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Patients with prostate cancer who have regional lymph
node (LN) metastases face an increased risk of death
from disease and are therefore treated aggressively. Sur-
gical LN dissection is the established method of staging
regional nodes; however, this invasive technique carries
substantial morbidities and a noninvasive imaging method
is needed to reduce or eliminate the need for extended
pelvic LN dissections (ePLND). Conventional computed
tomography and magnetic resonance (MR) imaging have
proven insensitive and nonspecific because both use nodal
size criteria, which is notoriously inaccurate. Novel imag-
ing techniques such as functional MR imaging by using dif-
fusion-weighted MR imaging, MR lymphography with iron
oxide particles, and targeted positron emission tomogra-
phy imaging are currently under development and appear
to improve LN staging of prostate cancer. Although pro-
gress is being made in staging nodes with imaging, it has
not reached the point of replacing ePLND. In this review,
the strengths and limitations of these new functional and
targeted LN imaging techniques for prostate cancer are
discussed.
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n patients with prostate cancer

(PCa), the presence of lymph node

(LN) metastases is a negative prog-
nostic factor influencing treatment
decisions and long-term survival (1).
Currently, pelvic LN staging is primarily
performed with computed tomography
(CT) or magnetic resonance (MR) im-
aging by using size and shape criteria
to define malignant nodes. However,
these morphologic features are neither
sensitive nor specific for LN metasta-
ses. For instance, micrometastases
can be depicted in as many as 30% of
normal-sized pelvic LNs (2,3), whereas
LNs are often enlarged because of hy-
perplasia as a result of inflammatory or
infectious diseases. Although morpho-
logic imaging is limited, certain features
such as loss of fatty hilum, irregular or
ill-defined nodal margins beyond nodal
size criteria, round shape in all three
dimensions, lower signal intensity on
T2-weighted images, and heteroge-
neous parenchymal signal can help to
depict metastatic involvement in PCa
nodal staging (4). However, such an
approach is experience dependent and
can be difficult to reproduce.

To frame the magnitude of the
problem, the rate of LN-positive me-
tastases with negative conventional

®m Ultrasmall superparamagnetic
iron oxide (USPIO)-enhanced
MR imaging is capable of demon-
strating small nodes involved by
metastatic disease that fail to
take up USPIO.

®m Diffusion-weighted MR imaging is
a promising method of depicting
malignant nodes without any in-
jection; however, the process is
currently time consuming
because nodes must be distin-
guished from small vessels.

® PET represents a promising new
direction for lymph node imaging
in prostate cancer because sev-
eral new PET agents are highly
sensitive and specific for prostate
cancer, exemplified by prostate-
specific membrane antigen—tar-
geted agents.

imaging results varies 0%-26%, de-
pending on clinical risk factors. For in-
stance, for low-grade tumors the rate
never exceeds 5%, whereas for high-
grade tumors it can be much higher.
Relapse rates up to 40% can be seen in
patients who are node positive. Many of
these patients may progress to eventual
death. Therefore, accurate node stag-
ing is important (5).

The absence of a reliable imaging
tool for nodal staging means that nodal
staging depends mostly on the results
of surgical node sampling. However,
a long-standing debate exists as to
whether an extended pelvic LN dissec-
tion (ePLND) or limited pelvic LN dis-
section (IPLND) should be performed
in a particular patient. This decision of-
ten hinges on the risk status of the pa-
tient, which is based on clinical factors
such as serum prostate-specific antigen,
Gleason score, and imaging findings.
Advocates of ePLND in patients with
PCa point to evidence that it increases
5- and 10-year survival rates compared
with IPLND when similar tumor stag-
es are compared, but this evidence is
still controversial (6). In that study, LN
metastases were detected in 94 men
(22.3% vs 77.7% for IPLND vs ePLND).
Between these two groups, no differ-
ence was seen in the number of positive
LNs (1.4 vs 1.8 for IPLND vs ePLND; P
= .223) (3). In this series, at a median
follow-up of 10.5 years, patients who
underwent an ePLND had superior on-
cologic outcomes compared with those
of the IPLND group, as follows: 5-year
biochemical recurrence-free survival
of 30.1% versus 7.1% (P = .018), 10-
year metastasis-free survival of 62.2%
versus 22.2% (P = .035), and 10-year
cancer-specific survival of 83.6% versus
52.6% (P =.199). This analysis demon-
strated an augmented improvement in
biochemical recurrence—free survival in
men with less than 15% positive nodes
(6). In another prospective study, 406
patients with intermediate- or high-risk
PCa according to the D’Amico criteria
underwent either bilateral IPLND (n =
204) or ePLND (n = 202) and robot-
assisted laparoscopic radical prostatec-
tomy. Authors compared the periop-
erative course of patients undergoing

robot-assisted IPLND or ePLND for
PCa and examined the differential LN
counts and rates of detection of LN
metastases. They reported that the me-
dian operating time was 3.0 hours for
the ePLND cohort and 2.8 hours for
the IPLND cohort (P < .001). Mean in-
traoperative blood loss was 200 mL in
both cohorts. Hospital stay was longer
for a small percentage of patients in the
ePLND cohort, with 75% of the ePLND
cohort and 85% of the IPLND cohort
staying 1 day (P = .004). No significant
difference was found in the overall or
major complication rates between the
IPLND cohort (21.6% overall; 6.9%
major) and ePLND cohort (22.8% over-
all; 4.5% major). Moreover, no differ-
ence was seen in the symptomatic lym-
phocele rate between the IPLND and
ePLND groups (2.9% vs 2.5%, respec-
tively). Overall, the LN-positive rate was
12% compared with 4% for the ePLND
and IPLND groups, respectively (P =
.002) (7). Although ePLND increases
the detection of micrometastases that
would otherwise go undetected, recent
publications have shown that simply
performing more complete histopath-
ologic analysis of the nodes that are
resected, whether by using ePLND or
IPLND, may also increase the detection
of nodal metastases. For instance, use
of immunohistochemistry in addition to
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standard histologic analysis increases
detection rates of micrometastases by
28% (8). A more recent study included
54 patients with 1064 excised LNs in
which 11 patients had evident metasta-
ses at standard pathologic examination,
whereas seven patients had additionally
detected occult metastases after serial
section, immunohistochemistry, and
real-time reverse transcriptase poly-
merase chain reaction evaluation. Use
of serial section, immunohistochemis-
try, and reverse transcriptase polymer-
ase chain reaction evaluation detected
a higher percentage of patients with
positive nodal metastases from 16.6%
to 33.3%. Interestingly, the mean di-
ameter of the 10 additional LNs with
additionally detected occult metastases
found at serial sections only and of the
six additional LNs found at immuno-
histochemistry only was significantly
lower than the mean diameter of the
28 metastases found at standard patho-
logic examination (P < .0001). Finally,
patients with occult metastases showed
a higher risk of biochemical recurrence
compared with patients with no LN me-
tastases (P = .008), indicating micro-
scopic disease may have equal biologic
significance to macroscopic disease (9).
However, the long-term clinical impact
of detecting such micrometastases by
nonstandard  pathologic  techniques
such as immunohistochemistry and
reverse transcriptase polymerase chain
reaction evaluation, as opposed to mac-
rometastases visible at conventional
staging, is yet to be determined.
Preoperative knowledge of the
presence and precise location of sus-
picious nodes could greatly influence
treatment. Ideally, a negative imaging
test result would imply that surgery
or radiation therapy could be confined
to the prostate and node dissections
would be unnecessary, whereas a pos-
itive imaging test result would necessi-
tate the addition of other treatments
such as extended radiation therapy
with or without androgen deprivation
therapy or pelvic LN dissection. More-
over, to be truly useful, the test would
have to demonstrate few false-negative
and false-positive LNs. In a series with
1740 patients who underwent radical

