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The causes of chronic kidney disease (CKD) affects its outcomes. However, the relative risks for
adverse outcomes according to specific causes of CKD is not well established. In a prospective cohort
study from KNOW-CKD, a cohort was analyzed using overlap propensity score weighting methods.
Patients were grouped into four categories according to the cause of CKD: glomerulonephritis (GN),
diabetic nephropathy (DN), hypertensive nephropathy (HTN), or polycystic kidney disease (PKD).
From a total of 2070 patients, the hazard ratio of kidney failure, the composite of cardiovascular
disease (CVD) and mortality, and the slope of the estimated glomerular filtration rate (eGFR) decline
according to the cause of CKD were compared between causative groups in a pairwise manner. There
were 565 cases of kidney failure and 259 cases of composite CVD and death over 6.0 years of follow-up.
Patients with PKD had a significantly increased risk for kidney failure compared to those with GN
[Hazard ratio (HR) 1.82], HTN (HR 2.23), and DN (HR 1.73). For the composite outcome of CVD and
death, the DN group had increased risks compared to the GN (HR 2.07), and HTN (HR 1.73) groups
but not to the PKD group. The adjusted annual eGFR change for the DN and PKD groups were -3.07
and -3.37 mL/min/1.73 m? per year, respectively, and all of these values were significantly different
than those of the GN and HTN groups (-2.16 and - 1.42 mL/min/1.73 m? per year, respectively). In
summary, the risk of kidney disease progression was relatively higher in patients with PKD compared
to other causes of CKD. However, the composite of CVD and death was relatively higher in patients
with DN-related CKD than in those with GN- and HTN-related CKD.

Chronic kidney disease (CKD), which is rapidly increasing in prevalence and incidence, is a heterogeneous set
of diseases caused by various risk factors and comorbid conditions'~>. Although CKD patients share similar
pathophysiologies involved with the kidney disease progression, the course and speed of CKD progression and
associated complications differ according to the underlying causes. Therefore in the KDIGO guidelines, the
cause of CKD is considered one of the important predictors of the outcome, together with other variables such
as the glomerular filtration rate category, the albuminuria category, and other comorbid conditions®. However,
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the relative risk for adverse outcomes according to the specific cause of CKD has not been well studied®. Direct
comparisons of outcomes according to the specific cause of CKD are important to understand the natural pro-
gression of CKD and to characterize possible complications according to the cause of CKD. This is critical for
CKD management during the predialysis period, both to slow progression and to improve long-term outcomes.
In addition, this knowledge can help determine high-risk groups among the CKD population so that resources
can be prioritized and therapies can be more targeted.

A few studies have investigated relative risks for adverse outcomes in the CKD population according to spe-
cific causes’™'°. However, previous studies did not cover all of the major CKD etiologies or stages or address all
major outcomes. Due to the limitations, the results cannot be extrapolated to the entire adult CKD population.

In this study, we analyzed the hazard ratio for kidney progression and the composite outcome of cardiovascu-
lar disease (CVD) and all-cause mortality according to the cause of CKD in a prospective cohort. To investigate
the effects of the causes of CKD on the outcomes, overlap weighted methods were used to adjust for the possible
confounding factors. Additionally, we analyzed the annual rates of estimated glomerular filtration (eGFR) decline
according to the cause of CKD to determine kidney progression patterns according to CKD etiology.

Methods

This was a longitudinal study of a prospective cohort of CKD patients in Korea, called KNOW-CKD (KoreaN
cohort study for Outcome in patients With Chronic Kidney Disease). KNOW-CKD is a multicenter prospective
cohort study that enrolled adult predialysis patients with CKD stages G1 to G5'!. Patients were classified into four
groups according to the specific cause of CKD at enrollment: glomerulonephritis (GN), diabetic nephropathy
(DN), hypertensive nephropathy (HTN), and Polycystic kidney disease (PKD). Each group classification was
determined based on pathologic diagnosis if a biopsy result was available (27.6% of total patients: 66.5% of GN
group, 6.4% of DN group, 7.3% of HTN group and 1.4% of PKD group). Otherwise, group classifications were
based on clinical diagnoses. The biopsy-proven GN consisted as following — 40% IgA nephropathy, 7% focal seg-
ment glomerular sclerosis, 6% membranous nephropathy, 5% crescentic GN, 2.4% minimal change disease, and
1.5% lupus nephritis. Non-biopsy-proven GN was defined as the clinical history manifesting chronic GN and the
presence of albuminuria or glomerular hematuria with or without an underlying systemic disease causing GN.
The active GN population taking immunosuppressant at enrollment was excluded to minimize the heterogene-
ity by treatment. Diagnosis of DN was strictly based on albuminuria in a patient with type 2 diabetes and the
presence of diabetic retinopathy. To exclude DN patients who may have combined GN, diabetic patients with
glomerular hematuria were not included in the DN group. HTN was diagnosed by a history of hypertension and
the absence of a systemic illness associated with kidney damage. Only the patients with proteinuria < 1.5 g/day
and a proportion of urine albumin < 50% of urine protein were included in HTN to exclude the GN population.
To diagnose PKD, unified ultrasound criteria were used'?. Other causative diseases was categorized as ‘unclas-
sified’ and excluded from our analysis.

