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Abstract

Rationale and Objectives: Multi-detector computed tomography (MDCT) is useful for 

measuring in the research setting single-kidney perfusion and function using iodinated contrast 

time-attenuation curves. Obesity promotes deposition of intrarenal fat, which might decrease 

tissue attenuation and thereby interfere with quantification of renal function using MDCT. The 

purpose of this study was to test the hypothesis that background subtraction adequately accounts 

for intrarenal fat deposition in mildly obese human subjects during renal contrast enhanced 

dynamic CT.

Materials and Methods: We prospectively recruited seventeen human subjects stratified as lean 

or mildly obese based on body-mass index (BMI) below or over 30kg/m2, respectively. Renal 

perfusion was quantified from CT-derived indicator-dilution curves after background subtraction. 

DECT images were post-processed to generate iodine and virtual-non-contrast (VNC) datasets, 

and the ratios between kidney/aorta CT numbers and iodine values calculated as surrogates of 

renal function.

Results: Subcutaneous adipose tissue was increased in obese subjects. VNC maps revealed in 

obese patients a decrease in basal cortical and medullary attenuation. Overall, basal attenuation 

inversely correlated with BMI, in line with renal fat deposition. Contrarily, the kidney/aorta CT 

attenuation (after background subtraction) and kidney/aorta iodine ratios were similar between 

lean and obese subjects and correlated directly. These observations show that following 

background subtraction, CT number reliably reflects basal tissue attenuation.
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Conclusion: Therefore, our findings support our hypothesis that background subtraction enables 

reliable assessment of kidney function in mildly obese subjects using MDCT, despite decreased 

basal attenuation due to renal adiposity.
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Introduction

Obesity is a substantial risk factor for the progression and development of chronic kidney 

disease. Intrarenal fat deposition may directly impact renal function (1–3) and is an 

important contributor to renal disease (4, 5). Renal hemodynamic alterations like glomerular 

hyperfiltration frequently occur in the early stages of obesity, heralding kidney disease (5, 

6). In addition, obesity may accompany other forms of kidney disease in patients requiring 

renal evaluation. A non-invasive and accurate method of monitoring single-kidney function 

could, therefore, be useful in obese patients, specifically when asymmetrical and unilateral 

disease is present, as traditional iothalamate and para-aminohippurate clearance only 

quantify glomerular filtration (GFR) and renal blood flow (RBF) in both kidneys (7).

We have previously established multi-detector computed-tomography (MDCT) as a reliable 

and reproducible tool to estimate single-kidney hemodynamics and function (4, 8). MDCT-

derived renal function is computed from time-attenuation curves (TAC) that illustrate the 

transit of iodinated contrast agents through the kidney. Because the CT number of adipose 

tissue is highly negative (9), considerable fat deposition may confound the average CT 

number in a region of interest (ROI) within the kidney by underestimation of renal tissue 

attenuation. The solution to this problem has commonly been subtraction of the background 

values, which entails averaging background attenuation points prior to the arrival of contrast 

within the ROI. However, background subtraction might be imperfect for several reasons. 

These include unsatisfactory background points because of noise or other imaging artifacts, 

user bias or subjectivity in choosing the points to average, and bolus timing issues that result 

in an insufficient number of points to accurately determine the background value. For these 

reasons, it is not completely understood whether baseline subtraction adequately accounts 

for substantial fat deposition.

We have recently demonstrated in obese swine that renal adiposity does not interfere with 

the assessment of single-kidney function using MDCT (10). Studies in humans have shown 

that intrarenal fat deposition directly correlates with BMI(11) but, whether intrarenal fat 

deposits affect MDCT evaluation of renal function in obese human subjects remains 

unknown. Importantly, new advances in MDCT technology now allow addressing this 

question. The dual-energy capabilities of MDCT allow using two x-ray tubes with different 

x-ray energies for image acquisition in the helical mode, yielding two separate datasets that 

permit material decomposition to depict a change in iodine concentration alone (12, 13). In 

turn, these datasets offer a unique opportunity to isolate and quantify iodine concentration 

and serve as a reference for MDCT images, which are contrarily affected by attenuation 

coefficients of tissue constituents.
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The purpose of this study was to establish the feasibility of measuring hemodynamics and 

function using CT in obese human subjects. We hypothesized that intrarenal fat would not 

impact renal perfusion quantification in obese patients. To test our hypothesis, we studied 

obese and lean human subjects using MDCT. We found that despite lower baseline tissue 

attenuation, iodinated contrast injection resulted in comparable increases above baseline 

values in both CT numbers (after background subtraction) and iodine concentrations 

compared to the aorta.

