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Summary 

 

This thesis describes the development of fast and non-destructive methods to detect lymph 

node metastases intra-operatively using photoacoustic (PA) imaging. The work can grossly 

be divided into two different approaches of which one is aimed at the differentiation 

between benign and metastatic nodes using endogeneous chromophores where the other 

makes use of the exogenenous contrast of iron oxide nanoparticles for differentiation.  

Chapter 1 provides an overview of the application of different optical techniques to enable 

lymph node staging during surgical resection. The disadvantages of conventional medical 

imaging techniques are being discussed including their low sensitivity and poor intra-

operative applicability. We present several optical techniques capable of nodal staging and 

discuss their limitations and future potential. Next to purely optical techniques like optical 

coherence tomography (OCT) and reflectance spectroscopy, we summarize the progress 

that has been made with PA imaging in this field and discuss its main advantages. 

Our initial verification of the possibility to detect melanoma cells in lymph nodes is 

discussed in Chapter 2. A pig lymph node containing different concentrations of 

melanoma cells is photoacoustically imaged and the outline of the melanoma lesion can be 

accurately traced within the nodal volume. In addition, PA imaging of a resected human 

lymph node containing metastatic melanoma cells displays an increased intensity at 

locations were viable melanoma cells can be found according to histology. Our results 

suggest that PA has the potential to develop into an intra-operative imaging method to 

detect melanoma metastases in (sentinel) lymph nodes.  

The continuation of this work is discussed in Chapter 3, where we evaluated the PA 

imaging results from a larger amount of  resected lymph nodes from melanoma patients 

both benign and metastatic lymph nodes. Next to single wavelength imaging we also image 

the nodes using multiple excitation wavelengths. We demonstrate that the metastatic nodes 

showed a higher PA response and responded differently to an increase in excitation 

wavelength than benign nodes. In addition, differences in anatomical features between the 

two groups could also be detected. However, it remained preliminary to designate a highly 

accurate parameter to distinguish between malignant and benign nodes, mainly because 

blood related absorption also induces high PA responses in benign lymph nodes.  

 

The absence of production of endogenous chromophores in many other malignancies 

spreading to the lymphatics, limits the applicability of  the approach discussed in Chapter 1-



4 to the detection of melanoma metastases. In order to intra-operatively stage lymph nodes 

which are possibly affected by metastases related to other primary tumour types, we look 

into the applicability of superparamagnetic iron oxide (SPIO) nanoparticles in Chapter 4. 

We show that subcutaneous injection of SPIOs in healthy rodents primarily leads to uptake 

of the particles in the peripheral sinusoidal zone of the popliteal lymph nodes. PA imaging 

of the resected nodes display ring-like contrast patterns corresponding with iron deposition 

in this zone which is in accordance with the results from MRI and histology. The 

distribution of the particles could still be accurately mapped at SPIO amounts as low as ± 

11 µg. Results indicate that PA imaging is able to map the SPIO distribution within lymph 

nodes with an accuracy which could enable the detection of metastasis once they influence 

this distribution. 

Chapter 5 therefore focuses on the distinctive potential of SPIO nanoparticles for staging 

of resected lymph nodes obtained from a metastatic animal model. PA images of both 

metastatic and benign lymph nodes show that lymph nodes containing metastases display a 

heterogeneous SPIO distribution with absence of SPIOs at several locations within the 

peripheral zone. In benign lymph nodes on the other hand the SPIOs are homogeneously 

distributed and a higher PA response is measured throughout the nodes. Results correlate 

with those of MRI and immunohistochemistry which demonstrates that accurate intra-

operative nodal staging after subcutenous SPIO injection is feasible.    

In order to decrease the costs of the nanoparticle agent while increasing its PA response, 

lymph node staging with the help of carbon nanoparticles is investigated in Chapter 6. It is 

shown that the same PA differences between resected benign and metastatic nodes can be 

detected as with the SPIO particles, both with the tomographic PA system as the hand-held 

commercial system.  In addition, PA response seems to be higher although a distinction 

between metastatic and benign lymph nodes within the animal remains challenging. We 

conclude that carbon nanoparticles like SPIOs could facilitate nodal staging, however its in 

vivo potential still requires further investigation.    

To conclude our investigations we look into the in vivo potential of a newly available SPIO 

dispersion in Chapter 7 and compare the results with PA distribution maps obtained within 

non-living animals and ex vivo animal lymph nodes. Successful staging of lymph nodes is 

prevented because of the PA influence of nearby vessels obfuscating the low PA signal 

produced by the SPIO nanoparticles. Comparison with ex vivo lymph nodes shows that a 

distinction between benign and malignant nodes can again be made once the nodes are 

resected.   

In Chapter 8 the conclusion of the thesis is discussed and an outlook is given with respect 

to future work. 



 

Samenvatting 

 

Dit proefschrift beschrijft de ontwikkeling van een techniek waarmee lymfeklier metastasen 

snel en zonder weefselschade kunnen worden opgespoord gedurende een chirurgische 

ingreep, met behulp van fotoakoestiek (FA). Het proefschrift kan worden ingedeeld aan de 

hand van twee verschillende benaderingen. De eerste betreft een onderscheid tussen 

goedaardige en gemetastaseerde lymfeklieren op basis van een natuurlijk aanwezig 

kleurstof, de andere op basis van een contrastmiddel bestaande uit ijzer oxide nanodeeltjes.   

Hoofdstuk 1 geeft een overzicht van de verschillende optische technieken die worden 

ontwikkeld om lymfeklieren te kunnen stadiëren tijdens een chirurgische ingreep. De 

nadelen van conventionele medische afbeeldingstechnieken worden besproken, waaronder 

een lage sensitiviteit en een verminderende toepasbaarheid binnen de operatiekamer. 

Daarnaast brengen we verschillende optische technieken naar voren die hier verbetering in 

zouden kunnen aanbrengen en bediscussiëren hun beperkingen. Naast technieken als 

optische coherentie tomografie (OCT) en Raman spectroscopie, vatten we de ontwikkeling 

binnen het fotoakoestische werkveld samen en beschrijven de belangrijkste voordelen van 

deze techniek.   

De resultaten van onze initiële experimenten om melanoom cellen in lymfeklieren aan te 

tonen worden beschreven in Hoofdstuk 2. Een varkens lymfeklier met daarin verschillende 

concentraties melanoomcellen beelden we fotoakoestisch af en we tonen aan dat melanoom 

laesies goed te traceren zijn met deze techniek. Daarnaast, laten afbeeldingen van een 

menselijke lymfeklier zien dat locaties die correleren met de aanwezigheid van 

melanoomcellen een verhoogde signaal intensiteit bevatten. Deze resultaten suggereren dat 

FA mogelijk verder ontwikkeld kan worden om melanoom metastasen in (schildwacht) 

klieren gedurende de operatie te visualiseren.   

We continueren dit werk in Hoofdstuk 3, waar we de fotoakoestische resultaten bespreken 

van een grotere groep humane lymfeklieren. In deze groep zijn zowel gezonde als 

gemetastaseerde lymfeklieren opgenomen. Naast beeldvorming met behulp van een enkele 

golflengte maken we hier ook gebruik van meerdere golflengtes om de klieren te scannen. 

We laten zien dat gemetastaseerde klieren een hoger FA signaal geven en daarnaast anders 

reageren als ze belicht worden met laserlicht dat hogere golflengten bevat. Tot slot 

definiëren we anatomische variaties die de FA afbeeldingen laten zien tussen de twee 

lymfeklier groepen. Ondanks deze bevindingen blijken we nog niet in staat één specifieke 

parameter te definiëren waarmee gezonde van gemetastaseerde klieren kunnen worden 



onderscheiden. Dit blijkt voornamelijk te komen doordat de optische absorptie van bloed 

gerelateerde componenten ook zorgt voor hoge FA signalen.  

De afwezigheid van natuurlijk kleurstoffen in vele andere lymfatische metastaserende 

tumoren beperkt de toepasbaarheid van de techniek die we besproken hebben in de 

Hoofdstukken 1-4 tot de detectie van melanoom metastasen. Om dit te ondervangen en de 

techniek ook te kunnen gebruiken voor de inter-operatieve stadiering van andere tumor 

typen, onderzoeken we de toepasbaarheid van super paramagnetische ijzeroxide (SPIO) 

nanodeeltjes in Hoofdstuk 4. We tonen aan dat een subcutane injectie van SPIO 

nanodeeltjes in de achterpoot van gezonde ratten leidt tot opname van deze deeltjes in het 

perifere sinusoidale gebied van de popliteale klieren. Fotoakoestische beeldvorming van 

deze klieren laat ring-vormige contrast partronen zien wat wijst op ijzer depositie in deze 

gebieden. Dit bevestigen we met behulp van MRI en (immuno)histopathologie. De 

distributie van de nanodeeltjes kan accuraat worden weergegeven met FA tot een SPIO 

hoeveelheid van ± 11 µg. Deze resultaten laten zien dat FA in staat is om de distributie van 

SPIO nanodeeltjes in lymfeklieren accuraat weer te geven, wat mogelijk gebruikt zou 

kunnen worden om de aanwezigheid van metastasen aan te tonen.       

Hoofdstuk 5 gaat daarom dieper in op het vermogen van deze SPIO nanodeeltjes om 

onderscheid te maken tussen gezonde en gemetastaseerde lymfeklieren. Hiervoor maken we 

gebruik van een tumor diermodel. De FA afbeeldingen laten zien dat onder invloed van 

metastasen de SPIO nanodeeltjes distributie veranderd van homogeen naar heterogeen, 

waarbij er sprake is van de afwezigheid van contrast op verschillende locaties binnen de 

perifere zone. Daarnaast verminderd de intensiteit van het FA signaal. Deze bevindingen 

correleren met die van MRI en immunohistopathologie. Hieruit kan worden geconcludeerd 

dat fotoakoestische stadiering van lymfeklieren met behulp van subcutane injectie van 

SPIO nanodeeltjes mogelijk ook toegepast kan worden op andere maligniteiten.   

Om de kosten van het gebruik van nanodeeltjes verder te verlagen en tegelijkertijd de 

fotoakoestische signaal opbrengst te verhogen, onderzoeken we in Hoofdstuk 6 de 

toepassing van koolstof nanodeeltjes. We bewijzen dat deze deeltjes op een vergelijkbare 

manier onderscheid kunnen maken tussen gezonde en gemetastaseerde lymfeklieren, zowel 

door afbeeldingen te vergaren met een tomografisch als met een hand-held FA systeem. 

Bovendien lijkt de FA signaal opbrengst inderdaad hoger te liggen. Zolang afbeeldingen 

van de lymfeklieren worden gemaakt door de huid heen blijkt het onderscheid tussen 

gezonde en gemetastaseerde klieren echter moeilijker te maken. Uit deze gegevens 

concluderen wij dat koolstof nanodeeltjes, net als SPIOs, de stadiëring van lymfeklieren 

zouden kunnen vergemakkelijken, hoewel het gebruik van de deeltjes in vivo nog verder 

onderzoek verreist.  

Tot slot hebben we in Hoofdstuk 7 nader onderzoek gedaan naar de mogelijkheden van het 

gebruik van SPIO nanodeeltjes in vivo. Deze resultaten hebben we vervolgens vergeleken 



met FA afbeeldingen van intacte maar overleden dieren en uitgesneden ex vivo klieren. In 

vivo stadiering blijkt bemoeilijkt te worden door FA invloeden van nabij gelegen 

bloedvaten welke het lagere signaal afkomstig van SPIO nanodeeltjes overschaduwen. Een 

vergelijking met de ex vivo klieren laat zien dat onderscheid tussen gezonde en metastase 

bevattende klieren wel weer gemaakt kan worden als deze klieren worden uitgesneden.  

In Hoofdstuk 8 trekken we algemene conclusies over de gehele thesis en schetsen we een 

vooruitzicht voor de toekomst.  
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Optical techniques for the intra-operative 

assessment of nodal status* 

 

 
The lymphatic system is an important pathway in the metastatic spread of many 

malignancies and a key prognostic indicator. Non-destructive assessment of the nodal status 

during surgery could limit the amount of lymph nodes to be resected and allow for 

immediate regional lymphadenectomy during sentinel lymph node biopsy procedures. We 

look into the possibilities of conventional medical imaging methods capable of intra-

operative nodal assessment and discuss multiple newly developed optical techniques. The 

physical background behind these techniques is reviewed and a concise overview of their 

main advantages and disadvantages is produced. These recent innovations show that while 

the application of optical modalities for intra-operative nodal staging is not yet applied 

routinely, there is reason enough to expect their introduction in the near future.  

 

 

 

 

 

 

                                                           
*
 This chapter has been communicated as: D. J. Grootendorst, W. Steenbergen, S. Manohar, T. J. M. Ruers, 

“Optical techniques for the intra-operative assessment of nodal status ” to Future Oncology. 
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1.1 Introduction 

The lymphatic system is an important pathway in the metastatic spread of many 

malignancies. The presence of metastatic deposits in lymph nodes determines both the 

prognosis and  therapeutic regimen of individual patients. Research has shown that lymph 

node involvement is one of the most prognostic indicators for a variety of cancer types such 

as invasive breast carcinoma (1), malignant melanoma (2) and prostate carcinoma (3), 

hence its inclusion in the international staging system.   

For the lymphatic spread of most malignancies it is presumed that metastatic cells initially 

travel to the lymph node(s) primarily draining the area in which the primary tumor is 

located. These first draining lymph nodes are the so called Sentinel Lymph Nodes (SLN) 

and accurate analysis of their content provides a clear indication of lymphatic involvement. 

The introduction of the Sentinel Lymph Node Biopsy (SLNB) was therefore able to limit 

the amount of lymph nodes to be removed and reduce the invasiveness of the procedure (4), 

provided that metastatic involvement was verified by both conventional histology and 

immunohistochemistry. Identification of the so called  ‘‘sentinel’’ nodes  is done by 

lymphoscintigraphy and/or blue dye injection after which the resected nodes have to be 

fixated, sectioned, stained and reviewed by an expert pathologist. The sectioning and 

staining procedure of the SLN is known to vary between clinical centers but generally takes 

up several days (5). Although the therapeutic benefit of the procedure is not universally 

accepted with regard to an improvement of overall long term survival (6), SLNB is 

nowadays routinely performed for breast malignancies and malignant melanomas. Once 

metastatic involvement of the lymphatic system has been verified by SLNB, further 

resection of the local lymph node basin is generally considered.   

Next to mentioned advantages of the SLNB, especially the reduction of post-operative 

morbidity, the procedure still contains a significant disadvantage with regard to direct nodal 

assessment. Due to the required histopathological assessment, accurate diagnostic 

information is not available during surgery, so no treatment decision can be made while the 

SLNB is performed. Therefore, the patient needs to return for a second surgical procedure 

once the pathology results require the removal of additional nodes. Beside serious patient 

discomfort, the present logistic process results in additional costs that are estimated to be 

around £1368 per patient (7).  In addition, as it is known that the total number of positive 

lymph nodes detected during additional lymphadenectomy has a prognostic significance 

(8), real-time assessment of the lymph nodes could limit of the amount of lymph nodes 

removed. This would decrease the chance of lymphedema development after regional 

lymphadenectomy, while additional therapy can be initiated faster because diagnosis would 

be available during surgery. 

  

So, an imaging technique capable of assessing lymph node status during surgery inside the 

operation room (OR) could not only improve decision making related to the SNB 

procedure, but could also significantly limit the morbidity of lymphadenctomy procedures. 



3 

 

Non-destructive imaging would have the additional advantage that tissue would still be 

available for histological analysis after surgery and no extensive preparation has to be 

performed in the OR. To provide a solution for this problem, frozen section analysis (FSA) 

was introduced in the early 20th century and found to be logistically helpful in an intra-

operative setting. However, its low sensitivity for detecting metastases in especially 

melanoma patients (47%) has labeled the technique unsuitable for sentinel lymph node 

analysis (9). The more recently introduced, intra-operative touch preparation cytology 

(IOTPC) or “imprint cytology” which requires the imprinting of fresh tissue on a thin glass 

plate after which microscopic examination can commence, has shown comparable low 

sensitivity results for melanoma patients (33%) (10). In addition this techniques requires an 

expert cytopathologist to be present during the surgical procedure to obtain intra-operative 

diagnostic results which is time consuming and expensive.  

