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Background: MicroFlow imaging (MFI) is a novel noninvasive ultrasound (US) technique that depicts 
microcirculatory blood vessels in the kidney while filtering out tissue motion and enhancing blood flow 
signals. We aimed to investigate the value of MFI for the detection of renal microvascular perfusion in 
chronic kidney disease caused by stage I–II membranous nephropathy (MN).
Methods: Seventy-six participants including biopsy-proven MN (n=38) and healthy volunteers (n=38) were 
prospectively examined using MFI from March 2020 to December 2020. In addition, patients with MN 
were subdivided into a mild group, a moderate group, and a severe group based on the results of vascular 
pathology evaluation. All MFI images were analyzed by Image Pro Plus to obtain a cortical vascular index 
(VI). Basic patient information, relative US parameters and laboratory results were then acquired for each 
participant. Finally, after the univariate analysis among multiple groups, binary logistic regression (forward 
LR) and ordered logistic regression were used for multivariate analysis. Significance was set at P<0.05.
Results: VI was significantly lower in MN patients compared with that of healthy controls (0.65±0.09 vs. 
0.35±0.18, P<0.001). After multivariate analysis, we found that the exploratory diagnostic performance 
of VI [area under the curve (AUC): 0.94; 95% confidence interval (CI): 0.89–0.99] outperformed that of 
serum creatinine (Scr) (AUC: 0.87; 95% CI: 0.79–0.95) in identifying MN. We also observed considerable 
differences among MN groups in parameters including VI (P=0.006), estimated glomerular filtration rate 
(eGFR) (P=0.037), shape (P=0.013), and impression (P=0.007). In addition, in the group with mild vascular 
damage, the exploratory diagnostic performance of VI (AUC: 0.79; 95% CI: 0.64–0.94) was better than other 
parameters, such as eGFR (AUC: 0.63; 95% CI: 0.43–0.84).
Conclusions: MFI detected abnormal renal microvascular perfusion in patients with MN (particularly in 
those with early vascular damage or preserved renal function) without the use of a contrast agent. Combining 
MFI with B-mode US can improve the predictive performance of traditional kidney US.
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Introduction

Membranous nephropathy (MN) is a common cause of 
nephrotic syndrome, which comprises a group of diseases 
characterized histomorphologically by the thickening of 
glomerular capillary walls (1,2). Due to the damage to the 
walls of glomerular capillaries and arterioles, the renal 
function of MN patients can progressively deteriorate as the 
renal blood flow is altered (3). In approximately one third of 
patients with MN, the estimated glomerular filtration rate 
(eGFR) decreases with the progression of chronic kidney 
disease (CKD), ultimately progressing to end-stage renal 
failure (ESRD) (3,4). The number of patients with MN in 
China has increased from 10.4% to 24.1% between 2003–
2006 and 2011–2014, respectively, and increased by more 
than two times in the 14–24 age category (5). 

The onset of MN is occult, and initial clinical signs of 
this disease are subtle. Affected patients may present with 
discomfort, hypertension, edema of the eyes or lower limbs, 
proteinuria, or hematuria (1,3,4). The histopathologic 
changes are irreversible in most patients; however, if 
patients obtain a prompt diagnosis with early initiation of 
treatment, only 10% or less of these patients will develop 
ESRD (4). Because of increased compensatory kidney 
workload in kidney injury, early diagnosis is not heavily 
reliable on clinical, laboratory or gray-scale ultrasound 
(US) findings. PLA2R, a protein on human podocyte 
membranes, is a specific target antigen for idiopathic MN 
(IMN), discovered by Beck et al. in 2009 (6), and 70–80% 
of patients with IMN have circulating antibodies against 
PLA2R (1,7). However, because of the false-negative rate 
of PLA2R a negative serum PLA2R alone is not enough 
to exclude a diagnosis of PLA2R-associated MN (8,9). At 
present, only renal biopsy is used as a reference standard 
for a definitive diagnosis and stages of MN (10). However, 
this invasive procedure has the risk of serious complications 
(11-13). The renal biopsy may not be the preferred method 
for preliminary diagnosis, especially some patients at early 
proteinuria with microalbuminuria owing to the fact that 
renal biopsy has low acceptance among patients and cannot 
be used for periodic repeat examinations. Hence, novel 
noninvasive and quantitative imaging approaches that are 
sensitive to changes in renal structure are urgently needed 
for the preliminary detection of MN.

