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Abstract
Rationale  Though numerous studies demonstrate the superiority of clozapine (CLZ) for treatment of persistent psychotic 
symptoms that are characteristic of treatment-refractory schizophrenia (TRS), what remains unknown are the neural and 
molecular mechanisms underlying CLZ’s efficacy. Recent work implicates increased corticostriatal functional connectivity 
as a marker of response to non-CLZ, dopamine (DA) D2-receptor blocking antipsychotic drugs. However, it is undetermined 
whether this connectivity finding also relates to CLZ’s unique efficacy, or if response to CLZ is associated with changes in 
striatal DA functioning.
Objective  In a cohort of 22 individuals with TRS, we examined response to CLZ in relation to the following: (1) change in 
corticostriatal functional connectivity; and (2) change in a magnetic resonance-based measure of striatal tissue iron (R2’), 
which demonstrates utility as a proxy measure for elements of DA functioning.
Methods  Participants underwent scanning while starting CLZ and after 12 weeks of CLZ treatment. We used both cortical 
and striatal regions of interest to examine changes in corticostriatal interactions and striatal R2’ in relation to CLZ response 
(% reduction of psychotic symptoms).
Results  We first found that response to CLZ was associated with an increase in corticostriatal connectivity between the 
dorsal caudate and regions of the frontoparietal network (P < 0.05, corrected). Secondly, we observed no significant changes 
in striatal R2’ across CLZ treatment.
Conclusion  Overall, these results indicate that changes in corticostriatal networks without gross shifts in striatal DA func-
tioning underlies CLZ response. Our results provide novel mechanistic insight into response to CLZ treatment.

Keywords  Clozapine · Treatment-resistant schizophrenia · Antipsychotic treatment · Treatment response · Striatum · 
Schizophrenia · Functional connectivity · R2’

Introduction

Over a third of individuals with schizophrenia demonstrate 
persistent psychotic symptoms despite sequential trials with 
antipsychotic drugs, accounting for a high proportion of ill-
ness burden (Kennedy et al. 2014; Meltzer 1997). Over three 

decades of evidence supports the superiority of clozapine 
(CLZ) for these refractory psychotic symptoms in treatment-
resistant schizophrenia (TRS) (Kane et al. 1988; McEvoy 
et al. 2006; Siskind et al. 2016; Taylor 2017). Thus, CLZ 
is widely considered to be a model agent for antipsychotic 
drug discovery (Nucifora et al. 2017). However, the precise 
mechanism of action underlying CLZ’s characteristic antip-
sychotic efficacy has been difficult to parse secondary to its 
heterogeneous profile of interactions with receptors and neu-
rotransmitter systems (Coward 1992; Nucifora et al. 2017; 
Seeman 2014). To progress the development of circuit-based 
therapeutics that mirror CLZs clinical action, we conducted 
the following study focused on the largely unknown neural 
circuitry underlying CLZ’s efficacy.
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Studies of non-CLZ, D2-receptor blocking antipsychotic 
drugs have explored corticostriatal functional connectivity 
as a marker of treatment. Studies of both first-episode and 
chronic schizophrenia report an increase in functional con-
nectivity between the striatum and prefrontal cortical and 
limbic regions corresponding with antipsychotic treatment 
response (Anticevic et al. 2015; Cadena et al. 2019; Lahti 
et al. 2009; Li et al. 2020; Sarpal et al. 2015). Abnormal 
corticostriatal connectivity has also been linked to a longer 
duration of untreated psychosis and relapse in the context 
of stable antipsychotic treatment, two clinical scenarios that 
influence antipsychotic response (Rubio et al. 2021; Sarpal 
et al. 2017). Additional studies that leverage corticostriatal 
connectivity of response demonstrate its prognostic associa-
tions with successful treatment with non-CLZ antipsychotic 
agents (Li et al. 2020; Sarpal et al. 2016). Studies of white 
matter have also linked antipsychotic response with altera-
tions in white matter, including tracts important for function-
ing of corticostriatal systems (Kochunov et al. 2019; Ochi 
et al. 2020; Reis Marques et al. 2014). Overall, these findings 
may reflect downstream action secondary to D2-receptor 
blockade in the context of abnormal striatal dopamine (DA) 
functioning. Given evidence suggesting a pathophysiologic 
inverse relationship between hyperdopaminergic striatal 
activity and hypo-functioning of cortical systems, hyper-
dopaminergic activity in the striatum, including the dorsal 
caudate, which serves as an integrative hub for information 
processing, is likely related to aberrant interactions across 
neural systems (Averbeck et al. 2014; Choi et al. 2017; Jarbo 
and Verstynen 2015; McCutcheon et al. 2019; Tziortzi et al. 
2014). In the context of D2 blockade, an increase in func-
tional connectivity between the dorsal striatum and nodes 
within these systems likely reflect modulation of information 
and stimulus processing in the context of decreased “noise” 
within the dorsal caudate (McCutcheon et al. 2019).

