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Abstract.

BACKGROUND: The glomerular filtration rate (GFR) and albumin-to-creatinine ratio (ACR) have been widely used to
identify and manage diabetic kidney disease (DKD). However, classifications based on these two indices do not always concur
in terms of DKD diagnosis; for example, cases of high ACR with normal GFR or normal ACR with low GFR may occur.
A recent study suggested that critical shear stress (CSS), a hemorheological parameter to represent aggregating force of red
blood cells (RBCs), is a potential screening index for DKD. In the present study, we investigated the diagnostic potential of
CSS for DKD according to the KDIGO 2012 Guideline.

METHODS: A total of 378 patients with type 2 diabetes who visited Yeungnam University Hospital between 2014 and 2017
were included. CSS was measured using a transient microfluidic hemorheometer, Rheoscan-D300® (Rheomeditech, Seoul,
Republic of Korea) with whole blood. Patients who were DKD negative (green zone) were compared with patients who were
DKD positive (red zone) as Model 1 and patients at risk for (orange zone) and red zones as Model 2, respectively.
RESULTS: After exclusion criteria such as eGFR < 30 mL/min/1.73 m?, alcoholism, and macrovascular complications were
applied, the sensitivity and specificity were 100% and 77.8% for Model 1 and 75.0% and 72.0% for Model 2, respectively.
The diagnostic accuracy measures of the CSS for Model 1 were found to be highly accurate or have the potential to alter
clinical decisions. Similarly, the diagnostic accuracy measures of CSS for Model 2 were found to provide useful information,
despite them expanding to the orange and red zones.

CONCLUSION: DKD was successfully identified using a novel integrated hemorheological index of CSS that satisfied both
ACR and GFR criteria. Therefore, CSS may be useful for the additive diagnosis of DKD with GFR and uACR.

Keywords: Diabetic kidney disease, screening, critical shear stress, RBC, biomarker

1. Introduction

Chronic kidney disease (CKD) in diabetic patients is the most common diabetic complication world-
wide and occurs in approximately 40 % of patients with diabetes [1]. Diabetic kidney disease (DKD)
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has become the most common cause of end-stage renal disease (ESRD) and renal replacement treat-
ment (RRT) due to the increased incidence of diabetes [2]. Thus, early screening and appropriate
management of modifiable risk factors are the best strategies to prevent ESRD. To date, urine albumin
to creatinine ratio (WACR) and estimated glomerular filtration rate (¢GFR), which are markers of renal
damage and renal dysfunction, respectively [3, 4], remain the recommended screening tests for CKD
in patients with diabetes.

These two tests are now widely accepted as standard, but some patients get discrepant results between
tests. Thus, combining changes in eGFR and urine microalbuminuria is recommended when conduct-
ing screening tests for CKD with a high diagnostic capability [5]. However, a discrepancy between
microalbuminuria and eGFR still exists, which results in a ‘gray zone’ that makes it difficult to diagnose
CKD [6, 7].

The ‘gray zone’ problem was somewhat solved when the 2012 Kidney Disease: Improving Global
Outcomes (KDIGO) Clinical Practice Guideline for the Evaluation and Management of CKD was
compiled [8]. This guideline classifies CKD using both GFR dimensions, which has been widely used
to manage and treat people with CKD [9]. A categorical meta-analysis confirmed that relative risks,
including cardiovascular mortality, kidney failure, acute kidney injury, and progressive CKD, were
highly increased with the two-dimensional classification of CKD [9]. Even after adopting the KDIGO
guidelines for more than two decades, many practical difficulties in identifying CKD remain. This is
mainly due to the asymptomatic nature in its early stages, and early detection frequently fails. Good
primary care judgment is essential when decisions regarding referrals to obtain the opinion from a
specialist in nephrology are made [10]. However, comprehensively analyzing renal function and injury
at primary care clinics with full information on eGFR, uACR, and other abnormalities such as urine
sedimentation, tubular disorders, and histological abnormalities would be difficult. Therefore, there is
an urgent need for a simple and integrated biomarker that can be used to detect CKD.

