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Longitudinal changes in striatocortical connectivity in first-
episode psychosis associated with the emergence of treatment
resistance
Angeles Tepper 1, Javiera Vásquez1, Camila Díaz Dellarossa2, Juan Pablo Ramirez-Mahaluf1, Juan Aguirre1, Daniella Barbagelata1,
David Aceituno1, Juan Undurraga 3, Ruben Nachar4,5, Cristian Mena 4,5, Robert A. McCutcheon 6,7,8, Philip McGuire 6,7,
Alfonso Gonzalez-Valderrama4,5 and Nicolas A. Crossley 1,6,9✉

Treatment resistance affects up to one in four individuals with psychosis in the first few years of illness. However, there is limited
information about the brain changes associated with treatment resistance, restricting our ability to develop effective prognostic
biomarkers or new treatments. Using resting-state functional MRI, we examined striatocortical connectivity in 87 patients who
presented a non-affective first-episode of psychosis and 118 healthy controls, with follow-up imaging on more than half of the
participants in the next 6 years, totaling 361 images. Crucially, we identified 30 patients who presented treatment-resistant
psychosis in this follow-up period. Thus, we examined baseline (at first episode) and longitudinal striatocortical differences within
psychosis subgroups (treatment-responsive and treatment-resistant psychosis), and between patients subgroups and healthy
controls. Compared to healthy controls, participants with treatment-responsive psychosis presented baseline differences in
functional connectivity of ventral striatal systems, without changes over time; whereas patients with treatment-resistant psychosis
showed both baseline and longitudinal differences in ventral striatal systems, compared to healthy controls. Treatment-responsive
and treatment-resistant psychosis groups differed in longitudinal changes in connectivity between ventral striatal and temporal
cortical regions. This is one of the circuits which has been previously related to symptom improvements in patients with first-
episode of psychosis. No baseline differences were observed between the two psychosis groups. Overall, treatment-resistant
psychosis is characterized by longitudinal changes in striatal systems in early psychosis, which might be used as the basis of future
prognostic biomarkers.
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INTRODUCTION
Approximately one in four individuals who develop psychosis will
not benefit from conventional antipsychotic medications in the
first few years of illness, and are described as presenting treatment
resistance1. However, it frequently takes years before treatment
resistance is recognized, particularly since the only existing
method to establish it is based on the careful clinical documenta-
tion of the failure to respond to at least two courses of treatment2.
Such delay in diagnosis is also associated with a poorer future
response to effective treatments, such as clozapine3. Under-
standing the underlying biological changes associated with these
heterogeneous clinical progressions after the onset of psychosis
could inform new interventions and prognostic markers.
A critical system in psychosis examined using resting-state

functional MRI focuses on striatocortical interactions4. Striatocor-
tical circuits are involved in motor, cognitive, and emotional
functions, and distinct patterns of functional connectivity are
associated with these different neural circuits in healthy subjects5.
Several lines of evidence suggest that these systems are
reorganized in psychosis. For example, a study described a
dorsal-to-ventral gradient of hypoconnectivity to hyperconnectiv-
ity between striatal and prefrontal regions in first-episode

psychosis4, with ventral hyperconnectivity also being exacerbated
by ketamine6 and observed in high-risk groups defined geneti-
cally7. A reversed gradient has also been proposed for posterior
cortical areas and striatal regions in psychosis, with increased
connectivity in dorsal systems and reduced connectivity in ventral
striatal regions4. Also, longitudinal changes in striatocortical
systems have been associated with treatment response in the
first episode, with improvements in symptoms associated with an
increase in dorsal striatal connectivity with frontal areas, and
ventral striatal with limbic regions, as well as a decrease in
connectivity between ventral striatal and parietal regions8. Some
patients may experience a delayed response, or respond only after
switching to a second antipsychotic medication. However, a
clinically important group requiring early identification are those
who continue to show no response, a condition referred to as
treatment-resistant schizophrenia. These patients may suffer from
a neurobiologically distinct form of psychosis9. One study
examined cross-sectional differences between 16 patients with
established treatment-resistant schizophrenia and 22 treatment-
responders, suggesting these systems are differentially implicated
in response to treatment, showing hyperconnectivity between
dorsal striatal and frontal regions in treatment-resistant patients10.
Furthermore, a combined index from 91 connections in striatal
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systems has been shown to predict response to treatment in first
episode11, suggesting that some of these changes might be
picked up at an early stage. In summary, the available evidence,
coming mostly from small cross-sectional studies, suggests that
functional MRI-based striatocortical connectivity is sensitive to
case-control differences in psychosis and, more interestingly, to
differences related to treatment response.
To shed light on brain changes associated with the emergence