prostatectomy and ePLND, 108 patients
(6%) with positive LNs were identified.
The median number of LNs removed
was 17 (interquartile range, 11-24),
and median follow-up was 26 months
(interquartile range, 14-43 months).
Ninety-one (84%) patients did not re-
ceive adjuvant androgen deprivation
therapy, of whom 60% had biochemical
recurrence with a median time to recur-
rence of 8 months. The 1- and 3-year
biochemical recurrence-free probabil-
ity was 42 and 28%, respectively. Pa-
tients with two or fewer positive LNs
had significantly better estimated bio-
chemical recurrence-free probability
compared with those with more than
two positive LNs (P = .002). The total
number of positive LNs (hazard ratio,
1.1; 95% confidence interval [CI]: 1.01,
1.2; P = .04) and Gleason score 8-10
(hazard ratio, 1.96; 95% CI: 1.1, 3.4;
P = .02) were predictors of biochemi-
cal recurrence at multivariate analysis.
This study concluded that among men
with positive LNs at time of robotic
prostatectomy, those with two or fewer
positive nodes and a Gleason score of
less than 8 exhibited favorable biochem-
ical recurrence-free survival without
adjuvant therapy (10). This conclusion
can imply that reliable preoperative
information on nodal metastases bur-
den can be helpful to tailor the treat-
ment. Unfortunately, this ideal imaging
technology does not currently exist.
However, in recent years several new
methods have been introduced that
improve pelvic LN imaging by using
functional MR imaging and targeted
positron emission tomography (PET)/
CT compared with conventional imag-
ing. Promising results suggest that a
variety of methods might be poised to
take on the task of LN staging in PCa,
including ultrasmall superparamagnetic
iron oxide (USPIO)-enhanced MR im-
aging, diffusion-weighted (DW) MR
imaging, a combination of these two
methods, and PET/CT imaging with
novel tracers (Table). Which of these
methods is likely to become a reality?
Along with this important question, it
is critical to note that an ideal imag-
ing method should be both sensitive
and specific. However, a tradeoff always

exists between these two parameters.
If the imaging method is not sensitive
enough, then clinicians will not rely on
it except for high-risk cases. If the im-
aging method is nonspecific, (ie, has a
high false-positive rate), then it could
either be used to deny some patients
curative therapy or result in more-ag-
gressive-than-needed therapy, both un-
desirable outcomes. Thus, it is impor-
tant that any LN staging test be both
sensitive and specific. Although it is
tempting to comment on the features
of an ideal imaging modality for nodal
staging, one should also comment on
the ideal trial design in which the mo-
dality needs to be tested. Such a trial
should include prospective randomiza-
tion of patients to “with” or “without”
imaging arms for evaluation of progres-
sion-free survival, time to metastases,
and overall survival end points. Unfor-
tunately, none of the imaging modal-
ities we discuss in this article have been
studied in that ideal design. The aim of
this article is to summarize the current
state of data supporting functional and
targeted imaging methods in LN staging
of patients with PCa.

USPI0-enhanced Imaging

USPIO-enhanced MR imaging has been
widely studied for nodal staging of
various malignancies, including PCa.
Ferumoxtran-10 (no longer manufac-
tured; was commercially known as Si-
nerem in Europe or Combidex in the
United States, and was formerly pro-
duced by Advanced Magnetics, Cam-
bridge, Mass) was the USPIO initially
used in these studies. Ferumoxtran-10
is a dextran-coated USPIO that is in-
Jjected intravenously at a dose of 2.6 mg
of iron per kilogram over 30 minutes.
More rapid infusion rates have been
associated with adverse events such as
back pain, hypersensitivity reactions
(merging pruritus, urticaria, rash, and
erythema), hypotension, and chest pain
(11). After it is injected, the agent leaks
into the extravascular space but is taken
up via lymphatics into nodes where it is
engulfed by macrophages within 24-36
hours after administration. Where nor-
mal macrophages are abundant (ie, in
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Sensitivity, Specificity, PPV, and NPV of Currently Available Functional and Targeted Imaging Methods for LN Staging of PCa

Variable Authors

Disease Phase

No. of Patients

Validation Method

Sensitivity (%) Specificity (%) PPV (%) NPV (%)

USPIO (ferurmoxtran-10)  Harisinghani et al (14)

USPIO (ferumoxtran-10)  Heesakkers et al (15)
USPIO (ferumoxtran-10)  Heesakkers et al (17)
USPIO (ferumoxytol) Harisinghani et al (25)
DW MR imaging Thoeny et al (4)

USPIO (ferumoxtran-10) + Thoeny et al (37)

DW MR imaging

USPIO (ferumoxtran-10) + Birkhauser et al (36)
DW MR imaging

'8F-FDG PET Beauregard et al (38)

"C-choline PET Vag et al (39)

"C-chofine PET Fanti et al (40)

'8F-choline PET Poulsen et al (42)

'8F-choline PET Evangelista et al (43)

C-acetate PET Schumacher et al (45)
"C-acetate PET
'8F-DCFBC PET
8Ga-PSMA PET

Mohsen et al (47)
Rowe et al (57)
Budaus et al (63)

8Ga-PSMA PET Afshar-Oromieh et al (61)

8Ga-PSMA PET Hijazi et al (64)

%Ga-PSMA PET Rauscher et al (65)

Localized 80 Histopathologic analysis 100 95.7 942 100
(surgery)

Localized 296 Histopathologic analysis 76
(biopsy or surgery)

Localized 375 Histopathologic analysis 82 97 69 96
(surgery)

Localized 10 Histopathologic analysis
(surgery)

Localized 120 Histopathologic analysis 72.7 86.2
(surgery)

Localized 21 Histopathologic analysis ~ 60-80 80-93 50-80 86-93
(surgery)

Localized 75 Histopathologic analysis ~ 65-75 93-96
(surgery)

Localized 54 Histopathologic analysis 27
(surgery) + clinical
follow-up

Localized 33 Histopathologic analysis 69.72 90.48
(surgery)

BCR 752 (meta-analysis) Histopathologic analysis 36
(surgery or biopsy) +
clinical follow-up

Localized 210 Histopathologic analysis 73.2 87.6 58.8 93.1
(surgery)

Localized 441(meta-analysis) Histopathologic analysis 49.2 95
(surgery)

Localized 19 Histopathologic analysis 90 67 75 86
(surgery)

Localized, BCR ... 73 79

Metastatic 19 Clinical follow-up 92 NA ... .