A total of 2238 patients enrolled in the study from April 2011 to February 2016. After excluding patients with
unclassified etiology or without follow-up data, 2070 patients were finally analyzed in this study for survival
analysis with follow up until March 31, 2020. To determine the annual eGFR change and trajectory, we included
only those patients (n=1952) with more than two creatinine measurements (Fig. 1). Written informed consent
from each patient was collected voluntarily at the time of enrollment. The study was approved by the institutional
review board of each participating hospital: Chonnam National University Hospital (CNUH-2011-092), Eulji
General Hospital (201105-01), Gil Hospital (GIRBA2553), Kangbuk Samsung Medical Center (2011-01-076),
Pusan Paik Hospital (11-091), Seoul National University Bundang Hospital (B-1106/129-008), Seoul National
University Hospital (H-1704-025-842), Seoul St. Mary’s Hospital (KC110IMI0441), and Yonsei University Sever-
ance Hospital (4-2011-0163). This study follows the guidelines of the 2008 Declaration of Helsinki.

Demographic details and medication history were collected at enrollment. Serum creatinine was measured at
each study visit by a central laboratory (Lab Genomics, Seoul, Republic of Korea) using an isotope dilution mass
spectrometry-traceable method. For eGFR, the CKD -EPI equation based on serum creatinine was used"’. After
the baseline visit, patients were followed-up at 6 and 12 months and then every 1 year until death or drop-out and
follow-up events were recorded. In case of loss to follow-up, patients were censored for kidney and CVD events
at the last follow-up visit. Death and the cause of death were collected using either hospital medical records or
data from the National Database of Statistics Korea using the Korean resident registration number. Data were
collected until whichever came first: drop-out, death, or March 31, 2020.

Both kidney failure and the composite of kidney failure and/or creatinine doubling were used as kidney out-
comes. Kidney failure was defined as starting maintenance dialysis (required for longer than 3 months) or receiv-
ing kidney transplantation. Another outcome was the composite outcome of CVD and all-cause death. CVD
was defined as any first event of the following that needed hospitalization, intervention, or therapy during the
follow-up period : acute myocardial infarction, unstable angina which needed admission due to aggravated coro-
nary ischemic symptoms, percutaneous coronary artery intervention or coronary bypass graft surgery, ischemic
or hemorrhagic cerebral stroke, cerebral artery aneurysm, congestive heart failure, symptomatic arrhythmia,
aggravated valvular heart meant by requiring hospital admission, any pericardial disease that required hospital
admissions such as pericarditis, pericardial effusion, or cardiac tamponade, abdominal aortic aneurysm, or severe
peripheral arterial disease (Table S1).

The chi-square test or Anova was used to compare the baseline characteristics. Non-normally distributed
variables such as parathyroid hormone, urine protein/creatinine, and high sensitivity C-reactive protein were
compared by Kruskal-Wallis test. The four groups had significant differences in baseline characteristics including
age and baseline eGFR; we therefore used the overlap propensity score (PS) weighting method to minimize the
effects of confounding factors on outcomes'®. Overlap weighting is a PS method that tries to mimic important
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Recruited total 2,341 subjects

Excluded total 103 subjects
16 did not meet inclusion criteria
4 with exclusion criteria
83 without baseline IDMS creatinine

Enrolled total 2,238 subjects
in KNOW-CKD study
(Apr 2011- Feb 2016)

38 subjects without follow-up data

130 subjects didn’t fall into category of
glomerulonephritis, diabetic
nephropathy, hypertensive nephropathy

Analyzed total 2,070 subjects or polycystic kidney disease for the
in the survival analysis cause of chronic kidney disease
(Median 6.0 years follow up)
i

