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Kidney Volume and Functional Outcomes in Autosomal
Dominant Polycystic Kidney Disease
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Jie Li,† Bernard F. King,‡ Diego Martin,* Louis H. Wetzel,| Mark E. Lockhart,§ Peter C. Harris,‡ Marva Moxey-Mims,¶
Mike Flessner,¶ William M. Bennett,** and Jared J. Grantham|

Summary
Background and objectives Autosomal dominant polycystic kidney disease (ADPKD) is characterized by
increased total kidney volume (TKV) and renal failure. This study aimed to determine if height-adjusted TKV
(htTKV) predicts the onset of renal insufﬁciency.
Design, setting, participants, & measurements This prospective, observational, longitudinal, multicenter study
included 241 adults with ADPKD and preserved renal function. Magnetic resonance imaging and iothalamate
clearance were used to measure htTKV and GFR, respectively. The association between baseline htTKV and the
attainment of stage 3 CKD (GFR ,60 ml/min per 1.73 m2) during follow-up was determined.
Results After a mean follow-up of 7.9 years, stage 3 CKD was attained in 30.7% of the enrollees. Using baseline
htTKV, negative correlations with GFR increased from 20.22 at baseline to 20.65 at year 8. In multivariable
analysis, a baseline htTKV increase of 100 cc/m signiﬁcantly predicted the development of CKD within 8 years
with an odds ratio of 1.48 (95% conﬁdence interval: 1.29, 1.70). In receiver operator characteristic curve analysis,
baseline htTKV of 600 cc/m most accurately deﬁned the risk of developing stage 3 CKD within 8 years with an
area under the curve of 0.84 (95% conﬁdence interval: 0.79, 0.90). htTKV was a better predictor than baseline age,
serum creatinine, BUN, urinary albumin, or monocyte chemotactic protein-1 excretion (P,0.05).
Conclusions Baseline htTKV $600 cc/m predicted the risk of developing renal insufﬁciency in ADPKD patients
at high risk for renal disease progression within 8 years of follow-up, qualifying htTKV as a prognostic biomarker
in ADPKD.
Clin J Am Soc Nephrol 7: ccc–ccc, 2012. doi: 10.2215/CJN.09500911

Introduction
Autosomal dominant polycystic kidney disease
(ADPKD) is the most common hereditary kidney disorder that leads to ESRD (1–3). It is characterized by
the gradual expansion of renal cysts resulting in bilateral kidney enlargement measured as increased total
kidney volume (TKV) (4). Although increased
TKV usually precedes the development of renal insufﬁciency by .4 decades, the extent to which TKV predicts the onset of renal insufﬁciency within a speciﬁed
period of time has not been established.
TKV associates with the development of ESRD and
signiﬁcantly affects patients’ quality of life (5–8).
Women have smaller kidneys and develop ESRD later
than men (9–11) and the two major genotypes, PKD1
and PKD2, are also differentially associated with disease severity. PKD1 patients have larger kidneys with
more cysts and develop ESRD approximately 20 years
earlier than PKD2 patients (12–15). These ﬁndings suggest that TKV forecasts the later development of renal
insufﬁciency. However, prospectively deﬁned renal insufﬁciency endpoints have not been examined rigorously in relation to antecedent measurements of TKV.
www.cjasn.org Vol 7 March, 2012

Imaging methods that reliably and accurately measure TKV in ADPKD patients have been developed
utilizing magnetic resonance imaging (MRI) and
computerized tomography (4,5,16–22). The Consortium for Radiologic Imaging Studies of PKD (CRISP)
(ClinicalTrials.gov identiﬁer NCT 01039987) has developed reliable and accurate MRI-based protocols to
measure TKV in ADPKD patients that detect relatively small changes in TKV over a short period of
time (19,20). The association between baseline TKV
and baseline iothalamate clearance (GFR) was modestly signiﬁcant in 241 participants (r=2 0.39,
P,0.001), However, only 29 participants reached
stage 3 CKD (GFR of 60 ml/min per 1.73 m2), and
only those with the largest kidneys (.1500 cc)
demonstrated a signiﬁcant decline in GFR (24.33
ml/min per yr) in the ﬁrst 3 years of follow-up (4).
Results from three recent prospective clinical trials of
relatively short duration have not demonstrated an
association between changes in TKV and GFR (23–25),
questioning the value of TKV as a disease marker in
ADPKD (26). We present the results of 8 years of
follow-up in study participants to determine the
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extent to which baseline TKV predicts the future development of renal insufﬁciency.