Localized 30 Histopathologic analysis 33.3 100 100 52.9
(surgery)

BCR 42 Histopathologic analysis 76.6 100 91.4 100
(but details not specified)

Localized 35 Histopathologic analysis 94 99 89 99.5
(surgery)

BCR 48 Histopathologic analysis 779 97.3

(surgery)

Note.—PPV = positive predictive value, NPV = negative predictive value, BCR = biochemical recurrence, '®F = fluorine 18, FDG = fluorodeoxyglucose, ''C = carbon 11, DCFBC = N-[N-[(S)-1,3-
dicarboxypropylJcarbamoyl]-4-18F-fluorobenzyl-L-cysteine, ®Ga = gallium 68, PSMA = prostate-specific membrane antigen.

normal LNs), the accumulation of in-
tracellular iron oxide causes T2 short-
ening, leading to a signal decrease on
T2 and T2*-weighted images. However,
regions of the LN replaced by metasta-
ses, having few macrophages, will not
take up the USPIO and, thus, remain
unchanged in signal intensity compared
with baseline (Figs 1-4). Therefore,
nodes completely replaced with metas-
tases will not take up the USPIO and be

both uniform and unchanged in signal,

whereas partially replaced metastatic
nodes will become heterogeneous in
signal intensity. USPIO-enhanced imag-
ing typically requires two imaging ses-
sions, a baseline image prior to injec-
tion and an image obtained 24-36 hours
after contrast medium administration.
However, one study has suggested that
only images obtained after USPIO en-
hancement can be sufficient for image

interpretation, allowing the baseline
image to be skipped; moreover, inter-
pretation of such images can require
considerable experience (12). Some
malignant LNs are already hypointense
on T2 and T2*-weighted images (13),
and this method may not be applicable
in those cases. A prospective study of
ferumoxtran-10-enhanced MR imag-
ing was performed in 80 patients with
PCa (14). In this study, 334 LNs were
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Figure 1

Figure 1: Images in a 69-year-old man with PCa (stage pT2pNO, Gleason score 3+4 = 7). (a) Coronal three-dimensional T2-weight-
ed MR image (repetition time msec/echo time msec, 640/47) shows longitudinal LN (11 mm X 8 mm) in external iliac region on the
right (arrow). (b) MR image 36 hours after intravenous administration of ferumoxtran-10 with identical parameters as in a shows partial
uptake suspicious of a metastatic LN. (¢) Photomicrograph (hematoxylin-eosin stain) demonstrates follicular hyperplasia and no signs of
metastatic involvement.

Figure 2

a. b. C.

Figure 2: Images in a 64-year man with PCa (stage pT3bpN1, Gleason score 4+4 = 8). (a) Reconstructed axial T2-weighted MR image (640/47) shows LN in
external iliac region on the right (arrow) before and (b) 36 hours after intravenous administration of ferumoxtran-10 with lack of contrast medium uptake (no signal
change) suspicious for a LN metastasis. (c) Axial DW (b value, 1000 sec/mm?) MR image after ferumoxtran-10 administration shows hyperintense round structure
(arrow) corresponding to LN metastasis at histologic examination.

732 radiology.rsna.org = Radioelogy: \Volume 285: Number 3—December 2017
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Figure 3

C.

d.
Figure 3: Images in a 63-year man with PCa (stage pT4apN1, Gleason score 4+5 = 9). (a) Axial DW (b

value, 1000 sec/mm?) MR image shows hyperintense, round, noncontinuous structure (arrow) correspond-
ing to round irregular LN in external iliac region on the right on (b) coronal three-dimensional T2-weighted
image (sampling perfection with application optimized contrasts using different flip-angle evolution, 640/47)
as well as on (c) axial reconstructed and (d) sagittal reconstructed three-dimensional T2-weighted images
suspicious for LN metastasis, confirmed at histologic examination.

resected (only IPLND was performed)
or biopsied for validation. At histo-
pathologic analysis, metastases were
detected in 63 nodes (19% of resected
nodes) from 33 patients (41%). Among
these 63 nodes, 45 (71%) did not fulfill
the usual size criteria for malignancy
at CT yet were nonetheless suspicious
at ferumoxtran-10-enhanced MR imag-
ing. In this study, 100% of patients with
surgical nodal metastases were identi-
fied, and a node-by-node analysis had
a significantly higher sensitivity than
did conventional MR imaging (90.5% vs
35.4%; P < .001) or nomograms (14).
However, the negative predictive value
of ferumoxtran-10 in this study has to
be interpreted with caution because
these patients did not undergo ePLND;

therefore, the negative predictive value
may be underestimated.
USPIO-enhanced MR imaging has
also been used in staging several tumor
types including bladder, rectal, and gy-
necologic cancers as well as PCa. Ex-
cellent results have been reported, with
diagnostic accuracies up to 97.3% (14-
18). Most of these studies included pa-
tients with nodes of varying size includ-
ing enlarged nodes, and results were
validated with either biopsy or IPLND
again resulting in an understaging bias
(19). A recent prospective study in-
cluding 75 patients with bladder can-
cer and/or PCa and normal-sized LNs
at preoperative cross-sectional imaging
used ePLND as the reference standard.
A total of 2993 normal-sized nodes

were resected and analyzed by using
histopathologic analysis. Among three
readers, the average sensitivity of US-
P1O0-enhanced MR imaging was 50%,
with a specificity of 88.4% and a diag-
nostic accuracy of 81.8% (20). Although
the sensitivity of the method is some-
what disappointing in absolute terms,
relative to other methods of depict-
ing metastases in normal-sized nodes,
these results represent an advance.
However, several significant chal-
lenges exist to USPIO-enhanced MR im-
aging. The first is the availability of the
agent. Ferumoxtran-10 is currently only
available in the Netherlands, where it is
made privately. The drug itself has been
discontinued by the commercial manu-
facturer, and thus there is extremely
limited access to it. The method is
also logistically inconvenient, requiring
both a baseline image and an image af-
ter injection, which must be obtained
on consecutive days and requires sev-
eral visits to the imaging center by the
patient. Image interpretation is highly
subjective and laborious because every
node must be compared on both se-
quences before and after injection. Me-
tastases smaller than 5 mm in diameter
can be missed because of spatial reso-
lution limits. Enlarged but benign nodes
can fail to take up USPIO because of
severe inflammation or fibrosis, leading
to false-positive results. Furthermore,
ferumoxtran-10 must be administered
slowly through a filtered needle to mini-
mize infusion reactions including hyper-
sensitivity and back pain (21).
Ferumoxytol, a USPIO that is sim-
ilar to ferumoxtran-10 in concept,
addresses some of these limitations.
First, ferumoxytol has been approved
by the U.S. Food and Drug Adminis-
tration as an iron replacement ther-
apy for patients with anemia related
to chronic kidney failure, and thus is
more available (22,23) than is feru-
moxtran-10. Ferumoxytol is a semi-
synthetic carbohydrate-coated mag-
netic iron oxide preparation that
can be administered as a bolus (24).
However, a significant disadvantage of
ferumoxytol is that it requires substan-
tially higher doses of iron to achieve
similar results to ferumoxtran-10.
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Figure 4

