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ABSTRACT 

Background. Obesity has been associated with onset and progression of chronic kidney disease ( CKD) but causal 
relationship remains uncertain. This study investigated how obesity causally affects estimated glomerular filtration rate. 
Methods. Cross-sectional and magnetic resonance imaging ( MRI) data analyses were performed within the Prospective 
Investigation of Obesity, Energy, and Metabolism ( POEM) study ( 502 participants, all aged 50 years) . Additionally 
Mendelian randomization was performed using published summary data. Outcomes were creatinine- and cystatin 

C-based eGFR. Body mass index ( BMI) and waist circumference ( WC) were used as exposure variables in the 
cross-sectional and Mendelian randomization analyses. In the imaging data analyses, eGFR was regressed 
non-parametrically on tissue volume for each 3D voxel and visualized as a correlation “Imiomics” map. 
Results. Negative correlations were shown between cystatin C-based eGFR and BMI [beta = −0.190 ( 95% CI: −0.280 to 
−0.100) ] and WC [beta = −0.160 ( 95% CI: −0.250 to −0.060) ] in an adjusted model. In contrast, a positive association was 
found for creatinine-based eGFR [BMI beta = 1.20 ( 95% CI: 0.030 to 0.210) and WC beta = 0.160 ( 95% CI: 0.070 to 0.260) ]. 
Similar patterns were found using MRI analysis ( Imiomics map) . Mendelian randomization implied a negative causal 
effect of obesity-related measures on cystatin C-based eGFR [BMI beta = −0.031 ( 95% CI: −0.037 to −0.026) and WC beta = 

−0.038 ( 95% CI: −0.045 to −0.031) ], but no statistically significant effect was found for creatinine-based eGFR. 
Conclusion. This study suggests a causal negative effect of obesity on cystatin C-based, but not creatinine-based eGFR. 
These findings warrant further research regarding estimations of kidney function when assessing obesity and CKD. 
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Conclusion: Obesity has a causal negative effect on cystatin C- but not
creatinine-based eGFR. Imaging data show a large influence of body
composition. Further research on GFR estimations in the obese is warranted. 

Causal effects of obesity on estimated glomerular filtration rate:
a Mendelian randomization and image data analysis study

How does obesity and fat distribution affect creatinine and cystatin C-based eGFR?

Methods Results

Cross-sectional analysis on Swedish
50-year olds (Figures a and b):
•Voxel-wise MRI data regression
    analysis (n = 326) on tissue volume/
    distribution vs. creatinine- and
    cystatin C-based eGFR
•Correlation analysis on
    anthropometrics vs. creatinine- and
    cystatin C-based eGFR (n = 499)

GWAS data (Figure c):
•Two-sample Mendelian randomization
    (IVW) on anthropometrics vs.
    creatinine- and cystatin C-based eGFR

Fig. b:  Traditional correlation analysis

Fig. c:  Mendelian randomization

Fig. a:  MRI data analysis
eGFR vs. tissue volume
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KEY LEARNING POINTS 

What was known: 

• There is strong evidence of an association between obesity and risk of developing chronic kidney disease.
• Both of the most commonly used endogenous biomarkers for estimating glomerular filtration rate ( creatinine and cystatin 

C) are affected by body composition.

This study adds: 

• Using imaging and Mendelian randomization techniques this study suggests a causal negative effect of obesity on kidney 
function ( eGFR) .

• The other main finding is the congruent results showing that fat distribution and body composition profoundly affect esti- 
mations of GFR differently depending on the use of creatinine or cystatin C.

Potential impact: 

• This warrant further research on enhancing methods for assessing kidney function in especially obese subjects.
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besity is a growing worldwide epidemic, with 43% of adults be- 
ng overweight in 2022 [1 ]. This is mirrored by an increase in hy- 
ertension, diabetes, and chronic kidney disease ( CKD) [2 ]. Pre- 
ious observational studies show a significant association be- 
ween a high body mass index ( BMI) and the development of 
M
KD, defined as an estimated glomerular filtration rate ( eGFR) 
elow 60 ml/min/1.73 m2 [3 , 4 ]. 