565 events of kidney failure development
723 events of composite outcome of
kidney failure development or creatinine
doubling

118 subjects without follow-up
creatinine measurements

Analyzed total 1,952 subjects for the
annual eGFR change calculation

Figure 1. Flowchart of enrolled study patients. eGFR, estimated glomerular filtration rate; IDMS, isotope
dilution mass spectrometry.

attributes of randomized clinical trials. This method can overcome the potential limitation of adjusting the differ-
ence in measured characteristics using classic PS methods of inverse probability of treatment weighting (IPTW).
Overlap weighting overcomes these limitations by assigning weights to each patient that are proportional to the
probability of that patient belonging to the opposite group'®. PSs were calculated using a logistic model with the
following variables since they showed significant differences among the four groups: age, sex, body mass index,
CKD stage, mean blood pressure, CVD, hemoglobin, serum uric acid, calcium, phosphorous, albumin, total
cholesterol, high-density lipoprotein, low-density lipoprotein, fasting blood sugar, intact parathyroid hormone,
urine protein-to-creatinine ratio, high-sensitivity C-reactive protein, diuretics use, statin use, and angiotensin
converting enzyme inhibitor or angiotensin receptor blocker use in this study. The logl0 transformed values
were used for PS calculation with the non-normally distributed variables such as parathyroid hormone, urine
protein-to-creatinine ratio, and high sensitivity C-reactive protein. The patients in the compared group were
weighted by the probability of the reference group (1-PS), and the patients in the reference group were weighted
by the probability of the compared group (PS). For two groups of CKD causes, we applied the overlap weighting
method to each set, resulting in a total of 6 sets. To visually compare distributions of balance, the density plots
were created (Figure S1). Additionally, the standardized mean difference (SMD) was calculated to check good
balance after the overlap weighting method was applied. This is calculated by the absolute value of the difference
in mean among groups divided by the standard deviation. The SMD less than or equal to 0.10 means good bal-
ance after weighting®®. In outcome comparison analysis, a Cox proportional hazard model was used for kidney
outcomes, and a cause-specific hazard model was used for the composite of CVD and death. In the competing
risk model for the composite of CVD and death, kidney failure was considered a competing risk since many
patients who started kidney replacement therapy were no longer followed for further event thereafter. Results
are presented as hazard ratios (HRs) and 95% confidence intervals (95% CI). To estimate annual eGFR change,
generalized linear mixed models were constructed with random intercepts and slopes with an unstructured
model for the correlation structure. The results were expressed as estimates (standard errors). In the adjusted
models, the variables used in PS score calculation were further adjusted. Spaghetti plots showing the individual
trajectories of eGFR during follow-up were drawn to determine patterns of eGFR decline according to cause of
CKD. P for the quadratic term was tested using polynomial mixed models with random intercepts and slopes.
A P value less than 0.05 was considered statistically significant. SAS 9.4 (SAS Institute, Cary, NC, USA) and R
version 3.5.3 (Foundation for Statistical Computing, Vienna, Austria) were used.
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Results

The mean age of the population was 53.5+ 12.2 years and 38.7% of subjects were female from a total of 2070
patients. At study entry, the mean eGFR of all total patients was 53.2+30.8 mL/min/1.73 m2 By CKD clas-
sification, 38.6% of patients were diagnosed with GN, 24.5% with DN, 19.5% with HTN, and 17.4% with PKD.

Baseline characteristics between the four CKD etiology groups showed significant differences (Table 1). All
variables showed significant differences among groups and the standardized mean difference were > 0.1 in all vari-
ables. In particular, patients with DN (59.2 +9.3 years old) or HTN (59.7 £ 10.8 years old) were older than those
with GN (49.7 + 12 years old) or PKD (47 +10.7 years old) (P <0.001). The proportion of males and the preva-
lence of pre-existing CVD was higher in the DN (69.1% and 26.4%, respectively) and HTN (72.6% and 23.8%,
respectively) groups than in the GN (55.3% and 7.9%, respectively) and PKD (51% and 6.9%, respectively) groups
(P<0.001 for both). Mean eGFR was lower in DN (36.4+21.8 mL/min/1.73 m?) and HTN (42.3+21.9 mL/
min/1.73 m?) groups than GN (60.1+31.4 mL/min/1.73 m?) and PKD (72.7+32.8 mL/min/1.73 m?) groups