C.

d.
Figure 4: Images in a 65-year man with PCa (stage pT3bpN1, Gleason score 3+4 = 7). (a) Axial DW (b

value, 1000 sec/mm?) MR image shows hyperintense, round, noncontinuous structure (white arrow) corre-
sponding to hypointense structure on (b) corresponding apparent diffusion coefficient (ADC) map (ADC, 826
X 10—6 mm%sec). (¢) Coronal three-dimensional T2-weighted image (sampling perfection with application
optimized contrasts using different flip-angle evolution, 640/47) confirms presence of round hypointense LN
in internal iliac region on the left as well as on (d) axial three-dimensional T2-weighted image corresponding
to LN metastasis. A second large LN (black arrow) shows presence of fat, is elongated and also presents
hyperintense pattern on the DW image (a). However, average ADC of this LN is 1082 X 10—6 mm?/sec and

it is not metastatic.

Whereas adequate darkening of the
normal LNs was achieved at a dose
of only 2.6 mg Fe/kg with ferumox-
tran-10, doses of 4-7.5 mg Fe/kg
are needed to achieve similar results
with ferumoxytol. Initial reports sug-
gested a dose of 4 mg Fe/kg would be
needed for MR lymphography based
on a 10-patient study. MR imaging
was performed before and at 5 hours,
18 hours, and 24 hours following feru-
moxytol injection. Among the 26 LNs
with  histopathologic confirmation,
ferumoxtyol helped to correctly iden-
tify all 20 benign and six malignant

nodes. Ferumoxytol caused a sig-
nificant decrease in signal intensity
within benign nodes, but little change
in signal within malignant nodes.
Moreover, the reported maximum
contrast was obtained 24 hours after
injection (25). However, this study is
limited by its small size. Recently, a
pilot study of 15 patients revealed that
the percentage of signal decrease in
LN signal at 24 hours after ferumoxy-
tol injection for all normal LNs was
—-36.4%, —45.4%, and —65.1% for
doses of 4 mg Fe/kg, 6 mg Fe/kg, and
7.5 mg Fe/kg, respectively (P = .041).

At doses of 4 mg Fe/kg and 6mg Fe/
kg, heterogeneous loss of signal was
observed in normal nodes. Therefore,
this study indicated that a dose of 7.5
mg Fe/kg is required to accurately use
ferumoxytol for LN mapping to reduce
false-positive readings (26) (Fig 35).
This dose is slightly higher than the
recommended dose of approximately
6 mg Fe/kg approved by the Food and
Drug Administration for indication of
iron replacement therapy for most pa-
tients. No large studies have proven
that ferumoxytol produces results
comparable to ferumoxtran-10, and
future studies are needed to better
validate the utility and practicality of
ferumoxytol-enhanced MR lymphog-
raphy. Finally, it should be noted that
nodal imaging with ferumoxytol is
considered off-label use and is not rec-
ommended for general use. The Food
and Drug Administration has also an-
nounced a drug safety communication
for ferumoxytol with strengthened
warnings and revised prescribing in-
structions, which included recommen-
dations such as only administration of
intravenous iron products to patients
who require intravenous iron ther-
apy, avoidance of administration of
ferumoxytol to patients with a history
of allergic reaction to ferumoxytol
or other intravenous iron products,
and administration of diluted feru-
moxytol as an intravenous infusion
over a minimum of 15 minutes but
not as an undiluted intravenous in-
jection. Additionally, the Food and
Drug Administration recommended
the close monitoring of patients for
signs and symptoms of serious allergic
reactions, including monitoring blood
pressure and pulse during ferumoxy-
tol administration and for at least 30
minutes following each infusion; care-
ful consideration of the potential risks
and benefits of ferumoxytol admin-
istration in older patients with mul-
tiple or serious medical conditions,
because these patients may experi-
ence more severe reactions; and con-
sideration of the potential risks and
benefits of ferumoxytol administration
in patients with a history of multiple
drug allergies (27).
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Figure 5

C.
Figure 5:

Images in a 67-year-old man after external beam radiation therapy for Gleason 4+5 PCa with

a current prostate-specific antigen of 2.01 ng/mL. (a) Axial T2*-weighted MR image prior to ferumoxytol
injection shows hyperintense LN in right common iliac chain (arrow). (b) LN shows hyperintense signal
pattern on DW MR image (b value, 800 sec/mm?) (arrow). (c) Axial T2*-weighted MR image at 24 hours after
injection of 7.5 mg Fe/kg ferumoxytol and (d) DW MR image (b value, 800 sec/mm?) show maintenance of
hyperintense signal pattern, indicating lack of ferumoxytol uptake within this LN (arrow in ¢ and d). Findings
are consistent with PCa metastases within this right common iliac chain LN.

DW MR Imaging

DW MR imaging is a noninvasive
MR imaging technique that reflects how
the underlying structure of the tissue
limits the random Brownian motion of
water molecules within the tumor. It has
been shown that most tumors exhibit
impeded diffusion because of changes
in the volume of epithelium, stroma,
and lumen space (28,29). Therefore, it
is predicted that LNs harboring malig-
nancy will have impeded diffusion to the
extent the node is replaced with tumor.

Nodes can be identified on high-
b-value images (preferably b value
of 1000 sec/mm?) as round discrete
structures. There should be careful
correlation of the DW MR images

with morphologic images (preferably
T2-weighted images obtained in three
dimensions) for correct image inter-
pretation because, for instance, the
presence of a fatty hilum can rule out
a malignant node. DW MR imaging
has been used for pelvic LN staging
of bladder cancer and PCa, as well as
for various gynecologic malignancies.
Previous studies have used the ADC
as a parameter to differentiate benign
from malignant nodes, with lower ADC
values suggesting metastatic nodes.
However, the threshold ADC value has
varied among studies, suggesting that
it may currently be impossible to es-
tablish a universal ADC threshold value
across different MR imaging vendors,
institutional  implementations, and

methods of calculation. Differing vari-
ety of b values and mean, median, and
minimum ADC values or ADC values
relative to the renal cortex as indexes
of malignancy have been used, suggest-
ing that a need exists for standardiza-
tion (30-32). Overall, studies that use
ADC maps to help detect pelvic LN
metastases have reported sensitivities
ranging 76.4%-100% and specificities
ranging 74%-98.3% (33). Studies also
show no significant difference in ADC
between benign and malignant nodes
(4,34). Although malignant LNs seem
to have lower ADC values compared
with benign LNs, the overlap is sub-
stantial; therefore, ADC measurement
alone is not recommended for diag-
nosing nodal metastases. Regardless
of the method used, DW MR imaging
is also prone to susceptibility artifacts
caused by air within the bowel and to
motion artifacts. Therefore, antiperi-
staltic drugs can be administered, if
available, to decrease motion artifacts
because of bowel peristalsis.

