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Abstract

Alterations of the cerebral cortex are a well-documented feature of schizophrenia spectrum disorders (SSD), with
frontal and temporal regions being particularly affected. Despite this, the majority of prior neuroimaging research
has emphasized macrostructural characteristics—such as cortical thickness, volume, and surface area—rather than
properties at the tissue microstructural level. Quantitative T1 (qT1) imaging enables in vivo assessment of cortical
microstructure and is thought to predominantly reflect variations in myelin content.

The study included fourteen individuals diagnosed with SSD and seven demographically comparable healthy
controls. All participants underwent qT1 imaging using two acquisition approaches: a single-echo protocol and a
multi-echo protocol.

After adjusting for age and sex, individuals with SSD exhibited significantly higher qT1 values in frontal and
temporal cortices relative to controls. This effect was observed exclusively with the single-echo qT1 acquisition.
Furthermore, within the SSD group, sex exerted a modulatory effect on qT1 measures, such that female patients
showed lower qT1 values than male patients when assessed with the single-echo protocol.

The findings are consistent with disrupted cortical myelination in frontal and temporal regions in SSD. In addition,
the results underscore the critical role of acquisition protocol choice, as discrepancies between qT1 methods remain
evident despite advances aimed at improving the quantitative robustness of these techniques.

eExtensive cortical abnormalities are evident in schizophrenia spectrum disorders, particularly within
frontotemporal regions.

eIncreased qT1 values indicate reduced cortical myelination in individuals with SSD.

eMethodological choices in qT1 acquisition substantially influence observed outcomes, emphasizing the need for
careful protocol selection.
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Introduction been recognized as a core feature of schizophrenia

spectrum disorders (SSD). Magnetic resonance imaging
Since the earliest applications of neuroimaging in  (MRI) studies, in particular, have consistently identified
psychiatry, abnormalities of the cerebral cortex have  cortical alterations as a defining aspect of the disorder
[1]. Among the most robust findings are reductions in
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macrostructural observations have greatly advanced
understanding of SSD-related brain alterations, they
largely reflect gross anatomical differences and have
limited translational relevance.

At the microstructural level, evidence has traditionally
been derived from post-mortem investigations. These
studies have repeatedly demonstrated decreases in
neuronal size and alterations in the density of inhibitory
interneurons within the cortex of individuals with SSD
[7]. Moreover, immunohistochemical analyses have
revealed reductions in both the number and density of
oligodendrocytes in frontal and parietal cortical regions,
particularly Brodmann areas 10 and 39 [8-10].
Complementary molecular findings indicate diminished
expression of myelin-associated genes in the anterior
cingulate cortex [11]. Although demyelination has
classically been associated with white matter pathology,
such observations suggest that cortical myelin is also
compromised in SSD. Nonetheless, post-mortem
approaches are constrained by limited sample sizes and
an inability to adequately control for clinical and
demographic confounders. In vivo characterization of
cortical myelin has been relatively limited, largely
because quantitative, non-invasive myelin-sensitive
imaging techniques have only recently become widely
available.

Early in vivo efforts include the use of transverse
relaxation time (T2) mapping as an indirect marker of
myelin content in schizophrenia [12]. More recently,
whole-cortex myelin mapping using T1-weighted/T2-
weighted (T1w/T2w) ratios has been applied in first-
episode psychosis cohorts [13, 14].
investigations focusing on cortical microstructure
beyond white matter, particularly in chronic SSD
populations,  remain Among  available
quantitative approaches, longitudinal relaxation time
mapping—commonly referred to as quantitative T1
(qT1)—has demonstrated advantages over alternative
techniques, including reduced inter- and intra-subject
variability and improved contrast-to-noise characteristics
[15]. Although qT1 values are influenced by multiple
biological factors, such as cellular density, iron content,
and water composition [16], converging evidence
suggests that myelin content is the dominant determinant
[17-19].

