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Abstract: Functional magnetic resonance imaging (fMRI) of the blood oxygen level dependent (BOLD)
response has commonly been used to investigate the neuropathology underlying cognitive and sensory
deficits in patients with schizophrenia (SP) by examining the positive phase of the BOLD response,
assuming a fixed shape for the hemodynamic response function (HRF). However, the individual
phases (positive and post-stimulus undershoot (PSU)) of the HRF may be differentially affected by a
variety of underlying pathologies. The current experiment used a multisensory detection task with a
rapid event-related fMRI paradigm to investigate both the positive and PSU phases of the HRF in SP
and healthy controls (HC). Behavioral results indicated no significant group differences during
task performance. Analyses that examined the shape of the HRF indicated two distinct group differen-
ces. First, SP exhibited a reduced and/or prolonged PSU following normal task-related positive BOLD
activation in secondary auditory and visual sensory areas relative to HC. Second, SP did not show
task-induced deactivation in the anterior node of the default-mode network (aDMN) relative to HC. In
contrast, when performing traditional analyses that focus on the positive phase, there were no group
differences. Interestingly, the magnitude of the PSU in secondary auditory and visual areas was posi-
tively associated with the magnitude of task-induced deactivation within the aDMN, suggesting
a possible common neural mechanism underlying both of these abnormalities (failure in neural
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inhibition). Results are consistent with recent views that separate neural processes underlie the
two phases of the HRF and that they are differentially affected in SP. Hum Brain Mapp 37:745–755,
2016. VC 2015 Wiley Periodicals, Inc.
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INTRODUCTION

Schizophrenia is a complex disorder, marked by gener-
alized cognitive and sensory deficits and psychiatric symp-
toms. Functional magnetic resonance imaging (fMRI) of
the blood oxygen level dependent (BOLD) response has
commonly been used to investigate the underlying neuro-
pathology associated with these deficits [Ragland et al.,
2007]. However, the vast majority of studies have only
examined the positive phase of the hemodynamic response
function (HRF). Importantly there is emerging evidence
that multiple aspects of the HRF may be abnormal in
patients with schizophrenia [SP; Dyckman et al., 2011;
Mayer et al., 2013], and that the individual phases of the
HRF are affected by different underlying pathologies
[Handwerker et al., 2012].

Although the exact mechanisms of neurovascular cou-
pling remain debated [see Attwell et al., 2010; Petzold
and Murthy, 2011 for reviews], glutamate-mediated sig-
naling in neurons and astrocytes triggers vasoactive sig-
nals to arterioles and capillaries, resulting in dilation of
upstream arterial vessels and a subsequent increase in
cerebral blood flow (CBF). CBF increases to a larger
degree than the cerebral metabolic rate of oxygen utiliza-
tion (CMRO2), which alters the ratio of oxyhemoglobin
(i.e., increased) to deoxyhemoglobin relative to the base-
line state [Fox and Raichle, 1986]. The altered ratio of
oxy- to deoxyhemoglobin is the primary driver of the
positive phase of the BOLD response, which peaks �4 to
6 s post-stimulus onset [Buxton, 2012; Buxton et al., 2004;
Kim and Ogawa, 2012].

However, the canonical HRF also includes the post-
stimulus undershoot (PSU), which negatively peaks �10 to
14 s after the stimulus ends [Buxton, 2012]. The hemody-
namic hypothesis posits that the PSU results from hypo-
perfusion in CBF and/or a slow return of cerebral blood
volume (CBV; balloon model) to baseline levels [Buxton
et al., 1998, 2004; Chen and Pike, 2009]. In contrast, other
theories suggest that increased metabolic demands
(CMRO2) following cellular signaling represent the pri-
mary contribution to the PSU [Hua et al., 2011; Lu et al.,
2004; Schroeter et al., 2006]. Finally, some have suggested
that inhibitory neural activity underlying the PSU is dis-
tinct from excitatory activity underlying the positive HRF
phase [Mullinger et al., 2013; Sadaghiani et al., 2009]. In
addition to these neural factors, the magnitude of the PSU
response may also be influenced by stimulus duration and

spatial proximity to source of activation [Harshbarger and
Song, 2008; van Zijl et al., 2012].

