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Abstract

Background and objectives Heart failure is the most frequent cardiac complication of CKD. Left ventricular
hypertrophy is common and develops early in CKD, but studies have not adequately evaluated the association of
left ventricular mass index with heart failure incidence among men and women with CKD.

Design, setting, participants, & measurements We evaluated echocardiograms of 2567 participants without self-
reported heart failure enrolled in the Chronic Renal Insufficiency Cohort Study. Two-dimensional echocardio-
grams were performed at the year 1 study visit and interpreted at a central core laboratory. Left ventricular mass
index was calculated using the linear method, indexed to height?7, and analyzed using sex-specific quartiles. The
primary outcomes of incident heart failure and all-cause mortality were adjudicated over a median of 6.6
(interquartile range, 5.7-7.6) years.

Results Among 2567 participants, 45% were women, and 54% were nonwhite race; mean (SD) age was 59+11
years old, and mean eGFR was 44+17 ml/min per 1.73 m?. During a median follow-up period of 6.6 years, 262
participants developed heart failure, and 470 participants died. Compared with participants in the first quartile of
left ventricular mass index, those in the highest quartile had higher rates of incident heart failure (hazard ratio,
3.96; 95% confidence interval, 1.96 to 8.02) and mortality (hazard ratio, 1.86; 95% confidence interval, 1.22 to 2.85),
even after adjustment for B-type natriuretic peptide, troponin T, mineral metabolism markers, and other car-
diovascular disease risk factors. Those in the lowest quartile of ejection fraction had higher rates of incident heart
failure (hazard ratio, 3.01; 95% confidence interval, 1.94 to 4.67) but similar mortality rates (hazard ratio, 1.18; 95%
confidence interval, 0.89 to 1.57) compared with those in the highest quartile. Diastolic dysfunction was not
significantly associated with heart failure or death.

Conclusions Among persons with CKD and without history of cardiovascular disease, left ventricular mass index
is strongly associated with incident heart failure, even after adjustment for major cardiovascular risk factors and
biomarkers.
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Introduction

Patients with predialysis CKD are more likely to be
hospitalized for a cardiovascular event than proceed
to ESRD (1), and heart failure (HF) is the most fre-
quent cardiovascular event associated with CKD (2).
A recent meta-analysis showed that eGFR, when
added to traditional risk factors, improves risk pre-
diction for HF more than it does for atherosclerotic
disease (3).

Despite high rates of HF (4,5) in patients with pre-
dialysis CKD, we have a limited understanding of
how to use echocardiographic parameters to risk
stratify patients with CKD. Although the association
of left ventricular mass index (LVMI) (6) and systolic
function (7) with cardiovascular outcomes is well
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documented in the dialysis population, less is known
about the importance of these parameters in the pre-
dialysis CKD population. The Chronic Renal Insuffi-
ciency Cohort (CRIC) provides a unique opportunity
to evaluate the relative strengths of the association of
conventional echocardiographic measures commonly
used in clinical practice with risk for subsequent HF
among the CKD population.

We hypothesized that, among the CRIC partici-
pants without baseline cardiovascular disease, con-
ventional echo measures of systolic and diastolic
function would have at most moderately strong
associations with HF and mortality risk, whereas
left ventricular (LV) mass would have stronger asso-
ciations with both outcomes.
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Materials and Methods
Study Population

