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a b s t r a c t
Investigating brain tissue T2* relaxation properties in vivo can potentially guide the uncovering of neuropathology in psychiatric illness, which is traditionally examined post mortem. We use an MRI-based Gradient Echo
Plural Contrast Imaging (GEPCI) technique that produces inherently co-registered images allowing quantitative
assessment of tissue cellular and hemodynamic properties. Usually described as R2* (=1/T2*) relaxation rate
constant, recent developments in GEPCI allow the separation of cellular-speciﬁc (R2*C) and hemodynamic
(BOLD) contributions to the MRI signal decay. We characterize BOLD effect in terms of tissue concentration
of deoxyhemoglobin, i.e. CDEOXY, which reﬂects brain activity. 17 control (CON), 17 bipolar disorder (BPD), 16
schizophrenia (SCZ), and 12 unaffected schizophrenia sibling (SIB) participants were scanned and postprocessed using GEPCI protocols. A MANOVA of 38 gray matter regions ROIs showed signiﬁcant group effects
for CDEOXY but not for R2*C. In the three non-control groups, 71–92% of brain regions had increased CDEOXY.
Group effects were observed in the superior temporal cortex and the thalamus. Increased superior temporal cortex CDEOXY was found in SCZ (p = 0.01), BPD (p = 0.01) and SIB (p = 0.02), with bilateral effects in SCZ and only
left hemisphere effects in BPD and SIB. Thalamic CDEOXY abnormalities were observed in SCZ (p = 0.003), BPD
(p = 0.03) and SIB (p = 0.02). Our results suggest that increased activity in certain brain regions is part of the
underlying pathophysiology of speciﬁc psychiatric disorders. High CDEOXY in the superior temporal cortex suggests abnormal activity with auditory, language and/or social cognitive processing. Larger studies are needed
to clarify the clinical signiﬁcance of relaxometric abnormalities.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
To date, existing neuroimaging methods including structural, functional and diffusion magnetic resonance imaging (MRI) have not had
signiﬁcant clinical applications in psychiatry. While these methods are
highly informative, they provide a limited understanding of tissue
abnormalities more proximal to the respective modality based ﬁndings.
Characterizing such intrinsic abnormalities could provide clues to
understanding etiologic mechanism in psychiatric disorders, such as
schizophrenia and bipolar disorder. The reported post mortem neuropathology of these disorders have been somewhat inconsistent
across studies (Arnold and Trojanowski, 1996; Selemon, 2001). Studies
in schizophrenia for example, ﬁnd a general lack of neurodegenerative
disease lesions or ongoing astrocytosis that would indicate postmaturational neural injury (Arnold et al., 1996; Casanova et al., 1990;
Roberts et al., 1986; Stevens et al., 1988), however neuronal apoptosis
⁎ Corresponding author at: Department of Psychiatry, Washington University Medical
School, 660 S. Euclid, Saint Louis, MO 63110, United States.
E-mail address: mamahd@psychiatry.wustl.edu (D. Mamah).