of treatment resistance in psychosis, we here used resting-state
functional MRI to longitudinally examine the striatocortical
connectivity of a large cohort of 87 patients who presented with
a non-affective first episode of psychosis and were minimally
medicated at first assessment. The sample included a total of 178
observations (up to 4 observations per participant) with follow-ups
of up to 6.7 years from their baseline assessment at disease onset.
Crucially, we identified 30 patients from this cohort who
subsequently developed treatment resistance, being able to
explore baseline differences (group effects) as well as differing
longitudinal changes in striatocortical connectivity (group x time
interactions). Considering that striatal systems undergo age-
related changes12, and to help control for non-specific temporal
changes after repeatedly visiting the scanner, we also included a
cohort of 118 healthy participants (183 observations -up to 3 per
participant-, with up to 4.4 years of follow-up). While recognizing
that the existing evidence of the brain mechanisms underlying
treatment resistance is limited, particularly with respect to
longitudinal changes, we hypothesized that differences between
the two subgroups of patients would be focused on circuits
previously related to symptomatic improvements. According to
the literature, treatment resistance could be associated with
decreased connectivity between the dorsal striatum and frontal
regions, decreased connectivity between the ventral striatum and
temporal regions, and increased connectivity between the ventral
striatum and parietal regions. Differences in baseline or long-
itudinal functional connectivity in these circuits could point to
underlying biological differences between treatment-responsive
and treatment-resistant patients.

MATERIALS AND METHODS
Participants
We recruited 89 patients presenting with a first episode of non-
affective psychosis according to the Mini International Neuropsy-
chiatric Interview13 from the Early Intervention Service at the
Instituto Psiquiátrico José Horwitz Barak in Santiago, Chile. This is a
quaternary service providing inpatient care to young people all
over Santiago and outpatient follow-up to those living in Northern
Santiago (catchment area of around 1 million inhabitants).
Patients with epilepsy, history of moderate to severe traumatic
brain injury, mental retardation, drug dependence (not including
tobacco or cannabis), or presenting neurological findings on MRI
(such as cysts deforming the anatomical structure) were excluded.
Two patients were excluded after MRI quality checks. Patients
were scanned as soon as it was feasible for them to tolerate the
scan according to their treating psychiatrist, with an overall
median of 21 days after treatment initiation (Q1= 14, Q3= 32).
Prescription of medication and other interventions was defined by
their treating psychiatrist according to local guidelines. Medica-
tions used across patients can be found in Supplementary Fig. 2.
51 participants were successfully recontacted and consented to
(one to four) further follow-up assessments and scanning sessions.
From this sample of 87 patients with first-episode psychosis, we

identified 30 who subsequently developed treatment resistance.
Patients were defined as treatment-resistant according to one of
two criteria:

– Patients who were started on clozapine at any point by their
treating psychiatrist (N= 26). As has been previously shown,

this is a highly specific criterion to identify cases but can have
low sensitivity14.

– Of the 61 patients never prescribed clozapine, 60.7% had at
least one follow-up visit. In those cases, we clinically assessed
treatment resistance according to Treatment-Resistant Schizo-
phrenia: Treatment Response and Resistance in Psychosis
(TRRIP) criteria2, defined as failure to adequately respond to at
least two trials of different antipsychotics at appropriate doses
and duration. With these criteria, 4 further patients were
identified as treatment-resistant.

