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AbsTRACT

background

Renal steatosis (fatty kidney) is a potential biomarker for obesity-related renal disease, 

however non-invasive assessment of renal fat content remains a technical challenge.

objectives

To evaluate reproducibility and explore clinical application of renal metabolic imag-

ing for the quantification of renal triglyceride content (TG) using proton magnetic 

resonance spectroscopy (1H-MRS).

Methods

Twenty-three healthy volunteers (mean age 30.1 ± 13.4 years), and 15 patients with 

type 2 diabetes mellitus (T2DM) (mean age 59.3 ± 7.0 years) underwent 1H-MRS using 

the Single-voxel Point Resolved Spectroscopy (PRESS) sequence at a clinical MRI scan-

ner. Intra- and inter-examination reproducibility of renal TG was assessed in healthy 

volunteers, and compared to T2DM patients. Intra-examination differences were 

obtained by repeating the 1H-MRS measurement directly after the first 1H-MRS with-

out repositioning of the subject or changing surface coil and measurement volumes. 

Inter-examination variability was studied by repeating the scan protocol after removal 

and replacement of the subject in the magnet, and subsequent repositioning of body 

coil and measurement volumes. Reproducibility was determined using Pearson’s cor-

relation and Bland-Altman-analyses. Differences in TG% between healthy volunteers 

and T2DM patients were assessed using the Mann-Whitney U test.

Results

After logarithmic (log) transformation both intra-examination (r=0.91, n=19) and inter-

examination (r=0.73, n=9) measurements of renal TG content were highly correlated 

with first renal TG measurements. Intra-examination and inter-examination limits of 

agreement of renal log TG% were respectively [-1.36%, +0.84%] and [-0.77%, +0.62%]. 

Back-transformed limits of agreement were [-0.89%,+0.57%] and [-0.55%, +0.43%] mul-

tiplied by mean TG for intra- and inter-examination measurements. Overall median 

renal TG content was 0.12% [0.08, 0.22; 25th percentile, 75th percentile] in healthy 

volunteers and 0.20% [0.13, 0.22] in T2DM patients (P=0.08).

Conclusion

Renal metabolic imaging using 3T 1H-MRS is a reproducible technique for the assess-

ment of renal triglyceride content.
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InTRoDuCTIon

The strong increase in the prevalence of obesity has coincided with an increase in chronic 

kidney disease (1). Lipid nephrotoxicity due to the accumulation of lipids in tubular or 

glomerular cells of the kidney, also known as renal steatosis or ‘fatty kidney’ (2), has 

been proposed as an important pathophysiological pathway of obesity-related renal 

disease (3). Furthermore, renal steatosis has been linked to renal hyperfiltration (4) and 

type 2 diabetic nephropathy (5). Studies evaluating possible biological mechanisms have 

remained confined to animal models (6–8), as it is unethical to perform kidney biopsies 

without clear evidence of (advanced) renal disease, indicating the need for non-invasive 

biomarkers of fatty kidney.

The ability of proton magnetic resonance spectroscopy (1H-MRS) to non-invasively 

quantify triglycerides based on tissue specific metabolite spectra makes this technique 

a unique imaging modality to study obesity-related renal disease. 1H-MRS has evolved 

over past years as a valid non-invasive technique to study lipid content in tissue such 

as liver (9), muscle (10), and heart (11). Technical advances of spectroscopy have created 

the opportunity to also explore metabolic and physiologic processes in the kidney. Renal 

triglyceride (TG) content measured using ¹H-MRS has previously been described at 1.5T 

(12) and was recently validated against gold-standard enzymatic assay in ex-vivo porcine 

kidneys (similar sized to human kidneys) (13).

As higher field strengths result in a better resolution and spectral peak quantifica-

tion, we aimed to improve the 1H-MRS protocol for renal TG measurements at 3T. We 

examined intra- and inter-examination reproducibility and explored the application of 

renal metabolic imaging in type 2 diabetes patients.

