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Schizophrenia is associated with a reduced average lifespan due
to accelerated ageing. Early studies have predominantly focused
on the global brain age gap, limiting our understanding of region-
specific ageing. Moreover, the relationship between accelerated
ageing and schizophrenia disease progression has not been

Our aim was to investigate the cortical spatiotemporal patterns

Using multi-site, resting-state functional magnetic resonance
imaging data, we analysed intrinsic activity fluctuations in 2353
healthy controls and 546 subjects with schizophrenia. We
assessed normative models of ageing trajectories in brain
activities in healthy controls, and examined the developmental
trajectory of deviations from normative reference ranges with

The ageing trajectories of both groups demonstrated spatiotem-
poral variability unfolding along the sensorimotor-association

cortical axis, characterised by a rapid decline in transmodal
association cortices at younger ages and followed by an
accelerated decline in primary cortices at older ages. However,
schizophrenia exhibited a more rapid rate of decline across the
entire cerebral cortex, particularly during the short-duration stage.
Further analysis revealed that the spatial variability of disease-
induced ageing deviations persisted along the sensorimotor—
association cortical axis throughout disease progression. The
premature involvement of neurotransmitter systems, including
dopamine and serotonin, may underlie accelerated ageing.

Conclusions

Our work uncovers regional ageing trajectories organised along
the sensorimotor—association cortical axis, and provides new
insights into the mechanisms of atypical ageing and disease
progression in schizophrenia.
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Brain deterioration is a particularly debilitating and age-related
physiological phenomenon.! In schizophrenia, extra-psychiatric
features such as telomere shortening and inflammation exhibit
signs of accelerated ageing, which has led to its classification as an
accelerated ageing disorder.>* In line with this, neuroimaging
studies have shown that patients with schizophrenia undergo
more rapid structural brain ageing compared with healthy
controls.*® Several reviews have highlighted that ageing in specific
brain regions involves complex interactions between chronologi-
cal age and cortical ageing, as well as between illness duration and
cortical ageing®’; however, the spatiotemporal variability of
accelerated cortical ageing in schizophrenia remains insufficiently
understood. Moreover, a recent review emphasised that schizo-
phrenia does not follow the trajectories of known neurodegener-
ative disorders such as Alzheimer’s disease.” Neuropathological
examinations of patients with schizophrenia who died in old age
reveal no specific or observable degenerative changes.® These
findings underscore the need to explore alternative perspectives
on the spatiotemporal variability of accelerated ageing in
schizophrenia. Given that brain structure constrains and partially
determines functional activity,® functional activity may similarly
show signs of accelerated decline in schizophrenia. However,
investigations into the decline of functional activity associated
with disease progression remain limited. Elucidating the spatial
and temporal variability of ageing in human cortical activities
among healthy controls and subjects with schizophrenia is crucial
for understanding the mechanisms driving decline due to typical

ageing and disease.
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Sydnor et al used resting-state functional magnetic resonance
imaging (rs-fMRI) to demonstrate that neurodevelopmental
plasticity in the cortical region of healthy individuals unfolds
along the sensorimotor-association cortical axis, which represents a
principal hierarchical axis of human brain organisation and shows
region-specific differences.>!® Using generalised additive models
(GAMs), these authors captured both linear and non-linear features
of intrinsic (i.e. spontaneous or non-evoked) cortical activity during
development, showing that fluctuation amplitude predominantly
exhibits asynchronous decline along the sensorimotor-association
axis during adolescence.” Interestingly, studies investigating the
dynamics of cortical ageing similarly suggest that intrinsic activity
in transmodal association cortices is more sensitive to ageing than
in primary cortical regions.!! Compared with healthy participants,
intrinsic activity in transmodal association cortices, including the
frontal lobe, shows even greater reduction in schizophrenia.'? These
findings highlight regional differences in ageing. Additionally,
emerging geroscience models conceptualise ageing not as an
isolated life stage but as a lifelong process, driven by the gradual
accumulation of organ system damage over the lifespan.' This has
led to the development of brain age prediction models focusing on
global brain characteristics, which have demonstrated that
individuals with schizophrenia tend to have a relatively older
brain.!* However, the pronounced spatiotemporal variability of
cortical ageing remains undercharacterised.