Next to these techniques, conventional medical imaging techniques, including ultrasound, 

positron emission tomography (PET) and Magnetic Resonance Imaging (MRI) have been 

analyzed with respect to their nodal staging capabilities pre-operatively. These results give 

some indication of their applicability during surgery. For  ultrasound for example, highly 

variable accuracy rates across clinical studies and types of malignancies are reported 

(11,12). However, most larger clinical studies for malignant melanoma and breast 

malignancies show a relatively low sensitivity (25-60%) combined with a higher specificity 

(70-100%) . This low sensitivity of ultrasound can be explained by the fact that the median 

cross-sectional area of metastatic deposits may be as small as 0.39 mm2 (12). Such small 

metastases  are not expected to produce physical changes within the node which can be 

visualized using ultrasound. Therefore, such small deposits may remain below the detection 

limit of  the technique even with the introduction of higher frequency transducers.   

A variable accuracy is also noted in several clinical studies for lymph nodes staging by 

fludeoxyglucose-PET (FDG-PET). Best quality studies showed a sensitivity and specificity 

of around 80%, whereas in the poorer quality studies, the diagnostic accuracy was higher. 

In a recent meta-analysis of 25 studies related to breast cancer (13), an overall sensitivity of 

37 to 85% was noted, together with a specificity of 84 to 100%. It was stated that the 

sensitivity of PET is not sufficient to detect small metastatic deposits. A meta-analysis with 

respect to lymph node staging for melanoma revealed a sensitivity of 87% together with a 

specificity of 98% (14) . Overall the sensitivity and specificity of FDG-PET is comparable 

to that of ultrasound due to their poor spatial resolution and/or low target-to-background 

signal unless it is combined with additional methods like MRI or CT. 

 

The accuracy of pre-operative nodal staging using MRI is mainly dependent on whether a 

contrast agent is being applied. Contrast enhanced MRI studies show sensitivities ranging 

from 63 to 100% and specificities of 56% to 100% (15) which overall are higher than those 

reported in unenhanced studies. Again the cases in which metastases are missed involve the 

small metastatic lesions  which are only detected after extensive histopathological analysis.  
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In general, clinical evaluations of these conventional medical imaging technologies still 

reveal serious limitations regarding the sensitivity and therefore ability of detecting smaller 

metastastic deposits. Other disadvantages, inherent to these techniques, like the size of the 

equipment, radiation or the presence of  a magnetic field, can also be taken into account.  

Although the technical evolution of these techniques will most certainly improve their 

accuracy, the recent lack of sensitivity also leaves room for techniques which are better 

suited for the visualization of smaller structures. This is where optical modalities might 

play an important role in the near future. 

 

The advantages of optical imaging  compared with other imaging modalities include high 

resolution, high instrument sensitivity, high instrument mobility and fast imaging 

capabilities enabling real-time acquisition of functional information. In the following 

sections we will review various optical imaging modalities which are less frequently 

applied in a clinical setting but show the potential for improving nodal staging in an intra-

operative setting. The fact that these techniques are able to base their analyses on freshly 

resected samples or easy to acquire tissue sections  makes them especially compatible with 

the limited time available during surgery. In addition, most optical modalities do not have 

excessive space requirements and are compatible with an operation theatre full of metal 

instruments and electronic equipment.  Given the recent international research interest 

regarding this topic, it could well be that some of these techniques find their way to the 

operation theatre very soon.     

1.2 Optical Coherence Tomography 

The main physical process behind Optical Coherence Tomography (OCT) is comparable 

with that of ultrasound, although OCT is based in light instead of sound, namely the 

reflection of incident waves. The physical principle behind this so called back scattering is 

Fig. 1. Jablonski diagram of the physical principles behind different optical techniques 
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schematically displayed in Figure 1.  Optical reflection within tissue occurs when the index 

mismatch between two tissue types is increased, the higher the mismatch the larger the 

amount of backscattered photons. However, most of the light scatters and only a tiny 

portion of the incident light reflects from subsurface features. This reflected portion travels 

back and interacts with the original broadband light source which results in either 

intensification or diminishing of the intensity depending on the optical interaction of the 

sample (16).  Via this principle depth sensitive optical reflection can be measured, 

providing spatial information about the tissue microstructure (17).  

 

Current OCT modalities are able 

to obtain axial resolutions ranging 

from 1 to 15 µm which is almost 

10 times better than clinical 

ultrasound, making the detection 

of smaller metastatic deposits 

possible. All systems employ 

optical powers well below the 

maximum safety level while 

reflected signals as small as 10-10 

of the incident light power can be 

detected with help of optical 

heterodyne detection (19). To 

permit the intra-operative staging 

of lymph nodes, it is of vital 

importance that imaging can be 

performed within a time period of 

several minutes. Recent reports 

regarding lymph node assessment 

with OCT, show an image capture 

time of 0.4 s per cross-sectional 

scan resulting in an acquisition 

time of 160 seconds for a 3-D 

OCT data set containing 300 

images (18).  The physical 

disadvantage of OCT, as for many 

optical techniques, lies in the 

relatively shallow penetration 

depth of around 2-3 mm 

depending on the tissue (20) which impedes the visualization of the entire nodal specimen. 

However, by miniaturizing and encasing the OCT probe in a medical needle as suggested 

by Iftimia et al (21), the complete nodal volume could be probed. Such an approach 

Fig. 2. A rat lymph node imaged after 9 days of tumor 

inoculation. OCT reveals a relatively homogeneous 

scattering pattern across the lymph node in both x-y (a) 

and x-z planar (b) images, due to near-total effacement of 

normal nodal architecture, as shown in the corresponding 

histological section in (c). A thick low-scattering layer in 

the capsular and subcapsular region (yellow arrows) can 

be seen in the x-y (a) and x-z planar (b) OCT images, 

resulting from metastatic tumor invasion. This correlates 

with regions in the histology that show only few 

remaining lymphocytes in the node (d). The green-framed 

x-z planar OCT image in (b) was extracted from the 

location of the horizontal green line shown on the x-y 

planar image in (a). The magnified histological region in 

(d) is from the blackframed region in (c). Reproduced 

from (18) with kind permission from Springer Science and 

Business. 
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remains however limited to a certain amount of probed locations within the intra-operative 

time span, losing some sensitivity especially if micro-metastastes are involved.  

Possible application of OCT for nodal screening was initially investigated by in vivo and in 

vitro lymph node scanning in six Sprague-Dawley rats injected with N-methyl-N-

nitrosourea. It was verified that the 3-D nodal structure could be displayed with an axial 

resolution of 2 µm. In addition, internal structures could be identified including the 

lymphoid follicles, the cortex, the capsule, and the medullary sinuses (22).  

In 2010, McLaughlin et al (23) used OCT for depicting the morphology of thirty human 

lymph nodes and distinguishing lower backscattering cortical areas from highly 

backscattering tumor-permeated tissue. However, because appearance within the OCT 

image varies with depth, healthy and malignant tissue varied in appearance depending on 

location. To compensate for this phenomenon, an algorithm was designed to allocate the 

intensity of each pixel to the tissue’s attenuation coefficient across a subset of the A-scans. 

OCT Scans of the auxiliary lymph nodes of two breast cancer patients verified that such 

parametric images provided improved tissue contrast (24). 

Recently, a study on ten MAT-B III inoculated Female Fischer F344 rats was performed to 

pinpoint optical biomarkers associated with various stages of metastastic involvement (18). 

Markers included uniform high-scattering regions due to disruption of normal lymph node 

structure (Fig. 2) and low scattering regions in the precortical regions due to the infiltration 

of metastatic cells and macrophages. Such markers could possibly function as an atlas for 

comparison with images acquired during surgical interventions in the future.  

 

From these studies we can conclude that OCT imaging is able to produce a highly accurate 

map of the nodal morphology and capable of pinpointing biomarkers for metastatic 

involvement. However, clinical sensitivity and specificity ratios remain to be produced and 

its limited penetration depth might make it challenging to accurately map larger samples 

within a limited time span.  

1.3 Elastic scattering spectroscopy 

As mentioned in the introduction, imprint cytology is experimentally being employed for 

the examination of (sentinel) lymph nodes with varying results (25) . The method is quick 

and easy although an expert cytopathologist has to be present during the operation to 

provide the diagnostic results. In order to overcome this disadvantage while obtaining 

higher sensitivity ratios, research into the use of  spectroscopic methods for automated 

analysis of the imprint sections has been initialized in recent years. One of these methods 

employs elastic scattering spectroscopy (ESS) for the real-time discrimination of benign 

and malignant tissue.  
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In contrast with for example fluorescence, ESS does not involve photon absorption and the 

atoms involved do not make a transition to an excited state before the scattering process 

takes place (27). Since the process is elastic and does not involve absorption, as 

schematically displayed in Figure 1 , the scattered light has the same frequency as the 

incident light. By measuring the magnitude, phase, and the angular- or wavelength-

dependence of the scattered far field, one can retrieve information about the scattering (28). 

In this way the technique is sensitive to the sizes, indices of refraction, and structures of the 

subcellular components like, nucleus, nucleolus, and mitochondria that change with 

malignant transformation. Changes in wavelength dependent light scattering, resulting from 

malignant transformation, can be modeled using Mie theory (29,30) and finite-difference 

time domain methods (31). Multivariate statistical analysis can then be used to recognize 

patterns within these spectra. With appropriate diagnostic algorithms these spectra can then 

be used to discriminate between benign and malignant tissue within samples, no longer 

requiring the expertise of a cytopathologist. A general ESS setup requires relatively simple 

instrumentation including a pulsed xenon arc lamp, an optical probe, and a spectrometer 

(Fig. 3A). By scanning a probe with an input and output optical fiber over the tissue, 

spectroscopic data can be obtained within minutes. Despite these advantages, the limited 

sample volume of the fibers requires large samples, e.g. lymph nodes, to be scanned 

iteratively or at specific locations which could result in smaller metastases to be missed.    

 

A study with regard to the detection of cervical intranodal metastasis in oral cancer was 

already published in 2003 (32), where ESS spectra were obtained from formalin fixed neck 

dissection specimens. These spectra were then compared at 4 different wavelengths: 360, 

Fig. 3. A. Schematic diagram of elastic scattering spectroscopy (ESS) system. The node is scanned 

through a fibreoptic plate  by moving it on a stage under a fixed probe. B. False colour-coded map of a 

node showing a single metastasis in the left lower quadrant. Colours are based on the canonical score 

for each pixel, obtained through principle component analysis and linear discriminant analysis of the 

ESS spectra,  from blue (low score, indicates normal node) to red (high score, indicates metastasis). 

The cut-off chosen to discriminate between normal and cancer for individual pixels is where the 

colour changes from pale green to yellow. C. Histology image showing the junction of a metastasis 

(lower left) with normal lymphatic tissue (upper right) (haematoxylin and eosin stain, original 

magnification ×400).  Reproduced from (26) with kind permission of John Wiley & Sons, Ltd. 
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450, 630 and 690 nm. In 13 patients a sensitivity and specificity of respectively 98% and 

68% was obtained. In 2004, a study on 139 freshly excised nodes showed a sensitivity of 

84% and a specificity of 91% for ESS if the nodes were normal or completely replaced by 

breast cancer (33). The accuracy of the technique dropped to respectively 75% and 89% 

once the nodes contained smaller metastatic deposits which however still proved to be 

comparable to the accuracy of regular imprint cytology.  In 2010, a raster scanning ESS 

setup was employed to obtain spectra from 128 intact sentinel lymph nodes of breast cancer 

patients and create a map of cancer risk across the nodal surface (Fig. 3B). Risk was 

classified by extracting spectral features using principal component analysis (PCA) and 

discriminating between classes by linear discriminant analysis (LDA). By projecting the 

spectral vector onto the axis of maximum discrimination, a canonical score was derived 

which could be used as a predictive measure. The freshly resected lymph node was fixated 

with an optical plate (Fig. 3A) which enabled the scanning of the entire nodal surface. The 

pixel risk maps were then converted into a metastatic probability for the node using a so 

called “clump counting” method which resulted in a sensitivity of 69% and a specificity of 

96% (26,34). This rasterscan approach enabled the complete analysis of larger tissue 

samples thereby eliminating one of the major disadvantages of the technique. It has to be 

noted however, that this approach required up to 20-25 minutes to scan 1 cm2. 

 

Based on the results of these different studies, it can be concluded that ESS could offer a 

cost-effective solution for imprint cytology analysis, although a lot of computational 

modeling and training is required to generate a relative accurate risk score for a specific 

tissue type. In addition, the limited penetration depth impedes rapid analysis of the entire 

nodal specimen which could result in metastases to be missed.  

1.4 Fourier transform Infrared spectroscopy 

Fourier transform infrared spectroscopy (FTIR) can be used to detect vibration in chemical 

bonds and, as such, has been used to sense the biochemical composition of tissues (35). 

Functional groups can be associated with characteristic absorption of the incident infrared 

light, resulting in the presence of specific absorption peaks in the recorded spectrum 

coming out of the tissue. Although incapable of detecting specific molecules because many 

bond vibrations are shared among biomolecules, FTIR can be used to quantify classes of 

molecules (i.e. glycogen, protein, fat or nucleic acid) (36).  

 

The technique possesses fast imaging potential and  operates at a broad wavelength range 

of 250-2500 nm resulting in the possibility to scan samples with a regular FTIR setup up to 

a thickness of several µm’s (37). A regular FTIR setup consists of an IR spectrophotometer, 

a white light source and a CCD camera which can be combined in a relatively small volume 

resulting in a handheld or tabletop design. The output and input fibers have to be placed in 

close proximity to the tissue to ensure the accurate acquisition of the spectra. Related to 

this, the relatively small sampling volume again proves to be one of the disadvantages, 
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although the greatest drawback lies in its inability to analyze fresh tissue. The strong 

absorption peak of water masks a major portion of the relevant chemical fingerprint in the 

tissue sample spectrum (38). This requires the samples to be sectioned and dried in some 

cases which takes up time and resources.  

 

A study in 2011 comparing the FTIR spectra of 61 metastatic cervical lymph nodes with 

those of 123 non-metastatic nodes in the wavelength range of 2.5 µm to 10 µm revealed 

that the relative intensity ratios relating to protein and nucleic acid both increased in 

papillary thyroid carcinoma tissue while those of carbohydrates and lipids decreased, 

probably owing to the increased metabolism of the metastatic cells (39). Within the studied 

data a sensitivity of 80% and specificity of 92% was obtained for the detection of lymph 

node metastases. The authors claim no pre-treatment of the fresh tissue is required and 

sectioning of the samples only takes a maximum of 3 minutes. With regard to the analysis 

of touch imprint cytology data , FTIR imaging of lymph nodes in mid-IR range ( 800 to 

2000 cm-1)  has also been employed. A pilot study in 2004 showed that  without fixation or 

staining of the tissue, the absorption spectra of lymph nodes display strong lipid peaks and 

sufficient information is present to distinguish nodal tissue from thyroid tissue (40). The 

next step should confirm if such differences are also present between benign and malignant 

nodes.  

 

We can conclude that FTIR might prove to be an inexpensive and accurate technique to 

perform intra-operative staging in the future due to its possibility to analyze biochemical 

composition.  However, research on human nodal tissue is still limited and difficulties with 

regard to fresh tissue analysis might impede intra-operative applicability. Furthermore most 

systems still rely on point measurements and together with the limited optical penetration 

depth this significantly limits screening of larger tissue samples like lymph nodes.   

1.5 Diffuse reflectance spectroscopy 

Diffuse reflectance spectroscopy (DRS), utilizes visible-near infrared light to acquire 

information about the wavelength-dependent optical absorption and scattering to allow for 

an estimation of physiological tissue parameters. DRS relies mostly on  elastic scattering as 

schematically displayed in Figure 1, however the reflectance spectrum is the resultant of 

both absorption and scattering. The intensity of reflected light after being scattered or 

absorbed as a function of the wavelength defines the reflectance spectrum and results from 

molecular differences between tissues. Changes in human tissue associated with malignant 

transformation include alterations in cellular composition, metabolic rate, vascularity, 

intravascular oxygenation, and tissue morphologic characteristics which can all be of 

influence on the reflectance spectrum.  

.  

DRS  has the advantage that it can be incorporated into a relatively small probe due to the 

fact that it can be performed with only one optical fiber with a diameter in the range of 
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200−400 µm (41), resulting in the possibility to perform in vivo analysis. In addition, it 

requires a relatively simple and affordable setup consisting of a spectrophotometer, a 

halogen light source and a single fiber. To allow for a quantitative comparison of the 

acquired absorption spectra, a mathematical model, which includes the absorption 

coefficient of all physiological relevant molecules in a specific tissue type, has to be 

implemented to accurately characterize the optical path length.  

 

In order to investigate the physiology of mediastinal lymph nodes and evaluate the 

possibility of nodal staging in lung cancer such an algorithm was developed (41) and 

incorporated into an endoscopic DRS system (42,43). This customized system consists of 

an commercial endoscopic ultrasound system for fine needle biopsies in which a 320 µm 

fiber can be fed through the biopsy channel into a lymph node. Physiological parameter 

estimates could be performed within seconds and the biopsy procedures were extended by 

no longer than 5 minutes.  