MATeRIAL AnD MeThoDs

Participants

The Institutional Review Board of our institution approved the study protocol and study 

design. Written informed consent was obtained from all participants in the present study.

This study consisted of healthy volunteers who participated in the reproducibility 

analyses, and type 2 diabetes (T2DM) patients. The healthy volunteers were recruited via 

a local database of people who participate regularly in technical MRI development studies 

(≥18 years and without known renal disease). The type 2 diabetes patients were the first 

15 consecutive patients who were recruited via the endocrinology outpatient clinic to 

undergo renal metabolic imaging. Inclusion criteria were: age between 18 to 70 years, 

overweight or obesity (Body mass index, BMI >25 kg/m²), type 2 diabetes with HbA1c 

levels between 7 to 10%, moderately impaired to normal renal function (estimated glo-
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merular filtration rate >60 ml/min/1.73m²), and normal blood pressure (<150/85 mmHg). 

All renal TG content and serum measurements were performed after overnight fasting, 

or at least 4 hours fasting to exclude potential dietary effects.

Data acquisition

MR examinations were performed on a 3T Ingenia whole-body MRI scanner (Philips 

Healthcare, Best, The Netherlands). Spectra were obtained from the parenchyma of 

the left kidney. The standard posterior (12 channels) and anterior (16 channels) torso/

cardiac surface receiver coils were used with the participants placed in supine position. 

After a standard survey, breath-hold Dixon water/fat scans were acquired of the kidney 

in three directions at end-expiration. Planning of the single 1H-MRS voxel (40 x 10 x 10 

mm3) within the renal parenchyma was performed on the Dixon fat-only images to avoid 

contamination with renal sinus or peri-renal fat (Fig. 1a). The static magnetic field was 

homogenized at the voxel location using a first order pencil beam (nine projections) vol-

ume static field (B0) shimming algorithm. This method measures nine beams through the 

voxel of interest and reconstructs the B0 distribution in that voxel. The main advantage 

of this method is that it is performed in the preparation of the spectroscopy measure-

ment and does not require user input. The location of the shim volumes (50 x 20 x 20 

mm3) was centered around the 1H-MRS voxel. Single voxel Point Resolved Spectroscopy 

(PRESS) spectra were acquired with an echo time of 40ms, repetition time of 3s for the 

water-suppressed acquisition (64 signal averages) and 8s for the unsuppressed acquisition 

(8 averages), ensuring full relaxation of the water and lipid signals (14,15). Spectral band-

width was 1700 Hz, and 1024 samples were acquired resulting in a spectral resolution of 

1.66 Hz/sample. The water-suppressed spectra were acquired using a Multiply Optimized 

Insensitive Suppression Train (MOIST) suppression method with a bandwidth of 150 Hz. 

Previous research in cardiac 1H-MRS showed that MOIST performed best at suppression of 

the water signal, and excitation pulse water suppression should be avoided since this in-

troduces bias in the baseline of the spectra (16). Local power optimization was performed 

by monitoring the intensity of the water peak and incrementing the tip angles of the ex-

citation pulse and the two refocusing pulses in the PRESS sequence in steps of 5% (range, 

90%–150% of the global power optimization result), and selecting the power setting that 

produced the highest signal intensity. The spectroscopy acquisition was triggered using 

a pencil beam respiratory navigator technique (17). The navigator volume was placed at 

the right diaphragm liver-lung interface (Fig. 1b), and the spectroscopy measurement 

was triggered when the diaphragm was in the automatically defined acceptance window 

of 5mm diaphragm displacement in end-expiration. To further minimize the respira-

tory motion effects, residual motion was compensated with motion tracking (Fig. 1c). To 

improve navigator stability and performance, the size of the navigator preparation voxel 

was increased to the same size of the regular navigator voxel. Furthermore, the navigator 
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signal was improved by using the surface coil rather than the build-in body coil for signal 

reception. Use of the surface coil resulted in better approximation of the navigator voxel 

location due to its direct position on top of the body, thereby increasing the respiratory 

navigator signal.

