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Abstract

Trials failed to demonstrate protective effects of investigational treatments on glomerular filtration rate (GFR) reduction in
Autosomal Dominant Polycystic Kidney Disease (ADPKD). To assess whether above findings were explained by unreliable
GFR estimates, in this academic study we compared GFR values centrally measured by iohexol plasma clearance with
corresponding values estimated by Chronic Kidney Disease Epidemiology Collaboration (CKD-Epi) and abbreviated
Modification of Diet in Renal Disease (aMDRD) formulas in ADPKD patients retrieved from four clinical trials run by a Clinical
Research Center and five Nephrology Units in Italy. Measured baseline GFRs and one-year GFR changes averaged 78.6+26.7
and 8.4+10.3 mL/min/1.73 m?in 111 and 71 ADPKD patients, respectively. CKD-Epi significantly overestimated and aMDRD
underestimated baseline GFRs. Less than half estimates deviated by <10% from measured values. One-year estimated GFR
changes did not detect measured changes. Both formulas underestimated GFR changes by 50%. Less than 9% of estimates
deviated <10% from measured changes. Extent of deviations even exceeded that of measured one-year GFR changes. In
ADPKD, prediction formulas unreliably estimate actual GFR values and fail to detect their changes over time. Direct kidney
function measurements by appropriate techniques are needed to adequately evaluate treatment effects in clinics and
research.
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Introduction

Seven to ten percent of patients requiring chronic renal
replacement therapy because of end-stage renal disease (ESRD)
are affected by Autosomal Dominant Polycystic Kidney Disease
(ADPKD) [1-3]. Renal function loss in ADPKD is largely related
to the development and growth of cysts and concomitant disruption
of normal renal tissue [4]. Thus, experimental and clinical studies
tested drugs that specifically target factors - such as cyclic AMP and
mammalian Target of Rapamycin (mTOR) related pathways [5,6]
- that appear to be involved in the dysregulation of epithelial cell
growth, secretion, and matrix deposition that is characteristic of the
disease [7-11]. The enthusiasm on this line of research, however,
was stifled by the results of recent trials showing no appreciable
protective effect of sirolimus or everolimus therapy against
progressive glomerular filtration rate (GFR) decline in two large
cohorts of ADPKD patients [12,13]. In both trials the GFR was
estimated (eGFR) by using prediction formulas - the “Chronic
Kidney Disease Epidemiology Collaboration” (CKD-Epi) and the
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“abbreviated Modification of Diet in Renal Disease” (aMDRD)
equations — that are based on serum creatinine level, taken as an
endogenous marker of glomerular filtration [Levey A, et al. (2000) J
Am Soc Nephrol 11: 155A, Abstract] [14]. These formulas,
however, has been repeatedly challenged and there is increasing
evidence that their use might generate misleading information in
particular in subjects with normal or near normal kidney function
[15-19] [Porrini E et al. (2010) American Society of Nephrology,
Renal Week 2010, Denver, CO, November 16-21, Abstract F-
PO1244]. Thus, direct measurements of the GFR by gold-standard
techniques based on the use of exogenous markers of glomerular
filtration such as inulin, iohexol or radio-labeled tracers [20—24]
would be needed to adequately assess a treatment effect on GFR
decline in this population. To test this hypothesis we took
advantage from a cohort of ADPKD patients prospectively
monitored by serial GFR measurements and estimations in the
setting of controlled clinical trials coordinated by the Mario Negri
Institute for Pharmacological Research in Italy. In this population
we evaluated the relationships between GFR values centrally
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measured (mGFR) at inclusion and at one-year follow-up and the
concomitant GFR estimates obtained by prediction formulas
(eGFR). To this purpose the GFR was measured by using the
iohexol plasma clearance technique [21], a procedure previously
validated by comparative analyses with inulin renal clearance
showing that iohexol is a reliable marker of glomerular filtration in
normal subjects as well as in patients with different degree of renal
insufficiency [21]. Compared to renal inulin clearance this
procedure does not require urine collection or continuous infusion
of the filtration marker, and compared to *'Cr-EDTA and *™Tec-
DTPA plasma clearance techniques [25,26], it allows avoiding the
use of radiolabeled tracers. Both advantages facilitate kidney
function monitoring in everyday clinical practice and in research
[21,27-29]. Thus, the availability of direct GFR measurements
allowed to test the reliability of prediction formulas in patients with
ADPKD and to assess whether and to which extent their use can
affect the statistical power of a clinical trial aimed to detect the
protective effect of a given intervention on progressive renal
function loss in this population.

Methods

This was a fully academic, internally funded study with no
sponsor or company involvement in study design and data
recording, analysis, interpretation and reporting. All considered
trials conformed to the Declaration of Helsinki guidelines and
were approved by the “Comitato di Bioetica della Azienda
Ospedaliera Ospedali Riuniti di Bergamo”. In addition, for the
ALADIN Study Ethics Committees of Lecce, Milan, Naples, and
Treviso approved the trial. All included patients provided written
consent to trial participation. Data were handled in respect of
patient anonymity and confidentiality.

