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Regional homogeneity alterations in multifrequency bands in
patients with extracranial multi-organ tuberculosis: a prospective
cross-sectional study
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Background: This study aimed to clarify the spontaneous neural activity in the conventional frequency
band (0.01-0.08 Hz) and 2 subfrequency bands (slow-4: 0.027-0.073 Hz; slow-5: 0.01-0.027 Hz) in patients
with extracranial multi-organ tuberculosis (EM'TB) through regional homogeneity (ReHo) analysis.
Methods: In all, 32 patients with EMTB and 31 healthy controls (HCs) were assessed by resting-state
functional magnetic resonance imaging (rs-fMRI) scans to clarify the abnormal spontaneous neural activity
through ReHo analysis in the conventional frequency band and 2 subfrequency bands.

Results: Compared with the HCs, the patients with EMTB exhibited decreased ReHo in the left
postcentral gyrus [t=—4.79; 95% confidence interval (CI): —0.79 to —0.31] and the left superior cerebellum
(t=—4.45; 95% CI: =0.54 to —0.21) in the conventional band. Conversely, increased ReHo was observed in
the right middle occipital gyrus (¢=3.94; 95% CI: 0.18-0.53). In the slow-4 band, patients with EMTB only
exhibited decreased ReHo in the superior cerebellum (=—4.69; 95% CI: -0.54 to -0.22); meanwhile, in the
slow-5 band, these patients exhibited decreased ReHo in the right postcentral gyrus (=—3.76; 95% CI: -0.74
to —=0.21) and the left superior cerebellum (r=—5.20, 95% CI: -0.72 to —-0.31). After Bonferroni correction, no
significant correlation was observed between the ReHo values in clusters showing significant between-group
differences and cognitive test scores.

Conclusions: ReHo showed abnormal synchronous neural activity in patients with EMTB in different
frequency bands, which provides a novel understanding of the pathological mechanism of EMTB.
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Introduction

"Tuberculosis is an infectious disease caused by Mycobacterium
tuberculosis (M'TB), which can infect almost all organs in
the human body. Tuberculosis is one of the leading causes
of death from a single infectious agent (1). Intracranial
tuberculosis is the most serious form of tuberculosis and is
associated with high rates of mortality and morbidity, and
a large proportion of patients with intracranial tuberculosis
experience varying degrees of neurological sequelae (2-4).
Meanwhile, delayed diagnosis and treatment are associated
with a poor prognosis in intracranial tuberculosis (5).
Despite significant improvements in computer tomography
(CT) and magnetic resonance imaging (MRI) technology,
it remains very challenging to diagnose intracranial
tuberculosis at the early stage (6,7).

Intracranial tuberculosis could be unifocal or multifocal,
and its common clinical symptoms include fever, headache,
cognitive impairment, meningeal irritation, cranial nerve
damage, and occupying effect, which are nonspecific and
sometimes confusing (4,6). Many intracranial tuberculosis
cases have been reported to cause considerable diagnostic
difficulty due to confusing clinical signs and nontypical
imaging features (8,9). Patients with multi-organ
tuberculosis without intracranial lesions or with lesions
that cannot be found in the current clinical examination
are regarded as patients with extracranial multi-organ
tuberculosis (EMTB), who may potentially develop
intracranial tuberculosis (10). Accurate EMTB diagnosis
could be helpful for the early intervention of intracranial
tuberculosis (10). A positron emission tomography
computed tomography (PET-CT) study of tuberculous
encephalitis showed that "*F-fluorodeoxyglucose (*F-FDG)
PET-CT could detect focal cortical hypermetabolism,
while no visible lesion was observed on MRI in the same
brain region, which could account for the neurological
deficits beyond MRI perception. Additionally, follow-up
scans showed improvement in the cortical hypermetabolism
that corresponded with clinical improvement (11). Another
recent study showed that patients with intracranial
tuberculosis have functional alteration in the brain (12),
Thus, patients with EM'TB may have altered brain function
with no detectable lesions, which may be a new direction to
diagnose early intracranial tuberculosis. However, to date,
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the brain functional characteristics of these patients have
not yet been explored, which limits the early diagnosis of
intracranial tuberculosis to a certain extent. Therefore, it
is necessary and urgent to use novel tools to explore the
EMTB and identify reliable neuro-markers.