Intra-examination differences were obtained by repeating the 1H-MRS measurement 

directly after the first 1H-MRS without repositioning of the subject or changing the 

position of the surface coil or measurement volumes. Inter-examination variability was 

studied by repeating the scan protocol after removal and replacement of the subject in 

the magnet, and subsequent repositioning of the surface coil and measurement volumes. 

Inter-examination scans were added later in the protocol because of limited research scan 

time and were therefore not assessed in all participants.

a Renal spectroscopy planning using fat only mDIXON with ¹HMRS voxel (yellow) and shim box (green) 

b Planning of breathing navigator c Navigator proflie during data acquisiton d Distribution of actual signal averages over time
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Figure 1. Planning and post-processing analysis of renal 1H-MRS. (a) Planning of single voxel 1H-MRS 
(yellow) and shim box (green) in renal parenchyma on orthogonal transverse, coronal and sagittal 
Dixon fat only sequences, (b) planning of breathing navigator at liver-lung interface (c) Navigator pro-
file during acquisition, with bottom white signal form the liver, and dark signal from the lungs. (d) 
Distribution of amplitudes of renal lipid resonances over time for all water suppressed signal averages. 
Dotted lines indicate mean amplitude (green) and ± 2.5 SDs (red). Signal averages outside this range 
were considered outliers and were excluded (marked in red).
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spectral quantification

Acquired spectral raw data output files were reconstructed using an in-house created 

MATLAB version 8.4 (MathWorks, Natick, Massachusetts, USA) reconstruction script. The 

raw data was phase corrected after which a weighted sum of the channel signals was 

calculated for every average. By calculating the phase variation over time, of the unsup-

pressed spectra, both the unsuppressed and the suppressed spectra were eddy current 

corrected. Variation in lipid signal amplitude between the signal averages is visualized 

in Figure 1d. Averages outside the 95% confidence interval (CI) were considered outliers 

and were excluded if present. In the final reconstruction step the included averages were 

summed. Reconstructed data were fitted in the time domain using Java-based MR User 

Interface software (jMRUI version 5.0; Katholieke Universiteit Leuven, Leuven, Belgium) 

(18,19). Residual water signal was removed using the Hankel-Lanczos filter (singular-value 

decomposition method) (Fig. 2a). The Advanced Method for Accurate, Robust and Ef-

ficient Spectral fitting (AMARES) algorithm was used to fit the spectra (20). The water 

suppressed spectra were analyzed using starting values based on known frequency (ppm) 

and line width (Hz) estimates for renal lipids: triglyceride methyl (CH3) 0.9 ppm, 10.0 Hz; 

triglyceride methylene (CH2)n 1.3 ppm, 13.6 Hz; COO-CH2 2.1 ppm, 10.0 Hz; trimethyl-

amines (TMA) 3.25 ppm, 8.0 Hz (Fig. 2b). As prior knowledge the relative TG resonance 

frequencies and resonance amplitudes were kept unconstrained, while soft constrains 

were applied on the linewidth of the resonances: CH3 0–30 Hz; (CH2)n 0–30 Hz; COO-CH2 

a Spectra without and (B) with water suppresion (zoomed)
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Figure 2. Spectral post-processing of renal 1H-MRS. (a) Single voxel renal ¹H-MRS spectra without and 
with (b) water suppression, resonances from protons of water (peak at 4.7 ppm, H2O), methylene (peak 
at 1.3 ppm, [CH2]n) and methyl (peak at 0.9 ppm, CH3) are highlighted, (c) Spectral fitting of renal 
signal amplitudes using estimates for resonances from protons of renal lipids (prior knowledge). Peak 
number, peak name, frequency, line width: 1. CH3, 0.9 ppm, 10.0 Hz, 2. (CH2)n 1.3 ppm, 13.6 Hz; 3. 
COO-CH2, 2.1 ppm, 10.0 Hz, 4. TMA 3.25 ppm, 8.0 Hz, (d) AMARES result of individual components 
of renal lipid signal amplitudes based on original signal and estimated signal using prior knowledge.
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0–30 Hz; TMA 0–21 Hz. (Fig. 2c). The unsuppressed spectra were analyzed using a starting 