Materials and Methods
Participants were studied between 2001 and 2010. The
initial study enrolled 241 participants (96 men, 145 women;
mean age 32.4 years) with a creatinine clearance .70 ml/min.
All participants were provided current dietary guidelines
regarding sodium and potassium restriction for patients
with hypertension and underlying renal disease. Sixtyseven percent of participants were hypertensive at baseline. Enrolled participants were followed between 2001
and 2005 (CRISP I) with yearly visits including TKV and
GFR measurements by MRI and iothalamate clearance
(4,19). Telephone evaluations were completed every
3 months. Two years after completion of the initial study,
201 participants (80 men, 121 women; mean age 39.2
years) were re-enrolled into a 5-year follow-up study
(CRISP II). Re-enrollees were interviewed by telephone
every 6 months and were evaluated in standardized fashion during clinic visits every 12 months. TKV and GFR
were measured every 2 years in identical fashion to the
initial study.
At each visit, medical history, adverse events, physician
visits, medication changes, and hospitalizations were
recorded. Blood and urine samples were obtained for determination of serum creatinine, electrolytes, PKD genotype,
urinary albumin (27), monocyte chemotactic protein-1
(MCP-1) excretion (28), and iothalamate clearance. Serum
creatinine values were validated by the Cleveland Clinic.
Ten patients were found to have stage 3 CKD at baseline
utilizing iothalamate GFR and were excluded from the
predictive studies.
Renal insufﬁciency deﬁned as stage 3 CKD or an GFR
,60 ml/min per 1.73 m2 is the primary endpoint of interest in this study. We also evaluated stage 4 CKD or an GFR
of ,30 ml/min per 1.73 m2, as well as relative decreases of
.20% and .40% from the individual patient’s baseline
GFR. Both iothalamate clearance (GFR) and serum creatinine
(eGFR) using the Modiﬁcation of Diet in Renal Disease
equation (29) were used for these evaluations.
TKV was referenced to height (htTKV, cc/m) and GFR
was referenced to body surface area adjusted to a ﬁxed
norm (milliliters per minute per 1.73 m2; see Results for
details). Means and SDs are provided to show the trend of
change over time for both htTKV and GFR. Paired t tests
were used to determine a signiﬁcant change from baseline in those participants with complete data. Pearson
correlation coefﬁcients and their corresponding P values
were calculated to assess the relationship between baseline htTKV and GFR measured at each visit. For htTKV,
which followed a skewed distribution, summary statistics by group were also presented in terms of medians
and interquartile ranges (displayed as the median
[IQR]).
To compare the changes in htTKV and GFR from baseline
on the same scale and at the same time points, we normalized
the data by subtracting the baseline mean value from individual values and then dividing the residual value by the
baseline SD. Baseline htTKV and GFR were assigned a mean
value of 0 and a SD of 1, and the graphic display of the

relative change from baseline was provided to indicate the
degree to which their time courses differed.
To determine if baseline htTKV predicted the development of renal insufﬁciency within the follow-up period,
multivariable logistic regression was used to examine the
primary endpoint, stage 3 CKD using iothalamate GFR
,60 ml/min per 1.73 m2. Other endpoints used to assess
the association of baseline htTKV and renal function were
stage 3 CKD estimated from serum creatinine concentration (eGFR), GFR changes (.20% and .40%) relative to
baseline iothalamate clearance, and stage 4 CKD using
GFR and eGFR measures. The multivariable model controlled for the following: baseline age, body mass index
(BMI), sex, ethnicity, genotype, and baseline corrected
iothalamate clearance as covariates. Genotype was determined in 221 individuals but was not a signiﬁcant variable in the model and thus was excluded from the ﬁnal
model to preserve sample size. Adjusted odds ratios
(ORs) and their 95% conﬁdence intervals (95% CIs) are
presented.
Receiver operator characteristic (ROC) curves were built
to determine the area under the curve (AUC) and optimal
cut points for baseline htTKV to predict the development of
stage 3 CKD. Statistical comparisons of two AUCs were
done for baseline htTKV and other potential predictors,
including baseline serum creatinine, BUN, urine albumin
excretion, urine MCP-1, and age.
Analyses were conducted using SAS version 9.2 and
Stata version 11.0 software.