In the vast majority of psychiatric research, the BOLD
response is typically estimated by a single parameter (a
beta weight) following convolution of a canonical HRF
(e.g., a gamma variate or a double gamma variate func-
tion) with known experimental conditions (e.g., design
matrix). Such modeling may mask and/or accentuate
pathologies that influence only one aspect of the BOLD
response (either the positive phase or the PSU). This is
particularly problematic in SP, where the HRF may be
affected by disease-related neuronal pathology including
cortical volume loss [De et al., 2012], altered glutamate/
glutamine and GABA concentrations [Poels et al., 2014;
Taylor and Tso, 2014], abnormal glucose metabolism [Har-
ris et al., 2013], and/or vascular differences altering blood
flow/volume [Kindler et al., 2015; Liu et al., 2012; Peruzzo
et al., 2011; Zhu et al., 2015]. Alternatively, changes to the
HRF in SP may also partially result from secondary dis-
ease characteristics including increased smoking [Fried-
man et al., 2008; Leyba et al., 2008] and antipsychotic
medication effects [Abbott et al., 2013; Roder et al., 2010].

The few studies explicitly examining the timing and/or
shape of the HRF in SP have reported a delay during a
visual oddball task [Ford et al., 2005] or differences in its
onset transient during a working memory task [Fox et al.,
2005]. Others have observed differences in both the timing
and shape of the HRF. Mayer et al. [2013] reported that
patients’ auditory HRF required several additional seconds
to return to baseline and included a reduced PSU using
qualitative metrics during a sensory gating task. In another
inhibitory task, Dyckman et al. [2011] found that the HRF
for SP had both a delayed time-to-peak and a prolonged
positive phase during antisaccades but not prosaccades.
Importantly, in both studies [Dyckman et al., 2011; Mayer
et al., 2013] the amplitude of the positive phase of the
HRF was similar between groups, potentially leading to a
misinterpretation of results if only this aspect of the HRF
was to be examined.

The current experiment used a multisensory detection
task in conjunction with a rapid event-related fMRI para-
digm to investigate abnormalities in the shape of the HRF
in SP. The event-related design provides a more accurate
estimation of the HRF [D’Esposito et al., 1999]. A simple
detection task should reduce behavioral performance con-
founds (i.e., reduced accuracy or slower responses) typi-
cally observed in SP [Van Snellenberg et al., 2006] that can
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also alter the shape of the HRF (i.e., delayed HRF due to
delayed response time). Based on our previous observa-
tions, we predicted that SP would be associated with a
reduced PSU in task-related areas in conjunction with nor-
mal activation for the positive phase of the BOLD response
[Mayer et al., 2013].

MATERIALS AND METHODS

Participants

Thirty-five SP and thirty-five age, sex and education-
matched HC participated in the current study. Two
patients and one HC were identified as having excessive
(greater than three standard deviations [SD]) motion
(frame-wise displacement) within their cohort on two of
six parameters and were subsequently eliminated from
further analyses [Mayer et al., 2007]. None of the partici-
pants were excluded due to poor task performance (accu-
racy: greater than 5 misses; reaction time: outlier greater
than three SD relative to cohort). This left a final dataset of
33 SP (27 males; 38.09 6 13.66 years old; 12.61 6 1.77 years
of education) and 34 HC (28 males; 37.50 6 13.35 years
old; 12.74 6 1.83 years of education). All participants pro-
vided informed consent according to institutional guide-
lines at the University of New Mexico.

Inclusion criteria for SP included a diagnosis of schizo-
phrenia or schizoaffective disorder by board certified psy-
chiatrists based on the Structured Clinical Interview for
DSM-IV-TR (SCID) and age of 18 2 65 years. All of the
patients were taking stable doses of antipsychotic medica-
tions (28/33 were taking atypical antipsychotic medica-
tion) and olanzapine equivalency scores were calculated to
estimate medication load [Gardner et al., 2010]. Exclusion
criteria for both patients and HC included a history of
neurological disorder, head trauma with loss of conscious-
ness greater than five minutes, active substance depend-
ence or abuse (except for nicotine) within the past year,
lifetime history of dependence or use within the last 12
months of hallucinogens, amphetamines or cocaine, or
intellectual disability. Additional exclusion criteria for HC
included history of a psychotic disorder in a first-degree
relative, a current or past psychiatric disorder (with the
exception of one lifetime depressive episode), depression
or antidepressant use within the last 6 months, or lifetime
antidepressant use of more than 1 year. Participants
abstained from smoking and caffeine intake for at least
one hour before imaging.

