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Purpose: To investigate the choroidal vascularity index (CVI) and choroidal structural
changes in children with nephrotic syndrome.

Methods: This was a cross-sectional study involving 45 children with primary nephrotic
syndrome and 40 normal controls. All participants underwent enhanced depth
imaging-optical coherence tomography examinations. An automatic segmentation
method based on deep learning was used to segment the choroidal vessels and stroma,
and the choroidal volume (CV), vascular volume (VV), and CVI within a 4.5 mm diameter
circular area centered around the macular fovea were obtained. Clinical data, including
blood lipids, serum proteins, renal function, and renal injury indicators, were collected
from the patients.

Results: Compared with normal controls, children with nephrotic syndrome had a
significant increase in CV (nephrotic syndrome: 4.132 + 0.464 vs. normal controls:
3.873 4+ 0.574; P = 0.024); no significant change in VV (nephrotic syndrome: 1.276 +
0.173 vs. normal controls: 1.277 4 0.165; P = 0.971); and a significant decrease in the
CVI (nephrotic syndrome: 0.308 [range, 0.270-0.386] vs. normal controls: 0.330 [range,
0.288-0.387]; P < 0.001). In the correlation analysis, the CVI was positively correlated
with serum total protein, serum albumin, serum prealbumin, ratio of serum albumin to
globulin, and 24-hour urine volume and was negatively correlated with total cholesterol,
low-density lipoprotein cholesterol, urinary protein concentration, and ratio of urinary
transferrin to creatinine (all P < 0.05).

Conclusions: The CVl s significantly reduced in children with nephrotic syndrome, and
the decrease in the CVI parallels the severity of kidney disease, indicating choroidal
involvement in the process of nephrotic syndrome.

Translational Relevance: Our findings contribute to a deeper understanding of how
nephrotic syndrome affects the choroid.

Nephrotic syndrome can also affect the eyes. Fluid
retention associated with hypoproteinemia can affect
the fundus, leading to serous macular detachment and
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Primary nephrotic syndrome is a common kidney
disease in children, with an overall incidence of approx-
imately 3/100,000. The pathogenesis of the disease is
related to the increased permeability of the glomerular
basement membrane to albumin, resulting in massive
proteinuria, hypoproteinemia, and edema. Common
complications include hyperlipidemia, hypercoagula-
bility, and thrombosis, as well as infection.!
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macular edema.’ * Edema can also occur in the ciliary
body, causing ciliary body—choroidal detachment and
angle closure.> A hypercoagulable state or abnormal
blood lipids may induce retinal artery and vein occlu-
sion>-® and Purtscher-like retinopathy.* Other ocular
complications include conjunctival edema,’® bacterial
conjunctivitis, and glucocorticoid-related glaucoma
and cataracts.’
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There are similarities in genetics, structure, and
development between the eyes and kidneys, and,
similarly, there is a close link between kidney disease
and eye disease. Many studies have confirmed that
chronic kidney disease is associated with diabetic
retinopathy, age-related macular degeneration,
cataract, and glaucoma; retinal microvascular param-
eters measured by noninvasive fundus imaging are
also closely related renal indicators of kidney disease.®
Previous studies have shown that the vascular density
of the retinal capillary plexus is reduced in patients
with nephrotic syndrome; in addition, the changes
in the vascular density of the retinal capillary plexus
parallel the severity of renal injury.”'” The choroid is
one of the richest vascular structures in the human
body, and its health is closely related to eye and
systemic conditions.!">!?> In addition, the choroid and
glomerulus have a wide vascular network with similar
structures.® However, the changes in choroidal vessels
in nephrotic syndrome are still unknown.

With the advent of enhanced depth imaging—optical
coherence tomography (EDI-OCT), the fine structures
of deep choroidal vessels can be noninvasively and
quickly visualized. In recent years, the choroidal vascu-
larity index (CVI) has emerged as a new parameter
for quantifying the choroidal vessels, defined as the
ratio of vascular area to total choroidal area or the
ratio of vascular volume to total choroidal volume.
Compared to traditional choroidal markers such as
choroidal thickness, the CVI is a more stable and
reliable marker for studying the choroid. It can resist
the influence of other physiological parameters, such
as age, axial length, intraocular pressure, and blood
pressure, and it is not affected by the OCT examination
modality (spectral domain or swept source).!!:!?> By
dividing the choroid into vascular and stromal regions,
relevant information on choroidal structural changes
can also be displayed.

