison indicated that 80% of voxels in the PET ROI did fall within the fMRI ROI (on average across

ro

participants), so PET imaging results in this region should predominantly reflect findings within the same

-p

mPFC region. Dopamine release capacity within the mPFC ROI was quantified as the percentage change

re

in BPND following amphetamine (∆BPND), with more negative ∆BPND values indicating greater dopamine

lP

release. From the 81 total participants whose fMRI data were analyzed in the current study, PET data

na

were available for 23 participants (14 HC and 9 unmedicated patients; see Table 1).

ur

N-back fMRI Task Performance

T-tests for the difference in task performance between groups were employed after testing for

Jo

normality using Welch’s unequal variances t-test or Mann–Whitney–Wilcoxon rank-sum test (88, 89), as
appropriate. Normality was assessed using a Lilliefors test (90, 91). Associations between task
performance and both gender and symptom severity (PANSS subscores) were assessed separately as
described in Supplementary Materials and Methods.

Within-Participants (First-Level) Modeling
Within-participants modeling of the n-back task was performed using a block design generalized
linear model (GLM) in SPM12 (92-94), version 7771, in MATLAB R2018a (The MathWorks, Inc., Natick,
MA), with a three-parameter hemodynamic response function (HRF), which included canonical HRF
(height), time-to-peak (temporal derivative), and full-width-half-maximum (dispersion derivative) terms
(95-97). A regressor for each of the six motion parameters and their six derivatives was included, as were
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spike regressors to remove volumes during which excessive motion occurred (using run-adaptive
generalized extreme value-DVARS thresholds; see 98), without being convolved with the HRF. A block
design GLM was selected due to the relatively rapid trials (stimulus duration and inter-stimulus interval of
2 seconds each, with no jitter) that would have rendered it difficult to model hemodynamic responses
associated with individual events. Complete first-level modeling design details are provided in
Supplementary Materials and Methods.

of

Across-Participants (Second-Level) Modeling
Across-participants modeling was performed using Permutation Analysis of Linear Models

ro

(PALM; 99, 100-103) alpha119. All analyses in PALM were carried out with 20,000 permutations or sign-

-p

flips, using built-in family-wise error rate correction (FWER; 104), threshold-free cluster enhancement

re

(TFCE; 105) and multiple testing correction over contrasts (101). Regressors were mean-centered before

lP

calculation of interaction terms.

na

ROI Analyses of Activation and Deactivation

ur

We produced volumetric ROIs of mPFC and lPFC, shown in Figure 2, using the cortical area

Jo

parcellation developed by Gordon and associates (106), as described in Supplementary Materials and
Methods. Within these ROIs, we identified voxels that demonstrated significant activation in lPFC, or
deactivation in mPFC, during the 2-back task condition, either across all participants, or within HC or SCZ
groups separately, using PALM. T-scores were thresholded (FWER corrected p < 0.05, over 3 contrasts)
to generate masks of voxels with significant activation during the 2-back task condition (relative to implicit
baseline) within mPFC and lPFC. The 2-back contrast was examined relative to baseline, rather than to
the 1-back task condition, because during prior work with this dataset (55) we had observed relatively
minimal activation (and deactivation) differences between 1-back and 2-back conditions, especially in the
DMN. Thus, because DMN deactivation was of specific interest for our analyses here, we decided to
focus on 2-back activation relative to an implicit baseline due to the lack of a 0-back condition in the
original experimental design.
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Relationships Between Task Performance and Activation or Deactivation
Next, voxels showing significant activation or deactivation during 2-back were examined to
identify relationships between activation magnitude and performance (percent correct), while controlling
for group membership and group-performance interaction effects, using PALM, as detailed in
Supplementary Materials and Methods.
Results of the above analysis were then thresholded (FWER corrected p < 0.05, tested
separately in the positive and negative direction and corrected over 2 contrasts in order to obtain valid

of

TFCE statistics) and a scalar value representing mPFC deactivation for each participant was quantified by
taking the spatial average of deactivation during the 2-back task condition in the performance-associated

ro

mPFC subregion for each participant. Note that greater mPFC deactivation magnitude is indicated by a

