
RESEARCH ARTICLE

A modified two-compartment model for

measurement of renal function using

dynamic contrast-enhanced computed

tomography

Kai Jiang, Christopher M. Ferguson, Abdelrhman Abumoawad, Ahmed Saad, Stephen

C. Textor, Lilach O. LermanID*

Division of Nephrology and Hypertension, Mayo Clinic, Rochester, Minnesota, United States of America

* Lerman.Lilach@mayo.edu

Abstract

Objectives

To validate and adapt a modified two-compartment model, originally developed for magnetic

resonance imaging, for measuring human single-kidney glomerular filtration rate (GFR) and

perfusion using dynamic contrast-enhanced computed tomography (DCE-CT).

Methods

This prospective study was approved by the institutional review board, and written

informed consent was obtained from all patients. Thirty-eight patients with essential hyper-

tension (EH, n = 13) or atherosclerotic renal artery stenosis (ARAS, n = 25) underwent

renal DCE-CT for GFR and perfusion measurement using a modified two-compartment

model. Iothalamate clearance was used to measure reference total GFR, which was

apportioned into single-kidney GFR by renal blood flow. Renal perfusion was also calcu-

lated using a conventional deconvolution algorithm. Validation of GFR and perfusion

and inter-observer reproducibility, were conducted by using the Pearson correlation and

Bland-Altman analysis.

Results

Both the two-compartment model and iothalamate clearance detected in ARAS patients

lower GFR in the stenotic compared to the contralateral and EH kidneys. GFRs measured

by DCE-CT and iothalamate clearance showed a close match (r = 0.94, P<0.001, and mean

difference 2.5±12.2mL/min). Inter-observer bias and variation in model-derived GFR (r =

0.97, P<0.001; mean difference, 0.3±7.7mL/min) were minimal. Renal perfusion by decon-

volution agreed well with that by the compartment model when the blood transit delay from

abdominal aorta to kidney was negligible.
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Conclusion

The proposed two-compartment model faithfully depicts contrast dynamics using DCE-CT

and may provide a reliable tool for measuring human single-kidney GFR and perfusion.

Introduction

Glomerular filtration rate (GFR) is a fundamental index of kidney function. Serum clearance

of endogenous or exogenous markers is typically used to estimate GFR [1], but cannot be

used to evaluate single-kidney function, which is important to assess in asymmetric renal dis-

eases, such as renal artery stenosis, ureteral obstruction, or renal tumors. Dynamic contrast-

enhanced computed tomography (DCE-CT) and magnetic resonance imaging (DCE-MRI)

have emerged as useful tools for measuring single-kidney GFR as well as renal perfusion.

Assessment of renal hemodynamics and function using either DCE-CT or DCE-MRI usu-

ally involves application of mathematical models based on several assumptions describing con-

trast media kinetics and their relationship with signal intensity. Different methods have been

proposed for GFR measurement from DCE-CT, including the Patlak method [2] and its deriv-

atives [3–6]. However, this method is only valid when the fitting encompasses data after the

vascular peak and before contrast outflow from the selected region of interest (ROI) [5,7].

For patients with altered tubular transit time, the selection of fitting duration might be prob-

lematic, and may cause inaccurate GFR estimation. In addition, the Patlak method does not

offer important renal parameters such as perfusion or tubular transit times. More advanced

models, including the gamma-variate model [8,9], have been developed to resolve this issue,

but require careful selection of ROIs, and may overestimate GFR [9]. Hence, application of

robust models could facilitate acquisition of DCE-CT-derived functional data.

For measurement of single-kidney GFR using DCE-MRI, elegant two- [10,11] and three-

[12,13] compartment models have been proposed to delineate gadolinium kinetics in kidneys,

but have been shown to underestimate GFR [10,12–14]. Recently, a novel modified two-

compartment model was developed for DCE-MRI and shown to offer accurate estimation of

single-kidney GFR as well as perfusion in mice [15]. Compared to other existing two-compart-

ment models [11,16], the major advantage of this novel model is incorporation of the contrast

outflow dynamics, thereby inherently accounting for the tubular transit delay. The incorpo-

ration of contrast outflow curve in our model fitting allows for more reliable estimation of

kidney function, because tubular flow rates (and thus fitting ranges) may be altered under

pathological conditions. However, to date, this model has not been implemented with any

other imaging modalities, contrast agents, or species. Therefore, the specificity of this model

for gadolinium kinetics in the kidney and its relationship with MR signal intensity, or whether

it allows single-kidney GFR estimation in humans, all remain unknown.

We hypothesized that our modified two-compartment model originally developed for MRI

would robustly depict the filtration process of iodinated contrast media in human kidneys, as

detected using DCE-CT. Single-kidney GFR and perfusion by DCE-CT were validated against

those calculated by iothalamate clearance and a conventional deconvolution algorithm, respec-

tively. Inter-observer reproducibility of image analysis using the proposed model was assessed.

In a simulation study we also evaluated the need for introducing in the model a blood transit

delay from abdominal aorta to kidney, which has been inconsistently applied in previous stud-

ies [11,13,14]. Furthermore, because GFR measurement using DCE-CT is limited by the use of
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ionizing radiation [17], we also took the opportunity to estimate the minimally required CT

dynamic imaging time to meet the ALARA (‘as low as reasonably achievable’) principle.

Materials and methods

Patients

The prospective study was approved by the institutional review board and Health Insurance

Portability and Accountability Act compliant. Prior to clinical examinations, written informed

consent was obtained from each patient. A total of thirty-eight hypertensive patients with

either essential hypertension (EH, n = 13) or renovascular hypertension secondary to athero-

sclerotic renal artery stenosis (ARAS, n = 25) were studied. ARAS was diagnosed given cross-

sectional obstruction of more than 60% in renal artery using CT or blood velocity larger than

30 cm/sec using Doppler ultrasonography. Five ARAS patients had bilateral stenosis, resulting

in a total of 30 stenotic and 20 contralateral kidneys. Only patients with serum creatinine level

below 2.5 mg/dL were included in this study, to avoid potential nephrotoxicity of CT contrast

media. For uniformity, all patients were treated with angiotensin-converting enzyme inhibi-

tors or angiotensin receptor blockers anti-hypertensive therapy during inpatient studies in the

Clinical Research and Trials Unit at St. Mary’s Hospital (Rochester, MN) while ingesting a

fixed sodium diet (150 mEq/d). All patients underwent GFR measurement using firstly iotha-

lamate clearance, and then CT two days later.

Renal function and blood pressure

As a reference, GFR was measured from plasma clearance of iothalamate meglumine (Conray,

Mallinckrodt Pharmaceuticals, St Louis, MO), which has been widely adopted for GFR mea-

surement in clinic trials [18]. For each patient, 0.5 mL iothalamate was subcutaneously

injected, followed by three 30-minute blood sampling periods after oral hydration at 20 mL/

kg. Total GFR was calculated from the time course of blood iothalamate concentration, as

described previously [19,20]. Then the total GFR was apportioned by model-derived renal

blood flow (RBF) to achieve the single-kidney GFR. Blood pressure was measured using auto-

mated oscillometric recording. To assess the serum creatinine level, blood samples were

obtained from the inferior venal cava, as described previously [21]. Estimated GFR was quanti-

fied using the Modification of Diet in Renal Disease equation.

