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Plan
Early detection of suspicious lesions
Easier targeting of biopsies
Better detection of micro-metastases & tumor 
margins during surgery
Deciding minimal invasive, standard surgical, or 
watch-and-wait approaches
Early detection of residual disease or recurrence

Introduction
Molecular Imaging

Molecular processes targeted by radiopharmaceuticals

Molecular Imaging: Diagnosis? Not only…
Molecular Imaging:
àMore adapted 
management
àPotential for 
healthcare care 
cost containment
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Personalized (Precision) Medicine: 
Change in treatment after a 18F-FDG PET/CT 

specificity) rather than impact on patient management. During the
last 30 years, this focus has led to inconsistent adoption of CT,
magnetic resonance imaging, and most recently PET and PET/CT
for specific clinical applications.

There are many unanswered questions regarding the role of
PET in the management of patients with cancer, especially in those
with relatively uncommon cancers. The CED policy is a novel
approach to expand the prospectively collected evidence base for
specific clinical situations. The CED policy for diagnostic technol-
ogies shifts the research focus from test performance to a broader
focus addressing the impact of a specific test on patient care deci-
sions. In contrast, prospective treatment registries or large practi-
cal clinical trials will predominantly have patient survival as their
most relevant end point.2,22

We believe the data collected by NOPR fulfils an unmet need
with its primary scientific aim of measuring the impact of PET on

patient management in a manner that is minimally intrusive to
care providers. We believe our findings are representative of Medi-
care patients for whom PET would be ordered if it were covered by
CMS for the expanded indications. Patient eligibility was deter-
mined solely by a request for PET that was presumably motivated
because the referring physician’s needed the information to guide
patient management. As of May 2007, 1,519 PET facilities in all 50
states, representing approximately 80% of all US facilities, had
registered to participate in NOPR (G. Prochaska, personal com-
munication, September 2007). At least one NOPR case in our
cohort was contributed by 78% of registered facilities.

Our main finding is that PET is associated with a 36.5%
change in the treatment or no-treatment decision. Within NOPR,
the impact of PET on decisions varied minimally by the specific
cancer indication. The impact of PET seems to be greater than the
impact of body CT when it was introduced 30 years ago.23-25 In
aggregate, PET was associated more commonly with delineation of
greater cancer burden or more sites of disease than with downstag-
ing. When specific changes between nontreatments and the addi-
tion or deletion of specific modes of therapy are included, PET was
associated with a management change in almost three quarters
of patients.

The most common pre-PET strategy would have been some
other form of imaging. Our data show that, on the basis of the PET
findings, the requesting physician usually acted as though the
patient evaluation was complete after the PET study and intended
either to start therapy or to watch the patient.

The inclusion of cases where the pre-PET plan was imaging
may overestimate the impact of PET. Specifically, it is possible that,
if these patients had alternatively undergone other imaging, the
same postimaging pattern of management that was observed post-
PET would have occurred. However, even when these cases, repre-
senting 41% of the total cohort, were excluded, PET was associated
with a major change in management in 33% of the remaining cases.
As a worst-case estimate, if no benefit from PET was assumed for
cases with a pre-PET imaging plan, then PET still would be associ-
ated with a major change in 19% of patients.

No Change
Minor change in therapies
Minor change in nontreatment
Major change in mode of therapy
Major change in management
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Fig 2. Change in intended management associated with positron emission
tomography (PET) stratified by cancer indication.

Table 3. Change in Management Plan When Therapeutic Intent Is Considered

Management
Plan Pre-PET Post-PET

Pre-PET Indication

All
PatientsDiagnosis

Initial
Staging Restaging

Suspected
Recurrence

No. of scans 5,516 6,464 5,607 5,388 22,975
% Nontreatment No change 52.9 14.0 48.0 40.7 37.9

To curative 10.2 16.7 9.2 8.4 11.4
To palliative 13.0 15.0 19.4 20.8 16.9

Curative No change 5.2 25.7 4.4 5.2 10.8
To palliative 2.3 7.2 2.6 3.4 4.0
To nontreatment 4.8 5.6 3.8 4.4 4.7

Palliative No change 7.3 10.9 7.6 10.4 9.1
To curative 1.1 2.8 1.2 1.3 1.6
To nontreatment 3.1 2.3 3.7 5.3 3.6

Overall change 34.5 49.5 39.9 43.6 42.2

Abbreviation: PET, positron emission tomography.

Initial National Oncologic PET Registry Results
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Translational hybrid imaging

Minimizing 
Interventions

Tumor growth & angiogenic switch

standpoint, the term remission literally means that there are
somewhere between zero and 109 malignant cells in the patient’s
body (Fig 1). This level of uncertainty is unacceptable to both
patient and caregiver.

The goal of this review is to inform the reader about why current
imaging modalities are generally inadequate for oncology and which
new technologies have the potential to improve patient care.

PRINCIPLES OF MEDICAL IMAGING

Signal-to-Background Ratio
Clinical imaging can be essentially reduced to a simple concept:

the signal-to-background ratio (SBR), which in the case of cancer
imaging is the tumor-to-background ratio. If the goal is to detect or to
image cancer cells in the body, then the signal generated by one or
more contrast mechanisms must be higher than the background
caused by nonspecific signal or nearby normal cells. Even if there is
adequate inherent sensitivity and resolution of an imaging modality to
detect malignant cells, they will be invisible if the background is too
high. To improve the SBR, one of three forms of contrast generation is
used: endogenous contrast, exogenous nontargeted contrast, and ex-
ogenous targeted contrast.

Endogenous and Nontargeted Exogenous
Contrast Agents

Endogenous contrast has undeniable advantages. It doesn’t
require injection of a contrast agent or costly and time-
consuming regulatory approval,4 and it is generally safe. How-
ever, in many clinical situations, endogenous contrast does not
provide adequate sensitivity or specificity for detecting malig-
nant cells and their products.

Nontargeted exogenous contrast, typically in the form of an
extracellular fluid agent, is used routinely in CT and MRI. After intra-
venous injection, nontargeted contrast distributes throughout the ex-
tracellular space and is cleared rapidly by glomerular filtration. This

simple process has been exploited extensively in radiology to
indirectly highlight tumors. Because the effects of nontargeted
contrast agents are indirect and relatively insensitive, a large
number of academic and industrial investigators are developing
agents that target malignant cells or their products directly
(molecular imaging).

Exogenous Targeted Contrast Agents
The development of cancer-specific diagnostic agents is

itself a 3-D problem (Fig 2). The first dimension is affinity (KD),
or more precisely, the ratio of KD to the concentration of target
sites (BMax). The second dimension is biodistribution and clear-
ance, which is a function of the hydrodynamic diameter,
charge-to-mass ratio, and hydrophobicity of the contrast agent.
Hydrodynamic diameter and charge-to-mass ratio are major
determinants of how quickly an agent can extravasate from the
vascular space to the malignant cell and how quickly back-
ground signal can be cleared from the body. As a general rule,
small molecules and peptide ligands (hydrodynamic diame-
ter ! 3 nm) distribute quickly and clear through the kidneys but
require adequate affinity and contact time for effective cancer
imaging. Single-chain (hydrodynamic diameter of approxi-
mately 5 nm) and full-length antibodies (hydrodynamic diam-
eter of approximately 10 nm) fall on a spectrum from
intermediate to poor biodistribution and clearance. Traditional
nanoparticles (" 10 nm) have virtually no clearance from the
body, and even with protective coatings, eventually concentrate
in the reticuloendothelial system. A new study from our labo-
ratory has suggested the criteria (the Choi criteria5) for the
effective use of nanoparticles in vivo. The third dimension is
effect size, which for a diagnostic agent is the SBR and for a
therapeutic agent is cytotoxicity. Optimizing a contrast agent or
radiotracer in all three dimensions is an incredibly difficult task,
which presently takes years before clinical testing can even
be considered.
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Fig 1. Gompertzian growth curve of a solid tumor and its relationship to cancer
detection and imaging. Number of malignant cells (ordinate) as a function of time
(abscissa). The transition from first lag to log phase of growth, associated with
the transition from diffusion-limited nutrition to neovascularization, is labeled
“angiogenic switch.” Remission is shown as the uncertainty of cell number
ranging from zero to the current clinical threshold for cancer detection (approxi-
mately 109 cells growing as a single mass).
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Fig 2. Three-dimensional development of exogenous, targeted diagnostic or
therapeutic agents. Colored box delineates optimal in vivo performance.

New Technologies for Human Cancer Imaging
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Very early process

49-y Patient with Glioblastoma & High Grade-Glioma

High-grade glioma
(RGD–)

Glioblastoma
(RGD+)

68Ga-NODAGA-RGD 18F-FET
Lung Function Preservation during SBRT

59-year-old man 
with a double 
primary tumor 
No surgery 
possible due to 
comorbidities 
(COPD, cardiac & 
renal insufficiency)
Treatment by 
SBRT (5 x 11Gy / 
both lesions)

Tumor	 #1
T1N0M0

Tumor	 #2
T1N0M0

GTV

GTV

De	 Bari	 &	Prior,	 2015
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à Optimal Radiation 
Planning
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Adaptive Radiation Therapy: Tumoral 
response assessment during RT

Mac	Manus 	(Sem Nucl Med	2012)1 8F-FLT	

Deciding to avoid cardiovascular surgery
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18F-FDG PET/CT in the diagnosis of prosthetic valve endocarditis
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Abstract Recent studies have shown promising results
using 18F-fluorodeoxyglucose positron emission tomogra-

phy/computed tomography (18F-FDG PET/CT) in the

diagnosis of prosthetic valve endocarditis (PVE). However,
previous studies did not include negative controls. The aim

of this study was to compare 18F-FDG-uptake around

prosthetic aortic valves in patients with and without PVE
and to determine the diagnostic performance of 18F-FDG

PET/CT in the diagnosis of PVE. 18F-FDG PET/CT

examinations in patients with a prosthetic aortic valve
performed 2008–2014 were retrieved. Eight patients with a

final diagnosis of definite PVE were included in the anal-

ysis of the diagnostic performance of 18F-FDG PET/CT.

Examinations performed on suspicion of malignancy in
patients without PVE (n = 19) were used as negative

controls. Visual and semi-quantitative analysis was per-

formed. Maximal standardized uptake value (SUVmax) in
the valve area was measured and SUVratio was calculated

by dividing valve SUVmax by SUVmax in the descending

aorta. The sensitivity was 75 %, specificity 84 %, positive
likelihood ratio [LR(?)] 4.8 and negative likelihood ratio

[LR(-)] 0.3 on visual analysis. Both SUVmax and SUVratio

were significantly higher in PVE patients [5.8 (IQR
3.5–6.5) and 2.4 (IQR 1.7–3.0)] compared to non-PVE

patients [3.2 (IQR 2.8–3.8) and 1.5 (IQR 1.3–1.6)]

(p\ 0.001). ROC-curve analysis of SUVratio yielded an
area under the curve of 0.90 (95 % CI 0.74–1.0). 18F-FDG-

uptake around non-infected aortic prosthetic valves was

low. The level of 18F-FDG-uptake in the prosthetic valve
area showed a good diagnostic performance in the diag-

nosis of PVE.

Keywords Prosthetic valve endocarditis ! Prosthetic
heart valve ! 18F-FDG PET/CT ! Positron emission

tomography

Introduction

Prosthetic valve endocarditis (PVE) is a severe complica-

tion after aortic valve surgery with high mortality [1]. The
diagnosis is based on microbiological examinations and

imaging findings [1]. Imaging findings of vegetation,

abscess/pseudoaneurysm or new valve dehiscence are
included in the modified Duke criteria for the diagnosis of

endocarditis [2] but these criteria show a lower diagnostic

accuracy for PVE, especially in the early clinical setting
[3, 4]. Transesophageal echocardiography (TEE) is the
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and-wait

Diagnostic performance of 18F-FDG PET/CT
in the diagnosis of PVE

This analysis is based on patients with definite PVE

(n = 8) compared with patients without PVE (n = 19).

Visual analysis

The sensitivity was 75 %, specificity 84 %, LR(?) 4.8 and
LR(-) 0.3 for the detection of PVE.

Semi-quantitative analysis

Prosthetic valve SUVmax was significantly higher in PVE

patients [5.8 (IQR 3.5–6.5)] compared to non-PVE patients
[3.2 (IQR 2.8–3.8)] (p\ 0.001) (Fig. 1a). SUVratio was

significantly higher in PVE patients [2.4 (IQR 1.7–3.0)]

compared to non-PVE patients [1.5 (IQR 1.3–1.6)]
(p\ 0.001) (Fig. 1b). ROC-curve analysis of prosthetic

valve SUVmax and SUVratio for diagnosis of PVE yielded

an area under the curve of 0.90 (95 % CI 0.77–1.0) and
0.90 (95 % CI 0.74–1.0) respectively (Fig. 2).

Surgical confirmation of findings

In the definite PVE group, surgery was performed in four

out of eight patients and the diagnosis was confirmed
surgically. In one patient with PVE 8 years postoperatively

and positive 18F-FDG PET/CT, surgery was performed and

confirmed abscess/pseudoaneurysm in the aortic root
(Table 1, case 5). In two patients with PVE in the early

postoperative period, surgery was performed. One of these

(2 months postoperatively) had positive 18F-FDG PET/CT
(SUVratio 3.07) and surgery confirmed perivalvular

abscess/pseudoaneurysm (Fig. 3; Table 1, case 3). In the

second patient (85 days postoperatively), 18F-FDG PET/
CT was visually interpreted as negative (SUVratio 1.81;

Table 1, case 8). In this case, surgery was performed due to

perivalvular regurgitation on TEE and at surgery,
perivalvular abscess formation was found. Finally, one

patient with vegetations as the only sign of PVE on TEE

and focal increased wall thickness of the aortic root on CT
had increased FDG-uptake in the perivalvular tissue

(SUVratio 3.44) and surgery confirmed extensive

perivalvular abscess formation (Fig. 4; Table 1, case 6).
The remaining patients did not require surgical intervention

and were successfully treated conservatively with

antibiotics.