Though CLZ also demonstrates moderate occupancy 
of striatal D2 receptors with rapid dissociation, it remains 
unknown whether this dopaminergic action underlies its 
antipsychotic action in TRS (Seeman 2014). Thus, examin-
ing whether striatal DA plays a central role in CLZ response 
represents a critical step in stratifying the pathophysiology 
of TRS. Recent studies have advanced magnetic resonance-
based measures of striatal tissue iron, which has been linked 
to a variety of physiologic processes, including the modula-
tion of binding affinity at dopaminergic receptors, and DA 
synthesis and release (Haacke et al. 2005; Youdim et al. 
1984; Youdim and Green 1978; Youdim 2018). Located in 
the dendrites of DA neurons, iron is a cofactor for tyrosine 
hydroxylase, the rate-limiting step in DA synthesis (Daubner 
et al. 2011; Molinoff and Axelrod 1971; Ortega et al. 2007; 
Torres-Vega et al. 2012; Zucca et al. 2017). While tissue 
iron is found throughout the brain, its highest concentra-
tion is in the basal ganglia (Brass et al. 2006; Thomas et al. 

1993). Non-invasive MR-based assessments of striatal tissue 
iron have been utilized as markers of DA-related disorders, 
including Parkinson’s disease, Huntington’s disease, restless 
leg syndrome, ADHD, and cocaine use disorders (Adisetiyo 
et al. 2019; Allen and Earley 2007; Ersche et al. 2017; Piao 
et al. 2017; Ward et al. 2014; Zucca et al. 2017). Recent 
work has also demonstrated a strong relationship between 
ventral striatal tissue iron (R2’) and presynaptic vesicular 
DA storage (Larsen et al. 2020).

Since it remains unclear whether corticostriatal connec-
tivity or significant changes in DA functioning contribute to 
CLZ’s antipsychotic efficacy, we conducted the following 
prospective study in a cohort of individuals with TRS under-
going CLZ treatment. First, we examined changes in corti-
costriatal connectivity in relation to reductions in psychotic 
symptoms. A significant relationship would suggest that cor-
ticostriatal interactions represent a generalized mechanism 
of antipsychotic response; a negative finding would impli-
cate an alternative neural system underlying CLZ treatment. 
Secondly, considering CLZ’s heterogeneous pharmacologic 
action and the possibility for non-dopaminergic action, we 
explored changes in striatal R2’ along with symptomatic 
improvement.

Methods and materials

Participants

This prospective, observational study included a cohort of 
twenty-two individuals with TRS who were recruited from 
treatment services of UPMC Western Psychiatric Hospital 
and affiliated facilities. Participants were undergoing CLZ 
initiation per routine clinical care by their treatment provid-
ers. Clinical characteristics of our cohort were guided by 
recommendations of the Treatment Response and Resistance 
in Psychosis working group (Howes et al. 2017). Participants 
were as follows: (1) between the ages of 18 and 60; (2) pre-
sented with a diagnosis of schizophrenia or schizoaffective 
disorder; (3) exhibited chronic psychotic symptoms with a 
score of least a 4 (moderate) on one or more Brief Psychiat-
ric Rating Scale (BPRS) psychosis measures (hallucinatory 
behavior, unusual thought content, or conceptual disorgani-
zation) (Hedlund and Vieweg 1980); (3) had at least two 
failed trials of non-CLZ antipsychotic drugs for documented 
periods of at least 6 weeks duration; and (4) no CLZ for at 
least 4 weeks if prior CLZ treatment occurred. Exclusion cri-
teria included the presence of a substance-induced psychotic 
disorder, concurrent electroconvulsive therapy, neurologic 
or medical conditions that could affect brain functioning, 
significant risk of suicidal or homicidal behavior determined 
by primary clinicians, or contraindications to magnetic reso-
nance imaging.
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Recruitment efforts, summarized in Supplemental 
Table 1, relied on collaboration between the study team and 
primary clinicians. Given our observational study design, 
medication decisions were made by primary clinicians and 
tracked by the study team. This included the use of non-
CLZ antipsychotic drugs, which were converted to chlor-
promazine equivalents, and other psychiatric medications. 
All study participants provided written consent and all pro-
cedures were approved by the University of Pittsburgh Insti-
tutional Review Board.