It is undeniable that current research on accelerated ageing in
schizophrenia exhibits heterogeneity. Some studies have failed to
find evidence of accelerated ageing while others, particularly those
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with small sample size or first-episode subjects, have reported only
modest changes.'* These findings underscore the complexity of the
disease process of schizophrenia, and the limitations of studies
based on small sample size. Therefore, region-specific models built
on large-scale data, capable of capturing both linear and non-linear
features, may provide a more effective framework for elucidating
typical ageing and schizophrenia progression.

In this work, we aimed to examine how spontaneous brain
activity evolves across the lifespan in schizophrenia by employing
fluctuation amplitude.!>® We hypothesised that both age- and
disease-related changes in brain activity are organised along the
sensorimotor-association axis, and that these patterns are
associated with neurotransmitter systems. By testing these
hypotheses, the current work helps to clarify the mechanisms of
accelerated ageing and regional vulnerability in schizophrenia.

Method

Participants

Magnetic resonance imaging (MRI) data were acquired from
individuals participating in the following consortia studies: the
Cambridge Centre for Ageing Neuroscience data-set (controls,
652); the Center of Biomedical Research Excellence (schizophre-
nia, 80; controls, 84); the Japanese Strategic Research Programme
for the Promotion of Brain Science project (schizophrenia, 92;
controls, 234); the Depression Imaging Research Consortium
(DIRECT; controls, 1104); the Clinical Hospital of Chengdu Brain
Science Institute (schizophrenia, 207; controls, 56); the University
of Electronic Science and Technology of China (schizophrenia, 84;
controls, 126); and the affiliated hospital of University of
Electronic Science and Technology of China (schizophrenia, 83;
controls, 97).17-23 Taken together, 2353 healthy controls and 546
individuals diagnosed with schizophrenia were included in the
present study. The supplementary material provides details on the
participant characteristics of individuals with schizophrenia and
healthy controls (Supplementary Tables 1-7 available at https://
doi.org/10.1192/bjp.2025.10364).

Ethics statement

Data collection of all study cohorts was approved by their local
institutional review boards. Written informed consent was obtained
from all subjects/patients. The authors assert that all procedures
contributing to this work comply with the ethical standards of the
relevant national and institutional committees on human experi-
mentation, and with the Helsinki Declaration of 1975 as revised
in 2013.

Data preprocessing

fMRI data were preprocessed using a toolbox for data processing
and analysis for brain imaging (DPABI) in MATLAB (MathWorks,
Inc., Natick, MA, USA),>* while the DIRECT project provides
preprocessed data.?’ Briefly, after discarding the first five volumes,
remaining images were slice-time corrected and spatially realigned
to the first volume and co-registered to a standardised template of
echo-planar imaging. Nuisance signals (including 24-parameter
motion correction, white matter and mean cerebrospinal fluid
signals) were removed.

Fractional amplitude of low-frequency fluctuation

In this study, fractional amplitude of low-frequency fluctuations
(fALFF) was employed to assess spontaneous brain activities,!>¢
which were calculated by DPABI and parcellated according to the
Schaefer-400 atlas.® fALFF values were harmonised using Combat
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to control for site variation, which demonstrated high efficacy in
removal of site effects and retaining biological variability.?® Age,
gender and diagnostic status were included as biological covariates
in the harmonisation.”

Construction of ageing trajectory

We applied the robust GAM method to quantify the age
dependency of cortical activity across different brain regions.
GAM is effective at capturing flexibly model linear and non-linear
relationships between brain activities and ageing effects. The model
parameters were derived from a published work.’ Briefly, we
implemented GAMs using the mgcv package in R 4.3.1, with thin-
plate regression splines as the smooth-term basis set (maximum
basis complexity, k=3) and the restricted maximal likelihood
approach for smoothing parameter selection.>” Models were fit
separately for each brain region in each group, with fALFF as the
dependent variable, age as a smooth term, gender as covariate and
sites as random effect. Regional age-ageing trajectories were
obtained. The model constructed, based on healthy controls, was
regarded as the normative distribution.