Study population

We used measured and estimated GIFR data obtained from
homogeneous cohorts of adult ADPKD subjects with baseline
eGFR >30 mL/min/1.73 m? (by aMDRD ecquation) who had
been included in four studies designed, conducted, and monitored
by the Investigators of the Clinical Research Center for Rare
Diseases “Aldo e Cele Dacco™ of the Mario Negri Institute (Bergamo,
Italy). The “Safety and Efficacy of Long-acting Somatostatin
Treatment in Autosomal Dominant Polycystic Kidney Disease”
study [30] and the “Sirolimus Treatment in Patients with
Autosomal Dominant Polycystic Kidney Disease” I (SIRENA 1,
EUDRACT N 2006-003427-37) [31] and II (SIRENA II,
EUDRACT N°: 2007-005047-21) studies were run in cooperation
with the Nephrology Unit in Bergamo, whereas the “Effects of
Long-acting Somatostatin on Disease Progression in Patients with
Autosomal Dominant Polycystic Kidney Disease and Moderate to
Severe Renal Insufficiency Therapy” (ALADIN, EUDRACT N*:
2005-005552-41) study involved also four Units in Lecce, Milan,
Naples, and Treviso, all in Italy. The first two studies evaluated the
short-term effects of six-month therapy with Sandostatin-LAR®
Depot (Novartis Farma S.p.A., Origgio, Varese, Italy) or
Rapamune® (Wyeth-Lederle S.p.A., Aprilia, Latina, Italy) on
kidney volumes and function in the setting of a randomized, cross-
over design. The other two studies evaluated the long-term effect
of three-year treatment with the two agents on kidney volumes and
mGFR decline in the setting of a randomized, parallel-group
design. Baseline data were obtained from all studies (Somatostatin
study: 10, SIRENA I: 21, SIRENA II: 4, ALADIN: 76), whereas
one-year data were available only from the ALADIN study.

All studies excluded ADPKD patients with evidence of concom-
itant systemic, renal parenchymal (proteinuria =1 gr/24 hours) or
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urinary tract disease, diabetes, cancer, psychiatric disorders, as well
as pregnant or lactating women or fertile women without effective
contraception. Considered variables were recorded according to
similar timetables in case record forms and databases which had a
similar frame. Thus, the homogeneity in patient characteristics,
study design and organization, monitored variables, and data
handling procedures allowed the merging of data in a common
meta-database and all considered outcomes could be analyzed with
a minimized risk of reasonably predictable biases.

GFR measurement and estimation

GFR was centrally determined at the laboratory of the Clinical
Research Center at patient inclusion and one year apart by using
the iohexol plasma clearance technique. GFR was determined by
the plasma clearance of iohexol. Briefly, on the morning of renal
function evaluation, 5 ml of iohexol solution (Omnipaque 300, GE
Healthcare, Milan, Italy) was injected intravenously over 2 minutes.
Blood samples were then taken at 120, 180, 240, 300, 360, 420, and
480 min for patients with expected mGFR=40 mL/min, and at
120, 150, 180, 210, and 240 min for those with expected
mGFR>40 mL/min. Blood iohexol plasma levels were measured
by high-performance-liquid chromatography. The clearance of
iohexol was calculated according to a one-compartment model
(CL,) by the formula: CL; = Dose/AUC, where AUC is the area
under the plasma concentration-time curve. According to Broch-
ner-Mortensen [32], plasma clearances were then corrected by
using the formula CL = (0.990778 xCL;)—(0.001218 xCL,?. GFR
values were then normalized to 1.73 m? of body surface arca (BSA).

The procedure has remarkable precision over a wide range of
kidney function [33] as documented by the low mean intra-
individual coeflicient of variation (5.59%) and good reproducibility
index (6.28%) observed in repeated measurements in subjects with
near-terminal kidney failure, normal GFR or even hyperfiltration.

The morning of each iohexol clearance study, serum creatinine
concentration was measured with the modified rate Jafté method
using an automatic device (Beckman Synchron LX20 Pro, Beckman
Coulter S.p.A., Cassina De’ Pecchi, Italy) and demographic and
anthropometric data considered in CKD-Epi and aMDRD
equations [Levey A, et al. (2000) J] Am Soc Nephrol 11: 155A,
Abstract] [14] were recorded. For CKD-Epi estimates, measured
serum creatinine values were standardized to the isotope-dilution-
mass-spectrometry method by the equation provided by Beckman-
Coulter. GFR values estimated by both models were normalized.

Statistical analysis

Data were expressed as mean * standard deviation (SD) or
median. The relationships between measured and estimated GFR
values at baseline, as well as between one-year changes in
measured and estimated GFRs, were studied by regression
analyses considering Pearson correlation coefficient and Lin
concordance correlation coefficient as an index to evaluate the
degree to which pairs of observations fall on the 45° line through
the origin [34]. Additional sensitivity analyses were performed by
using the Deming regression. Analyses were performed in the
study group as a whole and in two subgroups with baseline
mGFR= or <70 mL/min/1.73 m? considered separately.

Bias, mean percent error (MPE) and mean percent absolute
error (MAPE) were determined as previously described [35].
Scatter was defined as the median absolute difference between
measured and estimated GFR. Taking into account that the
reproducibility of the iohexol plasma clearance is 6.28% [33], the
eGIR values lying within the £10% error range were a priori
considered as virtually identical to mGFR values. The trend of the
errors was represented by Bland-Altman analysis: the differences
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between estimated and measured GFRs (or estimated and
measured one-year GFR differences) were plotted versus the
mean of estimated and measured GIFRs (or estimated and
measured one-year GFR differences). Data were compared by
paired or unpaired t-test, Mann-Whitney test, chi-square test or
one way analysis of variance (ANOVA), as appropriate. The
statistical significance level was defined as p<<0.05. All analyses
were performed by MedCalc (11.3.3 version) or MS Excel.

Results

Patient characteristics

Baseline data were available from 111 patients. They were
relatively young and predominantly male subjects (Table 1).
Thirty-three patients were overweight and 13 obese (according to
a body mass index between 25 and 30 kg/m? or exceeding 30 kg/
m?, respectively). Serum creatinine exceeded the upper limit of the
normal range (1.30 mg/dL) in 39 cases. The GFR was less than
the lower limit of the normal range (80120 mL/min/1.73 m?) in
62 cases. Only six patients were hyperfiltering (mGFR>120 mL/
min/1.73 m%. No patient was on concomitant treatment with
drugs known to interfere with creatinine tubular handling.

