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Your time is limited, so don't waste it living someone else's life. 
Don't be trapped by dogma - which is living with the results of 
other people's thinking. Don't let the noise of others' opinions 

drown out your own inner voice. And most important, have the 
courage to follow your heart and intuition. 

	
S. P. Jobs 
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Breast cancer in numbers  

In the Netherlands each year 14,400 women are diagnosed with invasive breast cancer 
and 2,500 women with an in-situ carcinoma. [1] World wide this was estimated to be 
1.7 million new cases in 2012. [2,3] The chance of getting breast cancer in a women’s 
life is 12-13%, making this the most prevalent cancer for women in the Netherlands. 
Early diagnosis by the national screening program, every 2 years for women in the age 
of 50-75, improves the prognosis for women with breast cancer. [3] Two requirements 
for screening with the purpose to reduce the mortality are: I. the time of diagnosis 
should advance and II. early treatment should have advantages over treatment at the 
time of clinical presentation. [4] With these assumptions in mind, women in the western 
world receive mammograms when reaching a certain age. Nowadays, incidence-based 
mortality studies with longer follow-up periods among European women invited for 
screening show a general reduction of breast cancer mortality. [5] However, discussion 
remains on whether or not this reduction is caused by screening, or that other factors, 
such as changes in systemic treatment or improvements in diagnostic imaging, may also 
be held responsible. [6] The five-year relative survival rate varies per stage and subtype 
of breast cancer and varies from 100% for stage 0 and I to 22% for stage IV disease. [7] 
Despite the good prognosis of this disease it remains the single most substantial cause 
of cancer death in Western women only exceeded by lung cancer. [8] 
 

Breast cancer diagnosis and staging 

Clinical breast examination 

The clinical breast examination based on palpation and inspection of the breast and 
adjacent lymph nodes is the most basic form of diagnosis performed either by the 
patient herself, general practitioner, or by the breast cancer specialists. 

Imaging 

For screening purposes next to self-investigation and clinical examination, 
mammography is the standard procedure. For diagnostic purposes regular used imaging 
methods are mammography, tomosynthesis, ultrasound (US), magnetic resonance 
imaging (MRI), and positron emission tomography/computed tomography (PET/CT). [3] 
The suspicion of the lesion is indicated by means of a Breast Imaging-Reporting and 
Data System (BI-RADS) score. Based on this score further diagnosis of the lesion will 
take place by means of pathological assessment.  
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Pathology 

For further diagnosis more information about biological properties of the lesion is 
required. In experienced hands, fine needle aspiration cytology (FNAC) can be used for 
fast track diagnosis. In general 80-90% of all lesions can be with high certainty diagnosed 
(including the imaging). In case of inconclusive FNAC, image directed multiple core 
biopsies for histology are warranted. Biopsies are also obtained if further knowledge of 
the cancer is required, for instance distinction between in situ or invasive cancer, 
hormonal receptors, genetic profiling, or to direct up front systemic therapies. [3] 

Sentinel lymph node biopsy 

In case of an invasive component in early breast cancer a sentinel node biopsy (SNB) is 
indicated for local staging of the disease. Sentinel nodes (SN) are defined as lymph 
nodes upon which the primary tumour drains directly. The tumour status of the first 
tumour draining lymph node is a strong predictor for the patient outcome. Morton et 
al. first introduced the SN procedure for melanoma more than three decades ago and 
this procedure is standard of care for lymphatic staging in invasive breast cancer. [9,10] 
A negative SN prevents the need for axillary clearance and in this way reduces patient 
morbidity without compromising survival. [11,12] For SN mapping, preoperative 
scintigraphic images are acquired. These images allow SN marking on the skin of the 
patient. Intraoperatively these SNs are pursued by a gamma probe for gamma 
detection, and, if required, using additional blue dye as an optical tracer.  
 

Breast cancer treatment 
After tumour staging, the treatment strategy is determined together with the patient. 
Treatment is based on three pillars:  
1. Achieving local control of the cancer in the breast by means of breast 

conserving surgery, ablative surgery, and/or radiotherapy. 
2. Identification and treatment regional lymph node metastasis.  
3. Estimating prognoses and accordingly improve prognosis by systemic treatment 

such as chemotherapy, hormone therapy, or immune therapy. [13,14] 

Adjuvant and neoadjuvant systemic treatment 

Adjuvant and neoadjuvant systemic treatment (NST) are non-invasive treatment 
options for breast cancer. Neoadjuvant, primary systemic or pre-surgical therapy is given 
prior to surgery. NST has the advantage of: I. treatment response monitoring to 
evaluate whether a switch of therapy or final treatment is required, and II. the tumour 
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size can be diminished, allowing for breast conserving surgery (BCS). NST is indicated 
for early stage II tumours up to locoregional extensive breast cancer stage III and 
depends on tumour characteristics, age, and performance. Systemic treatment shrinks 
the tumour and kills distant isolated tumour cells. In this way, for example, irresectable 
tumours can frequently be surgically treated or, instead of mastectomy, breast-
conserving surgery (BCS) is feasible. Adjuvant therapy, such as chemotherapy, hormone 
therapy, or immune therapy is given after primary therapy to increase disease-free 
survival. The Immunohistochemistry characteristics of the cancer determine the regimen 
given to the patient. [3,13,14] 

Surgical treatment 

Primary breast conserving surgery is recommended when good cosmetic results and 
locoregional tumour control can be expected in stage I and II breast cancer. Axillary 
clearance is indicated only in case of massive nodal involvement insufficiently reacting on 
systemic treatment. 
As a consequence to extensive screening programs the rate of non-palpable lesions 
increased and surgical localisation techniques needed to be introduced. The percentage 
of BCS increased in The Netherlands Cancer Institute from 7.1% to 60.3% in the period 
from 1977 to 2014. For adequate BCS, precise tumour excisions should be performed 
to prevent extensive tissue removal with the known unfortunate results for cosmetic 
outcome. At present, three important techniques are used to localise the tumour prior 
to excision: wire-, ultrasound- (US)-, and radioguided (i.e. guided by a radionuclide) 
localisation, which are applied according to local preferences or legislation. [15-17] 
Radioguided techniques by means of radioguided occult lesion localisation (ROLL) or 
radioactive seed localisation (RSL) are both recently introduced and bring advantages 
for both surgeon and patient. The introduction of these techniques comes with great 
logistical advantages and leads to new opportunities for intraoperative use to further 
simplify the surgical procedure.  
 

Innovations in breast cancer local isat ion and imaging 

Radioactive seed localisation 

RSL is a localisation technique for breast conserving cancer surgery; it is introduced as a 
replacement for the commonly used wire-guided localisation technique with several 
advantages. Patients with non-palpable malignancies or patients scheduled for upfront 
systemic treatment receive an 125Iodine (125I)-seed, which is implanted image directed 
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(US or stereotactic) at the radiology department. The 125I-seed is introduced through an 
18 gauche needle under ultrasound or stereotactic guidance, after which the location is 
confirmed by mammography. In case of NST the 125I-seed marks the location of the 
tumour site prior to therapy. [18] In extensive ductal carcinoma in situ (DCIS) or 
multifocal carcinoma, multiple 125I-seeds are used to delineate borders of the involved 
area or mark the different foci. [19] As a result 125I-seeds may demonstrate accurate 
single lesion, multiple lesion, or larger lesion excisions without excising redundant tissue 
to allow BCS.  
In some centres, including our centre, patients that have a positive lymph node are 
marked with an 125I-seed prior to NST. This node is staged after NST in a ‘Marking 
Axillary lymph nodes with Radioactive Iodine seeds’ (MARI) procedure to determine 
further treatment. [20-22]  
Transcutaneous measurements with the gamma probe determine the location of the 
maximum 125I-gamma counts, which is marked on the skin, and subsewuently the 
incision is made at this site. The gamma probe is further used to guide the excision of 
the 125I-seed and lesion. Correct 125I-seed removal is confirmed by a measurement of no 
125I-signal in the wound and an 125I-signal measurement in the excised specimen. (Figure 
1) 

	
Figure 1: (a) Implantation of an 125I-seed by US guidance. (b) Post-implantation mammography 
to validate the implantation location. (c) Intraoperative 125I-seed localisation while using a 
gamma probe. 
	

Freehand-SPECT 

DeclipseSPECT (SurgicEye GmbH, Munich, Germany) is a device empowering minimal 
invasive image-guided surgery. The device is primarily designed for two types of image 
guidance: freehand-SPECT imaging with subsequent navigation and navigation based on 
preoperative images. Image acquisition and visual feedback are important aspects of 
robotics in surgery, it is important to stimulate the development of innovative 
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techniques and, thereby, increase performance beyond the limitations of a person’s 
inherent physical abilities. Indisputably, in case of proper integration, this will lead to 
better health- and patientcare now and in the near future. [23-30] The declipseSPECT 
device consists of a conventional gamma probe with an additional reference target 
attached to a specific site on the gamma probe, a camera system and an image 
processing system. Through a calibration procedure the relation between the gamma 
probe tip and the reference target was determined. An optical camera and two infrared 
cameras enable real-time three-dimensional (3D) tracking of the specific trackers. The 
patient gets a reference tracker attached to a rigid part of the body to permit tracking 
of both the tracker and the patient. [23-30] (Figure 2) 

	
Figure 2: Left the declipseSPECT with the gamma probe, camera head, and display-screen. Right 
the workflow on the screen representing the 2D and 3D navigation mode. (SurgicEye GmbH, 
Munich, Germany) 
	

Portable gamma camera 

In current nuclear medicine practice, imaging is routinely performed with either 
conventional gamma cameras, nowadays commonly equipped with CT scanners, or 
with PET/CT scanners. In addition to these large devices, several intraoperative small 
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field of view (SFOV) portable gamma cameras (PGC) have become available over the 
past years for intraoperative imaging. With these devices, high-resolution images of 
small surface areas can be obtained and local radioactivity distribution patterns can be 
assessed with a relative short image acquisition time. A PGC aids the surgeon to localise 
radioactive targets during surgery and it can be used to guide certain interventions, such 
as SN mapping and biopsy. In recent years this technique has been successfully 
demonstrated for various purposes in our and in other clinical institutes. [31-34] 

	
Aim and Outl ine of this thesis 
The aim of this thesis is to implement new 3D imaging modalities for breast cancer 
imaging and BCS and thereby demonstrate feasibility and effectiveness for these 
procedures. This is focussed on radioguided techniques used for localisation and 
visualisation of the primary tumour.  
 

Part 1: Current status intraoperat ive breast cancer imaging techniques 
In 2008 a novel technique for breast tumour localisation is introduced in the NKI-AVL. 
RSL is introduced in 1999 in the USA by Gray et al. and in 2007 by Riet et al. in the 
Netherlands as radioactive 125I-seed tumour marker for breast lesions. [35,36] Chapter 

2 provides a meta-analysis describing the results of all RSL procedures performed and 
described worldwide. This demonstrates the adaptation rate in different countries and 
the clinical results of this procedure. Chapter 3  contains a description of all our 
experiences with PGCs for radioguided surgery. This overview demonstrates the 
advantages of implementing this device in daily clinical practice for radioguided 
procedures. Chapter 4 is a technical and clinical evaluation about the introduction of 
125I-markers in standard breast cancer surgery protocols where also another important 
radioguided procedure is used. SNBs are often combined with surgery of the primary 
lesion. When these two radioisotopes are used simultaneously, some practical issues 
with differentiation among the isotopes arise and should be taken into consideration 
during planning and surgery to maintain safe procedures. 
 

Part 2: Progresses in image-guided interventions and surgery using 
freehand-SPECT 
The aim of this part of the project was based on the introduction of freehand-SPECT 
for visualisation and navigation in the operating theatre to improve the current 
radioguided intraoperative methods for resection of non-palpable breast cancer. This 
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aspect was focussed on 125I-seed guided breast conserving procedures only. This 
application of freehand-SPECT was a novel way to utilize this device and not 
demonstrated before. Chapter 5  starts with a proposed training protocol for 
freehand-SPECT acquisitions to improve scanning accuracy and intra-observer variation. 
When an accurate scan protocol with appropriate training was in order, clinical use of 
the system was justified. 
For 125I-seed localisation and navigation within the breast a short freehand-SPECT 
acquisition with an optical tracked gamma probe can be used. A 3D reconstruction of 
the radioactivity distribution visualises the location and guides the direction to pinpoint 
the target. Chapter 6 uses this technique to estimate the distance to the 125I-seed in 
resected breast cancer specimens and thereby predict the status of the resection 
margins. Accordingly, freehand-SPECT was used to guide 125I-targeted 99mTc-albumin 
nanocolloid administrations used for SN procedures. This procedure with 
accompanying results is described in Chapter 7.  
Chapter 8 is a study where the additional value of freehand-SPECT is evaluated in an 
intraoperative setting for RSL procedures. RSL procedures using multiple markers can 
be of specific difficulty while using a gamma probe only in terms of separating the 
markers transcutaneous because of relative positioning. Chapter 9 provides an 
overview with all augmented reality procedures in nuclear medicine and molecular 
imaging. This mainly consists of freehand-SPECT for various radioguided procedures. 
This overview demonstrates in which phase of the introduction we currently are.  
 

Part 3: Novelt ies in breast cancer imaging techniques 
In this part we go into more detail about preoperative imaging by means of large field 
of view gamma cameras for SN mapping and intraoperative primary breast cancer 
lesion localisations using 99mTc-nanocolloid. Chapter 10 is a study where we re-
evaluate the value of a SPECT/CT scan and a reinjection in case of a non-visualisation 
on planar imaging in SN imaging. This was initiated because of the observation that an 
increasing number of patients presented a non-visualisation on planar imaging, most 
likely because of the changed population of included patients (recurrent breast cancer 
and NST patients are subjected to SN procedures now). Chapter 11 provides a 
literature overview of a commonly used radioguided breast cancer localisation 
technique used for non-palpable lesions. This technique is becoming popular around 
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various institutes worldwide and therefore reviewed and compared to the techniques 
that are used in the Netherlands Cancer Institute.  
Part 4: Summary and future 
Finally all findings are summarised and we provide our opinion about future 
developments of the integration of new imaging modalities.   
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Abstract 
Wire-guided localisation is the most commonly used technique for intraoperative 
localisation of non-palpable breast cancer. Radioactive seed localisation (RSL) is 
becoming more popular and seems to be a reliable alternative for intraoperative lesion 
localisation. The purpose of the present meta-analysis was to evaluate the use of RSL. 
Primary study outcomes were irradicality and re-excision rates. In total 3168 patients 
were included. The clinical adaptation shows growing confidence in RSL and further 
growth is expected. 
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Introduction 
Three decades of breast cancer screening changed the patient population of breast 
cancer patients dramatically. Two requirements for screening, with the purpose to 
reduce the mortality, are: the time of diagnosis should advance and early treatment 
should have advantages over treatment at the time of clinical presentation. [1] With 
these assumptions in mind, women from all over the world receive mammograms 
when reaching a certain age. Nowadays, incidence-based mortality studies with longer 
follow-up periods among European women invited for screening show a general 
reduction of breast cancer mortality. [2] However, discussion remains on whether or 
not this reduction is caused by screening, or that other factors, such as changes in the 
systemic treatment or improvements in diagnostic imaging, may also be held 
responsible. [3] 
 

Breast cancer screening has changed the type and stage of detected breast cancer 
lesions. More than 25% of the radiological suspicious breast lesions are considered 
clinically occult or non-palpable. [4] The surgical removal of non-palpable breast 
tumours requires a specific approach. The main challenge of resecting non-palpable 
lesions is to ensure clear margins while minimizing the resection of healthy-tissue and 
cosmetic damage. [5] For this purpose, three different techniques are used for 
intraoperative tumour localisation; wire, ultrasound (US), and radioguided localisation 
(i.e. guided by a radiopharmacon or radioactive marker). At present, wire-guided 
localisation (WGL) is still the most commonly used technique for non-palpable breast 
cancer (75%). [4, 6] Nonetheless, wire placement is a cumbersome technique for both 
the surgeon and the patient. The limitations of WGL include 1) technical complications 
such as wire dislodging [7,8], migration [9–11], kinking or fracture; 2) logistic challenges 
as the wire is to be placed a maximum of one day in advance of surgery; 3) higher 
patient discomfort as opposed to alternative techniques, [12,13] and 4) poor cosmetic 
outcome [14, 15]. Dislodging and poor localisation are causes for relatively high 
irradicality rates for WGL ranging from 10% to 50%. [4,8,16–23] Radioguided occult 
lesion localisation (ROLL) was developed in 1996, and is nowadays used in several 
institutes as a reliable alternative for WGL. [5,20,24–29] The principle of this technique 
consists of an image (frequently ultrasound and stereotaxis) guided intratumoural 
injection of a radioactive tracer (most commonly used is 99mTechnetium (99mTc) macro-
aggregate albumin), which is retained within the tumour and can be detected by the 
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surgeon using a gamma probe. More recently, in 1999, a radioguided procedure called 
radioactive seed localisation (RSL) was introduced. [30,31] RSL is based on the 
implantation of an 125iodine (125I)-seed in the centre of the tumour under 
mammographical or ultrasound guidance, also allowing intraoperative localisation using a 
gamma probe. Transcutaneous measurements determine the location of the maximum 
125I gamma counts, which is marked on the skin, and accordingly the incision is made at 
this site. The gamma probe is further used to guide the excision of the 125I-seed and 
lesion. Correct 125I-seed removal is confirmed by a measurement of no 125I-signal in the 
wound and an 125I-signal measurement in the specimen. Several advantages of RSL over 
ROLL have been described; one of which is the source geometry of the 125I-seeds. The 
seed is a fixed metal point source, of which the position with respect to the tumour can 
be validated using mammography, instead of a gradually diffusing radiotracer that is used 
in a ROLL procedure. A second advantage of the 125I-seed is its relatively long half-life of 
60 days, which allows its use in patients that are treated with primary systemic 
treatment prior to surgery. 
Accordingly, 125I-seeds are now used as standard clinical care in a number of hospitals 
worldwide. Many of which have reported their experiences in single centre studies. 
Through this meta-analysis we aim to evaluate the clinical use and performance of RSL 
in localisation of breast lesions during breast conserving surgery. In this setting, the 
performance of RSL was measured by factors such as the irradicality of resection 
margins and the need for secondary surgery.  

	
Methods 

Search strategy  

To retrieve all relevant literature, a broad search was performed in the electronic 
databases of PubMed, Medline, Scopus, and Cochrane using a query syntax consisting of 
‘‘breast cancer’’ and “radioactive seed localisation” including synonyms like: “RSL”, “radio 
guided seed localisation”, “breast”, and “125iodine-seeds”. The references of the found 
papers were examined to identify additional articles. Additionally, the same query was 
used in Google Scholar to identify additional articles.   
The PubMed search query performed the 26th of March 2014 resulted in a total of 35 
citations. This same query performed in Scopus resulted in 51 citations and 2 citations in 
Cochrane. All query results were compared and unique records were denoted. 
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Figure 1 : F low chart l i terature se lect ion 

 

Eligibility criteria 

Studies were included in the meta-analysis if they met all of the following inclusion 
criteria: (1) Articles published or submitted up to March 2014, (2) availability of the full 
text article in English, and, (3) evaluating the performance of RSL, whether or not 
compared to other techniques.  
The primary endpoints for this meta-analysis were irradicality and secondary surgery. 
Secondary endpoints included information on the excision times, resected volume, 
complications, the surgeon’s preference, the used surgical techniques, the indications for 
implantation, and the type of 125I-seed. Articles were included when at least one of the 
outcomes was evaluated. All authors were contacted for information on missing 
parameters and information on potential overlap between studies from the same 
institute or author. This resulted mainly in additional information about the activity of 
the 125I-seeds and information about overlap between studies.  
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Table 1: Study characteristics 

 

Study No. of 
pat ients Study type Inst i tute 

Gray et al. (2001) [42] 43 

A retrospective 
review of a 
prospective 
database 

Lee Moffitt Cancer Centre, 
Tampa, Florida 

Gray et al. (2001) [31]  51 Prospective Lee Moffitt Cancer Centre, 
Tampa, Florida 

Cox et al. (2003) [58] 64 Prospective Lee Moffitt Cancer Centre, 
Tampa, Florida 

Gray et al. (2004) [59] 100a Prospective Mayo clinic, Scottsdale, 
Arizona 

Hughes et al. (2008) 
[63] 383b Prospective Mayo clinic, Scottsdale, 

Arizona 

Riet et al. (2009) [39] 47 
Data were 
collected 
prospectively. 

Catherina hospital Eindhoven 

Rao et al. (2010) [43] 33 
Retrospective 
matched-pair 
analysis 

University of Texas, South-
western Medical centre 
Dallas,Texas 

Riet et al. (2010) [38] 325 Prospective Catherina hospital Eindhoven 

Lovrics et al. (2011) 
[60] 152 

Prospective, 
randomized, 
multicentre study  

McMaster University and st. 
Joseph's Healthcare Hamilton 
Canada 

McGhan et al. (2011) 
[36] 767 Retrospective Mayo clinic, Scottsdale, 

Arizona 
Alderliesten et al. 
(2011) [49] 48 Prospective NKI AVL Amsterdam The 

Netherlands 
Dauer et al. (2013) 
[32] 1223 Retrospective Memorial Sloan-Kettering 

Cancer Centre New York 
Donker et al. (2013 
[61] 71 Retrospective NKI AVL Amsterdam The 

Netherlands 
Gobardhan et al. 
(2013) [62] 85 Retrospective Amphia Hospital, Breda, 

Tilburg The Netherlands 

Murphy et al. (2013) 
[33]  431* 

Data from 
prospectively 
maintained, 
registered 
database 

Memorial Sloan-Kettering 
Cancer Centre New York 

Sung et al. (2013) [34] 232* Retrospective 
review 

Memorial Sloan-Kettering 
Cancer Centre New York 

aIncluded in another study  b124 included in another study 
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Included articles 

The search strategy included 30 unique records. All of the 30 articles were included for 
full text evaluation. Finally, 4208 patients in 16 articles were eligible for inclusion based 
on the outcome parameters. (Figure 1: flow chart). [30–45] After contact with the 
authors we concluded that only 12 articles included original patients, 1 article contained 
original patients and patients from previously reported studies, and 3 articles contained 
a patient population that overlapped with previously reported work. Excluding all 
double patients resulted in 3168 individual patients. Though, the data from  
 Murphy et al. (431 RS procedures) and Sung et al. (232 RSL procedures), was also 
included by Dauer et al. (1223 RSL procedures) [40,43,44] However, Dauer et al. did 
not report all parameters, and therefore, this article was excluded for the analysis of the 
irradicality rate and the re-operation rate, accordingly the work of Murphy et al. and 
Sung et al. was included to include as many as possible RSL procedures for the primary 
outcomes. The paper by Hughes et al. (383 procedures) with both original RSL 
procedures (259) and RSL procedures (124) later used in McGhan et al. as well was 
entirely included for statistical analysis since the different groups were described all 
together in the paper. [34,45] Altogether 2732 patients in 14 articles were included for 
the rate of irradicality. [30–32,34–39,41–45] 

Statistical evaluation 

Accordingly, all parameters were tabulated for the meta-analysis. For statistical analysis 
all outcomes were described in averages corrected for sample size. For the graphical 
display we used forest plots to visualize the results of the irradicality, one of the primary 
outcomes. In the visualisation the squares around the average values stands for the 
accuracy of the estimation (sample size) and the horizontal line represents the 99% CI. 
Funnel plots were generated to visually assess potential publication bias (not added to 
the paper). Results were reported in accordance with the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA) recommendations. [46] 
 
Results 

Characteristics of the included studies 

This meta-analysis included articles published between 2001 and 2014. The first two 
articles describing the use of RSL were published in 2001 by Gray et al. performed at 
the Lee Moffitt Cancer Centre in Tampa (Florida, USA). [30,31] The first article 
describing the use of RSL in Europe was published by van Riet et al. in 2009. [35,36] 
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The majority of the articles consisted of prospectively collected data and all of the 
studies were single centre studies except for one multi-centre and one multi-site study. 
[34,38] Six studies compared RSL direct with WGL and 1 compared it to ROLL. 
[30,33,34,37,38,41,43] We will however not elucidate in depth the performances of 
WGL and ROLL within this article, for further reading on this subject we refer to a 
review from Lovrics et al. [26] 
The number of patients included in the different studies ranged from 33 to 1223 
patients. The therapeutic regimes in which RSL was used varied from application of the 
technique in a neoadjuvant chemotherapy (NAC) setting to a pure surgical approach. 
Three articles focused just on patients with NAC, 3 articles combined NAC and non-
NAC patients, and 8 articles described usage without NAC.  

Primary & secondary outcomes 

All study characteristics and results are listed in Tables 1+2. Non-palpable breast cancer 
included ductal carcinoma in situ (DCIS), Invasive Ductal Carcinoma (IDC), Lobular 
carcinoma in situ (LCIS), Invasive Lobular Carcinoma (ILC), and other infiltrating types. 
The average age of patients was 60.4 years (range: 27-93 years old). 
 

I rradical i ty & second surgery: Though in all included studies the primary endpoint 
‘irradicality of resection margins’ was defined, there was no consensus on this definition, 
which ranged from tumour cells in the resection plane itself to tumour cells at a 
distance of 2mm to the resection plane. Taking the definitions of the articles into 
account, in 2732 patients 10.3% (range: 3-30.3) of the procedures was irradical and 
14.2% (range: 4-42) of 2415 patients in 12 studies underwent secondary surgery. The 
indications for secondary surgery differed between institutes and is higher than the 
percentage of irradical procedures because some centres perform additional surgery at 
margins <2mm. The irradicality is visualized by a Forest plot in Figure 2. The 3 studies 
only including patients after NAC had irradicality rates <15%, the non-NAC and NAC 
group are respectively only 8 and 3 studies and therefore not suitable to compare, 
further is the patient population different and would a statistical comparison be 
unrealistic. (Figure 3) 
Surgery t ime: Only 4 articles describe the RSL or total surgical procedure time 
varying from 5.4 to 50 minutes. This parameter is not further evaluated because of the 
low reporting rate and the high variety in these outcomes.  
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Excis ion volume: The volumes or weight of tissue excised is denoted in 5 studies 
(for this study, weight is converted in volume). The volume is estimated based on the 
weight to have all the measures in the same parameter. The average volume of 5 
studies (1077 patients) was 86cc (range: 0.2-311) excised tissue. Further evaluation 
about the effect of the specimen volume on the irradicality rate demonstrated no 
apparent correlation and is difficult in interpret because of varying patient populations 
and the fact that this parameter misses for most studies.    
Complicat ions: Of the 14 included articles, 8 studies described the complication rate. 
There were no complications in 2 articles and 5 articles described low complication 
rates ranging from 0.4% to 2% and 1 study reported a complication rate of 12.1%. This 
variation in complication rate is most likely caused by differences in the definition of 
complications between institutes. In general, the main complications were related to 
either the surgery (e.g. wound infections, hematoma and cellulites) or directly to the use 
of the 125I-seed (e.g. seed misplacement in 3 cases, vasovagal response to deployment of 
seed in 4 cases, failure to deploy in 3 cases, wrong incision in 1 case, seed migration in 1 
case, or seed loss in 1 case).  
Costs :  Both Cox et al., Rao et al., and McGhan et al. included a paragraph about the 
costs associated with RSL. McGhan et al. described the positioning for RSL favourably 
with costs of 60 US dollars instead of 170 for WGL. However, this was a large cohort 
study and therefore potentially more cost-efficient. When looking just at the material 
costs, RSL is roughly 15-40 US dollars compared to 20 US dollars for WGL. Rao et al. 
describe the costing of 17 US dollars for seed and 21 US RSL dollars for 
WGL.[32,37,47]  
Table 2 :  Results and outcome parameters 

Parameter Studies No of 
patients Average (SD, Range) 

Irradicality 16 2732 10.3% (3-30.3) 
Re-excision 14 2415 14.2% (4-42) 
RSL time 4 866 (5.4-50min) 
Volume (cc) 5 1077 86cc (0.2-311) 
Complications 8 2461 No complications to 12.1% 
125I-activity 15 3292 3-13MBq 
Age 12 2638 60.4years (27-93) 
NAC or non-NAC 14 2732 3xNAC, 8xnon-NAC, 3x 

combined. 
Study type 16 4055 7x retrospective, 9xprospective 
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Marker characteristics  

The different institutes used a variety of 125I-seed activities, ranging from 3 to 13 MBq. In 
the recent studies from 2013 a trend is evolving towards the use of seeds with lower 
activities. This might be the result of a chancing paradigm, from the early days when hot 
125I brachytherapy seeds were used, to a more standardized procedure in which low-
activity 125I-seeds dedicated for RSL are used. After contacting the institute where 13 
MBq 125I-seeds were used, they confirmed that 8 MBq seeds were used in their current 
clinical protocol.  
The brands of the used 125I-seeds within this meta-analysis were limited to:  

• Best 125 Iodine-seed, Best Medical International, Inc. Springfield, VA, USA, 
distributed by MPM Medical, Freehold, NJ, USA (used by Sung et al.)[44] 

• BrachySource I-125 seed, BARD Inc, Covington, USA (used by Gobardhan et 
al., Alderliesten et al., and Donker et al.)[39,41,42] 

• Iodine-125 seed, Cardinal Health, Woodland Hills, CA, USA (used by Gray et 
al., Hughes et al.)[31,34] 

• Iodine-125, Draximage, Montreal, Canada (used by Lovrics et al.)[38] 

• IsoSeed® 125, Bebig Isotopen-und Medizin Technik, Berlin, Germany (used by 
Riet et al.)[35] 

• The 125I-seeds of the different brands vary little with respect to design, dose-rate 
constant, anisotropy function, radial dose function, and anisotropy factor. 
Additionally, all types are approximately of the same size (+- 4 mm long axis, 
0.8mm short axis).  
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Surgical techniques 

All articles described roughly the same surgical procedures, consisting of; (1) 
transdermal localisation of the highest activity with a handheld 125I-gamma probe before 
incision, (2) the gamma probe guides the resection of the tumour, and (3) as 
verification method for the 125I-seed removal, the absence of 125I-detection with the 
gamma probe in the breast. Moreover, localisation of the 125I-seed in the specimen is 
confirmed by measuring radioactivity in the excised tissue. Some institutes perform 
additional specimen radiographs to precisely localize the 125I-seed in the specimen. 
Accordingly, the specimen is transported for pathological examination. The ex vivo 
specimen radiographs can be used to direct cavity re-excision but are mostly used as 
confirmation of 125I-seed removal.  
Multiple studies describe the RSL procedures in combination with sentinel lymph node 
biopsies (SLNB). The SLNB uses the radioisotope 99mTc. This radioisotope has an 
energy peak of 140 keV but due to the Compton effect there are photons with energy 
that overlapping the energy spectrum of 125I and therefore could potentially affect the 
procedure (figure 4). Because of this overlap in energy spectrum there is a risk that the 
gamma probe in the 125I setting receives counts from the 99mTc signal, resulting in a wide 

F igure 2 :  Forest plot of the irradicality rate 
per study. [30–45] The studies that included 
patients from other articles are listed as well, 
although not taken into account for the 
statistics of this specific parameter. [33,40] 

F igure 3 :  NAC, combined, and non-NAC 
groups separate. 
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local excision based on the 99mTc activity instead of an excision based on the activity of 
the radioactive Iodine seed. This can be avoided by cautious evaluated protocols for the 
combination procedure. All studies describe that choosing the energy windows 
specifically for the energy peak of the isotopes of interest makes sure that the signal is 
specific enough for detection of just the isotope of interest without measuring the other 
isotope.  
Five articles describe the preference of the surgeon. In 5 studies the RSL procedure was 
ranked as easy to learn and had the surgeon’s preference. [26,30,34,40,45] This is mainly 
because surgeons feel familiar with the RSL technique since it uses commonly used 
techniques (e.g. gamma probe) and therefore it is easy to learn.  

	
Discussion 
The purpose of the present meta-analysis was to evaluate all studies reporting breast 
cancer patients having intraoperative tumour localisation by RSL. An increase in the 
incidence of non-palpable breast cancer and a likely further increase in the future 
because of more advanced detection techniques demands for accurate intraoperative 
localisation techniques. The commonly used WGL has, as previously described, certain 
disadvantages that may be overcome by using RSL. Wire placement follows another 
route than the surgical removal and causes therefore difficulties in placement 
considering skin incision and locating the tip of the wire. RSL overcomes this problem 
by easier placement and detection. RSL also overcomes some of the disadvantages of 
ROLL by being a point source and being detectable on a mammogram.  
The first publications on RSL appeared more than 14 years ago and the in last 3 years 
the publication rate is rising, as is the total number of patients in studies. (Figure 5) 
These figures take only data into account of centres using RSL and publishing about it. 
To our knowledge there are more centres using this technique.  
Our study included 16 articles of which 12 articles had 100% unique patients. The 
studies were prospective and retrospective studies with patient populations ranging 
from 33 to 1223. 2732 patients were included for weighted average analysis of different 
parameters. The different approaches and experiences of the institutes were described 
and important parameters as the irradicality rates and re-excision rates were tabulated. 
Other outcome values as the procedure time, volume, weight, and tumour size were 
not recorded in all studies. An interesting secondary outcome was the 125I-seed activity, 
which varied between different institutes. Optimizing the 125I-seed activity may safe 
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significant radiation exposure for patients. Furthermore, the irradicality rate was different 
for institutes, possibly due to the definition of irradical, and therefore difficult to 
compare.  
 

	
Figure 4 :  This graph demonstrates the relation between 99mTc and 125I in black and red. The 
black curve is the 125I-signal, as is seen in the graph the 99mTc is prevalent in the window of 125I 
and thereby influences the count rates of 125I. 

