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Abstract: Tumor blood flow (TBF) measurements in prostate cancer (PCa) provide an integrative index of tumor 
growth, which could be important for primary diagnosis and therapy response evaluation. 15O-water PET is the non-
invasive gold standard but is technically demanding. The aim of this study was to compare the accuracy of three dif-
ferent non-invasive strategies with an invasively measured arterial input function (BSIF): Using image-derived input 
functions (IDIF) from either 1) a separate heart scan or 2) the pelvic scan or 3) a populations-based input function 
(PBIF). Nine patients with biopsy-verified PCa scheduled for prostatectomy were included. All patients were charac-
terized with serum levels of PSA (s-PSA), multiparametric magnetic resonance imaging (mpMRI) and post-surgical 
histopathology Gleason Grade. Dynamic 15O-water was performed of the heart and the pelvic area 15 minutes 
apart. TBF estimated from both wash-in (K1) and wash-out (k2) constants was calculated using a one-compartmental 
model. Results: Mean (range) s-PSA was 12 (3-27) ng/mL, Gleason Grade Group was 2.9 (1-5), k2 was 0.44 (0.007-
1.2), and K1 was 0.24 (0.07-0.55) mL/mL/min. k2 (BSIF) correlated with s-PSA (r=0.86, P<0.01) and Gleason Grade 
Group (rho=0.78, P=0.01). BSIF, heart-IDIF and PBIF provided near-identical k2 and K1 (r>0.95, P<0.001) with 
slopes near unity. The correlations of BSIF and pelvic-IDIF rate constants were good (r>0.95, P<0.001), but indi-
vidual errors high. In conclusion, non-invasive protocols for 15O-water PET with IDIF or PBIF accurately measures 
perfusion in prostate cancer and might be useful for evaluation of tumor aggressiveness and treatment response.
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Introduction

Prostate cancer (PCa) is the most common 
non-skin malignancy in males [1]. The disease 
is heterogeneous, and the majority of cases are 
low-risk cancers with slow growth, but a sub-
stantial fraction is more aggressive with meta-
static potential and PCa accounts for 12% of all 
cancer mortality in males [2].

The diagnosis and categorical risk-classifica-
tion of a primary PCa is commonly based on 
monitoring s-PSA levels, digital rectal palpation 
and trans-rectal ultrasound (TRUS) guided 
biopsies. This approach provides a crude esti-
mate of the underlying biology, resulting in a 
clinical scenario with substantial overtreat-
ment [3]. 

Consequently, there is a need for more accu-
rate pre-treatment evaluation of the malignant 

potential of PCa. Multiparametric magnetic res-
onance imaging (mpMRI) can be used to local-
ize focal intraprostatic tumors and to guide 
biopsies for improved histopathology speci-
mens, but does not measure aggressiveness 
directly [4]. 

Blood flow is typically increased in more aggres-
sive PCa and imaging with contrast-enhance-
ment provides added value in both TRUS and 
MRI for functional characterizations [5, 6]. A 
few studies evaluated absolute quantification 
of PCa perfusion and found a good agreement 
towards final post-operative risk scores [7-10]. 
Absolute quantification of perfusion is techni-
cally demanding and is rarely used in clinical 
practice. However, routinely available access to 
perfusion data might lead to better informed 
decisions on therapy and further simplifications 
of measurements are therefore needed. 
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Dynamic positron emission tomography (PET) 
with 15O-water is considered the gold standard 
for non-invasive perfusion measurements in all 
tissues and has been used to define the accu-
racy of MRI in PCa perfusion [11]. 15O-water 
PET is highly reproducible [12, 13] but has 
remained a research tool due to complex use. 

A major obstacle is the need for an invasive 
arterial line for continuous radioactivity sam-
pling simultaneous with scanning to establish 
the input function for kinetic modeling. In tis-
sues of the lower thorax and upper abdomen 
an image-derived input function (IDIF) can sub-
stitute invasive blood measurements by mea-
suring radioactivity concentrations directly 
from images of the left ventricular cavity of the 
heart or the aorta (HIDIF) [14]. However, due to 
the low resolution of PET scanners, an IDIF 
from pelvic arteries (PIDIF) severely underesti-
mates the true blood concentration due to par-
tial volume effect (PVE) leading to an overesti-
mation of blood flow. 