CT studies

CT studies were performed using a dual-source 64-slice helical multidetector CT scanner

(Somatom Definition; Siemens, Forchheim, Germany). Imaging parameters were selected in

line with technical prerequisites of modern state-of-the-art CT perfusion imaging [22] as

described previously [17]. Briefly, following a central venous injection of Iopamidol-370

(0.5 mL/kg), dynamic CT imaging was conducted during coached intermittent respiratory sus-

pension. A total of 45 acquisitions were acquired, including 35 scans distributed into three

�20-sec breath-holds, and 10 additional scans with intermittent short breath-holds. The rota-

tion time of the scanner was 0.5 second. The temporal resolution was 1 sec/scan during the

vascular phase to capture the rapid contrast dynamics and 8 sec/scan during the tubular phase,

during which contrast dynamics changed more slowly. Depending on patients’ body weight,

tube voltage was set at 80, 100, or 120 kVp and current at 160 or 250 mAs with 24×1.2 collima-

tion and 0 table feed. Four slices (7.2-mm thick) localized at kidney hilum were scanned in

approximately 145 sec to follow the contrast bolus throughout the renal tubular system. After

fifteen minutes, a helical scan was performed following another contrast injection to enhance
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the corticomedullary contrast for determination of cortical and medullary volumes. Imaging

parameters were: tube voltage 100 or 120 kVp, tube current from 72 to 350 mAs, scan length

from 25 to 40 cm, spatial resolution, 0.59×0.59×5 mm3, and spiral pitch factor 1.2. Image

reconstruction for the DCE-CT and volumetric scans was performed using a B35s and B40f

kernel, respectively.

Compartment model

To calculate single-kidney GFR and perfusion, we implemented a model originally developed

to measure murine renal function from gadolinium dynamics captured using MRI. As shown

in Fig 1, the kidney is simplified as a combination of blood vessels and renal tubules. Plasma

flow carrying the iodinated contrast with the concentration of Cp(t) enters the kidney vessels

and is filtered by the glomeruli, after which leaves the kidney from the papilla following tubular

flow. The iodine concentrations in renal vessels, tubules distributed over the entire kidney,

and papilla are represented by Cv(t), Ct(t), and Cout(t), respectively. The blood transit delay

from abdominal aorta to kidney vessels is denoted as Td. Notably, such delay was negligible in

murine kidneys, but may not be in human kidneys, given the substantial difference in heart

rate and blood kinetics [23,24]. The volume fraction of renal vessels is f. The perfusion, filtra-

tion, and efflux rate constants are kperf, kGFR, and kout, respectively. The dynamics of Cv(t) and

Ct(t) can be described by the following first-order differential equations:

dCvðtÞ
dt
¼ kperf Cp t � Tdð Þ � Cv tð Þ

� �
ð1Þ

dCtðtÞ
dt
¼ kGFRCv tð Þ � koutC

00

out tð Þ ð2Þ

where Cp(t) is the arterial input function and calculated as Ca(t)/(1-Hct), where Ca(t) is the

iodine concentration in inflow blood from abdominal aorta and Hct the assumed hematocrit

(45%). The total iodine concentration in the renal papilla (Cout(t)) comprises of two compo-

nents, one from perfusion (Cout
’(t)) and the other from tubular transit (Cout

”(t)). The perfu-

sion component (Cout
’(t)) can be derived from Cp(t) and the papilla perfusion rate constant,

which can be fitted from the early tubular phase (30 to 40s) prior to contrast arrival using

Eq 1. Then Cout
”(t) was achieved by subtracting Cout(t) from Cout

’ (t) (Fig 2c, left). Inclusion

of the papilla output curve Cout
”(t) enables timing of contrast outflow and accurate delinea-

tion of the kidney output curve, both of which are important for accurate model fitting.

This approach has been found to be critical in mouse kidneys [15] and necessary in human

kidneys.

The total iodine concentration in the kidney can be calculated as Ctot(t) = Cv(t)�f + Ct(t). A

total of five unknown parameters, kperf, Td, f, kGFR, and kout, were fitted, after which the single-

kidney GFR (mL/min) and perfusion were calculated as:

GFR
mL
min

� �

¼ kGFR s� 1ð Þ � V mLð Þ � 60
s

min

� �
ð3Þ

Perfusion
ml

100g �min

� �

¼ kperf s� 1ð Þ � f � 60
s

min

� �
�
100ml
100ml

= 1 � Hctð Þ � s
ml
g

� �

ð4Þ

where V is 3D CT-measured renal volume and σ represents the blood/tissue partition coeffi-

cient for water, which is 0.9 [25,26]. Renal blood flow was subsequently quantified as the prod-

uct of perfusion and volume.
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Image analysis

Renal volumes were measured from the helical CT images using Analyze (Biomedical Imaging

Resource, Mayo Clinic, MN). Kidneys were manually selected on CT images with sinus fat and

major vessels excluded.

The DCE-CT images were post-processed using a Matlab (Mathworks, Natick, MA) mod-

ule developed in-house. For each kidney, the slice with the largest renal cross-sectional area

was analyzed. Images with in-plane motion were aligned using rigid registration. Specifically,

a kidney mask was defined on one image without motion, after which the kidney edge was

detected and propagated to other images. Then, on images showing in-plane motion, the kid-

ney mask was manually shifted to align with the kidney. Images with off-plane motion were

excluded. ROIs were manually selected on the abdominal aorta, renal parenchyma, and papilla,

a 3-pixel-wide strip of the renal parenchyma where filtrate outflow converges. The ROI for the

papilla was semiautomatically selected to facilitate image analysis as well as reduce inter-opera-

tor variability. Specifically, the kidney mask edge was detected and dilated using a 6×6 kernel.

Then an approximate region containing the renal pelvis was manually selected, and the over-

lapping area of this region and the dilated kidney mask edge was set as the ROI for measure-

ment of the contrast output function. These were used for measurement of arterial input

function (Cp(t)), contrast dynamics in kidney (Ctot(t)), and contrast output function (Cout(t)),
respectively (Fig 2b, left). A linear interpolation was used to equalize the distribution of sam-

pled data points with an interval of 0.5 sec. The increase in CT signal from baseline was used

to represent the concentration of iodine [27]. Due to motion artifacts in later scans, only time

attenuation curves from 0 to 120 sec were used in the model fitting. The model fitting was per-

formed by minimizing the sum of squares of fitting errors using the Levenberg–Marquardt

algorithm. In order to test the goodness of fit, the coefficients of multiple correlation for the

EH, stenotic, and contralateral kidneys were calculated. After measuring single-kidney GFRs,

total GFR was quantified as the sum.

To assess the reliability of the compartment model in perfusion measurement, renal perfu-

sion maps were additionally generated using a truncated singular value decomposition-based

deconvolution algorithm [28] implemented in the OsiriX Lite software (version 10.0, Pixmeo,

Geneva, Switzerland) [29]. CT images capturing the first pass within 20 sec after bolus injec-

tion were used in order to minimize the influence of renal filtration on perfusion measurement

[30]. Then reference renal perfusion was quantified from the perfusion map using the same

ROI defined in the model analysis. Since ignoring blood transit delay in the deconvolution

algorithm is known to underestimate renal perfusion [28], the patient kidneys were divided

Fig 1. The modified two-compartment model. The kidney is simplified as a combination of blood vessels and renal tubules. Plasma

flow carrying the iodinated contrast enters the kidney vessels and is filtered by the glomeruli, after which leaves the kidney from the

papilla following tubular flow. Cp(t) is the arterial input function; Td is the blood transit delay; kperf is the perfusion rate constant;

Cv(t) is the iodine concentration in renal vessels; f is the volume fraction of renal vascular space; kGFR is the normalized GFR; Ct(t) is

the iodine concentration in the tubules distributed over the entire kidney; Cout(t) is the iodine concentration in the papilla; kout is the

iodine outflow rate constant.

https://doi.org/10.1371/journal.pone.0219605.g001
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into two groups by model-derived transit delay using a cutoff value of 1 sec. Then comparison

of renal perfusion measured by the model and deconvolution was conducted for each group

individually.

To determine the inter-observer reproducibility of ROI placement and subsequent model

fitting of renal functional parameters, GFR and RBF measured by two independent operators in

all EH and ARAS patients were compared using both correlation and Bland-Altman analyses.