The overall irradicality rate varied between 3 to 30.3% with a weighed average of 
10.3%. This reported irradicality rate falls within the normal range comparing it with 
other techniques, with irradicality rates varying from 10-50%. One study comparing 
ROLL with RSL by Donker et al. included 154 patients after neoadjuvant systemic 
therapy, and demonstrated no significant difference between these techniques 7 vs. 8%. 
[22,23,41] Six studies compared RSL with WGL. [30,33,34,37,38,43] Respectively the 
percentages of irradicality for the different studies comparing WGL vs. RSL were; Gray 
et al. 57 vs. 26, Gray et al 24 vs.10, Hughes et al. 46 vs. 27, Rao et al. 27 vs. 30, Lovrics 
et al. 12 vs. 11, and Murphy et al. 6 vs. 8. Though, these results are not entirely 
conclusive, 3 studies show a significantly better performance of the RSL technique, while 
in 3 other studies the technique showed a better performance, though these 
differences were not significant different. The overall percentage of irradicality that we 
found in this study for 2732 patients seems to be within the low range of irradicality 
rates of WGL. Of the aforementioned comparison studies, only Murphy et al. had a 
better irradicality rate of 5.5% compared to our average of 10.3%, their RSL irradicality 
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rate was also better than average with 7.7%. The most recent status report from the 
annual meeting of the American society of breast surgeons reported that in the first 
studies lower rates of positive margins, re-excision, and reduced operative time for 
radioguided surgery were observed when applying RSL. Later studies with more 
patients demonstrated a smaller impact on the rate of positive margins although no 
study showed a higher rate of positive margins while using radioguided surgery. [48] 
Limitations of the results are the missing data for some of the parameters. This may 
lead to publication bias of certain outcome parameters.  
There is no study mentioning the radiation exposure, in terms of effective patient dose, 
to patients induced by this technique, especially when the 125I-seed is implanted prior to 
neoadjuvant therapy. 
Considering costs and surgeons preference, RSL is the technique of choice at our 
institute. Since handling and disposal of the radioactive seeds comes with an extensive 
legislative process, it is an investment to start the use 125I-seeds in a save manner within 
the clinical setting. However, once the logistics for safe use of this technique are 
organized, the advantages of the other aspects of the procedure outweigh this effort. 
As mentioned before, surgical planning of patients is more flexible and most important, 
the patient discomfort decreases when using this technique. With the current available 
techniques we believe that 125I RSL will establish a more prominent position in the 
management of surgery for non-palpable breast cancer. Other applications will also gain 
more interest: e.g. 125I-seeds can be implanted in the axillary lymph node containing 
metastasis to assess the pathological nodal response after neoadjuvant systemic 
treatment. Thereby axilla-conserving surgery in patients with good response can 
possibly be accomplished. [49,50] And recently the first publications for its use in local 
radiation therapy for long lesion / liver metastasis / Lymph nodes in head and neck area 
are published. [51-53] 
The use of radioisotopes enables the possibility to improve radioguided surgery; in 
recent years navigation techniques to guide the surgeon to the lesion have been 
introduced. Freehand-SPECT for 125I-seeds or portable gamma cameras are examples 
and are more increasingly used in clinical practice. [54,55] 
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Figure 5 :  Publication rate per year. There are 2 articles in 2013 that are also part of another 
paper published in 2013. 

	
Conclusion 
The findings of the present study indicate that RSL is a reliable surgical technique for 
patients with non-palpable breast lesions. The clinical adaptation in the past decade 
shows a growing confidence of this technique and further growth is expected.  
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Cl inical value and routine cl in ical relevance 

General background 

In current nuclear medicine practice, imaging is routinely performed with either 
conventional gamma cameras, nowadays commonly equipped with CT scanners, or 
with PET/CT scanners. In addition to these large devices, several intraoperative small 
field of view (SFOV) portable gamma cameras (PGC) have become available over the 
past years for intraoperative imaging. With these devices, high-resolution images of 
small surface areas can be obtained and local radioactivity distribution patterns can be 
assessed with a relative short image acquisition time. A PGC aids the surgeon to localise 
radioactive targets during surgery and it can also be used to guide certain interventions, 
such as sentinel node (SN) mapping and biopsy.  
Radioguided surgery has traditionally been performed with a gamma probe to assist the 
surgeon to easily identify a specific target. These commercial systems are compact, easy 
to use and have a high sensitivity. Nonetheless, probes are collimated to a narrow FOV 
and only give acoustic feedback on the count-rate without offering spatial information. 
Indeed, PGC are known for their better spatial resolution (i.e. resolving power or ability 
to distinguish two hot-spots) compared to a gamma probe and provide a real-time 
overview of the radioactivity distribution in the imaged area. An additional benefit of 
surgery with a PGC is the ability to record all the consecutive steps in a procedure.  

 

F igure 1 :  This is an example of a portable gamma camera; this portable gamma camera has a 
support system for the camera head for stable image acquisitions. 
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Technical features and pract ical considerat ions  

Soluri and Pani patented the first PGC in 1997, called an imaging probe. [1] This camera 
had a field of view of 2.54cm2. Today there are several different PGC systems 
commercially available, such as Sentinella 102 (Oncovision, Valencia, Spain), the 
CrystalCam (Crystal Photonics GbmH, Berlin, Germany), and soon the NebulEYE 
(Gamma Technologies Ltd, Leicester, United Kingdom). [2-4] In addition, many other 
PGC systems have been developed in the past, which were mainly used in clinical 
research settings. [5-7]  
Based on the clinical experiences with these systems there are a number of practical 
considerations that have to be taken into account when developing a PGC system; I. it 
should have a sensitivity high enough to detect faint accumulation in lymph nodes, II. 
have the spatial resolution to distinguish between two targets, III. be adequately 
collimated and shielded to reduce the effects of radiation coming from the side or back, 
and IV. the whole system should be movable and suitable for sterile use. Since 1997 
variations in camera design, technology, and functionality have been proposed. Initially, 
handheld gamma cameras of 1kg or 2kg emerged [8], followed by the generation of 
lighter PGC with improved ergometrical details and adequate support system for 
intraoperative use [3,9]. In addition to these practical specifications, the main difference 
between systems is the collimator design, which is either a pinhole or parallel hole 
configuration. The pinhole collimator enables a variable field of view, which depends on 
the collimator to source distance, while the parallel collimator has a fixed field of view.  

	
Figure 2 :  This illustration shows a schematic overview of a parallel and a pinhole collimator. 
The parallel collimator at the left side has a fixed field of view and the pinhole collimator field of 
view increases with a greater distance because of the diverging FOV. 

In the Netherlands Cancer Institute, we started using PGC for radioguided surgery in 
2002 with subsequent increase use for various indications [9,10]. The first PCGs were 
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an eZ-Scope (2002, Yokohama City University, Kanagawa, Japan) and a Minicam (2003, 
Eurorad SA, Eckbolsheim, France reported by Otake et al and Valdés Olmos et al.) 
These two models were heavy hand-held PCG devices. In 2005 a PCG, Sentinella 102, 
with improved ergonomic design and adequate support system for intraoperative use 
was introduced. This PGC was based on a Cesium Iodine (Sodium) (CsI(Na)) 
continuous scintillating crystal equipped with a 4mm pinhole collimator (a 2mm pinhole 
collimator is also available). The field of view of the pinhole camera is 4cm2 when 
placed at 3cm from the imaging plane and increases to 20cm2 when placed at a distance 
of 15cm. The intrinsic spatial resolution is 1.8mm, while the extrinsic spatial resolution 
values was 7mm and 21mm at distances of 3cm and 15cm, respectively. Detection 
sensitivity for the 4mm pinhole collimator depends on the distance to the imaging 
plane, being 319cps/MBq and 18cps/MBq for distances of 3cm and 15cm, respectively. 
These and other technical details of this portable gamma camera are described in more 
detail by Sánchez et al. [2,11]  
Most PGC are suitable for detecting radionuclides with energies ranging from 
approximately 30keV-250keV. Their main application is the detection of 99mTechnetium- 
(99mTc) labelled tracers, such as 99mTc-nanocolloid, with a peak radiation energy of 
140.5keV. Although other tracers such as 111Indium, 57Cobalt, 153Gadolinium, 123Iodine, 
and 125Iodine-in the form of small implantable seeds can be easily detected, their 
application is less common.  

Clinical indications 

The most frequent application of PGC in our institute is intraoperative imaging to aid 
SN mapping and the SN biopsy in head and neck cancer, melanoma, prostate cancer, 
penile cancer, vulvar cancer, kidney cancer, and testicular cancer. In addition, it is also 
used in our hospital to monitor systemic toxicity during isolated limb chemoperfusion. 
The field of image-guided surgery is rapidly changing, so at the time of writing this 
manuscript the use of a PGC was valid for the indications mentioned above, however 
some of these indications may already have been replaced by new techniques in 
specialised centres. In the following paragraph, the results of intraoperative gamma 
imaging with a PGC are presented reflecting its current value in oncological practice. 
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Figure 3 :  Historical evolution of the use of portable gamma cameras at the Netherlands 
Cancer Institute: (a) Hand-held eZ-Scope camera with a weight of approximately 1 kg (2002) 
(b) Minicam with a weight of about 2 kg (2003) (c) Sentinella, the first PCG with supportive 
system (2005) (d) eZ-Scope used for a sentinel node procedure of the groin (2003) (e) 
Sentinella camera used for a laparoscopic sentinel node procedure (2006) (Courtesy of Dr. 
Renato A. Valdés Olmos) 

Intraoperative imaging protocol 

While the broad aspects of the SN procedures are similar for most indications, the 
details may vary per indication and institution. There are two different approaches to 
radioguided surgery with PGC; I. pre-surgery lymphoscintigraphy is used to place surface 
marks after which the PGC is used to pinpoint the exact location in the surgical field 
and record the entire procedure, or II. the entire procedure is performed with the 
PGC, thus conventional imaging is replaced by PGC-imaging before and during surgery. 
Though not performed in all institutes, pre-surgery lymphoscintigraphy with 
conventional cameras has a clear benefit especially in the assessment of more elaborate 
drainage patterns, such as in melanoma and head and neck cancer. [14] Subsequently, 
the intraoperative detection is performed by positioning the PGC close to the 
predefined area of interest. For the majority of image acquisitions, a 60 second 
acquisition time is sufficient for an adequate image. This is especially the case in SN 
procedures where the target to background ratio is relatively high. The system that is 
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used in our hospital, the Sentinella 102, enables us to project the centre of the PGC 
screen (i.e. central FOV) on the skin or in the surgical cavity with two intersecting laser 
lines. This feature allows for quick identification of the hotspots within the surgical field. 
At this moment, a new feature is being developed that superimposes the count data 
onto a real-time optical image of the surgical field, thus providing direct and intuitive 
translation of the imaging data into the surgical field. For SN procedures it is useful to 
perform additional image acquisitions after removal of each node to validate correct 
excision. The final post-excision image can serve as documentation to ensure correct 
excision of all SN.  
 
Table 1: An overview of all PGC use in the Netherlands Cancer institute for 
intraoperative purposes. All of these studies are performed with the Sentinella 102.  
Author Year Indicat ion(s) Pat ients Study a im 
Vermeeren et al.  2009 Urological SN 

procedures  
20 PGC for urological SN 

procedures 
Vermeeren et al. 2010 Urological SN 

procedures 
18 SPECT/CT and PGC for 

urological SN surgery 
Vermeeren et al. 2010 Head and neck 

cancer SN 
25 PGC for head and neck SN 

surgery 
Vermeeren et al. 2010 Prostate cancer SN 50 Optimising the particle 

concentration 
Vermeeren et al. 2010 Prostate cancer SN 10 SN drainage patterns in 

recurrent cancer 
Bex et al.  2010 Renal cell cancer SN 8 Feasibility of SN procedure 
Vidal-Sicart et al.  2010 Pre-operative breast 

cancer SN  
52 Reproducibility lympho- 

scintigraphy with a PGC 
Brouwer et al. 2011 Testicular cancer SN  10 SPECT/CT and PGC for 

testicular SN surgery 
Vermeeren et al. 2011 Prostate cancer SN 55 PGC for prostate SN surgery 
Brouwer et al.  2012 Melanoma SN 11 Evaluation of a hybrid tracer  
Van den Berg et 
al.  

2012 Oral cavity cancer SN  14 Evaluation of a hybrid tracer 

Brouwer et al.  2012 Melanoma and penile 
cancer SN 

25 Evaluation of a hybrid tracer 

Vidal-Sicart et al. 2013 Melanoma SN 1 PGC for head and neck SN 
surgery 

Frontado et al.  2013 Melanoma, Penile, 
and oral cavity SN 

20 Evaluation of a hybrid tracer 

Mathéron et al. 2013 Vulvar cancer SN 15 Evaluation of a hybrid tracer 
Brouwer et al. 2014 Penile cancer SN 65 Hybrid tracer as a 

replacement for blue dye 
Borbón-Arce et 
al.  

2014 Head and neck 
cancer SN 

25 Evaluation of PGC and hybrid 
tracer 

Van den Berg et 
al.  

2014 Melanoma SN 104 Evaluation of a hybrid tracer 

Hellingman et al.  2015 Head and neck 
melanoma SN 

3 PGC for near injection site 
SN. 

PGC: Portable gamma camera, SN: Sentinel node 



	

	 49 

Overal l  results of intraoperat ive gamma imaging 
In this section, we provide per indication a brief introduction including a short 
description of the procedure followed by a summary of our experience together with 
the accompanying reports from other centres. It has to be noted that several different 
approaches are valid, and that in many instances superiority of one approach over 
another has not been established. All studies with patients from the Netherlands 
Cancer Institute are tabulated to obtain a complete overview.  

SN breast cancer 

Currently, breast cancer is the most frequent cancer in women with nearly 1.7 million 
newly diagnosed cases in 2012. As in other tumours, adequate staging is required for 
therapy planning, and the SN procedure is regarded as standard in this respect in early-
stage breast cancer. SN are defined as the first lymph nodes to receive detached 
tumour cells by direct lymph drainage with the potential to grow into a metastasis. In 
breast cancer for intratumoural tracer administrations, these nodes are located in the 
axilla (~86% of the cases) and/or the parasternal region (~14% of the cases). [12] 
Morton et al. described the first use of SN biopsies in melanoma as a less invasive 
technique compared to an axillary clearance and has been used now for two decades in 
early stage breast cancer. In an experienced multidisciplinary team, intraoperative SN 
identification rates of over 95% have been reported regularly. [13,14] 
In 2014, around 350 SN procedures were performed in our centre out of 600 patients 
treated for breast cancer. Most of these procedures were performed using 99mTc-
albumin nanocolloid only, and in certain cases, in conjunction with the traditional blue 
dye injection. The use of blue dye depends on the surgeon’s preference and on the 
expected detectability of SN with the gamma probe based on lymphoscintigraphy. In 
2010, a multicentre study with 52 breast cancer patients scheduled for a SN biopsy was 
performed. This study compared the visibility of nodes with a PGC (Sentinella 102) and 
a conventional gamma camera. The PGC images with a 20x20 cm field of view were 
acquired directly after the 2-hour post-injection static images on the large field of view 
camera. When lead shielding of the injection site was applied (in only 43 patients), 88% 
of the patients had visualisation of SN using the PGC compared to 95% with the 
conventional large field of view gamma camera, suggesting that the detection rate with 
the conventional camera is slightly better. [15] So far no additional intraoperative 
studies using a PGC for breast cancer SN procedures have been performed in our 
centre, because surgeons feel confident and achieve high success rates in locating SN 
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with a conventional gamma probe when good preoperative lymphoscintigraphic images 
are available. 
Other centres have reported more extensive data on the use of PGC for SN mapping 
and biopsy in breast cancer. For example, Mathelin et al. described a PGC, the 
CarollReS (Hitachi Chemical Co. Ltd., Japan), for SN detection and depth estimation of 
these nodes in breast cancer SN procedures. In the 11 patients included, the PGC 
visualised slightly more SN than conventional lymphoscintigraphy (respectively, 16SN 
and 14SN), with the benefit that it could also estimate the depth of the SN based on 
the Full Width Half Max of the signal with a strong correlation to the measured depth 
by the surgeon. [16] PGC are also used for primary breast tumour localisation in 
radioguided occult lesion localisation (ROLL), where 99mTc-microaggregated albumin is 
injected central in the tumour, while using the Sentinella 102 or the TReCam (Bobigny 
University, Bondi, France). [5,17]  

SN Cutaneous Melanoma 

SN melanoma is, together with breast cancer, the most prevalent indication for SN 
procedure, as a negative SN biopsy is the most important prognostic factor for disease-
free survival in stage I-II melanoma. [18] The SN procedure is generally advised in 
clinically localised invasive melanoma (T1b-T4b, N0 and M0). [19]  
This is also the case in our centre where SN procedures for melanoma are common 
practice for tumour staging and optimal selection of patients before complete regional 
node dissection. In all cases the distribution pattern of the SN is of course related to the 
site of the primary tumour, and can become quite complex with visualisation of multiple 
SN and higher echelon nodes in several basins. In our experience, which is also 
underlined by other institutes, SPECT/CT imaging prior to SN biopsy is vital in difficult 
drainage patterns, like in the case of melanoma and head and neck cancers. [20] 
In three studies performed in our institute, including a case study, the use of a PGC for 
SN melanoma procedures was reported. In a first study, in 3 out of 16 patients (10 
melanoma head and neck area, 6 melanoma trunk) additional SN were localised with 
the PGC compared to the preoperative SPECT/CT scan. [21] In a second cohort of 
104 patients with melanoma in the head and neck, on the trunk or extremities, the 
PGC was implemented as standard care in addition to preoperative lymphoscintigraphy 

and SPECT/CT.  
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The primary aim of this study was evaluation of multimodal surgical guidance using the 
hybrid tracer and fluorescent imaging. The clinical results of the PGC as a stand-alone 
device were not discussed, as it was not the research question of this study. [22]  

SN Head and neck cancer 

SN mapping for head and neck cancer in case of melanoma and Merkel cell cancer is 
widely used since the introduction of SN biopsies. For oral and oropharyngeal cavity 
cancers, predominantly squamous cell carcinoma accounting for more than 274,000 
new cases annually, SN biopsies are also increasingly used as a diagnostic or staging tool. 
[19,23-25] SN biopsies are indicated for clinical and radiological node negative (N0) 
patients with localised disease and its indication further depends on the Breslow 
thickness for melanoma. Nowadays mainly T1-2 tumours are included, since patients 
with these tumour stages are at high risk for lymph node metastases. [18,26] 
Though, the SN procedure is technically feasible in head and neck cancers with a 
gamma probe, it has encountered several technical challenges in terms of unpredictable 
drainage patterns, near injection site SN, and a highly complex and fragile anatomy 
within this region. [27] These challenges led to the implementation of a PGC to aid 
these procedures in our centre.  
Our first study using a PGC in SN procedures for head and neck cancer was published 
in 2010 by Vermeeren et al. [28] In this study, the Sentinella was used in 25 patients 
with either a melanoma or oral cavity carcinoma during surgery. All SN identified by 
means of planar lymphoscintigraphy or SPECT/CT were also localised with the PGC. 
After excision of the SN the PGC was used to determine the distribution of the 
remaining radioactivity. In six patients the SN was identified more efficiently in terms of 
localisation at complex sites by the PGC and in nine patients additional SN were 
detected by the PGC, of which one SN was tumour positive at pathological 
examination.  
In another study by Borbón-Arce et al., 25 patients were evaluated by a multimodality 
approach in which planar, SPECT/CT and PCG imaging were used. A total of 67 SN 
were visualised on preoperative imaging. Intraoperatively, all of these 67 SN were 
removed together with 22 additional nodes; 12 were located in the vicinity of the 
injection site during the excision and 10 SN were located by post-excision PGC 
imaging. [29] In a case series, it was reported that these so-called near-injection-site SN 
could be detected using close up imaging with a PGC, though not located with 
conventional planar and SPECT/CT imaging. [27] A similar conclusion was also 
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described in a case report where a patient with a melanoma located on the cutaneous 
preauricular area with preoperative non-visualisation on both planar imaging and 
SPECT/CT where the PGC did visualise a SN in close proximity to the injection site. 
[30]. The additionally localised SN can be of additional clinical value when they are the 
only positive nodes for the resected SN.  
Nevertheless, we are not the only institute using this method for these procedures. In 
2005 Tanaka et al. published a case report with the first image of a laryngeal cancer and 
Tsuchimochi et al. published in 2008 a series of eight patients for head and neck SN 
procedures, both using a different PGC than the PGC used in our centre. [31,32] In all 
of the nine patients all indicated SN by the conventional gamma camera were detected 
with the PGC.  

F igure 4 :  Head and neck SN procedure. A 54-year-old patient with a melanoma in the neck in 
the right side. (a) 3D volume rendering of the SPECT/CT scan. The injection site is clearly 
visible and a SN at level Ia and a contralateral SN in level IV left. (b) Intraoperative imaging with 
a PGC, the PGC is aimed at the SN in level Ia. (c) Pre- and post-excision images with the PGC. 
The black-out zone used in image c1 and c2 is to shield the remaining radiation from the 
location of the injection site. 
 

SN Penile cancer 

The management of the regional lymph nodes is dependent on tumour-stage in penile 
cancer, so SN mapping and biopsy is generally performed in patients with clinically 
normal inguinal nodes (cN0). [33] The SN prone to metastasis are generally located at 
the superficial and deep inguinal node basins. In this tumour type, evaluation of both 
sites of the groin is performed as non-visualisation of the SN at one or both sites can 
result at our institute in either uni- or bilateral complete lymph node dissection (if 
localisation with blue dye is unsuccessful as well). Only 20-25% of the men with clinically 
normal nodes have regional metastasis, and therefore, a complete lymph node 
dissection may be overtreatment in the majority with considerable morbidity. [34] 
Accordingly, this can be avoided by an adequate SN mapping and biopsy procedure. 
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A SN with the PGC or gamma probe for early stage penile cancer is currently standard 
practice in our centre. In two studies described by Brouwer et al., in 2012 (9 patients) 
and 2014 (65 patients), a PGC was used for SN identification in penile cancer. In the 
first study 10 additional SN were located in 9 patients using a PGC compared to 
conventional detection methods including SPECT/CT. [21] In a second study two years 
later the PGC was used to acquire pre- and post-excision images. In 22 of the 65 
patients additional nodes were depicted using the PGC compared to conventional 
techniques and, after the surgical area was explored once again, an additional 37 nodes 
were identified. [35] Consequently, a PGC is nowadays routinely used in clinical practice 
for all penile cancer SN procedures at our institute.  

SN Vulvar cancer 

As in penile cancer, a thorough evaluation of lymph nodes in the groins for optimal 
staging in vulvar cancer and can be considered an alternative for a complete 
inguinofemoral lymphadenectomy in locally advanced disease. Already in 1994, 
Levenback et al. introduced the SN procedure for vulvar cancer. [36] At present, the 
SN procedure for this indication is still used and has been reviewed as an accurate 
method for staging clinically and radiological node negative early stage vulvar cancer. 
[37] A systematic review by Selman et al. compared various approaches for detecting 
lymph node metastasis in women with vulvar cancer and concluded that the radiotracer 
procedure has a sensitivity of around 95%. [38] Therefore we incorporated this SN 
procedure, in our clinic and we have performed almost 100 patients SN procedures 
since 2012 for this indication.  
In 2013, Mathéron et al. published a study on 15 patients with vulvar cancer referred 
for SN detection using a PGC. PGC guided the excision location and it was used for 
post-excision validation of complete excision. [39] In contrast with penile cancer and 
based on experiences of the surgeon, the PGC was not used routinely after this study 
for all vulvar cancer SN procedures, but only in specific cases such as poor visualisation 
or unclear drainage during the SN procedure. In other cases, standard probes are used 
with great success. 

SN Prostate cancer 

Although validated, but not widely used, the SN procedure for prostate cancer can be 
an accurate method for staging patients with a Gleason score of up to 8. [40] The main 
reason for the limited routine use of SN biopsy in prostate cancer is probably related to 
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the large variability in lymphatic drainage patterns. Also, there seems to be variation in 
the definitions of pelvic drainage basins in which metastatic SN can be found between 
institutions. In our institute, assessment of the drainage pattern of an individual patient 
on pre-operative imaging is an important aspect since drainage can sometimes visualise 
para-aortic SN nodes. [41] The surgical approach varies in terms of open and closed 
surgery by means of laparoscopy. Currently, we perform the SN procedure for prostate 
cancer on a regular base by means of laparoscopic surgery.  
In different studies from our institute published in 2009, 2010 and 2011, the use of a 
PCG was described in this laparoscopic setting in 16, 8, 50, and 10 patients, 
respectively. Imaging with the PGC was performed trans-abdominal in which the 
position of the laparoscopic gamma probe on the screen was determined by fixing an 
125Iodine seed at the tip of the probe. The radioactive seed is imaged simultaneously 
with 99mTc and clearly visible on the screen of the PGC. 99mTc is visualised as a static 
image and the location of the 125Iodine is repeatedly updated and visualised by a moving 
circle as an indicator of its location on the screen. The distance between the gamma 
probe tip and the 99mTc hotspot can be determined in 2D (to our knowledge this 
feature is only present at the Sentinella 102). The aim of the different studies was 
respectively to; determine the feasibility of radio guidance during surgery, examine the 
para-aortic drainage patterns, optimise the colloid particle concentration, and to 
compare treated with untreated prostate cancer patients with regards to the drainage 
pattern and locations. [11,42-44]  

F igure 5 :  Prostate SN procedure. (a) Laparoscopic gamma probe in a laparoscopic setting. (b) 
PGC overview image with the injection site at the bottom of the screen and 3 SN. The gamma 
probe tip position is indicated with the green dotted circle projected on top of the paraaortic 
SN. 
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In a large study including 55 patients the additional value of a PGC for intraoperative 
SN visualisation was analysed. In this study, the PGC initially visualised 16% less SN 
compared to SPECT/CT, but during surgery, 17 additional SN were visualised with the 
PGC after excision monitoring of the first SN. Two of the additionally excised SN were 
tumour positive lymph nodes; nonetheless, these two patients had already positive 
nodes in the conventionally removed SN. [45] The main reason for non-visualisation 
with the PGC in the laparoscopic setting was the relatively low activity in the SN 
together with the relatively large imaging distance. [43] 
In 2012, a larger series of 121 patients underlined the relevance of SN locations outside 
the extended dissection area in patients who opt for external beam radiotherapy. In this 
study, the PGC was used for all patients although the description of the effectiveness of 
a PGC was limited, but it nicely demonstrates the level of clinical adaptation and the 
frequency of use for this method. [46] Of the entire population, 31% had SN outside 
the standard extended dissection area, however solitary metastatic nodes within this 
area were rare. Still, when opting for salvage therapy, laparoscopic SN procedures are 
feasible.  

SN Renal cell cancer 

SN procedures for renal cell cancer are controversial and the survival benefit for these 
patients is still unclear. In addition, its application in this tumour type is also known to 
harbour a highly unpredictable lymphatic drainage pattern. [47,48] Nevertheless, we do 
occasionally perform this procedure in T1-2 N0 patients for study purposes.  
In total 14 patients with renal cell cancer were operated on using a PGC for SN 
detection in renal cell cancer. One patient underwent laparoscopic surgery, thus the 
setup was similar in one patient to the previously described method where an 125Iodine 
seed was fixed on the laparoscopic gamma probe for probe navigation. The other cases 
were performed during open surgery. As the primary aim of the study was to visualise 
drainage patterns and it was found that the SN location was mainly in the para- and 
interaortocaval region. Furthermore, the feasibility of performing SN procedures for this 
type of procedures was demonstrated, but additional studies for this indication have not 
been performed as yet. [11,42,47] 

SN Testicular cancer 

Like renal cell cancer SN procedures, testicular cancer SN procedures remain a matter 
of discussion. However, it is unquestionable that diagnostic techniques are needed to 
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assess N-stage at an early stage preventing unnecessary treatment in those without 
dissemination. Therefore, the SN procedure was introduced for stage I patients with 
testicular cancer in our hospital. [10,49] Because of its low incidence, in only nine 
patients undergoing surgery for testicular cancer a PGC for post-excision validation was 
used. In 20% of these patients additional nodes were localised by using this PGC. These 
results were described in three studies including respectively 2 patients, 4 patients, 
whereas Brouwer et al. described ultimately 9 patients in 2011 including the patients of 
the previous studies. [10,11,42] Testicular SN procedures as well as renal cell cancer SN 
procedures are relatively rare in our hospital, and therefore, a PGC can be especially 
helpful to ensure complete excisions and support the surgeon in making decisions.  

Isolated limb Perfusion scans 

Local treatment with high-dose chemotherapy, often tumour necrosis factor (TNF-
alpha) combined with interferongamma and melphalan, of malignant melanoma or 
sarcoma of the limb using extremity perfusion is an elegant and effective treatment. At 
our institute roughly 30 isolated limb perfusion treatments are performed as a standard 
clinical procedure in which the PGC is used to monitor the procedure. In 2009, Orero 
et al. published a complete description of the procedure with a PGC and its clinical use 
for this indication. [50] In short, the major arteries and veins of the limb are clamped 
and connected to an oxygenated extracorporeal perfusion circuit, the smaller superficial 
vessels are clamped with a tight tourniquet. High doses of chemotherapeutical are 
circulated within the limb, so any leakage from this isolated blood territory can result in 
a high degree of systemic toxicity. [51] In this setup, a radioactive tracer, often 
radiolabelled serum albumin or erythrocytes, is circulated in the isolated extremity and 
the systemic circulating radioactivity concentration is monitored with a PGC positioned 
above the heart. The PGC is equipped with a specially designed flat field collimator to 
maximise the incoming counts, while limiting the effects of scatter from the limb. In case 
of a slowly increasing radioactivity concentration in the systemic blood pool an 
additional vessel restriction can be applied or, when the increase is too fast, the 
procedure should be stopped in order to avoid any systemic toxicity. [50] 
 

Results compared to other techniques 
Other competitive or complementary techniques do exist and facilitate the same or a 
similar purpose. For example, freehand-SPECT (declipseSPECT, SurgicEye GbmH, 
Munich, Germany) is another type of intraoperative imaging that provides additional 
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depth indication by a 3D reconstruction of the radioactive target lesions. Currently, 
different studies are performed to determine the optimal intraoperative imaging 
method with one of the two or with both techniques. [52,53]  
A different, non-radioactive, approach is fluorescence guided imaging. Which has a very 
high resolution for close up imaging using fluorescent cameras, but this method lacks 
the possibility of preoperative imaging. To overcome this problem a hybrid fluorescent-
radioactive tracer (indocyanine green 99mTc-nanocolloid) has been introduced in our 
institute. This hybrid tracer is both fluorescent and radioactive and therefore allows 
preoperative SN imaging, real-time radio guidance, and close up high-resolution 
fluorescent guidance. [54] In two studies at our institute this hybrid tracer was used in 
head-neck surgery together with a PGC to provide excision conformance through pre- 
and post-excision images. The hybrid tracer demonstrated similar drainage patters as 
the standard radioactive tracer (99mTc-nanocolloid), but also demonstrated its additional 
value for detecting SN situated close to injection site. [55-57] Other groups have also 
successfully implemented this approach for head and neck malignancies.  
Another important clinical application of PGC, which is not mentioned in this chapter, is 
its use for thyroid and parathyroid surgery; these procedures are not performed in our 
institute, but other institutes have shown excellent results. [58,59] 
 

Discussion and future appl icat ions 
Following from our previous publications the integration of PGC for complex 
radioguided procedures is strongly encouraged for adequate surgery. It provides pre-, 
peri-, and postoperative guidance by small field of view images of the targets. A concept 
was presented to aid successful introduction of novel techniques used for radioguided 
surgery. In 2011, the concept of Guided intraOperative Scintigraphic Tumour Targeting 
(GOSTT) was delineated by experts in this field to provide a roadmap that would 
optimise surgery by radio guidance. It was advised to aim for close collaborations 
between institutes by forming mixed networks consisting out of Universities, clinical, and 
commercial partners. In our experience this has been a valuable aspect in the 
introduction of radioguided surgery in daily clinical work. [54,60,61] 
In addition to our own experience, there is an increasing number of other expertise 
centres using or implementing PGC for various indications. It has to be stressed that all 
our recent clinical results are based on just one system, the Sentinella 102. We only 
have limited clinical experiences with comparable systems described in technical and 
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clinical analyses by other centres and other systems might demonstrate different clinical 
results due to differences in specifications. [2,4] It is important for new users is to 
evaluate the needs in terms of field of view, sensitivity, image resolution, and financial 
plan before deciding which system would be most appropriate. We would strongly 
encourage a site-visit to a centre already using PGC in clinical practice to view 
performance in daily practice before making the final decision. 
An optional feature is now available as upgrade to the Sentinella 102 enabling another 
hybrid approach. Optical imaging is added to the scintigraphic image for anatomical 
orientation. [62] In addition, a novel camera characterised by Bugby et al. uses the same 
hybrid approach with an integrated optical module for optical and scintigraphic imaging. 
[4,63,64] The hybrid approach may be beneficial for image interpretation and 
anatomical localisation of certain targets, but this is not as yet established yet.  

F igure 6 :  (a) Conventional lymphoscintigraphy, an injection site with a cluster of SN cranial in 
this image located in the axilla. (b) Scintigraphic image acquired with a PGC. (c) Example of a 
hybrid image. In this image the scintigraphic image and the optical image are displayed in a single 
view. 
 