Hypertensive Diabetic Polycystic kidney

Glomerulonephritis | nephropathy nephropathy disease Pvalue | SMD
Number 799 404 507 360
Age, years 49.7+12.1 59.7+10.8 59.3+9.3 47+10.7 <0.001 | 0.74
Female, % 446 27.5 31 492 <0.001 |0.28
BMI, kg/m? 242433 251435 253433 23543 <0.001 |0.32
fﬁf:ﬁ;’lo"d Pressure, 91 6+10.5 943+11.8 953+12.9 96.8:+10.4 <0.001 |0.25
5;:23%2?3;‘;‘;5;‘“;:0 7.9 238 264 6.9 <0.001 |0.35
eGFR, ml/min/1.73 m? | 60.1 +31.4 423+219 36.4+21.8 7274328 <0.001 |0.77
eCakézoSr:;;i(idney dis- <0.001 |0.79
GL % 21.8 37 4.1 35.0
G2,% 243 139 7.7 26.9
G3a, % 16.1 25 14.6 133
G3b, % 18.0 272 26.0 11.9
G4, % 15.5 26.2 35.9 92
G5, % 43 6.4 11.6 3.6
Hemoglobin, g/dL 132£19 13342 11.7+1.8 133+1.7 <0.001 | 0.44
Uric acid, mg/dL 7.1£1.9 73+1.8 74+1.9 61417 <0.001 |0.39
Calcium, mg/dL 9.140.5 92405 8.9%0.6 9.310.4 <0.001 | 0.34
Phosphorous, mg/dL | 3.6+0.6 3.6+0.6 4.0+0.8 3.6+0.6 <0.001 |0.30
Albumin, g/dL 41404 43403 40+0.5 44403 <0.001 | 0.63
E;’g‘;‘éfh"le“e“’l’ 178.4+38.5 169.1435.5 167.4+43.8 179.0+33.6 <0001 |0.19
nngI&’LCh"le“e“’l' 51.5+15.6 46.7+14.0 43.6+14.0 54.4+13.9 <0.001 |0.43
anl;/L(iihdeSteml’ 99.9+32.1 94.1+30.5 91.1+34.0 101.6+26.7 <0.001 | 0.2
Fasting blood sugar, |10, 1454 7 106.7+25.8 136.4+59.0 96.1+11.0 <0.001 | 0.57
g/l 1424, 7+25. 4159, SESN ) )
ﬁ;ﬁiﬁﬂm hormone, | 47 6 (29.8, 69.0) 55.1 (37.9, 86.0) 66.2 (41.6, 120.3) 47.0 (32.9,70.3) <0.001 |0.27
giire"egf/’g’ée:;‘/ creati- | g6 (0.3, 1.5) 03(0.1,0.7) 1.5(0.5,3.8) 0.1(0.1,0.2) <0001 |0.73
iﬁiﬂi@‘;@rﬂ/ creati- | 4571 (241.1,1122.9) | 207.9 (28.9, 531.8) 1015.6 (276.3, 2584.1) | 39.1 (13.4, 131.0) <0.001 |0.76
Hs-CRP, mg/dL¢ 0.7 (0.3, 1.3) 0.7 (0.4, 1.8) 0.7 (0.3, 1.7) 0.5 (0.1, 1.3) <0.001 | 0.11
Diuretics use, % 249 349 56.4 9.4 <0.001 | 0.59
Statin use, % 51.6 57.4 63.9 26.9 <0.001 |0.41
ACEIor ARBuse, % | 89.7 822 87.0 78.6 <0.001 |o0.18
5:;1;;‘;’ up duration, | ¢ (4 4 7.9) 5.0 (4.0,7.0) 6.0(42,7.2) 6.6 (4.2,8.0)

Table 1. Comparison of baseline clinical characteristics according to cause of chronic kidney disease before
propensity score matching. YPresented as Median (quartile 1, quartile 3) due to non-normal distributions.

Otherwise, continuous variables are presented as mean + standard deviation and categorical variables as
proportion. ACEI], angiotensin-converting enzyme inhibitors; ARB, angiotensin-receptor blockers; BMI,

body mass index; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; Hs-CRP, high
sensitivity C-reactive protein; LDL, low density lipoprotein; SMD; standardized mean difference.
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(P<0.001). After overlap weighting for each 6 sets, the statistical differences between groups disappeared in all
variables (Table S2). Also, SMD was < 0.001 for all variables in all sets which means a good balance between the
overlap-weighted sets.