Interobserver variability

For visual analysis, the interobserver agreement was sub-

stantial with Kappa = 0.68 (p\ 0.001). For measurement

of SUVmax in the aortic valve and descending aorta, the

intraclass correlation coefficient was 1.00 (95 % CI

0.99–1) and 0.99 (95 % CI 0.98–1) respectively.

Discussion

In the present study, the main finding was that 18F-FDG-

uptake in non-infected prosthetic valves is low and the
level of 18F-FDG-uptake in the aortic prosthetic valve area

showed a good diagnostic performance in the diagnosis of

PVE.
The diagnosis of PVE is challenging and more difficult

than in native valve endocarditis [1]. The symptoms can be

atypical and blood cultures are more often negative [1].
Diagnosis is based on the modified Duke criteria, where

Fig. 1 Boxplot of SUVmax (a) and SUVratio (b) in non-PVE and
PVE cases. Both SUVmax and SUVratio were significantly higher in
PVE cases
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major criteria are positive blood cultures and evidence of

endocardial involvement on echocardiography (vegetation,
abscess/pseudoaneurysm or new dehiscence of the pros-

thetic valve) [2]. However, the sensitivity of TEE is lower

in PVE than in native valve endocarditis [15]. ECG-gated
CT has been suggested as a complementary method in the

workup of patients with suspected PVE [6, 7]. ECG-gated

CT has the advantage of high spatial resolution but like
TEE, it is a purely morphological method. 18F-FDG PET/

CT gives the possibility to depict metabolic activity and
recent studies have shown promising results of 18F-FDG

PET/CT in the diagnosis of PVE. Saby et al. [10] studied

72 patients with suspected PVE and found a sensitivity of
73 % and specificity of 80 % for 18F-FDG PET/CT in the

diagnosis of PVE. Riccardi et al. studied 20 patients and

found a sensitivity of 89 % [11]. Rouzet et al. [12] studied
39 patients and found a sensitivity of 93 % and a specificity

of 71 %. Pizzi et al. [13] studied 92 patients and found a
Fig. 2 ROC curves for the performance of SUVmax and SUVratio in
the differentiation of PVE and non-PVE patients

Fig. 3 64-year old man with PVE in the early postoperative period
(2 months postoperatively) caused by Candica albicans. Both TEE
and ECG-gated CT (a) showed increased wall thickness of the aortic
root and ECG-gated CT also showed suspicion of a small pseudoa-
neurysm formation (asterisk). The findings raised suspicion of PVE

but are difficult to interpret in the early postoperative period. 18F-FDG
PET/CT with 18F-FDG PET (b), CT (c) and integrated 18F-FDG PET/
CT (d) showed increased FDG-uptake (SUVratio 3.07) in the aortic
wall. Surgery was performed and confirmed extensive abscess
formation in the aortic wall

Fig. 4 45-year old man with PVE caused by Enterococci. TEE
showed a suspected valve vegetation. ECG-gated CT (a) showed
increased wall thickness of the aortic wall adjacent to the right
coronary cusp (asterisk) raising suspicion of perivalvular extension of

infection. 18F-FDG PET/CT with 18F-FDG PET (b), CT (c) and
integrated 18F-FDG PET/CT (d) showed focal increased 18F-FDG
uptake (SUVratio 3.44) in the aortic wall in the same area. Surgery was
performed and confirmed abscess formation in the aortic wall

684 Int J Cardiovasc Imaging (2016) 32:679–686
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PET/CT-Guided Surveillance vs. Surgery
• N=282 patients with head and 

neck squamous-cell carcinoma 
(N2/N3 disease)

• Planned neck dissection vs. 
dissection only if residual 
disease on PET/CT @3months 
after chemoradiation therapy

• Same survival (non-inferiority) 
with considerably less 
operations (54 vs. 224) and 
more cost-effectiveness

McConkey et	al,	NEJM	2016

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e
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BACKGROUND
The role of image-guided surveillance as compared with planned neck dissection in the 
treatment of patients with squamous-cell carcinoma of the head and neck who have 
advanced nodal disease (stage N2 or N3) and who have received chemoradiotherapy for 
primary treatment is a matter of debate.

METHODS
In this prospective, randomized, controlled trial, we assessed the noninferiority of positron-
emission tomography–computed tomography (PET-CT)–guided surveillance (performed 
12 weeks after the end of chemoradiotherapy, with neck dissection performed only if 
PET-CT showed an incomplete or equivocal response) to planned neck dissection in pa-
tients with stage N2 or N3 disease. The primary end point was overall survival.

RESULTS
From 2007 through 2012, we recruited 564 patients (282 patients in the planned-surgery 
group and 282 patients in the surveillance group) from 37 centers in the United Kingdom. 
Among these patients, 17% had nodal stage N2a disease and 61% had stage N2b disease. A 
total of 84% of the patients had oropharyngeal cancer, and 75% had tumor specimens that 
stained positive for the p16 protein, an indicator that human papillomavirus had a role in the 
causation of the cancer. The median follow-up was 36 months. PET-CT–guided surveillance 
resulted in fewer neck dissections than did planned dissection surgery (54 vs. 221); rates of 
surgical complications were similar in the two groups (42% and 38%, respectively). The 2-year 
overall survival rate was 84.9% (95% confidence interval [CI], 80.7 to 89.1) in the surveillance 
group and 81.5% (95% CI, 76.9 to 86.3) in the planned-surgery group. The hazard ratio for 
death slightly favored PET-CT–guided surveillance and indicated noninferiority (upper bound-
ary of the 95% CI for the hazard ratio, <1.50; P = 0.004). There was no significant difference 
between the groups with respect to p16 expression. Quality of life was similar in the two 
groups. PET-CT–guided surveillance, as compared with neck dissection, resulted in savings 
of £1,492 (approximately $2,190 in U.S. dollars) per person over the duration of the trial.

CONCLUSIONS
Survival was similar among patients who underwent PET-CT–guided surveillance and 
those who underwent planned neck dissection, but surveillance resulted in considerably 
fewer operations and it was more cost-effective. (Funded by the National Institute for 
Health Research Health Technology Assessment Programme and Cancer Research UK; 
PET-NECK Current Controlled Trials number, ISRCTN13735240.)
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PET-CT Surveillance versus Neck Dissection 
in Advanced Head and Neck Cancer
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T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

in patients with advanced head and neck cancer. 
Our protocol recommended neck dissection in 
patients with equivocal responses (PET-CT–
negative residual masses or mild FDG uptake in 
normal-sized nodes) because of the high failure 
rate (37%) reported among patients with equivo-
cal responses on CT after chemoradiotherapy.1 
However, a recent study suggests that nodal 
disease may take longer to involute in patients 
with HPV-positive disease.20 It is therefore con-
ceivable that patients in our trial who had HPV-

positive tumors and equivocal PET-CT findings 
(especially with enlarged nodes) at the 3-month 
assessment might have achieved a cure without 
neck dissection if they had undergone PET-CT at 
a later time. Other researchers have reported 
that nodes with no FDG uptake have very high 
rates of regional control (93%), especially in 
HPV-positive disease.21

We recommend that patients with an equivo-
cal FDG uptake should continue to undergo neck 
dissection, especially if they have HPV-negative 

Figure 2. Kaplan–Meier Estimates of Overall Survival, According to Trial Group.

In Panel B, the numbers of patients shown are the numbers of patients in those groups at randomization.
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Savings 	of	 $2,190	 per	
patient	 in	 PET/CT-guided	
approach

Image-Guided Diagnosis of Chronic 
Osteomyelitis & Implant-Associated Infections

• N=212 patients with 
suspected osteomyelitis of 
implant-associated 
infections

• Final diagnosis positive in 
101 patients

• PET/CT: Se 88% NPV 89%, 
AUC 82%

• High sensitivity for detecting 
osteomyelitis and infection 
in patient with non specific 
symptoms

McConkey et	al,	NEJM	2016
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Abstract
Purpose The diagnosis of osteomyelitis and implant-
associated infections in patients with nonspecific laboratory
or radiological findings is often unsatisfactory. We retrospec-
tively evaluated the contributions of [18F]FDG PET and
[18F]FDG PET/CT to the diagnosis of osteomyelitis and
implant-associated infections, enabling timely and appropriate
decision-making for further therapy options.
Methods [18F]FDG PET or PET/CT was performed in 215
patients with suspected osteomyelitis or implant-associated
infections between 2000 and 2013.We assessed the diagnostic
accuracy of both modalities together and separately with ref-
erence to intraoperative microbial findings, with a mean clin-
ical follow-up of 69±49 months.
Results Infections were diagnosed clinically in 101 of the 215
patients. PET and PET/CT scans revealed 87 true-positive, 76
true-negative, 38 false-positive, and 14 false-negative results,
indicating a sensitivity of 86 %, a specificity of 67 %, a

positive predictive value (PPV) of 70 %, a negative predictive
value (NPV) of 84 % and an accuracy of 76%. The sensitivity
of PET/CTwas 88 %, but specificity, PPV, NPVand accuracy
(76 %, 76 %, 89 % and 82 %, respectively) were higher than
those of stand-alone PET.
Conclusion [18F]FDG PET is able to identify with high sen-
sitivity the presence of osteomyelitis in orthopaedic surgery
patients with nonspecific clinical symptoms of infection.

Keywords Chronic osteomyelitis . Implant-associated
infection . [18F]FDGPET . PET/CT . Infection imaging

Introduction

Acute osteomyelitis (OM) is often associated with clinical
symptoms, such as fever, tenderness, redness, hyperthermia
(at the infection site) and swelling, as well as increased eryth-
rocyte sedimentation rate (ESR), left differential shift, in-
creased white blood cells (WBC), and elevated C-reactive
protein (CRP) [1]. In patients with chronic musculoskeletal
infections, however, clinicians are often confronted with an
atypical clinical presentation. Clinical symptoms and abnor-
mal laboratory findings can be absent, nonspecific, or other-
wise difficult to recognize. Indeed, the manifestations of
chronic OM are heterogeneous, depending on the age of the
patient, specific causative microorganisms, the anatomical ar-
ea of involvement, the segment of affected bone, route of
contamination, systemic and local host factors and the pres-
ence of underlying comorbidities [2], as well as the orthopae-
dic implant. The diagnostic markers of infections based on
blood findings are not always reliable, being either uninfor-
mative or of uncertain importance. In particular, ESR and
WBC both have relatively low sensitivity and specificity as
markers of prosthetic joint infection [3], and the sensitivity of
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CT than with stand-alone PET. The diagnostic yields of
[18F]FDG PET and [18F]FDG PET/CT in the whole patient
group are presented in Table 2 and Fig. 6.

Patients with infection of the lower limb

Suspected infections were located in the lower limb in the
majority of patients (165; 77 %) so that a subgroup analysis
was performed. In 20 patients infection was located in the

foot, in 108 patients in the lower leg and in 37 patients in
the upper leg. [18F]FDG PET and [18F]FDG PET/CT yielded
positive findings in 103 of these 165 patients (62 %). Sensi-
tivity was comparable in these three groups: 80 % in those
with infection in the foot, 90 % in those with infection in the
lower leg and 86 % in those with infection in the upper leg. In
a similar manner to sensitivity, specificity did not differ sig-
nificantly (60 %, 64% and 64%, respectively). No significant
differences were seen among the groups (p=0.83). There were
also no significant differences among these groups in relation
to evidence or no evidence of clinical infection (p=0.39),
clinical proof of infection (MIBI scan or follow-up; p=0.34),
gender (p=0.77), age (p=0.17) or the PET scan performed
(p=0.16). Therefore, there were no significant differences
among patients with suspected infection of the upper leg, low-
er leg and foot. The diagnostic yields of [18F]FDG PET and
[18F]FDG PET/CT in patients with suspected infection of the
lower extremity are presented in Table 3.

Patients with and without an orthopaedic implant

In 66 patients (31 %) a PETor PET/CTscan was performed in
the presence of an implant. The implant was located in the foot
(in 7 patients), the lower leg (in 26), the upper leg (in 9), the
pelvis (in 2), the spine (in 1), the upper arm (in 2), the knee (in
12), the hip joint (in 6) and in the elbow (in 1). Infection was
clinically diagnosed in 37 patients (56 %) of those with an
implant and in 88 patients (59 %) of those without an implant
(p=0.19).

Considering the PET/CTscans only (131 patients), 15 were
true-positive, 17 were true-negative, 2 were false-positive and
3 were false-negative, indicating a sensitivity of 83 %, a spec-
ificity of 89%, a PPVof 88%, a NPVof 85% and an accuracy
of 86 % in patients with an implant. Of the PET/CT scans in
patients without an implant, 38 were true-positive, 37 were
true-negative, 15 were false-positive, and four were false-neg-
ative, indicating a sensitivity of 90 %, a specificity of 71 %, a
PPVof 72 %, a NPVof 90 % and an accuracy of 80 %. Thus,
in the PET/CT group without an implant, the sensitivity and
NPV were higher, but the specificity, PPVand accuracy were
lower than in those with an implant. Of note, PET/CT was
rated false-positive in only two patients (5 %) with an implant
but in 15 patients (16 %) without an implant.

