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Abstract

Purpose To assess the diagnostic value of retrospectively fused PET/MRI by comparing the detection rates (DRs) of fused
64CuCl2 PET/MRI vs. fused 'F-Choline PET/MRI in patients with suspected prostatic cancer (PCa) recurrence. The second-
ary objective was to compare the DRs of fused PET/MRI vs. those of the separate imaging modalities.

Methods We retrospectively evaluated 50 PCa patients with biochemical relapse after radical prostatectomy (RP) or radio-
therapy (RT). All patients underwent **CuCl, PET/CT, '®F-Choline PET/CT, and multiparametric magnetic resonance
imaging (mpMRI) within 15 days. Fused ®*CuCl,-PET/MRI and fused '3F-Choline PET/MRI images were obtained by
retrospective co-registration of MRI and PET images. Experienced readers interpreted the images, and the DRs of each
imaging modality were assessed.

Results In the patient-based analysis, overall DRs of fused **CuCl, PET/MRI, fused '*F-Choline PET/MRI, **CuCl, PET/
CT, '8F-Choline PET/CT, and mpMRI were 88%, 68%, 82%, 56%, and 74%, respectively. In the lesion-based analysis, overall
DRs of fused **CuCl, PET/MRI, fused '"*F-Choline PET/MRI, *CuCl, PET/CT, '® F-Choline PET/CT, and mpMRI were
95%, 66%, 87%, 58%, and 71%, respectively.

Conclusions Retrospectively fused PET/MRI is able to overcome the limitations of the separate interpretation of the indi-
vidual imaging modalities. Fused 64CuCl2 PET/MRI provided the highest diagnostic performance in the detection of PCa
local relapse.
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DR Detection rate

SUV Standardized uptake value

PSA Prostate-specific antigen

PSMA  Prostate-specific membrane antigen
TBRs Tumor-to-background ratios
Introduction

In patients affected by prostate cancer (PCa) and with evi-
dence of biochemical relapse after first-line curative treat-
ment (i.e., radical prostatectomy [RP] or radiotherapy [RT]),
imaging plays a key role in identifying and evaluating the
site and extent and of PCa recurrence. Imaging documenta-
tion is often required in order to establish the appropriate
second-line treatment [1, 2]. In this clinical scenario, the
best imaging protocol includes MRI and whole-body PET/
CT [2, 3].

Multiparametric magnetic resonance imaging (mpMRI)
by means of high-resolution morphological T2-weighted
sequences exquisitely depicts the prostatic bed. Morpho-
logical sequences are combined with functional MRI tech-
niques, including diffusion-weighted imaging (DWI) and
dynamic contrast-enhanced (DCE) perfusion imaging [4].
This approach may already reveal a high number of local
PCa recurrences, but the accuracy of mpMRI in the pros-
tatic fossa may be further improved by adding the metabolic
information of PET/CT [5-7]. Indeed, the high specificity
of PET tracers may help to reach conclusive diagnoses even
in doubtful cases in which T2-weighted images, DWI, and
DCE-MRI yield contradictory results.

Various tracers, such as 'F-Choline, ''C-Choline ®Ga-
PSMA-11, and '8F-Fluciclovine, have been proposed for
PET/CT imaging to identify loco-regional and distant
metastases. The most effective PET tracer seems to be
prostate-specific membrane antigen (PSMA) radio-labeled
with ®Ga, which proved to be more sensitive than radio-
labeled Choline and Fluciclovine [8]. However, the main
limitation of these tracers, including PSMA, is their uri-
nary accumulation. Currently, PET tracers with low uri-
nary excretion are under investigation for clinical imple-
mentation. The novel '®F-PSMA-1007 causes less urinary
contamination when compared to ®*Ga-PSMA-11. In par-
ticular, clearance via the urinary tract of I8 PSMA-1007
is only 1.2% of injected activity [9], and this tracer has
shown significant advantages for detecting local relapse
and small pelvic lymph nodes that are generally preva-
lent in patients with biochemical recurrence at very low
PSA levels [10]. To this regard, it has to be remembered
that there is no accumulation of ®**CuCl, in the urinary
tract, and that '® F-PSMA-1007 is currently not available
in our country. In patients treated with radical prostatec-
tomy, even a small amount of tracer eliminated through the
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urinary tract may mask or mimic a relapse in the prostatic
fossa. Indeed, the vesicourethral anastomosis is a site of
urine accumulation and the most common location of local
relapse.

