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Cortical thickness of the rostral anterior cingulate
gyrus is associated with frailty in patients with end-
stage renal disease undergoing hemodialysis in Korea:
a cross-sectional study
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'Division of Nephrology, Department of Internal Medicine, CHA Bundang Medical Center, CHA University School of Medicine, Seongnam,
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*Department of Psychiatry, CHA Bundang Medical Center, CHA University School of Medicine, Seongnam, Korea

Background: Frailty is defined as a condition of being weak and delicate, and it represents a state of high vulnerability to adverse
health outcomes. Recent studies have suggested that the cingulate gyrus is associated with frailty in the elderly population. However,
few imaging studies have explored the relationship between frailty and the cingulate gyrus in patients with end-stage renal disease
(ESRD) undergoing hemodialysis.

Methods: Eighteen right-handed patients with ESRD undergoing hemodialysis were enrolled in the study. We used the FreeSurfer
software package to estimate the cortical thickness of the regions of interest, including the rostral anterior, caudal anterior, isthmus,
and posterior cingulate gyri. The Beck Depression Inventory, Beck Anxiety Inventory, and laboratory tests were also conducted.

Results: The cortical thickness of the right rostral anterior cingulate gyrus (ACG) was significantly correlated with the Fried frailty in-
dex, age, and creatinine level. Multiple regression analysis indicated that the cortical thickness of the right rostral ACG was associated
with frailty after controlling for age and creatinine level.

Conclusion: Our results indicate that the cortical thickness of the rostral ACG may be associated with frailty in patients with ESRD on
hemodialysis and that the rostral ACG may play a role in the frailty mechanism of this population.

Keywords: Anterior cingulate gyrus; Brain cortical thicknes; Chronic kidney failure; Frailty

Introduction comes [2,3]. Chronic kidney disease (CKD), which involves the

progressive loss of kidney function over months or years resulting
Frailty is primarily defined as a condition of being weak and deli- in reduced glomerular filtration rate, has important phenotypic
cate, which is correlated with chronologic age [ 1]. It is well known similarities with frailty that reflect premature aging, such as vascu-
that individuals who are frail are vulnerable to adverse health out- lar disease, muscle wasting, and osteoporosis [4]. Indeed, the prev-
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alence of frailty has been reported to be 26% to 68% in patients
aged > 20 years undergoing dialysis [1,5,6], whereas it was only
7% in patients aged > 65 years who were community-dwelling [7].

Many studies have shown that psychiatric problems such as cog-
nitive function impairment, memory loss, and depression are asso-
ciated with frailty [8-10]. Although patients with end-stage renal
disease (ESRD) have a much higher risk of psychiatric complica-
tions, studies investigating the relationship between brain changes
and frailty in patients with CKD are scarce. Moreover, few imaging
studies have explored the association between frailty and brain
structure, reflecting a change in the psychiatric state of these pa-
tients. A recent study showed that patients with ESRD exhibited
significantly decreased functional connectivity within the fron-
to-cerebellar circuits, including the cingulate cortex [11]. In addi-
tion, a voxel-based morphometry study showed structural changes
in the cingulate cortex of patients with ESRD [12].

The cingulate cortex is located within the medial cerebral cortex.
It is an important component of the limbic system and is involved
in emotion formation and processing [ 13], learning, and memory
[14]. The combination of these three functions makes the cingu-
late gyri closely linked to behavioral outcomes related to motiva-
tion [15]. In addition, the cingulate cortex is connected to the mo-
tor cortex, which is implicated in motor control [ 16]. As frailty can
be associated with emotion, cognition, motivation, and motor con-
trol [9], it is possible that the cingulate plays an important role in
regulating frailty in patients with CKD.

In this study, we aimed to investigate the relationship between
frailty and structural changes in the cingulate cortex of patients
with ESRD undergoing hemodialysis treatment.

Methods

Ethical statements: All study procedures were approved by
the Institutional Review Board (IRB) of CHA Bundang Med-
ical Center (IRB No: BD2015-07117-005). The study was
conducted in accordance with the Declaration of Helsinki and
the principles of Good Clinical Practice. Written informed
consent was obtained from all patients.