In this study, we investigated the CVI and choroidal
structural changes in children with nephrotic syndrome
and explored whether these parameters are corre-
lated with clinical indicators of renal function and
renal injury to investigate whether nephrotic syndrome
affects the choroid.

Materials and Methods

Study Design and Population

This was a cross-sectional, single-center study.
Forty-five children with primary nephrotic syndrome
diagnosed at Peking University First Hospital between
2017 and 2018 were included in the study. The diagnos-
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tic criteria were as follows: urine protein excretion >
50 mg/kg/d, random urine sample with 3 to 44 protein
by dipstick examination at least three times a week,
ratio of urinary protein to creatinine > 2 mg/mg, and
serum albumin < 25 g/L."* Children who had a first
onset of nephrotic syndrome, were undergoing treat-
ment, or who had relapsed were all included. Children
with secondary nephrotic syndrome, hematological
disorders, endocrine disorders, autoimmune diseases,
heritable disease, uncontrollable hypertension, urinary
tract infection, obstructive sleep apnea syndrome, and
severe organ dysfunction were excluded. Children with
poorly controlled glaucoma; severe cataracts; retinal,
optic nerve, or choroidal lesions; intraocular inflamma-
tion; refractive errors exceeding +3 D; or a history of
surgery or trauma in the eye were also excluded. Forty
normal children were selected as healthy controls. This
study followed the tenets of the Declaration of Helsinki
and was approved by the National Unit of Clinical
Trial Ethics Committee, Peking University First Hospi-
tal. Informed consent was obtained from all parents or
legal guardians of the children prior to the start of the
study.

Data Collection

Ophthalmic Data Collection

All children underwent detailed ophthalmic
examinations, including best-corrected visual acuity,
noncontact intraocular pressure (CT-1P; Topcon,
Tokyo, Japan), slit-lamp biomicroscopy and fundo-
scopic examinations, and axial length measurement
(IOLMaster 500; Carl Zeiss Meditec, Jena, Germany).
EDI-OCT (Heidelberg Engineering, Heidelberg,
Germany) examinations were also performed for
all participants. All examinations were conducted by
an experienced technician between 2 PM and 4 PM in
the afternoon after each participant’s pupils had been
dilated. EDI-OCT volume raster scans, consisting of
19 horizontal B-scans, were performed through the
fovea, with a scanning interval of 240 um. Volume
raster scans covered a visual field of 4.5 x 6 mm
centered around the fovea. To improve the signal-to-
noise ratio, automatic real-time tracking was used with
30 frames averaged for each B-scan (automatic real
time [ART] = 30). Each B-scan included 768 A-scans.
All B-scan images obtained had to be sufficiently clear
to allow segmentation of the choroidal vessels and
stroma.

A circular area with a diameter of 4.5 mm centered
around the macular fovea was selected as the region
of interest (ROI), and the choroidal biomarkers of
this region were measured (Fig. 1A). By segment-
ing the choroidal vessels and stroma from multiple
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Figure 1.

W

Schematic diagram of the automatic segmentation of choroidal boundaries and blood vessels. (A) Near-infrared reflectance

image showing the 19 B-scans of EDI-OCT volume raster scans, the foveal center, and the ROI area with a diameter of 4.5 mm centered
around the macular fovea. (B) Unsegmented original B-scan image. (C) Unet structure for choroidal segmentation. (D, E) Choroidal bound-
ary segmentation and visualization of B-scan image. (F, G) Choroidal vessel sesgmentation and visualization of B-scan image. BM, Bruch’s

membrane; CSI, choroidoscleral interface.

