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Abstract

Background: Left Ventricular Hypertrophy (LVH) is associated with end-stage renal disease and
chronic kidney disease, but the association of LVH with mild impairment in kidney function is not
known. We hypothesized that mild and moderate reductions in kidney function, reflected in higher
serum cystatin C concentrations, would be linearly associated with a higher prevalence of LVH.

Study Design: Cross-sectional observational study.

Settings and Participants: 4,971 participants participating in baseline examinations in the Multi-
Ethnic Study of Atherosclerosis (MESA), a population-based study with several sites in the U.S.

Predictor: Cystatin C-based estimated glomerular filtration rate (6GFRysc)
Outcomes: LVH and left ventricular (LV) mass index.

Measurements: Serum cystatin C and creatinine, LV mass obtained by magnetic resonance
imaging (MRI). LVH cutoffs for males and females were defined by the upper 95 percentile of LV
mass index of all MESA participants without hypertension.
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Results: LVH was distinctly more prevalent (>12%) only in the lowest two deciles of eGFRcysc
(<75 ml/min/1.73 m2). When participants with stage I11 or higher chronic kidney disease (creatinine
eGFR <60 ml/min/1.73 m2) were excluded, the odds for LVH increased for each lower category of
eGFRcysc below 75 ml/min/1.73 m?: 1.6 the odds for LVH with an eGFRcysc between 60-75 ml/
min/1.73 m2 (95% confidence interval 1.20-2.07, P = 0.001), and 2.0 the odds for an eGFRcysc <60
ml/min/1.73 m2 (1.03-3.75, P = 0.04), after adjustment for demographic factors, study site, diabetes,
and smoking. The association of the a lower eGFRcysc with LVH was attenuated after further
adjustment for hypertension.

Limitations: Cross-sectional, rather than longitudinal design, lack of participants with more
advanced kidney disease, lack of a direct measurement of glomerular filtration rate.

Conclusions: Among subjects without CKD, eGFRysc < 75 ml/min/1.73 m? was associated with
a higher odds of LVH.

Keywords

kidney disease; cystatin C; glomerular filtration rate; left ventricular hypertrophy; left ventricular
mass; magnetic resonance imaging (MRI)

Introduction

Left ventricular hypertrophy (LVVH) is an early, subclinical marker of cardiovascular disease
and heart failure risk.(1-5) In patients with end-stage renal disease, LVH is common,(6) and
is an independent predictor of cardiovascular disease and mortality.(7-9) LVH is also an
independent predictor of cardiovascular disease mortality and heart failure in patients with >
stage three chronic kidney disease,(10-12) defined as a creatinine-based estimated glomerular
filtration rate (eGFR) < 60 ml/min/1.73 m2.(13) Among patients with chronic kidney disease,
increased LV mass is correlated with severity of GFR impairment.(14-17) In estimating LV
mass, MRI may be superior to echocardiography because MRI estimates are independent of
geometric assumptions and use higher-resolution imaging.(18,19)

Serum cystatin C concentration is an alternative measure of kidney function that is less affected
by age, sex, or muscle mass, and is a more sensitive indicator of early renal dysfunction than
creatinine-based estimations of GFR. Cystatin C identifies impaired kidney function at an
earlier stage, when the creatinine-based eGFR remains >60 ml/min/1.73 m2.(20,21) Cystatin
C has been shown to be a linear predictor of risk for cardiovascular death,(22,23) cardiovascular
events,(22) and heart failure in older subjects,(24) and extends the association between kidney
dysfunction and increased cardiovascular disease risk to patients with a normal or mildly
decreased creatinine-based eGFR (eGFR >60 ml/min/1.73 m2 and cystatin C > 1.0 mg/L).
(25) Recently, cystatin C-based GFR estimating equations have been developed from and
validated in chronic kidney disease cohorts.(26) LVH is a potential mediating factor in the
causal pathway between elevated cystatin C and increased cardiovascular disease risk. Whether
mild reductions in kidney function are associated with an increased prevalence of LVH has
not been studied.