MicroFlow imaging (MFI) technology is an innovative 
method for visualizing the microcirculation of an 
anatomical formation without contrast media. Currently, 
MFI has been used to evaluate the microcirculation of 

superficial space-occupying lesions, muscle, joint ligament 
related diseases, improving the ability of US diagnosis and 
assessment, such as breast, carpal tunnel syndrome, and so 
on (14,15). It can also be applied to arterial plaque stability 
prediction, liver disease blood perfusion evaluation, chronic 
kidney allograft damage, and other aspects (16-19). MFI is 
a technique that can suppress the low-speed clutter caused by 
tissue movement and can be used to detect the lower-speed 
and finer blood-flow signals than those detected by color, 
power, and spectral Doppler, which lowers the necessity of 
subsequent contrast-enhanced US (CEUS) (20-22). A recent 
study has shown that MFI is a noninvasive method that 
can be used to quantify tissue vascular index [VI defined 
as the ratio of Doppler signal pixels to total pixels in the 
region of interest (ROI)] and shape for evaluating cortical 
perfusion damage (23). Microvascular damage is the crucial 
pathological change for the MN patients. MFI not only can 
visualize but also quantify renal blood flow and perfusion 
even in the small renal arterioles and capillaries. In our 
present study, we hypothesized that MFI can be used to 
identify differences in renal cortical perfusion between 
patients with MN and healthy controls. Hence, our aim in 
this study was to assess the predictive performance of MFI 
in the detection of MN and investigate the utilization of 
MFI in evaluating the extent of microcirculatory damage. 
We present this article in accordance with the STARD 
reporting checklist (available at https://qims.amegroups.
com/article/view/10.21037/qims-23-1010/rc).

Methods

This prospective study was conducted between March 2020 
and December 2020. The protocol used in this study was 
approved by the Ethical Committee of the First Hospital 
of Jilin University. The study was conducted in accordance 
with the Declaration of Helsinki (as revised in 2013). 
Written informed consent for a native kidney biopsy and 
participation in the study in its entirety was obtained from 
all the study participants. During this study, two radiologists 
used B-mode US, color Doppler, spectral Doppler, and MFI 
to evaluate 65 patients who had undergone a US-guided 
core needle kidney biopsy. Exclusion criteria included 
inability to acquire a high-quality US image, incomplete 
clinical or laboratory information, contraindications of 
renal puncture, other causes of chronic kidney disease and 
other stage MN besides stage I–II MN (Figure 1). Then, 
we recruited 38 healthy volunteers of similar age who had a 
physical examination at our hospital. Finally, 38 patients and 

https://qims.amegroups.com/article/view/10.21037/qims-23-1010/rc
https://qims.amegroups.com/article/view/10.21037/qims-23-1010/rc
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38 healthy volunteers were enrolled in our present study. 
The basic characteristics and laboratory results of all study 
participants are summarized in Table 1.

US examinations

All US examinations were performed using the same US 
equipment (Philips EPIQ5 color Doppler US diagnostic 
apparatus, Philips Healthcare, Andover, MA, USA; and C5-1 
convex transducer, at a frequency of 4–6 MHz). The suite of 
tools, used for the evaluation of vessels and hemodynamics, 
included the following: color Doppler imaging, pulsed wave 
Doppler and MFI. Integral US evaluation of the kidney was 
performed during the preoperative period (morning of the 
biopsy or on the day before the biopsy) by a single radiologist 

experienced in abdomen sonography. The radiologist was 
blinded to the final diagnosis and all other clinical and 
laboratory results. As shown in Table 2, left kidney length, 
width, and thickness, and cortical and medulla thickness were 
recorded using conventional US. Then, color Doppler imaging 
was applied to measure peak systolic velocity (PSV) and end-
diastolic velocity (EDV) of the interlobar artery, with the 
sample volume located near the junction of renal cortex and 
medulla. After obtaining the measurements, the resistive index 
(RI) was calculated as an average of three to five waveforms.