Researchers have suggested that hemorheological changes are also involved in the development of
diabetic complications [11, 12]. Chronic inflammation, oxidative stress, and advanced glycation end
products are known to alter erythrocyte morphology and reduce deformability [13, 14] and aggregation
characteristics [15]. These hemorheological parameters, however, were not so successful to be used
as diagnostic indexes for screening diabetic complications [16]. We introduced critical shear stress
(CSS) as a novel hemodynamic parameter representing the minimum force to break up aggregated red
blood cells, which had been difficult to measure [17, 18]. Unlike the traditional parameters of the RBC
aggregation parameter, CSS is hematocrit-independent and has dimensional units of shear stress. In
our previous reports [19, 20], critical shear stress (CSS) was closely associated with DKD diagnosed
using the either urinary albumin-creatinine ratio (tACR) or eGFR. However, little is known regarding
the screening performance of CSS when diagnosing CKD in patients with diabetes with respect to the
two-dimensional categories of the KDIGO guidelines. To address this, we investigated the diagnostic
power of CSS and the optimal cut-off value of CSS for DKD diagnosis in patients with type 2 diabetes.

2. Materials and methods
2.1. Study population and exclusion criteria

This study enrolled patients with type 2 diabetes mellitus who visited Yeungnam University Hospital
(Daegu, Korea) between 2014 and 2017. The present study was conducted with the approval of the
Institutional Review Board of Yeungnam University Hospital, and informed consent was obtained
from all patients. The data were collected at the first visit. To exclude factors that could confound
kidney function markers without kidney damage, such as aging, liver disease, infection, or factors that
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Fig. 1. Classification of CKD using (a) GFR and (b) albuminuria , (c) Classification of CKD using GFR and ACR categories:
KDIGO guidelines with a categorical risk analysis (cited from Ref. [9]).

may affect statistical variance during analysis, the first exclusion criteria were as follow: 1) over 85
years of age (n=2); 2) acute inflammation or infection (white blood cell count > 20,000/.L or high-
sensitivity C-reactive protein level > 10 mg/dL, n = 8); 3) anemia (hemoglobin [Hb] <8 g/dL,n=1); 4)
impaired liver function (aspartate aminotransferase > 100 or alanine aminotransferase > 100, n =16);
5) hypertriglyceridemia (triglyceride > 1000 mg/dL, n = 2); and 6) patients without blood urea nitrogen
(BUN) or creatinine (n = 6) results. These exclusion criteria are widely used when CKD is studied. A
total of 378 participants were selected through the primary exclusion criteria, as shown in Fig. 2(a).

The results of our previous studies [16, 17] revealed that some factors significantly affected the
hemorheological index; therefore, these factors should be carefully examined in the present study. For
instances, CSS increased gradually as the GFR decreased to 30, but decreased again at GFR below 30
[16]. Also, CSS was correlated to some extent with macrovascular diseases such as coronary artery
disease [21, 22]. In addition, alcohol intake within 24 hours has been routinely applied as an exclusion
criterion for general blood tests. Considering the local culture of episodic heavy drinking, local blood
tests strongly recommend abstaining from alcohol consumption for up to a week [23, 24]. Therefore,
we established the secondary exclusion criteria as follow: S1) eGFR <30 mL/min/1.73 m? (n=6), S2)
alcohol intake within a week (n =50), and S3) macrovascular diseases (n =73). By applying the second
exclusion criterion, the number of analyzed participants gradually decreased, as shown in Fig. 2(a).
After adopting S1-S3, the number of patients in the green, yellow, orange, and red zones were 153
(61.4%), 62 (24.39%), 25 (10.0%), and 9 (3.6%), respectively.

