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Abstract
Purpose: Assessing renal perfusion in-vivo is challenging and quantitative
information regarding renal hemodynamics is hardly incorporated in medical
decision-making while abnormal renal hemodynamics might play a crucial role
in the onset and progression of renal disease. Combining physiological stimuli
with rubidium-82 positron emission tomography/computed tomography (82Rb
PET/CT) offers opportunities to test the kidney perfusion under various condi-
tions. The aim of this study is: (1) to investigate the application of a one-tissue
compartment model for measuring renal hemodynamics with dynamic 82Rb
PET/CT imaging, and (2) to evaluate whether dynamic PET/CT is sensitive
to detect differences in renal hemodynamics in stress conditions compared to
resting state.
Methods: A one-tissue compartment model for the kidney was applied to car-
diac 82Rb PET/CT scans that were obtained for ischemia detection as part of
clinical care.Retrospective data,collected from 17 patients undergoing dynamic
myocardial 82Rb PET/CT imaging in rest, were used to evaluate various CT-
based volumes of interest (VOIs) of the kidney. Subsequently, retrospective
data,collected from 10 patients (five impaired kidney functions and five controls)
undergoing dynamic myocardial 82Rb PET/CT imaging, were used to evaluate
image-derived input functions (IDIFs), PET-based VOIs of the kidney, extraction
fractions, and whether dynamic 82Rb PET/CT can measure renal hemodynam-
ics differences using the renal blood flow (RBF) values in rest and after exposure
to adenosine pharmacological stress.
Results: The delivery rate (K1) values showed no significant (p = 0.14) differ-
ence between the mean standard deviation (SD) K1 values using one CT-based
VOI and the use of two, three, and four CT-based VOIs, respectively 2.01(0.32),
1.90(0.40), 1.93(0.39), and 1.94(0.40) mL/min/mL. The ratio between RBF in
rest and RBF in pharmacological stress for the controls were overall significantly
lower compared to the impaired kidney function group for both PET-based delin-
eation methods (region growing and iso-contouring), with the smallest median
interquartile range (IQR) of 0.40(0.28–0.66) and 0.96(0.62–1.15), respectively
(p < 0.05). The K1 of the impaired kidney function group were close to
1.0 mL/min/mL.

This is an open access article under the terms of the Creative Commons Attribution License,which permits use,distribution and reproduction in any medium,provided
the original work is properly cited.
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2 RUBIDIUM-82 PET/CT FOR RENAL PERFUSION

Conclusions: This study demonstrated that obtaining renal K1 and RBF values
using 82Rb PET/CT was feasible using a one-tissue compartment model.Apply-
ing iso-contouring as the PET-based VOI of the kidney and using AA as an IDIF
is suggested for consideration in further studies.Dynamic 82Rb PET/CT imaging
showed significant differences in renal hemodynamics in rest compared to when
exposed to adenosine. This indicates that dynamic 82Rb PET/CT has potential
to detect differences in renal hemodynamics in stress conditions compared to
the resting state, and might be useful as a novel diagnostic tool for assessing
renal perfusion.

KEYWORDS
82Rb PET/CT,dynamic rubidium-82 PET/CT,one-tissue compartment model,renal blood flow,renal
hemodynamics, renal perfusion

1 INTRODUCTION

The prevalence of chronic kidney disease (CKD) is
projected to substantially increase upcoming decades,
requiring new strategies for earlier diagnosis.1,2 The
human kidney receives ca. 20% of cardiac output and
disturbances in renal blood flow (RBF) might play a
major role in CKD.3 However, evaluation of renal macro-
and microcirculation is currently unused,since validated
non-invasive methods for assessing kidney perfusion
are lacking.

Imaging has important benefits for determining renal
perfusion compared to time-honored gold standard
methods such as para-aminohippurate clearance; it is
less invasive, faster and allows for regional comparison
within the kidney and between the kidneys.3–6 [15O]H2O
positron emission tomography/computed tomography
(PET/CT) is a widely used technique to assess renal
perfusion.3 However, rubidium-82 (82Rb) PET/CT might
be an alternative technique, which is easy to implement
as it does not require an on-site cyclotron.