Clinical Assessment

All participants completed the Wechsler Test of Adult
Reading (WTAR) as an estimate of pre-morbid intelli-
gence [Wechsler, 2001]. Patient clinical assessments
included: Positive and Negative Syndrome Scale [PANSS;
Kay et al., 1987], Calgary Depression Scale [Addington

et al., 1993], Fagerstrom Test for Nicotine Dependence
[FTND; Heatherton et al., 1991], a modified version of the
Simpson Angus Scale for parkinsonism [SAS; Simpson
and Angus, 1970], Abnormal Involuntary Movements
Scale [AIMS; Guy, 1976] for tardive dyskinesia, Barnes
Akathisia Scale [BAS; Barnes, 1989], and urine drug
screening. Everyday functioning was measured with the
UCSD Performance Based Skills Assessment [UPSA-2;
Patterson et al., 2001].

Task

All participants completed a multisensory detection task
(Fig. 1A) while undergoing fMRI data collection on a 3.0
Tesla Siemens Trio Tim scanner using a 12-channel head
coil. Presentation software (Neurobehavioral Systems) was

Figure 1.

Panel A presents a diagrammatic representation of the multisen-

sory detection task, beginning with fixation. The target stimuli

consisted of a blue rectangle (displayed as gray in this figure)

and a 2,000 Hz tone simultaneously presented for 300 ms. Par-

ticipants responded with a button press. The baseline consisted

of a white visual fixation cross on a black background (ITI:

4 2 8 s). Panel B depicts box-and-whisker plots for reaction

times (RT) and accuracy for healthy controls (HC) and patients

with schizophrenia (SP).
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used for task stimulus presentation, synchronization of
stimulus events with the MRI scanner, and recording of
response times. Additional foam padding was used
around the head to limit head motion within the head coil.
The target stimuli consisted of a simultaneously presented
blue box (visual angle 5 4.3 3 6.58) and auditory (2000 Hz
resampled with a 10 ms linear ramp) tone for a 300 ms
duration (Fig. 1A). Participants pressed a button with their
right index finger to indicate target detection (35 total tri-
als). The baseline stimuli was a white visual fixation cross
(visual angle 5 0.98) on a black background. The duration
of the inter-trial interval varied from 4 to 8 seconds to pre-
vent the development of temporal expectations, non-linear
summing of the hemodynamic response [Glover, 1999]
and to allow for the best sampling of the hemodynamic
response [Burock et al., 1998]. Auditory and visual stimuli
were also time-locked to the repetition time (TR) to facili-
tate deconvolution analyses.

MR Imaging

High resolution 5-echo multi-echo Magnetization Pre-
pared Rapid Acquisition Gradient Echo (MPRAGE) T1

[repetition time (TR) 5 2.53 s, 78 flip angle, echo times
(TE) 5 1.64, 3.5, 5.36, 7.22, 9.08 ms, number of excitations
(NEX) 5 1, slice thickness 5 1 mm, field of view
(FOV) 5 256 mm, resolution 5 256 3 256] were collected
for structural images. Echo-planar images were collected
using a single-shot, gradient-echo echoplanar pulse
sequence [TR 5 2000 ms; TE 5 29 ms; flip angle 5 758;

FOV 5 240 mm; matrix size 5 64 3 64]. Thirty-three contig-
uous 3.5-mm thick sagittal slices with a gap factor of
1.05 mm were selected to provide whole-brain coverage
(voxel size: 3.75 3 3.75 3 4.55 mm). The first three images
of the run were eliminated to account for T1 equilibrium
effects, resulting in a total of 114 images for the final
analyses.

Image Processing and Statistical Analyses

Functional images were generated using Analysis of
Functional NeuroImages (AFNI) software package [Cox,
1996]. Time series images were de-spiked, temporally
interpolated to correct for slice-time acquisition differen-
ces, and spatially registered in both two- and three-
dimensional space to the second EPI image of the run to
minimize effects of head motion. Anatomical and func-
tional images were then converted to a standard stereo-
taxic coordinate space [Talairach and Tournoux, 1988],
interpolated to volumes with 3 mm3 voxels, and blurred
with a 6 mm full width at half maximum (FWHM) Gaus-
sian kernel.

