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Abstract

Purpose—To evaluate renal lipid content in subjects with and without type Il diabetes mellitus
(DM2) using Dixon-based magnetic resonance imaging (MRI).

Materials and Methods—This retrospective study was approved by institutional review board
and compliant with Health Insurance Portability and Accountability Act. Sixty-nine adults with or
without DM2 (n=29, n=40) underwent 3T MRI of the abdomen using 3D multiecho Dixon
gradient-echo acquisition and proton-density fat fraction (FF) reconstruction. FF values were
recorded within segmented regions of interest in the kidneys and liver. The FF measurement error
was estimated from the within-subject difference between the right and left kidneys using Bland-
Altman Analysis. Correlation between renal FF, hepatic FF, and body mass index (BMI) was
evaluated. The association between renal FF and DM2 was evaluated by Wilcoxon rank sum test
as well as by multivariate regression to correct for potential confounding effects of age, sex, BMI,
creatinine, and hepatic FF. P-values <0.05 were considered statistically significant.

Results—Per-subject 95% limit of agreement of the renal FF measurement was [-3.26%,
+3.22%]. BMI was significantly correlated to renal FF (r=0.266, p=0.027) and to liver FF
(r=0.344, p=0.006). Correlation between renal and hepatic FF did not reach statistical significance
(r=0.215, p=0.090). Median renal FF (zinterquartile range) was 2.18% (£2.52%) in the DM2
cohort, significantly higher than 0.80% (£2.63%) in the non-DM2 cohort (p<0.001). After
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correcting for potential confounders, the relationship between DM2 and renal FF remained
statistically significant (p=0.005).

Conclusion—Renal lipid content can be measured noninvasively using Dixon-based MRI and
may be increased in subjects with DM2 compared to those without DM2.
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technique

INTRODUCTION

Obesity, type 11 diabetes mellitus (DM2), and metabolic syndrome are major independent
risk factors of chronic kidney disease (CKD) and end-stage renal disease (ESRD) (1-3).
While the pathogenic mechanisms linking these metabolic disorders with kidney disease are
not fully understood, a growing body of evidence suggests that renal lipid accumulation
(renal steatosis) and the deleterious effects of excess lipids (lipotoxicity) contribute to the
pathogenesis and progression of CKD (4,5). However, existing lines of evidence have been
derived primarily from animal models, and their applicability to humans remains uncertain.
Further research in humans is critically important, but to date has been hampered by the lack
of a reliable, noninvasive method of renal lipid measurement in a clinical setting.

Direct histochemical staining (e.g. oil-red-O) or biochemical measurement of triglycerides
in the renal tissue remains the gold-standard methods for evaluating renal steatosis (6-8).
However, utilization of renal biopsy for clinical care and research has been limited due to
procedure risk and ethical considerations. Recently, quantitative magnetic resonance
imaging (MRI) and spectroscopy (MRS) techniques have been introduced for noninvasive
measurement of tissue proton-density fat fraction (FF) (9). Initially developed as a
noninvasive biomarker for hepatic steatosis, these techniques have subsequently been
applied to measure lipid content in the pancreas, bone marrow, and skeletal muscle (10-15).
In the kidney, animal studies have shown renal lipid accumulation in rodent models of DM2
using histochemical and/or biochemical analysis (16-18) as well as ultrahigh-field MRI (19).
Studies of healthy volunteers using 1.5T MRI and MRS demonstrated that normal human
kidneys have very low lipid content, approximately 0.4-0.7% in FF (20,21). However, lipid
accumulation in human kidneys has not yet been demonstrated using clinical-field (<3T)
MRI or MRS.

Therefore, the purpose of this study was to evaluate the clinical feasibility of noninvasive
renal lipid measurement using Dixon-based MRI and to determine whether renal lipid
accumulation is associated with obesity and DM2.