Results
The studies comprised 241 original enrollees and 201 reenrollees. After 7.960.6 years of follow-up (year 8), 194
participants remained in the study. Of the remaining patients, 2 died, 9 reached ESRD, 13 were lost to follow-up,
and 23 did not re-enroll.
To accurately correlate TKV and severity of cystic
disease, we sought to correct for other factors inﬂuencing
TKV, such as sex and body size. At the baseline initial study
visit, adult men (n=96) had greater mean TKV than adult
women (n=145), with a ratio of 1.15 (11616732 cc versus
10146609 cc, respectively; median [IQR], 911 [786];
P=0.11). Referencing initial study TKV to baseline height,
weight, body surface area, or BMI diminished the sex differences (Supplemental Table 1). From this analysis, height
was the best reference for TKV (htTKV), with a male/female
ratio of 1.037, and was used thereafter in this study. For
GFR, we chose body surface area as the reference because
this is the conventional notation in nephrology and values
for height and body surface area made a similar degree of
adjustment (1.036 and 0.965, respectively).
Baseline htTKV for the total cohort was similar to the
values for the 201 re-enrollees (6206373 cc/m and 504
[407] versus 6236363 cc/m and 507 [420], respectively),
as was the overall annual rate of increase in htTKV
(5.3%64.0%/yr versus 5.5%63.8%/yr). The exponential
relationship between TKV and age observed after 3 years
(4,30) was also seen throughout the extended period of
follow-up with htTKV (data not shown).
The development of renal dysfunction in this cohort
increased steadily with age (Figure 1). Reductions in GFR
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Figure 1. | Age-related development of renal insufficiency. Cumulative number of participants reaching specified renal insufficiency end
points .20% or .40% decline in iothalamate GFR from baseline or a GFR ,60 (stage 3 CKD) or ,30 ml/min per 1.73 m2 (stage 4 CKD).

.20% from baseline were ﬁrst observed in the second decade, whereas stage 3 CKD or .40% reduction of GFR
were ﬁrst seen in the third decade. More severe reduction
to stage 4 CKD initially appeared in the fourth decade. The
majority of the participants (55.9%) entered the CRISP I
study with a GFR .90 ml/min per 1.73 m2, and 42.3%
continued to maintain this level of renal function by year 8
(Table 1). The remaining patients had reached at least
stage 2 CKD (57.7%), stage 3 CKD (30.7%), or stage 4 CKD
(10.0%). The GFR decreased .20% from baseline in 56.4%
and .40% in 26.4% at the end of follow-up. eGFR showed
similar trends and distributed similarly to the iothalamate determinations of GFR, as did the numbers of patients in whom eGFR decreased .20% and .40% below
baseline (Table 1). eGFR estimated from serum creatinine
values distributed similarly to the iothalamate determinations of GFR, as did the numbers of patients in whom
eGFR decreased .20% and .40% below baseline (Table 1).
Mean htTKV when patients reached stage 3 CKD was
12116650 cc/m and 13116571 cc/m for women and
men, respectively. Only 3 (8.6%) PKD2 participants, compared with 67 (36%) PKD1 participants, developed stage
3 CKD.
Changes in htTKV and GFR were assessed in those who
had studies completed at every visit (n=93; Figure 2).
HtTKV increased signiﬁcantly from baseline each year,
reaching a mean increase of 55% after 7.9 years of followup. In contrast, GFR declined signiﬁcantly from baseline
much later, beginning in year 6 (210.6%) and continuing
in year 8 (222.3%). Similar changes in htTKV and GFR were
seen over time when data from the entire cohort, including
those with incomplete data, were analyzed (Supplemental
Figure 1).
Given the different time course for change in htTKV and
GFR, it seems unlikely that a signiﬁcant association between
htTKV and GFR would be found by linear correlation of

