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Improves Prediction of ESRD
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ABSTRACT

Despite the high prevalence of chronic kidney disease (CKD), relatively few individuals with CKD
progress to ESRD. A better understanding of the risk factors for progression could improve the
classification system of CKD and strategies for screening. We analyzed data from 65,589 adults who
participated in the Nord-Trgndelag Health (HUNT 2) Study (1995 to 1997) and found 124 patients who
progressed to ESRD after 10.3 yr of follow-up. In multivariable survival analysis, estimated GFR (eGFR)
and albuminuria were independently and strongly associated with progression to ESRD: Hazard ratios for
eGFR 45 to 59, 30 to 44, and 15 to 29 ml/min per 1.73 m? were 6.7, 18.8, and 65.7, respectively (P <
0.001 for all), and for micro- and macroalbuminuria were 13.0 and 47.2 (P < 0.001 for both). Hyperten-
sion, diabetes, male gender, smoking, depression, obesity, cardiovascular disease, dyslipidemia, physical
activity and education did not add predictive information. Time-dependent receiver operating charac-
teristic analyses showed that considering both the urinary albumin/creatinine ratio and eGFR substan-
tially improved diagnostic accuracy. Referral based on current stages 3 to 4 CKD (eGFR 15 to 59 ml/min
per 1.73 m?) would include 4.7% of the general population and identify 69.4% of all individuals
progressed to ESRD. Referral based on our classification system would include 1.4% of the general
population without losing predictive power (i.e., it would detect 65.6% of those expected to progress to
ESRD). In conclusion, all levels of reduced eGFR should be complemented by quantification of urinary
albumin to predict optimally progression to ESRD.
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Since the publication of the Kidney Disease Out-
comes Quality Initiative (K/DOQI) clinical practice
guidelines on the classification of chronic kidney
disease in 2002,! several studies based on this clas-
sification system have shown very high prevalence
estimates of chronic kidney disease (CKD) in the
general population (10 to 13%).>3 Screening for
CKD is therefore increasingly suggested'-4; how-
ever, only a small proportion of patients with stage
3 to 4 CKD progress to ESRD.> There is an ongoing
discussion on whether the current CKD criteria are
appropriate.>—# Developing a risk score to identify
better the patients who are at increased risk for
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ESRD would be of major importance for the cur-
rent efforts to establish clinical guidelines and pub-
lic health plans for CKD.%10

Several predictors of progression to ESRD
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have been identified,® but their independent predictive
power has not been well studied either in the general popu-
lation or in high-risk subgroups. Intuitively, a low estimated
GFR (eGFR) is an important risk factor for ESRD, and eGFR
is the backbone of the current CKD classification. High
urine albumin is a well-established major risk factor for
progression.® Only a few studies have examined the renal
risk as a function of the combination of eGFR and albumin-
uria.!'-14 These studies are of restricted value, however, be-
cause of exclusion of patients with diabetes'4; inclusion of
men only'?; inclusion of only patients with diabetes!?; or
absence of information on potentially important risk fac-
tors, such as smoking, obesity, dyslipidemia, and cardiovas-
cular disease.!"!4

CKD screening beyond patients with known hypertension
or diabetes has been proposed,'* but such screening programs
have remained unsatisfactory because of their limited predic-
tive power. We used the data of the Second Nord-Trgndelag
Health Study (HUNT 2), Norway, to improve such prediction.
HUNT 2 is a large population-based study with a high partic-
ipation rate.'> Our aim was to examine how accurately subse-
quent progression to ESRD could be predicted by a combined
variable of baseline eGFR and urine albumin. We also tested
whether further potential renal risk factors provided addi-
tional independent prediction.

RESULTS

After 10.3 yr of follow-up of 65,589 patients, 58 started on
renal replacement therapy (RRT) and 132 others died of
advanced CKD. We excluded four patients who died of
acute-on-chronic renal failure, nine of acute renal failure,
38 with stages 3 to 4 CKD, and 15 for whom adequate infor-
mation on renal function was missing; therefore, 124 pa-
tients with documented progression to ESRD were in-
cluded. Baseline characteristics of our study participants are
summarized in Table 1. The prevalence of stages 3 and 4
CKD at baseline was 4.4 and 0.1%, respectively, in patients
who did not progress and 46.0 and 23.4%, respectively, in
patients who did progress to ESRD.

Table 2 shows the age-adjusted hazard ratios (HRs) of all
potential risk factors for progression to ESRD available. In-
creased risk was significantly associated with male gender, low
physical activity, presence of diabetes, higher values of body
mass index and waist circumference, higher values of systolic
and diastolic BP, treatment with antihypertensive drugs, lower
values of HDL cholesterol concentration, and higher values of
triglyceride and glucose concentration. No significantly in-
creased risk was associated with low education, depression,
current smoking, prevalent cardiovascular disease, or higher
values of total cholesterol. A “best clinical model” was then

Table 1. Characteristics of participants in the HUNT 2 study at baseline (1995 through 1997) by future progression or no

progression to ESRD?