During the median 6.0 years of follow-up, there were a total of 565 (27.3%) kidney failure events and 723
(34.9%) composite kidney events. There were 259 (12.5%) events of the composite of CVD and death. The spe-
cific cause of CVD and death were summarized in Table S3 and S4. In the PKD population, the most common
cause of the cardiovascular event was cerebral hemorrhage or operation/interventions due to cerebral aneurysm
(32.3%), each classified as hemorrhagic stroke or other cardiovascular events in Table S3. Among death events,
infection (30%) was the major cause of death, followed by malignancy (25%), liver failure (15%), and other causes
(10%). These outcomes are different compared to those in the DN group, where, among those patients who had
the composite CVD outcome and mortality, 43% had acute coronary syndrome, coronary revascularization,
ischemic stroke, or heart failure; cerebral hemorrhagic or aneurysm events accounted for only 5.7% of total cases.

Patients with PKD had a significantly increased risk for kidney failure compared to those with GN (HR 1.82,
95% CI 1.25-2.65), HTN (HR 2.23, 95% CI 1.47-3.38), and DN (HR 1.73, 95% CI 1.05-2.86) in Cox regression
analysis. However, the DN, HTN, and GN groups did not show a significant difference in the risk of kidney
failure or composite kidney outcome compared to each other (Table 2). DN group had increased risks for the
composite outcome of CVD and death compared to the GN (HR 2.07, 95% CI 1.23-3.46), and HTN (HR 1.73,
95% CI 1.08-2.78) groups in cause-specific regression analysis. Patients with DN were not at increased risk of
the composite of CVD and death compared to patients with PKD (P=0.169). Similar results were obtained for
DN in multivariate Cox regression analyses. PKD showed increased risk of the composite of CVD and death
compared to GN (HR 3.11, 95% CI 1.59-6.05) and HTN (HR 1.94, 95% CI 1.03-3.65) in the Cox regression
analysis. In the cause-specific regression analysis, PKD showed a significantly higher risk of the composite out-
come of CVD and death compared to GN (HR 2.84, 95% CI 1.36-5.93) however, the significance disappeared
in the set with HTN (P =0.334) (Table 3).

The annual eGFR change of the GN, HTN, DN and PKD groups were —2.19, —1.44, —3.17, and —3.45 mL/
min/1.73 m? per year, respectively. In the adjusted model, the annual eGFR change were —2.16, —1.42, —3.07,
and —3.37 mL/min/1.73 m? per year for the GN, HTN, DN and PKD groups, respectively. The DN and PKD
groups had faster rates of decline than the GN and HTN groups, while the HTN group had a slower rate of annual
eGFR decline than the GN group (Table 4).

The rate of eGFR decline in each group was analyzed according to CKD stage at entry (Fig. 2). The fastest
annual decline in eGFR was observed for those patients with PKD stages G3a and G3b (-4.94 and —4.38 mL/
min/1.73 m? per year, respectively). The overall rate of annual eGFR decline was also fast in the DN group,
ranging from — 3.87 to —2.68 mL/min/1.73 m? per year for stages G1 to G4. In the HTN group, rates of annual
eGFR decline were slow for stages G2 to G3b but eGFR declined slightly faster in stages G4 and G5. In the
GN group, rates of annual eGFR decline were faster in the more advanced CKD stages. When we visualize
the trajectory patterns of eGFR decline, CKD etiologies were classified into two groups: the DN group (P for
quadratic term = 0.608) group showed a linear decline pattern in eGFR, while the GN, HTN, and PKD groups
(P for quadratic term <0.001, for all) showed a convex decline pattern with the acceleration of the annual eGFR
decline as the eGFR lowered (Fig. 3).

Composite kidney
Kidney failure outcome
Cause of CKD HR (95% CI) Pvalue | HR (95% CI) P value
Glomerulonephritis Reference Reference
Hypertensive nephropathy 0.88 (0.64-1.21) | 0.429 0.80 (0.60-1.07) 0.129
Diabetic nephropathy 1.20 (0.92-1.57) |0.176 1.18 (0.93-1.49) 0.182
Polycystic kidney disease 1.82 (1.25-2.65) | 0.002 2.00 (1.46-2.75) | <0.001
Composite kidney
Kidney failure outcome
Cause of CKD HR (95% CI) Pvalue | HR (95% CI) P value
Hypertensive nephropathy | Reference Reference
Diabetic nephropathy 1.28 (0.94-1.74) 0.111 | 1.27 (0.96-1.69) 0.093
Polycystic kidney disease 2.23(1.47-3.38) | <0.001 |2.50(1.71-3.66) | <0.001
Composite kidney
Kidney failure outcome
Cause of CKD HR (95% CI) Pvalue | HR (95% CI) P value
Diabetic nephropathy Reference Reference
Polycystic kidney disease 1.73 (1.05-2.86) | 0.032 1.87 (1.17-2.97) | 0.008