B-scan images, a total of three choroidal biomark-
ers can be obtained: choroidal volume (CV), vascu-
lar volume (VV), and CVI. CV refers to the total
volume of the choroid in the ROI area, VV refers to
the volume of the choroidal vascular lumen in the ROI
area, and the CVl1is the ratio of VV to CV. We used an
automatic segmentation method based on deep learn-
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ing to segment the choroidal vessels and stroma instead
of manual segmentation.'* 13

The manually labeled B-scan images are input into
two deep convolutional neural networks (DCNNs)
to segment the choroidal boundary and vessel; these
networks include an encoder stage for extracting high-
level features and a decoder stage for reconstructing
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the image resolution. After training, the two DCNNs
can accurately segment the choroidal boundary and
vessels from each B-scan image and calculate the VV,
CV, and CVI automatically (Fig. 1). Previous studies
have shown that, compared to manual segmentation,
this automatic method for segmenting the choroidal
boundary and vessels is highly accurate (>0.980). The
detailed working principle can be found in previous
publications.'* 1>

Clinical Indicator Collection

All laboratory tests were conducted in the central
laboratory of Peking University First Hospital. Fasting
venous blood was collected from all children. Total
cholesterol, triglycerides, low-density lipoprotein
cholesterol, high-density lipoprotein cholesterol,
serum creatinine, urea, uric acid, serum total protein,
serum albumin, serum prealbumin, and the ratio
of serum albumin to globulin were measured. All
children provided morning and 24-hour urine samples.
Urinary protein concentration, urinary creatinine,
24-hour urine volume, and kidney injury indica-
tors (urinary albumin/urinary creatinine, urinary
transferrin/urinary creatinine, urinary N-acetyl-8-
D-glucosaminidase/urinary creatinine, and urinary
a-1-microglobulin/urinary creatinine) were obtained.
The 24-hour urinary total protein (g/24 h) was calcu-
lated by the following formula: 24-hour urine volume
(L/24 h) x urinary protein concentration (g/L). The 24-
hour creatinine clearance rate (mL/min) was calculated
by the following formula: urine volume (mL/min) x
urinary creatinine (umol/L)/serum creatinine (umol/L).

Statistical Analysis

All data were analyzed using SPSS Statistics 21.0
(IBM, Chicago, IL, USA), and only the data from the
left eye of the participants were selected for analysis.
The Shapiro—Wilk method was used to detect normal-
ity. Continuous variables are expressed as mean =+
standard deviation for variables with a normal distri-
bution or as median (range of minimum to maximum)
for variables with a nonnormal distribution, where
appropriate, and categorical variables are presented
as numbers. Differences in population characteristics,
ocular biological parameters, and choroidal biomark-
ers between the nephrotic syndrome group and the
normal control group were compared using indepen-
dent samples t-tests, Mann—-Whitney U tests, or 2
tests accordingly. The correlation between choroidal
biomarkers and clinical indicators in patients with
nephrotic syndrome was assessed using Spearman’s
correlation tests. P < 0.05 was considered to indicate
statistical significance.
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In total, 45 children with nephrotic syndrome (32
males and 13 females; median age, 8 [3-15] years;
median course of disease, 2.25 years [6 days—11 years])
and 40 normal controls (25 males and 15 females;
median age, 9 [5-16] years) were included in the study.
In patients with nephrotic syndrome, the median serum
albumin was 20.90 (12.50-41.60) g/L, the median
serum creatinine was 44.1 (24.10-152.2) umol/L, and
the median 24-hour urinary total protein was 2.45
(0.02-13.05) g/24 h. The clinical indicators of the
children with nephrotic syndrome are shown in Table 1.

Demographic characteristics and ocular biological
parameters of the children with nephrotic syndrome
and normal controls are shown in Table 2. There were
no significant differences in age, sex, best-corrected
visual acuity, intraocular pressure, or axial length
between children with nephrotic syndrome and normal
controls.

A comparison of choroidal biomarkers between
the two groups of participants is shown in Table 3.
There was no significant difference in VV between
the nephrotic syndrome group and the normal control
group. The CV of children with nephrotic syndrome
was significantly higher than that of normal controls.
The CVI of children with nephrotic syndrome was
significantly lower than that of normal controls
(nephrotic syndrome: 0.308 [0.270-0.386]; normal
controls: 0.330 [0.288-0.387]; P < 0.001) (Fig. 2).

