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Abstract
Purpose: Localized prostate cancer (PCa) in patients is characterized by a dominant focus in the gland
(dominant intraprostatic lesion, DIL). Accurate DIL identi�cation may enable more accurate diagnosis
and therapy through more precise targeting of biopsy, radiotherapy and focal ablative therapies. The goal
of this study is to validate the performance of [18F]DCFPyL PET and CT Perfusion (CTP) for detecting and
localizing DIL against digital histopathology images.

Methods: Multi-modality image sets: in-vivo T2-weighted (T2w) MRI, 22-min dynamic [18F]DCFPyL
PET/CT, CTP, and 2-hr post-injection PET/MR were acquired in patients prior to radical prostatectomy. The
explanted gland with implanted �ducial markers was imaged with T2w MRI. All images were co-
registered to the pathologist-annotated digital images of whole-mount mid-gland histology sections using
�ducial markers and anatomical landmarks. Regions of interest encompassing DIL and non-DIL tissue
were drawn on the digital histopathology images and superimposed on PET and CTP parametric maps.
Logistic regression with backward elimination of parameters was used to select the most sensitive
parameter set to distinguish DIL from non-DIL voxels. Leave-one-patient-out cross-validation was
performed to determine diagnostic performance.

Results: [18F]DCFPyL PET and CTP parametric maps of 15 patients were analyzed. SUVLate and a model

combining Ki and k4 of [18F]DCFPyL achieved the most accurate performance distinguishing DIL from
non-DIL voxels. Both detection models achieved an AUC of 0.90 and an error rate of <10%. Compared to
digital histopathology, the detected DILs had a mean dice similarity coe�cient of 0.76 for the Ki and k4

model and 0.73 for SUVLate.

Conclusions: We have validated using co-registered digital histopathology images that parameters from
kinetic analysis of 22-min dynamic [18F]DCFPyL PET can accurately localize DILs in PCa for targeting of
biopsy, radiotherapy, and focal ablative therapies. Short-duration dynamic [18F]DCFPyL PET was not
inferior to SUVLate in this diagnostic task.

Trial Registration: ClinicalTrials.gov, NCT04009174. Registered 12 February, 2012 – Retrospectively
registered, https://clinicaltrials.gov/ct2/show/NCT04009174?term=NCT04009174&draw=2&rank=1.

Introduction
Prostate cancer (PCa) is a multi-focal disease. The dominant intraprostatic lesion (DIL) is the most
prominent cancerous lesion that is the largest in size within the prostate. Identifying DIL is clinically
important. The size of DIL showed a strong correlation with prostate-speci�c antigen (PSA) level and
biochemical relapse [1,2]. DIL is often the site where local recurrence and metastasis originates after
treatment [3,4].  Because of these DIL attributes, radiation therapy involving escalated- or boosted-doses
to DIL has been investigated in several randomized control trials and demonstrated improved
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biochemical recurrence-free survival [5,6]. In addition to guiding treatment, DIL localization may improve
the diagnostic accuracy of image-guided biopsies and focal ablative therapy [7,8]. 

Fluorine-18 labeled prostate-speci�c membrane antigen (PSMA)-ligand ([18F]DCFPyL) is a newer
PCa tracer with improved performance in localizing DIL compared to other PET tracers [9-11]. However,
one disadvantage of [18F]DCFPyL is that it takes a long post-injection time for optimal imaging because
of the slow uptake rate leading to low tumor-to-background ratio at early times, less than 60-min [12].
Imaging at least an hour post-injection has been advocated [11,13-14]. However, a previous study found
that net uptake rate constant (K i) and dissociation rate constant (k4) derived using �ow-modi�ed two-

tissue compartment (F2TC) model on data from a short 22-min dynamic [18F]DCFPyL scan provided a
robust model to detect tumor nodule as identi�ed by prostate sextant biopsy [12]. The F2TC model
explicitly takes into account the ingress and egress of [18F]DCFPyL into and from tissue via blood �ow
[12,15-16]. Because of this property, we surmise it can reliably subtract the blood background to allow a
more accurate evaluation of the uptake from short (< 30-min) data acquisition. 