Construction of schizophrenia disease progression
trajectories

Ageing deviation, defined as the z-scored difference between a
patient’s actual value and the model-predicted normative value at
their age based on normative distribution, quantifies the extent of
deviation from typical ageing. Ageing deviation was computed after
controlling for age effects, enabling exploration of its association
with schizophrenia-specific parameters (i.e. disease duration).?
Schizophrenia disease progression trajectories were fit by GAM,
with the deviation as the dependent variable, duration as a smooth
term, gender as covariate and sites as random effect.

Assessment of age and disease duration effects

The significance of the smooth term was assessed using the Wald
test. The results highlight the significance of the age/duration
smooth terms in models (P false detection rate (Pppgr) < 0.05). To
establish the overall magnitude and direction of the association
between fALFF and age or deviation and duration, which we refer
to throughout as a region’s overall age/duration effect, we calculated
partial R? (effect magnitude) between the full GAM model and the
reduced model (the smooth term is removed). The first derivative of
the smooth function was calculated using finite differences, and
partial R? was signed by the sign of the average derivative (effect
direction).

Alignment with the sensorimotor-association axis

To test the overarching hypothesis that the impact of ageing and
disease progression follows the sensorimotor-association axis, a
principal hierarchical axis of human brain organisation
(Supplementary Fig. 1),%!% we assessed the correlation between the
first derivative of regional trajectories and the sensorimotor—
association axis by Spearman’s correlation. The corresponding
95% credible intervals were constructed based on sampling
distribution from the posterior distribution of each GAM (10 000
times). Moreover, principal component analysis (PCA) was applied
to progression trajectories. The first principal component explained
88% of the variance and can therefore be conceptualised as the
principal spatial axis of schizophrenia disease progression trajecto-
ries, and it explains the greatest variance in how ageing deviation
changed with duration. We quantified the similarity between the
first principal component and the cortex sensorimotor—association
axis via Spearman’s correlations. In addition, we quantified the
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similarity among the first principal component and anatomical
hierarchy, functional hierarchy and evolutionary hierarchy as
supplementary validation, and employed the Hittner et al (2003)
test to assess correlation differences with the aid of the cocor package
in R 4.3.1.102%%

Dominance analysis with neurotransmitters

We assessed whether changes in ageing trajectories were spatially
and temporally related to neurotransmitters. A total of 19 cortical
maps of neurotransmitter receptor densities were collected from
public data-sets (Supplementary Table 8) across nine different
neurotransmitter systems, including dopamine, norepinephrine,
serotonin, acetylcholine, glutamate, GABA, histamine, cannabinoid
and opioid.*! These maps were then parcellated according to the
Schaefer-400 atlas. Dominance analysis was adopted to associate
the first derivative with density maps, which is a multivariate linear
regression model designed to determine relative contributions (the
‘dominance’ of each independent variable to the overall fit).3! This
quantified the contribution of different neurotransmitters at each
age/duration increment and made dominance fully comparable
both within and across models. Spin tests (5000 repetitions) were
applied to assess the statistical significance of models.>?

Sensitivity analysis

We utilised seven methods to assess the stability of the current
results, including different parcellation atlases; global amplitude
effects; individual differences in blood oxygen level-dependent
(BOLD) signal intensity; potential impact of symptoms and
interaction effects between disease duration and symptoms
interaction effects between disease duration and chlorpromazine
equivalent; and the potential impact of varying age distribution.
Under different constraints, we reconstructed the regional ageing
trajectories and re-quantified the correlation with the sensorimotor—
association axis. For details, see Supplementary Methods.

Results

Sample characteristics

Due to insufficient data quality, 108 healthy controls and 46
patients with schizophrenia were excluded from the analysis;
further details are available in the supplementary material. The final
data included 2245 healthy controls and 500 patients with
schizophrenia. Demographic and clinical characteristics are
provided in Table 1.