-p

more negative activation in this region. To optimally describe the data extracted after hypothesis testing in

re

PALM, performance was then modeled as the dependent variable in an initial full GLM that included

lP

regressors for intercept, SCZ diagnosis, mean mPFC deactivation, and covariates of age, handedness,
and biological sex, as well as all possible interactions (through fifth order). All regressors except for

na

performance were mean-centered before calculating interaction terms. An optimal reduced model was

Jo

Methods).

ur

then produced by selecting terms through backward elimination (see Supplementary Materials and

Group differences (HC vs. SCZ) in mPFC subregion deactivation were assessed for significance
using Welch’s t-test after testing for normality. Deactivation in the mPFC subregion was evaluated as a
mediator of the impact of diagnosis on task performance using the CANlab M3 Mediation Toolbox (107110). and the significance of each path was assessed using a bias-corrected and accelerated bootstrap
procedure (111, 112) with 107 resamples. To show the effect of controlling for group and groupperformance interaction effects, these analyses were repeated while excluding those two regressors
when identifying voxels with significant activation-performance associations.
Several supplementary analyses were performed, as detailed in Supplementary Materials and
Methods. Associations between mPFC subregion deactivation and gender, as well as PANSS positive
and negative subscores, were assessed using robust regression. To assess for the possibility that
observed differences between groups are not the result of differences in participant motion or partial
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volume related signal loss, we additionally performed group comparisons in median framewise
displacement (113) and root-mean-square (RMS) signal intensity within all ROIs used in main analyses.
Finally, to confirm that observed group differences in mPFC deactivation were robust to the cluster
selection procedure employed and did not originate from a “double-dipping” confound (see 114), we
additionally isolated voxels associated with task performance as described in this section, but directly
using the mPFC mask created from the Gordon parcellation (106).

PET-fMRI Analysis of [11C]FLB457 ΔBPND

of

Associations between mPFC [11C]FLB457 ΔBPND and average activation in the performance-

ro

associated mPFC subregion were assessed using robust regression with mPFC deactivation as the

-p

dependent variable with regressors for intercept, SCZ diagnosis, mPFC [11C]FLB457 ΔBPND,

re

diagnosis*ΔBPND interactions, and age as a covariate, in order to control for the potential effect of age on

Results

ur

Task Performance

na

lP

cortical D2R parameters (115, 116). Age and diagnosis were mean-centered.

Jo

Accuracy (percent of correct trials) and reaction time on the n-back task is shown for each group
in Figure 3 and Table S1. HC (N = 40) exhibited significantly greater accuracy than patients with SCZ (N
= 41) on both the 1-back (p = 0.0131) and 2-back task condition (p = 0.0015); HC reaction time was
significantly faster than patients during 1-back trials (p = 0.0395) and were faster during 2-back trials with
trend-level significance (p = 0.0938). Unmedicated patients (N = 17) and medicated patients (N = 24) did
not differ significantly on either accuracy or reaction time. No significant associations were found between
task performance and gender (p = 0.6230; see Table S2) or PANSS subscores (postive subscore, p =
0.8381; negative subscore, p = 0.7061; see Table S3).

Working Memory Task Functional Magnetic Resonance Imaging
Activation to Task
Within mPFC, a total of 5,727 voxels (154.63 cm3) showed significant deactivation during 2-back
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task blocks (Figure 4A; cluster coordinates, extent, and greatest magnitude t-scores shown in Table S4).
In lPFC, 4,738 voxels (127.93 cm3) were found to show significant activation during 2-back task blocks
(Figure 4B and Table S5).