In this study, we compared a short-duration (22-min) dynamic [18F]DCFPyL PET scan plus CT Perfusion
(CTP) vs 2-hour post-injection PET as used in current clinical practice [11,13-14] to localize DIL using co-
registered digital histopathological images as reference. Dynamic PET and CTP provide complementary
molecular and hemodynamic information on DIL and non-DIL prostatic tissue. A secondary goal of this
study is to determine if combining dynamic PET and CTP would better localize DIL than either imaging
modality alone.

Methods

Study Design
This prospective clinical study (NCT04009174) was approved by the Institutional Research Ethics Board.
All participants in this study provided written informed consent. Subjects who had untreated biopsy-
proven localized PCa were prospectively enrolled in this study. Inclusion criteria were: aged 18 years or
older; biopsy con�rmed PCa; suitable for and consenting to radical prostatectomy for treatment.
Exclusion criteria were: prior therapy including hormone therapy for PCa, use of 5-alpha reductase
inhibitors - �nasteride or dutasteride - within 6 months of study date; unable to comply with all pre-
operative imaging; prostate size exceeding the dimensions of whole-mount pathology slides; allergy to CT
contrast agent; sickle cell disease or other anemias; impaired renal function (estimated GFR < 60
mL/min/1.73m2); residual bladder volume > 150 cc (determined by post-void ultrasound); hip prosthesis
and/or vascular graft that are MRI incompatible or other metallic objects within the pelvis;
contraindication to MRI, such as a pacemaker or other electronic implants, known metal in orbits and
cerebral aneurysm clips.
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Participating patients underwent the pre-operative imaging session consisting of dynamic [18F]DCFPyL
PET/CT, CTP, and PET/MR imaging. Dynamic [18F]DCFPyL PET/CT was performed �rst, followed by CTP
using a hybrid PET/CT scanner (Discovery VCT, GE Healthcare, Waukesha, WI, USA). At 2-hour post-
injection of [18F]DCFPyL, static PET and MR imaging were performed with a hybrid PET/MR scanner
(3T Biograph mMR, Siemens, Malvern, PA, USA). All patients underwent radical prostatectomy. The
explanted gland with implanted �ducial markers was imaged with T2w MRI then processed using
spatially accurate whole-mount sectioning [17]. Cross-sections of the explanted gland spanning the entire
mid-prostate were stained with hematoxylin and eosin (H&E) imaging with digital histopathology.

22-min Dynamic [18F]DCFPyL PET/CT Imaging
Dynamic [18F]DCFPyL PET imaging was performed on a Discovery VCT (GE Healthcare, Waukesha, WI,
USA) PET/CT scanner. A CT scan was taken with patients lying supine on the patient couch for
localization of the prostate and attenuation correction of PET images. The dynamic [18F]DCFPyL PET
scan covered the whole prostate up to the iliac crest, image-derived arterial time-activity curve required for
kinetic analysis of dynamic PET data was acquired from an internal iliac artery to generate parametric
maps. Starting at the injection of 325 MBq of [18F]DCFPyL as a bolus into an antecubital vein, the
dynamic PET scan acquired over 22-min the following number of volumes at each of seven framing
intervals: 11 at 10 s, 5 at 20 s, 4 at 40 s, 4 at 60 s and 4 at 180 s. Each volume comprised of forty-seven
3.27 mm thick slices. Early time standardized uptake (SUVEarly) in g/mL was measured as the average of
the last four dynamic PET volumes (10-22 min post-injection).

The acquired dynamic volumes were analyzed to generate parametric maps of the whole prostate. We
calculated in�ux rate constant (K1) in mL/min/g, e�ux rate constant (k2) in min-1, binding rate constant

(k3) in min-1, dissociation rate constant (k4) in min-1, net uptake rate constant from plasma (Ki) in
mL/min/g and distribution volume (DV) in g/mL maps by deconvolving the arterial time-activity curve
from tissue time-activity curve using F2TC model [15]. The tissue time-activity curve of each voxel was
smoothed by a 3-by-3 mean �lter with those from the immediate neighboring pixels in the same slice.