Relationships between measured and estimated GFR at

baseline
The GFRs estimated by CKD-Epi and aMDRD formulas were
significantly correlated (p<<0.001) with measured GFRs (Figure 1,
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Left and Right Panel, respectively). The “r” correlation (0.908 vs.
0.891) and Lin concordance (0.899 vs. 0.872) coeflicient were
slightly higher with CKD-Epi than aMDRD estimates. Similar
results were obtained by using the Deming regression model.
Analyses indicated a proportional difference (slope statistically
different from 1) and a constant negative difference (intercept
significantly different from 0) for the CKD-Epi and aMDRD
formulas respectively. CKD-Epi significantly overestimated and
aMDRD underestimated mGFR values, respectively (Table 2).
Mean percent errors vs. actual values showed similar trends,
whereas mean absolute percent errors were similar with the two
estimates (Table 2). Overall, less than half of the estimates deviated
by <10% from actual values. The accuracy was poor for both
estimates, although the percentage of acceptable estimates was
slightly higher with CKD-Epi than aMDRD. With both formulas,
scatter and mean absolute differences between measured and
estimated GFR changes ranged between 7 and 11 mL/min/
1.73 m> On the basis of the results of Bland-Altman analyses, the
performance of the two equations was similarly poor at any degree
of renal function, with a trend to greater errors for higher levels of
mGIR (Figure 2). The differences between the upper and lower
limits of agreement were 48.3 mL/min/1.73 m® and 50.1 mL/
min/1.73 m? for the CKD-Epi and the aMDRD formula,
respectively. However, the mean bias was negligible since it
reflects the mean of over- and underestimation of individual
mGFR values. The absolute differences between measured and
estimated GIR values significantly increased (CKD-Epi: p<0.01,

@ PLoS ONE | www.plosone.org

Table 1. Patients characteristics at inclusion.

Whole study group Patients with baseline and one-year data Patients with baseline data only
n 111 71 40
Age (yr) 38.20+7.87 37.15+7.98 40.06*7.40
Male sex - no. (%) 62(55.86) 34(47.89) 28(70.00)
Height (cm) 171.12%+9.50 170.01+9.85 173.08+8.62
Weight (Kg) 73.28+14.65 72.49+14.58 74.68+14.86
Body Mass Index (kglmz)T 24.91+3.86 24.96+3.91 24.81£3.83
Body Surface Area (m?)$ 1.85+0.21 1.83+0.21 1.88+0.21
Systolic Blood Pressure (mmHg) 130.21+15.50 127.74+15.49 136.06+14.08"
Diastolic Blood Pressure (mmHg) 84.91+11.22 84.07+12.22 86.89+8.25
Serum creatinine (mg/dL)j 1.21+0.46 1.12+0.45 1.37+0.46"*
Uric Acid (mg/dL) 541x1.61 5.18+1.63 5.83+1.50"
GOT/AST (U/L) 19.99+6.36 19.61*x7.24 20.69%4.33
GPT/ALT (U/L) 20.09£11.07 19.48+12.39 21.21£8.17
Proteinuria (g/24 h) 0.25*+0.52 0.28+0.62 0.16%+0.13
Albuminuria (ug/min) 52.86+65.02 61.89+79.63 40.81%+35.36
GFR (mL/min/1.73 m?) 78.56+26.70 83.13£27.52 70.45+23.38"
Antihypertensive therapy - no. (%) 73 (65.77) 44 (61.97) 29 (72.50)
ACEi - no. (%) 55 (49.55) 33 (46.48) 23 (57.50)
CCB - no. (%) 12 (10.81) 8 (11.27) 4 (10.00)
ARBs - no. (%) 23 (20.72) 16 (22.54) 7 (17.50)
Antihypertensive drugs - no. 2 (1-3) 2 (1-3) 1(1-2)
Data are mean=SD.
fThe body mass index is the weight in kilograms divided by the square of the height in meters.
*The body surface area is calculated with the Dubois&Dubois formula.
"To convert values for serum creatinine to micromoles per liter, multiply by 88.4.
*p<<0.05 vs. whole study group;
"p<0.05 vs. patients with baseline and one-year data.
doi:10.1371/journal.pone.0032533.t001
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Figure 1. Correlation between estimated and measured by iohexol plasma clearance GFR. Values estimated by CKD-Epi and aMDRD
formulas are shown in the left and right panel respectively. Dot lines are identity lines; continuous lines are regression lines.
doi:10.1371/journal.pone.0032533.g001

Table 2. Performance of CKD-Epi and aMDRD equations in predicting GFR at inclusion in 111 ADPKD patients as a whole and
ranked according to mGFR<70 (n=45) and =70 (n=66) mL/min/1.73 m>.

