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BGCkgI"OUI‘Id Glomerular filtration rate is a key physiologic variable with a central role in clinical decision making and @
strong association with prognosis in diverse populations. Reduced estimated glomerular filtration rate (eGFR) is common
among adults with congenital heart disease (ACHD).

Methods We conducted a prospective cohort study of outpatient ACHD >18 years old seen in 2012-2017. Creatinine
and cystatin C were measured; eGFR was calculated using either the creatinine or cystatin C Chronic Kidney Disease—
Epidemiology Collaboration equation (CKD-EPlc, and CKD-EPlc,c, respectively). Survival analysis was performed to define the
relationship between eGFR and both all-cause mortality and a composite outcome of death or nonelective cardiovascular
hospitalization.

Results Our cohort included 911 ACHD (39 = 14 years old, 49% female). Mean CKD-EPIc, and CKD-EPlcysc were
similar (101 + 20 vs 100 + 23 mL/min/1.73 m?), but CKD-EPIc, estimates were higher for patients with a Fontan circulation
(n=131,+10 £ 19 mL/min/1.73 m?). After mean follow-up of 659 days, 128 patients (14.1%) experienced the composite
outcome and 31 (3.4%) died. CKD-EPIcsc more strongly predicted all-cause mortality (eGFR <60 vs >90 mL/min/1.73 m?:
CKD-EPlcsc unadjusted HR = 20.2 [95% Cl 7.6-53.1], Cstatistic = 0.797; CKD-EPIc, unadjusted HR = 4.6 [1.7-12.7], C-
statistic = 0.620). CKD-EPlc s independently predicted the composite outcome, whereas CKD-EPlc, did not (CKD-EPlcysc
adjusted HR = 3.0 [1.7-5.3]; CKD-EPIc, adjusted HR = 1.5 [0.8-3.1]).

Patients reclassified to a lower eGFR category by CKD-EPlcysc, compared with CKD-EPlc,, were at increased risk for the
composite outcome (HR = 2.9 [2.0-4.3], P < .0001); those reclassified to a higher eGFR class were at lower risk (HR = 0.5
[0.3:0.9], P = .03).

Conclusions Cystatin C-based eGFR more strongly predicts clinical events than creatinine-based eGFR in ACHD.
Creatinine-based methods appear particularly questionable in the Fontan circulation. (Am Heart ] 2019;214:142-55.)
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Patients with congenital heart disease (CHD) are
increasingly likely to survive to adulthood. As a consequence,
there is a burgeoning population of adults with CHD
(ACHD),! and these patients have a high burden of risk
factors for chronic kidney disease (CKD). Many of these
relate to the underlying cardiovascular dysfunction such as
venous congestion, neurohormonal and autonomic nervous
system activation, and chronic hypoxemia.? Others relate to
exposure to nephrotoxins and to interventions used to treat
the underlying CHD. For example, both cardiac catheteriza-
tion and surgery with cardiopulmonary bypass are associated
with increased risk for acute kidney injury events, which in
turn are associated with increased long-term risk for CKD.>

Glomerular filtration rate (GFR) is a fundamental, clinically
relevant metric of kidney function. Clinical diagnosis and
staging of CKD are largely based on estimated GFR (eGFR). B
Reduced eGFR is strongly associated with various adverse
outcomes in the general population as well as various
diagnosisbased populations including patients with heart
failure.*> A number of equations have been developed to
estimate steady-state GFR using the endogenous filtration
markers creatinine and cystatin C.° These include the
Cockcroft and Gault, Modification of Diet in Renal Disease
(MDRD), and several Chronic Kidney Disease-Epidemiology
Collaboration (CKD-EPI) formulas. Accurate determination
of eGFR has immediate clinical implications in ACHD. These
include predicting the probability of kidney injury associated
with cardiopulmonary bypass or after iodinated contrast
administration for noninvasive imaging or catheterization;
heart transplantation considerations; and appropriate selec-
tion and dosing of many antibiotics, antiarrthythmic drugs,
and direct-acting oral anticoagulants.’

One large retrospective study enrolled ACHD patients
between 1999 and 2006 and reported that creatinine-based
MDRD eGFR was often reduced across a spectrum of
congenital pathologies.® The accuracy of serum creatinine
to estimate GFR depends on muscle mass, however, and
some ACHD subsets are associated with reduced muscle
mass.”'® No prior studies have compared various ap-
proaches to estimating GFR in large ACHD cohorts.

We studied 911 adults with CHD (1) to determine the
correlation and agreement between various eGFR equa-
tions and (2) to compare the prognostic value of
creatinine and cystatin C-based eGFR equations.

Methods
Study sample

We enrolled outpatients with CHD =>18 years old
between March 15, 2012, and June 28, 2017, at Boston
Children's or Brigham and Women's Hospitals. Details of
the Boston ACHD Biobank have been previously pub-
lished.!' The study was approved by Boston Children's
Hospital's Institutional Review Board with a formal
reliance agreement between the Partners HealthCare/
Brigham and Women's Hospital and Boston Children's
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Hospital Institutional Review Boards. Informed consent
was obtained from all participants.