MFI and imaging analysis

MFI was used to observe and record the vascular structures 
of renal cortical microcirculation. MFI parameters were 

Patients with renal biopsy
n=65

Participants without 
disease (control group)

n=38

Patients with stage I-II MN
n=38

Mild pathology vascular 
score (n=11)

Moderate pathology 
vascular score (n=15)

Severe pathology vascular 
score (n=12)

n=7 Patients with renal biopsy contraindications

n=20 Patients with other kidney disease

n=0 Patients with stage III-IV MN

Participants for main analysis n=76

Eligible participants
n=114

MicroFlow imaging and 
other US examination

n=109

n=5 incomplete clinical information

n=6 poor image quality or reduced US image

Figure 1 Study flowchart. US, ultrasound; MN, membranous nephropathy.
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as follows: color velocity scale for color frequency was set 
at 2.5–3.0 MHz, and color gain was adjusted for optimal 
imaging. During examinations, the patients were requested 
to hold their breath at the end of inspiration to avoid 
motion artifacts caused by changes in breathing during MFI 

imaging. An MFI image of renal cortical microvasculature 
is shown in Figure 2. Then, features of the MFI image were 
assessed by the radiologist and another one who had not 
participated in performing the examination and was blinded 
to the results obtained by the former. The three indicators 

Table 1 Baseline characteristics of the study population (n=76)

Characteristic Total Healthy volunteers MN patients P value

Gender 0.35

Men 44 20 (45.5) 24 (54.5)

Women 32 18 (56.3) 14 (43.8)

Age (years) 51±13 48±12 54±13 0.05

BMI (kg/m2) 24.56±4.12 23.46±3.69 25.67±4.27 0.02

eGFR (mL/min) 102.20±28.83 118.53±23.17 85.87±26.82 <0.001

Scr (μmol/L) 78.74±68.93 59.53±6.11 97.95±93.99 <0.001

BUN (mmol/L) 5.69±2.44 4.69±0.84 6.70±3.05 <0.001

Data are presented as n, n (%), or mean ± standard deviation. MN, membranous nephropathy; BMI, body mass index; eGFR, estimated 
glomerular filtration rate; Scr, serum creatinine; BUN, blood urea nitrogen.

Table 2 Ultrasound characteristics of the study population

Variables Heathy volunteers MN patients P value

Kidney length (mm) 100.71±6.71 106.08±8.33 0.004

Kidney width (mm) 44.32±5.08 49.63±4.68 <0.001

Kidney thickness (mm) 47.45±5.72 51.79±4.49 <0.001

Cortical thickness (mm) 5.28±1.12 5.36±1.08 0.76

Medulla thickness (mm) 10.41±1.86 10.35±2.20 0.77

PSV (cm/s) 31.5 [21–50] 30.5 [16–68] 0.41

EDV (cm/s) 14 [9–27] 13 [6–26] 0.031

RI 0.53±0.06 0.58±0.06 0.001

VI 0.65±0.09 0.35±0.18 <0.001

Vascular impression <0.001

Good 33 (86.8) 5 (13.2)

Intermediate 5 (20.8) 19 (79.2)

Poor 0 14 (100.0)

Vascular shape <0.001

Normal 37 (68.5) 17 (31.5)

Distorted 1 (6.3) 15 (93.8)

Very distorted 0 6 (100.0)

Data are presented as mean ± standard deviation, median [25–75%], or n (%). MN, membranous nephropathy; PSV, peak systolic velocity; 
EDV, end-diastolic velocity; RI, resistive index; VI, vascular index.



Lu et al. MFI for MN962

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2024;14(1):958-971 | https://dx.doi.org/10.21037/qims-23-1010

included impression, shape, and VI. 
To standardize the interpretation, a 6-point semiquantitative 

analysis of each kidney was performed. The impression 
and shape of each patient’s MFI image by radiologists 
have the rules of semi-quantitative scoring system, which 
was evaluated as follows: a kidney was considered good 
vascularity or a normal vessel when the final score was 5–6 
on stage 1, stage 2 represented intermediate vascularity 
or a slightly distorted vessel when the final score was 3–4, 
and the kidney was poor vascularity or a considerably 
distorted vessel defined as a final score of 1–2 on stage 3 
(23-25). Vascular filling was determined using the best 
image showing the quantity of vascular microcirculation. 
Then, we used an image-processing software Image Pro 
Plus to obtain the VI (Figure 3). The ROI we selected is 
located in the renal cortex of the middle part of the kidney, 
using the sector area of 1–3 interlobar artery branches. 
This measurement was done at least twice or the same 
patient. The ratio of this microcirculation value to the 
cross-sectional area of the renal cortex was measured as 
a percentage, and VI (Doppler signal pixels/pixels in the 
kidney) was calculated (Table 2) (15).