For future applications we explore the possibilitity of replacing preoperative imaging 
entirely at the department of nuclear medicine by PGC imaging. Certain standardised 
indications, like SN procedures for primary breast cancer, could be managed using only 
small field of view imaging by PGC. For now, this is still in the research phase at our 
institute but theoretically this could drastically enhance imaging logistics before surgery. 
Eventually, the complete SN procedure might even (partially) be replaced by a 
radioguided intervention at in an outpatient setting. Imaging modalities, when 
adequately combined and developed, could accurately provide needle biopsy navigation 
towards specific targets, and thereby, circumvent surgery in specific cases. [65] 
Although there are numerous publications and many encouraging developments, PGC 
use is not standard clinical practice in many centres. The lack of multicentre studies with 
large patients cohorts that prove the additional value of intra-operative PGC imaging 
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could be the reason for the current adaptation rate. There is still a need for evidence-
based studies before the majority of hospitals would consider such an investment.  
A large systemic review by Ahmed et al. published in Lancet oncology not only 
describes novel techniques for breast cancer SN procedures, but also points out a 
important obstacle for radioguided surgery; it has to be realised that currently only 60% 
of the eligible people have access to radioisotopes because of the complex logistics and 
legislation required for handling radioactive substances for medical use. [66] Therefore, 
novel SN localisation methods without radioactivity have been reported. SN biopsies 
based on microbubbles localised with ultrasonography [67], super paramagnetic iron 
oxide localised using a handheld magnetometer [68], and near-infrared fluorescence 
imaging using indocyanine green and a fluorescence camera [69] have been presented 
and demonstrated promising results for non-radioactive intraoperative SN localisation. 
[66] Disadvantages of these techniques are the lack of preoperative imaging for SN 
mapping; lymphoscintigraphy is able to discriminate between first echelon and second 
echelon nodes. MR imaging while using iron particles might solve this imaging problem 
but for now this would have great influence on the workload of the already frequently 
used MR systems. Intraoperative small field of view imaging methods for these tracers 
similar to PGC imaging would be a great supplement for these techniques however this 
is currently unavailable.  
 

In our centre, we observe a shift from non-specific tracers towards more specific 
tracers. An example is radiolabelled prostate specific membrane antigen. In this way 
imaging and radioguided surgery are enabled towards specific target lesions. We expect 
that PGC could play an important role in this development by means of close up high-
resolution imaging of specific lesions during surgery or interventions and preliminary 
studies are initiated to evaluate this concept.  
  

Conclusion 
PGC are known for their better spatial resolution (i.e. resolving power or ability to 
distinguish two hot-spots) compared to a gamma probe and provide a real-time 
overview of the radioactivity distribution in the imaged area. An additional benefit of 
surgery with a PGC is the ability to record all the different steps in a procedure. The 
contribution of PGC for clinical procedures is common use in our institute. For certain 
surgical procedures the addition of a PGC led to improved SN detection and especially 
aided SN localisation in complex areas such as in head and neck surgery and near 
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injection site SN locations. It is expected that PGC use will increase in the future and 
hybrid and more targeted solutions will improve radioguided surgery even further.  
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Abstract 

Purpose 

In the present study we describe patients with non-palpable breast lesions, in which an 
125Iodine (125I)-marker (or “seed”) for excision of the primary tumour and 
99mTechnetium-nanocolloid (99mTc-nanocolloid) for sentinel node biopsy (SNB) are used 
simultaneously. The purpose was to investigate any interference between 125I-seeds and 
99mTc-nanocolloid by an in vitro and in vivo analysis.  

Methods 

Contrast/interference-ratios between 125I and 99mTc count-rates were determined in vitro 

using a realistic simulation model. Measurements were performed with 3 gamma-
probes with different crystal materials. In 25 consecutive patients 99mTc-nanocolloid was 
intratumourally administered at the site of an 125I-seed previously implanted. 
Respectively the 125I-setting and 99mTc-setting of the gamma-probe guided the wide local 
excision and SNB and maximum counts-per-second (cps) were measured.  

Results 

In vitro the different probes varied in 125I- and 99mTc-sensitivity. The contrast-ratio 
between 125I and 99mTc in the 125I-channel was 4.6 for a 3-month-old 125I-seed using the 
most appropriate gamma-probe. In vivo the gamma-probe in the 125I-setting measured a 
median of 16300 cps at the tumour site compared to 4820 cps using the 99mTc-setting. 
The 125I-seed could be well distinguished from the 99mTc-nanocolloid in 92% of the 
patients and 96% required a single operation. The SNB was successful in all patients.  

Conclusions 

Simultaneous use of 125I-seeds and 99mTc-nanocolloid is possible under well-standardised 
conditions. Non-palpable breast lesions can be safely excised using the 125I-seed in 
combination with a SN procedure. Use of 125I-seeds is a next step within fine-tuning 
breast-conserving surgery that should lead to further investigation to confirm its value. 
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Introduction 
The challenge of nowadays widely performed breast-conserving surgery is to achieve 
tumour-free margins while excising no more breast tissue than necessary. An 
incomplete resection is a risk factor for local recurrence and mortality and should be 
avoided whenever possible.[1–3] This issue especially concerns excising non-palpable 
breast lesions where the surgeon is dependable on a localisation technique.  
Different localisation techniques are being used. Wire localisation is one of the first used 
guiding methods.[4] The wire, if inserted correctly, should indicate the centre of the 
lesion, and consequently does not point out the margins of the tumour. Unfortunately, 
dislocation of the wire has been often described. Radioguided occult lesion localisation 
(ROLL), the ROLL-technique, is another popular technique [5–7] based on the injection 
of 99mTechnetium-albumin macro-aggregates for allocation of the breast lesion. 
99mTechnetium-nanocolloid (99mTc-nanocolloid) is injected into the centre of the tumour 
to visualise both the lymphatic drainage and localise the breast lesion (Sentinel Node 
and Occult Lesion Localisation (SNOLL)).[8] Both the wide local excision and the 
sentinel node biopsy (SNB) are guided by a handheld gamma-probe. The accuracy of 
injecting the radiopharmaceutical in the middle of the lesion determines its success. The 
radioactive depot at the tumour-site often exceeds the amount of tissue necessary to 
remove.  
Ultrasound can also guide the breast lesion excision.[9,10] Unfortunately, not all non-
palpable lesions, especially DCIS, are visible on ultrasound.[10] 
Radioactive seed localisation (RSL) is an alternative localisation method to the 
techniques mentioned above.[11–14] An 125Iodine (125I)-seed is preoperatively 
implanted in the centre of the lesion and during the operation the gamma-probe guides 
the local excision using the 125I-setting. This technique has some of the same limitations 
as the ROLL-technique. The seed has to be placed correctly and there is, also, a lack of 
indication of the lesion margins. However, the seed is a focused point source and does 
not diffuse into its surrounding. This enables the conservation of healthier breast tissue. 
Moreover, 125I-seeds are radiographically detectable and one always knows the exact 
placement of the seed in relation to the tumour by using routinely performed 
mammography.[15] (Figure 1) 
However, the simultaneous use of RSL for tumour excision and 99mTc-nanocolloid for 
SNB has not yet been published and for this purpose it is essential to know what extent 
the radioactive 99mTc-labelled radiopharmaceutical depot interferes with the activity 
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emitted by the 125I-seed. It is known that scattered radiation from 99mTc (peak 140 KeV) 
will be detected in the energy-window of 125I (peak 30 keV). This is due to the 
Compton effect where photons scatter in the breast tissue and turn in to photons with 
lower energy contents.[16] 
In the present study variable 125I-activities, tracer protocols, and 3 gamma-probes are 
evaluated in an in vitro study to analyse the interference between the two isotopes and 
thereby to make sure the tumour is excised based on the activity of the seed and not 
by the depot of 99mTc-nanocolloid. Hereafter this topic is described in patients with 
non-palpable breast lesions in which both an 125I-seed and an injection of 99mTc-
nanocolloid are placed in the centre of the lesion for combined RSL and SNB.  

	
 

 

 

 

 

 

 

 

 

 

 

 

 

F igure 1 :  Mammogram with an implanted 125I-seed. 
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Methods 

In vitro study  

The in vitro experiments were conducted to study the sensitivity and distinctive capacity 
between 125I and 99mTc. Three gamma-probes (A, B, and C)1 were compared based on 
sensitivity for 125I and 99mTc. Contrast-ratios in the 125I-setting between 125I and 99mTc 
(formula: 125I-cps/99mTc-cps) at a 2cm simulated lesion depth were determined. In our 
institute a two-day protocol is used for SNB and the first day maximal 140MBq 99mTc-
nanocolloid are intratumourally administered.[17] To simulate combination of RSL with 
SNB an 125I-seed of 3 months old a 2.9MBq seed was used together with approximately 
8MBq 99mTc taking into account only the physical decay of 99mTc in a two-day protocol.  
Gamma-probe A is equipped with a Cadmium Zinc Telluride crystal. The wireless 
Bluetooth probe was not suitable to specifically measure 125I in a combined RSL-SNB 
procedure; as it measures a window with the lower energy at the normal 125I-setting but 
without an upper boundary so that all 99mTc-signal is present in the 125I-channel. (Figure 
2) Hence, this probe is not used and just the wired probe is evaluated in the current 
study. This gamma-probe control unit is able to simultaneous display 99mTc and 125I-
counts. 
Gamma-probe B is equipped with separate gamma-probes for 99mTc (Cesium Iodine) 
and for 125I (Silicon pin-diode). This gamma-probe has no options for simultaneous 
measurements and moreover requires changing the gamma-probe when switching from 
one isotope to the other. 
Gamma-probe C uses a Lutetium Yttrium Siliciondioxide crystal and has the feature to 
correct the counts of 99mTc in the 125I-window based on the Compton scatter 
elsewhere. Before the start of the procedure the amount of correction required. This 
gamma-probe control unit is able to simultaneous display 99mTc and 125I-counts, as well 
as the scatter corrected counts. 
To obtain better insight in the contribution of scatter energy spectra of the two 
isotopes, energy spectra were determined using the NanoSPECT (Mediso Medical 
Imaging Systems, Budapest Hungary) with a general-purpose collimator.  

																																																								
1 A is the Neoprobe® (Johnson & Johnson Medical B.V., Hamburg, Germany), B is the 
Crystal probe (Crystal Photonics GmbH, Berlin, Germany), and C is the Node Seeker 
(Intramedical Imaging Llc Hawthorne, Canada). The Neoprobe and wired probe were 
used for the in vivo experiments.  
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In vivo study  
All patients with non-palpable invasive breast cancer or carcinoma in situ between 
February and June 2012 at the Netherlands Cancer Institute - Antoni van Leeuwenhoek 
Hospital were eligible for this study and prospectively included (n=25). The tumour size 
was assessed with mammography, ultrasound and with contrast-enhanced MRI. Nodal 
status was determined pre-operatively by ultrasound-guided fine-needle aspiration to 
exclude patients with tumour-positive lymph nodes. All patients in the study underwent 
wide local excision plus SNB.  
An 125I-radiolabelled (STM1251, Bard Brachytherapy, Inc., Carol Stream, IL, USA), with a 
half-life time of 59.6 days, size of 4.5mm×0.8mm, and maximal apparent activity of 
8.2MBq, was pre-operatively implanted in the centre of the lesion using ultrasound or 
stereotactic guidance. In general one 125I-seed was used to mark the tumour, except for 
two patients with multifocality in whom three 125I-seeds were inserted to mark all 
lesions. After placement of the 125I-seed, a mammography was performed to confirm 
correct placement. 
On the day prior to breast surgery 99mTc-nanocolloid (Nanocoll®, GE- Healthcare, 
Eindhoven, the Netherlands) was injected under ultrasound guidance near the 125I-seed 
to enable the SN procedure.[18] Lymphoscintigraphy was performed after ten minutes 
and three hours. A dual-head gamma camera equipped with low-energy high-resolution 
collimators (Symbia Siemens, Germany) was used. Both anterior and lateral images 
were routinely obtained with additional images if needed. The lateral views were made 
with the hanging breast technique to ensure an unobstructed view of the axilla.  
Sentinel nodes were pursued in all regions indicated by lymphoscintigraphy. Lymph 
nodes directly draining from the injection site were considered as SNs. Gamma-probe 
A was used at the 99mTc-setting to search for hot SNs and was used for the wide local 
excision using both the 99mTc-and the 125I-setting. Maximum counts per second (cps) 
were measured with both settings at the tumour site, two centimetres away form the 
site, and after removal of the tumour. The axilla was carefully palpated and suspicious 
nodes were routinely removed. 
Participating surgeons were asked to estimate the degree of difficulty to distinguish 125I-
source from the 99mTc-nanocolloid radioactivity after every operation. 
The excision was performed from skin to the pectoral fascia. After surgery, both the 
removed tissue and the excision cavity in the breast were investigated with the gamma-
probe to ensure removal of the 125I-seed. A specimen mammography was performed to 
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confirm the presence of the 125I-seed. The specimen was stored in a lead container 
posted with a caution sign for radioactive material before transport to the pathology 
department to follow the Dutch dose limits during transportation.  
The pathologist extracted the 125I-seed from the specimen with a Scintillation Meter 
(Mini Instruments 5-40, Essec UK) that measures 99mTc-nanocolloid and the 125I-seed 
simultaneously. Subsequently, the 125I-seed was stored at the Radionuclide Centre of the 
institution.  
All harvested nodes were fixed in formalin, bisected, embedded in paraffin, and cut at a 

minimum of six levels at 50 to 150 µm intervals. Pathological evaluation included 

haematoxylin-eosin and immunohistochemical staining (CAM 5.2; Becton Dickinson, San 
Jose, CA, USA). Tumours were classified according the WHO-classification. 
Storage of the 125I-seeds was organised under the surveillance of the department of 
Health, Safety and Environment. Radiation safety protocols and detailed documentation 
regarding the acquisition, handling and storage were required to limit the risk of damage 
or loss of the 125I-seeds.[19] The seeds arrived at the Department of Radiology in a 
single vial and were inserted into the tumour via an 18-gauche needle under ultrasound 
guidance. The low energy of the gamma radiation emitted by the 125I-seed ensures 
minimal radiation exposure to the staff, and makes a protecting lead apron unnecessary. 
There are living rules for radiation safety to protect children, for example for breast-
feeding or work related to young children.  
 
Results 

In vitro study (table 1) 

Gamma-probe A was had the best 125 I-sensitivity and the best contrast-ratio between 
125I and 99mTc at a simulated tissue depth of 2 cm the contrast-ratio (using the 125I-
setting): 4.6 for a 3 month-old 125I-seed. This means that a 6-month-old 125I-seed will 
result in approximately equal count-rates for 125I and 99mTc at 2cm depth. Deeper 
located 125I-seeds will have even lower contrast-ratios due to the low energy content, 
and hence, relatively stronger attenuation (see also Figure 2). Gamma-probe B 
demonstrated count rates a factor 13 lower than gamma-probe A in the 99mTc channel 

and 40 fold lower in the 125I channel. The contrast-ratio using the 125I-setting was 2.3 for 
a 3 month-old 125I-seed in combination with 7MBq 99mTc. Gamma-probe C had a three 
times lower 125 I-sensitivity compared to gamma-probe A, a better sensitivity in the 
99mTc channel and a slightly lower contrast-ration if the scatter correction was not used. 
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Using the scatter correction the contrast-ratio could be improved considerably if the 
tuning of the correction was done in precisely the right geometry. However, when the 
probe has to be scanned over the patient (as is required in clinical use) the tuning 
turned out to depend so strong on the relative positions of probe, isotopes and 
scattering tissue that the result was not reliable. 

F igure 2 :  Three graphs with energy spectrums of 125I and 99mTc. a) This graph demonstrates 
the relation between 99mTc (red) and 125I (black) by displaying the counts. The black curve is the 
125I in relation to 99mTc in red when an 125I-seed of 3 MBq is used and 8 MBq 99mTc at 2 cm 
breast tissue depth. b) In this graph the signal of 100 Mbq 99mTc- (representing a one-day 
protocol in which the patient directly proceeds to surgery for example) (blue) has been added 
c) This is the same image but zoomed into the area of interest, the curve of 100 MBq 99mTc 
(blue) is clearly higher than the 125I-peak (black) and means that the RSL procedure will 
probably be impossible in a one day procedure. The spectrums were obtained using the 
NanoSPECT (Mediso Medical Imaging Systems, Budapest Hungary) with a general-purpose 
collimator with the source at a depth of 2 cm in simulated breast tissue. 

In vivo study (table 2 and 3) 

A total of 25 patients with non-palpable breast lesions underwent wide local excision 
and SNB using both an 125I-seed and an injection of 99mTc-nanocolloid in the centre of 
the lesion. The 125I-seeds were placed under ultrasound (22) or stereotactic guidance 
(3). All 125I-seeds were placed correctly, as confirmed by ultrasound and mammography. 
There were no difficulties or complications during or after placement of the 125I-seed. 
The 125I-seed was inserted a median period of 27 (6-47) days before the surgical 
treatment. At the date of implantation of the 125I-seed the median strength of the 
source was 5.0MBq (2.6-8.4), which decayed to a median of 3.9MBq (1.6-7.3) on the 
day of surgery. 
The median dosage of 99mTc-nanocolloid was 115MBq (45-142) and the time between 
injection and operation was 23.9 hours (18.3-28.6). The median remaining activity 
(decay corrected injected activity) of 99mTc-nanocolloid at the time of operation was 
7.2MBq (1.7-13.9).  
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At the time of operation the median of the ratio between the remaining strength of the 
125I-seed and the remaining 99mTc-nanocolloid activity per patient was 0.56 (range 0.22-
3.0). For 90% of the patients the ratio was higher than 0.3. 
Table 1 :  In vitro measurements to determine the sensitivity and contrast ratios between 125I 
and 99mTc. For combined RSL-SLNB procedures the contrast ratio between 99mTc and 125I in the 
125I-channel is important (125I-cps/99mTc-cps). 

 125I-channel  125I-channel 125I-channel 99mTc-channel 

 
Sensitivity 125I 
(cps/MBq at 
10cm in air) 

Sensitivity 125I  

(cps/MBq at 2 
and 4 cm source 
depth in 
simulated tissue) 

Contrast ratio 
(2.9MBq 125I and 
7MBq 99mTc at 
2cm depth)  

Sensitivity 99mTc 
(cps/MBq at 
10cm in air) 

Gamma-probe 
A (wired) 317 2500 - 460 4.6 135 

Gamma-probe 
B 8 68 - 7 2.3 10 

Gamma-probe 
C 100 540 - 100 3 288 

	
Surgery 

The wide local excision was performed at the point of maximum cps of the 125I-seed. 
The median cps at the tumour site measured by the gamma-probe in the 125I-setting 
was 16300 compared to 4820 cps using the 99mTc-setting. At a point 20mm away from 
the tumour site this was a median of 148 and 20 cps respectively. After removing the 
specimen, the median residual cps was 17 for the 125I-setting and 30 using the 99mTc-
setting. In 5 patients more than 5% of the highest cps of the 99mTc was still measured in 
the breast after excision.  
Concerning evaluation of the degree of difficulty of the procedure the surgeons 
performing the procedures concluded that the 125I-source could be distinguished from 
the 99mTc-nanocolloid radioactivity without difficulty in 23 patients (92%). In 2 patients 
this difference could be made, with more difficulty.  
In 19 patients, lymphatic drainage was depicted towards the ipsilateral axilla, in 4 
patients both axillary and extra-axillary SNs were found and 2 patients had 
intramammary drainage only. 

Pathology 

Most patients were diagnosed with an invasive ductal carcinoma or ductal carcinoma in 
situ. The median tumour size was 10mm (4-55mm). In 19 patients, the wide local 
excision resulted in tumour-free margins. In 4 patients, the removed specimen had a 
focal deposit of carcinoma in situ at the resection border and in 1 patient the invasive 
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tumour was not completely excised. Only the latter patient underwent a re-resection 
and in the other 96% of the patients only one operation was performed. The median 
number of harvested SNs was 1.0 (range 1-5), and all were tumour-negative. The 
pathologist could find the 125I-seed in all cases using the scintillation detector. 
Adjuvant treatment consisted of radiotherapy alone (n=16) or in combination with 
hormonal treatment (n=6) and also chemotherapy (n=2). One patient received no 
further therapy. (Table 3)  
Table 2 :  Counts at and around the tumour site. 

	 	
Table 3 :  Operative and postoperative characteristics. 

  N (range/%)a  
Sentinel node biopsy Median harvested SNs 

Number of tumour positive SNs 
1.0 (1-5) 
0 (0-0) 

Wide local excision Tumour size 
Radical excision breast lesion 
Re-excision 

10mm (4-55mm) 
24 (96%) 
1 (4%) 

Pathology breast lesion Invasive ductal carcinoma 
Ductal carcinoma in situ 
Invasive lobular carcinoma 
Lobular carcinoma in situ 
Invasive papillary cancer 

14 
8 
1 
1 
1 

Adjuvant treatment None 
Radiotherapy 
Radiotherapy and hormonal treatment 
Radiotherapy, hormonal treatment and 
chemotherapy 

0 
16 
6 
 
2 

a SN= sentinel nodes, mm= millimeter, N= number 

	

 125I-setting 99mTc-setting 

 Mean Median Range Mean Median Range 

Cps at site of the 
125I-seed 17734 16300 2000-

37000 4593 4820 200-
12000 

Cps 20mm next to 
source site 476 148 40-3000 361 20 0-5000 

Specimen cps 25237 24500 10000-
45000 4281 4190 50-14000 

Residual cps  96 17 0-450 330 30 0-5500 
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Discussion 
In this article, we have shown that RSL to excise the primary tumour and SNB by 
means of a radiopharmaceutical injection can, under certain restrictions, successfully be 
combined.  

Evaluation of different gamma-probes features 

Gamma-probes were specifically evaluated for the combined RSL-SNB procedures. 
Only the wired probe of gamma-probe A was suited for the combined RSL-SNB 
procedure and was evaluated both in vitro and in vivo. Gamma-probe B was not used 
for intraoperative evaluation because of the lower sensitivity and the need to change 
the complete probe when switching between 125I and 99mTc. The feature of gamma-
probe C, using an estimation of the Compton scatter to correct the 125I-signal was a 
priori considered promising and would hopefully compensate for lower sensitivity for 
125I than gamma-probe A. However the amount of scatter correction depended to 
strong on the geometry (relative positions of probe, isotopes and scattering tissue) to 
be useful. Because of the low sensitivity for 125I, gamma-probe C was not used for 
clinical procedures even though the sensitivity for 99mTc was better than that of the 
other evaluated gamma-probes.  

In vivo 

The wide local excision and SNB could be performed in all patients. In almost all 
patients it was easier to depict the primary tumour site guided by the 125I-seed than by 
the 99mTc-nanocolloid activity, because of the highly focused source of the radioactivity 
and therefore larger count rates. At a point 20mm away from the tumour site and after 
removing the specimen, median counts were generally low for both settings. The excess 
counts in the 125I-setting compared to the 99mTc-setting are due to scatter of 99mTc-
radiation from the surrounding tissue. The residual counts after the 125I source had been 
removed are also due to this 99mTc-scatter. The counts at the primary tumour site were 
considerably higher using the 125I-setting to detect the 125I-seed than the counts 
measured by the 99mTc-setting, this confirms that the 125I-seed acts more as a point 
source than 99mTc-nanocolloid.  
Moreover, in general the 125I-seed and 99mTc-nanocolloid did not interfere. In 92% of the 
patients the distinction was evident but in two patients this took more time and this 
was probably caused by a poor contrast-ratio between the two radionuclides. One 
patient had to undergo a re-resection due to tumour-positive margins. This patient had 
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multifocal breast cancer that appeared to be larger than estimated on preoperative MRI. 
One of the four patients with residual focal tumour had a large deposit of 55mm of 
ductal carcinoma in situ (DCIS). The recurrence rate in a mean follow-up of 33 months 
was 0.9% and 3% respectively. 
The first prospectively randomised controlled trial published on non-palpable breast 
lesions randomised to either RSL or WL described 97 patients.[22] Treatment with RSL 
had a significant lower re-excision rate than with WL and the amount of breast tissue 
excised using RSL was (not significantly) less than harvested during WL-procedures. 
Two more recent studies from Lovrics et al. and Murphy et al. demonstrated similar 
rates for positive margins and the volume excised in RSL or WL.[23,24] Noteworthy, 
the rates of tumour-free margins achieved by RSL are not due to larger specimen sizes 
and thereby underline the importance of a point source as tumour marker. An earlier 
report from our institute demonstrated minimal migration for seeds that stayed on 
average for 59.5 days in the breast lesion (3–136 days).[11] 
Another important aspect to discuss is the variety of injection methods for SN 
procedures used in different centres. We used an intra- or peri-tumoural injection but 
elsewhere different injection methods (e.g. subdermal, periareolar) are used.[21] The 
injection location changes the contrast-ratio either positively (by creating more distance 
between the radioisotopes) or negatively because the gamma-probe will be closer to 
the shallow 99mTc than to the deeper low energy 125I-seed.  
Based on in vitro measurements and our surgical experiences we propose minimal 
requirements for simultaneous use of 125I and 99mTc in RSL-SNB procedures. It is 
important to note that the strength of the 125I-seed must be sufficiently high during 
operation to prevent interference from scattered low energy 99mTc-radiation. Reducing 
the amount of 99mTc-nanocolloid will decrease the success rate of the SN procedure, 
which is not recommended.[20] RSL-SNB procedures should always be performed with 
a two-day SNB protocol to allow enough activity in the SN and have a sufficient 
contrast-ratio between the isotopes. (Table 4, Figure 2). We recommend that the 125I-
seed should be chosen such that the ratio of the remaining strength of the 125I-seed (in 
MBq) and the remaining 99mTc-nanocolloid activity (in MBq) is larger than 0.3 and to use 
to 125I-seeds of at least 1.0 MBq to achieve sufficient contrast-ratios between 125I and 
99mTc.  
It is important that the probe should be used at the proper count range (audio-
sensitivity) such as 50.000 or 10.000 instead of the 100 setting. 
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The studies described above have already established the safety and advantages of using 
RSL when excising non-palpable breast lesions. Our in vivo results, although in a modest 
number of patients, show that the 125I-seed and 99mTc-nanocolloid can be used 
simultaneously provided that the 125I-source is sufficiently active, the gamma-probe is 
suited for the specific application, and the user is aware of the interference. Therefore 
we conclude that non-palpable lesions can be safely excised with the radioactivity 
emitted by the 125I-seed, even in an area of 99mTc-radioactivity. We feel that this 
simultaneous use is a next step within fine-tuning breast-conserving surgery and should 
lead to further investigation to confirm its value. 

	
Table 4 :  Recommendations for combined RSL-SNB procedures 

Recommendations Minimal activity (MBq) Maximal activity (MBq) 

125I-seed >1 (at the moment of surgery) 
<10 (more is not needed 
for accurate RSL 
procedures) 

99mTc-nanocolloid ±8 (at the moment of surgery) ±8 (at the moment of 
surgery) 
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Abstract 

Purpose 

Freehand-SPECT for optical tracked 3D radioactivity mapping raises popularity for 
sentinel node biopsy and other radioguided procedures. However, the device appears 
to be complex, requiring both training and a standardised scan-protocol. Therefore, the 
aim of this study was to compare handling reproducibility between novice and expert 
users; subsequently, using additional scans we evaluated a standardised scan-protocol to 
be tested in novice users after receiving training.  

Materials and methods 

Three groups (untrained-novices, experts, trained-novices) each one composed by 5 
freehand-SPECT users got the same short introduction and the assignment to perform 
3 freehand-SPECT-scans with the same time per scan. For the scans a reproducible 
phantom with an 125iodine point source was used. Further, we performed probe-
trajectory evaluation including pattern, speed and length of scans based on recorded 
videos and digital target tracking. 

Results 

The training period encompasses 30 minutes per novice-user. The average error in 3 
directions based on 45 measurements was 7.4mm for untrained novices, and 3.2mm for 
expert users. The trained-novice group had an average error of 2.9mm (a significant 
61% reduction), comparable to the expert group. The reproducibility, expressed in a 
standard deviation, was 4.1mm for the untrained-novice group, 1.3mm for the expert 
group and 1.1mm for the trained novices (73% improvement). The standardised scan-
protocol demonstrated by means of trajectory evaluation a scan-path better 
systematised. 

Conclusion 

Scanning with freehand-SPECT for radioguided surgery requires a specific training 
period to increase handling, reproducibility of 3D imaging, and to enhance its accuracy 
in the operating room.  
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Introduction 
In specific centres, SPECT is used for Sentinel Node (SN) mapping in breast, melanoma, 
head and neck, and genitourinary cancers. SPECT-images are obtained preoperatively 
to allocate the anatomical position of the SN. Nonetheless, during surgery the SPECT-
images are of limited use for real-time localisation of SNs, as the SNs are than located 
using a simple gamma probe. Freehand-SPECT for 3D radioactivity mapping raises 
popularity for SN biopsy and other radioguided procedures. This technique enables live 
SPECT-imaging of the radioactivity distribution in patients. Several institutes are 
currently evaluating the advantages of this technique for clinical practice. It is already 
used for breast[1,2], melanoma[3,4], prostate[5], head and neck cancer[6] SN mapping, 
and thyroid cancer[7]. 

	
Although freehand-SPECT appears to be very promising for radioguided surgery, the 
system appears to be complex requiring both training and a standardised scan-protocol. 
At the NKI-AVL, we experienced variations in the spatial accuracy of the radiotracer 
localisation when using the freehand-SPECT system.[2] Other institutes demonstrated 
the same effect and performed studies using robotically assisted freehand-SPECT-scans 
to reduce observer variability.[8] However, this approach is not feasible in a clinical 
setting, so we developed a method to optimise the acquisition procedure using 
freehand-SPECT. For a recently clinical implemented technique it is important to share 
experiences considering imaging techniques and required training. Therefore, we 
present a study that compares reproducibility of freehand-SPECT between novice and 
expert users to underline the effect of observer experience. Furthermore, we evaluated 
the effect of training and a standardised scan-protocol on the reproducibility of 
acquisitions.  
 

Materia ls and Methods 

Users 

Three groups (untrained-novices, experts, trained-novices) each one composed by 5 
freehand-SPECT users got the same short introduction and assignment. The users 
consisted of: nuclear medicine specialists, nuclear medicine trainees, post-doctorates, 
PhD-candidates, and students, all users were familiar with conventional gamma probe 
usage. Expert users were defined as having performed at least 20 freehand-SPECT-
scans in a clinical setting (experience varied from 20-200+ freehand-SPECT-scans). 
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Novices were defined as people with knowledge of the concept of freehand-SPECT 
but without any user experience. After receiving an extensive individual training, the 5 
individuals in the novices group were considered ‘trained novices’.  

Training protocol 

Both experienced and novice users got a briefing explaining; 1) the number of hotspots 
in the phantom, 2) the number of required measurements per scan, 3) the positioning 
of the camera, 4) information on the need of constant visibility of the tracking targets, 
and 5) the need to scan slow and close to the volume of interest.  
The extensive individual training consisted of an interactive 30-minute session with an 
instructor demonstrating acquisition methods and providing advice regarding pitfalls (i.e. 
missing areas, breaking the line-of-sight, and scan-speed). Common mistakes of each 
user were pointed-out and discussed to increase the acquisition quality.  

Phantom 

For standardised monitoring the overall performances of the freehand-SPECT system a 
custom-made reproducibility phantom was used. This spherical phantom is made of 
Perspex for scatter simulation with radioisotope insertion points. At three perpendicular 
points on the surface CT-markers were fixated allowing distance measurements from 
the CT-marker to the inserted 125iodine seed (i.e. golden standard for depth 
measurements based on a CT-scan). (Figure 1) During the experiments this phantom is 
placed on a table to allow a good approach from all directions.  
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Figure 1 :  Phantom. Blue arrows display distances in between the 125iodine radioactive marker 
and the CT marker on the phantom. Top row images (A, B) are photographs of the phantom, 
and the bottom images (C, D) are CT scans in different rendering settings. Panels A and C are 
top view images and b and d are overview images.  
	

Measurements 

Three freehand-SPECT-scans per user in each group were acquired blinded for results 
with a standardised time per scan (2500x0.05s probe measurements) to compensate 
for intraobserver variation and to study a learning pattern after a view scans. For each 
acquisition this was followed by measurements of the 125iodine seed location (e.g. 
defined as the reconstructed centroid of the hotspot) at the 3 CT-markers on the 
surface of the phantom. Each measurement provided a depth in mm from the CT-
marker to the hotspot. All measurements were averaged per user per group and 
variations were determined as a measure for reproducibility. The accuracy was defined 
as the difference between the golden standard and the measured seed location 
(expressed as average error in mm). Furthermore, we performed probe-trajectory 
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evaluation including pattern, speed, and length of scans based on recorded videos and 
digital target tracking.  

	
Results 
There was no learning curve observed within individual baseline scans. The average 
error in three directions, from the hotspot to the CT-marker based on 45 
measurements, was 7.4mm for untrained novices, 3.2mm for expert users and 2.9mm 
for the trained-novice group. The latter was comparable with the expert group and 
significantly better than the first attempts of the novices (p<0.01). The reproducibility, 
expressed as a standard deviation of the measurements, was 4.1mm for the untrained-
novice group, 1.3mm for the expert group and 1.1mm for the trained novices. (Table 1)  
Altogether the average error of the trained-novice group compared to the novice 
group decreased with 61%. The reproducibility improved with 73%. In terms of error 
the trained novices were 11% or 0.3mm on average better than the expert users. The 
average reproducibility of the trained novices was 17% or 0.2mm in favour for the 
expert users and were comparable as group (no significant difference). 
Trajectory analyses showed that the standardised scan-protocol resulted in a highly 
structured method to acquire images, resulting in more accurate acquisitions. The total 
scan length (=speed of the gamma probe movement) used by an untrained novice was 
1.5 times more than that for a trained one. The pattern was more structured and 
demonstrated well-defined surfaces with zigzag trajectory scanning. (Figure 2) 
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Table 1 :  Results 

Group Average error (mm) Reproducibility of measurements 
(SD in mm) 

Novice  7.4 4.1 
Expert 3.2 1.3 
Novice after training 2.9 1.1 
	
 

	
Figure 2 :  Scan trajectory plotted in a 3-dimensional graph optically tracked coordinates of the 
gamma probe during the acquisition. (a) Scan trajectory of a novice user. At the right side, a 
scan trajectory of a novice user after training. The scan trajectory is divided in different colours 
for a better understanding of the scanned trajectory. It is notable that the novice user has an 
irregular scan pattern, and the scan trajectory is nonstructured in contrast to the scan trajectory 
of the user at the right side. (b) This user demonstrates zigzag patterns to cover the entire area 
from multiple directions. The total scan path for this novice user was 20.8 m and the mean total 
distance for the novice user after training was: 13.4 m. 
 