has been reported (Glantz et al., 2006; Jarskog et al., 2005). Decreased
size of neuronal cell bodies (Cotter et al., 2005; Elston and Rosa,
1998; Hayes and Lewis, 1996; Ho et al., 1992; Pierce and Lewin,
1994) and/or neural processes and dendritic spines (Garey, 2010) are
sometimes present in schizophrenia and bipolar disorder, as well as
increased neuronal density (Schlaug et al., 1993) as neurons pack
more closely together. Other authors found no changes in neuronal
density (Arnold, 2000; Cullen et al., 2006) or reduced neuronal (Di
Rosa et al., 2009; Rajkowska et al., 2001) or glial cell (Cotter et al.,
2001; Rajkowska et al., 2001) density.
In this paper, we use an advanced version (Ulrich and Yablonskiy,
2015) of Gradient Echo Plural Contrast Imaging (GEPCI) technique
(Luo et al., 2012; Yablonskiy, 2000) to study brain tissue cellular and
hemodynamic neuropathology in psychiatric disorders, which is
traditionally examined post mortem. The GEPCI technique is mainly
based on quantitative measurements of the transverse relaxation
(R2*, i.e. 1/T2*) properties of the gradient echo MRI signal. Since
gradient echo images are affected by artifacts related to background
gradients and physiological ﬂuctuations, we use two correction
methods to minimize these adverse effects — voxel spread function
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(VSF) approach (Yablonskiy et al., 2013b) and f0 correction method
(Wen et al., 2014). Recent developments using GEPCI have allowed
the separation of tissue components that make up the R2* signal
decay into cellular (R2*C) and blood-oxygen-level dependent (BOLD)
contributions (Ulrich and Yablonskiy, 2015), thus promising more elaborate descriptions of tissue properties in disease. R2*C describes part of
the R2* decay resulting from water molecules' interaction with cellular
components of biological tissues, and can thus serve as a biomarker
indicating “cellular health”, and is sensitive to cellular alterations
in the brain. The BOLD contribution comes from the presence of
deoxyhemoglobin in the blood (Ogawa, 2012). Herein we use the previously developed theory of the BOLD effect (Yablonskiy and Haacke,
1994) that predicted non-linear dependence of MRI signal transverse
relaxation on gradient echo time, thus allowing separation of cellular
and BOLD contributions (Yablonskiy, 1998). Separating the non-linear
MRI signal decay due to the BOLD effect could provide important information on tissue metabolic properties which are important for
understanding normal human brain operation (Raichle and Mintun,
2006) as well as the pathophysiology of brain disease (Derdeyn et al.,
2002; Iadecola, 2004). Speciﬁcally, in this paper we will characterize
the resting state BOLD effect in terms of the tissue concentration of
deoxyhemoglobin CDEOXY. An increase in tissue CDEOXY in a brain region
would indicate insufﬁcient oxygen supply compared to demand, which
relates to increased activity and/or metabolism. In contrast, decreased
CDEOXY implies decreased oxygen utilization.
In previous studies, GEPCI has been used to investigate patients with
multiple sclerosis (MS) (Luo et al., 2012; Luo et al., 2014; Sati et al.,
2010; Wen et al., 2014; Wen et al., 2015; Yablonskiy et al., 2012), with
ﬁndings of decreased R2* relaxation in white matter, consistent with
the characteristic myelin and/or axonal loss and inﬂammation. Results
also showed that GEPCI-derived R2* metrics correlated better with neurologic disability and tissue damage than lesion load derived using a
conventional MRI acquisition (Luo et al., 2014; Sati et al., 2010; Wen
et al., 2014; Wen et al., 2015). Studies using the quantitative methods
of GEPCI have not been previously conducted for psychiatric disorders.
In the current exploratory study, we apply GEPCI techniques to participants with schizophrenia and bipolar disorder, two of the potentially
most disabling psychiatric illnesses (Whiteford et al., 2013). Our study
population also includes unaffected siblings of those with schizophrenia, in order to investigate genetic markers of disease without the inﬂuence of medications. We analyze tissue characteristics of white and gray
matter using subcomponents contributing to the R2* signal decay, speciﬁcally, R2*C (characterizing tissue cellular properties) and CDEOXY
(characterizing tissue hemodynamic properties), to uncover speciﬁc
illness pathomechanisms. Results of our study shed light on the
application of this new methodology in psychiatry, and show a potential to guide the ﬁeld towards a better understanding of psychiatric
neurobiology.

Table 1
Demographics and clinical data table.
Characteristics

Mean age (SD)
Gender (%)
Female
Male
Race (%)
Black
White
History of use disorder (%)a
Nicotine
Alcohol
Cannabis
Stimulant
Opioid
Cocaine
Hallucinogen
Psychotropic medication (%)
Typical neuroleptic
Atypical neuroleptic
SSRI
Other antidepressants b
Mood stabilizer
Benzodiazepines
Stimulant
Anticholinergic
None
Symptom domainsc
SAPS
Positive symptomsd
Disorganized symptomsd
SANSe

CON

BPD

SCZ

SIB

(n = 17)

(n = 17)

(n = 16)

(n = 12)

35.6 (8.1)

26.1 (3.2)

35.8 (8.5)

31.3 (8.6)

58.8
41.2

82.4
17.6

31.3
68.7

66.7
33.3

64.7
35.3

5.9
94.1

50.0
50.0

33.3
66.7

29.4
5.9
5.9
–
–
5.9
–

41.2
35.3
23.5
5.9
–
–
–

68.8
31.3
31.3
6.3
6.3
6.3
6.3

33.3
16.7
8.3
–
–
–
–

–
–
–
–
–
–
–
–
100.0

–
41.2
29.4
23.5
47.1
11.8
17.6
–
29.4

12.5
81.3
18.8
18.8
31.3
12.5
–
18.8
12.5

–
–
–
–
–
–
–
–
100.0

0.29 (0.8)
0.06 (0.2)
0.24 (0.7)
2.29 (2.8)

2.59 (2.6)
1.00 (1.4)
1.59 (1.6)
2.59 (3.5)

4.94 (3.5)
3.75 (2.4)
1.19 (1.7)
7.94 (3.2)

0.50 (0.9)
0.08 (0.3)
0.42 (0.8)
2.92 (2.7)

a
Other than for nicotine use disorder, participants did not meet criteria for a use
disorder in the last 6 months.
b
Refers to antidepressants other than selective serotonin reuptake inhibitors (SSRI).
c
Values given as means (SD).
d
Positive and Disorganized Symptoms were derived from the Structured Assessment of
Positive Symptoms (SAPS). Maximum possible score on the SAPS is 16; and either positive
or disorganized symptoms is 8.
e
Maximum possible score on the Structured Assessment of Negative Symptoms
(SANS) is 20.

or mood disorder histories other than their primary diagnosis. DSMIV Axis II disorders were not investigated. Participants were excluded
if they: (a) met DSM-IV criteria for substance dependence or severe/
moderate abuse during the prior 6 months; (b) had a clinically unstable
or severe general medical disorder; or (c) had a history of head injury
with documented neurological sequelae or loss of consciousness. The
study was approved by Washington University's Institutional Review
Board.