Activation-Performance Associations
Medial prefrontal cortex (mPFC)
From among the 5,727 mPFC voxels significantly deactivating during 2-back blocks, 558 voxels

of

(15.07 cm3) were found to additionally display associations between deactivation magnitude and task
performance, while controlling for main effects of diagnosis and for diagnosis-performance interaction

ro

effects. Figure 5A and Table S6 show the subregion of mPFC in which significant activation-performance

-p

associations were observed. Associations between WM load and deactivation in this region were

re

assessed in Supplementary Materials and Methods are discussed in Supplementary Results and

lP

shown in Figure S1. Median and interquartile range of average mPFC deactivation for each task
condition, and the change across task conditions, are additionally shown in Table S7.

na

Activation was averaged across these voxels within each participant and used in a regression

ur

model to predict task performance, with terms included for intercept (p = 6.686 × 10-58), diagnosis (p =
0.0152), mPFC subregion activation (p = 2.975 × 10-5), and age (p = 0.0510). Note that these p-values

Jo

are not representative of the model’s level of significance and are included only for completeness;
second-level analyses that were performed in PALM are the appropriate unbiased null-hypothesis tests
for this result. Model coefficients and statistics are shown in Table S8, and model fit in each group is
shown in Figure 5B. Patients with SCZ displayed significantly reduced task-evoked mPFC subregion
deactivation relative to HC (p = 0.0351), as shown in Figure 5C. No significant associations were found
between activation and gender (p = 0.8152; see Table S9) or PANSS subscores (postive subscore, p =
0.2073; negative subscore, p = 0.3408; see Table S10). Follow-up analysis aiming to detect clusters of
deactivation-performance association within in the Gordon parcellation-derived mPFC mask directly
revealed 506 such voxels (13.66 cm3), shown in Figure S2 and Table S11; patients with SCZ likewise
showed reduced deactivation in this region relative to HC (p = 0.0438). Participant motion (median FD)
and RMS signal intensity did not differ significantly between groups, as shown in Figure S3 and Figure
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S4, respectively.
Finally, we evaluated the effect of mPFC subregion deactivation as a mediator of the WM
impairment observed in patients with SCZ, shown in Figure 5D. Mediation analysis revealed a significant
mediated (indirect) effect (p = 0.0431) of diagnosis on WM task performance, and a direct effect with only
trend level significance (p = 0.0545). This suggests that failure to sufficiently deactivate mPFC may
partially explain the observed impairment in task performance in patients with SCZ.
The analyses shown in Figure 5 were additionally performed without controlling for diagnosis and

of

diagnosis-performance interactions when assessing for significant activation-performance associations to
show the effect of controlling for these variables. As described in Supplementary Results and shown in

ro

Figure S5, Table S12, and Table S13, these results largely similar, in that 1,125 voxels of showing

lP

Lateral prefrontal cortex (lPFC)

re

-p

significance were found in mPFC and zero were found in lPFC (minimum p-value of 0.371).

From among the 4,738 voxels showing significant activation during 2-back task blocks, none

na

showed significant associations between activation magnitude and task performance (2-back percent

ur

correct); the minimum TFCE-enhanced, FWER-corrected p-value was 0.278. To ensure this was not due

Jo

to a potential confounding effect of differences in hemispheric dominance across participants, we
repeated all second-level modeling in lPFC (i.e., localizing regions with significant activation during 2back task blocks, and attempting to further detect voxels with significant activation-performance
associations), but after removing all 8 left-handed participants (7 SCZ, 1 HC; remaining total N = 73). This
analysis similarly yielded no voxels showing significant associations between activation magnitude and
performance.