Fig 2. DCE-CT and model fitting. (a) Representative CT images acquired at baseline, and 4, 7, 11, 16, 46, 70, 100 sec post-contrast

injection. (b) Three ROIs (left) manually traced on abdominal aorta (red), renal parenchyma (green), and papilla (blue), and their

respective time attenuation curves (right). (c) Time attenuation curve in renal papilla decomposed into perfusion and filtration

components (left), and model fitting to the time attenuation curve in the renal parenchyma, as well as the fitted vascular and tubular

components.

https://doi.org/10.1371/journal.pone.0219605.g002
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Simulation studies. To demonstrate the impact of neglecting the blood transit delay (Td)

from abdominal aorta to renal vasculature, a separate curve fitting was conducted on all kid-

neys with Td fixed at zero. Then the measured renal perfusion and normalized GFR were com-

pared against those fitted with Td as an unknown parameter. Additionally, the necessity of

including Td in the model fitting was tested with various fitting ranges and imaging temporal

resolutions. To investigate the impact of the fitting range, renal perfusion and GFR with and

without Td as an unknown parameter were quantified with different fitting ranges from 50 to

120 sec with 5-sec incremental steps, with the temporal resolution fixed at 0.5 s/scan. Similarly,

the impact of temporal resolution was investigated by fitting resampled CT dynamic curves

with the temporal resolution ranging from 0.5 to 3.5 s/scan at 0.2 s/scan incremental steps,

with the fitting range maintained at 120 s. Then renal perfusion and GFR ratios were calcu-

lated by normalizing estimated renal parameters without Td as an unknown parameter by

those with Td as an unknown parameter.

To investigate the impact of fitting range on the accuracy of perfusion and GFR estimation,

Monte-Carlo simulation was performed on all kidneys by varying the fitting range from the

initial 50 to 120 sec with 5-sec incremental steps. Then the measured renal perfusion and GFR

with different fitting ranges were normalized by those measured with the fitting range at 120

sec. The averaged value and standard deviation of normalized perfusion and GFR at different

fitting ranges were calculated for comparison.

Statistical analysis. All statistical analysis was performed using JMP 13.0 (SAS Institute,

Cary, NC). The Shapiro-Wilk test was used to test the normality of data. Data with normal dis-

tribution was expressed as means ± standard deviations and non-normal distribution as medi-

ans with interquartile ranges. For normally distributed data, one-way analysis of variance with

student’s unpaired or paired t-test was performed for comparisons among groups. Non-nor-

mally distributed data were compared using the Kruskal-Wallis test followed by the Wilcoxon

signed-rank test or Mann-Whitney U test. For validation of the DCE-CT measured GFR and

renal perfusion, and evaluation of inter-observer reproducibility of image analysis using the

proposed model, Pearson correlation and Bland-Altman analysis were performed. Statistical

significance was judged with P value less than 0.05.

Results

Baseline characteristics of patients

All relevant data underlying the statistics as well as the extracted time attenuation curves from

the CT images are shown in S1 Dataset in Supporting Information. As shown in Table 1,

EH and ARAS patients had similar percentage of males, age, body mass index, and number

of antihypertensive drugs. No difference in systolic, diastolic, and mean arterial pressure was

observed between EH and ARAS patients. However, elevated serum creatinine level in ARAS

patients indicated their impaired renal function. Both estimated and iothalamate clearance-

measured total GFR were lower in ARAS patients.

Model fitting of DCE-CT data

Representative CT images of one EH kidney at baseline and different time intervals after con-

trast injection are shown in Fig 2a. The time attenuation curves in abdominal aorta (red), kid-

ney parenchyma (green), and papilla (blue) were measured from manually traced ROIs (Fig

2b). The arterial input function shows an initial sharp peak, a second low peak due to contrast

recirculation, and a gradual decrease thereafter. The iodine concentration in renal parenchyma

is characterized by an initial increase due to perfusion, a slow rise because of glomerular

filtration, and then a slight decrease as a result of outflow. Similar initial increase in iodine

A model for measuring renal function using computed tomography
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concentration is observed in the papilla because of perfusion, followed by a steady state during

tubular transit, and subsequent rapid increase as a result of iodine inflow.

The DCE and volumetric CT scans yielded dose-length product values of 913.3 ± 294.8 and

339.6 ± 85.1 mGy�cm, respectively. Using a conversion factor of 0.0153 for the abdomen [31],

the effective dose values of the DCE and volumetric scans were 13.8 ± 4.7 and 5.2 ± 1.3 mSv,

respectively. Thus, the total effective dose of our CT scans is 19.0 ± 5.1 mSv, which is compara-

ble or lower than other the dose of similar multiphasic abdominal CT scans [32].

The decomposition of papilla iodine concentration (Cout(t)) to the perfusion (Cout
’(t)) and

filtration (Cout
”(t)) components are shown in Fig 2c (left). The experimentally-acquired raw

and model-fitted time attenuation curves for the kidney parenchyma as well as its vascular

and tubular components are shown in Fig 2c (right). The fitted curve showed an excellent

agreement with the raw data, suggesting that the proposed compartment model faithfully

depicts the kidney filtration process in human kidneys. In addition, the quantified coeffi-

cients of multiple correlation for the EH (0.94 ± 0.06), stenotic (0.93 ± 0.12), and contralat-

eral (0.95 ± 0.07) kidneys were all close to 1, further supporting the reliability of model

fitting.

Table 1. Baseline characteristics of patients.

EH (n = 13) ARAS (n = 25) P Value

No. of males 7 (54%) 15 (60%) 0.716

Age 67.0 (62.0–71.0) 70.0 (58.0–74.0) 0.320

No. of antihypertensive drugs 2 (2–3) 3 (3–4) 0.168

BMI (kg/m2) 28.5 ± 3.7 27.6 ± 4.0 0.872

Blood pressure (mmHg)

Systolic 129.6 ± 16.1 141.2 ± 20.4 0.083

Diastolic 70.8 ± 9.9 70.1 ± 11.1 0.844

MAP 90.4 ± 9.7 93.8 ± 11.5 0.370

Serum creatinine level (mg/dL) 0.90 ± 0.21 1.28 ± 0.40 0.003

Estimated GFR (mL/min per 1.73 m2) 77.6 (67.0–87.0) 53.8 (42.6–65.4) 0.007

GFR by iothalamate clearance (mL/min) 89.2 (81.0–99.5) 60.1 (47.0–90.3) 0.007

Note: Data are expressed in mean ± standard deviation or median with interquartile ranges in parentheses, as appropriate. EH = essential hypertension;

ARAS = atherosclerotic renal artery stenosis; BMI = body mass index; MAP = mean arterial pressure; GFR = glomerular filtration rate.

https://doi.org/10.1371/journal.pone.0219605.t001

Table 2. Kidney volume and model-fitted parameters.

EH Kidney Stenotic Kidney Contralateral Kidney

Volume (mL) 148 ± 33 86 ± 44� 170 ± 50†

kperf (s-1) 0.15 (0.11–0.19) 0.12 (0.09–0.17) 0.17 (0.11–0.18)

Td (s) 0.68 (0.34–1.16) 0.58 (0.05–1.35) 1.02 (0.47–1.57)

f 0.22 ± 0.04 0.19 ± 0.06� 0.18 ± 0.04�

kGFR (s-1) 0.0048 ± 0.0009 0.0035 ± 0.0013� 0.0041 ± 0.0011�

kout (s-1) 0.004 (0.003–0.011) 0.005 (0.003–0.012) 0.007 (0.002–0.009)

Note: Data are expressed in mean ± standard deviation or median with interquartile ranges in parentheses, as appropriate.

�P<0.05 compared to EH kidney,
†P<0.05 compared to stenotic kidney.

EH = essential hypertension.

https://doi.org/10.1371/journal.pone.0219605.t002
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Shown in Table 2 are the CT-measured kidney volume and the model-derived parameters.

Stenotic kidneys had smaller volume (P<0.001), as compared to both EH and contralateral

kidneys. While kperf, Td, and kout were unchanged, f (stenotic, P = 0.010; contralateral,

P = 0.005) and kGFR (stenotic, P<0.001; contralateral, P = 0.038) fell significantly in both the

stenotic and contralateral kidneys, as compared to EH kidneys.

