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Abstract

Ectopic fat depots may mediate local and systemic disease. Animal models of diet-induced obesity
demonstrate increased fat accumulation in the renal sinus. The association of renal sinus fat with
hypertension, chronic kidney disease (CKD), and other metabolic disorders has not been studied in
a large, community-based sample. Participants from the Framingham Heart Study (n=2923, mean
age 54 years, 51% women) underwent quantification of renal sinus fat area using computed
tomography. High renal sinus fat (“fatty kidney”) was defined using sex-specific 90t percentiles
in a healthy referent sub-sample. Multivariable linear and logistic regression was used to model
metabolic risk factors as a function of fatty kidney and log-transformed renal sinus fat.
Multivariable models were adjusted for age, sex, outcome-specific covariates, and then
additionally adjusted for body mass index (BMI) or abdominal visceral adipose tissue (VAT). The
prevalence of fatty kidney was 30.1% (n=879). Individuals with fatty kidney had a higher odds
ratio (OR) of hypertension (OR 2.12, p<0.0001), which persisted after adjustment for BMI (OR
1.49, p<0.0001) and VAT (OR 1.24, p=0.049). Fatty kidney was also associated with an increased
odds ratio for CKD (OR 2.30, p=0.005), even after additionally adjusting for BMI (OR 1.86,
p=0.04) or VAT (OR 1.86, p=0.05). We observed no association between fatty kidney and
diabetes after adjusting for VAT. In conclusion, fatty kidney is a common condition that is
associated with an increased risk of hypertension and chronic kidney disease. Renal sinus fat may
play a role in blood pressure regulation and CKD.
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Introduction

Methods

Obesity continues to be an important global public health problem. Current estimates
indicate that over two-thirds of American adults and 1.3 billion adults worldwide? are
either overweight or obese. The impact of obesity on cardiovascular and metabolic diseases,
including diabetes, hypertension, dyslipidemia, cardiovascular disease, and cardiovascular
mortality is well established.3 Additionally, obesity is now recognized as a risk factor for the
development of renal dysfunction, with a growing body of evidence supporting the
association of higher body mass index (BMI) with chronic kidney disease (CKD).4-6

BMI is a good measure of general adiposity, but it captures both lean and fat mass and does
not distinguish between patterns of fat distribution. Abdominal adiposity, independent of
generalized obesity, is associated with CKD.”:8 The association of regional fat deposition
with CKD suggests a potential role for ectopic fat.? This is particularly relevant for the
kidneys, which are surrounded by abdominal visceral adipose tissue (VAT) and have the
potential to accumulate ectopic fat in the renal sinus.

The accumulation of renal sinus fat is important because the renal vein and artery pass
through the renal sinus and may be compressed by ectopic fat. Renal vein constriction has
been shown to increase kidney volume and renal interstitial pressure and decrease sodium
excretion in animal models.1-13 Human studies and animal models have demonstrated fat
accumulation in the renal sinus®1415 and renal parenchyma.16-1° Concomitant structural
and functional changes in the kidney and renal vasculature have been observed in animal
models.1417-19 However, whether these renal changes are associated with diseases of the
kidney in humans is uncertain. The association of renal sinus fat with hypertension, CKD,
and other metabolic traits has not been previously characterized in a large, community-based
sample. Thus, the aim of this study was to evaluate the association of renal sinus fat
accumulation, or “fatty kidney,” quantified using computed tomography with these cardio-
metabolic and renal traits in the Framingham Heart Study. We hypothesized that renal sinus
fat would be independently associated with measures of blood pressure and renal function,
and not with other cardio-metabolic traits, after accounting for abdominal VAT as a measure
of abdominal adiposity.

Study Sample

Renal Sinus

Participants were drawn from the Framingham Multi-Detector Computed Tomography
(MDCT) cohort, which consists of 3529 participants from the Framingham Offspring
(n=1418) and Third Generation (n=2111) cohorts who underwent MDCT between June
2002 and March 2005, as previously described.20 Eligible participants included 2923
participants who attended the 8t" Offspring or 15t Third Generation examination with an
interpretable abdominal MDCT scan for the renal sinus fat measurement protocol. A sub-
sample consisted of 1210 Offspring participants with serum cystatin-C measured during the
7th Offspring examination. Participants provided written informed consent and this study
was approved by the Boston University Medical Center and Massachusetts General Hospital
institutional review boards.