Cross-Modality [11C]FLB457 PET and Working Memory Task fMRI Results
Next, we sought to examine the relationship between task-induced mPFC deactivation and
dopamine release in mPFC in a subset of HC and unmedicated patients with SCZ who completed both
fMRI during the n-back task and [11C]FLB457 PET with an amphetamine challenge, controlling for age
and diagnosis as shown in in Figure 6. Coefficients and statistics for the model are shown in Table S14,
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which included terms for intercept (p = 0.0269), diagnosis (p = 0.504), [11C]FLB457 ΔBPND (p = 0.0.0257),
and age (p = 0.569), as well as a ΔBPND*Diagnosis (p = 0.311) interaction term. Across all participants,
greater mPFC deactivation during task blocks was significantly associated with reduced dopamine
release (ΔBPND = (post-amphetamine BPND/baseline BPND) -1; more negative values correspond to
greater dopamine release). When evaluated in each group separately (retaining and age as a covariate),
ΔBPND was significantly associated with mPFC deactivation in HC (p = 0.0152), but not in SCZ (p =

of

0.617).

Supplementary Whole-Brain fMRI Analyses

ro

In order to comprehensively characterize our dataset for future use (e.g., to support meta-

-p

analyses), we also performed several separate follow-up analyses within all cortical grey matter rather

re

than a priori ROIs. These analyses are described in Supplementary Materials and Methods and

na

Discussion

lP

Supplementary Results, and shown in Tables S15-S35 and Figures S6-S24.

ur

The results presented here suggest that mPFC deactivation during n-back task performance

Jo

plays a meaningful role in accurate responding by participants and may, at least in part, explain WM
deficits in SCZ. We demonstrated that while dlPFC, ventrolateral PFC, and mPFC all responded to task
blocks (Figure 4), a relationship between activation and task performance was only observed in mPFC
(Figure 5A-B). Within the performance-associated subregion of mPFC, deactivation magnitude during the
n-back task was significantly reduced in SCZ (Figure 5C) and mediates group differences in task
performance (Figure 5D). This mediation effect indicates that a portion of the deficit in n-back
performance observed in SCZ is associated with a failure to deactivate mPFC to the same extent as HCs.
Although this does not necessarily indicate a causal relationship between mPFC deactivation and WM
deficit in SCZ, and may reflect elements of cognition that are not necessarily specific to WM task
engagement (see Limitations), it is consistent with this possibility and warrants further study.
In addition, in a subset of participants we demonstrated that dopamine release capacity in mPFC,
as quantified by the amphetamine-induced ΔBPND of the PET radiotracer [11C]FLB457, is negatively
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associated with the magnitude of mPFC deactivation (Figure 5), which did not support our original
hypothesis. This dopamine release-deactivation relationship differed between patients and controls at a
trend level. In HC, mPFC deactivation was associated with reduced release capacity, while in SCZ this
relationship was not observed; potentially due to blunted mPFC deactivation, and thus reduced range in
mPFC deactivation magnitudes, observed in SCZ. However, this finding should be considered preliminary
due to the small sample size employed here.
Our null result in dlPFC, taken in the context of a general lack of studies demonstrating a

of

statistical association between dlPFC activation and WM task performance in the literature, challenges
the notion that deficient task-induced dlPFC activation (or hypofrontality, broadly) is a robust biomarker of

ro

WM impairment in SCZ that is generalizable across tasks and load conditions (a concern that has been

-p

raised previously; see, e.g., 40, 117), but is consistent with mixed observations throughout the literature

re

of both hypo- and hyper-activation of dlPFC during WM by patients that have been noted for decades (40,

lP

60-62, 118, 119). As has been noted previously, care must be taken not to apply “hypofrontality” as a
paradigm for explaining WM deficits observed in SCZ across tasks with varying psychometric properties

na

(61, 117). One view is that varying findings could be due to an “inverted-U” relationship between dlPFC

ur

activation magnitude and WM load, which is left-shifted, attenuated, or blunted in SCZ (60, 118, 119).
Using the self-ordered WM task (78, 120, 121), which allows for the modulation of WM load from 0