A deconvolution analysis was then performed on a
voxel-wise basis to generate an HRF for the multisensory-
motor stimuli using the following equation:

Y nð Þ5b01b1n1h 0ð Þf nð Þ1h 1ð Þf n21ð Þ1 . . . 1h 9ð Þf n29ð Þ1e nð Þ

5b01b1n1
X9

i50

h ið Þf n2ið Þ1e nð Þ

(1)

where the observed signal (Y) at each time-point (n) is
defined as a linear combination of a constant term (b0), lin-
ear (b1) and other higher-order polynomial terms, and the
experimental condition (denoted by the vector h) multiplied
by a binary vector (f ) indicating whether the experimental
condition occurred on the current and/or previous nine
images. The solution is optimized by minimizing the ordi-
nary sum of squares of the residual error term, represented
by e nð Þ. In addition, 12 motion regressors (6 motion param-
eters and their derivatives) were included in the deconvolu-
tion analyses to reduce the impact of head motion on
patterns of functional activation. Each HRF was derived rel-
ative to the baseline state (visual fixation plus baseline gra-
dient noise) and based on the first 20 s (10 images) post-
stimulus onset. Resulting beta coefficients were normalized
by dividing by the model intercept to form an estimate of
percent signal change (PSC).

A 2 3 10 (Group 3 Time) voxel-wise linear mixed-effect
ANCOVA was used to examine group differences in the
shape of the HRF with subjects as a random effect. An
autoregressive model (AR(1)) was used for the covariance
matrix to capture time-series dependencies [Box et al.,
1994]. In this analytic framework, a Group 3 Time interac-
tion indicates regions where the shape of the HRF system-
atically differed across groups. The main effect of time
represents regions exhibiting systematic variability across
the different beta coefficients, and is deemed of insufficient
interest (i.e., a high-rate of significant effects secondary to
variability) for follow-up analyses.

Voxel-wise independent groups t-tests were also con-
ducted to compare activation for each group during the
peak positive BOLD phase (images occurring 4 – 8 s post-
stimulus onset; average PSC from the 3rd and 4th TR)
and the peak PSU (images occurring 10 – 14 s post-
stimulus onset; average PSC from the 6th and 7th TR) to
represent a more standard analytic approach. Within-
subject comparisons (SP and HC separately; see Support-
ing Information Results) were also used to aid in the
identification of neuronal networks positively or nega-
tively differentiated from baseline (i.e., two sided t-tests)
for both the peak positive BOLD phase and the peak
PSU. To operationally differentiate a PSU from task-
induced deactivation, we stipulated that the PSU had to
occur after an initial positive BOLD response to stimuli.
A significance threshold corresponding to P< 0.005 was
applied in combination with a minimum cluster size
threshold of 1,152 mL (18 native voxels) to minimize false
positives for all comparisons. This resulted in a corrected
P value of 0.05 based on 10,000 Monte Carlo simulations
[Forman et al., 1995].
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Linear regressions were used to evaluate the relation-
ships between observed HRF abnormalities and either (1)
clinical measures or (2) motor side-effects in SP only. The
five independent variables used for the analyses of clinical
measures included (1) UPSA-2 total score, (2) PANSS
Negative symptoms score, (3) PANSS Positive symptoms
score, (4) Olanzapine equivalence score, and (5) FTND
scores. The independent variables for regressions examin-
ing motor side-effects were the (1) AIMS, (2) BAS, and
(3) SAS.

RESULTS

Demographics and Clinical Measures

Independent samples t-tests indicated that there were
no significant differences between SP and HC (P> 0.10) on
major demographic variables (age and education). There
was no significant difference (P> 0.10) in estimated levels
of premorbid intellectual functioning (WTAR). A compila-
tion of all major clinical indices is presented in Table I.

Behavioral Data

Accuracy was near ceiling for both SP (98.6 6 3.0%) and
HC (99.7 6 0.9%) samples. As a result these data were not
analyzed further. Response time data were non-normally
distributed, with results from Mann-Whitney U test indi-
cating no group differences (P> 0.10) in response time
(Fig. 1B; SP: 364.1 6 127.8 ms; HC: 318.8 6 123.2 ms).