In earlier work, we reported elevated qT1 values in
subcortical structures of individuals with SSD [20]. That
study also examined the sensitivity and reliability of
different qT1 strategies, specifically

However,

sparse.

acquisition

comparing single-echo and multi-echo fast spoiled
gradient echo (fSPGR) sequences. The multi-echo
approach is particularly appealing because it allows
simultaneous generation of several imaging contrasts,
including qTl, TI1-weighted, T2* quantitative
susceptibility mapping (QSM), and susceptibility-
weighted imaging (SWI) [4, 21-23]. Such multimodal
acquisitions are especially advantageous in psychiatric
research, where longer scanning protocols may be poorly
tolerated due to symptom severity or agitation. By
reducing total scan time and minimizing the need for
multiple acquisitions and subsequent
registration, multimodal imaging may also help address
longstanding reproducibility challenges in neuroimaging
research [24, 25]. Nevertheless, different acquisition
protocols may vary in their sensitivity to microstructural
alterations and in their susceptibility to influences such
as age, sex, or antipsychotic treatment. Accordingly, the
present study aimed to characterize cortical qT1
alterations in SSD relative to healthy controls and to
evaluate the extent of inter-protocol variability between
single-echo and multi-echo qT1 acquisitions.

image co-

Materials and Methods

Participants and recruitment

Fourteen individuals meeting diagnostic criteria for
schizophrenia spectrum disorders and seven healthy
control participants were enrolled through the Centre for
Addiction & Mental Health (CAMH) in Toronto.
Diagnoses in the SSD group were established using the
Mini-International Neuropsychiatric Interview (MINI)
based on DSM-5 criteria [26]. Healthy controls had no
history of psychotic disorders, while all SSD participants
were receiving antipsychotic medication at the time of
the study. Exclusion criteria for both groups included
traumatic brain injury, substance-induced psychosis,
intellectual disability, and major neurological conditions.
Within the SSD cohort, two participants were diagnosed
with schizoaffective disorder, and the remainder with
schizophrenia. Although the SSD group was older on
average, the groups were comparable with respect to sex
distribution and ethnicity. Detailed demographic
characteristics are provided in Table 1.

Table 1. Demographic breakdown of study participants.

Demographic Povalue HC SD
Variable (n=7) (n=14)

178



J Med Sci Interdiscip Res, 2021, 1:177-188

Ricci and Greco.

Age (years) 0.0009 28+9.30 47+14
% Male 0.875 57 57
% Caucasian 0.117 14.29 46.67
Cl'llorpromazme 548 +
equivalents (CPZe) - - 120

MRI acquisition parameters

Imaging data were collected on a 3 Tesla GE MRI system
equipped with a built-in RF body transmitter and an 8-
channel phased-array head coil (GE Healthcare,
Waukesha, WI). Quantitative T1 (qT1) measurements
were obtained using two distinct acquisition strategies.
The first consisted of a sagittal single spoiled gradient
echo sequence acquired at two flip angles (3° and 14°),
with an echo time of 4.948 ms and isotropic spatial
resolution of 1 mm?; this approach is referred to as the
single-echo qT1 (SE-qT1). The second approach
employed an axial fast spoiled gradient echo sequence
with 2 flip angles (3° and 24°), five echoes (initial TE =
3.36 ms, echo spacing = 4.42 ms, repetition time = 28.5
ms), and a voxel size of 0.5 X 0.5 x 2 mm?, and is termed
the multi-echo qT1 (ME-qT1).

To compensate for transmit field (B1) non-uniformities,
a fast spin echo double-angle method (FSE-DAM) was
implemented following the procedure described by
Samson et al. [27]. This involved acquiring two multi-
slice sagittal FSE datasets (TR = 15 s, effective TE = 14
ms, echo train length = 8) using excitation angles of 60°
and 120°. In addition, high-resolution anatomical images
were acquired to support cortical surface reconstruction
using a standard sagittal T1-weighted BRAVO sequence
(flip angle = 8°, TR =6.868 ms, TE = 3.016 ms, inversion
time = 650 ms), with a voxel resolution of 0.9 mm°.

