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Abstract

Objectives—To define whether adults with a Fontan circulation, who have life-long venous
congestion and limited cardiac output, have impaired glomerular filtration rate (GFR) or elevated
urinary biomarkers of kidney injury.

Methods—We measured circulating cystatin C and creatinine (n=70) and urinary creatinine,
albumin, kidney injury molecule-1 (KIM-1), neutrophil gelatinase-associated lipocalin (NGAL)
and N-acetyl glucosaminidase (NAG)(n=59) in ambulatory adult Fontan patients and 20 age- and
sex- matched controls. Urinary biomarkers were normalized to urine creatinine concentration.
Survival free from non-elective cardiovascular hospitalization was compared, by estimated GFR
and urinary biomarker levels using survival analysis.

Corresponding author: Alexander R. Opotowsky, Boston Children’s Hospital and Brigham and Women’s Hospital, 300 Longwood
Avenue, Department of Cardiology, Boston, MA 02115, Tel: 617-355-6508; Fax: 617-739-8632,
alexander.opotowsky@childrens.harvard.edu.

The authors have no competing interests/conflicts of interest pertinent to the topic of this manuscript.

Author contributions:
All authors have made substantial contributions to the conception or design of the work, or the acquisition, analysis or interpretation of
data as recommended by ICMJE. All authors have reviewed, provided critical input and given final approval of the manuscript.

In addition, specifically:

ARO planned, conducted and supervised data collection for the study and performed the analysis and drafted the manuscript. He is
responsible for the overall content of the manuscript.

FRB planned and conducted the study.

FRM assisted in planning the study and in analyzing and interpreting the data.

BL conducted the study, designed the database used and performed detailed quality control.

EL drafted parts of the manuscript, assisted in data interpretation and provided detailed review of the manuscript.

MJL provided guidance on study design and conduct and assisted in interpreting the results.

VS performed parts of the study including the urine assays and provided guidance on data interpretation.

SSW was involved in planning the study and analyzing and interpreting the data.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Opotowsky et al. Page 2

Results—Cystatin C GFR was lower in the Fontan group compared with controls (114.2+22.8
vs. 136.3+12.8mL/min/1.73m2, p<0.0001); GFR<90mL/min/1.73m? in 14.3% vs. 0% of controls.
Albumin-to-creatinine ratio (ACR), KIM-1 and NAG were elevated compared with controls;
ACR=23.2 [7.6-38.3] vs. 3.6 [2.5-5.7]mg/g, p<0.0001; NAG=1.8 [1.1-2.6] vs. 1.1 [0.9-1.6]U/qg,
p=0.02; KIM-1=0.91 [0.52-1.45] vs. 0.33 [0.24-0.74]ng/mg, p=0.001. Microalbuminuria,
ACR>30mg/g, was present in 33.9% of the Fontan patients but in none of the controls.

Over median 707 [IQR 371-942] day follow-up, 31.4% of patients had a clinical event. Higher
KIM-1 and NAG were associated with higher risk of non-elective hospitalization or death (HR/
+1SD=2.1, 95%CI1=1.3-3.3, p=0.002; HR/+1SD=1.6, 95%CI=1.05-2.4, p=0.03, respectively);
cystatin C GFR was associated with risk of the outcome (HR/+1SD=0.66, 95%CI1=0.48-0.90,
p=0.009) but creatinine-based GFR was not (HR/+1SD=0.91, 95%CI=0.61-1.38, p=0.66). Neither
ACR nor NGAL were associated with events.

Conclusions—The Fontan circulation is commonly associated with reduced estimated GFR and
evidence for glomerular and tubular injury. Those with lower cystatin C GFR and tubular injury
are at increased risk of adverse outcomes.

Keywords
biomarker; Fontan procedure; congenital heart disease; chronic kidney disease; urine

INTRODUCTION

Interactions between the heart, blood vessels and kidneys play a central role in the
pathophenotype of heart failure (HF) in adults with acquired heart disease. Cardio-renal
syndrome refers to a wide range of bi-directional adverse effects of primary heart or kidney
disease on the other organ.[1] Chronic heart disease, for example, can cause progressive
chronic kidney dysfunction because of adverse hemodynamics (e.g., low cardiac output and
high venous pressure) with related neurohormonal, inflammatory and immunologic effects.
In patients with either acute or chronic HF, kidney dysfunction is associated with adverse
outcomes.[2, 3] Clinical care focuses mainly on one dimension of kidney function,
glomerular filtration rate (GFR). Equations that incorporate measurement of circulating
creatinine concentration are commonly used to estimate GFR, but this approach is limited in
scope and can be misleading without understanding the larger clinical context.[3, 4] Other
methods, including measurement of cyststin C, may improve GFR estimation and better
predict outcomes.[5, 6]

The Fontan procedure separates the pulmonary and systemic circulations in patients born
with functional single ventricle congenital heart disease. Systemic venous return is directed
to the pulmonary circulation without the benefit of a subpulmonary ventricle. Cyanosis and
ventricular volume overload are alleviated at the expense of chronically elevated systemic
venous pressure and limited stroke volume augmentation. These consequences are
presumably associated with ongoing end organ damage. While research has focused on liver
fibrosis and protein losing enteropathy, there is preliminary evidence for important adverse
renal effects; one small study found that chronic glomerular injury, evidenced by
microalbuminuria, was present in 9 of 21 patients with a Fontan circulation.[7]
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While eGFR provides a view of one important aspect of kidney function, alternative
circulating and urine biomarkers have been identified to characterize glomerular, tubular and
interstitial injury.[8, 9] Albuminuria, for example, suggests injury to the glomerular filtration
barrier, though can be related to proximal tubular dysfunction.[10] Biomarkers of
tubulointerstitial injury include kidney injury molecule-1 (KIM-1), neutrophil gelatinase-
associated lipocalin (NGAL) and N-acetyl glucosaminidase (NAG).[8] Elevations in these
urinary biomarkers are independently associated with disease severity and prognosis, and
may distinguish underlying pathophysiology in adults with HF due to acquired heart disease.
[11, 12,13, 14]