Two experienced observers analyzed separately. First, 
intra- and interobserver reproducibilities were evaluated. 
Second, discrepancies were resolved by consensus.

Evaluation of histopathology

After the kidney biopsy was performed, specimens obtained 

from the left kidney of each patient were immediately 
fixed in 4% paraformaldehyde, embedded in paraffin, 
serially sectioned, and stained with Periodic Acid-Schiff 
and Masson trichrome stains. All biopsies were evaluated 
using light microscopy by two renal pathologists. They 
assessed vascular damage based on glomerular lesions and 
arterioles, which were scored by the degree of glomerular 
sclerosis, vessel wall thickening and hyaloid degeneration 
of arterioles. Then, they assigned the semi-quantitative 
severity scores ranked into mild, moderate and severe group 
based on the degree of vascular sclerosis (26-28).

Statistical analysis

All statistical analyses were performed using SPSS 26 (IBM 
Corp., Armonk, New York, USA) and Python 3.9 (Python 
Software Foundation. Available on http://www.python.org). 
Student’s t-test was used to compare differences between 
two parametric continuous variables. Analysis of variance 
(ANOVA) was used to compare differences among multiple 
groups. The Mann-Whitney U or Wilcoxon test was used 
to analyze non-parametric data, and the Chi-squared test 
was used to analyze categorical variables. Binary logistic 
regression (forward LR) and ordered logistic regression 
were used for multivariate analysis. Receiver operating 
characteristic (ROC) curve analysis was performed to assess 
diagnostic accuracy and was expressed as the area under 
the ROC curve (AUC). Comparisons between AUCs were 
made using the DeLong’s test. The intra-class correlation 

A B C D

Figure 2 MFI ultrasound images of healthy controls and MN patients with varying degrees of vascular injury. (A) MFI image of a healthy 
volunteer; (B) MFI image of a patient with mild vascular damage; (C) MFI image of a patient with moderate vascular damage; (D) MFI 
image of a patient with severe vascular damage. MFI, MicroFlow imaging; MN, membranous nephropathy.

http://www.python.org
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coefficients (ICCs) and Kappa coefficient were used to assess 
the reliability and consistency of the subjective evaluations 
of the VI, impression and shape of the MFI images. Chordal 
graphs and heat maps were used to visualize the relationship 
between all categorical and continuous variables and MN. 
Differences were considered statistically significant only 
when a two-sided P value was <0.05 in all tests.

Results

Characteristics of study participants

Thirty-eight patients with MN (54±13 years) and 38 healthy 
volunteers (48±12 years) were included in our present study. 
Table 1 shows participant characteristics and the conducted 
laboratory tests. Our results show that there were scant 
statistical differences in age (P=0.05) and sex (P=0.35) between 
the patients and the controls. However, there was a slight 
difference in BMI between the two groups (P=0.02). Mean 
BMI of the patient group was 25.67±4.27 kg/m2, which was 

higher than that of the control group. The eGFR was 
lower in MN patients than in healthy controls (P<0.001). 
Conversely, the levels of serum creatinine (Scr) and blood 
urea nitrogen (BUN) were higher in MN patients than in 
healthy controls (all P<0.001). In addition, the MN group 
consisted of patients with diabetes (n=9) and hypertension 
(n=13).

US characteristics of participants

Renal parameters obtained using standard and MFI US are 
listed in Table 2. Compared with those of healthy volunteers, 
patients with MN in stage I–II tended to have larger 
kidneys including kidney length (P=0.004), width (P<0.001) 
and thickness (P<0.001); however, cortical thickness (P=0.76) 
and medulla thickness (P=0.77) did not show significant 
differences between the two groups of participants. 
Compared with those of healthy volunteers, all patients with 
MN showed a reduction in EDV (P=0.031) and an increase 