Ageing effect of intrinsic fMRI activity varies across
the cortex

In both controls and patient groups, the age effect varied across the
cortex (Fig. 1 and Supplementary Figs 2-5). Prefrontal regions
exhibited stronger age effects, while sensorimotor areas demon-
strated weaker age effects. Significant age-related alterations in
fALFF were observed across nearly all cortical regions within the
ageing range. In controls, fALFF followed a non-linear age
trajectory - initially showing a slow decrease, which transitioned
into a steeper decline with advancing age. In contrast, patients
exhibited an earlier and more pronounced decline during
adulthood.

Ageing variability is patterned along the
sensorimotor-association axis

Spatiotemporal variability associated with ageing is illustrated in
Fig. 2. A biphasic relationship was observed between fALFF decline
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Table 1 Demographic characteristics

Healthy controls Patients
Characteristics (n = 2245) (n = 500)
Age, years (s.d.) 39.61 (17.05) 36.12 (11.38)
Age range, years 16-80 16-59

Male gender, % 48 58

Duration of illness, years (s.d.) - 10.00 (9.33)
Range duration, years - 0-35
Chlorpromazine equivalent (s.d.)? - 406.40 (291.57)
PANSS total (s.d.)P - 64.64 (17.40)
PANSS positive (s.d.)P - 15.84 (5.95)
PANSS negative (s.d.)° - 18.26 (7.71)
PANSS general (s.d.)P - 30.54 (7.51)

a. Chlorpromazine equivalent information for 334 patients is available.
b. Positive and Negative Syndrome Scale (PANSS) scores for 457 patients are available.

and the sensorimotor-association axis in controls (Fig. 2b,e),
characterised by an early transmodal association cortex-
predominant decline (negative correlation) and followed by a later
sensorimotor cortex-predominant phase (positive correlation). In
individuals with schizophrenia (Fig. 2d,f) this transition occurred
earlier and early decline was more pronounced, particularly in
transmodal association regions. As ageing progressed, the rate of
decline slowed in the transmodal association cortex but accelerated
in primary sensory regions (Fig. 2c). Notably, the correlation
differed significantly in the 36- to 48-year age range (Fig. 2g). The
data were further divided into three age periods, and regional-level
values were averaged for each period. In adolescence, patients
showed a significantly steeper slope across the entire cortex (Fig. 2h;
P < 0.0001).

Schizophrenia disease progress along the
sensorimotor-association axis

Deviation from the normative range was modelled as a function of
disease duration in the patient group, with age effects controlled for
(Fig. 3a,b and Supplementary Figs 2-5). Duration effects varied
across cortical regions, with the strongest effects occurring in
transmodal association cortices (Fig. 3a). To characterise the
temporal heterogeneity of cortical activity deviation, illness
duration was divided into three stages based on the relationship
between deviation change rate and the sensorimotor-association
axis. In stage 1 (short-duration stage), rapid increases in deviation
were predominantly observed in transmodal association areas,
especially the prefrontal cortex (Fig. 3¢ and Supplementary Table
9). In stage 2 (moderate-duration stage), this spatial pattern showed
minimal correlation with the sensorimotor-association axis and
was thus defined as a transitional stage. In stage 3 (long-duration
stage), a distinct pattern emerged: deviation in primary sensory
areas, such as the visual cortex, continued to increase while
deviation in transmodal association regions began to decrease.
Additionally, the first principal component of disease trajectories
was significantly correlated with the sensorimotor-association axis
(Fig. 3d). After dividing cortical regions into ten areas along the
sensorimotor—association axis, we further visualised how the
disease progress trajectory evolved from the sensorimotor to the
association end of the sensorimotor—association axis (Fig. 3e and
Supplementary Figs 7 and 8).