Table 2. Relative risk for kidney outcomes according to the CKD causes. CI, confidence interval; CKD,
chronic kidney disease; HR; hazard ratio.
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Cause-specific regression

Cox regression analysis analysis*
Cause of CKD HR (95% CI) Pvalue | HR (95% CI) P value
Glomerulonephritis Reference Reference
Hypertensive nephropathy | 0.97 (0.59-1.59) 0.901 | 1.24 (0.71-2.15) | 0.447
Diabetic nephropathy 1.67 (1.09-2.56) 0.019 | 2.07 (1.23-3.46) | 0.006
Polycystic kidney disease 3.11 (1.59-6.05) <0.001 | 2.84 (1.36-5.93) | 0.006
Cause-specific regression
Cox regression analysis analysis*
Cause of CKD HR (95% CI) Pvalue | HR (95% CI) P value
Hypertensive nephropathy | Reference Reference
Diabetic nephropathy 1.82 (1.19-2.79) | 0.006 1.73 (1.08-2.78) | 0.022
Polycystic kidney disease 1.94 (1.03-3.65) | 0.041 1.41 (0.70-2.85) | 0.334
Cause-specific regression
Cox regression analysis analysis*
HR (95% CI) Pvalue | HR (95% CI) Pvalue
Diabetic nephropathy Reference Reference
Polycystic kidney disease 1.84 (0.93-3.63) | 0.079 1.74 (0.79, 3.84) | 0.169

Table 3. Relative risk for composite outcome of CVD and all-cause death according to the CKD causes. *For
the composite outcome of CVD and death, cause-specific regression analysis was conducted as a competing
risk analysis using the kidney failure as competing event considering the undetected CVD after starting kidney
replacement therapy. CI, confidence interval; CKD, chronic kidney disease; CVD, cardiovascular disease; HR;
hazard ratio.

Annual changes of eGFR (mL/min/1.73 m? per year)
Unadjusted Adjusteds
Estimate (SE) P value Estimate (SE) P value
Cause of CKD <0.001* <0.001*
Glomerulonephritis —2.19 (0.106) —2.16 (0.106)
Hypertensive nephropathy -1.44 (0.151) <0.001° -1.42(0.152) <0.001°
Diabetic nephropathy -3.17(0.16) zg:ggii -3.07 (0.161) :g:ggii
<0.001° <0.001°
Polycystic kidney disease —3.45(0.155) <0.001° -3.37(0.156) <0.001¢
0.201¢ 0.1764

Table 4. Annual changes in eGFR according to the cause of CKD. Adjusted with age, sex, body mass index,
CKD stage, mean blood pressure, cardiovascular disease, hemoglobin, uric acid, calcium, phosphorous,
albumin, total cholesterol, high-density lipid cholesterol, low-density lipid cholesterol, fasting blood sugar,
intact parathyroid hormone, urine protein-to-creatinine ratio, high sensitivity C-reactive protein, diuretics

use, statin use, and ACE inhibitor or ARB use. *P value for the interaction term between the cause of CKD and
time effect in the mixed model. ®P value for each estimated of CKD causes compared to the glomerulonephritis
as reference. P value for each estimated of CKD causes compared to the hypertensive nephropathy as
reference. ¢P value for each estimated of CKD causes compared to the diabetic nephropathy as reference. ACE,
angiotensin converting enzyme; ARB, angiotensin receptor blocker; CKD, chronic kidney disease; eGFR,
estimated glomerular filtration rate; SE, Standard error.