Jo

through 7 items, this “inverted-U” has been observed and replicated in HCs (62), and blunting of the
“inverted-U” has been observed in SCZ (40). The etiology of this blunting remains to be determined, but
could reflect reduced WM capacity (122), inefficient allocation of cognitive resources (119), or
hyperfocusing of attention onto an aberrantly narrow range of task stimuli (118, 123, 124); however, this
highlights that the expected direction, magnitude, and relationship between dlPFC activation and WM
impairment in SCZ is likely difficult to predict a priori and may change substantively as a function of task
properties.
Conversely, our findings of an association between mPFC deactivation and WM performance,
mPFC hypodeactivation in SCZ, and mediation of WM impairment in SCZ by mPFC deactivation, suggest
that failure to deactivate mPFC during WM could be a robust marker of WM impairment. Similar
associations between mPFC deactivation, WM performance, and SCZ diagnosis were observed in a
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small study (N = 12 in each group) of patients with SCZ, first-degree relatives of patients with SCZ, and
HC (43). Although published over a decade ago, mPFC has been the subject of considerably less
investigation than dlPFC; nevertheless, a handful of studies have revealed similar findings (39, 40, 63).
Our work bolsters this small literature with a moderately large sample of both unmedicated and medicated
patients with SCZ who performed a well-studied WM task, and further establishes mPFC as a mediator of
patient deficits in WM for the first time. Activation of the human mPFC, as a component of the DMN, is
associated with task-negative states as well as engagement of internally-focused cognition such as

of

autobiographical memory, social or self-referential inference, perspective-taking, future thinking, moral
judgment, and mind wandering (33-36). WM impairments associated with reduced mPFC deactivation

ro

could thus result, at least in part, from an inability to suppress “task-irrelevant” cognitive processes or,

-p

relatedly, to insulate WM processes from internally-generated “distraction”.

re

Finally, in a small sample of HCs (N = 14) and unmedicated SCZ (N = 9), we observed a

lP

relationship between greater amphetamine-induced dopamine release and reduced WM task-evoked
deactivation in mPFC. This result is in direct contrast with our hypothesis, wherein we expected greater

na

dopamine release capacity to be directly, rather than inversely, associated with greater deactivation. We

ur

also observed this relationship in HC alone, but not in unmedicated SCZ (N = 9), possibly due to either

Jo

the small sample size or to the limited range of dopamine release in SCZ, as observed here and
previously reported in the full sample (N = 20) (32).
Although speculative, our finding in HCs could reflect a role for prefrontal dopamine release in
which, beyond a baseline level of dopaminergic stimulation, certain features of WM ability are enhanced,
but at the expense of others (125). This is consistent with an extension of the dual-state theory of
mutually antagonistic D1 and D2 stimulation (126), the dynamics of which produce a balance between
cognitive stability and flexibility in healthy individuals. In this view, “D1-dominant” states allow for superior
stabilization of task stimuli, resistance to distractors, and set maintenance, but at the expense of
conferring reduced efficiency in updating and manipulating items in WM, as well as set switching, which
are conversely more optimal in “D2-dominant” states (125, 127-129). It is possible that updating efficiency
in the HC sample may be inversely associated with mPFC dopamine release due to excess stability of
internal representations of task stimuli; this would be consistent with a previous finding where
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administration of methylphenidate to HC participants prior to a visual WM task resulted in improved
performance on trials involving distractor stimuli, but reduced performance on trials requiring unexpected
updates to items stored in WM (127).
In SCZ, patients exhibit an upregulation in cortical D1R (28, though a follow-up study found
upregulation only in antipsychotic-naïve patients; see 29), and blunted cortical dopamine release capacity
(32), and insufficient prefrontal D1R stimulation may produce in SCZ states that are too D2-dominant for
optimal task performance. In this case, the result would be poor maintenance of items sored in WM, in

of

addition to their loss and replacement with irrelevant stimuli, and mPFC hypodeactivation could reflect a
general failure to suppress internally-generated distractors. In addition, a paucity of D1R stimulation could

ro

preclude the stabilization of cognitive attractor states that are more metabolically demanding, but optimal

-p

for WM task performance (41). In mPFC, hypodeactivation could thus represent more generalized brain

re

states that are less tailored to specific task demands, which could produce task-positive neural states that

lP

are less differentiable from the resting state in patients as compared to HCs. This reduced ability to enter
optimized task-positive states could also explain the previous observation of reduced associations

na

between WM task load and changes in interhemispheric frontoparietal network (FPN) connectivity in SCZ

ur

relative to HCs (55), as load-dependent connectivity changes may result from refinement of a particular

Limitations

Jo

task-positive state that is generally less accessible to patients.