Data collection and definitions

Demographic and clinical data, including medical
comorbidities such as presence of diabetes and hyper-
tension, were collected from medical records, as
described previously.'! Data were collected around the
time of enrollment into the biobank, preferentially on the
date of baseline biospecimen collection. In the absence of
a relevant clinical intervention or event, we also included
data obtained within 2 years of sample collection. We
classified CHD patients into different pathophysiologic
groups, as detailed in the Online Supplement. Patients
were also classified on the basis of New York Heart
Association (NYHA) functional class (I vs >II), presence
of (defined as resting arterial oxygen saturation <92%),
diagnosis severity classifed per the 32nd Bethesda
conference guidelines, and the presence of a single-
ventricle versus biventricular circulation.

Estimation of GFR

Details on blood collection, processing, and storage as
well as about the assays used to measure creatinine and
cystatin C are included in the Supplemental Methods. eGFR
was calculated using published equations based on
creatinine, cystatin C, or both (see Supplemental Methods
for equations applied).'*'* The primary analysis focused
only on comparing the creatinine-based CKD-EPI equation
(CKD-EPI) with the cystatin C-based CKD-EPI equation
(CKD-EPI ). Secondary analyses compared these with
the MDRD and combined creatinine + cystatin C CKD-EPI
(CKD-EPI; 4 ¢yso) equations, with these results included in
the Online Supplement. A subset of participants (n = 70)
was also included in a prior analysis of kidney function in
patients with a Fontan circulation. ” For those participants,
cystatin C was remeasured from stored samples.

Outcomes

The primary outcomes of interest were (1) all-cause
mortality and (2) a composite outcome of either all-cause
mortality or nonelective cardiovascular hospitalization.
Nonelective cardiovascular bospitalization was defined
as at least overnight admission for heart failure, arrhyth-
mia or symptoms of arrhythmia, thromboembolism,
cerebral hemorrhage, or cardiovascular disease-related
events (eg, protein-losing enteropathy in the context of
single-ventricle Fontan circulation).

Data analysis

We categorized each eGFR variable by clinically
relevant cutoffs (<60, 60-89, >90 mL/min/1.73 m?).*
Summary data for continuous variables are presented as
mean + SD and median (25th-75th percentile) for non-
normally distributed variables. The 2-sided unpaired
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Student ¢ or Wilcoxon rank sum test, as appropriate for
distribution, was used to compare continuous variables
between 2 groups. The x ? or Fisher exact test was used
to analyze categorical variables between groups. When
comparing values across the 3 categories of eGFR,
continuous and categorical variables were assessed with
tests for trend, analysis of variance for linear trend, and
the Mantel-Haenszel extension of the x ? test, respective-
ly. Pearson correlation and Bland-Altman analysis were
used to assess correlation and agreement between eGFR
equations. The log-rank test was used to perform
univariate survival analysis stratified by eGFR category.
Time-to-event analyses were conducted from the date of
biospecimen collection to the date of the first clinical
event, with censoring of eventfree individuals at the
most recent clinical follow-up date when event status was
known. Least absolute shrinkage and selection operator
(LASSO) regression was used to identify the variables, from
the list of demographic and clinical variables in Table I,
most strongly associated with the composite outcome,
selecting those up to the first nadir in the 50-fold cross-
validation predicted residual sum of squares. The following
variables were selected: history of atrial arrhythmia, NYHA
functional class, cyanosis, and ventricular systolic function.
Cox regression using forward selection with a criterion of
P < .05 for entry produced the same set of key variables.
Multivariable survival analysis was performed using Cox
regression, including the variables identified in the analyses
above plus the eGFR variable. The C-statistic was calculated
using Harrell's method. '° The assumption of proportional

hazards was assessed for each model, and there was no
apparent violation. eGFR was also analyzed as a continuous
variable using restricted cubic splines to assess for a
nonlinear relationship between the various methods to
calculate eGFR and outcomes. Prognostic reclassification,
including net reclassification index, was assessed using
dichotomous 1-year composite outcome probabilities of
<2.5%,>2.5%-10%, >10%-20%, >20%-30%, and >30%. These
probabilities were estimated with logistic regression
inclusive of any patient who had experienced an event
within 1 year or who had at least 1 year of eventfree
follow-up time. For this analysis, the baseline predictive risk
model included history of atrial arrhythmia, NYHA
functional class, cyanosis, ventricular function, and contin-
uous CKD-EPI., eGFR. The updated model included the
same variables, replacing CKD-EPI¢, with CKD-EPIyc.
Goodness-of-it for these logistic regression models was
assessed using the Hosmer-Lemeshow test with deciles of
expected and observed events.

We further assessed the relationship between albumin-
uria and reduced eGFR, and analyzed the independent
prognostic value of each. For these analyses, we excluded
patients with an albumin-to-creatinine ratio (ACR)
>30 mg/g after they had performed an exercise test on
the same day because strenuous exertion can lead to
transient albuminuria, as described previously.'”

