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99mTc-trofolastat (99mTc-MIP-1404), a small-molecule inhibitor of

prostate-specific membrane antigen, shows high potential to detect

prostate cancer (PCa) noninvasively using SPECT. We therefore

wanted to assess the performance of 99mTc-trofolastat SPECT/CT
in a phase 2 multicenter, multireader prospective study in patients

with intermediate- and high-grade PCa, before radical prostatec-

tomy and extended pelvic lymph node (LN) dissection, with histo-
pathology as the gold standard. Methods: PCa patients (n 5 105)

with an increased risk of LN involvement (LNI) underwent pelvic
99mTc-trofolastat SPECT/CT before radical prostatectomy with ex-

tended pelvic LN dissection. The sensitivity of 99mTc-trofolastat for
detection of PCa on a patient and lobe basis, using visual and semi-

quantitative (tumor-to-background ratio [TBR]) scores, and of LNI

was evaluated as well as the correlation of uptake within the gland

to Gleason scores (GS) and assessment of the predictive potential
of 99mTc-trofolastat uptake for LNI. Results: PCa was detected in

98 patients (94%) with acceptable variability between readers.

There was a significantly higher visual score and TBR in positive
lobes compared with tumor-negative lobes. Receiver-operating

characteristic analysis showed that visual scores more accurately

discriminated lobes with GS # 3 1 3 from $ 3 1 4, whereas TBRs

discriminated high-grade disease from normal lobes better. Visual
scores and TBRs correlated significantly with GS. 99mTc-trofolastat

SPECT/CT detected LNI with a sensitivity of 50% and specificity of

87%, and TBR values significantly predicted LNI with a sensitivity of

90%. Conclusion: 99mTc-trofolastat SPECT/CT detects PCa with
high sensitivity in patients with intermediate- and high-risk PCa

compared with histology. It has the potential to be used as a sur-

rogate marker for GS and predict LNI.
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Imaging plays an increasingly important role in the initial diag-
nosis of prostate cancer (PCa). Multiparametric MRI of the prostate
is an emerging tool for accurate localization of the tumor within the

prostate gland as well as for evaluating the extension of disease into
neighboring tissues (1), but nuclear medicine techniques have also

shown potential in the diagnosis and primary staging of PCa (2).
One of the most recent developments within this field has been the

development of radiotracers targeting prostate-specific membrane
antigen (PSMA), a transmembrane 750 amino acid type II glyco-

protein and zinc metalloenzyme that is primarily expressed in
normal human prostate epithelium. PSMA is upregulated in PCa

relocated from the cytosol to the cell membrane, thus becoming
accessible to targeted binding by substrates or antibodies (3,4).

Because PSMA is expressed by virtually all PCa and its expression
is further increased in poorly differentiated, metastatic, and hormone-

refractory PCa, it is an attractive target for diagnosis and staging of
this disease (5–11). Apart from radiotracers for imaging with PET,
such as 68Ga-labeled Glu-urea-Lys(Ahx)-HBED-CC (68Ga-HBED-CC

or 68Ga-PSMA-11) or 2-(3-(1-carboxy-5-[(6-[18F]fluoro-pyridine-3-
carbonyl)-amino]-pentyl)-ureido)-pentanedioic acid (18F-DCFPyL)

(12–15), small-molecule inhibitors of PSMA labeled with 99mTc have
been developed for imaging with SPECT (16–18), a nuclear medicine

imaging technique that is more widely available than PET. Two
variants of 99mTc-trofolastat, 99mTc-MIP-1404 and 99mTc-MIP-

1405, were shown to have favorable biodistribution and kinetic be-
havior and visualized metastatic lesions in bone, prostate bed, and

lymph nodes (LNs) in patients with metastatic PCa (19). Because
prior work established that 99mTc-MIP-1404 had minimal activity in

the bladder and had higher uptake in suspected lesions, this agent was
chosen for use in the current study. To assess the performance char-

acteristics of 99mTc-MIP-1404 (in the following 99mTc-trofolastat)
imaging, we performed a phase 2 multicenter, multireader prospective

study comparing imaging with histopathology as the gold standard,
in patients with intermediate- and high-grade primary PCa, subse-

quent to radical prostatectomy and extended pelvic LN dissection.
The primary study objective was detection of disease at the gland

level compared with histopathology. Secondary study objectives
were evaluation of the location and the extent of disease within

the prostate gland and the prediction of LN status based on imaging.
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MATERIALS AND METHODS

Patients

From September 2012 to October 2013, 105 patients with histolog-
ically proven adenocarcinoma of the prostate gland and at high risk for

LN metastases by a stage of cT3, cT4, or a total nomogram score of 130
or more (20), who were scheduled to undergo radical prostatectomy

with extended pelvic LN dissection, were prospectively included in this
multicenter study. A complete medical history including tumor grade,

clinical stage, and prostate-specific antigen; any past or present PCa

therapies; and demographic information was collected. The local ethics
committees approved the study, and written informed consent was

obtained from all patients before inclusion (NCT01667536). Baseline
characteristics of the study population can be found in Table 1.