MATERIALS AND METHODS

Study Design and Patient Population

This pilot study was a retrospective analysis of prospectively acquired data obtained from
three clinical research studies conducted at a single institution. Each study was approved by
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the local institutional review board and compliant with the Health Insurance Portability and
Accountability Act. A written informed consent was obtained from each subject prior to
study participation. An additional IRB approval with waiver of informed consent was
obtained for present retrospective analysis. Study 1 consisted of 40 subjects with suspected
or known renal cancer with planned surgical nephrectomy. Study 2 consisted of 10 subjects
with known locally advanced or metastatic pancreatic cancer. Study 3 consisted of 19
subjects with known insulin-dependent DM2. In each study, subjects underwent baseline
MRI of the abdomen including the kidneys prior to the study-specific intervention, if any.
The detailed inclusion/exclusion criteria are summarized in Table 1. By electronic chart
review, age, sex, body mass index (BMI) and history of DM2 were recorded, as well as
contemporaneous serum creatinine and hemoglobin Alc (HbAlc, if available) within 3
months prior to the baseline MRI.

MRI Examination

All MRI exams were performed using 3T whole-body systems (Achieva or Ingenia, Philips
Healthcare, Best, the Netherlands) using a 16- or 28-channel phased-array torso receive coil,
respectively. Each exam included localizing coronal and axial T2-weighted single-shot fast
spin-echo sequences as well as axial 3-D multiecho Dixon gradient-recalled echo sequence
(mDixon-Quant) acquired within a 22-s or less breath-hold (22), with automatic
reconstruction of proton-density fat fraction (FF) maps (23,24). The acquisition volume was
centered in the renal masses (study 1) or the pancreas (study 2 and 3) with at least upper
pole of the kidneys included. The axial section thickness was 6-, 5-, and 4-mm for study 1,
2, and 3, respectively. Six TEs (first TE 0.9-1.2 ms, ATE 0.9-1.1 ms) were acquired using
TR 6.7-8.0 ms, flip angle 2-3°, default parallel imaging SENSE factor 2 (if phased-array coil
and parallel imaging used), and Number of Signal Average 1. The matrix size 228-280 x
180-210, field-of-view (FOV), and number of slices, were adjusted to accommodate
subjects’ body habitus and breath-hold capacity. In morbidly obese subjects not permitting
the placement of a phased-array coil, a built-in body coil was used without SENSE, reducing
the number of slices by a factor of 2. In addition, when obvious SENSE fold-over artifact
was encountered in the center of FOV, SENSE was turned off to remove this artifact. One
subject in Study 1 was scanned with TR 16 ms but otherwise standard imaging parameters;
this subject was included in the study, as longer TR (i.e. less T1-weighting) is not expected
to bias the FF measurement.

Image Analysis

All image analysis was performed on anonymized data using a picture archiving and
communication system (OsiriX, Pixmeo, Bernax, Switzerland) by investigators blinded to
the demographic and clinical data, except for visually obvious obesity status or presence of a
renal or pancreatic mass. Under the supervision of a fellowship-trained abdominal
radiologist (TY, 9-year experience), a radiology resident (HRC, 2-year experience) selected
a representative section through each kidney and manually segmented the renal parenchyma
using a free-hand region-of-interest (ROI) tool. No attempt was made to separately segment
cortex and medulla, as the boundaries were not clearly seen in all subjects. Attention was
paid to avoid possible areas of artifacts such as the boundaries along the perinephric or renal
sinus fat, as well as benign renal lesions such as cysts (as seen on the accompanying T2-
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weighted images). In patients with renal cancer, analysis was done only in the non-tumor-
bearing kidney. In the portion of the right hepatic lobe included in the imaged volume, a
largest ROI was manually segmented, avoiding visible intrahepatic vessels, bile ducts, and
areas of imaging artifacts. In the included portion of the spleen, a manually segmented ROI
was placed in a similar fashion. Typical ROI placements are illustrated in Figure 1. For each
ROI, the mean FF and the area (cm?) were recorded.