Clinical data acquisition

Demographic and clinical information was gathered for all 
study participants based on clinical interviews, and informa-
tion from treatment teams and medical records. Diagnoses 
were confirmed by a Structured Clinical Interview for Axis 
I Diagnostic and Statistical Manual-IV (First et al. 2015). 
Symptoms were rated with the BPRS (Hedlund and Vieweg 
1980). Cognition was assessed with the Measurement and 
Treatment Research to Improve Cognition in Schizophre-
nia Consensus Cognitive Battery (MCCB) (Nuechterlein 
et al. 2008). Of note, we aimed to collect cognitive assess-
ments at baseline for participants. However, we encoun-
tered unforeseen challenges in data collection secondary to 
halted research activities due to the COVID-19 pandemic 
or difficulty in coordinating cognitive assessments at base-
line across study sites. Thus, cognitive assessments were 
split between baseline and follow-up with most participants 
(N = 12) receiving assessments at follow-up. The Social and 
Occupational Functioning Assessment Scale (SOFAS) aided 
in determining the overall functioning status of study partici-
pants (Morosini et al. 2000). Finally, we collected levels of 
CLZ and norclozapine at follow-up to reflect a steady-state 
level at time of scanning. All assessments were collected 
by trained psychometricians who collaborated with primary 
clinical teams.

Given that all participants presented with moderate to 
severe psychosis at study entry, and our primary analyses 
included continuous neuroimaging measures, CLZ efficacy 
was defined by a continuous percent reduction in positive 
symptoms (hallucinatory behavior, unusual thought con-
tent, or conceptual disorganization): % reduction in positive 
symptoms = (baseline positive symptoms − follow-up posi-
tive symptoms)/baseline positive symptoms.

Neuroimaging acquisition

Participants with TRS underwent scanning on a Siemens 
Prisma 3 Tesla scanner at the Magnetic Resonance Research 
Center of the University of Pittsburgh prior to or within the 
first week of CLZ initiation (baseline), and after 12 weeks of 
CLZ treatment (follow-up). Structural scans were acquired 

with a magnetization-prepared rapid gradient-echo sequence 
with the following parameters: TR = 2400 ms, TE = 2.22 ms, 
flip angle = 8°, FOV = 240 × 256 mm, voxel size = 1 mm3, 
total slices = 208. Two resting state images were acquired 
using a multiband echo-planar sequence sensitive to blood 
oxygen level dependent (BOLD) signal: TR = 800  ms, 
TE = 37 ms, flip angle = 52°, FOV = 208 × 208 mm, voxel 
size = 2 mm3, total slices = 72, and total volumes = 420. Each 
scan was 5:46 min in duration, for a total of 11:32 min of 
resting state data. Participants were instructed to keep eyes 
open and fixated on a “ + ” sign. Two additional sequences 
were collected to calculate our R2’ calculation: a multi-echo 
turbo spin echo (mTSE; effective TE, 12, 98, and 196 ms; 
TR, 10,680 ms; FoV, 220 × 220 mm2; 40 3 mm transverse 
slices) to calculate R2, and a multi-echo gradient echo 
(mGRE; TE, 3.6, 8.6, 16.5, 12.7, and 23 ms; TR, 1090 ms; 
flip angle, 25°; FoV, 220 × 220 mm2) to estimate R2*.

Preprocessing and functional connectivity analyses

Resting-state data were preprocessed with a pipeline that 
has been applied to several clinical and developmental 
cohorts to account for head motion and physiologic con-
founds (Calabro et al. 2020; Hallquist et al. 2013; Parr 
et al. 2021; Tarcijonas et al. 2019). Preprocessing was per-
formed in the Neuroimaging in Python (NIPy) software 
environment, which combines tools primarily from AFNI 
and FSL packages (Cox 1996; Jenkinson et al. 2012). Pre-
processing steps included the following: 4D slice timing 
and motion correction, skull stripping, co-registration and 
warping to standard MNI space, spatial smoothing using a 
5 mm full width at half maximum Gaussian kernel, band-
pass filtering between 0.009 and 0.08 Hz, and grand mean 
intensity normalization (10,000/global median). Resting-
state BOLD images were registered to MNI152 space with 
via affine and nonlinear transformations. To account for 
head motion and minimize physiologic confounds, wavelet 
despiking was performed using the Brain Wavelet Toolbox 
and the data-driven ICA AROMA correction was applied 
(Patel et al. 2014; Pruim et al. 2015). In addition to these 
steps, scans also underwent field unwarping to correct 
for spatial distortion. Preprocessed scans were concate-
nated, resulting in one 11:32 min scan with 840 volumes. 
Consistent with our prior work, we ensured quality of 
our imaging data through the following steps: (1) visual 
inspection of anatomic and functional data at multiple 
stages (before, during, and after preprocessing); (2) exami-
nation of motion parameters in functional data across each 
scan; and (3) inspection of time-series before and after 
preprocessing for outlying values and slice timing failures 
(Calabro et al. 2020; Hallquist et al. 2013; Manivannan 
et al. 2019; Parr et al. 2021; Sarpal et al. 2020; Tarcijonas 
et al. 2019). One participant was not included in functional 
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connectivity analyses since only 1 resting state sequence in 
both pre and post CLZ treatment scans, resulting in partial 
data, resulting in a total of 21 individuals with usable data.