Overall mGFR<70 mGFR=70

CKD-Epi Estimated GFR 81.37+29.39" 52.85+12.58 100.8220.18"

Bias 2.81+12.32 0.85+7.99 4.15+14.46

Mean % Error 3.84*+15.74 2.15%£14.91 4.98+16.30

Mean Absolute % Error 12.50£10.24 11.94+9.01 12.88£11.06

Scatter 7.01 4.69 9.88

Mean Absolute Differences 9.58+8.20 6.26+4.96 11.84£9.18

Estimates within 10% 51.35 51.11 51.52

Pearson Coefficient 0.908 0.775 0.715

Lin Coefficient 0.899 0.760 0.692
aMDRD Estimated GFR 73.01+27.95* 47.82+10.39* 90.18+22.59°

Bias —5.55+12.79 —4.17%x7.08 —6.49*+15.51

Mean % Error —6.93+14.69 —7.23%13.01 —6.72+15.82

Mean Absolute % Error 13.32£9.23 11.76£9.01 14.38£9.29

Scatter 8.92 4.60 11.24

Mean Absolute Differences 10.76£8.82 6.34+5.18 13.77£9.53

Estimates within 10% 41.44 51.11 34.85

Pearson Coefficient 0.891 0.770 0.729

Lin Coefficient 0.872 0.712 0.672

'p<0.01;

"p<0.05 vs. iohexol plasma clearance.
doi:10.1371/journal.pone.0032533.t002
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lohexol plasma clearance: overall: 78.5626.70 mL/min/1.73 m? GFR<70: 51.99+10.49 mL/min/1.73 m? GFR=70: 96.67+17.63 mL/min/1.73 mZ2.
Data are mean=SD or median.
Estimated GFR, Bias, Scatter and Mean Absolute Differences are in mL/min/1.73 m?,
*p<0.001;
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Figure 2. Agreement between measured and estimated GFR values. Bland-Altman plot of the difference between GFR estimated (eGFR) by
the CKD-Epi (Upper panel) and by aMDRD (Lower panel) formulas and measured GFR (mGFR) vs. the mean of the two determinations. Straight line
and dashed lines indicate mean difference and 95% limits of agreement, respectively.

doi:10.1371/journal.pone.0032533.g002

r=0.248; aMDRD: p<0.001, r=0.462) for increasing levels of
baseline mGFR (Figure 3). Analyses considering separately
subjects with mGFR at inclusion < or =70 mL/min/1.73 m?
(Figure 4) showed that the accuracy of both prediction formulas
was poor in either group (Table 2).

Relationships between measured and estimated GFR
changes at one year vs. baseline

Measured and estimated one-year GFR data were available in
71 of the 111 included patients. Demography, clinical and
laboratory characteristics at inclusion of patients with or without
one-year outcome data were similar, with the exception of mGFR
and serum creatinine levels (Table 1). Consistently with data in the
whole study group, baseline mGFR values were significantly
overestimated and underestimated by CKD-Epi and aMDRD
formulas, respectively. At one year the difference between

@ PLoS ONE | www.plosone.org

estimated and measured GFRs was still significant only when
CKD-Epi estimates were considered (Table 3).

Opverall, at one-year, nGFR decreased by 8.4 ml./min/1.73 m?
vs. baseline, a reduction that CKD-Epi and aMDRD significantly
underestimated by 59% and 53%, respectively (Table 3). Bias, mean
percent errors and mean absolute percent errors of estimated vs.
measured one-year GFR changes were similar with the two
equations (Table S1). Only 8.57% and 5.71% of the CKD-Ep1
and aMDRD estimates deviated by less than 10% from actual
values, respectively. The accuracy was poor for both estimates,
although the percentage of acceptable estimates was slightly higher
with the CKD-Epi than with the aMDRD formula. With both
formulas, scatter and mean absolute differences between measured
and estimated GFR changes approximated 10 mL/min/1.73 m®
(Table S1), a value that exceeded the 8.4 mL/min/1.73 m*> GFR
change actually measured at one year (Table 3). No significant
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correlation was found between mGFR changes and changes
estimated either by the CKD-Epi and the aMDRD formula
(Figure 5). At Bland-Altman analyses, the performance of the two
equations was similarly poor at any level of renal function changes
(Figure 6). The differences between the upper and lower limits of
agreement were 48.3 mL/min/1.73 m? and 49.8 mL/min/
1.73 m® for the CKD-Epi and the aMDRD formula, respectively.
The absolute differences between measured and estimated GFR
changes significantly increased (CKD-Epi: p=0.020 r=0.275;
aMDRD: p=0.004, r=0.335) for increasing levels of baseline
mGFR (Figure 7). Actually, the analysis of the subgroups of subjects
with mGFR at inclusion < or =70 mIL/min/1.73 m? showed that
the accuracy in assessing GIFR change by both CKD-Epi and

@ PLoS ONE | www.plosone.org

aMDRD formulas was poorer for mGFR higher than 70 mL/min/
1.73 m® (Table 3). Nevertheless, as shown in Figure 8, even in
subjects with mGFR<70 mL/min/1.73 m® the extent of GFR
changes predicted by both formulas was fully independent of
actually measured changes. Consistently, in this subgroup of
subjects estimates of one-year GFR changes based on CKD-Epi
and aMDRD equations deviated with large percent errors from
actual changes measured by iohexol plasma clearance (Table S1).

Discussion

The key findings of our present analysis in a relatively large
cohort of adult ADPKD patients who had their GFR values
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Figure 4. Relationship between GFR values ranked according to renal function. Correlation between GFR measured by iohexol plasma
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doi:10.1371/journal.pone.0032533.9g004

centrally measured by a gold standard procedure such as the
iohexol plasma clearance technique [21] and at the same time
estimated by the CKD-Epi and aMDRD prediction formulas, can
be summarized in the following 3 points:

i.  GFR values estimated by the two formulas significantly
correlated with measured GFRs. Data, however, were biased
by a significant overestimation with the CKD-Epi and
underestimation with the aMDRD formula. Moreover, there
was a wide and unpredictable deviation of estimated data from
measured values, with less than 50 percent of GFR values being
predicted with an adequate accuracy by the two equations.

ii. One-year GFR changes estimated by both prediction
formulas failed to correlate to any appreciable extent with
measured changes. Morcover, data were biased by a
systematic underestimation of measured GFR changes that
averaged 50 percent with both formulas. Again, there was a
wide and unpredictable deviation of estimated from mea-
sured GFR changes, with less than nine percent of GFR
changes being reliably predicted by the two equations. Of
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note, deviations of estimated data even exceeded the actually
measured GFR changes.