Discussion  

The performance of freehand-SPECT has been studied in a number of institutes. 
Recently, the reproducibility and interobserver variation has been robotically assessed, 
demonstrating that a robotically optimised scan pattern performed better than a human 
operator.[8] The results of the current study suggest that the quality of freehand-
SPECT-acquisitions can also be enhanced by optimising training and offering 
standardised acquisition protocols. A significant improvement for the average accuracy 
of the reconstructed hotspot and reproducibility in between scans was observed. 
Furthermore, Knowledge about the pitfalls of freehand-SPECT-acquisitions makes users 
aware and therefore the scan-quality would improve. 
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Freehand-SPECT is marketed as an easy and quick–to-adopt technique, which in our 
opinion is correct, however a general training period should be provided before users 
start clinical work. The step towards intraoperative use is sometimes quick and the 
required training is neglected in the tight schedules of all those involved resulting in 
suboptimal results. According to our study, this freehand-SPECT training could 
encompass only a quick session of less than an hour. We advise that the first clinical use 
of the device will be under supervision of an experienced user until both parties have 
enough confidence for individual use. Experience with conventional gamma probes 
could be beneficial, although we believe that freehand-SPECT scanning is that much 
different and a complete trainings session is recommended. 
 

Although freehand-SPECT is commercially available, there are still improvements being 
made in the hardware and software of the system to optimise the scan results and 
reproducibility. There are now prototypes available where a compact gamma camera 
(CGC) is optically tracked instead of a gamma probe. CGCs have a larger field-of-view 
enabling fast high-resolution acquisitions. This approach allows for freehand-SPECT-
acquisitions with a 16x16 pixel gamma camera with a parallel-hole collimator, and 
accordingly, gathers quick vast amounts of data available for reconstruction. Initial results 
demonstrate image and accuracy specifications superior to conventional freehand-
SPECT.[9,10]  
 

Conclusion 
Use of freehand-SPECT for radioguided surgery requires a specific training period to 
increase the reproducibility of the device handling and to enhance its accuracy in the 
operating room. This training, for potential clinical end-users, may preferably be 
performed in a phantom setting using a standardised scan-protocol to enable both scan 
quantification and comparison with pre-determined standards.  
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Abstract  

Purpose 

Radioactive seed localisation (RSL) uses an 125iodine- (125I)-seed as a marker for the 
tumour location. The 125I-seed is implanted into the tumour and enables intraoperative 
localisation with a conventional gamma-probe. However, specimen margins in relation 
to the 125I-seed are estimated based on gamma-probe readings only. A novel device, 
freehand-SPECT, is capable of measuring the distance from the resection plane to the 
125I-seed. The aim of the present feasibility study is to establish the accuracy of this 
device in predicting resection margins in ex vivo tumour specimens excised by RSL-
guidance. 

Materials and methods 

In this feasibility study 10 patients with non-palpable breast cancer scheduled for wide 
local excision with RSL were included. After surgery, the specimens containing the 
breast tumour and the 125I-seeds were scanned using freehand-SPECT. Measurements 
from 5 directions were performed and compared with distances measured by means of 
an ex vivo CT-scan and related to the pathology report.  

Results 

The difference between freehand-SPECT and CT measurements was 2.9±2.7mm 
(mean±SD). One patient had a positive margin based on freehand-SPECT. This 
specimen contained a focal irradical resection ventral of the tumour based on the 
pathology report. The smallest distance to the 125I-seed was 4mm for the freehand-
SPECT and 5mm for the CT-scan.  
Conclusion 
Accurate ex vivo measurements of the tumour resection margins using 125I-seeds and 
freehand-SPECT is feasible in patients undergoing breast-conserving surgery. 
Incorporation of the freehand-SPECT device in RSL protocols may enable a real-time 
estimation of resection margins, which may be useful for surgeons to adjust resection 
planes.  
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Introduction 
There are multiple treatment options available for patients with breast cancer. The level 
of breast-conserving therapy depends on the complete excision of the tumour while 
maintaining acceptable cosmetics. [1,2] Positive margins after breast-conserving surgery 
are associated with a 2 to 3 times increase in the chance of recurrence when compared 
to negative margins; therefore, reexcision of the positive margins or other additional 
treatment options are required. Reexcision of the margins includes lumpectomy or even 
mastectomy and can lead to increased psychological trauma to the patient, delay of 
adjuvant therapy, worsened cosmesis, and increased cost. [3,4] Altogether it is well 
accepted to aim for complete tumour removal; therefore, novel methods are evaluated 
for tumour allocation, preoperative imaging and postoperative assessment of the 
margins.  
If tumour localisation is not possible by palpation, an additional marker is implanted to 
secure accurate localisation during the surgical procedure. Wire guided tumour 
localisation is currently one of the most used and standardised methods in many 
institutions. [5,6] Limitations of this technique are dislocation of the wire and discomfort 
for the patient compared to other techniques. [7,8] A relatively new alternative 
technique is 125iodine (125I)-seed implantation in the tumour for radioactive seed 
localisation (RSL). RSL is based on the implantation of an 125I-seed (27keV) in the centre 
of the tumour, also allowing intraoperative localisation using a gamma probe. Recent 
studies conclude that this approach of tumour marking is a safe and reliable method 
compared to wire guided localisation (WGL). [5,9] RSL or radioactive occult lesion 
localisation (ROLL), using an intratumoural tracer injection to locate the tumour, 
demonstrates to be superior to conventional localisation techniques and benefits 
patients in both outcome and patient comfort. [6] There are several advantages of RSL 
over ROLL, one of which is the source geometry of the 125I-seeds. The seed is a fixed 
metal point source, of which the position with respect to the tumour can be validated 
using mammography, instead of a gradually diffusing radiotracer that is used in a ROLL 
procedure. At The Netherlands Cancer Institute over a 1,000 patients have undergone 
breast-conserving surgery using RSL since 2008.  
 

At The Netherlands Cancer Institute, 125I-seeds are generally used in women with non-
palpable tumours or women who undergo neoadjuvant chemotherapy to enhance 
detectability of the tumour during surgery. A radiologist implants the 125I-seed guided by 
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US-guidance in the tumour, after which the exact location of the seed with respect to 
the tumour boundaries is confirmed by mammography. Exact knowledge of the 125I-
seed location within the tumour is required for accurate radioactive tumour resection. 
At our institute, the surgeon typically aims for a resection 10mm beyond the identified 
tumour border. Subsequently, the pathologist evaluates the resected specimen to 
decide whether the resection is conclusive or not. 
 

Nonetheless, even when RSL is used for tumour excision, a percentage of the patients 
need to undergo secondary surgery for reexcision of the margins. This percentage 
varies from 10-60% in literature depending on the surgical techniques, additional 
therapy approaches, and level of experience in clinical institutions. [3,10,11]  
Accordingly, it will be beneficial if the surgeon is able to estimate the resection margins 
already during the procedure. At present, there are a number of techniques available 
for specimen radiography in the operating room. [12] These techniques result in 2 
dimensional images of the specimen with the tumour marker. However, this is approach 
is only valid for WGL or RSL and will not work during a ROLL-procedure. Furthermore, 
these specimen radiography devices are limited to ex vivo use, and cannot be used to 
guide the procedure. [13] 
 

Currently, a new imaging modality, freehand-SPECT, has become available that enables 
quick radioactivity mapping of an 125I-seed in order to guide the surgeon’s decision 
making during the resection. This novel freehand-SPECT system (declipseSPECT, 
SurgicEye GmbH, Munich, Germany) combines a conventional gamma-probe with an 
optical tracking system and allows three dimensional (3D) radioactive imaging and 
navigation. [14–17] A detailed overview and technical description of the system has 
been published before by Wendler et al. [14,15] Using freehand-SPECT for the 
localisation of 125I-seeds used as breast tumour markers has once previously been 
described in a preoperative setting. [18] Theoretically, this technique can also be used 
to measure the distance from the resection plane to the 125I-seed. Accordingly, the 
purpose of this study was to validate 125I-seed localisation guided by freehand-SPECT in 
a perioperative ex vivo analysis in breast cancer specimens. Localisation of the 125I-seed 
within the specimen should allow evaluation of the resection margins relative to the 125I-
seed and thereby possibly the tumour margins. This approach may eventually lead to 
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perioperative decision making about additional tissue resection and thereby avoid 
secondary surgery and associated costs. 
 

Materia ls and Methods 

Patient population 

Ten subsequent patients with non-palpable breast cancer, one or two peri-
/intratumoural 125I-seed(s) (<8MBq / <0.22mCi) (STM1251, Bard Brachytherapy, Inc. 
Carol Stream, IL, USA) and scheduled for wide local excision by RSL were included in 
the study. The radioactive 125I-seeds (0.8mm x 4.0mm) were implanted into the tumour 
by a radiologist guided by ultrasound, and verified by mammography. Intraoperatively a 
handheld gamma-probe (Neo2000, model 2200, Neoprobe Corporation, Dublin, OH) 
was set to detect a 27-keV 125I source. The location at the breast with the highest 
transcutaneous gamma counts was determined and guided the incision. The gamma-
probe is then continuously used for 125I-seed localisation and lesion excision. (Figure 1) 
Patients receiving a sentinel lymph node biopsy (SLNB) simultaneously to RSL were 
excluded in this phase of the study since the scatter of 99mTc-nanocolloid could interfere 
with the 125I-seed signal. The local ethical committee approved this study.  

Positioning of the specimen 

After excision, the surgeon marked the specimen by placing 1 suture at the areolar side 
and 2 sutures at the fascia site. Thereafter, the specimen was weighted and placed on a 
plate in the same anatomical orientation as it was in the body. The specimen stayed on 
this plate until its arrival at the Pathology department.  

F igure 1 :  Radioactive seed localisation in the operating room (a) Prior to the incision the 
gamma-probe is used to localise the place of the 125I-seed. (b) Continuous use of the gamma-
probe for 125I-seed detection during the tumour excision. (c) A specimen radiograph with the 
125I-seed located central in the specimen. 
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F igure 2 :  Ex-vivo procedure using the freehand-SPECT (a) Data acquisition. (b) Reconstructed 
augmented reality image with added display of 2 125I-seeds on top of the optical image. (c) 
Optic image from measurement from 3 o’clock. (d) 3D-visualisation of the 125I-seed from the 
probe tip with real time display of the distance. 

	

Figure 3 :  Correlation of freehand-SPECT and CT measurement (a) The distance measured 
with the freehand-SPECT from 9 o’clock is indicated with the blue arrow. (b) The same 
distance (arrow) measured on a CT-scan. 
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Freehand-SPECT acquisition and reconstruction 

The plate containing the specimen was fixed on a stable table with a reference target to 
prevent movements during acquisition. For accurate 3D-volume reconstructions, a 
surface scan was made by passing the probe over the area of interest without moving 
the specimen, in three different orientations (e.g. x, y, z planes). This surface scanning 
takes about 2-3 minutes and the reconstruction for 5mm voxels another 20-25 
seconds. (Figure 2a,b) The window level of the image was adjusted until the number of 
hotspots was equal to the number of 125I-seeds in situ and the reconstructed hotspot 
had a realistic size. The 3D-window within the dedicated software of the freehand-
SPECT system enables the best navigation to the centroid of the reconstructed 125I-seed 
and was used for the spatial measurements. (Figure 2d) Measurements from resection 
plane to 125I-seeds were performed in 3D from 5 directions: cranial, caudal, lateral, 
medial and anterior from the specimen. The distance from the gamma probe tip to the 
centroid of the reconstructed hotspot was determined for each direction. (Figure 3a) 
As these measures were performed contemporaneously with the standard surgical 
procedure there was no prolongation of operation time. 

CT-validation 

A CT-scan CT (Symbia-T; Siemens, Erlangen, Germany) was obtained before the 
specimen was send to the Pathology department. The specimens were taken to the 
CT-scanner for a CT-scan and delivered to the Pathology department within an hour. 
The same distances as measured by freehand-SPECT were measured in the CT-
datasets. (Figure 3b) All the specimens were scanned using a slice thickness of 2mm 
(130kV, 40mA, B30s kernel). Images were analysed using OsiriX DICOM viewer. 

Histopathological analyses 

An experienced pathologist conducted histopathological assessment. The specimen was 

sliced in cuts in the order of 5µm and the margins to the resection planes were 
measured. An accompanying sketch of the specimen’s anatomical origin together with 
the suture markers provides the Pathologist with the exact orientation of the specimen. 
Resection margins were evaluated in all directions. The irradical margins defined at our 
institute as the presence of malignant cells at the resection border) and the narrowest 
margins including the distance were reported in the pathology report. 
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Data analysis 

Continuous variables were represented by a mean ± standard deviation (SD). 
Freehand-SPECT distances were compared to the CT-measures and to the pathology 
findings, which is considered the golden standard. Differences between the measured 
distances of the 125I-seed by freehand-SPECT and on CT-scans were evaluated by 
Bland-Altman graphs. This resulted in the mean difference and 95% confidence interval 
(95% CI).  

	
Results 
The characteristics of all 10 patients are outlined in Table 1. The mean age of the 
patients was 53 years, 6 patients underwent neoadjuvant chemotherapy (NAC), and 
the mean number of days between 125I-seed implantation and the day of surgery was 77 
days. In total, the 10 patients had 12 125I-seeds in situ, which resulted in 60 freehand-
SPECT and CT measurements (5 per 125I-seeds). The mean of the absolute difference 
between the CT and the freehand-SPECT over all measurements was 2.9mm (SD: 
2.7mm, range: 0-13mm). These data are displayed in a Bland-Altman plot, which 
visualizes the mean and ±1.96 times the SD. (Figure 4)  
In the 2 patients with 2 125I-seeds in situ the findings were equally accurate relative to 
the other measurements, this was due to the large distance between the 125I-seeds of 
39mm for the first patient, and 55mm for the second patient. 
Only one patient (Patient 7) had a positive margin at pathological assessment; this 
specimen contained a focal irradical resection (<4mm) of ductal carcinoma in situ grade 
III. The narrowest margin to the tumour was at the ventral side (2mm). The smallest 
distance to the 125I-seeds measured from ventral side was 4mm for the freehand-SPECT 
and 5mm for the CT-scan. (Figure 5) 
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F igure 4 :  Bland-Altman analysis for the distances in depth measured with the freehand-SPECT 
and on the CT-scan. The analysis indicates the average of the measurements. The upper and 
lower dotted lines represent the Bland-Altman limits the 95% confidence interval. 

	
 

	
	

Figure 5 :  Eccentric 125I-seed localisation in a case with irradical resection margins (a) The 
reconstructed hotspot of the radioactive 125I-seed superimposed on top of the optical image 
with the tumour lump. (b1) Navigation mode where the camera point of view is from the 
probe tip, this allows distance measurements from probe tip to the hotspot. (b2) The distance 
is determined by holding the probe tip to the tissue enabling a distance reading from the probe 
tip to the hotspot in 3D. (c) CT-image of the tumour lump including the 125I-seed. 
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Table 1 :  Patient characteristics 

Patient Age 
(years) 

NAC* 
(Y/N) 

Tumour 
type 

Irradical 
(Y/N) 

Number 
of 125I-
seeds 

Days after 
seed 
implantation  

Specimen 
weight (g) 

1 57 Y IDC N 1 13 6 
2 52 N Papilloma N 1 76 - 
3 57 Y IDC N 1 194 156 

4 66 N IDC N 1 33 22 
5 71 Y IDC N 2 34 366 

6 36 Y DCIS N 1 190 15 

7 36 Y DCIS Y 1 160 29 
8 57 N DCIS N 2 37 102 

9 53 N DCIS N 1 16 14 
10 42 Y IDC N 1 108 18 
* IDC: Infiltrating Ductal Carcinoma. 
DCIS: Ductal Carcinoma In Situ.  
NAC: Neoadjuvant Chemotherapy. 

 
Discussion 
This study demonstrates that perioperative assessment of margins from breast cancer 
specimens by freehand-SPECT is feasible. The freehand-SPECT device is not only able 
to localise the 125I-seed in the specimen, but also capable of determining the distance 
from the resection plane to the 125I-seed by 3D-visualisation. The accuracy of the 
technique, the 95% confidence interval, was within the aimed surgical resection borders 
(< 10mm around the tumour). However due to the limited number of measurements 
and experience in this technique one should be cautious using this technique and 
should keep in mind that the measurements can be false positive or false negative. The 
inaccuracies and limitations of freehand-SPECT while using this approach must be taken 
into account.  
First of all, the low angular specificity and sensitivity of the gamma-probe are limiting 
factors for the accuracy of the freehand-SPECT technique. Small gamma cameras 
(SGCs) have a higher angular specificity thanks to better collimation and a larger 
detector field of view relative to gamma-probes. Handheld SGCs are currently used 
intraoperative for a number of surgical procedures. The advantage of SGCs is a display 
of a high-resolution 2D image instead of just a count rate. [19] Acquiring freehand-
SPECT acquisitions with an optical tracked SGC allows an increase in the quality and 
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quantity of the measured data and, therefore, may enable better reconstructions of the 
radioactivity distribution.  
When acquiring freehand-SPECT data, the scanning technique and experience of the 
user is of great influence on the quality of the reconstruction. For example, the distance 
of the probe tip to the 125I-seed or hotspot during the acquisition is important. Due to 
the diverging bundle of the gamma-probe, a larger distance to from the probe tip to the 
hotspot will result in less specific data, this will influence the quality of the reconstructed 
radioactivity map. Therefore, it is necessary to keep the distance from the probe tip to 
the hotspot as little as possible at all times. This may one of the reasons, together with 
the actual scan path, why there is large inter- and intraobserver variance in freehand-
SPECT scans. [20] This study was not designed to study a learning curve or examine 
the intraobserver variation; we also did not find a learning curve in this limited number 
of cases. This might be the result of the fact that all scans are made by one experienced 
user. However, to use the freehand-SPECT device a training period is required. 
 

The findings of the present study constitute a step towards the integration of image- 
and radio-guided surgical navigation in the operating room. Ideally, real-time localisation 
of the 125I-seed and thereby the tumour need to be constantly available during surgery. 
The freehand-SPECT device enables possibilities for preoperative, intraoperative and 
postoperative visualisation of radioactivity distribution from 125I-seeds and other 
isotopes. An additional possibility may be dual-isotope imaging of both the 125I-seed for 
tumour localisation, and 99mTc-nanocolloid for lymph node mapping when RSL is 
combined with a SLNB. 

	
Conclusion 
In patients with non-palpable breast cancer scheduled for breast-conserving surgery an 
accurate ex vivo measurement of the tumour resection margins using 125I-seeds and 
freehand-SPECT is feasible. Incorporation of the freehand-SPECT device to RSL 
protocols may enable a real-time estimation of resection margins, which may be useful 
for surgeons in adjusting local tumour excisions, and thereby avoid secondary surgery 
and associated costs. 
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Abstract  

Background 

This study was designed to explore the feasibility of replacing the conventional peri-
/intratumoural ultrasound (US) guided 99mTechnetium-albumin nanocolloid (99mTc-
nanocolloid) administration by an injection of the same tracer guided by a freehand-
SPECT device in patients with non-palpable breast cancer with an 125iodine- (125I) seed 
as tumour marker scheduled for a Sentinel Lymph Node Biopsy (SLNB). This approach 
aimed to decrease the workload for the Radiology department, avoiding a second US-
guided procedure.  

Materials and Methods 

In 10 patients the implanted 125I-seed was primarily localised using freehand-SPECT and 
subsequently verified by conventional US in order to inject the 99mTc-nanocolloid. The 
following 34 patients were injected using only freehand-SPECT localisation. In these 
patients, additional SPECT/CT was acquired to measure the distance between the 
99mTc-nanocolloid-injection-depot and the 125I-seed. In retrospect, a group of 21 patients 
with US-guided 99mTc-nanocolloid-administrations was included as a control group.  

Results 

The depth difference measured by US and freehand-SPECT in 10 patients was 
1.6±1.6mm. In the following 36 125I-seeds (34 patients) the average difference between 
the 125I-seed and the centre of the 99mTc-nanocolloid-injection-depot was 10.9±6.8mm. 
In the retrospect study the average distance between the 125I-seed and the centre of 
the 99mTc-nanocolloid-injection-depot as measured in SPECT/CT was 9.7mm±6.5mm 
and was not significantly different compared to the freehand-SPECT guided group (two-
sample Student’s t-test, p: 0.52). 

Conclusion 

We conclude that using freehand-SPECT for 99mTc-nanocolloid administration in 
patients with non-palpable breast cancer with previously implanted 125I-seed is feasible. 
This technique may improve daily clinical logistics, reducing the workload for the 
Radiology department.  
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Background 
The use of mammographic screening in nationwide programs within western countries 
has led to an increase in the number of women with non-palpable breast cancer lesions. 
[1,2] Currently, more than 25% of the radiological suspicious breast lesions are 
considered clinical non-palpable. [3] Accordingly, in many patients accurate pre- and 
intraoperative localisation of these non-palpable lesions is important for adequate breast 
conserving surgery. At present four different techniques are used to localise the tumour 
prior to excision: wire, ultrasound (US), carbon and radioguided (i.e. guided by a 
radionuclide) localisation. [3–5] When lymph node involvement is undetermined these 
approaches are combined with a sentinel lymph node (SLN) procedure. [6,7] 
At The Netherlands Cancer Institute, both radioguided occult lesion localisation (ROLL) 
in our institute with radioactive 99mTechnetium-albumin nanocolloid (99mTc-nanocolloid) 
or radioguided seed localisation (RSL) are used for non-palpable breast tumour 
localisation during surgery. [8] In the case of RSL a 3.7 to 10.7 MBq 125iodine-seed (125I) 
with a half-life time of 60 days is preoperatively implanted into the malignancy using US-
guidance in most cases. When the tumour was only visible on mammography, 
placement of the 125I-seed was performed under stereotactic guidance. In our institute, 
the location of the 125I-seed is always confirmed by an additional mammogram at the 
day of implantation. Recent studies show advantages when looking at resection margins, 
duration of localisation and surgical excision time for RSL or ROLL over wire-based 
localisation. [3,9–11] At The Netherlands Cancer Institute RSL is a standard procedure 
and over a 1000 125I-seeds have been implanted since 2008.  
In all patients scheduled for tumour excision the procedure is combined with sentinel 
lymph node biopsy (SLNB) for regional staging of the disease. This staging is of great 
significance for the patient outcome, being a predictor of presence for further 
metastasis in the axillary basin. [12] Clinical protocols for this procedure may vary 
between institutes because the radiocolloid injection site for SLNB is still a matter of 
controversy. [13–17] At The Netherlands Cancer Institute the 99mTc-nanocolloid for 
SLNB in non-palpable breast cancer is preferably administered intratumourally by US-
guidance, although, in clinical practice it turns out to be either peri- or intratumoural. 
Peritumoural is defined as at least within a radius of 10mm to the tumour border. 
Intratumoural injections can sometimes result in resistance of the tumour tissue while 
administering the tracer, this is solved by small injection volumes (<0.2ml) and to slowly 
pull a little bit back while administering the tracer. This peri- or intratumoural 
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radiopharmacon administration will result in extra-axillary SLN’s, which in our institute 
are included for diagnosis. [18] Prior to surgery the radiologist localises the 125I-seed by 
the ultrasonic reflection of the titanium capsule in order to place a needle into the 
tumour. Subsequently a nuclear physician injects the 99mTc-nanocolloid. [19] This can be 
a challenging intervention due to difficulties in localising the 125I-seed in pathological and 
irregular breast tissue. Furthermore, the procedure requires two medical specialists (e.g. 
a radiologist and a nuclear physician) and a technologist. By avoiding this additional US-
procedure the workload of the Radiology department will be decreased.  
Recently a novel freehand-SPECT system (declipseSPECT, SurgicEye GmbH, Munich, 
Germany) for three dimensional (3D) radioguided imaging and navigation has been 
introduced. This device combines a conventional gamma probe with an optical tracking 
system. An algorithm links the measured counts from the location of the gamma probe 
in space and, accordingly, reconstructs a 3D visualisation. [20,21] The purpose of this 
study is to validate 125I-seed localisation guided by freehand-SPECT in patients with non-
palpable breast cancer in order to facilitate 99mTc-nanocolloid injections. Results of this 
study could also serve as a proof of concept for use of this specific radioguided 
navigation technique in other malignancies.  
 

Materia ls and methods 

Patient population 

44 patients with a peri-/intratumoural 125I-seed (STM1251, Bard Brachytherapy, Inc. 
Carol Stream, IL, USA) and scheduled for an SLN-procedure were included. Patients 
were included in consecutive order and inclusion was based on availability of 
researchers, SPECT/CT-scanner and the freehand-SPECT device. The study protocol 
included a group of patients scheduled for both US and freehand-SPECT (group 1; 
n=10) followed by a second group of patients investigated with only the freehand-
SPECT probe (group 2; n=34). Results of the second group were compared with a 
control group of patients who had received injections guided by US (group 3; n=21). 
Experienced radiologists measured the tumour size by means of MRI or mammography. 
The characteristics of the groups are as follow: 
Group 1: In ten patients in the period October 2012 to December 2012 the location 
and depth of the 125I-seed was measured, using both freehand-SPECT and US. The 
99mTc-nanocolloid was injected exactly according to the standard protocol based on US-
guided injections, which is the technique of choice at the Netherlands Cancer Institute. 
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The standard protocol means no additional SPECT/CT-scan to limit additional radiation 
exposure for patients. 
Group 2: In the period from December 2012 to April 2013 34 patients were included. 
The location and depth of the 125I-seed was measured, using freehand-SPECT followed 
by a freehand-SPECT guided injection with 99mTc-nanocolloid. These 34 patients 
received a SPECT/CT scan to measure the accuracy of the 99mTc-nanocolloid injection 
location in relation to the 125I-seed.  
Group 3: The control group was constituted retrospectively by 21 consecutive patients 
whom underwent US-guided 99mTc-nanocolloid injection near the 125I-seed and a 
SPECT/CT in the period from April 2012 to March 2013. This means that only patients 
who had received a SPECT/CT in the context of a standard SLN-procedure (i.e. non-
visualisation of lymphatic drainage or aberrant lymphatic drainage on the planar imaging) 
were included. This group is selected to study the US-guided injection depots of 99mTc-
nanocolloid by means of SPECT/CT without making additional SPECT/CT-scans. 

The standard clinical SLN-protocol 

All patients undergoing a SLNB get a 99mTc-nanocolloid (GE Healthcare, Eindhoven, The 
Netherlands) injection of 140 MBq in 0.2 ml one day prior to surgery. Five-minute static 
scintigraphic images are acquired from anterior and lateral 5-30 minutes, and 2-3 hours 
post-injection. In case of non-visualisation or aberrant lymphatic drainage an additional 
SPECT/CT scan is obtained. All SPECT/CT data are acquired using a hybrid camera 
(Symbia-T; Siemens, Erlangen, Germany). The dual-head SPECT (128x128 matrix, 40 
frames, 30s/frame) is performed using 9° angular steps in a 30s time frame. For CT 
(130kV, 40mA, B30s kernel), 5mm slices are obtained. Both attenuation and scatter 
correction are applied. 
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Figure 1 :  (a) Data acquisition using the freehand-SPECT device, radioactivity is measured with 
the probe from multiple directions. P is the probe and in yellow the detection beam of the 
probe. The orange cloud is an accumulation of the area where is measured. (b) The localisation 
of the 125I-seed after reconstruction. The 125I-seed reconstruction is projected over the optical 
image in purple. T is the patient tracker. (c) 3D visualisation of the distance and direction of the 
probetip to the 125I-seed. (d) Injection of 99mTc-nanocolloid guided by freehand-SPECT. I is the 
tracer injection localisation. 
 

Freehand-SPECT acquisition and reconstruction  

This method was based on combining counts measured with a conventional gamma 
probe with data of the location and orientation of the gamma probe using a reflective 
reference target attached to a specific site on the probe. Through a calibration 
procedure the relation between the gamma probe tip and the reference target was 
determined. [22] To acquire an accurate 3D volume reconstruction from the count 
data, a surface scan was made by hovering the probe over the area of interest in three 
different orientations (e.g. x, y, z planes). The system requires at least 1500 
measurements to accurately create a 3D visualisation; in our protocol we adopted thus 
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a minimum of 2000 measurements in three or more directions. This planar surface 
scanning takes about 2 minutes and the reconstruction of the volume takes another 20 
seconds. After the reconstruction the optical camera of the used system was combined 
with a radioactivity map. (Figure 1b) The window level was adjusted by using the 
touchscreen to set a visualisation threshold similar to the ones used in conventional 
nuclear medicine until the number of hotspots equals the number of 125I-seeds in-situ. 
The 3D window enabled the best navigation to the 125I-seed. (Figure 1c)  
For patients of group 1, the perpendicular distance from the skin to the 125I-seed was 
determined with the freehand-SPECT and the most intensive focus in the 3D 
reconstruction was marked on the skin of the patient. Next, the radiologist, who was 
blinded for the depth information, localised the 125I-seed with US and measured the 
perpendicular depth from the marked place on the skin to the 125I-seed after which he 
injected the 99mTc-nanocolloid close to the 125I-seed. To avoid breast tissue 
deformations it is important that the patient does not change position during the 
freehand-SPECT and US-measurements.  
For patients of group 2 the perpendicular depth to the 125I-seed, which was used for 
US-guided injections as well, was measured per patient and the optimal injection 
location was marked on the skin. The needle was injected to the depth indicated by the 
freehand-SPECT. (Figure 1c) Three hours after injection of 99mTc-nanocolloid a 
SPECT/CT scan was obtained. Verification of the 99mTc-nanocolloid injection relative to 
the 125I-seed was performed by comparing the 99mTc-nanocolloid-depot on the SPECT 
images to the location of the 125I-seed on the CT-scan. The distance from the 125I-seed 
to the centre of the activity depot in the axial plane was measured. All distances on 
SPECT/CT were once more determined by a second independent blinded observer to 
study the limits of agreement. 

Statistics for data analysis 

Continuous variables were represented by mean ± standard deviation (SD). Differences 
between the measured depths of the 125I-seed by freehand-SPECT and US are 
evaluated by Bland-Altman graphs. The limits of agreement between the different 
observers were also evaluated by Bland-Altman graphs. This results in a mean difference 
and the 95% confidence interval (95% CI). [23] 
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Results 

Group 1: US-validation 
The characteristics of all 10 patients are outlined in Table 1. The lesions were found on 
various locations in the breast. The 10 perpendicular measurements with US and 
freehand-SPECT of the 125I-seed resulted in absolute variations in the range of 0 to 
5mm. The average difference in depth was 0.05 ± 2.4mm (range -3.5-5mm), and the 
absolute average was 1.6mm ± 1.6mm, (range: 0-5mm). These data are displayed in a 
Bland-Altman plot, which visualises the mean and the 1.96 times the standard deviation 
ranges. [24] (Figure 2) 

Group 2: SPECT/CT-validation  
The characteristics of all 34 patients are outlined in Table 1. Patients had either one or 
two 125I-seeds implanted and the tumours were located on various locations within the 
breast. The average distance form the centre of the 99mTc-nanocolloid-depot to the 125I-
seed on SPECT/CT was 10.9 ± 6.8mm (range: 0-29mm).  
Retrospective analysis of the data showed a possible relation between the number of 
measurements made by the freehand-SPECT and the distance between the 99mTc-
nanocolloid-injection-depot and the 125I-seed. In ten injections we noticed that the 
number of measurements was more than the protocolled 2000-2500 but was 3000-
3500 measurements at least. We evaluated the differences to study whether higher 
number of measurements will result in more accurate injections. The ten injections with 
more measurements resulted, after measuring the distance between the 99mTc-
nanocolloid-injection-depot and the 125I-seed, in a mean distance of 10.0mm instead of 
11.2mm in the other 26 injections. 

Group 3: control group 
In the retrospectively selected US-guided 99mTc-nanocolloid injections (patient group 3) 
the distance from the depot to the 125I-seed showed was 9.7mm ± 6.5mm (range 2-
30mm) on SPECT/CT.  
Comparing the distance from the depot to the 125I-seed in the freehand-SPECT (group 
2) and US-guided injections (group 3) revealed no significant difference (two-sample 
Student’s t-test, p: 0.52). This means there is no difference in accuracy for US-guided 
and freehand-SPECT guided injections. The mean difference between the two 
observers in this setting was 0.5mm (95% CI 2.9 to -3.5mm), for freehand-SPECT 
guided injections 0.1mm (95% CI: -3.0mm to 3.1mm) and for the US-guided injections 
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0.9mm (95% CI: -2.2mm to 4.0mm). (Figure 2, 3) There are images included in this 
work that illustrate the location of the 125I-seed and the 99mTc-nanocolloid-depot by a 
fusion of the SPECT signal and the CT-scan. (Figure 4) 
In total 65 peri-/intratumoural 99mTc-nanocolloid injections were included in this study 
for analysis. The overall SN identification rate was 1.2 SN per patient and 56/65 had SN 
visualisation on either lymphoscintigraphy or SPECT/CT. The intraoperative SN 
identification rate was higher thanks to prolongation of the time interval (allowing 
further lymph drainage) and the use of blue dye. 
 