GFR by CT and iothalamate clearance

In both EH and ARAS patients, total kidney GFRs by DCE-CT and iothalamate clearance

were comparable (Fig 3a, left), and well correlated (Fig 3b, left, Pearson correlation coefficient

r = 0.94, P<0.001). A good agreement between them (mean difference of 5.0±20.3 mL/min)

was also observed in the Bland-Altman analysis (Fig 3c, left). The stenotic kidneys had lower

CT-measured GFR (20.0 (8.4–26.6) mL/min, Fig 3a, right), as compared to the EH (40.4

(36.1–50.9) mL/min, P<0.001) and contralateral kidneys (41.2 (28.3–50.9) mL/min, P<0.001).

The GFRs in the contralateral and EH kidneys were similar. Single-kidney GFRs by both meth-

ods were also similar (Fig 3a, right) and showed a good correlation (Fig 3b, right, r = 0.94,

P<0.001). A good agreement was also observed in the Bland-Altman analysis (Fig 3c, right,

mean difference, 2.5±12.2 mL/min).

Fig 3. Validation of model-derived GFR by DCE-CT using iothalamate clearance. (a) Total (left) and single-kidney (right) GFRs

measured by DCE-CT and iothalamate clearance in EH and ARAS patients. (b) Correlation between DCE-CT and iothamate

clearance in measuring total (left) and single-kidney (right) GFRs. (c) Bland-Altman analysis of total (left) and single-kidney (right)

GFR measurements by DCE-CT and iothalamate clearance.

https://doi.org/10.1371/journal.pone.0219605.g003
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Renal perfusion and blood flow

When the blood transit delay from abdominal aorta to kidney was under 1 sec, a good agree-

ment in renal perfusion by the compartment model and deconvolution was observed, as

shown by the correlation (Fig 4a left, r = 0.86, P<0.001) and Bland-Altman (Fig 4a right, mean

difference, 1.4±101.2 mL/100g/min) analyses. However, with delay exceeding 1 sec, the decon-

volution algorithm yielded smaller perfusion values than the compartment model, especially at

high perfusion rates (Fig 4b). These observations are consistent with previous findings that

this deconvolution approach underestimated perfusion values by ignoring the blood transit

delay, which was accentuated with longer delays and high perfusion [28].

The DCE-CT measured renal perfusion and blood flow are shown in Fig 4c. The ARAS ste-

notic kidneys showed a 36.8% decrease in perfusion compared to the EH kidneys (Fig 4c left,

194.8 (162.0–290.2) vs. 308.1 (261.6–385.7) mL/100g/min, P = 0.001). No change was observed

in perfusion of the contralateral kidneys (280.8 (191.8–310.6) mL/100g/min) compared to

Fig 4. Renal perfusion and blood flow by DCE-CT. (a-b) Correlation (left) and Bland-Altman (right) analyses of renal perfusion

derived from the deconvolution algorithm and model fitting in kidneys with blood transit delay below (a) and above (b) 1 sec. (c)

Model-derived renal perfusion (left) and calculated renal blood flow (right) in all EH, stenotic, and contralateral kidneys.

https://doi.org/10.1371/journal.pone.0219605.g004
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the EH kidneys. The calculated RBF in the stenotic kidneys (Fig 4c right, 182.0 (130.0–274.1)

mL/min) was found decreased by 60.7% and 60.1%, as compared to the EH (463.3 (398.1–

639.0) mL/min, P<0.001) and contralateral (456.2 (282.3–579.6) mL/min, P<0.001) kidneys,

respectively.

The correlation and Bland-Altman analyses showed that inter-observer bias and variation

in measurement of the GFR (Fig 5a, r = 0.97, P<0.001; mean difference, 0.3±7.7 mL/min) and

RBF (Fig 5b, r = 0.96, P<0.001; mean difference, 5.4±73.1 mL/min) were minimal, suggesting

good reproducibility of ROI selection and model fitting.

Simulation results

Representative model-derived time attenuation curves in the renal parenchyma (black lines) as

well as its vascular (red lines) and tubular (green lines) components with (solid lines) and with-

out (dashed lines) blood transit delay as a model parameter are shown in Fig 6a. Overall, the

fitted curve (solid black line) in the renal parenchyma with transit delay provided a better fit-

ting to the experimentally-acquired raw data (circles) compared to the one without transit

delay (dashed black line), especially at the vascular peak. Without accounting for the transit

delay, the fitted vascular and tubular curves also showed different amplitudes and shapes com-

pared to those fitted with the transit delay. Specifically, the peak amplitude of the vascular

curve (dashed red line) was lower, and underestimated the raw data at vascular peak. Because

the vascular curve was wider, it also led to a lower tubular curve (dashed green line) in order to

match the raw data at tubular phase. As a result, the measured renal perfusion was lower (Fig

6b, EH, 15.0%; stenotic, 13.5%; contralateral, 17.9%) and the normalized GFR underestimated

(Fig 6c, EH, 7.2%; stenotic, 8.3%; contralateral, 5.9%) in all kidneys.

Fig 5. Inter-observer reproducibility of the compartment model in measuring renal functional parameters. (a-b) Correlation

(left) and Bland-Altman (right) analyses of the GFR (a) and RBF (b) measured by two independent observers.

https://doi.org/10.1371/journal.pone.0219605.g005
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The impact of ignoring the blood transit delay Td on estimated renal perfusion and GFR at

different fitting ranges and temporal resolutions is shown in S1 and S2 Figs, respectively. In all

three simulations, renal perfusion and GFR ratios were smaller than 1.0 at all fitting ranges

from 50 to 120 s, indicating that neglecting Td led to an underestimation in renal functional

parameters. Similar findings were observed when different temporal resolutions ranging from

0.5 to 3.5 s/scan were used (S2 Fig). Therefore, the necessity of including Td as an unknown

parameter in the model fitting for reliable estimation of renal function is independent of the

fitting range and temporal resolution.

The impact of fitting-range on measurement of perfusion and normalized GFR in EH, ste-

notic, and contralateral kidneys is shown in Fig 7. The averaged renal perfusion and normal-

ized GFR showed small variations with different fitting ranges from 50 to 120 sec, indicating a

robust fitting by the two-compartment model. However, a smaller fitting range led to a larger

variation, especially in normalized GFR. In order to maintain a standard deviation under 10%,

a minimum fitting range of at least 80 sec seems to be required. This permits elimination of 9

out of 45 scans, thereby decreasing the patient dose by about 20%.

Discussion

This study applied a modified two-compartment model developed for DCE-MRI for measur-

ing human single-kidney GFR using DCE-CT. The model provided robust fitting to the

DCE-CT data and yielded GFR and renal perfusion comparable to those provided by iothala-

mate clearance and deconvolution, respectively. Good inter-observer reproducibility of GFR

and RBF measurement using the proposed model was demonstrated. We also identified

decreased renal perfusion, blood flow, and GFR in stenotic kidneys, and demonstrated the

importance of accounting for a blood transit delay from the abdominal aorta to the kidney.

Further, a CT dynamic imaging of 80 sec was found sufficient for accurate measurement of

patient GFR.

Fig 6. Impact of blood transit delay on estimated renal perfusion and GFR. (a) Representative model fitting of experimentally-

acquired data with and without taking into account the blood transit delay from abdominal aorta to kidney. The model-fitted

vascular and tubular time attenuation curves are also shown. (b, c) Graphs show changes in model-derived renal perfusion (b) and

normalized GFR (c) by neglecting the blood transit delay. Each line represents an individual kidney.

https://doi.org/10.1371/journal.pone.0219605.g006
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Single-kidney GFR measurement is important in evaluating unilateral kidney diseases.

Conventional techniques based on serum clearance of endogenous [33] or exogenous [34]

markers cannot measure single-kidney GFR, and are limited by collections of urine or blood

samples. In contrast, DCE-CT offers a tool for simultaneous assessment of renal anatomy and

function with high spatial resolution. It can play an important role in evaluating efficacy of

interventions employed to restore RBF in both experimental [35–37] and clinical [38,39] ische-

mic renal diseases. The importance of this powerful capability is underscored by the advent of

novel strategies to target the kidney directly. However, various models proposed for GFR mea-

surement have been only partly successful [3–6,8,9].