2.2. Diabetic complication

All participants were examined for microvascular complications. Diabetic retinopathy was identi-
fied using fundus photography. To diagnose DKD, the participants were tested for the presence of
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Fig. 2. (a) Patient selection with exclusion criteria for optimal outcomes; (b) Comparison models used to assess the diagnostic
accuracy of CSS for CKD; (a) Model I comparing the green and red zone, (b) Model II comparing the green and combination
of orange and red zones.

albuminuria and reduction in GFR. Albuminuria was assessed using uUACR > 30 mg/g as a reference,
and the reduction in GFR was calculated using the MDRD (Modification of Diet in Renal Disease) for-
mula. Diabetic polyneuropathy was diagnosed using a 10 g monofilament test or Michigan Neuropathy
Scoring statement questionnaire. We investigated the CAD and CVA histories of the participants to
evaluate macrovascular compliance.

2.3. CSS measurement

CSS was measured in whole blood without adjusting the hematocrit using a transient microfluidic
hemorheometer (RheoScan-D300, Rheomeditech Inc., Seoul, Korea), as shown in Fig. 3. The blood
sample (500 wL) was placed in a reservoir chamber and exposed to a pressure differential that decreased
continuously. When the pressure differential was gradually decreasing, the RBC aggregates were
initially dispersed by high shear forces, and the corresponding backscattered light (BSL) intensity was
increased. However, when the differential pressure was further decreased, the shear stress applied to
the red blood cells also decreased, causing the red blood cells to re-aggregate and the BSL strength
decreased. BSL intensity and pressure data were measured every 0.1 seconds and a test was completed
within 20 seconds. The time and shear stress corresponding to maximal BSL were deemed the critical
time and CSS. Further detailed information can be found in our previous reports [17, 18].

2.4. Assessment of diagnostic accuracy

In the present study, we used receiver operating characteristic (ROC) analysis and calculated the
area under the curve (AUC) to evaluate the diagnostic power of CSS. We selected the optimal cut-off
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Fig. 3. Measurement of CSS in a microfluidic rheometry (a) Disposable microfluidic cartridge holding 500 uL of whole
blood, (b) Simultaneous measurements of shear stress and backscattering intensity with respect to time.

points using the Yuden index method or approach known as the point closest to the (0,1) corner of
the ROC plane (DistO1) [26]. The former defines the optimal cut-off point as the point maximizing
the Youden function (sensitivity + specificity — 1), and the latter defines the optimal cut-off point as
the point that minimizes the Euclidean distance between the ROC curve and the point in question.
The following measures were used to evaluate diagnostic accuracy at CSS values corresponding to the
optimal cut-off point [27, 28]: 1) sensitivity+specificity; 2) positive likelihood ratio (LR+) = sensitivity
/ (1-specificity); 3) negative likelihood ratio (LR-) = (1-sensitivity) / specificity; 4) diagnostic odds
ratio (DOR) =LR+/LR~.

2.5. Comparison models

In this study, we developed two comparison models (Models I and II) to determine the diagnostic
accuracy of CSS for CKD, as shown in Fig. 2. Model I compares patients who are DKD negative
(green zone) and positive (red zone). The green zone was defined as eGFR > 60 mL/min/1.73 m?
and uACR <30 mg/g in all models, whereas the red zone was defined as GFR <45 and ACR > 30 or
GFR <60 and ACR > 300 in the Model 1. In Model 2, the green zone was compared with the expanded
DKD positive group, which included the orange and red zones.

3. Results

The baseline characteristics of the patients are presented in Table 1. The mean age was 58.46 £ 11.57
years, and the mean duration of diabetes was 9.13 years. The average HbAlc was 8.3 +£2.1%, and
the eGFR was 78.4 +21.7 mL/min/1.73 m2. The mean CSS was 315 mPa, and EI@3 Pa was 30.7%.
In addition, the percentage of registered participants classified using the eGFR and wACR categories
was analyzed.