Combining PET images with high-resolution mpMRI
enables the precise anatomical localization of PET-pos-
itive sites even in the case of faint uptake, and allows a
more correct interpretation of doubtful findings. The
simultaneous acquisition of PET and mpMRI by means
of a dedicated PET/MRI scanner is the most direct way
to obtain hybrid PET/MRI images, but these novel inte-
grated systems are not widely available, mainly owing to
their high cost [11]. A less-expensive compromise is soft-
ware platforms for retrospective fusion imaging, which
allow the integration of two or more imaging modalities
that have been acquired at different time points. 64CuCl2
PET/CT, which is neither excreted via the urinary tract
nor accumulated in the bladder, has recently proved to
be an effective tool for the detection of PCa recurrence
with excellent diagnostic performance in the assessment
of local relapse [11, 12]. This study aimed to determine the
detection rate (DR) of retrospectively fused **CuCl, PET/
MRI in a cohort of PCa patients with biochemical recur-
rence. The secondary objective was to compare the DR of
fused **CuCl, PET/MRI with those of fused '"*F-Choline
PET/MRI, mpMRI, '8F-Choline PET/CT, and %*CuCl,
PET/CT.

Materials and methods

This retrospective study was approved by the local ethics
committee and the “Agenzia Italiana del Farmaco,” a public
agency under the control of the Italian Ministry of Health.
Written informed consent was obtained from all participants.
The trial was registered in the European Clinical Trial Data-
base (EudraCT number 2014-005140-18).

Study design and inclusion of patients

This retrospective analysis was conducted on the same
patient cohort that had been analyzed in a previous study
by Piccardo et al. [12], and which included 50 PCa patients
presenting with biochemical relapse. Half of the patients
(25/50) presented with biochemical relapse after initial
treatment, while the other half were included for suspected
recurrence after additional or salvage therapy. The clinical
and laboratory characteristics of the study population are
listed in Table 1. All patients underwent **CuC12 PET/CT,
F_-Choline PET/CT, and mpMRI within 15 days of one
another.
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Table 1 Demographical,
clinical, and laboratory

Characteristic

Data

characteristics of the study

t Median age (years)
population

PSA level (ng/mL)
Median
Median PSA doubling time (mo)

Median PSA velocity (ng/mL/year)

Gleason score (n)
3+4
4+3
4+4
445
5+4

72 (range 52-90)

1.88 (range 0.24-14.0)
4.2 (range 0.9-34)
2.0 (range 0.1-56.4)

12 (24%)
16 (32%)
17 (34%)
1 %)
4 (8%)

Treatment at time of biochemical relapse (1)

Radical prostatectomy only
Radical intent EBRT only
Hormone therapy only

Radical prostatectomy + salvage EBRT

Radical prostatectomy +hormone therapy

Radical prostatectomy + EBRT +hormone therapy
Radical intent EBRT +hormone therapy

14 (28%)
8 (16%)
3 (6%)

8 (16%)
4 (8%)

7 (14%)
6 (12%)

Scanning protocols
mpMRI

The mpMRI examinations were acquired by means of a 1.5-T
MRI scanner (Signa HDxt™, GE Healthcare, Milwaukee,
WI) equipped with an 8-channel pelvic phased-array sur-
face coil. MRI protocol, as described in our previous study
[5], included two different axial T2-weighted sequences: the
first axial FSE T2-weighted sequence (slice thickness 4 mm,
interslice gap 0.4 mm, in plane resolution 0.6 X 0.6 mm) with
a large field-of-view (FOV 32X 32 cm), was set to com-
prehend the prostate fossa and lymph-node stations of the
lower abdomen, including infrarenal paracaval/paraaortic,
iliac, and obturator lymph nodes. The second high-resolution
oblique axial T2-weighted scan (slice thickness 3-3.5 mm,
interslice gap 0.3 mm, FOV 20X 20) was further oriented
perpendicular to the rectoprostatic plane. A gadolinium-
enhanced 3-dimensional spoiled gradient echo fat-saturated
T1-weighted pulse sequence was set with the same large
FOV of the first-mentioned T2-weighted MR sequence.