Resting-state functional magnetic resonance imaging (rs-
fMRI), which relies on the blood-oxygen-level-dependent
(BOLD) signal, is a promising avenue for clarifying the
neural mechanism of various intrinsic brain disorders
(13-16). The regional homogeneity (ReHo) method is a
resting-state analytical method based on Kendall coefficient
of concordance (KCC), which measures the similarity
of several time series between a specific voxel and the
nearest 26 voxels (17). ReHo analysis was developed and
employed to extract the local synchronization feature
of the spontaneous BOLD signal of the whole brain
(17-19), which demonstrated that changes in ReHo values
are related to abnormal brain activity (20). Increased ReHo
indicates the increase in local brain consistency, and vice versa,
demonstrating neuronal metabolic activity disorder (21).
It has also been reported that ReHo can identify cerebral
regions with abnormal brain function (22) and is widely
used in clinical studies (23-25); it is especially suitable
for brains with lesions (26). Moreover, ReHo has been
demonstrated to have a high test-retest reliability in the
study of the consistency of brain activity (18,27,28) and
could serve as an efficient neuro-marker in identifying brain
functional abnormalities in a variety of brain disorders
(26,27,29), such as Alzheimer’s disease (AD) (19,30),
depression (31), bipolar disorder (BP) (32,33), and stroke
(34,35). Previous studies have shown that some abnormal
brain regions found using the ReHo method in patients
with AD were consistent with some previous PET studies
(36,37) and also reported AD-related increased activation
during cognitive tasks (38), which may support the use of
ReHo in revealing associations with brain diseases. ReHo
has also been employed to detect the brain activities of
patients with EMTB to identify abnormal brain regions
and learn more about the pathology, pathophysiology, and
mechanism of intracranial tuberculosis.

To date, most ReHo studies have focused on the
conventional low-frequency band, which has a frequency
of 0.01-0.08 Hz, as its BOLD signal is believed to reflect
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spontaneous brain activity (39). However, studies have
suggested that the results of a single frequency band cannot
provide accurate frequency characteristics, while the neural
oscillations of different frequencies may have distinct
sensibilities to activity in various regions and can reflect the
distinct physiological functions of brain activity (40,41). It
has been demonstrated that the conventional low-frequency
oscillation (0.01-0.08 Hz) can be further divided into the
slow-4 frequency band (0.027-0.073 Hz) and the slow-5
frequency band (0.01-0.027 Hz), which are mainly related
to gray matter. Slow-4 and slow-5 facilitate the identification
of the correlations between functional processing and
diseases (41,42). Frequency-dependent ReHo abnormalities
in psychiatric and neurological diseases have been revealed
in some studies. Zhao ez al. reported that there was a
significant ReHo variation in stroke-associated activities
between the slow-4 and slow-5 frequency bands (35).
In addition, Zhang et 4l. reported that tension-type
headache patients showed highly resemblant altered ReHo
regions in the conventional and slow-5 frequency bands,
while no region showed significance in the slow-4 frequency
band (43). In a study of cirrhotic patients, the slow-4 band
exhibited higher correlations with blood ammonia level
and neuropsychological performance, and patients with
or without clinical hepatic encephalopathy could be more
accurately differentiated (24). It seems that the altered
ReHo values are modulated by the specific frequency bands.

Therefore, in this study, we applied ReHo at the
conventional frequency band (0.01-0.08 Hz), slow-4
frequency band (0.027-0.073 Hz), and slow-5 frequency
band (0.01-0.027 Hz) to examine the synchronization
of local brain activity in patients with EM'TB. We aimed
to recognize the regional spontaneous brain activity in
multifrequency bands of patients with EMTB compared
with healthy controls (HCs) and to explore whether the
abnormal intrinsic neural activity was associated with the
specific frequency bands. In addition, these abnormal ReHo
brain regions were also analyzed in relation to the patients’
neurocognitive scores. We present the following article in
accordance with the STROBE reporting checklist (available
at https://qims.amegroups.com/article/view/10.21037/
qims-22-229/rc).

Methods
Participants

This was a prospective, cross-sectional study. From
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September 2020 to July 2021, 32 patients with EM'TB were
recruited from the inpatient department and 31 HCs were
recruited from the community through advertising. The
HCs were matched in the aspects of sex, age, and education
level. The inclusion criteria of both the patients with
EMTB and HCs were as follows: (I) 18-60 years of age,
(ID) at least 6 years of education, (III) right-handed, (IV) no
MRI contraindications, and (V) no history of psychiatric or
neurological diseases.