CT Perfusion (CTP) Imaging
Free-breathing CTP scan was performed immediately after the dynamic PET scan without moving the
patient. The CTP Images were acquired over 3 min using a shuttle mode where two contiguous 4 cm
sections of the pelvis covering the prostate and both internal iliac arteries, identi�ed from the CT
localization and attenuation correction scan, were alternately scanned starting 6 seconds after a bolus
injection of contrast agent (Isovue 370, Bracco Diagnostic Inc., NJ, USA) at a rate of 3 ml/s and a dosage
of 0.7 ml/kg into an antecubital vein. The CTP images were acquired using 5 mm thick slices, 120 kVp
and 50 mAs in two phases: the �rst phase, at intervals of 2.8 s for �rst 1 min; the second phase, every 15
s for the next 2 min.
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The acquired dynamic CT volumes were co-registered using non-rigid image registration (GE healthcare)
to minimize misregistration from breathing motion before functional maps, including blood �ow (BF) in
mL/min/100g, blood volume (BV) in mL/100g, mean transit time (MTT) in second, vessel permeability
surface product (PS) in mL/min/100g and contrast delay time (T0) in second, were generated with CT
Perfusion software (GE Healthcare).

2-hour post-injection PET/MR
After the CTP scan, the patient was allowed to rest, lying supine on a couch, in a quiet injection waiting
room. At 2-hour post-injection, after emptying the bladder, a static PET image of the prostate using limits
established with the prior dynamic PET/CT scan was acquired over 15 min. on a 3T Biograph mMR
(Siemens, Malvern, PA, USA) hybrid PET/MR scanner [18]. PET images were reconstructed with an
ordered subset expectation maximization (OSEM) algorithm with 21 subsets, 3 iterations and a 4 mm
Gaussian �lter. Reconstructed resolution was 2.09 x 2.09 x 2.03 mm3. MRI was acquired simultaneously
with a prostate endorectal receive coil (Medrad), �exible body array (mMR Body) and spine array (mMR
Spine). Attenuation correction maps were generated from a 2-point Dixon acquisition segmented for
water, fat, and air. T2-weighted MRI included 2D transverse, sagittal and coronal acquisitions as well as a
3D acquisition. 2-hour post-injection SUV (SUVLate) maps in g/mL were measured from the acquired
images.

Image Registrations and Analysis
After surgical resection, the prostate specimen was placed in 10% buffered formalin and marked with
�ducial markers [17]. The specimen was then temporarily placed in an per�uoropolyether oil (Christo-
Lube, Lubrication Technology, Franklin Furnace, OH, USA) �lled container for imaging. Ex-vivo T2-
weighted (T2w) MR imaging was performed with a 3T Discovery MR750 scanner (GE Healthcare,
Waukesha, WI, USA). The oil provided a black background to minimize boundary artifacts in the MR
images of the explanted prostate. After �xing in formalin for 48 hours, the specimen was processed as
per the standard pathology grossing protocol at our institution and submitted for routine processing,
para�n embedding, and reporting. Whole-mount 4 μm-thick H&E-stained histology cross-sections
spanning the entire mid prostate were then digitized for contouring and histopathological scoring by
pathologists.

In order to correlate all PET, CT and MR maps to cancerous nodules identi�ed in digital histopathology
images of the explanted prostate, a registration pipeline, as shown in Fig. 1, was developed. The ex-vivo
T2w MR was used as the bridge to co-register ex-vivo histopathology images to in-vivo maps. Histology,
ex-vivo MR and in-vivo MR co-registration was done using �ducial markers and anatomical
structures/landmarks [17]. Co-registration of CTP average map and ex-vivo T2w-MRI was done manually
with ITK-SNAP (www.itk-snap.org) using anatomical landmarks in the excised prostate gland [19]. PET-



Page 7/18

CTP co-registration was achieved by registering the CT images acquired for attenuation correction of
dynamic PET and CTP average maps with the automated 3D registration module - General
Registration - in 3D slicer (www.slicer.org) [20]. After co-registration of all PET and CTP parametric maps
with histopathology images, regions of interest were drawn on the latter images, to encompass the DIL
and the entire prostate outside the DIL (non-DIL) by pathologists (contoured by MG and veri�ed by MM
and JAG). The DIL was identi�ed as the largest cancerous lesion within the histopathology images.
These ROIs were superimposed on all corresponding PET and CTP maps to generate voxel and
volumetric data for DIL and non-DIL prostatic tissue.