The Multi-Ethnic Study of Atherosclerosis (MESA) was established by the U.S. National
Heart, Lung, and Blood Institute (NHLBI) to examine the determinants of sub-clinical
cardiovascular disease measures and their associations with cardiovascular disease outcomes.
Baseline measures include cystatin C, creatinine, and left ventricular mass determined by
magnetic resonance imaging (MRI). Because cystatin C is a sensitive marker for early kidney
disease, we hypothesized that lower cystatin C-based eGFR (eGFRcysc) would be associated
linearly with a higher prevalence of LVH in subjects with mild and moderate kidney
dysfunction.
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Participants and Study Design

Predictors

Outcomes

Afull description of MESA is available elsewhere.(27) MESA recruited 6,814 men and women
from four ethnic groups (white, African American, Hispanic, and Chinese) aged 45-84 years.
Participants were recruited from six Field Centers: Baltimore, MD; Chicago, IL; Forsyth
County, NC; Los Angeles, CA; New York, NY; and St. Paul, MN. A probability sample of
over 1,000 (ranging from 1,066 to 1,319) participants was selected at each site through
population-based approaches [commercial lists of area residents, HCFA lists of area residents
(for participants aged 65 and over), area residents enrolled in a union health plan (in New York
City), and random digit dialing (New York City and Los Angeles)]. The MESA protocol was
approved by the institutional review boards of all participating centers. Informed consent was
obtained from all participants, and research ethics guidelines outlined by the Declaration of
Helsinki were followed. The baseline visit for the MESA cohort took place between July 2000
and September 2002. For this analysis, we included 4,971 MESA participants with serum
creatinine and cystatin C measurements and left ventricular mass obtained by magnetic
resonance imaging at the baseline visit.

Information on risk factors for cardiovascular disease was obtained at the 2000-2002 MESA
examination.(27,28) Blood collection and processing was conducted using a standardized
protocol developed for the Cardiovascular Health Study.(29) Cystatin C was measured from
frozen sera at a central laboratory (University of Vermont, Colchester, VT) using a BNII
nephelometer (Dade Behring, Inc, Deerfield, Illinois) and a particle-enhanced
immunonepholometric assay (N Latex Cystatin C, Dade-Behring).(30) The analytical
coefficient of variation for this assay is 2.5%. Estimated GFR was calculated from serum
cystatin C concentration using the formula derived and validated by Stevens et al.
[eGFR¢ysc = 76.7 * cystatin C1191.(26) Serum creatinine was measured using a colorimetric
method on a Kodak Ektachem 700 Analyzer (Eastman Kodak, Rochester, New York). The
analytical coefficient of variation of this assay is 2.2%. Creatinine-based GFR was also
estimated using the Modification of Diet in Renal Disease (MDRD) Study equation as
creatinine eGFR = 186.3 x (serum creatinine concentration®~1.154) x (age”-0.203) x 1.212
(if African American) x 0.742 (if female).(31) Five participants in the study group lacked serum
creatinine measurements, so no creatinine-based GFR was estimated for these participants.

The MESA MRI protocol has been described in detail elsewhere.(27,32) Briefly, cardiac MRI
testing was performed at MESA study sites using a standard protocol and read at a central site
(Johns Hopkins University, Baltimore, MD). End-diastolic left ventricular mass was
determined using 1.5-T MR scanners: Signa LX and CVi (GE Medical Systems, Waukesha,
WI) and Symphony and Sonata (Siemens Medical Systems, Erlangen, Germany). MRI was
performed with a four-element, phased array surface coil placed anteriorly and posteriorly,
with electrocardiogram gating, and brachial artery pressure monitoring. Imaging consisted of
cine images of the left ventricle with a temporal resolution of less than or equal to 50 msec.
There were acceptable inter-observer variability in estimating LV mass [technical error of the
mean (TEM) 6.0% (95 % CI 4.6-7.4%)] and acceptable intra-observer variability [TEM 6.28
(5.17-7.38)].(32)