Patients with EMTB were those who were infected
in more than 1 organ by M'TB, did not have intracranial
tuberculosis, or had lesions that could not be found using
the current clinical examinations. Pulmonary tuberculosis
was diagnosed according to the Health Industry
Standard of the People’s Republic of China—Diagnosis
for pulmonary tuberculosis (WS 288-2017) published
in 2017 by the National Health and Family Planning
Commission of China (44), and all of the patients met
the criteria for confirmed cases. Patients were diagnosed
with confirmed extrapulmonary tuberculosis if they met
either of the following conditions: (I) positive acid-fast
staining, M'TB culture or GeneXpert MTB/RIF (Cepheid,
Sunnyvale, CA, USA) urine assay, body fluid, secretion
or tissue smear results (45); and (II) histopathological
sections showing granulomatous inflammation, caseous
necrosis in the center, Langhans cells in the periphery,
and lymphocytes and fibrous connective tissue in the
periphery (46). The exclusion criteria were as follows: (I)
drug, nicotine, or alcohol abuse; (II) confirmed history
of anxiety, hypertension, depression, diabetes, psychiatric
disorders, or severe neurological disorders; (III) human
immunodeficiency virus (HIV) infection, based on an HIV
serum antibody exam; (IV) previous intracranial lesions
detected by MRI or CT; (V) in the luteal phase of the
menstrual cycle or pregnancy; (VI) claustrophobia; and (VII)
head motion (maximal translation >3.0 mm and maximal
rotation >3.0°).

One participant in the HC group was excluded from this
study as the slice number was inconsistent with the other
participants. Finally, 32 patients with EMTB and 30 HCs
were enrolled (Figure 1). Meanwhile, the study period was
set as 10 months because the sample size of participants
met the demand for rs-fMRI according to previous studies
(13,15,35,43). This study was conducted in accordance with
the Declaration of Helsinki (as revised in 2013) and was
approved by the Ethics Committee of Beijing Chest Hospital,
Capital Medical University (No. YJS-2021-006). Informed
consent was obtained from all individual participants.
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Figure 1 Enrolment flow diagram. EMTB, extracranial multi-organ tuberculosis; HCs, healthy controls.

Neurocognitive tests

All participants completed a set of standardized
comprehensive neurocognitive tests. The neurocognitive
tests were executed by the researchers, who were trained
before this study to avoid inconsistency, and all the
participants were tested in a quiet room at the department
of radiology. The general cognitive levels were assessed
using the Mini-Mental State Examination (MMSE) and the
Montreal Cognitive Assessment (MoCA) (47,48). Executive
function was measured using the Trail Making Test A and
B (TMT-A and TMT-B); TMT-A was a test of visual
search and motor speed skills, while test TMT-B demanded
higher-level cognitive skills, such as mental flexibility (49).
Visuospatial function was assessed using the Clock Drawing
Test (CDT) (50). The Verbal Fluency Test (VFT) was
employed to assess verbal ability and executive control and
consisted of 2 parts: category fluency and letter fluency (51).
The Digit Span Test (DST) was used to evaluate attention-
concentration and working memory (52). Verbal memory
was assessed using the Rey Auditory Verbal Learning
Test (RAVLT) for immediate and delayed recall (52).
Information processing speed was assessed using the
Symbol Digit Modalities Test (SDMT) (52).

MRI scan acquisition

A 3T SIGNA Pioneer MRI scanner (GE Healthcare) with
a 32-channel phased-array head-neck coil was employed,
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and scanning was performed after clinical data collection
and neuropsychological tests in the MRI scanning room.
During scanning, all of the participants were instructed
to close their eyes and remain awake. The scanning
parameters were as follows: (I) echo planar imaging for rs-
fMRI, repetition time (TR) =3,000 ms, echo time (TE)
=35 ms, slice =30, slice thickness =3.5 mm, interslice gap
=0 mm, voxel size =3.8x3.8x3.5 mm’, flip angle =90°,
field of view (FOV) =240x240 mm’, matrix size =64x64,
and session period =6 min 24 s; (II) fast spoiled gradient-
recalled imaging for high-resolution three-dimensional
(3D) T1-weighted anatomical imaging, TR=7,400 ms, TE
=1.0 ms, flip angle =9°, FOV =240x240 mm’, matrix size
=256x256, slice thickness =1.2 mm, interslice gap =0 mm,
voxel size =0.9x0.9x1.2 mm’, slice =252 slices, and session
period =2 min 49 s. In addition, the T2-weighted images
and T1-weighted fluid-attenuated inversion recovery
(T1-FLAIR) images of 32 patients were collected to ensure
that there were no lesions in the brains of patients with
EMTB. The T2-weighted images and T1-FLAIR images are
included in the supplementary materials (see Figures S1-S32 in
for details).