 

Based on earlier studies revealing the presence of aberrant vessels, displacement of vessels, 

and avascular areas in the center of metastatic lymph nodes, differentiation of metastatic 

from benign nodes was made on blood content and oxygen saturation levels. Initial 

comparison studies between malignant and benign nodes indeed revealed a lower blood 

volume fraction (5.6% versus 13.5%)  and microvascular saturation  (50% versus 84%)  in 

malignant nodes for a study of 10 patients. The patient population was however restricted in 

terms of clinical suspicion to normal unenlarged, PET negative nodes and metastatic 

enlarged, PET positive nodes excluding nodes possibly containing smaller metastatic 

deposits. Furthermore, because the single fiber approach is not able to analyze the entire 

nodal volume, the probe has to be inserted in the tissue at a limited amount of locations (on 

average 5) possibly resulting in smaller metastases to be missed.  

A similar reflectance spectroscopy concept utilizing three fibers inside an 1.3 mm biopsy 

needle was demonstrated by Evers et al (44) in the characterization of lung malignancies. A 

sensitivity of 78% and a specificity of 86% was reported in a 10 patient study and although 

no nodal characterization studies were performed, this concept could probably also be 

applied for the evaluation of freshly resected lymph nodes in an intra-operative setting.   

 

Overall, these studies show that DRS is capable of differentiating benign from malignant 

tissue on the basis of different tissue characteristics which might give it a high sensitivity 

and specificity. However, limited studies have been performed on nodal tissue samples and 

the output of optical fibers  restricts the size of the scanned volume to several mm3.     

1.6 Raman spectroscopy 

Raman spectroscopy resolves around the inelastic scattering of photons, due to the chemical 

bonds of the tissue under investigation (45). The molecular bonds  in the tissue, result in a 

small portion of the light to be inelastically scattered giving this part of the light a lower 
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energy thus a longer wavelength. The process leading to this inelastic scatter is termed the 

Raman effect and is schematically displayed in Figure 1. The shift in wavelength contains 

information about the different vibrational modes in the tissue, so the frequencies of the 

scattered photons contain information about the most Raman-active modes of vibration 

(46). The Raman bands in tissue generally arise from common cellular components, for 

example proteins (1660 cm-1), nucleic acids 

(1280 cm-1), and lipids (2980 cm-1) (47). Excitation wavelengths in the range of 700-1100 

nm are generally used because absorption and autofluorescence by tissue and body fluids is 

minimal while the penetration depth is high. The advantage of Raman spectroscopy is its 

insensitivity to water, enabling in vivo imaging and its high spatial resolution (48). 

Disadvantages include the relatively expensive components and the limited penetration 

depth.  

 

In 2008, a combined study of both infrared and Raman spectroscopy was performed in 

resected lymph nodes from patients suffering from head and neck cancer to identify 

biochemical and morphological changes taking place during carcinogenesis (49). By 

combining infrared and Raman maps with multivariate statistical analysis tools, 10 

cancerous and 9 non-cancerous nodes were analyzed. The researchers showed that 

cancerous nodes displayed a higher nucleic acid and lower lipid and carbohydrate content 

compared to benign nodes which is indicative of increased cell proliferation and loss of 

differentiation (49). Their algorithm was able to differentiate between benign and malignant 

nodes in 94% of the cases.  

A more extensive study on 103 lymph nodes from the head and neck region was performed 

in 2010 including nodal metastasis from squamous cell carcinomas, adenocarcinoma’s and 

Hodgkin and Non-Hodgkin lymphomas. Compared to histopathology, Raman spectroscopy 

and principal component fed linear discriminant analysis were able to come up with the 

same diagnosis in 84% of the cases (50).  More recently, a Raman study of 59 axillary 

lymph nodes of which 43 negative and 16 positive from 58 patients undergoing breast 

surgery was published revealing an overall sensitivity and specificity of 81% and 97%  

(51). In addition, the nodes could be assessed at 5 points within the volume within 9 

minutes and even when the amount of measured points was doubled it could be done in 

under 20 minutes. 

Recently a pen-size probe design was presented which specifically aimed at intra-operative 

assessment of lymph nodes by combining the benefit of Raman spectroscopy with the 

possibility of fluorescence imaging (52). Although the device has to be clinically evaluated, 

it showed a penetration depth of 5-10 mm and proved able to detect low levels of both 

Raman and fluorescent signal.  

 

Overall these results show that Raman spectroscopy is able to differentiate between benign 

and malignant nodes on a molecular level and as such may be suitable for intra-operative 

use. In addition, multiple feasibility studies have been performed on human lymph node 
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samples. Whether the limited penetration depth and sampling area might restrict its clinical 

application requires further investigation.  

1.7 Near Infrared Fluorescence Imaging 

The NIR infrared wavelength range 

offers great potential for optical 

techniques due to the increased photon 

penetration. Near Infrared Fluorescence 

(NIRF) Imaging utilizes NIR excitation 

light to excite fluorescence particles 

within the tissue. After the absorption 

of optical energy within a fluorescent 

absorber the excited electron falls back 

to its ground state generating the 

emission of a photon at different 

frequency (54), as displayed in Figure 

1. Because there is little NIR 

fluorescence contrast generated by 

most tissues, exogenous contrast agents 

have to be administered to increase the 

signal-to-background ratios. Exogenous 

contrast agents that emit light at the 

NIR region have the benefit of an 

increased penetration depth and lower 

nonspecific fluorescence due to lower 

absorption coefficients of tissues.  

These characteristics should result in a 

better signal-to-background compared 

to fluorophores in the visible 

wavelength ranges (55).  

The advantage of the technique lies in 

the possibility to image large areas in 

short amounts of time and detect 

small metastases with high accuracy 

due to the possibility of antigen 

labeling. The fact that only low 

amounts of photons can be detected 

from deeper tissue regions while an 

exogenous substance has also be administered, is less advantageous.  In  addition, these 

exogeneous substances have to be antigen coupled to target the various metastatic cells 

within the node more specifically. 

Fig. 4. Cervical lymph nodes with Oral Squamous 

Cell Carcinoma (OSCC) metastasis. A. Paraffin 

section of an OSCC-positive cervical lymph node 

(LN) surrounded by connective tissue and adipose 

tissue (AT). B. CW800 EGF fluoresence map of the 

OSCC-positive lymph node. C. Pseudocolored(green) 

fluorescence signal on paraffin section, notice the 

large resemblance with the metastatic distribution 

(A). D. Cryosection of a cervical lymph node 

demonstrating immunohistochemical coloring of 

humane OSCC cells in the border (black arrows). E. 

CW800 2-DG fluoresence map of the OSCC-positive 

cells. F. Tumorpositive areas correspond with 

pseudocolored (green) fluorescence signal (D). 

Reproduced from (53) with kind permission of John 

Wiley & Sons, Ltd..  
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Especially the administration exogenous contrast agent limits the clinical application of the  

technique due to the requirement to be approved for human use.  At the moment, this 

confines the use of a fluorescence agent in clinical studies to Indocyanine green (ICG) 

which however does not offer the possibility of tumor specific antigen coupling. 

IRdye®800CW (CW800) (LI-Cor, Lincoln Nebraska, USA) which is on the brink of 

clinical approval does allow such coupling and therefore is one of the main research topics 

for the sensitive detection of metastases with NIR fluorescence imaging.   

  

A study in athymic mice in 2008 using the CW800 dye coupled to the humanized anti-

HER2 antibody showed that it proved possible to image the trafficking of the agent into 

axillary lymph nodes in real-time after subcutaneous administration in the footpads (56). In 

2010, a similar agent was used to target highly metastatic breast cancer cells in mice. Ex 

vivo NIR fluorescence showed uptake in regions of lung, skin, skeletal muscle, and lymph 

nodes, which corresponded with the presence of cancer cells as confirmed by histologic 

hematoxylin and eosin stains (57). Research into the applicability of CW800 for the 

detection of oral nodal metastases using BALB/c mice bearing oral squamous cell 

carcinoma revealed that both the primary tumor as well as the cervical lymph node 

metastases could be imaged (53). Correlation of histopathology and fluorescent maps 

showed that the locations of metastases inside the lymph nodes could be pinpointed with 

great accuracy and resolution (Fig. 4).  Coupling of the CW800 dye with radioactive tracers 

offers the possibility to compare the results of NIRF imaging with PET/CT. A recent study 

utilizing mice with prostate carcinoma enabled the visualization of nodal metastases with 

an antigen coupled CW800-64CU complex for both microPET/CT and NIR fluorescence 

imaging. The authors showed that the percentage of nodal metastases detected was 

comparable for both techniques and emphasized the additional potential of NIR 

fluorescence imaging for image-guided nodal resection or staging (58). These results were 

confirmed by an almost similar study utilizing Panitumumab coupled CW800 to detect 

micrometastases in an orthotopic mouse model. A correlation with histopathology revealed 

the accurate detection of regional lymph node metastasis smaller than 1 mm (59). With 

regard to other near infrared fluorescence agents, there has also been some experience with 

the detection of nodal metastases using the enzyme activatable probe ProSense680 (VisEn 

Medical, Woburn, Massachusetts) and Cy5.5 (CyDye deoxynucleotides, GE Healthcare, 

Piscataway, New Jersey) showing similar accurate and high resolution correlation with 

histopathology in animal models (60,61). Till now, no clinical trial data has been published 

on the use of fluorescent dyes and NIRF imaging for intra-operative staging of lymph nodes 

although some research has been initiated. It is expected that once clinical research 

demonstrates the intra-operative benefit of NIRF, NIR dyes will be cleared by the 

regulatory authorities.  
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Overall, its penetration depth and image speed might make NIRF a suitable candidate for 

early intra-operative introduction, although this mainly depends on the clinical availability 

of fluorescent agents.      

1.8 Photoacoustic imaging  

In contrast to the preceding techniques which are optics based, photoacoustic imaging relies 

on ultrasound for image formation while photons are utilized for signal generation. 

Typically nanosecond lasers pulses, in the NIR or far-red wavelength range, are absorbed 

by optically absorbing components of the tissue under investigation. Absorption induces 

thermal expansion of these absorbing components (see Figure 1) generating a pressure 

wave in the MHz range which can be detected using ultrasound detectors. The benefit of 

this light/sound combination lies in 

an increased penetration depth, of 

up to several centimeters (63), 

where high spatial resolution is 

retained due to the low scattering of 

ultrasound waves. Further, contrast 

is generated based on optical 

absorption instead of scattering or 

transmission, providing an optical 

absorption map of the tissue under 

investigation. Because hemoglobin, 

melanin and multiple exogenous 

contrast substances, contain 

increased absorption characteristics, 

photoacoustics provides imaging 

possibilities in a wide range of 

clinical applications. The hybrid 

form of the technique also enables 

the use of ultrasound to provide 

more anatomical information. 

Disadvantages of the technique 

include the need for a coupling 

medium to permit sound waves to 

propagate and the difficulty in 

performing quantitative 

spectroscopy due to the unknown 

variance in optical fluence.   

 

Most research in the field of nodal monitoring using photoacoustics has been performed 

with respect to SLN detection. Several groups have shown that SLNs can be detected non-

Fig. 5. Photoacoustic and MR image comparison of a 

resected metastatic lymph node after SPIO injection. 

The PA and MR images show a comparable SPIO 

distribution with an absence of particles in the lower 

left (red dotted line). Immunohistochemical staining 

shows the presence of the metastatic deposits 

predominately in the lower left. Reproduced from (62) 

with permission of the journal. 
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invasively using both clinically approved blue dyes (64,65) and other exogenous contrast 

agents (66,67) . However, the technique has been less frequently applied for the detection 

of nodal metastases. The fact that melanoma originative nodal metastases contain the 

natural optical absorber melanin, in most of the cases, makes the detection of these 

metastases possible using photoacoustics.   

In 2009, McCormack et al showed that up to 500 melanoma cells could be 

photoacoustically detected inside excised animal lymph nodes although imaging could not 

be performed (68).  Our group proved that excised human lymph nodes can be imaged and 

the location of melanoma metastases can be mapped. In addition, we showed that 

photoacoustic spectroscopy could possibly further improve the distinguishing power of the 

technique (69). A small study on 3 benign and 3 malignant human nodes showed that the 

amount of photoacoustic response and the presence or absence of specific anatomical 

features together with photoacoustic spectroscopic information, provided a ground for 

distinction (70). At the moment, work is being performed to improve the spectroscopic 

analysis method and implement it in a hand-held device for fast 3D intra-operative nodal 

staging.  

 

With respect to tumors lacking a natural absorber, nodal metastases detection using 

photoacoustics could be facilitated through the addition of an exogenous contrast enhancing 

agent. Coupling of the agent with tumor specific antigens could further increase the 

sensitivity and specificity of such an approach as shown within the fluorescent field. 

However, in contrast to an applicable fluorescent agent, a photoacoustic agent has most to 

gain from a large absorption cross-section instead of an increased quantum yield, making 

most fluorescent agents unsuitable for photoacoustic contrast enhancement.  Because PA 

imaging is a relatively new imaging field most concepts have been demonstrated in animal 

models instead of patient populations. Galanzha et al, for example, showed that 

approximately one hundred human breast cancer cells coupled to gold coated iron 

nanoparticles proved to be detectable for in vivo lymph nodes (71). These micro-metastases 

could furthermore be purged using the same application by applying high energy laser 

pulses. However, as is the situation for fluorescence, most contrast agents including 

goldnanoparticles, have not been cleared for human use. In order to circumvent these 

restrictions, our group is looking into the applicability of MR contrast dispersions for PA 

nodal assessment. SuperParamagnetic Iron Oxide (SPIO) nanoparticles, for example have 

been shown to contain a satisfactory safety profile and have therefore been cleared by 

European and American regulatory agencies. Several of these dispersions are for sale 

globally which have shown to improve MRI nodal staging for different metastatic 

malignancies (72).  We injected Endorem® (Guerbet, Villepinte, France) in the hindpaw of 

several healthy animals and verified that the distribution of the deposits in the lymph nodes 

could be mapped with photoacoustic tomography. Results were correlated with 14T MRI 

images and histology. Recently, we demonstrated in a Copenhagen rat model in which 

popliteal nodal metastases were induced by subcutaneous MAT-lylu cell injection, that a 
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combination of PA and SPIO nanoparticles can be used to distinguish metastatic deposits 

within resected lymph nodes (Fig. 5) (62).   

 

These new developments demonstrate that the increased penetration depth, high resolution 

and large sampling volume of PA imaging might facilitate intra-operative nodal analysis, 

although clinical validation of the sensitivity of the technique still has to be obtained.  

1.9 Future Perspective 

Optical techniques find themselves in an excellent position to improve the intra-operative 

workflow for nodal staging in the coming years. Not only do they provide the required 

resolution to potentially pick up smaller metastasis and offer the possibility to analyze 

freshly resected tissue but the amount of ongoing (clinical) research shows the additional 

potential they could offer with regard to time, costs and workload. An overview of the main 

characteristics of each technique is shown in Table 1, and offers some insight into the 

potential of each modality for intra-operative lymph node staging. Whether and which 

optical techniques might become part of standard clinical practice still remains to be 

debated, however as with all medical technologies, their utility will mostly be based on 

whether they can produce better results in terms of sensitivity and specificity, or 

comparable results at a lower price.  