Analyses were performed with SAS 9.4 (SAS Institute,
Inc, Cary, NC), R version 3.4.1, and GraphPad Prism
(GraphPad Software, Inc, La Jolla, CA). A 2-sided P value
< .05 was considered statistically significant.
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Table I. Demographic and clinical characteristics of 911 adults with congenital heart disease by (A) CKD-EPI creatinine and (B) CKD-EPI cystatin

C eGFR categories
A CKD-EPIc, 6GFR (mL/min/1.73 m?)
Variable All <60 60-89 >90 P value
n 911 39 207 665
Age (y) 38.6+13.6 587110 472+ 13.6 347 £11.3 <.0001
Sex (male) 462 (50.7) 13 (33.3) 94 (45.4) 355 (53.4) 0115
Race (white) 666 (73.1) 30 (76.9) 155 (74.9) 481 (72.3) 6626
BMI (kg/m?) 270%57 29.4+83 269+ 47 268+ 58 0074
BMI >30 231 (25.5) 15(38.5) 46 (22.2) 170 (25.8) .0979
Hypertension 133 (14.6) 19 (48.7) 44 (21.3) 70(10.5) <.0001
Diabetes mellitus 38 (4.2) 10 (25.6) 10 (4.8) 18 (2.7) <.0001
Stroke 39 (4.3) 1(2.6) 9 (4.4) 29 (4.4) 8637
Cirrhosis 20(2.2) 0(0.0) 7 (3.4) 13(2.0) 2995
Atrial fibrillation or flutter 203 (22.3) 26 (66.7) 56 (27.1) 121 (18.2) <.0001
Pulmonary hypertension 38 (4.2) 7 (18.0) 16(7.7) 15(2.3) <.0001
Cyanosis 53 (6.5) 4(11.1) 19 (10.1) 30 (5.0) .0251
NYHA functional class
| 686 (75.7) 16 (41.0) 143 (69.8) 527 (79.6) <.0001
>l 220 (24.3) 23 (59.0) 62 (30.2) 135 (20.4)
Systemic ventricular systolic function
Normal 643 (74.9) 21 (58.3) 139 (72.0) 483 (76.7) 0562
Mildly reduced 152 (17.7) 9(25.0) 36 (18.7) 107 (17.0)
Moderately or severely reduced 64 (7.5) 6(16.7) 18 (9.3) 40 (6.4)
Disease complexity
Simple 197 (21.7) 8 (20.5) 48 (23.3) 141 (21.2) 0506
Moderate 387 (42.5) 21 (53.9) 99 (48.1) 267 (40.2)
Severe 326 (35.8) 10 (25.6) 59 (28.6) 257 (38.7)
Medications
ACEi/ARB 264 (29.0) 16 (41.0) 69 (33.3) 179 (26.9) .0490
B-Blocker 277 (30.4) 26 (66.7) 74 (35.8) 177 (26.6) <.0001
Aspirin 304 (33.4) 19 (48.7) 81 (39.1) 204 (30.7) .0091
Warfarin 197 (21.6) 26 (66.7) 49 (23.7) 122 (18.4) <0001
Loop diuretic 161 (17.7) 31 (79.4) 53 (25.6) 77 (11.6) <.0001
B CKD-EPlcysc eGFR (mL/min/1.73 m?)
Variable <60 60-89 >90 P value
n 58 206 647
Age (y) 53.0+14.1 46.6 £ 14.3 348 +11.2 <.0001
Sex (male) 23(39.7) 96 (46.6) 343 (53.0) 0180
Race (white) 42 (72.4) 149 (72.3) 475 (73.4) 7636
BMI (kg/mz) 299+79 28.1 £ 6.1 26.3+52 <.0001
BMI >30 23 (39.7) 68 (33.2) 140 (21.8) <.0001
Hypertension 21 (36.2) 42 (20.4) 70 (10.8) <.0001
Diabetes mellitus 17 (29.3) 8(3.9) 13(2.0) <.0001
Stroke 3(5.2) 7 (3.4) 29 (4.5) .8296
Cirrhosis 3(5.2) 7 (3.4) 10 (1.6) 0247
Atrial fibrillation or flutter 43 (74.1) 66 (32.0) 94 (14.5) <.0001
Pulmonary hypertension 10(17.2) 17 (8.3) 11(1.7) <.0001
Cyanosis 8(16.0) 21(11.1) 24 (4.1) <.0001
NYHA functional class
| 21 (36.2) 127 (62.3) 538 (83.5) <.0001
>l 37 (63.8) 77 (37.8) 106 (16.5)

(continued on next page)
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Table | (continued)

Systemic ventricular systolic function

Normal 29 (55.8)
Mildly reduced 14 (26.9)
Moderately or severely reduced 9(17.3)
Disease complexity

Simple 12 (20.7)
Moderate 27 (46.6)
Severe 19 (32.8)
Medications

ACEi/ARB 24 (41.4)
B-Blocker 39 (67.2)
Aspirin 25 (43.1)
Warfarin 40 (69.0)
Loop diuretic 46 (79.3)

137 (71.0)
32(16.6)
24 (12.4)

42 (20.4)
86 (41.8)
78 (37.9)

80 (38.8)
92 (44.7)
104 (50.5)
55(26.7)
70 (34.0)

477 (77.7)
106 (17.3)
31(5.1)

143 (22.1)
274 (42.4)
229 (35.5)

160 (24.7)
146 (22.6)
175(27.1)
102 (15.8)
45 (7.0)
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<.0001

.7455

<.0001
<.0001
<.0001
<.0001
<.0001

Demographic and clinical characteristics of the study sample are presented, stratified by the (A) creatinine-based and (B) cystatin C—based CKD-EPI eGFR categories. Confinuous
variables are presented as mean + SD. The analysis of variance test was used to compare trends for continuous variables between groups. Categorical variables are presented as n (%
of total sample) for the leftimost column and n (% of row total with that characteristic) for each eGFR category. The Mantel-Haenszel extension of the x? test for trend was used to analyze
categorical variables. Cyanosis was defined as resting oxygen saturation <92%. Missing data: n = 5 for NYHA FC, n = 6 for BMI, and n = 89 for oxygen saturation/cyanosis status.