The short half-life of 15O and low radiation dose 
of 15O-water exams allow for serial and near 
simultaneous dynamic imaging of the heart 
and prostate within the same session. Thus, if 
infusion of 15O-water is highly standardized, a 
HIDIF can be derived from a separate scan and 
used either directly to substitute arterial blood 
sampling or to correct a PIDIF by utilizing the 
relation between cardiac output and the area 
under the atrial curve [15].

An alternative to IDIFs is population-based 
methods. Previously, Komar et al [16] has 

shown that tumor perfusion imaging in head 
and neck tumors can be performed using a 
population-based input function (PBIF) normal-
ized by body surface area. However, the accu-
racy of the method was limited by lack of infu-
sion standardization in the study.

The aim of this study was therefore to investi-
gate the feasibility and accuracy of non-inva-
sive protocols based on IDIFs and PBIF for rou-
tine quantification and visualization of PCa 
perfusion in using 15O-water PET with arterial 
blood sampling as the gold standard. 

Methods

Nine patients were enrolled in this study 
between January 2014 and November 2014, 
consecutively included from The Department of 
Urology at Aarhus University Hospital and 
referred for radical prostatectomy. All had newly 
detected PCa assessed by s-PSA levels, digital 
rectal examination, endorectal ultrasonogra-
phy, and standardized TRUS biopsies. Inclusion 
criteria were biopsy-proven PCa, planned surgi-
cal intervention and no contraindications to 3 
Tesla mpMRI. Patient characteristics are shown 
in Table 1. The patients underwent PET at least 
eight weeks after biopsy to avoid imaging arte-
facts after TRUS biopsy. None were treated 
with antiandrogen medication. The protocol 
was approved by the Central Denmark Region 
Committees on Health Research Ethics 
(M-2013-59-13) and all subjects signed a writ-
ten informed consent to participate.

Table 1. Patient characteristics
Patient number 1 2 3† 4 5 6 7 8 9 Mean ± SD
Age (yrs) 66 69 76 70 75 67 65 73 69 70±4
T category pT2c pT2c pT3b pT2c pT2a pT2c pT2c pT3a pT3a
s-PSA (ng/mL) 4.7 11.2 16.8 3.9 14.1 3 7.9 26.7 17.6 11.7±7.8
PIRADS 4 4 5 4 4 4 5 5 5 4.4±0.5
Gleason Grade Group 1 2 4 2 5 1 2 4 5 2.9±1.6
Gleason Score 3+3 3+4 4+4 3+4 4+5 3+3 3+4 3+5 5+4
Tumor MVD 5.8 16.5 16.3 2.4 6.9 11.7 6.0 10.9 2.9 8.8±5.3
k2 0.13 0.53 0.48 0.20 0.29 0.007 0.13 1.07 1.18 0.44±0.45
PTF (mL/mL) 0.60 0.44 0.61 0.50 0.64 - 1.05 0.50 0.47 0.60±0.21
K1 0.08 0.23 0.30 0.10 0.18 0.07 0.14 0.54 0.55 0.24±0.20
K1 (image max) 0.17 0.45 0.45 0.18 0.30 0.14 0.25 0.75 1.05 0.42±0.31

Gleason Score, Gleason Grade Group and Vessel Density were defined post prostatectomy. k2, PTF and K1 measured using 
BSIF are shown. K1 (image max) is the maximum K1 measured in the tumor on parametric images obtained using BSIF. †HIDIF 
was used instead of BSIF. 
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Imaging

All patients, except patient 6, underwent PET 
and mpMRI scans on the same day. PET and 
mpMRI were 19 days apart for patient 6. The 
order of the scans varied between patients.