Materials and Methods

Dual-energy MDCT (DECT) data were collected from lean and obese human subjects. In 

each group, single-kidney function was evaluated by analysis of TACs generated during a 

perfusion scan, and renal size from a helical scan. In addition, DECT post-processed data 

were reconstructed from two MDCT detectors to obtain iodine and virtual non-contrast 

(VNC) (14–16) maps in the renal cortex, medulla, and aorta.

Patient studies

All studies were approved by the Internal Review Board in accordance with HIPAA, and all 

patients provided informed written consent. Between June 2013 and July 2018, we 

prospectively recruited 17 patients with unilateral renal vascular disease (RVD) enrolled in 

an ongoing study (17). The inclusion criteria for that study included >60% stenosis (by 

Doppler ultrasound velocity) in one kidney. All patients were treated with anti-hypertensive 

therapy consisting of blockers of the renin-angiotensin system. The exclusion criteria 

included diabetes mellitus, allergy to iodinated contrast, serum creatinine >2.5mg/dl, kidney 

transplant, pregnancy, major cardiovascular events in the past 6 months, and/or malignancy 

(17). The patients were then stratified based on body-mass index (BMI) into lean (<30 

kg/m2) and obese (≥30 kg/m2) groups (n=10 and n=7, respectively). To examine the impact 

of fat accumulation on renal attenuation, the analysis focused on the non-stenotic kidney, 

which was unaffected by ischemia. Nevertheless, the stenotic kidney was studied as well.

All patients were admitted to Saint Marys Hospital, Clinical Research Unit, Rochester, 

Minnesota between March 2016 and July 2018. Using a 6F sheath via the femoral vein, a 5F 

pigtail Cobra catheter (Cook, Inc., Bloomington, IN) was advanced into the right atrium for 

contrast injections for renal hemodynamic and functional assessment. The patients were then 

moved to the scanning gantry of a clinical 64-slice (SOMATOM Definition, Siemens 

Healthcare) or 128-slice (SOMATOM Definition Flash, Siemens, Germany) MDCT. In order 

to determine the start time of the perfusion scan, a delay time was calculated to define the 

time duration from contrast injection to its arrival in the aorta. This delay was determined by 

a test bolus acquisition, which was comprised of 10cc of iopamidol-370 per sec, followed by 

20cc of saline at 4 cc/sec breath hold. Using the DynEva application on the Siemens 

workstation, a TAC was generated from an ROI drawn in the aorta, and a delay then selected 

for subsequent scans approximately 2–3 seconds prior to contrast arrival in the aorta, 

allowing at least 3 baseline points for background definition. As previously described, a 

bolus of iopamidol-370 (0.5ml/kg at 10 mL/sec) was injected for DECT-MDCT perfusion 

studies (17, 18). Imaging parameters were set at 120 kV and 160 mAs, 24 X 1.2 collimation, 
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and 0 table feed. The perfusion scan included 45 acquisitions over approximately 2.5 

minutes. To limit the breath-hold and radiation dose, the initial 35 consecutive acquisitions 

were distributed into three ≤ 20-second breath-holds, followed by 10 additional scans at 8-

second intervals. Four adjacent 7.2-mm slices were collected at each time point and 

reconstructed using a B35f kernel.