1. Subjects

The study included data from the Artificial Kidney Unit of CHA
Bundang Medical Center. Eighteen volunteers with ESRD under-
going maintenance hemodialysis were recruited for this study. All
the participants were Korean and right-handed. The inclusion cri-
teria were age of > 18 years and treatment with hemodialysis three
times per week ( > 12 hours/week) for at least 3 months without
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renal transplantation. The exclusion criteria included the occur-
rence of any brain lesions, tumors, or stroke according to medical
history, and any current diagnosis or lifetime history of major neu-
rocognitive disorders, schizophrenia, mood disorders (including
major depressive disorder and bipolar disorder), anxiety disorders,
alcohol and substance abuse or dependence, intellectual disability,
other serious medical or neurological disorders, pregnancy, and
contraindications for brain magnetic resonance (MR) scanning,

including metal implants.

2. Definition of frailty

We adopted the Fried criteria as the definition of frailty [ 17]. Frail-
ty was measured as a phenotype based on five components: (1)
shrinking (self-reported unintentional weight loss of > 10 pounds
in the past year based on dry weight, i.e., the weight of an individual
undergoing hemodialysis without the excess fluid that accumulates
between dialysis treatments, which is more representative of his/
her weight in the context of normal kidney function), (2) weak-
ness (grip strength below an established cutoff based on sex), (3)
exhaustion (self-reported), (4) low activity (kcal/week below an
established cutoff), and () slow walking speed (time taken to
walk 4 m above an established cutoff according to sex) [17]. A
score of one was assigned to each measured component. The ag-
gregate frailty score was calculated as the sum of the component

scores (range, 0-5) [1].

3. Clinical variables

Patient demographic and clinical data, including age, sex, etiolo-
gy of ESRD (e.g., diabetes mellitus and hypertension), mean
blood pressure, and body mass index, were obtained by medical
record review. Laboratory data were collected at the time of pa-
tient enrollment, including Kt/V, serum white blood cell counts,
and levels of 25-hydroxy vitamin D, uric acid, serum hemoglo-
bin, protein, albumin, blood urea nitrogen, creatinine, calcium,
phosphate, total cholesterol, high-density lipoprotein cholesterol,
low-density lipoprotein cholesterol, C-reactive protein, glucose,
and hemoglobin A1C.

4. Psychiatric clinical severity

The patients with ESRD were assessed at baseline for clinical se-
verity using the Beck Depression Inventory (BDI) and Beck Anxi-
ety Inventory (BAI). The BDI is a commonly used instrument for
quantifying depression. It is a 21-question self-reported inventory
used to assess the type and degree of depression based on the
symptoms experienced by the patient [ 18]. The questionnaire
consists of questions about emotional, cognitive, motivational,

physiological, and other symptoms that reflect how the partici-
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pants felt over the past week.

The BAI is a commonly used 21-question multiple-choice
self-reported inventory used to measure the severity of anxiety in
children and adults. The questions used in this measure pertain to
any symptoms of anxiety that the subject experienced during the

week prior to testing [ 19].

S. Magnetic resonance imaging acquisition and data
processing

All participants underwent MR imaging on the same 3.0T GE Sig-
na HDxt scanner (GE Healthcare, Milwaukee, WI, USA)
equipped with an eight-channel phased array head coil. The pa-
rameters for three-dimensional T'1-weighted fast spoiled gradient
recalled echo (T1-FSPGR) image acquisition were as follows: rep-
etition time, 6.3 milliseconds; echo time, 2.1 milliseconds; flip an-
gle, 12°; slice thickness, 1 mm; field of view, 25.6 cm; 256 X256
matrix; and isotropic voxel size, 1 x 1 x 1 mm”.

We used the FreeSurfer ver. 5.3 software package to create a
three-dimensional model of the cortical surface to estimate the
cortical thickness of the regions of interest (ROIs), including the
rostral anterior, caudal anterior, isthmus, and posterior cingulate
gyri. We extracted the results of cortical parcellation using the
Desikan-Killiany atlas. The postprocessing outputs for each sub-

ject were visually examined to ensure processing accuracy and im-

age quality.