T1 map generation and processing

Quantitative T1 maps were computed in line with the
methodology outlined by Nader ef al. [20]. For the ME-
qT1 protocol, signal intensities from the five echoes were
first averaged separately for each flip angle. All qT1
datasets were registered to a halfway space, after which
B1 correction factors were derived and scaled using a
scanner-specific constant to generate Bl maps [28].
These maps were applied to correct voxel-wise flip angle
deviations, and T1 relaxation times were subsequently
estimated by fitting the spoiled gradient echo signal
model.

Cortical surface reconstruction and segmentation were
performed on the T1-weighted anatomical images using
FreeSurfer version 7.1.1 via the automated recon-all
pipeline [29]. Cortical regions were defined according to
the Desikan—Killiany atlas [30]. Visual inspection
confirmed satisfactory surface reconstruction, requiring
only minor manual adjustments related to intensity
normalization and correction of pial surface inaccuracies.
Individual qT1 volumes were then sampled onto the
cortical mid-surface using FreeSurfer’s mri_vol2surf
utility with a projection fraction of 0.5.

Statistical analysis

Initial analyses examined the correspondence between
SE-qT1 and ME-qT1 values within each region of
interest (ROI) using correlation testing. All subsequent
analyses independently for
acquisition protocol. For visualization of group
differences, vertex-wise qT1 data were normalized to
FreeSurfer’s fsaverage template using mris_preproc and
displayed as surface maps. ROI-level group comparisons
were performed by extracting mean qT1 values per
region and assessing differences between SSD and
control groups using general linear models implemented
with the Im function in R, controlling for age and sex
[31]. Within the SSD cohort, additional covariate
analyses evaluated the sensitivity of each protocol to age,
sex, and chlorpromazine equivalent dose (CPZe), while
adjusting for the remaining covariates. Correction for
multiple testing was applied using the Benjamini—
Hochberg false discovery rate (FDR) procedure, and all
statistical tests were conducted separately for the left and
right hemispheres.

were conducted each

Results and Discussion

Inter-protocol qT1 correlation

The relationship between SE-qT1 and ME-qTI
measurements was first assessed across cortical ROIs.
After controlling for multiple comparisons, significant
associations in the left hemisphere were limited to six
regions: the isthmus of the cingulate gyrus, fusiform
gyrus, middle temporal cortex, cuneus, lateral occipital
cortex, and pericalcarine area (Figure 1a). In contrast, no
cortical regions in the right hemisphere demonstrated
significant correlations between the two qT1 protocols
following correction for multiple comparisons (Figure
1b).
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Figure 1. Heterogeneous correlations between SE-qT1 and ME-qT1 across cortical regions of interest. Each point
corresponds to an individual participant, and the fitted line represents the linear regression across all subjects (n =
21). SE-qT1 denotes single-echo quantitative T1, while ME-qT1 denotes multi-echo quantitative T1.
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Cortical microstructural alterations in SSD
Group-related differences in cortical qT1 were examined
by projecting individual maps onto a shared surface
template and computing vertex-wise contrasts between
schizophrenia spectrum disorder (SSD) participants and
healthy controls (HC) (Figure 2). In general, both qT1
acquisition strategies revealed elevated qT1 values in the
SSD group relative to controls, with the most prominent
increases observed in the left frontal and temporal
cortices and extending into right-sided temporoparietal
regions (Figure 2). In contrast, reductions in qT1 among
SSD patients were limited to a small number of parietal
and occipital areas and appeared spatially restricted
(Figure 2). Notably, the ME-qT1 protocol yielded
changes that were broader in extent and less spatially
focal than those detected with SE-qT1, most clearly
illustrated by the widespread alterations observed in the
right temporoparietal cortex (Figure 2).

Figure 2. Cortical qT1 contrasts between individuals

with schizophrenia spectrum disorders (SSD) and

healthy controls (HC). Vertex-wise maps represent
SSD-HC differences and are presented for

descriptive purposes only; the color scale indicates
qT1 values in milliseconds (ms). Identical

visualization procedures were applied to both
acquisition protocols (SSD: n= 14; HC: n=7).