PET: 15O-water scans were performed on a 
Siemens Biograph Truepoint PET/CT scanner. 
Two PET/CT scans were performed in each 
patient. One scan covering the heart (6 min 
dynamic scan with 22 frames (1×10 s, 8×5 s, 
4×10 s, 2×15 s, 3×20 s, 2×30 s, 2×60 s)), and 
one covering the pelvis (7 min dynamic scan 
with 32 frames (1×10 s, 18×5 s, 4×10 s, 2×15 
s, 3×20 s, 2×30 s, 2×60 s)). A bolus injection of 
15O-water (400 MBq) at the beginning of each 
scan was performed using a MedRad Contrast 
Infusion pump (1 ml/s), followed by infusion of 
30 mL saline. Heart rate and systolic blood 
pressure was measured 1 min before and after 
the injection. Arterial blood sampling from a 
radial artery was performed using an automatic 
blood sampler (Allogg ABSS, Allogg AB, Sweden) 
during both scans. Data was corrected for delay 
and dispersion by fitting the early part of the 
sampler curve to the PIDIF using the method of 
van den Hoff et al [17]. A low dose CT was per-
formed prior to the scans for attenuation cor-
rection. All standard corrections were applied. 
Cardiac images were reconstructed according 
to the institution’s standard protocol for 
15O-water cardiac perfusion [18]. Pelvic images 
were reconstructed using a 3D OSEM algorithm 
in a 2×2×2 mm matrix.

mpMRI: All mpMRI examinations were per-
formed with a 3 Tesla magnet, Siemens Skyra 
(Siemens, Erlangen, Germany) with an 18-chan-
nel body-phased array coil. Sagittal T2-weighted 
images of the pelvis were obtained together 
with high resolution axial and coronal T2 
weighted images (T2w) of the prostate. Diffu- 
sion weighted images (DWI) of the prostate with 
b-values 0, 50, 400 and 800 were obtained 
and apparent diffusion coefficient (ADC) map 
and calculated b=1400 images were construc- 
ted. 

All lesions that could possibly explain an elevat-
ed PSA level were scored according to the 
PIRADS (prostate imaging reporting and data 
system) classification version 1 [19].

Immunohistochemistry: Robot-assisted radic- 
al prostatectomy was performed within one 
month of imaging (median 10 days, range 2-29 
days). The tissue was processed using stan-
dard techniques evaluated according to inter-
national guidelines. Carcinomas were outlined, 
measured and assigned a Gleason score 
according to the ISUP 2005 definition [20] and 
grouped into Gleason Grade Groups [21]. The 
sections with the highest Gleason scores were 
selected for immunohistochemistry to estimate 
microvascular density (MVD) using CD34-DAB 
staining [22]. 

Image analysis

T2w MRI volumes were fused with the low dose 
CT volumes, and consequently PET volumes, 
using rigid normalized mutual information [23] 
as implemented in the Carimas software [24] 
(v2.7, Turku PET Centre, Finland). Using Cari- 
mas, regions of interest (ROIs) were drawn 
directly on the T2w MRI based on the delinea-
tion of tumor and glandular regions (peripheral 
and transition zones) using both T2w and DWI 
images, and PET time activity curves (TACs) 
were extracted. Small corrections (translation 
of ROIs) for deformation of the prostate 
between PET and MRI (typically due to differ-
ences in bladder and rectal filling) were per-
formed on 2 patients. An example of a dynamic 
PET-series is shown in Figure S4 in the supple-
mentary information.

IDIFs were extracted automatically from the 
dynamic PET volumes (PIDIF and HIDIF) using 
cluster analysis previously described by Harms 
et al [25]. The HIDIF cluster was eroded by two 
pixels and the PIDIF by one pixel. The HIDIF was 
delay-corrected using the method of van den 
Hoff et al [17]. The area under the curve of the 
first-pass peak was calculated as described 
previously [15]. In addition to the raw HIDIF and 
PIDIF, a HIDIF corrected for differences in sys-
tolic blood pressure (HIDIF_sBT, Figure S5) and 
a PDIF corrected for PVE using the AUC ratio 
between HIDIF_sBT and PIDIF (PIDIF_AUC) were 
created.

A population-based input function was con-
structed from all BSIFs using the method of 
Komar et al [16] in which body surface area 
normalized BSIFs are averaged. Individual dis-
persion and delay-correction was performed on 
the PBIF again using the van den Hoff method.
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15O-water data were analyzed using a standard 
one-tissue compartment model:

PET A( ) ( )C t K e C t T2k t
1= +7 T
-

With three fitting parameters: K1, k2 and ΔT 
[14]. The perfusable tissue fraction (PTF, unit 
mL/mL) was calculated as K1/k2. 

