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The Editorial Team 

Nephrology Dialysis Transplantation 

 

March 10
th

 2017 

 

Dear Professor Zocalli and the NDT Editorial Team, 

 

Many thanks for the opportunity to resubmit our manuscript.  

We are grateful to the reviewers for their supportive and helpful comments. We have addressed all 

the points raised, making all the suggested amendments as detailed in the ‘responses to reviewers’ 

document.  

We hope that our work is now deemed suitable for publication and look forward to your decision. 

Thank you again for considering our manuscript. 

 

Yours sincerely 

Tim Ellam 

On behalf of the authors 
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Abstract  

 

 

Background: Obesity is associated with albuminuria and incident kidney disease. Increased 

vulnerability of the glomerular microcirculation to elevated systemic blood pressure is postulated to 

contribute to adverse effects of obesity on the kidney. We therefore hypothesized that obesity 

would modulate the association between systolic blood pressure (sBP) and albuminuria. 

Methods: The relationship between obesity and albuminuria (fractional albumin excretion(FEalb) or 

albumin:creatinine ratio (ACR)) was modelled using linear/logistic regression in the US National 

Health and Nutrition Examination Survey 1999-2010 cohorts (N=23,710). Associations between sBP 

and albuminuria were examined across strata of waist circumference and body mass index (BMI) 

using interaction terms. 

Results: Obesity was associated with albuminuria through an interaction with sBP. Among 

participants in the 4
th

/5
th

 quintiles of waist circumference each 10mmHg increase in sBP was 

accompanied by approximately double the increment in FEalb observed among those in quintile 2 

(14% versus 7% p<0.001). There was also evidence of a lower sBP threshold for the relationship 

between sBP and albuminuria in obesity. Whilst FEalb increased with sBP>110mmHg in quintile 5 of 

waist circumference, in quintile 2 FEalb did not increase until sBP was >130mmHg. Findings were 

consistent when defining obesity by BMI or waist circumference and when quantifying albuminuria 

by ACR or FEalb. Assessing albuminuria as the odds ratio of ACR>30mg/g also gave similar results. 

Conclusion: The interaction between sBP and obesity supports the premise that obesity sensitizes 

the kidney to increased systemic blood pressure.  
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Short summary 

Obesity has been postulated to predispose to kidney disease through haemodynamic effects, 

increasing pressure transmission to the glomerular microcirculation. Consistent with this premise, in 

a representative sample of the US population we report an interaction between obesity and systolic 

BP in their associations with albuminuria; a given increase in systolic BP was associated with 

approximately double the increment in albumin excretion in obese versus lean subjects. The 

association between systolic BP and albuminuria was also evident from a lower systolic BP threshold 

in obesity. This suggests obesity may sensitize the kidney to hypertensive target organ damage. 
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Introduction 

 

The global obesity epidemic has major implications for chronic kidney disease (CKD) incidence and 

outcomes. Obesity predisposes to diabetes and hypertension, but is also itself an independent 

predictor of incident chronic kidney disease (CKD)
1-3

 and endstage renal disease
4, 5

. Intrarenal 

haemodynamic effects of obesity may contribute to this phenomenon; severe obesity is 

accompanied by glomerular hyperfiltration, reversible after successful bariatric surgery
6
, whilst 

filtration fraction increases with BMI even in non-obese subjects
7
. These observations are consistent 

with renal afferent arteriolar vasodilation and/or efferent vasoconstriction, potentially placing the 

glomerular microcirculation at greater risk of injury from elevated systemic arterial pressure
8
.  

Albuminuria is a feature of glomerular hypertension and hypertensive renal target organ 

damage
9, 10

. In keeping with its postulated haemodynamic effects, obesity has been associated with 

elevated urine albumin excretion in several cohorts
11-13

. Furthermore, the heavy proteinuria and 

focal segmental glomerulosclerosis of obesity-related glomerulopathy are reminiscent of features 

attributed to glomerular hypertension in the setting of reduced nephron mass
14, 15

. Although obesity-

related glomerulopathy affects only a minority of severely obese patients, it may reflect 

haemodynamic consequences of obesity that cause overt pathology in the presence of other factors, 

such as reduced nephron endowment.  

Obesity is a major risk factor for hypertension and the two pathologies frequently co-exist. 

Consequently, Iif obesity sensitizes the kidney to hypertensive injury this effect could be an 

important contributor to CKD incidence/progression. We hypothesized that a given systolic blood 

pressure (sBP) increment would be associated with a greater increase in albuminuria in the presence 

of obesity. We tested this in a representative sample of the US population: the National Health and 

Nutrition Examination Survey (NHANES) 1999-2010. 

 

 

Methods 

 

Study population 

The US NHANES uses a multistage sampling strategy to generate a study population representative 

of the noninstitutionalized US population
16

. For this analysis non-pregnant participants aged >20y 

with complete clinical and biochemical data were included from the NHANES cycles 1999-2010. 

Antihypertensive medication constituents were classified using the Lexicon Plus (Cerner Multum 

Inc.) drug database. Diabetes mellitus was defined as current use of insulin or oral hypoglycaemic 

agents, or a response ‘Yes’ to the question, ‘Have you ever been told by a doctor or other health 
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professional that you have diabetes or sugar diabetes?’. Other Ccomorbidities and demographic 

variables were defined as described previously
17

.  

 

Measures of obesity 

Although body mass index (BMI) is a well-established measure of body habitus, waist circumference 

provides a better assessment of obesity-associated health risks
18, 19

. Central body fat distribution has 

also been reported to be associated with unfavourable renal haemodynamics independently of 

BMI
20

. Therefore, waist circumference, categorized into gender-specific quintiles, was used as the 

primary measure of obesity in this study. As a second method of obesity assessment, BMI  

(calculated as weight/height
2
) was classified according to World Health Organisation definitions

21
 of 

underweight (BMI<18.5kg/m
2
), normal (18.5≤BMI<25), overweight (25≤BMI<30), class I obesity 

(30≤BMI<35) class II obesity (35≤BMI<40) and class III obesity (BMI≥40).  

 

Quantification of albumin leak 

Albuminuria is routinely quantified in NHANES as the albumin:creatinine ratio (ACR) in a clean-catch 

random spot urine sample. A potential confounding factor in this assessment is the greater 

creatinine excretion rate observed in obesity
22

. Another consideration is the fact that hyperfiltration 

associated with obesity may drive increased albumin efflux purely by convection in the absence of 

changes in glomerular pressure or permeability
17, 23

. Therefore, urinary albumin excretion was 

assessed herein primarily as the fractional excretion of albumin relative to creatinine (FEalb), 

calculated as: (urine albumin concentration × serum creatinine concentration)/(urine creatinine 

concentration × serum albumin concentration). This is a measure of total renal albumin 

permeability
17

 that is not confounded by creatinine excretion rate. ACR was used as a secondary 

assessment in continuous analyses and to categorize according to the established threshold of 

moderately increased albuminuria (ACR≥30mg/g)
24

.   

 

Blood pressure 

Blood pressure was measured in a sitting position using a mercury sphygmomanometer after 5 

minutes quiet resting. Three pairs of systolic/diastolic BP measurements were taken and a fourth 

attempted if ≥1 were unsuccessful. The average of the readings was calculated, with exclusion of the 

first successful reading. Where only 1 reading was successful, this was taken as the average. The 

postulated interaction between obesity and BP was examined in terms of the systolic BP since this 

component is the major determinant of renal target organ damage and is mostly consistently 

associated with albumin leak
17

. 
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Statistical analyses 

This report is a cross-sectional analysis of data collected at single timepoints from participants in 

successive NHANES cycles. Statistical aAnalyses were performed using SAS version 9.3 (SAS Institute, 

Cary, NC) with incorporation of participant sample weights
25

. Taylor series linearization was used for 

estimation of standard errors, accounting for the multistage sampling design. Characteristics of the 

US population represented by NHANES participants were compared across strata of obesity by linear 

and logistic regression for means and proportions, respectively. Log-transformation was applied to 

ACR and FEalb (both positively skewed) prior to parametric analyses. 

Associations between obesity and measures of albumin leak (log-transformed FEalb and ACR) 

were examined by univariate linear regression. Adjustment was then performed a priori for relevant 

covariates: age, sex, race, systolic and diastolic BP, diabetes mellitus, eGFR, smoking status, C-

reactive protein (CRP), number of antihypertensives, use of angiotensin-converting enzyme 

inhibitors (ACEi), use of angiotensin receptor blockers (ARB), use of renin inhibitors, and history of 

cardiovascular disease. We previously reported that 2-slope linear regression best captured the 

relationship between BP and log-transformed albumin leak in this population
17

, so the same 

approach was adopted here, with inflection points at 110mmHg and 70mmHg for systolic and 

diastolic BP respectively. Interaction terms for diabetes x sBP and eGFR category x sBP were included 

because there were known to be significant interactions between these variables
17

. To determine 

whether obesity alters the relationship between sBP and albumin leak, an interaction term for waist 

circumference quintile x sBP (or BMI category x sBP) was entered into the model, retaining waist 

circumference quintile (or BMI category) as a separate variable. Interactions with sBP were modelled 

specifically at ≥110mmHg using the 2-slope regression model.  

