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Schizophrenia (SZ) is a chronic, serious, and recurrent
mental illness, characterized by cognitive impairment as
the core symptom, which can be an important sign before
the onset of psychosis [1]. Furthermore, persistent cogni-
tive impairment is specific to the disease and disrupts the
cognitive trajectory of patients with SZ [2]. Repetitive
transcranial magnetic stimulation (rTMS) is a noninvasive
intervention for SZ patients with auditory hallucinations or
negative symptoms [3], as well as antipsychotic treatment
failure [4]. According to recent reports, rTMS might be an
effective treatment for cognitive impairment [5-7]. At
present, the site of stimulation for rTMS application in
clinical practice is often ambiguous. Indeed, patients with
SZ usually do not exhibit significant brain lesions, leaving
uncertain the accurate localization of most neuropsychi-
atric symptoms. Yet due to certain differences in brain
structure and function among patients [8], this non-
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individualized coil placement may partly explain why
rTMS treatment is still ineffective in some cases. With the
development of precision medicine, the introduction of
individualized rTMS in the treatment of SZ is a field
calling for further research.

Current Viewpoints Between rTMS and Cognitive
Dysfunction in SZ

In recent years, rTMS has been evaluated as a novel
treatment option for various neuropsychiatric disorders,
including SZ. Yet the improvement of symptoms (auditory
hallucinations, negative symptoms, cognitive dysfunction)
in SZ after rTMS treatment remains to be identified and the
therapeutic mechanisms remain unclear. Does rTMS
regulate brain neurotransmitters (e.g., serotonin and
dopamine), or alter synaptic plasticity or brain-derived
neurotrophic factor levels? There is not enough evidence.
Although some encouraging results have been reported,
most are focused on auditory hallucinations or negative
symptoms, rarely involving cognitive dysfunction [9].
Here, we mainly introduce the significance of rTMS in
the treatment of SZ from the cognitive perspective.

To our knowledge, the dorsolateral prefrontal cortex
(DLPFC), which is involved in the manipulation and
temporal encoding of information, namely, working mem-
ory, is an attractive target for rTMS studies in SZ, as previous
studies have reported that this region is associated with
cognitive deficits [5—7]. Regretfully, with traditional stim-
ulation coils, rTMS is largely limited to the cortical surface,
so deeper regions cannot be directly or selectively stimu-
lated. r'TMS studies have, therefore, focused on the left
DLPFEC as one accessible node of the cognitive network.
Research shows that the DLPFC is anatomically
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heterogeneous, especially in terms of its intrinsic functional
connectivity, which can be used to generate individualized
locations for DLPFC studies. Such individual-based targets
might be clinically superior to those selected at the group
level [10], revealing the importance of individualization.
Barr et al. first demonstrated that bilateral 20 Hz rTMS
targeting the DLPFC significantly improve patients’ work-
ing memory, compared with sham-control subjects [6].
Francis et al. demonstrated that 20 Hz bilateral rTMS
improves cognitive dysfunction in the early course of SZ,
and frontal cortical thickness may positively predict the
response to rTMS [9]. Xiu and colleagues assessed the
efficacy of different frequencies of neuro-navigated rTMS in
ameliorating cognitive impairment, and their results showed
that 20 Hz rTMS treatment had an effective therapeutic
benefit on the immediate memory of patients with chronic SZ
at week 8, but 10 Hz rTMS did not [7]. Interestingly, both of
the studies by Francis et al. and Xiu et al. reported that
delayed effects on cognitive function were produced at the
follow-up after rTMS treatment, that is to say, some of the
cognitive improvement did not appear immediately after the
treatment sessions. Therefore, rTMS has potential as a
pathophysiologically oriented therapy for cognitive impair-
ment and long-term longitudinal studies are needed.

In spite of several positive findings, i.e., that high-
frequency rTMS to the left PFC improves cognitive
symptoms, the effects are inconsistent and small. The
latest meta-analysis involving nine rTMS studies indicated
that there was no association with a reliable improvement
of working memory performance in SZ when applying
rTMS over the DLPFC and no association between the
number of stimulation sessions and treatment effects [11].
Indeed, the therapeutic effect of rTMS on the cognitive
symptoms of SZ is still ambiguous, and there are not
enough data to discuss whether rTMS can modulate the
cognitive function of SZ patients in more detail. Thus, it is
important to investigate whether particular stimulation
protocols in combination with neuroimaging, e.g., mag-
netic resonance imaging (MRI), are able to exert a greater
effect on cognitive impairment.