value of 4.7 ppm for the water signal. All resonances in the suppressed and the unsup-

pressed spectra were fitted to a Gaussian line shape. Renal TG content was calculated as a 

percentage of the (unsuppressed) water peak using the following equation:

Renal TG% =
triglyceride methyl (CH3) + triglyceride methylene (CH2)n

×100%
water + triglyceride methyl (CH3) + triglyceride methylene (CH2)n

statistical analysis

Renal TG percentages are presented as median (25th, 75th percentile), and other descrip-

tors such as mean (standard deviation SD, range) are also presented. TG percentages were 

tested for normality using the Shapiro-Wilk test. Logarithmic (log) base 2 transformation 

of original TG data was performed since renal TG content is not normally distributed 

(21). Pearson correlations were calculated for first and second measurement of renal 

log TG% for both intra- and inter-examination measurements. Bland-Altman plots were 

visualized through a scatterplot of the differences, with reference lines at the mean dif-

ference, and mean difference ±2 × SD of the differences (limits of agreement) (22, 23). 

Back transformed limits of agreement were calculated for intra- and inter-examination 

measurements by applying ± 2 Χ × (2a – 1)/( 2a + 1), where a = d ± 2 × SD, Χ is mean TG, 

and d is the mean difference. Group differences in renal TG content between healthy 

volunteers and T2DM patients were assessed using the Mann-Whitney U test. Two-tailed 

significance levels of P<0.05 were considered to indicate a statistically significant differ-

ence. Statistical analyses were performed using STATA version 12.0 (Statacorp, College 

Station, Texas, USA).

First scan
Renal TG 0.87%

Intra-examination scan
Renal TG 0.82%

Inter-examination scan
Renal TG 0.90%

02.55

02.55

Frequency (ppm)
02.55

-(CH�)n -

Figure 3. Example of renal 1H-MRS spectra of a healthy volunteer from the three reproducibility acqui-
sitions with corresponding renal TG values.
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ResuLTs

healthy volunteers

Twenty-three healthy participants (mean age 30.1 ± 13.4 years, mean BMI 22.8 ± 5.2 kg/

m², 43% men) underwent 1H-MRS for reproducibility assessment (intra-examination n=19, 

inter-examination n=9). Overall median renal triglyceride content was 0.12% [0.08, 0.22] 

(range 0.07-1.02%). Both intra-examination (r=0.91) and inter-examination (r=0.73) mea-

surements were highly correlated with first renal TG measurements after log transforma-

tion to correct for normality (Fig. 4 a, b). Bland-Altman analysis for the intra-examination 

measurements showed a mean difference of -0.26 log TG% with a lower limit of -1.36 log 

TG% (95% CI -1.81, -0.90), and a upper limit of agreement of 0.84 log TG% (95% CI 0.38, 

1.30) (Fig. 4c). For inter-examination measurements, the Bland-Altman analysis showed 

a mean difference of -0.07 log TG% with a lower limit of -0.77 log TG% (95% CI -1.23, 

-0.31) and a upper limit of agreement of 0.62 log TG% (95% CI 0.16, 1.08) (Fig. 4 d). Cor-

responding back transformed limits of agreement for intra-examination measurements 

were -0.89 (95% CI -1.82, -0.90) and 0.57 (95% CI 0.38, 1.30) multiplied by mean TG. For 

inter-examination measurements back transformed limits of agreement were -0.55 (95% 

CI -1.31, -0.32) and 0.43 (95% CI 0.13 to 1.11) multiplied by mean TG.