To investigate whether obesity lowers the sBP threshold from which BP increments are 

associated with albuminuria, associations were examined for categories of obesity across 10mmHg 

sBP intervals. Odds ratios of moderately increased albuminuria (ACR≥30mg/g) were also calculated 

for quintiles of waist circumference or categories of BMI, adjusting for other covariates as above. 

 

 

Results 

Population characteristics 

Characteristics of the US population represented by the NHANES 1999-2010 participants are 

presented by quintiles of waist circumference in Table 1. Overall, 51.5% and 32.5% were classified as 

obese by waist circumference (>88cm in women and >102cm in men
26

) and BMI (≥30kg/m
2
) criteria 
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respectively. Increasing waist circumference was associated with higher sBP, diastolic BP, pulse 

pressure and CRP, greater prevalence of diabetes, eGFR<60ml/min/1.73m
2
, antihypertensive use 

and cardiovascular disease, but a lower prevalence of smoking. The same pattern of associations was 

observed when participants were compared across categories of BMI (Table S1, Supplementary 

Material).  

 

Associations between measures of obesity and renal albumin leak 

In univariate analyses, FEalb, ACR and the prevalence of ACR≥30mg/g were lowest in quintile 2 of 

waist circumference (88.0-95.9cm in men and 79.8-88.0cm in women, Tables 1 and 2); this and 

‘normal’ BMI (18.5≤BMI<25kg/m
2
) served as reference categories. Compared with these reference 

groups, increasing waist circumference (>95.9cm in men, >88cm in women) and obese categories of 

BMI (≥30kg/m
2
) were associated with a statistically significant, progressively greater log-transformed 

FEalb and ACR (Table 2 and Table S2, Supplementary Material). When adjusted for relevant covariates 

only quintile 5 of waist circumference and the most severely obese BMI category (>40kg/m
2
) 

remained positively associated with FEalb and ACR. The underweight BMI category and quintile 1 of 

waist circumference were both associated with greater FEalb and ACR in multivariate adjusted 

analyses. Quantifying albumin leak in terms of the odds ratios of moderately increased ACR 

(>30mg/g) also gave covariate-adjusted associations that were evident for both extremes of body 

habitus (shown for waist circumference in Figure 1A).  

 

Interaction between systolic BP and obesity 

We previously reported that FEalb and ACR increase exponentially with sBP from a threshold of 

110mmHg in this cohort
17

. Therefore, to determine whether sBP plays a role in the association 

between obesity and albumin leak, the above analyses were repeated stratified by sBP<110mmHg 

(n=5,564) and ≥110mmHg (n=18,146). The association between obesity and urine albumin leak was 

confined to patients with sBP≥110mmHg (shown for ACR>30mg/g in Figure 1B).  

To test formally whether sBP has a different relationship with albuminuria in the presence of 

obesity, interaction terms for waist circumference quintile x sBP and BMI category x sBP were 

entered in the respective regression models for the whole cohort. When these terms were 

introduced, the association between obesity and albuminuria in isolation was neutralized, being 

absorbed by the varying effect of sBP  across obesity groups (Table 2 and Table S2, Supplementary 

Material). Significant interactions between obesity and sBP were evident for waist circumference 

quintiles 4/5 and at BMI≥35kg/m
2
. Thus, a given sBP increment was associated with a greater 

increase in renal albumin leak at this level of obesity than for quintile 2 and normal BMI respectively. 
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Illustrating this by back-transforming the results of the linear regression, each 10mmHg increase in 

sBP was accompanied by exponential covariate-adjusted increases in FEalb of 7%, 8%, 10% and 14% 

within waist circumference quintiles 2,3,4 and 5 respectively. The findings were consistent for both 

measures of obesity and for both assessments of albumin leak. Covariate-adjusted relationships 

between sBP, measures of obesity and FEalb are shown in Figure 2 and Table 3. 

The interaction between obesity and sBP was independent of the previously reported 

interaction between diabetes and sBP. Relative contributions of these interactions to the sBP-FEalb 

relationship are  illustrated in Figure 2C. To exclude residual confounding from diabetes or 

antihypertensive use, the regression analyses were repeated with exclusion of diabetic participants 

or those taking antihypertensives; the findings were unchanged. Since undiagnosed diabetes might 

be another confounding factor, the analyses were repeated replacing quintile of glycated 

haemoglobin for diabetes status and with an interaction term for glycated haemoglobin quintile x 

sBP; this also did not change the findings. Progressively greater percentage increases in albuminuria 

per 10mmHg increase in sBP with increasing obesity or diabetes are shown in Table 3 and Figure S1 

Supplementary Material. 

In contrast to the interaction between sBP and obesity, there was no significant interaction 

with underweight (BMI<18.5kg/m
2
 and waist circumference quintile 1). Including the interaction 

terms thus had little effect on the association of underweight with albuminuria.  

 

Effect of obesity on the sBP threshold associated with albuminuria 

Having demonstrated an interaction between obesity and sBP, weTo next assessed whether 

obesity lowers the threshold at which increasing sBP is associated with greater albumin excretion, . 

To this end, covariate-adjusted albumin leak was examined across categories of sBP and obesity. For 

quintile 5 of waist circumference and BMI>35kg/m
2
, a progressive increase in albumin leak 

accompanied increments in sBP from 110mmHg. However, for the rest of the population 

albuminuria did not increase until sBP was >130mmHg (shown for reference categories and severely 

obese populations in Figure 3A2A-B). Conclusions were similar when albuminuria was assessed as 

the odds ratio of ACR≥30mg/g (Supplementary Figure 1S2). In light of this difference in thresholds 

the piecewise regression models were refined, with inflection points at 110mmHg for quintile 5 of 

waist circumference and BMI>35kg/m
2
, but at 130mmHg for less obese categories. This improved 

the performance (R
2
 and RMSE) of each model. The outputs of the final models are shown in Figure 

23C-D. Besides the left shift of the sBP threshold associated with increasing albuminuria, model 

conclusions were as above; no association between obesity and albuminuria per se (the same Y-

intercept for all obesity categories), but a steeper relationship between sBP and albuminuria in the 
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presence of obesity. The overall increase in albuminuria associated with sBP over the 110-180mmHg 

range was approximately twice as muchdouble in the presence of obesity. 

 

 

Discussion 

Obesity and hypertension are epidemics of the twenty-first century and contributors to the 

increasing global burden of CKD
27, 28

. We find that in severe obesity a given increment in systolic BP is 

associated with approximately double the increase in urinary albumin excretion observed in lean 

subjects. Obesity and hypertension thus may contribute synergistically to CKD. These findings are 

consistent with a previous small case-control study reporting a steeper relationship between sBP 

and urinary albumin excretion rate in overweight/obesity versus normal BMI
29

. We find a significant 

interaction is evident in the top 2 quintiles of waist circumference, i.e. affecting 40% of the US adult 

population.  

Whilst our observational data do not prove a causative relationship between the obesity-sBP 

interaction and urine albumin leak, they are in keeping with BP-sensitizing effects of obesity on the 

kidney. Postulated underlying mechanisms include iImpaired renal afferent arteriolar autoregulation 

would allow glomerular hypertension to occur at a lower systemic BP, though it is unknown whether 

obesity alone predisposes to autoregulatory impairment
8
,. The increased filtration fraction in obesity 

could also result from preferential efferent arteriolar vasoconstriction, increasing glomerular 

capillary pressure at a given systemic sBP
19

. Alternative possible explanations for glomerular 

vulnerability to sBP in obesity include, a greater glomerular capillary radius, (translating hydrostatic 

pressure to higher wall stress) (according to the Laplace equation)
8
, and a reduced density of 

supporting podocytes
30

, both potential consequences of glomerular hypertrophy. 

 An association between obesity and albuminuria has been reported previously
11-13

 and a 

number of non-haemodynamic mechanisms of obesity-induced kidney injury have been proposed
19, 

27
. However, adjusting for the systolic BP-obesity interaction in this NHANES analysis completely 

abolished the association between obesity per se and albuminuria. This observation suggests 

haemodynamic mechanisms are key to the obesity-albuminuria relationship. It is also consistent 

with animal data reporting that hypertension is needed for the nephrotoxic consequences of 

obesity
31

. 

Other recent publications have emphasized a requirement for metabolic syndrome 

comorbidities in mediating the obesity-associated risk of hypertension
32

 and CKD. In the absence of 

metabolic syndromecomorbidities (elevated triglycerides, low HDL cholesterol, hypertension, or 

impaired glucose tolerance), higher BMI was actually associated with a lower risk of ESRD
33

 and no 

increase in the risk of incident CKD
34

. These findings support the concept of ‘metabolically healthy 
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obesity’ and contrast with previous reports that obesity is a predictor of ESRD and CKD even in 

analyses adjusted for other metabolic factors
1, 2, 4

. Synergistic interactions between obesity and 

other risk factors, such as we describe for sBP, would explain this apparent discrepancy.  