Several limitations of this study warrant consideration. For example, inclusion of medicated
patients presents the possibility of a medication confound, although medicated and unmedicated patients
showed no difference in either task performance (Figure 3) or mPFC deactivation (Figure S1), making
this unlikely. Further, the cross-modality PET+fMRI analysis was carried out using unmedicated patients
and HC only. Sample size for PET/fMRI analysis was small, so these results should be interpreted
cautiously and confirmation in an independent cohort should be sought. Additionally, individually handdrawn mPFC ROIs for PET data analysis were not fully overlap with the fMRI mPFC ROI, averaging
approximately 80% of PET ROI voxels encompassed by the fMRI ROI.
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Additionally, two features of the task design present limitations. First, the block design used here
optimizes power but does not allow for more selective analysis of neural activity, such as isolation of
correctly performed trials or detection of effects related to WM processes like encoding, maintenance,
and retrieval. Second, due to the absence of a 0-back (no WM load) control task condition, neural activity
during WM task blocks were compared relative to implicit baseline. This precludes differentiating effects
specific to WM task engagement from those related to other, more general components of cognition,
including sustained attention or visual processing effects, via cognitive subtraction. As a result, the

of

impairment in mPFC deactivation detected in patients with SCZ relative to HC could reflect dysfunction
either in processes specific to WM task engagement, in those generally associated with engagement in

ro

cognitively demanding (WM and non-WM) tasks, or both in combination. It is of note, however, that

-p

comparing task engagement to an implicit baseline may provide a clearer picture of general task-related

lP

re

impairments in SCZ as opposed to only those impairments associated with effects of WM load.

Conclusion

na

These findings suggest that failure to deactivate the mPFC during performance of a WM task is

ur

an important correlate, or even mechanism, of cognitive impairment in patients with SCZ. Furthermore,

Jo

these results suggest an important role for mPFC deactivation in healthy individuals, with greater
deactivation associated with better task performance regardless of diagnosis. Finally, PET-fMRI analysis
revealed an inverse relationship between dopamine release capacity and WM task-induced mPFC
deactivation in HC, but not in SCZ (possibly due to small sample size and range restriction); a larger
study is needed to confirm these findings. Together, our results suggest that a deficiency in the ability of
patients to suppress mPFC activity while engaged in WM tasks is a potential mechanism for WM
impairment in SCZ, and thus a potential target for novel therapeutics, including pharmacotherapies and
transcranial magnetic stimulation.
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Figure Captions

Figure 1. The visual n-back task. A) Sample sequence of stimuli presented during visual n-back task
blocks. Top: 1-back condition, where participants are instructed to determine whether the currently
presented stimulus matches the stimulus that was presented one trial previously. Bottom: 2-back
condition, where participants are instructed to determine whether the currently presented stimulus
matches the stimulus that was presented two trials previously. Each stimulus was presented for 2
seconds and separated temporally from others by a 2-second fixation cross display. B) Schematic

of

diagram of a run of the visual n-back task. Participants were asked to complete 4 task runs, each

ro

composed of 2 blocks of the 1-back condition and 2 blocks of the 2-back condition, in a repeating AABB

-p

BBAA design. Blue bars represent condition A, and red bars represent condition B; assignment of 1-back
and 2-back to A and B blocks was performed pseudorandomly across subjects. Each block comprised 10

re

stimuli, totaling 40 seconds per block. Before the start of each block, participants were provided a rest

lP

period of 9 seconds, followed by 8 seconds during which task instructions were displayed (gold bars), and

na

another rest period of 8 seconds before the first stimulus.

ur

Figure 2. Medial prefrontal cortex (mPFC; top) and lateral prefrontal cortex (lPFC; bottom) masks,

Jo

generated from the Gordon (2016) parcellation. mPFC masks were generated by including all parcels in
prefrontal cortex (PFC) parcels that are members of the community, “Default Mode Network.” lPFC masks
were generated by including all PFC parcels that are members of either the “Dorsal Attention Network”
community or the “Frontoparietal” community.

