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Abstract: Image statistics are frequently used for functional and molecular imaging research in which images from 
a patient group with a specific diagnosis are compared with images from a healthy control group who have been 
matched for demographic variables. The success of image statistics for brain imaging has encouraged us to develop 
a method for obtaining volumetrically normalized kidney to perform image statistics so that we can locally visualize 
the statistical significant difference comparing voxel by voxel between certain groups in terms kidney blood flow ki-
netic parameters. For the development of this evolutionary process, we first volumetrically normalized all subjects, 
which include healthy control (HC) and chronic renal failure (CRF) patients, 15O water PET image with respect to one 
HC subject’s MRI image using affine transformation. Then 15O kinetic parametric images of normalized kidneys were 
obtained through the basis function method. Finally, the statistical map of these parametric images was produced 
using the threshold-free cluster enhancement based permutation method. Kinetic parameters of kidney namely, 
uptake rate constant (K1), clearance rate constant (k2) and blood volume (Va), were found to be notably lower in CRF 
than those of in HC and k2 parameter was found to be more stable compared to K1 and Va. The statistical map of 
these parametric images allowed us to visualize local significant differences statistically (P<0.05) between HC and 
CRF groups. Though PET and MRI techniques have enormous potentiality for functional and molecular imaging of 
kidney, these are, at best, in experimental level. It is speculated that statistical mapping of kidney could play a signif-
icant role in the successful implementation of functional and molecular kidney imaging. However, more research in-
volving a larger sample size and improved normalization technique will be needed for the robustness of the process.
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Introduction

Molecular imaging is playing a vital role in 
research, diagnosis and management of kidney 
disease. Noninvasive imaging modalities like 
positron emission tomography (PET), single 
photon emission computed tomography (SP- 
ECT), magnetic resonance imaging (MRI) and 
ultrasound imaging (UI) are popular for obtain-
ing the molecular image of kidney. Among them 

SPECT has widely been used clinically to deter-
mine the symmetry of the disease and provide 
information on kidney size and overall perfusion 
[1]. However, intra-renal flow distribution cannot 
be determined by SPECT. Fortunately, tomo-
graphic spatial resolution of PET, which is simi-
lar to the thickness of the renal cortex, along 
with its efficient attenuation correction, scatter 
correction and image reconstruction process 
makes it an excellent imaging modality not only 
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for straightforward quantification of renal blood 
flow and glomerular filtration rate but also for 
quantitative imaging of molecular targets [2]. In 
the physiology of the kidney, renal blood flow 
(RBF) is the volume of blood delivered to the 
kidneys per unit time. In humans, the kidneys 
together receive roughly 25% of cardiac output, 
amounting to 1.1 L/min in a 70-kg adult male. 
Reduction in RBF is commonly detected in 
patients with ischemic acute kidney injury (AKI), 
renal artery stenosis, obstructive nephropathy, 
or decreased mean arterial blood pressure [3]. 
RBF measurement with PET offers prospective 
applications in renovascular disease, in rejec-
tion or acute tubular necrosis of transplanted 
organs, in drug-induced nephropathies, ureter-
al obstruction, before and after revasculariza-
tion, and before and after placement of ureteral 
stents [2].  

Parametric images of kidney with H2
15O and 

PET enabling clinicians to study intra-organ dif-
ferences in perfusion as opposed to overall 
organ blood flow. Using the parametric map 
mean perfusion of a specific tissue can be 
determined by averaging all voxels within that 
tissue. Therefore, such maps could enable the 
study of differential perfusion between cortex 
and medulla in kidney disease patients and to 
identify ischemic and hyperemic areas within 
the kidney. Mapping of local blood flow with 
H2

15O and PET has been validated in kidney and 
in other organs [4-8], suggesting H2

15O is the 
most suitable radiotracer for measuring local 
blood flow with PET. Furthermore, volumetric 
normalization of an organ, which is to bring that 
organ volume obtained from different individu-
als in a common reference space called tem-
plate, has become a necessary part of struc-
tural and functional data analysis. Such nor-
malization can be used to perform image sta-
tistics over a sample of subjects in this refer-
ence space within which standardized anatom-
ic labeling can also be implemented across 
subjects, studies and laboratories [9]. There- 
fore, volumetric normalization of parametric 
images of kidney could enhance the study per-
formance of intra-rogan differences since such 
approach has successfully been used in brain 
and cardiac blood flow imaging both in research 
and clinical practice. 