To examine corticostriatal functional connectivity, we 
used both a bottom-up method, driven by seed regions of 
interest (ROI), and a top-down method that seeded canoni-
cal cortical networks to examine connectivity of these net-
works with the striatum. We generated striatal ROIs based 
on results of our previous studies of antipsychotic efficacy 
and corticostriatal connectivity and a widely adopted striatal 
parcellation (Di Martino et al. 2008; Sarpal et al. 2015). 
Consistent with these and numerous other prior studies, we 
generated a priori ROIs with a 3.5 mm radius around cen-
tral MNI coordinates localized in the left and right dorsal 
caudate (x =  ± 13, y = 15, and z = 9), nucleus accumbens 
(x = 9, y = 9, and z =  − 8), ventral caudate (x =  ± 10, y = 15, 
and z = 0), and ventral rostral putamen (x =  ± 20, y = 12, and 
z =  − 3). Functional connectivity maps were generated for 
each of these ROIs in pre and post treatment concatenated 
scans for all participants. Resulting maps were z transformed 
and a difference map representing change in connectivity of 
each ROI was calculated with AFNI’s 3dcalc tool (differ-
ence = follow-up map − baseline map).

We also examined functional connectivity with a top-
down approach based on the 7-network parcellation by Yeo 
et al. Consistent with prior antipsychotic studies that focus 
on regions the default mode network, frontoparietal network, 
and/or the salience network, we generated functional con-
nectivity of these 3 a priori cortical ROIs (Han et al. 2020; 
Smucny et al. 2019; Yang et al. 2021). Connectivity maps 
were generated all pre and post scans, z-transformed, and 
difference maps were calculated.

At the group level, consistent with the bottom-up 
approach difference maps for each striatal and cortical ROIs 
was examined along with percent reduction of psychotic 
symptoms (hallucinations, conceptual disorganization, unu-
sual thought content) before and after treatment (% reduc-
tion = [(follow-up score − baseline score)/baseline score) * 
100)]. We used AFNI’s 3dttest +  + tool with the “Clustsim” 
option, which is AFNI’s most accurate method for limiting 
false positive results (Cox et al. 2017). This method com-
putes cluster-size thresholds using 10,000 simulated noise-
only t-tests for an accurate spatial autocorrelation function, 
estimates the probability of study-specific false positive clus-
ters, and automatically corrects voxel clustering thresholds. 
We then examined all group-level analyses with a voxel-wise 
threshold of p < 0.005, which exceeds Bonferroni correction 
for our ROIs (0.05/8 = 0.00625) and searched for clusters 
that survived familywise error correction at p < 0.05. For 
our bottom-up striatal ROIs, our search space was voxel-
wise. A cluster size of 99 voxels represented a corrected 
alpha of p < 0.05. For our top-down cortical ROIs, our 
search space was limited to striatal mask derived from the 

Harvard–Oxford brain atlas, resulting in a significant clus-
ter size of 17 voxels at p < 0.05, corrected (Jenkinson et al. 
2012).

For all significant clusters, we extracted functional con-
nectivity data around the central coordinate with a 2-mm 
radius. These extracted connectivity values were then fur-
ther examined with general linear models (GLMs) in the 
R statistical environment (https://​www.r-​proje​ct.​org) that 
included percent reduction of positive symptoms, and age, 
sex, and average framewise displacement (FD) as covariates. 
To further account for type-1 error, results were Bonferroni-
corrected for multiple comparisons based on the number of 
associated examined.

In secondary exploratory analyses, we also examined 
whether baseline functional connectivity of any significant 
findings in our primary set of analyses predicted antipsy-
chotic efficacy. For each significant corticostriatal connectiv-
ity result, we extracted functional connectivity from baseline 
scans at the start of CLZ treatment. In GLMs we examined 
whether these baseline connectivity values significantly 
related to percent decrease in psychotic symptoms with age, 
sex, and FD added as covariates. Post hoc analyses similarly 
examined relationships between our significant connectivity 
results with CLZ/norclozapine ratios at follow-up, and with 
dose reductions in chlorpromazine equivalents of non-CLZ 
drugs.