84CuCl, PET/CT

The production of experimental **CuCl, (Sparkle s.r.I™.
Macerata, Italy) was approved by “Agenzia Italiana del Far-
maco.” The radiopharmaceutical was prepared in accord-
ance with Good Manufacturing Practice and administered
intravenously to fasting patients (at least 6 h). Whole-body
%4CuCl, PET/CT was carried out 60’ after the injection of

200-250 MBq of **CuCl,. All PET scans were acquired in
3D mode by a dedicated PET/CT system (Discovery ST™,;
General Electric Healthcare Technologies, Milwaukee, WI).
Considering the relatively low positron production and
511 keV photon emission (yield) of ®*Cu, when compared
to those of '8F, PET/CT were acquired via 6-min emissions
per bed position from the upper neck to the upper thighs,
by means of sequential fields of view, each covering 12 cm
(matrix of 256 X 256), and visualized on Xeleris™ Work-
station version 2.1753 (General Electric, Milwaukee, WI,
USA). Low-dose CT was performed for both attenuation
correction and anatomical localization.

'8F_Choline PET/CT

8F_Choline PET/CT was performed in the fasting state (at
least 6 h). An '8F-Choline activity of 200 MBq (IASOCho-
line™ TASON LabormedizinGesmbh&Co. Kg, Linz, Aus-
tria) was administered intravenously; data were acquired 20’
after the injection by means of the above-mentioned PET/
CT system. PET was performed over an acquisition time of
3’ in the same manner as for **CuCl, PET/CT and visual-
ized on the same workstation. The same CT parameters were
also used.

PET/MRI fusion imaging (fused 'F-Choline PET/MRI
and fused %*CuCl, PET/MRI)

Co-registration (i.e., multimodal fusion imaging) between
MRI and PET images was performed by means of a
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dedicated software platform developed for research purposes
(Quanta Oncology™, Camelot Biomedical Systems, Genoa,
Italy). Using this software platform, a deformable registra-
tion technique (employing non-linear transformation and
spatially varying deformable models) is used for MRI/PET
co-registration, in order to compensate for changes in patient
position and local deformations between different imaging
datasets (e.g., due to varying degrees of filling of the urinary
bladder). In the co-registration process, only T2-weighted
MRI sequences are employed [5].

Image interpretation
Patient-based analysis and lesion-based analysis

In the patient-based analysis, the detection rate (DR) was
defined as the ability to detect at least one pathological find-
ing in each subject. In lesion-based analysis, the DR was
defined as the ability to detect suspicious lesions in relation
to the total number of lesions detected by fusion imaging
techniques, PET tracers, and mpMRI [13].

mpMRI

All mpMRI studies were reviewed on a dedicated worksta-
tion (Advantage Workstation, version 4.6; GE Healthcare)
by an abdominal radiologist (with at least 5 years of experi-
ence in prostate mpMRI) who was blinded to the results of
the PET studies. PCa recurrence was diagnosed when a focal
morphological alteration was accompanied by at least one
corresponding functional abnormality (on ADC or perfusion
maps), or when 2 functional mpMRI criteria were present
without a definite morphological lesion. Morphological/size
criteria were also adopted to distinguish between benign and
malignant lymph nodes (i.e., round shape and short axis
of > 8 mm, oval shape and short axis of > 10 mm) [5, 6].
An axial short T1 inversion recovery sequence was used to
detect bone metastases.

PET/CT

All PET-CT examinations (including both '®F-Choline PET/
CT and %CuCl, PET/CT studies) were grouped together
after anonymization, and each of the two nuclear medi-
cine physicians, blinded to mpMRI results, read half of the
cases, which were presented in random order. On '®F-choline
PET/CT and ®**CuCl, PET/CT, any focal, non-physiologi-
cal uptake higher than that of the surrounding background
level was considered pathological. '®F-choline PET/CT and
%4CuCl, PET/CT studies were interpreted visually and semi-
quantitatively by using the SUVmax, on a patient-by-patient
and lesion-by-lesion basis. Tumor-to-background ratios
(TBRs) were determined for each lesion on both 64CuCl2
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and '8F-Choline images. TBR was established by placing a
2-dimensional region of interest in the pelvis and measuring
the SUVmax of the background fat within this area. This
value was then used as denominator for TBR calculation.
Neither SUVmax nor TBR cut-offs were used to assess PET-
positive lesions, although these parameters were employed
as a support to visual interpretation. On both '3F-choline
PET/CT and %*CuCl, PET/CT, any focal, non-physiologic
uptake higher than that of the surrounding background level
corresponding on attenuation CT to prostate parenchyma,
prostatic fossa, residual seminal vesicles, vesicourethral
anastomosis, abdominal/pelvic lymph nodes, and bone was
considered pathological. The results of TBR analysis are
reported in the supplementary material.