PET and PET/CT together (215 patients) showed a sensi-
tivity of 81 %, a specificity of 66 %, a PPVof 68 %, a NPVof
79% and an accuracy of 73 % in patients with an implant, and
a sensitivity of 89 %, a specificity of 67 %, a PPVof 70 %, a
NPV of 87 % and an accuracy of 77 % in those without an
implant. Differences were not significant between these
groups (p=0.77). The diagnostic yields of [18F]FDG PET
and [18F]FDG PET/CT in patients with and without an im-
plant are presented in Table 4.

Fig. 4 A 20-year old patient with nonspecific laboratory findings and
persistent pain 9 months after fracture of the tibia. The [18F]FDG PET/CT
images show marginally elevated [18F]FDG uptake along the fracture
line. This [18F]FDG uptake is reactive, and not due to an infection. The
CT images reveal the fracture line with partially rounded edges and scle-
rosis of the bone fragments. The bone still had not consolidated at the time
of this report, and the patient suffered from a hypertrophic pseudarthrosis.
No signs of infection were detected, so the [18F]FDG PET/CT scan was
rated true-negative

Fig. 5 A 42-year-old patient with persistent pain of the femur. The
[18F]FDG PET/CT images show osteitis. The cortical bone is interrupted,
and the muscles of the right distal femur are infected. The [18F]FDG PET/
CT scan was rated true-positive for infection, and this was confirmed
by culture showing gram-positivebacteria at the time of subsequent
surgery

754 Eur J Nucl Med Mol Imaging (2016) 43:749–761

were 77 %, 46 %, 56 %, 70 % and 61 %, respectively, for the
first criterion, and 100 %, 20 %, 53 %, 100 % and 58 %,
respectively, for the second criterion. For another criterion of
Love et al. [27], a semiquantitative analysis was performed.
Target-to-background ratios were calculated by taking the
most intense activity at the bone interface and the uptake of
the soft tissue of the corresponding contralateral extremity.
The best cut-off value was 3.3, and the sensitivity, specificity,
PPV, NPV and diagnostic accuracy were 61 %, 63 %, 57 %,
67 % and 62 %, respectively. The diagnostic yields of the
different interpretation criteria are presented in Table 5.

Discussion

OM and implant-associated infections may affect any patient
who undergoes surgical treatment or has had a history of trau-
ma. The incidence of OM and implant-associated infections is
steadily increasing, leading to disability and increasing health
costs [29]. Therefore, there is an increasing need for reliable
diagnostic imaging methods.

To the best of our knowledge, this is the first study com-
paring [18F]FDG PET and [18F]FDG PET/CT findings with
intraoperative bacterial culture results, and with an extended
follow-up in a large cohort. Previous studies have investigated
the diagnostic value of [18F]FDG PET(/CT) in the diagnosis
of suspected bone infections only in patient cohorts with fewer
than 50 patients [15, 17, 22, 30].

Our cohort of 215 patients presented with nonspecific
symptoms including intermittent (lasting from months to
many years) bone pain and tenderness. Previous examina-
tions, evaluation of alterations in biochemical markers, plain
radiography, or CT and MR imaging were not definitive. The
interval between the initial trauma and the [18F]FDG PET(/
CT) examination was considerable, with a mean delay ofmore
than 10 years. This very prolonged course indicates a high
proportion of chronic disease or a low infection grade. These

a

b

c

�Fig. 7 ROC curves of SUVmax and SUV ratio for the detection of
osteomyelitis by [18F]FDG PET and [18F]FDG PET/CT. a All patients.
The AUCs are 0.717 and 0.702. For discriminating between clinically
infected and noninfected patients, the optimal SUVmax threshold is 3.9
(sensitivity 69 %, specificity 66 %) and the optimal SUVmax ratio
threshold is 3.0 (sensitivity 0.60 %, specificity 65 %). b Patients with PET/
CT only. The AUCs are 0.706 and 0.733. For discriminating between
clinically infected and noninfected patients, the optimal SUVmax threshold
is 3.7 (sensitivity 70 %, specificity 66 %) and the optimal SUVmax ratio
threshold is 2.7 (sensitivity 0.60 %, specificity 66 %). c Patients with PET
only. The AUCs are 0.733 and 0.688. For discriminating between clinically
infected and noninfected patients, the optimal SUVmax threshold is 4.0
(sensitivity 65 %, specificity 65 %) and the optimal SUVmax ratio
threshold is 3.1 (sensitivity 0.65 %, specificity 65 %)

Eur J Nucl Med Mol Imaging (2016) 43:749–761 757
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Molecular Imaging-Guided Intervention
Radiofrequency 
Ablation in PET/CT

Prior,	 Kos inski,	Bischof Delaloye,	 Denys ,	 JVIR	 2007

PET/CT-guided cryotherapy
Kidney, lung, breast, 
bone, pancreas and 
soft tissues
Local anesthesia, 
little or no pain 
during procedure, 
real-time monitoring 
of ablation with US, 
CT, MR
Still under-used than 
heat-based ablation 
techniques

Cryoablation in liver tumours

Cryoablation has been extensively used in liver tumours,
particularly in difficult cases such as those located in sub-
capsular, subdiaphragmatic, or central regions [29]
(Fig. 9). Although successful results have been reported
in both hepatocellular carcinoma (HCC) and colorectal me-
tastases [29, 30], several factors limit its use in the liver.
First, cryoablation can cause what is referred to as the
cryoshock phenomenon, which is a cytokine-mediated sys-
temic reaction characterized by hypotension, disseminated
intravascular coagulopathy, and multiorgan failure.
Cryoshock is generally seen after cryoablation of large
(>5 cm) hepatic tumours and is frequently fatal. Second,
since the liver is a well-perfused organ, there is a signifi-
cant Bcold sink^ effect, which results in a smaller iceball.
Thus, a greater number of needles are required to obtain a
certain ablation size, which may increase both cost and risk
of complications. And third, heat-based ablations such as
RF and microwave are highly successful in the liver, and
are also safer and cheaper. Therefore, these systems are
currently considered the gold standard in primary and

metastatic liver tumours, and cryoablation is reserved for
select cases [29–31].

Cryoablation in other locations

Cryoablation has also been reported in the literature for pancre-
atic cancer [32, 33]. Although RF has been more commonly
used, and irreversible electroporation has recently become pop-
ular in pancreatic cancer, both techniques have been associated
with significant risk of complications [34, 35]. Pancreatic
cryoablation, on the other hand, was found to be safer, with
delayed gastric emptying the only reported complication [32].

In general, virtually any solid tumour in a location suitable
for percutaneous ablation can be treated with cryoablation.
Hypervascular tumours, however, are likely not good candi-
dates for cryoablation, as iceball formation is limited due to
the cold sink effect, and the use of multiple probes carries a
greater risk of vascular complications such as bleeding and
arteriovenous fistula. In such cases, heat-based ablation may
be more suitable, as the vessels are occluded during heating
and track ablation.

Fig. 6 Cryoablation of a
peripancreatic lymph node. a In a
44-year-old patient after surgical
treatment of ovarian carcinoma,
PET-CT image shows a lymph
node metastasis (white arrow)
near the pancreas. Since the
metastasis was solitary,
percutaneous ablation was
planned, and because of the
critical location of the lesion,
cryoablation was preferred. b
Under local anaesthesia and US+
CT guidance, a cryoablation
needle (black arrow) was inserted
transhepatically into the lesion. c
The lymph node was ablated with
two freeze and one thaw cycle,
and an iceball was typically seen
(arrowheads). Since the liver was
traversed, track ablation was
performed after cryoablation to
prevent bleeding and tumour
seeding. d Eight months later, the
follow-up CT shows complete
metabolic response of the lesion
(white arrow)

Insights Imaging (2016) 7:223–232 229

potential to ablate large tumours with multiple probes, and the
ability to change the shape of the ablation in non-spherical
tumours. As pioneers in image-guidedminimally invasive treat-
ments, radiologists should take advantage of these unique fea-
tures of cryoablation for the percutaneous treatment of tumours.

Fig. 8 Cryoablation of a surrenal gland metastasis. a The PET-CT image
shows an FDG-avid lesion (white arrow) in the right surrenal gland. The
patient had undergone surgery for rectal cancer 1 year earlier. b During
the cryoablation, the tilted axial image shows the ablation needle (yellow
arrow) directed towards the lesion (arrow). c One year after the
cryoablation, the follow-up PET-CT shows no evidence of tumour

Fig. 9 Cryoablation in the liver. a The axial PET-CT image shows a
subcapsular FDG-avid lesion (white arrow). The patient had previously
undergone surgery for cholangiocarcinoma, and the biopsy showed the
lesion to be metastatic cholangiocarcinoma. b Cryoablation was
performed under US and cone-beam CT guidance, which shows the
iceball (arrowheads) produced by two cryoneedles covering the lesion.
Another needle (black arrow) was also inserted for fluid injection to
separate the adjacent transverse colon from the tumour. c One year
later, the control PET-CT image shows complete metabolic response in
place of the lesion

Insights Imaging (2016) 7:223–232 231
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Cryoablation in bone and soft tissue tumours

RF is the most common ablation method in bone and soft tissue
tumours [1, 17], and in recent years has become the gold stan-
dard in the treatment of osteoid osteoma [17]. Cryoablation is
also becoming increasingly popular for percutaneous ablation
of bone and soft tissue tumours. Although both cryoablation
and heat-based ablation techniques provide safe, effective, and
durable results, advantages such as real-time visibility of the
ablation area, the ability to treat large tumours with multiple
probes, and the absence of significant pain during and after the
procedure render cryoablation a more attractive alternative for
bone and soft tissue lesions [17–19] (Fig. 5).

Like any other ablation method, cryoablation must be used
with caution for lesions near the major nerves, especially in
the upper thoracic, neck, and pelvic regions. When necessary,
nerve protection techniques such as fluid, air, or carbon diox-
ide instillation, balloon interposition, or cryoprobe retraction/
torquing should be applied to prevent nerve injury. Because of
its superior visualization of the ablation zone, cryoablation is
superior to other methods for ablation of a tumour near a
critical nerve [17, 18].

Percutaneous cryoablation has been successfully used in the
palliation of painful bone metastases [19]. Although radiother-
apy is the standard treatment in these patients, it provides pain
relief in only about 60 % of cases, requires several weeks to
occur, and is often temporary. HIFU is an approved alternative
which, like radiotherapy, is non-invasive. Because ultrasound
energy is highly absorbed by the bone, the periosteal nerves are
easily destroyed, resulting in rapid pain relief. However, HIFU
cannot ablate the tumour under an intact periosteum, and there-
fore is less effective in deeply seated bone tumours. In contrast,
cryoablation can destroy both the periosteum and the tumour,
which may allow palliative as well as curative treatment, and
will likely produce more durable pain reduction. In weight-
bearing bones in the spine and pelvis, the combined use of
cementoplasty and cryoablation may provide additional pain
relief and reduce the risk of pathologic fracture [17, 19].

Cryoablation has recently been reported as an alternative
local treatment for desmoid tumours [17, 18]. Although com-
plete ablation was not always possible, cryoablation was prov-
en safe and effective for the local control of these difficult
tumours [18]. There are also reports in the literature of the
use of cryoablation in the treatment of aneurysmal bone cysts,
giant cell tumours, osteoid osteoma, non-ossifying fibroma,
and soft tissue vascular malformations [1, 16, 17]. Another
potential area for cryoablation is percutaneous neurolysis in
facet joint syndrome and degenerative spinal pain, although
RF is more commonly used for these indications [20].

Cryoablation has also been reported for the local control of
inguinal lymph node metastases [21]. Although RF is the
classic ablation method in lymph nodes, cryoablation may
be an attractive option in critical locations (Fig. 6).

Fig. 4 Cryoablation of breast cancer. a The PET-CT image shows a 2-cm
FDG-avid lesion (arrow) in the left breast, proven to be invasive ductal
carcinoma. The patient also has a 3-cm lytic metastasis in the right distal
femur (not shown). b Under local anaesthesia and US guidance,
cryoablation of the breast mass is performed using three cryoneedles. c
Two months later, the follow-up PET-CT shows complete metabolic re-
sponse in the lesion (arrow). The ablation area was then percutaneously
removed with vacuum biopsy, which revealed fibrosis and fat necrosis

Insights Imaging (2016) 7:223–232 227
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Abstract
Purpose: During lung surgery, identification of surgical margins is challenging. We hypothesized
that molecular imaging with a fluorescent probe to pulmonary adenocarcinomas could enhance
residual tumor during resection.
Procedures: Mice with flank tumors received a contrast agent targeting folate receptor alpha.
Optimal dose and time of injection was established. Margin detection was compared using
traditional methods versus molecular imaging. A pilot study was then performed in three humans
with lung adenocarcinoma.
Results: The peak tumor-to-background ratio (TBR) of murine tumors was 3.9. Fluorescence
peaked at 2 h and was not improved beyond 0.1 mg/kg. Traditional inspection identified 30 % of
mice with positive margins. Molecular imaging identified an additional 50 % of residual tumor
deposits (pG0.05). The fluorescent probe visually enhanced all human tumors with a mean TBR
of 3.5.
Conclusions: Molecular imaging is an important adjunct to traditional inspection to identify
surgical margins after tumor resection.