When symptom (total, positive, negative or general Positive and
Negative Syndrome Scale (PANSS) scores) severity or chlorproma-
zine equivalent was included as a covariate in the model, illness
duration-related patterns remained consistent (Supplementary Figs
9-11) and no significant effects of symptom severity or medicine
were observed. We tested for duration-by-gender, duration-by-
symptom and duration-by-medicine (chlorpromazine equivalent)
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Fig. 1 Age effects (partial R?) across cortical regions in (a) healthy controls (HC) and (b) subjects with schizophrenia (Sch). Intrinsic functional
magnetic resonance imaging activity trajectories (zero-centred) of the left hemisphere of the brain in (c) healthy controls and (d) subjects with

schizophrenia. The left hemisphere of the brain is divided according to the Schaefer-400 atlas; trajectories are coloured along the sensorimotor—
association (S-A) cortical axis. Demean, the curves are zero-centred; fALFF, fractional amplitude of low-frequency fluctuations.

interactions, and found no significant effects (Pgpr > 0.05 for all
interactions). These results suggest that deviation from the normative
range was not significantly modulated by either gender, symptom
severity or medication dosage.

Mapping neurotransmitters and transporters to first
derivative

In the controls (Fig. 3f and Supplementary Fig. 12), the dopamine
transporter (DAT) consistently exerted a strong influence on the
ageing trajectory slope, particularly during mid-adulthood. The
serotonin transporter (5-HTT) demonstrated stronger effects
earlier in adulthood, while 5-HT;,, 5-HT; and the mu-opioid
receptor (MOR) gradually became more influential later in life. In
patients (Fig. 3g), DAT and 5-HT 5 exhibited earlier and stronger
contributions than in controls. During stage 1 of disease duration
(Fig. 3h), multiple neurotransmitters, including 5-HTT, D,, DAT
and MOR, significantly influenced the slope of the disease progress
trajectory. In stage 3 of duration, the effects were predominantly
driven by DAT and D,.

Sensitivity analysis

The potential influence of brain atlases, inter-individual differences
and inter-scanner differences in global and region levels, and
symptom-related factors, were examined. None of these factors had
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a significant impact on the stability of the findings (Supplementary
Figs 6-9, 11, 13 and 14). In each of sensitivity analyses, region-
specific schizophrenia disease progress trajectories were consistent
with the primary analysis. Importantly, disease duration effect did
not exhibit interactions with either gender, clinical symptoms or
chlorpromazine equivalent. The correlation between the first
principal component (the spatial axis) of disease progress
trajectories and the sensorimotor-association axis was significantly
greater than that with either anatomical (z=2.3290, P=0.0199),
functional (z=3.1894, P=0.0014) or evolutionary hierarchy
(z=13.3808, P =0.0007), indicating that the sensorimotor-associa-
tion axis effectively captured the spatiotemporal variability of
disease progression. All duration-resolved analysis confirmed a
strong correlation between the sensorimotor-association axis and
the rate of change in schizophrenia disease progress trajectories,
characterised by rapid decline in transmodal association cortical
regions. These analyses confirmed that the findings are robust and
reproducible.

Discussion
By modelling the ageing trajectories of intrinsic brain activity, we

found that subjects with schizophrenia exhibited markedly
accelerated functional decline compared with healthy controls,
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Fig. 2 (a,c) age-specific first derivative maps visualised on the cortical surface at age 29-59 years for (a) healthy controls (HC) and (c) subjects
with scizophrenia (Sch); (b,d) age-specific first derivative trajectories of the left hemisphere from (b) HC and (d) Sch; trajectories are coloured
along the sensorimotor—association (S-A) cortical axis; (a) and (c) represent the results of (b) and (d), respectively, at specific age ranges;
(e,f) ageing change in intrinsic functional magnetic resonance imaging activity aligns with the S-A axis in both the (e) HC and (f) Sch groups;
the line represents age-specific correlation values between regional first derivation and S-A axis ranks; the median correlation value, which

was obtained by sampling and recalculating correlations, is represented by the red line, with the 95% credible interval around this value;
(g) median correlation value and 95% credible interval in the HC and Sch groups; the red-shaded area represents the significant difference
(P < 0.001) of correlations in Sch compared with HC; (h) the difference between HC and Sch across three distinct age ranges; within each age
range, the slopes were averaged across brain regions and the average values of the slopes of the two groups were compared for the same

timespan. n.s., no statistically significant difference.