Given the presence of limited cardiac output augmentation and elevated venous pressure in
the Fontan circulation, we hypothesized that reduced eGFR and tubulointerstitial injury
would be common and that markers of kidney dysfunction would be associated with adverse
outcomes.

METHODS
Study Sample

We enrolled outpatients =18 years-old who had previously undergone a Fontan procedure
and consented to participate between February 2012 and June 2014 at Boston Children’s
Hospital or Brigham and Women’s Hospital.[15] None of the patients enrolled had been
hospitalized in the prior 30 days. Exclusion criteria included 2-ventricle repair or cardiac
transplantation subsequent to Fontan procedure, known kidney disease or recent
creatinine>2 mg/dL. Control subjects were selected by frequency matching for 10-year age
group and sex for each of the Fontan groups (those with urine samples and those with blood
samples). Controls were self-reported non-smokers without diabetes mellitus or known
kidney or cardiovascular disease recruited via 2 different methods: A) postings on the
Boston Children’s Hospital website and B) directly approached people who accompanied a
patient to a clinical visit in the adult congenital heart disease clinic. Only 6 of the selected
control subjects provided both urine and blood samples; therefore each group of 20 controls
includes 6 in common and 14 additional control subjects with either blood or urine
specimens. The study was approved by Boston Children’s Hospital’s Institutional Review
Board and informed consent was obtained from all subjects; there was a formal reliance
agreement between Partners/Brigham and Women’s and Boston Children’s Hospital
Institutional Review Boards.

Biomarker Assessment

Urine collected from spontaneous clean catch voids underwent centrifugation at 4,000 rpm
for 5 minutes at 4°C. Urine supernatant was aliquoted into 2 mL cryostorage tubes and
frozen at —80°C; assays were performed on samples with no prior freeze-thaw cycles. At the
time of assay, samples were thawed, vortexed and centrifuged at 14,000 rpm at 4°C and the
supernatant was transferred to another tube.

Urine biomarkers were measured as previously described.[9, 16]. Briefly, KIM-1 and NGAL
were measured using microbead-based assays and NAG was measured using an enzymatic
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assay (Roche Diagnostics, Risch-Rotkreuz, Switzerland). Creatinine and albumin were
measured using a Randox Daytona analyzer. All samples were measured in duplicate and the
intra- and inter-assay coefficients of variation were <10% for all assays. A small number of
measurements were below the reported lower limit of detection for each given assay (n=1
NGAL<0.53 ng/mL; n=3 NAG<0.2U/L) and these values were set to the lower limit of
detection.

Blood collected via peripheral venipuncture in an EDTA tube was processed to plasma
within 30 minutes and frozen at —80°C. Cystatin C was measured with an enzyme-linked
immunoassay (R&D Systems, Inc., Minneapolis, MN). Reported inter-assay coefficient of
variation of 7.0, 5.0 and 5.9% at mean values of 17.2, 30.8 and 60.9 ng/mL respectively.
Other laboratory testing, including serum creatinine, was performed on fresh processed
samples by a Clinical Laboratory Improvement Amendments-certified laboratory
(Laboratory Corporation of America, Burlington, NC). Glomerular filtration rate was
estimated using Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equations
using creatinine alone, cystatin C alone, and the combination of creatinine and cystatin C
(referred to through the text, respectively, as: GFRcr, GFRcysc, GFRcysc+cr)-[6, 17]

There was no association between cystatin C and storage time (f=-0.075 ng/mL/day,
p=0.30, adjusting for control status). This was also true for urine creatinine and log
transformed urine albumin, NAG, NGAL and KIM-1 (B=+0.016 mg/dL/day, p=0.74; p=
+0.001 log mg/dL/day, p=0.18; 3<0.0001 log mU/mL/day, p=0.99; p=+0.00075 log ng/mL/
day, p=0.45; and =-0.00027 log pg/mL/day, p=0.67, respectively, all adjusting for control
status).

Clinical and Outcomes Assessment

Demographic data, underlying cardiac diagnosis, prior interventions, medication use, and
comorbidities were extracted from medical records, along with clinical laboratory testing
and cardiac imaging within 2 years of sample collection and invasive hemodynamic data
within 5 years. Data on systemic ventricular function and valve regurgitation severity were
extracted from clinical reports. The combined outcome of interest was time to first non-
elective cardiovascular hospitalization or death. Non-elective cardiovascular hospitalization
was defined as overnight admission for HF, arrhythmia or symptoms of arrhythmia,
thrombotic or embolic events, cerebral hemorrhage or a specific Fontan-related reason (i.e.,
ascites, protein losing enteropathy, plastic bronchitis).