Parametric k2 and K1 images were created 
using the basis function method [25]. Wash-out 
images (k2) are expected to be inaccurate in 
regions with low wash-in signal (ie regions with 
very low flow). To remove the noisy appearance 
in the very low flow regions, a mask was first 
created from the K1 image prior to post-filtering 
(setting values below 0.13 to zero) and imposed 
on the k2 image. Then, a 3×3 median filter was 
applied to remove spikes from the image. 
Finally, a 5 mm 3D Gaussian post-filter was 

sis. A two-sided P-value <0.05 was considered 
statistically significant. Analyses were per-
formed in JMP 13 (SAS Institute).

Results

TBF correlates with s-PSA and Gleason Grade 
Group

The blood sampler failed during one scan in 
patient 3 and BSIF was substituted with the 
HIDIF for calculation of perfusion in the pelvic 
region. Tumor perfusion in one patient (patient 
6) was too low to obtain a reliable estimate of 
PTF and this value was consequently 
discarded.

TBF estimated from k2 was higher than K1 esti-
mated from wash-in rates (P<0.05, see Table 
1). Figure 1 compares TBF estimated from both 

Figure 1. A and B: Blood flow measured by both K1 or k2 was elevated in 
all tumors with Gleason Score 3+4 or greater relative to the peripheral and 
transition zone. However, for patient 7, only K1 was elevated and k2 is the 
same level as the surrounding tissue. C: The perfusable tissue fraction (PTF) 
tended to be lower in tumor compared to reference tissues, however, the dif-
ference was not statistically significant.

applied to both k2 and K1 
images. To estimate the 
agreement between the para-
metric images and values 
based on fitting of ROI-
averaged TAC, the maximum 
K1 voxel value at the tumor 
site (identified using either 
thresholding (40% 3D VOI, 
Hybrid Viewer 1.4, Hermes 
Medical, or manual search 
using a 1 cm circular ROI) 
was compared to K1 obtained 
from fitting ROI-averaged 
TAC. 

Statistical analysis

Correlation and differences 
between TBF measures (k2 
and K1) and PTF values estab-
lished with the different input 
functions (BSIF, IDIFs and 
PBIF) were analyzed using lin-
ear regression analysis. For 
equivalent measures, the 
range of errors was reported). 
Linear regression analysis 
was also used to analyze  
correlation between TBF and  
the continuous measures of 
s-PSA and MVD. Correlations 
between k2 and Gleason 
Grade Group were evaluated 
using Spearman’s rank analy-
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k2 and K1 and PTF in tumor and surrounding tis-
sue. TBF was generally higher in tumor tissue 
compared to non-tumorous tissue in both the 

input functions for the 9 patients are shown in 
Figure 3. In most of the patients, the AUC-
corrected PIDIF had too high activity during late 
time frames. In some patients this was associ-
ated with a high peak PIDIF, suggesting that the 
AUC correction was inaccurate, but it is very 
likely that spill-in from other tissues also con-
tributes to this observation. In contrast, the 
mean peak height difference between HIDIF 
and BSIF was not different from zero, just as no 
spill-in was observed at longer times. An injec-
tion anomaly occurred during the heart scan of 
patient 2 and the HIDIF of this patient was con-
sequently discarded. Linear regression and 
Bland-Altman plots are shown for all used com-
binations of input functions in Figures S1, S2, 
S3 in the suppl. material and summarized in 
Table 2.