82Rb PET/CT is increasingly being used for cardiac
perfusion imaging. The flow tracer 82Rb accumulates
in the cells, has a short physical half -life (75 s) and a
high first-pass extraction in the kidneys that also enables
renal perfusion quantification, but is not yet used for
this application in clinical practice.From renal physiology
studies it is known that kidney function increases after a
stimulus such as an oral protein load or an intravenous
infusion with amino acids,glucagon,or dopamine.5 Com-
bining physiological stimuli with 82Rb PET/CT offers
unique opportunities to test the kidney under various
conditions making dynamic 82Rb PET/CT an interesting
technique for dedicated renal stress testing.6–9

One-tissue compartment models have been validated
for myocardial blood flow quantification and are cur-
rently in routine clinical use.10,11 Previous work by Tahari
et al. and Langaa et al. demonstrated the feasibility of
82Rb PET/CT with one-tissue compartment models for
assessing renal perfusion.12,13 However, there is no uni-
form approach regarding kidney compartment modeling

and hence further research is necessary to investi-
gate the effect of various inputs, outputs, and extraction
fractions on the RBFs to enable evaluation of disease
activity and treatment response monitoring. Therefore,
the aim of this study is: (1) to investigate the applica-
tion of a one-tissue compartment model for measuring
renal hemodynamics with dynamic 82Rb PET/CT imag-
ing, and (2) to evaluate whether dynamic PET/CT is
sensitive to detect differences in renal hemodynamics
in stress conditions compared to resting state.

2 METHODS

2.1 Study design

This was a retrospective proof-of -concept study and
a waiver was obtained by the medical ethical review
board to perform this study. Written informed consent
was obtained from all participants. Clinical characteris-
tics were collected from patient records and the 82Rb
PET/CT reports.

2.2 Population

Patients coming for a myocardial perfusion 82Rb
PET/CT in the period between March 2020 and Novem-
ber 2022 were retrospectively selected based on the
amount of kidney tissue in the field of view (FoV). At
least 5.7 cm (15 consecutive CT slices) of the most
superior kidney on the CT data was required to perform
the analysis.

Two different patient datasets were used in this study:
(A) dynamic rest myocardial 82Rb PET/CT data (N = 17)
were used to evaluate various manual CT-based volume
of interest (VOI) methods of the kidney with one-tissue
compartment models to district between the cortex and
the medulla. Subsequently, (B) dynamic myocardial rest
and pharmacological stress 82Rb PET/CT data with
adenosine were selected to illustrate the effects of
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RUBIDIUM-82 PET/CT FOR RENAL PERFUSION 3

various semi-automatic PET-based kidney delineations,
image derived input functions (IDIFs) and extraction
fractions to convert the delivery rate (K1) values to flow
values, and to assess the resulting differences in renal
hemodynamics in stress conditions compared to resting
state with 82Rb PET/CT imaging (N = 10, five impaired
kidney functions and five controls). The five subjects
with impaired kidney function were selected based on
an eGFR < 60 mL/min/1.73 m2.14 As comparison five
subjects (considered as controls) without history of
cardiovascular disease or interventions, calcium score
0, MFR > 1.5, no cardiac perfusion defects, chronic
obstructive pulmonary disease (COPD), lung emphy-
sema, malignancies other than T1 locally resected,
diabetes mellitus type 1 (DM1), or type 2 (DM2) were
selected.

2.3 Data collection

PET/CT images were obtained on a Discovery MI 5-Ring
PET/CT (GE Healthcare, Chicago, Illinois, USA). A low
dose CT (20 mAs, 120 kV) was acquired for attenua-
tion correction purposes and reconstructed in a 512 by
512 matrix and an FoV of 70 cm (with a voxel size of
1.4 × 1.4 × 3.75 mm3).

PET data were acquired during a period of 6 min,
starting 8 s after the automatic intravenous infusion of
a bolus of approximately 750 MBq 82RbCl (82Sr/82Rb
generator, Rubigen B.V., ’s Hertogenbosch, The Nether-
lands) in a resting state (referred to rest acquisition).
Subsequently, a second acquisition was started fol-
lowing the same protocol with similar activity 2.5 min
after an adenosine infusion (140 µg/kg/min over 6 min)
(referred to as the stress acquisition).

PET data were acquired in list mode and recon-
structed in multiple time frames using a time-of -flight
ordered subset expectation maximization algorithm
(VPFX TOF-OSEM; 2 subsets, 17 iterations) on a 128
by 128 matrix (with a voxel size of 2.8 × 2.8 × 2.8 mm3)
with a 5.0 mm full-width-at-half maximum (FWHM) Han-
ning filter. A total of 26 time frames were reconstructed
per PET scan, that is, 10 × 5, 6 × 10, 5 × 15, and finally
5 × 20 s. Images were normalized and corrected for
radioactive decay, attenuation, and scatter.