Controls had no personal or family (first-degree relative) history
of psychosis, did not fulfill criteria for any other current psychiatric
disorders, and tested negative for the prodromal syndrome
according to the Scale of Prodromal Symptoms15.
All participants had the capacity to participate and consented at

each clinical contact. The project was approved by the Ethical
Committees of the Pontificia Universidad Católica de Chile (IDs 16-
074, 190507001, and 190603005) and Servicio de Salud
Metropolitano Norte.

Clinical Assessments
Participants had their symptoms rated according to PANSS in
every clinical encounter16. Current medication was recorded and
converted to chlorpromazine (CPZ) equivalents17.

MRI imaging and preprocessing
All participants were scanned using the same sequences in the 3 T
Philips Ingenia scanner of the Red de Salud UC-Christus with a 16-
channel brain coil. Resting-state functional MRI images were
acquired with a single shot echo-planar imaging (EPI), total scan
time 8.33 min, repetition time (TR) 2.5 s, time to echo (TE) 35 ms,
flip angle of 82°, field-of-view (FOV) of 220 × 220 × 110 mm, and an
isotropic spatial resolution of 2.75 mm. Subjects were asked to
remain still and with their eyes opened. A structural T1-weighted
image was also acquired with a voxel size of 1.0 mm³ isotropic, an
inversion time delay of 965.2 ms, TE 3.6 ms, TR 7.7 ms, and a flip
angle of 8°.
Preprocessing of the functional images followed previously

published pipelines18 as used previously by our group19,20. This
included (1) removal of the first 4 volumes; (2) slice-time
correction; (3) 2-pass realignment of all volumes to the first
volume and then to the mean volume; (4) coregistration of EPI
data to the structural image; (5) application of the T1-weighted
derived nonlinear transform to the EPI volume; (6) linear
detrending of the BOLD time series; (7) intensity normalization;
(8) spatial smoothing with a 6mm FWHM Gaussian kernel; (9)
bandpass-filtered between 0.008 and 0.08 Hz using a fast Fourier
transform; and (10) residual movement managed using ICA-
AROMA21 as well as regression of mean white matter and
cerebrospinal fluid signals.

Regions of interest
Seeds for the connectivity analyses were based on previous
studies5, and consisted of 6 bilateral striatal regions of interest
(ROIs) based on 3.5 mm radius spheres.
For the caudate, 3 ROIs were seeded (with corresponding

Montreal Neurological Institute coordinates):
DC: dorsal caudate (x= ±13, y= 15, z= 9);
sVC: superior ventral caudate (x= ±10, y= 15, z= 0), (also

described in the literature as VSs);
iVC: inferior ventral caudate/nucleus accumbens (x= ±9, y= 9,

z=−8), (also described as VSi).
As for the putamen, the 3 ROIs were:
DCP: dorsocaudal putamen (x= ±28, y= 1, z= 3),
DRP: dorsorostral putamen (x= ±25, y= 8, z= 6),
VRP: ventrorostral putamen (x= ±20, y= 12, z=−3).
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The dorsal striatal system is composed of DC, DCP and DRP,
whereas the ventral seeds are iVC, sVC, and VRP.

Statistical analyses
We performed a first-level analysis as in previous studies4,7: for
each participant, changes in the BOLD signal across the cortical
voxels were modeled using a linear model including the 6 striatal
seeds:

TSvoxeli � TSseed1 þ TSseed2 þ ¼ þ TSseed6

For each seed, derived cortical gray matter t-maps were then
passed to the following second-level linear mixed model:

tseed � ageþ sex þ APdoseþ TPPANSS þ fdmean þ HC þ TR

þ timeþ HC � timeþ TR � timeþ ð1=IDÞ
Where: HC is a dummy coded variable with values of 1 for healthy
controls and 0 for all patients; TR is a dummy coded variable with
values of 1 for treatment-resistant patients and 0 for treatment-
respondent patients or healthy controls; time refers to months
transcurred since the first evaluation (t= 0 in the first MRI session);
and (1 | ID) accounts for a random intercept for repeated measures
per subject.
With this coding of the variables HC and TR, the reference in the