The CRIC was designed to investigate risk factors for
progression of CKD, cardiovascular disease, and overall
mortality in persons with CKD. Participants were recruited
between June of 2003 and March of 2007 at seven centers
(Ann Arbor, ML Baltimore, MD; Chicago, IL; Cleveland,
OH; New Orleans, LA; Philadelphia, PA; and Oakland,
CA). Investigators recruited 3939 racially and ethnically
diverse individuals between the ages of 21-74 years old
with eGFR between 20 and 70 ml/min per 1.73 m? by
simplified Modification of Diet in Renal Disease equation
(8). Exclusion criteria were as follows: polycystic kidney
disease, use of immunosuppression within the last 6
months, institutionalization, inability to consent, enroll-
ment in other studies, pregnancy, New York Heart As-
sociation classes 3—4 HF, HIV, cirrhosis, myeloma, renal
cancer, recent chemotherapy, organ transplant, or dial-
ysis treatment within the last month (9). The institu-
tional review board at each study site approved the
protocol, and participants gave written informed con-
sent. Of 3939 CRIC participants, 2964 had echocardio-
grams. For this analysis, we included patients who had
an initial echocardiogram as part of the study and did
not self-report prior HF (final n=2567). Among these
2567 participants, missingness values of LVMI, diastolic
function, and ejection fraction (EF) were n=0, n=340, and
n=0, respectively.

Data Collection

Echocardiograms. Echocardiograms were performed at
1 year after enrollment using standard techniques to
acquire optimal views of cardiac function. Images were
transferred to the core echocardiography laboratory (Uni-
versity of Pennsylvania), where they were read by a
Registered Diagnostic Cardiac Sonographer according to
the guidelines (10) of the American Society of Echocardi-
ography. Readers were blinded to participants’ baseline
eGFRs.

LVMI was derived by the area length method and
indexed to height??. LV systolic function was assessed as
EF ([end diastolic volume] — [end systolic volume]/[end
systolic volume]) X100%. LV diastolic dysfunction was
determined from the ratio of early to late ventricular filling
velocities, mitral deceleration time, and the ratio of systolic
to diastolic pulmonary vein flow.

Outcomes. Incident HF and overall mortality were
adjudicated over a median of 6.6 years of follow-up
through March 31, 2013. The CRIC Study personnel
screened for hospitalizations by contacting participants
and selected hospitals. For each hospitalization, the first 30
discharge codes were screened for cardiovascular events,
including HF (International Classification of Diseases, 9th
Revision codes 428.0-428.9), myocardial infarction, ar-
rhythmia, or stroke. Potential cardiovascular hospitaliza-
tions were each reviewed by two physicians, with close
attention to physical examination findings, chest x-ray,
consultant notes, serologic markers, and if available, echo-
cardiogram and/or invasive hemodynamic monitoring.
The two reviewers were asked to come to a consensus
regarding a diagnosis of no HF, probable HF, or definite
HF on the basis of modified Framingham criteria (11).
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Patients were censored at death, loss to follow-up, or
ESRD. Date and cause of death were collected from death
certificates or obituaries, review of hospital records, and
the Social Security Death Master File.

Covariates. Information on demographics and clinical
history was obtained by self-report through question-
naires administered at the baseline visit. Diabetes was
defined as documented medical history, current or pre-
vious use of diabetic medications, or elevated fasting
blood glucose. Participants reported whether they cur-
rently used tobacco; they graded their own frequency of
alcohol use on a zero to eight scale, ranging from zero
(never) and one (not in the past 12 months) up to eight
(every day or almost every day). BP was averaged over
three measurements performed in a standardized fashion
in a seated position at rest using a calibrated sphygmo-
manometer. Samples for cystatin C were processed
using a Siemens BNII Nephelometer at the CRIC Central
Laboratory, with an intra—assay coefficient of variation of
4.9%. eGFR was calculated from serum cystatin and cre-
atinine using the CRIC Study equation (12), and eGFR
was categorized as <30, 30-44, 45-59, and =60 ml/min
per 1.73 m?. Urine samples were collected for spot albumin-
to-creatinine ratios, and albumin-to-creatinine ratio
was categorized as <30, 30-299, 300-999, and =1000
mg/g. Biomarker assays for lipids, phosphate, B-type
natriuretic peptide (BNP), and troponin T were per-
formed at the CRIC Central Laboratory at the University
of Pennsylvania, with the exception of total parathyroid
hormone (PTH), which was measured at Scantibodies
Laboratory, Inc.