Multimodal fusion imaging

PET/MRI results were interpreted in consensus by the expe-
rienced radiologist, who was aware of the PET/CT imaging
results, and by the two experienced nuclear medicine physi-
cians, who were aware of the MRI results. On '®F-Choline
PET/MRI and ®CuCl, PET/MRI, any focus of non-physi-
ological uptake corresponding at least to any “suspicious”
mpMRI finding was deemed suggestive of local recurrence.
Any uptake corresponding to mpMRI-detectable abdominal
and pelvic lymph nodes was regarded as lymph-node metas-
tasis. Any focal bony uptake corresponding to a pathological
finding on mpMRI was regarded as bone metastasis.

Standard of reference

A descriptive standard of reference was employed to provide
confirmation of the site of recurrence. Histopathology was
obtained by means of transrectal ultrasound-guided biopsy
in 7 out of a total of 25 patients with local relapse only
(28%). Undetectable PSA values were found after salvage
RT in another 4 of the 11 patients with only local recurrence
and not previously treated with RT. In the case of lymph-
node and distant metastases, we used a multidisciplinary
consensus reference based on mpMRI, 18F_Choline PET/
CT, and reduction of PSA values after salvage therapy. A
median follow-up time of 7 months (range 5-15) was avail-
able for each patient.

Statistical analyses

Descriptive statistics included median, minimum, and
maximum for continuous data; absolute and relative fre-
quencies for categorical data. DRs were calculated as the
ratio between the number of positive patients (or lesions
in the case of lesion-based analysis) and the total number
of patients (or lesions). The Chi-square test and Fisher’s
exact test were applied to compare categorical data; the
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McNemar test was used for comparing DRs among diag-
nostic procedures on the same subjects. Results were also
stratified according to total PSA levels (<1 ng/mL, 1-2 ng/
mL, 24 ng/mL, and >4 ng/mL). Statistical significance was
assigned to values of alpha error (two-tailed) lower than
0.05. In the multiple comparisons of Tables 2 and 4, the
Bonferroni’s corrected p value was 0.0125; for Tables 3 and
5, the corrected p value for statistical significance was 0.017.
All statistical analyses used STATA software™ (StataCorp.
2015. Stata Statistical Software: Release 14. College Station,
TX: StataCorp LP.).

Results
Patient-based analysis

In both *CuCl, and '8F-Choline PET/CT, 11 out of 50
patients showed extrapelvic disease. Six patients had
extrapelvic infrarenal paracaval/paraaortic lymph-node
metastases, 2 patients had only bone metastases, and the
remaining 3 patients presented with bone and extrapelvic
lymph-node metastases. Fused **CuCl, PET/MRI revealed
more patients with local recurrence (34/50, 68%) and

Table 2 Results of the patient-based analysis

lymph-node metastases (17/50, 34%) than the other modali-
ties. Specifically, on considering local relapse, the DR of
fused ®*CuCl, PET/MRI was significantly higher than those
of fused '8F-Choline PET/MRI (p <0.001) and mpMRI
(p=0.004) (Tables 2 and 3). Figures 1 and 2 depict two
cases of local relapse. In the same setting, the DR of fused
18E_Choline PET/MRI was higher than that of '®F-Choline
PET/CT (p =0.03), but without reaching the level of statis-
tical significance after Bonferroni’s correction. The DR of
fused '*F-Choline PET/MRI was significantly lower than
%4CuCl, PET/CT (p=0.001) (Table 3).