Image statistics so-called statistical mapping 
has widely been used in studies in which imag-
es from a patient group with a specific diagno-

sis are compared with images from a healthy 
control group who have been matched for 
demographic variables. This comparison bet- 
ween groups is performed voxel by voxel for 
testing the differences between the means of 
the two sets of data while taking the variance 
within groups into account. Image statistics 
also enable statistical comparison between dif-
ferent subgroups of patients. Furthermore, by 
quantifying each voxel using standardized scale 
correlation between regional function patterns 
among samples of patients and the severity of 
specific symptoms can be obtained. Following 
several stages of image preprocessing includ-
ing smoothing, realignment and volumetric nor-
malization image statistics is compiled and 
evaluated to find significant foci in a standard-
ized anatomical space [10]. Automatic analysis 
methods [11-13] using image statistics and 
volumetric normalization have already been 
incorporated into the clinical routine within 
nuclear medicine and in other medical fields of 
medical knowledge, specifically in nuclear car-
diology [14]. However, this type of analysis con-
tinues to be minimally explored in clinical prac-
tice within nephrology [10].

We have been motivated by the success of 
image statistics of brain imaging to develop a 
method for obtaining volumetrically normalized 
kidney to perform image statistics so that we 
can locally visualize the statistical significant 
difference comparing voxel by voxel between 
certain groups in terms of kinetic parameters 
of kidney blood flow.

Materials and methods

Subjects

Retrospective image data from 2011 to 2015 
of ten human subjects which include two 
females were studied. Among them, four were 
clinically diagnosed as chronic renal failure 
(CRF) patients and six were healthy controls 
(HC). The average age, height and weight of the 
HC subjects were (40±6) years, (171±3) cm and 
(82±11) kg, respectively and those for CRF 
were (58±10) year, (159±12) cm and (66±22) 
kg, respectively.

Image acquisition

PET scans using H2
15O radioisotope were per-

formed on HC and CRF subjects under rest con-



Renal statistical map with PET and [O-15] water

195	 Am J Nucl Med Mol Imaging 2019;9(4):193-202

dition. Among them, only two HC underwent 
three dimensional (3D)-PET scan in 2015 while 
the rest underwent two dimensional (2D)-PET 
scan from 2011 to 2013. 2D mode PET scans 
were performed using a Shimadzu SET-2400W 
scanner [15] and 3D mode PET scans were per-
formed using a Shimadzu Eminence (SET-3000 
B) scanner [16]. The average injected activity 
for 3D and 2D mode PET scan were (84±8) 
MBq and (607±83) MBq, respectively. 

For 3D scan mode, scan protocol for one sub-
ject was 36 frames, 4 min (6 sec × 5 frames, 3 
sec × 20 frames, 6 sec × 5 frames, 20 sec × 6 
frames) and that for the other subject was 37 
frames, 5 min (6 sec × 5 frames, 3 sec × 20 
frames, 6 sec × 5 frames, 20 sec × 7 frames). 
Images were reconstructed using ‘Dynamic 
RAMLA (Row-Action Maximum Likelihood Al- 
gorithm) [17], (DRAMA)’-3D [18] where the 
reconstruction parameters, iteration and sub-
set were 1 and 128, respectively and the image 
matrix and voxel size were 128 × 128 × 79 and 
4 × 4 × 3.25 mm3, respectively. 

For 2D scan mode, scan protocol for two sub-
jects were 50 frames, 5 min (3 sec × 20 frames, 
6 sec × 20 frames, 12 sec × 10 frames) and 
that for the rest subjects were 36 frames, 4 
min (6 sec × 5 frames, 3 sec × 20 frames, 6 sec 
x 5 frames, 20 sec × 6 frames). Images were 
reconstructed using 2D-Ordered Subsets Ex- 
pectation Maximization (OSEM) [19] where the 
reconstruction parameters, iteration and sub-
set were 2 and 16, respectively and the image 
matrix and voxel size were 128 × 128 × 63 and 
4 × 4 × 3.125 mm3, respectively. 