Statistical Analyses

We first explored the distributions of EF, categorical
diastolic function, and LVMI among the CRIC participants.
The cohort was divided into LVMI quartiles, and charac-
teristics across LVMI quartiles were compared using
ANOVA, chi-squared test, or Wilcoxon rank sum test.
Because of their skewed distributions, PTH, fibroblast
growth factor-23 (FGF23), BNP, and troponin T were log
transformed. Crude incident HF and overall death rates
were calculated across quartiles of LVMI, EF, and cate-
gories of diastolic function. For the analysis of incident HF,
censoring occurred at ESRD (n=608), loss to follow-up
(n=310), or death (n=251).

Multivariable regression was performed using Cox pro-
portional hazards models for the outcomes of HF and
overall death. Model 1 was adjusted for demographic
factors (age, sex, and race/ethnicity), clinical site, and
traditional cardiovascular risk factors, including diabetes,
current smoking, alcohol use, log(24-hour urine total pro-
tein excretion), eGFR, systolic and diastolic BP, body mass
index, and lipoprotein concentrations. Model 1 also in-
cluded phosphate, hemoglobin, and use of medications,
including aldosterone antagonists, angiotensin—converting
enzyme inhibitors, angiotensin receptor blockers, di-
uretics, and B-blockers. Model 2 included the previously
listed covariates as well as PTH, FGF23, use of aspirin, and
statins. Model 3 added BNP and troponin T to model 2.
We a priori explored effect modification of the following
baseline characteristics: age <60 years old, sex, race, dia-
betes, eGFR<45, and hemoglobin <12.
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Results

Among 2567 participants, 45% were women, and 54%
were nonwhite race; mean (SD) age was 59*11 years old,
and mean (SD) eGFR was 44*17 ml/min per 1.73 m? at
baseline. Median LVMI was 49 g/m?*’. Over a median
follow-up of 6.6 (interquartile range, 5.7-7.6) years, 262
participants developed incident HF, and 470 participants
died. Higher LVMI was associated with older age, black
race, Hispanic ethnicity, diabetes, hypertension, higher
systolic BP, and higher body mass index. Higher LVMI
was also associated with lower eGFR, LDL, and HDL as
well as higher proteinuria, calcium, phosphorus, PTH,
FGF23, BNP, and troponin T (Table 1).

Among all participants, LVMI in the third (48.5 to <57.5
g/m?>7) or fourth quartile (=57.5 g/m*”) was associated
with HF independent of comorbidities, eGFR, FGF23,
BNP, and troponin T. These associations were consistent
for both men and women using sex-specific quartiles (Ta-
ble 2). There were no significant interactions by age, sex,
race, eGFR, or hemoglobin for the association of LVMI (as
linear variable) with HF incidence. However, the associa-
tion seemed significantly stronger in nonpatients with di-
abetes (2.15; 95% confidence interval [95% CI], 1.64 to 2.82)
than patients with diabetes (1.33; 95% CI, 1.10 to 1.61;
P=0.01). Similarly, participants in the third and fourth
quartiles of LVMI had higher rates of overall mortality
after full adjustment (Table 3); modeled as a linear vari-
able, this risk again seemed stronger in nonpatients with
diabetes (1.57; 95% CI, 1.31 to 1.88) than patients with di-
abetes (1.23; 95% CI, 1.04 to 1.45; P<<0.01). An interaction
of age and LVMI was also present for this association with
mortality, with a stronger association apparent in those
younger than 60 years of age (1.55; 95% CI, 1.25 to 1.91)
than older participants =60 years of age (hazard ratio
[HR], 1.27; 95% CI, 1.09 to 1.48; P=0.04). There were no
significant interactions of race, eGFR, or hemoglobin in the
association of LVMI with mortality. We performed an alter-
native analysis of LVMI divided into sex—specific clinical cut
points according to American Society of Echocardiography
guidelines (10) and found that men with mildly abnormal
LVMI (49-56 g/m?”) were at higher risk of HF (HR, 2.05;
95% CI, 1.10 to 3.8) as were men at higher cut points: 56-64
g/m*7 (HR, 2.07; 95% CI, 1.05 to 4.07) and =64 g/m*” (HR,
2.68; 95% CI, 1.37 to 5.28). Men with mildly abnormal LVMI
were at slightly higher risk of death (HR, 1.55; 95% CI, 1.05
to 2.27), but this association was not significant at higher cut
points. Among women, only those above the highest cut
point (59 g/m*”) were at significantly higher risk for these
outcomes (HR for HF, 4.77; 95% CI, 2.15 to 10.57; HR for
death, 2.47; 95% CI, 1.37 to 4.45).