Statistical Analysis
Statistical analyses were performed in SPSS Statistics 27 (IBM Analytics, Armonk NY), using two-sided
statistical testing with signi�cance accepted at P < 0.05. Descriptive statistics were presented as mean
and SD or as median and range (min to max). Differences between DIL and non-DIL imaging parameters
were compared using the Wilcoxon signed-rank test. Multivariable linear logistic regression with
backward elimination was used to determine the most accurate model of [18F]DCFPyL PET and CTP
parameters from a subset, each of which attained P < 0.05 in univariable testing, to distinguish DIL from
non-DIL tissue. We performed leave-one-patient-out cross-validation to validate the selected logistic
regression model for voxel-wise analysis and reported the average and standard error of error rate (ER),
false positive rate (FPR) and false negative rate (FNR), area under the receiver operating characteristic
curve (AUC) of all folds.

Results

Patients
52 male patients with biopsy-proven prostate cancer were enrolled in a clinical trial (NCT04009174). A
subset of 19 patients completed both imaging sessions – [18F]DCFPyL PET/CT, CTP, and [18F]DCFPyL
PET/MR and also underwent radical prostatectomy. Of those, 15 had analyzable digital histopathology
images from the mid-section of the gland. Fig. 2 shows the patient �ow through the study. The detailed
clinical-pathological characteristics of 15 patients (median age, 63 yr; range, 53–68 yr) who were
included in this study are listed in Table 1. 

Descriptive Statistics and Parameter Selection
There were 13 parametric maps per patient generated from dynamic [18F]DCFPyL PET, CTP and 2-hour
post-injection PET/MR. Total of 49,254 voxels were analyzed in DIL and non-DIL ROIs. Using a cut off of
p<0.05 for selecting potentially signi�cant variables, univariable logistic regression analysis revealed that
the following parameters distinguished DIL vs. non-DIL tissue - BF (median 56.58 vs. 46.43
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mL/min/100g, P<0.01), BV (median 8.92 vs. 5.83 mL/100g, P<0.01), MTT (median 8.94 vs. 8.07 s,
P<0.01), PS (median 24.39 vs. 19.44 mL/min/100g, P<0.05), K1 (median 0.236 vs 0.187 mL/min/g,

P<0.01), k4 (median 0.085 vs. 0.130 min-1, P<0.05), Ki (median 0.055 vs. 0.036 mL/min/g, P<0.05), DV
(median 2.29 vs. 1.17 mL/g, P<0.001), SUVEarly (median 2.53 vs. 1.78 g/mL, P<0.001) and SUVLate

(median 1.55 vs. 0.67 g/mL, P<0.001).

Amongst these parameters from PET and CTP, the combination of Ki and k4 was the most accurate
model to distinguish DIL from non-DIL voxel using multivariable logistic regression with backward
elimination (P<0.001). If only signi�cant CTP parameters were used, the BF and MTT model was the
most accurate model (P<0.001).

Cross-Validation and Diagnostic Performance
Four DIL detection models - K i and k4; BF and MTT; SUVEarly; and SUVLate - were validated using leave-
one-patient-out cross-validation. The ER, FPR, FNR, and AUC obtained for each model are shown in Fig. 3.
K i and k  4 was the most accurate and stable model to detect DIL. It had ER of 9.9 ± 2.8%, FPR of 9.1 ±
3.1%, FNR of 9.6 ± 3.0% and AUC of 90.4 ± 0.2%. BF and MTT model showed ER, FPR, FNR and AUC of
39.6 ± 5.1%, 45.5 ± 6.8% and 19.3 ± 3.6%, 74.8 ± 0.2% respectively. SUVEarly model showed ER, FPR, FNR
and AUC of 15.7 ± 5.6%, 15.3 ± 6.2% and 12.7 ± 5.3%, 84.7 ± 0.5%, while for SUVLate, ER, FPR, FNR and
AUC of 9.8 ± 2.3%, 8.7 ± 2.4%, 11.9 ± 4.3%, 90.5 ± 0.3%. AUC of Ki and k4 vs SUVLate were not signi�cantly
different but both were better than SUVEarly and BF and MTT. FNR was similar among all models except
that BF and MTT was signi�cantly worse than Ki and k4. For FPR and ER, only BF and MTT was
signi�cantly worse than the other models. 

Dice similarity coe�cient which gauged the similarity in size and location between the DIL detected by
each model against that delineated by pathologists (MM,MG) on the digital histopathology images was
0.8 ± 0.1, 0.4 ± 0.1, 0.7 ± 0.1 and 0.7 ± 0.1, respectively for Ki and k4 model, BF and MTT model, SUVEarly

and SUVLate.