The flow scan was followed by a helical volume scan of the entire kidney, performed after 

0.5 cc/kg of iopamidol (with a maximum dose of 40cc) at 4cc/sec, and followed by 25cc 

saline at the same rate. Acquisition parameters for the helical DECT scan were detector 

collimation 64×0.6mm, 0.6 pitch, A and B tubes at 80 kV, 80 quality reference mAs (QRM) 

and 140 kV, 440 QRM, respectively. Images were reconstructed using a D40f reconstruction 

kernel. The peak vascular phase was determined using TAC-generated from ROIs manually 

drawn in both the aorta and renal cortex using software built into the scanner’s workstation 

(DynEva, Siemens Healthcare).

Plasma levels of total cholesterol, triglyceride, high-density lipoprotein (HDL) and low-

density lipoprotein (LDL) were measured at the Immunochemical Core Laboratory (Mayo 

Clinic, Rochester MN).

Image Processing

Low and high-energy DECT data were reconstructed using 140kV and 80kV on the 64slice 

scanner or 140kV (Sn) and 100kV on the 128-slice scanner, as per clinical protocol. The 

DECT imaging protocol was based on the differences between the two different tube 

potentials (i.e., energy) that are acceptable for iodine material decomposition (19). Helical 

studies were generated by averaging both tube potentials utilizing a 50% linear blend. Image 

data were reconstructed with D-kernels dedicated for quantification applications, with a slice 

thickness of 0.6mm, and loaded into a Siemens workstation for DECT post-processing. As 

previously described (10), subtraction of iodine signal to create both VNC images and iodine 

maps was performed using the ‘Liver-VNC’ application in Siemens Syngo.via (Siemens 

Healthcare). Iodine maps depicted the iodine concentration (mg/ml) within each pixel while 

VNC maps measure CT number (HU). VNC map measurements were utilized to compare 

the baseline values of both lean and obese groups (10).

CT Image Analysis

ROIs were drawn on the aorta, cortex, and medulla of helical mixed images, iodine maps, 

and VNC maps (10). ROIs were chosen at the same tomographic region close to the kidney 

hilum where perfusion slices were prescribed. This was followed by averaging the 

subsequent ROI value for both iodine concentration and CT number in 3 to 4 slices where 

cortex and medulla were readily distinguishable. This resulted in a CT number for both 

VNC and mixed images, as well as the pure iodine concentration of the kidney. We used the 

ratios of CT number after background subtraction (kidney tissue/aorta) and iodine 

concentration (kidney tissue/aorta) to the aortic input as a nominal index of perfusion 

(contrast uptake), because iodine maps were not readily generated from perfusion scans. 

Single-kidney perfusion measurement has been similarly quantified in previous studies 

where the ratio of TAC peak height of tissue and the area under the input function, i.e. aorta 
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(20). Hence, CTRatio describes the ratio between the CT number within the kidney (medulla 

or cortex) and the CT number of the aorta, whereas IRatio is equivalent to the ratio of tissue 

iodine concentration (ml/mg) and the iodine concentration (ml/mg) of the aorta (10).

To evaluate kidney volumes, DECT images were reconstructed and then loaded into the 

Analyze™ software (Biomedical Imaging Resource; Mayo Clinic, Rochester, MN). ROIs 

were then manually drawn in the medulla and cortex in each slice, and added together to 

calculate cortical and medullary volumes (7). Renal function was evaluated from TACs 

produced from ROIs drawn in the renal cortex, medulla, and aorta in perfusion scan images 

depicting the change in tissue attenuation over time. The TAC was fitted using a Γ-variate 

model implemented using an in-house Matlab® module (MathWorks, version R2013B) (8, 

21, 22). For background subtraction, tissue attenuation was observed in at least three images 

immediately preceding the arrival of the contrast bolus and was averaged and set to zero 

(Figure 1). Then, renal perfusion and RBF were assessed from the TAC using the rise in CT 

numbers (HU) from baseline, as previously described (7, 18). Single-kidney MDCT-derived 

GFR of the non-stenotic kidney was calculated from the slope of the proximal-tubular curve 

(7).

Visceral and subcutaneous adipose tissue was measured by thresholding for adipose tissue 

(−30 to −190 CT numbers (HU)) at L3 to L4 regions of the cross-sectional MDCT helical 

images. The fat ratio was expressed as the ratio of adipose tissue/ total abdominal volume, as 

previously described (23, 24) (Supplemental Figure 1).