.  Because of imprecise estimation of actual GFR values and
unreliable prediction of GFR changes over time, both CKD-
Epi and aMDRD equations fail to provide useful information
in the setting of clinical trials aimed to test the effect of
experimental treatments on progressive renal function loss in
patients with ADPKD.

In a previous prospective analysis of ADPKD patients with
baseline GFR>70 mL/min/1.73 m?, GFR slopes calculated on
the basis of serial GFR measurements by iothalamate clearance
better correlated with a series of baseline predictors of disease
progression than GIFR slopes calculated by using aMDRD and
Cockcroft-Gault GFR estimates [36]. The above findings can be
explained by the bias in calculating GFR slopes using creatinine-
based prediction equations. Actually, other Authors have suggest-
ed that in early stages of CKD the variability in serum creatinine
levels might reflect creatinine production related to muscle mass or
protein intake more than glomerular filtration [36].
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Table 3. Measured and estimated one-year GFR changes vs.
baseline in 71 ADPKD patients as a whole and ranked
according to mMGFR<70 (n=25) and =70 (n=46) mL/min/
1.73 m*.

Overall mGFR<70 mGFR=70
lohexol Baseline GFR  83.13%27.52 52.64%10.28 99.69+18.03
One-Year GFR 74.70%27.83 4552%9.77  90.56+20.58
GFR Change —843*+1031 —7.13%£751 —9.13%£11.57
CKD-Epi Baseline GFR 86.84+29.56" 54.10+12.05 104.63+18.31"
One-Year GFR 81.84+32.41* 47.00+14.40 100.78*+21.96*
GFR Change —499+896" —7.10+6.29 —3.85+10.00°
aMDRD Baseline GFR  77.94+28.54° 48.74+9.70" 93.81+22.04"
One-Year GFR 73.41%29.97 42.74*+11.68 90.08+22.75
GFR Change —4.53%x9.73" —6.00+546 —3.72%11.39"

Data are in mL/min/1.73 m? mean=SD.
*p<<0.001;

p<0.01;

"p<<0.05 vs. iohexol plasma clearance.
doi:10.1371/journal.pone.0032533.t003

Our present data confirm that prediction formulas, including the
CKD-Epi equation - not considered in previous studies - are far from
accurate in estimating GFR and are fully unreliable in estimating
GIR changes in subjects with ADPKD, and provide formal
evidence that this limitation is independent of kidney function and
applies also to individuals with more severe renal insufficiency. This
1s in harmony with cross-sectional data by Orskov and colleagues
[37] showing that the performance of prediction formulas, including
CKD-Epi and aMDRD i estimating renal function, was poor
across a wide range of GIRs from CKD stage 1 to 5. Here we extend

507  ckDEpi .

One-year eGFR change (mL/min/1.73m?)

-20 A » ™
f"’ .
-30 1 . y =0.163x - 3.618
40 - r=0.188
» p =0.117
-50 +——r

-50 40 -30 -20 -10 O 10 20 30 40 50
One-year mGFR change (mL/min/1.73n¥)

One-year eGFR change (mL/min/1.73m?)

GFR Estimation in ADPKD

these data by providing the fully novel evidence that the CKD-Ep1
and aMDRD formulas do not allow any useful information to
predict GFR changes over time, a limitation that, again, applies also
to subjects with lower GFRs to start with. These findings are in line
with previous observations in other population, such as in kidney
transplant recipients, showing that predictive performance of GFR
equations, including aMDRD and Cockcroft-Gault formulas, in
detecting renal function changes over time was remarkably inferior
to that of GIFR measurements with iohexol plasma clearance [35].
On the other hand, the wide variability of GFR estimates we
observed in our ADPKD patients might be explained by changes in
tubular creatinine handling that could be specific to the disease.
Creatinine accumulating into non-communicating cysts, in partic-
ular in those originating from proximal tubuli, cannot be excreted
into urine [l] and might back-diffuse into the circulation. We
speculate that this would induce serum creatinine changes that are
independent of glomerular filtration and that might bias any GFR
estimation based on serum creatinine levels.

As demonstrated in our present analyses, both underestimation
and dispersion of data synergistically converge to decrease the
power of statistical analyses aimed to demonstrate a treatment
effect on GFR. In this perspective, failure to detect any, even
marginal, correlation between measured and estimated GFR
changes over one vyear follow-up, definitely challenged the
reliability of any clinical trial using CKD-Epi and aMDRD
equations to test the effects of experimental treatments in ADPKD
[12,13]. Similar considerations apply to the several prediction
formulas developed over the last 40 years for GFR estimation that
are flawed (even to a larger extent) by the same limitations
described for the above equations.