Key words: Surgical oncology, Molecular imaging, Lung cancer, Thoracic surgery, Folate
receptor alpha

Introduction
Non-small cell lung cancer (NSCLC) is the most common
cancer killer in the USA and affects 220,000 people a year.
Mechanically removing a localized lung cancer improves
five-year survival by tenfold compared to patients who do

not undergo surgery [1–3]. However, despite a Bcurative^
complete surgical resection, 10–20 % of patients who
undergo pulmonary surgery relapse due to tumor cells that
remain at the margin and then re-populate [1–4]. During an
operation, surgeons make subjective decisions about the
margin status based on their experience, visual review, and
finger palpation. However, this is historically inaccurate and
can lead to inadequate resections and positive surgical
margins [5].Correspondence to: Sunil Singhal; e-mail: sunil.singhal@uphs.upenn.edu

operative times. Based on our observations, we believe this
will be particularly useful for minimally invasive proce-
dures, and it may reduce the need to convert to open
thoracotomy in the case of difficult to locate tumors.
Although the majority of NSCLC are treated with lobectomy
or pneumonectomy, this varies largely depending on
surgeon. In instances in which wedge resection is the
treatment of choice, negative margins are important for
oncologic control. Likewise, in cases in which lobectomy or
pneumonectomy are planned, margin assessment using
intraoperative molecular imaging could potentially help with
bulky disease or tumor that infiltrates the adjacent lobe or
chest wall. Intraoperative molecular imaging of pulmonary
adenocarcinomas may increase detection of residual disease
and thereby allow for a complete resection. This should
decrease the need for postoperative radiation and provide
more accurate intraoperative staging as well as possibly
improved survival.

Not all of the residual tumor deposits left by the surgeon
in our murine model were discovered with fluorescence
imaging. There are several reasons why this may have
occurred. It is possible that after resecting the tumor, the
piece left behind was so small that the camera lacked
sufficient resolution to detect such a small area of fluores-
cence. Additionally, with the manipulation of the tumor, it is
possible that the tracer was manually removed. This seems

less likely, however, because EC17 is receptor bound. It is
also possible that upon hiding the residual tumor, the tumor
was placed too deep in the wound bed so that the camera/
EC17 combination lacked sufficient depth of penetration.
This could be explained by the suboptimal depth of
penetration of tracers within the visible spectrum. For
example, while near-infrared light can penetrate into tissue
and reflect back to the surface without being significantly
absorbed, visible light is greatly scattered and absorbed
within the depth of just a few hundred microns. This makes
NIR a better spectral region for performing fluorescence
imaging on thick tissue [30].

There were several limitations noted while carrying
out this study. As a result of imaging within the visible
light spectrum, there was autofluorescence of natural
fluorophores in the hair of white-furred mice. However,
because the muscle did not fluoresce, the tumors were
easily distinguished from background once exposed,
which allowed for accuracy of our margin study.
Another limitation is the potential lack of translatability
between our mouse model and human lung cancer
patients. Mouse flank tumors are homogenous and well
defined, and the surrounding subcutaneous tissue is
arguably less complex than lung parenchyma. Although
promising, a larger human clinical trial is underway to
determine efficacy.

Fig. 6 EC17-based intraoperative fluorescent imaging can identify human adenocarcinomas. a CT scan (upper) and PET scan
(lower) of a 3-cm left upper lobe adenocarcinoma prior to pulmonary resection. b Intraoperative fluorescent imaging was
performed with clear tumor delineation. c The specimen was re-imaged ex vivo following resection again demonstrating tumor
fluorescence. d The wound bed was inspected with λex 490 nm and demonstrated no residual fluorescence at the surgical
margins. e FRα upregulation was confirmed by fluorescence microscopy and immunohistochemical staining.
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based tracers being evaluated in experimental models [24–
26]. For example, Sturm et al. who presented a tumor-
specific probe by binding the ASYNYDA peptide to FITC
(ASY*-FITC) for the intraoperative imaging of early-stage
esophageal adenocarcinoma [27]. Additionally, urokinase
plasminogen activator (uPA) labeled with NIR dye allows
intraoperative margin imaging of mice bearing orthotopic
human breast or pancreatic tumors [28]. Similarly, there is
an ongoing phase 1 clinical trial involving intraoperative

imaging of breast cancer using bevacizumab (targeted to
VEGF) conjugated to the IRDye 800 CW [29].

Intraoperative molecular imaging possesses many useful
properties that make it a potentially useful tool in surgical
decision-making. First, this technology is rapidly and readily
interpretable because it is optical. The information is
obtained real-time and does not involve ionizing radiation.
We observed that molecular imaging increased the surgeons’
confidence and diagnostic accuracy which led to shorter

Fig. 5 a Operative schematic of KB flank tumor resection and assessment of margins using traditional inspection versus
intraoperative molecular imaging. EC17 can detect positive surgical margins. b H&E and immunohistochemical staining
confirmed FRα-positive tumor at the surgical margin. c Detection of positive surgical margins was superior by combining
fluorescent molecular imaging with visual inspection and palpation (pG0.01).
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Based on these specifications a proposal for the mechanical design and the integration 
procedure of the detector head was developed. A design concept has been developed by 
DESY for both detector components: the PET head extension of the commercial endoscope 
and the external plate. The CAD drawings are made available to the other work package 
members for further integration steps (TUM for the robot guided simulation, and LIP and 
Heidelberg for integration of electronics). Details of the mechanical design are given in Fig. 
29 and Fig. 30 and their captions.  
 

     
 
Fig. 29: Left) the CAD model of the Hitachi EUP-U533 endoscope bought for the project with the proposed design of the 
PET head extension. Right) detail of the PET head extension design (grey: the crystal matrix, green: the flex PCB carrying 
the SPAD array and the readout electronics, orange: the tracking sensor, blue: the tubes for the cooling system). The PET 
head has an outer diameter of 23 mm fitting the dimension of the endoscope. 

  
 
Fig. 30: Left) Details of the external plate design. A total of 4096 crystals are assembled in matrix geometry with 
curvature radius of 21 cm pointing to the organ under study. On the side of the mechanical structure the fixation to the 
robotic arm and the connections for the cables are provided. The current overall weight of the detector plate is 8 kg. 
Right) In the rear side of the plate of the photo-sensors are connected to the readout electronics and the cooling system, 
both hosted in the same housing. A plan already exists to extend the housing by few centimetres to accommodate an 
additional power distribution board (not yet implemented in the drawings).  
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Radioguided Surgery

Role of Surgery in Cancer
Surgery still best option for most solid cancer
Metastasectomy + cytoreductive surgery 
considered viable management in selected 
cases (e.g. melanoma)
Need for detection of surgically occult disease 
(e.g. in scar tissue) or help in locating lymph 
node in axilla or abdomen

Radioguided Surgery
Developed 1950’s; use of intraoperative probes for 
radionuclides detection
Established surgical discipline; management breast, 
melanoma, colorectal tumors & parathyroid disease

• real-time information on disease location/extent
• assessment of surgical margins

• minimizes invasiveness of diagnostic/therapeutic 
procedures, while maintaining max benefit to patient
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monoclonal antibodies or antibody fragments [12]. In colo-

rectal cancer patients, targeting with anti-TAG-72 antibodies
was used to detect residual tumor tissue; a poorer survival

outcome was found in patients with residual hot spots residual

hot spots after resection [22]. This finding suggests that the
technique may help optimize radical surgery. Povoski et al.

[23] recently applied RIGS in the resection of renal cell car-

cinoma; the imaging and detection approach used by these
authors was based on 124I-cG250 (124I-girentuximab), which

targets carbonic anhydrase IX.
In addition to complete antibodies, 111In-labeled anti-

body fragments of trastuzumab have also been used in

human epidermal growth factor 2-positive carcinoma of the
breast [24]. Unfortunately, in a pilot study of six patients

this tracer did not aid in intraoperative tumor localization;

the main reason for the detection failure was believed to be
the low dose of activity administered (74 MBq).

Although antibodies have a high affinity and specificity for

their target antigen, a disadvantage of applying antibodies for
RGS is their long circulation time. To obtain sufficient tumor-

to-background ratios, the unbound antibodies must be

allowed to clear [13]. With antibody fragments, this unbound

antibody clearance should be faster, making it possible to

reduce the time elapsing between injection and surgery.

123I-iodide and 131I-iodide

The standard therapy for thyroid cancer is complete thy-

roidectomy followed by 131I-iodide ablation therapy. The

two most important radionuclides for localization of thy-
roid tissue are 123I-iodide and 131I-iodide. When perform-

ing a complete thyroidectomy, tracing the radioactive
iodine may be used to confirm complete resection; iodine is

taken up by thyroid tissue and, on the basis of the radio-

active signal, can be used to locate residual thyroid tissue
after resection [25]. However, a study by Tunca et al. [26]

concluded that the RGS approach was not superior to

conventional complete thyroidectomy (Fig. 2).

99mTc-sestamibi (99mTc-MIBI)

Parathyroidectomy with bilateral lymphatic neck dissection

is the standard procedure for primary hyperparathyroidism

patients [27]. This procedure has very high success rates,

Fig. 2 The landscape of radioguided surgery. 124I iodine-124, 125I iodine-125, 131I iodine-131, 111In indium-111, 99mTc technetium-99m, 18F-
FDG fluorine-18-fluorodeoxyglucose, MIBG meta-iodobenzylguanidine

436 Clin Transl Imaging (2013) 1:433–444

123

KleinJan,	 Clin Trans l Imaging	 2013

Handheld Detection 
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Peroperative β+ (positron) probes
FDG-Probe in clinical setting: minimum tumor-to-
background 1.5 (Gulec S, Ann Surg Oncol 2006)
Localization of FDG-avid tumor sites with positron probe 
(Piert M, EJNMMI 2007)
β+ probe: very sensitive, detectable tumor ~mg, >10 times 
better than PET/ CT
Applications: primary tumors detection, remaining tumoral 
tissue in resection beds, malignant lymph nodes, and 
tumor infiltrates in anastomotic rings, among others

Better sensitivity
Detection of 
micrometasases

Swiss CTI “Science-to-Market” Grant to 
Lausanne University Hospital & SME
• Beta+ Probe collaboration 

started Forimtech 2005
• Phantoms, pilot cases led to 

writing the CTI grant in 2008
• CTI awarded 2009 started 
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Melanoma Metastasis

Pelvic metastasis from melanoma F-18-FDG-Guided Surgery: Resection

surgery are shown in Figures 1, 2, 3, and 4. Various
components of this schema have been previously
described [23,32].
In general, patients underwent whole body diagnostic

PET/CT scanning either prior to the date of their 18F-
FDG-directed surgery or on the day of their 18F-FDG-
directed surgery. The 18F-FDG dosing used for all whole
body diagnostic PET/CT scans was based upon stan-
dard-of-care practice guidelines recommended in the
United States [49,50]. All such whole body diagnostic
PET/CT scans were reviewed and interpreted by a
board certified nuclear medicine physician and a surgical
oncologist prior to their 18F-FDG-directed surgery. Dur-
ing the time frame of this retrospective, cumulative

experience at OSUMC, three different diagnostic PET/
CT imaging units were utilized, and included: (1) Sie-
mens Biograph 16 (Siemens, Knoxville, Tennessee, (2)
Phillips Gemini TF (Philips, Amsterdam, Netherlands),
and (3) Siemens Biograph mCT (Siemens, Knoxville,
Tennessee).
On the date of the anticipated 18F-FDG-directed sur-

gery, all patients were intravenously injected with 18F-
FDG, based upon standard-of-care practice guidelines
recommended for 18F-FDG dosing for whole body diag-
nostic PET/CT scanning in the United States [49,50].
After receiving their same-day 18F-FDG injection,
patients either: (1) underwent a same-day preoperative
patient diagnostic PET/CT scan and were then taken to

Table 1 Tissues collected at the time of biopsy and resection of a known or suspected malignancy at the time of
18F-FDG-directed surgery
Tissue designation Abbreviation Description of tissue designation

Whole Surgically Resected
Specimen

WSRS Intact tissue removed as a biopsy specimen or as a resected specimen

Research Designated Tissue RDT An approximately 5 mm thick representative portion of tissue from the WSRS which contained both
gross tumor and normal appearing tissue

Sectioned Research
Designated Tissue

SRDT Sectioned pieces of tissue that resulted when the RDT was cut into multiple portions of tissue that
were of a size that would allow each such sectioned piece of tissue to fit into an individual pathology
cassette (i.e., approximately 1.0 cm × 1.0 cm × 0.5 cm)
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d 

Figure 1 Segment 7 hepatic metastasis from colorectal cancer: (a) Preoperative patient diagnostic PET/CT scan demonstrating an 18F-FDG-
avid lesion in the liver (red circle). (b) Postoperative patient diagnostic PET/CT demonstrating complete removal of the 18F-FDG-avid lesion (red
circle). (c) Digital photo of the WSRS (i.e., segment 7 liver resection specimen), visualizing the hepatic metastasis (red oval). (d) Clinical PET/CT
specimen image and (e) micro PET/CT specimen image of the WSRS, demonstrating the 18F-FDG-avid lesion (red oval). (f) Digital photo
depicting the first phase of the pathologic processing that produced the RDT, which consists of a single 0.5 cm slice through the hepatic
metastasis. (g) Clinical PET/CT specimen image and (h) micro PET/CT specimen image of the RDT, demonstrating the 18F-FDG-avid lesion that
corresponds to the hepatic metastasis. (i) Digital photo after sectioning of the RDT into five pieces of tissue, designated as SRDT, with two pieces
containing visible tumor. (j) Clinical PET/CT specimen image and (k) micro PET/CT image of the SRDT, demonstrating 18F-FDG avidity in the two
pieces that corresponds to the hepatic metastasis. (l) H&E stained, whole-mount slide (0.4× magnification) of the specific SRDT piece that is
highlighted in the red rectangle in (i), (j), and (k), demonstrating histologic confirmation of a colorectal cancer hepatic metastasis and the
corresponding location of tumor within this specific SRDT piece. Each division of the hatched line in (c), (f), and (i) represents 1 cm.