Several compartment models have been proposed for measuring GFR using DCE-MRI

[10–13], but their application may be hampered by the nonlinearity between MR signal

enhancement and gadolinium concentration [40]. Further, the susceptibility effect of

Fig 7. Impact of model fitting range on estimated renal perfusion and GFR. The averaged renal perfusion and normalized GFR as

well as their respective standard deviation in EH (a), stenotic (b), and contralateral (c) kidneys with different fitting ranges from 50

to 120 sec. A smaller fitting range led to a larger variation, especially in normalized GFR.

https://doi.org/10.1371/journal.pone.0219605.g007
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gadolinium may decrease MR signal decrease with increasing concentration [41]. A phantom

calibration method [42] developed to convert signal intensity to gadolinium concentration

could not account for in-vivo signal variations due to B1/B0 field inhomogeneity at high mag-

netic fields [43]. Contrarily, the linear relationship between iodinated contrast media and CT

number [27] allows accurate measurement of contrast dynamics. In line with this notion,

DCE-CT offers lower variability in measured tissue perfusion parameters than DCE-MRI [44].

Therefore, DCE-CT provides a good opportunity to test the conceptual validity of the com-

partment model in measuring renal functional parameters using DCE-CT. Nevertheless, com-

pared to MRI, DCE-CT involves ionizing radiation dose and iodinated contrast agents, which

may cause renal injury in patients with reduced renal function. One needs to evaluate the ben-

efit over risk on a patient-by-patient basis and follow the ALARA principle.

In this study, we applied a modified two-compartment model, previously validated for mea-

surement of murine single-kidney GFR using DCE-MRI [15], for measurements of patient

GFR using DCE-CT. This model provided accurate fitting to iodinated time attenuation curves

in both EH and ARAS kidneys, indicating that it reliably modeled renal perfusion, filtration,

and outflow. Its major advantage over other models is quantification of the contrast outflow

curve, hereby inherently accounting for the tubular transit delay. In addition, image analysis is

simple and straightforward since no corticomedullary segmentation is needed, as compared to

the gamma-variate [8] or three-compartment [13] models. Notably, unlike the compartmental

model, the clinically available Baumann–Rudin model [45] is AIF-independent and may there-

fore be simpler and more reproducible. Nevertheless, it cannot measure renal perfusion, an

important renal functional index. Incidentally, CT offers more robust delineation of the AIF

than MRI, thanks to its superior signal-to-noise ratio as well as the strict linearity between sig-

nal intensity and contrast concentration.

Despite a good correlation with iothalamate clearance, the model-derived GFR was slightly

underestimated, for several possible reasons. Both tubular secretion of iothalamate [46,47] and

short duration of plasma sampling after administration [48] may overestimate GFR. We also

cannot rule out inaccuracies in measurement of iothalamate concentration or physiological

changes in GFR in the 2 days between the two measurements. Alternatively, inaccuracies in

modeling fitting or acute effects of contrast media may also undermine CT-derived GFR. Nev-

ertheless, the DCE-CT measured GFR was close to the iothalamate GFR, indicating the validity

of the model in GFR estimation. Variation within 10% of GFR is generally considered accept-

able [49]. Compared to other models, including the Patlak model [3,4,9], gamma-variate

model [8,9] and three-compartment model [13], our model has shown superior accuracy in

GFR estimation by DCE-CT. Additionally, our model simultaneously provides reliable mea-

surement of renal perfusion, another sensitive biomarker of early-stage kidney disease [50].

Accounting for blood transit delay from aorta to kidney has been inconsistent in kinetic

modeling [10,11,13,14]. This study demonstrates the importance of accounting for this delay

in human kidneys. Blood velocity in abdominal aorta changes following cardiac cycle [24].

The blood transit delay can be safely ignored in rodents due to their fast heart rate [15], but

not in large animals and humans. Indeed, we have shown that neglecting this delay caused

sub-optimal fitting to the contrast dynamics and underestimated GFR. Similar sub-optimal

curve fitting in the vascular phase has been shown in previous studies [11,51], underscoring

the need to employ such a delay in the compartment model for reliable measurement of renal

function.

There are several other limitations in our study. First, the model-derived renal perfusion

was only compared to that measured using the deconvolution method, but not validated

against other reference methods. Nonetheless, this has already been demonstrated in murine

kidneys [15]. Second, we only validated this model in EH and ARAS patients. Its accuracy in
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other forms of kidney diseases remains to be investigated. In addition, only four slices were

imaged during DCE-CT as a tradeoff between spatial coverage and temporal resolution, and

one mid-hilar representative slice analyzed. Whether volumetric or multislice imaging/analysis

would facilitate evaluating patchy renal function in kidneys with focal cysts or lesions remains

to be investigated. Third, we used a catheter in the right atrium for a contrast media bolus

injection at a relatively fast rate, in order to minimize bolus dispersion. Nevertheless, less inva-

sive and slower peripheral venous injections may be equally effective and useful [52]. Further,

a comparison between our model and other established models [53] may better justify its accu-

racy in measuring renal function, but such data was unavailable in the current study. More-

over, future studies are still needed to test the utility of the compartment model in monitoring

renal disease progression or renal recovery after therapeutic treatment.

In conclusion, the modified two-compartment model provided accurate measurement of

single-kidney GFR in patients using DCE-CT. This model may offer a useful tool for evalua-

tion of kidney function and assessment of therapeutic interventions using both CT and MRI.

Supporting information

S1 Dataset. Raw data necessary to reproduce our results in this study.

(XLSX)

S1 Fig. Impact of the blood transit delay Td on estimated renal perfusion and GFR ratios

at different fitting ranges. Perfusion (a) and GFR (b) ratios in EH, stenotic, and contralateral

kidneys with different fitting ranges from 50 to 120 sec with 5-sec incremental steps. The ratio

is calculated as a normalization of the estimated renal parameters without Td as an unknown

parameter by those with Td as an unknown parameter. Regardless of fitting ranges, ignoring

Td leads to underestimated renal perfusion and GFR.

(TIF)

S2 Fig. Impact of the blood transit delay Td on estimated renal perfusion and GFR ratios

at different imaging temporal resolutions. Perfusion (a) and GFR (b) ratios in EH, stenotic,

and contralateral kidneys with different temporal resolutions from 0.5 to 3.5 sec/scan with

0.2-sec/scan incremental steps. The ratio is calculated as a normalization of the estimated renal

parameters without Td as an unknown parameter by those with Td as an unknown parameter.

Regardless of temporal resolutions, ignoring Td leads to similar degrees of underestimation in

renal perfusion and GFR.

(TIF)

Author Contributions

Conceptualization: Kai Jiang, Lilach O. Lerman.

Data curation: Kai Jiang, Christopher M. Ferguson, Abdelrhman Abumoawad, Ahmed Saad,

Lilach O. Lerman.

Formal analysis: Kai Jiang, Christopher M. Ferguson, Abdelrhman Abumoawad, Ahmed

Saad, Lilach O. Lerman.

Investigation: Lilach O. Lerman.

Methodology: Kai Jiang, Lilach O. Lerman.

Project administration: Stephen C. Textor, Lilach O. Lerman.

Resources: Stephen C. Textor, Lilach O. Lerman.

A model for measuring renal function using computed tomography

PLOS ONE | https://doi.org/10.1371/journal.pone.0219605 July 10, 2019 15 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0219605.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0219605.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0219605.s003
https://doi.org/10.1371/journal.pone.0219605


Writing – original draft: Kai Jiang, Lilach O. Lerman.

Writing – review & editing: Kai Jiang, Christopher M. Ferguson, Stephen C. Textor, Lilach O.

Lerman.

References
1. Soveri I, Berg UB, Bjork J, Elinder CG, Grubb A, Mejare I, et al. Measuring GFR: a systematic review.