Table 1 :  Patient information for US-validation (n = 10), patient information for SPECT/CT 
validation (n = 34) and retrospect US-guided injections (n = 21) 

Parameter Group 1, US-
validation (n = 
10) (SD, range) 

Group 2, SPECT 
validation (n = 34) 
(SD, range) 

Group 3, 
Retrospect US-
guided injections (N 
= 21) (SD, Range) 

Patient age (years) 51 (8.4, 42-66) 61.3 (12.1, 26-89) 59 (10.6, 42-86) 
Tumour size (mm) 11.5 (3.1, 9-20) 17.1 (13.8, 3-60) 18.4 (13.1, 8-55) 
Tumour type 3xDCIS, 6xIDC, 

1xILC 
12xDCIS, 1xLCIS, 
14xIDC, 4xILC, 
3xunknown 

14xDCIS, 4xLCIS, 
3xunknown 

Number of 125I-
seeds 

1 30x1, 4x2 seeds 1 

Location of 125I-
seeds 

3 medial, 6 lateral, 
1 central 

7 medial, 22 lateral, 5 
central  

5 medial, 13 lateral, 
3 central 

Days after 125I-seed 
implantation 

30 (13, 12-56) 33.5 (23.3, 10-118) Not measured 

125I-seed depth (by 
US) (mm) 

11.6 (6.4, 5-23) Not measured Not measured 

125I-seed depth (by 
freehand-SPECT) 
(mm) 

11.5 (6.6, 5-25) 15.3 (6.7, 8-35) Not measured 

Difference in 
localisation or 
location (mm) 

Mean difference: 
0.05 (2.4, -3.5-5) 
Absolute mean 
difference: 1.6 
(1.6, 0-5) 

10.9 (6.8, 0-29) (CT 
compared with 
SPECT) 
 

9.7 (6.5, 2-30) (CT 
compared with 
SPECT) 
 

Irradical procedures  1/10 (focal 
irradical) 

9/34 (focal irradical 
or irradical) 

5/21 (focal irradical 
or irradical) 
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F igure 2 :  Bland-Altman analysis for the distances in depth measured with the US-probe and 
with the freehand-SPECT. The analysis indicates the average of the measurements. The upper 
and lower dotted lines represent the Bland-Altman limits the 95% confidence interval. 

 

Figure 3 :  Bland-Altman analysis for the interobserver agreement between freehand-SPECT 
guided and US-guided injections. The analysis indicates the average of the measurements. The 
upper and lower dotted lines represent the Bland-Altman limits the 95% confidence interval. 
 

Discussion 
This study demonstrates that peri-/intratumoural 99mTc-nanocolloid injections using a 
freehand-SPECT device are feasible in patients with non-palpable breast cancer marked 
with a 125I-seed. The freehand-SPECT is able to localize the 125I-seed and obtains 
navigation parameters for subsequent SLN-procedure related tracer injection. The 
manufacturer specified a spatial resolution of 5mm for the freehand-SPECT, suggesting 
that this device was appropriate for the intervention described in our study. [25] Our 
results confirmed this by showing a mean difference of 1.6 ± 1.6mm (range: 0-5mm) 
compared to the conventional US-technique. Additionally, it was concluded that the 
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concordance of freehand-SPECT guided administrations compared to US-guided 
administrations validated by means of SPECT/CT imaging was clinically acceptable for 
the approach that we pursue. This study was not designed to study a learning curve, we 
also did not find a learning curve in this limited number of cases. This might be the 
result of varying observers. However, to use the freehand-SPECT device a training 
period is required. The results of this study and the benefits of using this technique 
seem to support the use of freehand-SPECT for 125I-seed-guided radiocolloid injections 
in patients scheduled for SLNB and thereby enhance the logistics and workload for 
Nuclear Medicine and Radiology departments.  

Image-guided injections 

For SLNB, US-guided injections are commonly used to deliver 99mTc-nanocolloid into or 
in the vicinity of the tumour. [19] In cases where the 125I-seed is not identifiable a 
stereotaxic procedure is performed. The US-guided injections and the stereotaxic 
procedures have certain drawbacks; first of all the planning is more complicated 
because there are two departments involved and the time per procedure is variable (15 
to 45 minutes). Furthermore the localisation of the 125I-seed may be time-consuming 
and requires a radiologist. The injection using freehand-SPECT is straightforward and, as 
described in the present study, clinically applicable. The procedure can be performed at 
the Nuclear Medicine department, which does increase the flexibility in planning. In our 
experience the procedure never exceeded 20 minutes taking in average 10-15 minutes. 
A second benefit is that this procedure may avoid potential pitfalls in misjudging the 
identity of the 125I-seed and thereby an incorrect injection location of 99mTc-nanocolloid 
in patients with other types of markers in situ or calcifications in the breast. These other 
non-radioactive markers do not affect the freehand-SPECT technique. 
The radiocolloid injection site for SLNB is still a matter of controversy. [13,14,16,17] 
The freehand-SPECT method as described in this study is only of clinical relevance for 
tumour-related tracer administration. For injections in the vicinity of the tumour this 
technique is sufficient. However, for injections in small lesions this technique requires 
more precision. This could be acquired with an optically tracked needle integrated in 
the freehand-SPECT system. There are prototypes of needles or catheters with optical 
tracking systems, enabling exact needle tip localisation and thereby possibly more 
accurate injections. [26] For the 36 freehand-SPECT guided injections we used 15, 25, 
35mm needles and the depth was determined on the basis of depth estimation.  
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Optimisation of freehand-SPECT 

There are several possibilities to explain the observed distance deviation between the 
99mTc-nanocolloid-injection-depot and the 125I-seed on SPECT/CT. First, the use of older 
(weaker in radioactivity) 125I-seeds may give significantly less signal, which influences the 
image quality. Another explanation could be the fact that the freehand-SPECT device 
indicates a depth and a direction, which is marked on the skin. The nuclear physician 
had to inject exactly similar to this direction or else larger deviations in deeper injections 
would logically be the result. Further analysis of the relation of depth and inaccuracy 
hinted to a relation where an increase in depth results in more inaccurate injections 
(correlation of 0.58). (Figure 5) When only the 125I-seeds with a depth of < 26mm are 
taken into consideration (25/36 125I-seeds) the average distance between the 99mTc-
nanocolloid-injection-depot and the 125I-seed is 8.2mm (SD: 5.1mm, Range: 0-20mm) 
This is less than the average distance measured on the SPECT/CT scans for all US-
guided injections (group 2).  
The retrospect evaluation of the accuracy in 10 injections with higher number of 
measurements demonstrated a mean distance of 10.0mm instead of 11.2mm in the first 
26 injections, this suggests a favourable relation to obtain more measurements. With 
these small numbers this is not a significant conclusion. Nevertheless, we recommend 
using higher numbers of measurements, because more data for the calculations would 
logically result in more accurate reconstructions and could for example compensate the 
weak signal of older 125I-seeds. An additional source of error in the evaluation might be 
the registration between CT and SPECT and the slice thickness of the CT images. 
These factors can have both a positive and a negative impact on the evaluation, but 
have to be considered when looking at the standard deviation of the results. 
In the present study freehand-SPECT reconstruction was based on settings used for 
standard intraoperative procedures. In theory, it is possible to increase the number of 
iterations or reduce the voxel size. The standard number of iterations for 
reconstruction is 20; experimental settings where the number of iterations rises up to 
100 iterations can result in more accurate localisations but may drastically increase the 
reconstruction time. The voxel size is also variable; this can be reduced from 5mm 
voxels to 2mm voxels. Experimental setups will be required in the future to evaluate 
which are the optimal settings for specific applications. This study also demonstrates 
potential use of freehand-SPECT for intraoperative 125I-seed localisation since accurate 
navigation to the radioactive tumour marker is enabled. Furthermore, the margins of 
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breast cancer specimens relative to the 125I-seed could be ex vivo determined as 
predictor for surgical margins. A prospective study to investigate this assumption is 
currently in preparation. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4 :  Axial SPECT/CT-images. (a) The low-dose CT. (b) The SPECT and CT image fused. 
(c) Close up of the low-dose CT. (d) The SPECT and CT image fused with the measurement 
of distance from centre of activity 99mTc-nanocolloid to the 125I-seed, the measured distance is 
8mm. The green lines indicate the same position in the different images. 
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F igure 5 :  Distance from 125I-seed to the centre of 99mTc-nanocolloid activity versus the depth 
of 125I-seed from the skin. 

 

Conclusion 
Peri-/intratumoural 99mTc-nanocolloid injection for SLN-mapping using freehand-SPECT 
in patients with non-palpable breast tumours and implanted 125I-seeds for tumour 
excision are feasible. This approach may become a reliable alternative for US-guided 
99mTc-nanocolloid injections, alleviating daily/clinical logistics in both the Nuclear 
Medicine and Radiology departments.  
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Abstract  

Background 

Mammographic screening has led to the identification of more women with non-
palpable breast cancer, many of them to be treated with breast-preserving surgery. To 
accomplish radical tumour excision adequate localisation techniques like radioactive 
seed localisation (RSL) are required. For RSL a radioactive 125iodine-seed (125I-seed) is 
implanted central in the tumour to enable intraoperative localisation using a gamma-
probe. In case of extensive tumour or multifocal carcinoma, multiple 125I-seeds can be 
used to delineate the involved area. Preoperative imaging is performed different from 
surgical positioning; therefore exact 125I-seed depth remains unknown during surgery.  

Methods 

Twenty patients (mean age 56.8y) with 25 implanted 125I-seeds scheduled for RSL were 
included. Sixteen patients had 1 125I-seed implanted in the primary lesion, 3 patients 2 
125I-seeds, and 1 patient 3 125I-seeds. Freehand-SPECT localised 125I-seeds by measuring 
gamma counts from different directions all registered by an optical tracking system. A 
reconstruction and visualisation algorithm enabled 3D navigation towards the 125I-seeds.  

Results 

Freehand-SPECT visualized all 125I-seeds in primary tumours and provided pre-incision 
depth information. The deviation between the freehand-SPECT depth and the surgical 
depth estimation was 1.9mm (SD 2.1mm, Range 0-7mm). 3D freehand-SPECT was 
especially useful identifying multiple implanted 125I-seeds since the conventional gamma-
probe has more difficulty discriminating 125I-seeds transcutaneous.  

Conclusion 

Freehand-SPECT with 3D navigation is a valuable tool in RSL for both single and 
multiple implanted 125I-seeds in breast-preserving cancer surgery. Freehand-SPECT 
provides continuous updating 3D imaging with information about depth and location of 
the 125I-seeds contributing to adequate excision of non-palpable breast cancer.  
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Background 
The use of mammographic screening in nationwide programs has led to an increase in 
the number of women with non-palpable breast cancer lesions. [1,2] Currently, more 
than 25% of the radiological suspicious breast lesions are considered clinically non-
palpable. [3] Accordingly, in many patients, accurate pre- and intraoperative localisation 
of these non-palpable lesions is important for adequate breast-conserving surgery. 
Similarly, adequate localisation is indispensable to allow breast-conserving surgery in 
patients with locally advanced breast cancer following successful neoadjuvant systemic 
treatment (NST). At present, three important techniques are used to localize the 
tumour prior to excision: wire-, ultrasound (US)-, and radioguided (i.e. guided by a 
radionuclide) localisation, which are applied according to local preferences. [3-5] When 
there is no clinical evidence for lymph node involvement, these approaches are often 
combined with a sentinel node (SN) biopsy procedure. [6-8] 
At The Netherlands Cancer Institute radioactive seed localisation (RSL) is used for non-
palpable breast tumour localisation during surgery and over 1,500 125iodine- (125I-) seeds 
have been implanted since 2008. For RSL, a 3.7 to 10.7 MBq 125I-seed with a half-life 
time of 60 days is preoperatively implanted into the malignant lesion using US guidance. 
If the lesion is only visible on mammography, placement of the 125I-seed is performed 
under stereotactic guidance. Immediately hereafter, correct position of the 125I-seed is 
confirmed by an additional mammogram. This technique is used for localisation of non-
palpable lesions in primary surgery and for the setting where NST is given to allow 
breast-conserving surgery after tumour downsizing. For this latter category marking of 
the tumour before the start of the NST is required to enable accurate breast 
conserving surgery afterwards. An important advantage of 125I-seed markers is that they 
do not migrate and can remain for longer periods of time within the breast. [9,10] This 
125I-seed acts as a radioactive point source and can be localized within the breast by 
means of a gamma probe, with adjustment for the 125I gamma energy. In case of 
extended areas of ductal carcinoma in situ (DCIS) or multifocal lesions, multiple 125I-
seeds can be placed to delineate the area of a larger lesion or different foci. [11,12] 
Recently, a novel freehand single-photon emission computed tomography (SPECT) 
system (declipse®SPECT, SurgicEye GmbH, Munich, Germany) for three-dimensional 
(3D) tomographic radio-guided imaging and navigation has been introduced. This 
innovative device combines a conventional gamma probe with an optical tracking 
system. An algorithm links the measured counts from the location of the gamma probe 
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in space and, accordingly, reconstructs a 3D radioactivity map for visualisation. [13,14] 
Previously we determined the accuracy of this visualisation for preoperative 125I-seed 
localisations to facilitate the SN tracer injection. [15] Accordingly, we used the same 
technique to identify margins intraoperative by assessing the 125I-seed localisation within 
the breast cancer specimen. [16] After these initial results we started an intraoperative 
validation of the method using the freehand-SPECT technology, which also includes 
intraoperative navigation during the RSL procedure. The number of centres that use 
RSL is still increasing and popularity rises mainly because of the simplified logistics. [17] 
The way to implement and apply RSL is still developing, and its different applications 
with single or multiple seeds, in primary surgery or surgery after NST, or the use of 125I-
seeds to mark axillary lymph nodes, make it an interesting procedure for further 
technical optimisation. The purpose of the present study is to validate 125I-seed 
localisation guided by freehand-SPECT in patients with non-palpable breast cancer in 
breast preserving surgery. To better determine the additional value of the freehand-
SPECT technique we also included more complex cases where multiple 125I-seeds were 
used.  

	
Methods 
This single-institution prospective feasibility study was approved by the institutional 
review board of the Netherlands Cancer Institute, Amsterdam, The Netherlands.  

Patient population 

In this study 20 patients scheduled for radioguided breast cancer surgery with single or 
multiple implanted 125I-seeds were included. In total 28 125I-seeds (STM1251, Bard 
Brachytherapy, Inc., Carol Stream, IL, USA) were localized intraoperative using freehand-
SPECT in breast cancer surgery. Informed consent was obtained from all individual 
participants included in the study. 

Standard clinical RSL protocol 

Patients with non-palpable malignancies or patients scheduled for upfront systemic 
treatment receive an 125I-seed implanted at the radiology department. The 125I-seed is 
introduced through an 18 gauche needle under ultrasound or stereotactic guidance, 
after which the location is confirmed by mammography. In case of NST the 125I-seed 
marks the location of the tumour site prior to therapy. Pathological confirmation of the 
response is required because even after a complete radiological response about half of 
the patients have residual microscopic cancer. [18] In extensive DCIS or multifocal 
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carcinoma, multiple 125I-seeds are used to delineate the borders of the involved area or 
mark the different foci. [11]  
In a small percentage of the patients a positive lymph node is marked with an 125I-seed 
prior to NST. This node is staged after NST in a ‘Marking Axillary lymph nodes with 
Radioactive Iodine seeds’ (MARI) procedure to determine further treatment. [10,19,20] 
For MARI procedures 125I-seeds with less radioactivity are used, an apparent 
radioactivity of approximately 1MBq instead of 8MBq (normal activity for RSL 
procedures) 125I is used.  

Freehand-SPECT acquisition and reconstruction 

Freehand-SPECT is an imaging modality based on data acquisition gathered with a 
conventional gamma probe (Crystal Probe, Crystal Photonics GbmH, Berlin, Germany). 
By combining counts measured with data about the location and orientation of the 
probe, acquired by a tracking system that tracts a reflective reference target attached to 
a specific site on the probe, a SPECT image can be reconstructed. Through a calibration 
procedure, the relation between the gamma probe tip and the reference target is then 
determined. [21] To acquire an adequate 3D volume reconstruction from the count 
data, a surface scan was made by hovering the probe over the area of interest in three 
different orientations (e.g. x, y and z planes). Every 5 seconds the system provides an 
updated reconstruction of the radioactivity map. When counts are measured from 
enough angles an image appears with a reliable projection of the 125I-seeds. (Figure 1) 
The window level was adjusted by using a touch screen to set a visualisation threshold, 
similar to the ones used in conventional nuclear medicine, until the number of hot spots 
equals the number of 125I-seeds in situ. The so-called 3D window enables the best 
navigation towards the 125I-seed (Figure 1). The visualisation display provides a real-time 
display with the distance of the probe tip to radioactive source.   

Surgical RSL procedure  

Transcutaneous measurements with the gamma probe determine the location of the 
maximum 125I-gamma counts, which is marked on the skin, and accordingly the incision 
is made at this site. The gamma probe is further used to guide the excision of the 125I-
seed and lesion. Correct 125I-seed removal is confirmed by a measurement of no 125I-
signal in the wound and an 125I-signal measurement in the excised specimen. 

Statistics for data analysis 
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Continuous variables were represented as mean ± standard deviation (SD). The 
difference between the measured depth of the 125I-seed by freehand SPECT and 
determined by the surgeon was visualized by means of a Bland-Altman graph. [22] The 
distance determined by the surgeon was based on assessment of pre-operative images 
and experiences during surgery by means of a measurement with a ruler at the moment 
of the final part of the excision.  

	

	
Figure 1 :  Intraoperative 125I-seed localisation. (A) Localisation with conventional gamma probe. 
(B) Selection of the volume of interest by pointing the freehand-SPECT at the specific area. (C) 
A continuous updating reconstruction of the 125I-seeds is visualized by hovering the gamma 
probe over the breast. (D) 3D visualisation mode with the point of view displayed from the tip 
of the gamma probe to enable navigation to both seeds. In the upper right corner the distance 
from the tip of the gamma probe to the radioactive hot-spot is displayed. 

	
Results 
The patient characteristics are described in Table 1. All 25 125I-seeds in the breast were 
identified in 20 patients while using freehand-SPECT and accordingly excised (16 x 1 
125I-seed and 4 x multiple 125I-seeds). Freehand-SPECT acquisition took approximately 1-



	 129 

2 minutes per procedure. Immediate and continuous image reconstructions allowed 
real-time image assessment and direct knowledge about where further scanning is 
required. The deviation between the depth indicated by freehand-SPECT and the depth 
indicated by the surgeon based on estimation was 1.9mm (SD: 2.1mm, Range: 0-7mm). 
This was visualized by means of a Bland-Altman graph. (Figure 2) Freehand-SPECT was 
able to pinpoint the place and direction of the solitary 125I-seeds on the skin (n=16), 
which was in all solitary seeds identical to the position as indicated by the acoustic 
feedback of the conventional gamma probe. 
In cases with multiple seeds (n=4), the freehand-SPECT gamma probe indicated the 
exact area where the 125I-seeds were located (n=3), in one case identification of 
separate seeds was not possible. Since these cases are of special interest, the usability of 
freehand-SPECT in three of these cases will be discussed in greater detail in the 
following sections, the fourth case was a straightforward successful procedure and 
therefore not separately described. 
Table 1 :  Patient characteristics; n=20 patients; n= 28 125I-seeds 

Parameter Mean (SD, Range) 
Age 56.8 (10.6, 39-73) 

Tumour type 

IDC: n=14 
ILC: n=2 
DCIS: n=3 
Other: n=2 

Surgical treatment Primary surgery: n=13 
Surgery after NST: n=7 

Number of 125I-seeds 

Single 125I-seeds n=16  
Multiple 125I-seeds n=4; 
3 x 2 125I-seeds 
1 x 3 125I-seeds 
MARI 125I-seeds: n=3 

Weight of the breast specimens (g) 21.5 (13.5, 4-60) 
Tumour size (mm) 12.4 (9.7, 0-40) 

125I-seed location (total 28 seeds) 

2 x lower outer 
19 x upper outer 
1 x lower inner 
3 x upper inner 
3 x axilla 

Combination with sentinel node procedure 12 x Yes 
8 x No 

Radical procedure 17 x Yes 
3 x No 

IDC: invasive ductal carcinoma, DCIS: ductal carcinoma in situ, ILC: Invasive lobular 
carcinoma. MARI: Marking Axillary lymph nodes with Radioactive Iodine seeds 
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Figure 2 :  Bland-Altman analysis comparing the distances in depth measured with freehand-
SPECT with those estimated by the surgeon. The analysis indicates in blue the average of the 
measurements. The upper and lower red broken lines represent the Bland-Altman limits within 
the 95% confidence interval. 
 

CASE 1: A 71 year-old women that presented with a 10mm infiltrating ductal carcinoma 
(IDC) at 10 o’clock and a 7mm papilloma at 11 o’clock both in the right breast. Both 
lesions were marked with an 125I-seed, the spatial distance between the seeds was 
2.3cm in the medial-lateral-oblique (MLO) mammography projection. Both markers 
were detected with the conventional gamma probe based on acoustic signal, although 
its exact separation was very difficult to accomplish. By contrast, with freehand-SPECT, 
both markers were clearly differentiated by creating an image of the radioactivity 
distribution within 20 seconds and this information could be used reliably after 90 
seconds for depth measurements. (Figure 1) By aiming with the probe at the different 
seeds it was determined that the depths from the skin were 11 and 15mm. The 
surgeon estimated the depths at approximately 18 and 19mm at the time of excision. 
CASE 2: In this 55 year old women three 125I-seeds were implanted in the left breast in 
an estimated 7mm area of DCIS at 10 o’clock, a 8mm area of tubular IDC at 1 o’clock, 
and an 8mm tubular IDC at 12 o’clock. The spatial distance between the two most 
outer seeds was 6.1cm in the MLO mammography projection. Surgically these three 
markers could be clearly visualized by using freehand-SPECT supporting the 
conventional gamma probe, which enabled accurate annotation on the skin of the 
locations for precise excision. (Figure 3) Unfortunately, after pathological examination, 
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two of the lumps had tumour deposits in the resection borders and a mastectomy was 
considered the better option for this patient.  

	
Figure 3 :  (A) Cranial-caudal mammogram with three 125I-seeds in situ and a hydro marker 
located more ventral. (B) A continuous updating reconstruction of the 125I-seeds is visualised by 
hovering the freehand-SPECT over the breast. (C) 3D visualisation mode displayed from the 
point of view of the tip of the gamma probe. In the upper right corner the distance from the tip 
of the gamma probe to the radioactive hot-spot is indicated. (D) Ex vivo overview image of the 
three excised lumps. 

CASE 3: A 68-year-old women with a 3cm grade II area of DCIS. Two 125I-seeds were 
implanted to bracket the lesions. The spatial distance between these two seeds was 
2.9cm in the MLO mammography projection. Both with the gamma probe and 
freehand-SPECT it was not possible to discriminate between the two markers, because 
of their relative position they projected as one oval lesion in the inner upper quadrant 
of the breast. The oval shape and size of the freehand-SPECT reconstruction clearly 
indicated that it was not a reconstruction of a single marker and it did visualize the 
orientation of the two markers. It also identified by its shape the area of the DCIS 
(Figure 4A). Ex vivo it was possible to confirm the correct excision of the area of DCIS 
by displaying the location of both 125I-seeds separately within the specimen. (Figure 4B) 
Additional 125I-seeds in axillary nodes (n=3) were only identifiable in 1 case due to the 
low levels of radioactivity (approximately 0.25 MBq at the time of surgery). The 
sensitivity of the gamma probe attached to the freehand-SPECT system was too low for 
reliable identification of the axillary 125I-seeds (the gamma probe used with the 
freehand-SPECT alone did not measure any counts from this low radioactive 125I-seed 
as well). The standard intraoperative gamma probe, NeoProbe 2000 (Johnson & 
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Johnson Medical, Hamburg, Germany) was, due to its higher sensitivity, able to measure 
the faint signal from these 125I-seeds transcutaneously. 

	

	
Figure 4 :  (A) Two 125I-seeds implanted in an area of DCIS are projected as one larger area in 
an oval shape. Note that due to the proximity of the two seeds a reconstruction with separate 
125I-seeds is not possible. (B) After excision of the lesion the 125I-seeds are identifiable in the 
specimen by 3D imaging demonstrating correct excision and clear margins. 

Histopathological analyses 

In the group of 7 patients who underwent upfront systemic treatment, one patient with 
initial IDC had a complete pathological remission. Two of these 7 patients had tumour 
in the inked margin and required additional treatment. The 3 positive axillary nodes 
marked with an 125I-seed still contained macro metastasis after NST. All patients except 
for one with primary treated breast cancer (n=12) had clear margins after pathological 
assessment (only one patient with 3 lesions, which was discussed in Case 2 had tumour 
deposits in the resection borders).  

	
Discussion 
Image guided surgery increases in use given that more options are available and 
surgeons prefer to see the situation before making decisions. In this light, freehand-
SPECT already demonstrated useful applications in various areas of radioguided 
interventions. [23-25] RSL is increasingly applied for breast-conserving tumour excision 
and freehand-SPECT might be the next important area where this technique can be 
used to improve and simplify the surgical procedure, especially when multiple 125I-seeds 
are used.  
In our experience when a single seed is implanted, the surgeon can easily locate and 
excise the tumour using the conventional gamma probe. However, in case of multiple 
seeds, due to its 45-degree diverging viewing angle the conventional gamma probe has 
difficulties in discriminating two seeds from each other. After incision, and in closer 
proximity to the 125I-seeds, the gamma probe is able to pinpoint 125I-seeds more exactly. 
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In the present study we demonstrated that it is feasible to use freehand-SPECT for pre-
incision 125I-seed localisation, even when multiple 125I-seeds are used. Knowledge of 125I-
seeds depth and visual information of their relative locations in the actual position of the 
patient previous to the surgical procedure allow more accurate planning of the tumour 
approach and placement of the incision and thereby may benefit the outcome of the 
surgical procedure. However, to determine the real consequences for the patient a 
randomized controlled trial should be initiated. The information on the depth and the 
relative location compared to other markers is unique to the freehand-SPECT device 
and is an additional aspect introduced during the RSL procedures that could further aid 
the surgeon in tumour localisation and excision.  
The average error between the pre-excision estimates of the depth with the freehand-
SPECT and the estimates of the surgeon after excision was 1.9mm, with a range of 0-
7mm. Like other scintigraphic imaging methods, freehand-SPECT provides a 
reconstructed representation of a 3D count distribution, which can have some degree 
of inaccuracy. Nonetheless, these deviations found within this setting fall within the 
expected range on the accuracy of freehand-SPECT as described in earlier literature 
reports. We previously compared depth measurements using freehand-SPECT with US 
and found an error of 0.05mm ± 2.4mm (range -3.5 to 5mm) for detecting solitary 125I-
seeds [15], which we consider to be acceptable for this intraoperative procedure. A 
bias might have been introduced since the surgeon was not blinded for the freehand-
SPECT results. Another important finding in the present study was the ability of the 
device to distinguish between two or more point sources, an aspect that has not been 
documented before. In our small number of cases we detected the limitations of this 
method in terms of separating 125I-seeds. The distance between two seeds to be visually 
discriminated should approximately be 2 cm or greater but this highly depends on the 
spatial orientation of the seeds relative to skin surface and the scan planes. Another 
limitation in our surgical setting is that the surgeons use the NeoProbe 2000 and not 
the Crystal Probe, which is compatible with the declipseSPECT system. For a more 
natural procedure only one gamma probe should be used. This will decrease the time 
required to acquire freehand-SPECT scans because all data gathered during normal 
probe handling will be used to update the freehand-SPECT reconstruction.   
This principle of tumour targeting with 125I-seeds can also be used for delineation of 
other structures. While combining this with freehand-SPECT image guided surgery can 
be accomplished in different complex areas such as head and neck surgery or excision 
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of pulmonary nodules. In addition to the surgical possibilities, freehand-SPECT may be 
useful in imageguided interventions such as core biopsies. A recent study describes the 
combination of freehand-SPECT together with an US device where the freehand-
SPECT is superimposed over the US image. The US probe is tracked and therefore 
real-time co-registration of the two modalities is possible. This leads to the possibility of 
radioguided fine needle aspiration of specific targets further supported by 
ultrasonography. [26] 

	
Conclusion 
Freehand-SPECT with 3D navigation is feasible in RSL for both single or multiple 
implanted 125I-seeds. Peroperatively, the modality is able to provide continuous updating 
3D imaging and information about the depth, location and possible displacement of the 
125I-seeds, contributing to adequate excision of non-palpable breast cancer. 3D 
navigation may become an important tool in breast-preserving cancer surgery. 
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Abstract 

Introduction 

Augmented reality (AR) is used for various purposes and different applications have 
been shown in navigation, mobile phones, aviation, simulation, military applications, 
educational purposes, and medicine. In nuclear medicine and molecular imaging, AR is 
currently applied for a small number of interventional procedures with the aim to 
visualize certain structures in patients by nuclear imaging and then navigate the physician 
towards these structures. The purpose of the present study is to provide an overview 
of mobile AR applications for nuclear medicine and molecular imaging. 

Methods 

We conducted searches in the databases Pubmed and Medline for relevant literature 
about AR in medicine focused on nuclear applications using mobile devices. Different 
AR applications were categorized and tabulated. An overview of each method is 
provided and the general results and limitations per technique are given.  

Results 

For AR in nuclear medicine different applications have been identified. Freehand-SPECT 
can obtain real-time SPECT images of small volumes to facilitate interventional 
visualisation and navigation. Current implementations of freehand-SPECT use an AR 
display (SPECT overlaid on optical) to enable instrument navigation. Freehand-SPECT 
can also be overlaid on real-time ultrasound. AR in neuronavigation or cancer surgery is 
facilitated by registration of preoperative nuclear scans onto the patient during the 
surgical procedure.  

Conclusion 

Mobile techniques using AR are adapted and developed for nuclear medicine in various 
feasibility studies. Combining different imaging modalities together with an AR display 
demonstrates useful applications for clinical applications in both interventions and 
surgery.  
 
 
  



	 139 

Introduction 
Augmented reality (AR) is increasingly used in daily and clinical practice and it is defined 
as “the physical real-world as we can optically perceive with additional virtual 
information augmented to it or projected over it”. Three aspects characterize AR: (1) a 
combination of reality with virtuality, (2) registration of the real-world in 3D, and (3) 
possibility of real-time interactions. [1, 2] In the reality-virtuality continuum described by 
Milgram and Kishino the whole range from virtuality (completely synthetic-world) to 
reality (real-world) is described in an orderly form. According to their taxonomy, AR is 
a form of mixed reality located near the reality end of the reality-virtuality continuum. 
For example, virtual reality gaming displays are usually at the most virtual site of the 
virtuality continuum; it generates a complete synthetic-world for the user. AR on the 
other hand, combines and interacts with reality, while the physical real-world is more 
dominant.  
A literature review of advanced medical displays based on AR was published in 2008 by 
Sielhorst et al. and provides an overview from the first AR description in 1938 to the 
developments of many different applications in the last decades. [3] Sielhorst’s study 
describes the main motivation for the need of visualizing medical data and the patient 
within the same physical space, in other words, the need for AR. In practice, there are 
four methods to display AR: external screens, see-through windows, external 
projections, and head mounted displays, which are all described into more detail in the 
review from Sielhorst et al. [3, 4] AR is currently used for different applications, for 
example in navigation, mobile phones, aviation, simulation, military applications, 
educational purposes, and in medicine. [5-7] Novel medical AR functionalities are 
rapidly presented, which generally appeal to the general public due to their futuristic 
applications and visualisations. [8-10]  
In nuclear medicine and molecular imaging, AR is currently applied for a small number 
of procedures. Innovative AR-based applications for the visualisation of nuclear imaging 
in an interventional setting are under investigation by various pilot and feasibility studies. 
It is still unknown what we can expect from these applications and how they will benefit 
healthcare. However, there are already two very different approaches to the AR in 
nuclear medicine; at the one end there are small, relatively cheap mobile devices and on 
the other end there are large expensive imaging devices fully integrated into the 
operating theatre. This review will focus on AR for nuclear medicine and molecular 
imaging using small mobile devices, as we believe that those systems can be 
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implemented in the standard clinical workflow within most mid-sized clinical institutions. 
An overview will be provided covering the technical details, clinical usability and future 
expectations of these systems.  

	
Methods 
To provide a complete overview of the literature about AR in nuclear applications 
involving mobile imaging systems, a search was performed in Pubmed and Medline 
databases for original research up to March 2015. The initial search terms were: 
"nuclear" AND ("augmented reality" OR "radioguided surgery" OR "intraoperative 
imaging"). Based on the results for this query (n = 110) relevant manuscripts and 
reviews were selected, and reference lists were crosschecked to identify additional 
publications. For additional citations within the inclusion criteria a Google Scholar search 
was performed. Only full papers and case reports in English or with an English abstract 
were included. Additionally, a broad Internet search was conducted to identify future 
developments in AR-based prototypes and ideas of leading institutes that have not yet 
been published in scientific journals.  
All clinical AR applications were categorized and tabulated based on technique and 
indication. An overview of each method and the general results and advantages per 
technique are provided. The technical working mechanism is clarified and the 
opportunities and limitations of the techniques are discussed.  

	
Results 
Our search resulted in the selection of 30 relevant publications where AR is described 
in the field of nuclear medicine and molecular imaging using mobile devices. A table 
with an overview of all publications and techniques is provided. (Table 1) In the 
following sections these techniques and their clinical applications will be described in 
greater detail. 