Mendelian randomization is a method by which a set 
f single nucleotide polymorphisms ( SNPs) is used as a ge- 
etic instrument mirroring the lifelong exposure of a trait.
he instrument can be tested against any defined outcome.
endelian randomization can be viewed as a way to minimize 
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Exposure:
BMI, WC

Outcome:
eGFRcrea, eGFRcys

Traditional cross-sectional analysis 

Adjusted confounders:
sex, smoking, exercise, education

MRI data analysis

Exposure: 
voxel tissue volume

Outcome: 
eGFRcrea, eGFRcys

Cross-sectional data from the POEM-study

Mendelian randomization

Genetic instrument Outcome: 
eGFRcrea, eGFRcys

Exposure:
BMI, WC

GWAS data

Figure 1: Schematic outline of the main methods used in the study. 
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onfounding and reverse causation in a way traditional obser- 
ational study methodology cannot, since the genome with its 
enetic variations is inherited at birth [5 ]. 

Recent Mendelian randomization studies have shown 
nferred causal associations between a number of 
nthropometric-related measures and different markers of 
idney function [6 –9 ]. There is still a need for validation
f these findings since the hypothesized inferred causal nega- 
ive effect of obesity on eGFR is not congruently shown across
he spectrum of analyses. This could partly because eGFR 
ould be estimated either using creatinine or cystatin C, or a
ombination of both these endogenous biomarkers. 

None of the commonly used equations for the calculations 
f eGFR are developed specifically in obese individuals and both
erum creatinine and cystatin C are known to be affected by
ody composition. Muscle mass and protein intake are consid- 
rably correlated to serum creatinine, while adipose tissue is 
 significant determinant of cystatin C level [10 –12 ]. Compared
o measured GFR, creatinine-based models tend to overesti- 
ate, while the use of cystatin C on average underestimates
GFR in obese individuals [13 , 14 ]. Another potential factor
ould be that the commonly used adjustment of GFR by body
urface area complicates the evaluation of renal function in 
besity [15 ]. 

Techniques using magnetic resonance imaging ( MRI) can be 
sed for yielding rigorous body composition information, one 
ethod being so-called “Imiomics” [16 ]. Viewing the body as 
 container of > 2 million three-dimensional image elements 
 voxels) , studied individually, with Imiomics it is possible to gain
etailed and visualized information regarding tissue volume 
nd distribution without explicit segmentations or characteri- 
ations of regions of interest. Clinical parameters, such as for
xample kidney function, can be regressed on tissue volume for
ach of these 3D voxels with results visualized as a correlation
miomics map. This is an automatic method and has previously
een evaluated in a proof-of-principle study [17 ], and in several
edical applications [18 ]. 
The aim of this study was therefore to evaluate how obesity

ausally affects kidney function ( eGFR) , derived from either 
reatinine or cystatin C to gain a deeper understanding of
he issue of inferred causal associations between obesity,
ody composition and CKD. This was investigated using three
ethodological approaches: ( i) cross-sectional observational re- 
ression analyses and ( ii) whole-body MRI data analysis of body
omposition ( correlation Imiomics map) , and ( iii) two-sample 
endelian randomization using already published summary 
ata. The hypothesis tested was that obesity causes a decrease
n estimated kidney function ( eGFR) , but that the method used
o calculate eGFR could influence the relationship between
besity and kidney function. 

ATERIALS AND METHODS 

tudy design and data sources 

he study was conducted using two main data sources; the
rospective Investigation of Obesity, Energy, and Metabolism 

 POEM) study [19 ] and already published Genome-Wide Associ-
tion Study ( GWAS) summary data [20 –22 ]. The study design is
chematically outlined in Fig. 1 . 
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ross-sectional data and imaging analyses 

he sample for these analyses consisted of cross-sectional data 
btained from the POEM study, which included 502 randomly 
nvited 50-year-old individuals in Uppsala, Sweden. Data were 
ollected between October 2010 and November 2016. A random 

ubsample of 167 women and 159 men participated in an MRI 
ubstudy that was performed during a separate visit within 1 
onth of the main study visit. Three female participants had 
orrupted cystatin C analyses and were excluded. 