Am J Kidney Dis 2014; 64(3):411–424. https://doi.org/10.1053/j.ajkd.2014.04.010 PMID: 24840668

2. Patlak CS, Blasberg RG, Fenstermacher JD. Graphical evaluation of blood-to-brain transfer constants

from multiple-time uptake data. J Cereb Blood Flow Metab 1983; 3(1):1–7. https://doi.org/10.1038/

jcbfm.1983.1 PMID: 6822610

3. Hackstein N, Puille MF, Bak BH, Scharwat O, Rau WS. Measurement of single kidney contrast media

clearance by multiphasic spiral computed tomography: preliminary results. Eur J Radiol 2001; 39

(3):201–208. PMID: 11566250

4. Hackstein N, Wiegand C, Rau WS, Langheinrich AC. Glomerular filtration rate measured by using tri-

phasic helical CT with a two-point Patlak plot technique. Radiology 2004; 230(1):221–226. https://doi.

org/10.1148/radiol.2301021266 PMID: 14645882

5. Helck A, Sommer WH, Klotz E, Wessely M, Sourbron SP, Nikolaou K, et al. Determination of glomerular

filtration rate using dynamic CT-angiography: simultaneous acquisition of morphological and functional

information. Invest Radiol 2010; 45(7):387–392. PMID: 20479647

6. Yuan X, Zhang J, Tang K, Quan C, Tian Y, Li H, et al. Determination of Glomerular Filtration Rate with

CT Measurement of Renal Clearance of Iodinated Contrast Material versus (99m)Tc-DTPA Dynamic

Imaging "Gates" Method: A Validation Study in Asymmetrical Renal Disease. Radiology 2017; 282

(2):552–560. https://doi.org/10.1148/radiol.2016160425 PMID: 27556274

7. Lerman LO, Flickinger AL, Sheedy PF 2nd, Turner ST. Reproducibility of human kidney perfusion and

volume determinations with electron beam computed tomography. Invest Radiol 1996; 31(4):204–210.

PMID: 8721959

8. Krier JD, Ritman EL, Bajzer Z, Romero JC, Lerman A, Lerman LO. Noninvasive measurement of con-

current single-kidney perfusion, glomerular filtration, and tubular function. Am J Physiol Renal Physiol

2001; 281(4):F630–638. https://doi.org/10.1152/ajprenal.2001.281.4.F630 PMID: 11553509

9. Daghini E, Juillard L, Haas JA, Krier JD, Romero JC, Lerman LO. Comparison of mathematic models

for assessment of glomerular filtration rate with electron-beam CT in pigs. Radiology 2007; 242(2):417–

424. https://doi.org/10.1148/radiol.2422052144 PMID: 17255413

10. Annet L, Hermoye L, Peeters F, Jamar F, Dehoux JP, Van Beers BE. Glomerular filtration rate: assess-

ment with dynamic contrast-enhanced MRI and a cortical-compartment model in the rabbit kidney. J

Magn Reson Imaging 2004; 20(5):843–849. https://doi.org/10.1002/jmri.20173 PMID: 15503326

11. Sourbron SP, Michaely HJ, Reiser MF, Schoenberg SO. MRI-measurement of perfusion and glomeru-

lar filtration in the human kidney with a separable compartment model. Invest Radiol 2008; 43(1):40–48.

https://doi.org/10.1097/RLI.0b013e31815597c5 PMID: 18097276

12. Lee VS, Rusinek H, Bokacheva L, Huang AJ, Oesingmann N, Chen Q, et al. Renal function measure-

ments from MR renography and a simplified multicompartmental model. Am J Physiol Renal Physiol

2007; 292(5):F1548–1559. https://doi.org/10.1152/ajprenal.00347.2006 PMID: 17213464

13. Zhang JL, Rusinek H, Bokacheva L, Lerman LO, Chen Q, Prince C, et al. Functional assessment of the

kidney from magnetic resonance and computed tomography renography: impulse retention approach

to a multicompartment model. Magn Reson Med 2008; 59(2):278–288. https://doi.org/10.1002/mrm.

21489 PMID: 18228576

14. Bokacheva L, Rusinek H, Zhang JL, Chen Q, Lee VS. Estimates of glomerular filtration rate from MR

renography and tracer kinetic models. J Magn Reson Imaging 2009; 29(2):371–382. https://doi.org/10.

1002/jmri.21642 PMID: 19161190

15. Jiang K, Tang H, Mishra PK, Macura SI, Lerman LO. Measurement of Murine Single-Kidney Glomerular

Filtration Rate Using Dynamic Contrast-Enhanced MRI. Magn Reson Med 2018; 79(6):2935–2943.

https://doi.org/10.1002/mrm.26955 PMID: 29034514

16. Tofts PS, Cutajar M, Mendichovszky IA, Peters AM, Gordon I. Precise measurement of renal filtration

and vascular parameters using a two-compartment model for dynamic contrast-enhanced MRI of the

kidney gives realistic normal values. Eur Radiol 2012; 22(6):1320–1330. https://doi.org/10.1007/

s00330-012-2382-9 PMID: 22415410

A model for measuring renal function using computed tomography

PLOS ONE | https://doi.org/10.1371/journal.pone.0219605 July 10, 2019 16 / 18

https://doi.org/10.1053/j.ajkd.2014.04.010
http://www.ncbi.nlm.nih.gov/pubmed/24840668
https://doi.org/10.1038/jcbfm.1983.1
https://doi.org/10.1038/jcbfm.1983.1
http://www.ncbi.nlm.nih.gov/pubmed/6822610
http://www.ncbi.nlm.nih.gov/pubmed/11566250
https://doi.org/10.1148/radiol.2301021266
https://doi.org/10.1148/radiol.2301021266
http://www.ncbi.nlm.nih.gov/pubmed/14645882
http://www.ncbi.nlm.nih.gov/pubmed/20479647
https://doi.org/10.1148/radiol.2016160425
http://www.ncbi.nlm.nih.gov/pubmed/27556274
http://www.ncbi.nlm.nih.gov/pubmed/8721959
https://doi.org/10.1152/ajprenal.2001.281.4.F630
http://www.ncbi.nlm.nih.gov/pubmed/11553509
https://doi.org/10.1148/radiol.2422052144
http://www.ncbi.nlm.nih.gov/pubmed/17255413
https://doi.org/10.1002/jmri.20173
http://www.ncbi.nlm.nih.gov/pubmed/15503326
https://doi.org/10.1097/RLI.0b013e31815597c5
http://www.ncbi.nlm.nih.gov/pubmed/18097276
https://doi.org/10.1152/ajprenal.00347.2006
http://www.ncbi.nlm.nih.gov/pubmed/17213464
https://doi.org/10.1002/mrm.21489
https://doi.org/10.1002/mrm.21489
http://www.ncbi.nlm.nih.gov/pubmed/18228576
https://doi.org/10.1002/jmri.21642
https://doi.org/10.1002/jmri.21642
http://www.ncbi.nlm.nih.gov/pubmed/19161190
https://doi.org/10.1002/mrm.26955
http://www.ncbi.nlm.nih.gov/pubmed/29034514
https://doi.org/10.1007/s00330-012-2382-9
https://doi.org/10.1007/s00330-012-2382-9
http://www.ncbi.nlm.nih.gov/pubmed/22415410
https://doi.org/10.1371/journal.pone.0219605


17. Kwon SH, Saad A, Herrmann SM, Textor SC, Lerman LO. Determination of Single-Kidney Glomerular

Filtration Rate in Human Subjects by Using CT. Radiology 2015; 276(2):490–498. https://doi.org/10.

1148/radiol.2015141892 PMID: 25848903

18. Levey AS, Greene T, Schluchter MD, Cleary PA, Teschan PE, Lorenz RA, et al. Glomerular filtration

rate measurements in clinical trials. Modification of Diet in Renal Disease Study Group and the Diabetes

Control and Complications Trial Research Group. J Am Soc Nephrol 1993; 4(5):1159–1171. PMID:

8305642

19. Wilson DM, Bergert JH, Larson TS, Liedtke RR. GFR determined by nonradiolabeled iothalamate using

capillary electrophoresis. Am J Kidney Dis 1997; 30(5):646–652. PMID: 9370179

20. Textor SC, Turner ST. Renal vascular response to sodium loading in sons of hypertensive parents.

Hypertension 1991; 17(6 Pt 2):982–988. PMID: 2045180

21. Eirin A, Gloviczki ML, Tang H, Gossl M, Jordan KL, Woollard JR, et al. Inflammatory and injury signals

released from the post-stenotic human kidney. Eur Heart J 2013; 34(7):540–548a. https://doi.org/10.