Table 2 describes the statistical results of the diagnostic performance of CSS for identifying
CKD in the comparison Model I (green zone vs red zone). With adopting the exclusion criterion
of eGFR <30 mL/min/1.73 m? (S1), the sensitivity and specificity were 80.0% and 68.0%, respec-
tively. With adopting the exclusion criteria of eGFR <30 mL/min/1.73 m? (S1) and alcohol-intake
(S2), the sensitivity (85.7%) and specificity (75.5%) were slightly improved, respectively. Additional
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Baseline characteristics of the participants

Table 1

Variable

Mean £+ SD

Sex (n=M (%))

Age (years)

BMI (kg/m?)

DM duration (years)
Hypertension (%)

Systolic Blood Pressure (mmHg)
Diastolic Blood Pressure (mmHg)
Hemoglobin Alc (%)

Fasting blood glucose (mg/dL)
Fasting blood insulin (uU/mL)
Fasting blood C-peptide (ng/mL)
HOMA-IR

HOMA-B

Hemoglobin (g/dL)

Total protein (g/dL)

Albumin (g/dL)

AST (IU/L)

ALT (IU/L)

GGT ((IU/L)

Total cholesterol (mg/dL)
Triglyceride (mg/dL)

High density lipoprotein (mg/dL)
Low density lipoprotein (mg/dL)
hsCRP (mg/dL)

BUN (mg/dL)

Creatinine (mg/dL)

eGFR (mL/min/1.73 m?)

Urine albumin creatinine ratio
CSS (mPa)

EI@3Pa (%)

259 (60.1 %)
585+11.6
24.94+7.0

9.14+7.8
58.7
131.7+£163
77.8£11.0
8342.1
168.44£55.3
1224163
32426
4.6+3.6

4824392
140+1.8
9.0+34.8
45406
29.7+£21.9
3344459
47.4+£85.0

179. 8 £47.0

1744+ 116.9
50.3 +14.7
94.9 +40.8
2.84+40.2
16.7+£6.6

1.1+£0.3
78.4+21.7

178.4 4+ 659.4

315.0£167.5
30.7+1.9

*mean =+ standard deviation

Table 2

Statistical results of Model I with stepwise application of the secondary exclusion criteria

Exclusion criteria Analyzed No. of DKD AUC cut-off (mPa) Sensitivity Specificity
patients (Prevalence)

S1) eGFR <30 234 17 (7.2%) 67.8% 70.6% 76.5%

S1) eGFR<30 &

$2) Alcohol-intake 204 13 (6:3%) 71.2% 84.6% 81.2%

S1) eGFR <30 &

S2) Alcohol intake & 162 9 (5.6%) 90.3% 100% 81%

S3) Macrovascular Dx
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Fig. 4. Comparison of receiver operating characteristic (ROC) curves for Model I: (a) Model I with adopting S1-S2 and (b)
Model I with adopting S1-S3.

Table 3
Statistical results of Model II with stepwise application of the secondary exclusion criteria

Exclusion criteria Analyzed No. of DKD AUC cut-off Sensitivity Specificity
patients (Prevalence)
S1) eGFR <30 270 51 (18.9%) 71.9% 356 64.7% 76.3%
S1) eGFR <30 &
)e 233 41 (17.6%) 72.2% 356 68.3% 74.5%

S2) Alcohol-intake

S1) eGFR<30 &
S2) Alcohol intake & 145 20 (13.8%) 75.5 356 75.5% 75.0%
S3) Macrovascular Dx

application of exclusion criteria for macrovascular disease significantly improved sensitivity and speci-
ficity to 80.0% and 68.0%, respectively. It is noteworthy that the stepwise adoption of this exclusion
criterion did not significantly change the cutoff value of the critical shear stress (330 mPa to 364 mPa).
As aresult, application of these exclusion criteria (S1-S3) improved sensitivity by 20% and specificity
by 12.1%. Figure 4 shows the ROC curves for the Model I with two different exclusion criteria. Adop-
tion of S1 and S2 yielded AUC of 79.3%, whereas adoption of S1-S3 did 90.1%. Of course, higher
AUC and consequently improved sensitivity and specificity values were obtained when all exclusion
conditions were applied.