2. Materials and methods
2.2. Clinical assessment
2.1. Participants
Participant groups included: 1) healthy controls (CON; N = 17);
2) bipolar disorder (BPD; N = 17); 3) schizophrenia (SCZ; N = 16);
and 4) siblings of individuals with SCZ who did not have a diagnosis of
SCZ or BPD or any other DSM-IV psychotic disorder (SIB; N = 12).
Participants' ages ranged between 19 and 50 yrs. Table 1 shows demographic and clinical data across the four participant groups. All participants gave written informed consent for participation. SCZ and BPD
participants were all outpatients, and clinically stable for at least two
weeks. They were diagnosed on the basis of a consensus between a
research psychiatrist and a trained research assistant who used the
Structured Clinical Interview for DSM-IV Axis I Disorder. CON subjects
were required to have no lifetime history of DSM-IV Axis I psychotic
or mood disorders. SCZ, BPD and SIB participants did not have psychotic

Psychopathology was assessed using the Scale for the Assessment of
Negative Symptoms (SANS) and the Scale for the Assessment of Positive
Symptoms (SAPS) (Andreasen et al., 1995). Speciﬁc subscale scores
were summed to derive measures of positive symptoms (i.e. hallucination and delusion subscales), disorganization (i.e. formal thought disorder, bizarre behavior and attention subscales), and negative symptoms
(i.e. ﬂat affect, alogia, anhedonia and amotivation subscales). Table 1
shows mean SAPS and SANS scores across groups.

2.3. MRI scanning
All scanning occurred on a 3 T Tim TRIO Scanner at Washington
University Medical School.

Please cite this article as: Mamah, D., et al., Subcomponents of brain T2* relaxation in schizophrenia, bipolar disorder and siblings: A Gradient Echo
Plural Contrast Imaging (GE..., Schizophr. Res. (2015), http://dx.doi.org/10.1016/j.schres.2015.10.004

D. Mamah et al. / Schizophrenia Research xxx (2015) xxx–xxx

GEPCI data were obtained using a 3D version of the multi-gradient
echo sequence with a resolution = 1 × 1 × 3 mm3, FOV = 256 ×
192 × 120 mm3, and 11 gradient echoes (min TE = 4 ms; delta-TE =
4 ms; TR = 50 ms; bandwidth = 510 Hz/Pixel; FA = 30°) was used,
with a total acquisition time of 6.4 min. Additional phase stabilization
echo (the navigator data) was collected for each line in k-space to
correct for image artifacts due to the physiological ﬂuctuations
(Wen et al., 2014). Effects of ﬁeld inhomogeneities (background gradients) were removed using the voxel spread function (VSF) approach
(Yablonskiy et al., 2013b).
2.4. Generating GEPCI images
Image processing was ﬁnished in MATLAB (The MathWorks, Inc.)
using previously developed algorithms. In brief, images were generated
after correcting the k-space data for physiological artifacts (Wen et al.,
2014). 3D spatial Hanning ﬁlter was then applied to the data in the
image domain. To achieve an optimal signal-to-noise ratio, we use the
following equation to combine the data of all channels (Luo et al., 2012):
Sn ðTEÞ ¼

M
X

ch

λch  Sn ðTE1 Þ  Sch
n ðTEÞ; λch

ch¼1

M
1 X
ε2
2
M  εch ch¼1 ch

ð1Þ

where the sum is taken over all M channels (ch). S denotes complex conjugate of S, λch are weighting parameters, εch are noise amplitudes
(r.m.s.), and the index n corresponds to the voxel position (n = x,y,z).
This algorithm allows for the optimal estimation of quantitative parameters, and also removes the initial phase incoherence among the channels (Luo et al., 2012; Quirk et al., 2009).
The data were then analyzed on a voxel-by-voxel basis using theoretical model (Yablonskiy, 1998):
SðTEÞ ¼ A0  expð−R2C  TE þ i  2π  Δ f  TEÞ  F BOLD ðTEÞ  F ðTEÞ

ð2Þ

where TE is the gradient echo time, R2*C = 1/T2*C is the tissue cellular
transverse relaxation rate constant (describing GRE signal decay in the
absence of BOLD effect), Δf is the frequency shift (dependent on tissue
structure and also macroscopic magnetic ﬁeld created mostly by
tissue/air interfaces), function FBOLD(TE) describes GRE signal decay
due to the presence of blood vessel network with deoxygenated
blood (veins and adjacent to them part of capillaries), and function
F(TE) describes the effects of macroscopic magnetic ﬁeld inhomogeneities. We used the voxel spread function (VSF) method (Yablonskiy
et al., 2013b) for calculating F(TE). For the BOLD model we used the following expression (Ulrich and Yablonskiy, 2015):
F BOLD ðTEÞ ¼ 1−

ζ
1
 f ðδω  TEÞ þ
 f ðζ  δω  TEÞ
1−ζ s
1−ζ s

ð3Þ

where the function fs describes the signal decay due to the presence of
blood vessel network and was deﬁned in Yablonskiy and Haacke
(1994).
Eq. (3) better accounts for the presence of large vessels in the voxel
than traditional exponential function (Yablonskiy and Haacke, 1994).
Here, ζ is the deoxygenated cerebral blood volume fraction (dCBV)
and δω is the characteristic frequency determined by the susceptibility
difference between deoxygenated blood and surrounding tissue
(Yablonskiy and Haacke, 1994):
δω ¼