The results of the correlation analysis between clini-
cal indicators and CVI in children with nephrotic
syndrome are shown in Figure 3. The CVI was
positively correlated with serum total protein, serum
albumin, serum prealbumin, ratio of serum albumin to
globulin, and 24-hour urine volume and was negatively
correlated with total cholesterol, low-density lipopro-
tein cholesterol, urinary protein concentration, and
ratio of urinary transferrin to creatinine (all P < 0.05).
None of the other clinical indicators was correlated
with the CVI. There was no correlation between VV
and CV and any clinical indicators in this study.

In this study, we investigated the CVI and
choroidal structural changes in children with nephrotic
syndrome. The CVIs used in previous studies were
usually two-dimensional values obtained through a
binarization algorithm on a single B-scan passing
through the macular fovea. The measured area (ROI)
was often the choroid with a width of 1.5 mm below the
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Clinical Indicator Value
Total cholesterol (mmol/L), mean 4 SD 9.78 4+ 2.81
Triglyceride (mmol/L), mean &+ SD 271 £1.47
Low-density lipoprotein cholesterol (mmol/L), mean + SD 5.83 +£2.20
High-density lipoprotein cholesterol (mmol/L), mean & SD 2.07 £0.63
Serum total protein (g/L), mean + SD 51.68 £ 10.07

Serum albumin (g/L), median (range)

Serum prealbumin (g/L), mean 4 SD

Serum albumin to globulin ratio, median (range)

Serum creatinine (umol/L), median (range)

Urea (mmol/L), median (range)

Uric acid (umol/L), median (range)

Urinary protein concentration (g/L), median (range)
Urinary creatinine (mmol/L), median (range)

24-Hour urine volume (mL/24 h), mean =+ SD

24-Hour urinary total protein (g/24 h), median (range)
24-Hour creatinine clearance rate (mL/min), median (range)
Ratio of urinary albumin to creatinine (mg/g), mean + SD
Ratio of urinary transferrin to creatinine (mg/g), mean £ SD

20.90 (12.50-41.60)
251.97 £130.39
0.75 (0.48-1.36)

44.1 (24.10-152.2)
5.29 (2.34-23.80)

362.42 (217.00-654.00)
1.77 (0.01-11.92)
5(1.8-22.9)
1309.38 £ 579.66
2.45(0.02-13.05)
68.61(33.81-153.00)

3922.31 + 2798.84
343.42 £ 237.13

Ratio of urinary N-acetyl-8-D-glucosaminidase to creatinine (U/g), mean 4+ SD
Ratio of urinary a-1-microglobulin to creatinine (mg/g), median (range)

73.57 =46.78
25.50(2.57-199.95)

Table 2. Demographic Characteristics and Ocular Biological Parameters of the Participants

Nephrotic Syndrome Normal Control P

Age (y), median (range) 8 (3-15) 9 (5-16) 0.521°
Sex (male/female), n 32/13 25/15 0.399°
BCVA (Snellen test), median (range) 1.0 (0.4-1.2) 1.0 (0.8-1.2) 0.1252
Intraocular pressure (mmHg), median (range) 18.0 (14.0-30.0) 17.0 (12.0-21.0) 0.078?
Axial length (mm), median (range) 23.1 (20.4-24.7) 23.2 (21.7-24.5) 0.669%

BCVA, best-corrected visual acuity.

¥Mann-Whitney U test.

by2 test.
Table 3. Choroidal Biomarkers of the Participants

Nephrotic Syndrome Normal Control P

VV, mean + SD 1.276 £0.173 1.277 £ 0.165 0.9712
CV, mean + SD 4132 4+ 0.464 3.873+0.574 0.0242
CVI, median (range) 0.308 (0.270-0.386) 0.330 (0.288-0.387) <0.001P

dIndependent samples t-test.
bMann-Whitney U test.