Most obese NHANES participants had low level albuminuria (ACR<30mg/g). Nevertheless, 

Ggiven the increased risk of adverse renal outcomes associated with even small increments in 

albumin excretion rate
35

, a causal role for the obesity-sBP interaction in increasing albuminuria could 

have important implications for CKD prevention/management. In this respect our findings are 

consistent with observations from the Hunt 1 cohort, where there was a synergistic interaction 

between increasing BMI and BP in the prediction of ESRD and CKD-associated death
5
. Furthermore, 

prehypertension (BP 120-139/80-89) only predicted an increased risk of these outcomes in the 

presence of obesity, suggesting obesity had a BP-sensitizing effect
5
.   

Current guidelines do not advocate lower BP targets in obesity
10

. Post-hoc analyses of 

antihypertensive trials might shed light on whether obese participants gain particular 

nephroprotective benefit from antihypertensive therapy or a lower systolic BP target. Targeting 

glomerular capillary hydrostatic pressure through preferential use of renin-angiotensin system (RAS) 

inhibitors in hypertensive obese patients also might be helpful. Indeed, a post-hocn analysis of the 

REIN study reported greater antiproteinuric effects and attenuation of CKD progression by ramipril 

in overweight and obese participants
36

. However, the optimal nephroprotective approach to BP 

management in obese patients would ideally be defined by prospective interventional studies 

conducted specifically in this population.However, another study of obese, hypertensive, non-

proteinuric patients with preserved excretory function found no evidence of benefit associated with 

RAS inhibition compared to other antihypertensives. The optimal nephroprotective approach to BP 

management in obesity thus remains to be determined. 

A j-shaped association between BMI and proteinuria has been reported previously
37, 38

 and 

was also evident in this NHANES cohort. Whereas the association between obesity and albuminuria 

was abolished by adjustment for covariates and the systolic BP interaction, that between low BMI 

(or waist circumference) and albumin leak was not. The underlying explanation for this association is 

unclear. Unmeasured comorbidity and inflammation may be responsible, though CRP was in fact 

lowest in the underweight BMI category.  

A limitation of our study is the lack of timed urine collections. Since creatinine excretion rate 

increases with BMI and waist circumference the association between obesity and albumin leak may 

be underestimated by ACR, whilst that between underweight and ACR could be inflated. We 

therefore used FEalb as the primary measure of albumin leak though the conclusions were the same 

when either measure was applied. Obesity has been reported to be associated with a small (<10%) 
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increase in the fractional excretion of creatinine relative to inulin, which will slightly lower the 

fractional excretion of albumin relative to creatinine. There is no reason, however, to suppose that 

these measurement issues would affect the observed interaction between sBP and obesity.  

In conclusion, our demonstration of an interaction between obesity and systolic BP in their 

associations with albuminuria suggests the two pathologies may synergize to contribute to CKD. 

Advising obese hypertensive patients to engage with weight loss programmes is already 

recommended on the grounds that this can improve BP control and metabolic profile
10

. Our findings 

raise the possibilities that weight loss might also reduce vulnerability to hypertensive injury and that 

nephroprotective benefits of BP control may be greater in obesity. 
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Table 1. Characteristics of the US population represented by NHANES 1999-2010 participants, by 

waist circumference quintile (N=23,710). 

 Waist circumference quintile 

Men; cutpoints at 88.0cm, 95.9cm, 102.7cm and 111.8cm 

Women; cutpoints at 79.8cm, 88.0cm, 96.4cm and 107.1cm 

Variable 1 2 

(reference) 

3 4 5 

Sample, n 4162 4534 4880 5117 5017 

Age, y 38.6 (0.3)
e
 44.5 (0.3) 48.4 (0.3)

e
 50.8 (0.3)

e
 50.4 (0.3)

e
 

Race, % 

White 

Black 

Hispanic 

Other 

 

69.7 (1.3) 

10.9 (0.7)
d
 

11.9 (0.9)
b
 

7.5 (0.6)
e
 

 

71.7 (1.3) 

8.2 (0.6) 

14.1 (1.0) 

6.0 (0.6) 

 

72.3 (1.5) 

8.9 (0.7) 

14.3 (1.2) 

4.5 (0.5) 

 

75.0 (1.6)
d
 

9.3 (0.7)
c
 

12.9 (1.3)
e
 

2.8 (0.3)
e
 

 

75.1 (1.4)
d
 

12.2 (0.9)
e
 

9.5 (1.0)
e
 

3.3 (0.4)
d
 

Systolic BP, mmHg 115.5 (0.4)
e
 119.2 (0.3) 122.9 (0.4)

e
 125.3 (0.3)

e
 126.3 (0.4)

e
 

Diastolic BP, mmHg 68.7 (0.3)
e
 70.4 (0.2) 71.9 (0.2)

e
 72.5 (0.3)

e
 73.2 (0.3)

e 

Pulse pressure, mmHg 46.8 (0.3)
e
 48.8 (0.3) 51.1 (0.4)

e
 52.8 (0.3)

e
 53.2 (0.3)

e
 

eGFR, ml/min/1.73m
2 a

 101.0 (0.5)
e
 95.5 (0.4) 92.0 (0.5)

e
 90.3 (0.5)

e
 90.8 (0.4)

e
 

eGFR<60ml/min/1.73m
2
, 

% 

2.4 (0.2)
e
 4.5 (0.4) 7.2 (0.4)

e
 8.0 (0.4)

e
 8.4 (0.4)

e
 

ACR≥30mg/g, % 6.8 (0.5)
d
 5.8 (0.4) 7.9 (0.5) 9.6 (0.5)

d
 13.1 (6.2)

e
 

ACR, mg/g
a
 6.9 (6.8, 7.2)

c
 6.6 (6.4, 6.7) 7.3 (7.1, 7.5)

e
 7.8 (7.6, 8.0)

e
 9.3 (9.0, 9.6)

e
 

FEalb, x10
-7 a

 13.3 (12.9, 

13.7) 

12.9 (12.6, 

13.3) 

14.8 (14.3, 

15.2)
e
 

16.0 (15.5, 

16.5)
e
 

19.6 (18.9, 

20.3)
e
 

Diabetes, % 2.0 (0.3)
e
 3.4 (0.3) 5.5 (0.4) 8.8 (0.5)

e
 17.3 (0.6)

e
 

Smoker, % 36.6 (1.2)
e
 29.3 (0.9) 27.2 (0.9)

b
 26.4 (0.9)

e
 25.4 (0.9)

e
 

CVD, % 2.2 (0.2)
e
 4.0 (0.4) 5.2 (0.4) 8.2 (0.4)

e
 9.0 (0.5)

e
 

CRP, mg/dL 0.20 (0.01)
e
 0.28 (0.01) 0.38 (0.01)

e
 0.43 (0.01)

e
 0.69 (0.02)

e 

Antihypertensive use, % 6.9 (0.5)
e
 13.9 (0.6) 21.5 (0.7)

b
 31 (0.9)

e
 42.1 (0.9)

e
 

 

Data presented as mean (SE) and % (SE) unless otherwise indicated. (Note different numbers in each 

category because quintiles defined incorporating sampling weights.) 

a
Geometric mean (95%CI); positively skewed and log-transformed for linear regression. 

b
p<0.05, 

c
p<0.01, 

d
p<0.005, 

e
p<0.001, compared to quintile 2.
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Table 2. Associations between measures of obesity and FEalb. 

 Associated fold-change (95% CI) in FEalb  

 Standard models Multivariate interaction model
b
 

Waist circumference 

model 

Univariate Multivariate
a
 Single Term

d
 (main effects) Interaction with BP

e
 

(increment per 10mmHg)
c
 

Systolic BP (10mmHg)
c
 - 1.09 (1.07, 1.12) p<0.001 1.07 (1.04, 1.10) p<0.001 - 

Waist Quintile
d
     

Quintile 1 1.03 (0.99, 1.08) p=0.18 1.13 (1.08, 1.18) p<0.001 1.11 (1.06, 1.17) p<0.001 1.01 (0.98, 1.04) p=0.63 

Quintile 3 1.14 (1.09, 1.20) p<0.001 1.03 (0.99, 1.07) p=0.14 1.02 (0.97, 1.07) p=0.48 1.01 (0.98, 1.04) p=0.39 

Quintile 4 1.24 (1.18, 1.29) p<0.001 1.02 (0.98, 1.06) p=0.34 0.98 (0.92, 1.03) p=0.38 1.03 (1.00, 1.07) p=0.028 

Quintile 5 1.51 (1.44, 1.59) p<0.001 1.13 (1.08, 1.18) p<0.001 1.02 (0.96, 1.09) p=0.50 1.07 (1.03, 1.10) p<0.001 

     

BMI model
e
     

Systolic BP (10mmHg)
c
 - 1.09 (1.07, 1.12) p<0.001 1.07 (1.04, 1.10) p<0.001 - 

BMI categories     

BMI<18.5 1.45 (1.29, 1.64) p<0.001 1.54 (1.38, 1.73) p<0.001 1.58 (1.38, 1.80) p<0.001 0.97 (0.92, 1.03) p=0.31 