6. Statistical analysis

The mean thickness was extracted for each participant, and the ta-
ble file was analyzed using IBM SPSS ver. 23 (IBM Corp., Ar-
monk, NY, USA). Partial correlation analysis was used for the rela-
tionship between the cortical thickness of the cingulate cortex
ROIs and frailty, controlling for the demographic findings, psycho-
logical measures, and medical laboratory results, all of which could
influence frailty. A multiple regression analysis was performed to
confirm this relationship. To visualize the results, we used the fol-
lowing method proposed by Hagler et al. [20]. Briefly, operating
within the framework of the FreeSurfer software package, a sur-
face-based version of the cluster size exclusion method was used
for multiple comparison correction. This method generates ROIs
on the cortical surface using a sliding threshold of cluster exclusion

followed by cluster growth.

Results

1. Demographic and clinical characteristics of the subjects
The demographic and clinical characteristics of the patients with
ESRD undergoing hemodialysis are shown in Table 1. Among the

demographic and clinical variables, only age (r=0.574, p=0.013)
and creatinine level (r=-0.529, p = 0.024) were significantly cor-
related with the frailty scores (Table 2).

2. Cortical thickness of the rostral anterior cingulate gyrus
was significantly correlated with frailty in patients with
end-stage renal disease undergoing hemodialysis

We found that the cortical thickness of the right rostral anterior
cingulate gyrus (ACG) (r=-0.532, p=0.023) was significantly
correlated with frailty in patients with ESRD. When we used a vox-
el-wise correlational analysis with the FreeSurfer program to con-
firm this finding, it also revealed that the cortical thickness values

Table 1. Demographic and clinical characteristics of patients with
end-stage renal disease undergoing hemodialysis

Characteristic Data

No. of patients 18

Age (yr) 57.61£13.14
Sex, male/female 1/7
Hypertension 13 (72.2)
Diabetes mellitus 10 (55.6)
Frailty 1.83+1.20
HD duration (mo) 453%36.0
Intracranial volume (mL) 1,464.7£1289
Body mass index (kg/m?) 222141
BDI 9.57+£7.85
BAI 4.78 (0-21)
MBP (mmHg) 96.9%9.1
25-0OH vitamin D (ng/dL) 239+159
Uric acid (mg/dL) 70+20
Hemoglobin (g/dL) 10.0+2.7
WBC (/pL) 5080.6£2,109.9
Protein (g/dL) 6.3%0.5
Albumin (mg/dL) 39+03
BUN (mg/dL) 56.0%19.0
Creatinine (mg/dL) 10.3%£2.6
Calcium (mg/dL) 8.4 08
Phosphate (mg/dL) 52+15
Total cholesterol (ug/dL) 130.4120.0
HDL cholesterol (mg/dL) 39.8%11.2
LDL cholesterol (mg/dL) 71.1+£223
CRP (mg/dL) 0.10 (0.03-0.26)
Glucose (mg/dL) 124.9%404
HgbA1c (%) 6.6*1.6
Kt/V 1.63£0.24

Values are presented as number only, mean + standard deviation, number
(%), or median (interquartile range).

HD, hemodialysis; BDI, Beck Depression Inventory; BAI, Beck Anxiety In-
ventory; MBP, mean blood pressure; 25-OH vitamin D, 25-hydroxy vita-
min D; WBC, white blood cell; BUN, blood urea nitrogen; HDL, high-den-
sity lipoprotein; LDL, low-density lipoprotein; CRP, C-reactive protein;
HgbA1c, glycated hemoglobin; Kt/V, dialyzer clearance of ureax dialysis
time/volume of urea distribution.
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of the right rostral ACG, among the cingulate gyrus ROIs, were
negatively correlated with the frailty scores in patients with ESRD

(Fig. 1).