Functional Imaging Data Quality Assurance

Two MANOVAs were conducted to investigate any pos-
sible group differences in head motion (rotational and
translational displacements) that might confound interpre-
tation of fMRI data. The multivariate effect of group was
not significant for translational or rotational motion
(P> 0.10). However, some univariate effects of motion
were significant (pitch: P 5 0.024) or at trend level (roll:
P 5 0.098; yaw: P 5 0.063; y-axis: P 5 0.093), with moderate
effect sizes (Cohen’s D range from 0.32 to 0.56) across all 6
parameters. Therefore, mean framewise displacement was
used as a covariate in all further analyses as a conservative
measure.

fMRI Analyses Examining HRF Shape

A 2 3 10 [Group 3 Time] (0 to 20 s post-stimulus onset)
linear mixed effects whole-brain ANCOVA was performed
next to examine group differences in the shape of the HRF.
The main effect of group was not significant following cor-
rection for false positives. However, there were several
regions (Fig. 2A) that demonstrated a significant Group 3

Time interaction. These included the anterior cingulate
gyrus (ACC)/medial prefrontal cortex, comprising the ante-
rior node of the default mode network (aDMN; BAs b. 10/
24/32, r. 9); the right secondary auditory cortex including
superior temporal gyrus (STG), insula, and pre-/post-cen-
tral gyrus (BAs 4/6/13/22/43); and the precuneus, cuneus
and posterior cingulate gyrus (BAs b. 7/18/30/31, r. 19).

TABLE I. Summary of participant demographic and clinical measures

SP HC Statistics

Mean SD Mean SD P value Cohen’s D

Demographics

Gender (Females/Males) 6/27 6/28
Age (years) 38.09 13.66 37.50 13.35 P 5 0.858 0.04
Education level 12.61 1.77 12.74 1.83 P 5 0.770 20.07
Clinical measures

WTAR 55.08 12.96 58.14 7.36 P 5 0.253 20.29
Age of onset (years) 22.50 7.45
PANSS positive 14.76 4.32
PANSS negative 15.70 5.28
PANSS total 58.67 13.71
UPSA-2 total 98.91 12.46
Calgary Depression Scale 3.30 3.87
FTND 0.55 1.00
Olanzapine equivalent 11.77 7.48
SAS 1.30 1.59
AIMS 1.18 2.16
BAS 0.24 0.50

SP, patients with schizophrenia; HC, healthy controls; SD, standard deviation; WTAR, Wechsler Test of Adult Reading; PANSS, Positive
and Negative Syndrome Scale; UPSA-2, UCSD Performance-Based Skills Assessment, Second Version; FTND, Fagerstrom Test for Nico-
tine Dependence; SAS, Simpson Angus Scale; AIMS, Abnormal Involuntary Movements Scale; BAS, Barnes Akathisia Scale. Education
level was determined based on number of years in school.
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Follow-up simple effect testing was then conducted for
each region at each time-point to determine the direction
of the group effect. Results indicated that HC showed sig-
nificantly decreased activation in the aDMN (8 2 10 s post-
stimulus onset: t65 5 22.19, P 5 0.032; 10 2 12 s:
t65 5 22.86, P 5 0.006; 12 2 14 s: t55.8 5 22.86, P 5 0.006;
14 2 16 s: t65 5 22.34, P 5 0.022) relative to no deviation
from baseline for SP (Fig. 2B). In contrast, SP showed a
significantly reduced PSU for the right secondary auditory
cortex (8 2 10 s: t58.5 5 22.77, P 5 0.007) relative to HC.
Finally, SP showed a prolonged PSU for the precuneus
(16 2 18 s: t65 5 2.01, P 5 0.049) compared to HC.

Next linear regressions were performed to determine if
activity within secondary auditory cortex or precuneus
was related to deactivation within the aDMN across both
groups of subjects. Average gray matter PSC for the PSU

was used as a covariate to control for individual differen-
ces in global brain activity. Results indicated a significant
relationship between the aDMN and secondary auditory
cortex (Fig. 2C; unstandardized b 5 0.564, t63 5 7.51,
P< 0.01), as well as between the aDMN and precuneus
(unstandardized b 5 0.170, t63 5 2.37, P 5 0.021). Results
remained significant (all P’s< 0.05) even when subjects
with higher activation/deactivation values were removed.