Left ventricular mass index (LV mass index) was defined as LV end-diastolic mass divided by
body surface area (g/m2). Following the approach of past studies, we defined LVH cutoffs as
the upper 95t percentile males and females in the MESA study population without
hypertension (no use of antihypertensive medications, systolic blood pressure <140 mm Hg,
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diastolic blood pressure <90 mm Hg),(33-35) Using this definition, LVH in females was an
LV mass index greater than 85.3 g/m? and LVH in males was an LV mass index greater than
107.8 g/m2. We found that using alternate L\VH definitions did not appreciably change the
LVH cut points or the results of our analyses: these were a) upper 95™ percentile of all MESA
participants; b) upper 95t percentile of MESA participants without hypertension or diabetes
[fasting glucose > 126 mg/dL (7 mmol/l), or taking insulin or oral diabetes medications]; c)
upper 95t percentile of MESA participants without hypertension, diabetes, current smoking,
or dyslipidemia [low density lipoprotein cholesterol <160 mg/dL (4.10 mmol/l) and no lipid-
lowering medications].

Statistical methods

First the baseline characteristics of participants included in or excluded from the study were
compared. Participants were then categorized into ascending quintiles of cystatin C and the
distributions of demographic characteristics, and cardiovascular risk factors were compared
using ANOVA for continuous variables and 2 test for categorical variables. The percent
prevalence of LVH and mean LV mass index were graphed by deciles of cystatin C eGFR
(Figures laand 1b). Analysis of these histogram plots suggested a non-linear association across
eGFRysc deciles. We tested the non-linearity assumption by regressing continuous LV mass
index (g/m?) on continuous eGFR¢ysc (ML/min per 1.73 m?2). The slope for the association
between a eGFR¢ysc <75 mL/min per 1.73 m?2 was —0.112 (i.e., suggesting higher LV mass
with lower eGFR), while the slope for an eGFRcysc >75 mL/min per 1.73 m?2 approximated
unity (beta coefficient = 0.008, suggesting no association). In subsequent analyses,
eGFR¢ysc was therefore modeled only in the following categories: >75, 60-75, and <60 mL/
min per 1.73 m2, or >75 and <75 mL/min per 1.73 m2. Because the study hypothesis focused
on subjects with normal and mild-to-moderately impaired kidney function, we excluded
subjects with a creatinine-based eGFR <60 mL/min per 1.73 m? for the multivariate analyses.
Logistic regression models were then used to determine if eGFR¢ysc <75 mL/min per 1.73
m? was independently associated with a higher prevalence of LVH after adjusting for potential
confounders, i.e., age, sex, race, MESA study site, current smoking, and diabetes mellitus.

Because hypertension is a potential mediator between elevated cystatin C and LVH,
hypertension was added to the multivariate model in a separate step. We did not adjust for body
mass index (BMI, kg/ m2) because of its close association with the body surface area (m?)
component of the LV mass index. We tested whether the strength of the association of
eGFR¢ysc <75 mL/min per 1.73 m?2 with LVH differed by race/ethnic category by entering an
interaction term (cystatin C * race/ethnic category) into the model. We also adjusted for use
of angiotensin converting enzyme inhibitors or angiotensin Il receptor blockers, and for use of
any antihypertensive medications; these models included systolic and diastolic blood pressures
in place of hypertension. The results from models including antihypertensive medications were
similar to the fully adjusted models without antihypertensive medication variables, so use of
medications was not included in the final fully adjusted model

We estimated the association of an eGFRysc <75 mL/min per 1.73 m? with a higher mean LV
mass index in linear regression models before and after adjusting for the covariates listed above.
For the linear regression models, a Sidak test was used for pairwise comparisons using the
highest eGFRysc category as the reference group (i.e. highest with middle, highest with
lowest). A P-value of <0.05 was considered statistically significant. Statistical analyses were
performed using S-Plus (release 6.1, Insightful Inc, Seattle, WA) and SPSS statistical software
(release 14.0.2, SPSS Inc, Chicago, IL).
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Of the 6,814 MESA participants, 1,810 did not have MRI measurement of LV mass, and 33
lacked serum cystatin C measurement, leaving 4,971 with both MRI assessment of LV mass
and serum cystatin C measurement who were included in this analysis. Compared with
excluded participants, participants included in the study had a lower mean BMI and systolic
blood pressure, a lower prevalence of hypertension and diabetes, and were more likely to be
Chinese, and less likely to be African American (Table 1). While creatinine eGFR was similar
between included and excluded participants, eGFR¢ysc Was slightly higher on average in
included participants. The mean age for the participants included in this analysis was 62 years
old, 39% of participants were white, 26% African American, 22% Hispanic, and 13% Chinese.