Table 2. Spearman correlation analysis between demographic and
clinical findings, medical laboratory measures, and Fried frailty
scores

Variable r p-value
Age (yr) 0.574 0.013”
HD duration (mo) 0.302 0.223
Intracranial volume (mL) -0.253 0.311
Body mass index (kg/m?) -0.198 0.432
BDI 0.515 0.060
BAI 0.439 0.116
MBP (mmHg) -0.222 0.391
25-0H vitamin D (ng/dL) -0.239 0.373
Uric acid (mg/dL) -0.184 0.465
Hemoglobin (g/dL) -0.059 0.815
WBC (/pL) -0.102 0.687
Protein (g/dL) -0.100 0.694
Albumin (mg/dL) -0.374 0.126
BUN [mg/dL) -0.232 0.354
Creatinine (mg/dL) -0.529 0.024”
Calcium (mg/dL) -0.320 0.196
Phosphate (mg/dL) -0.088 0.729
Total cholesterol (ug/dL) 0.171 0.499
HDL cholesterol (mg/dL) -0.204 0416
LDL cholesterol (mg/dL) 0.127 0.617
CRP (mg/dL) 0.242 0.334
Glucose (mg/dL) 0.057 0.823
HgbA1lc (%) 0.472 0.121
Kt/V -0.553 0.097

HD, hemodialysis; BDI, Beck Depression Inventory; BAI, Beck Anxiety In-
ventory; MBP, mean blood pressure; 25-OH vitamin D, 25-hydroxy vita-
min D; WBC, white blood cell; BUN, blood urea nitrogen; HDL, high-den-
sity lipoprotein; LDL, low-density lipoprotein; CRP, C-reactive protein;
HgbA1c, glycated hemoglobin; Kt/V, dialyzer clearance of urea x dialysis
time/volume of urea distribution.

7h<0.05.

Posterior cingulate

Isthmus cingulate

Caudal anterior cingulate

Rostral anterior cingulate

Partial correlation analysis also showed a significant correla-
tion between the cortical thickness of the right rostral ACG and
Fried scores of frailty after controlling for age and creatinine lev-
els (r=-0.500, p =0.048) (Fig. 2). Multiple regression analysis
also showed that the cortical thickness of the right rostral ACG was
significantly associated with the frailty scores (Table 3).

Discussion

To our knowledge, this study is the first to demonstrate that the
cortical thickness values of the right rostral ACG are significantly
negatively correlated with frailty in patients with ESRD. In addi-
tion, this significant correlation remained after controlling for age
and creatinine levels. This result suggests that cortical thickness re-
duction in the ACG is independently associated with frailty in pa-
tients with ESRD.

In previous studies that investigated the factors associated with
frailty, a significant association between frailty and several sociode-
mographic, physical, biological, psychological, and lifestyle factors
was found. Several authors have suggested that the development of
frailty typically increases with age, revealing a significantly positive
association between age and frailty. Furthermore, frailty is more
common in patients who are elderly with CKD than in the general
population, possibly because frailty is associated with protein-ener-
gy wasting, sarcopenia, and several other complications of CKD
[21]. In this study, we also showed a positive relationship between
age and frailty scores in patients with ESRD.

It is well known that malnutrition and frailty are closely associat-
ed [22] and share common pathophysiological pathways. Al-
though the etiologies of these conditions differ, loss of body tissue
results in wasting and chronic inflammation, which are common

phenotypes of both conditions [23]. Blood protein markers such

as albumin and prealbumin have been previously considered bio-

Fig. 1. (A) The cortical surface, including the rostral anterior cingulate and caudal anterior cingulate, obtained using the Desikan-
Killiany atlas. (B) The cortical thickness of the rostral anterior cingulate gyrus is significantly correlated with frailty in patients

with end-stage renal disease undergoing hemodialysis.
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Fig. 2. The cortical thickness of the rostral anterior cingulate
gyrus is significantly correlated with frailty in patients with
end-stage renal disease undergoing hemodialysis.