Characteristic All No Progression to ESRD  Progression to ESRD p
(n = 65,589) (n = 65,465) (n = 124)

Age (yr; mean [SD]; n = 65,589) 50.1 (17.3) 50.1(17.3) 70.8 (13.4) <0.001
Male gender (%; n = 65,589) 46.8 46.8 62.9 <0.001
Low education (%; n = 61,369)° 70.7 70.6 86.5 <0.001
Depression (%; n = 58,423)° 10.6 10.6 26.5 <0.001
Current smoking (%; n = 64,395) 28.0 28.0 17.6 0.012
Low physical activity (%; n = 57,881)¢ 20.1 20.1 42.7 <0.001
Diabetes (%; n = 64,693) 3.3 3.3 18.2 <0.001
CVD (%; n = 64,624)° 7.9 7.9 25.8 <0.001
BMI (kg/m?; mean [SD]; n = 64,306) 26.4 (4.1) 26.4(4.1) 28.0 (5.0) <0.001
Waist circumference (cm; mean [SD]; n = 64,022) 86.5(11.8) 86.5(11.8) 94.1 (13.6) <0.001
Systolic BP (mmHg; mean [SD]; n = 64,708) 137.9 (21.8) 137.9 (21.8) 160.6 (24.9) <0.001
Diastolic BP (mmHg; mean [SD]; n = 64,708) 80.3(12.3) 80.3(12.2) 87.3(15.8) <0.001
Antihypertensive medication (%; n = 64,649) 11.1 11.0 46.7 <0.001
Cholesterol (mg/dl; mean [SD]; n = 65,158) 228.2 (48.9) 228.2 (50.3) 252.4 (58.0) <0.001
HDL cholesterol (mg/dl; mean [SD]; n = 65,155) 53.2 (15.1) 54.1 (15.5) 46.4 (15.4) <0.001
Triglycerides (12-696 mg/dL; 12-696 mg/dL/35-363 mg/dL) 131 (100) 131 (100) 187 (135) <0.001
Glucose (41-558 mg/dL; 41-558 mg/dL; 61-348 mg/dL)f 93 (20) 94 (20) 102 (38) <0.001
Creatinine (mg/dl; mean [SD]; n = 65,158) 1.0(0.2) 1.0(0.2) 1.7 (0.6) <0.001
eGFR (ml/min per 1.73 m?; mean [SD]; n = 65,158) 94.2 (21.5) 94.3(21.5) 49.8 (23.5) <0.001
ACR (0.4-2437 mg/G; 0.4-1558 mg/G; 4.4-2437 mg/G) 7 (10) 7 (10) 136 (618) <0.001
“The “no progression” and “progression” groups are compared using x> test or two-sample t test. BMI, body mass index; CVD, cardiovascular disease.
PFewer than 12 yr in school.
“Eight points or more on the depression part of the Hospital Anxiety and Depression Score.
dLess than 1 h of light activity per week in participants’ leisure time.
°Self-reported history of myocardial infarction, angina pectoris, or stroke.
fMeasured at random.
2 Journal of the American Society of Nephrology J Am Soc Nephrol ee : —, 2009
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Table 2. HRs of potential risk factors for progression to ESRD*
Age-Adjusted Variables

Best Clinical Model Best Clinical + eGFR + ACR

Parameter
HR 95% CI P HR 95% Cl P HR 95% ClI P

Age (per 10 yr increment) 1.72 1.48t0 1.99 <0.001 1.15 0.98to 1.35 0.073
Male gender 213 1.50 to 3.07 <0.001 2.22 1.49t03.31 <0.001 124 0.83t01.86 0.296
Low education® 1.09 0.61to0 1.94 0.768
Depression® 1.32 0.91to0 1.92 0.139
Current smoking 0.92 0.56 to 1.49 0.735
Low physical activity 1.74 1.15t0 2.63 0.009 1.71 1.13to 2.60 0.012 123 0.81t01.87 0.337
Diabetes 2.68 1.68 to 4.27 <0.001 1.80 1.11to0 2.90 0.016 0.87 0.53t01.43 0.585
CvD*® 1.26 0.82to 1.93 0.288
BMI (per 1-kg/m? increment) 1.06 1.02to 1.10 0.004
Waist circumference (per 10-cm