To our understanding, the availability of newly approved contrast particles will play a 

major role in the expansion of the position of techniques like NIRF and PA which show 

promising physical characteristics but lack clinical validation. Conjugation of these 

particles with clinically approved monoclonal antibodies like cetuximab or bevacizumab, 

could then further improve their sensitivity and specificity ratios.  The still less than optimal 

accuracies reported in more elaborate clinical trials for spectroscopic techniques like ESS 

and FTIR might indicate that significant increases in the sensitivity of these techniques are 

not to be expected soon, although improvements in data processing techniques leave some 

room for advancement. Raman measurements on the other hand, require more time but 

might produce better accuracy ratios in the near future due to its abilities to differentiate 

between tissue types on a molecular level. Improvements in scanning speed might then 

follow quickly because of growing commercial interests. DRS has been shown to produce 

promising results in breast, lung and liver tissue (44), but lacks validation for lymph node 

metastases. Whether its small sample volume could be compensated with multiple 

measurement locations therefore remains unsure.   
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Table 1. Overview of the main characteristics of each optical technique 

Technique Penetration 

depth 

Resolution Underlying 

differentiation 

characteristic 

Imaging 

time 

Sensitivity / 

Specificity 

Overall 

OCT 2-3 mm 12 µm (18) Optical index 

differences of 

tissue types 

2-3 min 

(3D 300 

images) 

- +/- 

ESS 2-3 mm 365 µm (34) 

(fiber size) 

Optical 

interactions of 

subcellular 

components 

20 to 25 

min to 

scan 1 

cm2 

69% / 96% 
(26) 

- 

FTIR 2-3 mm 250-500 

mm (39) 

Chemical bond 

composition 

2-3 min 80% / 92% 
(39) 

+/- 

DRS 2-3 mm 320 µm (42) 

(fiber size) 

Optical 

interactions of 

subcellular 

components 

± 5 min - +/- 

Raman 5 -10 mm 10 µm (51) Vibrational 

modes of 

molecules 

10-20 min 81% /  97%  
(51) 

++ 

NIRF 5 -10 mm 21-337 µm 
(53) 

Differences in 

Fluorescent 

capability  

Real time - + 

PA 10 – 20 mm 125 µm (73) Differences in 

optical absorption 

1 min - + 

 

A combination of optical techniques or a hybrid application utilizing conventional medical 

imaging solutions like ultrasound could further minimize some disadvantages of optical 

modalities while increasing overall detection rates. Because several of the discussed 

applications can be constructed of low prized components, the costs of such hybrid 

applications would only be marginally higher compared to the conventional imaging 

modality. In addition, technological progress will no doubt decrease the price of 

components for techniques like Raman making their assembly into a hybrid modality less 

costly. Hybridization of optical techniques with MRI or SPECT/CT remains more 

dependent on the availability of multi-modal contrast particles but should also not be ruled 

out, as shown in combination with photoacoustics (74).  

In summary, after many years of basic research, recent innovations show that  optical 

modalities reached the point of clinical translation. Intra-operative nodal staging  is just one 

of the fields in which these techniques might prove to be beneficial and the relative minor 

influence on clinical workflow in this area might make an introduction even more feasible. 

More elaborate clinical trials are just starting to be initiated and hopefully result in more 

insight into which techniques are able to provide a real contribution to intra-operative 

decision making.   
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Aim of Research 

 

 

 

The following chapters provide an overview of our scientific achievements which were 

aimed at exploring the applicability of photoacoustic imaging for the staging of lymph 

nodes during surgical procedures. As described in Chapter 1, the intra-operative workflow 

for the analysis of (sentinel) lymph nodes could be significantly improved if a fast, accurate 

and surgical compatible imaging modality would find its way into the operation theatre. We 

hypothesized that photoacoustics might be such an imaging technique and aimed to look 

into the feasibility of such an approach. Because most melanoma metastases possess some 

amount of the endogenous absorber melanin, we validated the feasibility of photoacoustics 

for melanoma detection in human samples while we designed animal experiments to 

validate its applicability in other malignancies utilizing  exogenous PA contrast substances. 

The thesis is therefore divided into two sections. Chapter 2 to 3 address our findings with 

regard to melanoma metastases while Chapter 4 to 7 focuses on the use of SPIO 

nanoparticles in their role as PA contrast agents. In Chapter 8 we draw several general 

conclusions and give some future perspectives.       
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Initial results of imaging melanoma 

metastasis in resected human lymph nodes 

using photoacoustic computed 

tomography* 

 

 
The pathological status of the sentinel lymph node is important for accurate melanoma 

staging, ascertaining prognosis and planning treatment. The standard procedure involves 

biopsy of the node and histopathological assessment of its status. Drawbacks of this 

examination include a finite sampling of the node with the likelihood of missing 

metastases, and a significant time-lag before histopathological results are available to the 

surgeon. We studied the applicability of photoacoustic computed tomographic imaging as 

an intra-operative modality for examining the status of resected human sentinel lymph 

nodes. We first applied the technique to image ex vivo pig lymph nodes carrying 

metastases-simulating melanoma cells using multiple wavelengths. The experience gained 

was applied to image a suspect human lymph node. We validated the photoacoustic 

imaging results by comparing a reconstructed slice with a histopathological section through 

the node. Our results suggest that photoacoustics has the potential to develop into an intra-

operative imaging method to detect melanoma metastases in sentinel lymph nodes. 

 

 

 

                                                           
*
 This chapter has been published as: J. Jose, D. J. Grootendorst, T. W. Vijn, M. Wouters, H. van Boven, T. G. 

van Leeuwen, W. Steenbergen, T. J. M. Ruers, and S. Manohar, “Initial results of imaging melanoma metastasis in 

resected human lymph nodes using photoacoustic computed tomography” Journal of Biomedical Optics 16 

096021 (2011) 
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2.1 Introduction 

The incidence of cutaneous melanoma, the deadliest form of skin cancer, is a major public 

health problem around the world. In the United States alone, around 68,000 new cases of 

skin melanoma were expected in 2010 (1). In Europe, the estimated figure for 2008 was 

similar, 67,000 (2). At the time when incidence of many cancer types is decreasing, 

melanoma incidence is increasing at the rate of between 3-4% per year. The main reason 

for this is thought to be increasing intermittent over-exposure to natural ultraviolet light of 

pale, non-acclimatized caucasian skin. 

 

The treatment for early stage melanoma is primarily focused on wide surgical excision of 

the primary tumor. For melanomas with an invasion depth (Breslow thickness) > 1 mm, 

histopathological assessment of the first draining lymph node(s), the sentinel lymph node(s) 

(SLN), is performed (3). The pathological status of the SLN is an accurate reflection of the 

pathological status of the other nodes in the regional nodal basin which in turn is a strong 

predictor of patient survival (4). Patients with metastases in their SLNs are treated with 

radical lymphadenectomy of the other lymph nodes in the regional basin, which has been 

shown to increase survival (4). The SLN is identified by lymphatic mapping using 

radiocolloid and/or vital blue dye. After excision, the SLN is examined in sections stained 

with hematoxylin and eosin (H&E), and by immunohistochemical analysis with the use of 

specific antibodies. 

 

Histopathology in combination with immunohistochemical staining is able to detect 

micrometastases from clumps right down to solitary melanoma cells. Despite the 

indisputable merits of the approach, there are disadvantages. The first is related to the act of 

physically sectioning the structure in finite samples, which leads to an incomplete 

examination of the node. This could cause micrometastases to be missed leading to false-

negative outcomes and wrongly refraining from radical lymphadenectomy. The second 

disadvantage is that the results of histopathology are not immediately available to the 

surgeon, taking an average of 4-5 days (5). In case of tumor positive SLN diagnosis, this 

implies that complete lymphadenectomy cannot be performed during the sentinel node 

procedure but has to be planned in a second separate procedure. The two-step surgical 

procedure: SLN excision and complete lymph node basin excision, is consorted by 

increased patient discomfort, higher costs, organizational distress and is time-consuming. 

 

These disadvantages could be addressed by the introduction of an intra-operative complete 

SLN assessment modality, where the excised SLN could be examined in real/near-real 

time. In the case of a positive SLN a radical lymphadenectomy could be performed directly 

without scheduling a second surgery at a later date. Methods such as high resolution 

ultrasound imaging (6) and frozen section histopathological examination (7) have been 

evaluated as intra-operative techniques to lead to one-step surgery. However these methods 

have not achieved the required sensitivities, with false negative rates up to 10 % (6). 



27 

 

 

Photoacoustic (PA) imaging could be one of the technologies able to address these 

shortcomings. PA imaging is an optical absorption based modality, which uses pulsed laser-

induced ultrasound from specific endogenous tissue chromophores (e.g., melanin or 

hemoglobin) to map their distribution. In contrast to purely optical imaging, PA imaging 

retains good spatial resolutions at higher imaging depths since ultrasound waves are not 

scattered as highly as photons inside biological tissue. Since melanin possesses high optical 

absorption, melanoma can be detected and imaged using PA imaging without additional 

labeling. 

 

Viator and co-workers developed PA systems for the ex vivo detection of circulating tumor 

cells (CTC) of melanoma, using piezoelectric detection (8) Zharov et al introduced a PA 

flow cytometry approach for the in vivo detection of the presence and concentration of 

melanoma CTCs in blood (9). Wang and co-workers  obtained in vivo three-dimensional (3-

D) melanoma images in nude mice using dark-field confocal PA microscopy (10). More 

recently, this group went on further to image single melanoma cells in vivo using sub-

wavelength-resolution PA microscopy (11,12). 

 

The group of Viator advocated the use of PA for detecting melanoma metastases in lymph 

nodes by using the elevated PA signal responses from melanoma cells implanted in the 

canine lymph nodes (13), while normal lymph nodes showed low responses. Even though 

their approach shows high sensitivities, other absorbing structures within nodes also cause 

PA signals which are difficult to distinguish from melanoma cell responses even when 

multiple wavelengths are being used. Before PA can be translated to the clinic, an improved 

method is required which can image the node by mapping various absorbing structures and 

will allow better discrimination of melanoma cells in the context of known lymph node 

components/structures such as connective tissue distributions, blood vessels etc. 

 

In this study, we present such an approach using a PA computed tomography (PACT) 

system, which can generate sliced images of lymph nodes. We show the ability of the 

system to image micrometastases-simulating melanoma cell clumps in an ex vivo animal 

lymph node. The images are obtained at multiple wavelengths to ascertain wavelength-

dependent contrast of melanoma cells to lymph node tissue. We then present the first 

imaging findings of a resected human lymph node and compare these with conventional 

histopathology. 
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2.2 Materials and methods 

Figure 1 shows the schematic of the top-illumination PACT system. The lymph node is 

accommodated in a 20 mm deep hollow scooped out from the top of an agar gel cylinder 

(3% agar, Sigma-Aldrich). The lymph node is immersed in PBS (phosphate buffered saline) 

inside the hollow, and the agar gel cylinder is mounted in the imaging tank filled with water 

(Figure 1(b)). Light from an optical parametric oscillator (Opotek, 700-950 nm) pumped by 

a Q-switched Nd:YAG laser (Brilliant B, Quantel) operating at 10 Hz repetition rate is used 

to illuminate the node from above. 

 

The imager uses a 32-element curvilinear ultrasound detector array (Imasonic, Besançon) 

with a 32-channel pulser-receiver system (Lecoeur Electronique, Paris) for data acquisition 

(14). The piezocomposite elements of the detector have a central frequency of 6.25 MHz 

with a receiving bandwidth greater than 80%. Each element is shaped to produce an 

elevation plane focus of 1 mm at a distance of 48 mm from the detector surface. In each 

channel of the pulser-receiver system the PA signal is amplified by 60 dB, digitized with a 

sampling rate of 80 MS/s and transferred to the PC. Filtered acoustic backprojection (14) is 

used to reconstruct the PA images off-line. Prior to each set of measurements, a calibration 

measurement is performed using a horsetail hair, to ascertain the CT imaging geometry 

such as centre of rotation, position of detector elements and also the speed of sound in 

water. 

 

To assess the sensitivity of the system in detecting melanoma cells, we imaged pork lymph 

nodes, specially prepared to simulate melanoma positive nodes. We first prepared 2% agar 

solutions in PBS mixed with specific counts of B16 mouse melanoma cells; constant 

stirring under 300 C heating promoted dissolution of agar and homogeneous distribution of 

Fig. 1 The PACT instrument utilizing top-illumination. The lymph node is placed in PBS in a 

hollow in the agar gel cylinder. The detector array is rotated around the object in water. 



29 

 

Fig 2: (a) Photograph of the pig lymph node and agar gel beads embedded with melanoma cells, 

the darker bead carrying 5x105 cells and the other 5x104 cells, (b) PACT image using 720 nm 

light of the node prior to bead-insertion, (c) Photograph of sliced lymph node exposing the beads; 

the right dotted circle marks the 5x105 cell bead and left dotted circle marks the 5x104 cell bead, 

(d) and (e) are the PACT images of the lymph node after bead-insertion using wavelengths of 

excitation 720 nm, and 800nm. (f) normalized mean pixel intensity (MPI) of the melanoma bead 

and the background lymph node plotted against wavelength. 

the cells. Slowly pipetting out 10 µl of the warm mixture using a micropipette with a 20 µl 

tip, resulted in 1-1.5 mm diameter drops which turned into solid beads once they cooled 

down. Such agar gel beads embedded with melanoma cells, simulating metastatic clumps, 

were inserted into a pork lymph node obtained from a butcher. Beads were embedded into 

the node using a 16G needle. After bead insertion the needle channel is gently squeezed and 

kneaded closed.  

 

2.3 Results and discussions  

Figure 2(a) is the photograph of a pig lymph node with next to it two beads of 10 µl volume 

(roughly 1.5 mm in diameter) containing 5x105 and 5x104 melanoma cells. The beads were 

imaged using 720, 760, 800 and 850 nm with a fluence of 12mJ/cm-2 per pulse .Data 

acquisition per slice for 100 signal averages and 9 projections takes 120 seconds; image 

reconstruction for a 300x300 pixel image takes 40 seconds. Figure 2(b) is a PA slice image 

through the center of the node before bead insertion at 6 mm from the top surface. The 

corresponding PA slice images after the beads were inserted in the lymph node and sealed, 



30 

 

are shown in Figs. 2(d)-(e) at wavelengths 720 and 800 nm respectively. The images were 

acquired at the same height through the node center; Fig.2(c) is a photograph of the cross-

section of the lymph node at roughly the same height, exposed using a scalpel. The dotted 

circles respectively mark the positions of the beads containing 5x105 and 5x104 melanoma 

cells.  

 

The bead with 5x105 melanoma cells is well depicted in Figs. 2(d) and (e), while the bead 

with 5x104 melanoma cells is not visible. The fibrous capsule of the lymph node consisting 

of trabeculae could be discernable due to collagen, but increased intensity could also be 

caused by the presence of remnant blood in the blood vessels. Patterns in the lymph node 

whether with or without the beads (Figs.2(b) (d) and (e)), can also be distinguished, which 

are most likely collagen associated with the inner trabeculae, which mark the division of the 

node into follicles. Another source of signal could be blood vessels in the trabeculae. We 

performed spectral analysis of pixel clusters (10x10 pixel) in melanoma cell regions and the 

lymph node background regions (border region between 3 and 5 ‘O’ clock in Fig. 2(d)). 

Figure 2 (f) shows the normalized mean pixel intensity (MPI) against wavelength for the 

melanoma bead region and background. Increasing MPI values with decreasing 

wavelengths are indicative of increased absorption of light by melanin (15). 

 

The imaging of human lymph nodes was based on a study protocol approved by the 

Medical Ethics Committee (METC) of the Netherlands Cancer Institute—Antoni van 

Leeuwenhoek Hospital, Amsterdam (NKI-AvL). Patients with the diagnosis of cutaneous 

melanoma undergoing radical lymphadenectomy following discovery of tumor-positive 

SLN or clinically detectable nodal recurrence are included in the study after informed 

consent. Visually identified macroscopic pathological nodes are transported in PBS to the 

University of Twente, Enschede. After imaging, the nodes are placed in 4% formaldehyde 

and returned to the Department of Pathology at the NKI-AvL, for standard 

histopathological examination. Considerations of Good Clinical Practice (GCP) such as 

maintaining patient anonymity are stringently adhered to. Images using PACT are later 

correlated with histopathological findings. 

 

A lymph node was obtained from the second echelon lymph node basin from a patient, after 

regional lymphadenectomy. Figure 3 (a) is a photograph of the node. Eighteen projections 

of PA signals were obtained in a slice roughly at the center of the node using the same set 

of wavelengths as before, with a fluence of 12 mJcm-2 per pulse. Signals were averaged 100 

times and each measurement lasted 4 minutes. Figure 3 (b) shows the reconstructed slice at 

720 nm approximately 5 mm beneath the nodal surface. The slice shows a diffuse 

distribution of increased intensity throughout the nodal area. In some regions (between 1 

and 4 ‘o’ clock) absorption hot spots are also observed. Figure 3(c) is the gross 

histopathology section of the lymph node at a depth of 5 mm from the surface. 
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H&E staining shows that intact melanoma cells are situated throughout the entire node 

(dark pink) with exception of the center area of the node which is occupied by a necrotic 

center (light pink). The size of the histopathological image corresponds with the outline of 

the photoacoustic image which shows lack of absorption in the right centre of the node 

corresponding with the location of the necrotic area. In addition, melanoma cell 

concentrations vary from location to location which could explain the varying contrast 

throughout the rest of the node. The two images however cannot be compared on a point-

by-point basis and show differences in size and locations of the metastasized regions. This 

could be due to differences in the positions of the slices probed by the two methods. In 

addition, it is likely that the degree of pigmentation of the metastasized cells in the node is 

different at different locations: while the PA image will map such a variation, the H&E 

section does not. 