Lesion-based analysis

Overall, the DR of fused **CuCl, PET/MRI was higher
than that of fused '8F-Choline PET/MRI in detecting PCa
lesions (p < 0.001); specifically, local recurrences (p <0.001)
and lymph-node metastases (p =0.002). Figure 3 depicts
an example of nodal metastasis. However, no statistically
significant difference was found in the detection of bone
lesions (Table 4). Figure 4 is one case of bone metastasis. In
addition, DRs of fused **CuCl, PET/MRI were significantly
higher than those of **CuCl, PET/CT, '*F-Choline PET/CT,
and mpMRI (Table 4). Considering the whole amount of

18E_Choline

Site of disease #4cuCl, p* %CuCl, PET/CT  p* BE_Choline  p* MpMRI  p*
PET/MRI  PET/MRI PET/CT

All positive patients ~ 44/50 34/50 0.002  41/50 025  28/50 <0.001  37/50 0.02
(88%) (68%) (82%) (56%) (74%)

Local 34/50 21/50 <0.001  32/50 0.5 15/50 <0.001  25/50 0.004
(68%) (42%) (64%) (30%) (50%)

Lymph node 17/50 16/50 1.0 16/50 1.0 15/50 0.5 14/50 0.25
(34%) (32%) (32%) (30%) (28%)

Bone 5/50 5/50 1.0 4/50 1.0 4/50 1.0 5/50 1.0
(10%) (10%) (8%) (8%) (10%)

Comparisons among *CuCl, PET/MRI and all the other imaging modalities. The Bonferroni’s corrected p level of significance is 0.0125

Table 3 Results of the patient- Site of disease BF_Choline **CuCl, PET/CT  p* BE.Choline p*  MpMRI p*
based analysis PET/MRI PET/CT
All positive patients  34/50 41/50 004  28/50 003 3750 051
(68%) (82%) (56%) (74%)
Local 21/50 32/50 0.001  15/50 003 2550 034
(42%) (64%) (30%) (50%)
Lymph node 16/50 16/50 10 15/50 10 1450 05
(32%) (32%) (30%) (28%)
Bone 5/50 4/50 10 4/50 10 5/50 1.0
(10%) (8%) (8%) (10%)

Comparisons among '*F-Choline PET/MRI and all the other imaging modalities. The Bonferroni’s cor-

rected p level of significance is 0.017

*Exact McNemar Significance Probability
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Fig.1 A 78-year-old patient treated with external beam radiation
therapy for prostate cancer Gleason 7 (4+3). PSA value of 1.06 ng/
mL. The T2w axial MR image a shows a large hypointense area in
the right peripheral zone extending to the anterior transitional zone
(arrow). On the diffusion-weighted image b a more circumscribed
area of restricted water diffusion is appreciable in correspondence to

Fig.2 A 64-year-old man treated with radical prostatectomy for pros-
tate cancer Gleason 9 (4+5). PSA value of 5.64 ng/mL. The axial
T2w MR image a shows a small hypointense nodule in the posterior
aspect of the vesicourethral anastomosis (arrow). The bimodal axial
fused **CuCl, PET/MR image b allows a precise correspondence
to be found between the focal tracer uptake and the perianastomotic
nodule (arrow), which was a biopsy-proven local recurrence. In this
patient, both 18F_Choline PET/CT and fused '®F-Choline PET/MRI
did not show the perianastomotic local recurrence
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the right lateral aspect of the peripheral gland (arrow). Both bimodal
axial fused **CuCl, PET/MRI (c) and fused '8F-Choline PET/MRI
(d) show a focal area of tracer uptake in the right lobe of the prostate
consistent with local relapse after external beam radiation radiother-
apy (arrows)

Fig.3 A 72-year-old male treated with radical prostatectomy for
prostate cancer Gleason 7 (44 3). PSA value of 1.78 ng/mL. Axial
T2w MR image a shows a right internal iliac lymph node character-
ized by an oval shape and short-axis diameter <7 mm (arrow), which
was not considered to be a metastatic site at morphological imaging
alone. An oval lymphocele (asterisk) is appreciable in the left lateral
aspect of the pelvis, adjacent to the wall of the urinary bladder. The
axial fused ®*CuCl, PET/MRI b demonstrates a focal area of tracer
accumulation in correspondence to the internal iliac lymph node,
which is consistent with the presence of PCa lymph nodal relapse. In
this patient, both '®F-Choline PET/CT and fused '®F-Choline PET/
MRI did not reveal any focal tracer accumulation in the pelvis (not
shown)
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Table 4 Results of the lesion-based analysis

Site of disease  %CuCl, 8F_Choline  p* %CuCl, PET/CT ~ p* BE_Choline  p* MpMRI  p*
PET/MRI  PET/MRI PET/CT