An excellent correlation between TBF derived 
from BSIF and HIDIF was found. Linear regres-
sion revealed a slope close to unity for k2, but 
slightly higher for K1 (1.24). Maximum error 

Table 2. Correlations for perfusion measures
Linear fit 
equation Error Range r P

K1 K1 (HIDIF) 1.24x-0.01 [0.01; 0.13] 0.99 <0.0001
K1 K1 (HIDIF_sBT) 1.04x+0.00 [-0.01; 0.02] 0.99 <0.0001
K1 K1 (PIDIF) 4.61x-0.14 [0.08; 2.21] 0.95 <0.0001
K1 K1 (PIDIF_AUC) 1.07x-0.00 [-0.01; 0.03] 0.99 <0.0001
K1 K1 (PBIF) 1.03x-0.00 [-0.06; 0.09] 0.98 <0.0001
K1† K1 (image MAX) 1.59x+0.03 [0.07; 0.50] 0.97 <0.0001
k2 k2 (HIDIF) 0.96x+0.02 [-0.04; 0.13] 0.99 <0.0001
k2 k2 (PIDIF) 1.27x+0.02 [-0.01; 0.41] 0.98 <0.0001
k2 k2 (PBIF) 1.04x-0.02 [-0.15; 0.06] 0.99 <0.0001
k2 K1 - - 0.99 <0.0001
k2† s-PSA - - 0.86 <0.01
k2† MVD - - 0.02 0.96
PTF PTF (HIDIF_sBT) 0.72x+0.13 [-0.20; 0.33] 0.85 <0.0001
PTF PTF (PIDIF_AUC) 0.62x+0.09 [-0.47; -0.05] 0.72 0.0001
PTF PTF (PBIF) 1.23x-0.05 [-0.15; 0.68] 0.80 <0.0001

ρ P
k2† GG - - 0.78 0.01
K1† GG - - 0.82 <0.01
Correlation between perfusion measures obtained using input functions 
from a blood sampler (BSIF) and image derived input functions (IDIF, H: 
heart, P: pelvic) as well as tumor characteristic parameters. Unless other-
wise stated, the perfusion measure is derived using BSIF. For continuous 
variables, Pearson correlation coefficient, r, and its significance, P, is given. 
For ordinal variables, Spearman’s rank correlation coefficient, ρ, and its 
significance, P, is given. For equivalent measures, the error range is also 
shown. †Only tumor is included. 

Figure 2. Typical blood voxels identified by the cluster 
analysis (patient 6) for the extraction of IDIFs. (A) The 
pelvic field of view with the arterial cluster in red, (B) 
the heart field of view with the arterial cluster in red. 
In the heart, venous blood arriving to the right heart 
is identified as the blue cluster. 

peripheral and transitional zone for 
tumors with post-operative Gleason 
Score 3+4 or greater. However, 
patient 7 (GS 3+4) was an excep-
tion as only K1 was greater in the 
tumor compared to the surrounding 
tissue. Elevated K1 in the transition 
zone, consistent with BPH, was 
found in 4 patients, however, due to 
high PTF in the transition zone com-
pared to the tumor, the elevation 
was only manifested in k2 in one 
patient. Though there seems to be 
a tendency of lower PTF in the 
tumor compared to surrounding  
tissue, it was not statistically 
significant.

TBF correlated with both s-PSA and 
Gleason Grade Group (Table 2). No 
significant correlations with PTF 
were found. No correlation between 
TBF and MVD was found. In fact, 
MVD was not found to correlate 
with any perfusion measure, s-PSA 
(r=0.31, P=0.41) nor Gleason 
Grade Group (r=-0.05, P=0.89) in 
this patient group.

TBF can be measured using IDIFs

Typical clusters used for extracting 
IDIFs are shown in Figure 2 and all 
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ranges were -0.04 to 0.13 and -0.01 to 0.13, 
respectively. However, differences in K1 was 
partly explained by differences in systolic  
blood pressure (sBT) between the two scans. 
Correcting for blood pressure effects on the 
area under the first pass curve using a linear 
model (Figure S5) changed the slope to unity 
and reduced the error range to -0.01 to 0.02. 
As expected, the uncorrected PIDIF overesti-
mated both k2 (slope: 1.27) and K1 (slope: 4.6). 
However, correcting the PIDIF by normalizing 
the area under the first-pass curve to that of 
the HIDIF (corrected for blood pressure effects), 
resulted in a slope of unity for K1, but did not 
affect k2. The maximum error range for PIDIF 
was similarly reduced for K1 (-0.01 to 0.03), but 
still large for k2 (-0.01 to 0.41). In this case, the 
error associated with k2 is likely to be due to 
spill-in in the pelvic arteries. PTF estimated 
with both corrected HIDIF and PIDIF correlated 
well with BSIF, however, large individual errors 
were observed. 