differences extending from baseline. On the other hand, if
htTKV and GFR are causally but inconstantly associated,
there may be a limiting value of htTKV that must be
breached to reveal the dependency of GFR on TKV. To test
this hypothesis, we correlated baseline htTKV with each
iothalamate GFR measured at six visits over 7.9 years in
114 participants in whom both measurements were completed (Figure 3). There was a signiﬁcant negative correlation between baseline htTKV and GFR at each subsequent
visit that increased from baseline (r=20.22, P=0.02) to
year 8 (r=20.65, P,0.001). Similar increases in the strength
of the association between baseline htTKV and GFR
were found when data from the entire cohort, including
those with incomplete data, were analyzed (Supplemental
Figure 2).
Multivariable analyses of the independent contribution
of baseline htTKV (in 100-cc/m increments) to a decline in
GFR to stage 3 CKD or to a .20% or .40% decline in GFR
showed signiﬁcant ORs of 1.48, 1.39, and 1.47, respectively
(Table 2). For each 100-cc/m change in htTKV, we
estimate a 48% increase (which is multiplicative for each
100-unit change) in odds of progression to stage 3 CKD.
Similar ORs and levels of signiﬁcance were seen with
eGFR determinations. Using estimated htTKV at age 18
years (30) also showed a similar capacity to predict renal
insufﬁciency from this earlier age (Table 2). Supplemental
Table 3 provides the coefﬁcients of the multivariable logistic models that generated the ORs for baseline htTKV or
htTKV at age 18 years.
We used ROC curves and AUCs to determine the
likelihood that baseline htTKV and other variables (serum
creatinine, BUN, urine albumin excretion, urine MCP-1
excretion, and age) would predict the development stage 3
CKD based on iothalamate GFR (Figure 4 and Table 3).
HtTKV had an AUC (0.84; 95% CI: 0.79, 0.90) that was
signiﬁcantly greater than any of the other variables
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(P,0.05). The optimum combined sensitivity (74.0%) and
speciﬁcity (75.0%) for htTKV was observed at a baseline
value of 600 cc/m, in which 75% of patients were correctly
classiﬁed. The percentages correctly classiﬁed at this cut
point were 73% for female participants and 77% for male
participants, indicating little differences in predictive
power by sex. Cut points were also selected that gave optimum values for sensitivity and speciﬁcity for the compared variables (Table 3). These ﬁndings indicate that in

Table 1. Frequency of renal insufficiency at baseline and year 8

Renal Insufﬁciency
Endpoint
GFR (CKD stage)
,30 stage 4
30–,60 stage 3
60–,90 stage 2
$90 stage 1
GFR decreased .20%
GFR decreased .40%
eGFR (MDRD formula)
,30
30–,60
60–,90
$90
eGFR decreased .20%
eGFR decreased .40%

Baseline (%)

Year 8 (%)

0 (0.0)
10 (4.2)
94 (39.8)
132 (55.9)

24 (10.0)
50 (20.7)
65 (27.0)
102 (42.3)
136 (56.4)
63 (26.1)

0 (0.0)
24 (10.0)
121 (50.2)
96 (39.8)

26 (10.8)
61 (25.3)
81 (33.6)
73 (30.3)
132 (54.8)
63 (26.1)

GFR measured in milliliters per minute per 1.73 m2. eGFR, estimated GFR; MDRD, Modiﬁed Diet in Renal Disease formula.

the CRISP cohort, a htTKV value of 600 cc/m forecasts
stage 3 CKD within 8 years.