All lesions 113/119 79/119 <0.001  103/119 0.002  69/119 <0.001  84/119 < 0.001
(95%) (66%) (87%) (58%) (71%)

Local 44/44 21/44 <0.001  40/44 0.13 15/44 <0.001  29/44 < 0.001
(100%) (48%) 91%) (34%) (66%)

Lymph node 58/61 48/61 0.002  54/61 0.006  45/61 0.001  41/61 < 0.001
(95%) (79%) (89%) (74%) (67%)

Bone 11/14 10/14 1.0 9/14 0.5 9/14 0.5 14/14 0.25
(79%) (71%) (64%) (64%) (100%)

Comparisons among *CuCl, PET/MRI and all the other imaging modalities. The Bonferroni’s corrected p level of significance is 0.0125

Fig.4 A 67-year-old male treated with radical prostatectomy for
prostate cancer Gleason 8 (4+4). PSA value of 3.91 ng/mL. PSA
doubling time <6 months. Axial T2w MR image a shows hypoin-
tense structural changes in correspondence to the right ischial tuber-
osity (arrowhead) and a hypointense focal area in the right femo-
ral neck (arrow). The axial STIR image b shows the relative signal

recurrences, fused '®F-Choline PET/MRI disclosed more
lesions than '®F-Choline PET/CT (p =0.002) (Table 5).

PSA-based analysis

When the level of PSA was considered (Fig. 5), fused
64CuCl, PET/MRI identified a higher number of positive
patients than fused '®F-Choline PET/MRI in every PSA
level range, except for PSA values >4 ng/mL. In addition,

hyperintensity of these changes when compared with normal adjacent
spongy bone (arrow and arrowhead). Both axial fused 6"‘CuClz PET/
MRI (c¢) and fused '®F-Choline PET/MRI (d) show focal tracer accu-
mulation in correspondence to the bony lesions (arrow and arrow-
head), in keeping with bone metastasis from prostate carcinoma

in patients with PSA levels < 2 ng/mL, fused **CuCl, PET/
MRI was the most sensitive imaging procedure.

Discussion
Multimodal PET/MRI fusion imaging is a cornerstone in the

field of next-generation diagnostic imaging. Integrated PET/
MRI scanners allow anatomical and functional information
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Table 5 Results of the lesion-

: Site of disease ~ 'F-Choline  ®*CuCl, PET/CT  p* 18F_Choline p* MpMRI  p*
based analysis PET/MRI PET/CT

All lesions 79/119 103/119 <0.001 69/119 0.002  84/119 0.46
(66%) (87%) (58%) 71%)

Local 21/44 40/44 <0.001 15/44 0.03 29/44 0.06
(48%) 91%) (34%) (66%)

Lymph node 48/61 54/61 0.21 45/61 0.25 41/61 0.09
(79%) (89%) (74%) (67%)

Bone 10/14 9/14 1.0 9/14 1.0 14/14 0.13
(71%) (64%) (64%) (100%)

Comparisons among '®F-Choline PET/MRI and all the other imaging modalities. The Bonferroni’s cor-
rected p level of significance is 0.017

82%
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2 73%
LI p.
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76% N
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Fig.5 Bar graph showing the patient-based detection rate (DR) of the
various imaging modalities stratified in accordance to different ranges
of PSA levels. Image a shows the DRs of mpMRI, 18F_Choline PET/
CT, and %CuCl, PET/CT, while image b shows the DRs of mpMRI
and bimodal fused PET/MRI techniques

from MRI to be combined with the metabolic data provided
by the novel radiopharmaceuticals used in PET imaging. The
diagnostic value of combined PET/MRI obtained through
simultaneous acquisition (i.e., PET/MRI scanner) in PCa
patients with biochemical recurrence has been investigated
in some previous studies [5-7, 11, 14, 15]. Hybrid imaging
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overcomes the limitation of the separate assessment of the
individual imaging modalities, enabling precise anatomi-
cal localization of local recurrence and that of small PET-
positive lymph nodes [3]. Unfortunately, the availability of
hybrid PET/MRI scanners is still limited to research facili-
ties and has become the standard technique only in resource-
rich environments.

Hybrid PET/MRI scanners, by means of dedicated multi-
channel coils, are able to provide a true multimodal whole-
body examination. Retrospectively fused PET/MRI has
proved to be a promising alternative to simultaneous hybrid
imaging [5].