ACEi, angiofensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker.

Funding sources

This work was conducted with support from Harvard
Catalyst/The Harvard Clinical and Translational Science
Center (National Center for Research Resources and the
National Center for Advancing Translational Sciences,
National Institutes of Health Award UL1 TR001102,
Harvard University, and its affiliated academic healthcare
centers), an investigator-initiated study research grant from
Roche Diagnostics (Indianapolis, IN), and the Dunlevie
Family Fund. The authors are solely responsible for the
design and conduct of this study, all study analyses, the
drafting and editing of the paper, and its final contents.

Results
Description of the cohort

Over the study period, 911 patients with CHD were
enrolled in whom both creatinine and cystatin C were
measured. Average age was 38.6 = 13.6 years, and 49.2%
of patients were female. Most patients had moderately or
severely complex diagnoses (Table I). The most common
underlying diagnoses were left-sided obstructive lesions
(n = 200, 22.0%), tetralogy of Fallot (n = 187, 20.5%),
single-ventricle physiology with a Fontan palliation (n =
131, 14.4%), simple shunt lesion without clinical sequelae
(n = 122, 13.4%), and transposition of the great arteries
with a systemic right ventricle (n = 84, 9.2%). A total of
144 (14.6%) patients had hypertension and 38 patients
(4.6%) had diabetes.

Cross-sectional analysis of eGFR
Mean creatinine was 0.9 + 0.2 mg/dL (median 0.8
[25th-75th percentiles, 0.7-1.0]), and mean cystatin C

Figure 2
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Difference between CKD-EPIc, and CKD-EPlcyc eGFR by congenital heart
disease diagnosis.A box plot showing the difference between CKD-EPIc,
and CKD-EPlc,sc, €GFR, overall and by underlying congenital heart
disease diagnosis. Boxes indicate the median difference (CKD-EPIc, minus
CKD-EPICYSC), filled diamonds the mean, and error bars the 25th-75th
percentile values. Values above O indicate a higher estimate by CKD-EPIc,,
whereas those below 0 indicate a higher estimate by CKD-EPlc«c.

was 0.9 + 0.2 mg/L (median 0.8 [0.7-0.9]). In the overall
cohort, mean CKD-EPI¢, and CKD-EPI¢y were similar
(100.8 = 20.4 vs 99.9 + 23.0, mean difference+ 0.9 +
17.3 mL/min/1.73 m?) as was CKD-EPI, , cysc (101.5 =
21.7 mL/min/1.73 m?), whereas MDRD eGFR tended to
be lower (92.8 + 22.4 mL/min/1.73 m?). The 2 purely
creatinine-based eGFR equations correlated strongly,
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Bland-Altman plots of the difference between CKD-EPIc, and CKD-EPlcysc against the average of the values.A, All patients (n = 911). B, Those with
a biventricular circulation (n = 780). €, Only those with a single-ventricle Fontan circulation (n = 131). In the overall cohort (and biventricular
subset), there is little systemic difference between the 2 estimates, although CKD-EPIc, tended to provide higher estimates than CKD-EPlc«c at lower
levels of eGFR, and the converse tended to be true at higher levels. Among the Fontan patients, CKD-EPIc, tended to provide higher estimates than
CKD-EPlcysc at all levels of eGFR, although this was slightly accentuated at lower eGFR. For all subsets, the 95% limits of agreement between CKD-

EPlc, and CKD-EPlc,c were wide (+35-40 mL/min/1.73 m?).

whereas the correlation between the creatinine-based
methods and CKD-EPI¢yc was only moderate (Online
Figure 1).

The proportion of patients with eGFR <90 mL/min/1.73
m? was similar for the creatinine-based and cystatin C-based
CKD-EPI equations (27.0% vs 29.0%, for CKD-EPI¢; 4,q CKD-
EPlgysc, respectively; McNemar test P = .20), although the
CKD-EPI, categorized a smaller proportion with eGFR
<60 mL/min/1.73 m? (4.3 vs 6.4%, P = .001) (Figure 1;
Online Figure 2). The MDRD equation classified a substan-
tially higher proportion of patients as having eGFR <90 mL/
min/1.73 m? (46.3%, P < .0001 compared with all CKD-EPI
equations) because a higher proportion were classified with
mildly impaired eGFR (60-89 mL/min/1.73 m?).

For both equations, older age and higher BMI were
associated with lower eGFR, as were hypertension, diabetes,
atrial arrhythmias, pulmonary hypertension, cyanosis, and
functional class. Those prescribed an angiotensin-converting
enzyme inhibitor or angiotensin receptor blocker were
much more likely to have lower CKD-EPlgyc, but this
relationship was less prominent for CKD-EPI, (Table I, data
for other equations in Online Table D).

Average eGFR was similar by both methods (mean
difference CKD-EPI¢, minus CKD-EPI¢ysc = +0.9 +
19.3, 95% limits of agreement —33.8 to +35.6 mL/min/
1.73 m?), but there was heterogeneity between types of
CHD (Figure 2). Among the 131 patients with a single-
ventricle Fontan circulation, the creatinine-based eGFR
was, on average, 10.3 = 19.3 higher with 95% limits of
agreement —28.2 to +48.8 mL/min/1.73 m?. This com-
pared with a mean difference of —0.7 + 16.5, with 95%
limits of agreement —33.7 to +32.3 mL/min/1.73 m?, for
the 780 patients with a biventricular circulation, P < .0001

(Figure 3). Agreement also varied depending on underlying
eGFR values. Compared with CKD-EPl¢ysc, CKD-EPI,
tended to overestimate eGFR in the low to mid range and
underestimate eGFR at the higher end of the range (Figure 3;
Online Figure 3). This pattern held true for both single-
ventricle Fontan and biventricular circulations.