To characterize region-specific effects, mean qT1 values
were extracted for each cortical parcel and compared
between groups. When raw group comparisons were
performed without covariate adjustment, no regional
differences survived correction for multiple testing. In
contrast, models that accounted for age and sex revealed
a distinct pattern limited to the single-echo qT1 (SE-qT1)
protocol, which demonstrated significantly higher qT1
values in the SSD group relative to controls (Figure 3).
These alterations were distributed across frontal,
temporal, parietal, and occipital cortices, with effect sizes
varying from moderate in the left medial orbitofrontal
region (0.59) to large in the right cuneus (1.59) (Figure
3; Table 2). No statistically reliable case—control
differences were identified using the multi-echo qT1
(ME-qT1) approach. Additionally, variability in qT1
measurements was notably greater for ME-qT1 than for
SE-qT1, as reflected by larger standard deviations across
regions (Figure 4).

SE Significant Differences

Temporalpole —_—

Superiorparietal

Region of Interest (ROI)

Medial Orbitofrontal

Inferiorparietal

Cuneus

S ————————] ™

Cohen's d (Effect Size)
Figure 3. Region-of-interest—level qT1 differences between schizophrenia spectrum disorder (SSD) participants
and healthy controls. The bar chart displays only those cortical parcels that showed statistically significant effects
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using the single-echo qT1 (SE-qT1) protocol after controlling for age and sex and applying false discovery rate
correction (FDR-adjusted p < 0.05). Error bars represent the standard error of the mean (SSD: n= 14; HC: n=7).

Table 2. Case-control differences for SE-qT1.
SSD — HC mean difference (ms) (mean Effect size (Cohen’s D =

Region of Interest FDR-adjusted p-value

+ standard error) standard error)
Right hemisphere
R-temporal pole 171.05 + 87.30 0.9+0.48 0.037
R-superior parietal gyrus 120.54 + 43.06 1.3+0.50 0.021
R-inferior parietal gyrus 80.76 +36.58 1.02 +0.49 0.037
R-pars triangularis 95.31 £49.95 0.88 +0.48 0.037
R-pars orbitalis 110.8 £63.16 0.81 £0.48 0.037
R-precuneus gyrus 81.76 £ 27.55 1.37+0.51 0.021
R-cuneus gyrus 85.90 +25.05 1.59 +0.52 0.021
Left hemisphere
L-superior parietal gyrus 88.93 +44.45 0.93 +0.48 0.049
L-pars triangulairs 82.00 +43.03 0.88 +0.48 0.049
L-pars orbitalis 158.38 + 58.21 1.26 £0.50 0.049
L-pars opercularis 56.23 +43.88 0.59 +0.47 0.049
L-paracentral gyrus 73.79 +£41.29 0.83 +0.48 0.049
Lemedial orbitofrontal 72,12+ 5678 0.59 +0.47 0.049
gyrus
Subject-wise qT1 Standard Deviation by Protocol & Hemisphere
300
250
06:
g 200
E B ME
s o se
e
S
2

Hemisphere
Figure 4. Hemispheric comparison of mean qT1 variability for each acquisition protocol. The boxplot illustrates
the average standard deviation of qT1 values, calculated across all cortical regions of interest and pooled across
participants (SSD: n = 14; HC: n=17).
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Covariate analysis of qT1 values in SSD

Finally, we assessed how each qT1 acquisition method
was influenced by demographic and clinical variables
within the SSD cohort, specifically age, sex, and
chlorpromazine-equivalent dose (CPZe). For the single-
echo qT1 (SE-qT1) protocol, sex emerged as a significant
modulator, with female patients exhibiting lower qT1
values than male patients after controlling for age and
CPZe. These effects were most pronounced in bilateral

frontal and temporal cortices, with weaker associations
extending into parietal and occipital regions (Figure 5).
In contrast, the multi-echo qT1 (ME-qT1) protocol
demonstrated a negative association with CPZe after
adjustment for age and sex, confined to the right pars
triangularis and lateral orbitofrontal cortex (Figure 6).
No statistically significant covariate effects were
detected in the left hemisphere using the ME-qTI
approach.