Voxel-wise ANCOVAs were also performed to assess
more traditional analyses for comparing group differences
in the positive phase (4 2 8 s post-stimulus onset) or the
PSU (10 2 14 s) of the HRF. However, results for both
analyses were not significant following correction for mul-
tiple comparisons. Results from within-subject analyses
comparing the positive phase and PSU images to baseline
for each separately are displayed in Supporting

Figure 2.

Panel A displays the regions of the brain showing a significant

Group x Time (0 2 20 s post-stimulus onset) interaction (red: sig-

nificant at P< 0.005; yellow: P< 0.001). Locations of the sagittal

(X) and axial (Z) slices are given according to the Talairach atlas

for the left (L) and right (R) hemispheres. These areas included

regions of the anterior default-mode network (aDMN); right sec-

ondary auditory cortex (A2); and the bilateral precuneus (PCUN).

Panel B displays the percent signal change (PSC) by group (healthy

controls (HC) shown in blue and patients with schizophrenia (SP)

in red) for the entire HRF. Time-points (sampled at 2 s intervals)

exhibiting significant differences during simple effect testing are

indicated with an asterisk (*). Panel C illustrates the significant

relationships between aDMN activity with other regions (A2 and

PCUN) exhibiting a significant interaction effect.
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Information Results and Fig. S1. The task resulted in the
expected patterns of activation across both groups.

Activation and Clinical Interactions

Linear regression evaluated the relationship between
HRF abnormalities and either (1) clinical measures or (2)
potential motor side-effects in SP only. Only PSC data
from time-points exhibiting significant simple effects (aver-
age time-points for the aDMN) from the deconstruction of
the Group 3 Time interaction were used as the dependent
variables in these analyses, and results were not corrected
for multiple comparisons given the exploratory nature of
the analyses. The overall model was not significant in any
of the six regressions (all P’s> 0.10). Among univariate
effects, only the relationship between degree of deactiva-
tion in secondary auditory cortex and total UPSA-2 score
was significant (b 5 20.522, t 5 22.61, P 5 0.015), with
higher levels of everyday functioning predictive of more
deactivation in the area.

DISCUSSION

The majority of previous investigations in SP have
assumed a fixed shape for the HRF during comparisons to
HC, an assumption which may not be valid due to differ-
ences in neurovascular coupling and other disease-related
pathologies [Dyckman et al., 2011; Handwerker et al.,
2012; Mayer et al., 2013]. Behavioral results from the cur-
rent study confirmed expectations of nonsignificant group
differences in response time or task accuracy during multi-
sensory stimuli detection. Analyses examining the shape
of the HRF indicated two patterns of abnormalities involv-
ing (1) a reduced/prolonged PSU following task-related
positive BOLD activation in secondary unisensory cortex
and (2) a lack of task-induced deactivation in the aDMN.
Importantly, additional analyses suggested that these two
patterns of BOLD abnormalities were related, suggesting
deficits in inhibition as a common underlying mechanism.
In contrast, there were no group differences during more
traditional analyses that specifically focused on the posi-
tive phase of the HRF.

We previously observed differences in the HRF shape
between SP and HC in auditory cortex during a sensory
gating task [Mayer et al., 2013], while others have reported
differences in HRF shape in bilateral frontal eye fields dur-
ing antisaccades [Dyckman et al., 2011]. In this experiment,
SP exhibited a reduced/prolonged PSU in bilateral second-
ary visual areas (precuneus and cuneus) and reduced PSU
in right secondary auditory cortex during a multisensory
(auditory and visual) detection task. Positive BOLD activa-
tion was observed in the HRF of these regions in both
groups of participants as well (Fig. 2B), with supplemental
analyses focusing on the magnitude of the positive phase
indicating no significant group differences. The magnitude
of the PSU in secondary auditory cortex was also

associated with decreased performance on a test of every-
day functioning. Thus, PSU abnormalities may be both
more sensitive to certain kinds of neural deficits than the
positive phase and have some specificity in terms of asso-
ciation with real-world activities. Interestingly, the time
ranges in which group differences in these sensory areas
were found (8 2 10 s and 16 2 18 s) were not included in
our analyses of either the positive or PSU phases, reaffirm-
ing the importance of examining the entire HRF. Previous
studies have indicated hemodynamic abnormalities when
modeling the shape of the HRF within visual and auditory
unisensory cortex in SP [Dyck et al., 2014; Gaebler et al.,
2015], indicating that abnormalities are not limited to the
PSU.