Statistical Analyses

The 2-sided unpaired Student’s t- or Wilcoxon rank sums test, as appropriate for
distribution, was used to compare continuous variables. Fisher’s exact test was used to
analyze categorical variables between groups stratified by urine biomarker level. Continuous
variables are presented as mean+SD for normally distributed variables and median [25th—
75th percentile] for non-normally distributed variables. Urine biomarkers were expressed as
a ratio to urinary creatinine concentration and these creatinine-normalized values were
natural log transformed because of the skewed distribution of these variables. The Pearson
product-moment correlation coefficient was used to analyze the correlation between each log
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transformed urine biomarker and specific clinical and biomarker covariates of interest. For
this analysis, non-normally distributed variables were log transformed. The Log Rank test
was used to perform univariate survival analysis comparing survival times for those above
with those below the median value for each urine biomarker and also comparing those with
decreased and normal eGFR by the various estimating methods. Cox regression was used to
adjust for potential confounding variables. Time-to-event analyses were conducted from the
date of biospecimen collection to the date of the first clinical event (non-elective
cardiovascular hospitalization or death), with censoring of event-free individuals at the most
recent clinical follow up date when event status was known. The proportional hazards
assumption was tested for each model both graphically (plots of Martingale and deviance
residuals by value of each predictor; cumulative Martingale residuals over time;
log(-log(survival) versus log(time)) and formally (adding a time dependent covariate;
Kolmogorov-type supremum test based on 1,000 simulated replications). There was no
evidence this assumption was violated. Analyses were performed using SAS 9.3 (SAS
Institute, Cary, NC) and GraphPad Prism (GraphPad Software, La Jolla, CA). A 2-sided p
value <0.05 was considered statistically significant.

Clinical characteristics of Fontan patients in the study sample (for n=59 with urine
biomarker data; results for the n=70 with blood creatinine and cystatin C were similar and
are not presented) are shown in Table 1. When compared to age- and sex-frequency matched
controls, Fontan patients tended to be shorter (p=0.04) but were similar in terms of weight
and body mass index(Supplemental Table 1).

Cystatin C, creatinine and Estimated GFR

Cystatin C—Cystatin C levels were higher in Fontan patients compared with controls
(745.7£189.4 vs 566.7+85.3 ng/mL, p<0.0001) and GFRcysc was lower (114.3+22.7 vs.
136.3+12.8 mL/min/1.73m2, p<0.0001; Figure 1A). GFRcysc was <90mL/min/1.73m? in
12.9% (9/70) of the Fontan subjects, but in none of the controls. There were 3 Fontan
subjects (4.3%) with GFRcysc<60 mL/min/1.73m?.

Creatinine—There was no difference in serum creatinine between the Fontan subjects and
controls (0.87+0.20 vs 0.88+0.15 g/dL, p=0.86) and GFR¢, was similar (106.2+22.9 vs.
107.4+14.4 mL/min/1.73m2, p=0.77; Figure 1B). GFR¢, was <90 mL/min/1.73m?2 in 22.9%
(16/70) of the Fontan subjects, and 15% (3/20) of the controls; of note, GFR¢, was >85
mL/min/1.73m? in all 3 controls with GFR¢,<90 mL/min/1.73m?2 while 11 of 16 Fontan
subjects with GFR¢,<90 mL/min/1.73m?2 had GFR¢,<85 mL/min/1.73m2. There were 2
Fontan subjects (2.9%) with GFR¢,<60 mL/min/1.73m2.

Cystatin C and Creatinine—GFRcysc+cr, based on the CKD-EPI equations, was lower
in the Fontan group (115.7+20.7 vs. 126.7+11.3 mL/min/1.73m2, p=0.003; Figure 1C).
Estimated GFRcysc+cr Was <90mL/min/1.73m? in 12.9% (the same subjects classified as
GFR<90 by the cystatin C only equation) of the Fontan subjects, and none of the controls.
Only 1 Fontan subject (2.9%) had GFRcysc+cr<60 mL/min/1.73m2,
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Urine Biomarkers

Urine albumin-to-creatinine ratio (ACR), NAG and KIM-1 concentrations were significantly
higher in the Fontan group than in the control group (ACR 23.2 [7.6-38.3] vs. 3.6 [2.5-5.7]
mg/g, Wilcoxon rank sums p<0.0001; NAG 1.8 [1.1-2.6] vs. 1.1 [0.9-1.6] U/g, p=0.02;
KIM-1 0.91 [0.52-1.45] vs. 0.33 [0.24-0.74] ng/mg, p=0.001; Figure 2). There was no
significant difference in urinary NGAL concentration between Fontan patients and controls
(26.5[9.6-81.0] vs. 57.8 [14.1-152.6] ng/mg, p=0.13; Figure 2).

Patients were then stratified according to the median value of each urine biomarker
(Supplemental Table 2). Those with higher KIM-1 or NAG tended to be older and there was
a female preponderance in the higher NGAL group. There were no statistically significant
relationships between the proportion of patients with any specific adverse clinical
characteristic (e.g., NYHA FC>1, arrhythmia) though the few patients with uncommon
adverse consequences of the Fontan circulation (e.g., ascites, PLE) tended to have higher
KIM-1 and NAG.

Urine biomarker levels were not associated with underlying CHD diagnosis, ventricular
morphology, Fontan type, ventricular function or valve regurgitation. Those with NAG levels
above the median were more likely to be taking digoxin and all patients on thyroid
replacement had KIM-1 levels above the median; otherwise, there was no relationship
between urine biomarker level and medication use.