Statistical Analysis

RESULTS

Statistical analyses were performed by one author (T, >10 years experience) using
MATLAB statistical toolbox (Mathworks, Natick, MA). To assess the consistency of renal
lipid measurement, the right and left renal FF values were compared in whom both renal
measurements were made, using linear regression analysis, a paired #test, and Bland-Altman
Analysis. The 95% limit of agreement was calculated to estimate the FF measurement error.
The demographic, clinical, laboratory, and FF data were tabulated and summarized
according to the DM2 status. Differences between the non-DM2 and DM2 cohorts were
analyzed using univariate analyses: XZ test for categorical data (sex) and Wilcoxon rank sum
test for quantitative data (age, BMI, creatinine, hepatic, renal, and splenic FF). Pearson’s
linear correlation analysis was used to assess the relationship between renal FF, hepatic FF,
and BMLI. Similarly, the correlation of renal FF with creatinine and HbAlc was assessed. For
HbA1c, the correlation was calculated only in the DM2 subjects using their available HbAlc
data. To examine the unconfounded effect of DM2, renal FF (the response variable) was
modeled using a multiple linear regression model with age, sex, BMI, DM2, creatinine, and
hepatic FF as predictor variables. P-values < 0.05 were considered statistically significant.

Of the 69 subjects pooled from three studies, 29 subjects had history of DM2 (8, 2, 19
subjects from Study 1, 2, 3, respectively), and 40 did not (32, 8, 0, subjects from Study 1, 2,
3 respectively). No subject had type | diabetes. Fifty-four (n=54; 25 with DM2) subjects
were imaged on the Achieva and fifteen (n=15; 4 with DM2) on the Ingenia platform. Seven
(n=7) of the DMZ2 subjects were too large to be imaged on the Achieva platform (60 cm bore
diameter) using phased-array coil and therefore were imaged with the built-in body coil. A
phased-array coil was used for all subjects imaged on the Ingenia platform (70 cm bore
diameter). SENSE parallel imaging was used in 17 DM2 subjects and 17 non-DM2 subjects.
In all subjects, at least upper portions of both kidneys were included in the mDixon-Quant
acquisition. The acquired volume did not include liver in 5 subjects and spleen in 12
subjects. The mean ROl size + SD in the right and left kidneys were 8.86 + 2.69 cm? and
9.50 + 3.14 cm?, respectively, liver 31.42 + 16.60 cm?, and spleen 15.80 + 9.24 cm?.

The demographic, clinical, laboratory, and FF data of the study population are summarized
in Table 2. The BMI, hepatic FF, renal FF, and splenic FF values of the non-DM2 and DM2
cohorts are graphically presented in Figure 2. Statistically significant differences between
the two cohorts were found in BMI, hepatic and renal FF values, all three being higher in the
DM2 cohorts. No significant difference was found in the splenic FF between the diabetics
and non-diabetics.
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In 29 subjects with FF measurements in both kidneys (i.e. in studies 2 & 3), no significant
differences were found between the two Kidneys in terms of linear regression slope and
intercept estimates (Figure 3A) or by paired #test (p = 0.947). The mean right-left FF
difference was 0.021% with standard deviation 1.655%. The 95% limit of agreement was
[-3.264, +3.223]%, representing an estimate of the measurement precision of this method.
Figures 3B and 3C show modest but significant correlation between renal FF and BMI as
well as hepatic FF and BMI. However, the correlation between renal and hepatic FF values
did not reach statistical significance (Figure 2D). No significant correlation was found
between renal FF and serum creatinine (Figure 4A) or HbAlc in the DM2-cohort (Figure
4B). Multiple linear regression analysis (Table 3) shows that DM2 is independently
associated with elevated renal FF even after correction for the effects of age, sex, BMI,
creatinine, and hepatic FF.

DISCUSSION

The normal triglyceride content in the human kidney is estimated to be 0.6% by wet weight
(5,26). Abnormal renal accumulation of triglycerides, or renal steatosis, has been found in a
number of animal models of obesity, diabetes, and metabolic syndrome, and is thought to be
a marker of lipotoxic kidney dysfunction (5,27). There is a need to translate these findings to
the human kidney. However, the need for histochemical examination and/or biochemical
lipid assays of renal tissue has thus far limited the study designs to include only a small
number of patients undergoing surgery or biopsy for clinical care (6,7). Given the invasive
nature of tissue-based methods, noninvasive methods are needed for further research.