4
π  γ  B0  Hct  Δχ 0  ð1−Y Þ
3

ð4Þ

In this equation, Δχ0 = 0.27 ppm (Spees et al., 2001) is the susceptibility difference between fully oxygenated and fully deoxygenated blood,

3

Y is the blood oxygenation level (with Y = 0 being fully deoxygenated,
and Y = 1 being fully oxygenated), Hct is the blood hematocrit, and γ
is the gyromagnetic ratio. Herein we use a mathematical expression for
the function fs in terms of a generalized hypergeometric function 1F2
(Yablonskiy et al., 2013a):

f s ðδω  TEÞ¼1 F 2

 



1 3 5
9
− ; ; ; − ðδω  TEÞ2 −1
2 4 4
16

ð5Þ

By ﬁtting Eq. (2) to the complex signal using nonlinear regression
algorithm, we are able to generate the ﬁve parameters: S0, R2*C, Δf, ζ
and δω for each voxel in the brain. Details of the ﬁtting routine have
been described in great detail (Ulrich and Yablonskiy, 2015).
Based on the above-described parameters we can also calculate the
concentration of deoxyhemoglobin per unit tissue volume (He and
Yablonskiy, 2007):

Cdeoxy ¼ ζ  nHb  Hct  ð1−Y Þ ¼

3 ζ  δω  nHb

4 γ  π  Δχ 0  B0

ð6Þ

where nHb is the total intracellular concentration of hemoglobin equal to
5.5× 10−6mol/mL (He and Yablonskiy, 2007).
2.5. Image segmentation
FreeSurfer (Martinos Center for Biomedical Imaging, Charlestown,
MA) was used to generate brain segmentations from MPRAGE images,
deriving 38 cortical and subcortical regions of interest (ROIs). MPRAGE
images were registered to GEPCI-T1-weighted images using FMRIB's Linear Image Registration Tool (Jenkinson et al., 2002; Jenkinson et al.,
2012) in FSL (University of Oxford, UK) and the transformation matrices
of the registration were generated. These matrices were applied to the
brain segmentations from FreeSurfer and transformed to the space of
GEPCI-T1-weighted images. Since GEPCI-T1-weighted images are naturally co-registered to all other GEPCI-generated parameters (i.e. R2*C
and CDEOXY), the segmentations were also naturally registered.
2.6. Post-processing and statistical analyses
Statistical analyses were established using MATLAB (The MathWorks,
Inc.) and SAS 9.4 (SAS Institute Inc., Cary, NC). R2*C and CDEOXY values for
each ROI were deﬁned as the median voxel values within that ROI. R2*C
and CDEOXY were normally distributed (Shapiro–Wilk: p = 0.15–0.78) in
each ROI, with the exception of thalamus CDEOXY in SCZ and SIB. A
Levene's test assessing the homogeneity of variance across diagnostic
groups was insigniﬁcant for most comparisons, with the exception of
thalamic CDEOXY between CON and SCZ. White matter R2*C differences
between subjects of different diagnostic groups were tested using Analysis of Variance (ANOVA) with and without covarying for age. Multivariate Analysis of Covariance (MANCOVA) was used to test group
differences in gray matter involving multiple brain regions-of-interest
(ROIs). Alpha was set at 0.05. Post-hoc comparisons of individual gray
matter regions were done using ANOVA, with and without covarying
for age. For thalamic CDEOXY comparisons a logarithmic (log10) transformation was applied to correct for non-normality and unequal variances.
Hemispheric effects were investigated for ROIs using repeated measures ANOVA, controlled for age, with hemisphere as the repeated measure. As thalamic CDEOXY values in some groups were not normally
distributed, for uniformity Spearman's correlation was used to test
CDEOXY relationships with clinical domains derived from the SAPS and
SANS assessments, partialing out diagnosis and age. Clinical relationships were investigated across all groups, and in patient groups only
(i.e. in SCZ and BPD).
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3. Results
3.1. White matter relaxation
Least square means (age-corrected) of the total white matter
median R2*C values were (in s− 1): 19.2 in CON, 19.2 in BPD, 19.1 in
SCZ, and 19.6 in SIB. The effect of diagnosis was not statistically signiﬁcant (p = 0.3).
3.2. Regional gray matter relaxation
R2*C and CDEOXY group z-score means (SD) of the 38 gray matter
ROIs parcellated using FreeSurfer are graphically depicted in Fig. 1,
and represented on the cortical surface in Fig. 2.
3.2.1. R2*C relaxation
Result using a MANOVA of the 38 age-corrected median R2*C values
was non-signiﬁcant (Wilk's λ = 0.03; p = 0.3). Figs. 1A and 2A depict
group means of R2*C across ROIs. Of note, in SCZ almost all ROIs had
lower R2*C than CON.
3.2.2. CDEOXY
CDEOXY median values used as dependent variables in an agecorrected MANCOVA showed signiﬁcant omnibus group effects
(Wilk's λ = 0.02; p = 0.035). Table 2 shows CDEOXY values across