Similarly, Table 3 describes the statistical results of the diagnostic performance of CSS for iden-
tifying CKD in the comparison Model II (green zone vs red & orange zones). When an exclusion
criterion of eGFR <30 mL/min/1.73 m? (S1) was applied, the sensitivity and specificity were 64.7%
and 76.3%, respectively. Neither sensitivity (68.3%) nor specificity (74.5%) improved when the
additional alcohol intake exclusion criterion was combined with the first exclusion criterion of
eGFR <30 mL/min/1.73 m?. Additional application of exclusion criteria for macrovascular disease
significantly improved sensitivity (75.5%) but not specificity (75.0%). Overall, as a result of applying
these exclusion criteria (S1-S3), the sensitivity was slightly improved by 10.8% and the specificity
was the same level.
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Table 4

Various indexes representing diagnostic performance

Definition & judgement Model Ia Model IT

Sensitivity + Definition: Sensitivity + Specificity

Specificity Sen + Spe > 150% 180.1% 157.7%

Definition: Area under curve
AUC > 0.9: outstanding accuracy 0.901
AUC 0.8-0.9: excellent accuracy _

0.7-0.8: moderate accuracy 0.775

0.5-0.7: low accuracy

Definition: Sensitivity /(1-Specificity)
>10: potential to alter clinical decisions
LR+
5-10: useful additional information

<S: rarely to alter clinical decisions

Definition: (1-Sensitivity)/Specificity]
<0.1: potential to alter clinical decisions
LR-
0.11-0.20: useful additional information

0.21-3: rarely alters clinical decisions

= .
o S

Definition: (LR+/LR-)

DOR DOR > 10 14.2

o0

4. Discussion

In the present study, we found that CSS is significantly correlated with the presence of CKD in
patients with type 2 diabetes who did not take alcohol within a week. The sensitivity and specificity
of CSS increased more in patients with type 2 diabetes mellitus without a history of macrovascular
complications (100% and 75.3% in Model I). The area under the receiver operating characteristic
(AUROC) of CSS was 90.1%, which indicates good diagnostic accuracy. Based on these findings, we
suggest that the optimal cutoff value of CSS should be 363 mPa when DKD criteria are met. To the
best of our knowledge, this is the first study to suggest a CSS cut-off value for the diagnosis of DKD.

In fact, these diagnostic accuracy results are sufficient for the application of CSS as a screening
assay for CKD in diabetic patients. Our previous research [16] yielded sensitivity and specificity
values of 60.2% and 60.3%, respectively, with an AUC of 0.635. Since these excellent results were
obtained by adopting the exclusion criteria, it is worth examining the key exclusion criteria closely.
As shown in Fig. 2(a), the patient selection was consisted of two- processes with exclusion criteria.
In the primary exclusion process, 8.5% (35 of 413 enrolled patients) were excluded from and 31.2%
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were excluded from the secondary exclusion process. In the secondary exclusion, patients who yielded
GFR <30 mL/min/1.73 m?, (S1, n=6), patients who took alcohol within a week (S2, n=50) and
macrovascular diseases (S3, n=73) were excluded, respectively.

In general, CSS gradually increased as eGFR decreased. However, when the eGFR is lower than
30 mL/min/1.73 m2, the CSS tends to increase once more [16]. Furthermore, most patients with
GFR <30 mL/min/1.73 m? are classified as stage IV CKD and present with pronounced symptoms
and therefore no screening is required. Thus, the S1 exclusion criterion was adopted. Second, gen-
eral blood tests used to exclude samples that have consumed alcohol within 24 hours. In fact, even
mild level of alcohol intake affected RBC size and morphology due to osmotic pressure alteration
[25]. However, either excessive intakes of alcohol in a short period of time or chronic alcohol intake
would result in significant hemorheological alterations [23, 24]. Considering the local culture of
episodic heavy drinking, local blood tests strongly recommend abstaining from alcohol consump-
tion for up to a week. Therefore, we adopted the alcogol-intake (S2) as one of the exclusion criteria.
Meanwhile, CSS was interpreted as a force required to disperse RBC aggregates. Elevated CSS was
closely related with macrovascular diseases such as coronary artery disease [21, 22]. Thus, S3 was
carefully selected after comprehensive and systematic analysis of clinical data to establish exclusion
criteria.