 

2.4 Summary  

In summary, we showed the first PACT images of melanoma metastasis in a suspect 

resected human lymph node. The 2-D tomogram of optical absorption showed a gross 

distribution of melanoma metastases within the node. The histopathological findings 

supported the images. The human node study protocol was developed based on experiences 

with phantoms (not shown) and animal lymph nodes. In the latter images, in addition to 

melanoma cell distributions, we could also recognize absorbing structures reminiscent of 

trabeculae subdividing the node into follicles. In the animal lymph nodes spectral analysis 

showed highest contrast at 720 nm.  

 

Fig 3: (a) Photograph of the resected human lymph node, (b) Photoacoustic slice image in roughly the 

center of the node using 720 nm excitation, showing a diffuse speckled distribution of high 

absorption. The right centre of the node does not contain these high absorption characteristics. (c) 

histopathology (H&E) section of the corresponding slice; the darker regions correspond with 

melanoma cells and the lighter region in the right centre is indicative for a necrotic area. (See text for 

details.) 



32 

 

Further research is required to improve detection capability or limits. In the specific human 

lymph node studied, melanoma cells dominated the structure, precluding any necessity for 

the use of spectral analysis. However, situations are expected where absorption from other 

lymph node constituents are also present in images making melanoma detection 

challenging. Here a spectral discrimination approach based on the method demonstrated in 

Fig. 2 (f) will be necessary. Another issue is that image contrast and resolution may not be 

optimal due to differences in speed-of-sound between the lymph node, water and agar,. In 

future studies we will apply methods to correct for acoustic velocity (14,16). We will also 

acquire projections from multiple slices in depth to provide 3-D absorption distributions of 

the node. This 3-D data set will permit virtual biopsy by visualizing slices in various 

orientations. The method has potential in future embodiments to develop into a compact 

intra-operative imaging modality that can be used to assess the resected sentinel lymph 

nodes. 
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First experiences of photoacoustic imaging 

for detection of melanoma metastases in 

resected human lymph nodes* 

 
 

Excision and histological assessment of the first draining node (Sentinel Lymph Node) is a 

frequently used method to assess metastatic lymph node involvement related to cutaneous 

melanoma. Due to the time required for accurate histological assessment, nodal status is not 

immediately available to the surgeon. Hence, in case histological examination shows 

metastases, the patient has to be recalled to perform additional lymphadenectomy. To 

overcome these drawbacks we studied the applicability of photoacoustic tomographic 

imaging as an intra-operative modality for examining the status of resected lymph nodes.  

In melanoma patients undergoing lymphadectomy for metastatic disease, six suspect lymph 

nodes were photoacoustically (PA) imaged using multiple wavelengths. Histopathologal 

examination showed three nodes without tumor cells (benign nodes) and three nodes with 

melanoma cells (malignant nodes). PA images were compared with histology and 

anatomical features were analyzed. In addition, PA spectral analysis was performed on 

areas of increased signal intensity. After correlation with histopathology, multiple areas 

containing melanoma cells could be identified in the PA images due to their increased 

response. Malignant nodes showed a higher PA response and responded differently to an 

increase in excitation wavelength than benign nodes. In addition, differences in anatomical 

features between the two groups were detected. Photoacoustic detection of melanoma 

metastases based on their melanin content proves to be possible in resected human lymph 

nodes. The amount of PA signal and several specific anatomical features seem to provide 

additional characteristics for nodal analysis. However, it is as yet preliminary to designate a 

highly accurate parameter to distinguish between malignant and benign nodes. We expect 

to improve the specificity of the technique with a future implementation of an adjusted 

illumination scheme and depth correction for photon fluence.  

                                                           
* This chapter has been published as:  D. J. Grootendorst, J. Jose, M. W. Wouters, H. van Boven,  J. Van der Hage,  

T.G. Van Leeuwen, W. Steenbergen, S. Manohar, T. J. M. Ruers, “First experiences of photoacoustic imaging for 

detection of melanoma metastases in resected human lymph nodes”, Lasers in Surgery and Medicine, 44(7), p. 

541, 2012 
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3.1 Introduction 

The incidence of melanoma is increasing faster than any other cancer, with about 68,000 

new cases diagnosed every year in the United States (1). A similar number was diagnosed 

each year in Europe in 2008 (2). When diagnosed early and appropriately excised, 

melanoma is a curable malignancy. However, mortality is high for patients with advanced 

disease with 1-year survival rates of about 40% (3). 

Early stage melanoma is primarily treated by a wide surgical excision of the primary tumor 

followed by a sentinel lymph node (SLN) biopsy if the Breslow thickness of the melanoma 

exceeds 1 mm (4). Combined histopathological and immunohistochemcial assessment of 

the excised SLN(s) proves to be an accurate predictor of the pathological status of nodal 

basin and as a result patient survival (5). Once metastases are detected in the SLN(s) 

surgical intervention is continued in the form of a radical lymphadenectomy of the regional 

lymph node basin (5). Radical lymphadenectomy, however may lead to serious morbidity, 

such as lymphedema (2% to 18% of cases), pain (16% to 56%), impaired joint mobility 

(4% to 45%), and limb weakness (19% to 35%) and should therefore be avoided if no 

clinical reason is present (6).  

The time required for histopathological preparation of the SLN is known to amount to 5 

days (7) due to fixation and staining of the tissue. This implies that in case the SLN turns 

out to harbour  tumor metastases, a second operation has to be scheduled for the additional 

lymphadenectomy.  This two-step approach leads to additional patient discomfort, 

morbidity cost, and organizational distress (8). There is thus a requirement for an intra-

operative nodal scanning technique to enable a fast analysis of the entire nodal volume, and 

ascertain metastatic involvement during the SLN procedure. A positive metastatic 

involvement of the SLN will directly lead to a lymphadenectomy, which can be carried out 

in the same session, avoiding the need for patient recall.  

 

Photoacoustics (PA) is one of the techniques which has the potential to develop into such a 

fast intra-operative imaging modality. PA imaging relies on the detection of acoustic waves 

produced by the thermoelastic expansion of tissue following absorption of short pulsed 

laser illumination. This allows the mapping of endogenous tissue chromophores like 

hemoglobin and melanin (9,10) . PA retains a good spatial resolution at higher imaging 

depths compared to purely optical imaging, due to the decreased amount of ultrasound 

scattering in tissue (11-14). The components of a PA imaging system are relatively 

inexpensive compared to MRI and no ionizing radiation is required for image acquisition. 

Melanoma cells, harbouring high optical absorbing melanin particles, can thus potentially 

be detected using PA imaging without any additional labelling.  

 

Several groups including our own have looked into various aspects of melanoma metastases 

detection using PA imaging. Nedosekin et al (15) showed with high speed photoacoustic 

flow cytometry that circulating human melanoma cells could be detected in real-time in a 
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mouse model. Capturing of the circulating melanoma cells using magnetic or gold 

nanoparticle labelling has shown to further improve the sensitivity of this technique 

(16,17). McCormack et al (18) showed elevated PA responses in canine lymph nodes 

inserted with melanoma cells. Recently, we demonstrated that tomographic imaging of 

melanoma cells inside a pig lymph node using NIR illumination is possible, and spectral 

analysis could be used to support the visual discrimination of such deposits (19). Further, 

we performed the first PA studies on human lymph nodes and showed that nodal outline, 

shape and size could be determined with accuracy using 532 nm (20), and the PA response 

could be correlated to the presence of melanoma (19). However, before PA detection of 

melanoma metastases could be translated into a clinical setting, more information should be 

obtained on how to distinguish metastatic nodes from benign and hyperplastic nodes.  

In this study, we present our experiences on the use of PA imaging for the detection of 

nodal melanoma metastases, based on the scans of six resected human lymph nodes. Three 

nodes were found to be benign and three malignant after histopathological analysis. PA 

images are correlated to histological sections and anatomical features are identified. The 

traditionally described ultrasound morphologic features predictive of malignancy which are 

size >1 cm, a rounded shape and the absence of a notch with or without blood vessels 

(hilum) (21-23) are also taken into account. In addition, we analyse the use of multispectral 

imaging to distinguish malignant nodes from benign nodes and discuss some instrumental 

drawbacks of the present embodiment of this new approach. Eventually this knowledge 

should lead to the development of a new nodal analysis technique which could improve 

intra-operative decision making for sentinel lymph nodes.  

3.2 Materials and Methods  

3.2.1 Research Protocol 

The experimental protocol to perform PA imaging of melanoma metastases in resected 

human lymph nodes was approved by the medical ethics committee of the Netherlands 

Cancer Institute (NKI). Patients were included into the study when they had to undergo a 

lymphadenectomy because of proven metastatic disease of the inguinal or axillary lymph 

node basin. In these patients lymphadenectomy was performed according to standard 

procedures. All patients consented to the approved protocol. After the lymphadenectomy 

procedure, one or two nodes were selected and excised for PA imaging. Nodes were 

selected without knowledge of their pathological status. The nodes were scanned 

photoacoustically and routine pathological examination was  

subsequently performed by slicing each node in half and obtaining one slice from each half. 

Before further slicing, both halves were photographed to obtain an overview of the interior 

of some of the nodes. Tissue was stained using a normal haematoxylin and eosin (H&E) 

stain. Of the total of 6 imaged lymph nodes, 3 nodes proved to contain metastatic cells 

(malignant) after pathological analysis and 3 were labelled as benign.  
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3.2.2 Setup 

The photoacoustic setup employed has been described earlier in detail (19) and consists of a 

Q-switched Nd:YAG laser (Brilliant B, Quantel, France) with an optical parametric 

oscillator (Opotek, 700 to 950 nm) operating at a 10 Hz repetition rate. Radiant exposure on 

the surface of the sample could be varied up to 40 mJ/cm2. Samples were placed inside an 

Agar holder (Fig. 1) and light was directed to fall on top of the sample using a beam 

expander. The produced acoustic signals are recorded with the help of a curvilinear detector 

array (Imasonic, Besançon) consisting of 32 elements. The piezo elements of the detector 

have a central frequency of 6.25 MHz with a receiving bandwidth greater than 80% which 

results in an in-plane resolution of around 150 µm and a slice thickness of around 1 mm 

(24). The array is placed to detect sound in a plane orthogonal to the light beam and it 

rotates around the object to acquire a tomographic measurement. 

3.2.3 Imaging 

Multispectral imaging can assist in the visualization of melanoma metastases due to 

differences in the optical absorption spectra of melanin and other biological chromophores 

like hemoglobin (19,25). We varied the illumination wavelength and obtained images of the 

resected nodes between 720 to 800 nm. In this range, hemoglobin shows a flat or increased 

absorption depending on its state while melanin absorption decreases with increasing 

wavelength.  

Five sectional PA images in depth of each resected node were acquired to obtain an 

overview of each node. The PA images around the central plane of the node, in the results 

referred to as PA slices, were used for comparison with histology because this plane is 

closest to the histological sections made. Nodal dimensions were calculated from the 

histological slides and the PA images. In addition, the PA images were visually analyzed 

Fig. 1. Tomographic PA setup utilizing top illumination. The holder containing the lymph node is 

illuminated from the top while the ultrasound detector is rotated around the holder.  
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with regard to their shape and the presence of a hilum. All nodes were imaged using several 

different excitation wavelengths as displayed in Table 2. Energy was varied depending on 

the size of the node in order to approach an equal fluence in moderate and thicker samples. 

To quantify the amount of PA response at each illumination wavelength, we calculated the 

Average Pixel Values (APV) at selected regions of interest within the image. Regions of 

interest in the PA images were selected according to the amount of PA response and the 

results of histopathology. Interpolation was used for missing excitation wavelength 

information. Values of both benign and malignant nodes were normalized for the energy 

input (Table 2), plotted and compared.  

3.3 Results 

We present all results of the studied lymph nodes, subdivided according to dignity of the 

node, malignant (nodes 1-3) or benign (nodes 4-6), as known from histopathology. A 

combination of the PA images at 720 nm, histological, and overview photographs of the 

malignant and benign nodes is displayed in Figure 2 and 3. Table 1 displays the maximum 

diameter of each node measured in both the PA images and histopathology. 

3.3.1 Imaging malignant lymph nodes 

Node 1 features a darkened appearance and included some additional fat (Fig. 2D). The PA 

slice (Fig. 2B) obtained in the central plane at a depth of approximately 3 mm, shows a 

pronounced nodal outline which lacks a clear bean shape and appears more rounded. No 

clear hilum could be located. Most contrast is located in the nodal outline while most of the 

nodal interior shows low PA response. An area of increased response is located at two 

o’clock containing a diameter of 0.7 cm (green arrow). Pathology shows the presence of 

melanoma throughout the entire node with large quantities of melanin present in an area 

corresponding in dimension to the area of photoacoustic signal increase at two o’clock (Fig. 

2C). The larger melanin deposits in the lower part of the node could not be retrieved within 

the PA map (blue arrow).  
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Fig. 2. PA images of malignant nodes at 720 nm. Color scales are optimized to display the 

identified features. A, E, and I: Layout of the visualized structures within each node based on 

contour of the histopathological images (C, G, and K). B: PA image of lymph node 1.Contrast is 

increased throughout the upper part of the node and a small area around 2 O’clock shows an 

increased response (green arrow). C: Corresponding pathological slice. Melanoma cells present 

throughout the node, especially at 2 O’clock and 7 O’clock. D: Corresponding photograph of 

unsliced node. F: PA image of lymph node 2. Slice shows a ring of increased contrast located 

around the unenhanced centre of the node (red arrow). G: Corresponding pathological slice. 

Melanoma cells are located around a necrotic centre (red arrow) H: Corresponding photograph of 

the sliced node before staining. Diffuse darkening of the nodal volume which contains a large 

necrotic area surrounded by a dark ring of melanoma cells (red arrow). J: PA image of lymph 

node 3. A small triangle of increased response is located at 3 O’clock (blue arrow) and some ring 

like response patterns can be distinguished at 12 O’clock (red arrow). K: Corresponding 

pathological slice showing a triangular melanin rich area at 3 O’clock (blue arrow) and some 

additional vital melanoma cells in curved patterns grouped around and throughout the necrotic 

center at 12 O’clock (red arrow). L: Corresponding photograph of the sliced node before staining. 

Dark triangular area at 3 O’clock is distinguishable (blue arrow) and ring like patterns in the 

upper part of the node are visible (red arrow). 
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Node 2 showed no clear darkening after excision and contained only small quantities of 

extra nodal fat. The PA slice (Fig. 2F) in the nodal plane taken at a depth of 5 mm shows an 

increase in signal at different locations heterogeneously throughout the node with an 

exception of the nodal center. Surrounding the area lacking PA response (red arrow) is a  

small ring of increased signal. No clear nodal outline or hilum could be detected although 

nodal features seemed to be more rounded compared to the PA images of the benign nodes 

(Fig. 3A and 3G). The photograph of the sliced node taken before pathological analysis 

(Fig. 2H) shows diffuse darkening throughout the node together with a small dark ring 

surrounding a large necrotic area in the center of the node (red arrow). Shape of both the 

dark ring and the light colored necrotic area, correlate to the area respectively containing 

and lacking photoacoustic response (red arrow). Pathology confirms the presence of viable 

melanoma cells in the periphery of the necrotic area. (Fig. 2G). The shape of the necrotic 

area correlates with both the photograph and the PA image.   

Node 3 features some darkening throughout the entire nodal surface with some deposits of 

extranodal fat after excision. The PA slice (Fig. 2J) around the central plane obtained at a 

depth of 4 mm did show a traceable nodal outline and locations of increased signal 

intensity. Absence of a clear bean shaped outline proved hard to deduce and no hilum could 

be located. Absorption at all wavelengths was most pronounced at three o’clock 

corresponding with a relatively small area (blue arrow). The area located at three o’clock 

displays a pronounced triangular shape, lacking PA contrast in its center. The photograph 

taken before pathological analysis (Fig. 2L) shows a node which contains several areas of 

pronounced darkening primarily located from three to nine o’clock. Located at three 

o’clock is a small triangular area corresponding in location, shape and size with the area of 

increased signal intensity in the photoacoustic image (blue arrow). A curved ray like PA 

intensity pattern (Fig. 2J) is noted in the upper area of the node which resembles the curved 

ray like structures in the photograph (red arrows). The larger darkened area at six o’clock 

(green arrow) did not show up clearly in the PA images although some signal was detected 

at this location. Histology (Fig. 2K) confirms the presence of melanoma throughout the 

node with larger melanin deposits in the lower areas of the node. Especially the triangular 

location at three o’clock and larger areas around five and six o’clock seem to include large 

quantities of melanin. The upper region of the node contains two distinct necrotic areas 

(light purple staining) which still contain some viable melanoma cells in their center and 

outer rings. These patterns correspond with the curved ray like patterns of our photographs 

and the detectable PA rings at twelve o’clock (red arrow). 
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Fig. 3. PA images of benign nodes at 720 nm. Color scales are optimized to display the identified 

features. A: PA image of lymph node 4. Contrast is increased in the upper part of the node (green 

arrow) and a slight notch indicating the hilum can be seen at 10 O’clock (blue arrow). B: 

Corresponding pathological slice. Hilum location correlates to PA image (blue arrow). C: 

Corresponding photograph of unsliced node. D: PA image of lymph node 5. Slice shows a speckle 

pattern which is most intense in the centre of the image (red Arrow). E: Corresponding 

pathological slice. F: Corresponding photograph of unsliced node. G: PA image of lymph node 6. 