model consisted of patients with treatment-responsive psychosis
(HC= 0 and TR= 0). As such, the resistance term (TR) captured
baseline differences between treatment-resistant and treatment-
responsive patients, and its interaction with time (TR x time), any
different longitudinal changes between these two groups. On the
other hand, the healthy controls term (HC) identified baseline
differences between controls and treatment-responsive psychosis;
and its interaction with time (HC x time), longitudinal changes in
controls compared to treatment-responsive psychosis. A contrast
defined as HC + TR was also examined, to directly compare
healthy controls with treatment-resistant patients. Confounders in
the models included: sex; dose of antipsychotic medication in CPZ
equivalents (APdose); and the mean value of framewise displace-
ments of the functional MRI session (fdmean)22. To control for
common developmental changes in striatocortical connectivity,
we also included participants’ age at each session as a covariate. In
this context, our variable of interest ‘time’ models only the inter-
session changes controlled for maturational effects. As in previous
studies10, we also controlled for the level of symptoms to identify
neural substrates beyond the expected higher symptomatology in
treatment-resistant cases, including the PANSS score for positive
symptoms (TPPANSS) as a confounder. However, we also report on
the Supplementary Information results without including symp-
toms as a confounder.
Statistical significance was determined using cluster-correction

with the ‘3dClustSim’ algorithm from AFNI23, using the auto-
correlation function method, with a voxel-wise p-value threshold
of 0.01 and a per-cluster alpha value of 0.05.

RESULTS
87 patients with a first-episode were included in the analysis,
alongside 118 healthy controls. 30 patients (34.5%) later devel-
oped treatment resistance. Table 1 describes the characteristics of
the sample included and Fig. 1 the temporal distribution of
longitudinal assessments in each group.
Analyses of striatocortical connectivity across groups (corrected

for age and sex) revealed patterns consistent with previous
reports5. Distinctive functional circuits were found for each striatal
seed, with ventral caudate seeds being primarily associated with
limbic areas (e.g., parahippocampal and orbitofrontal cortex), and
dorsal caudate with cognition related regions (such as dorsolateral

prefrontal cortex). A full depiction of these results is presented in
Supplementary Fig. 1.

Treatment-responsive psychosis compared to healthy controls
In line with a previous study4, we found increased connectivity in
patients compared to controls between the inferior ventral
caudate and right temporal regions (cluster size = 1100 voxels,
Fig. 2A), as well as reduced connectivity in patients between the
ventrorostral putamen and occipital regions (cluster size = 2416
voxels, Fig. 2B). We did not find any statistically significant
differences in the interaction term with time (HC x time),
suggesting that changes observed at follow-ups were no different
in those with treatment-responsive psychosis and healthy
controls.

Treatment-resistant compared to healthy controls
We found baseline increased connectivity in TR patients compared
to controls between the ventrorostral putamen and right insular
regions (cluster size = 685 voxels, Fig. 3A). We also found a
significant interaction with time in the connectivity of the superior
ventral caudate and a cluster spanning the postcentral and
precentral gyrus and extending into the posterior area of the
anterior cingulate gyrus (cluster size = 837 voxels, Fig. 3B).
Patients with treatment resistance showed decreased connectivity
with time in those connections, while the opposite was seen in
healthy controls.

Treatment-resistant compared to treatment-responsive
patients
We found a significant interaction between treatment resistance
and time (TR x time) in the connectivity of the superior ventral
caudate and a cluster spanning the right superior and middle
temporal gyrus (cluster size = 721 voxels, Fig. 4). Patients with
treatment resistance showed a decreased connectivity with time
in those connections, while the opposite was seen in treatment-
responsive cases.
There were no significant baseline (not interacted with time)

differences associated with treatment resistance.