Discussion
The primary goal of CRISP is to determine the extent to
which TKV forecasts the development of renal insufﬁciency
in ADPKD. This study provides strong evidence to indicate
that baseline htTKV predicts, with good sensitivity and
speciﬁcity, the development of renal insufﬁciency within
8 years. Multivariable analysis further indicated that for
each 100-cc increment of htTKV at baseline, the odds of
reaching a stage 3 CKD endpoint within 7.9 years increase
1.48-fold. Operationally, if these ﬁndings are substantiated
in a validation study, it means that a single determination of
htTKV in an adult patient could be used to determine the
likelihood of developing signiﬁcant renal insufﬁciency.
We previously showed that kidney enlargement in
ADPKD is continuous, proceeding at a uniform rate unique
for each patient, thus making it possible to estimate TKV in
the CRISP study at almost any adult age (4,30). We found
by multivariable analysis that htTKV values estimated at
age 18 years also predicted the odds of developing stage
3 CKD. Although it seems encouraging that htTKV determined over a substantial span of adulthood will be a useful
measurement to predict the future onset of renal insufﬁciency in ADPKD, conﬁrmatory studies initiated in children
are needed.
The htTKV-based prediction of stage 3 CKD was independent of variables known to associate with renal
insufﬁciency in ADPKD, including genotype, sex, race, and
age. As reported previously, patients with the PKD2
genotype have smaller kidneys and fewer cysts than those

Figure 2. | Average standardized change in htTKV and iothalamate GFR. htTKV determined at baseline and iothalamate GFR at baseline and
five subsequent visits until year 8 (n=93 with complete data). P,0.01 based on paired t test comparing each year to baseline for htTKV (*) and
GFR (#). htTKV, height-adjusted total kidney volume.
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Figure 3. | Correlations between baseline htTKV and GFR during follow-up. Pearson correlation coefficients determined for baseline htTKV
and iothalamate GFR at baseline and five subsequent visits (n=114 with complete data) to year 8. The degree of correlation at each time point is
shown. htTKV, height-adjusted total kidney volume.

Table 2. Multivariable analyses to evaluate baseline htTKV and age 18 years htTKV prediction of CKD endpoints at final visit

htTKV at Baseline
Renal Insufﬁciency Endpoint
GFR (iothalamate clearance)
stage 3 CKD
DGFR .20%↓
DGFR .40%↓
eGFR (MDRD formula)
stage 3 CKD
DGFR .20%↓
DGFR .40%↓

htTKV at Age 18 yr

OR

95% CI

P Value

OR

95% CI

P Value

1.48
1.39
1.47

(1.29, 1.70)
(1.22, 1.59)
(1.29, 1.68)

,0.001
,0.001
,0.001

1.33
1.23
1.27

(1.12, 1.57)
(1.04, 1.44)
(1.10, 1.48)

0.001
0.01
0.002

1.41
1.24
1.38

(1.23, 1.61)
(1.11, 1.39)
(1.22, 1.55)

,0.001
,0.001
,0.001

1.23
1.23
1.23

(1.04, 1.46)
(1.05, 1.44)
(1.06, 1.44)

0.01
0.01
0.01

GFR measured in milliliters per minute per 1.73 m2. htTKV, height-adjusted total kidney volume; OR, odds ratio; 95% CI, 95% conﬁdence interval; eGFR, estimated GFR; MDRD, Modiﬁed Diet in Renal Disease formula.

with PKD1 (12). The observation that few PKD2 participants (8.6% versus 36%) progressed to renal insufﬁciency
in CRISP is not unexpected because previous epidemiologic studies reveal that they reach ESRD about 20 years
later than patients with the PKD1 genotype (12–14,31,32).
In addition, that PKD2 was not a signiﬁcant and independent covariate with htTKV in predicting renal insufﬁciency
in this study is consistent with renal volume being closely
correlated with genotype (12). Taken together, these data
support the view that TKV is a biomarker that forecasts the
future development of renal insufﬁciency in individuals
with ADPKD.
In ADPKD, the kidneys begin to enlarge in childhood but
the GFR typically remains in the normal range for 3–5
decades before there is loss of kidney function. This makes
it extremely difﬁcult to establish mechanistic linkages