Discussion
In this study, we investigated using dynamic [18F]DCFPyL PET kinetic parameters, CTP parameters and
SUVLate to localize DIL in 15 patients and validated the developed method against digital histopathology

images. Our analysis showed that Ki (net uptake rate constant of [18F]DCFPyL from plasma) and k 4
(dissociation rate constant of [18F]DCFPyL after binding to PSMA on PCa cells) model from 22-min
dynamic PET was the more accurate and stable model to detect and localize DIL with excellent
diagnostic performance vs digital histopathology as validated using leave-one-patient-out cross-
validation (Fig. 3). 
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Fig. 3 showed three important aspects of the results: 1. SUVLate showed better DIL detection results than
SUVEarly (AUC 90.5 ± 0.3% vs. 84.7 ± 0.5%, P<0.001), 2. Ki and k4 model also showed better results than
SUVEarly (AUC 90.4 ± 0.2% vs. 84.7 ± 0.5%, P<0.001), and 3. Ki and k4 model from 22-min dynamic scan
achieved comparable results to the 2-hr post-injection SUVLate (AUC 90.4 ± 0.2% vs. 90.5 ± 0.3%, P>0.05).
These results agree with the literature recommendation that if SUV is used to detect PCa, the imaging has
to be performed at > 1 hr post-injection [13,14]. Fig. 4 showed qualitatively the distinction of DIL from
non-DIL tissue using the different parametric maps in a patient. It is noteworthy that the linear classi�er
from the Ki and k4 model shows that DIL had high net uptake rate constant (Ki) of the tracer and low
tracer dissociation rate constant from PSMA once bound (k4). This shows that even with favorable
kinetics, SUV acquired at a short time post-injection, as was SUVEarly in this study, cannot reliably
differentiate DIL from non-DIL tissue because tissue uptake was dominated by high BF and BV (see Fig.
4) or the high blood background. SUV measured with a single static image at a �xed time after injection
cannot differentiate the different processes driving the tracer uptake including: tracer delivery to and
washout from tissue via blood �ow, bidirectional exchange between vessels and tissue, and binding to
and dissociation from the target. The F2TC model used in the kinetic analysis of dynamic [18F]DCFPyL
data in this study was able to separate the different uptake processes, particularly removing the blood
background, hence provided a better characterization of the different uptake of the tracer in DIL vs. non-
DIL tissue at early times post-injection. Even though our short-duration (22 min) study may result in
biased estimates of the uptake parameters: Ki, k3, k4 and DV, nevertheless two of the parameters, Ki and
k4, were able to reliably distinguish between DIL and non-DIL with performance non-inferior to that of

SUVLate. From the clinical perspective, the short duration would increase the throughput of [18F]DCFPyL
studies to detect and localize DIL.

In this study, we showed that CTP parameters did not add to the diagnostic performance of PET in
distinguishing DIL from non-DIL tissue. A possible explanation is that blood �ow is already subsumed in
the net uptake rate constant from plasma (Ki). Using just CTP parameters, the BF and MTT model
showed AUC of 74.8 ± 0.2%, which was lower than the other models based on [18F]DCFPyL. Nevertheless,
these results were still comparable to the AUC of multi-parametric MR (mp-MRI), which ranged from 68-
77% [21-23]. An important advantage of CT Perfusion is that it can be easily incorporated into current
clinical CT scanning protocols used in diagnosis and treatment follow-up by adding only a couple of
minutes in scanning time and being less expensive than either mp-MRI or PET. Additionally, CTP imaging
lends itself to integration with existing CT planning processes for radiation treatment, potentially enabling
differential tumor volume-boosting [24].

This study has limitations. First, the number of enrolled patients in this study was small. The results
obtained must be interpreted with caution but warrant con�rmation with another study with a larger
number of patients. Second, we used binomial logistic regression limiting our detection method to two
tissue types - DIL and non-DIL. A trinomial logistic regression would allow separate of three tissue types –
DIL, non-DIL cancer nodules and benign prostatic tissue. The small number of patients available
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precluded a reliable investigation of this possibility. However, if the goal is to identify DIL for boosting the
radiation dose and more precise targeting of biopsy, a two-tissue type separation method would be
su�cient for this purpose.