An alternative to ADC mapping
is to use high-b-value images. This
method is highly sensitive for detect-
ing voxels with the most limited diffu-
sion, because such voxels retain signal
while voxels containing normal tissue
rapidly decrease in signal, thereby cre-
ating high-contrast images. Because
diffusion in metastatic LNs is impeded,
the signal intensity of metastatic nodes
obtained at high b values will be in-
creased compared with that of sur-
rounding normal tissue. Thus, high-b-
value images (usually acquired at a b
value of 1000 sec/mm? or higher) will
reveal positive nodes as hyperintense,
round, and noncontinuous structures
that correlate with morphologic T2 im-
ages. A limitation of this method is that
the signal-to-noise ratio of high-b-value
DW MR imaging is much lower than
that of conventional images, decreasing
sensitivity. Nevertheless, by using 3.0-
T MR imaging with optimized surface
coils, a recent study used high-b-value
imaging in patients with bladder can-
cer or PCa undergoing ePLND. In this
study, meticulous morphologic analysis
of normal-sized nodes on three-dimen-
sional T2-weighted and DW MR images
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was performed, resulting in sensitiv-
ities ranging from 75.8% (95% CI:
60.7, 89.3) to 81.8% (95% CI: 67.6,
93.9) and specificity of 95.4% (95% CI:
90.4, 98.9) for both readers, with di-
agnostic accuracies between 90% (95%
Cl: 83.3, 94.2) and 91.7% (95% CI:
85.8, 95.8) on a per-patient level (30).
In another study with 27 patients, T2-
weighted MR imaging was compared
with fused T2-weighted MR imaging
and DW MR imaging for depiction of
metastatic LNs. Fused T2-weighted MR
imaging and DW MR imaging depicted
more LNs (161 vs 114) and the detected
LNs on fused images were smaller com-
pared with ones depicted at T2-weight-
ed MR imaging alone (3.7 mm vs 4.7
mm; P = .007) (35). Thus, high-b-value
DW MR imaging is a highly promising,
minimally invasive method of depicting
malignant nodes. Its great advantage is
that it is potentially widely available, is
nonquantitative, and does not require
injection of an exogenous agent (Figs
2-4). However, high-b-value DW MR
imaging requires great care when in-
terpreting because the nodes are often
quite small, the images are noisy, and
careful correlation with morphologic
images is needed to avoid mistaking
vessels, nerves, or other structures
for nodes. A positive DW MR imaging
result can provide a roadmap for the
surgery or radiation therapy plan if sus-
picious nodes are seen outside the sur-
gical template or radiation field. How-
ever, because the false-negative rate
of DW MR imaging can be too high, a
negative pelvic DW MR imaging result
cannot be used to rule out the need for
ePLND if otherwise indicated.

Combining USPI0-enhanced MR

Imaging and DW MR Imaging

A combination of USPIO enhancement
and DW MR imaging might further
improve depiction of LN metastases.
USPIO uptake in normal LNs leads to
signal loss both on T2-weighted and
on high-b-value DW MR images be-
cause the iron markedly reduces T2.
Therefore, benign LNs are not visible
on high-b-value images, whereas malig-
nant LNs remain hyperintense on the

high-b-value images because of lack of
contrast medium uptake (36,37).

As before, USPIO has to be admin-
istered 24-36 hours prior to imaging,
but only the image after injection is
needed. Imaging should include a three-
dimensional T2-weighted sequence in
addition to a DW MR imaging sequence
covering the entire pelvis.

For image interpretation, the high-
b-value images are assessed for the
presence of round, discrete, and hy-
perintense structures and correlated
with morphologic images. If these
structures correspond to LNs, then
they are assumed to be malignant,
whereas benign LNs are invisible on
the high-b-value images after USPIO
enhancement.

This approach has the benefits of
being faster to interpret and easier to
perform. However, a USPIO still has
to be administered, making the study
more invasive and costly. Furthermore,
even though the imaging is only per-
formed once, the patient has to come
to the hospital twice because USPIO
has to be administered at least 24 hours
prior to MR imaging.

There are only two studies applying
the combination of USPIO enhance-
ment and DW MR imaging in patients
with bladder cancer and/or PCa hy
using pelvic LN dissection as the refer-
ence standard in a total of 75 patients.
Only normal-sized LNs at preoperative
cross-sectional imaging were included.
The reported sensitivities of three
readers ranged 65%-75% and specific-
ities ranged 93%-96% on a per-patient
basis (36,37). The sensitivities on a
per—pelvic side basis ranged 58%-67%
and the specificities ranged 94%-97%.
Thus, the combination of USPIO en-
hancement and DW MR imaging had
lower sensitivity than did DW MR im-
aging alone based on the current, albeit
limited, literature.

Novel PET Tracers

The multiple advantages of MR imag-
ing include its lack of ionizing radia-
tion, high spatial resolution, and wide
availability; however, there are also dis-
advantages. Abnormalities in DW MR

imaging can be nonspecific. The prom-
ise of PET/CT is that it can be highly
sensitive and specific. However, in ad-
dition to the disadvantage of ionizing
radiation and cost, spatial resolution
is markedly inferior to MR imaging.
To some extent, this limitation can be
compensated by the concomitant use of
CT or MR imaging. However, both PET/
CT and PET/MR imaging cannot over-
come a fundamental limitation, which
is partial volume averaging because of
larger voxel dimensions of PET scans.
This effectively reduces sensitivity for
small lesions. This limitation can only
be overcome if there is specific up-
take by the PET agent in the lesion of
interest.

The use of PET/CT imaging has
increased because of the widespread
availability of scanners and increased
access to commercial radiopharma-
ceutical production facilities. '8F-FDG,
which targets the glycolytic pathway, is
the most commonly used radiotracer in
oncology; however, it has known limi-
tations in PCa. As a result, a variety of
other novel targeted PET radiotracers
have been developed for LN staging in
PCa. Below, we review available PET
radiotracers that have been used in
clinical trials for detecting nodal metas-
tases in PCa.