groups and ANOVA results. As seen in Figs. 1B and 2B, mean CDEOXY
showed a tendency towards increased values in all three noncontrol groups. The percentage of ROIs with increased mean CDEOXY
compared to CON was 92.1% for SCZ, 71.1% for BPD and 81.6% for SIB.
In post-hoc analyses, CDEOXY group differences were only signiﬁcant
in the superior temporal cortex (F = 3.5; p = 0.021) and the thalamus
(F = 2.8; p = 0.049). For individual superior temporal cortex comparisons, correcting for age, signiﬁcant effects were found between CON v.
SCZ (p = 0.01), CON v. BPD (p = 0.01) and CON v. SIB (p = 0.02)
with increased mean CDEOXY in the three non-control groups (Fig. 1B,
Table 2). Results of analyses were similar when corrected for age; however CON v. BPD results were signiﬁcant only at trend level (p = 0.06).
Following a logarithmic transformation of thalamus CDEOXY values to
adjust for differences in variance heterogeneity, comparisons (corrected
for age) were highly signiﬁcant between CON v. SCZ (p = 0.003), CON v.
BPD (p = 0.03), and CON v. SIB (p = 0.02) with increased mean thalamic C DEOXY in SCZ, BPD and SIB. All thalamic comparisons were
similarly signiﬁcant when analyses were not corrected for age.
3.2.3. Hemispheric effects
We explored hemispheric CDEOXY differences in the superior temporal cortex and the thalamus, which showed signiﬁcant group effects
(Fig. 3).
There was a signiﬁcant hemispheric effect (p = 0.03) for superior
temporal cortex CDEOXY but no group × hemisphere effect. Right superior

Fig. 1. Line graphs of regional R2*C and CDEOXY by group. Graphs depict corrected z-scores of R2*C (A), and CDEOXY (B) values averaged for the four participant groups: healthy controls,
bipolar disorder, schizophrenia, and the unaffected siblings of schizophrenia patients. z-Scores were corrected for age, and group means normalized against the control group. Values
are derived from the each participants median R2*C or CDEOXY voxel values. ROI numbers correspond to regions listed in Table 2. Asterisks represent ROIs where post-hoc ANOVA resulted
in statistical signiﬁcance of p b 0.05.
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Fig. 2. Cortical surface depiction of R2*C and CDEOXY by group. Surface maps depict mean R2*C (top), and CDEOXY (bottom) corrected z-scores projected onto cortical ROIs. z-Scores were
corrected for age, and group means normalized against the control group. Subcortical ROIs are not depicted. ROIs in green (i.e. entorhinal cortex and temporal pole) were not included
in our analyses, as complete GEPCI coverage of these regions was not obtained in a substantial number of participants.

temporal cortex CDEOXY was slightly higher than the left in CON and
SCZ, with the opposite ﬁnding in BPD. On the left, superior temporal
cortex signiﬁcant group differences were found between CON v. SCZ
(p = 0.048), CON v. BPD (p = 0.04), and CON v. SIB (p = 0.04). On
the right, superior temporal cortex signiﬁcant group effects were
only found between CON v. SCZ (p = 0.02), while there was a trend
level effect between CON v. SIB (p = 0.1).
There were no signiﬁcant hemispheric effects for the thalamus.
Thalamus CDEOXY values were signiﬁcantly different for both hemispheres between CON v. SCZ (left: p = 0.03; right: p = 0.01), CON v.
BPD (left: p = 0.05; right: p = 0.04), and CON v. SIB (left: p = 0.003;
right: p = 0.03).
3.3. Correlations between clinical and radiological measurements
We studied the relationships of clinical symptoms derived from the
Structured Assessment of Positive Symptoms (SAPS) and the Structured
Assessment of Negative Symptoms (SANS) with CDEOXY values in the
superior temporal cortex and the thalamus. When studied across groups,
a signiﬁcant direct correlation was observed between CDEOXY in the
thalamus and positive symptom domain scores on the SAPS (r = 0.26;
p = 0.04). Additionally, a trend level of signiﬁcance was noted for correlations between CDEOXY in the superior temporal cortex and disorganization symptom domain scores on the SAPS (r = 0.22; p = 0.097). When
only SCZ or both SCZ and BPD were investigated, there were no signiﬁcant correlations observed for either region with any of the clinical
domains.
4. Discussion
Results from our studies demonstrate, for the ﬁrst time, the utility of
the Gradient Echo Plural Contrast Imaging (GEPCI) (Luo et al., 2012;
Yablonskiy, 2000) in the quantitative study of brain relaxation properties in psychiatric populations. By applying two recently developed
correction methods (Wen et al., 2014; Yablonskiy et al., 2013b)