AR techniques for visualisation and navigation 

Three commercial devices or techniques were found that facilitate mobile visualisation 
and navigation by means of AR in nuclear medicine, which are 1) declipseSPECT, 2) 
BrainLAB’s neuronavigation solutions and, 3) Medtronic’s StealthStation TREON plus. 
All three system use stereo infrared cameras to detect reflective passive markers 
(fiducials) in the real-world. Two or more reflective markers form one cluster, which in 
this article is referred to as a target. Within the surgical field there is just one reference 
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target that acts as the centre of a coordinate system to which the movements of all 
other targets are related. 
The declipseSPECT (SurgicEye GbmH, Munich, Germany) is a system that has been 
specifically developed for radioguided surgery. Based on an intraoperative SPECT image 
method, known as freehand-SPECT, it allows real-time SPECT imaging of small volumes. 
Further it enables the use of preoperative images for navigation as well. Optical tracking 
of instruments is possible by attaching reflective targets and simultaneous tracking the 
passive reference target at the patient, thus enabling navigation of the specific 
instrument (mostly a gamma probe) towards the area of interest. The real-time position 
of the instrument is visualized in an AR display where the preoperative images or the 
intraoperative acquired SPECT images are superimposed onto the (optical) image of 
the patient (either the image of a camera fixed over the operating sites or the video of 
a laparoscope). Registration is not needed if images are acquired intraoperative 
(freehand-SPECT). In case of preoperative images registration succeeds automatically as 
the same reference that is attached to the patient during preoperative image acquisition 
is used in the OR and can be tracked by optical tracking; markings on the skin of the 
patient are used to enable repositioning of the reference. 
Freehand-SPECT image acquisition during an intervention is an innovative approach that 
is based on the combination of detected gamma counts using a conventional gamma 
probe (or portable gamma camera) together with the real-time information on the 
location and orientation of the gamma detector. Through a calibration procedure, the 
relation between the gamma detector and the reference target rigidly attached to it can 
be determined. To acquire an accurate 3D volume reconstruction from the count data, 
a surface scan is made by hovering the detector over the area of interest ideally in three 
different orientations (e.g. x, y, and z planes). This takes approximately 2 minutes for 
most anatomic regions, while the current reconstruction is updated every 5 seconds to 
guide further data acquisition. During and after the imaging process, the acquired 
SPECT images are overlaid over the optical images. The window and level of the 
overlaid SPECT images can be adjusted by using a touch screen to set a visualisation 
threshold similar to the ones used in conventional nuclear medicine until a proper 
image is acquired. (Figure 1) This technique is recently also applied with a different 
approach, where the freehand-SPECT image is not overlaid on an optical image, but 
onto a real-time ultrasound image. Optical tracking of an ultrasound probe and patient 
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results in a correct overlay of both different images derived from ultrasound and 
freehand-SPECT. (Figure 2) 

	
Figure 1 :  (a) Freehand-SPECT image with the radioactive targets (here radioactive seeds) 
superimposed onto the optical image of the patient. (b) 3D visualisation mode (virtual reality) 
where the view is from the gamma probe tip and allows navigation towards the targets. The 
distance from the probe tip position towards the target in indicated in the upper right side on 
the screen. 
	

The second commercial technique found within this review is implemented in the 
neuronavigation tools by BrainLAB (Munich, Germany). Preoperatively, anatomical 
images are acquired with passive reference targets attached to the patient (e.g. the 
fiducials are glued to the skin of the patient). Intraoperative registration of these images 
onto the real-time optical image of the patient takes place again using the passive 
reference targets. Alternatively the registration can succeed using the surface of the 
patient and a laser scanner as implemented in BrainLAB’s Z-Touch or Softouch. 
Positron Emission Tomography (PET) images or SPECT images can be used 
intraoperative (after image fusion to align nuclear and anatomical images) to obtain 
information of the imaged structures in the head area relative to surgical instruments or 
anatomical structures. The overlay of nuclear medicine images on the anatomical ones 
given the registration with the patient can be considered an AR representation. [11] 
The third system found, the StealthStation TREON plus (Medtronic, Louisville, USA), 
uses the same principle as the BrainLAB navigation tools where the preoperative images 
are co-registered to the patient during the surgical procedure. By instrument tracking 
with infrared cameras it is possible to assess where the tumour margins are. Patients 
had to wear a removable dental plastic splint provided with fiducials for intraoperative 
recording during the examinations in order to enable successful registration. [12] 
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Figure 2 :  The freehand-SPECT – Ultrasound set-up. declipseSPECT (D), which enables 
freehand-SPECT imaging by means of a gamma probe or portable gamma camera (P) and an 
optical tracking system. By means of tracking an ultrasonographer (U), an ultrasound image with 
the superimposed radioactivity distribution is created (I) and indicates the SN. 
	

Clinical applications 

In the next paragraph, an overview is given on different applications of AR by means of 
the three previously described approaches and the results reported in literature are 
summarized. A large amount of the studies included sentinel node (SN) procedures 
and, therefore, the studies are divided in SN related studies and primary tumour 
localisations.  

Sentinel lymph node biopsy 

Prognosis and survival is in many tumour types dependent on tumour stage, in which 
assessment of locoregional lymph nodes is highly important. For this purpose, lymphatic 
mapping and SN biopsy have been incorporated into the standard of care in patients. 
SNs are the first lymph nodes to receive detached tumour cells by direct lymph 
drainage with the potential to grow into metastasis. The application of AR-based 
navigation within this setting to detect lymph nodes and guide biopsies is quite new.  
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Breast cancer 
The first reports on the application of SN biopsies were for melanoma patients and it 
was regarded as a less invasive technique compared to a complete axillary lymph node 
dissection. Since the introduction by Morton et al., the SN procedure has been adapted 
also for other indications like early stage breast cancer. [13-15] The introduction and 
application of a 3D navigation technique to localize the SNs in breast cancer has been 
described in 5 different studies. The additional value of freehand-SPECT compared to 
the conventional gamma probe was studied in 2 case reports and in 2 studies with 40 
and 85 patients, respectively. [16-19] Freehand-SPECT, achieving real-time three-
dimensional nuclear image acquisition, proved feasible for these procedures and 
detected more SNs compared to the conventional gamma probe, however, it detected 
less SNs compared to planar lymphoscintigraphy mainly due to merging of spots. Its use 
resulted in changed surgical management in 10.5% of all cases by a postoperative 
freehand-SPECT scan where still a considerable amount or remaining activity was 
detected after resection, possibly coming from second echelon nodes. [19] In a recent 
technical and clinical evaluation from Engelen et al. a combination of a portable gamma 
camera with freehand-SPECT was described. It was hypothesized and proven that a 
portable gamma camera is superior to a gamma probe for image acquisition in terms of 
sensitivity and SN resolvability. Furthermore, the same set-up was used for preoperative 
SN imaging of 10 patients scheduled for a SN procedure. [20] 
Head and Neck cancer 
SN mapping for head and neck cancer in melanoma and Merkel cell cancer is widely 
used since the introduction of SN biopsies. In addition, oral cavity cancer SN biopsies 
(arising from squamous cell carcinomas mainly) are also increasingly performed for 
adequate lymph node staging. [21, 22] In tumours developing at this site, locoregional 
evaluation is highly important to minimize tumour recurrence rate, but also to avoid 
extensive mutilating surgical procedures when cure cannot be achieved anymore. Head 
and neck cancer SN procedures are therefore highly important, but it has to be realized 
that this procedure is performed in an area with complex anatomy. Indeed, there are 
many critical structures, such as nerves and blood vessels, and relatively large amounts 
of small lymph nodes. SN staging is performed to avoid extensive surgery and the 
accompanying morbidly needed for complete lymph node dissections. To guide this 
complex surgical SN localisation, real-time 3D navigation by means of freehand-SPECT 
has been introduced for both melanoma and oral cancer SN procedure. A study for SN 
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mapping in oral cancer with 23 patients demonstrated good results, in terms of 
accurate intraoperative visualisation, in all but 1 case in oral cavity SN procedures. [23] 
The study noted that freehand-SPECT overcomes the shine-through phenomenon 
(meaning radiation detected from a deeper or contralateral structure which could 
indicate false SN localisations), one of the most important limitations of SN procedures, 
and thereby confirmed the importance of SN procedures using 3D navigation in 
patients with cN0 oral cancer. 
In a larger study by Heuveling et al., the use of this modality, previously described in a 
case series for oral cancer SN mapping, was extended to 66 patients and concluded 
that freehand-SPECT based navigation is feasible in the intraoperative detection of SNs 
in early stage oral cancer. [22, 24] Freehand-SPECT provided helpful information in 
order to find the SN in a quarter of cases based on the surgeon’s opinion. However, 
SNs located in the vicinity of the injection site caused problems with localisation 
resulting in the non-visualisation of 9 nodes (out of 146). 
Two other studies including small numbers of patients for SN procedures in early oral 
squamous cell carcinoma and head and neck cancer reported comparable results [25, 
26]. 
Urogenital cancers 
SN procedures for urologic malignancies are still quite controversial. The safety and 
reduction in morbidity of this technique have not been proven and studies are still on-
going to assess its benefits. A SN procedure can reduce patient morbidity by avoiding a 
lymph node dissection thus it is important to explore the possibilities in doing so. 
However, SN procedures in these areas are complex because of drainage to various 
lymph node levels and a complex anatomy of the pelvis region. The first SN procedure 
for prostate cancer using SPECT/CT navigation was performed in a proof of principle 
study. [27] At that stage, it was difficult to perform a high quality freehand-SPECT scan 
in a laparoscopic setting because of the limited possibilities for gamma probe 
movement within the abdominal cavity. Therefore, the use of preoperative SPECT/CT 
images superimposed onto the patient was preferred. To accomplish this an optical 
reference target had to be positioned on a static part of the patient during the 
SPECT/CT-scan as well as during the surgical procedure at the exact same place by 
means of a skin mark. Subsequently, the generated SPECT/CT was superimposed over 
the patient to create a mixed-reality environment aimed to facilitate navigation. A 
disadvantage of the method is the potential mismatch between the reference target 
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placement and the positioning of the patient during the procedure compared to the 
position during the SPECT/CT scan.  
In SN procedures for penile cancer SPECT/CT navigation was used in 10 patients based 
on the same approach as described in the prostate case. The SPECT/CT-scan was 
superimposed on the patient during surgery and proved to be a feasible method to 
translate 3D functional SPECT/CT images to the operating room. [28] This study 
demonstrated a relatively good correlation (±5mm error) with the projected SNs and 
the location where the SNs were detected with the gamma probe or the depth 
measured at the SPECT/CT scan.  
Melanoma 
SN melanoma is, together with breast cancer, the most prevalent indication for a SN 
procedure. In this respect, lymph node involvement is the most important prognostic 
factor for disease-free survival in stage I-II melanoma, indicating the importance of the 
SN biopsy procedure. [29] Additional intraoperative imaging by means of freehand-
SPECT might further improve this procedure in terms of SN localisation and validation 
of complete excision of all SNs, which would benefit procedures in complex areas.  
Two case reports and two feasibility studies with 25 patients in total demonstrated the 
value of freehand-SPECT in the SN procedures for melanoma. The studies described 
better guidance towards SNs and precise pinpointing of the SN location. The feasibility 
study from Freesmeyer et al. described cases of both melanoma and breast cancer SN 
procedures in a setting where the nodes were assessed by means of ultrasonography 
after localisation with freehand-SPECT. [30-33] The fusion concept by combining SN 
information with ultrasound images proved to be feasible and technically successful. 
However, significant technical limitations were shown in freehand-SPECT quality as 
compared to SPECT/CT and fusion precision (registration error 0-20mm). 
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Figure 3 :  StealthStation as example of a surgical navigation system to provide surgeons the 
ability to visualize and track in real-time their surgical instruments relative to a patient’s specific 
anatomy. 

	

Primary tumour localisation 

In addition to AR for SN procedures, the freehand-SPECT application that combines 
real-time imaging with preoperative images or navigation, has also been used for 
primary tumour localisation as described in this paragraph.  
Radioactive seed localisation 
Radioactive seed localisation (RSL) is used to mark primary and neoadjuvant 
systemically treated breast tumours or lymph nodes. A radioactive 125Iodine (125I) seed 
of approximately 8 MBq is implanted in the tumour as marker using ultrasound or 
stereotaxic guidance. This enables radioguided tumour excision with a gamma probe 
and replaces the wire-guided tumour localisation. Freehand-SPECT has been used for 
RSL in the Netherlands Cancer Institute to localize 125I-seeds and to measure the 
marker depth. This modality was introduced in different phases where first in the 
preoperative setting the 125I-seeds were localized to facilitate an intratumoural tracer 
injection for the SN procedure. In a subsequent study, ex vivo breast cancer specimen 
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were evaluated to assess the accuracy of localizing the seeds within the specimen. [34, 
35] Currently, an in vivo study is in progress that aims to assess the possibilities for 
intraoperative freehand-SPECT use. The accuracy of the reconstruction dependents on 
various factors and can be more or less accurate (i.e. marker depth, marker 
radioactivity) but it is mostly within 5mm. 
Thyroid and parathyroid surgery 
Freehand-SPECT was first used for thyroid disease in a feasibility study using both 
freehand-SPECT images and real-time superimposition on the ultrasound images in Jena 
University Hospital, Germany. This study had as purpose to report on the initial 
experiences regarding freehand-SPECT/US fusion. All examinations were technically 
successful and in 18 of 34 examinations the automatic co-registration and image fusion 
showed no discrepancy. No discrepancy means that there was no mismatch between 
the SPECT image of the thyroid and the ultrasound image of the thyroid. Only minor 
limitations in fusion offset occurred in 16 patients (mean offset 6.7mm SD 3mm, Range 
2-10mm). [36] 
Another study demonstrated the feasibility of 3D mapping in patients with parathyroid 
adenomas. A total of five parathyroid adenomas were successfully located with 
SPECT/CT using approximately 750 MBq 99mTc-SestaMIBI as tracer. Freehand-SPECT 
allowed intraoperative detection of all adenomas, and subsequently successful 
parathyroidectomy was accomplished. Parathyroid hormone level decreased 
intraoperatively in all three patients. This preliminary study demonstrated that 
intraoperative localisation of parathyroid adenomas is feasible using the freehand-SPECT 
technology, thus allowing an image-guided parathyroidectomy. [37] Another study 
performed in Valencia, Spain reported about 2 parathyroid adenomas where freehand-
SPECT provided useful information about the depth of the lesions to provide minimal 
invasive radioguided surgery [38]. 
Paraganglioma 
In paraganglioma, the use of freehand-SPECT was reported in only one single case. A 
patient showed 2 foci of uptake of I-123-MIBG next to the left renal vein in a diagnostic 
scan, corresponding to paragangliomas. In the operating room, freehand-SPECT guided 
the surgeon to the resection of both lesions. The system was of additional value in 
planning the operative access to the region of interest and in determining the depth of 
one lesion for precise and more rapid extirpation. Furthermore, it confirmed no 
residues in the operating field after resection of the tumours. [39] 



	 149 

Neurosurgery or neuroradiation therapy 
Neurosurgery is one of the most demanding surgical specialties in terms of precision 
requirements and surgical field limitations. [40] The brain has the advantage compared 
to other areas that it is a relatively fixed structure within the bones of the skull. 
Consequently, neuronavigation gained popularity in an earliest phase in the introduction 
of navigation for medical purposes.  
In 2002, seven patients were included for a study to visualize speech-eloquent areas 
during neurosurgery with the use of preoperative PET and functional-MRI. Functional 2-
[18F]-2-desoxy-D-glucose (FDG) PET images were integrated into the MRI-based 
neuronavigational system of BrainLAB (VectorVision) and could be transferred exactly 
to the operative field. Preoperative functional images indicated the speech eloquent 
areas by imaging under stimulation of the specific task-related neuron networks during 
image acquisition. A star shaped tool was attached to the headrest as a rigid reference 
point during surgery to achieve real-time imaging. The relative position of the pointing 
probe and the specific areas in the brain were real-time visualized and enabled 
navigation. This study demonstrated a method where preoperative functional imaging 
could be used to define specific areas, this is usually performed by keeping the patient 
awake during the procedure and have the patient perform specific tasks. [11] 
Head and Neck tumour resection 
As mentioned before, surgery in the head and neck area is highly complex due to all 
the critical structures. A study from Feichtinger et al. presented a new method of 
matching FDG PET and CT datasets on a commercially available navigation system for 
image-guided intraoperative navigation (StealthMerge, Medtronic, Louisville, USA) in the 
head and neck area. Six patients with a primary T4b oral cavity carcinoma with 
extension to the pterygoid muscles and pterygoid plates or primary T4a carcinoma of 
the maxillary sinus and nasal cavity with invasion of pterygoid plates, infratemporal fossa 
or sphenoid were included. StealthStation TREON plus was used for navigation and 
image fusion was done on the workstation monitor using the software of the navigation 
system StealthMerge. (Figure 3) This study aimed for clear resection margins, which was 
validated by cryosection analysis. Additional image-guided resection of tissue was 
performed to reach a minimal tumour distance of 5mm. In this limited number of 
patients it seemed useful to use image-guided PET/CT navigation during these 
procedures, although further clinical trials are required. [12] 
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Limitations 

Optical imaging and navigation do have some general limitations. The first thing that 
users should be aware of is that there is always a line of sight required between the 
fiducials and the optical tracking system, commonly a pair of stereo infrared cameras. 
When there is an obstruction of this line of sight, for example caused by blood on the 
fiducials or a person/instrument, tracking fails. A second point of attention is mismatch 
of the AR view and the patient’s anatomy due to registration error and patient 
movement/deformation. The registration error of the preoperative imaging data and 
the optical image was described in two studies. [27, 28] This is described for mismatch 
of the preoperative SPECT/CT on the patient by means of tracker misplacement. This 
mismatch could result in confusion on the location of the SN. The mismatch in 
projection of the SPECT image on the patient originates in the registration step of the 
3D radioactivity map with the optical image by an optical tracking target placed on the 
patient both during image acquisition and 3D navigation/visualisation. This tracker 
placement should be very precise because a small angular or translational misplacement 
of the tracker might result in relatively large errors. In the urological setting logistical 
challenges were encountered that needed further optimisation, such as the positioning 
of the probe tracker and the positioning of the target tracker relative to the patient and 
the endoscope. It was recommended that further studies are needed in order to 
determine the overall accuracy and sources of error so that the process can be 
optimized for routine use. [27] The errors are also caused by tissue deformations or 
movements of the patient during or after the scanning process resulting in a mismatch 
between anatomical structures and the reconstruction. If such artefacts occur because 
of patient movement, instrument navigation towards targets will be inaccurate. In this 
setup counting with an intraoperative image modality that can acquire images any time 
during the procedure like freehand-SPECT improves guidance. [23] For example in 
breast cancer the tissue is highly deformable and movement can easily occur, and 
accordingly, requires several image acquisitions during a surgery. [37]  
A study from Wendler et al. in 2010 addressed several technical required 
improvements. The freehand nature of the acquisition of freehand-SPECT still yielded at 
that time false-negative and false-positive findings. Accordingly, further research was 
directed at optimizing methods to classify good and bad acquisitions and thus provide 
better feedback on the quality of the scan. A problem that was experienced was the 
proximity to the injection site that apparently played an important role in the false-



	 151 

negative findings of the validation study. Unfortunately at this time, neither changing the 
thresholds nor altering the defined filter range made it possible to separate the SN from 
the injection site. [16] Over the years more advanced reconstruction algorithms have 
been incorporated and results have improved gradually, whereas know continuous 
image reconstructions are provided to real-time guide image acquisition.  
Inter and intraobserver variation also needs to be assessed. It was noted by Bluemel et 
al. that in that particular study for two patients out of 40 patients the scanning process 
had to be repeated because of poor image acquisition. In this respect, the surgeon did 
not follow the scanning protocol properly and moved the gamma probe too fast over 
the region of interest. It is important to mention that in this study all freehand-SPECT 
users were previously trained in the clinical use of the freehand-SPECT system, resulting 
in an average scanning time of 2 min per imaging procedure. [19] A different study 
further assessed the influence of training novice users on scanning accuracy, and 
concluded that an intensive short training would be sufficient for accurate results. [41] 
Neuronavigation does have significantly less influence of tracker or target movement 
thanks to the rigid structure of the skull. However, as soon as the skull is opened the 
brains are moved (brain shift). Further during the surgery there is risk of movement of 
the areas of interest. Unfortunately no new imaging is possible because only 
preoperative images are used in the navigation setting. To date, no mobile 
intraoperative PET system is available, but work has been done in this direction. [42] 
The variety of clinical AR applications is wide-ranging. In general, studies reported in the 
present review conclude and underline that the technique is feasible and promising. 
However, the application in small patient groups in combination with preliminary data 
requires additional studying and improvement of this technique. Indeed, major 
limitations are related to the fact that a significant part of the data is acquired in the 
learning phase of using the technique and that the sample size is not sufficient to 
demonstrate significant improvements in clinical outcome for patients. We believe that 
larger multicentre studies are needed to demonstrate the additional clinical value of 
implementing freehand-SPECT, or the preoperative image-guided surgery options. 

Developments 

General developments  
A completely different approach not included in this review is total body intraoperative 
imaging with navigational options. The expenses of such surgical solutions are currently 
very high but the options extend the possibilities with the mobile AR methods. An 
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overview of intraoperative PET/CT using Advanced Multimodal Image-Guided 
Operating (AMIGO) suite is provided by Tempany et al. [43] This method allows 
navigation using MRI, CT, or PET scans acquired at the operating room.  
Other mobile devices, like Percunav (Philips, Best, The Netherlands) or the Logiq E9 
(GE, Milwaukee, WI, USA), also enables augmented reality. These devices have the 
option to combine PET/CT scans with the real-time ultrasound images by 
electromagnetic tracking. However, currently there are no publications and results of 
this technique available.  
In addition to augmented reality solutions based on 3D data for radioguided surgery 
there are other alternatives to aid these specific surgical procedures. These devices 
generate AR visualisations by merging two 2D images and thus they do supply similar 
functionalities with a (small) overlay error due to the dimensionality of the images used. 
A portable gamma camera (Sentinella, Oncovision, Valencia, Spain) can also be 
equipped with a stereo optical camera attached to the site of the gamma camera and a 
software algorithm projects the optical image on the scintigraphic image. [44] The 
hybrid portable gamma camera proposed by Lees et al. uses a mirror to reflect the 
optical image form within the pinhole collimator to a CCD chip and visualizes in this 
way two aligned images onto top of each other (scintigraphic and optical image) [45, 
46] These devices also aim for more accurate and clear intraoperative guidance 
comparable to the devices described in this overview. Fluorescence is another (non 
radioactive) imaging method currently used for various indications with the advantage of 
high resolution close up imaging (optical imaging). Recently, it was introduced as a 
hybrid approach in the combined form of indocyanine green-99mTc-nanocolloid (ICG-
99mTc-nanocolloid). Based on its radioactive signature such hybrid tracers preserve the 
possibility for perioperative imaging using conventional gamma cameras, SPECT/CT, and 
portable devices. At the same time the added fluorescent signature leads to an 
improved SN detectability during surgery. [47, 48]  
AR guided SN Biopsies 
In more recent publications on freehand-SPECT, the use of a portable gamma camera 
for SPECT acquisition in combination with an ultrasound device for real-time fusion of 
the two modalities has been described. [49] This development enables radioguidance 
to the target or the structure of interest and high-resolution imaging by means of 
ultrasound to visualize the exact anatomical structure. In theory, this development 
allows higher resolution acquisitions in a shorter time interval. [50, 51] And in practice, 
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this method allows image-guided core needle biopsies or fine needle aspiration cytology 
guided by freehand-SPECT imaging together with ultrasonography. [32, 36, 52] In the 
study from Freesmeyer et al, the initial results of real-time ultrasonography and 
freehand-SPECT fusion was evaluated and proved technical feasible. [36] The 
indications for freehand-SPECT are mostly in the surgical field but a shift might occur 
towards radiological interventional procedures. If this proves feasible, one of the basic 
requirements of introducing AR described by Sielhorst et al. is met. It provides a 
significant benefit for a particular phase in the total workflow. We believe that 
treatment options where a surgical procedure can be omitted by introducing a 
radioguided interventional procedure will show a clear beneficial aspect of this type of 
AR in the clinical workflow and therefore its introduction could gain significant 
momentum. 
Neurosurgery  
For neurosurgery one of the most important aspects is limiting damage while removing 
the target lesions. To improve surgery there is a trend towards integration of 
multimodal imaging more functional information during surgery. Functional MRI and PET 
can guide surgeons in surgery by displaying functional information during surgery. 
Augmented reality surgery for brain surgery can register multimodal patient data with 
atlases and potentially improve surgical outcome in terms of morbidity by providing a 
fused visualisation of several modalities and sorts of information. [53] 

	
Conclusion 
AR is quickly adapted and developed for nuclear medicine. Combining different 
modalities demonstrate useful applications for clinical applications in both interventions 
and surgery although larger studies are required for prove of real clinical benefit.  
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Table 1 :  All relevant publications where AR is described in the field of nuclear medicine and 
molecular imaging using mobile devices. 

Study Year Indication Patients Method 

Wendler et al. [54]  2007 Technical - Freehand-SPECT w/gamma probe 

Wendler et al. [16] 2010 SN Breast 85 Freehand-SPECT w/gamma probe 

Naji et al. [30] 2011 SN 
Melanoma 1 Freehand-SPECT w/gamma probe 

Rieger et al. [31] 2011 SN 
Melanoma 1 Freehand-SPECT w/gamma probe 

Heuveling et al. [24] 2012 SN Oral 
Cancer 3 Freehand-SPECT w/gamma probe 

Rahbar et al. [37] 2012 Parathyroid 3 Freehand-SPECT w/gamma probe 

Vogel et al. [55] 2012 Technical - Freehand-SPECT w/gamma probe 

Schnelzer et al. [18] 2012 SN Breast 1 Freehand-SPECT w/gamma probe 
Gardiazabal et al. 
[56]  2013 Technical - Freehand-SPECT w/gamma probe 

Bluemel et al. [19] 2013 SN Breast 40 Freehand-SPECT w/gamma probe 

Matthies et al. [50]  2013 Technical - Freehand-SPECT w/ gamma 
camera 

Bluemel et al. [23] 2014 SN Oral 
Cancer 23 Freehand-SPECT w/gamma probe 

Pouw et al. [34] 2014 RSL 34 Freehand-SPECT w/gamma probe 

Pouw et al. [35] 2014 RSL 10 Freehand-SPECT w/gamma probe 

Matthies et al. [50]  2014 Technical - Freehand-SPECT w/ gamma 
camera 

Bluemel et al. [26] 2014 SN Oral 
Cancer 1 Freehand-SPECT w/gamma probe 

Mandapathil et al. 
[25] 2014 SN head and 

neck 5 Freehand-SPECT w/gamma probe 

Freesmeyer et al. 
[32] 2014 

SN 
melanoma 
SN breast 

18 Freehand-SPECT w/gamma probe 
fused w/ultrasound 

Freesmeyer et al. 
[36] 2014 Thyroid 34 Freehand-SPECT w/gamma probe 

fused w/ultrasound 

Okur et al. [49] 2014 SN Breast 7 Freehand-SPECT w/gamma probe 
fused w/ultrasound 

Einspieler et al. [39] 2014 Paragangliom
a 1 Freehand-SPECT w/gamma probe 

Mihaljevic et al. [33] 2014 SN 
Melanoma 20 Freehand-SPECT w/gamma probe 

Heuveling et al. [22] 2014 SN Oral 
Cancer 66 Freehand-SPECT w/gamma probe 

Gillard et al. [17] 2015 SN Breast 1 Freehand-SPECT w/gamma probe 
Casans-Totmo et al. 
[38]  2015 Parathyroid 2 Freehand-SPECT w/gamma probe 

Engelen et al. [20] 2015 SN Breast 10 Freehand-SPECT w/gamma 
camera 
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Total: 26 
publications   Total: 366 

patients  

Sobottka et al. [11] 2002 
Intraoperativ
e brain 
mapping 

7 PET/CT navigation 

Feichtinger et al. 
[12] 2010 Head and 

neck cancer 6 PET/CT navigation 

Brouwer et al. [27]  2012 SN prostate 1 SPECT/CT navigation 

Brouwer et al. [28] 2014 SN Penile 10 SPECT/CT navigation 

Total: 4 publications   Total: 24 
patients  

RSL: Radioactive seed localisation, SN: Sentinel node 
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Abstract 

Introduction 

Lymphoscintigraphy with planar imaging is considered a helpful tool to depict lymph 
node drainage in patients with invasive breast cancer. Single Photon Emission 
Computed Tomography with integrated CT (SPECT/CT) is usually performed to detect 
sentinel nodes (SN)s in breast cancer patients showing non-visualisation on 
lymphoscintigraphy. Incorporation of new SN indications (recurrent surgery, previous 
radiotherapy, or neoadjuvant chemotherapy) has led to an increase of non-visualisation 
rates. The present study evaluates the contribution of SPECT/CT and tracer reinjection 
for SN-visualisation in breast cancer patients without drainage on lymphoscintigraphy. 

Methods 

Between 1st of July 2008 and 6th of November 2014 in total 1968 patients underwent a 
SN breast procedure, using intra-tumoural tracer administration. SPECT/CT was 
performed in 284 breast cancer patients with non-visualisation of SNs on 
lymphoscintigraphy. If SN non-visualisation persisted, a second radiotracer injection with 
repeated imaging was performed when logistics allowed this. Univariate analysis was 
applied to evaluate SPECT/CT visualisation rates in specific subgroups. 

Results 

The SPECT/CT visualisation rate was 23.2% (66/284). Univariate analysis revealed no 
significant subgroups influencing SPECT/CT visualisation. In patients receiving reinjection 
after persistent SPECT/CT non-visualisation the SN-visualisation rate reached 62.1% 
(36/58). Intraoperatively, the SN-identification rate using a gamma probe and blue dye 
was 87.9% (175/199) and 32.9% (28/85) for, respectively, primary and recurrent surgery 
after non-visualisation on lymphoscintigraphy. 

Conclusion 

In this evaluation including new breast cancer SN indications, SPECT/CT scored lower 
than reinjection to visualise SNs in patients with non-visualisation on 
lymphoscintigraphy. Consequently, our institutional protocol has been readjusted. 
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Introduction 
Single Photon Emission Computed Tomography with integrated CT (SPECT/CT) is 
currently used for various sentinel node (SN) indications [1,2]. This hybrid modality 
provides information about the anatomical location of radioactive SNs and the option 
for attenuation correction. Based on the guidelines of the Society of Nuclear Medicine 
and Molecular Imaging and the European Association of Nuclear Medicine, current 
indications for SPECT/CT in breast cancer include the localisation of extra-axillary SNs, 
non-visualisation on planar images, or otherwise difficult to interpret drainage on 
conventional planar imaging [3]. However, there is still no consensus about the 
subsequent strategy after a non-visualisation on planar imaging to improve visualisation: 
either SPECT/CT or reinjection. Both the application of SPECT/CT and a reinjection 
into daily practice are associated with additional costs, extra time, and/or radiation 
exposure for the patient. The controversy on this subject is reflected by the fact that 
some centres do not use SPECT/CT at all, some use it for every patient, and others use 
it for specific indications [4,5]. 
In a first study in our hospital [6], the role of SPECT/CT was evaluated in addition to 
planar imaging in breast cancer patients with primary tumours smaller than 3 cm 
revealing an unusual lymphatic drainage, a lymphatic drainage pattern that is difficult to 
interpret, or in cases of non-visualisation on the planar lymphoscintigrams. This protocol 
with additional SPECT/CT imaging was systematically applied leading to a large dataset 
of SPECT/CT scans. However, concurrently to the incorporation of SPECT/CT, 
indications for the SN procedure were extended to patients with more locally 
advanced breast cancer receiving neoadjuvant chemotherapy, multicentric/multifocal 
breast cancer, and patients with local breast cancer recurrence after surgery and/or 
radiotherapy. Until now, the largest studies evaluating SPECT/CT scans for breast 
cancer surgery are from Uren et al. with 741 patients and Ibusuki et al. with 223 
patients including T1-T2 tumour lesions [7,8]. A small proportion of these patients had 
non-visualisation on planar imaging. Recently, a review was published combining all 
studies about SPECT/CT for breast cancer SN indications, in this study only a small 
proportion of patients presented with non-visualisation [9]. The purpose of this study is 
to reevaluate the additional value of SPECT/CT in patients with non-visualisation on 
planar lymphoscintigraphy in terms of the preoperative visualisation, also in the light of 
the new subset of patients in whom the SN procedure was performed in the last years. 
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Materia ls and Methods 

Patients 

All consecutive patients with a SPECT/CT scan for the indication of non-visualisation on 
planar imaging in the period from the 1st of July 2008 to the 6th of November 2014 
were identified for data analysis. In this period 1968 patients received 
lymphoscintigraphy for invasive breast cancer, ductal carcinoma in situ (at preoperative 
diagnosis), after neoadjuvant systemic treatment, or for recurrent breast cancer sentinel 
node procedures. In total, 284 (14.4%) patients had non-visualisation on planar 
lymphoscintigraphy and were included for further analysis.  

Imaging method 
99mTechnetium-albumin nanocolloid (99mTc-nanocolloid) (Nanocoll; GE-Healthcare, 
Eindhoven, The Netherlands) (100-140 MBq in a volume of 0.2 ml) was injected 
intratumourally for mainly two-day protocols. Planar imaging, lymphoscintigraphy, was 
performed at early (15 min) and late (3-4 hours) intervals after injection of the 
radiotracer. A cobalt-57 flood source was placed behind the patient to outline the body 
contour. A gamma camera equipped with Mullecom collimator (Symbia T; Siemens, 
Erlangen, Germany) was used. Anterior, oblique, and lateral images were obtained 
position and, if needed, additional images were acquired. SNs were defined as lymph 
nodes upon which the primary tumour drains directly. This is determined by lymph 
nodes visualised at the 15-minute images, lymph nodes with increasing radiotracer 
uptake on the 3-hour images, and lymph nodes in other anatomical levels. 
 

In case of non-visualisation, SPECT/CT images were acquired immediately after the late 
planar images. The SPECT/CT system (Symbia T; Siemens, Erlangen, Germany) 
consisted of a dual-head variable-angle gamma camera equipped with Mullecom 
collimators and a multislice spiral CT scanner optimised for rapid rotation. SPECT 
acquisition (matrix 128×128, 60 frames at 30s per view) was performed using steps of 
6°. After reconstruction, the SPECT images were corrected for attenuation and scatter. 
Three kinds of SPECT images were created for evaluation; attenuation and scatter 
corrected, attenuation corrected without scatter correction, without both attenuation 
and scatter correction. Both SPECT and CT axial 5-mm slices were generated using an 
Esoft 2000 application package (Siemens, Erlangen, Germany). Images were fused using 
an Osirix Dicom viewer (version 2.7-4.1). The SPECT/CT images were also viewed 
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using two-dimensional orthogonal reslicing in axial, sagittal and coronal orientations. 
Maximum intensity projections with a three-dimensional display as well as volume 
rendering reconstruction were generated to indicate the sentinel nodes in relation to 
anatomical structures.  
When logistics allowed in patients with persistent non-visualisation on SPECT/CT, a 
second, more superficial radiopharmaceutical (100–140 MBq) injection was given in the 
peripheral zone of the tumour after which delayed planar lymphoscintigraphy was 
repeated.  