To evaluate the diagnostic accuracy of CSS for DKD, one must examine the classifications of each
diagnostic index. The diagnostic indices were graded according to the evaluation guidelines as listed
in Table 3. Since sensitivity and specificity are inversely proportional to one other in the ROC curve
analysis, the sum of these two values should be higher than 150%. Of course, depending on the purpose
of the diagnostic index, high sensitivity and moderate specificity values may coexist, and vice versa.
LR+ is the probability ratio of true positive to false positive, whereas LR— is the ratio of false positive
to true negative. Therefore, the higher the LR+ and the lower the LR—, the more accurate the diagnosis.
Finally, diagnostic odd ratio (DOR) is defined as the ratio of LR+ to LR— and ranges from zero to
infinity. The cutoff value of the DOR is generally 10. Given these evaluation guidelines, the current
diagnostic accuracy of CSS for DKD is quite high. Both Models Ia and Ib exhibit excellent grading
(green color), except for LR+. Model IIb also yielded moderate accuracy in terms of the sum of
sensitivity and specificity, AUC, and DOR.

In the present analysis, we introduced four different comparison models (Model I and Model II) in
Table 4. The main difference between Model I and 1II is the inclusion of the orange zones as DKD-
positive. In Model I, the DKD positives were strictly defined with the red zones, which are classified
as high risk or CKD stage 3, as shown in Fig. 1(c). In Model I, all indexes to examine diagnostic
accuracy of CSS for DKD exhibited excellent values, which were categorized as outstanding accuracy
and had the potential to alter clinical decision. For instance, the AUC was 0.917, LR- was 0.0, and
DOR was oo for Model I, all of which are in the highest rank of diagnostic accuracy grading. These
results indicate that CSS can distinctively identify DKD-positive (red zone) patients at local clinics.
When the orange zone is included in the DKD positive group along with the red zone (Model II), the
diagnostic accuracy indexes of CSS, tend to decrease somewhat but can still be useful for screening
purposes, as listed in Table 4.

There has been a vast clinical unmet need to detect diabetic kidney disease in primary care set-
tings without analyzing a full panel of GFR, ACR, and additional renal biomarkers. CSS, which
can be quickly and easily measured at the point of care, is a potential solution to these unmet
needs. A commercial system (RheoScan) can measure CSS from sample to answer in less than
a minute with EDTA treated whole blood sample. Although CSS measurement uses advanced
techniques of optics and microrheology, the low-cost test kit technology could be used even for
diabetic patients in developing countries, in which the number of diabetic patients is increasing
significantly.



302 LR. Park et al. / Critical shear stress of RBCs as a novel integrated biomarker for DKD
4.1. Limitation of the study

Due to the limit of a retrospective study, there were extensive exclusion of patients who did not meet
the selection guidelines for this study. It is also worth noting that not all patients diagnosed with DKD
develop renal dysfunction due to their diabetes mellitus [29]; i.e., patients who present with CKD and
diabetes mellitus (type 1 or type 2) can have true DKD, nondiabetic kidney disease (NDKD) concurrent
with diabetes mellitus, or a combination of both DKD and NDKD. However, distinguishing cases of
true DKD from other patients with limited clinical information without kidney biopsy is difficult. Thus,
the results of the present study are insufficient to determine whether the CKD in the diabetic patient
group is true DKD or NDKD concurrent with diabetes mellitus.
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