Figure 3 B-mode and MFI images of the left kidney in a MN patient and a healthy volunteer. The visualization and analysis of the ROIs in 
MFI mode were performed using Image Pro Plus. The VI is the ratio of Doppler signal pixels to total pixels in the ROI. (A) MN patient’s 
left kidney analysis. (B) Healthy volunteer’s left kidney analysis. Green area: ROI. Red area: cortical vascular area. MN, membranous 
nephropathy; MFI, MicroFlow imaging; VI vascular index; ROI, region of interest.
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in RI (P=0.001); however, PSV did not show significant 
differences between the two groups of participants (P=0.41). 
The intra- and inter-reader agreement was measured for 
the MFI images, regarding the intra-reader agreement and 
the ICCs ranged from 0.862 to 0.976; for the inter-reader 
agreement, the coefficient ranged from 0.756 to 0.870. The 
result of ICC can be found in the supplement (Table S1). 
Our results show that MFI could detect micro-vascularity 
within the renal cortex. VI was significantly lower in MN 
patients compared with that of healthy controls (0.65±0.09 
vs. 0.35±0.18, P<0.001). Using MFI, we observed that the 
number of renal vascular impressions in MN patients with 
good, intermediate and poor impressions were 5 (13.2%), 
19 (50.0%), and 14 (36.8%), respectively. In patients with 
MN, vascular shape was normal in 17 (44.7%), distorted 
in 15 (39.5%) and very distorted in 6 (15.8%) participants. 
Differences in VI, vascular impression levels, and vascular 
shape between healthy volunteers and MN patients were 
statistically significant (P<0.001).

All parameters with P<0.05 were analyzed using binary 
logistic regression (forward LR). It automatically selected 
the important independent variables among twelve 
parameters, only two were entered into the final model 
in the supplement (Figure S1). In the adjusted models, 
VI (P=0.001) was negatively and significantly associated 
with the presence of MN, while Scr levels (P=0.004) were 
positively and significantly indicative of MN (OR, 1.46E−11 
[95% confidence interval (CI): 3.22E−18 to 6.60E−05]; OR, 
1.176 (95% CI: 1.054–1.312, respectively).The exploratory 
diagnostic performance of VI (AUC: 0.94; 95% CI: 0.89–
0.99) was superior to that of Scr (AUC: 0.87; 95% CI: 0.79–
0.95). However, other parameters were not significantly 
associated with MN. In addition, Spearman correlation test 
was used to analyze the parameters for MN patients and 
healthy volunteers which can be found in the supplement 
(Table S2). A linear correlation was observed between the 
MN and the MFI parameters (VI, impression and shape), 
which means that MN correspond with abnormal ultrasonic 
parameters: VI (r=−0.76), impression (r=0.74) and shape 
(r=0.58). And this relationship was further visualized to 
show the connection between MFI parameters and MN 
(Figure 4A,4B).

Analysis of classification using pathologic vascular score

Based on the degree of renal vascular damage, we divided 
the 38 MN patients into mild (11 participants, 29%), 
moderate (15 participants, 40%) and severe (12 participants, 

31%) groups.
Among the 38 participants with MN, differences in 

eGFR, VI, vascular impression levels and vascular shape 
were statistically significant (P<0.05); however, differences 
in other indicators were not statistically significant in 
these participants (P>0.05). Further details on participant 
characteristics are provided in Table 3. Because vascular 
impression levels and vascular shape were subjective 
parameters, we used the VI and eGFR for ordered 
logistic regression analysis. Finally, VI was identified as 
independent predictors of the degree of vascular changes in 
MN (P=0.012), whereas eGFR was not identified as such a 
predictor (P=0.105). 