Data preprocessing

Data preprocessing was performed using RESTplus, version
1.24 (http://www.restfmri.net) (Xize Jia, Hangzhou, China) (53),
and Statistical Parametric Mapping (SPM12; https://www.
fil.ion.ucl.ac.uk/spm) was conducted on the MATLAB
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2017b platform (MathWorks). The main preprocessing
procedures were as follows: (I) at the beginning of the scan,
due to the possible presence of participants’ maladaptation
and uneven machine magnetic fields, the first 10 volumes
of 128 volumes were removed to avoid interference by the
circumstances; (II) owing to the time difference among
the data at different time points, slice-timing correction
was performed for inter-lice acquisition delay; (III) head-
motion correction was conducted (cases with translation
>3 mm or rotation >3° were defined as excessive motion;
no participants were excluded due to excessive head
motion); (IV) spatial normalization was applied on the
Montreal Neurological Institute (MNI) space through the
deformation fields derived from tissue segmentation (New
Segment) of the structural images (resampling voxel size
=3 mm x 3 mm x 3 mm); (V) the linear trend of the time
course was removed; (VI) regression of nuisance covariates,
including white matter (WM), cerebrospinal fluid (CSF),
global signal, and head motion effects was achieved using
the Friston 24-parameter model (54); and (VII) a temporal
filter with a bandpass of the conventional frequency band
(0.01-0.08 Hz), slow-4 band (0.027-0.073 Hz), and slow-5
band (0.01-0.027 Hz) was used.

ReHo calculations

ReHo was evaluated using RESTplus (version 1.24) based
on the KCC. Specifically, the ReHo value was acquired by
calculating the KCC of the time course of a given voxel and
those of its nearest 26 voxels as follows (17):

T L, (1]

T K (n n)
where W denotes the KCC among specific voxels, ranging
from 0 to 1; R, denotes the sum rank of the ith time poing;
R =((n+1)K)/2 denotes the mean of the R’s; K denotes
the number of time series within a measured cluster (K=7,
K=19, and K=27, respectively; 27 in the current study); and »
denotes the number of ranks.

Next, the voxel-wise ReHo was standardized by the
ReHo value for each voxel and was subtracted from the
mean ReHo value for the whole brain, with the result being
divided by the standard deviation (SD). Normalization
has been shown to improve the normality and reliability
of amplitude (41). To reduce the spatial noise, spatial
smoothing [full-width at half-maximum (FWHM) =6 mm]
was conducted on the ReHo z-maps after ReHo calculation.
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Statistical analysis

Neuropsychological test scores and demographic data were
acquired and compared using SPSS 25.0 (IBM Corp.).
Group differences, including age, education years, and
neuropsychological test scores between the patients with
EMTB and HCs were investigated using independent
samples 7-tests, while the y’ test was employed for the
estimation of intergroup sex differences. P<0.05 was
considered statistically significant.

To compare the ReHo of the EMTB and HC groups, the
whole brain was examined using a 2-sample #-test in the 3
different frequency bands mentioned above using RESTplus
(version 1.24). The T-maps obtained were corrected
using the Gaussian random field (GRF) theory (55),
and brain regions were reported at the significant level of a
threshold of the two-tailed voxel-level P<0.005 and cluster-
level P<0.05 with GRF correction.

Finally, we further correlated the mean ReHo values in
each brain region that showed significant between-group
differences through the neuropsychological tests, including
the MMSE, MoCA, TMT-A, TMT-B, CDT, VFT, DST
forward, DST backward, RAVLT-I, RAVLI-II, RAVLT, and
SDMT by using Pearson correlation coefficient, aiming to
investigate the relationship between the regional spontaneous
brain activity and the clinical symptoms of EMTB. The
correlation analysis was conducted using SPSS 25.0, and
P<0.05 was considered statistically significant. In addition, we
also applied Bonferroni correction in the correlation analyses.

Results

Demographic and clinical features of the participants

The distribution of EMTB sites is shown in Table 1.
Among the patients with EMTB, the most common
sites of tuberculosis disease included pulmonary (100.0%),
polyserositis (46.9%), osteoarticular (31.3%), and lymphatic
(31.3%) sites. The most common EMTB was pulmonary
tuberculosis complicated with tuberculous polyserositis
(15 cases, 46.9%), followed by pulmonary tuberculosis
complicated with osteoarticular tuberculosis (10 cases, 31.3%).

There were no statistical differences between the 2
groups in terms of age (P=0.508), gender (P=0.570), or
educational level (P=0.702). The EMTB group exhibited
diminished performance in MMSE (P=0.046) and VFT
(P=0.019), while no significant intergroup differences were
observed in the other neuropsychological tests. The details
are presented in Table 2. We also compared the subscores of
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Table 1 Sites of EMTB

System Organ Number of patients (%)
Pulmonary 32 (100.0)
Lung 32 (100.0)
Polyserositis 15 (46.9)
Pleura 11 (34.4)
Peritoneum 6(18.8)
Pericardium 2 (6.3)
Osteoarticular 10 (31.3)
Thoracic spine 5(15.6)
Lumbar spine 3(9.4)
Hip joint 1(3.1)
Sacroiliac joint 1(3.1)
Knee joint 1(3.1)
Lymphatic 10 (31.3)
Cervical 8 (25.0)
Axillary 2 (6.3)
Intestinal 4 (12.5)
Colon 4 (12.5)
Soft tissue 3(9.4)
Skin 3(9.4)
Testicular 1(3.1)
Testis 1(3.1)
Urinary system 1(3.1)
Bladder 1(3.1)

The first line of every system is the total number of patients
infected in this system, and the following lines represents the
number of patients infected in each organ of this system. More
than 1 organ was infected in a system in some patients with
EMTB, and thus, the total number of organs could be larger
than the number for a system. EMTB, extracranial multi-organ
tuberculosis.