Correlations between Estimated GFR, Urine Biomarkers and Clinical Variables

There was modest correlation between the 4 urine biomarkers, with the strongest
relationship being between KIM-1 and NAG (r=0.48, p=0.0002; partial correlation using
linear regression adjusting for urine creatinine to avoid spurious correlation).[18]
Interestingly, higher systolic blood pressure tended to be associated with lower KIM-1 and
higher GFRcysc, though the association was weak (Table 2). Older age correlated modestly
well with higher KIM-1 and NAG, but was more strongly associated with lower GFRcysc.
Oxygen saturation was not correlated with any urine biomarker, but correlated directly with
lower GFRcysc. Platelet count was associated with KIM-1 (r=0.30, p=0.03). There was little
relationship between urine biomarker level and common liver tests. The two exceptions were
that higher ACR was associated with //gher serum albumin (r=0.28, p=0.03) and higher
KIM-1 was associated with lower AST (r=—0.29, p=0.03). High sensitivity C-reactive
protein was inversely associated with GFRcysc (r=-0.32, p=0.008) and directly associated
with NAG (r=0.38, p=0.003). Uric acid level was inversely associated with GFRcysc (r=
-0.38, p=0.001) but was not urine biomarker levels. Only 20 patients had BNP measured for
clinical indications; in this subset, there was no significant relationship between log
transformed BNP and any urine biomarker, while higher BNP was associated with lower
GFRcysc (r=—0.59, p=0.006). We repeated these analyses for correlations between GFR¢,
and the variables described above for GFRcysc; the correlations were weaker for the
creatinine based GFR estimates.

Higher GFRcysc Was associated with higher % predicted peak VO, (n=60, r=0.41,
p=0.0009) and lower Vg:VCO> slope (r=-0.31, p=0.02). Higher log ACR was associated
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with higher peak VO, (n=51, r=0.32, p=0.02) and lower Vg:VVCO, slope (r=0.31, p=0.03).
The was no relationship between any of the other urine biomarkers and either peak VO, or
VEg:VCOs7 slope.

Outcomes Analysis

Median follow-up duration was 707 [371-942] days. There were 22 events overall: 19 non-
elective cardiovascular hospitalizations (2 with subsequent death) and 3 deaths without
preceding non-elective hospitalization. Median time to event was 388.5 [161-653] days. Of
the 19 first non-elective hospitalizations, 10 were primarily for arrhythmia (most atrial), 6
for HF including ascites and 3 were for other reasons: hypotension and dizziness,
cerebrovascular accident and hemoptysis. Three of the deaths were due to sudden death of
unknown cause, 1 was pulseless electrical activity in the context of elective cardioversion of
atrial arrhythmia and progressive HF and 1 was due to cardiac arrest during a hospitalization
for sepsis due to cellulitis. Among the subset of 59 subjects with urine collected, follow-up
time was similar and there were 20 events overall including all 5 deaths.

GFR Estimates

Cystatin C—Higher GFRcysc was associated with lower risk of incident events (HR per
1SD=0.66, 95%CI 0.48-0.90) and this relationship was similar after adjustment for age or
NYHA functional class (Table 3). The subset of 9 patients with GFRcysc< 90 mL/min/
1.73m? were at substantially increased risk of adverse outcomes (HR=3.25, 95%CI 1.26—
8.40).

Creatinine—There was no apparent relationship between GFR¢, and risk of incident
events. Adjustment for age or NYHA functional class did not importantly affect this result.
Concordantly, the 16 patients with GFR¢,<90 mL/min/1.73m?2 were not at appreciably
higher risk of adverse outcome (Table 3).

Cystatin C and Creatinine—There was a trend towards lower risk of incident events
with higher GFRcysc+cr- Since the same patients were classified as having GFR<90
mL/min/1.73m?2 by both the cystatin C only equation and the combined equation, survival
analysis was identical.

Urine Biomarkers

KIM-1—Higher KIM-1 was associated with greater hazard for the combined outcome,
whether expressed as a log transformed continuous variable or dichotomized by median
value (Table 4; Figure 3). This relationship was unaffected by adjustment for age, NYHA
FC, or GFRcysc (Table 4).

NAG—Higher NAG was also associated with greater risk for the combined outcome. This
relationship was independent of NYHA functional class (when expressed as a dichotomous
variable) but was attenuated somewhat by adjustment for age or GFRcysc (Figure 3; Table
4).
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NGAL and ACR—Neither NGAL nor ACR was associated with incident events when
analyzed as continuous variables. This remained the case when categorized by median value
and after adjustment for age, GFRcysc, or NYHA functional class (Figure 3; Table 4).

DISCUSSSION

This study demonstrates that, compared with age- and sex- matched controls, adults with a
Fontan circulation tend to have: (1) reduced GFR as estimated by circulating cystatin C, (2)
a higher prevalence of microalbuminuria consistent with glomerular injury, and (3) elevated
urinary biomarkers indicative of tubular injury. Reduced GFRcysc, elevated urinary KIM-1
and elevated urinary NAG were each associated with an increased incidence of the
composite end-point of non-elective cardiovascular hospitalization or death.