The diagnostic accuracy of predictor variables with 
P<0.05 in univariate logistic regression analysis is presented 
in the supplement (Table S3). The AUCs of the VI for 
different grades of vascular changes were 0.79 (mild, 95% 
CI: 0.64–0.94), 0.54 (moderate, 95% CI: 0.35–0.73) and 
0.75 (severe, 95% CI: 0.59–0.90). Similarly, eGFR values 
were 0.63 (mild, 95% CI: 0.43–0.84), 0.60 (moderate, 95% 
CI: 0.41–0.78) and 0.75 (severe, 95% CI: 0.59–0.91). The 
vascular impression AUCs were 0.67 (mild, 95% CI: 0.47–
0.87), 0.55 (moderate, 95% CI: 0.37–0.74) and 0.72 (severe, 
95% CI: 0.55–0.90). In addition, AUCs for different 
grades of vascular changes in shape were 0.75 (mild 95% 
CI: 0.59–0.91), 0.51 (moderate, 95% CI: 0.32–0.70), and 
0.74 (severe, 95% CI: 0.56–0.92). No statistical differences 
were observed among the different individual factors in the 
various groups (all P>0.05); however, in the mild vascular 
disease group, the AUCs of the VI were significantly higher 
than eGFR values. This may have been due to MFI having 
a high sensitivity for the vascular changes in MN patients 
in stages I–II, which facilitated the predictability of the VI. 
In addition, heat map and chordal graph (Figure 4C,4D) 
show correlation coefficients of the different parameters 
of vascular damage classifications in MN. Only the MFI-
related parameters (VI r=−0.50, impression r=0.43, and 
shape r=0.52) and eGFR (r=−0.38) had a correlation with 
the degree of vascular damage (P<0.05) in the supplement 
(Table S4). Furthermore, the violin plot analysis shows the 
distribution of different US parameters and lab indexes in 
different groups (Figure 5).

Discussion

To the best of our knowledge, this is the first study to 
report on the predictive performance of a noninvasive 
examination using MFI in predicting the microvascular 

https://cdn.amegroups.cn/static/public/QIMS-23-1010-Supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-23-1010-Supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-23-1010-Supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-23-1010-Supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-23-1010-Supplementary.pdf
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Figure 4 Heat map and chordal graphs were used to visualize the relationship between categorical parameters and MN. The abscissa and 
ordinate in (A) represent the 17 standardized features. (B) Relationship between all parameters and MN. The abscissa and ordinate in (C) 
represent the 20 feature signatures. (D) Relationship between all parameters and the pathology vascular score classification of MN. In the 
heat map, the darker the color, the closer the correlation coefficient value is to 1 or −1, and the more correlated the two features are. On 
the contrary, the lighter the color, the closer the correlation coefficient value is to 0, and the less correlated the two features are. The width 
of a link represents the strength of the correlation in the chordal graphs. BMI, body mass index; VI, vascular index; PSV, peak systolic 
velocity; EDV, end-diastolic velocity; RI, resistive index; eGFR, estimated glomerular filtration rate; Scr, serum creatinine; BUN, blood urea 
nitrogen; Pro (+), urine protein; CysC, cystatin C; ALB, albumin; RBP, retinol-binding protein.
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Table 3 Pathology vascular score classification

Variables Mild Moderate Severe Univariate statistics, P value

N 11 (28.9) 15 (39.5) 12 (31.6)

Gender 0.92

Men 7 (29.2) 10 (41.7) 7 (29.2)

Women 4 (28.6) 5 (35.7) 5 (35.7)

Age (years) 52 [32–65] 56 [39–70] 55 [52–74] 0.06

BMI (kg/m2) 25.29±3.90 25.27±3.69 26.53±5.39 0.72

Hypertension 4 (30.8) 5 (38.5) 4 (30.8) 0.98

Diabetes 1 (11.1) 4 (44.4) 4 (44.4) 0.37

RI 0.55±0.04 0.59±0.07 0.58±0.07 0.27

Kidney length (mm) 106.91±7.29 108±9.34 102.92±7.60 0.27

Kidney width (mm) 49.36±4.65 50.67±4.53 48.58±5.02 0.52

Kidney thickness (mm) 52.45±3.80 52.27±4.54 50.58±5.11 0.54

Cortical thickness (mm) 5.62±1.19 5.29±1.15 5.20±0.92 0.63

Medulla thickness (mm) 10.15±2.08 10.63±2.59 10.18±1.90 0.83

PSV (cm/s) 27 [22–37] 31 [16–47] 27.5 [20–68] 0.35

EDV (cm/s) 12 [9.5–26] 13 [6–26] 11.5 [9–25] 0.85

eGFR (mL/min) 94.19±28.09 92.64±22.74 69.78±25.09 0.037

Scr (μmol/L) 88 [49–118] 75.5 [54–95] 105 [66–643] 0.21

BUN (mmol/L) 7.2 [4–12.2] 5.8 [2.2–7.8] 6.25 [4.6–18.7] 0.66

CysC (mg/L) 1.38 [0.61–3.3] 1.06 [0.61–1.38] 1.53 [0.89–4.9] 0.12

RBP (mg/L) 37 [31–55] 43 [31–58] 46.5 [38–129] 0.20

ALB (g/L) 28.56±11.65 29.30±11.59 29.13±12.22 0.99

Pro (+) 0.40

(++) 3 (60.0) 2 (40.0) 0

(+++) 6 (27.3) 9 (40.9) 7 (31.8)