R2’ preprocessing

For each pre and post CLZ treatment scans, we also cal-
culated R2’, an MR-based measure of tissue iron, which 
represents the reversible transverse relaxation rate (1/T2’), 
based on a difference between effective (R2*; 1/T2*) and 
irreversible (R2; 1/T2) relaxation rates (Haacke et al. 2005; 
Sedlacik et al. 2014). Consistent with methods described in 
Larsen et al. and Funai et al. (2008), a quadratic penalized 
least squares approach was used to estimate R2* and R2’. 
Both R2 and R2* images were registered to MNI space: 
for R2 registration the affine registration between the first 
echo of the mTSE and the anatomical image, and the non-
linear registration of the anatomical image to MNI space 
was concatenated, and for the R2* registration, we added a 
rigid-body registration between the first echoes of the mGRE 
and mTSE images to concatenation. Estimates of R2’ were 
derived for each participant by subtracting R2 from R2* 
estimates, and visually assessed by A.B., W.F, and D.K.S to 
rule out the presence of motion, shimming, or registration 
artifacts. A quality control script was also run on these data 
which confirmed the integrity of processed R2’ maps. Data 
from one participant was not used due to incomplete image 
acquisition, resulting in a total number of 21 participants 
in R2’ analyses. Images that represent absolute change in 
R2’ (follow-up − baseline) were calculated for group level 
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analyses. We examined all ∆ R2’ images along with per-
cent reductions of positive symptoms for our cohort with 
3dttest +  + and the Clustsim option. The analytic search 
space was limited to the striatal mask described above. All 
significant results were further examined in GLMs with age 
and sex entered as covariates.

Results

Participant demographics and clinical findings

We included 22 individuals with TRS in this study. Demo-
graphic and clinical data for our cohort are displayed in 
Table 1. Our cohort demonstrated clinical characteristics 
consistent with TRRIP criteria for TRS: severe impairments 
in overall functioning reflected a mean SOFAS score of 
34.91 ± 12.67 (range: 15 to 55); a mean of 3.56 ± 1.6 failed 
antipsychotic trials at least 6 weeks duration; mean base-
line non-CLZ antipsychotic dose of 550.65 mg ± 479.73 mg 
chlorpromazine equivalents; and untreated moderate to 
severe psychosis at study entry. Out of our 19 participants, 14 
received a baseline MRI scan following CLZ initiation, with 
a mean time between start date and scan of 0.6 days. Across 
our 12-week study period, CLZ treatment was associated 

with a reduction in symptoms, consistent with known clini-
cal effects (24.5% reduction in positive symptoms, 20.6% 
reduction in total BPRS symptoms). Non-CLZ antipsychotic 
drugs were prescribed per usual care by prescribing clini-
cians during the study period. We observed a mean chlor-
promazine equivalent of 379.55 mg ± 214.51 mg across the 
study period, and, importantly, 288.61 mg ± 371.64 mg at 
follow-up, indicating a substantial amount of D2-receptor 
blockade independent of CLZ use (Supplemental Fig. 1).

Changes in corticostriatal connectivity versus CLZ 
efficacy

Corticostriatal functional connectivity was first examined 
with a bottom-up approach that seeded the striatum with 
a priori ROIs. Significant results were observed with the 
right dorsal caudate. A higher percent reduction in psychotic 
symptoms was associated with significant increase in con-
nectivity between the right dorsal caudate and two frontal 
regions: the right anterior insula (peak MNI coordinate: 38, 
24, − 2; p < 0.04, corrected; k = 127; z = 4.55) and the right 
inferior frontal lobe (peak MNI coordinate: 40, 36, − 14; 
p < 0.05, corrected; k = 100; z = 3.95). Results are displayed 
in Fig. 1. Extracted data from peak regions of these two sig-
nificant clusters were further examined in GLMs along with 

Table 1   Demographics and 
clinical data

Patients (N = 22)