FDG PET/CT, the most commonly
available PET agent in oncology, has
been disappointing in the staging of
LNs in PCa. The main reasons for this
are the relatively low glycolytic activ-
ity of PCa compared with that of other
cancer types, activity in the ureter and
bladder obscuring visualization, and
overlap in uptake pattern of inflamma-
tion and metastases. Although some
PCas do take up FDG, most do not and
it has greatly lowered enthusiasm for
its use in staging. This lowered enthu-
siasm is evident in the relatively small
number of studies that have been pub-
lished on the subject in recent years.
In one of the few, a study of 41 patients
undergoing FDG PET/CT prior to PCa
surgery revealed a sensitivity of only
27% for LN metastases (38). Thus,
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Figure 6

Figure 6:

Image in an 82-year-old man after radical

prostatectomy and LN dissection for Gleason 4+3 PCa 5 years
ago with current prostate-specific antigen of 1.6 ng/mL. Axial
C-choline PET/CT image shows specific tracer uptake within
left retroperitoneal LN (standardized uptake value, 6) (arrow).
CT-guided biopsy of this node revealed metastatic prostate
cancer involvement. (mage courtesy of Dr Adam T. Froemming,

Mayo Clinic, Rochester, Minn.)

FDG PET/CT is not a viable method
for LN staging in PCa.

Choline is incorporated into cell mem-
branes as phosphatidylcholine and,
therefore, uptake of radiolabeled cho-
line reflects cell membrane production,
such as occurs in cancers during prolif-
eration. Because benign processes such
as chronic inflammation can also cause
cell membrane production, choline
scans can be nonspecific. Choline can
be radiolabeled with either '""C or '8F.
"G has a half-life of only 20 minutes,
and thus its use is limited to institutions
with cyclotrons and radiochemistry fa-
cilities. One advantage of "C-choline
is that it is not excreted immediately
in the urinary tract, leaving the pelvic
area free of urinary activity (Fig 6). In a
prospective study of "C-choline, 33 pa-
tients underwent DW MR imaging and
1C-choline PET/CT prior to prostatec-
tomy and ePLND. A significant differ-
ence in mean standardized uptake value
between benign and malignant LNs was
observed (1.61 vs 3.20; P < .001); how-
ever, overlap was present between the
two categories. The optimal threshold
for mean standardized uptake value
with ""C-choline was 2.5, resulting in

a sensitivity and specificity of 70% and
90%, respectively (39). A recent meta-
analysis focusing on '"C-choline PET/
CT for nodal staging analyzed a total of
10 studies with histopathologic verifica-
tion. The overall detection rate for 'C-
choline PET was 36% (median, 31%;
range, 9%-84%) even though some of
the studies included patients with bio-
chemical recurrence, which would be
expected to be more aggressive than
would primary diagnosis (40). Thus,
1C-choline demonstrates variable per-
formance in staging LNs in PCa and
feasibility issues with its production
make it challenging for many medical
centers to use.

18F-choline or fluorocholine is an al-
ternative method of performing PET im-
aging with choline. It has the advantage
of a longer-lived PET emitter (110 mi-
nutes) but demonstrates more urinary
excretion and higher background than
does ""C-choline. Fluorocholine can be
synthesized as fluoromethylcholine or
fluoroethylcholine, although it is unclear
whether significant performance differ-
ences exist (41). A prospective study of
I8F-fluoromethylcholine PET/CT in 210
patients with PCa undergoing preop-
erative LN staging and subsequent LN
dissection revealed metastatic LNs in
41 patients. The sensitivity, specificity,

positive predictive value, and negative
predictive value of '8F-fluoromethylcho-
line PET/CT on a per-patient basis were
73.2%, 87.6%, 58.8%, and 93.1%, re-
spectively. However, the corresponding
values on a per-LN basis were 56.2%,
94%, 40.2%, and 96.8%, suggesting a
low false-positive rate but a high false-
negative rate (42). A meta-analysis of
10 studies evaluating '8F-fluoromethyl-
choline PET/CT for nodal staging prior
to definitive therapy revealed a pooled
sensitivity and specificity of 49% and
95%, respectively. Results of these tri-
als and metadata collectively suggest
that '"8F-fluioromethylcholine PET/CT
tends to have modest sensitivity but
high specificity (43).

11G-Acetate PET

Fatty acid synthase, for which acetate
is a substrate, is reported to be over-
expressed in PCa. Therefore, there
is increased uptake of acetate in PCa
(44). '"C-acetate has been studied as
a means to localize and stage PCa. In
a study of 19 patients who underwent
radical prostatectomy and ePLND,
lIC-acetate PET/CT demonstrated a
per-patient sensitivity, specificity, and
positive predictive value of 90%, 67%,
and 75%, respectively. On a per-nodal
region basis, sensitivity, specificity,
positive predictive value, and negative
predictive value were 62%, 89%, 62%,
and 89%, respectively (45). Thus,
this agent also shows a relatively low
false-positive rate but only a modest
sensitivity. Another prospective study
investigating '"C-acetate PET/CT for
preoperative staging found a sensi-
tivity, specificity, positive predictive
value, and negative predictive value of
68.0%, 78.1%, 48.6%, and 88.9%, re-
spectively (46). Another meta-analysis
of "C-acetate in PCa reported a pooled
sensitivity of 73% (range, 54%-88%)
and a pooled specificity of 79% (range,
72%-86%) (47). However, it is difficult
to compare studies because the sever-
ity of disease is not controlled in this
meta-analysis (47). Thus, although the
results of 'C-acetate PET overlap those
of "C-choline and '8F choline PET, it is
safe to conclude no advantage exists to
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Figure 7

Figure 7:

Images in a 70-year-old man after radical prostatectomy and radiation therapy with current prostate-specific

antigen of 8.9 ng/mL despite androgen deprivation therapy. (a) Axial CT image shows a subcentimeter LN in left retroperitone-
um (arrow). (b) Axial '8F-FACBC PET/CT image shows specific uptake within left retroperitoneal LN (standardized uptake value,
6) (arrow). (Image courtesy of Dr David Schuster, Emory University, Atlanta, Ga.)

C-acetate and there may be a slightly
inferior performance. However, in re-
ality it is difficult to compare these
agents across different study popula-
tions with different severity of disease.
Like "C-choline, "C-acetate has a
short half-life and is impractical for
most health care settings. Additionally,
some studies report low sensitivity and
specificity, indicating '"C-acetate may
not be the ideal radiotracer for nodal
staging of PCa.

18E-Fluorocyclobutane-1-Carboxylic
Acid

Anti-'8F-fluorocyclobutane-1-carboxyl-
ic acid (FACBC) is a synthetic L-leu-
cine analog that demonstrates uptake
in PCa. Many tumors transport amino
acids across the cell membranes at in-
creased rates, presumably to meet the
increased demands of protein synthe-
sis. One such amino acid, leucine, ap-
pears to be taken up in PCa cells (48).
There is less widespread experience
with '8F-FACBC than with choline
and acetate compounds. In one small
study validated with ePLND, seven
of nine patients with positive nodes
were positive at '8F-FACBC imaging.
Malignant LN uptake in both the stag-
ing and restaging patients was signif-
icantly higher than was benign nodal

uptake (49). One head-to-head study
of 8F-FACBC PET/CT and "'C-choline
PET/CT involved 28 patients. On a
per-patient basis, ''C-choline PET/CT
was positive in five patients and neg-
ative in 23 patients (detection rate,
17.8%), whereas '8F-FACBC PET/CT
was positive in 10 patients and neg-
ative in 18 (detection rate, 35.7%).
All lesions that were positive with
"G-choline were also positive at !8F-
FACBC PET/CT. BF-FACBC revealed
nine LN metastases, whereas only two
of these foci were revealed by using
C-choline PET/CT (50). This limited
data suggest that 'SF-FACBC PET/CT
is superior to "C-choline. However,
the majority of nodal staging experi-
ence for '8F-FACBC is in the setting of
recurrent disease, and this tracer has
recently been approved by the Food
and Drug Administration for this indi-
cation (Fig 7).