When EF was modeled in categories by clinical cut points,
using EF=50%—-65% as the referent, each of the two lower EF
categories (EF=25%-50% and EF<35%) showed higher risk of
HF than the referent category. However, only the lowest cat-
egory, EF<35%, had a significant association with mortality
(Table 4). When EF was modeled in quartiles, using
EF=59.2% as the referent category, quartiles 2—4 (the patients
with lower EF) had higher risk of HF compared with the
referent. EF quartiles 24 did not have significantly higher
HRs for mortality (Supplemental Table 1).

To account for the potential of informative censoring of
participants due to ESRD or death, we performed a Fine-Gray

analysis for the associations of LVMI and EF with incident
HF. The associations were somewhat attenuated using this
approach but qualitatively similar to the Cox analyses: par-
ticipants in LVMI quartiles 3 and 4 remained at signifi-
cantly higher risk of HF compared with those in quartile
1. Fully adjusted HRs for LVMI quartiles compared with
referent quartile 1 were as follows: quartile 2 HR, 1.16; 95%
CI, 0.78 to 1.73; quartile 3 HR, 1.73; 95% CI, 1.18 to 2.53;
and quartile 4 HR, 2.07; 95% CI, 1.38 to 3.11. Fine-Gray
analyses for EF categories showed that only participants in
the lowest category of EF had significantly higher risk of
HF; HRs for EF cut points compared with referent group
EF=50%-65% were as follows: EF>65% HR, 0.71; 95% CI,
0.44 to 1.16; EF=35%-50% HR, 1.04; 95% CI, 0.79 to 1.37;
and EF<35% HR, 2.42; 95% CI, 1.49 to 3.95. We also
performed a sensitivity analysis using the Chronic Kidney
Disease Epidemiology Collaboration equation for eGFR,
and it did not change the results.

As previously reported, the vast majority of the CRIC
participants had either normal diastolic function (n=771;
30%) or mildly abnormal diastolic function (n=1663; 60%).
In unadjusted analyses, mildly abnormal diastolic function
was associated with higher risk of HF (HR, 1.41; 95% CI,
1.04 to 1.90) and death (HR, 1.46; 95% CI, 1.17 to 1.84)
compared with normal diastolic function. However, these
associations lost statistical significance after adjustment.
Moderately and severely abnormal diastolic dysfunctions
were not significantly associated with HF, regardless of
model selection, and severely abnormal diastolic dysfunc-
tion was only marginally associated with death after full
adjustment (Supplemental Table 2).

Discussion

In this study of individuals with CKD and without
baseline HF, we evaluated associations of LV mass and
systolic and diastolic function with longitudinal risk for HF
and mortality. LVMI was a strong, independent risk factor
for incident HF and death; these associations were in-
dependent of known cardiac risk factors in CKD, including
eGFR, troponin T, BNP, and FGF23. EF was a strong risk
factor for incident HF, but only the lowest EF (<35%) was
associated with mortality. Categories of diastolic function
did not predict HF or death.