The Potential Clinical Value of MRI in Neuro-
modulation of SZ

The overwhelming heterogeneity of SZ is one of the
greatest challenges for the development of cures for the
disorder [2]. At present, using symptom subtyping analysis
to reduce the heterogeneity is promising and may have a
potential influence on research and practice. Objective
evidence is more helpful in formulating a treatment plan.
Therefore, the application of MRI before treatment is
helpful in exploring the biological subtypes and predicting
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the response of SZ to rTMS on the basis of anatomical
structure and functional activation. Soon after the appear-
ance of psychosis, patients whose cognitive performance
declines tend to show a smaller brain volume than patients
who have a stable cognitive performance, indicating that
cognitive decline may identify a biologically distinct
subgroup [2]. Nevertheless, another study attempted to
identify two biological subtypes based on neuroanatomy
using structural MRI: one subtype with lower volumes of
gray matter (prominently in the thalamus, nucleus accum-
bens, medial temporal, medial prefrontal/frontal, and
insular cortices), and another subtype with either increased
volumes (basal ganglia and internal capsule) or normal
volumes [12]. Significantly, the classification approach
should be designed to discover patterns associated with the
disease rather than normal anatomical variation. Similarly,
the neurobiological differentiation of subtypes based on
resting-state functional connectivity patterns has been
investigated, and the individual subtype was predicted
with good accuracy from functional connectivity profiles of
the ventro-medial frontal cortex, temporo-parietal junction,
and precuneus [13]. Together with subtyping and the
demonstrated ability to predict biological subtype from
neuroimaging, these findings could further disentangle the
heterogeneity in schizophrenia. The studies of subtypes are
conducive to the precise detection of a target. Future
research will provide a more detailed relationship of these
subtypes and the structure and function of the brain and
clinical features, including cognitive performance. Fields
of particular research value include using connectivity to
guide the selection of rTMS targets, even realizing the
modulation of deep targets.

Abnormal development of the brain networks appears to
be a reliable profile of the neuroanatomical and functional
basis of the cognitive changes prior to the onset of SZ [1].
It has been suggested that patients with SZ suffer from
disconnection throughout the clinical course [14]. Cogni-
tive impairment in this disorder is associated with connec-
tome damage [15], and are especially relevant to the
disrupted hub nodes in the frontal and parietal lobes. As
well, activating the DLPFC via rTMS can result in
improved cognition [5, 7]. Lesion network mapping is
anticipated to identify new symptom-based treatment
targets [16]. The functional networks of SZ are more
sensitive and disrupted earlier than the network of the
healthy population [17]. And using rTMS modulates
abnormal network interactions identified with resting state
functional connectivity MRI [18]. Cognitive brain net-
works such as the default-mode, frontoparietal, and
salience networks, are the key functional networks of the
human brain. Thus, future work is needed to determine if
cognitive network modulation can be used to treat SZ.
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The Application of MRI-Guided and Navigated
rTMS in the Treatment of Cognitive Impairment
in SZ

Nevertheless, it is still difficult to locate the stimulation site
accurately. To better localize stimulation targets, neu-
roimaging-based navigation methods are warranted. Nav-
igation procedures are based on the integration of brain
imaging data provided by multiple modalities such as
structural or functional MRI [19]. Using the infrared
tracking system, researchers can evaluate the head position
of patients, measure the positions of scalp marks (nose tip,
nasion, and invagination of the left and right ears) seen on
the MRI, and then place stimulation coils over the target
brain area [7]. These technologies have provided the
possibility of directly visualizing the anatomical structure
being stimulated. It takes into account the inter-subject
variability in brain anatomy and cerebral cortex function.
Therefore, it allows the development of treatment strate-
gies to address individual structural and functional differ-
ences and alleviate cognitive impairment more effectively.
Besides increasing the accuracy of target location in
regions associated with cognition, navigation systems can
also help to keep the coil steady over the desired target
throughout the therapeutic session [19].

Future research should focus on specific parameters of
rTMS application to SZ (such as different frequencies,
stimulation loci and sessions, and biological subtypes of SZ)
to establish guidelines for individualized treatment. Based
on this guideline, the optimal stimulation protocol will be
based on anatomical and functional analyses of each
patient’s images, in conjunction with the results of cognitive
testing; and precise positioning will be achieved through the
navigation system. The effectiveness of the current clinical
application of r'TMS treatment is insufficient, the protocols
vary among existing studies, and the conclusions are
controversial for treating cognitive impairment in SZ. The
establishment of treatment guidelines would contribute to
clinical practice. Remembering that MRI has advantages for
the study of brain anatomy and functional connectivity as we
note that rTMS has potential therapeutic value for SZ, their
combination through a navigation system facilitates the
implementation of individualized stimulation according to
the patient’s characteristics.