Participants with cystatin C concentration in the highest quintiles were older, and more likely
to be male (Table 2). The highest two quintiles of cystatin C had a higher proportion of Whites
and fewer Chinese compared with lower quintiles. The number of African American and
Hispanic participants appeared evenly distributed across cystatin C categories. Mean systolic
blood pressure, mean body mass index, and the prevalence of diabetes, hypertension, and
microalbuminuria were all greater in the highest quintile of cystatin C compared with lower
quintiles. Within the highest quintile of cystatin C, 65% of participants had a creatinine eGFR
>60 ml/min/1.73 m? and 75% had an eGFR¢ysc > 60 ml/min/1.73 m2. The prevalence of LVH
and the LV mass index were distinctly higher in the lowest two eGFRysc deciles compared
with higher deciles (Figures 1a and 1b).

Participants with a creatinine eGFR <60 mL/min per 1.73 m? were then excluded and logistic
regression models were conducted. After adjusting for age, sex, race/ethnicity, MESA site,
current smoking, and diabetes, each lower category of eGFRcysc below 75 mL/min per 1.73
m?2 was associated with a higher odds of LVH. Participants with a eGFR¢ys 60-75 mL/min per
1.73 m? had 1.6-fold the odds of LVVH compared with participants with an eGFR >75 (Table
3, P <0.001). Participants in the lowest eGFRysc category had 2.0 the odds of LVH compared
with the >75 mL/min per 1.73 m2 category (P = 0.041). These associations were attenuated
after additional adjustment for hypertension. The association between the lowest categories of
eGFR¢ysc and LVH was similar across race/ethnic categories (P for interaction = 0.50). Similar
results were estimated in models with eGFRysc categorized as >75 or <75 mL/min per 1.73
m? (Table 3).

In linear regression models with continuous LV mass index as the dependent variable, the
eGFRcysc <75 mL/min per 1.73 m? was associated with a 2.3 g/m? higher mean LV mass index
compared with an eGFRcysc >75 mL/min per 1.73 m? after adjustment for age, sex, ethnicity,
MESA site, current smoking, and diabetes (Table 4). This association was not eliminated after
additional adjustment for hypertension. A similar association between a lower eGFR¢ysc and
higher mean LV mass index was observed for an eGFRysc 60-75 compared with participants
with an eGFRcysc >75 mL/min per 1.73 m?2, but evidence for a higher mean LV mass at a
eGFRcysc <60 was absent (Table 4).

Discussion

In this study of men and women from a population-based multi-ethnic cohort with
predominantly normal or mildly impaired kidney function, we found a non-linear association
of cystatin C with LV mass. The association between eGFRcysc concentration and prevalence
of LVH was apparent only for participants with an eGFRcysc < 75 mL/min per 1.73 m?, even
after excluding participants with more advanced kidney dysfunction (creatinine-based eGFR
<60 mL/min per 1.73 m2).
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LVH is a predictor of increased risk for cardiovascular events in both patients with end stage
renal disease and chronic kidney disease.(7-9,11,12) Past studies have established that
increased LV mass and LVH are highly prevalent in end-stage renal disease patients at the
initiation of dialysis,(6) and that untreated LVH progresses in patients undergoing dialysis.
(8) A number of studies of patients with chronic kidney disease have demonstrated a
progressive increase in LV mass and in the prevalence of LVH with declining estimated GFR,
(14,16) but few participants in these studies had a creatinine-based eGFR > 60 ml/min/1.73
m2.