Discussion

The KDIGO Guideline states that the cause of CKD should be considered as one of the important predictors of
the outcome®. A few studies tried to evaluate the outcome difference in the CKD population according to specific
causes’ 1%, Post-hoc study of a clinical trial showed that those patients with PKD had a higher risk of kidney
failure and a lower risk of death than those with CKD with other etiologies’. Studies of the Canadian Study of
Prediction of Death, Dialysis and Interim Cardiovascular Events (CanPREDDICT) cohort data reported the
relative risks of a few adverse outcomes according to the CKD etiologies®®. The CKD in Children (CKiD) study
compared the rate of progression of kidney disease according to the cause of CKD in children'®. However, the
results from these studies are difficult to generalize to the entire CKD population because they include only a
subset of the major CKD etiology or analyzed for only some of the major outcomes. This might be due to the
difficulty of the study design and analysis technique since many risk factors of kidney disease progression are
related to the cause of CKD and can act as potential confounders.
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Annual changes of eGFR (mL/min/1.73m? per year)
Cause of CKD

Estimates
Stage G1 Stage G2 Stage G3a  Stage G3b Stage G4 Stage G5
Glomerulonephritis -1.38
Hypertensive nephropathy
Diabetic nephropathy -3.87 -4.22 -3.47
Polycystic kidney di -3.48 -4.94 -4.38

eGFR slope

(mL/min/1.73m2/year) -5<<-45 -45<<4 -4<<-35 -35<<3 -3<<25 -25<<2 -2<<15 -15<<1 -1<<-05 -0.5<<0

GN

Figure 2. Estimated glomerular filtration rate changes according to baseline CKD stages in each CKD etiology
group. CKD of each groups with A1-A3 are classified using eGFR as followed based on KDIGO guideline®:
stage G190 mL/min/1.73 m? stage G2 60-89 mL/min/1.73 m? stage G3a 45-59 mL/min/1.73 m?, stage G3b
30-44 mL/min/1.73 m? stage G4 15-29 mL/min/1.73 m? and stage G5 <15 mL/min/1.73 m? without kidney
replacement therapy. CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate.

HTN DN PKD

100 100 100

4

6 8 0 2 4 6 H 0 2 4 6 8 0 2 4 6 8

Follow-up time (year) Follow-up time (year) Follow-up time (year) Follow-up time (year)

Figure 3. Spaghetti plots (up) and trajectory of eGFR changes (down) during follow-up in each CKD
etiology group. Each colors of spaghetti plot indicates trajectory of each patients (up) and the black line
represents the mean estimated eGFR trajectory of each groups (with 95% CI represented by the gray shaded
area). The trajectory are classified into two types. DN showed a linear decline in eGFR but GN, HTN and
PKD showed a convex decline with acceleration of the annual eGFR decline in advanced CKD stages. DN,
diabetic nephropathy; eGFR, estimated glomerular filtration rate; GN, glomerulonephritis; HTN, hypertensive
nephropathy; PKD, polycystic kidney disease.

In this prospective cohort study, we compared the relative risks of both kidney outcomes and the composite
outcome of CVD and death according to the cause of CKD. Patients were classified into GN, HTN, DN, or
PKD groups based either on pathologic diagnoses or clinical judgement criteria at study entry. The baseline
characteristics differed according to the cause of CKD in our study population. To overcome this limitation, we
used the overlap weighting method. This is particularly advantageous when the comparator groups are initially
very different from each other and can achieve good balance and minimize the variances as shown in previous
studies'>'6. Several studies adopted this method to analyze the effect of sex, cancer type, monitoring or treatment
on the outcome between groups with significant differences in baseline characteristics'®-?. By employing this
method, we could analyze the hazard ratio for the outcomes between two groups of CKD causes after adjusting
for potential confounders. The result showed that patients with PKD had significantly increased risks for kidney
outcomes compared to other CKD causes. Surprisingly, the DN group did not show an increased risk of kidney
failure compared to other CKD causes. However, the patients in the DN group showed worse outcomes regarding
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the composite outcome of CVD and mortality compared to the HTN and GN groups. The high risk of CVD and
death in the DN group shown in this study was consistent with other well-known studies*"*2.

We further analyzed the rates of annual eGFR decline to better understand kidney disease progression pat-
terns according to the specific causes of CKD. The rate of GFR decline was faster in the DN and PKD groups
compared to the GN and HTN groups. The DN and HTN population had a similar rate of annual eGFR decline
to that shown in previous reports; however, the annual rates of decline of eGFR in the PKD group was relatively
slower in our study than those reported in previous studies****. This could be due to differences in baseline
clinical characteristics, including CKD stages, PKD genotypes and/or effects of ethnicity. In this study, there
are both early and advanced stage PKD patients in our cohort (about 60% were stage G1 or G2) whereas PKD
patients in CRISP and HALT studies only included early stage CKD patients and MDRD study enrolled only
advanced stage CKD patients*>*,

Although the annual eGFR declining rate in the PKD group was slightly slower than in previous reports,
patients in the PKD group showed the poorest kidney outcomes compared to those with other causes of CKD.
The annual rate of eGFR decline was the fastest in the PKD population. The PKD group showed an increased
risk of kidney failure with HRs of 1.73, 1.8 and 2.2 compared to the DN, GN, and HTN groups, respectively.
This is a similar result to previous reports®?*. Therefore, more efforts on early detection, assessment, and proper
management of PKD-related risk factors such as genotype, kidney volumes, hypertension, and kidney-related
complications may improve individual PKD patients’ kidney outcomes in the future.