2.4 Kinetic modeling

An existing one-tissue compartment model was used
to calculate global K1 values based on renal one-
tissue compartment models from previous studies,12,13

as depicted in Figure 1.
PMOD software package (version 4.2; PMOD Tech-

nologies Ltd., Zurich, Switzerland) was used for kinetic
modeling. Equation (1) shows the change in 82Rb

F IGURE 1 A visual representation of a one-tissue compartment
model: CA, vascular compartment; Ck, tissue compartment; K1,
uptake rate of rubidium-82 from the vascular compartment to the
tissue compartment; k2, fraction of rubidium-82 from the tissue
compartment to the vascular compartment.

concentration in the kidney compartment:

dCk (t)
dt

= K1CA (t) − k2Ck (t) (1)

In this equation, the rate constant K1 denotes
the perfusion-dependent component and has unit
mL/min/mL. The rate constant k2 indicates the rate in
which the 82Rb leaves the kidney parenchyma and has
unit min−1. Furthermore, the functions CA and Ck rep-
resent the concentration (kBq/mL) per timepoint in the
vascular input and the kidney parenchyma, respectively.
For the input CA in Equation (3), we used an IDIF, as no
blood samples were drawn from patients during scan-
ning. Equation (1) can be analytically solved, yielding:

Ck (t) = K1 ∫
t

0
CA (t) e−k2(t−𝜏)d𝜏 (2)

Which can be expressed as a convolution:

Ck (t) = K1e−k2t ∗ CA (t) (3)

Finally, an operational model curve is fitted by PMOD,
considering the blood volume fraction (vB):

Cmodel = (1 − vB) Ck (t) + vBCA (t) (4)

A constant value of 0.10 for vB was used to account
for activity from the fractional blood volume within the
VOI, as previously used by Langaa et al.13,15 The
rate constants K1 and k2 were estimated in PMOD
by means of a least-squares method in an iterative
manner, with a maximum of 20 random iterations.
This was done by curve fitting which started with
establishing a set of initial parameter values, from
which the corresponding model curve was generated.
Subsequently, the Chi-square criterion was computed,
prompting adjustments to the model parameters with
the goal of reducing Chi-square. Multiple fitting itera-
tions were performed, and the result parameters were
selected from the fit with the minimal chi-squared value.
In this context, randomness entailed that fitting began
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4 RUBIDIUM-82 PET/CT FOR RENAL PERFUSION

with randomized sets of initial parameters,utilizing a uni-
form distribution within a ±100% range. This intentional
introduction of randomness served the purpose of pre-
venting convergence into local minima.16 In preliminary
experiments (data not shown), this number of iterations
was found to be sufficient for PMOD to find a stable
minimum.

Accurate measurement of the time base of the input
signal is crucial for flow tracers with high first-pass
extraction as [15O]H2O and likely 82Rb.Therefore, in line
with existing literature, correction for delay and disper-
sion in the blood signal is essential.17–19 The operational
Equations (1)–(4) provided above require modification
to accommodate these factors. Equation (5) represents
the relationship between measured and actual arterial
concentration time courses.

dC∗
A (t)

dt
= 1
𝜏d

(
CA (t − Δt) − C∗

A (t)
)

(5)

In this equation, C*A represents the measured arte-
rial concentration (kBq/mL) per timepoint in the vascular
input and CA is the true arterial concentration.The delay
in units of time is represented as Δt and 𝜏d is the disper-
sion constant in units of min. Solving and substituting
this equation into the prior operational Equations (1)–(4)
allows fitting for delay and dispersion. The correc-
tion of delay was performed in PMOD by fitting the
delay together with the kinetic parameters of the tis-
sue model.16 The lower limit was fixed at 0, as kidney
uptake cannot occur before the 82Rb bolus injection.
The correction for dispersion could be incorporated into
the one-tissue compartment model and solved using the
Laplace transform to yield the Equation (4),as described
by Meyer.20

2.5 Various kidney VOI delineation
methods

2.5.1 Manual delineations on CT

Using the rest dynamic 82Rb PET/CT scans from
dataset A (N = 17), various manual kidney VOI delin-
eations on CT were evaluated to assess K1 values of a
combination of different parts of the kidney. VOIs were
placed in the upper pole of the left kidney on an axial
view of CT scan.CT-based delineation was applied with
one fixed sphere (radius of 10 mm) for one VOI and two,
three, or four fixed cuboids (5 mm × 10 mm × 10 mm)
between the medulla and the cortex for multiple VOIs. In
case two,three,or four cuboids were placed in the kidney,
the first VOI was placed medial (two voxels from the right
of the calyx). The second VOI was placed on the same
CT slice,but two voxels from the lateral kidney boundary.
Subsequently, the remainder third and fourth cuboids

were set between the first and second cuboids. Finally,
VOI translation from CT to PET data was executed, as
depicted in Figure S1.