Povoski et al. World Journal of Surgical Oncology 2011, 9:152
http://www.wjso.com/content/9/1/152
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F-18-FDG-Guided Surgery: Relapse

upon microscopy at histologic analysis after later tissue
processing, sectioning and H&E staining. As with the
WSRS and RDT, the SRDT pieces underwent clinical
PET/CT specimen imaging and/or micro PET/CT speci-
men imaging. Each SRDT piece was then individually
weighed and placed into an automatic gamma well
counter (1282 Compugamma CS, LKB Wallac Corpora-
tion, Turku, Finland) to determine the total radioactivity
within each SRDT piece. Each SRDT piece was then
placed into its own individual pathology cassette, labeled
such that its orientation could be maintained, and
returned to the Pathology Department for standard
processing.
At the completion of the 18F-FDG-directed surgery,

patients were taken to the postanesthesia care unit for
standard postoperative recovery. Thereafter, if deter-
mined to be medically safe, patients were transported to
the PET/CT suite of the Radiology Department for
same-day postoperative patient diagnostic PET/CT ima-
ging utilizing the same-day 18F-FDG injection given ear-
lier in the day and with no additional 18F-FDG
administered. The same-day postoperative patient diag-
nostic PET/CT scan was performed in a similar fashion
as the same-day preoperative patient diagnostic PET/CT
scan, using the same imaging unit, but reducing the

field of imaging to the region of the body where the
18F-FDG-avid foci were originally located on the preo-
perative patient diagnostic PET/CT scan.
All standard precautions were followed regarding

radiation safety and monitoring, and were in compli-
ance with the regulatory standards and policies set
forth by OSUMC Radiation Safety Program of The
Office of Environmental Health and Safety for radionu-
clide administration, and have been previously
described [33].

Statistical analysis
Results were expressed as mean (± SD, range). The soft-
ware program IBM SPSS® 19 for Windows® (SPSS, Inc.,
Chicago, Illinois) was used for the data analysis.

Results
A total of 145 patients were intravenously injected with
18F-FDG in anticipation for proceeding to the operating
room on that same day for surgical exploration, biopsy,
and possible resection of a known or suspected malig-
nancy. This consisted of 98 females and 47 males. There
were 134 Caucasian, eight African-American, and three
Asian patients. Mean patient age was 57 (± 12, range
21-83) years. For all 145 participating patients, mean
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Figure 4 Rectosigmoid colon recurrence from cervical cancer: (a) Preoperative patient diagnostic PET/CT scan demonstrating an 18F-FDG-
avid lesion in the rectosigmoid colon (red circle). (b) Postoperative patient diagnostic PET/CT demonstrating complete removal of the 18F-FDG-
avid lesion (red circle). (c) Digital photo of the WSRS (i.e., segmental rectosigmoid colon resection specimen), demonstrating the area of the
rectosigmoid colon recurrence (white oval). (d) Clinical PET/CT specimen image and (e) micro PET/CT specimen image of the WSRS,
demonstrating the 18F-FDG-avid lesion (red oval). (f) Digital photo depicting the first phase of the pathologic processing that produced the RDT,
which consists of a single 0.5 cm slice through the rectosigmoid colon recurrence. (g) Clinical PET/CT specimen image and (h) micro PET/CT
specimen image of the RDT, demonstrating the 18F-FDG-avid lesion that corresponds to the rectosigmoid colon recurrence. (i) Digital photo after
sectioning of the RDT into four pieces of tissue, designated as SRDT, with two pieces containing visible tumor. (j) Clinical PET/CT specimen
image and (k) micro PET/CT image of the SRDT, demonstrating 18F-FDG avidity in the two pieces that corresponds to the rectosigmoid colon
recurrence. (l) H&E stained, whole-mount slide (0.4× magnification) of the specific SRDT piece that is highlighted in the red square in (i), (j), and
(k), demonstrating histologic confirmation of the rectosigmoid colon recurrence of cervical cancer and the corresponding location of tumor
within this specific SRDT piece. Each division of the hatched line in (c), (f), and (i) represents 1 cm.

Povoski et al. World Journal of Surgical Oncology 2011, 9:152
http://www.wjso.com/content/9/1/152
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[111In]PSMA-I&T: expanding the spectrum
of PSMA-I&T applications towards SPECT
and radioguided surgery
Margret Schottelius1*, Martina Wirtz1, Matthias Eiber2, Tobias Maurer3 and Hans-Jürgen Wester1

Abstract

Background: The relevance of prostate-specific membrane antigen (PSMA) targeting in the clinical management
of prostate cancer (PCa) is continually increasing, entailing the development of PSMA-targeted molecular probes.
Recently, a first PSMA-targeted theranostic concept has been successfully implemented by [68Ga/177Lu]PSMA-I&T.
To further exploit the excellent PSMA-targeting characteristics and in vivo performance of the PSMA-I&T platform,
[111In]PSMA-I&T was evaluated as a complementary probe for radioguided surgery and SPECT imaging.

Findings: Compared to [68Ga/177Lu]PSMA-I&T, [111In]PSMA-I&T showed unchangedly high PSMA-affinity and
enhanced internalization into PSMA-expressing LNCaP PCa cells. Biodistribution studies in LNCaP xenograft-bearing
mice (1 h p.i.) revealed slightly reduced background accumulation of [111In]PSMA-I&T compared to [177Lu]PSMA-I&T
and identical tumor uptake of both compounds, leading to increased tumor/background ratios for [111In]PSMA-
I&T. An exemplary patient with metastatic PCa underwent preoperative [68Ga]HBED-CC-PSMA PET/CT (1 h p.i.) and
[111In]PSMA-I&T SPECT/CT (4 h p.i.), followed by prostatectomy and radioguided extended pelvic lymphadenectomy
(24 h p.i.). In [111In]PSMA-I&T SPECT/CT, the previously identified PCa lesions ([68Ga]HBED-CC-PSMA PET/CT) showed
high tracer accumulation and were also detectable using planar scintigraphy. The intraoperative use of a hand-held
gamma probe allowed detection and resection of all [111In]PSMA-I&T-accumulating lesions. The presence of PSMA-
positive tumor tissue in the resected specimens was confirmed histopathologically and via [111In]PSMA-I&T
autoradiography.

Conclusions: [111In]PSMA-I&T shows efficient PSMA targeting in vitro and in vivo, combined with low background
accumulation. In an exemplary PCa patient, [111In]PSMA-I&T was successfully applied for preoperative SPECT/CT
visualization and radioguided resection of PSMA-positive lesions, hinting towards a high value of [111In]PSMA-I&T as
a complementary tool to [68Ga/177Lu]PSMA-I&T in the clinical management of prostate cancer.

Keywords: Prostate-specific membrane antigen, PSMA, PSMA-I&T, Imaging, PET, SPECT, 111In, 177Lu, Targeted
radionuclide therapy, Radioguided surgery

Findings
Modern clinical management of prostate cancer increas-
ingly relies on exploiting the prostate-specific membrane
antigen (PSMA) as a molecular target both for imaging
and for treatment of prostate cancer (PCa). PSMA is
abundantly expressed on the surface of prostate cancer
cells and within the neovasculature of other solid tu-
mors, with limited expression in most normal tissues,

establishing the basis for selective targeting of PCa le-
sions with PSMA-targeted agents. Among the rapidly in-
creasing number of high-affinity PSMA ligands, ranging
from intact antibodies to low-molecular-weight com-
pounds, urea-based inhibitors have been most exten-
sively leveraged, with expanding clinical use [1].
Recently, a successful theranostic concept has been re-

alized by the development of [68Ga/177Lu]PSMA-I&T
[2]. Compared to first DOTA-conjugated EuK(=Glu-
urea-Lys)-based inhibitors [3], the DOTAGA-conjugate
PSMA-I&T has been optimized with respect to PSMA
affinity and in vivo stability [2, 4]. First patient studies
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was scheduled for radical prostatectomy facilitated by
radioguided surgery to potentially enhance complete re-
section of lymph node metastases.
One day prior to surgery, the patient was injected

with 155 MBq [111In]PSMA-I&T, and preoperative pla-
nar scintigraphy as well as SPECT/CT were performed
at 4 h p.i. (Fig. 3b, e, h). Radical prostatectomy as well
as radioguided lymphadenectomy using a hand-held
gamma probe with visual and acoustic feedback (Crystal
Probe CXS-SG603; Crystal Photonics, Berlin, Germany)
were performed 24 h after injection of [111In]PSMA-I&T.
The presence of PSMA-positive tumor tissue in the
resected specimens was confirmed histopathologically and
via [111In]PSMA-I&T autoradiography (Fig. 3i, j).
Ventral and dorsal views of whole body planar scintig-

raphy (Fig. 3b) show intense [111In]PSMA-I&T uptake in
the primary tumor (solid arrows) as well as in pelvic and
retroperitoneal lymph node metastases (dotted arrows).
Axial [111In]PSMA-I&T SPECT/CT images confirm the

intense tracer accumulation, both in the primary tumor
(Fig. 3e) and in a representative morphologically not en-
larged lymph node (Fig. 3h) and are consistent with
[68Ga]HBED-CC PSMA PET/CT findings (Fig. 3d, g).
During subsequent prostatectomy and salvage lymphad-
enectomy, the intraoperative use of a gamma probe
allowed the detection and quantitative resection of all
lymph nodes with [111In]PSMA-I&T accumulation. All
resected lesions showing tracer uptake were histopatho-
logically confirmed to be metastatic PCa deposits.
Within the prostate, ex vivo autoradiography 4 h after
surgery showed moderate to intense [111In]PSMA-I&T
uptake in several intraprostatic tumor foci (I) correlating
well with a H&E stained slide from histopathology (J),
demonstrating the sensitive detection of PSMA-
expressing tumor cells by [111In]PSMA-I&T.
Based on these initial promising results, the concept of

radioguided lymphadenectomy in early recurrent prostate
cancer patients using [111In]PSMA-I&T as a PSMA-

A B

C D E

F G H
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J

Fig. 3 Preoperative imaging using [68Ga]HBED-CC PSMA PET/CT and [111In]PSMA-I&T SPECT/CT and planar scintigraphy. The human study was
approved by the institutional review boards of the participating medical institutions, and the patient provided signed informed consent. a
[68Ga]HBED-CC PSMA PET/CT (MIP) 1 h p.i. b planar scintigraphy (ventral and dorsal view) 4 h p.i. of 155 MBq [111In]PSMA-I&T. d, g Axial
[68Ga]HBED-CC PSMA PET/CT images of the primary tumor in the prostate (d) and a representative lymph node (g). c, f Corresponding CT
images, and e, h Corresponding axial [111In]PSMA-I&T SPECT/CT images of the primary tumor in the prostate (e) and a representative lymph node
(h). i, j H&E staining and 111In-autoradiography of cryosections from resected prostate tissue
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have demonstrated excellent PSMA targeting for
[68Ga/177Lu]PSMA-I&T, permitting high-contrast PET
imaging of metastatic PCa with [68Ga]PSMA-I&T and,
based on suitable uptake and retention characteristics,
efficient treatment with its therapeutic analog
[177Lu]PSMA-I&T [5, 6].
The success and ease of implementation of this thera-

nostic approach, relies, among other factors, on the
ability of DOTAGA to form stable complexes with a
broad variety of radiometals [7] and on the negligible

influence of radiometal exchange on the PSMA affinity
of [*M3+]PSMA-I&T (Table 1) [2]. In the present inves-
tigation, these characteristics were exploited to meet
the clinical need for a corresponding gamma-emitting
probe, which on the one hand allows for the intraoper-
ative detection and identification of PSMA-positive tis-
sues during surgery in patients with early recurrent or
primary advanced PCa and on the other hand may add-
itionally be employed for (preoperative) SPECT imaging
(Fig. 1). Given the suitable radionuclide characteristics
of 111In (t½ = 2.8 d, E(γ) = 173, 245 keV) for the
intended applications, PSMA-I&T was labeled with
111In using a standard protocol and was evaluated pre-
clinically and in a first patient.
As anticipated, [natIn]PSMA-I&T shows unchangedly

high PSMA affinity in a competitive binding assay (IC50),
which equals that of its natLu-counterpart. Unexpectedly,
however, internalization efficiency of [111In]PSMA-I&T
into LNCaP prostate cancer cells was found to be mark-
edly enhanced compared to [177Lu]PSMA-I&T (Table 1).
In the case of [68Ga]- and [177Lu]PSMA-I&T, the in-

creased internalization of [177Lu]PSMA-I&T, which cor-
relates with its improved PSMA affinity compared to
[68Ga]PSMA-I&T, was reflected in increased tracer uptake
in PSMA-positive tissues in vivo [2]. For [111In]PSMA-
I&T, however, the observed increase in PSMA-specific

Table 1 PSMA affinities, internalization, and lipophilicity of
In-, Ga-, and Lu-PSMA-I&T
Ligand IC50 [nM] Internalization