while the ageing process remained spatially organised along the
sensorimotor-association axis. Importantly, our findings further
revealed two distinct stages of spatiotemporal variability within the
disease process of schizophrenia. During the short-duration stage
(stage 1), transmodal association cortices showed the most rapid
deviations from the normative ageing pattern; however, during the
long-duration stage (stage 3), this accelerated decline became more
prominent in primary sensory and motor regions. These findings
provide direct support for the view of schizophrenia as a disorder of
accelerated ageing,®® and further highlight its complexity: the shift
in cortical ageing patterns reflects dynamic changes in the rate of
decline across different cortical hierarchies over time. Additionally,
DAT and 5-HT; o showed earlier, stronger associations with ageing
slopes in schizophrenia. These findings hold potential clinical
significance - identifying brain regions at risk of accelerated ageing
in both healthy controls and schizophrenia sujects, and imple-
menting appropriate intervention strategies — may help mitigate
brain function impairments associated with ageing.

Typical ageing progresses with asynchronous decline in higher-
order and primary cortices, highlighting region-specific modulation
of neuroplasticity.>**** In the current study, we further identified
an earlier phase of accelerated decline in transmodal association
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cortical activity, followed by a later acceleration in primary cortical
regions. The spatial variability of cortical activity decline rates
continues to align along the sensorimotor-association axis, suggest-
ing that the hierarchical axis of neuroplasticity may persist
throughout the lifespan. The development of cortical microstructure
and functional connectivity was organised by the sensorimotor—
association axis, strengthening hierarchical topography® which may,
in turn, drive ageing to follow this hierarchy.

Accelerated ageing in schizophrenia is well documented.>* The
spatiotemporal variability of cortical activity decline in schizophre-
nia continues to follow the sensorimotor-association framework,
but shifts earlier from a pattern dominated by transmodal
association cortices to one dominated by primary cortices. This
supports the accelerated brain ageing hypothesis in schizophrenia
and suggests a persistent cumulative effect throughout the disease
process.*> In patients with schizophrenia, accelerated ageing is
observed in transmodal association cortices during early adulthood.
However, the rate of decline in these regions slows with advancing
age, consistent with previous findings on structural alterations.*® In
contrast, primary cortices demonstrate persistently elevated ageing
rates across the lifespan, with more pronounced deviations in
longer disease durations. This pattern is further confirmed by our


https://doi.org/10.1192/bjp.2025.10364

Pei et al

—
(2
i

03 Stage Stage: Stage
02 1 2 3
% 01 L ——
[ ”
< g
g 0 1
5]
& o1
[}
502 / ns.
s} /
03— ______//' P <0.05
L :
4 4
OSEEEEEET 002 0 0 5 0 15 020 .25 30 35 0 0 5 10 %5 20 25 30 35
D“g;‘r%r;gg?d Duration (years) Duration (years)
@ B g | | }
. 0.6 i ! A Duration effect at Duration effect at
5 years 30 years
0.5 ! = (’
0.4 : _I/
= 0.3L\ i i
S 8
£ 02
[}
S
~ 0.1
0
-0.1
A e — -0.06 T 0,04
0 50 100 150 200 250 300 350 400 “0 5 10 15 20 25 30 35 The first derivative
S—-A axis ranks Duration (years) h
) Age (years) HC ageing (g) Age (years) Sch ageing (W) Duration (years) Disease process
16, l 16 =] | B 0 ||
I 5
26, 26,
10
15
36, 36| &
20
46| i 55
30
56
o — 1 A R s o o | —— B i e el ]S T
R 05 0 Rzos 0 Eﬁggiggﬁgooggzggﬁgéé OSRZ 0 S
R w =z R
© “E P, < 0.005