SE Analysis of Covariates
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Figure 5. Heatmap representation of significant covariate effects on SE-qT1 measurements. Colored cells denote
cortical regions where qT1 values showed a statistically significant association with the tested covariates, with the
color scale reflecting the corresponding linear regression coefficients. For clarity, only significant effects are
displayed, while non-significant associations are set to zero in the visualization (n = 14).
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ME Analysis of Covariates
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Figure 6. Heatmap depiction of significant covariate associations identified with the ME-qT1 protocol. Colored
cells indicate cortical regions where qT1 values showed a statistically meaningful relationship with the examined
covariates, with the color scale reflecting the corresponding regression coefficients. For clarity, only significant
effects are visualized, whereas non-significant associations are set to zero (n = 14).

This study provides new in vivo evidence of cortical
microstructural alterations in schizophrenia spectrum
disorders (SSD) using quantitative T1 (qT1) imaging,
while also directly comparing the performance and
reliability of two acquisition strategies: single-echo qT1
(SE-qT1) and multi-echo fast spoiled gradient echo qT1
(ME-qT1). To our knowledge, this represents the first
cortical-focused investigation to contrast these two qT1
methodologies within a medicated SSD cohort, as earlier
studies primarily relied on heterogeneous imaging
techniques and largely examined drug-naive or first-
episode populations.

Across cortical regions, agreement between SE-qT1 and
ME-qT1 measurements was generally limited. Although

weak-to-moderate  correlations  were  observed,
statistically robust associations were confined to a small
subset of left-hemispheric parcels, with no regions
surviving correction in the right hemisphere. Given that
both qT1 maps were sampled onto an identical cortical
surface, these discrepancies are most plausibly attributed
to differences inherent to the T1 estimation procedures
rather than surface reconstruction artifacts. In our earlier
work, stronger correlations were reported when qT1
values were averaged across the entire cortex rather than
examined at the parcel level [20]. The current surface-
based, region-specific approach likely amplified
uncertainty in smaller regions, where reduced volume
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can substantially degrade measurement stability and
obscure inter-protocol concordance.

At the group level, individuals with SSD demonstrated
elevated qT1 values relative to healthy controls, but this
effect was detectable only with the SE-qT1 protocol.
Increased qT1 is generally interpreted as reflecting
pathological alterations, including
diminished myelin content, reduced cellular or synaptic
density, neuroinflammatory processes, and iron-related
changes, with myelin loss considered the dominant
contributor. Notably, medium-to-large effects were
concentrated in inferior frontal regions, including
bilateral pars orbitalis and left pars triangularis, pars
opercularis, and medial orbitofrontal cortex. These
findings closely align with post-mortem observations of
disrupted oligodendrocyte integrity and myelination in
frontal cortices [8, 9]. They are also concordant with
large-scale meta-analytic evidence reporting marked
reductions in cortical thickness and gray matter volume
in inferior temporal and frontal regions in SSD [32, 33].
While cortical thickness and qT1 index distinct
biological properties, both measures may converge in
identifying regions that are particularly vulnerable to
disease-related processes, potentially linked to shared
genetic influences on dendritic architecture and myelin-
related pathways during neurodevelopment [34].
Evidence from first-episode psychosis studies further
contextualizes these results. For example, prior work
reported reduced myelination in deeper layers of the
inferior frontal cortex, although effects did not reach
statistical significance [13]. This discrepancy is not
unexpected, as cortical abnormalities are known to
intensify with illness chronicity. Supporting this notion,
reductions in pars orbitalis thickness have been observed
in chronic schizophrenia but not in early-stage patients
[33]. Beyond frontal regions, we also identified
alterations in temporal pole, superior parietal cortex,
cuneus, and precuneus—areas repeatedly implicated in
structural MRI studies demonstrating abnormalities in
gray matter volume and surface metrics [6, 33, 35, 36].
In contrast, ME-qT1 did not reveal statistically
significant case—control differences, despite effect sizes
comparable to those observed with SE-qT1. The absence
of significance appears to stem from greater
measurement variability associated with the multi-echo
approach, as reflected by larger standard deviations
across hemispheres. Similar patterns were observed in
our previous subcortical analyses, where SE-qT1—but
not ME-qT1—detected hippocampal alterations [20].