MRI for only one HC subject was produced with 
GE Signa™ HDxt 1.5T magnetic resonance 
scanner. The T1-weighted MR image Sequence 
was LAVA-FLEX where the matrix and voxel size 
were 512 × 512 × 112 and 0.684 × 0.684 × 
2.5 mm3, respectively. This HC subject’s 3D 
PET image and MR image were used as the ref-
erence image for the volumetric normalization 
process. 

Statistical parametric image processing

Basis function method (BFM): The BFM has 
been used to estimate kinetic parameters of 
blood flow at voxel level for organs and eventu-
ally generating the parametric images. We 
embraced the concept of the BFM and imple-

mented it to generate parametric images of 
blood flow namely, uptake rate constant K1 as 
ml/min/g, clearance rate constant k2 as min-1 
and the activity concentration in the arterial 
vascular space Va as ml/ml. The BFM used the 
following kinetic model for H2

15O based on a 
single-tissue compartment model:

C(t)=Va•A(t) + k1•A(t)*e-k2t

Where, C(t) is the radioactivity concentration in 
a voxel of PET image; A(t) is the arterial input 
function; * indicates the convolution integral 
and K1 (ml/min/g), k2 (min-1) and Va (ml/ml) are 
the parameters of interest.

The BFM used in this study is illustrated in 
Figure 1 where the range of k2 is set to 0.34 
(decay constant of 15O) <k2<=24 min-1 and 300 
discrete basis functions were generated. 

The aorta input function was obtained from the 
image-driven noninvasive profile fitting method 
[26].  

Working procedure: We made averaged image 
of each subject’s PET dynamic image over time 
frames. Then right and left kidneys were three-
dimensionally cropped from the MR image, 
averaged and dynamic PET images.Using the 
FMRIB’s Linear Image Registration Tools (FLIRT) 
[27, 28]- v6 of FSL-5 software the cropped aver-
age PET image of the kidney (CAPIK) was then 
registered on the cropped MR image of the kid-
ney (CMIK). The transformation matrix obtained 
from the registration process was then applied 
to the cropped dynamic PET image of the kid-
ney (CDPIK) to obtain registered CDPIK in MR 
coordinate. In this way, using the affine trans-
formation right and left kidney of all subjects 
were separately normalized to the reference 
subject’s MR image right and left kidney, 
respectively. The BFM was applied to each sub-
ject’s normalized kidney image to get its para-
metric images. This process is repeated for all 
subjects. The statistical images were then cre-
ated using two-sample unpaired t-test along 
with threshold-free cluster enhancement (TF- 
CE) [29, 30] in permutation methods (also 
known as randomization methods) [31] of FSL 
to locally visualize the statistical significance 
(P<0.05) between HC & CRF. The flow chart of 
the parametric image processing is shown in 
Figure 2.
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Reference subject’s 3D-PET image (CAPIK) was 
directly registered to its CMIK (Figure 3A) but 
other subjects’ CAPIK were first registered to 

more stable compared to K1 and Va, because K1 
and Va are highly affected by tissue mixture and 
partial volume effect whereas k2 is not [5]. Box 

Figure 1. Basis Function Method (BFM) workflow.

Figure 2. Flow chart for gen-
erating statistical images 
from kinetic parametric (K1, 
k2, Va) images of the volu-
metrically normalized kid-
ney. FSL tools, affine trans-
formation and randomize, 
were used for the normaliza-
tion process and statistical 
parametric image process-
ing, respectively.

reference subject’s 3D-PET 
image (CAPIK) then registered 
to reference subject’s CMIK 
(Figure 3B). Since 3D mode 
PET scan produced better 
quality image compared to the 
2D mode PET scan, intermedi-
ate PETOtr to PETRef registration 
within the process (b) (Figure 
3B) help us to obtain better 
registration in MR space even 
for CRF subjects. 

Results

Parametric images generated 
from volumetrically normal-
ized kidney images using the 
BFM are shown in Figure 4. 
The K1, k2 and Va values rang-
es from 0 ml/min/g to 4 ml/
min/g, from 0/min to 8/min 
and from 0 ml/ml to 0.5 ml/
ml, respectively. 