1093/eurheartj/ehs197 PMID: 22771675

22. Klotz E, Haberland U, Glatting G, Schoenberg SO, Fink C, Attenberger U, et al. Technical prerequisites

and imaging protocols for CT perfusion imaging in oncology. Eur J Radiol 2015; 84(12):2359–2367.

https://doi.org/10.1016/j.ejrad.2015.06.010 PMID: 26137905

23. Janssen PM, Biesiadecki BJ, Ziolo MT, Davis JP. The Need for Speed: Mice, Men, and Myocardial

Kinetic Reserve. Circ Res 2016; 119(3):418–421. https://doi.org/10.1161/CIRCRESAHA.116.309126

PMID: 27458197

24. Greve JM, Les AS, Tang BT, Draney Blomme MT, Wilson NM, Dalman RL, et al. Allometric scaling of

wall shear stress from mice to humans: quantification using cine phase-contrast MRI and computational

fluid dynamics. Am J Physiol Heart Circ Physiol 2006; 291(4):H1700–1708. https://doi.org/10.1152/

ajpheart.00274.2006 PMID: 16714362

25. Williams DS, Zhang W, Koretsky AP, Adler S. Perfusion imaging of the rat kidney with MR. Radiology

1994; 190(3):813–818. https://doi.org/10.1148/radiology.190.3.8115632 PMID: 8115632

26. Rajendran R, Lew SK, Yong CX, Tan J, Wang DJ, Chuang KH. Quantitative mouse renal perfusion

using arterial spin labeling. NMR Biomed 2013; 26(10):1225–1232. https://doi.org/10.1002/nbm.2939

PMID: 23592238

27. Lewis M, Goh V, Beggs S, Bridges A, Clewer P, Davis A, et al. Quality control within the multicentre

perfusion CT study of primary colorectal cancer (PROSPeCT): results of an iodine density phantom

study. Eur Radiol 2014; 24(9):2309–2318. https://doi.org/10.1007/s00330-014-3258-y PMID:

25001085

28. Ostergaard L, Weisskoff RM, Chesler DA, Gyldensted C, Rosen BR. High resolution measurement of

cerebral blood flow using intravascular tracer bolus passages. Part I: Mathematical approach and statis-

tical analysis. Magn Reson Med 1996; 36(5):715–725. PMID: 8916022

29. Zollner FG, Weisser G, Reich M, Kaiser S, Schoenberg SO, Sourbron SP, et al. UMMPerfusion: an

open source software tool towards quantitative MRI perfusion analysis in clinical routine. J Digit Imaging

2013; 26(2):344–352. https://doi.org/10.1007/s10278-012-9510-6 PMID: 22832894

30. Zollner FG, Zimmer F, Klotz S, Hoeger S, Schad LR. Renal perfusion in acute kidney injury with DCE-

MRI: deconvolution analysis versus two-compartment filtration model. Magn Reson Imaging 2014; 32

(6):781–785. https://doi.org/10.1016/j.mri.2014.02.014 PMID: 24631714

31. Deak PD, Smal Y, Kalender WA. Multisection CT protocols: sex- and age-specific conversion factors

used to determine effective dose from dose-length product. Radiology 2010; 257(1):158–166. https://

doi.org/10.1148/radiol.10100047 PMID: 20851940

32. Smith-Bindman R, Lipson J, Marcus R, Kim KP, Mahesh M, Gould R, et al. Radiation dose associated

with common computed tomography examinations and the associated lifetime attributable risk of can-

cer. Arch Intern Med 2009; 169(22):2078–2086. https://doi.org/10.1001/archinternmed.2009.427

PMID: 20008690

33. Levey AS, Stevens LA, Schmid CH, Zhang YL, Castro AF 3rd, Feldman HI, et al. A new equation to esti-

mate glomerular filtration rate. Ann Intern Med 2009; 150(9):604–612. https://doi.org/10.7326/0003-

4819-150-9-200905050-00006 PMID: 19414839

34. Brown SC, O’Reilly PH. Iohexol clearance for the determination of glomerular filtration rate in clinical

practice: evidence for a new gold standard. J Urol 1991; 146(3):675–679. https://doi.org/10.1016/

s0022-5347(17)37891-6 PMID: 1875470

35. Eirin A, Zhu XY, Krier JD, Tang H, Jordan KL, Grande JP, et al. Adipose tissue-derived mesenchymal

stem cells improve revascularization outcomes to restore renal function in swine atherosclerotic renal

artery stenosis. Stem Cells 2012; 30(5):1030–1041. https://doi.org/10.1002/stem.1047 PMID:

22290832

A model for measuring renal function using computed tomography

PLOS ONE | https://doi.org/10.1371/journal.pone.0219605 July 10, 2019 17 / 18

https://doi.org/10.1148/radiol.2015141892
https://doi.org/10.1148/radiol.2015141892
http://www.ncbi.nlm.nih.gov/pubmed/25848903
http://www.ncbi.nlm.nih.gov/pubmed/8305642
http://www.ncbi.nlm.nih.gov/pubmed/9370179
http://www.ncbi.nlm.nih.gov/pubmed/2045180
https://doi.org/10.1093/eurheartj/ehs197
https://doi.org/10.1093/eurheartj/ehs197
http://www.ncbi.nlm.nih.gov/pubmed/22771675
https://doi.org/10.1016/j.ejrad.2015.06.010
http://www.ncbi.nlm.nih.gov/pubmed/26137905
https://doi.org/10.1161/CIRCRESAHA.116.309126
http://www.ncbi.nlm.nih.gov/pubmed/27458197
https://doi.org/10.1152/ajpheart.00274.2006
https://doi.org/10.1152/ajpheart.00274.2006
http://www.ncbi.nlm.nih.gov/pubmed/16714362
https://doi.org/10.1148/radiology.190.3.8115632
http://www.ncbi.nlm.nih.gov/pubmed/8115632
https://doi.org/10.1002/nbm.2939
http://www.ncbi.nlm.nih.gov/pubmed/23592238
https://doi.org/10.1007/s00330-014-3258-y
http://www.ncbi.nlm.nih.gov/pubmed/25001085
http://www.ncbi.nlm.nih.gov/pubmed/8916022
https://doi.org/10.1007/s10278-012-9510-6
http://www.ncbi.nlm.nih.gov/pubmed/22832894
https://doi.org/10.1016/j.mri.2014.02.014
http://www.ncbi.nlm.nih.gov/pubmed/24631714
https://doi.org/10.1148/radiol.10100047
https://doi.org/10.1148/radiol.10100047
http://www.ncbi.nlm.nih.gov/pubmed/20851940
https://doi.org/10.1001/archinternmed.2009.427
http://www.ncbi.nlm.nih.gov/pubmed/20008690
https://doi.org/10.7326/0003-4819-150-9-200905050-00006
https://doi.org/10.7326/0003-4819-150-9-200905050-00006
http://www.ncbi.nlm.nih.gov/pubmed/19414839
https://doi.org/10.1016/s0022-5347(17)37891-6
https://doi.org/10.1016/s0022-5347(17)37891-6
http://www.ncbi.nlm.nih.gov/pubmed/1875470
https://doi.org/10.1002/stem.1047
http://www.ncbi.nlm.nih.gov/pubmed/22290832
https://doi.org/10.1371/journal.pone.0219605


36. Iliescu R, Fernandez SR, Kelsen S, Maric C, Chade AR. Role of renal microcirculation in experimental

renovascular disease. Nephrol Dial Transplant 2010; 25(4):1079–1087. https://doi.org/10.1093/ndt/

gfp605 PMID: 19934087

37. Stewart N, Chade AR. Renoprotective effects of hepatocyte growth factor in the stenotic kidney. Am J

Physiol Renal Physiol 2013; 304(6):F625–633. https://doi.org/10.1152/ajprenal.00504.2012 PMID:

23269649

38. Saad A, Dietz AB, Herrmann SMS, Hickson LJ, Glockner JF, McKusick MA, et al. Autologous Mesen-

chymal Stem Cells Increase Cortical Perfusion in Renovascular Disease. J Am Soc Nephrol 2017; 28

(9):2777–2785. https://doi.org/10.1681/ASN.2017020151 PMID: 28461553

39. Saad A, Herrmann SMS, Eirin A, Ferguson CM, Glockner JF, Bjarnason H, et al. Phase 2a Clinical Trial

of Mitochondrial Protection (Elamipretide) During Stent Revascularization in Patients With Atheroscle-

rotic Renal Artery Stenosis. Circ Cardiovasc Interv 2017; 10(9).