increment) 1.38 1.19 to 1.61 <0.001
Systolic BP (per 10-mmHg increment) 1.17 1.09 to 1.26 <0.001 1.16 1.07to1.25 <0.001 1.04 0.97to1.12 0.245
Diastolic BP (per 10-mmHg

increment) 1.16 1.02t0 1.32 0.018
Antihypertensive treatment 2.98 2.08 to 4.32 <0.001 2.38 1.62t03.50 <0.001 1.08 0.69to 1.68 0.731
Cholesterol (per 40-mg/dl increment) 1.09 0.96 to 1.25 0.197
HDL cholesterol (per 4-mg/dl

decrement) 1.17 1.10to0 1.23 <0.001 1.11 1.05t01.18 <0.001 1.04 098to1.10 0.129
Triglycerides (per 80-mg/d|

increment) 1.25 1.16 to 1.35 <0.001
Glucose (per 20-mg/dl increment) 1.10 1.04to0 1.16 <0.001
Renal function (ml/min per 1.73 m?)

eGFR =60 1.00 1.00

eGFR 45 to 59 11.50 6.56 t0 20.20  <0.001 6.70 3.78t0 11.90 <0.001

eGFR 30 to 44 52.60 29.60t093.40 <0.001 18.80 10.30to 34.40 <0.001

eGFR <30 299.50 165.60to 541.80 <0.001 65.60 35.20to 122.10 <0.001
ACR

normal 1.00 1.00

microalbuminuria’ 18.50 9.90to 34.70  <0.001 13.00 6.76to 25.1 <0.001

macroalbuminuria 193.70  94.60 to 396.70 <0.001 47.50 19.81t0 109.0 <0.001

?Age-adjusted HRs associated with all available potential risk factors based on Cox regression analysis are given. A best clinical model was then identified by
manual forward selection among the significant variables. Finally, eGFR and ACR were added to the best clinical model.

PFewer than 12 yr in school.

“Eight points or more on the depression part of the Hospital Anxiety and Depression Score.

dLess than 1 h of light activity per week in participants’ leisure time.
°Self-reported history of myocardial infarction, angina pectoris, or stroke.
fACR ranging from 20 to 200 mg/g in men and 30 to 300 mg/g in women.

identified by manual forward selection of the significant age-
adjusted variables. In this multivariable analysis, age, gender,
physical activity, diabetes, systolic BP, antihypertensive medi-
cation, and HDL cholesterol remained as significant predictors
(P = 0.016); however, they all turned out to be NS after inclu-
sion of eGFR and albumin-to-creatinine ratio (ACR). For ex-
ample, patients with diabetes had an age-adjusted HR of 2.68
and of 1.80 in the multivariable “best clinical model,” but after
accounting for eGFR and ACR, the HR was not different 1.00.
Evidently, the major predictors of future ESRD were low eGFR
and high ACR. Patients with eGFR 45 to 59 ml/min per 1.73 m”
had a multiadjusted HR of 6.67 compared with those with
eGFR =60 ml/min per 1.73 m”. The HR associated with eGFR
30 to 44 and 15 to 29 ml/min per 1.73 m” was 18.8 and 65.7,
respectively. Compared with patients with normoalbumin-
uria, the presence of micro- or macroalbuminuria conferred a
13.0 and 47.2 times higher risk for progressing to ESRD, re-
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spectively. Figure 1 shows that after adjustment for age, gender,
and eGFR, the risk associated with increasing ACR was contin-
uous with no lower limit (i.e., the association continued even
into the range of normoalbuminuria).

A positive interaction between eGFR and ACR was ob-
served. Patients with eGFR <60 ml/min per 1.73 m* and
normoalbuminuria had an age-adjusted HR of 34.8 (95%
confidence interval [CI] 11.4 to 107.1) compared with the
reference group with eGFR =60 ml/min per 1.73 m* and
normoalbuminuria. Patients with eGFR =60 ml/min per
1.73 m* and micro- or macroalbuminuria had an HR of 36.4
(95% CI 12.4 to 107.0). The expected HR for patients with
both risk factors should be 71.2, but the observed HR was
570.5 (95% CI 199.7 to 1630.0). Therefore, the relative ex-
cess risk due to interaction was 500.3 (95% CI 59.8 to
940.6), and an attributable portion of 0.877 (95% CI 0.826
to 0.928) indicate that 88% of the joint effect of low eGFR

Predicting Renal Risk with eGFR and ACR 3
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Figure 1. HR (95% CI) for ESRD associated with urine albumin

excretion. The fractional polynomial analysis was adjusted for
age, gender, and eGFR, and the reference (HR 1) was set to the
median ACR (8.6 mg/qg).

and increased albuminuria was due to interaction between
the two risk factors. This strong synergistic effect indicates
that eGFR and ACR give better risk stratification when used
in combination.