Height, weight, BMI, and waist circumference ( WC) measure- 
ents as well as blood sampling in all subjects were made by the 
ame nurse. WC was measured at the umbilical level. Blood sam- 
les were collected during the main study visit. Both creatinine 
nd cystatin levels were analyzed at the Department of Clinical 
hemistry at Uppsala University Hospital. Creatinine and cys- 
atin C was analyzed on Architect 8000 or 16 000 chemistry an- 
lyzers ( Abbott Laboratories, Abbott Park, IL, USA) . The creati- 
ine reagent ( 8L24) was an isotope dilution mass spectrometry 
alibrated enzymatic reagent. The cystatin C reagent ( 1101) was 
 particle enhanced turbidimetric reagent from Gentian ( Moss,
orway) . The method was calibrated against the international 
eference material ERM-DA471/IFCC. Estimated GFR was calcu- 
ated using the CKD-EPI equations without the ethnicity factor 
23 ] for creatinine and cystatin C, respectively. 

Linear regression analysis was applied to evaluate the rela- 
ionships between BMI, WC, and eGFR calculated by creatinine 
r cystatin C, eGFRcrea , and eGFRcys , respectively. Sex, education 
evel, exercise habits, and current smoking status were used as 
onfounders in the models ( age same in all subjects) . 

In the subsequent MRI analysis, correlations between quan- 
ified MRI data and eGFR were examined. Using the Imiomics 
echnique ∼2 million 3D elements were created. The voxel size 
as fixed, meaning that each voxel could be assigned a numeri- 
al value for tissue volume in comparison to the number of cor- 
esponding voxels in a reference body. That way, up to 2 million 
ontinuous variables were created with assigned positions in a 
oordinate system. To summarize, individual regional tissue vol- 
mes were computed as continuous variables. 
In the concomitant statistical analysis, these relative mea- 

ures were defined as exposure variables while eGFRcrea and 
GFRcys were used as outcome variables. Non-parametric 
 Spearman’s rank coefficient) correlation analyses between the 
oxel-wise imaging parameters ( local volume) and subject-wise 
GFR were computed, and the results were stratified by sex. The 
tatistical estimates were visualized by color-coded correlation 
miomic maps. For additional details on the Imiomics technique,
e refer to the work by Strand et al. [16 ] and Lind et al. [17 ]. 

endelian randomization 

 two-sample Mendelian randomization analysis was per- 
ormed using GWAS data on participants of predominantly Eu- 
opean descent for traits related to obesity and kidney function.
xposure variables used were from meta-analyses of BMI [19 ] 
nd WC [20 ] from the GIANT consortium with total sample sizes 
f 339 224 and 224 459 individuals, respectively. As outcome vari- 
bles, GWAS data on eGFRcrea and eGFRcys from the CKDgen con- 
ortium [21 ] was used, with total sample sizes of 1 201 909 and 
60 826 individuals, respectively. 

To be able to infer causality between the exposure and 
utcome in Mendelian randomization, traditionally three key 
ssumptions must be met: ( i) the relevance assumption: the 
enetic variant should be associated with the exposure; ( iii) the 
ndependence assumption: the genetic variant should not be 
ssociated with a confounder, and ( iii) the exclusion restriction 
ssumption: there should not be another pathway in which 
he instrument affects the outcome. The relevance assumption 
as believed to be upheld because of the large sample size and 
trict pruning of the SNPs. Since genes are inherited at birth,
t can also be presumed that the SNPs were present before 
he outcome strengthening the case of causal relation. The 
ndependence and exclusion restriction assumptions were both 
ountered by using the more conservative calculation meth- 
ds MR-Egger and weighted median as sensitivity analyses.
dditionally, all instrument SNPs used in the analyses were 
xamined through the genetic database PhenoScanner [24 , 25 ] 
o reduce the risk of confounding. 