Effects of spill-over and partial volume were mini-
mized by placement of the VOIs at least two voxels away
from kidney boundary walls. The renal pelvis was not
included in the VOI. The VOIs were not placed in the
three most superior and inferior slides of the FoV, as
these slides could have a slightly reduced spatial reso-
lution as compared with more central slides of the FoV.21

The position of the VOIs was checked for patient motion
in every frame and slice.

2.5.2 Semi-automatic PET-based
delineations

Because CT contrast agents are not clinically used in
myocardial 82Rb PET/CT imaging for the detection of
ischemia, two other semi-automatic kidney delineation
methods on PET were also explored using pharmaco-
logical stress data (dataset B, N = 10), being (1) hot
contouring with manual placement of a seed point and
(2) an iso-contouring delineation method, only requir-
ing the placement of a bounding box and a percentage.
For the iso-contouring delineation method, a kidney VOI
was placed in the average of the rest scan over time,
as described in previous studies for VOI delineation of
the left ventricle wall11 and the carotid arteries.22 In this
study, a bounding box was placed around the kidney
volume, after which the iso-contour was automatically
generated representing 40% of the maximum within
the bounding box. The region growing method required
the manual identification of a temporal frame showing
high signal in the entire kidney volume and placing a
seed point.These delineations were repeated in order to
assess the intraobserver variability for establishing the
RBF in rest and stress.

2.5.3 Image-derived input functions

A 3D sphere with a radius of 10 mm was placed in the
left ventricular blood pool (LVBP) and ascending tho-
racic aorta (ATA) and a 3D sphere with a radius of
5 mm was placed in the abdominal aorta (AA). VOIs
were placed as centrally as possible in the vessels
and the ventricle, avoiding delineation of the walls, to
minimize partial volume effects and spill over, respec-
tively.An overview of the IDIF delineations is depicted in
Figure S1.

After the placement of IDIFs and VOIs, time-activity
curves (TACs) were generated depicting the mean activ-
ity concentrations in kBq/mL of 82Rb per region over
time (s) (Figure 2).
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RUBIDIUM-82 PET/CT FOR RENAL PERFUSION 5

F IGURE 2 Time activity curves (TAC) after applying a volume of interest (VOI) of kidney tissue using the abdominal aorta as image derived
input function. (a) Unfitted time-activity curves of three VOIs. (b) Fitted TAC of one of the kidney tissue VOIs. VOI delineations on computed
tomography (CT) were applied between the medulla and the cortex.

2.6 Renal blood flow and renovascular
reserve

K1 is a product of flow (F) and the extraction factor (E)
as calculated by Equation (6):

K1 = F ⋅ E (6)

The extraction factor can either be a constant value
or derived from a Renkin–Crone function.23,24 The lat-
ter is given in Equation (7), and is thought to be
flow-dependent for 82Rb:

K1 = F ⋅
(
1 − a ⋅ e−b∕F

)
(7)

To convert the K1 values to flow values, two
approaches were evaluated:

(i) assuming a constant extraction fraction of 0.9 as
determined in canine experiments,7

(ii) using the values found by Gregg et al.25 for the
kidney: a = 0.94 and b = 1.86.

All flow values were converted to mL/min/g by assum-
ing a kidney density of 1.04 g/mL.26,27

Research suggests that a state of net vasodilation
also occurs in kidney vasculature, but can be preceded
by vasoconstriction of the afferent arterioles.28,29 We
assume that an increase in renal functioning when
exposed to a stimulus (stress) is accompanied by an
increase in RBF, and that the ratio compared to when
such a stimulus is not present (rest) can be used
for the measurement of renal hemodynamics. In this
study, we refer to this ratio of RBF during exposure
to adenosine (stress) compared to rest as the reno-
vascular reserve (RVR). The RVR is calculated using
Equation (8). This new parameter is similar to the coro-
nary flow reserve used in clinical practice for assessing

conditions affecting the coronary arteries.

Renovascular reserve =
RBFstress

RBFrest
(8)

2.7 Statistical analysis

A Shapiro–Wilk test was performed to evaluate the
(log)normality of the data. The statistical analyses of
the non-paired data were performed with an inde-
pendent T test or Mann–Whitney U depending on
the (log)normality. Continuous data were expressed as
mean standard deviation (SD) or median interquar-
tile range (IQR) depending on (log)normality. Paired
data were statistically performed with the paired T-
test or Wilcoxon Signed Rank test depending on the
(log)normality. A one-way repeated measures analysis
of variance (ANOVA) was performed to compare the
total K1 values between the number of kidney VOIs.The
RVRs and RBFs of both study arms were compared
using the Wilcoxon rank-sum (Mann–Whitney U) test. A
p-value <0.05 was deemed significant.