By using retrospective co-registration of image sets
acquired at different time points with variable fields of view
(i.e., whole-body PET and pelvic mpMRI), the advantages
of fusion imaging are confined to the lower body. In addi-
tion, the retrospective co-registration process is technically
straightforward (i.e., rigid co-registration) when the fusion
imaging platform employs bony landmarks for spatially
matching the various image sets. In the rigid co-registration,
after an initial pixel resizing, the fusion imaging platform
employs translations and rotations of the floating image to
obtain a precise juxtaposition on the static reference image.

On the other hand, the computational process becomes
more elaborate when anatomical landmarks are soft-tissue
structures that may change their position among different
examinations (i.e., due to variable degrees of filling of the
urinary bladder and rectum, or modified position of the
small bowel loops). In this latter case, more advanced co-
registration techniques have been developed, which employ
localized stretching and elastic deformations of anatomical
contours to achieve an accurate fusion of images. This is a
field of research. To date, the precision of our software plat-
form in the co-registration process has never been addressed
and analyzed in detail, and should be matter of future stud-
ies, but we consider that image fusion was obtained with a
good precision.

We consider that the comparison between fused **CuCl,
PET/MRI and '*F-Choline PET/MRI has a clinical value.
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The results of the present study show that the relatively low
detection rate of '®F-Choline PET/CT improved by means
of retrospective fusion imaging. However, '*F-Choline PET/
MRI was not able to exceed the diagnostic yield of **CuCl,
PET/CT. This is reasonably due to intrinsic features of
18F_Choline, in particular, its route of excretion and a lower
TBR when compared to ®*CuCl,.

The main result of this study emerges from the com-
parison between the DRs of **CuCl, PET/MRI and that of
%4CuCl, PET/CT in both patient- and lesion-based analy-
ses. In the patient-based analysis, the difference between the
overall DR of ®*CuCl, PET/MRI (88%) and that of **CuCl,
PET/CT (82%) was evident, but it did not reach the level of
statistical significance (p =0.25). This difference in terms of
DRs mainly relies in the identification of local recurrences,
since the higher spatial and contrast resolution of mpMRI
is often able to provide a morphological correlation to any
focus of non-physiological tracer uptake. This observation
was also confirmed in the lesion-based analysis, which
yielded a DR of 100% for **CuCl, PET/MRI and of 91% for
4CuCl, PET/CT (p=0.13).

The advantages of multimodality fusion imaging were
also evident when fused '®F-Choline PET/MRI was com-
pared to conventional '3F-Choline PET/CT. In particular,
in the lesion-based analysis, fused '*F-Choline PET/MRI
detected six more local recurrences than '3F-Choline PET/
CT and three more nodal metastases. These results may be
attributed to the lower spatial and contrast resolution of CT
in depicting pelvic anatomy and to the renal excretion and
urinary accumulation of '®F-Choline, which may hinder the
detection of pathological foci of tracer uptake adjacent to the
bladder or the urethrovesical anastomosis (Fig. 6).

To this regard, Eiber et al. compared hybrid fused
1C-Choline PET/MRI with ''C-Choline PET/CT in a pro-
spective study and reported significantly different DRs (i.e.,
97.3% vs. 64.9%) in detecting local recurrence [16]; findings
that are similar to our results.

The underestimation of lymph-node metastases is still a
significant limitation of mpMRI. Indeed, only morphologi-
cal and size criteria are commonly adopted to distinguish
between benign and malignant lymph nodes on mpMRI
[17]. In the findings from a meta-analysis, investigators
reported pooled sensitivity and specificity values of 39%
and 82%, respectively, which produces many false nega-
tives on morphological imaging [18]. Therefore, analyzing
size-independent metabolic parameters in order to assess
the metastatic involvement of lymph nodes has great value
in patients with PCa recurrence [19]. Our study showed that
multimodality fusion imaging has excellent diagnostic per-
formance in detecting small lymph-node metastases.

In the lesion-based analysis, fused 64CuCl2 PET/MRI
detected 58/61 nodal metastases (95%) vs. 48/61 (79%)
of '8F-Choline PET/MRI (p=0.002). This result may be

due to the observation that ®*CuCl, has a higher TBR than
F_Choline. Both retrospectively fused modalities showed
to be superior to PET/CT and mpMRI alone. On the other
hand, in the patient-based analysis, fused 64CuCl2 PET/MRI
detected only one more patient with nodal recurrence than
fused '*F-Choline PET/MRL

Some previous studies had already demonstrated the
advantages of PET/MRI fusion imaging in detecting nodal
metastases, with an impact on patient management even in
patients with low PSA values [14, 15, 20].