40. Bokacheva L, Rusinek H, Zhang JL, Lee VS. Assessment of renal function with dynamic contrast-

enhanced MR imaging. Magn Reson Imaging Clin N Am 2008; 16(4):597–611, viii. https://doi.org/10.

1016/j.mric.2008.07.001 PMID: 18926425

41. Neimatallah MA, Chenevert TL, Carlos RC, Londy FJ, Dong Q, Prince MR, et al. Subclavian MR arteri-

ography: reduction of susceptibility artifact with short echo time and dilute gadopentetate dimeglumine.

Radiology 2000; 217(2):581–586. https://doi.org/10.1148/radiology.217.2.r00oc37581 PMID:

11058664

42. Bokacheva L, Rusinek H, Chen Q, Oesingmann N, Prince C, Kaur M, et al. Quantitative determination

of Gd-DTPA concentration in T1-weighted MR renography studies. Magn Reson Med 2007; 57

(6):1012–1018. https://doi.org/10.1002/mrm.21169 PMID: 17534906

43. de Boer A, Hoogduin JM, Blankestijn PJ, Li X, Luijten PR, Metzger GJ, et al. 7 T renal MRI: challenges

and promises. MAGMA 2016; 29(3):417–433. https://doi.org/10.1007/s10334-016-0538-3 PMID:

27008461

44. Sudarski S, Henzler T, Floss T, Gaa T, Meyer M, Haubenreisser H, et al. Variability and Reproducibility

of 3(rd)-generation dual-source dynamic volume perfusion CT Parameters in Comparison to MR-perfu-

sion Parameters in Rectal Cancer. Sci Rep 2018; 8(1):6868. https://doi.org/10.1038/s41598-018-

25307-w PMID: 29720622

45. Baumann D, Rudin M. Quantitative assessment of rat kidney function by measuring the clearance of

the contrast agent Gd(DOTA) using dynamic MRI. Magn Reson Imaging 2000; 18(5):587–595. PMID:

10913720

46. Ott NT. A simple technique for estimating glomerular filtration rate with subcutaneous injection of (125I)

lothalamate. Mayo Clin Proc 1975; 50(11):664–668. PMID: 1186298

47. Kwong YT, Stevens LA, Selvin E, Zhang YL, Greene T, Van Lente F, et al. Imprecision of urinary iotha-

lamate clearance as a gold-standard measure of GFR decreases the diagnostic accuracy of kidney

function estimating equations. Am J Kidney Dis 2010; 56(1):39–49. https://doi.org/10.1053/j.ajkd.2010.

02.347 PMID: 20537455

48. Agarwal R, Bills JE, Yigazu PM, Abraham T, Gizaw AB, Light RP, et al. Assessment of iothalamate

plasma clearance: duration of study affects quality of GFR. Clin J Am Soc Nephrol 2009; 4(1):77–85.

https://doi.org/10.2215/CJN.03720708 PMID: 19005012

49. Murray AW, Barnfield MC, Waller ML, Telford T, Peters AM. Assessment of glomerular filtration rate

measurement with plasma sampling: a technical review. J Nucl Med Technol 2013; 41(2):67–75.

https://doi.org/10.2967/jnmt.113.121004 PMID: 23658207

50. Rossi C, Artunc F, Martirosian P, Schlemmer HP, Schick F, Boss A. Histogram analysis of renal arterial

spin labeling perfusion data reveals differences between volunteers and patients with mild chronic kid-

ney disease. Invest Radiol 2012; 47(8):490–496. https://doi.org/10.1097/RLI.0b013e318257063a

PMID: 22766911

51. Wright KL, Chen Y, Saybasili H, Griswold MA, Seiberlich N, Gulani V. Quantitative high-resolution renal

perfusion imaging using 3-dimensional through-time radial generalized autocalibrating partially parallel

acquisition. Invest Radiol 2014; 49(10):666–674. https://doi.org/10.1097/RLI.0000000000000070

PMID: 24879298

52. Lemoine S, Papillard M, Belloi A, Rognant N, Fouque D, Laville M, et al. Renal perfusion: noninvasive

measurement with multidetector CT versus fluorescent microspheres in a pig model. Radiology 2011;

260(2):414–420. https://doi.org/10.1148/radiol.11101317 PMID: 21673226

53. Gaa T, Neumann W, Sudarski S, Attenberger UI, Schonberg SO, Schad LR, et al. Comparison of perfu-

sion models for quantitative T1 weighted DCE-MRI of rectal cancer. Sci Rep 2017; 7(1):12036. https://

doi.org/10.1038/s41598-017-12194-w PMID: 28931946

A model for measuring renal function using computed tomography

PLOS ONE | https://doi.org/10.1371/journal.pone.0219605 July 10, 2019 18 / 18

https://doi.org/10.1093/ndt/gfp605
https://doi.org/10.1093/ndt/gfp605
http://www.ncbi.nlm.nih.gov/pubmed/19934087
https://doi.org/10.1152/ajprenal.00504.2012
http://www.ncbi.nlm.nih.gov/pubmed/23269649
https://doi.org/10.1681/ASN.2017020151
http://www.ncbi.nlm.nih.gov/pubmed/28461553
https://doi.org/10.1016/j.mric.2008.07.001
https://doi.org/10.1016/j.mric.2008.07.001
http://www.ncbi.nlm.nih.gov/pubmed/18926425
https://doi.org/10.1148/radiology.217.2.r00oc37581
http://www.ncbi.nlm.nih.gov/pubmed/11058664
https://doi.org/10.1002/mrm.21169
http://www.ncbi.nlm.nih.gov/pubmed/17534906
https://doi.org/10.1007/s10334-016-0538-3
http://www.ncbi.nlm.nih.gov/pubmed/27008461
https://doi.org/10.1038/s41598-018-25307-w
https://doi.org/10.1038/s41598-018-25307-w
http://www.ncbi.nlm.nih.gov/pubmed/29720622
http://www.ncbi.nlm.nih.gov/pubmed/10913720
http://www.ncbi.nlm.nih.gov/pubmed/1186298
https://doi.org/10.1053/j.ajkd.2010.02.347
https://doi.org/10.1053/j.ajkd.2010.02.347
http://www.ncbi.nlm.nih.gov/pubmed/20537455
https://doi.org/10.2215/CJN.03720708
http://www.ncbi.nlm.nih.gov/pubmed/19005012
https://doi.org/10.2967/jnmt.113.121004
http://www.ncbi.nlm.nih.gov/pubmed/23658207
https://doi.org/10.1097/RLI.0b013e318257063a
http://www.ncbi.nlm.nih.gov/pubmed/22766911
https://doi.org/10.1097/RLI.0000000000000070
http://www.ncbi.nlm.nih.gov/pubmed/24879298
https://doi.org/10.1148/radiol.11101317
http://www.ncbi.nlm.nih.gov/pubmed/21673226
https://doi.org/10.1038/s41598-017-12194-w
https://doi.org/10.1038/s41598-017-12194-w
http://www.ncbi.nlm.nih.gov/pubmed/28931946
https://doi.org/10.1371/journal.pone.0219605