Box plots (Figure 5) are show-
ing that K1, k2 and Va are nota-
bly lower in CRF than those of 
in HC and k2 parameter is 
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plot has given us an overall picture of the differ-
ence between HC and CRF in terms of parame-
ter mean value calculated over the whole kid-
ney. But it does not provide us the regional sig-
nificant differences between these groups. To 
obtain such significance within the kidney area 
the statistical map of K1, k2 and Va parameters 
were created (Figure 6), which represents how 
HC and CRF are significantly different from 
each other locally. Statistical significance was 
determined using voxel-by-voxel t-test analysis 
among the parameter values at each voxel for 
the HC group to those for the CRF group. The 
orthogonal and 3D view shows the significant 
increase in K1, k2 and Va parameter for HC com-
pared to those for CRF within several areas of 
both kidney. Since the clearance parameter, k2 
provides an image with reasonable accuracy 
and quality [5], this article recommends using 
the statistical map of the k2 parameter for pre-
cise comparison.   

Discussion

In terms of computational performance con-
ventionally used region of interest (ROI) based 
nonlinear least-squares fitting (NLF) technique 

[20-22] is extremely difficult to generate a para-
metric image by calculating parameter values 
for each voxel. To overcome this difficulty 
Koeppe et al. [23] introduced the BFM, where 
the nonlinear terms are first computed and the 
parameters of each voxel are linearly solved, 
making the estimation of the parameters rapid 
which makes BFM is an efficient method to 
generate blood flow kinetic parametric images. 
The BFM for generating local blood flow para-
metric image of kidney as well as other organs 
have been validated in several studies using 
PET [5, 8, 24, 25]. Since such a process of veri-
fication was already applied and presented in 
other literature [5], we did not validate it here.

The use of 15O-water with this technique offers 
several advantages [4], such as its short half-
life (2 min), which enables easily repeated 
scans. Other advantages are that 15O-water is a 
metabolically inert tracer that is highly diffus-
ible and consistent with the inherent function 
of the kidney and the synthesis of 15O-labeled 
compounds is relatively easy. However, some 
disadvantage of this technique compared with 
other techniques is that because of the short 
half-life, H2

15O production requires an on-site 

Figure 3. A. PET image was directly normalized to the template (MR image), where both PETRef and MR images were 
from the same subject (reference subject). B. PET image was normalized to the template through an intermediate 
PET space registration process, where PETOtr images of other subjects were registered to the reference subject’s 
PETRef image, then the transformation matrix obtained from this process (PETOtr To PETRef) was concatenated with the 
transformation matrix obtained from process-A (PETRef To MR) and finally the resultant transformation matrix (PETotr 
To MR) was applied on PETOtr image of other subjects to get the normalized image. 
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limitation of the experimental resource, we 
could not aim for obtaining perfect registration 
rather we wanted to establish a method by 
which statistically significant differences bet- 
ween HC and CRF groups in terms of kidney 
blood flow kinetic parameters can be observed 

cyclotron and the small distribution volume of 
15O-water in the kidney, the tracer rapidly disap-
pears. Consequently, the image quality is limit-
ed making the computation of kinetic parame-
ters at a voxel level by this technique difficult 
[8]. Since the workplace is facilitated with an 

Figure 4. Parametric images of volumetrically normalized kidney generated 
through BFM.

on-site cyclotron and 3D PET 
scanner produced better qual-
ity image compared to 2D PET 
scanner, we were able to pre-
vail over the problems associ-
ated with 15O imaging. Addi- 
tionally, better quality 3D PET 
image was used as an inter-
mediate template for volum- 
etric normalization process 
(Figure 3B). The image quality 
also has an impact on the 
image-driven input function 
which results in an underesti-
mation in the quantification.