MRI and MRS, due to their chemical specificity for triglycerides, hold great promise as a
potential research tool for human renal steatosis. Our pilot study supports the feasibility of
noninvasive measurement of renal lipid content using Dixon-based MRI at clinical field-
strengths. Furthermore, increased renal lipid content measured by MRI was associated with
DM2, independent of BMI. This association with DM2 is consistent with histological and
biochemical findings in previous human (7,28) and animal studies (16-18). Our findings are
also in agreement with a recent ultrahigh-field (7T) animal study demonstrating higher renal
FF in diabetic db/db mice compared to control mice (19).

Other notable findings of this study and their implications are as follows. First, renal FF had
moderate-correlation with obesity as measured by BMI, as previously suggested based on
biochemical triglyceride content in nephrectomy specimens (6). However, as BMI was not a
significant factor in our multivariate analysis, this correlation could be spurious due to the
correlation between BMI and DM2. This observation is also in agreement with a recent
clinical field (1.5T) MRI study that did not find correlation between renal FF and BMI in
healthy non-diabetic volunteers (21). Second, human kidneys appear to be very low in lipid
content. In our study, the median renal FF in non-DM2 cohort was 0.82%, in close
agreement with the literature value of 0.6% and consistent with prior human volunteer
studies using MR imaging (21) and spectroscopy (20,29). Even in the DM2 cohorts, the
median renal FF value was only 2.38%. These findings are also consistent with the low level
of triglycerides and approximately 3-fold range observed in a previous analysis of the
obesity-related renal steatosis in the biochemical analysis of surgical specimen (6). This low
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and small range of renal FF is in contradistinction to hepatic FF whose upper limit of normal
is approximately 6% (30,31) and in pathologic cases can reach above 40%. Despite this
relatively narrow range, even small elevations in renal lipid content may be
pathophysiologically significant, as the kidney is not normally a lipid storage organ, unlike
the liver (5). Third, we did not find statistically significant correlation between the renal FF
to creatinine or HbAlc (latter in the DM2 cohort only). However, these results are likely
biased due to the retrospective design. Specifically, the creatinine data is confounded by (a)
exclusion of subjects with abnormal serum creatinine in Study 1 and (b) underlining cancer
potentially impacting the creatinine in subjects in Studies 1 and 2. The HbAlc data is
confounded as the majority of the DM2 subjects were pre-selected to have uncontrolled
DM2 with HbAlc range of 7.5 — 11% in Study 3. Lastly, we did not find statistically
significant correlation between the hepatic and renal FF, despite both being higher in the
DM2 cohorts. While this is consistent with another MRI study comparing hepatic and renal
FF (21), several other non-imaging studies have shown a link between nonalcoholic fatty
liver disease (NAFLD) and CKD (32,33). The pathogenesis of steatosis in liver and kidney
are fundamentally different so it is conceivable that there may be discordance in specific
metabolic conditions. Due to relatively small sample size, this pilot study is likely under-
powered to conclude lack of correlation between renal and hepatic steatosis. With increasing
use of MRI or MRS in metabolic kidney diseases, the relationship between hepatic steatosis,
renal steatosis, and renal dysfunction may be elucidated in the future.

A major strength of this study is the use of proton-density FF, an existing MR biomarker of
steatosis, extensively validated in the liver in the setting of NAFLD (34-36). The Dixon-
based pulse sequence used, mDixon-Quant, is commercially available and is approved by the
Food and Drug Administration for the liver triglyceride quantification by MRI. Similar
techniques have been applied to other organs, such as pancreas, bone marrow, and skeletal
muscle as steatosis biomarkers in the respective organs (10-15). For lipid measurement in
the kidneys, MRI has some advantages over MRS, including the breath-hold acquisition and
precise intra-renal placement of ROI, thereby obviating precise respiratory motion
compensation needed for spectroscopy and avoiding the contamination by the perinephric
and renal sinus bulk fat. Imaging also has a unique potential (though not performed in this
study) of differentiating the renal cortex from the medulla, and FF can be measured
separately in these anatomically and functionally distinct compartments. As lipid may
accumulate preferentially in the glomeruli and proximal tubules (5,6), cortex-specific FF
measurement, made possible by imaging, may be worth future investigation.