MMSE and MoCA, and the patients with EMTB performed
worse in the Place Orientation of MMSE (P=0.001),
while other scores showed no significant differences. The
complete results are shown in the supplementary materials
(see Table S1 for details). In addition, the demographics and
cognitive tests scores are also available in the supplementary
materials (available at https://cdn.amegroups.cn/static/
public/qims-22-229-1 xIsx).
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Group differences in ReHo in different frequency bands

Compared with the HCs, patients with EMTB showed
decreased ReHo values in the left postcentral gyrus
[Postcentral_L; t=—4.79; 95% confidence interval (CI):
-0.79 to —0.31; 2-tailed, voxel-level P<0.005; cluster-level
P<0.05, GRF correction] and the left superior cerebellum
(Cerebellum_Crusl_L; t=—4.45; 95% CI: -0.54 to -0.21;
2-tailed, voxel-level P<0.005; cluster-level P<0.05; GRF
correction) in the conventional band (0.01-0.08 Hz).
Conversely, higher ReHo values were observed in the right
middle occipital gyrus (Occipital_Mid_R; #=3.94, 95%
CI: 0.18-0.53; 2-tailed, voxel-level P<0.005; cluster-level
P<0.05, GRF correction) (Table 3, Figure 2A).

In the slow-4 band (0.027-0.073 Hz), only 1 cluster
exhibited a significant decrease relative to the HC group in
the superior cerebellum (Cerebellum_Crusl_L; 7=—4.69;
95% CI: -0.54 to —-0.22, 2-tailed, voxel-level P<0.005;
cluster-level P<0.05, GRF correction) (7ible 3, Figure 2B).

In the slow-5 band (0.01-0.027 Hz), 2 clusters exhibited
significant decreases relative to the HC group in the
right postcentral gyrus (Postcentral_R; #=-3.76, 95% CI:
—0.74 to —0.21; 2-tailed, voxel-level P<0.005; cluster-level
P<0.05, GRF correction) and the left superior cerebellum
(Cerebellum_6_L; t=—5.20; 95% CI: -0.72 to -0.31, 2-tailed,
voxel-level P<0.005; cluster-level P<0.05, GRF correction)
(1able 3, Figure 2C).

All brain regions mentioned above were identified by
the Anatomical Automatic Labeling (AAL) (57) template
offered by the MNI using RESTplus (version 1.24).

To demonstrate the stability of the results, we performed
ReHo analysis using RESTplus (version 1.25), and the results
are shown in the supplementary materials (see Figure S33
in the supplementary materials for details). In addition,
the uncorrected 7-maps, ReHo maps, and pictures for the
normalization of every participant are available online (see
http://restfmri.net/Data_for EMTB.zip for details).

Correlation analysis

In the conventional band (0.01-0.08 Hz), the ReHo
value of the left postcentral gyrus in patients with EMTB
was correlated with the DST forward score (#=0.536;
uncorrected P=0.002), the DST backward score (=0.404;
uncorrected P=0.022), the RAVLT-I score (+=0.393;
uncorrected P=0.026), the RAVLT-II score (r=0.402;
uncorrected P=0.023), the RAVLT score (=0.406;
uncorrected P=0.021), and the SDMT score (r=0.425;
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Demographics EMTB HC P value
Age (year) 33.69+10.33 35.77+13.86 0.508
Gender (male/female) 18/14 19/11 0.570°
Education (year) 11.50+3.60 11.17+3.21 0.702
MMSE 27.72+3.59 29.13+1.28 0.046
MoCA 24.69+4.32 25.90+2.82 0.199
TMT-A (s) 45.63+28.98 37.77+17.49 0.205
TMT-B (s) 113.35+61.43 103.53+66.50 0.552
CDT 4.63+0.66 4.73+0.45 0.456
VFT 38.34+13.25 45.7£10.50 0.019
DST forward 11.59+3.06 10.87+1.98 0.274
DST backward 7.78+2.95 8.33+2.77 0.451
RAVLT-| 43.22+10.64 46.37+11.38 0.265
RAVLT-II 10.00+3.55 9.93+3.59 0.942
RAVLT 53.22+13.82 56.30+14.43 0.394
SDMT 50.28+13.15 50.10+13.53 0.958

8 xz test for sex (n). The values are presented as mean + SD. EMTB, extracranial multi-organ tuberculosis; HC, healthy control; MMSE,
Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; TMT, Trail Making Test; s, second; CDT, Clock Drawing Test; VFT,
Verbal Fluency Test; DST, Digital Span Test; RAVLT-l, Rey Auditory Verbal Learning Test (immediate recall); RAVLT-Il, Rey Auditory Verbal
Learning Test (delayed recall); RAVLT, Rey Auditory Verbal Learning Test (total score); SDMT, Symbol-Digit Modalities Test.