macular fovea.!? Our study obtained three-dimensional
CVIs through volume scanning covering a circular area
with a diameter of 4.5 mm. These results contain more
volumetric information on the choroid and provide a
more comprehensive reflection of the condition of the
choroidal vasculature.'® 3

translational vision science & technology
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Many studies have shown that the CVI is a promis-
ing metric for early diagnosis, disease prediction, and
disease progress monitoring, and it is widely used
when investigating various eye diseases, such as age-
related macular degeneration, central serous chori-
oretinopathy, diabetic retinopathy, uveitis, retinitis



Choroidal Vascularity Index in Nephrotic Syndrome

Vascular Volume
Choroidal Volume

Nephrotic Syndrome Normal Control Nephrotic Syndrome

TVST | March 2024 | Vol. 13 | No. 3 | Article 18 | 6

Choroidal Vascularity Index

Normal Control Nephrotic Syndrome Normal Control

Figure 2. Comparison of choroidal biomarkers between children with nephrotic syndrome and normal controls: (A) vascular volume,
(B) choroidal volume, and (C) choroidal vascularity index. The asterisk (*) represents a significant difference between the two groups.

protein, (B) serum albumin, (C) serum prealbumin, (D) ratio of serum alb

pigmentosa, glaucoma, ischemic optic neuropathy, and
pathological myopia.'!*!> In addition, many studies
have shown that the CVI is also altered in individ-
uals with several systemic diseases, such as Alport
syndrome,!” allergic asthma,”® obsessive—compulsive

translational vision science & technology
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Figure 3. Correlations between clinical indicators and the choroidal vascularity index of patients with nephrotic syndrome: (A) serum total

umin to globulin, (E) urinary protein concentration, (F) 24-hour urine

volume, (G) total cholesterol, (H) low-density lipoprotein cholesterol, and (1) ratio of urinary transferrin to creatinine.

disorder,?! hypertension,?> multiple sclerosis,”® Parkin-
son’s disease,”* obstructive sleep apnea syndrome,”
coronary artery disease,’® and internal carotid artery
stenosis.”” Compared to traditional choroidal markers
such as choroidal thickness, the CVI 1s more stable
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and reliable. Segmentation of the choroidal vessels and
stroma can also reflect the states and relationships of
the choroidal blood vessels and stroma. Therefore, the
CVI provides additional information for studying the
impact of systemic diseases on the choroid.

In this study, we found that the CVI was decreased
in children with nephrotic syndrome relative to the
control children. Although there is a definite corre-
lation between kidney disease and fundus disease,
research on the relationship between CVI and kidney
disease is rare, and the outcome is inconclusive. Han
et al.”® suggested that a reduction in the CVI is an
independent risk factor for diabetic nephropathy. Their
research found that, among patients with diabetes, the
CVI of patients with diabetic nephropathy was signif-
icantly lower than that of patients without diabetic
nephropathy. As the pathological staging of kidney
disease gradually deteriorates, the CVI decreases
accordingly. Compared with diabetic retinopathy, the
CVI is a more reliable means to predict the patho-
logical stages of diabetic nephropathy. However, some
studies do not support the correlation between the
CVI and kidney disease. For example, a number of
studies have shown that there is no significant differ-
ence in the CVI between nephrotic patients who require
kidney transplantation due to Alport syndrome and
patients who do not require kidney transplantation.'”
Other studies have shown that the CVI is not corre-
lated with renal function indicators such as creatinine,
urinary albumin, and estimated glomerular filtration
rate.”” These discrepancies may be attributed to differ-
ences in the populations included in the study, the
inclusion criteria, the CVI measurement methods, the
type of kidney disease, and so on.