Interaction between the heart, vasculature and kidneys is central to the pathophysiology of
HF. There is a wide spectrum of pathologic cardio-renal interactions, often referred to under
the umbrella term cardio-renal syndrome. It is well demonstrated that acutely or chronically
low cardiac output (CO) causes reduced renal perfusion and, potentially, renal ischemia.
More recent studies have detailed the key contribution of elevated right atrial pressure and
venous congestion to predict worsening glomerular filtration rate. In patients with systolic
HF, both low cardiac output and high right atrial pressures are associated with impaired renal
function and increased mortality.[19, 20] Diastolic HF (normal LVEF and CO), however, is
also associated with significant renal insufficiency and increased mortality, further
suggesting venous congestion plays a central role in kidney dysfunction in HF.[2]

We report the presence of impaired GFR in patients with a Fontan circulation relative to
normal controls. All the methods to estimate GFR that we analyzed suggest that more than 1
in 10 of these patients had reduced GFR (<90 mL/min/1.73m?2 in 12.9%, 12.9% and 22.9%
using cystatin C, combined and creatinine estimates, respectively) and that a small subset
(~3-4%) had GFR<60 mL/min/1.73m2. These values likely underestimate the prevalence of
importantly low GFR since we excluded patients with known clinical kidney disease. A
recent study of patients following Fontan palliation, including mainly pediatric patients,
similarly reported that 10.3% of the 68 patients had GFR<90 mL/min/1.73m2.[21] While
each estimating equation suggested a similar proportion of patients with reduced GFR,
cystatin C estimates suggested an overall distribution shift toward lower GFR while the
creatinine-based approach did not. It is unclear why the creatinine-based GFR estimates
were lower than those based on cystatin C. One might have expected the converse since
patients with a Fontan circulation have lower lean muscle mass then matched controls.[22] It
may be that features of the Fontan circulation other than GFR affect cystatin C levels;
chronic systemic inflammation is one possible explanation. While prior large studies
including a wide spectrum of congenital heart disease diagnoses reported an association
between creatinine-based GFR estimates and mortality,[23] only cystatin C estimates of
GFR were associated with increased risk of incident adverse outcomes in this study focusing
on patients with a Fontan circulation. As has been suggested in broader epidemiologic
studies,[24] this may suggest that cystatin C provides a more accurate or otherwise
informative estimate. Additional study is needed to assess the relative accuracy and
prognostic significance of different GFR estimates in the Fontan population.
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Our findings support previous reports that microalbuminuria or at least trace dipstick
proteinuria is prevalent in patients with a Fontan circulation.[7, 21] This is concerning in the
context of extensive evidence that microalbuminuria predicts adverse cardiovascular
outcomes in patients with various underlying disease as well as in the general population.
Albuminuria is generally associated with the presence of renal endothelial or glomerular
dysfunction. We were, therefore, surprised by the lack of association between urine
microalbuminuria and adverse outcomes in this study. Small sample size and relatively few
events could explain the finding, though we were able to demonstrate a higher incidence of
adverse outcomes for patients with elevated concentrations of 2 other urine biomarkers. The
association between the presence of microalbuminuria and better aerobic capacity was also
unexpected. Microalbuminuria can be a normal finding in some healthy people after intense
exercise, though the mechanism has not been well defined. Frequent and intense aerobic
activity could cause microalbuminuria in patients with a Fontan circulation in the context of
exaggerated increases in venous pressure and limited cardiac output.[25] It is plausible that
microalbuminuria might indeed identify chronic episodic renal ischemia and congestion in a
subset of active, fit patients, but the benefit of regular exercise outweighs collateral kidney
injury. In any case, microalbuminuria does not appear to strongly predict disease severity or
prognosis.

Conversely, 2 markers of tubular injury, KIM-1 and NAG, were predictive of adverse events.
KIM-1 is a membrane bound protein, and metalloproteinase dependent processes cleave the
ectodomain into the urine and extracellular spaces following injury.[8] NAG originates in
cellular lysosomes and its large size precludes glomerular filtration; NAG therefore only
appears in the urine with proximal tubule injury and loss of lysosomal integrity.[8]
Population based studies have reported higher levels of various urine biomarkers, including
KIM-1, predict adverse outcomes including incident kidney disease, cardiovascular events
and death.[26, 27] Studies in adults with chronic HF have demonstrated increased levels of
urinary biomarkers suggestive of both glomerular and tubular injury, and have shown such
elevation to be associated with adverse outcomes.[12, 13, 14]

There was no difference in urinary NGAL between the Fontan and control groups, in
contrast to the findings on ACR, KIM-1, and NAG. One reason may be the distinct anatomic
source of NGAL compared with the other markers. NGAL is present in low concentrations
in various biological fluids, including serum and cerebrospinal fluid.[28] While urinary
KIM-1 and NAG derive from the proximal tubule, urinary NGAL is synthesized in the distal
nephron (loop of Henle and distal tubules), and possibly through glomerular filtration of
circulating NGAL.[28]. Interestingly, urinary KIM-1 and NAG appear to parallel the severity
of venous congestion in adults with HF and levels respond to acute diuresis; this is not true
for NGAL.[11] The selective elevation in KIM-1 and NAG, therefore, may correspond to the
mechanism and location of renal injury (i.e., elevated venous pressure, proximal tubule). The
lack of NGAL elevation, however, could alternatively be explained by the study design.
Women comprised a slightly larger proportion of the control group relative to the Fontan
group; the difference was not statistically significant but could bias towards lower NGAL in
the Fontan group since women have higher urine NGAL levels than men.[29]. There are few
published data on the effect of storage at —80C on NGAL, and none extend >6 months.[30]
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There was no linear relationship between storage time and urinary NGAL in our study
sample, but this does not exclude idiosyncratic time-related declines.

The small number of events precludes comprehensive multivariable adjustment, and our
findings may be attributable to confounding. The age- and sex- matched comparison group
represents a convenience sample and may not derive from an equivalent at-risk population as
the Fontan subjects. While these results suggest GFR, urinary KIM-1 and urinary NAG are
associated with adverse outcome in Fontan patients, the sample size is relatively small and
further study is required to validate these findings and define whether this association is
additive to information provided by alternative biomarkers and other clinical variables
already in use.