Table 3 shows the HRs of progression to ESRD associated
with a new 12-category variable based on the combined effect
of eGFR and ACR. Cox regression analysis showed that within
each ACR category, lower eGFR categories were associated
with a higher risk. Likewise, progressively higher ACR catego-
ries were associated with a progressively higher risk within each
eGFR category. Patients with macroalbuminuria and eGFR 15
to 29 ml/min per 1.73 m* had a 6957 times higher risk for ESRD
compared with the reference category of patients with eGFR
=60 ml/min per 1.73 m* and normal ACR. After multivariable
adjustment, these patients had a 4146 times higher risk. Green,
yellow, and red colors indicate categories in Table 3 with low,
medium, and high risk for progression to ESRD.

Figure 2 shows that the best clinical model (age, gender,
physical activity, diabetes, systolic BP, antihypertensive medi-
cation, and HDL cholesterol) had a total area under the re-
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Figure 2. Diagnostic accuracy of prognostic markers for future
ESRD in the general population. The ROC curves show true-
positive (TP) rates (i.e., sensitivity) for all possible false-positive
(FP) rates (i.e., 1 — specificity). Increasing AUC indicates better
diagnostic accuracy, and the clinical relevant region of the curve
is at low FP rates (<0.10).

ceiver operating characteristic (ROC) curve (AUC) of 0.864
(i.e., classified correctly 86.4% of pairs of patients in the general
population who did and did not progress to ESRD). ACR alone
performed substantially better (AUC 0.893), but eGER alone
had the best prediction (AUC 0.933). Combining ACR and
eGFR increased the total AUC only marginally (0.936); how-
ever, using total AUC for evaluating the diagnostic accuracy of
a test implies equal importance of true-positive and false-pos-
itive rates. For screening-related situations, the clinical rele-
vant region of the curve is at very low false-positive rates. Table
4 therefore displays the partial area under the clinically relevant
part of the ROC curve (false-positive rates between 0.00 and

Table 3. HRs for progression to ESRD by categories of eGFR and ACR

eGFR (ml/min per 1.73 m?)

Parameter
=60 45 to 59 30 to 44 15 to 29

Normal ACR

unadjusted 1.0P 30.8 (9.3 to 102.2)° 76.0 (18.5 to 313.2)° 583.1 (120.5 to 2822.0)°

adjusted 1.0P 23.4 (6.7 to 82.1)° 51.9 (11.5 to 233.5)° 368.7 (69.2 to 1964.0)°
Microalbuminuria

unadjusted 33.9 (11.2 to 102.6)° 227.4 (72.8 to 710.2)¢ 740.6 (246.7 to 2222.0)° 3833.0 (1265.0 to 11,611.0)¢

adjusted 27.3 (8.8 to 84.5)° 146.5 (42.7 to 502.7)¢ 448.9 (133.7 to 1508.0)° 2202.0 (632.5 to 7669.0)¢

Macroalbuminuria
306.6 (50.3 to 1871.0)°
196.3 (27.6 to 1397.0)°

unadjusted
adjusted

1108.0 (285.8 to 4297.0)°
641.1 (143.6 to 2862.0)°

3167.0 (1066.0 to 9403.0)°
2036.0 (594.3 to 6973.0)¢

6957.0 (2286.0 to 21,165.0)¢
4146.0 (1187.0 to 14,482.0)¢

#Numbers are unadjusted HR (95% Cl) and HR after adjustment for age, gender, systolic BP, antihypertensive medication, diabetes, HDL cholesterol, and
physical activity in a Cox regression analysis. Microalbuminuria was ACR ranging from 20 to 200 mg/g in men and 30 to 300 mg/g in women.

BLow risk for progression to ESRD.
“Medium risk for progression to ESRD.
9High risk for progression to ESRD.

4 Journal of the American Society of Nephrology
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Table 4. Diagnostic accuracy of prognostic markers for progression to ESRD in different populations selected for
screening?

Screening Strategies

Diabetes/ Diabetes/ UK CKD Everybody
Prognostic Marker Hypertension Hypertension/ Guidelines®
Age >55 yr
TPRy 03 pAUC TPRy 03 pAUC TPRy 03 pAUC TPRy 03 pAUC
Best clinical model 0.155 0.603 0.191 0.623 0.225 0.644 0.339 0.704
ACR 0.459 0.752 0.520 0.776 0.544 0.786 0.535 0.786
eGFR 0.453 0.754 0.464 0.757 0.526 0.787 0.605 0.821
eGFR + ACR 0.579 0.807 0.596 0.813 0.639 0.834 0.660 0.844
eGFR + ACR + best clinical model 0.612 0.820 0.616 0.822 0.660 0.842 0.692 0.858