Bland–Altman plots were composed to assess the
intraobserver variability for establishing the RVR.Statis-
tical analysis was performed using the statistics module
SciPy (version 1.9.2) of Python (version 3.11) and
Graphpad Prism (version 9.3.1; GraphPad Software,
San Diego, California USA).30

3 RESULTS

3.1 Evaluation of various kidney VOI
delineation methods on CT

K1 values were composed for various kidney VOIs using
AA as IDIF (dataset A, N = 17), as depicted in Figure 3.
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6 RUBIDIUM-82 PET/CT FOR RENAL PERFUSION

F IGURE 3 Visualization of K1 values in mL/min/mL applying one or more volume of interest (VOI) of kidney tissue using the abdominal
aorta as image derived input function (N = 17). Computed tomography (CT)-delineation was applied with one fixed sphere (radius of 10 mm) for
one VOI and two, three, or four fixed cuboids (5 mm × 10 mm × 10 mm) between the medulla and the cortex for multiple VOIs. In case two, three,
or four cuboids were placed in the kidney, the first VOI was placed medial (two voxels from the right of the calyx). The second VOI was placed on
the same CT slice, but two voxels from the lateral kidney boundary. Subsequently, the remainder third and fourth cuboids were set between the
first and second cuboids. Every dot represents a K1 value of a subject (N = 17).

The K1 values showed no significant (p = 0.14) differ-
ence between the mean (SD) K1 values applying one
VOI and the use of two, three, and four VOIs, respec-
tively 2.01(0.32), 1.90(0.40), 1.93(0.39), and 1.94(0.40)
mL/min/mL. When two VOIs were applied, no significant
difference (p = 0.10) was found between the two VOIs
in mean (SD) K1 values, respectively 1.81(0.39) and
1.98(0.50) mL/min/mL. Furthermore, significant differ-
ences (p < 0.05) were identified between the VOIs of
the three and four VOIs placements with mean (SD) K1
values, respectively, 1.73(0.35), 2.12(0.52), 1.94(0.45)
mL/min/mL and 1.65(0.36), 2.04(0.50), 2.12(0.56),
1.94(0.45) mL/min/mL. However, the deviation between
the mean K1 values of applying one VOI is significantly
smaller (p < 0.05) compared to the SD applying two,
three, or four VOIs (max SD of one VOI; 0.32 vs. four
VOIs 0.56 mL/min/mL).

3.2 Evaluation of renal hemodynamics

For the remainder of the study, dataset B was used
for the evaluation of renal hemodynamics (Table S1).

The obtained K1 values are depicted in Figure 4
per IDIF (AA, ATA, and LVBP) and per kidney delin-
eation method (iso-contouring and region growing). The
data showed a decrease in K1 values in stress com-
pared to rest for controls and patients with median
impaired kidney function of 20.6% and 7.9%, respec-
tively, when iso-contouring and AA as IDIF were applied.
The K1 values of this impaired kidney function group
were close to 1.0. The numeric K1 values, k2 val-
ues, and blood delay time per patient were reported in
Table S2.

3.3 RBF and RVR

RBF data (mL/min/g) are provided in Table S3 (rest)
and Table S4 (stress). No significant differences in RBF
between the control and impaired kidney group were
found in stress state and in rest state (p > 0.05).
Furthermore, no significant differences between the
two kidney delineations methods for both the rest
and stress were found with regards to flow values
(p > 0.05). For the rest phase, no significant differences
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RUBIDIUM-82 PET/CT FOR RENAL PERFUSION 7

F IGURE 4 K1 values from a one-tissue compartment model for the abdominal aorta (AA), ascending thoracic aorta (ATA), and left
ventricular blood pool (LVBP) as vascular input functions. (a–c) The models obtained by delineation the kidney using iso-contouring and (d–f)
using region growing (dataset B, N = 10).

were found between the different IDIFs (p > 0.05). In
the stress phase, significant differences were identi-
fied between the LVBP and the ATA for all three flow
methods, within the iso-contouring delineation method
(p < 0.05).

RVR data are presented in Table 1. The control
group showed a larger range of values compared to
the impaired kidney function group, the latter having
median RVR values close to 1.0. The highest median
RVR value in the control group was 0.81 (IQR: 0.75–
0.82) when a constant extraction combined was applied
with iso-contouring and the LVBP as input. The smallest
median RVR values were found with flows calculated
with Gregg’s extraction and the ATA input and were
0.40 (IQR: 0.28–0.66) and 0.40 (IQR: 0.23–0.70) for
iso-contouring and region growing, respectively. For the
impaired kidney function group, the smallest median
RVR value was 0.96 (IQR: 0.62–1.15), calculated with
Gregg’s extraction fraction. The ATA IDIF yielded signif-
icant differences between the control and the impaired
kidney function group for both extraction methods and
both kidney delineation methods (p < 0.05). RVR cal-
culated using Gregg’s method resulted in significant
differences in all VOIs except for the AA obtained using
region growing.