Collectively, current results are consistent with the view
that separate neural processes underlie the two phases of
the HRF [Haigh et al., 2015; Mullinger et al., 2013; Sada-
ghiani et al., 2009], and that they are differentially affected
in SP (Supporting Information Fig. S1). The PSU was clas-
sically thought to originate from passive differences in
vascular reactivity [balloon model; Buxton et al., 1998,
2004; Chen and Pike, 2009], with more recent theories also
suggesting a contribution from increased metabolic
demands [CMRO2; Hua et al., 2011; Lu et al., 2004; Schro-
eter et al., 2006]. In line with both theories, there are sev-
eral studies that have indicated abnormal CBF [Kindler
et al., 2015; Zhu et al., 2015] and glucose metabolic dys-
function [Buchsbaum et al., 2007; Fujimoto et al., 2007] in
SP in similar regions that showed HRF abnormalities in
the current study (i.e., unisensory cortex and ACC). Alter-
natively, structural or neurochemical abnormalities could
also have contributed to the reduced PSU observed in this
study. For example, the anterior and posterior insula
[Shepherd et al., 2012] and STG [Vita et al., 2012] exhibit
volume loss in SP, and abnormal levels of glutamate/glu-
tamine/GABA have been reported in SP [Poels et al., 2014;
Taylor and Tso, 2014]. The former affects perfusion
whereas glutamate and GABA directly affect the shape of
the HRF, potentially differentially in HC and SP [Falken-
berg et al., 2014; Muthukumaraswamy et al., 2012].

The second major finding of the study was that SP did
not exhibit task-induced deactivation of aDMN relative to
HC. The aDMN has been linked with monitoring and men-
talizing of our own and others’ psychological states [Broyd
et al., 2009]. Previous studies reported reduced task-
induced deactivation during more complex tasks in SP
[Landin-Romero et al., 2015; Mothersill et al., 2014; Nygard
et al., 2012; Pomarol-Clotet et al., 2008], although contrary
findings of increased DMN task-induced deactivation for
SP have also been observed [Harrison et al., 2007; Mannell
et al., 2010]. Disparities in the degree of task-induced deac-
tivation across studies may result from the type of task/
cognitive load, anterior vs. posterior regions of the DMN,
or performance of participants on tasks [Harrison et al.,
2007; Mannell et al., 2010; McKiernan et al., 2003; Nygard
et al., 2012; Pomarol-Clotet et al., 2008].
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Finally, the magnitude of the PSU in secondary auditory
and visual areas was positively associated with the magni-
tude of task-induced deactivation within the aDMN, sug-
gesting that there may be a common neural mechanism
underlying both of these abnormalities, such as neural
inhibition. Specifically, negative BOLD responses may
result from inhibitory neural activity and concomitant
changes in CBF and CBV that are opposite of the neuro
physiology occurring during the positive phase [Boorman
et al., 2010; Devor et al., 2007; Mullinger et al., 2013]. Inva-
sive recordings in animal models suggest that neuronal
suppression in deep cortical layers precedes the negative
BOLD response as a result of arteriolar vasoconstriction
(decreases in CBF and CBV) and a subsequent increase in
local deoxyhemoglobin [Boorman et al., 2010; Devor et al.,
2007; Shmuel et al., 2006]. For example, in primate visual
areas, using simultaneous fMRI and electrophysiological
recordings, a trial-by-trial analysis found a tight coupling
between negative BOLD response and decreased neural
activity [Shmuel et al., 2006]. In HC, negative BOLD
responses have been observed during transcallosal motor
inhibition [McGregor et al., 2014], when information from
one sensory modality is actively suppressed [Johnson and
Zatorre, 2006; Mayer et al., 2009] and when participants
switch from passive to attentionally demanding states
within the DMN [McKiernan et al., 2003].