#TPRy 03, true-positive rate (i.e., sensitivity) at a fixed false-positive rate (FPR) of 0.03; pAUC, partial area under the clinically relevant part of the ROC curve (FPR
0.00 to 0.10) transformed to values between 0.5 and 1.0.35 Analogous to ordinary ROC analysis, a perfect test would have pAUC = 1.0, whereas a test with no

ability to discriminate between those progressing to ESRD and those not progressing would have pAUC = 0.5. Best clinical model includes age, gender,
physical activity, diabetes, systolic BP, antihypertensive treatment, and HDL cholesterol.
bBritish CKD guidelines recommend screening of individuals with hypertension, diabetes, autoimmune diseases, CVD, or postrenal obstruction.*

0.10). It also shows the true-positive rates at a fixed false-pos-
itive rate of 0.03. For all screening populations evaluated, com-
bining ACR and eGFR substantially improved discrimination,
whereas the additional effect of adding the best clinical model
variables was marginal. For example, when screening patients
with diabetes, hypertension, or age >55 yr, adding ACR to
eGFR improved the true-positive rate from 0.464 to 0.596. In-
cluding the best clinical model variables increased the true-
positive rate to 0.616.

Table 5 shows the diagnostic effectiveness of CKD screening
by screening strategy (“whom to screen”) and type of CKD
classification system used for referral to nephrologists or other
forms of intensified follow-up (“how to screen”). The cur-
rently recommended practice is to examine patients with dia-
betes or hypertension for renal damage. If all patients who were
found to have stages 1 through 4 CKD in this subpopulation
were referred to nephrologists, then we would place under spe-
cialist care 50.2% of all patients in the general population who
would progress to ESRD within the next 10.3 yr; however, 38.4
patients who would not progress would also be referred and
followed per one case of ESRD (i.e., number needed to follow
[NNTF] = 38.4). More restrictive referral (i.e., only patients

with stages 3 to 4 CKD or stage 4 CKD alone) would substan-
tially reduce the NNTF, but detection rate of future ESRD
would be low (44.2 and 11.3%, respectively). If a wider screen-
ing strategy were used (including those with diabetes, hyper-
tension, or age >55 yr), then referral of patients who were
found to have stages 1 through 4 CKD would include 87.6% of
all future ESRD cases, but a very high number of patients who
would not progress to ESRD would also be referred (NNTF =
51.5). In contrast, a new classification system whereby all e GFR
levels are modified by information on ACR would improve
performance substantially. If patients with moderate or high
risk (Table 3) were referred, then detection rate would be
63.5% and NNTF only 11.4. If only those at high risk (Table 3)
were referred, then NNTF would be 2.6 and still 31.5% of all
future ESRD cases would be detected.

Sensitivity analyses showed that all results were stable
against primary outcome misclassification originating from
the low-risk groups (i.e., participants who progressed to eGFR
<15 ml/min per 1.73 m” but did not starting RRT or died with
ESRD during the observation period). For example, even if the
number of ESRD cases from the reference group tripled (from
seven to 21 cases), patients with macroalbuminuria and eGFR

Table 5. Diagnostic effectiveness of different algorithms for detecting patients progressing to ESRD?

Screening Strategy

Diabetes/Hypertension Diabetes/Hypertension/ UK Guidelines Everybody

Referral Criteria

Age >55 yr
DR (%) Pop. (%) NNTF DR (%) Pop. (%) NNTF DR (%) Pop.(%) NNTF DR (%) Pop.(%) NNTF
CKD
stages 1 to 4 50.2 3.7 38.4 87.6 8.6 515 70.3 6.5 48.4 91.9 12.0 68.4
stages 3 to 4 44.2 2.1 25.3 66.9 4.3 33.8 57.1 3.2 28.9 69.4 4.7 35.4
stage 4 1.3 0.1 4.2 21.8 0.2 3.8 18.6 0.1 4.0 23.4 0.2 3.6
eGFR-ACR
moderate or high risk ~ 39.2 0.9 1.4 63.5 1.4 11.4 52.6 1.2 11.6 65.6 1.4 11.4
high risk only 21.0 0.1 3.1 31.5 0.2 2.6 28.3 0.2 2.8 32.4 0.2 2.6

°DR, detection rate (i.e., the proportion of all participants in the HUNT 2 study experiencing ESRD during the next 10.3 yr included for intensive follow-up);
Pop., proportion of the total adult population included for intensive follow-up. eGFR-ACR moderate risk = GFR 15 to 29 and normal ACR, or eGFR 30 to 59
and microalbuminuria, or eGFR =60 and macroalbuminuria in Table 3; eGFR-ACR high risk = eGFR 15 to 29 and microalbuminuria, or eGFR 15 to 44 and
macroalbuminuria in Table 3.