TBF can be measured using PBIF

Similar to the IDIFs, dispersion corrected PBIFs 
are shown in Figure 3. As expected, the PBIF 
did not appear as noisy as the individual BSIFs 
and, just as observed for the HIDIF, the mean 
peak height difference between PBIF and BSIF 
was not different from zero and no spill-in was 
observed at longer times. Linear regression 
yielded a slope close to unity for both K1 and k2 
with a slightly larger spread of errors. PTF was 
generally underestimated using PBIF and, as 
for the IDIFs, large individual errors were 
observed.

Parametric Images were quantitative

Parametric K1 and k2 images fused with MRI T2 
images are shown in Figure 4 for four selected 
patients. Images of k2 were noisy, and, in most 
cases, the tumor could not be delineated by the 
40% threshold method. However, tumor delin-

Figure 3. Input functions for all 9 patients. Input functions derived from arterial blood sampling (BSIF with delay and 
dispersion correction), the heart field of view (HIDIF with delay and sBT correction), the pelvic field of view (PIDIF 
with AUC correction) and the population-based input function (PBIF with delay and dispersion correction). In patient 
2, an injection anomaly for the heart scan was observed (peak small and broad). For patient 3, the arterial blood 
sampling failed, and the curve is not shown. 
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eation was successful in 6 out of 9 patients 
using K1 images. In two cases, flow in the tumor 
was lower than the surrounding tissue (patients 
1 and 6). 

Excellent correlations between the maximum 
value obtained from parametric K1 images and 
K1 and k2 derived from tumor ROIs were found. 

Discussion

This study investigated the accuracy of simpli-
fied protocols for perfusion measurements of 

the prostate with 15O-water PET in patients with 
primary PCa. The main results of the study 
demonstrated that tumor blood flow can be 
measured reliably using 15O-water without inva-
sive arterial blood sampling even in regions 
without large arteries in the scanning field-of-
view, and that true perfusion with 15O-water 
PET in PCa is highly correlated with both s-PSA 
and histopathology. The use of an IDIF from a 
separate cardiac scan provides accurate perfu-
sion estimates, thereby reducing the invasive-
ness associated with arterial lines. PIDIF might 

Figure 4. T2w MRI, parametric K1 and k2 images and pathology for 4 selected patients. Tumor regions identified 
by radiologist are indicated on the MRI images. From the top: Patient 2 with posterior carcinoma in the peripheral 
zone, patient 5 with carcinoma in the right side of the transition zone, patient 8 with large anterior carcinoma and 
patient 9 with posterior carcinoma in the peripheral zone. In patient 9, increased flow is seen ventral to the tumor 
most likely reflecting post-TRUSbx inflammation or bleeding sequela. Alignment between pathology and imaging is 
approximate.
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simplify the procedure even further but limits 
the accuracy. 

Very few studies have applied 15O-water PET in 
prostate pathologies. Prostate perfusion was 
first measured using 15O-water PET and a 
1-compartmental model by Inaba in 1992 [26] 
in a study in which prostate perfusion in 11 PCa 
patients with advanced PCa was compared to 
nine normal volunteers and six patients with 
benign prostate hypertrophy (BPH). The study 
demonstrated that PCa tumor perfusion was 
0.29±0.08 ml/min/g, which was significantly 
higher than in normal prostate and BPH. 
Perfusion values in normal prostate tissue cor-
related negatively with age. In a subsequent 
study, Muramoto et al [11] studied six patients 
with known PCa with 15O-water using an autora-
diographic technique. TBF was 0.55±0.29 ml/
min/g. Arterial blood sampling was used in both 
studies. Kurdziel et al [27] studied the effect of 
anti-angiogenic therapy in androgen indepen-
dent PCa in 6 individuals using a wash-out 
model and a descending aorta derived input 
function (manually-drawn) with no blood sam-
pler validation. Mean pretreatment TBF was 
0.78 mL/min/g and the change in TBF after 
therapy was found to correlate with the change 
in s-PSA. 