25≤BMI<30 1.00 (0.97, 1.04) p=0.81 0.91 (0.88, 0.94) p<0.001 0.89 (0.86, 0.93) p<0.001 1.02 (0.99, 1.04) p=0.19 

30≤BMI<35 1.13 (1.08, 1.18) p<0.001 0.95 (0.91, 0.99) p=0.014 0.92 (0.87, 0.97) p=0.004 1.03 (0.99, 1.06) p=0.11 

35≤BMI<40 1.28 (1.20, 1.37) p<0.001 1.01 (0.95, 1.08) p=0.71 0.90 (0.83, 0.98) p=0.01 1.08 (1.03, 1.13) p=0.001 

BMI≥40 1.57 (1.42, 1.72) p<0.001 1.15 (1.05, 1.26) p=0.002 1.02 (0.91, 1.15) p=0.72 1.08 (1.01, 1.15) p=0.023 

 

a
Adjusted for:  systolic and diastolic BP (2-slope model), age, gender, race, diabetes, eGFR, history of cardiovascular disease, smoking, number of 

antihypertensives, use of ACEi, use of ARB, use of renin antagonists, interaction terms for systolic BP x eGFR category and systolic BP x diabetes status. 

b
As for multivariate standard model, but with the addition of interaction terms for waist circumference x systolic BP or BMI x systolic BP. 

c
At systolic BP>110mmHg. 

d
Relative to quintile 2. 

e
Relative to 18.5≤BMI<25kgm

2
. 

d
The effect of an increment in systolic BP or the indicated obesity category per se.  

e
The additional effect of a 10mmHg increment in systolic BP within each obesity category.
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Table 3. Percentage increases in fractional excretion of albumin and ACR with increasing blood 

pressure, stratified by obesity group and diabetes status. 

 

 % Increase associated with each 10mmHg increment in systolic BP at >110mmHg 

 Without Diabetes Mellitus 

 Waist circumference quintile BMI (kg/m
2
) 

 1 2 3 4 5 <18 18-

<25 

25-

<30 

30-

<35 

35-

<40 

>40 

FEalb 8% 7% 8% 10%
a
 14%

b
 4% 7% 9% 10% 16%

c
 15%

d
 

ACR 8% 8% 9% 11%
a
 15%

b
 5% 8% 10% 11% 17%

c
 16%

d
 

 With Diabetes Mellitus
e
 

 Waist circumference quintile BMI (kg/m
2
) 

 1 2 3 4 5 <18 18-

<25 

25-

<30 

30-

<35 

35-

<40 

>40 

FEalb 17% 16% 18% 20%
a
 24%

b
 13% 16% 18% 19% 26%

c
 25%

d
 

ACR 17% 17% 18% 20%
a
 24%

b
 13% 17% 19% 20% 26%

c
 26%

d
 

 

Results from regression models with interaction terms for sBP x obesity category and sBP x diabetes 

status.  

a
p<0.05 vs. quintile 2, 

b
p<0.001 vs. quintile 2, 

c
p<0.005 vs. 18.5≤BMI<25, 

d
p<0.05 vs. 18.5≤BMI<25, 

e
p<0.05 vs. non-diabetic categories  

Also aAdjusted for:  systolic and diastolic BP (2-slope model), age, gender, race, diabetes, eGFR, 

history of cardiovascular disease, smoking, number of antihypertensives, use of ACEi, use of ARB, use 

of renin antagonists, and an interaction terms for systolic BP x eGFR category and systolic BP x 

diabetes status. 
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Figure Legends 

Figure 1. Odds ratios of moderately increased albuminuria by waist circumference quintile A) in 

the whole cohort, and B) within subpopulations with systolic BP≥/<110mmHg.  

Adjusted for age, gender, race, diabetes, history of cardiovascular disease, smoking, number of 

antihypertensives, use of ACEi, use of ARB, use of renin inhibitors, CRP, diastolic BP, systolic BP 

(Figure 1A only), and interaction terms for systolic BP with eGFR and diabetes.  

ref, referent group; WC, waist circumference. Error bars represent 95% confidence intervals.  

 

Figure 2. Adjusted relationship between systolic BP and fractional albumin excretion according to 

A) waist circumference quintile, B) BMI, and C) waist circumference quintile and diabetes mellitus. 

Outputs are shown for the regression model in the whole cohort, adjusted for age, gender, race, 

diabetes, diastolic BP, history of cardiovascular disease, smoking, number of antihypertensives, use 

of ACEi, use of ARB, use of renin inhibitors, CRP and interaction terms for systolic BP with eGFR and 

diabetes.  

Q2, Q4 and Q5 represent gender-specific waist circumference quintiles 2, 4 and 5 respectively in the 

absence of diabetes. 

Q2DM and Q5DM, waist circumference quintiles 2 and 5 in the presence of diabetes. 

 

Figure 32. Effects of obesity on the threshold from which increasing systolic BP is accompanied by 

increasing albumin excretion. In the 5
th

 quintile of waist circumference (A) or at a BMI≥35kg/m
2
 (B),  

FEalb increases with systolic BP>110mmHg, whereas for less obese populations (shown for the 

respective reference categories) there is no increase until systolic BP is >130mmHg. The two-slope 

regression models for systolic BP were therefore refined, with inflection points at 110mmHg for 

quintile 5 of waist circumference and BMI≥35kg/m
2
, but at 130mmHg for all other categories. 

Outputs of the resulting regression models are shown (C,D). 

Adjusted for age, gender, race, diabetes, diastolic BP, history of cardiovascular disease, smoking, 

number of antihypertensives, use of ACEi, use of ARB, use of renin inhibitors, CRP and interaction 

terms for systolic BP with eGFR and diabetes. 
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Figure 1 
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Figure 2. 
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Figure 32. 
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Abstract  

 

 

Background: Obesity is associated with albuminuria and incident kidney disease. Increased 

vulnerability of the glomerular microcirculation to elevated systemic blood pressure is postulated to 

contribute to adverse effects of obesity on the kidney. We therefore hypothesized that obesity 

would modulate the association between systolic blood pressure (sBP) and albuminuria. 

Methods: The relationship between obesity and albuminuria (fractional albumin excretion(FEalb) or 

albumin:creatinine ratio (ACR)) was modelled using linear/logistic regression in the US National 

Health and Nutrition Examination Survey 1999-2010 cohorts (N=23,710). Associations between sBP 

and albuminuria were examined across strata of waist circumference and body mass index (BMI) 

using interaction terms. 

Results: Obesity was associated with albuminuria through an interaction with sBP. Among 

participants in the 4
th

/5
th

 quintiles of waist circumference each 10mmHg increase in sBP was 

accompanied by approximately double the increment in FEalb observed among those in quintile 2 

(14% versus 7% p<0.001). There was also evidence of a lower sBP threshold for the relationship 

between sBP and albuminuria in obesity. Whilst FEalb increased with sBP>110mmHg in quintile 5 of 

waist circumference, in quintile 2 FEalb did not increase until sBP was >130mmHg. Findings were 

consistent when defining obesity by BMI or waist circumference and when quantifying albuminuria 

by ACR or FEalb. Assessing albuminuria as the odds ratio of ACR>30mg/g also gave similar results. 

Conclusion: The interaction between sBP and obesity supports the premise that obesity sensitizes 

the kidney to increased systemic blood pressure.  
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Short summary 

Obesity has been postulated to predispose to kidney disease through haemodynamic effects, 

increasing pressure transmission to the glomerular microcirculation. Consistent with this premise, in 

a representative sample of the US population we report an interaction between obesity and systolic 

BP in their associations with albuminuria; a given increase in systolic BP was associated with 

approximately double the increment in albumin excretion in obese versus lean subjects. The 

association between systolic BP and albuminuria was also evident from a lower systolic BP threshold 

in obesity. This suggests obesity may sensitize the kidney to hypertensive target organ damage. 
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Introduction 

 

Obesity is an independent predictor of incident chronic kidney disease (CKD)
1-3

 and endstage renal 

disease
4, 5

. Intrarenal haemodynamic effects of obesity may contribute to this phenomenon; severe 

obesity is accompanied by glomerular hyperfiltration, reversible after successful bariatric surgery
6
, 

whilst filtration fraction increases with BMI even in non-obese subjects
7
. These observations are 

consistent with renal afferent arteriolar vasodilation and/or efferent vasoconstriction, potentially 

placing the glomerular microcirculation at greater risk of injury from elevated systemic arterial 

pressure
8
.  