microstructural

Although multi-echo acquisitions offer the advantage of
generating multiple quantitative contrasts within a single
scan, this benefit may come at the expense of reduced
sensitivity to subtle microstructural differences. Later
echoes are increasingly influenced by T2* decay, which
itself is affected by iron content, free water, and other
tissue properties [37]. As a result, noise may accumulate
across echoes while signal gains remain limited,
diminishing the overall signal-to-noise ratio. Future
studies may mitigate this limitation by selectively
weighting earlier echoes or excluding later echoes from
T1 estimation.

Analysis of covariates within the SSD group further
highlighted protocol-dependent sensitivities. Only SE-
qT1 demonstrated robust associations with sex, with
female patients exhibiting lower qT1 values across
multiple bilateral cortical regions after accounting for age
and antipsychotic dose. This pattern mirrors our prior
findings in subcortical structures and suggests sex-
specific differences in cortical microstructure. Age-
related effects were minimal and detectable only with
SE-qT1, showing a slight decrease in qT1 values—an
observation that contrasts with typical age-related trends
in healthy populations. This divergence may reflect the
restricted age range and modest sample size, or
potentially distinct aging trajectories in SSD [38].
Interestingly, ME-qT1 values were negatively associated
with chlorpromazine-equivalent dose in select right
frontal regions, which may reflect medication-related
influences on myelination or cellular density. Given that
the majority of participants were treated with second-
generation antipsychotics—agents often considered less
than first-generation compounds—this
finding is biologically plausible [3, 39].

Taken together, these results support the presence of
aberrant cortical myelination in SSD and underscore the
modulatory role of clinical factors such as medication
exposure. Beyond enhancing pathophysiological insight,
qT1 mapping may hold clinical relevance. Prior work has
linked regional cortical myelination to
dimensions, including affective and excitatory features
[13]. Considering differences in illness stage between
studies, it is conceivable that qT1 alterations evolve
dynamically over the course of SSD, offering potential
utility as a biomarker for disease progression, treatment
response, or functional outcome. Importantly, qT1
measures demonstrate strong test-retest and inter-
scanner reliability, making them well suited for large-
scale, multi-center investigations [40]. Integration with

neurotoxic

symptom
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machine learning and advanced analytical frameworks
could further expand their diagnostic and prognostic
potential.

This study has several notable strengths, including its
focus on cortical-specific qT1 alterations in SSD and the
direct comparison of two acquisition protocols using a
shared surface for projection, thereby
minimizing segmentation-related confounds. However,
limitations must be acknowledged. The small sample size

cortical

restricts statistical power and generalizability, and partial
volume effects from adjacent white matter or pial
surfaces cannot be fully excluded despite quality control
procedures. Additionally, imperfect age matching
between groups may have influenced results.
Accordingly, these findings should be regarded as
preliminary, serving primarily to inform methodological
optimization and guide future research.

Conclusion

In summary, our findings indicate disrupted cortical
microstructure and reduced myelination in schizophrenia
spectrum disorders, as reflected by elevated qT1 values
relative to healthy controls. We further demonstrate that
single-echo qT1 acquisition exhibits greater sensitivity to
than approaches,
emphasizing the critical importance of protocol selection.
Given the limited existing literature, future longitudinal
and outcome-focused studies are essential to clarify how
qT1-based microstructural measures relate to illness
trajectory and treatment effects in schizophrenia.

these alterations multi-echo
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