Cystatin C is superior to creatinine-based measures in detecting risk of death and cardiovascular
disease events in elderly subjects with mild kidney dysfunction.(22) Only 9% of the middle-
aged and elderly participants from the MESA cohort included in this study had an creatinine-
based eGFR < 60 ml/min/1.73 m2, but a substantial proportion (36%) had a cystatin C
concentration > 1.0 mg/L (éGFRcysc < 76.7 mL/min per 1.73 m?2), a level associated in past
studies as the threshold for independent risk for cardiovascular events.(22,24,25) In this
analysis of participants with no prior diagnosis of cardiovascular disease, EGFRczysc was only
associated with LVH at the lowest two deciles of eGFRcysc (<75 mI/min/1.73 m<). Even after
excluding patients with a creatinine-based eGFR <60 ml/min/1.73 m?, there was a dose-
response relationship between each lower category of eGFRysc and odds of LVH, but only at
an eGFRysc < 75 mL/min per 1.73 m?2. Past studies linking a cystatin C concentration > 1.0
mg/L (eGFRcysc < 76.7 mL/min per 1.73 m?2) with risk for cardiovascular events found that
cystatin C had a stronger association with risk for cardiovascular death and heart failure than
it did with myocardial infarction or stroke, events more primarily linked with atherosclerosis.
(22,25) Indeed, past cross-sectional studies have found only modest associations between mild-
to-moderate kidney dysfunction, measured with cystatin C, and subclinical markers of
atherosclerosis such as valvular calcification(36) and carotid intima-medial thickness.(37)

Our results are also cross-sectional, but suggest that LVH could be one of the mediators of the
association between cystatin C and risk for heart failure and fatal cardiovascular events. If so,
increased LV mass may only partially mediate the association between cystatin C and increased
cardiovascular risk. Adjusted difference in mean LV mass index between the >75 and < 75
mL/min per 1.73 m2 eGFR¢ysc Was only 2.2 g/m?, only a portion of the 13 g/m? standard
deviation in LV mass index in the MESA population without LVH,(38) and past studies have
linked increased cardiovascular risk to full standard deviation higher differences in LV mass
index.(3)

Two main determinants of an increased prevalence of LVH in patients with chronic kidney
disease are hypertension and anemia.(15,39) The prevalence of hypertension was high in
participants with the highest quintile of cystatin C (63%). After adjusting for hypertension, the
association between eGFR¢ysc < 75 mL/min per 1.73 m?2 and LVH was attenuated, indicating
that hypertension may at least partially determine the association between cystatin C and LVH.
It is possible that we did not measure the full impact of hypertension burden as a mediating
factor because we assigned the diagnosis of hypertension based on the use of antihypertensive
medications or an elevated blood pressure at a single office visit, leading to a potential
underestimation of the burden of hypertension in the lowest deciles of eGFR¢ysc. Additionally,
antihypertensive medications are known to reduce LV mass, possibly diminishing the
association of hypertension with LVH. However, we found similar results from models which
directly adjusted for use of antihypertensive medications or mean blood pressure in mm Hg.
Anemia is a potent determinant of LVH in patients with chronic kidney disease,(15) though
the prevalence of anemia only noticeably increases at a creatinine-based eGFR < 60ml/min/
1.73 m2.(40,41) Anemia may at least partly explain the association between cystatin C and
LVH at the lowest two deciles of eGFRcysc, in which most participants had mild or moderate
kidney dysfunction, and 40% had an creatinine eGFR < 60ml/min/1.73 m2. MESA did not
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measure hemoglobin levels, however, so we were unable to evaluate the impact of anemia on
the association between cystatin C and LVH.