that minimize artifacts related to macroscopic magnetic ﬁeld inhomogeneities and physiological ﬂuctuations, GEPCI allows obtaining
tissue-speciﬁc measurements characterizing cellular and hemodynamic
tissue properties. Being quantitative, GEPCI provides measures that are
not inﬂuenced by differences in pulse sequences, and thus are less
intersite dependent than those acquired using standard weighted imaging (Ropele et al., 2013; Weiskopf et al., 2013). Our ﬁndings suggest that
uncoupling subcomponents of R2* relaxation into cellular (R2*C) and
extravascular BOLD contributions (Ulrich and Yablonskiy, 2015) to the
GRE signal decay can provide useful information for understanding
pathomechanisms of psychiatric illnesses.
Signiﬁcant relaxometric ﬁndings in our study pertained to CDEOXY,
which showed group differences in several brain gray matter regions.
CDEOXY represents the deoxyhemoglobin status in veins (Ulrich and
Yablonskiy, 2015) and thus is expected to reﬂect a balance between
oxygen supply and consumption required for brain activity and/or
metabolism, with increased CDEOXY indicating imbalance towards increased oxygen consumption with insufﬁcient oxygen supply. While
CDEOXY values varied across brain regions, we observed a tendency for
ﬁndings, particularly in schizophrenia (SCZ), to be higher than that in
the control group. CDEOXY group differences in a smaller majority of
gray matter regions were also higher in bipolar disorder (BPD) and
unaffected schizophrenia siblings (SIB). Most of these ﬁndings however,
did not meet statistical signiﬁcance, but were notable as they represented a pattern that was evident in all three non-control populations. Importantly, it may imply a generalized, although largely
modest, brain hypermetabolism associated with certain psychopathological states. Signiﬁcant C DEOXY group differences from controls
were found in the superior temporal cortex and the thalamus, with increases in SCZ, BPD and SIB. While thalamic abnormalities were present
bilaterally in each non-control group, superior temporal cortex abnormalities were bilateral only in SCZ, with BPD and SIB participants showing only left hemisphere effects. The relevance of these disparate
hemispheric effects is unclear. The left superior temporal gyrus in
most people unilaterally consists of Wernicke's area that is involved in
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Table 2
CDEOXY median values by region.
Predominant
Brain zone
Subcortical

Frontal

Parietal

Temporal

Occipital

Cingulate

Insula

ROI

CON

BPD

SCZ

SIB

p

1. Caudate
2. Putamen
3. Globus pallidus
4. Thalamus*
5. Frontal pole
6. Superior frontal
7. Rostral middle frontal
8. Caudal middle frontal
9. Pars opercularis
10. Pars triangularis
11. Pars orbitalis
12. Precentral
13. Paracentral
14. Lateral orbitofrontal
15. Medial orbitofrontal
16. Superior parietal
17. Inferior parietal
18. Supramarginal
19. Postcentral
20. Precuneus
21. Superior temporal*
22. Middle temporal
23. Inferior temporal
24. Banks sup. temp. sulcus
25. Fusiform
26. Transverse temporal
27. Parahippocampal
28. Hippocampus
29. Amygdala
30. Lateral occipital
31. Lingual
32. Cuneus
33. Pericalcarine
34. Rostral ant. cingulate
35. Caudal ant. cingulate
36. Posterior cingulate
37. Isthmus of cingulate
38. Insula

45.44
37.24
50.16
22.76
100.88
26.55
30.38
24.35
31.17
39.01
53.16
25.92
23.38
70.82
91.99
24.65
21.78
26.09
27.88
20.17
47.16
48.53
44.12
23.53
26.79
48.41
40.21
39.44
56.94
29.05
23.84
21.03
20.93
68.39
29.92
24.59
20.54
38.55

44.63
41.88
53.42
26.19
92.54
26.83
31.29
23.53
31.12
40.83
60.28
24.04
20.84
69.84
89.66
21.82
22.56
25.75
26.26
19.71
54.38
53.80
45.76
30.33
32.08
53.91
45.10
44.16
67.01
30.56
26.30
22.41
21.60
60.93
32.36
24.51
20.97
40.82

46.57
40.91
51.66
26.82
90.38
29.76
32.72
27.19
35.40
43.83
57.79
28.57
24.60
70.23
94.11
24.96
22.41
27.42
30.17
21.36
53.81
52.34
49.47
25.42
30.00
48.13
40.73
42.89
67.34
29.37
26.38
22.00
22.34
69.86
33.50
26.31
23.40
41.82

47.15
42.61
57.49
28.21
87.03
28.19
36.88
26.37
34.87
45.53
59.78
27.38
25.22
71.61
91.56
25.11
22.50
27.84
29.03
19.59
53.86
55.56
51.12
29.00
31.35
44.96
44.37
45.82
66.45
33.18
26.64
21.63
22.23
64.50
30.24
23.04
21.13
38.40

0.92
0.40
0.47
0.05*
0.35
0.27
0.08
0.14
0.16
0.34
0.61
0.05
0.11
0.99
0.92
0.11
0.89
0.50
0.13
0.19
0.02*
0.34
0.46
0.06
0.09
0.07
0.52
0.35
0.21
0.15
0.28
0.72
0.79
0.55
0.25
0.39
0.08
0.29

Values listed represented least squared means of the median CDEOXY in each region, after
correction for age. CDEOXY values are given in μM. Asterisks indicate regions showing significant (p b 0.05) group differences using an ANCOVA corrected for age.