[% of reference]
Lipophilicity
[log POW]

In-PSMA-I&T 7.5 ± 1.5 104 ± 7 −4.5

Ga-PSMA-I&T 9.4 ± 2.9 59 ± 2 −4.3

Lu-PSMA-I&T 7.9 ± 2.4 76 ± 2 −4.1

PSMA affinities were determined in a competitive binding assay using LNCaP
prostate cancer cells and (125I-BA)KuE as radioligand [2]. Data represent means
± SD of n ≥ 3 separate determinations
PSMA-specific ligand internalization was determined by incubation of LNCaP
cells (37 °C, 60 min) with the respective radioligands (0.2 nM) in the absence
(total internalization) and presence (non-specific internalization) of 10 μM
PMPA. Data were corrected for non-specific internalization and normalized to
the specific internalization observed for the reference compound (125I-BA)KuE
in a parallel experiment [2]. Data are means ± SD (n = 3)
Lipophilicities (from n-octanol/PBS partition coefficients POW) were determined
using a shake-flask method; values are means from n = 6 determinations

Fig. 1 Schematic representation of the PSMA-I&T-based theranostic concept for the clinical management of PCa
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for Metastatic Lymph Nodes in Prostate Cancer
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1. Case series

This feasibility study included one patient with primary
prostate cancer (PCa) and evidence of lymph node (LN)

metastases, and four patients with biochemical-recurrent PCa
and evidence of metastatic disease solely to regional LNs
on 68Ga-labeled prostate-specific membrane antigen-N,N0-
bis[2-hydroxy-5-(carboxyethyl)benzyl]ethylenediamine-N,
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Abstract

With the advent of 68Ga-labeled prostate-specific membrane antigen-N,N0-bis[2-hy-
droxy-5-(carboxyethyl)benzyl]ethylenediamine-N,N0-diacetic acid (68Ga-PSMA-HBED-
CC) positron emission tomography (PET) hybrid imaging in prostate cancer (PCa), even
small metastatic lymph nodes (LNs) can be visualized. However, intraoperative detec-
tion of such LNs may not be easy owing to their inconspicuous morphology and/or
atypical localization. The aim of our feasibility study was to evaluate PSMA-radioguided
surgery for detection of metastatic LNs. One patient with primary PCa and evidence of LN
metastases and four PCa patients with evidence of recurrent disease to regional LNs on
68Ga-PSMA-HBED-CC PET hybrid imaging received an intravenous injection of an 111In-
PSMA investigation and therapy agent 24 h before surgery. Metastatic LNs were tracked
intraoperatively using a gamma probe with acoustic and visual feedback. All radioactive-
positive LN specimens detected in vivo were confirmed by ex vivo measurements and
corresponded to PSMA-avid metastatic disease according to histopathology analysis.
Intraoperative use of the gamma probe detected all PSMA-positive lesions identified
on preoperative 68Ga-PSMA-HBED-CC PET. Detection of small subcentimeter metastatic
LNs was facilitated, and PSMA-radioguided surgery in two patients revealed additional
lesions close to known tumor deposits that were not detected by preoperative 68Ga-PSMA-
HBED-CC PET. However, greater patient numbers and long-term follow-up data are
needed to determine the future role of PSMA-radioguided surgery.
# 2015 European Association of Urology. Published by Elsevier B.V. All rights reserved.
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position of the gamma probe is recorded by an optical
tracking system simultaneously with the count rate. Once
sufficient information about the spatial distribution of the
radioactivity has been acquired, a 3D image is reconstructed.
This image is then co-registered with a live video stream of
the surgical field to provide an augmented reality display
during PSMA-radioguided surgery showing the position of
hotspots corresponding to 111In-PSMA-I&T accumulation
(Fig. 2).

Resected tissue fractions from different anatomic sites
according to preoperative 68Ga-PSMA-HBED-CC PET find-
ings (eg, paracaval, pararectal, or internal iliac node
specimen) were analyzed as separate tissue specimens.
Fatty tissue from the patient served as a background
reference for these measurements ex vivo. The count rate
for the background reference typically ranged between
0 and 5 counts/s. Each of these tissue specimens was
measured ex vivo and subsequently underwent pathologic
evaluation to allow exact matching. The reference tissue
was also histologically evaluated to ensure that it contained
no metastatic PCa deposits. We defined tissue specimens

that showed a count rate at least double the background
reference count as being radioactive-positive. Most
radioactive-positive tissue specimens had count rates
between 30 and 80 counts/s. Besides conventional hema-
toxylin-eosin staining, histologic analysis also included
PSMA immunohistochemistry with a monoclonal murine
PSMA antibody (clone 3E6; Dako, Hamburg, Germany)
(Fig. 3). Results for gamma probe measurements (back-
ground signal [negative] vs signal above background
[positive]) in resected tissue specimens ex vivo were
compared to postoperative histology findings (Table 1).

PSMA-radioguided surgery after administration of
111In-labeled PSMA-I&T increased surgeon confidence in
intraoperative detection and complete dissection of small
metastatic lesions seen in preoperative 68Ga-PSMA-HBED-CC
PET hybrid imaging. PSMA-radioguided surgery detected all
PET-positive lesions in vivo that were first observed by
preoperative imaging. Histologic analysis confirmed that all
resected tissue specimens exhibiting positive measurements
in vivo and ex vivo had PSMA-avid metastatic disease
analysis (Table 1). Furthermore, PSMA-radioguided surgery

[(Fig._2)TD$FIG]

Fig. 2 – (A) Intraoperative set-up for prostate-specific membrane antigen (PSMA)-radioguided surgery. (B) A gamma probe is connected to (C) a gamma
counter (Crystal Probe CXS-SG603) providing acoustic and visual feedback of the count rate. The gamma probe is also equipped with spheroid optical
markers (Ilumark, Feldkirchen, Germany) for three-dimensional (3D) tracking with a freehand single-photon emission computed tomography system
(declipseSPECT) allowing (D) visual feedback including (E) overlay of reconstructed 3D nuclear images showing the position of hotspots corresponding
to 111In-PSMA accumulation in the surgical field.
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after 111In-PSMA-I&T administration detected additional
lesions close to known tumor deposits in two of the five
patients (patients 1 and 4; Table 1). These lesions corre-
sponded to very small metastatic deposits of 2–4 mm (Fig. 3).
No patient experienced complications related to intravenous
administration of 111In-PSMA-I&T.

2. Discussion

Systemic medical therapy currently represents the
standard of care for patients with metastatic disease
after local curative treatment for PCa. However, in
patients with minimal or localized metastatic disease
burden and good clinical status, salvage concepts as
individual treatment regimens might represent a valid
option favoring progression-free survival [2,3]. A prereq-
uisite for these therapies is reliable and early detection of
disease recurrence. For this purpose, morphologic imag-
ing procedures such as computed tomography and
magnetic resonance imaging or functional PET imaging,
mostly using radiolabeled-choline derivatives, are of
limited value and often underestimate the extent of
metastatic spread [4,5]. 68Ga-PSMA-HBED-CC PET hybrid

imaging was recently introduced in PCa staging with
promising results [6,7], and higher detection rates have
been observed in patients with biochemical recurrence
after radical prostatectomy compared to results with
currently used tracers such as 18F-choline [8], especially
for low PSA values [9]. Thus, local treatment strategies
might attract even more attention in the future.

Early recurrence with small metastatic deposits within
fatty tissue or LNs and atypical localization might impede
intraoperative detection and resection. Use of near-
infrared-fluorescence or radioguided surgery after injection
of indigocyanine green or 99mTc-nanocolloid into the
prostate has been proposed for guiding sentinel LN
dissection in patients with primary PCa [10]. However,
lymph drainage might be altered in recurrent disease and
the site of tracer injection remains unclear.

We described for the first time a method for direct
detection of metastatic PCa lesions via molecular targeting
of PSMA using 111In-labeled PSMA-I&T. Comparable to
medical targeted therapies, PSMA-radioguided surgery
facilitates targeted molecular surgery, as it allows
specific intraoperative detection of PSMA-expressing PCa
deposits. Especially for intraoperative detection of small

[(Fig._3)TD$FIG]

Fig. 3 – Example of two representative lymph node specimens from patient 4 rated as (A) strong or (B) weakly positive by ex vivo acoustic
measurement during 111In-prostate-specific membrane antigen (PSMA)-radioguided surgery. Corresponding histological analysis (PSMA
immunohistochemistry) revealed (C) a macrometastasis and (D) a micrometastasis of PSMA-expressing adenocarcinoma of the prostate. The
macrometastasis was detected by preoperative 68Ga-PSMA-N,N0-bis[2-hydroxy-5-(carboxyethyl)benzyl]ethylenediamine-N,N0-diacetic acid positron
emission tomography/magnetic resonance imaging, but the micrometastasis was only detected intraoperatively by 111In-PSMA-radioguided surgery.
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Detection of micro-
metastatic disease

N0-diacetic acid (68Ga-PSMA-HBED-CC) positron emission
tomography (PET) hybrid imaging (Table 1; Fig. 1). All patients
were treated only after providing consent once they had been
informed of the experimental nature of PSMA-radioguided
surgery as an individual treatment concept.

For PSMA-radioguided surgery, a gamma-emitting 111In-
labeled PSMA ligand was used as a radiotracer because of its
favorable half-life of 2.8 d. However, owing to the instability
of 111In-PSMA-HBED-CC, a 1,4,7,10-tetraazacyclododece-
cane,1-(glutaric acid)-4,7,10-triacetic acid (DOTAGA)-con-
jugated peptide-based ligand targeting PSMA (PSMA-I&T;
investigation and therapy) was used for 111In labeling and
PSMA-radioguided surgery [1]. At 24 h before surgery,

patients received an intravenous injection of 146 MBq
(mean; range 110–169 MBq) 111In-PSMA-I&T. Intraopera-
tively, metastatic LNs were detected using a gamma
probe (Crystal Probe CXS-SG603; Crystal Photonics, Berlin,
Germany) with live acoustic and visual feedback of the count
rate; a higher rate indicates the presence of a radioactive
hotspot (Fig. 2). In this technique the surgeon cognitively
maps the count information onto the surgical field, without
the possibility of image guidance. This approach was
improved by the use of a freehand single-photon emission
computed tomography system (declipseSPECT; SurgicEye,
Munich, Germany) that allows visualization of radioactivity
within a reconstructed three-dimensional (3D) image. The

Table 1 – Patient characteristics and results of PSMA-ligand–radioguided surgery

Patient 1 2 3 4 5

Age (yr) 64 75 69 75 75

Primary treatment – RP (Jan 2010) RP (Sept 2013) RP (Feb 2006) HIFU + TURP (2007)

Initial histological

classification

– pT2c pN0

cM0 R0 GS7

pT3a pN0

cM0 R0 GS7b

pT3b pN0

cM0 R0 GS8

cT2 cN0 cM0 GS6

Further treatment – Salvage PLND

(Nov 2010)

RTX (May–Aug 2012_

– RTX (Aug 2006) RTX (2009)

PSA at examination (ng/ml) 244 0.46 0.42 4.36 2.45

Suspicious lesions on

PSMA-ligand PET imaging

5 1 1 4 2

Resected tissue specimens a Histology Histology Histology Histology Histology

+ – + – + – + – + –

PSMA-ligand RGS positive 6 0 1 0 1 0 5 b 0 2 0

PSMA-ligand RGS negative 0 4 0 1 0 6 0 2 0 0

Histological classification pT4 pN1 (6/25)

cM0 GS10

pN1 (1/2) pN1 (1/1) pN1 (10/20)* pN1 (2/2)

Location of positive

LN fields (size of

largest positive

LN within field)

Right side:

obturator fossa (6 mm)

external iliac (12 mm)

internal iliac (4 mm)

common iliac (2 mm)

Left side:

obturator fossa (8 mm)

external iliac (5 mm)

Paravesical left

(10 mm)

Paravesical right

(6 mm)

Left side:

obturator fossa (8 mm)

external iliac (3 mm)

internal iliac (9 mm)

common iliac (5 mm)

pararectal (11 mm)

Pararectal right

(10 mm)

presacral (7 mm)

RP = radical prostatectomy; HIFU = high-intensity focused ultrasound; TURP = transurethral resection of the prostate; GS = Gleason score; PLND = pelvic lymph

node dissection; RTX = radiotherapy of the prostate bed; PSA = prostate-specific antigen; PSMA = prostate-specific membrane antigen; RGS = radioguided

surgery.
a LNs found in tissue specimens varied in number (0–5).
b Five different resected tissue specimens rated positive contained a total of ten histology-proven LN metastases.

[(Fig._1)TD$FIG]

Fig. 1 – Example results for a patient with recurrent prostate cancer to pelvic lymph nodes (patient 4). (A) Axial T2-weighted magnetic resonance
imaging (MRI) shows a small (6 mm) lymph node in left the obturator fossa (arrow). (B) Axial 68Ga-labeled prostate-specific membrane antigen
(PSMA)-ligand positron emission tomography (PET) and (C) axial 68Ga-PSMA-N,N0-bis[2-hydroxy-5-(carboxyethyl)benzyl]ethylenediamine-N,N0-diacetic
acid (HBED-CC) PET/MRI fusion images show a distinct signal for this lymph node that is highly suspicious for metastasis, subsequently confirmed by
histology after radioguided surgery using an 111In-PSMA investigation and therapy agent. Note the susceptibility artifacts in the region of the hip
joints caused by bilateral hip prostheses, as well as the activity of excreted 68Ga-PSMA-HBED-CC in the bladder.
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is capable of detecting meningioma and glioma with sufficient
accuracy to perform b2 RGS (6).
This study investigated the feasibility of this technique in the case

of neuroendocrine tumors (NETs), which are widely known to show
high uptake of DOTATOC (7). Interest in this clinical field has
already been demonstrated by previous studies on the use of RGS
with octreotide labeled with the g-emitting 111In in gastroentero-
pancreatic (8), lung (9), and breast cancer (10) and in nonmalignant
cells surrounding neoplastic tissues (11).
This paper reports our assessment of the potentiality of RGS with

90Y-DOTATOC in NETs: evaluation of the tumor-to-nontumor ratio
(TNR) and the kinetics in lesioned and healthy tissues.