Fat Quantification

Abdominal MDCT scans were captured using an 8-slice MDCT scanner (LightSpeed Ultra,
General Electric; Milwaukee, WI, USA), covering 125mm in the abdomen with 25 5.0-mm
slices above the S1 level (120kVp, 400mA, gantry rotation time 500ms, table feed 3:1) and
were interpreted using the Aquarius 3D Workstation (TeraRecon, Inc, San Mateo, CA,
USA).
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Renal sinus fat was quantified in a single MDCT slice within the right kidney. Briefly, renal
sinus fat (cm?2) was measured by one reader manually tracing the right kidney from the
abdominal MDCT scan after applying a selection rule to a set of candidate slices selected
based on visual inspection. Adipose tissue was identified using MDCT pixel density in
Hounsfield Units (HU) centered on —120HU with a window width of —195 to —45HU. The
interclass correlation coefficients were 0.93 and 0.86 for intra- and inter-reader
reproducibility, respectively. Our complete protocol appears in the supplementary methods
in the Online Supplement (please see http://hyper.ahajournals.org).

Outcome Assessment

Systolic (SBP) and diastolic (DBP) blood pressure were measured by the examining clinic
physician using the mean of two readings. Hypertension was defined as SBP>140mmHg,
DBP=>=90mmHg, or current use of prescription hypertension medication. Imputed blood
pressure values were calculated by adding 10mmHg to SBP and 5mmHg to DBP if a
participant was currently using hypertension medication.2!

Serum creatinine was measured using the modified Jaffe method (Inter-assay coefficient of
variation[CV]=2.8%, intra-assay CV=4.0%; Roche Hitachi 911, Roche Diagnostics,
Indianapolis, IN) and indirectly calibrated to the NHANES 111 serum creatinine values as
previously described.22 Cystatin-C was measured using nephelometry on previously frozen
serum samples (Inter-assay CV=3.3%, intra-assay CV=2.4%; Dade Behring Diagnostic,
Marburg, Germany). The estimated glomerular filtration rate (eGFR) was determined using
(1) the abbreviated Modification of Diet in Renal Disease (MDRD) Study Equation
(eGFR¢ea)?® and (2) the cystatin-C only Chronic Kidney Disease Epidemiology
Collaboration (CKD-EPI) equation (€GFR¢ys).2* CKD¢rea and CKD¢ys Were defined as
eGFR¢req OF eGFRcyS<60mL/min/l.73m2, respectively.

Urinary albumin and creatinine were determined using spot urine samples. Urinary albumin
was quantified using a Tina-quant albumin immunoturbidometric assay (Inter-assay
CV=3.1%, intra-assay CV=2.1%; Roche Diagnostics, Indianapolis, IN). Urinary creatinine
was quantified using a modified Jaffe method (Inter-assay CV=1.9%, intra-assay CV=1.0%;
Roche Diagnostics, Indianapolis, IN). The urinary albumin-to-creatinine ratio (UACR) was
calculated by dividing the amount of urinary aloumin (mg) by the amount of urinary
creatinine (g). Microalbuminuria was defined as a UACR>25mg/g in women or >17mg/g in
men.

Serum levels of fasting plasma glucose, total cholesterol, high-density lipoprotein (HDL)
cholesterol, and triglycerides were determined using a fasting blood sample from the clinic
examination. Diabetes was defined as a fasting plasma glucose >126mg/dL or current use of
oral hypoglycemic treatment or insulin. High triglycerides was defined as serum
triglycerides >150mg/dL or current use of lipid lowering medication. Low HDL-cholesterol
was defined as HDL-cholesterol <50mg/dL in women and <40mg/dL in men.

Covariate Assessment

Height and waist circumference at the umbilicus were recorded to the nearest quarter-inch
and weight to the nearest pound by trained clinic staff. BMI was defined as weight divided
by height? (kg/m?2). Abdominal VAT volume was assessed by MDCT.20 Current smoking
was defined as smoking >1 cigarette/day in the past year. High alcohol intake was defined
as >7 drinks/week among women and >14 drinks/week among men based on self-report.
Physical activity was determined by calculating a physical activity index based on a
structured questionnaire.
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Statistical Methods

Fatty kidney was defined as the presence of high renal sinus fat based on sex-specific 90t
percentiles in a healthy referent sub-sample, defined using the following exclusion criteria:
(1) BMI>30 kg/m?2; (2) hypertension, high triglycerides, low HDL-cholesterol, impaired
fasting plasma glucose, or diabetes; (3) CKD¢rea O microalbuminuria; (4) current smoking;
(5) BMI<18.5kg/m?; and (6) missing covariates described in the previous exclusion steps
and other model covariates. The healthy referent sample consisted of 400 women and 213
men, with 90t percentile renal sinus fat cut points of 0.445 cm? in women and 0.71cm? in
men.