Table 3 Differences in the ReHo values in brain regions between the 2 groups

MNI coordinate (mm)

Number Regions (AAL) (B:JZ?::;n) Cluster size  Peak t value ” v = Effect size
Conventional band (0.01-0.08 Hz)
Cluster 1 Cerebellum_Crusi1_L 18 535 —4.45 -12 -75 -24 1.1489
Cluster 2 Occipital_Mid_R 19 153 3.94 36 -87 27 1.0175
Cluster 3 Postcentral_L 40 160 -4.79 —42 -30 45 1.2370
Slow-4 band (0.027-0.073 Hz)
Cluster 4 Cerebellum_Crus1_L 18 143 -4.69 -15 -75 =27 1.2114
Slow-5 band (0.01-0.027 Hz)
Cluster 5 Cerebellum_6_L 18 539 -5.20 -18 -57  -21 1.3442
Cluster 6 Postcentral_R 6 154 -3.76 57 -12 33 0.9704

Cluster size: the number of the voxels of the cluster showing significant differences; MNI coordinate: the coordinate of the voxel with the
highest T value in the cluster; effect size: an indicator to measure the strength of experimental effects or variable correlation (56). ReHo,
regional homogeneity; AAL, Anatomical Automatic Labeling; MNI, Montreal Neurological Institute; Cerebellum_Crusi1_L, left superior
cerebellum; Occipital_Mid_R, right middle occipital gyrus; Postcentral_L, left postcentral gyrus; Cerebellum_6_L, left superior cerebellum;
Postcentral_R, right postcentral gyrus.
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Figure 2 Brain regions with altered ReHo in different frequency bands in patients with EMTB and bar graphs of mean ReHo values of
significant clusters in patients with EMTB and HCs in different frequency bands (2-tailed, voxel-level P<0.005; cluster-level P<0.05, GRF
correction). RESTplus (version 1.24) software was used for calculation, and the AAL structural template was used for the render. More
details of these regions are described in 7able 2. (A) Brain regions showing differences in ReHo values between patients with EMTB and
HCs and bar graphs of mean ReHo value of significant clusters in patients with EMTB and HCs in the conventional band (0.01-0.08 Hz). (B)
Brain regions showing differences in ReHo values between patients with EMTB and HCs and bar graphs of mean ReHo values of significant
clusters in patients with EMTB and HCs in the slow-4 band (0.027-0.073 Hz). (C) Brain regions showing differences in ReHo values
between patients with EMTB and HCs and bar graphs of mean ReHo values of significant clusters in patients with EMTB and HCs in the
slow-5 band (0.01-0.027 Hz). Cerebellum_Crusl_L, left superior cerebellum; Occipital_Mid_R, right middle occipital gyrus; Postcentral
L, left postcentral gyrus; Cerebellum_6_L, left superior cerebellum; Postcentral _R, right postcentral gyrus; ReHo, regional homogeneity;
EMTRB, extracranial multi-organ tuberculosis; GRF, Gaussian random field; AAL, Anatomical Automatic Labeling; HC, healthy control;

;SzZKCCReHo, S refers to smoothing, z refers to standardization, KCC refers to Kendall coefficient of concordance.

uncorrected P=0.015) (Figure 3).

In the slow-5 band (0.01-0.027 Hz), the ReHo value
of the right postcentral gyrus showed significant positive
correlations with the DST forward score (r=0.447;
uncorrected P=0.01) and the DST backward score (=0.370;
uncorrected P=0.037) (Figure 4).

Only the results of significant correlations are presented
above, and the complete results of the correlation analysis
and the scatter plots of results that were not significantly
correlated are provided in the supplementary materials
(see Table S2 and Figures S34-S39 in the supplementary
materials for details).

However, the correlation analysis with Bonferroni

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

correction showed no significant correlation between
the altered ReHo values of patients with EMTB and all
neuropsychological test scores.