between the formation and enlargement of cysts and the
ultimate decline of function. Previous cross-sectional and
longitudinal studies have reported signiﬁcant associations
between kidney volume and kidney function (5,16), but
we can now quantify the relationship between baseline
htTKV and the propensity to develop renal insufﬁciency.
We selected a cohort of participants at relatively high risk
for developing renal insufﬁciency, but who had relatively
intact renal function upon recruitment. Most of the patients we selected in CRISP I had stage 1 or stage 2 CKD
based on the original Kidney Disease Outcomes Quality
Initiative criteria, and selection for enrollment in CRISP
required that two-thirds had risk factors for disease progression including onset of hypertension or gross hematuria before age 35 years or proteinuria .300 mg/d. As
shown in Figure 1, the cohort developed renal insufﬁciency
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Figure 4. | Receiver operating characteristic curve defining baseline height-adjusted total kidney volume prediction of stage 3 CKD end
point. Area under the curve is 0.84, with 74% sensitivity, 75% specificity, and a cut point of 600 cc/m. Ten participants who had reached stage 3
CKD at baseline were excluded. AUROC, area under the receiver operating characteristic curve; 95% CI, 95% confidence interval.

Table 3. Baseline predictors of CKD stage 3 endpoint

Variable

AUC

Sensitivity

Speciﬁcity

Cut Point

95% CI of AUC

P Value*

htTKV (cc/m)
Serum creatinine (mg/dl)
BUN (mg/dl)
Urine albumin (mg/d)
MCP-1 (pg/mg)
Baseline age (yr)

0.84
0.75
0.76
0.70
0.75
0.66

0.74
0.58
0.63
0.66
0.80
0.60

0.7
0.81
0.79
0.67
0.62
0.65

600
1.1
16
30
410
35

(0.79, 0.90)
(0.67, 0.82)
(0.70, 0.83)
(0.61, 0.78)
(0.68, 0.83)
(0.59, 0.74)

0.02
0.04
0.002
0.02
,0.001

AUC, area under the curve; 95% CI, 95% conﬁdence interval; htTKV, height-adjusted total kidney volume; MCP-1, monocyte chemotactic protein-1.

with an increasing pace of conversion from one CKD stage
to the next when patients reached 35 years of age. The agespeciﬁc development of renal insufﬁciency in CRISP is not
different from other cohorts in which volunteers were chosen at random (5).
This study conﬁrmed a signiﬁcant time lag between
the increase in htTKV and the decline in GFR and an
increasingly negative correlation between baseline htTKV
and GFR measured in subsequent years (Figures 2 and 3).
Signiﬁcant changes in GFR from baseline were not identiﬁed until measurements were obtained in the sixth year of
follow-up, yet htTKV increased signiﬁcantly within 1 year
with a continuous increase to .55% from baseline at 8 years
of follow-up. Importantly, baseline htTKV predicted the
subsequent development of stage 3 CKD with good
sensitivity and speciﬁcity. The ROC analysis provides a
speciﬁc htTKV of 600 cc/m that accurately predicts the
development of stage 3 CKD within 8 years in this cohort
(Figure 4).
Progressive nephron loss as a result of cyst formation
and growth develops slowly over many decades before