The strength of this study is that it is the first to evaluate the association of cystatin C with LV
mass determined by MRI in a multi-ethnic cohort of relatively healthy participants without
diagnosed clinical cardiovascular disease. Our study has several limitations. Few participants
with advanced chronic kidney disease or end-stage renal disease were included MESA, and
the participants included in this analysis differed from excluded participants regarding age,
race/ethnicity, and several cardiovascular disease risk factors. We were therefore not able to
describe the full spectrum of the association between kidney dysfunction and LV mass.
However, the primary objective of this study was to characterize the association of cystatin C
with LV mass in persons with normal or mildly impaired kidney function. With this in mind,
we restricted the study population to participants with a creatinine-based eGFR > 60 mL/min
per 1.73 m? in our main analysis. Though we adjusted for age, demographic characteristics,
and cardiovascular disease risk factors, we cannot rule out the possibility that unmeasured
confounders account for the associations we observed. Conversely, kidney disease may lead
to elevated blood pressure, so adjustment for hypertension may lead to over adjustment and an
underestimation of the association of cystatin C with LVVH. Because of this possibility, we
reported models with and without adjustment for hypertension. This analysis was cross-
sectional, so we cannot assume a causal association between the highest quintile of cystatin C
and increased LVH until follow up left ventricular mass measurements are available from
MESA. MESA did not directly measure GFR, so we cannot be certain that the association of
elevated cystatin C with LVH is solely due to its approximation of impaired GFR. The formula
used to estimate GFR from cystatin C concentration was derived from and validated in chronic
kidney disease cohorts with predominantly advance kidney disease, and may be imprecise in
estimating GFR > 60 ml/min/1.73 m2. However, the cystatin C estimating formula has been
shown to be accurate in the range of a measured GFR < 60 ml/min/1.73 m2.(26) The
generalizability of GFR estimating equations based on cystatin C or creatinine will be improved
with validation in cohorts representing the full range of GFR > 60 ml/min/1.73 m2.

In summary, we found that cystatin C concentration was not linearly associated with increased
LV mass, but only mild-to-moderate kidney dysfunction (€GFRcysc < 75 mL/min per 1.73
m?2) was independently associated with L\VH. Because a cystatin C above a similar threshold
(= 1.0 mg/L, or eGFRcysc < 76.7 mL/min per 1.73 m?2) predicts an increased and independent
risk for cardiovascular events(22), our results favor the hypothesis that LVVH is a mediator
between cystatin C and cardiovascular disease risk.
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Figure 1.

Figure 1a. Percent left ventricular hypertrophy (LVVH) by decile of cystatin C-based estimated
glomerular filtration rate (eGFRcysc, ml/min/1.73 m?2) in 4,971 MESA participants. (LVH cut
points for MESA were 107.8 g/m? in males, and 85.3 g/m? in females).

Figure 1b. Mean left ventricular (L) mass index (g/m2 body surface area) by deciles of cystatin
C-based estimated glomerular filtration rate (eGFRcysc, ml/min/1.73 m?) in 4,971 MESA
participants.
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Table 1
Characteristics of participants in the Multi-Ethnic Study of Atherosclerosis (MESA) included in or excluded from the
study.
Excluded Selected p-value*

N 1843 4971
Age (years) 64 (10) 62 (10) <0.001
Male 842 (46) 2371 (48) 0.14
Race/ethnicity

White 679 (37) 1945 (39) 0.09

Chinese 151 (8) 652 (13) <0.001

African American 619 (34) 1276 (26) <0.001

Hispanic 394 (21) 1098 (22) 0.53
BMIT (kg/m?) 30.0 (6) 277 (5) <0.001
Ever Smoked 970 (53) 2404 (49) 0.001
Current Smoking 256 (14) 631 (13) 0.2
Systolic blood pressure (mmHg) 130 (22) 125 (21) <0.001
Diastolic blood pressure (mmHg) 72 (10) 72 (10) 0.3
Taking antihypertensive medications 781 (42) 1755 (35) <0.001
Hypertension 949 (52) 2109 (42) <0.001
Diabetes 331(18) 640 (13) <0.001
Creatinine — based eGFR (ml/min/1.73m?)" 81 (21) 81(17) 0.4
Cystatin C (mg/L) . 0.92 (0.25) 0.88 (0.24) <0.001
GFR ysc(Ml/min/1.73m?) 89 (22) 94 (32) <0.001

Data are means (standard deviations) or number (%).

*
P values are from a t-test for trend or chi squared test.

7LBMI = body mass index

;‘Hypertension was defined as either systolic blood pressure of 140 mm Hg or greater, diastolic blood pressure of 90 mm Hg or greater, or treatment with

antihypertensive medications for blood pressure control.

§Diabetes was defined as fasting glucose >= 126 mg/dL(7 mmol/l), taking insulin, or oral diabetes medication.

//creatinine-based eGFR = estimated GFR using the creatinine-based Modification of Diet in Renal Disease (MDRD) equation.(31)

FHk

cystatin C-based eGFR(26)
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