Table 3. Multiple regression analysis showing that the cortical
thickness of the right rostral anterior cingulate gyrus is associated
with frailty in patients with end-stage renal disease

Variable Standard p t p-value
Creatinine -0.255 -1.179  0.258
Age 0.362 1.71 0.109
Right rostral anterior cingulate -0.392 -2.162  0.048

Model: R?=0.562, F=5.989, p=0.008.

markers of malnutrition [24]. However, these are no longer recom-
mended as markers of malnutrition because they are affected not
only by nutrition but also by many other risk factors such as infec-
tion, inflammation, liver function, and fluid status [25]. Recently,
Zhang et al. [24] suggested that hemoglobin and total cholesterol
could be useful markers of malnutrition in those who are elderly,
whereas Canaud et al. [26] showed that serum creatinine levels
could be used as a nutritional and muscle mass marker in patients
with ESRD. In the present study on patients with ESRD, we also
failed to show a significant relationship between albumin level and
frailty, although there was a statistically significant association be-
tween frailty score and creatinine level.

Several studies have shown that cognitive impairment [8] and
depression [ 10] are associated with frailty. Among the five frailty
phenotypes, performance functions, including weakness and slow-
ness, are known to affect cognitive function and depression [27]. A
previous study on women who are elderly suggested that depres-
sive symptoms are strongly associated with physical performance
[28], and Kang et al. [29] showed that low grip strength and slow
walking speed were associated with decreased cognition in women
who are elderly. A recent systematic review also indicated that cog-
nitive function is related to frailty in old age, and slowness and
muscle weakness are particularly associated with cognition [30]. It

is generally accepted that CKD is associated with cognitive impair-
ment [31] and depression [32,33]. In addition, previous studies
have shown low performance test scores in patients with ESRD
[31]. Given these findings, deterioration of physical performance
in patients with ESRD may be associated with decreased cognitive
function and depression. Since we excluded patients with neuro-
cognitive disorders, we did not find a relationship between cogni-
tive function and brain structure in patients with ESRD.

The cingulate region of the brain is well known to play an im-
portant role in the regulation of emotion [34,35]. In addition, the
attentive function of the cingulate region may be required for the
emotional regulation performed by the temporal lobe structures,
including the amygdala. Previous studies have indicated that the
anterior cingulate region is closely linked to motivation and motor
function [16,36]. Overall, the anterior cingulate seems to be linked
to various functions related to frailty and may have significant ef-
fects on frailty. According to previous studies, there is a close rela-
tionship between physical frailty and decreased capacity in specific
brain regions, including the cerebellum, hippocampus, frontal gy-
rus, and anterior cingulate [37]. In particular, the anterior cingulate
is associated with low activity. Furthermore, a structural and func-
tional study showed that fronto-cerebellar circuits, including the
anterior cingulate, are altered in patients with ESRD [11]. These
results suggest that the anterior cingulate, in addition to other brain
regions, is related to frailty in patients with ESRD. The results of
the present study are also consistent with those of earlier studies in
which the anterior cingulate was implicated in frailty. In this study,
we also showed that the right rostral ACG was significantly nega-
tively correlated with frailty scores in patients with ESRD.

However, the mechanism by which ESRD affects the brain and
causes frailty remains unclear. A previous brain autopsy study
showed that Alzheimer’s disease pathology and macroinfarcts con-
tribute to progressive physical frailty in old age [38]. It is known
that there is a high incidence of dementia [39] and cerebral infarc-
tion [40] in patients with ESRD. We speculate that ESRD affects
the brain in a manner similar to Alzheimer's pathology and macro-
infarcts. It is likely that the cingulate gyri are sensitive to this type of
brain deterioration.

The strength of our study is that we demonstrated, for the first
time, the association between cortical thickness and frailty in pa-
tients with ESRD. In addition, our study had the advantage of cal-
culating the frailty score based on the direct performance of a phys-
ical function test.

This study had several limitations. First, the sample size is small.
Second, this study was conducted on patients who visited the hos-
pital without completely controlling for several biases, including
age-related selection bias. Third, this was a cross-sectional study
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that did not reveal the relationship between cause and effect.
Fourth, medications, such as antihypertensive or antidiabetic
drugs, may have affected the cortical thickness changes in the sub-
jects. Finally, as this was a prospective observational cohort study,
we could not perform an analysis to compare the results to similar
age groups with normal renal function, or to compare patients with
different renal functions.

In conclusion, this study suggests that the rostral ACG plays a
role in the frailty mechanism in patients with ESRD undergoing
hemodialysis. Further research involving a larger number of pa-
tients and longitudinal assessments are warranted in the future.
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