In the current study, perfusion was measured 
using a kinetic model that parameterizes both 
wash-in (K1) and wash-out (k2) of water. k2 mea-
sures a flow weighted average and, in the case 
of binary flow distribution, only reflects perfu-
sion in the perfused part of the tumor and is 
virtually free of PVE even for small tumors [14, 
28]. Consequently, k2 (0.44±0.45 mL/min/mL) 
was found to be significantly higher than K1 
(0.24±0.20 mL/min/mL). These numbers are 
consistent with previous studies [11, 26, 27]. 
PTF, the ratio of K1/k2, was generally lower in 
tumors compared to the surrounding tissue 
(Figure 1). Though, in this small cohort where 2 
of 9 tumors were low grade (3+3) and 4 patients 
had elevated flow in the transition zone due to 
BPH, the difference in PTF between tumor and 
surrounding tissue did not reach statistical sig-
nificance. In patient 6, the TBF was very low, 
causing PTF to be fitted at substantially above 
the physiological upper limit of 1. A lower PTF in 
more aggressive and larger cancers suggests 
that a substantial fraction of the tumor volume 
is underperfused, for which there are several 
potential explanations such as high interstitial 

pressure [14], large blood pool, fibrosis and 
necrosis. The mean tumor PTF was 0.60±0.21 
ml/ml, which again is in line with the study by 
Inaba [26] (0.59±0.05 ml/ml), but also with the 
finding in liver and lung metastases by 
Lubberink et al [14] (0.60±0.12 ml/ml). 

TBF, as measured using the methods present-
ed here, correlated with tumor Gleason Grade. 
This is not surprising, since Gleason Grade is a 
strong indicator of aggressiveness and growth. 
Moreover, TBF performed before treatment 
reflects the momentary metabolic needs of the 
tumor. From a clinical point of view, the combi-
nation of a simplified scanning procedure with 
less invasiveness and automated formation of 
parametric images might allow 15O-water PET 
to be used for rapid assessment of tumor 
growth and response to therapy. 

The correlation of TBF of 15O-water towards 
s-PSA was high. Positive correlations of TBF 
towards s-PSA were previously shown using 
dynamic contrast-enhanced CT (DCE-CT) [8] 
and with DCE-MR [29]. Hence, the data from 
this study underscores that s-PSA is strongly 
proportional to TBF at least in localized dis-
ease. To what extent TBF adds incremental 
value to s-PSA measurements remains to be 
shown. 

MVD did not correlate to any aspect of PET, 
s-PSA or Gleason Grade Group in this study. 
Though CD34-MVD is often used as a marker 
of angiogenesis in PCa, results are ambivalent 
as documented in a recent review [30]. Similar 
to the current study, Huellner et al [7] failed to 
find a correlation between contrast-enhanced 
CT derived TBF and MVD in a cohort of 32 inter-
mediate and high grade PCa. 

One of the main obstacles for measuring TBF 
using 15O-water PET is the accurate acquisition 
of an arterial input function. For imaging out-
side of the thorax and upper abdomen, an arte-
rial line for blood sampling is generally needed 
unless a model-based PVE correction is applied 
[31]. In this study, we show how perfusion can 
be measured without an arterial line using 
either IDIFs derived from a separate scan of the 
heart or a population-based input function. 

Comparing results using BSIF and heart-IDIF 
(HIDIF) both k2 and K1 have slopes close to one 
(Table 2). The area under the curve (AUC) of the 
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first pass, corrected for partial volume effects, 
is directly proportional to cardiac output 
throughout the system [15, 32], and, conse-
quently, the IDIF changes with cardiac work. As 
the HIDIF is acquired 15 min before the pelvic 
scan changes in hemodynamic conditions must 
be accounted for. The relative change in AUC 
between the scans was best explained by the 
ratio of systolic blood pressures, and a linear 
model (Figure S5) could be used to correct the 
HIDIF and increase the accuracy of K1 measure-
ment. The dual-scan technique should be 
directly applicable in other non-thoracic regions 
(e.g. brain) but requires more validation stud-
ies. The total radiation dose of the additional 
scan is low and amounts to 0.5 milliSievert, 
including low-dose CT on a modern scanner.