In one study on '*F-choline hybrid PET/MRI, the DR in
patients with PSA <2 ng/mL was 44% [20]. In our study,
fused ®*CuCl, PET/MRI displayed the highest overall DR
across all PSA intervals, and its diagnostic performance
decreased with decreasing PSA values, as expected.

As reported in Tables 3 and 5, considering both the
patient- and lesion-based analyses (i.e., all patients and all
lesions), no significant difference in terms of detection rate
was found between '®F-Choline PET/CT and mpMRI, with p
values of 0.46 and 0.51, respectively. A higher performance
of mpMRI (near the level of significance) was found only
in the lesion-based analysis when considering local relapse.
This finding seems to be in contradiction with what was
reported in our previous study [5]. This discrepancy may be
due to the relevant differences between the populations of
patients included in the two studies. Indeed, in the present
study, we included 33 patients treated with prostatectomy;
on the other hand, all the patients of previous cohort were
treated only with external beam RT. The main limitation of
both '®F-Choline PET/CT and fused '*F-Choline PET/MRI
is related to the low sensitivity of '®F-Choline in detecting
PCa local relapse in the prostatic fossa after prostatectomy.
Therefore, in this setting, fusion imaging can even reduce
the diagnostic yield of the isolated interpretation of mpMRI
for the detection of local recurrence; to this regard, it has
to be remembered that only morphological T2-weighted
sequences are used for image co-registration. This limitation
of '8F-Choline is not observed in patients treated with exter-
nal beam RT, where the urinary accumulation of the tracer is
not able to interfere in the assessment of the prostate gland.

The present study had some limitations. First, the ret-
rospective nature of the study makes it prone to selection
bias. Second, we employed a descriptive standard of refer-
ence, which was not able to provide detailed information
on the diagnostic accuracy of each diagnostic technique,
including fused 64CuCl2 PET/MRI. Therefore, the diag-
nostic value of each technique was given only in terms
of DR. In addition, only a few cases of local recurrences
were histopathologically confirmed (i.e., 7 out of 25
patients—28%—). However, the lack of histopathologi-
cal confirmation as standard of reference is very common
in most studies comparing the DRs of different PET trac-
ers in PCa patients with biochemical relapse [5, 8, 14-16,
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Fig.6 A 74-year-old male treated with radical prostatectomy for
prostate cancer Gleason 7 (4+3). PSA value of 1.17 ng/mL. The
axial T2w MR image a shows a heterogeneous, slightly hyperintense
area in correspondence to the posterior aspect of the vesicourethral
anastomosis. The sagittal '®F-Choline PET/CT image b shows physi-
ological tracer accumulation in the urinary bladder (asterisk), while
the corresponding sagittal %CuCl, PET/CT ¢ demonstrates a focal

20]. Currently, salvage lymph-node dissection is recom-
mended only in selected cases, and the routinely use of
transrectal ultrasound-guided biopsy, in particular after
RP, is controversial [19]. However, the aim of this study
was not to determine the overall diagnostic accuracy of
fused 64CuCl2 PET/MRI, but to assess and compare the

@ Springer

area of tracer accumulation in the rectovesical space (arrow). The
axial fused 64CuCl2 PET/MRI d allows a precise correspondence to
be found between the focal tracer uptake and the heterogeneous signal
alteration in correspondence to the posterior aspect of the vesicoure-
thral anastomosis (arrow). This case illustrates how the physiological
tracer accumulation in the urinary bladder may hinder the identifica-
tion of perianastomotic local relapse by '®F-Choline PET/CT imaging

DRs of this hybrid diagnostic approach with other cur-
rently accepted imaging procedures.

Retrospectively fused PET/MRI is able to overcome
the limitations of the separate assessment/interpretation
of the individual imaging modalities. In this pilot study,
fused **CuCl, PET/MRI provided the highest diagnostic
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performance in the detection of PCa local recurrence when
compared with fused '®F-Choline PET/MRI, *CuCl, PET/
CT, and "®F-Choline PET/CT.
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