Renal sinus fat measurements below the observed lower limit of detection (0.0048cm?) were
set to 0.004cm? in statistical analyses. Age- and sex-adjusted partial Pearson correlation
coefficients were used to assess the correlation of log-transformed renal sinus fat with
continuous covariates. Renal sinus fat was modeled dichotomously as fatty kidney and
continuously with a natural-log transformation, standardized to a sex-specific mean of 0 and
standard deviation of 1. Linear and logistic regression was used to model continuous and
dichotomous outcomes as functions of renal sinus fat. Models were initially adjusted for age
and sex and then underwent further multivariable adjustment. Multivariable models of
hypertension, imputed SBP, and imputed DBP were adjusted for age, sex, current smoking,
high alcohol intake, and physical activity index. Multivariable models of eGFR and CKD
were adjusted for age, sex, diabetes, hypertension medication use, SBP, current smoking,
and HDL-cholesterol. Multivariable models of HDL-cholesterol were adjusted for age, sex,
current smoking, high alcohol intake, and lipid lowering medication use. Multivariable
models of triglycerides were adjusted for age, sex, and current smoking. Finally,
multivariable models were separately adjusted for BMI and abdominal VAT. To help
disentangle the potential association of renal sinus fat and abdominal VAT with blood
pressure and eGFR, we examined trends across sex-specific renal sinus fat tertiles within
sex-specific abdominal VAT tertiles. Statistical analyses were performed using SAS Version
9.2 (SAS Institute, Cary, NC).

Secondary Analyses

Results

As a secondary analysis, we recreated the healthy referent sample excluding individuals with
BMI>25 kg/m? instead of BM1>30 kg/m? (‘lean healthy referent’) and determined the sex-
specific 90™ percentile cut-points. The lean healthy referent sample included 282 women
and 100 men; the 90t percentile cut points were 0.42 cm? in women and 0.455 cm? in men.

Overall Study Sample Characteristics

Renal sinus fat ranged from the lower limit of detection in 133 participants to 4.89cm? with
a median value of 0.31cm2. The prevalence of fatty kidney (renal sinus fat >0.445cm? in
women and >0.71cm? in men) was 30.9% in the overall sample (n=879). Individuals with
fatty kidney were older, had a higher BMI, and a more adverse metabolic risk factor profile
when compared to individuals without fatty kidney. The prevalence of hypertension,
CKDygys, CKDrea, and microalbuminuria were also significantly higher among those with as
compared to those without fatty kidney (Table 1). Age- and sex-adjusted correlations of
renal sinus fat with adiposity measures and continuous covariates are presented in Table 2.
Renal sinus fat was correlated with all covariates examined (p<0.03) except UACR
(p=0.18), with the strongest correlations observed for other adiposity measures and age.
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Fat and Hypertension

Individuals with fatty kidney had a higher odds ratio (OR) for hypertension (Table 3, OR
2.12, p<0.0001), which persisted after adjustment for BMI (OR 1.49, p<0.0001) and VAT
(OR 1.24, p=0.049). Individuals with fatty kidney also had higher imputed systolic blood
pressure (SBP; 4.8mmHg) and diastolic blood pressure (DBP; 2.3mmHg) compared to those
without fatty kidney (Table 3, both p<0.0001). In models with continuous renal sinus fat as
the exposure, estimates were similar (Table S1; please see the Online Supplement at
http://hyper.ahajournals.org).

Fat and Renal Function

Among participants with cystatin-C measurements (n=1210), 5.9% (n=71) had CKD¢ys.
Fatty kidney was associated with an increased odds ratio for CKDys (Table 3; OR 2.30,
p=0.005), which persisted after adjustment for BMI (OR 1.86, p=0.04) and VAT (OR 1.86,
p=0.05). Fatty kidney was associated with an increased odds ratio for CKDgye, after age- and
sex-adjustment (OR 1.49, p=0.04) but not after multivariable adjustment (Table 3, OR 1.14,
p=0.53).

The prevalence of microalbuminuria was 13.4% among individuals with fatty kidney and
6.0% among those without fatty kidney (Table 1). Fatty kidney was associated with an
increased odds ratio of microalbuminuria in age- and sex-adjusted models (OR 1.45 95%Cl
1.08-1.94, p=0.01), which was attenuated and no longer statistically significant after
multivariable adjustment (OR 1.17 95%CI 0.86-1.59, p=0.31).