Mean SD N

Age (years) 35 9.2
Sex
Male 16
Female 6
Race
White 10
Black or African American 12
Asian 1
Diagnosis
Schizophrenia 21
Schizoaffective disorder 1
Baseline BPRS total 45.09 7.21
Baseline BPRS positive symptoms 13.32 2.12
Follow-up total BPRS 35.77 7.74
Follow-up BPRS positive symptoms 10.05 3.0
Number of unsuccessful non-CLZ antipsychotic trials 3.56 1.6
Baseline equivalent dose of non-CLZ antipsychotic drugs (mg) 550.65 479.73
Follow-up equivalent dose of non-CLZ antipsychotic drugs (mg) 288.61 371.64
Baseline SOFAS score 34.91 12.67
Baseline CLZ dose 69.79 58.39
Follow-up CLZ dose 337.50 119.21
Follow-up plasma CLZ/norclozapine level (ng/mL) 2.215 0.688
Composite MCCB T score 22.53 14.52
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percent reduction in positive symptoms and age, sex, and 
FD as covariates. Both findings remained significant with 
Bonferroni correction (0.05/2 = 0.025; insula: B(se) = 1.19 
(0.20), β = 0.82, t (20) = 6.03, p = 0.000015; inferior frontal 
lobe: B(se) = 0.9(0.18), β = 0.76, t (20) = 4.9, p = 0.00013). 
We also observed a noteworthy trend-level finding that coin-
cided with our previous with in first-episode schizophrenia: 
a negative relationship between symptomatic improvement 
in increased connectivity between the ventral caudate and 
the posterior parietal cortex (Supplemental Fig. 2).

In addition to the bottom-up striatal connectivity, we also 
examined top-down connections of canonical cortical net-
works with striatal connectivity. Out of our 3 cortical net-
works of interest, only the frontoparietal network displayed 
a significant increase in connectivity with the striatum in the 
right dorsal caudate in relation to percent reduction of psy-
chotic symptoms (peak MNI coordinate: 12, 20, 10; p < 0.03, 
corrected; k = 23; z = 4.07; Fig. 2). This finding remained 

significant in a GLM with age, sex, and FD as covariates 
(B(se) = 1.33 (0.26), β = 0.77, t (20) = 5.2, p = 0.000072).

In secondary exploratory analyses, we examined whether 
baseline connectivity from any of our 3 significant func-
tional connectivity findings predicted symptom reduction. 
Our bottom-up findings both showed a significant relation-
ship between treatment efficacy and corticostriatal con-
nectivity at baseline: (right dorsal caudate − right anterior 
insula: (B(se) = -0.36(0.12), β = -0.56, t(20) = -3.0, p = 0.009; 
and right dorsal caudate − right inferior frontal gyrus: 
(B(se) =  − 0.51(0.17), β =  − 0.56, t (20) = -2.9, p = 0.009; 
Supplementary Fig. 3). The top-down finding (frontopa-
rietal network and right dorsal caudate) demonstrated a 
trend = level relationship: B(se) = 0–0.51 (0.26), β =  − 0.43, 
t (20) =  − 1.97, p = 0.07 (Supplemental Fig. 3). These results 
suggest that higher corticostriatal connectivity at baseline 
may predict CLZ efficacy, which coincides with our previous 
work (Sarpal et al. 2016).

Fig. 1   CLZ efficacy and “bottom-up” striatal connectivity. Results of 
our striatal connectivity analyses are displayed. In A, we display our 
right dorsal caudate ROI. Increased functional connectivity between 

this ROI and clusters within B right anterior insula and the right infe-
rior frontal gyrus was observed (P < 0.05, corrected)
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Post hoc GLMs with age, sex, and FD as covariates also 
examined whether follow-up CLZ/norclozapine ratio or dose 
reduction of non-CLZ drugs related to our significant cor-
ticostriatal functional connectivity results (Supplemental 
Fig. 1). Neither the ratio (right dorsal caudate- right anterior 
insula: β = 0.38, t (20) = 1.52, p = 0.15; right dorsal caudate-
right inferior frontal gyrus: β = 0.307, t (20) = 1.19, p = 0.25; 
frontoparietal network – right dorsal caudate: β = 0.24, t 
(20) = 0.93, p = 0.37) nor dose reduction (right dorsal cau-
date- right anterior insula: β =  − 0.07, t (20) = 0.48, p = 0.64; 
right dorsal caudate- right inferior frontal gyrus: β =  − 0.25, 
t (20) =  − 1.70, p = 0.11; frontoparietal network – right dor-
sal caudate: β = 0.22, t (20) = 1.50, p = 0.15) showed a sig-
nificant relationship.