Notch around 4 O’clock resembles hilum location (blue arrow). H: Corresponding pathological 

slice showing hilum location (blue arrow). I: Corresponding photograph of the sliced node before 

staining. Darkening throughout the tissue resembles PA shape. Hilum is located at 4 O’clock 

(blue arrow). 
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3.3.2 Imaging benign lymph nodes 

Node 4 showed no significant discolouring and contained some accessory fat after excision 

(Fig. 3C). The PA slices taken in the central plane at a depth of 3 mm (Fig. 3A) show a well 

defined nodal outline which resembles a bean shape and shows a pronounced hilum at ten 

o’clock (blue arrow). A speckled high contrast area (green arrow) is located at twelve 

o’clock. Pathology shows that the node contains reactive changes, however, no malignant 

cells were present in the specimen (Fig. 3B). 

Node 5 did not show any discolouring but showed significant quantities of accessory fat 

after excision (Fig. 3F). In the PA slice at the central plane (2 mm beneath the surface) (Fig. 

3D) the nodal outline proved hard to distinguish and the nodal diameter could therefore not 

be determined with accuracy. In addition, no defined hilum could be located. Most signal is 

located in the centre of the image showing a diffuse speckle pattern (red arrow). 

Pathological examination shows reactive changes throughout the node with absence of 

malignant cells (Fig. 3E).  

Table 1. Lymph node sizes 

# Maximum 

diameter in 

histology (mm) 

Maximum 

diameter in PA 

image (mm) 

1 17 15 

2 17 17 

3 20 20 

4 9 7 

5 10 11 

6 6 7 

 

Node 6 showed some discolouring and contained minor deposits of accessory fat after 

excision. PA images show a distinct nodal outline which is bean shaped (Fig. 3G) and the 

inclusion of a hilum (blue arrow) can be located at four o’clock. PA response is located 

throughout the entire nodal volume, although fluctuations are present in some locations. 

The photograph taken before pathological analysis (Fig. 3I) shows a fatty dark node which 

contains a hilum at four o’clock (blue arrow). Pathological examination (Fig. 3H, 4C) 

reveals that the node contains some fatty deposits and includes a lot of red blood cells 

inside several vessels explaining the darkened color. Malignant cells are not observed.  

 

 

 



44 

 

 

 

 

 

 

 

 

 

* Energy was varied depending on the size of the node 

■ Additional excitation wavelengths were used to more accurately define the PA response 

of the different structures within the node 

● Additional projections were taken depending on the quality of the image 

3.3.3 Multispectral analysis 

The added potential benefit of multiple wavelength illumination is shown in node 6 (Fig. 

4). The images obtained at 800 nm show a vessel like structure leaving the nodal hilum 

which could not be visualized using 720 nm (Fig. 4A-B, red arrow). Pathological 

examination revealed the presence of a blood vessel at this location (Fig. 4D, red arrow). 

The response inside the vessel depicted in node 6 (Fig. 4B, red arrow)  proved to be 

increased, pointing to the presence of oxidized hemoglobin, however this trend was not 

measured in the rest of the nodal volume.   

Table 2. Photoacoustic imaging parameters 

# Energy 

(mJ/cm2)* 

Wavelengths 

(nm)■ 
Projections● 

1 30 720-760-800 20 

2 30 720-740-

760-780-800 

20 

3 40 720-740-

760-780-800 

40 

4 25 720-760-800 20 

5 25 720-760-800 20 

6 25 720-760-800 20 
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Spectral analysis was performed on the areas within each node containing most pronounced 

PA responses. For node 1-3 these areas were respectively the area at two o’clock (green 

arrow), the ring around the necrotic center of the node containing viable melanoma cells 

(red arrow) and the area at three o’clock (blue arrow). For node 4-6, spectral analysis was 

respectively performed on the region at twelve o’clock (green arrow), the centre of the 

image (red arrow) and the entire area within the nodal outline.   

Figure 5 displays the multiple wavelength response of the selected areas within the nodes 

and shows that the PA response in the selected regions within the malignant nodes is larger 

than those within the benign ones. All nodes show most PA signal at 720 nm but the 

measured APVs within the malignant nodes show a larger decrease up to 800 nm than those 

within the benign nodes. Although node 3 shows a higher APV than the benign nodes, its 

decrease in APV up to 800 nm is less pronounced compared to node 1 and 2.   

 

Fig. 4. A: Lymph node 6. Map of the PA response within the lymph node at 720 nm. PA response is 

present throughout the node, however no vessel like structures are visible. B: Map of the PA response 

within the lymph node at 800 nm. PA response is present throughout the node and a vessel like 

structure is located in the upper right (red arrow). C: Pathological overview of the node. Slice shows 

a fatty node without malignant cells. D: Amplification reveals red blood cells in a small vessel 

exiting the node boundary. 
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3.4 Discussion and Conclusions 
 

As shown by our PA scans of six human lymph nodes, detection of melanoma cells in 

resected human lymph nodes proves to be possible using photoacoustics. In all three 

malignant nodes an increased PA response in the images could be correlated to the presence 

of melanoma cells verified by histopathology. This is the first study on both malignant and 

benign resected human samples demonstrating differences in PA response. However, it 

should be noticed that not all metastatic areas detected on histology could be visualized 

with PA. This could be attributed to the biological diversity of the metastases and their 

melanin content or the lack of optical penetration due to the optical thickness of malignant 

tissue.  

In our understanding, the latter contributes most to this decreased detection rate since the 

optical density of the melanin-rich (malignant) tissue impedes imaging more than 5 mm 

beneath the nodal surface. This is shown in the PA image of lymph node 1 where the nodal 

outline is enhanced while the PA response in the center of the node is less pronounced. As 

the photographs of the malignant nodes show, their tissue is slightly discoloured and in 

node 1 even severely darkened which produces an increased optical density compared to 

normal or reactive nodal tissue. An improved illumination scheme, providing light from 

different angles onto the nodal volume could be useful to ensure that sufficient optical 

energy reaches the inner parts of the node. At the moment these adjustments are 

implemented and evaluated. It has to be mentioned that our final application purpose of 

Fig. 5. Average pixel values (APVs) of the selected areas within the 

lymph nodes (LN) at different illumination wavelengths. 
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scanning resected nodes during surgery does not require the scanning of nodes larger than 

1-1.5 cm because it is already relatively certain that they harbour metastases. Loss of 

sensitivity due to illumination problems is therefore less likely to arise once the technique is 

used within a patient population which contains less pronounced nodal metastases, such as 

sentinel lymph nodes.     

In the benign cases, a PA response was also noted but these were considerably weaker than 

in the malignant nodes, as shown by the APV (Fig. 5). Most likely, this PA reponse can be 

attributed to the presence of hemoglobin which could be present in small vessels or 

haemorrhages throughout the nodes. Other biological components like collagen and fat 

show minor absorption in the NIR range (11), and are therefore not suspected of generating 

this amount of response. In addition, during surgical resection of the lymph nodes, small 

blood  vessels in the extranodal fat of the node may be disrupted causing little 

haemorrhages in the perinodal fat. Though the nodes were placed in PBS during transport 

and washed before imaging, some small blood deposits could have remained leading to a 

PA signal.  

The use of multispectral imaging was however not able to verify that all PA response 

within the benign nodes could be attributed to hemoglobin, and the spectra did not point to 

the presence of one specific other chromophore. The fact that the exact blood content and 

state is unknown in an ex-vivo sample makes it more difficult to verify the exact origin of 

the signal. In addition, since all samples differ in size and there is a significant variability in 

the scattering and absorption components between the tissues, it is challenging to 

compensate for the optical attenuation difference between the wavelengths at different 

depths within the sample. The APV’s normalized for the laser input energy in malignant 

nodes prove to be higher than those in benign nodes and their drop towards 800 nm seems 

to be larger.  Although the fluence within each sample may have differed, these 

characteristics could possibly function as additional indicators for metastatic presence. To 

improve spectral unmixing in future experiments, the implementation of algorithms to 

correct for light attenuation (26-28) and speed-of-sound inhomogeneities (29), could prove 

helpful. Further, optical spectroscopy could be used to obtain more knowledge on the exact 

content of malignant and benign nodal tissue (30).  

Next to the use of multi-spectral imaging, anatomical nodal characteristics could possibly 

be taken into account to increase the distinctive power of the technique. Ultrasound features 

described as being indicators for metastatic presence, namely increased nodal size, lack of 

bean shape and the absence of a hilum, could possibly be used to this end. The correlation 

between measured maximum diameters in the PA images and histology (Table 1) shows 

that PA is able to produce an accurate depiction of nodal size even when the node is 

embedded in additional layers of fatty tissue. The PA images (Fig. 2-3) show that all 

metastatic nodes measure more than 10 mm while only one of the benign nodes shows an 

enlarged size. In addition, the contours of two of the malignant nodes seemed more rounded 
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while two of the benign nodes possessed a detectable bean like contour and hilum. The fact 

that node 2 and 4 lacked a clear nodal outline made the identification of nodal features 

difficult in these cases which offers some explanation why not all nodes complied with the 

predictive ultrasound features. Additional imaging using a wavelength of 532 nm could 

have enhanced these features as we have shown earlier (20). Unfortunately, this excitation 

wavelength was not available in our present set up but will be taken into account in future 

experiments. Nodal hilum identification may further be improved by the detection of blood 

vessels leaving or entering the nodal outline. The use of 800 nm illumination could improve 

the identification of these structures as shown in Fig. 4. We emphasize that the absence of 

these features does not fully exclude the possibility of the node harbouring (micro) 

metastases (31) and these external characteristics can therefore only function as an 

additional analysis tool.  

In general, we can conclude that the detection of melanoma metastases in resected human 

lymph nodes can be performed using photoacoustics, however a highly accurate parameter 

to distinguish between malignant and benign nodes is at this point, at the present 

embodiment of the technique, challenging to define. The amount of PA signal seems to 

provide an indication for malignancy although the PA signal generated in benign nodes 

could not be linked to a specific biological chromophore. By paying attention to additional 

nodal features like shape and size, the distinctive capability of the technique could possibly 

be increased. Multiple angle illumination could furthermore ensure homogeneous imaging 

of optically dense or larger samples and application of spectral unmixing algorithms could 

facilitate a more accurate analysis. To include the use of more excitation wavelengths, we 

are taking steps towards the implementation of higher sensitivity detectors to reduce the 

scanning time and the addition of a wavelength-dependent fluence corrections algorithm. A 

larger photoacoustic study of melanoma metastases will shed more light on the influence of 

the biological diversity, and the role photoacoustics can play in accurately identifying 

metastases on the basis of these characteristics. 
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Evaluation of superparamagnetic iron oxide 

nanoparticles (Endorem®) as a 

photoacoustic contrast agent for intra-

operative nodal staging*    
 

 

 

Detection of tumor metastases in the lymphatic system is essential for accurate staging of 

malignancies. Commercially available superparagmagnetic nanoparticles (SPIOs) 

accumulate in normal lymph tissue after injection at a tumor site, whereas less or no 

accumulation takes place in metastatic nodes, thus enabling lymphatic staging using MRI. 

We verify for the first time the potential of SPIOs, such as Endorem® as a novel 

photoacoustic (PA) contrast agent in biological tissue.We injected five Wistar rats 

subcutaneously with variable amounts of Endorem® and scanned the resected lymph nodes 

using a tomographic PA setup. Findings were compared using histology, vibrating sample 

magnetometry (VSM) and 14 T MR-imaging. Our PA setup was able to detect the iron 

oxide accumulations in all the nodes containing the nanoparticles. The distribution inside 

the nodes corresponded with both MRI and histological findings. VSM revealed that iron 

quantities inside the nodes varied between 51±4 and 11±1 µg. Nodes without SPIO 

enhancement did not show up in any of the PA scans. Iron oxide nanoparticles (Endorem®) 

can be used as a PA contrast agent for lymph node analysis and a distinction can be made 

between nodes with and nodes without the agent. This opens up possibilities for intra-

operative nodal staging for patients undergoing nodal resections for metastatic 

malignancies. 

 

 

 

 

 

 

 

                                                           
* This chapter has been published as:  D. J. Grootendorst, J. Jose, R. M. Fratila, M. Visscher,  A.H. Velders,  B. 

Ten Haken, T.G. Van Leeuwen, W. Steenbergen, S. Manohar, T. J. M. Ruers, “Evaluation of superparamagnetic 

iron oxide nanoparticles (Endorem®) as a photoacoustic contrast agent for intra-operative nodal staging”, Contrast 

Media & Molecular Imaging, 44(7), p. 541, 2012 
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4.1 Introduction 

Photoacoustic (PA) imaging is a hybrid imaging modality, whose ability to provide 

functional imaging based on physiological parameters has resulted in widespread 

acceptance in biomedical research applications ranging from tumor detection to cerebral 

hemodynamic analysis (1). PA imaging relies on the detection of acoustic waves produced 

by the thermoelastic expansion of tissue following absorption of short pulsed illumination.  

 

The method combines the excellent absorption contrast achieved in optical techniques with 

the high spatial resolution of ultrasound imaging (2). Since biological chromophores like 

melanin and hemoglobin are strong optical absorbers, PA imaging provides the possibility 

for non-invasive imaging of these chromophores in vivo. The strong PA response of these 

chromophores enables the detection of melanoma cells (3,4)  and melanoma metastases 

(5,6) or visualization of the vasculature associated with breast carcinoma (7) without the 

addition of extrinsic contrast. However, biological processes that lack an intrinsic 

chromophore related to a disease state, including many malignancies, would require the 

addition of extrinsic contrast for its detection. PA imaging, owing to its lack of ionizing 

radiation and fast imaging performance, could develop into an additional medical imaging 

method once a specific and biocompatible PA contrast agent was available.  

 

Research into PA extrinsic contrast strategies has been going on for several years in both in 

vitro and in vivo models (8). Research is focused predominantly on the use of nanoparticles 

including gold nanorods, gold nanoshells and carbon nanotubes (9-12). Yang et al. showed 

that gold nanocages can be used to map sentinel lymph nodes (13) and enhance the optical 

absorption in the cerebral cortex of mice (14), while De La Zerda demonstrated that tumors 

in mice can be enhanced and imaged in vivo using antigen coupled single-walled carbon 

nanotubes (15). These newly developed particles show great potential to enhance contrast 

with regard to several pathological problems, including cancer. However almost all of these 

contrast agents are still in the experimental stage, and few clinical studies have been 

initialized in recent years. At this point, it is as yet uncertain if these particles will obtain 

clearance by the Food and Drugs Administration (FDA) and the European Medicines 

Agency (EMA) in the near future. Recent studies with gold nano shells (16,17) have led to 

the initiation of a clinical trial using gold nano shells as photo-induced hyperthermia agents 

for cancer therapy in patients with oropharyngeal malignancies; however it may take 

several years to acquire all of the results.  

 

A PA contrast agent that has already been clinically established would require a less 

extensive follow-up, facilitating a fast implementation in the clinic. With respect to 

extrinsic contrast enhancement, magnetic resonance imaging (MRI) is one of the areas that 

have seen major developments in the recent years. In 1989, Weissleder et al. (18) used 

dextran-coated superparamagnetic iron oxide (SPIO) nanoparticles for nodal contrast 

enhancement in MRI. After subcutaneous administration of 20 mmol/kg SPIO in the 
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footpad of healthy and tumor-bearing rats, it was shown that non-metastatic nodes appeared 

dark in MR images while the metastatic nodes appeared iso- or hyperintense. This image 

contrast difference is based on the selective uptake of the nanosized particles in non-

metastatic nodes by the process of phagocytosis by macrophages (19). After subcutaneous 

injection, SPIOs are cleared by draining lymphatic vessels and transported to the regional 

lymph nodes where they are phagocytosed by nodal macrophages in a scavenger receptor-

mediated endocytosis pathway (20,21). In MRI, locations containing SPIOs then show upas 

areas of reduced signal intensity because of the magnetic susceptibility of the particles. If 

metastases cause disturbances in node flow or displace nodal macrophages, the uptake of 

SPIOs inside the node is decreased and the node will contain lessiron oxide appearing iso- 

or hyperintense. Most importantly, the inhomogeneities in the MRI contrast patterns within 

the node are shown to correlate with the locations of metastatic deposits, enabling staging 

on the outlook of the SPIO distribution within a node. The oncologist’s decision to use 

neoadjuvant therapy or the surgeon’s decision to perform nodal dissection is influenced by 

the presence or absence of lymphatic metastases and therefore the use of SPIOs to improve 

pre-operative nodal staging has been extensively researched. Coated iron oxide 

nanoparticles have been found to contain a satisfactory safety profile for human 

applications (22) and, as a result, several iron oxide dispersions have been cleared for 

clinical use. Preoperative nodal staging for different malignancies is known to benefit from 

the use of these dispersions (23-26). 