Albuminuria is a feature of glomerular hypertension and hypertensive renal target organ 

damage
9, 10

. In keeping with its postulated haemodynamic effects, obesity has been associated with 

elevated urine albumin excretion in several cohorts
11-13

. Furthermore, the heavy proteinuria and 

focal segmental glomerulosclerosis of obesity-related glomerulopathy are reminiscent of features 

attributed to glomerular hypertension in the setting of reduced nephron mass
14, 15

. If obesity 

sensitizes the kidney to hypertensive injury this effect could be an important contributor to CKD 

incidence/progression. We hypothesized that a given systolic blood pressure (sBP) increment would 

be associated with a greater increase in albuminuria in the presence of obesity. We tested this in a 

representative sample of the US population: the National Health and Nutrition Examination Survey 

(NHANES) 1999-2010. 

 

 

Methods 

 

Study population 

The US NHANES uses a multistage sampling strategy to generate a study population representative 

of the noninstitutionalized US population
16

. For this analysis non-pregnant participants aged >20y 

with complete clinical and biochemical data were included from the NHANES cycles 1999-2010. 

Comorbidities and demographic variables were defined as described previously
17

.  

 

Measures of obesity 

Although body mass index (BMI) is a well-established measure of body habitus, waist circumference 

provides a better assessment of obesity-associated health risks
18, 19

. Central body fat distribution has 

also been reported to be associated with unfavourable renal haemodynamics independently of 

BMI
20

. Therefore, waist circumference, categorized into gender-specific quintiles, was used as the 

primary measure of obesity in this study. As a second method of obesity assessment, BMI  

(weight/height
2
) was classified according to World Health Organisation definitions

21
 of underweight 
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(BMI<18.5kg/m
2
), normal (18.5≤BMI<25), overweight (25≤BMI<30), class I obesity (30≤BMI<35) class 

II obesity (35≤BMI<40) and class III obesity (BMI≥40).  

 

Quantification of albumin leak 

Albuminuria is quantified in NHANES as the albumin:creatinine ratio (ACR) in a clean-catch random 

spot urine sample. A potential confounding factor in this assessment is the greater creatinine 

excretion rate observed in obesity
22

. Another consideration is the fact that hyperfiltration associated 

with obesity may drive increased albumin efflux purely by convection in the absence of changes in 

glomerular pressure or permeability
17, 23

. Therefore, urinary albumin excretion was assessed herein 

primarily as the fractional excretion of albumin relative to creatinine (FEalb), calculated as: (urine 

albumin concentration × serum creatinine concentration)/(urine creatinine concentration × serum 

albumin concentration). This is a measure of total renal albumin permeability
17

 that is not 

confounded by creatinine excretion rate. ACR was used as a secondary assessment in continuous 

analyses and to categorize according to the established threshold of moderately increased 

albuminuria (ACR≥30mg/g)
24

.   

 

Blood pressure 

Blood pressure was measured in a sitting position using a mercury sphygmomanometer after 5 

minutes quiet resting. Three pairs of systolic/diastolic BP measurements were taken and a fourth 

attempted if ≥1 were unsuccessful. The average of the readings was calculated, with exclusion of the 

first successful reading. Where only 1 reading was successful, this was taken as the average. The 

postulated interaction between obesity and BP was examined in terms of the systolic BP since this 

component is the major determinant of renal target organ damage and is mostly consistently 

associated with albumin leak
17

. 

 

Statistical analyses 

This report is a cross-sectional analysis of data collected at single timepoints from participants in 

successive NHANES cycles. Statistical analyses were performed using SAS version 9.3 (SAS Institute, 

Cary, NC) with incorporation of participant sample weights
25

. Taylor series linearization was used for 

estimation of standard errors, accounting for the multistage sampling design. Characteristics of the 

US population represented by NHANES participants were compared across strata of obesity by linear 

and logistic regression for means and proportions, respectively. Log-transformation was applied to 

ACR and FEalb (both positively skewed) prior to parametric analyses. 
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Associations between obesity and measures of albumin leak were examined by univariate 

linear regression. Adjustment was then performed a priori for relevant covariates: age, sex, race, 

systolic and diastolic BP, diabetes mellitus, eGFR, smoking status, C-reactive protein (CRP), number 

of antihypertensives, use of angiotensin-converting enzyme inhibitors (ACEi), use of angiotensin 

receptor blockers (ARB), use of renin inhibitors, and history of cardiovascular disease. We previously 

reported that 2-slope linear regression best captured the relationship between BP and log-

transformed albumin leak in this population
17

, so the same approach was adopted here, with 

inflection points at 110mmHg and 70mmHg for systolic and diastolic BP respectively. Interaction 

terms for diabetes x sBP and eGFR category x sBP were included because there were known to be 

significant interactions between these variables
17

. To determine whether obesity alters the 

relationship between sBP and albumin leak, an interaction term for waist circumference quintile x 

sBP (or BMI category x sBP) was entered into the model, retaining waist circumference quintile (or 

BMI category) as a separate variable. Interactions with sBP were modelled specifically at ≥110mmHg 

using the 2-slope regression model.  

To investigate whether obesity lowers the sBP threshold from which BP increments are 

associated with albuminuria, associations were examined for categories of obesity across 10mmHg 

sBP intervals. Odds ratios of moderately increased albuminuria (ACR≥30mg/g) were also calculated 

for quintiles of waist circumference or categories of BMI, adjusting for other covariates as above. 

 

 

Results 

Population characteristics 

Characteristics of the US population represented by the NHANES 1999-2010 participants are 

presented by quintiles of waist circumference in Table 1. Overall, 51.5% and 32.5% were classified as 

obese by waist circumference (>88cm in women and >102cm in men
26

) and BMI (≥30kg/m
2
) criteria 

respectively. Increasing waist circumference was associated with higher sBP, diastolic BP, pulse 

pressure and CRP, greater prevalence of diabetes, eGFR<60ml/min/1.73m
2
, antihypertensive use 

and cardiovascular disease, but a lower prevalence of smoking. The same pattern of associations was 

observed when participants were compared across categories of BMI (Table S1, Supplementary 

Material).  

 

Associations between measures of obesity and renal albumin leak 

In univariate analyses, FEalb, ACR and the prevalence of ACR≥30mg/g were lowest in quintile 2 of 

waist circumference (88.0-95.9cm in men and 79.8-88.0cm in women, Tables 1 and 2); this and 
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‘normal’ BMI (18.5≤BMI<25kg/m
2
) served as reference categories. Compared with these reference 

groups, increasing waist circumference (>95.9cm in men, >88cm in women) and obese categories of 

BMI (≥30kg/m
2
) were associated with a statistically significant, progressively greater log-transformed 

FEalb and ACR (Table 2 and Table S2, Supplementary Material). When adjusted for relevant covariates 

only quintile 5 of waist circumference and the most severely obese BMI category (>40kg/m
2
) 

remained positively associated with FEalb and ACR. The underweight BMI category and quintile 1 of 

waist circumference were both associated with greater FEalb and ACR in multivariate adjusted 

analyses. Quantifying albumin leak in terms of the odds ratios of moderately increased ACR 

(>30mg/g) also gave covariate-adjusted associations that were evident for both extremes of body 

habitus (shown for waist circumference in Figure 1A).  

 

Interaction between systolic BP and obesity 

We previously reported that FEalb and ACR increase exponentially with sBP from a threshold of 

110mmHg in this cohort
17

. Therefore, to determine whether sBP plays a role in the association 

between obesity and albumin leak, the above analyses were repeated stratified by sBP<110mmHg 

(n=5,564) and ≥110mmHg (n=18,146). The association between obesity and urine albumin leak was 

confined to patients with sBP≥110mmHg (shown for ACR>30mg/g in Figure 1B).  

To test formally whether sBP has a different relationship with albuminuria in the presence of 

obesity, interaction terms for waist circumference quintile x sBP and BMI category x sBP were 

entered in the respective regression models for the whole cohort. When these terms were 

introduced, the association between obesity and albuminuria in isolation was neutralized, being 

absorbed by the varying effect of sBP  across obesity groups (Table 2 and Table S2, Supplementary 

Material). Significant interactions between obesity and sBP were evident for waist circumference 

quintiles 4/5 and at BMI≥35kg/m
2
. Thus, a given sBP increment was associated with a greater 

increase in renal albumin leak at this level of obesity than for quintile 2 and normal BMI respectively.  

The interaction between obesity and sBP was independent of the previously reported 

interaction between diabetes and sBP. To exclude residual confounding from diabetes or 

antihypertensive use, the regression analyses were repeated with exclusion of diabetic participants 

or those taking antihypertensives; the findings were unchanged. Since undiagnosed diabetes might 

be another confounding factor, the analyses were repeated replacing quintile of glycated 

haemoglobin for diabetes status and with an interaction term for glycated haemoglobin quintile x 

sBP; this also did not change the findings. Progressively greater percentage increases in albuminuria 

per 10mmHg increase in sBP with increasing obesity or diabetes are shown in Table 3 and Figure S1 

Supplementary Material. 
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In contrast to the interaction between sBP and obesity, there was no significant interaction 

with underweight (BMI<18.5kg/m
2
 and waist circumference quintile 1). Including the interaction 

terms thus had little effect on the association of underweight with albuminuria.  