We did not measure GFR directly. No method based on an isolated concentration of any
molecule provides precise GFR estimates within the range of values seen in this study (e.g.,
MDRD and CKD-EPI estimates based on creatinine each have 95% limits of agreement >
+30 for GFR>90 mL/min/1.73m?2).[17] While the better predictive power of cystatin C
estimates provides some support for its applicability in these patients, it is unknown how
well any estimate performs relative to directly measured GFR in the Fontan population.
Further study with larger sample size and specialized methods (e.g., iohexol clearance) will
be required to determine whether one or another method is particularly appropriate in these
patients.

Conclusions

Adults with a Fontan circulation often have impaired GFR and glomerular and tubular injury
as evidenced by higher urinary albumin, KIM-1 and NAG. Lower GFRcysc as well as higher
urinary KIM-1 and NAG were predictive of adverse outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Questions
What is already known about this subject?

Patients with a single ventricle Fontan circulation have elevated venous pressure and
limited cardiac output. Little is known about Kidney function in this population. Research
on adults with congenital heart disease, only a subset of whom have a Fontan circulation,
suggests reduced glomerular filtration rate is relatively common and associated with
adverse outcomes. One small study of the Fontan circulation reported a high prevalence
of albuminuria.

What does this study add?

This study suggests that adults with a single ventricle Fontan circulation have (1)
impaired glomerular filtration rate, as estimated by circulating cystatin C, (2) cystatin C
estimates of glomerular filtration rate are associated with adverse outcomes while
creatinine-based estimates are not, (3) there is active glomerular and tubular injury as
evidenced by elevated urinary biomarkers, and (4) a urinary biomarker profile consistent
with proximal tubular injury is associated with adverse outcomes.

How might this impact on clinical practice?

These results suggest that further study is merited on whether cystatin C rather than
creatinine may be preferable to estimate glomerular filtration rate in this population. The
urine biomarker findings raise the possibility that such testing may help identify patients
with disadvantageous hemodynamics and worse prognosis.
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Baseline demographic, biomarker and clinical data for patients with a Fontan circulation
aged 18 to 54 years

Demographic, biomarker and clinical characteristics for n=59 patients with a Fontan circulation with available
urine biomarker data; data on glomerular filtration rate are for n=70 patients with available data on circulating
creatinine and cystatin C. Continuous variables are presented in the left column as mean+SD or median [25th—
75th percentile] while categorical variables are presented in the right column as n (%).

Mean+SD or median [25th—75th percentile]

N (%)

Age,y

Male

Height, cm

Weight, kg

BMI, kg/m?

Oxygen saturation, %

GFR¢y, mL/min/1.73m?

GFRcysc, ML/min/1.73m?2

GFRgyscr, mL/Min/1.73m?

Urine biomarkers
Creatinine, mg/dL
Albumin, mg/dL

30.749.8
35 (59.3%)
168.3+8.9
70.6+15.7
24.8+4.2
94.0£3.8
106.2+22.9
114.3422.7

115.7+20.7

118 [68.8-157.6]
24.8 [4.5-58.3]

KIM-1, pg/mL 921.7 [426.3-1640.6]
NGAL, ng/mL 25.9[11.5-76.2]
NAG, mU/mL 1.9[1.0-3.2]
ACR, mg Albumin/g creatinine 23.2[7.4-38.3]
KIM-1, ng/mg creatinine 0.9 [0.5-1.5]
NGAL, ng/mg creatinine 21.7 [9.5-81.0]
NAG, U/g creatinine 1.8[1.1-2.6]

Diagnosis
Tricuspid Atresia
Double-Inlet LV
HLHS
Unbalanced AV Canal
Double-Outlet RV
Other

Ventricular Morphology
Right
Left
Other

Heterotaxy

Fontan Type, current
Atrio-Pulmonary

Lateral Tunnel

22 (37.3%)
14 (23.7%)
11 (18.6%)
3 (5.1%)
2 (3.4%)
7 (11.9%)

15 (25.4%)
43 (72.9%)
1(1.7%)
5 (8.5%)

10 (17.0%)
36 (34.0%)
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Mean=SD or median [25th-75th percentile] N (%)

Atrio-Ventricular or Bjork 2 (3.4%)

Extracardiac 11 (18.6%)
Patent fenestration 8 (13.6%)
NYHA functional class | 43 (72.9%)
History of PLE 3(5.1%)
Clinical ascites 7 (11.9%)
Clinical arrhythmia 34 (57.6%)

Medication

ACEiI/ARB

Beta-blocker

Digoxin

Anti-arrhythmic

Aspirin

Warfarin

Loop diuretic

Potassium-sparing diuretic

Thyroid replacement
Systemic Ventricular Function

Normal

Mildly depressed

Moderately or severely depressed
Systemic AVV Regurgitation

None

Mild

Moderate or Severe
Aortic Regurgitation

None

Mild

Moderate or Severe

33 (55.9%)
16 (27.1%)
17 (28.8%)
10 (7.0%)
32 (54.2%)
28 (47.5%)
20 (33.9%)
12 (20.3%)
6 (10.2%)

28 (49.1%)
24 (42.1%)
5 (8.8%)

16 (28.1%)
35 (61.4%)
6 (10.5%)

33 (57.9%)
21 (36.8%)
3 (5.3%)

KIM1-1: kidney injury molecule 1; NGAL: neutrophil gelatinase-associated lipocalin; NAG: N-acetyl glucosaminidase; ACR: albumin-to-

Page 18

creatinine ratio; GFRCr, GFRCysC, GFRCysC+Cr: estimated glomerular filtration rate, Chronic Kidney Disease Epidemiology Collaboration
equations using creatinine, cystatin C, and cystatin C+creatinine, respectively;[6] BMI, body mass index; LV, left ventricle; HLHS, hypoplastic left
heart syndrome; ACEi, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; AVV, atrioventricular valve; NYHA, New

York Heart Association; PLE, protein losing enteropathy.