Statistical Analysis

Mean values and standard deviation were used to express results. Two-tailed unpaired t-tests 

(JMP software 10.0, SAS) were used to compare lean and obese patients. Results were 

considered statistically significant when p≤0.05.

Results

Obese patients had significantly higher BMI (30.5–34.0 kg/m2) than lean patients (Table 1), 

as well as higher systolic blood pressure. Of the lean patients, 70% were male and 30% were 

female. Among the obese subjects, 40% were male and 60% female, with no significance in 

age difference between the lean and obese groups. Lipids panels were similar among the 

patients, most of who were taking lipid-lowering medications. Single-kidney volume, 

hemodynamics, and function did not differ between the groups in either the non-stenotic or 

stenotic kidneys, although RBF of the stenotic kidney appeared to be higher in Lean due to 

one outlier kidney with high RBF. (Table 1 and Supplemental Table 1).

CT Image Analysis- Non-Stenotic Kidney

There was no significant difference in IRatio or CTRatio between lean and obese patients 

within either the cortex or medulla of the non-stenotic kidney (Figure 2A). CTRatio and IRatio 

were directly correlated (y = 1.102X-0.074,r=0.99, P<0.0001 Figure 2B).

Subcutaneous fat was more abundant in obese patients compared to lean, whereas visceral 

fat did not differ between the groups (Supplemental Figure 1).
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VNC images indicated lower CT numbers in obese subjects compared to lean subjects in 

both the cortex and medulla (P<0.05) (Figure 3A). VNC in the cortex and medulla of both 

obese and lean subjects inversely correlated (r=0.52, P<0.002) with all patients’ BMI 

(Figure 3B).

CT Image Analysis - Stenotic Kidney

There was no significant difference in IRatio or CTRatio between lean and obese patients 

within either the stenotic kidney cortex or medulla (Supplemental Figure 2A). VNC images 

exhibited no difference in CT numbers in the cortex of obese compared to lean subjects in 

either the cortex or medulla (P<0.05) (Supplemental Figure 2B). CTRatio and IRatio were 

directly correlated (y = 1.038×-0.0438, r=1.0, p<0.0001, Supplemental Figure 2C).

Because the BMI in our Lean group was slightly over 25kg/m2 (the upper limit of normal), 

we reexamined our data after excluding two patients from the lean group, generating a 

subgroup of 8 patients with BMI=24.9±2.58kg/m2. In this subgroup, systemic and renal 

characteristics remained similar to those of the entire group (shown in Table 1), with only 

BMI and systolic pressure being lower compared to obese patients. Similarly, imaging 

results in this subgroup were similar to those observed using the entire lean group, including 

correlation coefficients and statistical significance levels between the groups.

Discussion

In this study, we observed that intrarenal fat deposition does not impede quantification of 

human single-kidney perfusion using dual-energy MDCT. VNC maps in human subjects 

consistently revealed lower baseline cortical and medullary attenuation, and VNC from both 

obese and lean subjects (cortex and medulla) showed an inverse correlation with BMI, 

consistent with increased renal fat deposition in patients with higher BMI. Nevertheless, 

lower baseline kidney attenuation did not affect CTRatio or IRatio in obese subjects compared 

to lean subjects. Furthermore, CTRatio and IRatio correlated directly in patients. These 

findings extend our previous observations in swine (10) and support the adequacy of 

background subtraction to account for differences in baseline renal attenuation, yielding 

reliable assessments of single-kidney function using MDCT in obese subjects.

Obesity is a growing worldwide concern, which often accompanies coexisting disease states 

and is associated with a heightened risk for atherosclerosis, diabetes, hypertension (5), and 

chronic kidney disease. Noninvasive measurements of renal function and hemodynamics 

may be useful to monitor renal disease and its progression in subjects with coexisting 

obesity. It is especially useful to measure single-kidney perfusion in patients who have 

unilateral or asymmetrical disease, as traditional methods only measure RBF and GFR of 

total kidney mass (7).