Pelvic MRI

At least 1 d before study drug administration, patients underwent
contrast-enhanced MRI of the pelvis (T1- and T2-weighted images with

at least a 1.5 T magnet using a torso phased-array coil or combined
endorectal-body phased-array coil). Sequences included axial and

coronal pre- and postcontrast fat saturation protocols with a slice

thickness of 5 mm or less.

99mTc-Trofolastat Imaging

In this study, an optimized and simplified method was used to
radiolabel the drug precursor with 99mTc, compared with the labeling

procedure that has been described earlier (19). Three to 6 h before
imaging, an activity of 740 6 111 MBq of 99mTc-trofolastat was in-

jected intravenously. Simultaneous anterior and posterior whole-body
scans were obtained using a scan speed of 10 cm/min. This was fol-

lowed by a pelvic dual-head SPECT/CT (step-and-shoot, 30 s per stop,
60–64 projections per head; CT 130 kVp, 10–30 mAs). SPECT acqui-

sitions were iteratively reconstructed on a commercially available work-
station (Segami) using ordered-subset expectation maximization, applying

scatter correction and CT-based attenuation correction at ICON Med-
ical Imaging.

Surgery

Patients underwent a standard of care radical prostatectomy with a

standardized extended pelvic LN dissection including obturator and iliac
regions, at least 1 wk, but no more than 3 wk, after 99mTc-trofolastat

imaging. Surgical staff was masked to the results of 99mTc-trofolastat
imaging and labeled all specimens to correlate to the specific anatomic

location of removal.

Surgical Pathology

Immediately after surgery, specimens were prepared for local
histopathologic processing and analysis using a study-specific

pathology manual. Briefly, gross handling of the prostate gland
and lymphadenectomy specimens included whole mount assessment

and sectioning of the prostate gland, overall measurement of
specimen size, palpation to identify LNs in fatty tissue, dissection and

description of identified LNs, and submission of LNs in their entirety
plus all remaining fibroadipose tissue for each harvested regional

packet.

Image Analysis
99mTc-trofolastat images were evaluated centrally and independently

by 3 board-certified nuclear medicine physicians, masked to clinical

information. Each reviewer received a brief training session, which in-
cluded review of 10–20 normal and abnormal cases from previous

clinical trials.
For visual evaluation of 99mTc-trofolastat uptake within the pros-

tate gland, a binary evaluation of the presence or absence of
increased uptake was made. For semiquantitative evaluation of
99mTc-trofolastat uptake, the tumor-to-background ratio (TBR)
was calculated for each visually detected lesion or other tissue

within each lobe (right/left) of the prostate using the quotient of
maximal counts within a circular region of interest and mean counts

within the obturator muscle (Supplemental Fig. 1 [supplemental
materials are available at http://jnm.snmjournals.org]). Further-

more, a detailed visual scoring scale was used to score uptake in
each lobe (right/left) with higher scores representing more intense

levels of uptake, as judged by the TBR (Supplemental Table 1). For
LN assessment, abnormal LN uptake was defined as abnormal dis-

tribution of activity in tissues and organs greater than local back-
ground and consistent with sites of PCa metastatic spread, and

consensus between readers was defined as the agreement of at least
2 of the readers for each case.

Contrast-enhanced T1- and T2-weighted MR images of the pelvis

and available functional sequences were evaluated centrally by an
experienced radiologist masked to clinical information. Each patient

with evaluable images was assessed for the presence or absence of PCa
at the level of the whole prostate gland, right and left lobes of the

prostate gland, and pelvic LNs.