MATERIALS AND METHODS

Patient Selection
Fifteen patients with NETs (either primary or secondary) were

selected. They underwent peptide receptor radionuclide therapy at the
IRCCS–Arcispedale Santa Maria Nuova, Reggio Emilia, Italy. After
therapeutic administration of 177Lu-labeled peptides with renal pro-
tection, all patients underwent a series of SPECT/CT scans of the
abdomen, at about 0.5, 4, 20, 40, and 70 h after injection. For all
patients but two, 2 lesions were considered. All patients gave written
informed consent to participate in the clinical research in accordance
with experimental trials (EUDRACT Nr. 2006-000897-65) approved
by the Ethics Committee (institutional review board). The patient char-

acteristics are summarized in Table 1: patient
weight, total administered activity, the location
of the lesions, their standardized uptake value
(SUV), and, only in the case of liver lesions,
TNR (AMAX/A0) as defined in “Expected Per-
formance of RGS with b2 Decay” 24 h after
injection.

Estimate of DOTATOC Uptake
177Lu-DOTATOC uptake by NETs and

healthy organs was extracted from 177Lu-
DOTATOC SPECT scans and was assumed to
be a good estimate of 90Y-DOTATOC uptake:
this is valid under the hypothesis that lutetium
and yttrium are chemically similar enough not
to alter the kinetics of the tracer. Since this
paper concentrates on the interplay between
the biologic and the physical half-lives (t1/2),
we will account for the difference in t1/2 be-
tween the 2 radioisotopes.

Patient acquisitions were performed on
a Symbia T2 SPECT/CT scanner (Sie-
mens Medical Solutions) with the following

TABLE 1
Patient Characteristics

Patient no. Weight (kg)
Administered
activity (GBq) Lesion A Lesion B

24-h SUV,
lesion A

24-h SUV,
lesion B

24-h TNR,
lesion A

24-h TNR,
lesion B

1 55 3.40 Liver Liver 10.3 12.6 17.1 22.9

2 70 4.92 Liver Liver 31.8 39.4 26.0 24.6

3 69 3.48 Liver Bone 146.2 134.0 86.9 N/A

4 67 5.74 Kidney Kidney 41.1 41.7 N/A N/A

5 84 3.15 Liver Liver 42.3 62.1 55.5 23.8

6 49 3.70 Liver Liver 29.4 34.7 13.8 6.7

7 62 5.74 Liver Pancreas 50.9 104.3 6.3 18.2

8 70 5.74 Liver Kidney 45.0 35.1 16.3 N/A

9 78 5.92 Liver Liver 53.1 54.7 13.4 7.9

10 68 5.70 Bone Bone 69.7 33.3 N/A N/A

11 74 5.57 Bone Liver 45.9 22.8 N/A 16.4

12 90 5.77 Liver Lung 46.6 80.5 8.4 N/A

13 67 3.80 Pancreas — 85.9 — N/A N/A

14 68 5.62 Colon Liver 25.9 16.8 N/A 14.0

15 70 5.50 Bone — 9.4 — N/A N/A

N/A 5 not applicable.

FIGURE 1. Example of VOIs defined on 1 patient for 2 lesions (red and blue, VOI1 and VOI3),
healthy liver (violet, VOI5), kidney (green, VOI8), and muscle (yellow, VOI10).
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such estimates the false-negative and false-positive rates after a given
measurement time can be computed. The minimum time that a sur-
geon needs to spend on a sample to evaluate whether it is healthy,
tminprobe, is determined by finding the minimal acquisition time of the
probe for which there exists a threshold in counts that allows a false-
negative rate of less than 5% and a false-positive rate of less than 1%.
These calculations allowed us to conclude that the SUVs in the

lesions are so high, compared with the nearby background, that
even after administration of only 1 MBq/kg the required mea-
surement time is less than 1 s for each lesion. However, AMAX

estimates the activity of the bulk of the tumor whereas RGS tar-
gets the tumor margins that have lower uptake. We therefore con-
servatively repeated the simulations with a third of the activity and
found the measurement time to still be below 1 s.

DISCUSSION

The novel RGS technique under development relies on the
existence of a radiotracer that efficiently and selectively delivers
a b2 emitter to the tumor. Previous studies have demonstrated the
applicability of such a technique exploiting 90Y-labeled peptides
as a radiotracer in cases of meningioma and high-grade glioma
(6). This paper represents the extension of those studies to NETs.
This study, being a first general investigation, considers lesions in
several organs.
These tumors are known to show high uptake of 90Y-labeled

peptides, which are, in fact, commonly used in radioreceptor ther-
apy. In the context of radioguided surgery, however, the evolution
of this uptake gains importance. To address this topic, we studied
uptake by NET lesions, healthy liver, spleen, and kidneys in 15
patients injected with 177Lu-DOTATOC. We concluded that all
lesions show an accumulation in the first 24 h, whereas in healthy
tissue metabolic washout starts earlier. As a consequence, TNR is
optimal 24 h after injection, and given the long half-life of 90Y,
this is the optimal time for surgery.
Since the uptake of the NET lesions may depend on their

localization, we also compared the SUVs of different NETs 24 h
after injection, and we found no significant difference among
them. Clinical studies can therefore concentrate on the type of
NET that may profit most from RGS.
Furthermore, to evaluate the applicability of the novel RGS

technique to NETs, we considered specifically the liver, where
background from nearby healthy organs is under control. We
therefore selected 16 liver NET lesions for which we evaluated
the time needed to identify with sufficient accuracy a residual of
0.1 mL. The results show that all considered lesions would be
identified within a second by injecting an activity of as low as
1 MBq/kg, suggesting that b2 RGS can be applied to liver NETs.
The clinical cases already explored with 111In-octreotide (8–11)

would certainly profit from the reduced background in healthy
tissues brought about by the technique de-
scribed in this paper.

CONCLUSION

We estimated the uptake of DOTATOC in
NETs in the context of a feasibility study of
a novel RGS technique exploiting b2 decay.
In particular, we focused on the time evolu-
tion of this uptake, showing that a maximum
TNR is reached at about 24 h after injection.
Regarding the applicability of the proposed
RGS technique, by injecting a reference ac-
tivity of 1 MBq/kg—about a third of that
commonly injected for PET—all lesions are
estimated to be identified within a second.
Although there are aspects requiring

clinical tests, such as the impact of limited
radiation penetration or of uptake inhomo-
geneity, particularly in the margins, our
results suggest a good chance of extending
this technique to NETs.

FIGURE 5. TNRs for considered lesions as function of time after in-
jection. Each lesion is compared with VOI in healthy organ (kidney,
spleen, or liver). I and II refer to the 2 lesions considered for each pa-
tient. Key is in Figure 4.

FIGURE 6. Measured SUV for several lesions 0.5 and 24 h after administration. The hatched
shading identifies liver lesions. A and B refer to the 2 lesions considered for each patient.

DOTATOC UPTAKE IN NEUROENDOCRINE TUMORS • Collamati et al. 1505

personal use only. 
by Centre De Documentation de la Faculte de Medecine on October 7, 2015. Forjnm.snmjournals.org Downloaded from 

Tumor-to-n or mal Tissue ratio reaching its maximum at 24h 

Radioguided surgery should be feasible with 90Y-DOTATOC at
1/3 of the therapy activity 

parathyroidectomy was accomplished. The clinical utility
of fSPECT in the operating room still has to be evalua-
ted in further studies.
The 3-D overlay visualization of the adenomas on the

live video of the patient can help to reduce invasiveness of
parathyroidectomy and also improve accuracy. However,
to maintain accurate localization of parathyroid adenomas,
which depends on exact intraoperative superimposition of
images onto the operative field, the situs has to remain ra-
ther static. This can only be reliably accomplished by using
a retractor system which warrants minimal changes of the
operative anatomy during surgical manipulation. A higher
impact is expected from localizing ectopic parathyroid
adenomas in the mediastinum, but this has still to be
evaluated.
A new device like fSPECT causes not only costs in

purchasing the device itself, but also daily costs for the
fiducials. Hybrid imaging using SPECT/CT to localize
parathyroid adenomas has high accuracy [6], and fused
3-D-reconstructed images can help surgeons in a similar
way (Figure 4).
Since the scan must be repeated each time the patient

is moved, several scans can extend the operation time.

Conclusion
In this preliminary study, we could demonstrate that
localization of parathyroid adenoma is feasible using
freehand SPECT technology. This approach has high po-
tential to allow image-guided extirpation of parathyroid
adenomas, thus bringing imaging into the operation
room. Larger comparative studies are needed to evaluate
the additional value.
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The superimposition succeeds using augmented reality
means, where virtual data (here, SPECT/CT or fSPECT
images) are overlaid on the live video of an optical video
camera. The use of intraoperative 3-D imaging for navi-
gated extirpation of parathyroid adenomas might change
the operation time and potentially the morbidity related
to exploratory search of these adenomas using just the
gamma probe. Furthermore, the possibility of controlling
parathyroidectomy may reduce the need for reoperation.
In this preliminary study, we apply the technique of
fSPECT for the localization of parathyroid adenomas
and evaluate its feasibility.

Methods
A total of three consecutive patients (age range 30 to 45
years) undergoing conventional 99mTc-MIBI whole-body
scan to localize parathyroid adenomas before surgical
procedure were additionally scanned intraoperatively
using fSPECT. One patient suffered from primary hyper-
parathyroidism and two patients suffered from tertiary
hyperparathyroidism. Preoperative SPECT/CT was per-
formed routinely in all patients and served as reference
imaging modality.
In all patients, a mean of 746 ± 12 MBq 99mTc-MIBI

was injected intravenously according to the German
guideline for parathyroid scintigraphy. The injection of
the radiopharmaceutical and the fSPECT were per-
formed in the clinical setting. The data were analyzed
retrospectively. Patients attending the University Hos-
pital signed an informed consent for such anonymized
data analysis. In one patient (#3), we used a 1-day proto-
col. To achieve a better lesion-to-background ratio, a 2-
day protocol was performed in the other two patients.
No re-injection before surgery was performed in all

cases. Time to surgery was about 4 h in the 1-day proto-
col and about 24 h in the 2-day protocol.
Parathyroid hormone (PTH) levels were measured pre-

operatively before draping, followed by further samples
at the time of extirpation and 10 min thereafter. fSPECT
images were generated under sterile conditions shortly
before the skin incision and when extirpating each para-
thyroid adenoma in order to control parathyroidectomy.

SPECT/CT
The SPECT protocol consisted of 32 projections (180°
using two opposing heads) of 10 s, each using a Symbia
T2 hybrid scanner and low-energy high-resolution colli-
mators (Siemens Healthcare, Erlangen, Germany). Low-
dose CT was performed using a voltage of 130 kV with a
tube current of 2.5 mA (20 mAs). SPECT/CT images
were acquired with a reference marker to allow for navi-
gation in the operating room.

Freehand SPECT
The fSPECT protocol consisted of a 2- to 3-min scan
(1,200 to 1,800 measurements, i.e., 20 measurements/
second), covering one side of the neck and the cor-
responding periclavicular area using a declipse SPECT
(SurgicEye, Munich, Germany) connected to a Crystal

freehand SPECT in 
the OR

Scan area (green) 
and protocol

BA

Figure 1 Freehand SPECT in the OR and scan area (green) and protocol. (A) Freehand SPECT device in the operating room. The device is
placed next to the operating table with its stereostatic monitoring means (infrared cameras) looking at the operating field (red arrow). A touch
screen enables user interaction and visualization of the reconstructed images (yellow arrow). (B) Scan area (in green) for a side of the neck
including also the clavicular region. Scan protocol consists of painting this area with the gamma probe from the two different directions (red
arrow) shown in the figure.

Table 1 Patient's characteristics
Patients Age

(years)
Adenomas
detected

Renal
failure

Pre OP PTH
(pg/ml)

Post OP PTH
(pg/ml)

1 30 1 + 906 81

2 45 2 − 202 43

3 33 2 + 1,149 328

PTH, parathormone; Pre OP, before removal; Post OP, after removal of
adenomas; nomal values for PTH: 10 to 65 pg/ml.
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Probe (Crystal Photonics, Berlin, Germany) with a 40°
collimator. The large number of measurements was
achieved by continuously moving the probe. The device
itself then decided which intervals are to be summarized
as a complete projection. The scan was divided in a 1-
to 2-min scan with the gamma probe pointing at a dor-
sal direction and a 1- to 2-min scan with the gamma
probe pointing at a medial direction. Reconstruction was
done using a modified ML-EM algorithm to take into
account limited-angle acquisition. fSPECT images and
preoperative SPECT/CT images were visualized as over-
lay on the live video of the patient or in a virtual reality
view from the perspective of the tip of the gamma
probe.