Assessment of renal function using MDCT requires generation of cortical and medullary 

TAC (7, 8, 18). This method mandates adequate estimation of baseline tissue attenuation, 

and measurement of the rise in CT numbers secondary to increased average tissue opacity 

within a given ROI. We implemented background subtraction by determining the correct 

contrast delay time to acquire a sufficient number of background points (to subsequently 
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average and then zero the baseline), and by coaching the patient on breath-hold to avoid 

motion artifacts. In addition, potential underestimation of kidney tissue attenuation due to fat 

deposits might hamper renal function quantification, as the negative CT numbers values of 

fat (25) might artificially lower the average ROI attenuation. However, whether the 

background subtraction method used to depict changes in attenuation above baseline is 

sufficient to account for renal fat deposition in obese human subjects remains unclear.

We previously utilized a reproducible animal model of early obesity, which exhibits 

increased deposition of fat in the kidney (26, 27) confirmed by ex-vivo Oil-Red-O staining. 

We found that VNC maps in obese pigs revealed decreased basal cortical attenuation, yet the 

CTRatio and IRatio remained similar, suggesting that background subtraction allows for 

adequate assessment of kidney perfusion in obese pigs using MDCT. However, whether 

these findings held in obese human subjects remained unknown.

Therefore, to test the relevance of our findings in human subjects, we studied a small group 

of patients recruited as part of an ongoing study (17) of unilateral renal artery stenosis. To 

study fat deposition, we focused on the non-stenotic kidney unaffected by decreased RBF. 

To determine the impact of intrarenal fat deposition, we compared, in similar ROIs, the 

iodinated contrast-induced increases in iodine concentrations (in iodine maps) vs. increase in 

total tissue attenuation (CT numbers in mixed images without background), both of which 

were normalized to concurrent iodine concentration or the CT number in the aorta. We 

initially examined renal VNC maps, which are post-processed datasets that reveal data on 

baseline (background) tissue attenuation alone, and which represent a reliable substitute for 

non-enhanced images (28). The lower VNC-derived CT numbers in the cortex and medulla 

of obese subjects are consistent with the presence of intra-renal fat, which tends to lower the 

average HU value in the ROI. Furthermore, within the entire cohort, VNC and BMI showed 

a moderate inverse correlation that was congruent with a direct correlation between 

triglycerides content and BMI observed in human kidneys (11). Contrarily, correlations were 

not observed within the individual groups, likely due to the small range of BMI values in our 

sample. Obesity was also evident in elevated CT-derived subcutaneous fat in obese patients. 

Nevertheless, despite the evident obesity and renal fat deposition, intrarenal fat did not 

interfere with CT measurements. We found that despite the apparent renal fat deposition 

suggested by lower cortical and medullary background attenuation, IRatio was similar to 

CTRatio in the medulla and cortex of the obese groups and exhibited a strong positive 

correlation in obese and lean patients.

Furthermore, we also examined at CTRatio and IRatio in the stenotic kidney of both the obese 

and lean patients. Our findings in the stenotic kidneys closely replicated those in the non-

stenotic kidney, as CTRatio and IRatio were similar, with no difference between obese and 

lean groups in either the cortex or the medulla, and with a direct correlation between CTRatio 

and IRatio. However, unlike non-stenotic kidneys, we observed no difference in VNC 

background values. This is likely due to lower perfusion in the stenotic kidney, which 

comparably to fat deposits, decreases CT numbers. Collectively, this suggest that the 

background subtraction method is adequate even in varying degrees of renovascular disease, 

although it should be validated in further studies with larger patient cohorts.
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Limitations

Our study is limited by the small number of patients enrolled in the study. Systemic lipid 

levels were not elevated, likely because the majority of patients were treated with lipid-

lowering medications. However, given that obese patients exhibited higher BMI and 

adiposity, a decrease in circulating cholesterol levels clearly does not rule out the deposition 

of tissue fat. The BMI in our lean group was marginally higher than normal limits (18.5–

24.958kg/m2), yet subgroup analysis including lean subjects with a mean BMI<25kg/m2 

showed similar statistical significance levels compared to the obese group, underscoring the 

validity of our comparisons. The obesity in our cohort was significant but mild, and we 

cannot rule out the possibility that far greater renal fat retention would ultimately impact 