In another perspective, an encouraging implication of the above
findings is that the results of studies based on the use of prediction
formulas cannot be taken to definitely discard the idea that mTOR
inhibitors may be suitable for the treatment of ADPKD [6].
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Figure 5. Relationship between measured and estimated 1-year GFR changes. Correlation between measured 1-year GFR changes vs.
baseline and corresponding changes estimated by CKD-Epi (Left panel) and aMDRD (Right panel) formulas. Dot lines are identity lines; continuous

lines are regression lines.
doi:10.1371/journal.pone.0032533.g005
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Limitations and Strengths

The major limitation of our study was the post-hoc nature of an
observational analysis of subjects included in trials originally
designed for other purposes. Moreover, since longitudinal data
were available only for a subgroup, GFR changes over time could
be analyzed in a relatively small number of patients. Finally, the
availability of only two sequential GFR measurements per patient
did not allow comparative analyses between slopes of measured
and estimated GFRs. Thus, our present findings can be considered
as hypothesis generating and merit confirmation in ad hoc studies
formally comparing GFR changes over time directly measured by
gold standard procedures and indirectly estimated by using
prediction formulas. A major strength was that all patients were
monitored according to predefined and standardized guidelines
and by using a standard procedure for GFR measurement largely
applied to monitor renoprotective effects of given treatments on
renal function in patients with CKD participating to clinical trials

@ PLoS ONE | www.plosone.org

[38-42]. Iohexol plasma clearance also showed a good agreement
with inulin renal clearance (the gold standard for renal function
assessment) in subjects with different degree of renal function
[21,28,29]. Consistently, GFR decline measured in our study
patients was quite similar to that previously reported after the
fourth decade of age in ADPKD patients prospectively monitored
by serial GFR measurements by using the iothalamate plasma
clearance technique [43].

Moreover, finding that no patients was on concomitant
treatments known to affect creatinine tubular handling, avoided
the confounding effect of GFR-independent changes in serum
creatinine levels that might have further reduced the reliability of
prediction formulas that use serum creatinine as an endogenous
marker of glomerular filtration. Our present data also had a large
external validity since selection criteria allowed identifying a study
population which is representative of the average population of
ADPKD patients who refer to a Nephrology Unit in every day
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clinical practice. Moreover, GFR estimates were based on serum
creatinine levels measured in laboratories of different centers by
using validated local procedures, which faithfully reflects how
prediction formulas are routinely used in real life.

Conclusions

In our present series of patients with ADPKD, independent of
their kidney function, prediction formulas, including those that
have been most recently implemented to improve the performance
in GFR estimation [14] unreliably estimated actual GFR values
and failed to detect their changes over time. Study findings suggest

@ PLoS ONE | www.plosone.org

10

that these surrogate outcome variables are not appropriate to
assess progression of ADPKD and response to treatment in
research and clinics. Long-term, adequately powered clinical trials
with direct measurement of kidney function by appropriate
techniques may help better evaluating the efficacy of therapeutic
strategies in this clinical setting, as well as in other chronic kidney
diseases.

Supporting Information

Table S1 Performance of CKD-Epi and aMDRD equations in
predicting one-year GFR changes vs. baseline in 71 ADPKD
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(DOC)

Acknowledgments

The authors are indebted to the staff of the Nephrology Units of Involved
Centers and to Rodolfo Flores Bravo, Andrea Panozo, Felipe Rodriguez de
Leon, Patricia Espindola; Luca Barcella, Stefano Rota, Veruska Lecchi,
Sunira Karki, Sujiata Rai, Sergio Brescianini, Paola Carrara, Svitlana
Yakymchuck, of the Clinical Research Center for Rare Diseases “Aldo &
Cele Dacco” of the Mario Negri Institute, for their assistance in patient
care and monitoring; to Annalisa Perna for supervising the statistical
analyses, Nadia Rubis and Giulia Gherardi for monitoring data handling
and to Manuela Passera for assistance in the preparation of the manuscript.
Novartis Farma S.p.A., (Origgio, Varese, Italy) and Wyeth-Lederle S.p.A.
(Aprilia, Latina, Italy) supplied the study drugs Sandostatin-LAR® Depot
and Rapamune®, respectively

GFR-ADPKD Study Organization

Principal investigator — G. Remuzzi (Bergamo); Study coordinator
P. Ruggenenti (Bergamo); Coordinating center — Mario Negri Institute for
Pharmacological Research, Clinical Research Center for Rare Diseases
Aldo e Cele Dacco, Villa Camozzi, Ranica (Bergamo); Participating
centers — Bergamo (Unit of Nephrology and Clinical Research Center): G.
Remuzzi, P. Ruggenenti, N. Perico, P. Ondei, S. Rota, S. Prandini, M.

@ PLoS ONE | www.plosone.org 1

Trillini, A. Panozo, R. Flores Bravo, F. Rodriguez De Leon, B. Bikbov, M.
Sghirlanzoni, V. Lecchi, S. Yakymchuck, P. Carrara, R. Sujata,, S. Pavia,
E. Vergani, E. Carozzi, A. Ferraris, S. Brescianini, E. Camoni; C.
Valentino, G. Natali, P. Brambilla; Napoli (Unit of Nephrology) B. Visciano, R.
Rossano, R. Casolaro, G. Pisani, P. Avolio, M. Imbriaco; Lecce (Unit of
Nephrology): A. De Pascalis, A. Mauro, M Murrone; Milano (Unit of
Nephrology): R. Cerutti, S. Verdesca, L. Forzenigo; Treviso (Unit of Nephrology)
A. Mauro, R. Stefanato, C. Tuono, F. Grava, L.Cancian; Monitoring and
Drug Distribution (Mario Negri Institute) — N. Rubis, G. Gherardi, O.
Diadei, K. Pagani, V. Bendinelli, M. Sabatella, A. Villa (Ranica); Carriers
(Mario Negri Institute) — S. Gelmi (Ranica); Database and Data
Validation (Mario Negri Institute) — B. Ene-lordache, S. Carminati
(Ranica); Data Analysis (Mario Negri Institute) A. Perna (Ranica);
Laboratory Measurements (Mario Negri Institute) — F. Gaspari, F.
Carrara, S. Ferrari, N. Stucchi, A. Cannata, C. Cella (Ranica); Regulatory
Affairs (Mario Negri Institute) — P. Boccardo (Ranica).