PSMA Targeting PET Tracers

PSMA is a transmembrane protein that
is highly expressed in PCa. Increased
expression of PSMA is associated with
higher grade, hormone-refractory,
and metastatic disease (51). Accessi-
ble PSMA expression is normally low
in normal prostate glandular epithe-
lium and benign prostatic hyperplasia

but increases in PCa cells; moreover,
its expression is significantly upregu-
lated in androgen-independent PCa.
As such, PSMA is an excellent target
for revealing PCa cells, and several
molecular imaging approaches target-
ing PSMA are currently being investi-
gated. The initial approach to PET im-
aging of PSMA was to use radiolabeled
monoclonal antibodies directed against
the intracellular domain of PSMA. In-
dium 111 (™In)-capromab pendetide
(ProstaScint; Aytu Bioscience, Engle-
wood, Colo) was approved by the Food
and Drug Administration in 1996 as a
gamma camera and/or single-photon
emission CT (SPECT) agent. However,
because the target of capromab pen-
detide is intracellular, cell membranes
must be disrupted to allow binding,
which is an important limitation of this
tracer. In addition to this limitation,
nonspecific binding, high blood pool ac-
tivity. and inferior spatial resolution of
SPECT pose further hurdles to routine
use. Thus, "'In-capromab pendetide
has significant limitations in evaluating
nodal metastases (52). Subsequently,
anti-PSMA antibodies have been devel-
oped that bind to the external domain
of PSMA (53,54). None of these anti-
bodies are currently commercially avail-
able but investigational studies have
been promising.

738

radiology.rsna.org = Radioelogy: \Volume 285: Number 3—December 2017



Radiology

REVIEW: Functional and Targeted Lymph Node Imaging in Prostate Cancer

Thoeny et al

Figure 8

a.
Figure 8:

h.

Images in a 59-year-old man after radical prostatectomy and LN dissection for Gleason 4+3 PCa 8 years ago with

current prostate-specific antigen of 11.57 ng/mL. (a) Axial CT image shows subcentimeter LN in left retroperitoneum (arrow).
(b) Axial '®F-DCFBC PET image shows specific uptake within left retroperitoneal LN (standardized uptake value, 8) (arrow).

More recently, a urea-based small
molecule  N-[N-[(S)-1,3-dicarboxypro-
pyl]carbamoyl|-4-'8F-fluorobenzyl-1-cys-
teine ('®F-DCFBC) was shown to tar-
get the external domain of PSMA (55).
Early clinical studies have shown prom-
ising results and others are currently un-
derway (NCT02190279) to determine
the efficacy of '8F-DCFBC (56). 'SF-
DCFBC was the first '8F-labeled PSMA-
targeting PET agent to be used clinically.
In a prospective trial of 16 patients, '8F-
DCFBC PET/CT revealed a sensitivity
of 92% for adenopathy. These promis-
ing results were tempered by the rela-
tively small number of patients and lack
of histopathologic correlation (57-59)
(Fig 8). The second-generation, urea-
based, '8F-labeled, PSMA-targeting PET
agent  2-(3-(1-carboxy-5-[(6-|18F]fluo-
ro-pyridine-3-carbonyl)-amino|-pentyl)-
ureido)-pentanedioic acid ('F-DCFPyl)
has been reported in only one study for
tumor detection in patients with PCa re-
currence with superior characteristics
with lower background signal and high-
er PSMA affinity. This agent has higher
affinity and faster background clearance
than does F-DCFBC, and thus is ex-
pected to be a superior agent. A recent
pilot study with nine patients with PCa
recurrence showed that 'F-DCFPyl re-
vealed more lesions compared with con-
ventional imaging methods (CT, bone
scan) at which most lesions appear neg-
ative or equivocal. In this study, 139
sites of PET-positive 'SF-DCFPyl uptake

(138 definite, one equivocal) for meta-
static disease were revealed in the eight
patients by using available comparison
conventional imaging methods. By con-
trast, only 45 lesions were identified by
using conventional imaging methods (30
definite, 15 equivocal). When lesions
were negative or equivocal at conven-
tional imaging, it was estimated that a
large portion of these lesions or 0.72
(95% CI: 0.55, 0.84) would be positive
at '8F-DCFPyl PET. Conversely, of those
lesions negative or equivocal at 'F-DCF-
Pyl PET, it was estimated that only a
small proportion or 0.03 (95% CI: 0.01,
0.07) would be positive at conventional
imaging. This study shows a promising
preliminary experience for use of sec-
ond-generation, '8F-labeled, PSMA-tar-
geted PET radiotracer (59,60).

A related group of PET tracers more
commonly used in Europe are PSMA-
targeted tracers bearing a chelate that
enables labeling with %Ga. %Ga is a PET
emitting isotope with a half-life of 68
minutes that is produced in an on-site
generator. In a retrospective analysis
with %Ga and N,N’-bis-[2-hydroxy-5-
(carboxyethyl)benzyl] ethylenediamine-
N,N-diacetic acid) (HBED-CC), 42
histopathologically  verified patients
demonstrated a lesion-based sensitiv-
ity, specificity, negative predictive value,
and positive predictive value of 76.6%,
100%, 91.4%, and 100%, respectively.
A patient-based analysis revealed a sen-
sitivity of 88.1% (61). These results

demonstrate higher sensitivity and spec-
ificity than do the agents discussed pre-
viously. Less encouraging results were
found in another study of 30 patients
who underwent %Ga-PSMA PET/CT
and radical prostatectomy. Overall sen-
sitivity, specificity, positive predictive
value, and negative predictive value of
68Ga-PSMA PET/CT for detection of LN
metastases were 33.3%, 100%, 100%,
and 69.2%, respectively. The authors
commented that similar to other stag-
ing modalities, %Ga-PSMA PET/CT is
also limited in detecting tiny metastatic
foci within LNs prior to radical prosta-
tectomy when using histologic findings
as the reference standard because mi-
crometastatic tumor foci are likely to
be missed (62,63). In another study of
68Ga-PSMA PET/CT, 35 patients with
PCa validated with ePLND (mixing
staging and restaging patients) demon-
strated a per-node sensitivity of 94%,
specificity of 99%, positive predictive
value of 89%, and negative predictive
value of 99.5%. These impressive re-
sults, however, need to be tempered by
the mix of patients with high-risk re-
currence in the study population (64).
In a recent study with 48 patients who
underwent salvage lymphadenectomy
following %8Ga-PSMA PET, the sensitiv-
ity and specificity were reported as 77.9
and 97.3%, respectively (65) (Fig 9).
This agent has mostly been used for local
recurrence indication and more studies
are needed for nodal staging indication,
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a.

in which there is currently lack of large-
scale, prospective multicenter trials.