The genetic instruments for exposures WC and BMI were 
reated from respective GWAS [19 , 20 ] in three steps: 

 i) SNPs with a correlation P value < 5 × 10−8 were selected.
 ii) Independency was evaluated using the clump command in 

the R package MRbase with pruning R2 cut-off 0.001.
 iii) Remaining SNPs were examined through PhenoScanner.

SNPs were excluded if associations with an alternative path- 
way or confounder was stronger than the association to 
the exposure. Pre-specified variables for this step were hy- 
pertension, inflammation, diabetes, cardiovascular disease,
diet, socioeconomic status, exercise, and smoking. For BMI,
rs11126666 and rs17747324 were excluded because of strong 
associations with hypertension and diabetes, respectively.
For WC, rs7903146 was excluded being heavily associated 
with diabetes.

The inverse variance weighted ( IVW) method was used as the 
ain method and assumes that most genetic variants are valid 

nstrument variables. As secondary analyses, the results were 
hen challenged by using MR-Egger, an estimation method that 
s robust to pleiotropy but lacks in power. As an additional sensi-
ivity analysis weighted median was included, being more con- 
ervative compared to IVW, while having the advantage of being 
ore consistent in dealing with instruments containing a mix- 

ure of valid and invalid instrument variables. The Mendelian 
andomization analyses were performed in STATA16 using the 
mrrobust’ package. 

ESULTS 

ross-sectional data and imaging analyses 

tudy population characteristics for these analyses are outlined 
n Table 1 . In the POEM study population 42% were overweight 
 BMI 25–29.9) and 18% were obese ( BMI > 29.9) . Using traditional 
egression analysis with a model adjusting for education level,
xercise habits, current smoking status and sex on the POEM 

ata negative correlations between eGFRcys and both BMI [beta 
 −0.190 ( 95% CI: −0.280 to −0.100) ] and WC [beta = −0.160 ( 95% 

I: −0.250 to −0.060) ] were shown. In contrast, positive associ- 
tions were found for eGFRcrea and both BMI [beta = 0.120 ( 95% 

I: 0.030 to 0.210) ] and WC [beta = 0.160 ( 95% CI: 0.070 to 0.260) ]
s shown in Fig. 2 . 

This pattern was also seen in the MRI Imiomics substudy.
oth visceral and subcutaneous adipose tissue volumes were 
egatively correlated with eGFRcys, but positively correlated with 
GFRcrea . A similar pattern was found in both men and women.
n compartments typical of large muscle mass, there was an as- 
ociation between tissue volume and lower eGFRcrea for women,
ut no associations with eGFRcrea for men or eGFRcys for either 
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Table 1: POEM study population characteristics. 

Variable Cross-sectional ( n = 499) MRI data subgroup ( n = 326) 

Sex ( F/M) n , % 246 F/253 M 167 F/159 M 

BMI kg/m2 26.4 ± 4.3 26.4 ± 4.1 
WC cm 92.7 ± 10.8 92.0 ± 10.8 
eGFRcys ( ml/min/1.73 m2 ) 114.3 ± 15.4 114.7 ± 14.1 
eGFRcrea ( ml/min/1.73 m2 ) 96.0 ± 11.9 95.8 ± 11.8 

Continuous variables expressed as mean values n ± SD. 

Figure 2: Results of traditional cross-sectional observations from the POEM 

study . Associations between anthropometric measurements and estimated 

glomerular filtration rate ( eGFR) . Outcomes were cystatin- and creatinine-based 
estimated glomerular filtration rates ( eGFRcys and eGFRcrea ) adjusted for educa- 
tion level, exercise habits, current smoking status, and sex. 
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ex. Visual presentations of the voxel-wise regression analyses 
re shown in Fig. 3 . 