Fat and Additional Metabolic Risk Factors

Fatty kidney was associated with an increased odds ratio for diabetes after age-and sex-
adjustment (OR 2.26, p<0.0001, Table 4), which was attenuated after adjustment for VAT
(OR 1.09, p=0.62); similar results were observed for fasting blood glucose (Table 4).
Similarly, fatty kidney was associated with an increased odds ratio for high triglycerides
(Table 4, OR 1.88, p<0.0001) but not after adjustment for VAT (OR 1.04, p=0.69).

Abdominal Fat Distribution Patterns and CKD

The prevalence of CKDgrea and CKDeys by fat distribution pattern category is presented in
Figure 1. The highest prevalence of both conditions was observed among individuals with
fatty kidney and high VAT. The prevalence of CKDcys (p=0.002), but not CKD¢ye, (p=0.20)
varied across all four distribution categories. Among those with high VAT, the prevalence of
CKDygys and CKDcreq Were higher among those with fatty kidney when compared to those
without fatty kidney (p=0.01 and 0.04, respectively).

Mean imputed SBP and eGFRys within renal sinus fat and VAT tertiles are presented in
Figures S1A and S1B, respectively (please see the Online Supplement at
http://hyper.ahajournals.org). When examining trends across renal sinus fat tertiles within
VAT tertiles, we observed that mean SBP is higher and eGFRys is lower as renal sinus fat
increases within each VAT tertile, highlighting the association between renal sinus fat and
SBP and eGFRgys.

Secondary analyses

Using lean healthy referent cut points, the prevalence of fatty kidney was 38.9% (26.9% of
women and 51.4% of men). Among participants not currently using hypertension medication
(n=2129), results from models of SBP and DBP as functions of fatty kidney were essentially
unchanged (data not shown). Results from blood pressure, renal function, and lipid models
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remained consistent in diabetes-free sub-samples from the overall (n=2702) and cystatin C
subgroups (n=1103).

Discussion

Fatty kidney is a common condition, present in nearly one-third of our community-based
sample. Fatty kidney is associated with both hypertension and CKD based on cystatin-C.
These associations persisted after accounting for measures of generalized or abdominal
adiposity, suggesting that renal sinus fat may have an independent association with renal
function. In contrast, the observed associations of renal sinus fat with other cardio-metabolic
traits were generally attenuated after accounting for overall VAT, which is consistent with
the hypothesized localized impact of renal sinus fat and provides further support for the
potential unique role of this fat depot in hypertension and renal dysfunction.

The association of obesity with the development of CKD*-6 and hypertension?® is well-
established, although the pathogenic mechanisms are not fully understood. Ectopic fat
accumulation is one of several mechanisms proposed to explain these associations. Renal
sinus fat accumulation has been observed in small imaging studies of children (n=15)25 and
adults (n=6)2" with normal renal function. The association of renal sinus fat with
hypertension and creatinine clearance was recently studied in 205 participants from the
Pulmonary Edema and Stiffness of the Vascular System study, a study designed to assess
predictors of congestive heart failure in older individuals.1® In this study, patients with
SBP=160mmHg or DBP=100mmHg had higher levels of renal sinus fat, quantified by
magnetic resonance imaging, than in those with blood pressure<160/100mmHg, although
associations with SBP, DBP, and renal function were not observed,® perhaps due to the
small sample of highly selected individuals.

Animal models of diet-induced obesity provide additional insight into potential mechanisms
involved in the pathogenesis of renal sinus fat. Rabbits with diet-induced obesity undergo a
61% increase in renal sinus mass, primarily driven by increases in fat within the renal
sinus.2® This increase in renal sinus mass is observed concomitantly with increases in blood
pressure.1* It has been hypothesized that renal sinus fat deposition leads to increases in renal
interstitial pressure through the compression of vessels exiting the kidney, including the
renal vein and lymph vessels.? This potential mechanism is supported by studies in dog and
rat models in which renal vein compression leads to increased renal interstitial pressure,
kidney volume, and, in the presence of volume expansion, increased sodium reabsorption in
the loop of Henle and decreased sodium excretion.10-123 Increased tubular reabsorption and
retention of sodium is also observed in the dog model of obesity-related hypertension,28 a
model for the development of obesity-related hypertension in humans.2

Alternative animal models of obesity reported lipid accumulation within the renal
parenchyma, supporting proposed mechanisms of obesity leading to kidney damage and
hypertension through lipotoxicity, oxidative stress, inflammation, and fibrosis.3%-31 Obese
mice fed a high-fat diet developed lipid accumulation in the glomeruli and proximal tubules
in addition to albuminuria, increased SBP and oxidative stress, and a larger glomerular tuft
area and mesangial matrix when compared to mice fed a low-fat diet.1® Zucker diabetic fatty
rats exhibit greater lipid accumulation in the renal cortex when compared to pair-fed lean
controls.} Lipid accumulation within the renal parenchyma has also been described in
humans.16