Associations with symptoms
We did not find any significant clusters associated with PANSS
score for positive symptoms in our analysis. A secondary analysis,
not including this PANSS score in our model, showed similar
results, particularly between patient subgroups and healthy
controls (Supplementary Figs. 3 and 4). However, differences
between TR and treatment-responsive patients in longitudinal
connectivity between superior ventral caudate and the temporal
lobe were no longer significant at the cluster level; instead, a
baseline difference between dorsocaudal putamen and occipital
regions was found (Supplementary Fig. 5).

DISCUSSION
Understanding the biological changes occurring in early psychosis
and the trajectories related to different clinical presentations may
provide new perspectives into interventions or prognostic
markers. We here used a large dataset, amounting to 361 total
observations, providing a unique insight into longitudinal brain
changes after a first-episode of psychosis. Importantly, this dataset
included 61 images from a subgroup of 30 first-episode patients
who were identified as treatment-resistant in the first few years of
the illness, offering a distinctive view into the emergence of
treatment resistance from the onset of psychosis.
Our main finding refers to significant differences in the

progression in time of striatocortical connectivity between
treatment-responsive and treatment-resistant cases in a network
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including the superior ventral caudate and temporal regions of
the brain. Of note, this circuit is one of those implicated in
treatment response to a first antipsychotic in first-episode
patients8. Even when other circuits may also be implicated in
treatment response, our results in this particular one suggest that
changes in the temporal lobe may be the most related to
treatment resistance. Relatedly, at least two previous studies in
chronic treatment-resistant cases have shown widespread struc-
tural changes in the temporal lobe24,25. These findings are also in
line with other studies suggesting that transcranial magnetic
stimulation to temporal regions might help in reducing treatment-
resistant auditory hallucinations26.
We did not find baseline differences between treatment-

responsive and treatment-resistant cases of psychosis that could
serve as the basis of an early prognostic marker. Previous studies
had shown a potential predictive value of baseline striatal
connectivity for treatment response11, suggesting that there are
baseline differences in these systems between patients sub-
groups. However, that marker of response was based on the
combination of multiple connections, and therefore our analysis
might have been underpowered to detect differences in individual
ones. Moreover, that study focused on early response, which does

not necessarily imply that those patients would fulfill criteria for
treatment resistance.
Our results show a distinctive longitudinal progression for

treatment-resistant patients in ventral striatal systems. This is in
contrast to current evidence from PET studies that has shifted the
attention of the locus of a dopaminergic dysfunction central to
schizophrenia from the ventral to the dorsal striatum27. However,
there is also increasing evidence that dopaminergic dysfunction
might be different in the subgroup of patients developing
treatment resistance28. For example, a previous study reported
larger differences in dopaminergic presynaptic synthesis in the
ventral striatum compared to the dorsal striatum between
treatment-resistant and treatment-responsive patients29. Our
results rekindle the possibility that treatment resistance might
be related to a progressive ventral striatal dysfunction30.
Regarding differences between first-episode of psychosis

patients and healthy subjects, a previous study exploring cross-
sectional differences reported broadly spread differences in
striatocortical circuits4. However, case control differences have
not been as clearly found in subsequent studies8. Our results
looking at case-control differences in treatment-responsive
psychosis showed less but consistent findings with those previous

Table 1. Clinical and demographic characteristics of the sample.

Healthy Controls
N= 118, Nobs= 183

Non treatment- resistant
N= 57, Nobs= 117

Treatment-resistant
N= 30, Nobs= 61

Omnibus test Posthoc

Sex (%male (n)) 64.4% (76) 84.2% (48) 76.7% (23) Chi-squared
(2)= 7.86
p= 0.020

Fisher’s test
HC - NTR: p= 0.008
HC - TR: p= 0.278
NTR -TR: p= 0.398

Age at baseline
(mean ± sd)

23.77 ± 4.28 20.18 ± 2.92 19.10 ± 2.37 Kruskal-
Wallis(2)= 52.1
p < 0.01

Dunn’s test
HC - NTR: p < 0.01
HC - TR: p < 0.01
TR - NTR: p= 0.268

Subjects with at least one
follow-up session (% (n))

49.15% (58) 60% (33) 60% (18) Chi-squared
(2)= 1.84
p= 0.399

NA

Duration of Untreated
Psychosis (in months)
(median. Q1, Q3)