Figure 3. Participant performance on the n-back task. Solid fills show kernel density estimates within the
range of observed data. Solid lines denote group median and dashed lines denote upper and lower
quartiles. Top, percent of responses correct during the 1-back condition (A) and 2-back condition (B).
Bottom, reaction time during the 1-back condition (C) and 2-back condition (D). Asterisks (*) denote a
significant difference between groups as assessed by either Welch’s unequal variances t-test or MannWhitney-Wilcoxon rank-sum test as indicated after testing for normality by Lilliefors test (α = 0.05,
uncorrected). P-values generated using non-parametric tests are indicated by dagger (†) superscripts.
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Figure 4. T-scores within voxels showing significant deactivation during 2-back task blocks in medial
prefrontal cortex (mPFC; 5,727 voxels; top) and activation in lateral prefrontal cortex (lPFC; 4,738 voxels;
bottom). T-scores were determined by testing across all participants, within healthy controls, and within
patients with schizophrenia, and combining contrasts using non-parametric combination (NPC).
Significance was assessed after threshold-free cluster enhancement (TFCE), and family-wise error rate
(FWER) correction over voxels and contrasts (FWER corrected p < 0.05), using Permutation Analysis of
Linear Models (PALM) with null distributions generated from 20,000 sign-flips.

of

Figure 5. A) T-scores in the 558 voxels (15.07 cm3) of medial prefrontal cortex (mPFC) within which

ro

magnitude of deactivation during 2-back task blocks was significantly associated with task performance

-p

(percentage of trials correct) across participants, controlling for diagnosis (healthy controls vs. patients with

re

schizophrenia) and diagnosis-performance interaction effects. B) Relationship between the spatial average

lP

of mPFC subregion activation magnitude and task performance (percent correct trials) during 2-back
blocks, after hypothesis testing in PALM. Performance was modeled as the dependent variable as selected

na

by backward elimination from an initial model including an intercept, diagnosis, mPFC deactivation, age,

ur

gender, and all possible interaction terms. The optimal model included terms for intercept, diagnosis, mPFC

Jo

activation magnitude, and age. 77 degrees of freedom; R2 = 0.364; adjusted R2 = 0.339. Model parameters
shown in Table S8. C) Violin plots of mPFC subregion activation in each group. Significance of group
differences determined by Welch’s unequal variances t-test. Solid lines indicate group means. D)
Assessment of mPFC subregion deactivation as a mediator of working memory performance impairment
in schizophrenia. Mean and standard error of path coefficients are shown. Note that hypothesis testing for
the effect of mPFC activation on 2-back performance was performed in PALM prior to this analysis.
Asterisks denote significance (α = 0.05) as assessed by a bias-corrected and accelerated bootstrap
procedure (121, 122) with 107 resamples.

Figure 6. Activation in medial prefrontal cortex (mPFC) during 2-back working memory (WM) task blocks
as a function of mPFC dopamine release capacity quantified as the fractional change in binding potential,
(ΔBPND) using radiotracer [11C]FLB457 and an amphetamine challenge paradigm. Model coefficients and
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statistics are shown in Table S12. Note that greater dopamine release capacity is indicated by a more
negative ΔBPND and greater mPFC deactivation magnitude is indicated by more negative activation. R2 =

Jo

ur

na

lP

re

-p

ro

of

0.341; adjusted R2 = 0.195.
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