This pilot study has several limitations. Selection bias is inherent to the study’s retrospective
design; the non-DM2 cohort was comprised of cancer patients without DM2 rather than
normal healthy volunteers. While no specific association between cancer and renal steatosis
is currently known, the impact of cancer on renal lipid metabolism in humans is not known,
and a potential confounding effect cannot be excluded. The ROI placement in the kidneys
was not standardized across the pooled study population, as the anatomical coverage was
different in the three studies; study 1 was centered at the renal masses, whereas study 2 and
3 were centered at the pancreas, often resulting in partial renal coverage. Liver and spleen
data were available for most, but not all subjects, as the liver and spleen coverage was also
variable. We employed a segmentation approach to ROI selection to overcome the effect of
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local heterogeneity of steatosis, if present. Since DM2 is a systemic metabolic disease, it is
likely to affect both kidneys equally. The agreement between the right and left renal FF
measurements suggest, albeit indirectly, independence of the ROI location within the
kidneys. The slice thickness (6-, 5-, and 4-mm) and scanner model (Philips Achieva and
Ingenia) were similarly not standardized. Differences in slice thickness, SENSE factor, and
receiver coil selection, may affect signal-to-noise ratio (SNR) of the source images and
could influence the pixel-by-pixel FF estimates. The mDixon-Quant reconstruction
algorithm employs noise-bias correction (37) to increase estimation robustness under
varying SNR. Also, averaging over large number of pixels in segmented ROIs should have
mitigated the effect of FF estimation noise. The lack of significant difference in the splenic
FF supports the notion that slice thickness likely did not contribute to the effect seen for
renal FF. Though not directly confirmed in this study, the difference in scanner models also
is not expected to impact proton-density FF estimates based on previous multi-vendor,
multi-platform reproducibility studies of hepatic steatosis (38,39). Lastly, the observed effect
size (i.e. the difference FF between the DM2 and non-DM2 cohorts) was 1.56%, small in
comparison to the inherent measurement SD of 1.66%. While this effect size was
statistically detectable at the group level, such small differences would be difficult to detect
on a per-subject basis. Certain technical parameters may impact the measurement precision,
including field strengths, receiver coils, 3D vs.2D acquisition, slice thickness, parallel
imaging, and the details of PDFF estimating algorithms (e.g. complex or magnitude), but
these effects were not systematically investigated in this study. While previously reported
high reproducibility across different PDFF protocols designed for liver imaging (38,39) is
promising for general applicability in the kidneys, different optimization strategies may be
needed for kidney imaging. For these reasons, our study findings need to be validated in a
carefully controlled prospective study with an optimized protocol, which is ongoing at our
institution.

In conclusion, this pilot retrospective study found increased renal lipid in subjects with type
Il diabetes compared to those without diabetes using Dixon-based MRI at 3T. The potential
utility of renal lipid measurement by MRI as a non-invasive biomarker of chronic kidney
disease requires further prospective validation.
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Figure 1.
An illustrative case

53-year old female with a history of type 1l diabetes mellitus. Two axial sections of the
proton-density fat fraction (FF) maps are shown, mid abdomen at the level of the kidneys
(left) and upper abdomen at the level of the liver and spleen (right). Typical region of interest
(ROI) placement in the kidneys, liver, and spleen are illustrated. Both kidneys demonstrate
higher than expected FF values in the inter-polar region (left). Hepatic FF is elevated (right)
compatible with steatosis, whereas spleen and aorta are similar and lower in FF values.
Subcutaneous fat shows expected FF value of ~90%. The pixel intensity range of 0-100% is
displayed using a logarithmic scale to accentuate contrast in the low FF range.
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Effects of diabetes on the BMI, hepatic FF, renal FF, and splenic FF
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NS

Non-DM2

Legends: BMI = body mass index, FF = proton-density fat fraction, DM2 = type Il diabetes
mellitus. Asterisk (*) indicates statistically significant difference between the DM2 and non-