3.4 Intraobserver variability

Repeated intraobserver measurement data are illus-
trated in Figure 5. Bland–Altman analysis of the
repeated measurements showed smaller agreement
intervals for the iso-contouring delineation method,
irrespectively of the extraction method. The small-
est 95% agreement interval was found for the con-
stant extraction fraction and region growing delineation
(−0.2011−0.1857), while the largest interval was found
for Gregg’s extraction fraction in combination with the
region growing delineation method (−0.6254−0.5945).
Bias and agreement intervals from the Bland–Altman
analysis of RVR values measurements are demon-
strated in Table S5.

4 DISCUSSION

This study represents a unique exploration into the
potential utilization of dynamic 82Rb PET/CT for
assessing renal perfusion. Various inputs, outputs,
and extraction fractions on the RBFs of an existing one-
tissue compartment model were evaluated to explore
the potential clinical application of 82Rb PET/CT for
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8 RUBIDIUM-82 PET/CT FOR RENAL PERFUSION

TABLE 1 Renovascular reserve (RVR) values as the ratio of renal blood flow in during adenosine (stress) compared to renal blood flow
(RBF) in rest.

Adenosine renovascular reserve values

Flow method VOIs Control
Impaired kidney
function p

Constant AA

ISO 0.79 (0.75–0.83) 0.99 (0.79–1.04) 0.251

RG 0.75 (0.70–0.84) 0.98 (0.85–1.08) 0.076

ATA

ISO 0.74 (0.62–0.86) 1.02 (0.96–1.05) 0.028

RG 0.75 (0.55–0.88) 1.06 (0.95–1.07) 0.028

LVBP

ISO 0.81 (0.75–0.82) 0.99 (0.97–1.06) 0.047

RG 0.75 (0.71–0.83) 1.00 (0.96–1.11) 0.028

Gregg AA

ISO 0.48 (0.43–0.55) 0.98 (0.57–1.09) 0.076

RG 0.44 (0.33–0.58) 0.96 (0.62–1.15) 0.028

ATA

ISO 0.40 (0.28–0.66) 1.04 (0.95–1.08) 0.009

RG 0.40 (0.23–0.70) 1.10 (0.92–1.15) 0.009

LVBP

ISO 0.53 (0.41–0.57) 0.98 (0.94–1.14) 0.009

RG 0.41 (0.35–0.57) 1.00 (0.92–1.33) 0.009

RVR values were obtained of dataset B (N = 10) with various image-derived input functions (IDIFs) derived from abdominal aorta (AA), ascending thoracic aorta
(ATA), and left ventricular blood pool (LVBP), two kidney volume of interest (VOI) methods (iso-contouring [ISO] and region growing [RG]), and two extraction methods
(constant and Gregg). Values are displayed as median (interquartile range).

assessing renal perfusion. First, K1 values were gen-
erated with various CT-based kidney VOIs between
the medulla and the cortex (dataset A). Subsequently,
myocardial perfusion data were analyzed retrospec-
tively to obtain renal perfusion measurements in rest
and when exposed to adenosine (stress) using various
PET-based delineation methods, IDIFS and extraction
fractions (dataset B). The RVR for the controls were
overall significantly lower (p < 0.05) compared to the
impaired kidney function group indicating the possibility
of measuring differences in kidney hemodynamics with
82Rb PET/CT.

For practical reasons in subsequent analysis one sin-
gle large VOI was used, even though composing K1
values for various numbers of CT-based kidney VOI
delineations seemed feasible.Literature on kinetic mod-
eling from other fields suggest that larger VOI reduces
variation, which supports the use of one kidney VOI
to illustrate the clinical applicability.31,32 Furthermore,
VOI delineation was performed on unenhanced CT
data obtained for attenuation purposes only (as part of
the myocardial perfusion protocol for ischemia detec-
tion), limiting the ability to distinguish renal cortex and
medulla. Therefore, two other PET-based kidney delin-
eation methods were explored in the remainder of the
study using dataset B.