CTRatio. While unlikely, the use of a non-stenotic kidney or the slightly higher blood 

pressure in obese subjects might have affected our assessments. In addition, current studies 

are attempting to develop methods to derive iodine maps directly from perfusion scans to 

generate iodine (rather than attenuation)-based indicatordilution curves for a more direct 

comparison with CT-number TAC. Moreover, unavailability of human tissue samples 

precluded direct demonstration of kidney fat deposits, but this has been previously validated 

in animals (10). Lastly, it is important to know that estimation of renal function with MDCT 

is currently confined to the research arena, given the use of iodinated contrast agents and 

high radiation exposure (total effective dose of 26 mSv in men and 27 mSv in women, 

including localization and volume scans). Nevertheless, recent developments allow 

substantial decreases in radiation dose (29).

Conclusion

In summary, we found that CTRatio and IRatio were comparable in mildly obese human 

subjects, suggesting that intrarenal adiposity does not impact quantification of single-kidney 

function using MDCT-derived TAC in these patients. Therefore, the method of background 

subtraction used for CT renal function assessment is sufficient for eliminating the potentially 

confounding attenuation of intrarenal fat. Taken together, these observations support the use 

of background subtraction assessment of dynamic changes in iodinated contrast 

concentration in kidneys of obese human subjects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A: Representative time-attenuation curve (TAC) from the cortex in lean and obese patients, 

demonstrating selection of background points for averaging and background subtraction. 

The gray diamond (lean) and circular black points (obese) are the raw data points while the 

black (lean) and gray (obese) dashed lines represent the fitted data after background 

subtraction.
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Figure 2. 
A. Standard CT number (HU, white) and iodine (mg/ml, gray) kidney/aorta ratios were 
unchanged in the renal cortex and medulla of obese patients. B. Direct correlations were 
shown between standard CT number (cortex and medulla) and iodinated kidney/aorta ratios 
(cortex and medulla) in both lean and obese subjects combined (y = 1.1019X-0.0744, 

r=0.99, p<0.0001).
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Figure 3. 
A. VNC showed lower cortical and medullary CT numbers (HU) in obese compared to lean 
patients *p<0.05 vs. lean. B. Inverse correlation between VNC (cortex and medulla) and 
BMI for all patients (r=0.52, p<0.002).
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Table 1.

Systemic and renal characteristics of the non-stenotic kidney in lean and obese patients with renovascular 

disease

Lean Obese

Number of patients/kidneys 10 7

Age 70.0±10.9 73.1±2.3

Sex (M:F) 7:3 2:5

BMI (kg/m2) 25.7±2.8 31.9±1.4*

Total cholesterol (mg/dl) 170.1±40.4 187.8±60.2

HDL cholesterol (mg/dl) 56.0±12.9 63.8±34.5

LDL cholesterol (mg/dl) 90.2±30.8 102.7±52.9

Triglycerides (mg/dl) 133.6±61.4 107.0±51.8

Diastolic blood pressure (mmHg) 68.1±15.4 75.6±4.4

Systolic blood pressure (mmHg) 137.5±13.0 151.9±11.5*

Mean arterial pressure (mmHg) 91.2±12.7 101±4.9

Lipid-lowering Drugs (% of patients) 8 (80%) 7 (100%)

Total single kidney volume (cc) 147.4±41.6 142.8±38.4

Cortical Volume (cc) 91.4±26.4 91.1±25.7

Medullary Volume (cc) 56.0±16.7 51.8±15.3

Cortical Perfusion (ml/min/cc) 2.7±0.9 2.8±0.9

Medullary Perfusion (ml/min/cc) 0.9±0.3 0.9±0.3

RBF (ml/min) 298.4±143.1 298.7±133.3

MDCT-single kidney GFR (ml/min) 55.8±19.1 45.4±15.2

*
p≤0.05 vs. Lean. RBF: renal blood flow, GFR: glomerular filtration rate. BMI: body mass index, LDL: low-density-lipoprotein, HDL: high-

density-lipoprotein, MDCT: Multi-detector computed tomography
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