Fig. 3 (a) the duration effect (partial R?) across cortical regions in patients; (b) intrinsic functional magnetic resonance imaging (fMRI) activity
trajectories (zero-centred) in subjects; the left hemisphere of the brain is divided according to the Schaefer-400 atlas; trajectories are coloured
along the sensorimotor-association (S-A) cortical axis; (c) magnitude of ageing deviation changes with the S-A axis; the median correlation value,
which was obtained by sampling and recalculating correlations, is represented by the red line, with the 95% credible interval around this value;
duration-specific first derivative maps are visualised on the cortical surface at 5 and 30 years; (d) across the cortex, principal loadings are strongly
related to S-A axis ranks (linear association shown with 95% confidence interval; (= 0.340, Pspin = 0.004); trajectories are coloured along the
S-A axis; () intrinsic fMRI activity trajectories (zero-centred) in subjects; the whole brain is divided into ten regions by the S-A axis; trajectories are
coloured along the S-A cortical axis; (f,g) dominance analysis between neurotransmitter maps and first derivative maps from age-specific models
in (f) HC and (g) Sch; (h) dominance analysis between neurotransmitter maps and first derivative maps from duration-specific models; the

significance of each model was assessed through the use of the spin-test, and a needle plot was used to display partial R? values along with
their significance levels (red, significant; grey, non-significant; Pspin < 0.005); the grey dashed lines represent borders between the stages
defined, based on the correlation results shown in (c). Demean, the curves are zero-centred; n.s., no statistically significant difference;
Pspin, P-value obtained from the spin test; HC, healthy controls; Sch, individuals with schizophrenia; 5HT1,, 5-hydroxytryptamine 1A receptor;

5HT.,  5-hydroxytryptamine 1B receptor, 5HT,s, 5-hydroxytryptamine 2A receptor, 5HT,, 5-hydroxytryptamine 4 receptor, 5HT,,
5-hydroxytryptamine 6 receptor; SHTT, 5-hydroxytryptamine transporter; asf,, Nicotinic acetylcholine receptor; CB4, cannabinoid receptor type 1;
D4, dopamine D,, receptor; D,, dopamine D,, receptor; DAT, dopamine transporter; GABAa, gamma-aminobutyric acid type A receptor;
Hs, histamine Hs; receptor; M4, muscarinic acetylcholine receptor M,;; MOR, mu opioid receptor; NET, norepinephrine transporter; NMDA,
N-methyl-D-aspartate receptor; VAChT, vesicular acetylcholine transporter; mGIuRs, metabotropic glutamate receptor subtype 5.

disease progression model, in which prolonged illness is associated
with increasing abnormality in primary sensory regions. These
findings highlight a spatiotemporally dynamic reorganisation of
cortical ageing in schizophrenia. Importantly, they underscore the
critical vulnerability of primary sensory cortices in the later course
of the illness. Understanding these differential trajectories may offer
insight into the biological underpinnings of functional decline and
potential windows for intervention.

Regional differences in ageing characteristics can be explained
by the asynchronous patterns of ageing deviations along the
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sensorimotor-association axis in the progression of schizophrenia.
The trajectory of disease-related ageing deviations develops
continuously along the cortical hierarchical structure of the brain
on this axis, which can be viewed as a framework for disease
progression. This emphasises the role of the sensorimotor-
association axis as the dominant spatial feature axis for ageing
and disease effects, where spatial variability in the brain may arise
partly from temporal ageing variability. The ageing disparity
between the brains of patients with schizophrenia and those of age-
matched healthy controls changes as the disease progresses.’’”
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A longitudinal study has shown that the accelerated ageing of grey
matter, as observed in schizophrenia, is not constant but occurs
more rapidly in the early stages of the disorder.*® Our findings
support this perspective, demonstrating that, during the short-
duration stage, patients exhibit a stable and rapid cortical activity
decline, with the rate of decline distributed along the sensorimotor—
association axis. Brain regions closer to the transmodal association
cortex end deviate from the normative range more rapidly,
especially in the prefrontal cortex, potentially representing a direct
manifestation of disease effects in ageing. Hence, one main outcome
of hierarchical ageing might be the rapid conclusion of the ageing
phase, dominated by transmodal association cortices with a
consequent dysfunction of these regions.*® Existing studies have
linked the decline in fMRI fluctuation amplitude to schizophrenia
symptoms.'® Despite these associations, in the current study,
incorporation of PANSS scores into the model did not affect the
identified ageing characteristics associated with the disease, possibly
because symptom manifestations may result from interactions
across multiple brain regions or functional networks, making it
challenging to uncover a direct link between symptomatology and
progress trajectories of ageing deviations when modelling is
confined to single brain regions.