Applying manual CT-based kidney delineations on
dataset A,no significant differences were found between
the total mean K1 values of one, two, three, and four kid-
ney VOI placements, indicating that the mean K1 values
were independent of the number of VOI placements.
However, significant differences in K1 values between
the VOIs were found applying three and four VOIs,which
might indicate that distinction between the medulla and
cortex was possible.Preclinical studies have shown that
the medullary blood flow can be maintained when the
cortical blood flow is severely decreased.3,33 In future
studies, it might be worthwhile to incorporate a gradi-
ent of more layers between the medulla and cortex (as
previously performed in MRI kidney studies34–36) that
is adjusted to the spatial resolution of PET/CT3. How-
ever, applying three and four VOIs resulted in a larger
SD of the mean K1 values and outliers compared to
the application of one VOI (Figure 3). This K1 devia-
tion might be a result of partial volume effects or manual
VOI CT-delineations, but might also be explained by the
heterogeneous retrospective dataset A with potentially
diverse physiological renal K1 values. Hypothetically,
smaller VOIs are more affected by the spill-out effect of
neighboring tissues, showing less 82Rb uptake of sur-
rounded lower vascularized structures. Therefore, the
optimal number of VOI delineations should be further
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RUBIDIUM-82 PET/CT FOR RENAL PERFUSION 9

F IGURE 5 Bland–Altman plots of the repeated measurements of the renovascular reserve values: the ratio of renal blood flow during
adenosine infusion (stress) compared to renal blood flow in rest. (a) Upper row denotes iso-contouring method and (b) lower row denotes region
growing. AA, abdominal aorta; ATA, ascending thoracic aorta; LVBP, left ventricular blood pool.

explored in future studies that are dedicated to applying
82Rb PET/CT to the kidney.

Another possible explanation for the significant dif-
ferences observed with three and four VOI placements
may be attributed to the fixed vB applied in this study.
The value of 0.1 was estimated using the entire kidney
of healthy subjects,13,15 but different VOIs within the kid-
ney might potentially have varying vB values. However,
the objective of our study was to assess the applicabil-
ity of various kidney VOIs, IDIFs and extraction fractions
of a one-tissue compartment model. To achieve this,
we extensively reviewed available literature and applied
that in our study. Unfortunately, literature regarding vB
of the kidney and renal perfusion using imaging is cur-
rently hardly available. Consequently, further research
is necessary to investigate the effects of vB in patients
with impaired kidney function and different parts of the
kidney in a larger prospective study.

Reproducibility analysis of two PET-based delin-
eation methods showed smaller agreement interval

limits for iso-contouring compared to region growing kid-
ney delineation, indicating that iso-contouring is less
sensitive for repetition errors. Possible explanations
are manual temporal frame selection and manual VOI
adjustments, making region growing more prone for
errors compared to iso-contouring (which only requires
bounding box around the averaged kidney volume).

No significant difference between the region growing
and iso-contouring delineations within the same vascu-
lar input was found. The LVBP and AA as IDIFs showed
the least spread in the Bland–Altman plots, while the
IDIF ATA showed the most outliers. Moreover, no sig-
nificant differences between the IDIFs AA and LVBP
with regards to RBF calculation were observed.The IDIF
AA is especially interesting for measuring RVR, as this
vessel would be in the scan FoV. Therefore, previous
renal studies considered it as a suitable alternative to
the LVBP,which we confirm in our study.12,13 Additionally,
a high correlation was found between arterial sampling
and AA as IDIF in renal studies.37 This study supports
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10 RUBIDIUM-82 PET/CT FOR RENAL PERFUSION

the feasibility of the use of the AA as IDIF,possibly com-
bined with an iso-contouring kidney delineation method.

Obtained renal K1 values in five individuals without
cardiovascular or renal disease were in line with previ-
ous reported renal K1 values.12,13 However, to the best
of our knowledge, the function describing the extraction
of 82Rb in the kidney and the conversion of K1 to flow is
currently unknown. Literature suggests, with a high first
pass extraction, a non-linear relationship between the
flow and K1 due to the retention of 82Rb in tissue and
the active transport into cells.38,39 Gregg et al. reported
the relation between K1 and flow in kidney tissue, show-
ing that the extraction function by Gregg deflects more
strongly with increasing flow.25 Future studies compar-
ing K1 values obtained using 82Rb as flow tracer with a
gold standard reference radiopharmaceutical with a lin-
ear extraction such as [15O]H2O is therefore crucial in
order to establish a more robust relationship between
K1 values and flow of 82Rb in renal tissue.Moreover, it is
essential to further investigate the extraction of 82Rb in
the kidney and the conversion of K1 to flow before the
clinical implementation of 82Rb PET/CT measurements
can take place.

Changes in RBF between rest and during exposure to
adenosine (stress) led to RVRs below 1.0 for the group
consisting of individuals without cardiovascular or renal
disease, while the RVRs in the group of kidney patients
were around 1.0. This might be a direct consequence of
our pragmatic choice to use adenosine and retrospec-
tive cardiac data. Adenosine is considered a systemic
vasodilator while the spleen is also known to exhibit
vasoconstriction after adenosine administration.40 Pre-
vious research showed that adenosine has various
effects on the renal perfusion.25,28,41–43 Ultimately, we
need a well-established renal stressor that can also be
effectively combined with imaging from logistical and
technical perspectives.