Type 2 diabetes mellitus patients

Fifteen T2DM patients (mean age 59.3 ± 7.0 years, mean BMI 32.9 ± 2.9 kg/m², 47% male) 

underwent 1H-MRS. Included T2DM patients had a mean creatinine of 73.5 ± 16 umol/L, 

and mean HbA1c levels of 6.5 ± 1.0%. Median renal TG content in T2DM patients was 

0.20% [0.13, 0.22] (range 0.09-0.45). Median renal triglyceride content in T2DM patients 

was higher compared to healthy volunteers, but observed differences did not reach statis-

tical significance in this small sample size (P=0.08) (Fig. 5).

0
0.

1
0.

2
0.

3
0.

4
TG

%

Type 2 diabetes patients
       n=15

Healthy volunteers
 n=23

P=0.08 Figure 5. Distribution of renal triglyc-
erides in healthy volunteers and type 
2 diabetes patients. Boxplot of renal 
TG content in 23 healthy volunteers 
with median TG of 0.12% [0.08, 0.22] 
(left) and in 15 type 2 diabetes patients 
with a median TG of 0.20% [0.13, 0.22] 
(right).
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We demonstrated that renal metabolic imaging using 3T proton spectroscopy is a re-

producible technique that could be used for evaluating the biomarker potential of renal 

triglyceride in obesity-related renal disease.

We found an overall median renal triglyceride content of 0.12% [0.08, 0.22] in healthy 

volunteers and 0.20% [0.14, 0.24] in patients with type 2 diabetes. Previously described 

mean renal triglyceride or fat percentages based on non-invasive human imaging studies 

range from 0.43 ± 0.10% to 2.18 ± 2.52% (12, 24), however these results are difficult to 

compare considering technical differences (field strength, acquisition method), and dif-

ferences in study populations (healthy volunteers, obese participants and type 2 diabetes 

patients). It has been estimated that the normal human kidney consists of 79.5% water, 

and overall lipid content in cortex and medulla has been estimated to comprise 0.6% 

and 1.64% of mean wet kidney weight (25). Obtained renal spectra showed a large peak 

visible between 1.2 to 1.4 ppm, which predominantly originates from proton resonances 

of methylene (CH2) groups of TG. Cholesterol contains methylene groups as well, but 

these are not visible with current resolution of clinical 1H-MRS since cholesterol is more 

restricted in its movement (i.e. less magnetic susceptibility or anisotropy due to a greater 

association with its membranes) resulting in spectral broadening and resonance loss in 

the background. Based on pathology studies, the estimated overall lipid content in the 

normal human kidney is composed of approximately one-fifth triglycerides, one-tenth of 

free fatty acids (non-esterified fatty acids), and the intracellular cholesterol concentration 

is estimated at one-twentieth or less (25, 26).

Higher levels of renal TG content were observed in type 2 diabetes patients compared 

to healthy volunteers, but did not reach statistical significance likely due to small sample 

size. These results need to be validated in a larger cohort with age- and sex-matched 

controls to draw inferences on whether renal steatosis is truly associated with type 2 

diabetes. The underlying mechanisms of fatty kidney have only been investigated in 

animal models and clinical translation has been hampered by lack of noninvasive tests. 