DM2 cohorts, p<0.05 (see table 2), NS = not significant.
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Figure 3.
Linear regression analysis [A] between right and left renal FF, [B] hepatic FF and BMI, [C]

renal FF and BMI, and [D] renal and hepatic FF. Legends: Slp = slope, Int = intercept, and
[, ]=95% confidence interval. FF = proton-density fat fraction, BMI — body mass index, r —
Pearson’s correlation coefficient. Asterisk (*) indicates statistical significance (p-value <
0.05).
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Figure 4.
Linear regression analysis between renal FF and [A] serum creatinine and [B] serum

hemoglobin Alc (HbAlc). While serum creatinine levels were available for all subjects,
measured HbA1c levels were only available in subjects with DM2. Legends: FF - proton-
density fat fraction, r — Pearson’s correlation coefficient. [ , ] = 95% confidence interval.
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Table 1

Main inclusion and exclusion criteria for the study participants

Page 15

Study Inclusion Criteria

Exclusion Criteria

1 .
2 .
3 .
All .

Renal cancer > 2 cm in size with
planned surgical resection

Locally advanced or metastatic
pancreas cancer on chemotherapy

ECOG functional status 0-2

History of DM2
Insulin >1.5 units/kg/day
HbAlc 7.5-11%

Stable comorbidities, treatment
regimen, oral hypoglycemics

Age >18 years
Able to provide informed consent
Physically able to tolerate MRI

mDixon-Quant sequence performed

Chronic renal insufficiency with eGFR <30
mL/min/1.73m2

Prior radiation therapy for pancreas cancer
New chemotherapy initiated <14 days
Thiazolidinedione use within 12 months

History of HIV infection

Others ™ (ref - NCT01838317)

Type 1 diabetes mellitus
History of other pancreatic disease
End stage renal disease

Current use of steroid or incretin therapy

Others ™ (ref - NCT01505673)

Contraindicaition to MRI
Pregnant or lactating women
Claustrophobia

Weight > 400 Ibs

Legends: ECOG - Eastern Cooperative Oncology Group; DM2 - type 2 diabetes mellitus; eGFR = estimated glomerular filtration rate; NYHA —

New York Heart Association;

*
other exclusion criteria unrelated to glucose or lipid metabolism detailed in http://www.clinicaltrials.gov under referenced identifier.
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Table 2

Characteristics of the study population, grouped by diabetes status

Combined  Non-DM2 DM2 Non-DM2 vs. DM2
Subjects (N) 69 40 29 -
Age(yrs) 580+143 60.5+180  55.0+9.7 p=0.0896
Sex (M/F) 45/24 29/11 16/13 p=0.1358
BMI (kg/m?) 30.6+9.5 29.3+6.8 354+118 p=0.0007
Cr (mg/dL) 0.83+0.39 0.85+0.37 0.80+0.33 p =0.1545
HbALc (%) - - 8.35 +1.30 -
Hepatic FF (%) 8.37+1347 583+901 10.09 +14.61 p=0.0117
Renal FF (%) 1.33+220 0.79+2.63 2.18 +£2.52 p=0.0008
Splenic FF (%) 2.16+1.73 2.07+1.46 2.58 +2.39 p=0.0923

Legends: FF — fat fraction; DM2 — type 2 diabetes mellitus; BMI — body mass index; Cr — serum creatinine; HbAlc — serum hemoglobin Alc.
Median and + interquartile range are reported for age, sex, BMI, creatinine, HbAlc, and FFs. Statistically significant p-values are shown in bold

typeset.
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Table 3
Multivariate Regression Analysis for Reanl FF

Coefficient  Standard Error t-statistic  p-value
Intercept -1.4615 1.9255 -0.7590 0.4510
Age (yrs) 0.0378 0.0256 14763  0.1453
Sex (0,1) -0.1357 0.5669 -0.2394 0.8117
BMI (kg/m?) 0.0162 0.0341 0.4764 0.6356
Cr (%) -1.7350 0.9148 -0.8034 0.4251
DM2 (0,1) 1.7104 0.5800 2.9489 0.0045
Hepatic FF (%) 0.0231 0.0310 0.7438 0.4601

Page 17

Model: Renal FF ~ Intercept + Age + Sex + BMI + DM2 + Hepatic FF. Legends: Sex (0-male, 1-female); BMI — body mass index; Cr — serum
creatinine; DM2 - type Il diabetes mellitus (0-absent, 1-present); FF — proton-density fat fraction. Bold typeset indicates statistically significant p-

value.
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