J Am Soc Nephrol ee : —, 2009 Predicting Renal Risk with eGFR and ACR 5
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15 to 29 ml/min per 1.73 m* would still have an HR of 730
(95% CI 170 to 3103; Table 3). Likewise, the detection rates for
future ESRD in the general population were still similar for
stages 3 to 4 CKD versus moderate/high-risk eGFR-ACR model
for referral (62.2 versus 58.8%), whereas the number of pa-
tients referred to a specialist were more than three-fold lower
with the latter referral criteria (Table 5).

DISCUSSION

In this large population-based sample, we identified the com-
bination of eGFR and albuminuria as a powerful predictor of
progression to ESRD. This model did not improve significantly
by addition of variables. Our predictor was more effective than
the current K/DOQI CKD classification system because the
latter does not include proteinuria as a predictor in stages 3 to
4 CKD.

Several methodologic aspects of our study deserve discus-
sion. First, the validity of ESRD as a primary outcome may pose
problems in epidemiologic research. Many patients with ESRD
die from cardiovascular causes before being taken on dialysis,
but we were able to include these by linkage to the Cause of
Death Registry. In addition, a few patients with eGFR <15
ml/min per 1.73 m” remained alive without dialysis through-
out a 10.3-yr study period. They pose a potential cause of mis-
classification bias because most cases would come from the
low-risk groups's; however, sensitivity analyses showed that
our results would still be valid even if the reference category
contributed >200% extra cases of ESRD, an extent of misclas-
sification that is very unlikely. We were also able to validate the
diagnosis of ESRD in all cases included—a major strength of
this study—and the incidence of study participants who
started RRT was identical to the mean incidence for Norway.!”
Another limitation is that only a subgroup of HUNT 2 partic-
ipants were invited to deliver urine for albumin testing. To
avoid bias and loss of statistical power, however, we used mul-
tiple imputation proposed by statisticians for this particular
purpose rather than using the traditional complete-case anal-
ysis.'8-21 In large populations (# > 1000) and with multiple
data sets imputed and with 20 databases imputed, as in our
study, this technique has been shown to handle up to 90%
missing values with a validity and precision of the imputed
values almost identical to the “true” values.?22* To avoid po-
tential artifacts, we measured ACR in three nonfrozen urine
samples within 5 d. This is highly reccommended?+2> and could
give more accurate results than a single measurement. Other
limitations may be attributed to the imprecision of the Modi-
fication of Diet in Renal Disease (MDRD) formula in the range
of near-normal values leading to risk category misclassification
of some participants.?® The homogeneous study population
decreases the generalizability of our results to other ethnic
groups. In addition, selection bias is always a potential prob-
lem in observational studies, but the participation rate of

6 Journal of the American Society of Nephrology

HUNT 2 was among the highest ever reported in such large-
scale studies.

The combination of eGFR and proteinuria was assessed in
some studies that used small cohorts, specific populations, or
dipstick testing,!"-'>!4 but studies specifically measuring albu-
minuria and covering the complete range of urine albumin
values in a white general population with hard end points have
not yet been reported. Iseki et al.'' studied 95,255 Japanese
patients and found that dipstick proteinuria and eGFR 30 ml/
min per 1.73 m? were associated with a 1000 times higher risk
for future dialysis compared with no proteinuria and eGFR
=60 ml/min per 1.73 m? In a small cohort of black patients
(n = 1094) with hypertension and nephrosclerosis, Lea et al.'4
documented that the risk for progression extends down into
the range of microalbuminuria. None of these studies adjusted
for other variables. Ishani et al.'> were the first to explore the
eGFR—proteinuria combination in a multivariable analysis us-
ing data from 12,866 men at high risk for heart disease. Patients
with macroalbuminuria and eGFR <60 ml/min per 1.73 m*
had 33 times higher risk for progressing to RRT compared with
those with negative dipstick and eGFR =60 ml/min per 1.73
m?®. Verhave et al.?’ studied 6022 individuals who were from
the general population and had eGFR >60 ml/min per 1.73 m*
and found that increasing albumin excretion, even in the nor-
mal range, was associated with increasing risk for renal func-
tion loss. Using the same population, Brantsma ef al.?8 showed
that even for eGFR 30 to 59 ml/min per 1.73 m* microalbu-
minuria or worse was associated with higher annual loss of
renal function. Our study confirms that urine albumin is a
continuous risk factor for progression to ESRD—a much more
relevant end point—with no lower limit and at all levels of
eGFR.