TABLE 1
Baseline Characteristics of Study Population

Characteristic Value

Mean age (y) 63.2 (range, 46–77)

Clinical T-stage (n)

T1c 1 (1)

T2 2 (1.9)

T2a 7 (6.7)

T2b 32 (30.5)

T2c 20 (19)

T3 4 (3.8)

T3a 29 (27.6)

T3b 10 (9.5)

Race (n)

White 102 (97.1)

Black 2 (1.9)

Asian 1 (1)

Mean prostate-specific

antigen (ng/mL)

27.0 (range, 2.4–372.7)

Prostate-specific antigen (n)

#20 68 (65)

2 36 (35)

Mean GS 8 (range, 6–9)

Biopsy GS (n)

#6 5 (5)

7 41 (39)

$8 59 (56)

Enrollment patients (n)

United States 40 (38)

Europe 65 (63)

Ongoing ADT (n) 20

Data in parentheses are percentages unless otherwise

indicated.
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Statistical Analysis

The primary analysis estimated the ability of 99mTc-trofolastat to de-
tect histologically confirmed PCa in the prostate and was based on

the calculation of the percentage of positive 99mTc-trofolastat scans of
the whole prostate, using histopathology results as the gold standard. The

true-positive fraction (equivalent to sensitivity) was calculated. Second-
ary efficacy parameters involved the calculation of the false-positive

fraction (equivalent to 1 2 specificity) of 99mTc-trofolastat compared
with histopathology within the prostate gland (lobe level). The Spearman

correlation coefficient was used to assess associations between TBR and
visual scores and postprostatectomy GS. Student t tests were performed

between mean values of TBR of positive and negative findings, GS, and

prior treatment across each independent reader and the average of 3
readers. Median visual scores were tested using a Wilcoxon rank-sum

test. For all analyses, a P value of less than 0.05 was considered signif-
icant. Receiver-operating characteristic (ROC) analyses and areas under

the curve (AUCs) with corresponding 95% confidence intervals were
calculated for TBR and reader scores using positive and negative con-

trols of any PCa, GS . 3 1 4, and LNI and optimal cutoff values
determined by Youden’s J statistic. Statistical analysis was performed

using R version 3.2.1 (R Foundation for Statistical Computing). Spear-
man correlation and the Wilcoxon rank-sum test were calculated using

JMP (version 11.2.0; SAS Institute Inc.).

RESULTS

Detection of PCa Within Prostate Gland

From the 105 patients of the study population, SPECT/CT images
of 104 patients were available for evaluation. One patient did not
undergo SPECT/CT imaging, 1 other patient underwent only SPECT
imaging and was excluded for semiquantitative analysis, and 6
patients did not have an evaluable MRI.
On a patient basis, PCa was detected by a consensus of at least 2

of the 3 readers in 98 of 104 patients (94%) using 99mTc-trofolastat
SPECT/CT and confirmed by histopathologic findings. There was
an acceptable variability in true-positive fraction between readers:
89%, 85%, and 98%, respectively. MRI and 99mTc-trofolastat
SPECT/CT results could be compared in 98 patients. In this sub-
group, detection rates were 94% and 86% for SPECT/CT and MRI,
respectively. Because all patients were confirmed by pathologic
evaluation to have adenocarcinoma of the prostate gland, false-

positive fraction could not be calculated on
a patient basis. Representative examples of
positive 99mTc-trofolastat SPECT/CT im-
ages can be seen in Figure 1.
Of 206 evaluable prostate lobes, 24 were

normal by histopathology (13 right, 11 left)
and were used as controls in further analy-
ses. Compared with control lobes, there
was a significantly higher median visual score
in positive lobes (3.0 vs. 0, P , 0.0001)
(Fig. 2; Supplemental Table 2). Semiquan-
titative analysis showed significantly higher
average TBRs in PCa-positive lobes than
control lobes (26.1 vs. 13.5, P , 0.0015)
(Fig. 2).
ROC analysis of the median visual scores

showed a similar AUC of 0.74 for discrim-
ination of any PCa per lobe and 0.72 for
areas of the gland containing GS $ 3 1 4
disease (Fig. 3) with optimal cutoff values
of 2.5 and 3.5, respectively. Conversely,

ROC analysis of semiquantitative TBRs showed AUCs between
0.70 and 0.78, with a lower AUC value for detection of any grade
PCa than areas of the gland containing GS$ 31 4 disease (Fig. 3)
and optimal cutoff values of 12 and 20, respectively.

Correlation of 99mTc-Trofolastat Uptake to GS

Median visual scores were significantly higher in PCa-positive
lobes with GS $ 3 1 4 than # 3 1 3 (4.0 vs. 1.0, P , 0.0001), as
were TBRs (30.8 vs. 13.1, P , 0.0001) (Figs. 1 and 2). Moreover,
the average visual score correlated significantly with GS (Spearman
r 5 0.48, P , 0.0001), as did TBRs (Spearman r 5 0.53, P ,
0.0001) (Fig. 4).