 

Our work regarding the detection of melanoma metastases in resected human lymph nodes 

proved that metastases could be visualized using PA imaging (5,6). However, while 

melanoma metastases contain melanin, a strong optical absorber, other malignancies spread 

across the lymphatic system without such an intrinsic chromophore. The fact that SPIOs 

could function as nodal staging agents, possess large optical cross-sections (27) and proved 

to be photoacoustically detectable in phantoms (28), prompted us to study these particles. 

We investigated the PA contrast potential of iron oxide nanoparticles using an animal 

model to explore the possibilities of detecting the accumulated nodal deposits of these 

particles after subcutaneous injection. The detection of these deposits could allow for 

resected lymph nodes to be photoacoustically scanned for metastatic involvement in the 

operation theatre, saving time and possibly preventing the recall of a patient for an 

additional operation, a concept also explored by other optical techniques like optical 

coherence Tomography (29) and Raman spectroscopy (30). 

 

4.2 Materials and Methods 

 

4.2.1 Iron Oxide Nanoparticles 

We used the commercially available SPIO agent Endorem® (Guerbet, Villepinte, France) 

(Fig. 2A), comprising iron oxide nanoparticles (11.2 mg/ml) dispersed in water. The 

particles are composed of several iron oxide cores (diameter 4–6 nm) embedded inside a 
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dextran coating (31). Particles have an estimated hydrodynamic size of 80–150nm (32). 

Dilutions were prepared using sterile phosphate buffered saline (PBS). 

 

4.2.2 Animals 

A rodent model was implemented to mimic the human lymphatic situation. The animal 

research protocol was approved by the animal ethics committee of the University Medical 

Center Utrecht. Five mature female Wistar rats, weighing approximately 250–300 g were 

housed at the animal facility of the University of Twente and fed according to normal 

procedures, including grouped housing, nesting material and free access to food and water. 

Swelling of the lymph nodes, required to obtain a nodal volume that could be easily 

resected and imaged, was achieved by a subcutaneous injection of 0.1 ml of incomplete 

Freund adjuvant (IFA) (33) inside both footpads of the hind legs. IFA is composed of a 

water in oil emulsion and functions as immunopotentiator to achieve macrophage activation 

and immune cell multiplication, leading to an increase in lymph node size. In addition, in a 

future clinical situation nodes are likely to show tumor induced reactive lymphadenopathy 

which, according to Klerkx et al. (34), can be mimicked using IFA. The use of IFA will 

therefore result in an immune response that more closely resembles the lymphatic system in 

oncology patients.   

 

After 7 days, a significant increase in size was achieved and the animals were 

subcutaneously injected with 0.1 ml of the SPIO contrast agent in one or both footpads of 

the hind legs. The animals were euthanized by cervical dislocation 24 h after injection and 

the popliteal lymph nodes of both legs were excised. Once excised, all lymph nodes were 

photographed and placed inside a PBS solution. PBS prevented swelling of the tissue owing 

to water inflow and ensured proper PA imaging of the nodal volume over time. Weissleder 

et al. (18) subcutaneously injected approximately 3.2 mg iron oxide in their initial study in 

rats to verify the potential of the nanoparticle agent. In order to find out if PA detection of 

the nodes could be done with smaller SPIO concentrations, we also administered several 

dilutions of the Endorem® stock solution. The five animals were subcutaneously injected in 

the following way:  

 

1. In one animal no contrast agent was injected (control). 

2. In two animals undiluted (1.12mg iron oxide) Endorem® was injected in the left footpad. 

3. In one animal both footpads were injected with a 2x dilution (0.56 mg iron oxide). 

4. In one animal both footpads were injected with a 4x dilution (0.28 mg iron oxide). 

 

A total of 10 lymph nodes were included in the study of which six were suspected of 

containing iron oxide nanoparticles (contrast nodes) and four were not (control nodes). 
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4.2.3 PA imaging 

Resected nodes were placed inside a hollow transparent 3% Agar sample holder with an 

inner diameter of 25mm and wall thickness of 10 mm. The sample holder was placed in the 

center of a large water container where it was illuminated from the top. The detector was 

placed orthogonal to the light illumination and rotated around the object to acquire a 

tomographic measurement. While details of the instrument have been presented earlier (35), 

we describe here the essentials. The PA setup (Fig. 1) consists of a Q-switched Nd:YAG 

laser (Brilliant B, Quantel, France) with an optical parametric oscillator (Opotek, 700–

950nm) operating at a 10Hz repetition rate. Irradiation intensity can be varied up to 40 

mJ/cm2. The light is delivered via a beam expander creating a beam diameter of around 1 

cm to cover the entire specimen under investigation. The photoacoustic signals are recorded 

with a curvilinear detector array (Imasonic, Besançon) consisting of 32 elements and 

shaped to 85º of a circle of 40mm radius. The center frequency of the array is 6.25MHz 

with a reception bandwidth >80%. Individual elements have sizes of 10 by 0.25mm. These 

elements are arranged with an inter-element spacing of 1.85mm. At each position signals 

are acquired from the detector using a 32 channel pulse-receiver system (Lecoeur 

Electronique, Paris) with a sampling rate of 80MHz. Filtered acoustic backprojection was 

used to reconstruct the PA images off-line (35).  

 

Before the start of scanning procedure, the setup was calibrated using an agar phantom 

containing four horse tail hairs to ascertain the tomographic geometry. All nodes were fixed 

with a small amount of ultrasound gel to prevent floating and disruptive movements. Once 

Fig. 1. A: A top view of the tomographic photoacoustic setup utilizing top illumination. B: A three 

dimensional schematic of the setup. The holder containing the lymph node is illuminated from the top 

while the ultrasound detector is rotated around the holder. The water in the imaging tank ensures 

ultrasound transmission to the detector.  
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fixed, the position of the node was checked by visual examination and air bubbles around 

the sample were removed. The temperature of the water in the PA tank was monitored 

throughout the experiment to avoid image reconstruction irregularities caused by a change 

in the speed of sound.  

 

All scans were performed using an irradiation intensity of around 15 mJ/cm2, a wavelength 

of 720 nm and 20 projections. While 720 nm is not an exclusive wavelength (Fig. 2B), we 

can identify at this wavelength a low absorption of total hemoglobin coupled with a 

significant absorption of the dispersion. Further, absorption by fat (and water) is negligible 

(2). In addition, our previous research shows (5) that the large penetration depth of 

near-infra-red illumination also contains an advantage for the imaging of larger nodes and 

nodes that contain significant amounts of extranodal fat. 

 

4.2.4 Magnetic Resonance Imaging 

Verification of the PA contrast results with regard to the presence of iron oxide 

nanoparticles and their distribution in the node was performed using a 14 T MRI system 

(Bruker, Ettlingen, Germany). The system was equipped with a vertical narrow bore 

magnet (14.1 T), a B0 compensation unit (BGU-II) and three 1/60 amplifier units (X, Y and 

Z). A micro-imaging probe, equipped with a 10mm diameter saddle coil insert, was used. 

All experiments (acquisition and processing) were carried out using ParaVision (version 

4.0)/Top Spin (version 1.5) software. The nodes were fixated in 4% buffered formaldehyde 

after PA imaging and transferred to quartz NMR tubes with a diameter of 10 mm. All nodes 

were positioned in such way to ensure that the orientation corresponded to that of the PA 

scans. The iron oxide nanoparticles shorten both T2 and T1 relaxation times, which results 

Fig. 2. A: Photograph of an Endorem® vial displaying the dark color of the  dispersion 

B: The extinction spectrum of an Endorem® dispersion. 
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in a signal loss at locations of the SPIOs inside the lymphatic tissue. A multi-slice–multi-

echo (MSME) imaging sequence was used with an echo time of 10 ms and a repetition time 

of 1000 ms. The sequence produces a larger longitudinal and transverse magnetization, 

making the surrounding fat appear bright, facilitating nodal identification and  SPIO 

distribution analysis in the imaged volume. Images were acquired using a matrix dimension 

of 256x256, a field of view of 1 cm and a slice thickness of 0.5 mm. Signal averaging was 

varied between 5 and 10, based on the quality of the acquired image. 

 

4.2.5 Vibrating Sample Magnetometry 

The amount of iron oxide inside the lymphatic tissue was quantified with a vibrating 

sample magnetometer (Quantum Design, San Diego, CA, USA) with a variable magnetic 

field of ± 4T. Nodes were kept inside the quartz NMR tubes and strongly fixated to ensure 

no movement occurred owing to the vibrations of the device. Measurements were checked 

for movement artifacts and all results were correlated to three reference samples containing 

a known amount of iron oxide. A standard deviation and average iron oxide amount were 

thencalculated. 

 

4.2.6 Optical Property Estimation 

Based on the iron quantities measured within the nodes using vibrating sample 

magnetometry (VSM), we aimed to estimate the optical absorption coefficient µa (mm-1). 

To this end, interaction efficiencies (extinction, scattering and absorption) were estimated 

using Mie theory (36) for a core radius of 2.5 nm and a shell radius of 15 nm (31), with 

dielectric data for iron oxide and dextran from Schlegel et al. (27) and Butler and Cameron 

(37). Results indicated that the scattering component of the extinction was small compared 

with the absorption component. Spectroscopy (UV-2401PC spectrophotometer, Shimadzu, 

Tokyo, Japan) on a diluted Endorem dispersion (0.56x10-6 g/mm3) was used to measure the 

extinction coefficient µext (mm-1) at 720nm and, by correlating the µext to the iron quantities 

within each node divided by the nodal volume, an estimation of the µext within each node 

was produced.  

 

The volume within each node was calculated using the MRI slice dimensions. In addition, 

the PA contrast of SPIO particles was compared with that of whole human blood by 

embedding the measured iron amounts inside a phantom. By taking the lowest and highest 

iron amounts measured within the nodes and dividing them by the nodal volume, an 

estimation of the SPIO concentration within the nodal tissue could be made. The estimated 

concentrations were diluted from the stock dispersion and injected into two nylon tubes (i.d. 

1 mm, o.d. 1.8 mm). These were embedded one-by-one, into a 2% agar phantom in which a 

similar tube containing unclotted whole human blood was placed, as depicted in Fig. 5(A). 

By measuring the average PA response of the tubes, the contrast between both could be 

quantified. 
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administration did not possess this discoloring. All nodes had diameters of around 3–5 mm 

and most contained some extranodal fat. 

Figure 3 shows the PA images of a contrast and a control node (A–C) together with 

corresponding photographs of the nodes in their imaged positions (D–F). Figure 4 shows 

PA and MR images of all contrast nodes and demonstrates their correlation in contrast 

distribution. PA imaging of the individual nodes showed bands of clear signal increase in 

the periphery of the nodes suspected of containing SPIOs (Figs 3A and 4, columns 1 and 3). 

Almost no signal enhancement was noted in the center of these nodes, although some 

contained larger signal poor areas then others. No significant increase in signal was noted in 

the popliteal nodes excised from hind legs not injected with Endorem® (control nodes), 

corresponding with the absence of discoloring noted after excision (Fig. 3B). The image of 

both the control and the contrast containing node shows this clear distinction in PA 

response (Fig. 3C). The small centers of absorption in the PA image of the control node 

(Fig. 3B) are possibly small blood droplets in the extranodal fat caused by the surgical 

resection. Although small amounts of Endorem® up to 0.28mg, were injected (Fig. 4(5,6), 

Table 1), all nodes suspected of containing SPIOs showed enough PA signal to be 

distinguished from nodes without contrast injection. 

Fig. 4. Photoacoustic and MR image comparison of all resected lymph nodes with contrast injection. 

As shown in lymph node 1 (white dotted line), the PA response pattern is comparable with the 

location of MRI signal decrease. Some nodes show a continuous contrast band throughout their 

periphery (1,5), while others show some small irregularities (4,6). 
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MR images (Fig. 4, columns 2 and 4) showed a clear signal decrease in all discolored 

nodes, largely located in the periphery of the nodal volume. Distribution of this decrease 

corresponded with the areas showing PA response in most cases. Almost all nodes showed 

only a small decrease in signal in the center of their anatomy. Calculation of the dimensions 

of all nodes using the MR information revealed a strong correlation with the dimension 

calculations based on the PA scans (Table 2). MRI of the control nodes showed no 

significant decrease in signal throughout the nodal volume corresponding to a lack of 

SPIOs.  

Vibrating sample magnetometry measurements showed the presence of a 

superparamagnetic contrast agent inside all nodes suspected of contrast inclusion, although 

the amounts varied between the nodes. Table 1 displays the amount of iron oxide measured 

by VSM inside each node together with the estimated absorption coefficients. The highest 

iron quantity was measured in node 2 at 51±4 µg, while the lowest quantity was determined 

in node 6 at 11±1 µg. The control nodes obtained from the animals subjected to contrast 

injections at the contra-lateral limb showed the presence of very small deposits of iron, up 

to 1 µg, while the nodes from the control animal did not display any superparamagnetic 

behavior. Based on these amounts, the estimated µa of the contrast nodes varied between 

0.27 and 0.06 mm-1. By taking the nodal dimensions measured by MRI into account, the 

highest (51 µg) and lowest (11 µg) iron amounts correlated to SPIO concentrations of 3.6 

and 0.8 mg/ml. PA measurement of these concentrations and whole human blood showed 

an average PA response of 23 for blood compared with a response of 15 and 34 for 

respectively the low and high concentration samples (Fig. 5B). Histology (Fig. 6) 

Fig. 5. Phantom measurement of the amount of PA contrast generated within the node compared to 

that of whole blood. A: Photograph of the agar phantom containing one tube filled with different 

concentrations of SPIO particles (left) and one tube filled with whole human blood (right). 

B: The average PA contrast measured within the tubes for a SPIO concentration of 0.8 and 3.6 mg/ml. 

At a SPIO concentration of 3.6 mg/ml the PA response is higher than that of blood. 



 

confirmed the presence of significant iron deposits throughout the nodes suspected of 

nanoparticle inclusion. Iron presence was most pronounced inside macrophage

the periphery of the nodes. No significant presence of iron was revealed by the histological 

assessment of the control nodes (Fig. 6D).

 

4.4

The results obtained from the animal model show that PA imaging can be used to detect the 

presence of iron oxide nanoparticles inside lymphatic tissue. Subcutaneous injection of 

Endorem® did not produce any negative side effects in the animals, giving an i

that the safety profile may potentially be favorable for subcutaneous applications in 

humans. The effects of the IFA injection to initiate nodal swelling enabled

us to easily pinpoint and extract the popliteal node while ensuring that both imagin

techniques would be able to map the contrast agents accumulation. Weissleder 

showed that the distribution and amount of iron in these so

similar to those of normal nodes, which indicates that the uptake of these nodes is not 

significantly altered by the adjuvant.

 

Predominant PA signal generation was

with the location of the peripheral sinusoidal macrophages. MRI shows clear loss of signal 

in corresponding regions in the nodes, confirming that most of the iron oxide nanoparticles 

are located at thes

the nodes confirms the imaging results and demonstrates that the contrast agent is 

distributed selectively at the margins of the lymphatic tissue. An explanation for this 
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suggested that the predominant accumulation of iron oxide nanoparticles in the peripheral 

sinusoidal macrophages lining the subcapsular sinuses gave rise to this phenomenon. The 

larger size of the Endorem SPIO particles in comparison to the particles used in their study 

could have further facilitated the retention of the particles in the nodal periphery. However, 

an inhomogeneous distribution was also noted by Lind et al. (39) using SPIOs with a larger 

hydrodynamic size. Prussian blue stained histology indicated that some nodes did contain 

smaller iron deposits in their medullary sinuses or less pronounced iron presence in their 

periphery compared with the imaging results. It should be noted, however, that histology is 

less sensitive to the presence of iron oxide nanoparticles than MRI, making a point-to-point 

comparison between histological slices and images difficult to produce in most situations. 