Changes in striatal R2’ versus CLZ efficacy

In addition to examining cortical striatal connectivity in 
relation to percent change in psychotic symptoms, we also 
examined changes in striatal R2’ in relation to symptomatic 
reduction. In a group level analysis, we did not observe any 
significant relationship between changes in R2’ and CLZ 
efficacy. Regions of the dorsal caudate from our functional 
connectivity analyses were further examined in GLMs 
(Fig. 3). Nonsignificant findings were observed for both 
our bottom-up seed ROI (B(se) = 0.014 (0.03); β = 0.10; 

t (20) =  − 0.47; p = 0.65), and top-down striatal find-
ing (B(se) =—− 0.021 (0.02); β =  − 0.22; t (20) =  − 0.96; 
p = 0.35).

Discussion

We examined CLZ efficacy in relation to changes in cor-
ticostriatal functional connectivity and striatal tissue iron 
in a cohort of individuals with TRS. Response to CLZ 
was associated with an increase in functional connectivity 
between the dorsal caudate and prefrontal regions within 
the frontoparietal network. Secondly, we found that baseline 
connectivity values from our significant corticostriatal con-
nectivity results predicted reduction in positive symptoms. 
Meanwhile, no significant relationship between change 
in striatal tissue iron and CLZ efficacy was noted. To our 
knowledge, this is the first study focused on CLZ efficacy in 
relation to longitudinal corticostriatal functional connectiv-
ity or striatal tissue iron.

It is important to note that our findings were observed 
in the real-world context of TRS that included failed 
antipsychotic trials and concomitant use of non-CLZ, D2 
receptor-blocking antipsychotic drugs. TRS may represent 
a pathophysiologic subtype of schizophrenia characterized 
by more global disruptions in functional connectivity and a 

Fig. 2   CLZ efficacy and “top-down” cortical connectivity. Increased frontoparietal connectivity (A) with the right dorsal caudate (B) was signifi-
cantly associated with positive symptom reduction across CLZ treatment (P < 0.05, corrected)
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unique pattern of activation of cognitive systems (Ganella 
et al. 2017; Horne et al. 2021). Furthermore, evidence from 
positron emission tomography studies implicate a non-DA 
signature of illness, relative to responders of non-CLZ antip-
sychotic drugs (Demjaha et al. 2012; Kim et al. 2019). Thus, 
our results indicate that changes in corticostriatal connectiv-
ity may represent a final common neural mechanism under-
lying antipsychotic efficacy, or positive symptom reduction, 
and that CLZ response is likely driven by a non-DA mecha-
nism. Our finding showing a significant relationship between 
baseline corticostriatal connectivity of our striatal ROIs and 
symptomatic reduction sheds light on the possibility of the 
development of a prognostic imaging-based assay of CLZ 
response, consistent with our prior work (Sarpal et al. 2016). 
Larger studies with cross-validation and more complex ana-
lytical methods will be necessary.

Our top-down cortical and bottom-up striatal analyses 
converged on a pattern of corticostriatal connectivity that 
implicate the frontoparietal executive network, mirroring 
our previous work in first-episode schizophrenia (Sarpal 
et al. 2015). Our findings also support the observation that 
the anterior insula and inferior frontal gyrus may include 
regions that contribute to both salience and executive func-
tional systems (Sridharan et al. 2008; Yeo et al. 2011). Simi-
lar to our findings in the prefrontal cortex, both of our top-
down and bottom-up corticostriatal connectivity analyses 
converge on parts of the dorsal caudate, a structure with 
anatomic connections to executive regions of the prefrontal 
cortex (Choi et al. 2017; Verstynen et al. 2012). The dorsal 
caudate overlaps with the associate striatum and has patho-
physiological linkages with psychotic illness (Kegeles et al. 
2010; McCutcheon et al. 2019). In addition, the dorsal cau-
date supports an array of cognitive processes that include 
gating of information important for representations during 
executive cognition (Chatham et al. 2014; Hazy et al. 2006; 

Murty et al. 2011). Consistent with these cognitive and 
pathophysiologic findings, the frontoparietal-caudate sys-
tem has been characterized as specific to humans, relative 
to non-human primates, which may reflect its particular role 
in higher-order psychotic phenomenology (Liu et al. 2021). 
Greater synchronicity between the frontoparietal executive 
network and the dorsal striatum across CLZ treatment may 
reflect a gain of top-down control of salience processing 
(Sridharan et al. 2008; Supekar et al. 2019). The net effect of 
this circuitry may be associated with changes in information 
processing that correspond with the resolution of psychotic 
states.