Author Contributions

Conceived and designed the experiments: PR FG GR NP. Performed the
experiments: FG AC FC CC SF NS. Analyzed the data: CC FC BEIL
Contributed reagents/materials/analysis tools: FG AC FC CC SF NS.
Wrote the paper: PR FG GR NP. Contributed to data analyses and
interpretation: PR FG GR NP. Wrote the initial draft of the manuscript:
PR FG GR NP. Coordinated the activities of the Laboratory of the Clinical
Research Center where all the GFR measurements were centralized: FG.

February 2012 | Volume 7 | Issue 2 | 32533



Performed all the laboratory analyses: AC FC CC SF NS. Contributed to
the statistical analyses: CC FC. Coordinated the activities of the Day
Hospital of the Clinical Research Center where the clearance studies were
performed: SP. Monitored all the activities of the clinical trials: OD.

References

1.

2.

o

21.

22.

23.

Torres VE, Harris PC, Pirson Y (2007) Autosomal dominant polycystic kidney
discase. Lancet 369: 1287-1301.

Dalgaard OZ (1957) Bilateral polycystic disease of the kidneys; a follow-up of
two hundred and eighty-four patients and their families. Acta Med Scand Suppl
328: 1-255.

Stengel B, Billon S, Van Dijk PC, Jager KJ, Dekker FW, et al. (2003) Trends in
the incidence of renal replacement therapy for end-stage renal disease in
Europe, 1990-1999. Nephrol Dial Transplant 18: 1824-1833.

King BF, Reed JE, Bergstralh EJ, Sheedy PF, 2nd, Torres VE (2000)
Quantification and longitudinal trends of kidney, renal cyst, and renal
parenchyma volumes in autosomal dominant polycystic kidney disease. ] Am
Soc Nephrol 11: 1505-1511.

Gabow PA (1993) Autosomal dominant polycystic kidney disease. N Engl ] Med
329: 332-342.

Perico N, Remuzzi G (2010) Do mTOR inhibitors still have a future in
ADPKD? Nat Rev Nephrol 6: 696-698.

Torres VE, Harris PC (2007) Polycystic kidney disease: Genes, proteins, animal
models, disease mechanisms and therapeutic opportunities. J Intern Med 261:
17-31.

Tao Y, Kim J, Schrier RW, Edelstein CL (2005) Rapamycin markedly slows
disease progression in a rat model of polycystic kidney disease. J] Am Soc
Nephrol 16: 46-51.

Wu M, Arcaro A, Varga A, Wogetseder A, Le Hir M, et al. (2009) Pulse mTOR
inhibitor treatment effectively controls cyst growth but leads to severe
parenchymal and glomerular hypertrophy in rat polycystic kidney disease.
Am ] Physiol Renal Physiol 297: F1597-F1605.

Shillingford JM, Murcia NS, Larson CH, Low SH, Hedgepeth R, et al. (2006)
The mTOR pathway is regulated by polycystin-1, and its inhibition reverses
renal cystogenesis in polycystic kidney disease. Proc Natl Acad Sci U S A 103:
5466-5471.

Qian Q, Du H, King BF, Kumar S, Dean PG, et al. (2008) Sirolimus reduces
polycystic liver volume in ADPKD patients. ] Am Soc Nephrol 19: 631-638.
Serra AL, Poster D, Kistler AD, Krauer F, Raina S, et al. (2010) Sirolimus and
kidney growth in autosomal dominant polycystic kidney disease. N Engl J] Med
363: 820-829.

. Walz G, Budde K, Mannaa M, Nurnberger J, Wanner C, et al. (2010)

Everolimus in patients with autosomal dominant polycystic kidney disease.
N Engl ] Med 363: 830-840.

Levey AS, Stevens LA, Schmid CH, Zhang YL, Castro AF, 3rd, et al. (2009) A
new cquation to estimate glomerular filtration rate. Ann Intern Med 150:
604-612.

Rule AD, Larson TS, Bergstralh EJ, Slezak JM, Jacobsen SJ, et al. (2004) Using
serum creatinine to estimate glomerular filtration rate: accuracy in good health
and in chronic kidney disease. Ann Intern Med 141: 929-937.

Poggio ED, Wang X, Greene T, Van Lente F, Hall PM (2005) Performance of
the modification of diet in renal disease and Cockcroft-Gault equations in the
estimation of GFR in health and in chronic kidney disease. ] Am Soc Nephrol
16: 459-466.

Ruggenenti P, Perna A, Remuzzi G (2005) Preventing Microalbuminuria in
Type 2 Diabetes. N Engl J Med 352: 834.

Fontsere N, Salinas I, Bonal J, Bayes B, Riba J, et al. (2006) Are prediction
equations for glomerular filtration rate useful for the long-term monitoring of
type 2 diabetic patients? Nephrol Dial Transplant 21: 2152-2158.

Chudleigh RA, Dunseath G, Evans W, Harvey JN, Evans P, et al. (2007) How
reliable is estimation of glomerular filtration rate at diagnosis of type 2 diabetes?
Diabetes Care 30: 300-305.

Heath DA, Knapp MS, Walker WH (1968) Comparison between inulin and
51Cr-labelled edetic acid for the measurement of glomerular filtration-rate.
Lancet 2: 1110-1112.

Gaspari F, Perico N, Ruggenenti P, Mosconi L, Amuchastegui CS, et al. (1995)
Plasma clearance of nonradioactive iohexol as a measure of glomerular filtration
rate. ] Am Soc Nephrol 6: 257-263.