endelian randomization 

he main results of the Mendelian randomization are shown 
n Fig. 4 and the genetic instruments for BMI ( n = 72) and WC
 n = 40) are presented in Supplementary Data, Tables S1 to S4.
endelian randomization implied a negative causal effect of 
besity-related measures on eGFRcys , with statistically signifi- 
ant estimates for both BMI [beta = −0.031 ( 95% CI: −0.037 to
0.026) ] and WC [beta = −0.038 ( 95% CI: −0.045 to −0.031) ]. The
VW showed a numerically small, but not significant, positive 
orrelation between both BMI and WC on eGFRcrea [beta = 0.002
 95% CI: −0.001, 0.005) and 0.003 ( −0.001, 0.008) ]. The sensi- 
ivity analyses predominantly supported these findings with 
he weighted median showing corresponding significances and 
ffect sizes. MR-Egger intercept did not significantly deviate 
rom zero implying absence of bias due to pleiotropy. MR-Egger
howed similar slope estimates except a smaller negative esti- 
ate size for the effect of BMI on eGFRcys [beta = −0.003 ( 95%
I: −0.040, 0.034) ]. The sensitivity analyses are shown in detail
n Table 2 . A scatter plot of genetic associations using MR-Egger
 Figure S1) and an MR-Egger funnel plot ( Figure S2) are provided 
n the supplementary data. 

ISCUSSION 

he aim of this study was to evaluate whether obesity causally
ffects kidney function defined as estimated glomerular filtra- 
ion rate ( eGFR) . It was, however, clear from both the observa-
ional and Mendelian randomization analyses that the results 
ere different depending on whether creatinine or cystatin C 

ere used to estimate GFR. 
First, a negative correlation was found between cystatin C- 

ased eGFR and the obesity-related measures of BMI and WC in
ross-sectional data from the POEM study. By contrast, a positive
ssociation was found for creatinine-based eGFR. 
Second, as the unique feature of the POEM data analyses, cor-
elation Imiomics maps were created to visualize and aid in the
nterpretation of the findings. This MRI data analysis accentu-
tes the differences between GFR estimations using creatinine
nd cystatin C, with positive associations between volumes of
oth subcutaneous and visceral fat and eGFR based on crea-
inine and negative associations between these volumes and
GFR based on cystatin C. The correlation map over eGFRcrea vs.
issue volume was of extra interest showing complete opposite
orrelations for large muscle groups and subcutaneous fat, illus-
rating that for a specific individual, the ratio between body fat
nd muscle mass could induce errors in GFR estimations. 

Third, Mendelian randomization analyses implied negative 
ausal effects on eGFRcys by genetically predicted BMI or WC.
egarding BMI, the MR-Egger sensitivity analysis supports the
irection of correlation, but the difference in effect size should
e a caveat since pleiotropy cannot be ruled out. Mendelian ran-
omization calculations based on creatinine resulted in a non-
ignificant trend toward a positive correlation for both BMI and
C that was replicated in sensitivity analysis with both MR-

gger and weighted median. The Mendelian randomization re-
ults are both in line with the findings from the POEM study
nalyses and with previous work using overlapping GWAS data
9 ], implying that the method is robust. 

The general tendencies of an inconsistency between GFR es-
imation methods in the obese are in line with previous ev-
dence of creatinine-based formulas overestimating and cys- 
atin C-based formulas underestimating GFR [15 ]. Previous stud-
es have found several non-GFR determinants that could in-
erfere with measurement and explain these inconsistencies.
or example, inflammation, obesity, smoking, and thyroid dis-
rders have been shown to affect cystatin C-levels while pro-
ein intake, physical activity, and muscle mass are known fac-
ors affecting creatinine [26 ]. All of this should additionally be
iewed from the perspective of adaptive kidney physiology in
bese individuals with the development of hyperfiltration and
ater on hyperfiltration-induced kidney injury. Studies measur- 
ng GFR rather than using estimations have repeatedly shown
igher than expected filtration rates ( hyperfiltration) in obese 
ndividuals, which were normalized following bariatric surgery 
27 ]. These individuals are believed to have emerging pathologi-
al processes but with a compensatory hyperfiltration leading to
nderestimation of early kidney pathology [28 ]. Hyperfiltration
n obesity is customarily in a way compensated for by the index-
tion for body surface area which helps staging kidney failure,
ut deviates from reflecting actual filtration and thereby obscur-
ng the interpretation. 