Given the heterogeneity of interactions between CLZ 
and pharmacologic targets across neurotransmitter sys-
tems, CLZ’s mechanism is action is potentially multifac-
torial (Coward 1992; Nucifora et al. 2017; Seeman 2014). 
However, our non-significant relationship between CLZ 
response and changes in striatal tissue iron does not sup-
port a primary role for the DA system, consistent with 
existing interpretations from prior work (Knable and 
Weinberger 1994). Importantly, the are several caveats 
related to this. For one, the effect captured by R2’, a proxy 
measure, may be too small for us to capture with our sam-
ple size. Alternatively, the DA system might be involved, 
possibly via D1 or D4 receptor blockade, but changes are 
not captured by changes in tissue iron. Our interpretation 
that a significant change in DA functioning does not pri-
marily underlie CLZ efficacy could reflect a role for other 
systems such as the serotonergic system, or cholinergic 
action via muscarinic targets of cholinergic interneurons. 
CLZ’s pharmacologically exhibits an idiosyncratic effect 
on the muscarinic system relative to other antipsychotic 
drugs (Nucifora et al. 2017). Cholinergic interneurons 
are robust regulators of striatal DA activity and corticos-
triatal circuitry more broadly, as well as glutamatergic 

Fig. 3   CLZ efficacy and R2’. No significant results were observed in analyses comparing change in R2’ versus positive symptom reduction. 
Results from right dorsal caudate ROIs from our A bottom-up seed ROI and B top-down striatal findings are displayed
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functioning, which has been recently been linked to CLZ 
response and antipsychotic resistance (Abudukeyoumu 
et al. 2019; Goldberg et al. 2012; Goldstein et al. 2015; 
Iwata et al. 2019; Mallet et al. 2019; McQueen et al. 2021). 
In addition, studies have also shown alterations related to 
antipsychotic response in white matter tracts important for 
corticostriatal functioning, supporting widespread altera-
tions in neural systems (Kochunov et al. 2019; Ochi et al. 
2020; Reis Marques et al. 2014). Future multimodal work 
with larger sample sizes will be needed to characterize 
treatment-related changes in striatal tissue iron across in 
CLZ and non-CLZ antipsychotic drug trials to further 
contextualize findings from this study. In addition, subse-
quent studies may link CLZ treatment with molecular and 
histological assays of the striatum and its broader neural 
systems (McCutcheon et al. 2021).

Strengths of our work include the focus on individuals 
with TRS, our within-subject, longitudinal imaging data 
with over 11 min of resting state at each timepoint, and 
our multimodal assessment of the mechanisms underlying 
CLZ efficacy. The observed response to CLZ in our TRS 
cohort coincides with its established role as a uniquely effi-
cacious antipsychotic and further validates our effort. While 
a non-CLZ antipsychotic treatment cohort was not feasible 
given study constraints, and is a limitation of our work, our 
naturalistic design included concomitant non-CLZ treat-
ment. Thus, our observed connectivity findings emerged in 
our TRS cohort with a background of clinically significant 
D2-receptor blockade by non-CLZ antipsychotic drugs.

Our study contains some inherent limitations. Though 
consistent with recent work, our sample size was low, 
reflecting the difficulty in examining TRS populations lon-
gitudinally (Li et al. 2020; McQueen et al. 2021). In addi-
tion, given the observational study design, we did not con-
firm TRS status, with the use of blood levels, which may 
have further enriched our study cohort for TRS. The lack 
of a non-CLZ treatment group did not allow us to explore 
whether our findings are related to a final common pathway 
of antipsychotic drug action, or more generalized mecha-
nism underlying positive symptom reduction. Future work 
with be necessary to compare CLZ response with either 
nonpharmacologic interventions (e.g., neuromodulation), 
or pharmacologic agents, including non-D2 drugs, such as 
xanomeline or trace amine-associated receptor 1 agonists 
(Brannan et al. 2021; Koblan et al. 2020; Shekhar et al. 
2008). Relatedly, the inclusion of a healthy control com-
parison group would have allowed for the characterization 
of potential normalizing effects of CLZ treatment. Finally, 
the reliance on a proxy measure that provides a partial snap-
shot of DA functioning, limiting the interpretability of our 
findings. Future work with larger sample sizes and multiple 
treatment arms are necessary to further contextualize the 
present results in TRS, a clinically unique population.

Overall, this study dissects the mechanism of response 
to CLZ with MR-based neuroimaging. Our findings sug-
gest that increased corticostriatal connectivity represents a 
downstream marker of response to CLZ, and gross changes 
in DA functioning may not drive CLZ’s antipsychotic action. 
A more comprehensive understanding of the mechanism 
underlying CLZ treatment may elucidate neural systems that 
serve as targets for treatment development. Larger studies 
based on these results may also lead to prognostic measures 
of CLZ response. Subsequent work will especially be crucial 
given the high societal cost associated with TRS and limited 
existing treatment options.
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