language comprehension (Karnath, 2001), and may be more susceptible to impairment than the right. Our ﬁndings indicate that abnormalities in SCZ are more severe, as they involve both hemispheres. The
regions found to be abnormal in our study are consistent with existing
knowledge about brain abnormalities in SCZ. One of the most commonly implicated regions in imaging studies of SCZ is the superior
temporal gyrus (STG) (Honea et al., 2005; Pearlson, 1997; Sun
et al., 2009), and it is also involved in key functions that are thought
to be impaired in the disorder. The STG contains the transverse temporal gyrus (i.e. Heschl's gyrus) in the area of the primary auditory
cortex, which is responsible for processing of sound. The STG also
contains several important network of connections to temporal limbic brain regions which plays a major role in the production, interpretation and self-monitoring of language. Finally, the STG is
fundamental in the perception of emotions in facial stimuli (Bigler
et al., 2007; Radua et al., 2010) and has been reported to be important in the pathway consisting of the amygdala and prefrontal cortex,
which are all involved in social cognitive processing (Adolphs, 2003;
Bigler et al., 2007). Dysfunction of either the STG of its network of
connections is pertinent to SCZ and has been closely linked to two
key positive symptoms, auditory hallucinations and thought disorder
(Allen et al., 2008; Pearlson, 1997; Shenton et al., 1992). Abnormalities
of the temporal cortex are also well documented in patients with
SCZ (Shenton et al., 2001; Wright et al., 2000). Reduced volumes of

the STG have been reported (Barta et al., 1990; Hirayasu et al., 2000;
Southard, 1910), particularly on the left side (O'donnell et al., 2004;
Reite et al., 1997). Subregions of the STG such as the Heschl's gyrus
and left planum temporale also show consistent abnormalities in SCZ
(Honea et al., 2005; Kasai et al., 2003), and the severity of hallucinations
has been reported to correlate with volume loss in the left Heschl's
gyrus (Gaser et al., 2004). More consistent with our ﬁndings of
increased CDEOXY is that the relative metabolism in the STG of SCZ
patients with hallucinations has been reported to be increased
(Cleghorn et al., 1990; Horga et al., 2011; Nenadic et al., 2014), and
blood ﬂow to the left STG increased (Suzuki et al., 1993) in SCZ patients.
Similar STG ﬁndings in BPD and SCZ in our study may reﬂect some
genetic overlap between these disorders. STG ﬁndings however are
less commonly observed in BPD (Anderson et al., 2013; Nenadic et al.,
2015), although shared abnormalities between SCZ and BPD have
been reported in some structural (Cui et al., 2011; Rimol et al., 2010),
spectroscopic (Atagun et al., 2015) and electrophysiological (Wang
et al., 2014) studies. STG abnormalities in unaffected siblings of schizophrenia patients have been found by some (Honea et al., 2008) but not
other (Hu et al., 2013) authors. Our ﬁndings of increased STG CDEOXY in
SIB participants suggest that STG hyperactivity alone is not pathognomonic of SCZ, and may represent a genetic trait conferring some vulnerability to developing the illness.
Evidence for trait heritability may also be present in the thalamus,
where increased CDEOXY was noted in SCZ BPD, and SIB, and these effects
appeared to be similarly present in either hemisphere. The main function of the thalamus is to relay motor and sensory signals to the cerebral
cortex; but it also regulates sleep and alertness. Thalamic circuits feature
prominently in theoretical models of SCZ, and are implicated in empirical SCZ studies. Structural thalamic abnormalities are sometimes found
in SCZ and SIB (Harms et al., 2007; Mamah et al., 2010; Wang et al.,
2008), and may represent a dysfunction in the processing of cortical
sensory inputs (Pergola et al., 2015). While hypoconnectivity to prefrontal cortex in SCZ and those at clinical-risk for developing psychosis
have been found (Anticevic et al., 2014; Klingner et al., 2014; Mamah
et al., 2010; Woodward et al., 2012), increased thalamic connectivity
with sensory–motor cortices, including those involved in visual and
auditory processing (Anticevic et al., 2015; Damaraju et al., 2014;
Hoffman et al., 2011; Klingner et al., 2014; Woodward et al., 2012),
have also been reported. An increased thalamic CDEOXY in SCZ, BPD an
SIB in our study may thus indicate hyperactivity stemming from an
aberrantly hyperconnected thalamocortical network. In the future,
GEPCI relaxometric studies evaluating ﬁndings from individual thalamic
nuclei may help clarify the speciﬁc thalamacortical pathways involved
in psychiatric disorders.
CDEOXY derived from GEPCI is unique since it quantiﬁes brain activity
by estimating the deoxyhemoglobin concentration. Furthermore, it
provides an absolute measure of brain activity at rest, and not activity
relative to another time period or speciﬁc task. Other methods for estimating brain activity, such as functional MRI approaches, primarily
detect task-associated hemodynamic changes, which can be dependent
on task design and administrator experience. Using selective radiotracers, positron emission tomography (PET) and single photon emission computer tomography (SPECT) imaging have also been used to
estimate brain activity investigating blood ﬂow or glucose metabolism. These methods while considered generally safe, also have
some radiation risks, which can limit their use, and are generally
time intensive. CDEOXY as a measure of brain activity however has
to be considered in the context of underlying cerebral blood ﬂow
(CBF), which can inﬂuence ﬁndings. As described in Eq. (6), CDEOXY
is proportional to (1 − Y) which is directly related to the oxygen extraction fraction (OEF). OEF, in turn, is inversely proportional to the CBF
(Yablonskiy et al., 2013a). Hence, the increase in measured regional
CDEOXY observed in our non-control groups may have potentially been
the result of decreased CBF. Across studies, CBF ﬁndings have been variable with some to no abnormalities in different brain regions in SCZ
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Fig. 3. Group CDEOXY comparisons by hemisphere. Bars represent least square mean values of the median CDEOXY value in each ROI, controlled for age. *p b 0.05 **p b 0.005.