GFR actually decreases by clinically detectable measurement. Compensatory renal hypertrophy and glomerular
hyperﬁltration can mask the underlying destruction of
renal parenchyma (33). The capacity of the kidneys to
compensate for the loss of nephrons is best documented
following donor nephrectomy for renal transplantation in
which compensatory hyperﬁltration is evident 1 month
after uninephrectomy and 1 year later GFR remains within
10 ml/min per 1.73 m2 (87.5%) of controls (34). Continued
loss of nephrons in ADPKD provokes a decline in GFR
when the combined effect in surviving glomeruli of compensatory hyperﬁltration is maximized (33), whereupon
the GFR declines more rapidly than in other progressive
renal disorders (35).
This study was performed in a population heterogenous
for sex, age, race, and place of residence, which may have
affected the quantitative relationships among the variables
of interest. It is conceivable that htTKV may be an even
stronger biomarker of incipient renal insufﬁciency when
associations are tested in more homogenous populations.
TKV has taken on such an important role as a biomarker of
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disease progression in current clinical trials that we elected
to not include other renal symptoms and signs of injury in
the analysis. Conceivably, in future analysis, the inclusion
of the age of onset of hypertension, hematuria, and albuminuria with htTKV will strengthen the long-term forecasting of declining GFR.
This prospective longitudinal observational study demonstrates that a htTKV value of 600 cc/m in adults with
ADPKD predicts the development of renal insufﬁciency
with good sensitivity and speciﬁcity within 8 years. These
ﬁndings provide a format for judging patients’ prognosis
with regard to the future development of renal insufﬁciency
in clinical practice and for risk stratiﬁcation in designing
clinical trials for this disorder. Its utility as a surrogate
marker of kidney volume is inarguable; a wider acceptance
as a surrogate marker of renal disease progression may be
on the horizon.
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Gschaidmeier H, Kramer S, Eckardt KU: Everolimus in patients
with autosomal dominant polycystic kidney disease. N Engl J
Med 363: 830–840, 2010
26. Watnick T, Germino GG: mTOR inhibitors in polycystic kidney
disease. N Engl J Med 363: 879–881, 2010
27. Chapman AB, Johnson AM, Gabow PA, Schrier RW: Overt proteinuria and microalbuminuria in autosomal dominant polycystic kidney disease. J Am Soc Nephrol 5: 1349–1354, 1994
28. Zheng D, Wolfe M, Cowley BD Jr, Wallace DP, Yamaguchi T,
Grantham JJ: Urinary excretion of monocyte chemoattractant
protein-1 in autosomal dominant polycystic kidney disease. J Am
Soc Nephrol 14: 2588–2595, 2003
29. Levey AS, Greene T, Beck GJ, Caggiula AW, Kusek JW, Hunsicker
LG, Klahr S: Dietary protein restriction and the progression of
chronic renal disease: What have all of the results of the MDRD
study shown? Modification of Diet in Renal Disease Study group.
J Am Soc Nephrol 10: 2426–2439, 1999
30. Grantham JJ, Cook LT, Torres VE, Bost JE, Chapman AB, Harris PC,
Guay-Woodford LM, Bae KT: Determinants of renal volume in

31.

32.
33.
34.

35.

autosomal dominant polycystic kidney disease. Kidney Int 73:
108–116, 2008
Dicks E, Ravani P, Langman D, Davidson WS, Pei Y, Parfrey PS:
Incident renal events and risk factors in autosomal dominant
polycystic kidney disease: A population and family-based cohort followed for 22 years. Clin J Am Soc Nephrol 1: 710–717,
2006
Rossetti S, Chauveau D, Walker D, Saggar-Malik A, Winearls CG,
Torres VE, Harris PC: A complete mutation screen of the ADPKD
genes by DHPLC. Kidney Int 61: 1588–1599, 2002
Wong H, Vivian L, Weiler G, Filler G: Patients with autosomal
dominant polycystic kidney disease hyperfiltrate early in their
disease. Am J Kidney Dis 43: 624–628, 2004
Velosa JA, Griffin MD, Larson TS, Gloor JM, Schwab TR, Sterioff
S, Bergstralh EJ, Stegall MD: Can a transplanted living donor
kidney function equivalently to its native partner? Am J Transplant 2: 252–259, 2002
Klahr S, Breyer JA, Beck GJ, Dennis VW, Hartman JA, Roth D,
Steinman TI, Wang SR, Yamamoto ME; Modification of Diet in
Renal Disease Study Group: Dietary protein restriction, blood
pressure control, and the progression of polycystic kidney disease. J Am Soc Nephrol 5: 2037–2047, 1995

Received: September 15, 2011 Accepted: January 17, 2012
Published online ahead of print. Publication date available at www.
cjasn.org.
This article contains supplemental material online at http://cjasn.
asnjournals.org/lookup/suppl/doi:10.2215/CJN.09500911/-/
DCSupplemental.