How does the predictive power of this study compare with
that of past studies? Previously suggested screening strategies
can detect 44 to 100% of all patients with stages 3 to 4 CKD in
the general population, but, of these, only a small minority will
progress to ESRD.> Consequently, using these algorithms, the
health system would be overwhelmed with an excessive num-
ber of patients who actually do not need treatment by a neph-
rologist. It has therefore been increasingly questioned whether
the currently available CKD classification system is appropri-
ate.®~8 Inclusion of albuminuria even at eGFR <60 ml/min per
1.73 m? for the assessment of the risk for progression of CKD
has been suggested*#28; however, our study is the first to ad-
dress and quantify systematically the predictive power of such
a classification system using a large population-based cohort
with hard end points. Our study documents that adding infor-
mation on urine albumin to patients with stages 3 to 4 CKD
substantially increases the predictive power to identify individ-
uals at high risk for progression. We emphasize that a large
proportion of patients with stage 3 CKD are at low risk for
progression as long as the urine albumin concentration is low.
At the same level of eGFR, the risk rises substantially when
micro- or macroalbuminuria is present.

Our study shows that including additional variables beyond
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eGFR and ACR in a renal risk model will not substantially
improve risk prediction and can therefore be omitted for cost’s
and simplicity’s sake. In addition, eGFR and ACR complement
each other very well, leading to a strong interaction and a
strong predictive power. Roughly, ACR is a marker of the rate
of progression, whereas eGFR is a marker of how advanced the
disease process is. This by no means negates the importance of,
for example, hypertension, diabetes, and smoking as modifi-
able factors in the progression of CKD, because ability to pre-
dict future ESRD should not be equated with causality. As an
added benefit of this approach—although not directly tested in
this analysis—a previous study using the same data set showed
that the combination of eGFR and ACR significantly improved
cardiovascular risk prediction at all age levels but particularly
in the elderly, for whom the predictive power of traditional risk
factors is attenuated.??

We conclude that in the general population, eGFR and
urine albumin excretion, even in the range of microalbumin-
uric values, are the most powerful predictors of ESRD known
to date. They exhibit strong interaction, and all levels of eGFR
should be complemented by information on urine albumin to
improve classification and prognostication. Future renal risk
scores and CKD classification systems based on these two vari-
ables will be a simple and powerful tool improving our ability
to handle efficiently the large group of patients with CKD.

CONCISE METHODS

The HUNT 2 study is a Norwegian large-scale general health study.
From 1995 through 1997, all individuals who resided in Nord-Tron-
delag county and were aged =20 yr were invited. The population is
stable (net out migration of 0.3% per year) and ethnically homoge-
neous (97% white). The participants answered a comprehensive
questionnaire, underwent clinical examination, and donated a blood
sample. A planned missing data design was used for expensive or
bothersome examinations (e.g., repeated measurements of urine al-
bumin concentration).3® A more detailed description of the objec-
tives, methods, and participation in the HUNT 2 study has been given
elsewhere.!> The participants gave informed consent, including link-
age to central national registries. This study was approved by the Re-
gional Committee for Medical Research Ethics, the Norwegian Data
Inspectorate, and the Ministry of Health.

0£92,939 individuals invited, 27,350 did not respond; thus, 70.6%
of the entire adult population participated. All participants reported
on current and former health, illness in the family, education, and risk
factors such as smoking and physical inactivity. Three consecutive
standardized BP measurements were recorded in the sitting position
at 1-min intervals using an automatic oscillometric method (Di-
namap 845XT; Critikon, Tampa, FL). Blood was obtained from all
participants, immediately centrifuged and refrigerated, and analyzed
within 2 d using a Hitachi 911 autoanalyzer (Hitachi, Mito, Japan).

GFR was estimated with the MDRD Study equation for standard-
ized serum creatinine values®': eGFR = 175X [serum creatinine (mg/
dl)]112* X age™ %29 (X0.742 for women). The original Jaffé-based
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creatinine values were recalibrated providing isotope dilution mass
spectrometry traceable values. By doing so, eGFR values for the
HUNT 2 study have been shown to be unbiased in the normal range
and for all age groups.3? Individuals with eGFR <15 ml/min per 1.73
m? at baseline (n = 15) were excluded, and individuals with eGFR
values =160 ml/min per 1.73 m?, which is unlikely to be physiologic,
were given a value of 160 ml/min per 1.73 m* (n = 541).