(Pinkham et al., 2011; Talati et al., 2015; Zhu et al., 2015) or BPD
(Blumberg et al., 2000; Bolwig, 1993; Silfverskiold and Risberg, 1989).
Arterial spin labeling or SPECT has been used in previous SCZ studies,
and have shown increased CBF in the left superior temporal gyrus
(Homan et al., 2013; Suzuki et al., 1993), while decreased CBF have
been reported on the right (Gonul et al., 2003). CBF abnormalities in
the superior temporal gyrus of BPD patients have not been reported to
our knowledge, although hyperperfusion of temporal regions have
been described (Agarwal et al., 2008). Similarly in the thalamus, both
increased (Kim et al., 2000; Lewis et al., 1992; Malaspina et al., 2004;
Scheef et al., 2010) and decreased (Andreasen et al., 2008; Vita et al.,
1995) CBF have been reported in SCZ. In future studies, blood ﬂow
measurement methods, such as arterial spin labeling, alongside
GEPCI-based relaxometry could help clarify nature of CDEOXY abnormality in patients.
Our study demonstrated that in SCZ, most brain regions had lower
mean R2*C than CON to some degree. However, we did not identify statistically signiﬁcant group effects in gray matter R2*C suggesting that no
differences in cellular integrity exist across groups. This result however
may have been due to insufﬁcient group sizes, which can be addressed
in larger studies. There are multiple known neuropathological ﬁndings
that could cause R2*C abnormalities. Low R2*C (i.e. high T2*C) signaling
can be associated with neurobiological alterations that are sometimes
associated with psychiatric disorders, such as decreased myelination
(Fields, 2008) or decreased cellular density secondary to neurodegeneration — including from apoptosis (Glantz et al., 2006; Jarskog et al.,
2005) or small infarcts (Bruton et al., 1990; Jellinger, 1985; Riederer
et al., 1995; Stevens, 1982). In addition, decreased size of neurons, neuronal processes and/or synaptic spines are often noted in neuropathologic studies (Elston and Rosa, 1998; Garey, 2010; Hayes and Lewis,
1996; Ho et al., 1992; Pierce and Lewin, 1994). Such ﬁndings have
sometimes been associated with decreased cellular density in SCZ
(Cotter et al., 2001; Di Rosa et al., 2009) or BPD (Cotter et al., 2005;
Rajkowska et al., 2001). Unlike our ﬁndings in gray matter, we did not
ﬁnd any signiﬁcant relaxometric abnormalities in total white matter in

any non-control participants. This suggests an absence of major pathology in the white matter as a whole. Results however do not rule out the
possibility of regional white matter abnormalities.
GEPCI relaxometric ﬁndings in SCZ cannot exclusively be ascribed to
brain abnormalities intrinsic to the disorder itself. For example, several
commonly used recreational substances including cannabis (Smith
et al., 2014) and alcohol (Smith et al., 2011) can alter brain tissue architecture, and substance use disorder histories were more prevalent in the
non-control groups, particularly in SCZ. However, our study was not optimally designed to uncover drug inﬂuences on relaxometric data, as the
amount and length of substance use was not investigated. Medications
can also differ in their effects on altering brain tissue structure
(Mamah et al., 2012), although the presence of similar ﬁndings in unmedicated siblings of schizophrenia participants suggests that medication do not have a major role on CDEOXY.
In summary, using GEPCI, our studies found increased CDEOXY in
most regions in the majority of ROIs of non-control participants, but
most notably in the superior temporal cortex and thalamus. These
ﬁndings could indicate that hyperactivity in these regions is part of
the pathophysiology of schizophrenia and bipolar disorder. Conclusions
from our studies are limited by the modest sample size, which can inﬂuence the power to detect signiﬁcant group differences or clinical correlations. Larger studies involving GEPCI in related populations will
therefore be necessary to validate ﬁndings. Including additional brain
regions, such as the midbrain or cerebellum, will provide further information about pathologic processes that may be involved in psychiatric
disorders. For example, midbrain dopaminergic neurons within the
ventral tegmental area or substantia nigra may be abnormal in psychosis, and exhibit altered relaxometric properties suggesting hyperactivity
(Watanabe et al., 2014). The clinical relevance of ﬁndings will also have
to be studied using a more extensive assessment battery, including
those evaluating mood symptoms and cognition. In addition, further
studies are needed to help clarify the extent of heterogeneity in R2*
abnormalities within psychiatric populations. Developments in GEPCI
and related relaxometric methodologies will likely provide more
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precise distinctions between underlying brain neuropathologies.
Results of such studies could be valuable for selecting treatment and
identifying those at risk for developing illness.
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