Survival andlysis, overall

Of the 911 patients, 778 (85.4%) had available follow-
up data. After a mean follow-up of 659 + 547 days
(median 552 [204-1064]), 31 (3.4%) patients died,
whereas 128 (14.1%) experienced the primary compos-
ite outcome. In univariate analysis, there was a higher
risk for both all-cause mortality and the composite
outcome for patients categorized in the lowest eGFR
category for all equations (Table II and Figure 4; data for
other equations in Online Table III and Online Figure 4).
There was a clear and statistically significant stepwise
increase in risk for adverse outcomes across the 3 eGFR
categories for CKD-EPlcy,c. Conversely, the risk of
adverse outcomes was not significantly higher for
those classified as having mildly impaired eGFR (60-89
mL/min/1.73 m?) compared with normal eGFR based
on the 3 creatinine-based equations. The superior
prognostic value of CKD-EPI¢ysc Was corroborated by
the substantially higher C statistic for continuous CKD-
EPI¢ysc €GFR, as a predictor of both all-cause mortality
and the composite outcome, compared with the other
equations. After multivariable adjustment, only the
CKD-EPI¢ysc €GFR category remained significantly
predictive of the composite outcome (Table II).
Multivariable adjustment was not performed for all-
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Figure 4
700 CKD-EPI, Creatinine
80
—~
2
< o
IS
Z
Z 0]
S
wv
201 == 290 mL/min/1.73m*
5 == 60-89 mL/min/1.73m’
Log Rank y“= 11.4, p<0.0001 == <60 mL/min/1.73m’
365 730 1,095 1,460 1,825
n at risk Time, Days
=90 566 420 249 153 85 13
60-89 176 138 S & 55 21 2
<60 36 28 23 14 > 3
662 CKD-EPI, Creatinine
o
& 801
<
2
2 ol
5 60
(%]
3
“’.: 40
-
c
g
] 201 . ,
== 290 mL/min/1.73m
—— 60-89 mL/min/|.73m’
Log Rank %"= 24.6, p<0.0001 ~ comimmi\ Tt
365 730 1,095 1,460 1,825
natrisk Time, Days

290 566 392 22 125 61 7
60-89 176 130 84 46 12 2
<60 36 23 16 7

American Heart Journal
August 2019

- CKD-EPI, Cystatin C
804
—_
o2
= o
«
2
t 40
=}
(%]
204
—= 290 mL/min/I.73m*
2 —= 60-89 mL/min/1.73m’
Log Rank "= 63.6, p<0.0001 —— <60 mL/min/1.73m?
365 730 1,095 1,460 1,825
nat risk Time, Days
290 539 410 243 140 73
60-89 187 139 97 63 31 4
<60 52 38 29 19 9 ]
100- CKD-EPI, Cystatin C
T
IS
~ 801
c
2
5 607
(%]
3
# 401
£
2 2
tH == 290 mL/min/1.73m’
9 —= 60-89 mL/min/1.73m’
Log Rank "= 81.4, p<0.0001 == <60 mL/min/I 73m’
365 730 1,095 1,460 1,825
n at risk Time, Days

290 539 391 224 123 56 6
60-89 187 214 79 48 17 2
<60 52 31 18 7 3

Kaplan-Meier plots of event-free survival for all-cause mortality and the composite outcome, by estimated glomerular filtration rate category (<60,
60-89, >90 mL/min/1.73 m?) as calculated by CKD-EPI¢, or CKD-EPICYSC.Kapbn-Meier cumulative incidence plots for all-cause mortality for
adults with congenital heart disease by eGFR category calculated by the CKD-EPIc, (A) and CKD-EPIc,c (B) equations. The lower 2 panels (C/D)
show the equivalent data for the composite outcome (death or nonelective cardiovascular hospitalization). The number at risk for the relevant

outcome at 365-day intervals is presented below the x-axis.

cause mortality because of the relatively low number of
events.

Lower CKD-EPI¢ysc eGFR was associated with in-
creasing risk of both all-cause mortality and the
composite outcome in a largely linear relationship
across the spectrum of eGFR values, as shown in Figure
5. Conversely, CKD-EPI., eGFR was only associated
with increased risk for values below ~60-80 mL/min/
1.73 m? (Figure 5; data for other equations in Online
Figure 5). At any level of eGFR, CKD-EPl¢yc was
substantially more strongly associated with the risk for
either outcome than were the creatinine-based
equations.

As compared with CKD-EPI¢,, CKD-EPl¢ysc Was also
more strongly associated with more granular outcomes,
including worsening heart failure or arrhythmia (Online
Figure 6).