Among the 65,589 participants, 8360 had hypertension and were
taking BP-lowering drugs or were patients with diabetes. These pa-
tients were asked to deliver spot urine samples on three consecutive
mornings, and 88.6% returned all requested urine samples. Nonre-
sponders were not statistically different from those who delivered all
urine samples regarding important variables such as age, gender, car-
diovascular disease, weight, BP, lipids, and serum creatinine. A ran-
dom 5% sample of individuals without diabetes and hypertension
(n = 2861) were also asked to deliver urine samples; 75.6% returned
all requested urine samples. Nonresponders were not statistically dif-
ferent regarding the variables mentioned already except for a younger
age (44 versus 49 yr; P = 0.001) Urine albumin concentration in re-
frigerated urine samples (5°C) was measured within 5 d using an
immunoturbidimetric method (Dako A/S, Glostrup, Denmark; lower
detection level 1 mg/L), and the mean urine ACR was used as an
expression for albumin excretion.

The study outcome was ESRD. In Norway, all live births are given
a national identification number, enabling record linkage of all study
participants to the Norwegian Renal Registry, which is >99.9% com-
plete regarding start of RRT (T. Leivestad, registry director, personal
communication, May 2008) and to the Cause of Death Registry. We
used CKD death, defined as those who had a CKD diagnosis (Inter-
national Classification of Diseases, 10th Revision diagnosis N0O
through N19 excluding N10 and N17) as the immediate cause of
death or underlying cause of death on their death certificate to find
individuals who had ESRD and did not start RRT. Two experienced
nephrologists manually searched the deceased individuals’ records
available from the hospital and/or the general practitioner. Cases with
“acute-on-chronic” renal failure were excluded. ESRD was defined as
starting RRT or death with advanced renal failure (i.e., a documented
CKD diagnosis and a documented stable eGFR <15 ml/min per 1.73
m? or other indications for RRT before death).

Statistical analyses were performed using Stata 10.0 (Stata Corp.,
College Station, TX). In general, there were few missing data (<2%
for most variables; Table 1), but repeated measurements of ACR were,
by study design, available only in a subgroup. Multiple imputation is
now considered the standard method for handling this type of da-
ta,'8-21 whereas complete case analysis would yield too imprecise as
well as biased results. The multiple imputation technique estimates
the mean and uncertainty of the missing data in individuals using all
information from the actually observed data in a proper way. Using
the Stata command “ice,” we created 20 complete data sets to achieve
maximum accuracy.?>2? Subsequently, the Stata command “micom-
bine” was used together with standard statistical methods, giving un-
biased risk estimates with correct ClIs. For most individuals without
diabetes and hypertension, data were missing completely at random,
and for those who did not return urine samples as requested, data
were assumed to be missing at random, thus meeting the assumptions
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of the method. ACR was log-transformed and not used as predictor in
the imputation of other missing variables,!® study outcome (ESRD)
was included in the imputation model,3* and the time variable was
log-transformed.!® Regression modeling revealed interactions be-
tween gender and both BP and diabetes; therefore, these two interac-
tions were included in the imputation model.

Cox proportional hazard regression analysis was used to evaluate
the influence of renal risk factors on progression to ESRD. We
checked for crossover and other nonproportional survival patterns
and for linearity in continuous variables. Binary variables were coded
as 0/1, and ordinal variables were coded as integer values. All individ-
uals were passively observed (i.e., further clinical examinations or
blood samples were not performed, until January 1, 2006; death; or
starting RRT, whichever occurred first). Age-adjusted associations for
all available variables were evaluated, and a best clinical model was
built by entering significant variables into a multivariable model using
stepwise forward selection. Finally, eGFR and ACR were added to the
previous best clinical model, and, in all further analysis, we consis-
tently adjust the eGFR-ACR results for the best clinical model vari-
ables. Interaction on an additive scale was used to evaluate whether
eGFR and ACR are more effective for risk stratification when used
together than separately.>* Two-sided P < 0.05 was considered signif-
icant. A composite variable with 12 categories combining four eGFR
categories and three ACR categories was used to evaluate the com-
bined effect of these two variables. Microalbuminuria was defined as
ACR 20 to 200 mg/g in men and 30 to 300 mg/g in women, and
macroalbuminuria was defined as ACR >200 mg/g in men and >300
mg/g in women.?> The continuous relationship of higher ACR with
future ESRD was explored using fractional polynomial models ad-
justed for eGFR, gender, and age. Because relative risk—based meth-
ods are not well suited for classifying or predicting risk in individuals,
we used time-dependent ROC curves for survival data.?> In popula-
tion-based screening, the clinical relevant region of the ROC curve is
at low false-positive rates. We calculated the partial area under the
ROC curve for false-positive rates between 0.00 and 0.10.3¢ For dis-
eases with a low prevalence and/or with no confirmative test available,
false-positive rates of 0.03 and lower are often recommended to avoid
the financial, medical, and psychological costs inflicted by a large
number of false-positive cases.?”>3® Different models were therefore
also compared at a fixed false-positive rate of 0.03.
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