Having demonstrated an interaction between obesity and sBP, we next assessed whether 

obesity lowers the threshold at which increasing sBP is associated with greater albumin excretion. To 

this end, covariate-adjusted albumin leak was examined across categories of sBP and obesity. For 

quintile 5 of waist circumference and BMI>35kg/m
2
, a progressive increase in albumin leak 

accompanied increments in sBP from 110mmHg. However, for the rest of the population 

albuminuria did not increase until sBP was >130mmHg (shown for reference categories and severely 

obese populations in Figure 2A-B). Conclusions were similar when albuminuria was assessed as the 

odds ratio of ACR≥30mg/g (Supplementary Figure S2). In light of this difference in thresholds the 

piecewise regression models were refined, with inflection points at 110mmHg for quintile 5 of waist 

circumference and BMI>35kg/m
2
, but at 130mmHg for less obese categories. This improved the 

performance (R
2
 and RMSE) of each model. The outputs of the final models are shown in Figure 2C-

D. Besides the left shift of the sBP threshold associated with increasing albuminuria, model 

conclusions were as above; no association between obesity and albuminuria per se (the same Y-

intercept for all obesity categories), but a steeper relationship between sBP and albuminuria in the 

presence of obesity. The overall increase in albuminuria associated with sBP over the 110-180mmHg 

range was approximately double in the presence of obesity. 

 

 

Discussion 

Obesity and hypertension are epidemics of the twenty-first century and contributors to the 

increasing global burden of CKD
27, 28

. We find that in severe obesity a given increment in sBP is 

associated with approximately double the increase in urinary albumin excretion observed in lean 

subjects. Obesity and hypertension thus may contribute synergistically to CKD. These findings are 

consistent with a previous small case-control study reporting a steeper relationship between sBP 

and urinary albumin excretion rate in overweight/obesity versus normal BMI
29

. We find a significant 

interaction is evident in the top 2 quintiles of waist circumference, i.e. affecting 40% of the US adult 

population.  

Whilst our observational data do not prove a causative relationship between the obesity-sBP 

interaction and urine albumin leak, they are in keeping with BP-sensitizing effects of obesity on the 

kidney. Postulated underlying mechanisms include impaired renal afferent arteriolar 

autoregulation
8
, efferent arteriolar vasoconstriction

19
, a greater glomerular capillary radius 

(translating hydrostatic pressure to higher wall stress)
8
, and a reduced density of supporting 
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podocytes
30

. An association between obesity and albuminuria has been reported previously
11-13

 and 

a number of non-haemodynamic mechanisms of obesity-induced kidney injury have been 

proposed
19, 27

. However, adjusting for the sBP-obesity interaction in this NHANES analysis completely 

abolished the association between obesity per se and albuminuria. This observation suggests 

haemodynamic mechanisms are key to the obesity-albuminuria relationship. It is also consistent 

with animal data reporting that hypertension is needed for the nephrotoxic consequences of 

obesity
31

. 

Other recent publications have emphasized a requirement for metabolic comorbidities in 

mediating the obesity-associated risk of hypertension
32

 and CKD. In the absence of metabolic 

comorbidities (elevated triglycerides, low HDL cholesterol, hypertension, or impaired glucose 

tolerance), higher BMI was actually associated with a lower risk of ESRD
33

 and no increase in the risk 

of incident CKD
34

. These findings support the concept of ‘metabolically healthy obesity’ and contrast 

with previous reports that obesity is a predictor of ESRD and CKD even in analyses adjusted for other 

metabolic factors
1, 2, 4

. Synergistic interactions between obesity and other risk factors, such as we 

describe for sBP, would explain this apparent discrepancy.  

Given the increased risk of adverse renal outcomes associated with even small increments in 

albumin excretion rate
35

, a causal role for the obesity-sBP interaction in increasing albuminuria could 

have important implications for CKD prevention/management. In this respect our findings are 

consistent with observations from the Hunt 1 cohort, where there was a synergistic interaction 

between increasing BMI and BP in the prediction of ESRD and CKD-associated death
5
. Furthermore, 

prehypertension (BP 120-139/80-89) only predicted an increased risk of these outcomes in the 

presence of obesity, suggesting obesity had a BP-sensitizing effect
5
.   

Current guidelines do not advocate lower BP targets in obesity
10

. Post-hoc analyses of 

antihypertensive trials might shed light on whether obese participants gain particular 

nephroprotective benefit from antihypertensive therapy or a lower sBP target. Targeting glomerular 

capillary hydrostatic pressure through preferential use of renin-angiotensin system (RAS) inhibitors 

in hypertensive obese patients also might be helpful. Indeed, a post-hoc analysis of the REIN study 

reported greater antiproteinuric effects and attenuation of CKD progression by ramipril in 

overweight and obese participants
36

. However, the optimal nephroprotective approach to BP 

management in obese patients would ideally be defined by prospective interventional studies 

conducted specifically in this population. 

A j-shaped association between BMI and proteinuria has been reported previously
37, 38

 and 

was also evident in this NHANES cohort. Whereas the association between obesity and albuminuria 

was abolished by adjustment for covariates and the systolic BP interaction, that between low BMI 
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(or waist circumference) and albumin leak was not. The underlying explanation for this association is 

unclear. Unmeasured comorbidity and inflammation may be responsible, though CRP was in fact 

lowest in the underweight BMI category.  

In conclusion, our demonstration of an interaction between obesity and systolic BP in their 

associations with albuminuria suggests the two pathologies may synergize to contribute to CKD. 

Advising obese hypertensive patients to engage with weight loss programmes is already 

recommended on the grounds that this can improve BP control and metabolic profile
10

. Our findings 

raise the possibilities that weight loss might also reduce vulnerability to hypertensive injury and that 

nephroprotective benefits of BP control may be greater in obesity. 

 

 

Acknowledgements 

The authors thank the NHANES participants, staff and investigators.  

 

Supplementary Material 

Supplementary data are available online at http://ndt.oxfordjournals.org. 

 

Conflict of Interest Statement 

All authors have no conflicts of interest to declare. The results presented in this paper have not been 

published previously in whole or part. 

 

References 

1. Gelber RP, Kurth T, Kausz AT, Manson JE, Buring JE, Levey AS, Gaziano JM. Association 

between body mass index and CKD in apparently healthy men. Am J Kidney Dis. 

2005;46:871-880 

2. Fox CS, Larson MG, Leip EP, Culleton B, Wilson PW, Levy D. Predictors of new-onset kidney 

disease in a community-based population. JAMA. 2004;291:844-850 

3. Kramer H, Luke A, Bidani A, Cao G, Cooper R, McGee D. Obesity and prevalent and incident 

CKD: The hypertension detection and follow-up program. Am J Kidney Dis. 2005;46:587-594 

4. Hsu CY, McCulloch CE, Iribarren C, Darbinian J, Go AS. Body mass index and risk for end-

stage renal disease. Ann Intern Med. 2006;144:21-28 

5. Munkhaugen J, Lydersen S, Wideroe TE, Hallan S. Prehypertension, obesity, and risk of 

kidney disease: 20-year follow-up of the HUNT I study in Norway. Am J Kidney Dis. 

2009;54:638-646 

Page 31 of 41 Nephrology Dialysis Transplantation

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



F
o
r P

eer R
eview

11 

 

6. Navaneethan SD, Yehnert H, Moustarah F, Schreiber MJ, Schauer PR, Beddhu S. Weight loss 

interventions in chronic kidney disease: A systematic review and meta-analysis. Clin J Am Soc 

Nephrol. 2009;4:1565-1574 

7. Kwakernaak AJ, Toering TJ, Navis G. Body mass index and body fat distribution as renal risk 

factors: A focus on the role of renal haemodynamics. Nephrol Dial Transplant. 2013;28 Suppl 

4:iv42-49 

8. Griffin KA, Kramer H, Bidani AK. Adverse renal consequences of obesity. Am J Physiol Renal 

Physiol. 2008;294:F685-696 

9. Imanishi M, Yoshioka K, Konishi Y, Okumura M, Okada N, Sato T, Tanaka S, Fujii S, Kimura G. 

Glomerular hypertension as one cause of albuminuria in type II diabetic patients. 

Diabetologia. 1999;42:999-1005 

10. Mancia G, Fagard R, Narkiewicz K, Redon J, Zanchetti A, Bohm M, Christiaens T, Cifkova R, De 

Backer G, Dominiczak A, Galderisi M, Grobbee DE, Jaarsma T, Kirchhof P, Kjeldsen SE, et al. 