NA 8.50 (3.75, 14.25)
(n= 52, 5 missing data)

11.00 (5.90, 21.00)
(n= 29, 1 missing data)

NA Wilcoxon rank sum
test
p= 0.216

Days in treatment before
1st fMRI session+ (median.
Q1, Q3)

NA 19.00 (14.00, 29.00) 25.50 (16.25, 34.75) NA Wilcoxon rank sum
test
p= 0.145

APdoses (CPZ equivalent)
+ (mean ± sd)

NA 397.82 ± 315.61 + 548.95 ± 333.96 + NA Linear mixed model:
APdose ~ TR +
(1 | ID)
β (TR)= 150.43
p (TR)= 0.015

PANSS positive scores +

(mean ± sd)
NA 11.94 ± 5.03 + 16.67 ± 7.48 + NA Linear mixed model:

PANSSTP ~ TR +
(1 | ID)
β (TR)= 4.53
p (TR) < 0.01

PANSS negative scores +

(mean ± sd)
NA 14.29 ± 7.35 + 19.75 ± 9.45 + NA Linear mixed model:

PANSSTN ~ TR +
(1 | ID)
β (TR)= 5.66
p (TR) < 0.01

PANSS general scores +

(mean ± sd)
NA 25.21 ± 8.45 + 29.77 ± 10.76 + NA Linear mixed model:

PANSSGEN ~ TR +
(1 | ID)
β (TR)= 4.61
p (TR) < 0.01

NTR non-treatment resistance (treatment-responsive), TR treatment resistance, HC healthy controls, + variable describes observations rather than participants
(statistical analyses consider repeated measures for some participants).
Bold values indicates statistical significant P values (P < 0.05).
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studies: hyperconnectivity in patients between the inferior ventral
caudate and right temporal regions and hypoconnectivity
between the ventrorostral putamen and occipital regions. Our
analyses expand a period of 6 years of illness and take treatment
resistance into account, so these may be the most stable changes
in striatocortical connectivity for patients with treatment-
responsive psychosis, and be present since their first-episode.
We did not find significant differences associated with long-

itudinal progression in treatment-responsive cases compared to
controls. This stability in dopaminergic systems contrasts with the
significant changes in treatment-resistant cases described

previously, and is at odds with the clinical observation of an
increased need for antipsychotic doses with chronicity31. However,
those clinical findings stem mostly from studies that have not
differentiated subgroups with different trajectories of response to

Fig. 1 Temporal distribution of longitudinal assessments in each group. Each row of the main plot represents one participant. Each circle
represents an assessment point and multiple evaluations for the same subject are connected by horizontal lines. The inset figure shows
histograms of age at baseline (first evaluation) by group.

Fig. 2 Differences in striatocortical connectivity between patients
with treatment-responsive psychosis and healthy controls. Blue
(red) indicates increased (reduced) connectivity in patients relative
to healthy controls. Cluster-corrected p < 0.05. iVC: inferior ventral
caudate; VRP: ventrorostral putamen. A increased connectivity in
patients compared to controls between the inferior ventral caudate
and right temporal regions; B reduced connectivity in patients
between the ventrorostral putamen and occipital regions.

Fig. 3 Differences in striatocortical connectivity between patients
with treatment-resistant psychosis and healthy controls. Blue
indicates reduced connectivity in patients with treatment resistance
relative to healthy controls. Cluster-corrected p < 0.05. VRP: ventror-
ostral putamen. sVC: superior ventral caudate. HC: healthy controls;
TR: treatment resistant. A Reduced baseline connectivity in TR
patients compared to controls between the ventrorostral putamen
and right insular regions; B Time-related differences in striatocortical
connectivity between TR patients and healthy controls. Reduced
connectivity over time in TR patients between sVC and precentral
gyrus expanding towards anterior cingulate cortex. In the interac-
tion plot (right panel), each dot represents one observation, and
observations from the same subject are connected with a dashed
line. Shown ‘t-values’ are residuals from the model: t ~ age + sex +
APdose + TPPANSS + fdmean + time + (1 | ID).
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treatment. On the other hand, we used a linear model, so we
cannot rule out the existence of non-linear or even linear but
smaller magnitude changes in treatment-responsive cases that
were not picked up by the current study.
Our results comparing treatment-resistant patients to healthy