Left ventricular hypertrophy (LVH) has been recog-
nized as a key feature of uremic cardiomyopathy for over a
century (13). The median LVMI in the CRIC is virtually
equivalent to the definition of hypertrophy by current
guidelines (10), showing the high prevalence of LVH in
patients with CKD. LVH in this setting has traditionally
been understood as a physiologic adaptation to reduce
ventricular wall stress in response to increased workload
(13) that results from anemia and hypertension (13,14).
However, we now know there are several additional fac-
tors that lead to LV remodeling and LVH. Wolf and col-
leagues (14,15) have identified the phosphaturic hormone
FGF23 as a kidney-specific mediator of LVH (14) that is
associated with HF in CKD (15). Fibrosis, mediated by
inflammation and possibly resulting from “organ cross-
talk” in cardiorenal syndrome, has also been increasingly
recognized as a key factor involved in LV remodeling in
CKD (16).
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. . o LVH is a known risk factor for arrhythmic and non-
3 I S ad ol g arrhythmic cardiovascular events in the general popula-
o - % ] c; w; - \; g \(—:4 g g E\Bé tion. In the Framingham cohort, LVH was associated with
= c s § a8 = é ==3 g £u sudden cardiac death, which was thought to result pri-
o o} TEHACo @O SRR marily from arrhythmia (17). In a pooled analysis of the
& = sgccV Sgese TEE - Piclk e .
s NN =2 S2% Atherosclerotic Risk in Communities Study, the Cardio-
; et S 22 ;%\%95 vascular Health Study, and the Framingham cohort,
X . . . .
S G- LVH was associated with cardiovascular and composite
& g %; g qutcomes, ?ncluding mortality (18'). In the (;lialysis popula-
] g E 2 tion, baseline LVH (19,20) and increase in LV mass (6)
° AR . . . .
£ s oa - o B35y were associated with calardlovascula{‘ events .and mortahty.
2 o S AN - ®©3 28 E There have been relatively few prior studies of LVH in
2 0| « % 5] ‘;‘ mo - 29873 g 23 = = predialysis CKD (21), and none of those studies have spe-
2 8 g = @ ZwS E) oS %;g g cifically addressed incident HF in patients without HF at
£ S 20 SEoNY e 7| £ go‘:\ baseline. In the African American Study of Kidney Disease
3 % =Rt Il Pegng % £ & and Hypertension (AASK) cohort, LVH and diastolic dys-
5 : 2 o g 2 : bt i = function were found to predict outcomes, including HF
g % g 'g hospitalization. This cohort differed from our cohort and
z oga investigation in several aspects. The CRIC was designed to
g g—é ; be an ethnically diverse cohort. Additionally, in the AASK,
g P P g2 z diabetes was an exclusion criteria (22), and 50% of partic-
E % Y E i E . § § E %‘% idpants inzt?})le IAASKthacl aﬂ}:istory olf priO.r cellriiovai(.:ulzir
= — 2fcog oPgos 29 isease (23). In contrast, these analyses include patients
5 i ~P50S @I w® E % = with diabetes but exclude those who self-reported HF.
o § S92av S9 Sa” % &L%o Our results indicate that, in patients with CKD who have
'S gt NGRS g g = not experienced HF, higher LVMI is associated with in-
5 2 o 8 s = 2 5 &; & cident HF and overall mortality in a graded fashion. We
@ i ;“é adjusted for several known direct or indirect mediators of
f Q5 & HF, including anemia, BP, FGF23, and eGFR. Thus, our
= = ”Eg _§* results suggest that, in addition to these factors, there are
Ei . “ oo “ o oo é Ts %’ additional unknown factors inherent to or related to LVH
- - . . . 8 . . . . . . _
< S 15185 g SO % 8‘% tha't cause HF. in the'se patients. LVH is llke}y a multifac
S 8.9 % torial process including known or unknown inflammatory
g g E = and fibrotic mediators that were not measured in this
E = £ investigation. We also adjusted for two markers of end
T % '?o <i5° organ damage, BNP and troponin T, and found that LVMI
: z 224 redicted HF independently of th werfully prognos-
£ 2 s 5.2 predicte ependently of these powerfully prognos
E g 3 g & tic biomarkers in CKD (24).
B k3] g § 5 & g § 5 & % % % The associations of LVMI with both HF and mortality
= k= N N g . d stronger in persons without diabetes compared
= kR seemed strong p p
£ = gu®@ with LVMI associations in persons with diabetes. There are
E Z g E«% several potential explanations. Nonpatients with diabetes
£ £ g = in the CRIC are more likely to have purely hypertensive
= g %D £ renal disease and may have developed hypertrophy over a
2 ,% g _'§ longer period of time; thus, they may have more severe
E a 5§ 5 histologic remodeling that predisposes to HF or sudden
£ ;c: © . 0 © h o § ; g cardiac death. The patients with diabetes might have been
: LE Ko~ —“Qh A % é % more likely to have occult large artery or microvascular
-% E 'g '?o a coronary artery disease, and it is possible that LVH is less
E S EQ important than burden of atherosclerotic disease as a
g ) % determinant of adverse outcomes in these patients.
o= Q. . . . .
5 g2 Although we did not find associations between categor-
g 255 8 8
& o o o o z ical LV diastolic function and HF or mortality, the param-
S 2 =t NG 8 B eters used to determine diastolic function in the CRIC were
§ S g g E qu 2 limited to pulse wave Doppler at the mitral valve and did
= 2 % % o % g not include tissue Doppler imaging (i.e., e’ or a’). The E-to-
§ § @ s s 8. @ e’ ratio is now a standard component of diastolic assess-
< "; = B B g & ment (25) and particularly useful in differentiating normal
. S & mo & wo & | SAag from pseudonormal diastolic function. Additionally, re-
<+ = Tl A RToIR] To B RIS RToNN ] ‘—4%5 p yr
s 5 |ESDpoEESL e | g he t studies have illustrated th tic utility of usi
2 8 SAeLVASNgrVE | B¢ cent studies have illustrated the prognostic utility of using
= i) NPV AZGABL VA S Kle tracki h di hy t Hif toli
K o o S8 g speckle tracking echocardiography to quantify systolic
function in patients with predialysis CKD (26) and ESRD
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(27,28). Thus, the less striking associations observed for EF
could be interpreted as a limitation of the conventional
evaluation of systolic function in patients with normal EF.