Surgical protocol 

Patent blue dye (Laboratoire Guerbet, Aulnay-Sous-Bois, France) was administered 
immediately before the operation. The marked SN regions were explored looking for a 
blue lymphatic duct and the gamma probe (Neoprobe, Johnson & Johnson Medical, 
Hamburg, Germany) was used to search for radioactive SNs. The axilla was carefully 
palpated and suspicious palpable nodes were routinely removed. 

Histopathological examination 

All harvested nodes were fixed in formalin, bisected, embedded in paraffin. Pathological 
evaluation included haematoxylin-eosin for all harvested nodes and additional 
immunohistochemical staining (CAM 5.2; Becton Dickinson, San Jose, CA) for SNs. 

Data extraction 

First, all planar lymphoscintigrams where assessed by both researchers (BP and DH) to 
confirm non-visualisation. Clinical parameters of all patients were extracted from the 
patient files. These included: Age, Gender, BMI, Palpable/non-palpable, T-stage, 
Receptor status, Tumour type, Tumour grade, Lateralisation, Tumour location, 
Neoadjuvant chemotherapy, Previous radiation therapy, Previous surgery, SNs visible on 
SPECT/CT or after reinjection (Visualisation rate), One or two day protocol, Injection 
of blue dye, Intraoperative excised SNs (Identification rate), and Histopathology. 
Groups were divided in primary and recurrent breast cancer for non-visualisation or 
visualisation after SPECT/CT or reinjection.  
For all analysis SPSS (version 20.0; SPSS Chicago, Illinois) was used. Based on the 
parameters a univariate analysis was performed. The data was univariate tested by a by 
means of a two-sided Fisher’s Exact test to test if a specific parameter has more chance 
to demonstrate visualisation on SPECT/CT after non-visualisation on planar imaging.  
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Results 

Preoperative Imaging 

In total, 284 patients (283 females, 1 male) with non-visualisation on planar imaging 
received a SPECT/CT (Figure 1). Eighty-five (29.9%) patients were referred for 
recurrent breast cancer and had previous surgery or radiation therapy at the same 
breast prior to the SN procedure. Thirty-eight (13.4%) patients were scheduled for 
neoadjuvant chemotherapy (Table 1).  
Figure 2 shows the results of the 2 different steps to improve visualisation: the 
SPECT/CT (23.2%) and reinjection (+planar imaging) (62.1%). The average age of this 
patient population was 63.0 (SD: 11.2, Range: 25-91) years with a body mass index of 
26.7 (SD: 5.0, Range: 15.6-45.3). 

	
Figure 1 :  SPECT/CT visualises an axillary sentinel node in a patient after non-visualisation on 
planar lymphoscintigraphy. 

SPECT/CT visualised one or more SNs (68 SNs in total) in 23.2% (66/284) of the 
patients, of which 30.9% (21/68) were extra-axillary SNs (4 contralateral SN, 7 
interpectoral SN, 6 intramammary SN, and 4 subpectoral SN). Reinjection after non-
visualisation on SPECT/CT resulted in an additional 62.1% (36/58) visualisation rate on 
subsequent planar imaging (Table 2). After SPECT/CT, and eventually reinjection there 
were 182 patients with persistent non-visualisation.  
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The overall visualisation rate including planar imaging, SPECT/CT and reinjection 
(followed by planar imaging only) was 90.8% (1786/1968). In 160 cases no reinjection 
was given (Figure 2) because of 1) patients with non-palpable lesions were scheduled 
for radioactive seed localisation using 125Iodine seeds or radioguided occult lesion 
localisation using 99mTc-nanocolloid (n=109/160), 2) patients were subjected to 
radioactive seed localisation with an 125Iodine seed implanted prior to neoadjuvant 
systemic treatment (both of these procedures prohibited, in our institute, the use of a 
reinjection), and 3) no reinjection was given due to limited time because of surgical 
planning at the same day. 
Univariate analysis by means of a two-sided Fisher’s Exact test on the different clinical 
parameters revealed no significant differences between subgroups in terms of SN 
visualisation on SPECT/CT after non-visualisation on planar imaging (Table 1). 
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Table 1 :  Patient characteristics and statistical analysis by univariate two sided Fisher’s Exact test 

	Parameter N (NR) Visual isat ion % (SPECT) P-value 
Age 
<50 
>50 

284 
41 
243 

 
17.1 
24.3 

0.424 

Gender 
Female 
Male 

284 
283  
1 

 
NA NA 

Body mass index 
<18.4 
18.5-24.9 
24.9-29.9 
>30 

264 (20) 
3 
107 
102 
52 

 
0.0 
21.5 
24.5 
23.1 

0.927 

Palpable tumour 
Yes 
No 

284 
101 
183 

 
25.7 
21.9 

0.466 

T-stage 
Tis 
T1  
T2  
T3 

279 (5) 
29 
174 
65 
11 

 
20.7 
21.8 
29.2 
9.1 

0.468 

Receptor status 
ER+ HER- 
HER+ 
Triple – 
DCIS 

279 (5) 
194 
24 
32 
29 

 
21.1 
29.2 
34.2 
20.7 

0.337 

Tumour type  
Invasive ductal carcinoma  
Lobular carcinoma 
Other invasive types  
DCIS  

283 (1) 
210 
35 
9 
29 

 
23.8 
22.9 
22.2 
20.7 

0.990 

Tumour grade 
Gr1  
Gr2  
Gr3  

262 (22) 
68 
124 
70 

 
19.1 
22.6 
28.6 

0.416 

Tumour locat ion 
Central 
Lat. Upper 
Lat. Lower  
Med. upper 
Med. lower 

284 
33 
128 
26 
76 
21 

 
18.2 
28.9 
30.8 
17.1 
9.5 

0.122 

Lateral isat ion 
Left 
Right 

284 
137 
147 

 
26.3 
20.4 

0.263 

Neoadjuvant chemotherapy 
Yes 
No 

284 
38 
246 

 
15.8 
24.4 

0.305 

Previous radiat ion therapy 
Yes 
No 

284 
64 
220 

 
18.8 
24.5 

0.402 

Previous surgery 
Yes 
No 

284 
80 
204 

 
20.0 
24.5 

0.532 

Previous treatment 
Yes 
No 

284 
99 
185 

 
19.2 
25.4 

0.302 

Pr imary or recurrent B.C. 
Primary breast cancer 
Recurrent breast cancer 

284 
199 
85 

 
24.6 
20.0 

0.445 

One/two day protocol 
One day 
Two day 

282 (2) 
59 
223 

 
NA NA 

Blue dye 
Yes 
No 

275 (9) 
213 
62 

 
NA NA 

NA: Not relevant for statistical analysis, NR: Not recorded, BC: Breast cancer  
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F igure 2 :  Flowchart of the results. *No reinjection was performed because of logistics or the 
presence of an 125Iodine seed for radioactive seed localisation or when radioguided occult lesion 
localisation with 99mTc-nanocolloid was performed. 

Surgical data 

Total group 

In 203 (71.5%) of the 284 patients, a total of 290 SNs were removed during the 
surgical procedure (Table 3). The surgeon determined a patient specific approach in the 
other 81 patients (e.g. axillary clearance, sampling, or follow-up). 

• After non-visualisation on SPECT/CT the surgical SN identification rate was 
63.1% (101/160). With an additional reinjection the surgical identification was 
87.9% (51/58), this difference is significant (p=0.0004). 

• After persistent non-visualisation on SPECT/CT followed by a reinjection the 
surgical SN identification rate was 77.3% (17/22).  
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Primary breast cancer 

SPECT/CT after non-visualisation on planar imaging demonstrated a SN visualisation 
rate of 24.6% (49/199) in the primary breast cancer group, while reinjection showed a 
visualisation rate of 65.4% (34/52 patients). The surgical identification rate for all primary 
breast cancers after non-visualisation was 87.9% (175/199). The surgical identification 
rates for the different groups were: 

• 91.8% (45/49) for patients with primary breast cancer, and visualisation on 
SPECT/CT. 

• 84.7% (83/98) for patients with primary breast cancer, non-visualisation on 
SPECT/CT and no reinjection. 

• 94.1% (32/34) for patients with primary breast cancer, non-visualisation on 
SPECT/CT and visualisation after reinjection. 

• 83.3% (15/18) for patients with primary breast cancer, non-visualisation on 
SPECT/CT and non-visualisation after reinjection.  

Recurrent breast cancer 

SPECT/CT showed visualisation in 20.0% (17/85), and after reinjection in 33.3% (2/6) in 
those patients who had no visualisation on planar imaging. The surgical identification 
rate for all recurrent breast cancers was 32.9% (28/85), which is lower compared to the 
primary breast cancer group. The surgical identification rate for the different groups 
were: 

• 35.3% (6/17) for patients with recurrent breast cancer, and visualisation on 
SPECT/CT. 

• 29.0% (18/62) for patients with recurrent breast cancer, non-visualisation on 
SPECT/CT and no reinjection. 

• 100.0% (2/2) for patients with recurrent breast cancer, non-visualisation on 
SPECT/CT and visualisation after reinjection. 

• 50.0% (2/4) for patients with recurrent breast cancer, non-visualisation on 
SPECT/CT and non-visualisation after reinjection. 

Pathology 

In the total group 19.2% (39/203) of the patients had tumour-positive SNs (51/290 SNs 
were tumour-positive) (Table 4). Non-SNs were removed in 38.7% (110/284) of the 
patients. In two cases a non-SN was positive in the presence of tumour-negative SNs. 
Non-SNs were defined as excised lymph nodes that were not blue or radioactive.  
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Table 2 :  Sentinel node visualisation rates in patients with initial non-visualisation on 
lymphoscintigraphy 

 
 
 
 
 
 
 
 
 
 
  
 
Ax: Axillary lymph nodes, EAx: Extra axillary lymph nodes (e.g. intramammary, interpectoral, contralateral, inner mammary chain, 
supraclaviculair region), SN: Sentinel node, BC: Breast cancer. 
 

Table 3 : Sentinel node identification rates in patients with initial non-visualisation on 
lymphoscintigraphy 

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Ax: Axillary lymph nodes, EAx: Extra axillary lymph nodes (e.g. intramammary, interpectoral, contralateral, inner mammary chain, 
supraclaviculair region), SN: Sentinel node, BC: Breast cancer. 
	
Table 4 :  Pathological results of sentinel nodes in patients with initial non-visualisation on 
lymphoscintigraphy 

	
	
	
	
	
	
	
	
	
Ax: Axillary lymph nodes, SN: Sentinel node, BC: Breast cancer. 

 SPECT/CT  Reinject ion 
Total number of 
pat ients 
  Primary BC 
  Recurrent BC 

66/284 (23.2%) 
  49/199 (24.6%) 
  17/85 (20.0%) 

36/58 (62.1%) 
  34/52 (65.4%) 
  2/6 (33.3%) 

Number of SN 64x1SN  
2x2SN  
 

29x1SN  
6x2SN  
1x3SN 

SN location 47 Ax 
21 EAx 

40 Ax 
4 EAx 

 SPECT/CT Reinject ion 
Total pat ients (after v isual isat ion) 
  Primary BC 
  Recurrent BC 

51/66 (77.3%) 
  45/49 (91.8%) 
  6/17 (35.3%) 
 

34/36 (94.4%)  
 32/34 (94.1%) 
 2/2 (100.0%) 

#SN 36x1SN 
13x2SN 
2x3SN  

22x1SN 
5x2SN 
5x3SN 
2x4SN 

SN location 
 

60 Ax 
8 EAx 

54 Ax 
1 EAx 

Total pat ients (after non-v isual isat ion) 
  Primary BC 
  Recurrent BC 

101/160 (63.1%)  
  83/98 (84.7%)  
  18/62 (29.0%) 

17/22 (77.3%)   
  15/18 (83.3%) 
  2/4 (50.0%) 

#SN 64x1SN 
29x2SN 
7x3SN 
1x5SN 

15x1SN 
2x2SN 
 

SN location 146 Ax 
2 EAx 

18 Ax 
1 EAx 

 SPECT/CT Reinject ion 
Total pat ients (after v isual isat ion) 
  Primary BC 
  Recurrent BC 

9/51 (17.6%) 
  9/45 (20.0%) 
  0/6 (0%) 

4/34(11.7%) 
  4/32 (12.5%) 
  0/2 (0.0%) 

#SN 12 positive SNs 
56 negative SNs 

5 positive SNs 
50 negative SNs 

Total pat ients (after non-v isual isat ion) 
  Primary BC 
  Recurrent BC 

24/101 (23.8%) 
 20/83 (24.1%) 
  4/18 (22.2%) 

2/17 (11.7%) 
  2/15 (13.3%) 
  0/2 (0.0%) 

#SN 32 positive SNs 
116 negative SNs 

2 positive SNs 
17 negative SNs  
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Discussion  

This study aimed to reevaluate the role of SPECT/CT in breast cancer patients who 
presented non-visualisation on planar lymphoscintigraphy following an intratumoural 
radiotracer injection.  
A previous study at the Netherlands Cancer Institute SPECT/CT showed a 50% 
visualisation rate in cases with non-visualisation on planar imaging (6). Another 
SPECT/CT evaluation reached a 59% visualisation rate in patients who showed no SN 
visualisation on planar lymphoscintigraphy [10]. These SPECT/CT visualisation rates are 
higher than the 23.2% reached in the present study. Differences between these studies 
are the used particle (99mTc-Rhenium colloid) and preoperative imaging protocol 
(lymphoscintigraphy up to 24 hours after injection and SPECT/CT) in the study from 
Lerman et al. [10], or the relative small group of patients in the study from van der 
Ploeg et al. [6]. Another important difference between this study and all previous 
studies is that for the present evaluation also extended breast cancer SN indications 
(multicentric/multifocal tumours, neoadjuvant chemotherapy, radiation therapy or 
secondary surgery) were included.   
The new clinical indications require reevaluation of the standards determined in the 
past, since it is known that the lymphatic drainage can change from treated breasts [11]. 
In 2000, a study adjusted the dose to acquire a 94% visualisation rate of the SN using 
tumour related injections [12]. In 2001, also the particle concentration was improved to 
acquire a 98% visualisation rate [13]. This was confirmed in a larger study, including 700 
patients, in which a 97% visualisation rate was observed [14]. These visualisation rates 
have changed in the last years due to the extended breast cancer SN indications, and in 
this context the value of SPECT/CT imaging needs to be reevaluated. This study 
describes the added value of SPECT/CT per indication in patients showing non-
visualisation on planar imaging. 
 

Previous studies describe higher rates of non-visualisation in older or overweight 
patients on planar imaging [10,15]. Although the chance of non-visualisation on planar 
imaging in these subgroups is higher, in the present study there was no significant 
difference between any subgroups in terms of the SN visualisation rate on SPECT/CT.  
 

Two previous studies reported an increase in the SN visualisation rate between planar 
lymphoscintigraphy and SPECT/CT of 78-91% (10) or 84-92% [2] using a peritumoural 
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or intratumoural radiotracer injection respectively. Intratumoural injections proved to be 
safe and reliable in previous studies [12,16-19]. In theory, administration of the tracer 
farther away from the tumour increases the chance that a lymphatic watershed is 
crossed and the visualised node is not the node that drains the tumour. Another 
method to increase the visualisation rate is to perform a more superficial areolar 
injection. However, changing the injection method to an areolar injection with known 
higher visualisation rates does not correspond with our institutional vision for SN 
procedures. A meta-analysis including 183 articles of Pesek et al. demonstrates that 
there are differences in terms of false negative rate looking at the injection method, 
although not statistically different [18]. 
 

There are however other important advantages of SPECT/CT. SPECT/CT allows 
anatomical localisation, which is especially useful for extra-axillary SNs. In addition, it also 
enables to differentiate contamination from SN localisations, and it has a better chance 
of detecting SN close to the injection site [3]. This study demonstrates in 5.9% (17 
cases) a confirmation of doubtable SNs on planar imaging by SPECT/CT when 
retrospectively evaluated. Important is to note the relevance of assessing not only the 
attenuation and scatter corrected SPECT images but also assess the uncorrected 
SPECT images. A recent study demonstrates that scatter correction might erase faint 
SNs and cause a drop in visualisation rate. However, attenuation correction is beneficial 
for the SN visualisation rate [20]. These findings are in concordance with our 
experience, which is why we assess all three kinds of SPECT images.  
 

Reinjecting a second dose of the tracer seems to be a promising option in case of non-
visualisation when looking at our data and looking at a previous study that studied the 
recurrences after a reinjection [15]. In 62.1% (36/58) of the reinjections we observed 
SN visualisation. However, the logistics of the surgical and nuclear medicine department 
should be flexible enough to apply the additional injection and preoperative imaging. A 
slightly different injection site into or around the tumour, a longer delay after injection, 
and an in total larger injected volume might explain the success of the reinjection in 
terms of SN visualisation and make this a slightly unfair comparison. In the last years, the 
use of radioactive seed localisation for breast cancer surgery becomes more popular 
[21]. Patients are not eligible, or only with certain restrictions, for a reinjection when the 
SN procedure is planned simultaneously with the primary tumour excision guided by an 
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125Iodine seed. In those simultaneous procedures the 99mTechnetium signal may not be 
too high due to the overlap in the energy window between the primary tumour marker 
(125Iodine) and the 99mTechnetium Compton scatter [22]. 
 

The surgical identification rate in the visualisation group on SPECT/CT without a 
reinjection was 77.3%. This percentage is relatively low because the SNs contain low 
amounts of radioactivity (not visible on planar imaging) and in most cases surgery was 
after 24 hours, which further decreases the amount of radioactivity. After persistent 
non-visualisation the SN could still be surgically identified in 65.4% (118/182) of the 
patients, the identification rate was more favourable for primary breast cancers 
compared to recurrent breast cancers (Table 3). The reasons for non-identification 
after persistent non-visualisation were mainly 1) not looking for the SN due to a 
previous axillary clearance, 2) directly proceeding to an axillary clearance, or 3) no 
drainage from blue dye either. The SN identification was based on radioactivity, blue 
dye, or suspect lymph nodes based on palpation. Whether or not the non-visualisation 
has effect on the false negative rate of the SN procedure should be examined by a 
study with follow up results of these patients.  
 

Conclusion 
In conclusion, in an evaluation including extended clinical indications for the SN 
procedure (previous treatment, larger primary tumours etc.), the visualisation rate of 
SPECT/CT after non-visualisation on planar imaging by using intratumoural tracer 
injections was lower than the SN visualisation after reinjection. Based on these results 
we adapted the institutional protocol for non-visualisation on planar lymphoscintigraphy, 
reserving SPECT/CT imaging only for patients with persistent absence of drainage after 
reinjection. 
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Abstract 
The incidence of non-palpable breast cancer is rising since national screening programs 
were introduced. More than 25% of the radiological suspicious breast lesions are 
considered clinically occult or non-palpable. Surgical removal of non-palpable breast 
tumours requires a specific approach. The main challenge of resecting non-palpable 
lesions is to ensure clear margins while minimizing the resection of healthy tissue and 
cosmetic damage. Radioguided occult lesion localisation (ROLL) using a radioactive 
tracer (e.g. 99mTechnetium) was developed in 1996, and is nowadays used in several 
institutes as a reliable alternative for wire guided localisation. The commonly used 
radiotracer is 99mTechnetium (99mTc) macroaggregate albumin (MAA) with a particle size 
of 10-150µm, which can be detected by the surgeon using a gamma probe. The tracer 

is administered by an intratumoural injection, and accordingly, this site is surgically 
excised at the operating room while using a gamma probe. At the moment more than 
29 peer-reviewed articles have emerged about ROLL. The general consensus is that 
ROLL, using 99mTc, is preferable over wire-guided localisation with the main advantages: 
the patient comfort, positive margins, and localisation time. Furthermore, the procedure 
can be combined with a sentinel lymph node biopsy.  
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Cl inical value and relevance in cl in ical routine 

General background 

The incidence of non-palpable breast cancer is rising since national screening programs 
were introduced. Breast cancer screening has changed the type and stage of detected 
breast cancer lesions. More than 25% of the radiological suspicious breast lesions are 
considered clinically occult or non-palpable [1]. This includes small invasive lesions, 
ductal carcinoma in situ (DCIS), or smaller clusters of microcalcifications. The surgical 
removal of non-palpable breast tumours requires a specific approach. The main 
challenge of resecting non-palpable lesions is to ensure clear margins while minimizing 
the resection of healthy tissue and cosmetic damage[2]. For this purpose, mostly three 
different techniques are used for intraoperative tumour localisation: wire, ultrasound 
(US), and radioguided localisation (i.e. guided by a radiopharmacon or radioactive 
marker). At present, wire guided localisation (WGL) is still the most commonly used 
technique for non-palpable breast cancer (75%) [1,3]. Nonetheless, wire placement is a 
cumbersome technique for both the surgeon and the patient. The limitations of WGL 
include (i) technical complications such as wire dislodging [4,5], migration [6,7], kinking 
or fracture; (ii) logistic challenges as the wire is to be placed a maximum of one day in 
advance of surgery; (iii) higher patient discomfort as opposed to alternative 
techniques[8,9]; and (iv) poor cosmetic outcome [10,11]. Dislodging and poor 
localisation are causes for relatively high irradicality rates for WGL ranging from 10% to 
50% [1,5,12-17]. Radioguided occult lesion localisation (ROLL) using a radioactive tracer 
(e.g. 99mTechnetium) was developed in 1996 and is nowadays used in several institutes 
as a reliable alternative for WGL[1,16,18-22]. A relatively newer and still less frequently 
used localisation technique is the ROLL technique using a radioactive marker (e.g. 
125Iodine (125I) marker), named radioactive seed localisation (RSL) [23,24]. One study 
describes the use of ROLL as an addition to WGL. [25] In this setting, the tumour 
localisation was guided by the 99mTc and the wire was used to guide intratumoural blue 
dye injection. Afterward the results of the WGL+ROLL were compared with WGL 
only. 

Tracer administration 

The principle of the ROLL technique using a radioactive tracer consists of an image 
guided intratumoural injection of this radioactive tracer. The most frequently used 
techniques to visualize the tumour are ultrasound and/or stereotaxis. The radiotracer 
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that is commonly used is 99mTechnetium (99mTc) macroaggregate albumin (MAA) with a 
particle size of 10-150µm, which is retained within the tumour without migration to 

lymph nodes and can be detected by the surgeon using a gamma probe. The dosage of 
radiolabeled MAA varies from 1 MBq to 123 MBq in literature. [26-28] 
Both the ultrasound guided as the stereotactic-guided administration routes enable real-
time feedback about the needle tip position and the tumour location. By real-time 
validation of this location a secure intratumoural injection is facilitated. (Figure 1) The 

injected suspension consists of 0.5µg MAA radiolabeled with 99mTc in a volume of 0.2ml. 
When the lesion can be accurately visualized with both stereotaxis and ultrasound, the 
preferred injection method is the ultrasound guided technique because of better needle 
tracking. [29]. For both stereotaxis and ultrasound a spinal needle (22 gauge) is 
recommended in order to facilitate the connection of the syringe with the radioactive 
tracer. Usually the radiologist introduces the needle into the tumour under continuous 
monitoring by ultrasound. Subsequently, the nuclear physician connects the syringe 
containing the radiotracer to the needle. A 1ml tuberculin syringe with Luer-Lok 
connection is strongly recommended in order to prevent leakage of the tracer during 
injection. A 0.1ml air bubble, positioned behind the radioactivity volume, in the syringe 
may help to flush the tracer rest from the needle. Figure 2 illustrates stepwise the 
procedure. Pitfalls during the tracer administration are spill on the skin (contamination), 
missed localisation, and spillage to the liver by puncturing a blood vessel.  

Combining ROLL with SLNB 

To combine ROLL with a sentinel lymph node biopsy (SLNB), two different approaches 
have been described in literature. For the first approach 99mTc MAA is injected 
intratumourally and 99mTc nanocolloid for the SLNB is injected subdermally at the level 
of the lesion[30,31]. The second approach combines the two procedures in one 
injection using 99mTc albumin nanocolloid into the tumour. This tracer has a particle size 
of 5-80 nm, and a small fraction of the radioactivity migrates from the tumour to the 
lymph nodes which enables the use of the tracer for combined ROLL and SLNB in one 
session; the procedure is also called SNOLL procedure (SN+ROLL) [2, 19, 32-35]. 
(Figure 3+4) The advantage of using 99mTc MAA is that it acts more as a point source 
compared to the 99mTc albumin nanocolloid, which partially diverges into the lymphatics. 
The advantage of using only one tracer for both procedures is a more simplistic 
procedure with only one administration.  
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Figure 1 :  Injection techniques. (a) Ultrasound guided tracer injection. The needle is positioned 
in the lesion. (b) Stereotactic guided tracer injection. The tip of the needle is positioned at the 
site of the tumour marker.  

	

	
Figure 2 :  Tracer administration procedure. (a) Ultrasound guided needle tip position in the 
lesion. (b) A 1ml tuberculin syringe with Luer-Lok connection in order to prevent leakage. (c) 
The syringe with an attached lead cover for radiation protection. (d) US guided 99mTc injection. 
A 0.1ml air bubble, positioned behind the radioactivity volume, in the syringe may help to flush 
the tracer rest from the needle. 
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Figure 3 :  Nuclear imaging. (a) A lateral and (b) an anterior view of the tracer deposit in the 
tumour. 

	

	
Figure 4 :  Sentinel node + radioguided occult lesion localisation (SNOLL). (a) Anterior image 
with the injection site. (b) Lateral image with an SN. (c) Axial CT scan with the tumour maker 
indicated with the arrow. (d) Axial SPECT/CT scan with the radioactivity deposit at the site of 
the tumour marker. 
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Imaging 

Gamma camera imaging for a ROLL procedure may be performed to ensure that the 
tracer stays locally in the breast lesion and does not disperse though the breast 
parenchyma or small vessels; it is also helpful to depict contaminations, for example, on 
the skin. Static scintigraphic imaging 10-15 minutes after administration is sufficient to 
assess this. If contamination has occurred, skin decontamination is recommended to 
avoid spurious intraoperative findings [2]. When wide spread of the radiotracer through 
the breast parenchyma is observed, another localisation technique (e.g., wire guided) 
should be considered; this happened in 4 out of 959 patients in a large study. [2] The 
necessity of imaging after secure injection of the fluid for ROLL is according to some 
authors not required or recommended [26]. In case of a SNOLL procedure, imaging 
can be accomplished according to standard SLNB imaging. In our institute, we obtain 
planar static images 15 minutes and 3 h after tracer injection followed by additional 
SPECT/CT imaging in case of inconclusive static images or aberrant drainage patterns 
for SLNB procedures. [36] (Figure 3+4) When planar images are obtained the patient 
contour can be visualized by means of a flood source positioned underneath the patient 
during the acquisition. (Figure 4)  

Surgical localisation 

The radioactive tracer can be detected during operation with a gamma probe. There 
are many types of gamma probes available for intraoperative localisation. [38] Important 
properties are the sensitivity, side shielding, thickness of the gamma probe, and 
visualisation possibilities (i.e., acoustic noise and numerical display). The first three 
properties, which are mentioned, are all dependable on each other, and the end user 
should decide what parameters do best suit their needs. For example, a more focused 
beam, thanks to more side shielding, will result in a lower sensitivity. The surgical 
excision of the lesion is performed at the operating theatre. The highest 99mTc counts 
detected transcutaneous with the gamma probe give insight in the location and guides 
the place of the incision. During the procedure, the probe guides the location of the 
tumour by measuring a count drop at the border of the marked tissue and the 
surrounding tissue. After excision the rest of the cavity is searched for further 
radioactivity exceeding the background signal. (Figure 5) If there remains signal in the 
cavity exceeding the background signal, the excision should be enlarged.  
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Innovative techniques 

Another approach is to use a portable gamma camera to localize the lesion and secure 
complete removal of the lesion. The portable gamma camera is used in conjunction 
with the conventional gamma probe. Paredes et al. proposed this method in 2008. 
(Figure 6a) In this study, it was demonstrated on 43 patients that a pinhole portable 
gamma camera was capable of imaging the surgical bed and the specimen. There was 
60% congruence between the images in terms of irradicality and centricity of the activity 
compared to histopathology. [38,39] Freehand-SPECT is another technique, which can 
be used to localize the radioactive lesion. This method consists of hovering an optically 
tracked gamma probe over the area of interest, and by measuring the radioactivity from 
multiple directions, a radioactivity map is reconstructed. In this way, real-time 
localisation of radioactivity is facilitated, and at the same time navigation with depth 
measurements is possible. [40](Figure 6b) 

Histopathology 

Frozen section analysis of imprint cytology can be performed during the procedure for 
a quick result about the irradicality. These fast methods allow for surgical extension of 
the excised tissue in the same procedure and therefore reduce the rate of secondary 
surgery.[41,42] The conventional option is permanent section analysis to establish 
tumour type and resection borders. Irradicality is defined as either focal irradical or 
irradical, and the tumour type highly influences decision-making. At the moment, there 
is no general consensus on how to act of certain minimal invasiveness at the margins. 
Adjuvant radiation and chemotherapy might be equally good compared to secondary 
surgery. [43,44] 

Overall results of ROLL 

The first ROLL procedures are described in 1998 by Luini et al. [45], and, since then, 
ROLL rapidly increased in use. The rapid introduction was caused by the increased 
need for a proper localisation method for the increasing number of non-palpable 
lesions and the good first results. At the moment, more than 29 peer-reviewed articles 
have emerged about ROLL, including multiple series of a thousand patients or more.  
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Figure 5 :  Surgical localisation. (a) The maximum signal of 99mTc is measured on the skin and 
marked. (b) The surgeon decides the best approach and accordingly places the incision. c) 
Measurement after skin incision. d) Wide excision of a large tumour. e) Control for residual 
activity after excision. 

F igure 6 :  Innovative techniques. (a) ROLL procedure with a portable gamma camera (Paredes 
et al.). The radioactivity is imaged in a very short time interval. (b) Freehand-SPECT navigation 
with declipseSPECT (SurgicEye GbmH, Munich, Germany) for a ROLL procedure. The location 
of the radioactivity is superimposed over the breast of the patient. 

Results compared to other techniques 

1. ROLL-WGL 

The largest meta-analysis comparing ROLL with WGL is the meta-analysis from Sajid et 
al. This study included 4 randomized controlled trials with a total of 449 patients 
randomized to either one of the procedures. [1,5,18,46] The meta-analysis 
demonstrated a significant favourable outcome considering positive margins and 
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localisation time for the ROLL procedure. The localisation rate, reoperation rate, 
complication rate, duration, weight, and volume were all comparable for both 
techniques. 
The same meta-analysis describes results from other non-RCTs. Seven of these studies 
describe similar results as the 4 RCTs on ROLL[5,12,26,46-49]. Further the results on 
the similarity of the excised volume and weight of the specimen concur with other 
publications[5,18,46]. Some retrospective studies do not concur with the results about 
the volume and weight[49,50]. Furthermore, the meta-analysis mentions studies with a 
reduced degree of positive margins ranging from 75 to 100% margin 
clearance[2,19,34,47,48,51]. 

2. ROLL-Ultrasound 

Another localisation method for non-palpable breast lesions is intraoperative ultrasound 
guidance. [52,53] Ultrasound guidance seems to have strong advantages compared to 
surgery by palpation only. However, in contrast to invasive breast cancer, DCIS lesions 
are usually not visible at ultrasound, and therefore, this method is not always applicable. 
This could be resolved by placing a non-radioactive marker that is visible on US, but this 
would be a cumbersome method. A study from Krekel et al. compared WGL, ROLL, 
and ultrasound guided localisation. [13] This study included non-palpable lesions but 
excluded in situ carcinomas and systemically treated tumours, and, for this selection, it 
demonstrated significant favourable results for US guided procedures based on margin 
status not taking unexpected DCIS component into account. When taking the 
unexpected DCIS component into account, there was no significant difference in 
margin status between the three groups. Altogether, intraoperative ultrasound use can 
be useful for tumour excision in certain groups, although an ultrasound-trained surgeon 
is required and this technique is only applicable for visible carcinomas.  

3. ROLL (99mTc) – RSL (125I-Seed) 

Ahmed et al. described the comparison between ROLL and radioactive seed 
localisation, and this is about the original study comparing the techniques from Donker 
et al. [54,55] This study demonstrated comparable results between the ROLL-99mTc 
technique and 125I-seed localisation when used to perform breast-conserving surgery 
after neoadjuvant systemic treatment, although the preference was 125I-seed localisation 
because this does not require additional radiological localisation shortly before surgery, 
and therefore, it simplifies surgery scheduling. The largest study comparing ROLL with 
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RSL is from Noordaa et al. [56] In this study, 403 patients were retrospectively 
analysed, 128 patients underwent RSL and 275 patients ROLL. Margin status and re-
excision rates were comparable for RSL and ROLL in patients with non-palpable breast 
lesions. A significant lower weight of the resected specimen using RSL in the DCIS 
group was found. Because of the feasibility of position verification of the 125I-seed and 
more convenient logistics, RSL was favoured over ROLL for breast-conserving therapy. 
	