A recent pathology study based on nephrectomy specimens found that renal TG content 

was positively associated with BMI and mainly involved proximal tubule cells, suggesting 

that renal steatosis is a possible marker of renal fatty acid oversupply (27). These findings 

have been supported by preclinical studies that showed an increased tubular uptake of 

free fatty acids (FFAs) in the presence of high FFA plasma concentrations and glomeru-

lar albuminuria, which can lead to renal TG storage (6, 28). Low TG storage will most 

likely not interfere with organ function (e.g. heart, muscle), however excessive renal 

TG accumulation may lead to tubulointerstitial injury (29, 30) and has been associated 

with overt albuminuria in obese patients (4). Another potential pathway of renal lipid 

accumulation and inflammation is increased glucose absorption in hyperglycemia via the 
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sodium/glucose cotransporter 2 (SGLT2) transporter in proximal tubule cells (31, 32). Im-

proved understanding of renal lipid metabolism in vivo could lead to the identification of 

potential therapeutic targets for the prevention of obesity-related renal disease, and renal 

diabetic nephropathy (e.g. fibrates or SGLT-inhibitors) (31). Although the present study 

shows that 1H-MRS is a reproducible technique for the assessment of renal TG content, 

several technical limitations exist. The intrinsically low renal TG concentration and voxel 

size remain important limiting factors of the signal-to-noise ratio even though the field 

strength in the present study was improved to 3T compared to previous studies at 1.5T. 

Unintentional locational variation of acquired spectra may be introduced by technical 

differences in voxel planning and subject repositioning during the examination, which 

could introduce spectral contamination of non-renal parenchyma tissue such as renal si-

nus fat and peri-renal fat. Other general technical factors that may affect spectral quality 

are suboptimal static field shimming, incomplete water suppression, phasing errors, and 

chemical shift displacement. Since renal 1H-MRS involves metabolites with extremely 

low concentrations, adequate water suppression and shimming are especially of great 

importance for sufficient spectral quality. These above-mentioned factors contribute to 

the inter-subject, intra-examination and inter-examination variability of measured renal 

TG% by 1H-MRS. Our inter-subject difference (inter-quartile range, IQR) in renal TG% was 

0.14% in healthy volunteers, which indicates that the scatter among healthy subjects 

in their renal fat and renal TG percentages limits the statistical sensitivity to detect 

significant differences when a single patient or a small group of patients is compared 

to healthy controls. Inter-subject differences (SDs or IQRs) may reflect technical factors 

(spectral noise, partial volume effects), and biological variability (low intrinsic renal TG 

percentages, renal size and cortical thickness).

Intra-examination differences, representing the unchanged position of the 1H-MRS vol-

ume and the receive coils, mainly reflect physiologic motion rather than signal-to-noise 

related variance. One outlier was present in the intra-examination Bland-Altman plot, 

and was likely due to subject motion in the left-right position that cannot be controlled 

for by the respiratory navigator. Practical aspects of 1H-MRS measurements, such as 

the positioning of the surface coil and planning of sensitive volumes are reflected in 

inter-examination differences. Although calibrations, data acquisition parameters and 

data post-processing were identical for both measurements, some differences between 

inter-examination renal TG percentages were present, reflecting measurement variation.

There are several limitations that need to be considered regarding the design of the 

study. The small sample size of the clinical cohort limits the evaluation of associations 

between clinical parameters (e.g. BMI, renal function, albuminuria etc.) and renal TG con-

tent, as these require adequate adjustment for age, sex, and other possible confounders. 

Prospective studies are needed to assess to what extent renal TG is associated with renal 

parameters (glomerular filtration rate, albuminuria, etc.), and to assess potential effects 
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of medical interventions (glucoregulation, fibrates, statins, stringent weight reduction) 

on renal triglyceride accumulation (33). Furthermore, we cannot exclude residual effects 

of fasting on current renal TG measurements (participants were scanned after overnight 

or ≥4 hours fasting), as this has been described to influence renal TG accumulation in 

mice (6). Other limitations are the possible influence of intra- and inter-observer variation 

in the spectral quantification process.

In conclusion, renal metabolic imaging using 3T 1H-MRS is a promising reproducible 

technique for the assessment of renal triglyceride content that could improve our un-

derstanding of obesity-associated renal disease. Further research is needed to assess the 

potential of renal triglyceride content as a biomarker for obesity-related renal disease.
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