One limitation of this study was not having access to mea-
ured GFR, but exclusively using estimations which increases
he risk of systematic misclassification. The consequence of not
aving access to measured GFR is also a lack of a reference
ethod and it is therefore no possible to state which of the

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfaf116#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfaf116#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfaf116#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfaf116#supplementary-data
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Figure 3: Voxel-wise visualization of local tissue volume correlations with both cystatin C-based and creatinine-based estimated glomerular filtration rates ( eGFRcys 

and eGFRcrea ) . Results are shown stratified by sex and eGFR. A gradient of warmer colors represent an increasing positive correlation with red meaning the highest 
degree of association. Negative correlations are shown as a gradient of cooler colors with blue being the highest level of correlation. 

Figure 4: Results of Mendelian randomization analysis using GWAS data. Ex- 
posure variables were summarized data on BMI and WC. Outcomes were 
cystatin- and creatinine-based estimated glomerular filtration rates ( eGFRcys and 

eGFRcrea ) . 
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ethods to estimate kidney function that is closest to a mea- 
ured GFR. Another important aspect is that only cross-sectional 
ata were used. Even if Mendelian randomization partly coun- 
ers issues on causal direction, this study is not able to pro- 
ose statements on long-term implications for kidney and over- 
ll health in the study populations. Since only genetic summary 
tatistics and no individual level data was used the strength of 
ssociations between the exposure phenotypes and the genetic 
nstruments could not be estimated. The automated Imiomics 
echnique, as of now, only gives the researcher data on the 
oxel level. The technique does not define muscle mass, dif- 
erent types of fat, or other tissues, and therefore these cannot 
e quantified. Limitations regarding the generalizability include 
tudy sample age and ethnicity. The GWAS used has a deficit of 
ounger participants and the POEM study was performed on in- 
ividuals being exclusively 50 years old, and being of European 
escent. The POEM study population was also generally healthy 
ith normal or even high eGFR values, limiting the possibilities 
o draw conclusions on the effect of obesity on CKD.

It would be of major interest to develop better methods to 
valuate kidney strain and damage in obese populations rather 
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Table 2: Mendelian randomization sensitivity analysis. 

Outcome Exposure Test Estimate ( 95% CI) P value 

eGFRcys BMI MR-Egger intercept −0 .00068 ( −0.0016, 0.00018) .12 
MR-Egger slope −0 .003 ( −0.040, 0.034) .89 
Weighted median −0 .029 ( −0.038, −0.021) < .001 

WC MR-Egger intercept −0 .00059 ( −0.0025, 0.0014) .56 
MR-Egger slope −0 .013 ( −0.097, 0.070) .76 
Weighted median −0 .035 ( −0.048, −0.022) < .001 

eGFRcrea BMI MR-Egger intercept −0 .000047 ( −0.00076, 0.00067) .90 
MR-Egger slope 0 .004 ( −0.027, 0.034) .81 
Weighted median 0 .002 ( −0–003, 0.008) .43 

WC MR-Egger intercept −0 .0011 ( −0.0025, 0.00024) .11 
MR-Egger slope 0 .050 ( −0–008, 0.107) .09 
Weighted median 0 .003 ( −0.004, 0.010) .40 
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7  
han exclusively focusing on glomerular filtration rates. Sugges- 
ions for future research efforts would be to use existing GFR
stimation formulas combining both cystatin C and creatinine 
o balance systematic errors from metabolic effects. The use of
ongitudinal data could additionally strengthen statements of 
ausality. In addition, modernization of body surface area calcu- 
ation might be warranted since the Du Bois equation is based on
 few individuals who have a body composition that is nowhere
ear that of modern populations [29 ]. 
In conclusion, this study suggests a causal relation between 

besity and eGFR based on cystatin C, but not when GFR is esti-
ated using creatinine. This discrepancy is further highlighted 
y analyses of imaging data of fat tissue. These findings war-
ant further research on the impact of using the endogenous
iomarkers creatinine and cystatin C to estimate renal function 
hen assessing the link between obesity and CKD. 

UPPLEMENTARY DATA 

upplementary data are available at Clinical Kidney Journal online .
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