Discussion

The present study is first of its kind to employ ReHo to
clarify the spontaneous neural activities of patients with
EMTB at resting states in the conventional frequency
band (0.01-0.08 Hz) and 2 subfrequency bands (slow-
4: 0.027-0.073 Hz; slow-5: 0.01-0.027 Hz). In the
conventional frequency band, patients with EMTB
exhibited decreased ReHo in the left postcentral gyrus and
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Figure 3 The correlation between the ReHo value of the left postcentral gyrus in patients with EMTB in the conventional band and
neuropsychological test scores. (A) Correlation between ReHo values and DST forward scores. (B) Correlation between ReHo values and
DST backward scores. (C) Correlation between ReHo values and RAVLT-I scores. (D) Correlation between ReHo values and RAVLT-IT
scores. (E) Correlation between ReHo values and RAVLT scores. (F) Correlation between ReHo values and SDMT scores. Postcentral _L,
left postcentral gyrus; DST, Digital Span Test; RAVLT-I, Rey Auditory Verbal Learning Test (immediate recall); RAVLT-II, Rey Auditory
Verbal Learning Test (delayed recall); RAVLT, Rey Auditory Verbal Learning Test (total score); SDMT, Symbol-Digit Modalities Test;
ReHo, regional homogeneity; EMTB, extracranial multi-organ tuberculosis.
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Figure 4 The correlation between the ReHo value of right postcentral gyrus in patients with EMTB in the slow-5 band and
neuropsychological test scores. (A) Correlation between the ReHo values and DST forward scores, (B) Correlation between the ReHo

values and DST backward scores. Postcentral_R, right postcentral gyrus; DST, Digital Span Test; ReHo, regional homogeneity; EMTB,
extracranial multi-organ tuberculosis.

the left superior cerebellum and increased ReHo in the multiple comparisons corrections showed a significant
right middle occipital gyrus. A decreased ReHo value in correlation between the ReHo value of the left postcentral
the left superior cerebellum was also observed in the slow- gyrus in the conventional band and the right postcentral
4 band, but the cluster contained fewer voxels. In the slow- gyrus in the slow-5 band and some neuropsychological test
5 band, 2 additional regions exhibited decreased ReHo scores. However, the correlation analysis results after the
values in the right postcentral gyrus and the left superior Bonferroni correction showed no significant correlation.
cerebellum. Additionally, correlation analysis without This study demonstrates the advantages of subfrequency
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band analyses and the frequency-dependent characteristics
of ReHo alteration for patients with EM'TB.

In the present study, compared with HCs, patients with
EMTB had reduced ReHo values in the left postcentral
gyrus in the conventional band, suggesting lower
synchronization in the brain region. The postcentral gyrus
is the somatosensory cortex, which is highly connected to
other areas of the brain (58) and has numerous functions,
including representation of the body, tactile attention,
sensorimotor integration, and others (59). The reduced
ReHo of the postcentral gyrus may be involved in pain
processing, as patients with EMTB could experience
persistent pain of the lesions in a clinical setting (1,60),
which is supported by several studies on acute eye pain (61),
low back pain (62), and trigeminal neuralgia (63).
Furthermore, studies on the amplitude of low-frequency
fluctuation (ALFF) also support the relevance of persistent
pain to the postcentral gyrus (64,65). Meanwhile, we
observed that the ReHo value of the left postcentral gyrus in
patients with EM'TB was correlated with the DST, RAVLT,
and SDMT scores, which measure attention-concentration
and working memory, verbal memory, and information
processing speed, respectively. We thus deduced that
the reduced synchronization of the postcentral gyrus in
patients with EMTB might also relate to neurocognitive
performance. This observation was consistent with previous
studies reporting that the postcentral gyrus was associated
with cognitive abilities (66,67). In addition, patients with
EMTB performed worse in MMSE and VFT, indicating
a lower general cognitive level as well as poorer verbal
ability and executive control, illustrating the impairment
of cognitive ability in patients with EM'TB. In progressing
to tuberculosis meningitis, patients could show cognitive
impairment, motor deficits, and optic atrophy (2,68). A
study on mice also reported that those with progressive
pulmonary tuberculosis were observed to have cognitive
impairment even in the absence of brain infection (69).
Therefore, the decreased ReHo in the left postcentral gyrus
of patients with EMTB may relate to pain and cognitive
function; however, the mechanism of the relationship
between the postcentral gyrus and cognitive abilities in
patients with EMTB is still unclear and requires further
study in the future.