Survival analysis, the composite outcome in biventri-
cular versus Fontan circulation

For both equations, higher eGFR was associated with a
lower risk for the composite outcome among patients with a
biventricular circulation (87 events in 780 patients). CKD-
EPI¢ysc €GFR was more strongly associated with the
composite outcome than was CKD-EPI, (HR per +10 mL/
min/1.73 m? [95% CI] = 0.77 [0.71-0.82] vs 0.80 [0.73-0.89],
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Table IIl. Occurrence of death or nonelective cardiovascular hospitalization by classification of eGFR category by CKD-EPlc, and CKD-EPIcsc

CKD-EPlcysc eGFR

CKD-EPIcr eGFR <60 60-89 >90 Total
<60 n 31 8 0 39
n, event 14 2 0 16
% event 45.2% 25.0% 0% 41.0%
60-89 n 20 96 91 207
n, event 10 17 9 36
% event 50.0% 17.7% 9.9% 17.4%
>90 n 7 102 556 665
n, event 5 22 49 76
% event 71.4% 21.6% 8.8% 11.4%
Total n 58 206 647 911
n, event 29 41 58 128
%, event 50.0% 19.9% 9.0% 14.1%
observed event rates aligned with the CKD-EPIy,c model Discussion

predicted probabilities: 1.7%, 4.7%, and 18.2%. There
were fewer patients in the other CKD-EPI., model
predicted probability bins, but the pattern was similar
(Table IV). Overall net reclassification improvement was
0.416, 0.082, and 0.334 for cases and controls,
respectively.

Additive value of albuminuria

Of the 911 patients in the overall cohort, 740 had valid
urine albumin and creatinine measurements. Log ACR
correlated weakly with both CKD-EPI;, (r = -0.18,
P <.0001) and CKD-EPlgysc (r=-0.29, P <.0001).
There was a stepwise increase in the risk of the
composite outcome with both decreasing eGFR and
increasing albuminuria (Online Table IV). In a Cox
regression model including albuminuria category and
CKD-EPIy category, both remained strongly predictive
of the composite outcome (for CKD-EPl¢ysc 60-89 and
<60, respectively: HR = 2.1, 1.4-3.2 and HR = 3.3, 1.9-
15.8, X2 = 21.4; for ACR 30-300 and ACR >300 mg/g,
respectively: HR = 2.2, 1.4-3.4 and HR = 5.2, 2.5-10.9,
x? = 25.8). The model Cstatistic was 0.683 compared
with 0.619 for albuminuria alone and 0.648 for CKD-
EPI¢ysc alone. On the other hand, CKD-EPI, category
was only marginally associated with the composite
outcome after adjustment for albuminuria category (P
value .06 for CKD-EPI, category; overall model C-statistic
0.641).

In this prospective cohort study of 911 ambulatory ACHD
patients, we report that (1) cystatin C-based eGFR classified a
larger proportion of patients as having moderately or
severely reduced eGFR; (2) there was poor agreement
between creatinine-based and cystatin C-based eGFR,
especially in the subset of patients with single-ventricle
Fontan circulation; and (3) cystatin C-based eGFR was a
notably better predictor of both all-cause mortality alone and
the composite of death or nonelective cardiovascular
hospitalization. Given the importance of eGFR for both
clinical decision making and risk prediction, these findings
argue that measurement of cystatin C to estimate GFR may
provide considerable benefit in ACHD practice.

Chronic kidney disease is much more common in
ACHD compared to similarly aged peers.> Our results
align with a previously published retrospective study that
reported an 18fold higher prevalence of at least
moderately reduced eGFR (<60 mL/min/1.73 m? by
MDRD) in acyanotic ACHD compared with the general
population, with an even greater burden in those with
cyanosis.® There are likely many reasons for the increased
prevalence of reduced eGFR including cyanosis, heart
failure, nephrotoxic medications, and procedures associ-
ated with kidney injury.

The presence of renal dysfunction is a strong
predictor of survival in diverse populations, including
patients with CHD. Dimopoulos and colleagues
reported that, compared to patients with normal

Hazard ratio for all-cause mortality or the composite outcome in adults with congenital heart disease by continuous estimated glomerular filtration
rate using CKD-EPl¢, versus CKD-EPICYSC.Cubic spline plots of the relative hazard ratios for all-cause mortality (top row), and the composite
outcome of death or nonelective cardiovascular hospitalization, unadjusted (middle row) and multivariable adjusted (bottom row) by CKD-EPIc,
(left-hand column) and CKD-EPlcysc (right-hand column). The multivariable model adjusted for NYHA functional class, history of atrial arrhythmia,
cyanosis, and systemic ventricular function. Note that the y-axis scale differs between analyses.
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eGFR, those with moderately or severely reduced
eGFR (<60 mL/min/1.73 m?” estimated by the MDRD
equation) had a 3-fold increase in mortality at 6 years
after creatinine measurement, but mildly reduced
eGFR (60-89 mL/min/1.73 mz) was not associated
with statistically significantly increased risk.® Similar-
ly, the mildly reduced creatinine-based eGFR was not
associated with appreciably increased risk in the
current study.

In contrast, not only was moderately to severely
reduced eGFR estimated by the cystatin C-based
equation, CKD-EPIysc, associated with a markedly higher
relative risk of adverse outcomes than seen for the
creatinine-based estimates, there was also a substantially
increased risk among those with less severely reduced
eGFR. CKD-EPI¢ysc provided much improved risk pre-
diction compared with any of the creatinine-based
equations including the combine cystatin C and creati-
nine equation. Lower CKD-EPI¢ysc €GFR was associated
with increasing risk across the spectrum of eGFR values,
whereas CKD-EPI;, eGFR was only associated with
increased risk for values below ~60-80 mL/min/1.73
m?. In the single-ventricle Fontan subset, only cystatin
C-based eGFR was predictive of future events, whereas
creatinine-based eGFR was not.