Similarly, recent theories suggest that the PSU may
actually represent neural inhibition following excitation.
Invasive electrophysiological recordings in primate visual
areas show a below baseline decrease in neural activity for
up to 10 s following excitatory activity [Shmuel et al.,
2006]. Moreover, there is also a relationship between the
amplitude and direction of the PSU and post-stimulus
event-related synchronization (PERS), a rebound in the
alpha and/or beta frequencies that occurs following motor
tasks, sensorimotor, or visual stimulation and serves as a
marker of functional inhibition [Jurkiewicz et al., 2006; Kli-
mesch et al., 2007; Stevenson et al., 2011]. Specifically, both
BOLD and CBF undershoots in primary sensorimotor cor-
tices were found in trials with high PERS mu power, as
well as reduced CMRO2 compared with baseline following
median nerve stimulation [Mullinger et al., 2013].

Thus, current findings of abnormal negative BOLD
responses, for both the PSU in task-related areas and task-
induced deactivation in aDMN, may reflect a more global
mechanism of inhibitory failure for SP. Previous studies
have described GABA abnormalities in SP using both
post-mortem tissue analyses and magnetic resonance spec-
troscopy [Rowland et al., 2013, 2015; Taylor and Tso,
2014]. Similarly, transcranial magnetic stimulation (TMS)
studies have also reported intracortical inhibitory deficits
in the motor cortex of SP. Finally, inhibitory deficits have
been observed in SP across a variety (e.g., anti-saccade,
auditory and sensorimotor gating) of tasks [Braff et al.,
2001; McDowell and Clementz, 2001]. These findings sug-
gest that inhibitory deficits are a fundamental pathophys-

iological mechanism in schizophrenia and may be related
to decreases in inhibitory interneurons [Lara, 2002].

There are several limitations to this study. First,
although we examined the impact of medication use,
motor-side effects and smoking status in regards to our
findings, we cannot entirely rule-out their effects on neuro-
vascular coupling, the vasculature and hence the HRF
[Friedman et al., 2008; Leyba et al., 2008; Roder et al.,
2010]. For example, certain antipsychotic medications (e.g.,
olanzapine and risperidone) result in cardiovascular
abnormalities in both preclinical and human studies
[Aboul-Fotouh and Elgayar, 2013; Leung et al., 2012, 2014],
which may directly affect the HRF [Abbott et al., 2013;
Roder et al., 2010]. Similarly, HRF may also be influenced
by other disease-related changes to perfusion, metabolism,
structure volume loss, neurochemical, or a combination of
any of these factors, all of which would impact on current
findings. Future studies that employ multimodal neuroi-
maging techniques could disambiguate these various
potential etiologies.

Second, previous findings suggest that the two key
assumptions of deconvolution (additive in a linear fashion
and time invariant) are generally met for the HRF as long
as a minimum inter-trial interval of 4 s is maintained
[Glover, 1999]. However, these data were primarily based
on assumptions from a modified balloon model, which
emphasizes vascular over post-excitatory neural contribu-
tions to the HRF. Importantly, our minimum inter-trial
interval was 4 s, with the majority of trials occurring at
6 – 8 s intervals, which should decrease the likelihood of
nonlinear summing. Third, we did not attempt to explic-
itly model the deconvolved HRF with a gamma variate or
a double gamma variate function as has been previously
done [Bellgowan et al., 2003; Mayer et al., 2014; Thompson
et al., 2014]. Modeling 8 free parameters (i.e., a double
gamma variate function) based on 10 data points (i.e., our
measured HRF) increases the likelihood of over-fitting the
data. Thus, current and future studies could benefit from
newer simultaneous multi-slice imaging protocols that
allow for increased temporal resolution (e.g.,
TR 5 200 2 250 ms) and improved modeling of the HRF
[Thompson et al., 2014].

CONCLUSION

In summary, during a simple multisensory detection
task, SP exhibited abnormal PSU after normal task-related
activation in secondary unisensory areas, as well as abnor-
mal task-induced deactivation in the aDMN, and the two
hemodynamic abnormalities were related. Current results
are consistent with the view that separate neural processes
underlie the two phases of the HRF [Haigh et al., 2015;
Mullinger et al., 2013; Sadaghiani et al., 2009] and that
they are differentially affected in SP. Such findings do not
directly contradict the large body of literature on evoked
BOLD responses in SP that used a single parameter to
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estimate the HRF. Instead, they support caution when
assuming a similar HRF shape in SP and HC which may
obscure group differences related to inhibitory activation.
Examination of the full time course of a deconvolved HRF
provides a more thorough approach for investigating neu-
ronal pathology in SP.
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