The Prospect of Individualized Treatment Based
on MRI: Both Guidance and Neuro-navigation

MRI has added ample valuable insights into the neural
pathophysiology of SZ and its relation to clinical presen-
tation. There is great potential for individualized treatment

studies by the combination of navigated rTMS and MRI
methods. Neuro-navigation is an indispensable tool for
precise planning, localization, and monitoring in brain
stimulation studies [5]. The use of navigation technology
and imaging methods is conducive to the analysis and
expression of rTMS treatment results. MRI has indicated
that different patients present distinct cerebral patterns and
multi-parametric MRI-based features may predict the
response to treatment with neurostimulation [20], thus
needing individualized stimulation parameters. The clinical
use of rTMS calls for the careful identification of
individual variation because the location, frequency, and
total stimulation received are potential moderators of the
effect. Targeting the DLPFC with high-frequency stimula-
tion has advantages in reducing negative symptoms.
Similarly, targeting the temporo-parietal junction with
low-frequency stimulation is conducive to reducing audi-
tory hallucinations [21]. Interventions such as rTMS are
effective only if the stimulated brain is able to produce a
significant plasticity response in the target network [21].
Brady er al. [22] combined resting-state functional MRI
with multivariate data analysis and showed that discon-
nection of the right DLPFC from the cerebellar network is
directly associated with the severity of negative symptoms,
and correcting this disconnection via rTMS improves the
severity of negative symptoms. However, the best stimulus
point to match a specific cognitive deficit remains a great
challenge. The appropriate application of navigation tech-
niques with rTMS not only defines the anatomical structure
of the individual cortex, but also defines the “dose” of
stimulation.

With respect to the “dose”, rTMS should be regulated
like psychotropic medications. In this way, each patient
should be treated individually and given a different
stimulus scheme. In the scatter plots in the literature
[7, 21], despite the overall trend relating rTMS treatment
and symptom improvement, some points are far from the
average value. Similarly, a possible reason for these
uncorrelated results may be the lack of an individual
“dose”. We propose to establish a detailed parameter range
composed of various biomarkers in the future. Based on the
abnormal parameters, we can make stimulation plans based
on the corresponding brain regions, which vary from
person to person (for example, in the DLPFC, cerebellum,
temporo-parietal junction, or other more specific anatom-
ical sites). Finally, cognitive impairment in SZ may be
improved more effectively by MRI-guided and navigated
rTMS (Fig. 1).
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Fig. 1 A proposed MRI-guided
and navigated rTMS for cogni-
tive impairment in SZ. A Pa-
tients undertake MRI scans.

B Functional and structural data
are obtained to detect abnormal
activations and design a stimu-
lation target at the individual
level (guidance and navigation).
C Patients receive rTMS using a
neuro-navigation system based
on MRI. fMRI, functional mag-
netic resonance imaging; sMRI,
structural magnetic resonance
imaging.

Conclusions

In conclusion, MRI-guided and navigated individualized
rTMS might be a potential tool for cognitive enhancement.
However, whether the therapeutic efficacy of rTMS can
benefit from more precise targeting using a navigation
system and identifying the pathway of clinical response
remain to be demonstrated. Furthermore, rTMS has yet to
be robustly evaluated in randomized controlled trials, and
may present follow-up challenges in terms of accessibility
and compliance. Some suggestions for future studies are:
first, carrying out double-blind randomized sham-con-
trolled multicenter trials; second, performing more accu-
rate efficacy assessment using standardized
neuropsychological measurement tools; third, studying
the optimal stimulation site and stimulation protocol
corresponding to different biological subtypes of SZ;
fourth, combining anatomical structure and functional
network studies; fifth, establishing individualized rTMS
treatment guidelines; and finally, translating these results as
far as possible into meaningful guidance for people with
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SZ. A multi-disciplinary team is the solution to this key
clinical issue. When targeting cognitive impairment,
should psychiatrists write the MRI-guided and navigated
rTMS prescription for SZ? This will depend on radiologists
and computational neuroscientists, as well as patients.
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