Discussion 
The general consensus is that the main advantages of ROLL, using 99mTc, over WGL are 
the patient comfort, positive margins, and localisation time. The wire localisation 
technique has disadvantages such as wire dislodging, worsened cosmetics, and the 
change of dislodging which are all negated by the ROLL technique. The half-life time 
allows some flexibility, up to 24 hours, in planning the surgical procedure after the 
tracer injection. A limitation that comes with the fluid tracer is possible spread of the 
tracer. Therefore, more recently the ROLL with a radioactive marker, RSL with 125I-
seeds, has been introduced. This is a promising technique that is still barely used. We 
do expect the popularity of RSL to grow quickly[57]. 
Working with radioactivity (tracers or markers) requires strict regulations at the nuclear 
medicine department and a close collaboration with the radiology department. The 
radiation dose for patients and involved staff is limited and comparable to SN 
procedures, which are performed on a regular basis in most institutes. The radiation 
dose for patient and staff is analysed by Rampaul et al. and Cremonesi et al. The dose 
for patients is 0.45mGy and after 100 surgical procedures for surgeons 0.45mGy. The 
mean effective dose is 0.09mSv. These numbers do not exceed the limits established by 
the commission on radiological protection. [58,59] 
	

Conclusive 
ROLL, using 99mTc, is useful for localisation of non-palpable lesions in the breast, this 
includes invasive cancers, DCIS, or areas of microcalcifications. The general consensus is 
that ROLL is preferable over wire-guided localisation. There are however some 
drawbacks considering the tracer distribution and decay, although in general the patient 
comfort, cosmetic outcome, and the localisation results outweigh the drawbacks. In the 
future, we expect an increase in the use of ROLL using 125I-seeds that act more as a 
point source, allow position verification by mammography, and allow more flexibility in 
the logistics between radiology and the surgical department.  
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Summary and future prospects 

Integrating new imaging modalities in breast cancer management 

 

This thesis aimed to integrate new imaging modalities in breast cancer management. In 
Part 1 the focus was to assess the current status of radioactive seed localisation (RSL) 
in clinical practice and the use of portable gamma cameras (PGCs). Part 2 continued 
with a radioguided method, freehand-SPECT, to improve intraoperative navigation 
towards radioactively stained lesions. Part 3 was about the consequences of the 
relatively new indications for sentinel node (SN) procedures in recurrent breast cancer 
and the role of SPECT/CT imaging for this these procedures. In part 3 we also 
discussed another intraoperative localisation technique for breast cancer, radioguided 
occult lesion localisation (ROLL).  
In this chapter, a summary of our main findings is provided followed with future 
prospects for these types of clinical procedures using radioguided methods.  

	
Part 1: Current status intraoperat ive breast cancer imaging techniques 
In Chapter 2 a meta-analysis of all RSL studies procedures is described. It is clear that 
an increasing number of centres start using this helpful technique. Both patients as well 
as physicians or surgeons rated the technique superior compared to the conventional 
techniques. It is our expectation that when legislation is simplified and standard 
protocols for this procedure are available the adaptation rate of this procedure will 
further increase since legislation is currently the bottleneck in clinical implementation. 
Chapter 3  encompasses a description of all our experiences with PGCs for 
radioguided surgery. This overview demonstrated the advantages that we experienced 
when we implemented a PGC. When PGCs further improve in terms of configuration, 
sensitivity, and resolution even more improvements can be expected in clinical practice. 
Examples of clinical use are 1. simplifying breast SN procedures by circumventing pre-
operative lymphoscintigraphy by radioisotope injection and pre-operative scanning, this 
would lead to dramatic simplification of the current workflow. 2. In other specialties, like 
urologic or head and neck cancer, it would lead to improved guidance towards 
complex SN locations, visibility of lesions in these procedures remains critical and better 
imaging is required.   
Based on the technical and clinical evaluation in Chapter 4 we now implemented a 
two-day protocol for patients that receive a SN procedure at the same day as surgery 
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for the primary lesion by 125I-guidance. Due to Compton scatter from high-energy 
photons emitted by 99mTc there is overlap in the energy spectra from 125I and 99mTc. In 

vitro and in vivo experiments demonstrated what the adequate amounts of radioactivity 
together with appropriate timing for this procedure would be. By implementation of 
these results in a clinical protocol there is limited interference between the two 
isotopes. Thus with this study safe dual isotope surgical excisions are facilitated for the 
clinician and patient. 
 

Part 2: Progresses in image-guided interventions and surgery using 
freehand-SPECT 
The aim of this part of the project was to introduce freehand-SPECT for pre-operative 
and intraoperative visualisation and navigation to improve the current radioguided 
intraoperative methods for resection of non-palpable breast cancer. In four consecutive 
chapters the clinical implementation steps were described for procedures where 125I-
seeds were used as tumour marker. Chapter 5  demonstrates a training protocol for 
freehand-SPECT acquisitions to improve scanning accuracy and intraobserver variation. 
It was shown that when an accurate scan protocol with appropriate training 
(approximately 30 minutes) for new users is provided, clinical use of the system is 
feasible and an optimal accuracy was achieved. Reproducibility and error margins were 
within acceptable limits and users felt confident to perform freehand-SPECT navigation. 
Chapter 6 describes the first step in clinical implementation. We used freehand-
SPECT to determine the margin form the excision plane to 125I-seeds in resected breast 
cancer specimens in order to try to estimate the status of the resection margins. This ex 

vivo study demonstrates that the potential opportunity to estimate the distance from 
the most relevant resection margin to be accurate enough for further in vivo use of this 
technique. Accordingly, freehand-SPECT was used to guide preoperatively 125I-targeted 
99mTc-albumin nanocolloid administrations used for the SN procedure. This procedure 
with the accompanying results is described in Chapter 7. This study concludes that 
accurate interlesional tracer injections guided by 125I-seeds are possible. This radioguided 
SN tracer administration is now standard clinical practice and in three years time over 
300 procedures have been performed. Thanks to this procedure, now, a cumbersome 
procedure where previously both a radiologist and a nuclear physician were required 
for an US guided tracer administration is simplified.  
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In Chapter 8 the additional value of freehand-SPECT was evaluated in the 
intraoperative setting for RSL procedures. Particularly in RSL procedures where multiple 
markers are used can be difficult while using a conventional gamma probe in terms of 
separating the markers transcutaneously. This study demonstrates that for RSL 
procedures with multiple 125I-seeds radio guidance with freehand-SPECT proved feasible 
and provided useful additional information. We are now evaluating the possibilities to 
implement this technique in standard practice for these procedures. We believe that 
freehand-SPECT might only play a role in procedures of more complexity, single seed 
procedures are normally quick and successful procedures and do not require further 
guidance next to the gamma probe.  
In Chapter 9  we report an overview of all augmented reality procedures in nuclear 
medicine and molecular imaging. Radioguided procedures using augmented reality 
predominantly consist of freehand-SPECT for various applications. This overview 
demonstrates that there are a wide variety of applications using different methods and 
different clinical indications. We are currently in a phase of device introduction where 
mostly feasibility studies are performed with relative small numbers of patients. To 
reach the interest of the wide public instead of only research institutes, there is need for 
randomised controlled trials or prospective controlled studies with pre-specified targets 
and cost effectiveness studies to prove clinical benefit in the current workflow. For 
breast cancer in particular no game changing developments were described by these 
augmented reality methods. For breast cancer imaging it will get interesting when 
projections of irradical resection margins, determined by for example spectral imaging, 
indicate where the excision should be extended. 
Part 3: Novelt ies in breast cancer imaging techniques 
In this part we discuss the value of SPECT/CT imaging in breast cancer SN procedures 
and another increasingly popular breast cancer localisation technique, ROLL. Chapter 

10 is a study where we re-evaluated the value of a SPECT/CT scan and a reinjection in 
case of a non-visualisation on planar imaging in SN mapping. This evaluation 
demonstrated that the current SN protocols for the new indications (recurrent breast 
cancer and neoadjuvant systemically treated (NST) breast cancer) that receive a SN 
procedure were inadequate. Further optimisation of institutional protocols could lead to 
more adequate patient tailored handling for the SN procedure. We conclude that a 
standard SPECT/CT scan after non-visualisation on planar imaging is not as useful as 
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previously was assumed. Fortunately, intraoperative SN identification rates remain high 
for patients with non-visualisation when primary surgery was performed.  
Chapter 11. ROLL is next to RSL an important radioguided procedure to localise 
primary breast cancer lesions. RSL can be complex to implement because of the 
relatively strict legislation due to its relative long half-life time and the fact that it is an 
encapsulated ionising source. In contrast, ROLL is relatively easy to implement because 
many clinical institutes already work with 99mTc as tracer. Under US guidance or 
stereotactic guidance a drop of 99mTc-tracer can be administered in the primary lesion. 
When macroaggregated albumin is used this fluid remains locally in the lesion. With a 
half-life time of six hours there is some flexibility between injection and surgery. 
However, the ROLL technique cannot be used in the NST setting due to the half-life 
time of 99mTc. One has to realise that NST will be used more and more, including 
smaller tumours, so that the question for clinical assessment of complete remission will 
increase substantially. For this large proportion of patients ROLL in itself is not helpful, 
although, it remains a valuable and easy method in many hospitals.  
  

Future prospects 
Advances in breast cancer imaging modalities have been demonstrated in this thesis. 
Based on this work new insights have emerged and new innovations are likely to gain 
interest in the near future. This thesis is in line with the previously presented Guided 
intraOperative Scintigraphic Tumour Targeting (GOSTT) concept. [1,2] This term 
encompasses the whole spectrum of basic and advanced nuclear medicine procedures 
required for providing a roadmap for radioguided surgery. By means of radioactive 
marked lesions and mobile navigation techniques new features have become available. 
Concluding from this thesis we now know under which circumstances these navigation 
and imaging techniques can be useful. In the upcoming paragraphs we display our vision 
on future applications of the techniques described in this thesis.  
 

Breast cancer local isat ion techniques 
Following from the first part where the use of radioactive implantable 125I-seeds was 
described for breast conserving surgery, we see the need for simple methods for 
guidance towards lesions. We expect that use of 125I-seeds will increase largely based on 
the new proposed trials that are initiated from other European countries and the 
increase in of the use of NST. Options where larger areas of tumour or multiple lesions 
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can be delineated by multiple 125I-seeds and the option to mark the tumour prior to 
NST make this technique especially elegant compared to other methods. Next to the 
main advantage of easy localisation, the option to leave the 125I-marker for longer 
periods of time in the breast is unmatched by other current techniques and therefore 
RSL is in our opinion currently the most promising method.  
 

A new proposed tracer is a magnetic tracer used in different trials now for SN 
procedures in breast cancer and melanoma. [3,4] This non-radioactive tracer can be 
used for primary tumour localisation similar to ROLL or RSL procedures and thereby 
reduces the complexity of implementing a method with a radioisotope. [5] There is no 
radiation risk for the patient and surrounding, no decay of the signal, and easy 
visualisation on mammography. The expected interference of iron with MRI still needs 
to be evaluated thoroughly since MRI is a crucial imaging modality in breast cancer 
imaging. No meaningful MRI follow-up can be performed while iron particles are 
present in the breast. 3D navigation might also be possible using these magnetic tracers 
by adjusting the acquisition and reconstruction parameters in such a way that imaging of 
magnetic substances is possible. For magnetic substances a different detection probe is 
used based on a different physical detection mechanism.  

	
Beyond non-specific tumour markers as described in this thesis a completely new era of 
breast cancer imaging is emerging by using cancer specific tracers, labelled either with 
isotopes or with fluorescence for example. These techniques are potentially very useful: 
1. For diagnosis and visualisation of cancer, 2. For monitoring of cancer specific 
treatments (early surrogate markers of a certain therapeutic intervention 3. 
Intraoperative guidance for surgery, or guidance for radiotherapy. One can think of 
tumour specific tracers that make the tumour optically visible, fluorescent, or radioactive 
by either SPECT of PET tracers. This would improve intraoperative margin assessment 
and improve surgical outcomes. Undisputedly this would be a very promising direction 
for progression in surgical tumour excisions, although experts believe that once we have 
developed tracers this tumour specific we might be close to the point where we can 
give local therapy through these tracers and overcome the need for surgery at all.  
Next to specific tumour tracers to stain the tumour, one can improve tumour detection 
by using tumour tissue specific characteristic. Optical spectroscopy is an example where 
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tissue can be assessed to determine whether it is cancer or not based on the reflection 
spectra of light. [6-8]  
All together we have seen that breast cancer surgery (breast and lymph nodes) has 
improved largely due to specific imaging and intra operative detection techniques. 
Without the gamma probe, SN procedures would have not become so easily standard 
of care. Thanks to the developments breast cancer local recurrences have reached all 
time low levels (for stage I/II breast cancer maximal 5% at ten years), and morbidity of 
treatment of the axilla is reduced since ALND has became a relatively rare procedure. 
In spite of extensive reduction in regional treatment, regional breast cancer control has 
remained extremely good. None the less there is still to gain in breast cancer 
localisation techniques and all small steps together will eventually lead to better cancer 
treatment of patients.  
 

Image-guided interventions and surgery  
As we observed in chapter 9, where an overview of augmented reality in nuclear 
medicine was composed, new techniques based on freehand-SPECT imaging and 
navigation use a PGC and ultrasound. The combination of ultrasound-freehand-SPECT 
allows novel applications where radioguided interventions are enabled. [9,10] When 
ultrasound-freehand-SPECT radio guidance towards SNs is reliable, the whole surgical 
SN procedure could shift towards an interventional procedure where the radioactive 
SNs are biopsied and subjected to histopathological analysis. We can validate complete 
lymph node removal by a post biopsy freehand-SPECT scan or planar imaging. This is 
currently evaluated in a multicentre study for SN breast procedures. If this proves to be 
feasible it might further decrease patient morbidity and costs for this diagnostic 
procedure.  
This hybrid US-freehand-SPECT approach is together with other hybrid solutions a 
promising direction. Another hybrid device is a hybrid PGC. In this setup an optical 
display is added to the scintigraphic image to optimise localisation of radioactive 
structures and improve the orientation of the user. [11-13] Hybrid imaging where 
fluorescence is incorporated in the workflow has also been described and demonstrates 
interesting opportunities. [14,15] We strongly believe in these mobile, relatively cheap, 
multimodality-imaging devices. With strong multidisciplinary teams various applications 
can be performed with different modalities to improve image guidance during surgery 
or interventions.  
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1 In deze Nederlandse samenvatting worden de Engelse afkortingen gebruikt conform het Engelstalige 

deel van dit proefschrift. 

Samenvatt ing 

Integratie van nieuwe beeldvormingsmodaliteiten in borstkanker management 

	
Dit proefschrift heeft als doel nieuwe beeldvormingstechnieken te integreren in 
borstkanker management. In deel 1 ligt de focus op het gebruik van radioactieve 
125jodium bron lokalisatie (RSL1= Radioactive Seed Localisation) en het gebruik van 
handzame gamma camera’s (PGCs = Portable Gamma Camera’s). In Deel 2 gaan we 
verder in op een radiogeleide methode, freehand-SPECT, om hiermee de intra-
operatieve navigatie naar radioactief gemarkeerde laesies te verbeteren. Deel 3  gaat 
over de consequenties van nieuwe indicaties voor schildwachtklier (SN = Sentinel 
Node) procedures en de rol van SPECT/CT bij deze procedures. In dit deel bespreken 
we ook een andere belangrijke intra-operatieve lokalisatie techniek voor borstkanker: 
de radiogeleide lokalisatie van verborgen laesies (ROLL= Radioguided Occult Lesion 
Localisation). 
In dit hoofdstuk wordt een samenvatting gegeven van de hoofdbevindingen van dit 
proefschrift. 

	
	
Deel 1: De huidige stand van intra-operat ieve beeldvormingstechnieken 
voor borstkanker  
In Hoofdstuk 2  is een meta-analyse van de resultaten van alle RSL procedures 
beschreven. Het aantal centra dat start met deze nuttige methode neemt gestadig toe. 
Zowel de patiënt als chirurg beschouwen de methode als superieur ten opzichte van de 
conventionele techniek (veelal de draadgeleide excisie). Het is te verwachten, dat 
wanneer de regelgeving vereenvoudigd wordt en standaard protocollen voor het 
gebruik van radioactieve jodiumbronnen beschikbaar zijn, de adaptatie en implementatie 
van deze procedure verder zal toenemen. Op dit moment is de regelgeving voor het 
gebruik van deze bronnen erg complex en dit weerhoudt kleinere ziekenhuizen vaak 
om deze nieuwe techniek te implementeren.  
Hoofdstuk 3 beschrijft onze eigen ervaringen  met PGCs voor radiogeleide chirurgie. 
Dit overzicht toont de voordelen die wij hebben ervaren nadat we een PGC 
implementeerden. Wanneer PGCs verder worden verbeterd wat betreft de 
configuratie, gevoeligheid en resolutie, verwachten we nog meer verbeteringen voor de 
klinische praktijk. Voorbeelden van klinisch gebruik zijn 1. het vereenvoudigen van de 
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mamma SN procedure door preoperatieve beeldvorming te omzeilen middels radio-
isotoop injectie om vervolgens preoperatief te scannen met een PGC. Dit zal de 
huidige werkwijze drastisch vereenvoudigen. 2. Voor andere specialismen, zoals 
urologische of hoofd-hals procedures, zullen verbeterde PGCs leiden tot betere 
navigatie naar complexe SN locaties. Goede zichtbaarheid bij deze procedures blijft 
belangrijk en betere beeldvorming is meer dan welkom.  
Gebaseerd op de technische en klinische evaluatie in Hoofdstuk 4  gebruiken we nu 
een tweedaags protocol voor patiënten die een SN en RSL procedure middels 125I-
sturing ondergaan op dezelfde dag. Compton scatter wordt veroorzaakt door fotonen 
met een hoge energie en resulteert in overlap in de energie spectra van 125I en 99mTc. In 

vitro en in vivo experimenten toonden aan wat een adequate hoeveelheid radioactiviteit 
met een gepaste timing moet zijn voor deze procedure. Door deze aanpassingen te 
implementeren in een klinisch protocol is de interferentie tussen beide isotopen 
beperkt. Dankzij deze studie zijn veilige excisies met twee isotopen gewaarborgd voor 
de clinicus en de patiënt.  

	
Deel 2: Voortgang in beeldgeleide interventies en chirurgie met behulp 
van freehand-SPECT 
Dit project behelst het introduceren van freehand-SPECT voor visualisatie en navigatie 
in de operatiekamer met als doel de huidige radiogeleide intra-operatieve methoden 
voor resectie van niet-palpeerbare laesies van borstkanker te verbeteren. In de vier 
opeenvolgende hoofdstukken is de klinische implementatie beschreven voor 
procedures waar 125I-markers gebruikt zijn als tumor markers. Hoofdstuk 5 beschrijft 
een trainingsprotocol voor freehand-SPECT om de scannauwkeurigheid en intra-
gebruiker variatie te bepalen en zo mogelijk te verbeteren. We hebben met deze studie 
aangetoond dat met een nauwkeurig scanprotocol en adequate training (ongeveer 30 
minuten) van nieuwe gebruikers, het klinisch gebruik van het systeem goed is. De 
reproduceerbaarheid en foutmarges waren binnen acceptabele limieten en gebruikers 
waren er van verzekerd dat freehand-SPECT navigatie adequaat werd toegepast.  
Hoofdstuk 6 beschrijft de eerste stap van klinische implementatie van freehand-
SPECT. We hebben freehand-SPECT gebruikt voor afstandsschattingen van de 125I-
markers in excisie preparaten van borstkanker met als doel de status van de 
resectiemarges te voorspellen. Deze ex vivo studie toonde aan dat we de afstand van de 
125I-marker tot de meest relevante resectiemarge konden bepalen. Dit bleek nauwkeurig 
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genoeg te zijn voor verder klinisch gebruik. Vervolgens werd de freehand-SPECT 
gebruikt voor om de intratumorale 99mTc-albumin nanocolloid  voor de SN procedure 
te sturen. Deze procedure is beschreven in Hoofdstuk 7 . Deze wijze van radiogeleide 
SN tracer toediening met behulp van freehand-SPECT is nu de standaard klinische 
procedure. Inmiddels zijn er in de afgelopen 3 jaar meer dan 300 van deze procedures 
uitgevoerd.  Dankzij deze procedure is een logistiek lastige echografische lokalisatie 
waarbij een radioloog en nucleair geneeskundige op dezelfde plek en tijd aanwezig 
moesten zijn, overbodig geworden dankzij het gebruik van freehand-SPECT. 
Hoofdstuk 8 beschrijft de studie waarbij we hebben gekeken naar de toegevoegde 
waarde van freehand-SPECT bij intra-operatief gebruik tijdens RSL procedures. Bij die 
RSL procedures waarbij meerdere markers gebruikt worden, kan het lastig zijn om met 
een conventionele gamma probe transcutaan de verschillende locaties van de markers 
te onderscheiden. Deze studie toont aan dat radiogeleide chirurgie met freehand-
SPECT voor RSL procedures met meerdere 125I-markers mogelijk is met een duidelijke 
visualisatie van de locatie van de markers. De mogelijkheden om deze techniek toe te 
passen voor de standaard klinische praktijk worden nu verder geëvalueerd.  Wij zijn van 
mening dat freehand-SPECT met name een rol zou kunnen vervullen bij complexere 
procedures. Procedures met een enkele jodiumbron zijn normaal vlot uit te voeren en 
hebben een zeer hoge slagingskans en hebben daarom geen extra beeldvorming nodig 
naast de gewone gamma probe.  
Hoofdstuk 9 bestaat uit een overzichtsartikel van alle nucleaire procedures waarbij 
gewerkt wordt met een geaugmenteerde werkelijkheid (AR = Augmented Reality). 
Radiogeleide chirurgie waarbij gebruik gemaakt wordt van AR bestond vooral uit 
procedures waarbij is gewerkt met freehand-SPECT. Dit overzicht toont aan dat er een 
breed spectrum van freehand-SPECT mogelijkheden zijn voor verschillende klinische 
toepassingen. Momenteel zijn we in de fase van techniekintroductie waarbij 
hoofdzakelijk haalbaarheidsstudies zijn uitgevoerd met kleine aantallen patiënten. Om de 
interesse van het grotere publiek te winnen in plaats van enkel de grote 
onderzoeksinstituten, is er een gerandomiseerde studie met controle groep of 
prospectieve studie met duidelijk gespecificeerde uitkomsten samen met een 
kosteneffectiviteitsstudie nodig die de klinische meerwaarde aantoont. Op het gebied 
van borstkanker zijn op dit moment nog geen belangrijke veranderingen voor chirurgie 
beschreven middels deze AR apparaten. Voor borstkankerchirurgie zal het bijvoorbeeld 
interessant worden wanneer projecties van irradicale resectievlakken laten zien waar de 
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excisie uitgebreid moet worden. Dit kan bijvoorbeeld bepaald worden door spectrale 
beeldvorming of andere vergelijkbare technieken. 

	
Deel 3 Noviteiten in borstkanker beeldvormingstechnieken 
In dit deel bespreken we de waarde van SPECT/CT beeldvorming in borstkanker SN 
procedures en een andere techniek die in toenemende mate populair is als borstkanker 
lokalisatie techniek, namelijk de ROLL techniek. Hoofdstuk 10 gaat over een studie 
waar we de waarde van een SPECT/CT scan met reïnjectie opnieuw hebben 
geëvalueerd bij SN mapping. Deze evaluatie toont aan dat de huidige SN procedure 
protocollen voor patiënten met recidiverende borstkanker en/of patiënten die een 
neoadjuvante systemische behandeling hebben ondergaan niet voldoen. Lokale 
protocollen moesten worden aangepast, standaard een SPECT/CT scan doen bij 
patiënten zonder visualisatie op de plenaire beelden is niet zo nuttig als vroeger werd 
aangetoond bij een andere patiëntpopulatie. Gelukkig blijven intra-operatieve SN 
identificatieratio’s hoog voor deze patiënten als het om primaire borstchirurgie gaat. 
Hoofdstuk 11. ROLL is naast RSL een veel gebruikte radiogeleide procedure om 
primaire borstlaesies te lokaliseren. Waar RSL moeilijkheden heeft tijdens de 
implementatiefase door de relatief strikte regelgeving wegens de lange halfwaardetijd 
van de 125I-marker en door het feit dat het ingekapselde bronnen zijn met andere 
regelgeving is ROLL relatief gemakkelijk te introduceren omdat 99mTc in veel instituten al 
als tracer gebruikt wordt voor de SN procedure. Door echogeleide of stereotactische 
toedieningen kan er een druppel 99mTc-tracer geïnjecteerd worden in de primaire laesie. 
Wanneer albumine macroaggregaten als tracer gebruikt worden blijft de tracer lokaal in 
deze laesie. 99mTc heeft een half-waarde tijd van 6 uur wat flexibiliteit geeft met 
betrekking tot het moment van injectie en chirurgie. Echter, de ROLL procedure heeft 
geen mogelijkheid tot validatie van de locatie van de injectie ten opzichte van de laesie, 
bijvoorbeeld door mammografie en heeft ook niet de mogelijkheid laesies te markeren 
bij patiënten die neoadjuvante behandeling krijgen. Men moet zich realiseren dat 
neoadjuvante behandelingen steeds meer gebruikt zullen worden, ook bij kleinere 
tumoren, wat de vraag voor klinische beoordeling van een complete remissie zal doen 
toenemen. Voor dit grote deel van de patiënten is ROLL derhalve niet bruikbaar, 
hoewel deze methode een waardevolle en ook makkelijke methode blijft voor veel 
ziekenhuizen.  
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PhD period: 1-9-2013 - 31-12-2015   

PhD supervisor: Professor E. J. Th. Rutgers 

1 .  PhD tra in ing 
 Year Workload 

(Hours) 
General courses  

• Basic Medical statistics 

• Writing and Presenting in Biomedicine 

 
2013 
2014 

 
20 
20 

Seminars ,  workshops and master classes 

• 13e Mammacarcinoom symposium  

• AVL avondsymposium "oncologie in perspectief" 

• Regionale refereeravond nucleaire geneeskunde AMC 

• 14e Mammacarcinoom symposium  

• Workshop 125I-guided breast surgery 

 

 

 

 

 

 

 

2014 

2014 
 

2015 

2014 

2014-15 

 

 

 

 

 

 

 

4 

1 
 

2 

4 

4 

2 .  Presentat ions 
• BELNUC, Oostende, Belgium, congress 2013, Poster presentation  
• BELNUC, Oostende, Belgium, congress 2013, Poster presentation 
• 26th Annual Congress of the EANM, Lyon, France, 2013, Oral presentation  
• 26th Annual Congress of the EANM, Lyon, France, 2013, Poster presentation  
• NVVTG congress Utrecht 2013, Oral presentation 

• 27th Annual Congress of the EANM, Göteborg, Sweden, 2014, Invited workshop.  
• 27th Annual Congress of the EANM, Göteborg, Sweden, 2014. Invited oral 

presentation.  
• 27th Annual Congress of the EANM, Göteborg, Sweden, 2014, Oral presentation.  
• 27th Annual Congress of the EANM, Göteborg, Sweden, 2014, Oral presentation.  
• 28th Annual Congress of the EANM, Hamburg, Germany, 2015, Oral presentation.  
• 28th Annual Congress of the EANM, Hamburg, Germany, 2015, Poster presentation.  
• BASO ACS Scientific Conference / RSM Surgical Section, London, United Kingdom, 

2015, Invited oral presentation  
• 101st RSNA Annual Meeting, Chicago United States of America. 2015, Oral 

presentation  
• 101st RSNA Annual Meeting, Chicago United States of America. 2015, Poster 

presentation 
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Conferences Year Workload 
(Hours) 

• BELNUC, Oostende, Belgium 
• 4th Conference Technical Medicine, Utrecht 
• European association of nuclear medicine (EANM 

Lyon) 
• European association of nuclear medicine (EANM 

Goteborg) 
• European association of nuclear medicine (EANM 

Hamburg) 
• British association of surgical oncology (BASO) ACS 

Scientific Conference / RSM Surgical Section, London, 
United Kingdom. 

• Radiological society of North America (RSNA) 
Annual Meeting, December, Chicago, United States of 
America. 

 

2013 

 

2013 
 

2013 
 

 
2014 
 

	
2015 
 
2015   
 
 
 

 
2015   

 

12 
 

8 
 

30 
 

 
30 
 

	
30 
 
20 
 
 
 

 
30 

Other 
• PhD Retreat Onderzoeksschool Oncologie 

Amsterdam (OOA) 2014 

• PhD Retreat Onderzoeksschool Oncologie 

Amsterdam (OOA) 2015 

• Journal club (1/month; 25 in total) 

 
2014 

	
2015 
 
 
2013-15 

 
20 

 
20 
 
 
25 

 
 

3 .  Teaching 
 Year 

Superv is ing  

• Supervising master student technical medicine 

 

2015 
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Dankwoord 
Met veel plezier heb ik de afgelopen jaren onderzoek gedaan op de afdeling nucleaire 
geneeskunde. Door te werken in een multidisciplinaire setting met andere afdelingen is 
het onderzoekswerk nog interessanter geworden. Ik heb veel hulp van collega’s gehad, 
in samenwerking met hen is dit proefschrift tot stand gekomen. Daarvoor wil ik 
iedereen bedanken en de onderstaande personen in het bijzonder. 

	
Promotor: prof. dr. E.J.Th. Rutgers. Beste Emiel, wat bent u toch een ongelofelijk 
positieve en aardige begeleider en collega, ik heb veel aan u gehad tijdens mijn 
promotie. Ik hoop dat wij in de toekomst onze samenwerking zo voort kunnen blijven 
zetten. We zullen elkaar ongetwijfeld nog veel tegen komen tijdens mijn volgende baan.  
 
Copromotores: dr. M.P.M. Stokkel en dr. M-J.T.F.D. Vrancken Peeters. Beste Marcel, er 
was veel mogelijk op de afdeling nucleaire geneeskunde en zoals je zelf altijd aangeeft: 
“The Sky is the Limit”. Zo voelde het ook voor mij. Vooral de leuke congressen die we 
bezocht hebben, met als hoogtepunt de RSNA in Chicago, zullen mij bijblijven!  
Beste Marie-Jeanne, een soort natuurlijke samenwerking ontstond er toen je enthousiast 
reageerde op mijn voorgestelde studies voor op de OK. Met nieuwe navigatie 
technieken, waarbij de door jou geïntroduceerde techniek met jodium markers verder 
gebruikt werd, konden we kijken wat de mogelijkheden waren. Ik heb altijd graag 
geholpen bij de succesvolle workshops die je gaf om andere centra, binnen en buiten 
Nederland, te helpen starten met de jodium geleide mammachirurgie.  
 
Mijn promotiecommissie; prof. dr. B.L.F. van Eck-Smit, prof. dr. G.J. den Heeten, �prof. dr. 
J.H.G. Klinkenbijl, prof. dr. R. de Bree, dr. R.M.H. Roumen en dr. K.G.A. Gilhuijs, bedankt 
voor het beoordelen van mijn manuscript.  
 
Promotiebegeleiding: Dr. R.A. Valdés Olmos en Dr. B.J. de Wit- van der Veen. Beste 
Renato, u bent uniek in uw soort. Dat hoort u waarschijnlijk vaker, maar ik heb echt 
ontzettend veel bewondering voor uw positieve en daadkrachtige manier van werken 
met verschillende mensen, om zo uw visie werkelijkheid te maken. U gaat nooit een 
discussie uit de weg en komt er altijd positief weer uit. Ik heb veel van u geleerd en 
hoop dit ook zoveel mogelijk te kunnen blijven toepassen, om ook met diezelfde passie 
mijn toekomstige werk uit te voeren.  
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Beste Linda, jij hebt ongetwijfeld het meest meegedacht aan de opzet van studies en 
hoe het op papier moest worden gezet. Je hebt veel aan mijn stukken gesleuteld, met 
jouw sterke taalgevoel werden sommige bevindingen beter verwoord. Ik vond het fijn 
om met jou samen te werken en ik heb ook veel van jou geleerd. In mijn ogen ben jij 
het schoolvoorbeeld van een technisch geneeskundige in de praktijk.  
 
Daan, vriend en nu ook paranimf, wat hebben wij veel tijd samen doorgebracht de 
afgelopen jaren. We hebben ontzettend veel overlegd tijdens het afstuderen en tijdens 
het werken op de afdeling nucleaire geneeskunde. We zagen elkaar daarna nog 
regelmatig buiten het werk om voor sociale activiteiten. Jouw gedachtegangen, input en 
kritische blik op alle studies werden zeer gewaardeerd en ik ben er van overtuigd dat 
de kwaliteit van het werk daardoor is verbeterd.  
 
Alle andere collega’s van de nucleaire geneeskunde; Else, Daphne, Jakob, Suzana, Gijs, 
Lisanne, Nynke, Wouter, Karen, Erik, Michelle, Maarten, Bernies, Saar, Michiel, Linda J, 
Mariska, Martine, Mijnie, Bas H, Lyandra, Colinda, Saskia, Arida, Chelvi, Mariëtte, Aafke, 
Kirsten, Esther, Christel, Daniëlle, Natascha, Minette, Linda D, Jeroen, Marcel R, Marieke, 
Myriam, Esma, Miena, Lotte en Nancy bedankt voor de altijd prettige samenwerking! 
Het is een gezellige levendige afdeling waar iedereen zich snel thuis voelt, ik kom jullie in 
de toekomst vast allemaal nog regelmatig tegen! Alle mammachirurgen en OK 
personeel, bedankt voor de samenwerkingen voor de studies op de OK. Ik voelde mij 
altijd welkom en iedereen maakte graag even tijd om mee te denken en om te zien 
waar ik mee bezig was. Tenslotte, Olga, wat heb je in de laatste fase ontzettend veel 
geholpen om op een hele efficiënte en slimme manier de zaken voor en met mij te 
regelen omtrent de promotie, bedankt daarvoor.   

	
Vrienden uit omgeving Beverwijk/Haarlem, Huize ‘t HOI, Huize HOT, HJC Bokkerijders, 
studievrienden en vrienden uit Amsterdam/Utrecht. Leuke vriendengroepen die ik 
gelukkig allemaal nog steeds vaak zie voor kitesurfen, borrels, feestjes, festivals of 
vakanties. Ik zie er nu al naar uit om straks met z’n allen bij elkaar te zijn ter ere van mijn 
promotie.   

	
Pap, AJ, Diede, familie, bedankt voor alle steun gedurende mijn opleiding en de 
interesse naar mijn werk tijdens deze laatste periode. Mam, ontzettend bedankt voor 
het schilderen van de mooie omslag en uitnodiging! Ik ben trots op het resultaat. Pepijn, 



	

	 215 

broer, en nu ook paranimf, ik vind het geweldig om jou bij dit laatste stuk van mijn 
promotie te kunnen betrekken.  
 
Anne, lieverd, wat hebben we het altijd leuk, fijn dat je er altijd voor me bent en ik 
hoop dat dit nog lang zo mag blijven.  
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