Conclusion
Using kinetic analysis to remove blood background, we showed that the kinetic parameters Ki and

k4 derived from a 22 min dynamic [18F]DCFPyL PET can detect DIL as accurately as SUV measured at 2-

hour post-injection. As the method can improve the throughput and logistics of using [18F]DCFPyL PET
for the management of prostate cancer, further study with larger sample size is warranted.
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Table 1
Clinical–pathological characteristics of patients and tumors (n = 15).

Age [y] 62.1 ± 4.1 (53–68)*

Weight [kg] 88.8 ± 11.4 (65–109)*

Height [cm] 177.4 ± 6.1 (170–191)*

PSA [ng/mL] 9.4 ± 6.3 (3.5–25.5)*

Injected [18F]DCFPyL Activity [MBq] 312.4 ± 15.9 (280.8-348.2)*

Histology – n(%)

Adenocarcinoma 15 (100)

pT Stage – n(%)

T2c 7 (46.7)

T3a 7 (46.7)

T3b 1 (6.7)

pN Stage – n(%)    

N0 15 (100)

N1 0 (0)

NX 0 (0)

pM Stage – n(%)    

M0 15 (100)

M1 0 (0)

MX 0 (0)

Gleason score of DIL – n(%)

6 (3 + 3) 1 (6.7)

7 (3 + 4) 6 (40.0)

7 (4 + 3) 5 (33.3)

9 (5 + 4) 3 (20.0)

Note. Data are the number of patients with the percentage in parentheses unless otherwise indicated.
* Data are means ± standard deviation, with the range in parentheses.

Abbreviations: DCFPyL = 2-(3-{1-carboxy-5-[(6-[18F]�uoro-pyridine-3-carbonyl)-amino]-pentyl}-ureido)-
pentanedioic acid; PSA = Prostate speci�c antigen; pT = Primary tumor; pN = Lymph node; pM = Distant
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metastasis; DIL = Dominant intraprostatic lesion.     

Figures

Figure 1

Registration Pipeline Abbreviations: CT = Computed tomography; T2w = Transverse relaxation time
weighted; PET = Positron emission tomography; MR = Magnetic resonance; BF = Blood �ow; BV = Blood
volume; MTT = Mean transit time; PS = Vessel permeability surface product; To = Contrast delay time; K1
= In�ux rate constant; k2 = E�ux rate constant; k3 = Binding rate constant; k4 = Dissociation rate
constant; Ki = Net uptake rate constant; DV = Distribution volume; SUV = Standardized uptake value.



Page 16/18

Figure 2

Flow diagram showing patient enrollment. *Registration failed because the in-vivo prostate was
signi�cantly deformed relative to explanted prostate due to gas in the rectum. Abbreviations: FCH =
�uorocholine; DCFPyL = 2-(3-{1-carboxy-5-[(6-[18F]�uoro-pyridine-3-carbonyl)-amino]-pentyl}-ureido)-
pentanedioic acid
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Figure 3

Comparison of leave-one-patient-out cross-validation metrics of the different DIL detection models – error
rate (ER), false positive rate (FPR), false negative rate (FNR) and AUC. Error bars are the standard
deviation of mean. A signi�cant difference (P<0.05) is marked with asterisk (*) for P<0.05 and double
asterisk (**) for P<0.001. Abbreviations: Ki = Net uptake rate constant; k4 = Dissociation rate constant;
SUVLate = 2-hr post-injection standardized uptake value; SUVEarly = 10-min post-injection standardized
uptake value; BF = Blood �ow; MTT = Mean transit time; ER = Error rate; FPR = False positive rate; FNR =
False negative rate; AUC = Area under the curve of receiver operating characteristic curve; DIL = Dominant
intraprostatic lesion.
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Figure 4

Example of the co-registered in-vivo images and parametric maps. The location of DIL is outlined in
black. Abbreviations: CT = Computed tomography; PET = Positron emission tomography; SUVLate = 2-hr
post-injection standardized uptake value; Ki = Net uptake rate constant; k4 = Dissociation rate constant;
SUVEarly = 10-min post-injection standardized uptake value; BF = Blood �ow; BV = Blood volume; DIL =
Dominant intraprostatic lesion.