There are several reasons to con-
sider using '8F over %Ga to label the
PSMA-targeting ligand. With its longer
half-life and absence of chelate, this
agent could be more easily commer-
cialized and shipped to sites for use,
increasing its practicality. The first
preliminary comparison study included
14 patients who underwent both '8F-
DCFPyl and %Ga-PSMA PET imaging.
I8F-DCFPyl PET revealed all lesions
depicted by using ®Ga-PSMA PET and
in three patients, 'F-DCFPyl identified
additional lesions, one of which was a
pelvic LN. However, none of the addi-
tionally detected lesions were validated
histologically (66). Currently, %Ga re-
quires purchase of an on-site genera-
tor, which will only make sense in a
high-volume setting. Additionally, there
are emerging alternative radiolabeled
PSMA ligands—such as PSMA-617,
PSMA I&T, and MIP-1095—with im-
aging and therapeutic capabilities (67).
PSMA-targeted PET agents have limita-
tions such as excretion via the urinary
system (obscuring pelvic uptake) and
excessive blood pool activity that makes
detection of metastases challenging in
the vicinity of anastomoses and para-
iliac nodal chains, respectively; these
PSMA-targeting tracers are highly spe-
cific, but the current experience is still
relatively limited.

h.
Figure 9:  Images in a 67-year-old man with PCa diagnosis. (a) Axial %Ga-PSMA PET and (b) PET/CT images show specific
uptake within pelvic LNs consistent with metastatic involvement (arrows). (Image courtesy of Dr Frederik Giesel, University of

Heidelberg, Heidelberg, Germany.)

Bombesin-targeted PET Agents

Bombesin targets gastrin-releasing pep-
tide receptor, which is overexpressed
in PCa. %Ga 1,4,7,10-tetraazacy-
clododecane-1,4,7,10-tetraacetic
acid (DOTA)-bombesin is a synthetic
bombesin receptor antagonist that has
been used in several small trials of PCa.
It demonstrates high accumulation in
the pancreas but is cleared via the kid-
ney. The agent was recently described
in humans in a small 14-patient study
(68). In this study, the agent demon-
strated a sensitivity of 70% for meta-
static nodes by using histologic findings
as the reference standard. In a recent
study comparing the biodistribution of
68Ga DOTA-bombesin and %Ga PSMA,
the two agents behaved similarly, al-
though the former had minimal hepato-
biliary clearance whereas the latter had
both renal and hepatobiliary clearance.
This could mask lesions in the abdomen
and pelvis (69). Although only limited
clinical data are available, ¥Ga DOTA-
bombesin appears to be competitive
with other PET methods for the detec-
tion of nodal metastases.

Caveats Regarding Comparisons of PET
Imaging Agents

There are several problems in us-
ing the literature to compare differ-
ent PET agents. For the detection of

metastatic LNs, the current literature
is limited in the number of patients
studied and no standards exist regard-
ing uniformity of patient population
and validation with an accepted ref-
erence standard. Another limitation
is that the majority of articles tend
to report patient-based results rather
than lesion-based results, with the lat-
ter being more important when com-
paring agents. It is important to stan-
dardize the inclusion criteria and to
specifically exclude patients with en-
larged nodes. Validation with ePLND
needs to be standardized as well. To
date, limited data are available on the
reproducibility of PET agents among
different observers; this should be in-
cluded in future studies because many
studies use only a single expert ob-
server, which may create a positive
bias. The value of quantitative stan-
dardized uptake value determinations
is also inadequately studied. The need
to produce standardized studies with
uniform inclusion and exclusion cri-
teria and analytic methods is evident
from a review of the literature.

Accurate LN staging of PCa is impor-
tant for selecting the most appropri-
ate treatment of PCa. Currently, such
staging is done with ePLND, with its
attendant adverse effects; however,
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many patients do not undergo this pro-
cedure and are not properly staged.
Thus, a need exists for a good imag-
ing method for nodal staging. Current
anatomic imaging based on CT and
MR imaging has unacceptable limita-
tions, as does FDG PET. Functional
imaging techniques show promising
results for nodal staging and depict-
ing metastases even in normal-sized
nodes. PET agents offer the possibility
of increased sensitivity and specific-
ity. Among all the methods discussed
in this article and summarized in the
Table, several general comments can
be made. First, there is wide variation
in the performance of each method,
depending on the study cited and its
study population and methods of val-
idation. However, accepting the upper
limits of performance, all methods de-
scribed (with the possible exception of
C-acetate) have very high specificity
and negative predictive values. This
property is very important because
false-positive results would falsely up-
stage the disease, potentially removing
curative options for patients. However,
for these agents to have high impact
in the clinical setting, they must also
have high sensitivity. If a study has a
reputation for high false-negative re-
sults, then it would not eliminate the
need for ePLND, which defeats the
purpose of the staging tool (namely,
reducing the number of ePLNDs).
Here, the news is not so compelling
because these agents and methods av-
erage sensitivities of about 70%-80%
and positive predictive values of about
50% with wide variation. Sensitivity is
highly dependent on prior probability
based on the risk of LN involvement
in the study population, and thus may
be difficult to compare across studies.
Achieving higher rates of sensitivity
and positive predictive value will be
crucial to making these tests useful for
preoperative staging and allowing cli-
nicians to rely on imaging instead of
surgery. Restricting patient entry into
studies to high-risk cancers may be
important in using functional and mo-
lecular imaging for staging. One ray of
hope comes from the PSMA-targeting
PET agents that appear to have both

improved sensitivity for nodal metasta-
ses and high specificity, although there
is wide variation in performance. Sig-
nificant practical limitations also need
to be considered, including the lack of
availability of suitable commercial US-
PIOs, the short half-life of compounds
labeled with ''C, the lack of %Ga gen-
erators, and the lack of commercial
sources for compounds labeled with
8K, These latter points, however, are
secondary to the limitation that none
of these methods has been proven ac-
curate enough to replace a meticulous
ePLND. However, as an intermediate
step, such imaging methods may be im-
portant in defining those nodes that are
positive, thus enabling the surgeon to
plan the extent of the dissection more
accurately. The possibility of com-
bining PET with DW whole-body MR
imaging and/or USPIO-enhanced MR
imaging merits consideration now that
PET/MR imagers are becoming more
widespread, but it is unclear whether
the two modalities would be duplica-
tive or additive. However, before these
methods can be integrated into routine
clinical practice, there must be studies
comparing these methods in a uniform
and head-to-head manner by using
ePLND for validation.
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