2013 ESH/ESC guidelines for the management of arterial hypertension: The task force for the 

management of arterial hypertension of the european society of hypertension (ESH) and of 

the european society of cardiology (ESC). Eur Heart J. 2013;34:2159-2219 

11. Ferris M, Hogan SL, Chin H, Shoham DA, Gipson DS, Gibson K, Yilmaz S, Falk RJ, Jennette JC. 

Obesity, albuminuria, and urinalysis findings in us young adults from the add Health wave III 

study. Clin J Am Soc Nephrol. 2007;2:1207-1214 

12. Kramer H, Reboussin D, Bertoni AG, Marcovina S, Lipkin E, Greenway FL, 3rd, Brancati FL, 

Look Ahead Research G. Obesity and albuminuria among adults with type 2 diabetes: The 

look ahead (action for Health in diabetes) study. Diabetes Care. 2009;32:851-853 

13. Lin WY, Pi-Sunyer FX, Liu CS, Li CI, Davidson LE, Li TC, Lin CC. Central obesity and albuminuria: 

Both cross-sectional and longitudinal studies in Chinese. PLoS One. 2012;7:e47960 

14. Kambham N, Markowitz GS, Valeri AM, Lin J, D'Agati VD. Obesity-related glomerulopathy: An 

emerging epidemic. Kidney Int. 2001;59:1498-1509 

15. Praga M. Synergy of low nephron number and obesity: A new focus on hyperfiltration 

nephropathy. Nephrol Dial Transplant. 2005;20:2594-2597 

16. Centers for disease control and prevention. National Health and Nutrition Examination 

Survey. http://www.Cdc.Gov/nchs/nhanes/nhanes accessed November 13, 2016.  

17. Fotheringham J, Odudu A, McKane W, Ellam T. Modification of the relationship between 

blood pressure and renal albumin permeability by impaired excretory function and diabetes. 

Hypertension. 2015;65:510-516 

18. Janssen I, Katzmarzyk PT, Ross R. Waist circumference and not body mass index explains 

obesity-related health risk. Am J Clin Nutr. 2004;79:379-384 

19. Mallamaci F, Tripepi G. Obesity and CKD progression: Hard facts on fat CKD patients. Nephrol 

Dial Transplant. 2013;28 Suppl 4:iv105-108 

20. Kwakernaak AJ, Zelle DM, Bakker SJ, Navis G. Central body fat distribution associates with 

unfavorable renal hemodynamics independent of body mass index. J Am Soc Nephrol. 

2013;24:987-994 

21. World Health Organisation. Obesity: Preventing and managing the global epidemic. Report 

of a WHO consultation. WHO technical report series 894. Geneva: World Health 

Organisation, 2000.  

22. Fotheringham J, Weatherley N, Kawar B, D GF, Ellam T. The body composition and excretory 

burden of lean, obese, and severely obese individuals has implications for the assessment of 

chronic kidney disease. Kidney Int. 2014;86:1221-1228 

23. Ellam TJ, El Nahas M. Proteinuria thresholds are irrational: A call for proteinuria indexing. 

Nephron Clin Pract. 2011;118:c217-224 

24. KDIGO 2012 clinical practice guideline for the evaluation and management of chronic kidney 

disease. Kidney International Supplements. 2013;3:1-150 

Page 32 of 41Nephrology Dialysis Transplantation

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



F
o
r P

eer R
eview

12 

 

25. Johnson CL, Paulose-Ram R, Ogden CL, Carroll MD, Kruszon-Moran D, Dohrmann SM, Curtin 

LR. National Health and Nutrition Examination Survey: Analytic guidelines 1999–2010. Vital 

Health Stat. 2013;2 

26. Clinical guidelines on the identification, evaluation, and treatment of overweight and obesity 

in adults--the evidence report. National Institutes of Health. Obes Res. 1998;6 Suppl 2:51S-

209S 

27. Stenvinkel P, Zoccali C, Ikizler TA. Obesity in CKD—what should nephrologists know? J Am 

Soc Nephrol. 2013;24:1727-1736 

28. Coresh J, Selvin E, Stevens LA, Manzi J, Kusek JW, Eggers P, Van Lente F, Levey AS. Prevalence 

of chronic kidney disease in the united states. JAMA. 2007;298:2038-2047 

29. Ribstein J, du Cailar G, Mimran A. Combined renal effects of overweight and hypertension. 

Hypertension. 1995;26:610-615 

30. Chen HM, Liu ZH, Zeng CH, Li SJ, Wang QW, Li LS. Podocyte lesions in patients with obesity-

related glomerulopathy. Am J Kidney Dis. 2006;48:772-779 

31. do Carmo JM, Tallam LS, Roberts JV, Brandon EL, Biglane J, da Silva AA, Hall JE. Impact of 

obesity on renal structure and function in the presence and absence of hypertension: 

Evidence from melanocortin-4 receptor-deficient mice. Am J Physiol Regul Integr Comp 

Physiol. 2009;297:R803-812 

32. Ryoo JH, Park SK, Oh CM, Choi YJ, Chung JY, Ham WT, Jung T. Evaluating the risk of 

hypertension according to the metabolic health status stratified by degree of obesity. J Am 

Soc Hypertens. 2016 

33. Panwar B, Hanks LJ, Tanner RM, Muntner P, Kramer H, McClellan WM, Warnock DG, Judd SE, 

Gutierrez OM. Obesity, metabolic health, and the risk of end-stage renal disease. Kidney Int. 

2014 

34. Hashimoto Y, Tanaka M, Okada H, Senmaru T, Hamaguchi M, Asano M, Yamazaki M, Oda Y, 

Hasegawa G, Toda H, Nakamura N, Fukui M. Metabolically healthy obesity and risk of 

incident CKD. Clin J Am Soc Nephrol. 2015 

35. Nitsch D, Grams M, Sang Y, Black C, Cirillo M, Djurdjev O, Iseki K, Jassal SK, Kimm H, 

Kronenberg F, Oien CM, Levey AS, Levin A, Woodward M, Hemmelgarn BR, et al. 

Associations of estimated glomerular filtration rate and albuminuria with mortality and renal 

failure by sex: A meta-analysis. BMJ. 2013;346:f324 

36. Mallamaci F, Ruggenenti P, Perna A, Leonardis D, Tripepi R, Tripepi G, Remuzzi G, Zoccali C, 

Group RS. Ace inhibition is renoprotective among obese patients with proteinuria. J Am Soc 

Nephrol. 2011;22:1122-1128 

37. Muneyuki T, Sugawara H, Suwa K, Oshida H, Saito M, Hori Y, Seta S, Ishida T, Kakei M, 

Momomura S, Nakajima K. A community-based cross-sectional and longitudinal study 

uncovered asymptomatic proteinuria in japanese adults with low body weight. Kidney Int. 

2013;84:1254-1261 

38. Ramirez SP, McClellan W, Port FK, Hsu SI. Risk factors for proteinuria in a large, multiracial, 

southeast asian population. J Am Soc Nephrol. 2002;13:1907-1917 

 

 

  

Page 33 of 41 Nephrology Dialysis Transplantation

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



F
o
r P

eer R
eview

13 

 

Table 1. Characteristics of the US population represented by NHANES 1999-2010 participants, by 

waist circumference quintile (N=23,710). 

 Waist circumference quintile 

Men; cutpoints at 88.0cm, 95.9cm, 102.7cm and 111.8cm 

Women; cutpoints at 79.8cm, 88.0cm, 96.4cm and 107.1cm 

Variable 1 2 

(reference) 

3 4 5 

Sample, n 4162 4534 4880 5117 5017 

Age, y 38.6 (0.3)
e
 44.5 (0.3) 48.4 (0.3)

e
 50.8 (0.3)

e
 50.4 (0.3)

e
 

Race, % 

White 

Black 

Hispanic 

Other 

 

69.7 (1.3) 

10.9 (0.7)
d
 

11.9 (0.9)
b
 

7.5 (0.6)
e
 

 

71.7 (1.3) 

8.2 (0.6) 

14.1 (1.0) 

6.0 (0.6) 

 

72.3 (1.5) 

8.9 (0.7) 

14.3 (1.2) 

4.5 (0.5) 

 

75.0 (1.6)
d
 

9.3 (0.7)
c
 

12.9 (1.3)
e
 

2.8 (0.3)
e
 

 

75.1 (1.4)
d
 

12.2 (0.9)
e
 

9.5 (1.0)
e
 

3.3 (0.4)
d
 

Systolic BP, mmHg 115.5 (0.4)
e
 119.2 (0.3) 122.9 (0.4)

e
 125.3 (0.3)

e
 126.3 (0.4)

e
 

Diastolic BP, mmHg 68.7 (0.3)
e
 70.4 (0.2) 71.9 (0.2)

e
 72.5 (0.3)

e
 73.2 (0.3)

e 

Pulse pressure, mmHg 46.8 (0.3)
e
 48.8 (0.3) 51.1 (0.4)

e
 52.8 (0.3)

e
 53.2 (0.3)

e
 

eGFR, ml/min/1.73m
2 a

 101.0 (0.5)
e
 95.5 (0.4) 92.0 (0.5)

e
 90.3 (0.5)

e
 90.8 (0.4)

e
 

eGFR<60ml/min/1.73m
2
, 

% 

2.4 (0.2)
e
 4.5 (0.4) 7.2 (0.4)

e
 8.0 (0.4)

e
 8.4 (0.4)

e
 

ACR≥30mg/g, % 6.8 (0.5)
d
 5.8 (0.4) 7.9 (0.5) 9.6 (0.5)

d
 13.1 (6.2)

e
 

ACR, mg/g
a
 6.9 (6.8, 7.2)

c
 6.6 (6.4, 6.7) 7.3 (7.1, 7.5)

e
 7.8 (7.6, 8.0)

e
 9.3 (9.0, 9.6)

e
 

FEalb, x10
-7 a

 13.3 (12.9, 

13.7) 