Patients reclassified to worse ¢GFR by CKD-EPI¢ys¢
were at increased risk for adverse outcomes, whereas
those reclassified to higher eGFR were less likely to
sustain an adverse outcome, in agreement with data
from other populations.'® A meta-analysis on >90,000
patients provided evidence that cystatin C-based eGFR
is more predictive of both all-cause mortality and
cardiovascular mortality in the general population and
in those with chronic kidney disease. Reclassification to
a lower eGFR using cystatin C-based eGFR was
associated with a significantly higher adjusted risk of
death. Among patients with a creatinine-based eGFR of
60-89 mL/min/1.73 mz, 14% were reclassified to a
cystatin C-based eGFR of less than 60 mL/min/1.73
m? and had a relative increase of 57% in the risk of
death.'” In our study, 20 of the 207 patients with 60-
89 mL/min/1.73 m? CKD-EPI., were reclassified to a
cystatin C-based eGFR <60 mL/min/1.73 m?. These
patients had almost 3 times the risk of the composite
outcome (50% vs 17.4%).

The MDRD and CKD-EPI, equations are recommended
for adults by existing guidelines, and both incorporate 4
variables (serum creatinine, sex, age, and race) to
estimate GFR.®!320:21 MDRD, however, underestimates
measured GFR at higher levels and classifies more
patients as having reduced eGFR.?> To address such
shortcomings, the CKD-EPI, equation was developed in
2009."* CKD-EPI¢, agrees better with measured GFR,
especially in the normal or mildly reduced range, and also
more strongly predicts adverse outcomes in various
populations. '>?* Likewise, among 102 adults with CHD,
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CKD-EPI, eGFR, as compared with original MDRD eGFR,
more strongly correlated with CKD-EPI¢ysc €GFR and
with symmetrical dimethylarginine, another marker of
renal function.?® Both MDRD and CKD-EPI., depend on a
predictable relationship between serum creatinine and
GFR. Creatinine is produced by muscle, whereas cystatin
C is produced by all nucleated cells; creatinine-based
eGFR equations are inaccurate when actual muscle mass
differs from expected population-based norms, whereas
cystatin C eGFR does not depend on muscle mass. 2% This
has particular relevance because at least some adult CHD
subsets, most notably the single-ventricle Fontan popula-
tion, have lower lean muscle mass and lower muscle
strength than matched healthy controls.”'**>*® In such
populations, creatinine-based methods would be expect-
ed to overestimate GFR. One study that included 17
adults among a total single-ventricle Fontan cohort of 68
patients reported no significant difference between
creatinine-based and cystatin-based eGFR, although this
was a generally healthy, young cohort seen at a primarily
pediatric clinic.?” A recent study found that about half of
adult Fontan patients with creatinine-based eGFR >90
mL/min/1.73 m? had **™Tc-DTPA renal dynamic imaging
eGFR <90 ml/min/1.73 m>.?® Although renal dynamic
imaging is not necessarily more accurate than creatinine-
based eGFR,**?" the consistency between our finding of
overestimation of eGFR by creatinine-based methods
with these data supports the argument that creatinine-
based eGFR overestimates true GFR in the adult Fontan
population.

Current clinical recommendations for GFR evaluation
include measurement of serum creatinine and use of a
GFR estimating equation for most patients, but additional
confirmation with either cystatin C-based eGFR or
measurement of GFR is recommended for groups in
whom creatinine-based eGFR is known to be less
accurate.® Although the overall cost-benefit balance of
measuring cystatin C for all adults with CHD merits
further study, we believe the currently available evidence
supports using cystatin C to better estimate GFR in the
adult Fontan population, espescially when it is likely to
influence important clinical decisions.

Existing guidelines suggest that evaluation for CKD risk
should include assessment of both GFR and albuminuria
to guide appropriate management.* Our findings support
the synergistic value of these distinct dimensions of
kidney dysfunction in the overall ACHD population,
although the implications of albuminuria in the Fontan
subset are less clear. '>'7 More accurate identification of
renal dysfunction could enable earlier intervention
targeted at mechanisms of kidney disease such as renin-
angiotensin-aldosterone system activation as well as
minimizing exposure to potential nephrotoxins.

The implications for estimating GFR using a cystatin C-
based formula in ACHD, therefore, extend beyond
clinical risk prediction. For example, drug dosing could
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Predicted Risk,

Predicted Risk, Model with CKD-EPI ¢ s

Model with

CKD-EPI, <25% 2.5-10% 10-20% 20-30% >30%  Total
Al 19 3 0 0 0 22
<2.5% Controls 19 B 0 0 0 22
Cases 0 0 0 0 0 0
Observed risk, % 0.0 0.0 0.0 0.0 0.0 0.0
Al 121 171 11 0 0 303
2.5-10%  Controls 119 163 9 0 0 291
Cases 2 8 2 0 0 12
Observed risk, % 1.7 4.7 18.2 0.0 0.0 4.0
All 0 28 36 9 1 74
10-20%  Controls 0 27 31 6 1 65
Cases 0 1 5 3 0 9
Observed risk, % 0.0 3.6 13.9 33.3 0.0 12.2
Al 0 0 4 9 5 18
20-30%  Controls 0 0 4 7 2 13
Cases 0 0 0 2 3 5
Observed risk, % 0.0 0.0 0.0 22.2 60.0 27.8
Al 0 0 5) 6 37 48
>30% Controls 0 0 4 6 15 25
Cases 0 0 1 0 22 23
Observed risk, % 0.0 0.0 20.0 0.0 59.5 479