Correlations of perfusion values for BSIF and 
pelvic artery IDIF (PIDIF) were surprisingly good. 
The wash-in rate K1 was overestimated by a 
factor of almost 5, which was introduced by a 
reciprocal amount of partial volume effect on 
the PIDIF. However, when correcting for PVE-
induced differences in AUC between HIDIF and 
PIDIF (including the sBT correction on the 
HIDIF), the slope was reduced to unity and the 
accuracy greatly improved. For k2 derived with a 
PIDIF a slight overestimation with a factor 1.3 
was seen, illustrating that wash-out is virtually 
free of PVE. The overestimation is likely due to 
effects of spill-in effects on the PIDIF at longer 
times and might be reduced using a back-
ground model [31]. Nevertheless, the individual 
errors for the PIDIF approach remained higher 
for both K1 and k2 compared to the HIDIF 
approach and, unless cardiac output is deter-
mined reliably from a non-PET scan, the cardiac 
scan is needed to correct the PIDIF in which 
case the HIDIF approach is preferred.

A different one-scan approach is using popula-
tion-based input functions. Komar et al sug-
gested a method normalizing the BSIF to body 
surface area [16] and showed that reasonable 
blood flow results, though with considerable 
individual variation, can be obtained in the 
head and neck region. We adapted this method 
but imposed the strict standardization of the 
15O-water infusion also applied in the dual scan 
approach. Compared to Komar et al, significant 
better correlations with BSIF were found and 
slopes were close to unity for both K1 and k2. 
The individual error was only slightly larger than 
observed for the HIDIF approach. However, the 

use of the PBIF should be further examined in a 
larger cohort where the groups for establishing 
and testing the PBIF are separated. 

Previous studies producing parametric 15O- 
water images within the field of cardiology have 
shown that wash-out images are subject to 
false noise-induced high flow values outside 
the heart and that PTF and blood pool images 
can be used to mask-out these regions [25]. 
The results of the present study demonstrated 
that this is indeed also true for tumor imaging. 
Using the K1 image as a mask instead of PTF, 
image noise was effectively suppressed in low 
flow regions of the TBF image (Figure 4). In 
most patients, the tumor could be outlined 
directly on K1 parametric images. K1(max) in 
parametric images correlated well with K1 and 
k2 calculated from ROI-based analysis using 
carefully drawn ROIs on MRI. As shown in Figure 
4 tumor localization with both k2 and K1 images 
corresponds well to both MRI images and histo-
pathology specimens. 

Conclusion

Tumor blood flow can be measured reliably 
using 15O-water without invasive arterial blood 
sampling even in regions without large arteries 
in the scanning field-of-view. A dual scan strat-
egy in which the input function is derived from 
a scan of the heart maintains accuracy of TBF 
for both wash-in and wash-out estimates. With 
a single scan, a populations-based approach 
was preferred over IDIFs. Parametric images  
of TBF provide simplified access to absolute 
quantification and tissue characterization. This 
might increase the opportunity for studies  
of TBF in all PET-centers with access to 
cyclotrons.
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Figure S1. k2 linear regression and Bland-Altman plots for all IDIFs and PBIF compared to BSIF. 
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Figure S2. K1 linear regression and Bland-Altman plots for all IDIFs and PBIF compared to BSIF. 
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Figure S3. PTF linear regression and Bland-Altman plots for all IDIFs and PBIF compared to BSIF. 
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Figure S4. Example of a dynamic PET series (patient 8) with tumor ROI outlined in red. Each image was calculated 
as a weighted average of the 5 (or 7) frames and the same scale (0 to 35 kBq/ml) was used.
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Figure S5. Ratio of systolic blood pressures (sBT) during the heart and pelvic scans against the ratio of the areas 
under the first pass curve (AUC). Solid line is a linear fit (0.78 x sBTratio + 1.89, r=0.81, P<0.05). Approximately 2/3 
of the variation of AUC is explained by the difference in sBT. Including heart rate did not improve the model. The 
curve was used to correct the HIDIF to the conditions during the pelvic scan.