This study contains some limitations. First, the lim-
ited number of subjects constitutes a major limitation
and hence our results should be interpreted carefully.
However, little is known about the consequences of the
changes in RBF, and 82Rb PET/CT data for renal perfu-
sion imaging are scarce.Moreover,non-invasive imaging
techniques for assessing renal are not incorporated in
clinical practice guidelines due to the lack of evidence.
Although our retrospective proof-of -concept study con-
cerns only a small study population, we believe that
our findings exhibit the complexity of assessing RBF
and contribute to the knowledge of the application of
82Rb PET/CT for kidney perfusion imaging. Second, the
study is retrospective in design and used cardiac 82Rb
PET/CT data to evaluate the feasibility to assess renal
perfusion. As such, the used scan data in the present
study was obtained focused on myocardial ischemia
detection, with the heart in the center of the FoV, yield-
ing the highest sensitivity.21 As a result, some parts of
the kidney were imaged at the edge of the FoV with

lower sensitivity, leading to poorer image quality for the
kidney. In addition, adenosine was used as a pharmaco-
logical stress agent; however, this is not the ideal “stress
agent” for the kidney compared to infusion of amino
acids, dopamine, or an acute protein. Langaa et al. has
pioneered the use combining 82Rb PET/CT with infusion
of amino acids, demonstrating an increase in RBF in
healthy volunteers.6 Future prospective studies should
focus on developing a dedicated kidney protocol for
82Rb PET/CT, where both kidneys are centered in the
FoV to evaluate various parts of the kidney, applying
a renal stress agent, and further explore kinetic mod-
eling with its inputs, outputs, and extraction fractions to
evaluate disease activity and treatment response for
CKD.

CKD is recognized as one of the leading causes
of death worldwide.44–46 In early stage CKD, patients
are often asymptomatic, leading to a diagnosis in later
stages when substantial and irreversible kidney damage
has already occurred.Given the asymptomatic nature of
early stage CKD, there is a need for a novel diagnostic
tool or biomarker to enable early treatment, potentially
slowing progression,while being cost effective.47,48 Cur-
rent clinically available non-invasive imaging techniques
for assessing the kidney function or hemodynamics
as renal scintigraphy, CT, magnetic resonance imag-
ing (MRI), and ultrasound have drawbacks including
limited resolution, observer dependency, scan duration,
limited quantification possibilities, and the use of con-
trast agents that may induce nephrotoxicity and allergic
reactions.49–51

The scarcity of evidence demonstrating heightened
renal hypoxia in humans is mainly attributed to the
absence of non-invasive (imaging) techniques for
assessing renal oxygenation and fibrosis.52 However,
changes in renal microcirculation are crucial in the
pathophysiological processes of renal disease.53 Given
the limited availability of literature in the field of kid-
ney perfusion and various physiological and anatomical
similarities among the perfusion of the heart and the
kidneys, we found it worthwhile to investigate whether
dynamic 82Rb PET/CT was able to detect differences
in renal hemodynamics in stress conditions compared
to resting state (RVR). Moreover, the coronary flow
reserve has been proven to be of added value and has
been used in a routine clinical setting for the detection
of myocardial ischemia.10,54 Therefore, 82Rb PET/CT
holds potential relevance as an accessible novel diag-
nostic tool for the early detection of CKD by assessing
renal hemodynamics.

5 CONCLUSION

In this study, it was demonstrated that obtaining renal
K1 and RBF values using 82Rb PET/CT was feasible
using a one-tissue compartment model applying either
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RUBIDIUM-82 PET/CT FOR RENAL PERFUSION 11

CT- or PET-based kidney VOI delineation methods
(region growing and iso-contouring), IDIFs (AA,ATA,and
LVBP),and Gregg’s25 and constant7 extraction fractions.
Applying iso-contouring as the PET-based VOI of the
kidney and using AA as an IDIF is suggested for consid-
eration in further studies.Moreover, it is crucial to further
investigate the extraction of 82Rb in the kidney and the
conversion of K1 to flow before the clinical implemen-
tation of 82Rb PET/CT measurements can take place.
Dynamic 82Rb PET/CT imaging showed significant dif-
ferences in renal hemodynamics in rest compared to
when exposed to adenosine.This indicates that dynamic
82Rb PET/CT has potential to detect differences in renal
hemodynamics in stress conditions compared to the
resting state, and might be useful as a novel diagnostic
tool for assessing renal perfusion.
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