Price M (1972) Comparison of creatinine clearance to inulin clearance in the
determination of glomerular filtration rate. J Urol 107: 339-340.
Brochner-Mortensen J, Giese J, Rossing N (1969) Renal inulin clearance versus
total plasma clearance of 51Cr-EDTA. Scand J Clin Lab Invest 23: 301-305.

@ PLoS ONE | www.plosone.org

12

GFR Estimation in ADPKD

Generated the data bases and contributed to data handling: BE-I
Contributed to patient identification, monitoring and care: NP PO AP
EB PM MD.

24.

26.

27.

28.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

Rehling M, Moller ML, Thamdrup B, Lund JO, Trap-Jensen J (1984)
Simultaneous measurement of renal clearance and plasma clearance of
99mTc-labelled diethylenetriaminepenta-acetate, 51Cr-labelled ethylenediami-
netetra-acetate and inulin in man. Clin Sci (Lond) 66: 613-619.

Brandstrom E, Grzegorczyk A, Jacobsson L, Friberg P, Lindahl A, et al. (1998)
GFR measurement with iohexol and 51Cr-EDTA. A comparison of the two
favoured GFR markers in Europe. Nephrol Dial Transplant 13: 1176-1182.
Effersoe H, Rosenkilde P, Groth S, Jensen LI, Golman K (1990) Measurement
of renal function with iohexol. A comparison of iohexol, 9mTc-DTPA, and
51Cr-EDTA clearance. Invest Radiol 25: 778-782.

Brown SC, O'Reilly PH (1991) Iohexol clearance for the determination of
glomerular filtration rate in clinical practice: evidence for a new gold standard.
J Urol 146: 675-679.

Erley CM, Bader BD, Berger ED, Vochazer A, Jorzik JJ, et al. (2001) Plasma
clearance of iodine contrast media as a measure of glomerular filtration rate in
critically ill patients. Crit Care Med 29: 1544-1550.

Berg UB, Back R, Celsi G, Halling SE, Homberg 1, et al. (2011) Comparison of
plasma clearance of iohexol and urinary clearance of inulin for measurement of
GFR in children. Am J Kidney Dis 57: 55-61.

Ruggenenti P, Remuzzi A, Ondei P, Fasolini G, Antiga L, et al. (2005) Safety
and efficacy of long-acting somatostatin treatment in autosomal-dominant
polycystic kidney disease. Kidney Int 68: 206-216.

Perico N, Antiga L, Caroli A, Ruggenenti P, Fasolini G, et al. (2010) Sirolimus
therapy to halt the progression of ADPKD. J Am Soc Nephrol 21: 1031-1040.
Brochner-Mortensen J (1972) A simple method for the determination of
glomerular filtration rate. Scand J Clin Lab Invest 30: 271-274.

Gaspari F, Perico N, Matalone M, Signorini O, Azzollini N, et al. (1998)
Precision of plasma clearance of iohexol for estimation of GFR in patients with
renal disease. ] Am Soc Nephrol 9: 310-313.

Lin LI (1989) A concordance correlation coefficient to evaluate reproducibility.
Biometrics 45: 255-268.

Gaspari F, Ferrari S, Stucchi N, Centemeri E, Carrara F, et al. (2004)
Performance of different prediction equations for estimating renal function in
kidney transplantation. Am J Transplant 4: 1826-1835.

Rule AD, Torres VE, Chapman AB, Grantham [J, Guay-Woodford LM, et al.
(2006) Comparison of methods for determining renal function decline in early
autosomal dominant polycystic kidney disease: the consortium of radiologic
imaging studies of polycystic kidney disease cohort. J Am Soc Nephrol 17:
854-862.

Orskov B, Borresen ML, Feldt-Rasmussen B, Ostergaard O, Laursen I, et al.
(2010) Estimating glomerular filtration rate using the new CKD-EPI equation
and other equations in patients with autosomal dominant polycystic kidney
disease. Am J Nephrol 31: 53-57.

(1997) Randomised placebo-controlled trial of effect of ramipril on decline in
glomerular filtration rate and risk of terminal renal failure in proteinuric, non-
diabetic nephropathy. The GISEN Group (Gruppo Italiano di Studi
Epidemiologici in Nefrologia). Lancet 349: 1857-1863.

Barnett AH, Bain SC, Bouter P, Karlberg B, Madsbad S, et al. (2004)
Angiotensin-receptor blockade versus converting-enzyme inhibition in type 2
diabetes and nephropathy. N Engl J Med 351: 1952-1961.

Kuypers DR, Neumayer HH, Fritsche L, Budde K, Rodicio JL, et al. (2004)
Calcium channel blockade and preservation of renal graft function in
cyclosporine-treated recipients: a prospective randomized placebo-controlled
2-year study. Transplantation 78: 1204-1211.

Schwartz GJ, Furth S, Cole SR, Warady B, Munoz A (2006) Glomerular
filtration rate via plasma iohexol disappearance: pilot study for chronic kidney
disease in children. Kidney Int 69: 2070-2077.

Schutzer KM, Svensson MK, Zetterstrand S, Eriksson UG, Wahlander K (2010)
Reversible elevations of serum creatinine levels but no effect on glomerular
filtration during treatment with the direct thrombin inhibitor AZD0837.
Eur J Clin Pharmacol 66: 903-910.

Grantham JJ, Chapman AB, Torres VE (2006) Volume progression in
Autosomal Dominant Polycystic Kidney Disease: The major factor determining
clinical outcomes. Clin J Am Soc Nephrol 1: 148-157.

February 2012 | Volume 7 | Issue 2 | 32533