Strengths and Limitations

Our study has numerous strengths, including the adjudi-
cation of HF by physician review. The CRIC is a highly
diverse, well characterized CKD cohort recruited from mul-
tiple centers across the United States. We adjusted for a broad
range of known cardiovascular risk factors, including BNP
and troponin T. We also faced certain limitations. Some
participants did not have available echocardiograms, and this
theoretically could have introduced selection bias. Evaluation
of diastolic dysfunction did not include tissue Doppler
imaging, which may have contributed to the weak findings
related to categorical diastolic function. Medical record review
was limited to hospitalizations that were suspected of HF on
the basis of discharge codes, an approach that prioritizes
specificity of diagnosis rather than sensitivity. Therefore, some
HF hospitalizations may have been missed. Additionally, HF
adjudications in the CRIC before 2003 did not distinguish
between HF with preserved EF and HF with reduced EF,
which could have reduced our ability to detect associations
between diastolic function and HF.

Implications for Future Research

Despite these limitations, we present a strong, indepen-
dent association of LVMI with HF and mortality that is
independent of known cardiovascular risk factors. These
results suggest that efforts to prevent the development of
LVH in patients with CKD without known HF might help
reduce the incidence of HF. Although regression of LVH in
non-CKD populations is known to improve outcomes
(29,30), it is not yet known whether regression of LV
mass should be a treatment target in CKD. Treating ane-
mia does improve LVH in CKD (31), but the Trial to Re-
duce Cardiovascular Events with Aranesp Therapy Trial
(32) and the Correction of Hemoglobin and Outcomes
in Renal Insufficiency Trial (33) have shown that using
erythropoietin-stimulating agents to raise hemoglobin
over 11-12 mg/dl may have deleterious effects. However,
recent studies in the CRIC and other cohorts show that LVH
is a multifactorial process. As new determinants of LVH
are discovered, developing strategies to target these novel
pathways may be useful in causing regression of LVH
and/or preventing HF in CKD.
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