controls showed reduced baseline connectivity in patients
between the ventrorostral putamen and right insular regions.
Previous studies have also pointed to the insula –together with
the temporal poles and hippocampus– as one of the regions with
aberrant functional connectivity preceding treatment resistance32.
Cortical thinning of the insula and temporal lobes has also been
identified as one of three subtypes of disease progression,
showing significantly more progressed stages in treatment
resistant patients33. We also found time-related differences
between superior ventral caudate and precentral gyrus expanding
towards anterior cingulate cortex. These results are in line with a
recent study relating neuromelanin levels in the substantia nigra, a
proposed MRI marker of dopaminergic functioning34, with the
functional connectivity between the caudate and supplementary
motor area connectivity in psychosis35. Moreover, previous MRI
spectroscopy studies have reported higher glutamate levels in the
anterior cingulate region (albeit a more anterior portion than our
findings) in established treatment-resistant cases36,37, in cases
resistant to clozapine38, and in those with a poor response at first-
episode39. A potential explanation for why these baseline and
longitudinal changes were not observed in our analyses compar-
ing the two patient subgroups is that these markers of treatment
resistance may exist along a continuum among individuals with
psychosis, including those who respond to treatment. In that case,
a larger sample would be needed to find significant differences.
The strengths of our study include having a larger sample size

than previous reports of striatocortical connectivity in psychosis.
Many cross-sectional case-report studies have been published in
the field of psychosis. In contrast, our study is one of the relatively
few with information about longer-term clinical outcomes of
participants, with more than half of the participants reassessed
and re-scanned at follow ups. Moreover, the recruited patients had
minimal antipsychotic treatment at baseline. This design provided
insights into the dynamic processes underlying early psychosis,
and it allowed us to model subgroups of patients according to
treatment response trajectories. A limitation in our study comes
from the method used to identify subgroups of patients. We
mainly defined treatment-resistant cases based on a highly
specific but low-sensitivity criterion such as being started on
clozapine14. However, to increase sensitivity, 60.7% of those who
were never prescribed clozapine were clinically assessed and
evaluated according to TRRIP criteria2. That left 39.3% of patients
allocated to the treatment-responsive group only because they
were not started on clozapine, which is likely to include a few

patients who were treatment-resistant but had not started
clozapine. If we assume the same rate of people with treatment-
resistant psychosis who had never started clozapine that we
encountered in those who were reassessed clinically, the impact
of such misclassification would be low, relating to probably two
misclassified participants. Moreover, such possible mislabeling
would dilute any existing differences between the two groups,
and therefore, if anything, would reduce the power of our analysis
to find statistically significant differences. Another known limita-
tion in our study is that we modeled medications based on
chlorpromazine equivalents, as has been done previously in other
longitudinal analyses examining changes in patients exposed to
different treatments40. As such, our model did not consider the
variations existing between different antipsychotics. Particularly,
since most of our treatment-resistant sample comes from
clozapine users, we cannot differentiate the effects of this
particular medication on brain connectivity. Of note, a recent
study found that clozapine treatment efficacy was associated with
increased functional connectivity between the dorsal caudate and
prefrontal regions within the frontoparietal network41.
In conclusion, our results show that treatment-resistant cases

are a subgroup of patients with psychosis that present long-
itudinal changes in ventral striatal connectivity with cortical
temporal regions. Since no baseline differences emerged between
patient subgroups, leveraging striatocortical connectivity to
predict progression to treatment resistance will require repeated
functional MRI assessments during the early stages of the disease.
However, changes in other systems in the brain, or even smaller
effects in these same circuits, could still be present since the first
episode of psychosis and should still be explored as potential
earlier biomarkers of prognosis.
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