It is not entirely clear how nephrotic syndrome
affects the CVI. The main pathogenesis of nephrotic
syndrome is the loss of plasma albumin from the
glomerulus, leading to hypoproteinemia and tissue
edema. In the correlation analysis, we found a
significant positive correlation between the CVI and
plasma total protein, albumin, prealbumin, and the
albumin to globulin ratio. Therefore, we speculate that
the changes in the CVI are related to the decrease in
the plasma albumin. There are pores in the walls of the
choroidal blood vessels that allow passage of macro-
molecular proteins; therefore, the choroidal stroma
is rich in protein and has a high colloidal osmotic
pressure.’* When patients with nephrotic syndrome
experience hypoalbuminemia, the albumin in the blood
vessels decreases, as does the colloid osmotic pressure
in the blood vessels. The osmotic pressure difference
between the choroidal vessels and the stroma can
cause the fluid in the choroidal vessels to flow to the
choroidal stroma, causing choroidal edema and thick-
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ening. Our study showed that the CV of patients with
nephrotic syndrome was significantly higher than that
of the normal control group, which also confirmed
this hypothesis. Unlike CV, VV did not differ signif-
icantly between the nephrotic syndrome group and
the control group. This finding suggests that, even
if the fluid moves from the choroidal vessels to the
stroma due to the increased colloid osmotic gradi-
ent, the choroidal blood volume remains unchanged.
Most studies have shown that the majority of edema-
tous patients with nephrotic syndrome have a normal
intravascular volume, with only a few patients experi-
encing blood volume depletion.?! A healthy choroidal
vascular system is crucial for ensuring the normal
function of the retinal pigment epithelium and outer
retina. Some scholars believe that choroidal vessels
have autoregulatory ability and can stabilize choroidal
perfusion in response to environmental changes.?>>3%33
These findings may explain why there was no significant
change in VV in patients with nephrotic syndrome, but
the specific mechanism still requires further research.
CV increases while VV does not significantly change,
resulting in a decrease in the CVI.

In addition to plasma proteins, we also found
that the CVI of patients with nephrotic syndrome
was positively correlated with 24-hour urine volume
and negatively correlated with total cholesterol, low-
density lipoprotein cholesterol, urinary protein concen-
tration, and ratio of urinary transferrin to creati-
nine. Transferrin (molecular weight, 76,500 kDa) is
a protein with a weight similar to albumin. Due to
its higher isoelectric point than albumin, it is less
repelled by polyanion in the glomerulus and more
easily filters into the renal capsule. Therefore, it is
excreted earlier or at a higher proportion than albumin.
Currently, it is believed that urinary transferrin is
a more sensitive marker of glomerular injury than
urinary albumin.’*3> Some studies have also shown
that the excretion of urinary transferrin in patients
with diabetic retinopathy is significantly higher than
that in patients without retinopathy,*® indicating that
this marker may also have some association with
retinopathy. Patients with nephrotic syndrome often
have oliguria and hyperlipidemia. The decrease in urine
volume and the increase in blood lipids also reflect
the severity of nephrotic syndrome. Therefore, the
results of this study indicate that the changes in the
CVI parallel the severity of nephrotic syndrome and
the degree of glomerular injury. One study showed
that choroidal thickness is related to renal function
and renal injury.’’ Our research further confirmed
the close relationship between renal dysfunction and
changes in choroidal microcirculation. And the CVI
helps us understand how nephrotic syndrome affects
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the choroid. Retinal microvascular abnormalities are
often used as markers for predicting renal function
decline.’®* In the future, further research can be
conducted to determine whether alterations in the CVI
can predict the outcome of nephrotic syndrome and
whether alterations in the CVI are related to different
pathological types of nephrotic syndrome. If the results
are meaningful, the CVI could serve as a biomarker for
nephrotic syndrome.

This study has several limitations. First, this study
was limited by its single-center nature, and the sample
size was also small. Second, due to the cross-sectional
design of this study, the causal relationship between
CVI and nephrotic syndrome cannot yet be deter-
mined. Third, the results of this study reflect only the
characteristics of the CVI in children with nephrotic
syndrome. Whether similar results can be extrap-
olated to other types of kidney diseases, such as
glomerulonephritis and diabetic nephropathy, remains
unknown and requires further exploration. Finally, the
specific biological mechanisms underlying the correla-
tion between CVI and nephrotic syndrome have not
yet been elucidated, and additional experiments are
needed.

In conclusion, the CVI is significantly reduced in
children with nephrotic syndrome, and the decrease
in the CVI parallels the severity of kidney disease,
indicating that the choroid is involved in the process
of nephrotic syndrome. Our study confirmed the
close relationship between choroidal microcircula-
tion changes and renal dysfunction in nephrotic
syndrome.
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