(++++) 2 (18.2) 4 (36.4) 5 (45.5)

VI 0.48±0.13 0.34±0.18 0.25±0.15 0.006

Vascular impression 0.007

Good 4 (80.0) 1 (20.0) 0

Intermediate 4 (21.1) 11 (57.9) 4 (21.1)

Poor 3 (21.4) 3 (21.4) 8 (57.1)

Vascular shape 0.013

Normal 8 (47.1) 7 (41.2) 2 (11.8)

Distorted 3 (20.0) 7 (46.7) 5 (33.3)

Very distorted 0 1 (16.7) 5 (83.3)

Data are presented as n (%), mean ± standard deviation, or median [25–75%]. BMI, body mass index; RI, resistive index; PSV, peak 
systolic velocity; EDV, end-diastolic velocity; eGFR, estimated glomerular filtration rate; Scr, serum creatinine; BUN, urea nitrogen; CysC, 
cystatin C; RBP, retinol-binding protein; ALB, albumin; Pro (+), urine protein; VI, vascular index.



Quantitative Imaging in Medicine and Surgery, Vol 14, No 1 January 2024 967

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2024;14(1):958-971 | https://dx.doi.org/10.21037/qims-23-1010

damage of the chronic kidney disease MN. In this study, 
we demonstrated the feasibility of MFI for the detection of 
early-stage vascular changes in MN among MN patients 
in stages I–II (and particularly in early-stage patients), 
who have not yet shown changes in eGFR or Scr levels. 
Specifically, we have shown that the VI detected using MFI 
was significantly lower in MN patients compared with that 
in healthy controls. In binary logistic regression analysis, 
VI and Scr levels were identified as independent predictors 
of MN. MFI showed good diagnostic performance (AUC: 
0.94, 95% CI: 0.89–0.99) in identifying participants 
with stages I–II MN. A previous study has indicated that 
kidney length is commonly used for clinical monitoring 
of kidney damage (29). Yaprak et al. measured the renal 
cortical thickness of 120 patients with CKD stages 1–5, and 
the results showed that the thickness of the renal cortex 
was positively correlated with eGFR (30). Petrucci et al.  
hold that RI is an indirect measure of microcirculation 
impedance, which increases when arteriolosclerosis and 
microcirculation rarefaction occur (31). We also reached the 
same conclusion. Surprisingly, MFI outperformed other US 

imaging markers including kidney length (AUC: 0.69; 95% 
CI: 0.57–0.81) and RI (AUC: 0.71; 95% CI: 0.59–0.83), and 
biochemical criterions such as Scr levels (AUC: 0.87; 95% 
CI: 0.79–0.95). Similarly, MFI also detected the stages of 
microvascular damage among patients who had undergone a 
kidney biopsy. All the radiological parameters of MFI (index, 
impression, and shape) were dramatically different among 
the three grades (P<0.05). We found that all predictors had 
lower AUCs in the moderate group than the other groups. 
This could be due to two reasons: our small sample size, 
which could cause bias; and our selection of some moderate 
patients who were close to the threshold of adjacent groups, 
which could affect the evaluation of the moderate group. 
In the group with mild vascular damage, however, VI 
showed better predictive performance than those of other 
parameters in the preliminary detection of microcirculatory 
damage.