FIGURE 1. Examples of fused axial 99mTc-trofolastat SPECT/CT reconstructions from previ-

ously acquired healthy volunteer (first column) and 3 study patients (top row), and matching axial

contrast-enhanced T1-weighted MR images (bottom row) arranged by GS from left to right. Red

arrowheads indicate location of histologically confirmed primary prostate lesions.

FIGURE 2. Box-and-whisker plots of mean reader scores (top row, ○)
and TBR values (bottom row, ●) in prostate lobes: without PCa and with

PCa (A); with GS # 6 and GS$ 7 (B). Box and whiskers represent mean

and interquartile range.
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LN Assessment

A total of 3,025 nodes were removed from 103 patients (mean,
29.6; range, 1–88). Of these, 79 nodes were positive by pathology in
33 patients (32%). A representative example of accurately detected
LNI can be seen in Supplemental Figure 2. At the patient level,
sensitivity and specificity for detection of LN invasion were 33.3%
and 88.4%, respectively. When patients who were currently being
treated with androgen-deprivation therapy (ADT) were excluded,
sensitivity and specificity increased to 50.0% and 87.3%, respec-
tively. On MRI, sensitivity and specificity for detection of LN in-
vasion were 12.5% and 95.5% in all patients, and 15.8% and 96.2%
when patients who were receiving ADT were excluded.

TBR values of the prostatic lesion were found to be a predictor of
LNI in evaluable treatment-naïve patients. ROC analysis showed an
overall diagnostic accuracy of 77% (AUC, 0.77; 95% confidence
interval, 0.65–0.89) with a cutoff of 30.2 (Fig. 5). This yielded a
sensitivity of 90% (18/20) and specificity of 67% (37/55) for the
presence of LNI after a standardized extended pelvic LN dissection.

DISCUSSION

In this multicenter prospective phase 2 study, we demonstrate that
99mTc-trofolastat (99mTc-MIP1404) SPECT/CT imaging is able to
detect varying degrees of primary PCa with high accuracy, con-
firmed by postoperative histopathology of the primary tumor and
LNs. Increased uptake within the tumoral lesion was detected in
94% of patients, compared with 86% considered abnormal on MRI.
However, mainly standard anatomic T1- and T2-weighted MR se-
quences were used in this study to evaluate the whole pelvis, which
may explain the lower detection rate of MRI in primary lesions.
Eiber et al. found that 68Ga-PSMA PET (detection rate, 92%) out-
performed multiparametric MRI (detection rate, 66%) to detect
primary PCa in 53 eligible patients. Combined 68Ga-PSMA PET/
MRI showed an even higher detection rate (98%) (21). Giesel et al.
found good allocation of PCa in accordance to biopsy with multi-
parametric MRI as well as 68Ga-PSMA PET/CT in 10 patients with
primary PCa with visually concordant tumor extension on 68Ga-
PSMA PET/CT using an isocontour 50% of SUVmax compared with
multiparametric MRI (22). Contrasting results were described by
Rowe et al., who found a higher sensitivity for MRI than for 18F-
DCFBC PET in detecting primary PCa of variable GS (6–9) in a
segment-based analysis in 13 patients. Specificity, on the other
hand, was higher for 18F-DCFBC PET, especially for high-grade
lesions with a volume larger than 1.0 mL (23).
Image interpretation of 99mTc-trofolastat SPECT/CT images was

performed by 3 readers with no prior experience with 99mTc-trofolastat
and was proven to be easy and reliable, because detection rates and
visual scores had acceptable variability. Visual reader scores as well
as semiquantitative TBRs were significantly higher in PCa-positive
lobes than normal lobes. ROC analysis demonstrated that quantita-
tive scoring in the form of TBR may be better for discriminating
higher-grade PCa from normal prostate tissue, whereas semiquan-
titative visual scoring appeared to better differentiate normal tissue
and low-grade PCa with a GS# 3 1 3 from higher-grade PCa with
a GS $ 3 1 4. This finding suggests that readers used other visual
information such as the pattern of uptake as an additional cue in
borderline cases with lower TBR values.
In line with previous findings in which higher PSMA expression