Overall, evidence from animal models supports the presence of obesity-related increases in
renal lipid accumulation with concomitant structural and functional changes in the kidney
and vasculature. However, it is uncertain whether these changes are specifically due to renal
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fat accumulation as compared to generalized weight gain and adiposity. Higher levels of
BMI are among the strongest correlates of many ectopic fat depots.20:32:33 We have
attempted to dissect the specific role of renal sinus fat as compared to generalized markers
of adiposity and ectopic fat through our modeling structure and serial adjustment for BMI
and VAT. While our findings are attenuated after accounting for each of these adiposity-
related variables, the residual statistical significance suggests a potential independent
association of renal sinus fat with hypertension and CKD. We have also addressed this issue
by evaluating the trends in SBP and eGFRys with increasing renal sinus fat within narrower
ranges of abdominal VAT; these findings further support an independent association with
renal sinus fat. Finally, we did not observe an association with the presence of diabetes after
accounting for abdominal VAT, which is in contrast to our prior work demonstrating
consistent associations with VAT, 20 liver fat,3* and upper body subcutaneous fat.3°> This
suggests that potential mechanisms for the association of renal sinus fat with hypertension
and CKD are unlikely due to high correlations among different fat depots and provides
support for a unique and specific association between renal sinus fat and hypertension and
CKD.

Similar to our previous findings investigating abdominal VAT and CKD,3¢ we observed in
the present analysis that fatty kidney is associated with CKD when using cystatin-C based
eGFR but not creatinine-based eGFR. One potential explanation is that cystatin-C may be a
more sensitive marker for assessing renal function as compared to serum creatinine in older
populations,3” given that serum creatinine is predominately derived from muscle tissue and
that overall muscle mass is lower in older individuals.23:38 However, our results may also
reflect potential confounding due to the independent association of cystatin-C with non-renal
factors3940 including BMI.39 Cystatin-C is secreted by adipose tissue! and the prevalence
of cystatin-C based CKD may be overestimated in overweight and obese individuals when
compared to the prevalence based on the MDRD Study equation.*2 While it is important to
consider the role of adiposity in cystatin-C production, if our association observed for fatty
kidney and cystatin-C based CKD were solely due to confounding by overall adiposity, the
association would have been completely attenuated after adjusting for BMI or abdominal
VAT. Conversely, we observed a significant residual association upon further adjustment.
Therefore, secretion of cystatin C by adipocytes is unlikely to fully explain our observations.

The Framingham MDCT cohort is a large, well-characterized, community-based sample
with multiple measures of adiposity, allowing for adjustment of several important
confounders and further adjustment for generalized and central adiposity. Using computed
tomography, we were able to develop a non-invasive, reproducible method to quantify renal
sinus fat accumulation in a community-based setting. Some limitations warrant mention.
This is an observational study, which limits our ability to assess the causality of our
findings. Given the cross-sectional design, we were also unable to assess the temporality of
our observed associations. Our study sample is comprised of Caucasian participants. Based
on this, our findings may not be generalizable to populations consisting of other racial or
ethnic groups.

Perspectives

Fatty kidney is a common condition associated with an increased risk of hypertension and
CKD. Our results suggest renal sinus fat may be associated with blood pressure regulation
and CKD in humans and provides additional insight into the pathophysiologic role of
adiposity in renal dysfunction. Further research is necessary to evaluate the longitudinal
associations of renal sinus fat with markers of renal function and metabolic risk factors.
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Figure 1. Prevalence of Chronic Kidney Disease (CKD) by Fatty Kidney and Abdominal Visceral

Adipose Tissue (VAT) Distribution Patterns

CKDyys is defined as eGFR<60 mL/min/1.73m2, based on the Cystatin-C only CKD-EPI
equation. CKDyye, is defined as eGFR<60 mL/min/1.73m2, based on the modified MDRD
Study Equation. ™ Not fatty kidney and normal VAT (Group 1); ®m Fatty kidney and Normal
VAT (Group 2); m Not fatty kidney and high VAT (Group 3); m Fatty kidney and high VAT
(Group 4). For comparison, CKD¢ys and CKDcyej Status at the 7th Offspring exam cycle are
presented. P-values are adjusted for age and sex. CKDgeq available in 2943 participants
(Group 1 N=1437; Group 2 N=236; Group 3 N=605; Group 4 N=665). CKDys available in
1206 participants with cystatin-C measures (Group 1 N=375; Group 2 N=122; Group 3

N=273; Group 4 N=436).
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