Heart. Author manuscript; available in PMC 2018 March 01.



Page 19

Opotowsky et al.

"u1a104d aAoeal-) AAIISUSS UYBIY :ddDsY ‘YNI Bulpnjox3 aseasiq JaAlT abe1S-pu3 Jo [9poN
IX-Q13IN ‘esela)sueiioulwe ayeLedse ;| S ‘aselajsuelioulwe auluele 1y ‘asereydsoyd aulfexe :'soyd suljey |y ‘usbAxo :2O ‘ainssaid poojq :dg ‘Xapul ssew Apog :[IAg ‘uonenba O uneisko |d3-aMd
‘ajes uoneI1} Jeniawo)B parewnsa :DSADY49 ‘asepiuiuwesoon|B |K190e-N :OWN ‘Uieaodi] pareraosse-aseune|db 1ydoanau I TYON T jnasjow Anfur A&Supiy ST-TINIM ‘0116l aUIUIEaI9-0J-UILNG[e :4DV

‘Aj9Anoadsal ‘19sqns poojq pue 18sgns auLn ay} 1oy syuaired

9 PUB $G=U 10} d|e|IeAR a1am Uofeinies usbAXo uo ereq ‘(Ajanoadsal ‘0//€9 pue /9=u AJUO 10} 3|qe|IeAe a1am Blep a1aym asereydsoyd auljee pue siajereid 1daoxe siaxsewolq |[e 1oy 02/0/ 10 69=U) erep
a|qe[ren. yum s1agns [1e apnjoul 449 D uneisAd 1o} asoyl Iym ‘(6G=U) B1ep auLIn ajge|ieAe Y)M siuaiied JO 18sqns 8yl apNJoul SISXJBLIOI] SULIN USSMIS] SUOIIR[1I0D "UOHEAIUSIUO0D SUIUITRaID 3ULIN 10}
Bunsnipe ajqeriea wapusdap sy} Se Jsxewolq suLIn pawlosuel) Boj Jayioue ‘sjqeLieA Juspuadap sy} Se J8XJewolq auLIn pawiossues) Boj & Yl [9pow uoissalfias 1eaul] & WwoJy JUsId1)809 Uolie|a1iod [erled
11 3dA3 3y 193]481 SIS JRWIOIG BULIN UBAMIS] sdiysuonefal [8T]4oreuIIoUap awes 3y Bulieys sa|elieA paye|ndjes usamiag sdiysuoiie|as ayl Ui uone|a1i09 snounds [eiusiod 03 anp ‘1aAeMoH *(pawossuesy
Bo| pue UOIIEAUIUOD BUIUIESID AJeULIN 0} PAZIBWLIOU) JoXJeWOIq sULIN Yyoea pue uolielnies ‘ainssaid poolq ‘NG ‘b usamiaq sdiysuore|al Joy pajuasald i 1UaID14300 UOIIR[3LI0 U0SIead aY L

8€°0- 900 100 00'0- 200 pIoe 21N
z€0- 80 610~ 81°0 €0°0- d¥osy fo
12°0- 9T'0- 20°0- 60°0- L0°0- IX-Q13N
6170 zro- S0°0- yT°0- 000 uignaIig reloL
670 ST'0- 20°0- LT0- 80°0 v
700 ST°0 LT°0 62°0 ¥0°0 1sv
0€'0- 110 0T'0- S0°0- 500 'soyd auljex|v
920 €T0- 91’0~ 2T 0- 820 ulwngry
10°0- ¥1°0 €2°0 0€0 200~ unoo 18j8e|d
120 9T'0- TT°0- 10°0- 20°0- uonenyes ¢Q
120 8T°0- €10~ 0€°0- 90°0- dg o1j01shs
T1°0- 700~ €0°0- 100 vT0- INg
650~ LE0 00~ 92'0 600 aby
v20- - - - - OWN 6o
vZ0- 500 - - - VN 6o
Sz°0- 8r'0 120 - - T-NIX BoT
810 LE0 100~ v€0 - "oV bo

0K0y49  9OVYNBoT  woON o

T-WIM o1 ¥Ov boT

"ploq ui pajussaid are Go'o> anje
d Yum jueaiyiubis suone|allo) "uolieinies ushbAxo pue ainssaid poojq ‘Xapul ssew Apoq ‘abe ‘Y49 D UNeISAD ‘IexJewolq auln yoes Ussmiag Uuone|sllo)

uoIIeINAAID UBIUOH © YlIM sjusited GG J0) B1ep [edIul]d pue ‘Y49 parewlss ‘SiadJewolq aulin Usamlag suole[alio)

¢ dlqeL

Author Manuscript Author Manuscript Author Manuscript

Author Manuscript

Heart. Author manuscript; available in PMC 2018 March 01.



Page 20

Opotowsky et al.