An increased ReHo value was detected in the right middle
occipital gyrus, suggesting abnormal synchronization. The
middle occipital gyrus is located in the visual processing
center, whose function is to synthesize visual information (70).
Previous studies reported that the increased ReHo value

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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of the middle occipital gyrus may be related to decreased
vision (71) and contralateral visual compensation (72).
Ocular tuberculosis could lead to a significant decrease
in visual functions (73), and patients with intracranial
tuberculosis may experience symptoms including diplopia
and visual disturbance (74). In some cases, early-stage
EMTB may also be accompanied by intracranial or ocular
lesions that cannot be detected clinically (7,75), which
influences visual ability. However, compared with HCs,
patients with EMTB in this study did not show significantly
worse visual ability, which may be because the enhanced
consistency of the right middle occipital gyrus was present
to compensate for impairment in visual processing in the
other parts so that patients with EMTB could perform
with almost normal vision. Thus, it was speculated that the
increased ReHo value in the right middle occipital gyrus in
patients with EM'TB might be related to the potential visual
impairment and the compensatory mechanism.

It has been demonstrated that the cerebellum is involved
in cognition and that its lesions may cause cognitive
dysfunction (76). A single-photon emission CT (SPECT)
study reported that attention and visual space function are the
key cognitive functions of the left cerebellum (77). Moreover,
patients with EMTB had lower CDT scores and higher TM'T
scores, which might denote poorer executive function and
visuospatial function. Furthermore, M'T'B is able to infect
the cerebellum, as illustrated in a case report from Brazil
involving a 52-year-old man with intracranial tuberculosis
who had multiple lesions in the left cerebellum (78). This
might play an important role in changing the function of the
cerebellum in patients with EMTB. However, cerebellum
lesions are always accompanied by lesions in the cerebrum and
meninges, and it is difficult to identify the alterations caused
by cerebellum lesions. This study suggested the potental role
of the cerebellum in patients with EMTB, but the association
between altered ReHo value and cognitive impairment in
patients with EMTB requires further investigation.

Notably, the alterations in spontaneous brain activity
in patients with EM'TB were correlated with the specific
frequency bands. Specifically, ReHo decreases were
identified in the right postcentral gyrus in the slow-5 band
but not in the slow-4 band. Furthermore, patients with
EMTB had a greater decreased cluster in the left superior
cerebellum in the ReHo in the slow-5 band compared with
the slow-4 band, which may be attributed to the primary
presence of gray matter—related oscillations in the slow-4
and slow-5 bands. It has also been indicated that the slow-
4 and slow-5 bands have dissimilar levels of sensitivity to
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different brain disorders (41). For instance, the slow-4 band
provides greater diagnostic information for the pediatric
hyperactivity disorder of attention deficit than do the
other bands (79), while the slow-5 band is more sensitive
to the abnormalities of spontaneous brain activities in mild
cognitive impairment (80). In this study, compared with the
slow-4 band, the slow-5 band was more sensitive to ReHo
alterations in patients with EMTB and may provide novel
information.

We further found that patients with EM'TB exhibited
abnormal brain function in some brain regions and
performed worse in some cognitive tests. In clinical
practice, CT and conventional MRI are the most commonly
used tools to screen brain lesions in patients with EM'TB,
but their sensitivities in the early stage are insufficient
(6,74,81). Patients with EMTB have functional deficits
with no detectable lesions (11), which, according to our
results, may relate to the clinical symptoms. We hope that
the present study provides more information for diagnosis
and treatment. Patients with EMTB need more care, and
greater attention should be paid to their brain functional
changes.

This study had some limitations that should be noted.
First, no significant correlation between the ReHo value and
neurocognitive test performance of the patients with EMTB
was observed with Bonferroni correction, which may be
attributable to the small sample size. Thus, a larger sample
size is required in future studies to validate our results.
Second, the dynamic changes in ReHo during different
progressions in patients with EMTB could not be detected
owing to the presence of cross-sectional group data. Third,
the present study only employed voxel-wise ReHo analysis;
given that the surface-based ReHo has advantages that
allow it to reflect the functional organization of the cortex
more specifically and it is influenced less by the noise of
physiological activities (18,20,82,83), we should apply this
method in our future studies. Fourth, although ReHo is
widely used to explore brain diseases in the clinic, there is a
lack of direct evidence of a relationship between ReHo and
diseases, and we hope that this relationship can be revealed
in future studies.

Conclusions

In this study, ReHo analysis was employed to investigate
and compare the resting-state brain functions between
the EMTB and HC groups in the conventional frequency
band (0.01-0.08 Hz) and 2 subfrequency bands (slow-

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

4: 0.027-0.073 Hz; slow-5: 0.01-0.027 Hz). The results
revealed altered spontaneous brain activity in patients with
EMTB, which was frequency-dependent. In addition,
the altered ReHo values in patients with EMTB may be
related to different clinical symptoms and neurocognitive
impairments. This preliminary study facilitates exploration
of the pathophysiological mechanism of EMTB in terms of
objective imaging. Additionally, the ReHo abnormalities in
patients with EM'TB were clarified for the first time, which
advances our understanding of the pathophysiology of
EMTB.
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