was seen with increasing tumor aggressiveness (24), 99mTc-trofolastat
uptake in prostate lesions was correlated to GS with higher visual
reader scores and higher TBRs at higher GS. When PMSA PET
imaging was used, contrasting results have been described, with a
significant correlation between GS and tracer uptake in several stud-
ies (23,25,26) and no significant correlation in others (21,27). Simi-
larly, it has been shown that both apparent diffusion coefficient and
MR spectroscopy are correlated with Gleason grade (28–30). Thus,
there is a potential role for 99mTc-trofolastat imaging not only in
localizing tumor but also in identifying areas of more aggressive
tumor that could be targeted by transrectal ultrasound- or MRI-guided
prostate biopsy or used to guide repeated prostate biopsy in patients
with previous negative biopsies, thus improving medical decisions.
At present, LN dissection is still the only reliable staging tool for

LNI in high-risk PCa, because nomograms lack accuracy. On a

FIGURE 3. ROC analyses curves and 95% confidence intervals (white

area) of semiquantitative scoring system (A) and TBR (B) for detection of

any grade PCa and semiquantitative scoring system (C) and TBR (D) for

detection of GS $ 7 (3 1 4).

FIGURE 4. Box-and-whisker plots of mean reader scores (top row, ○)
and TBR values (bottom row, ●) in lobes with no PCa and in lobes with

PCa of increasing GS.
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patient level, 99mTc-trofolastat imaging shows a low sensitivity, but
good specificity at detecting LNI. These findings are in line with
previous studies. Budaüs et al. report a sensitivity of 33% as well
using 68Ga-PSMA PET/CT (31). Maurer et al. demonstrated that
68Ga-PSMA PET/CTwas significantly better in detecting metastatic
LNs than conventional imaging (CT or MRI) in 130 patients with
primary intermediate- or high-grade PCa. Thirty-one percent of
patients presented with LN metastases at histology, and 68Ga-PSMA
PET/CT had a patient-based sensitivity of 66%, specificity of 99%,
and accuracy of 88%. In an LN field–based analysis (16% of 117
LN field positive at histology) sensitivity, specificity, and accuracy
of 68Ga-PSMA PET/CT were 68%, 99%, and 95%, respectively
(32). When patients who were being treated with ADT in our study
population were excluded, sensitivity increased to 50%. ADT may
therefore be seen as a negative factor for visualizing of LNI. This
finding appears to contradict findings that ADT may increase
PSMA expression and improve detection rates of PSMA imaging
(33). However, long-standing ADT also reduces tumor mass and
thus the ability for PSMA imaging ligands to visualize now much
smaller lesions. Thus, we believe this explains the reduced diag-
nostic performance of 99mTc-trofolastat SPECT/CT in our patients
who had been receiving ADT for much longer than 7 d before
SPECT imaging. Furthermore, we show that 99mTc-trofolastat up-
take in the prostate lesion itself is a predictor of LNI, with a good
sensitivity of 90%, but a somewhat lower specificity of 67% using
a TBR of 30.2.
In the current study, only a small number of patients with low GS

were present. It will therefore be important to study the performance
of 99mTc-trofolastat SPECT/CT in a larger cohort of patients with
low-risk PCa, especially because it may be a useful tool for active
surveillance in these patients, ultimately determining which patients
have to be moved to active treatment when uptake in the lesion
increases, representing a higher GS or progressing lesion. Likewise,
only patients with primary PCa were included in this study. Recent
data have shown, however, the large potential of PSMA-targeted
imaging in restaging patients with biochemical recurrence after
initial curative treatment (13,34), using 68Ga-labeled compounds
and PET imaging. PET/CT cameras are, however, not widely

available in general hospitals and the cost of a 68Ga generator is
high, demonstrating the remaining need for an easily produced
99mTc-labeled PSMA agent that can be imaged using SPECT. The
usefulness of 99mTc-trofolastat imaging of biochemical recurrence,
however, still needs to be proven but shows potential in this setting.
Similarly, 99mTc-trofolastat SPECT/CT can also be used as a
baseline staging tool in patients with disseminated disease who
are candidates for PSMA-based radionuclide treatment such as
131I-MIP 1095 (35) or 177Lu-labeled compounds (36).

CONCLUSION

99mTc-trofolastat SPECT/CT imaging is able to detect primary
PCa with high accuracy, as demonstrated in this multicenter phase 2
study. Its uptake within the prostate lesion is correlated to GS and
may predict LN involvement in patients with intermediate- and
high-risk PCa compared with histology. Further studies in other
patient populations are warranted to evaluate the broader applica-
bility of this promising PSMA-based imaging agent.
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