"UOITRIASP pJepuels :QS SSe|d [eUOI1IdUN) UOKBIJ0SSY HeaH 3IOA MaN 04 VHAN ‘Ajaaioadsal
‘QUIUNEaId + UNEISAD pue ‘D unelsAd ‘sutuneals Buisn suoienba uoneioge|j0D ABojoiwapid] asessiq ASUpIy d1U0IYD ‘a1el uone |y JejniawolB pajewnss HO+08A0y49 *0SADy49 10y49

T¢0 vI'T-¥50 8L0 ¢9'0 9¥'T-€50 880 110 L0'T-¢50 GL0 ast+ad  0+0sh0y 4

8¢'0 ¥6'v-G98'0 S0'C 190 68¢€-150 TI¥T 8T'0 S9Vv-9.0 /8T WELT/uIW/W 06>

€6'0 ¢ST-€90 860 6¢0 ¢9¢SL0 OvT 99'0 8ET-190 T60 ast+Jad Y49

¥0'0 G¥'/-90T 08¢ 0T'0 8T8€80 09°¢ 0T00 0¥'8-92T GZ'€ WELT/UIW/W 06>

¢0'0 S6'0-6v'0 890 800 ¥O'T-v¥'0 890 6000 060870 990 ast+ Jad o49y49

anfeA d 10%56 dH °njeAad 10%56 dH 38nfead 10%56 dH

paisnlpy D04 VHAN paisnlpy aby ajeleAIUN
ZWEL T/UIW/ W 06>25%0449) 10} 850U1 0} [EINUBPI BJE SYNS8J Y} SNEeIaq pajussaid Jou aJe ZWEL T/UIW/ W 06> 19+08h0y 45y Joy s)NsayY D4
VHAN Jo abe 1oy Bunsnlpe pue arerreAlun ‘suoirenba juataygip € Buisn parewinss alel UolleJl|ly Jejniswo|B 1oy SjeAlslul 8dUspIIUOD 9466 UM SOIe) paezeH

UoI1B|NJAID UBIUOS B UM S} npe
ul a1ed uone.ljly Jejnaawolb arewnss 01 ssyoeoadde snorrea Buisn yjeap 4o uoijezielidsoy Jejnasencipaed aAl1d9[3-uou 1oj soned piezeH
€ 9|qel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Heart. Author manuscript; available in PMC 2018 March 01.



Page 21

Opotowsky et al.

SS9 [eUONOUNY UOIEIJ0SSY 1eaH YIOA MAN 104 WHAN 'O UlelsAo Buish suoienbs uoijeloge)j0) ABojoiwapidg aseasiq AsUpiy] 21U0IYD ‘alel Uoies|1 Jejniswo)B perewnss *OSADy49

w0 L€90 vT 9.0 6TTS0 T 960 G¢¥0 0T ¥.0  GE€¥0 TT  uRIpdwk
190  6T-L0 TT 880 8T-90 0T 0.0 SIS0 60 #,0 T290 TT ast+id YoV
120 /%0 8T 020 [¥L0 8T 120 L¥L0 8T 080 €e€+v0 TT Uelpdw<
860 0780 €T /g0 ZZ80 €T 910 €760 +T 160 8T-90 0T aST+ded 7vON
00  9.-€60 LT €0 §8TT 0€ 800 LL60 9T €0 06T TE  UeIpdwW<
€10 0760 ¥T 900 €860 ST 020 2760 vI €00 ¥2-S0T 9T aSi+ded  9wN
200 STI-CT L€ 8000 GE€I-GT S¥ 200 LT1-¢T L€ 000 GET-ST Gv  Uelpsw<
L000  ¥€TT 07 €000 €€€T TZ ¥000 <¢€2TT 0Z 2000 €€€T TZ ast+sed T-NI
aNeAd  10%S6 HH  8NleAd  10%S6 HH  8neAd  10%S6 HH  eneAd  10%S6  HH
pasnipy 20y49 pasnipy 04 VHAN paisnipy a6y arelreAlun

056049 10 *04 WHAN ‘abe Joy Bunsnipe pue
aleLIeAIUN ‘paluiojsues) 6o [ednjeu pue UoIRUSIUOD SUIUITEs.D SULIN 0) PAZIRLLIOU [[& ‘SIaXJewoIq aUlIN J0J S[eAIa)Ul 82USPILLOI 0456 UIIM SONe) plezeH

uoneNaAIR

ueuO04 B UYlIM S1Npe Ul Yy1esp 1o uoiezijelidsoy Je[naseAolpaed aA1199]9-Uou 1UspIdUl PUB SA8XJeLlolg aulin SNOLIBA U3sMIS( SUOIIRI0SSY
¥ a|qeL

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Heart. Author manuscript; available in PMC 2018 March 01.



	Abstract
	INTRODUCTION
	METHODS
	Study Sample
	Biomarker Assessment
	Clinical and Outcomes Assessment
	Statistical Analyses

	RESULTS
	Cystatin C, creatinine and Estimated GFR
	Cystatin C
	Creatinine
	Cystatin C and Creatinine

	Urine Biomarkers
	Correlations between Estimated GFR, Urine Biomarkers and Clinical Variables
	Outcomes Analysis
	GFR Estimates
	Cystatin C
	Creatinine
	Cystatin C and Creatinine

	Urine Biomarkers
	KIM-1
	NAG
	NGAL and ACR


	DISCUSSSION
	Limitations
	Conclusions

	References
	Figure 1
	Figure 2
	Figure 3
	Table 1
	Table 2
	Table 3
	Table 4