Essential parts for group-level 
image statistics are the volu-
metric normalization of the 
PET images and precise proto-
typing of the volumes of inter-
est (VOIs). For accurate quan-
tification of PET images dedi-
cated individual MRI-PET pre-
cise co registration and manu-
al demarcation of the VOIs are 
necessary. Since this process 
is lengthy and it could be diffi-
cult by inter- and intra-opera-
tor variability, template based 
volumetric normalization and 
delineation of VOIs is very 
attractive to standardize the 
analysis. However, one must 
be cautious for choosing a 
specific template as various 
templates are categorized by 
differences in performance 
and they might cause the in- 
troduction of inaccuracies and 
under- or overestimations in 
the quantification [32]. We 
have used one HC subject’s 
kidney MR image as our tem-
plate which restrains us for 
achieving perfect volumetric 
normalized images especially 
for CRF subjects with affine 
transformation. Due to the 
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Figure 5. Box plot of HC and CRF in terms of parameter mean value calcu-
lated over the whole kidney.

Figure 6. Orthogonal and 3D view of statistical map of K1, k2 and Va param-
eters. The statistical t-map generated using threshold-free cluster enhance-
ment (TFCE) in permutation methods without family-wise error rate (FWER) 

correction. Colored pixels repre-
sent kidney areas that showed 
group averaged K1, k2 and Va pa-
rameter values where HC signifi-
cantly different from CRF. Images 
were produced using FSLeyes 
software by overlaying statistical 
images of HC>CRF (Red-Yellow) 
and CRF>HC (Green) on the MR 
template.

locally and that is evident as 
an outcome of this method 
(Figure 6). However, a perfect 
registration along with tem-
plate optimization technique 
[33] could enhance the accu-
racy of the method. Having 
only one subject MRI for this 
study is a limitation for obtain-
ing an optimized template. 
Furthermore, better registra-
tion can be achieved by choos-
ing a high-precision nonlinear 
registration method [33]. 

We incorporated threshold-
free cluster enhancement (TF- 
CE) in the randomize method 
because TFCE does indeed 
provide not just improved sen-
sitivity, but richer and more 
interpretable output than 
standard voxel by voxel meth-
od and other cluster-based 
methods [29, 34]. Additionally, 
permutation in combination 
with TFCE, providing accurate 
type 1 FWER. In the case of 
small sample sizes (N=10, 25 
trials), the permutation tech-
nique is preferable as it offers 
better control over the type 1 
FWER [35]. However, due to 
small sample size (10 scans), 
which require 210 permuta-
tion or iterations for the ex- 
haustive test of t-test, per-
forming FWER correction wou- 
ld be too liberal because 600 
to 800 iterations are neces-
sary to achieve the nominal 
FWER, irrespective of the te- 
chnique considered [35]. 
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It is expected to increase the incidence of kid-
ney diseases, such as atherosclerosis, diabetic 
nephropathy, and cancer due to the increasing 
age of the general population [36]. Without 
developing novel molecular imaging tech-
niques, it would be challenging for the success-
ful management of these diseases. Since PET 
permits quantitative imaging of the kidney, it 
has enormous potentiality in kidney imaging 
not only to measure blood flow but also in vari-
ous types of functional and molecular imaging 
and in the development of molecular tracers for 
kidney imaging [2]. Numerous MRI techniques 
like cine phase-contrast MRI, arterial spin label-
ing (ASL) MRI, Blood oxygen level-dependent 
(BOLD) MRI are also very appealing in function-
al kidney imaging [1]. These potential new 
approaches are, at best, in an experimental 
stage [2]. Several volumetric normalizations 
and image statistics robust applications name-
ly, FSL, statistical parametric map (SPM), three-
dimensional stereotactic surface projections 
(3D-SSP), etc. are successfully being used in 
clinical and basic research for functional and 
molecular brain imaging that usages PET, MRI, 
SPECT. Using FSL, we have shown that these 
applications can easily be used for functional 
and molecular imaging of kidney, which can be 
implemented for various types of kidney map-
ping studies, group comparison and even for 
automation in disease diagnosis. 

Conclusion

Since statistical mapping of the brain has 
become an essential tool for functional and 
molecular imaging in brain research and clini-
cal application, it is apparent from this study 
that, statistical mapping of kidney could play a 
significant role in the success of renal function-
al and molecular imaging research and for the 
better diagnosis of kidney diseases that usage 
PET, MRI, CT and SPECT. However, a bigger 
sample size would result in a better outcome. 
This article also suggests that such kind of 
image statistics can be performed for function-
al and molecular images of other organs like 
the lung, the liver and even for the whole body.
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