12.9 (12.6, 

13.3) 

14.8 (14.3, 

15.2)
e
 

16.0 (15.5, 

16.5)
e
 

19.6 (18.9, 

20.3)
e
 

Diabetes, % 2.0 (0.3)
e
 3.4 (0.3) 5.5 (0.4) 8.8 (0.5)

e
 17.3 (0.6)

e
 

Smoker, % 36.6 (1.2)
e
 29.3 (0.9) 27.2 (0.9)

b
 26.4 (0.9)

e
 25.4 (0.9)

e
 

CVD, % 2.2 (0.2)
e
 4.0 (0.4) 5.2 (0.4) 8.2 (0.4)

e
 9.0 (0.5)

e
 

CRP, mg/dL 0.20 (0.01)
e
 0.28 (0.01) 0.38 (0.01)

e
 0.43 (0.01)

e
 0.69 (0.02)

e 

Antihypertensive use, % 6.9 (0.5)
e
 13.9 (0.6) 21.5 (0.7)

b
 31 (0.9)

e
 42.1 (0.9)

e
 

 

Data presented as mean (SE) and % (SE) unless otherwise indicated. (Note different numbers in each 

category because quintiles defined incorporating sampling weights.) 

a
Geometric mean (95%CI); positively skewed and log-transformed for linear regression. 

b
p<0.05, 

c
p<0.01, 

d
p<0.005, 

e
p<0.001, compared to quintile 2.
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Table 2. Associations between measures of obesity and FEalb. 

 Associated fold-change (95% CI) in FEalb  

 Standard models Multivariate interaction model
b
 

Waist circumference 

model 

Univariate Multivariate
a
 Single Term

d
 (main effects) Interaction with BP

e
 

(increment per 10mmHg)
c
 

Systolic BP (10mmHg)
c
 - 1.09 (1.07, 1.12) p<0.001 1.07 (1.04, 1.10) p<0.001 - 

Waist Quintile
d
     

Quintile 1 1.03 (0.99, 1.08) p=0.18 1.13 (1.08, 1.18) p<0.001 1.11 (1.06, 1.17) p<0.001 1.01 (0.98, 1.04) p=0.63 

Quintile 3 1.14 (1.09, 1.20) p<0.001 1.03 (0.99, 1.07) p=0.14 1.02 (0.97, 1.07) p=0.48 1.01 (0.98, 1.04) p=0.39 

Quintile 4 1.24 (1.18, 1.29) p<0.001 1.02 (0.98, 1.06) p=0.34 0.98 (0.92, 1.03) p=0.38 1.03 (1.00, 1.07) p=0.028 

Quintile 5 1.51 (1.44, 1.59) p<0.001 1.13 (1.08, 1.18) p<0.001 1.02 (0.96, 1.09) p=0.50 1.07 (1.03, 1.10) p<0.001 

     

BMI model
e
     

Systolic BP (10mmHg)
c
 - 1.09 (1.07, 1.12) p<0.001 1.07 (1.04, 1.10) p<0.001 - 

BMI categories     

BMI<18.5 1.45 (1.29, 1.64) p<0.001 1.54 (1.38, 1.73) p<0.001 1.58 (1.38, 1.80) p<0.001 0.97 (0.92, 1.03) p=0.31 

25≤BMI<30 1.00 (0.97, 1.04) p=0.81 0.91 (0.88, 0.94) p<0.001 0.89 (0.86, 0.93) p<0.001 1.02 (0.99, 1.04) p=0.19 

30≤BMI<35 1.13 (1.08, 1.18) p<0.001 0.95 (0.91, 0.99) p=0.014 0.92 (0.87, 0.97) p=0.004 1.03 (0.99, 1.06) p=0.11 

35≤BMI<40 1.28 (1.20, 1.37) p<0.001 1.01 (0.95, 1.08) p=0.71 0.90 (0.83, 0.98) p=0.01 1.08 (1.03, 1.13) p=0.001 

BMI≥40 1.57 (1.42, 1.72) p<0.001 1.15 (1.05, 1.26) p=0.002 1.02 (0.91, 1.15) p=0.72 1.08 (1.01, 1.15) p=0.023 

 

a
Adjusted for:  systolic and diastolic BP (2-slope model), age, gender, race, diabetes, eGFR, history of cardiovascular disease, smoking, number of 

antihypertensives, use of ACEi, use of ARB, use of renin antagonists, interaction terms for systolic BP x eGFR category and systolic BP x diabetes status. 

b
As for multivariate standard model, but with the addition of interaction terms for waist circumference x systolic BP or BMI x systolic BP. 

c
At systolic BP>110mmHg. 

d
Relative to quintile 2. 

e
Relative to 18.5≤BMI<25kgm

2
. 

d
The effect of an increment in systolic BP or the indicated obesity category per se.  

e
The additional effect of a 10mmHg increment in systolic BP within each obesity category.
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Table 3. Percentage increases in fractional excretion of albumin and ACR with increasing blood 

pressure, stratified by obesity group and diabetes status. 

 

 % Increase associated with each 10mmHg increment in systolic BP at >110mmHg 

 Without Diabetes Mellitus 

 Waist circumference quintile BMI (kg/m
2
) 

 1 2 3 4 5 <18 18-

<25 

25-

<30 

30-

<35 

35-

<40 

>40 

FEalb 8% 7% 8% 10%
a
 14%

b
 4% 7% 9% 10% 16%

c
 15%

d
 

ACR 8% 8% 9% 11%
a
 15%

b
 5% 8% 10% 11% 17%

c
 16%

d
 

 With Diabetes Mellitus
e
 

 Waist circumference quintile BMI (kg/m
2
) 

 1 2 3 4 5 <18 18-

<25 

25-

<30 

30-

<35 

35-

<40 

>40 

FEalb 17% 16% 18% 20%
a
 24%

b
 13% 16% 18% 19% 26%

c
 25%

d
 

ACR 17% 17% 18% 20%
a
 24%

b
 13% 17% 19% 20% 26%

c
 26%

d
 

 

Results from regression models with interaction terms for sBP x obesity category and sBP x diabetes 

status.  

a
p<0.05 vs. quintile 2, 

b
p<0.001 vs. quintile 2, 

c
p<0.005 vs. 18.5≤BMI<25, 

d
p<0.05 vs. 18.5≤BMI<25, 

e
p<0.05 vs. non-diabetic categories  

Also adjusted for:  systolic and diastolic BP (2-slope model), age, gender, race, diabetes, eGFR, 

history of cardiovascular disease, smoking, number of antihypertensives, use of ACEi, use of ARB, use 

of renin antagonists and an interaction term for sBP x eGFR category. 
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Figure Legends 

Figure 1. Odds ratios of moderately increased albuminuria by waist circumference quintile A) in 

the whole cohort, and B) within subpopulations with systolic BP≥/<110mmHg.  

Adjusted for age, gender, race, diabetes, history of cardiovascular disease, smoking, number of 

antihypertensives, use of ACEi, use of ARB, use of renin inhibitors, CRP, diastolic BP, systolic BP 

(Figure 1A only), and interaction terms for systolic BP with eGFR and diabetes.  

ref, referent group; WC, waist circumference. Error bars represent 95% confidence intervals.  

 

 

Figure 2. Effects of obesity on the threshold from which increasing systolic BP is accompanied by 

increasing albumin excretion. In the 5
th

 quintile of waist circumference (A) or at a BMI≥35kg/m
2
 (B),  

FEalb increases with systolic BP>110mmHg, whereas for less obese populations (shown for the 

respective reference categories) there is no increase until systolic BP is >130mmHg. The two-slope 

regression models for systolic BP were therefore refined, with inflection points at 110mmHg for 

quintile 5 of waist circumference and BMI≥35kg/m
2
, but at 130mmHg for all other categories. 

Outputs of the resulting regression models are shown (C,D). 

Adjusted for age, gender, race, diabetes, diastolic BP, history of cardiovascular disease, smoking, 

number of antihypertensives, use of ACEi, use of ARB, use of renin inhibitors, CRP and interaction 

terms for sBP with eGFR and diabetes. 
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Figure 1 

 

 

 

 

 

 

 

 

  

Page 38 of 41Nephrology Dialysis Transplantation

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



F
o
r P

eer R
eview

18 

 

 

Figure 2. 

 

 

 

 

 

 

 

Page 39 of 41 Nephrology Dialysis Transplantation

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



F
o
r P

eer R
eview

��

�

�

��������	��

��������	��

�
������������������������

�

�

Page 40 of 41Nephrology Dialysis Transplantation

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



F
o
r P

eer R
eview

��

�

�

��������	��

��������	��


��
���������������������

�

�

Page 41 of 41 Nephrology Dialysis Transplantation

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60