Results
Patient's characteristics are given in Table 1. One patient
suffered from primary hyperparathyroidism, and two
patients suffered from tertiary hyperparathyroidism with
a history of renal failure. 99mTc-MIBI scan was per-
formed the day before operation in two patients and at
the same day in one patient. Parathormone level
decreased intraoperatively by 79% (range 72% to 91%) in
all three patients (Table 1). All adenomas (total of five,
two patients with two adenomas each) were detected on
whole-body scan, and SPECT/CT imaging helped to
localize the adenomas precisely.
During surgery, SPECT/CT images (i.e., both the

SPECT hotspots as well as the anatomy using different
CT windows) were projected on the patient's body sur-
face on the live video from the perspective of an optical
camera placed above the operating table (‘video overlay’)
as well as from the gamma probe in real-time (3-D view;
Figure 2). Subsequently, fSPECT images (1,790 ± 647
measurements, 109 ± 62 s) were acquired for each side
of the neck before preparation of that side, visualizing all

five adenomas (Figure 2). Depth information provided
by the system was used during preparation. After extir-
pation of each adenoma, freehand SPECT images were
acquired to validate parathyroidectomy (Figure 3). No
focal accumulation of radioactivity was found in the thy-
roid bed after surgery.

Discussion
A total of five parathyroid adenomas were successfully
located in SPECT/CT. SPECT/CT shows the lesion in
the anatomical context, thus helping the experienced
surgeon in finding the lesions. It is however not easy
to mentally transfer transsectional images on the
patient's body surface. fSPECT allowed precise intra-
operative detection of all adenomas, and successful

Video overlay (CT 
with bone window)

3D view (CT with 
bone window)

A B

Figure 2 99mTc-MIBI SPECT/CT of patient 3. Visualized as (A) video overlay on the live video of the patient and in a (B) 3-D virtual reality view
of the SPECT/CT from the perspective of the gamma probe. The arrows show the parathyroid adenomas, and in (B), the target shows the
direction the gamma probe is pointing at the time the screenshot was captured.

Video overlay
Figure 3 Freehand SPECT of the left side of the neck of patient
2 as video overlay. The arrow shows the adenoma in the image.

Rahbar et al. EJNMMI Research 2012, 2:51 Page 3 of 4
http://www.ejnmmires.com/content/2/1/51

Probe (Crystal Photonics, Berlin, Germany) with a 40°
collimator. The large number of measurements was
achieved by continuously moving the probe. The device
itself then decided which intervals are to be summarized
as a complete projection. The scan was divided in a 1-
to 2-min scan with the gamma probe pointing at a dor-
sal direction and a 1- to 2-min scan with the gamma
probe pointing at a medial direction. Reconstruction was
done using a modified ML-EM algorithm to take into
account limited-angle acquisition. fSPECT images and
preoperative SPECT/CT images were visualized as over-
lay on the live video of the patient or in a virtual reality
view from the perspective of the tip of the gamma
probe.

Results
Patient's characteristics are given in Table 1. One patient
suffered from primary hyperparathyroidism, and two
patients suffered from tertiary hyperparathyroidism with
a history of renal failure. 99mTc-MIBI scan was per-
formed the day before operation in two patients and at
the same day in one patient. Parathormone level
decreased intraoperatively by 79% (range 72% to 91%) in
all three patients (Table 1). All adenomas (total of five,
two patients with two adenomas each) were detected on
whole-body scan, and SPECT/CT imaging helped to
localize the adenomas precisely.
During surgery, SPECT/CT images (i.e., both the

SPECT hotspots as well as the anatomy using different
CT windows) were projected on the patient's body sur-
face on the live video from the perspective of an optical
camera placed above the operating table (‘video overlay’)
as well as from the gamma probe in real-time (3-D view;
Figure 2). Subsequently, fSPECT images (1,790 ± 647
measurements, 109 ± 62 s) were acquired for each side
of the neck before preparation of that side, visualizing all

five adenomas (Figure 2). Depth information provided
by the system was used during preparation. After extir-
pation of each adenoma, freehand SPECT images were
acquired to validate parathyroidectomy (Figure 3). No
focal accumulation of radioactivity was found in the thy-
roid bed after surgery.

Discussion
A total of five parathyroid adenomas were successfully
located in SPECT/CT. SPECT/CT shows the lesion in
the anatomical context, thus helping the experienced
surgeon in finding the lesions. It is however not easy
to mentally transfer transsectional images on the
patient's body surface. fSPECT allowed precise intra-
operative detection of all adenomas, and successful

Video overlay (CT 
with bone window)

3D view (CT with 
bone window)

A B

Figure 2 99mTc-MIBI SPECT/CT of patient 3. Visualized as (A) video overlay on the live video of the patient and in a (B) 3-D virtual reality view
of the SPECT/CT from the perspective of the gamma probe. The arrows show the parathyroid adenomas, and in (B), the target shows the
direction the gamma probe is pointing at the time the screenshot was captured.

Video overlay
Figure 3 Freehand SPECT of the left side of the neck of patient
2 as video overlay. The arrow shows the adenoma in the image.

Rahbar et al. EJNMMI Research 2012, 2:51 Page 3 of 4
http://www.ejnmmires.com/content/2/1/51

Navigated fSPECT/US imaging

Nuklearmedizin 6/2014 © Schattauer 2014

4

The size of the metastases (largest diam-
eter) within the lymph nodes was 0.8 ± 0.8 
cm, range 0.04–1.8 cm. No histologically 
proven metastasis was identified on fh-
SPECT/US before surgery. One patient 
showed two SLN on planar scintigram and 
fh-SPECT/US fusion revealed one focus 
corresponding with an unsuspicious lymph 
node. During surgery, two SLN were re-
sected and histopathology revealed one 
lymph node completely filled with tumour 
(largest diameter 1.4 cm, 40 counts per sec-
ond (cps)) and one without metastasis (440 
cps).

Discussion
Our study introduces a (quasi) hybrid im-
aging concept with SPECT and ultrasound 
for preoperative evaluation of SLN. The 
concept allows bedside examination in one 
session, without changing the patient’s 
position. We showed that combination of 
metabolic and morphological information, 
and the superimposition and depiction as a 

fusion image is possible. This method has 
the advantage that information of both 
standard diagnostic techniques can be ac-
quired and combined in a single examin-
ation procedure. The primary objective of 
this study was to determine its applicability 
using SLN imaging as an example rather 
than testing the clinical validity or the pos-
sible influence on therapeutic decisions.

Several previous studies attempted to 
couple information about the SLN with 
anatomical information (3, 5, 18, 24, 28, 32, 
34, 37, 38, 40). The fh-SPECT system de-
clipse®SPECT used in the present study al-
ready allows such an approach, as it was 
originally developed for the intraoperative 
imaging of SLN, but not in combination 
with an ultrasound device. The activity dis-
tribution is projected to a live video image 
of the patient, or more specifically, the sur-
gical field (3, 37, 38) (▶ Fig. 2). Fur-
thermore, it is possible to examine the SLN 
with SPECT/CT (5, 22, 32, 34). However, 
this suffers from significant limitations, es-
pecially due to the limited morphological 
evaluation capacity caused by only the 

moderate soft-tissue contrast in CT. Also, 
the patient’s positioning during SPECT/CT 
does not match the positioning during sur-
gery, resulting in difficulties allocating 
SPECT/CT findings during surgery. In ad-
dition, SPECT/CT devices are expensive 
and not widely available (e. g. in our insti-
tution). Nicolli-Asabella et al. used ana-
tomical reference cards that were fused 
with lymphoscintigraphy images to enrich 
them with morphological information 
(24). A sonographic approach was followed 
by Sever et al. who used periareolar intra-
dermally injected ultrasound contrast 
agents (microbubbles) to image lymphatic 
drainage in breast cancer patients with 
ultrasound (28). Yamamoto et al. described 
a similar method using CT contrast agents. 
This concept, most closely resembles the 
one presented in this paper, as the CT data 
set was also fused with navigated ultra-
sound (40). The aforementioned procedur-
es yielded partially good results, especially 
with the intradermal injection of contrast 
agents for ultrasound and CT. The disad-
vantage of these methods is that intraoper-

M. Freesmeyer et al.: SLN mapping by fh-SPECT/US fusion

Fig. 2 Sentinel lymph nodes (SLN) in two patients
a) patient with malignant melanoma: Planar anterior-posterior image of the 
SLN of the left groin (white arrow, A). Maximum intensity projection (white 
arrow, B) with video projection of the SLN to the image of the patient (B). 
This is the kind of imaging that reflects the original use of the declipseS-
PECT® system without ultrasound, providing an intraoperative guidance for 
the surgeon. Transverse image in fh-SPECT (C), as fh-SPECT/ultrasound fusion 
image (D), and as ultrasound image showing a non-malignant lymph node, 
according to malignancy criteria in ultrasound(oval shape, visible fatty hilum, 

b

no hyperperfusion (not shown)) (white arrows, E). As shown in D, both data 
sets are an almost exact match.
b) patient with breast cancer: Planar anterior-posterior image of the SLN of 
the right axilla (white arrow, A). Maximum intensity projection (white arrow, 
B) with video projection of the SLN to the image of the patient (B). Represen-
tation in fh-SPECT (C), as fh-SPECT/ultrasound fusion image (D), and as ultra-
sound image showing a lymph node (white arrows, E). In D and E, a second 
lymph node (red arrows) is visible that clearly shows no activity, and there-
fore, cannot be considered a SLN.
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Hybrid modality : combined radio-/ (near 
infra-red) fluorescence-guided surgery

and the blue signature of methylene blue was used to

optically identify the SLN. Rapid lymphatic drainage of the

hybrid tracer is a possible downside of this approach.
In the preclinical setting, a great number of hybrid

alternatives to existing RGS tracers are currently being

developed and evaluated (Table 1). For example, 99mTc-
tilmanocept has been covalently labeled with Cy7 for

fluorescence imaging. In a mouse model it was shown that

the popliteal SLN could be visualized with fluorescence
imaging following a footpad injection with Cy7-99mTc-

tilmanocept [53].

Multimodal marker seeds have been shown to allow
hybrid RSL towards a mouse prostate [54]. Here, the 99mTc

signature allowed preoperative SPECT imaging, whereas

intraoperative fluorescence detection provided optical
information about the exact location of the seed [54].

Targeted hybrid-imaging agents

Research efforts are currently focusing on the development

of targeted hybrid tracers allowing accurate tumor identi-
fication. Despite these efforts, which have been reviewed

by Kuil et al. [8] and Azhdarinia et al. [55], to date no such

tracers have been clinically implemented.
Hybrid-labeled derivatives of the clinically applied

octreotide have been extensively evaluated preclinically,

yielding fluorescent and radioactively labeled imaging
agents with high affinity for the somatostatin receptor [8,

56]. Alongside these hybrid counterparts of clinically used

peptide-based tracers, several other interesting hybrid
tracers are being developed, based, for example, on tumor-

targeting peptides targeting the chemokine receptor 4 and

the gastric releasing peptide receptor [8]. A hybrid tracer

targeting the prostate-specific membrane antigen (PSMA),
which is frequently overexpressed in prostate cancer, was

recently developed by Banerjee et al. [57] by combining

the near-infrared dye CW800 and 111In-1,4,7,10-tetra-
azycyclododecane-1,4,7,10-tetracarboxylic acid (DOTA)

with a PSMA-inhibitor.

Multiple hybrid tracers have been generated for avb3-
integrin, which is overexpressed by activated endothelial

cells during angiogenesis. These hybrid tracers contain a

Cy5- or Cy7-derivative as fluorescent dye and a DTPA,
deferoxamine or DOTA chelate to introduce 111In, 64Cu or
68Ga, respectively [8]. Liu et al. [58] recently introduced a

tracer that combines the fluorescent dye BODIPY, con-
taining 18F, with the cyclic arginine–glycine–aspartate

(RGD) peptide targeting the avb3-integrin for combined

PET and optical imaging.
In addition, various hybrid-labeled antibodies have been

tested in mouse models [59–62]. 64Cu-1,4,7-triazacyclo-

nonane-1,4,7-triacetic acid (NOTA)-bevacizumab-800CW
was applied to detect human glioblastoma tumors by both

nuclear and optical imaging [63]. The anti-CD105 antibody

TRC105 was labeled with 64Cu or 89Zr for PET imaging
and 800CW for intraoperative optical fluorescence-based

detection in a mouse model of breast cancer-derived lung

metastases [64]. Recently, Cohen et al. [65] described a
protocol for the labeling of monoclonal antibodies with

800CW and 89Zr for hybrid imaging. Although not yet used

for clinical studies these antibody-based hybrid tracers
seem promising for future applications.

Fig. 5 Multimodal surgical guidance towards the sentinel lymph
node. a Following ICG-99mTc-nanocolloid injection, preoperative
lymphoscinitigraphy and SPECT/CT imaging are performed to locate
the SLN (circle). b Prior to the start of the operation patent blue dye is
injected. c Prior to incision, an image with gamma camera is obtained

to confirm the localization of the SLN. d Pre-incision gamma tracing
with the gamma probe allows localization of the SLN. e Incision.
f Camera used to detect the fluorescent signal in the SLN.
g Fluorescence signal detected in the SLN. SLN sentinel lymph node
(color figure online)
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Summary
Early detection of suspicious lesion
Easier targeting of biopsies
Better detection of micro-metastases & tumor 
margins during surgery
Deciding minimal invasive, standard surgical, or 
watch-and-wait approaches
Early detection of residual disease/recurrence
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