Al 140 202 56 24 43

Controls 138 193 48 19 18

Cases 2 9 8 5 25

Observed risk, % 1.4 45 14.3 20.8 58.1

be more appropriately directed for the many renally
cleared cardiovascular medications. Other benefits of
more accurate eGFR include assessment of risk when
using iodinated contrast media for computed tomogra-
phy and catheterization, identification of patients at
highest risk for acute kidney injury after surgery involving
cardiopulmonary bypass, and more informed consider-
ation during heart transplant evaluation.

Limitations

ACHD is comprised of a wide array of diagnoses with
variable pathophysiology. The current cohort was
enrolled at a major referral center and tended to have
moderately or severely complex CHD. Although this high-
risk population is of particular interest to providers, the
findings may not be generalizable to ACHD seen in the
community. The current analysis does not include
multivariable adjustment for all relevant clinical variables,
such as circulating biomarkers. '**?% The purpose of this
analysis was to compare creatinine and cystatin C
estimates of GFR, and adjustment for these variables
would not be anticipated to affect the conclusion that

cystatin C estimates are superior. We did not measure
GFR using a criterion-standard method, such as inulin
clearance. Although the improved prognostic perfor-
mance of cystatin C eGFR strongly suggests that it more
accurately estimates GFR, other variables also influence
cystatin C levels; based on the current data, we cannot
reject alternative explanations such as an independent
link between circulating cystatin C levels and out-
come. >+ Finally, the current data include only a single
measurement which results in a great variation between
follow-up times from initial surgical corrections, particu-
larly when smaller subgroups are examined (such as
single-ventricle patients), and also do not provide insight
on repeated measurements.

Conclusions

Adults with CHD are at increased risk for chronic
kidney disease. Those with reduced eGFR are at higher
risk for adverse clinical outcomes, including all-cause
mortality and cardiovascular events. Cystatin C-based
€GFR appears to be more strongly predictive of clinical
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risk than is creatinine-based eGFR in the overall ACHD
population. Measurement of cystatin C to better estimate
eGFR may be considered, espesscially in patient sub-
groups where cystatin C eGFR is most clearly superior,
including those with mildly reduced eGFR and patients
with a single-ventricle Fontan circulation.
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This table shows the percentage of patients who
experienced the composite outcome by of eGFR category
(<60, 60-89, and > 90 mL/min/1.73 m?) by CKD-EPI,
and CKD-EPI¢ysc. The analysis includes all patients
irrespective of follow-up time or event status. The %
event values are defined as the percentage of all patients
included in a given cell that experienced the composite
primary outcome of death or nonelective cardiovascular
hospitalization. Cells shaded gray indicate patients
assigned to the same eGFR category by both equations
(total n = 683). Of the remaining 228, 129 were assigned
alower eGFR category by CKD-EPI¢yc, whereas 99 were
assigned to a higher category by CKD-EPI¢ysc.

Comparison of observed 1-year outcomes by the
assigned risk strata from a base multivariable clinical
risk model plus CKD-EPI:, to this model plus CKD-
EPI¢ysc. The base multivariable logistic regression model
included history of atrial arrhythmia, NYHA functional
class, cyanosis, and qualitative systolic ventricular func-
tion. The dependent variable was the presence or
absence of the composite outcome, death or nonelective
cardiovascular hospitalization. This analysis included any
patient who had experienced an event within 1-year or
who had at least 1-year of event-free follow-up time (n =
465/911; n = 49 events). The observed risk was defined
as the percentage of patients who sustained the
composite outcome over 1 year. Cells shaded gray
indicate patients assigned to the same risk category by
both models, whereas red and green cells indicate those
assigned to higher and lower risk, respectively, by CKD-
EPlI¢ysc compared with CKD-EPIc,. Reclassification im-
provement was 8.2% among those who experienced an
event ([8 — 4]/49) and 33.4% among those who did not
([160 - 21]/416) for an overall net reclassification
improvement of 41.6%.

TGA, transposition of great arteries; RV, right ventricle;
LV, left ventricle; AV, atrioventricular.

The blue dashed line designates the mean difference
between CKD-EPI¢, and CKD-EPI¢ysc, whereas the gray
dashed lines indicate the 95% upper and lower limits of
agreement. The solid gray line and semitransparent blue
area indicate a locally weighted scatterplot smoothing
line of the mean difference between CKD-EPI¢, and CKD-
EPI¢ysc and a 95% confidence limit for the estimate of that
line.

Green triangles indicate that CKD-EPI¢; 4nq CKD-EPI¢ysc
assigned the same eGFR category (<60, 60-89, >90 mL/
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min/1.73 m?); purple diamonds indicate patients
assigned 1 level higher/better category by CKD-EPlcyc,
whereas the yellow squares and blue diamonds, respec-
tively, indicate patients assigned categories 1 and 2 levels
lower by CKD-EPlI¢yc.

The solid, thick, blue line indicates the hazard ratio, and
the thin, dashed, black lines indicate 95% CIs. The
reference eGFR value, where the hazard ratio = 1, was
set to 120 mL/min/1.73 m?.
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