The disease progression model indicates that disease duration
captures cumulative brain changes over time. Ageing deviations
consistently unfold along the hierarchical axis of neuroplasticity.
Although this non-invasive imaging study cannot establish a direct
connection between these spatiotemporal variations and neuro-
plasticity, previous work suggests that the spatial variability of fMRI
activity along the sensorimotor—association axis may arise from the
hierarchical maturation of structural and chemical features that regulate
plasticity.” Biochemical changes associated with ageing in neural cells
might lead to synaptic dysfunction, thereby affecting critical processes
such as brain plasticity and learning.** A growing body of evidence
highlights the role of neurotransmitter systems, particularly dopamine
and serotonin, in modulating neuroplasticity.**-*> The dopamine and
serotonin, and mu-opioid receptor, systems contributed highly
significantly to the fit of the disease duration-ageing deviation model.
Moreover, the relationship between the dopamine and serotonin
systems and the ageing trajectory slope appears earlier in schizophrenia.
Supporting our proposed disease progression framework, accelerated
brain ageing in schizophrenia may be linked to temporally asynchro-
nous expression of these neurotransmitters. Longitudinal studies reveal
that many patients with schizophrenia gradually improve in regard to
cognition and behaviour with age;>** this has been hypothesised to be
associated with the activity of serotonin and dopamine.® The finding
that serotonin and dopamine contribute more strongly is consistent
with this hypothesis, although causal links cannot be established from
the current data. The premature involvement and stronger contribution
of neurotransmitters may be associated with cortical activity changes
along the sensorimotor-association axis in schizophrenia, thereby
affecting cognition. The prominent role of the serotonin system in the
short-duration stage may indicate a neurochemical window during
which the serotonergic system exerts a greater influence on the brain’s
typical ageing process. Future studies could further explore whether
asynchronously targeting the dopamine and serotonin systems in
treatment strategies could help restore more typical ageing patterns,
either during the short-duration stage of the disease or in younger
patients.

It is important to highlight the limitations and potential
extensions of current work. First, while the current cross-sectional
analysis controlled for individual differences in regional variabil-
ity, whole-brain mean variability and symptom characteristics,
longitudinal studies are necessary to reveal more convincingly
how cortical structural features influence intrinsic activity over
time, and to clarify the dynamic relationship between ageing and
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cortical activity in schizophrenia. Second, patient groups were not
explicitly matched in terms of symptom severity or antipsychotic
treatment. Although we explored the potential influence of
symptoms using PANSS scores (positive, negative and general
symptoms), future studies are needed to investigate more
systematically how different symptom profiles may contribute
to disease progression trajectories. Moreover, our analyses did not
reveal a significant interaction between antipsychotic medication
and illness duration within the disease progression model. It is
important to note that complete medication information was
available only for some participants. Therefore, more rigorous
studies with comprehensive and standardised pharmacological
data are needed to better clarify the potential effects of medication
on the observed trajectories.

This study provides evidence for a hierarchical organisation of
neuroplasticity changes during typical ageing and the disease
progression of schizophrenia. In both groups, ageing rate variation
aligns with the sensorimotor-association axis, showing asynchro-
nous accelerated decline in transmodal and primary cortices.
However, in schizophrenia, this shift occurs earlier along the
hierarchy and is accompanied by globally faster cortical ageing,
especially before the emergence of spatial reorganisation. The
spatial pattern of disease progression remains organised along the
sensorimotor-association axis, supporting the view that brain
ageing is hierarchically structured but temporally altered in
schizophrenia. Earlier and stronger associations between the
dopamine/serotonin systems and ageing trajectories suggest a
potential neurochemical basis for the atypical ageing pattern. This
framework may inform future studies on cortical ageing, cognitive
decline and schizophrenia symptoms. Identifying vulnerable stages
and regions, and implementing timely interventions, are essential
for reducing ageing-related brain dysfunction.
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