In our study results, the risk of poor kidney outcome was not increased in the DN group, compared to other
CKD causes when the confounding factors were adjusted using the overlap weighting methods. This implies the
importance of managing the common risk factors and comorbidities in the DN population. However, the risk
of CVD and mortality was significantly increased in the DN group compared to the GN and HTN groups. The
high risk of CVD and death in the DN population is well known and there have been efforts to find out effective
treatments to improve the outcome. However, the strict control of blood glucose levels showed improvement in
kidney outcomes but did not in the CVD or death?"?2. These differences between CVD and kidney outcomes
in DN population shown in the previous studies and in our study suggest that different pathophysiology would
exist between CVD or mortality and kidney progression.

The CVD and mortality risk was also higher in the PKD population than the GN and HTN population. The
PKD group had a similar risk of CVD and mortality to the DN group, but the specific causes of CVD and mor-
tality were different between PKD and DN groups. In the DN group, about 43% of the composite of CVD and
mortality were major adverse cardiovascular events such as acute coronary syndrome, coronary revascularization,
ischemic stroke, or heart failure which were known major CVD events from the previous studies?>. However, in
the PKD group events due to cerebral aneurysm and infection were the most frequent cause of CVD and death,
respectively which correspondence with previous studies®.

In this study, we further analyzed eGFR decline patterns according to the cause of CKD. A linear eGFR trajec-
tory was observed in DN group, and the rate of annual eGFR decline was faster in the earlier CKD stages. GN,
HTN, and PKD groups showed faster annual eGFR declining in advanced CKD stages. This result is similar to
the previous studies that reported trajectory eGFR decline of DN and PKD**?’. In DN population, there was a
linear association between eGFR and age over time in overall’. In PKD population, a non-linear curved eGFR
trajectory was seen regardless of the kidney growth rate?. In this study, we observed the kidney deterioration
pattern and acceleration time differed according to the cause of CKD using a prospective longitudinal cohort.
Therefore, patient follow-up and monitoring strategies should be individualized according to the CKD stages,
and cause of CKD.

This study has several advantages over existing studies in providing important information about the natural
course of CKD progression and extrarenal complications according to CKD etiology. Here, we provided basic
information about the hazard ratio of major outcomes from four major causes of CKD within a prospective
cohort followed over a long-term period. Robust and up-to-date statistical methods were used to compare the
relative risk of major outcomes by the causes of CKD after adjusting for possible confounders. The group size
of PKD and GN were big enough for the comparison and statistics. CKD patients older than 18 years with any
CKD stage were enrolled to reflect the overall CKD population.

Although, there are several limitations to this study. Baseline characteristics differed among groups. Therefore
we used the overlap weighting method to adjust for possible confounding factors. However, there may still have
been residual confounders that affected our findings. Furthermore, the etiologic diagnoses of CKD were based
on clinical criteria rather than pathologic diagnoses for many patients. Thus, some clinically diagnosed patients
might have been misclassified. The issue due to cross-group events, such as the occurrence of new GNs during
follow-up in patients in the HTN group, was not considered in the analysis of this study. We could not analyze
the risk of each individual type of cardiovascular event or focused on major adverse cardiovascular events since
the overall incidence of CV events was relatively lower in our cohort, compared to the Western CKD cohorts*2.
The overall CVD incidence is similar to that of the Japanese CKD cohort (CKD-JAC) and this might be the
characteristic of the Asian CKD population®. Since this is a result from a cohort of Asian CKD patients, the
present study warrants further investigation for patients of non-Caucasian ethnicity. Finally, a group with a dif-
ferent composition of GN subtypes may have shown different hazard ratio compared to the other CKD groups
evaluated in this study.

We found that patients with PKD had higher risk of kidney progression than patients with DN, GN, or HTN.
After adjustment, the DN group did not show an increased risk of kidney failure but had a higher risk of CVD and
mortality than patients with GN and HTN. Our findings support the importance of individualized monitoring
and management of CKD patients based on the etiology and stage of CKD.
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