MN is a common cause of pathologic nephrotic syndrome 
and kidney failure. The frequency of MN remains steady 
in China. Current guidelines recommend screening all 
patients with nephrotic syndrome using renal biopsy. 
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Figure 5 Violin graphs visualize the relationship between continuous parameters and MN pathology vascular score; 0= none (n=38);  
1= mild (n=11); 2= moderate (n =15); and 3= severe (n=12). (A) Relationship between eGFR and MN pathology vascular score. (B) Relationship 
between kidney length and MN pathology vascular score. (C) Relationship between RI and MN pathology vascular score. (D) Relationship 
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membranous nephropathy.
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However, this approach is hampered by lack of compliance 
stemming from the invasiveness of this examination (32,33). 
Currently, MFI is used as an innovative US-based additional 
tool for grayscale, color, and spectral Doppler evaluation of 
incidentally detected kidney injury. MFI offers an increased 
level of detail and improved visualization of small branching 
vessels by combining approaches such as flash, motion 
suppression and other artifact-reducing techniques with 
adaptive filtering to remove clutter; this technique improves 
sensitivity to slow-flow Doppler signals (19,22,34). Using 
MFI, we have found that the cortical VI of MN patients was 
significantly lower than that of healthy controls (0.65±0.09 vs.  
0.35±0.18, P<0.01) in our present study, which is consistent 
with the findings of Armaly et al. (23). Using CEUS, Garessus 
et al. obtained similar results in patients with chronic kidney 
disease (35). The kidney contains a complex network of blood 
vessels, consisting of glomerular and peritubular capillaries. 
Entering the kidney at the hilum and branching into smaller 
arteries, the renal artery repeatedly divides into interlobar, 
arcuate and interlobular arteries. Blood is supplied to the 
glomerular capillaries, which make up the kidney’s capillary 
network, by afferent arterioles that mostly originate from 
interlobular arteries (36,37). The pathologic changes in 
MN include thickened capillary walls, arteriolosclerosis and 
characteristic immune-complex deposits along the glomerular 
basement membranes (1,3,38). Damage to glomerular 
capillary walls and arteriole can alter renal blood flow and 
lead to a progressive decrease in peritubular capillary flow, 
resulting in mild tubulointerstitial ischemia. This cascade 
of events may be both a cause and/or consequence of renal 
fibrosis and kidney insufficiency (37,39). Furthermore, 
we observed obvious differences in VI among the three 
groups of MN patients with mild changes compared with 
the reference standard renal biopsy. This finding indicates a 
strong correlation between the result of the biopsy and VI 
in diseased patients. This finding also supports the reliability 
of MFI and demonstrates its ability to show a decrease in 
kidney vascular damage, especially in the mild stages. In 
addition, we found that the VI declined among some early 
MN patients even though there were no major changes in 
Scr, which may have been attributed to remaining healthy 
nephrons underwent functional changes to compensate for 
the loss of diseased nephrons and maintain homeostasis of 
kidney until approximately 75% of nephrons are lost (40).  
The eGFR in daily clinical practice is not always consistent 
with the histopathologic changes and insensitive to subclinical 
injury (41-43). Armaly and his team also found the decline 
of VI in the early diagnosis even without major changes in 

Scr (23). Moreover, using multiple quantitative measures, 
we have demonstrated that MFI showed a higher sensitivity 
than those of other US technologies, such as kidney length 
and RI in visualizing the kidney cortical microvasculature to 
predict MN. These results show that MFI is a convenient, 
noninvasive and accurate approach that can be used to predict 
MN without the use of a contrast agent and can be helpful in 
patient follow-up and clinical decision-making.

Despite these encouraging results, our current study 
had several limitations. First, the number of patients and 
controls was small. Hence, a larger follow-up study is 
needed to confirm our findings. Second, the reliability 
of MFI may have been influenced by different operators. 
Therefore, a standardized MFI measurement was used in 
this study, and ultrasonic examination was performed by 
experienced US doctors to minimize the potential subjective 
interference. Third, even though MFI has multiple uses, 
its diagnostic utility is rather limited, as it cannot tell apart 
different forms of vascular damage. In addition, our sample 
size was small. Therefore, we did not perform subgroup 
analysis on patients with other diseases (such as diabetes, 
hypertension, renal artery stenosis, etc.). In the future, we 
will continue to collect patients for further exploration.

Conclusions

In conclusion, our results showed that MFI, which is a 
microvascular full-field-of-view imaging method, showed 
promise in the noninvasive prediction of MN, especially 
in early disease with preserved renal function. Combining 
the VI of MFI with conventional B-mode US improved 
the differentiation of healthy kidneys from those affected 
by MN. VI, which is a highly reproducible quantitative 
parameter of MFI, may provide additional objective 
information, which would be useful for detecting renal 
changes in MN during early detection and assessing the 
severity of MN and treatment options during follow-up.
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