 

Table 1. Lymph nodes sorted by number with their corresponding iron quantities and stimated 

absorption coefficients at 720nm 

 

 

 

 

 

 

 

 

 

 

 

Iron quantity analysis using vibrating sample magnetometry revealed that the amount of 

iron present in each node varied significantly between animals. No clear relation could be 

established between the amount of iron injected and the amount of iron captured within the 

nodal volume. In addition, the average PA response within the contrast band in each node 

could not be correlated to the corresponding measured iron amount. This is most likely due 

to the differences in extranodal fat covering each sample, which leads to the fluence at the 

slice carrying the signal band being different. However, our results show that the location 

of the contrast agent could still be verified at a quantity as low as 11±1 µg, indicating that, 

if the human situation showed less nodal uptake, it could still be possible to perform 

accurate nodal staging. The phantom measurements indicate that the amount of PA 

response of SPIO deposits mainly depends on the quantity in which it is present in the 

nodes and that at higher concentrations they produce more PA signal than human blood. 

However, as shown by our VSM measurements, the amount of iron obtained within the 

nodes is variable, so it remains unclear whether an in vivo approach could clearly visualize 

the characteristics of the absorption patterns mentioned (28). The influence of other 

biological structures is limited in an ex vivo intra-operative staging setting, which therefore 

should be the first clinical application goal of the technique.  

Number Injected Iron 

(µg)  

Iron inside the 

node (µg) 

µa (mm
-1

) 

1 1120 27 ± 2 0.14 ± 0.01 

2 1120 51 ± 4 0.27 ± 0.02 

3 560 40 ± 3 0.21 ± 0.02 

4 560 49 ± 3 0.26 ± 0.02 

5 280 30 ± 2 0.15 ± 0.01 

6 280 11 ± 1 0.06 ± 0.01 

7-10 0 0 ± 1  ± 0 
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The estimated absorption coefficients show that the optical absorption of the tissue is 

increased owing to the inclusion of the nanoparticles. The estimated amounts of absorption 

do not impede the penetration of optical energy into lower parts of the node, indicating that 

metastases that are located deeper within the node could also be visualized. Since normal 

lymphatic tissue displays low absorption at 720 nm, the nodal outline and size could not be 

distinguished in nodes 7–10 (Table 2); however, the dimensions and shape extracted from 

the PA images of the nodes containing SPIOs match those estimated from MRI. An 

accurate depiction of nodal size using SPIO-enhanced PA imaging could function as an 

additional indicator of possible metastatic involvement, because larger nodes (≥1 cm) are 

more likely to include metastases (40). The fact that nodes without SPIOs do not produce 

recognizable PA response patterns could imply that nodes that are totally filled with 

malignant cells will also not show up on PA measurements. In these cases, clinical staging 

has to be performed on images without distinguishable features, which could create some 

problems with regard to specificity. However, in the case of a sentinel node biopsy, an 

additional colored tracer, spreading homogeneously through the node, is always injected for 

locating the actual sentinel node. Multiple wavelength imaging (41,42) could in this case 

provide us with a nodal outline based on the colored tracer while staging decisions could be 

made on the images of a wavelength sensitive for the SPIO contrast agent. In nodes with 

smaller metastases, macrophages will be replaced by tumor cells in specific parts of the 

node. These tumor deposits occupying in regions as small as 2 mm in the node have been 

proven to be detectable in MR studies (43-45). Likewise in PA images, smaller metastases 

could be detectable based on spatial features showing low intensities. How sensitively these 

features can be visualized in PA needs to be investigated in future experiments using a 

metastatic model.  
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Table 2. Calculated maximal and perpendicular diameters of all lymph nodes based on both 

photoacoustic (PA) imaging and MRI. Lymph nodes sorted by number. Measured sizes contain error 

margins of ± 0.3 mm. PA dimensions of nodes 7–10 could not be calculated because of their lack of 

PA response 

 

 PA based diameter
 

MRI based diameter 

Number Maximal 

(mm) 

Perpendicular 

(mm) 

Maximal 

(mm) 

Perpendicular 

(mm) 

1 3.5 3.0 3.5 3.0 

2 4.1 2.8 3.4 2.8 

3 4.5 2.8 4.5 2.8 

4 4.1 2.6 4.1 2.9 

5 4.0 3.3 4.2 2.9 

6 3.5 2.6 3.4 2.6 

7 - - 3.5 2.6 

8 - - 3.3 2.8 

9 - - 3.9 3.1 

10 - - 3.4 3.2 

 

The detection of SPIOs in lymphatic tissue using PA imaging offers possibilities for 

distinguishing nodes with nanoparticle deposits from nodes lacking uptake. Future research 

should verify if the difference in uptake between malignant and benign nodes can be 

visualized using PA imaging, creating opportunities for fast intra-operative nodal staging. 

Detection of iron oxide nanoparticles using PA imaging can prove especially promising 

once other types of iron oxide-based agents enter the clinic. A combination of diagnostic 

pre-operative imaging using MRI and per-operative staging using PA imaging could be 

performed and the translation of PA imaging into the clinic would also benefit from a direct 

comparison of the results with an established imaging method like MRI. Moreover, the 

magnetic properties of the SPIOs could also be used to influence photoacoustic signals, 

thereby generating additional biological information and considerably improving specificity 

(46-48). Although our ex vivo study mainly shows the potential for intra-operative imaging, 

non-invasive high-resolution PA lymph node mapping (49,50) after SPIO injection for 

superficial nodes could also be investigated, although it remains unclear if SPIO particles 

provide sufficient in vivo contrast for such an application.  

 

4.5 Conclusion 

We conclude that iron oxide nanoparticles are able to enhance PA response in lymph nodes 

because of their active uptake by nodal macrophages in locations unaffected by metastatic 

cells and therefore have the potential to be implemented as a PA contrast agent for nodal 
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staging purposes. Further research using a metastatic model should show if PA imaging 

based on these nanoparticles is able to produce reliable indicators for the presence of 

metastatic deposits. 
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Intra-operative ex vivo photoacoustic 

nodal staging in a rat model using a 

clinical superparamagnetic iron oxide 

nanoparticle dispersion*    
 

 

 

The ability to accurately detect tumor metastases in lymph nodes is essential for intra-

operative staging of various malignancies. Histopathological assessment of nodes has the 

drawback of a time delay before results are available to the surgeon and a likelihood of 

missing metastases. Photoacoustic (PA) imaging has been shown to possess the potential to 

detect melanoma metastases in resected in toto lymph nodes based on intrinsic contrast. To 

extend application of the method to other malignancies, extrinsic contrast for lymphatic 

mapping is important. We investigate in a metastatic animal model whether clinically 

approved superparamagnetic iron oxide (SPIO) nanoparticles, applied for MRI, can help 

PA imaging for staging in an intra-operative ex vivo setting. Imaging results are compared 

with 14 Tesla MR images and histology. We observe that irregularities in SPIO distribution 

in PA images of the nodes and a decrease in contrast correlate with metastatic involvement 

as seen in MR images and histology. The results show that a PA based imaging technique 

may be valuable for nodal staging in the field of surgical oncology. 
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5.1 Introduction 

The presence of lymphatic metastases is a predictor of poor outcome in many solid 

malignancies (1-4). Metastasis positive lymph nodes are associated with a decrease of the 

5-year survival of melanoma patients, independent of other prognostic factors of the 

primary tumor (5). Likewise, the number of resected metastatic lymph nodes correlates 

with survival in breast cancer patients (6). Despite the importance of lymph node 

metastases as highlighted by its inclusion in cancer staging systems, both detection and 

treatment remain far from optimal. 

 

Superparamagnetic iron oxide nanoparticle (SPIO) enhanced MRI has been proven to 

detect small and otherwise undetectable lymph-node metastases in patients with prostate 

cancer (7), providing a possibility to improve early diagnosis and decision making. In 

addition, this approach has also been proven to be of additional benefit for head and neck, 

breast and pelvis lymph node assessment showing an overall sensitivity of 88% and an 

overall specificity of 96% based on 19 prospective studies (8). After subcutaneous or 

intravenous injection, SPIOs are cleared by draining lymphatic vessels and transported to 

the  lymph nodes where they are phagocytosed by nodal macrophages. Inhomogeneties in 

SPIO distribution in a lymph node arise once metastatic cells displace the normal nodal 

architecture. MRI is able to visualize this displacement due to the longer relaxation times 

arising from the absence of SPIOs at these locations and can be used to distinguish benign 

from metastatic lymph nodes. The dissimilarity in SPIO distribution between benign and 

metastatic nodes is schematically displayed in Figure 1.    

 

The success of the approach in pre-operative staging together with the fact that coated 

SPIOs contain a satisfactory safety profile for human applications (9) have cleared several 

SPIO dispersions for clinical use. However, MRI is unable to detect micrometastases less 

than 1 mm in size using a conventional 1.5 Tesla system (10) in pre- or intra-operative 

staging. The latter is important for decision making towards the nature of therapy and 

surgery to be performed. The availability of diagnostic information during the surgical 

procedure could for example, limit the number of resected lymph nodes during 

lymphadenectomies or offer the potential to perform a lymphadenectomy directly after  

sentinel lymph node resection. Both can reduce morbidity while saving time and funds.  

 

Photoacoustic (PA) imaging, an emerging powerful imaging modality that uses optical 

absorption contrast and posseses ultrasonic resolution, is being widely applied within 

biomedical research (11,12). PA imaging relies on the detection of acoustic waves 

produced by the thermoelastic expansion of tissue following absorption of short pulsed 

optical illumination. By this mechanism, PA uncouples signal generation and detection 

since diffuse light excites ultrasound which can be detected with high resolution. Therefore, 

PA is able to obtain high resolution images using diffused light from deeper within 

biological samples compared to purely optical based techniques. In addition, in biological 
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tissue, ultrasonic scattering is about two to three orders of magnitude weaker than optical 

scattering, resulting in high spatial resolution compared to many optical techniques. The 

fact that PA imaging makes no use of ionizing radiation and enables fast imaging 

performance, could facilitate its introduction as an additional medical imaging technique.  

  

PA imaging can both be based on endogenous biomolecules with natural PA contrast 

properties (e.g. hemoglobin, melanin), or exogenous contrast agents delivered by injection. 

The strong PA response of many endogenous biomolecules enables the visualization of the 

vasculature associated with breast carcinoma (13-16) or, for example the detection of 

melanoma cells (17) and melanoma metastases (18,19). Exogenous agents, on the other 

hand, are mostly applied to improve contrast, where the tissue lacks endogenous 

chromophores related to the studied disease state, including many malignancies (20-22). To 

this end, several contrast agents, including nano-materials (23-25), are the subject of 

extensive research to analyze their benefit in the imaging of specific disease states. 

Research into the PA imaging of the lymphatics using contrast agents is mostly centered 

around the mapping of the sentinel lymph node(s) (SLN(s)) (26-29). Recently, Akers et al. 

visualized the SLN of rats after methylene blue injection and verified their results using 

SPECT/CT (30). Pan et al. proved that copper nanoparticles can be used to enhance and 

visualize SLN(s) in vivo using PA imaging (31).  

 

While showing promising results, most PA contrast agents are as yet in an experimental 

stage and would require extensive approval procedures before being approved for clinical 

use by the Food and Drugs Administration (FDA) or European Medicines Agency (EMA). 

Fig. 1. Schematic of the nodal metastases detection scheme using SPIO nanoparticles. In a benign 

case, the SPIO particles accumulated in a regular pattern in the cortical zone of the lymph node 

through macrophage uptake 24 hours after injection. Accumulation is mostly centered in the cortical 

zone of the node due to the particle size of the SPIO agent. In a metastatic case, homogenous 

distribution of the particles is disrupted in locations where metastatic cells have replaced normal 

nodal architecture. These irregularities can be visualized with MRI due to differences in relaxation 

times between nodal tissue with and without SPIOs. 
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SPIOs on the other hand have been cleared for clinical use and their lymphatic metastasis 

detection potential has been verified by several clinical MRI studies (7,8) making them 

potentially valuable for intra-operative lymph node staging. Based on this, intra-operative 

staging of lymph nodes as researched by several other optical techniques like Optical 

Coherence Tomography (OCT) (32) and Raman spectroscopy (33), could possibly also be 

performed using the combination of photoacoustic imaging and SPIO nanoparticles. This 

would mean that freshly resected nodes could be scanned during the operation, offering 

direct diagnostic information to the surgical team. The increased penetration potential of 

PA imaging compared to optical techniques ensures imaging of the entire nodal volume 

without requiring the nodes to be sliced or damaged, retaining the possibility to perform 

(immuno)histochemical analysis post-operatively.    

 

In order to explore this concept, our group recently used clinical SPIO dispersions in 

healthy rodents to verify that these deposits could be detected with PA. It was shown that 

the distribution of SPIOs could be mapped with accuracy down to an amount of 

approximately 11 µg, corresponding with a concentration of 0.8 mg/ml (34). With regard to 

the clinical potential of intra-operative lymph node staging using a combination of PA 

imaging and SPIOs, it however remains to be investigated whether, and on what basis, such 

a combination is able to make a distinction between benign and metastatic nodes.  

 

In this work, we investigate whether lymph nodes metastases can be visualized with PA 

imaging after the subcutaneous injection of a clinically approved SPIO dispersion 

(Endorem®) in a metastatic animal model. Distinctive differences between benign and 

metastatic nodes are identified and PA imaging results are compared with high field MR 

images. Findings are verified by way of (immuno)histochemistry and limitations are 

discussed. In addition, we quantify the SPIO amounts inside the nodes using PA and 

correlate them to quantitative iron measurements. These experiments could produce the 

information needed to validate whether PA staging of lymph nodes can be performed with 

iron oxide nanoparticles. Overall, this could pave the way for the introduction of a PA 

based imaging technique in the field of surgical oncology.      

 

5.2 Materials and Methods 
 

5.2.1 Animal model and tumor cell line 
All experiments were approved by the local Animal Care Committee. Female Copenhagen 

rats, weighing 150-200 g were subcutaneously injected with R3327 MAT-LyLu cells in 

their left hindpaw. The R3327 MAT LyLu prostate tumor variant has been used as an 

experimental model for syngeneic progression and metastasis of prostate adenocarcinoma. 

This model has also been frequently used to validate the potential of SPIO agents in MRI 

(35,36). In vivo, this tumor is characterized by a rapid and hormone-independent 

proliferation, anaplastic histology, and metastases to draining lymph nodes and lungs.  
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For the experiments, cells were cultured in RPMI-1640 medium, supplemented with 10% 

fetal calf serum and 100 ml penicillin/streptomycin. One million R3327 MAT LyLu tumor 

cells were dispersed in 0.1 mL of medium and inoculated aseptically in eight Copenhagen 

rats. The animals were separated into two groups depending on when a subcutaneous 

injection of 0.1 ml of SPIOs (11.2 g/l) (Endorem®, Guerbet, France) was administered in 

both hindpaws. The Endorem® particles are composed of several randomly clustered iron 

oxide cores (diameter 4–6 nm) embedded in a dextran coating (37). Particles have an 

estimated hydrodynamic size of 80–150nm (38). The extinction spectrum of an Endorem® 

dispersion is displayed in Figure 2. In the first animal group SPIOs were administered 5 

days after tumor inoculation (minor metastatic group), where the second group received 

injections 8 days after inoculation (major metastatic group). Time spans were chosen 

according to a pilot study which showed that the popliteal lymph nodes were totally 

replaced by metastatic cells after 10 days and showed initial metastatic involvement after 4 

days. Because we aimed to study the changes in SPIO distribution at an earlier stage of 

metastatic involvement, corresponding with smaller metastases, the inoculation times were 

set at 5 and 8 days.  

Twenty-four hours after SPIO injection the animals were euthanized under anesthesia by 

cervical dislocation and the popliteal lymph nodes of both hindlegs were dissected. Four 

popliteal nodes of the contra lateral side were used as controls (control group) because 

earlier research has proven that these nodes remain free of  metastasis within the used 

inoculation time (35). In addition to the two tumor groups, two animals received no SPIO 

injection after 5 days of inoculation (sham group) to verify the PA response in metastatic 

and normal nodes without SPIOs. After PA and MR imaging, the nodes were embedded in 

paraffin, cut into 5 µm slices and stained using a normal H&E staining. To visualize the 

Fig. 2. Extinction spectrum of Endorem® (11,2 mg/ml). 
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locations of the metastases and compare them with the PA and MR images, one of the 

nodes was additionally immunohistochemically stained for vimentin. Vimentin, a type III 

intermediate filament (IF) protein and mesenchymal marker, is specifically suited to stain 

poorly differentiated and highly metastatic cells like the MAT-lylu line. Attention was paid 

during sectioning of the tissue to ensure the orientation corresponded with the imaging 

planes of both PA and MR imaging.  

 

5.2.2 Photoacoustic imaging setup 
Resected nodes were placed inside a hollow transparent 3% Agar sample holder with an 

inner diameter of 25 mm and wall thickness of 10 mm. The sample holder was filled with 

phosphate buffered saline (PBS) to prevent tissue degradation and placed in the center of a 

large water container. 

 

The detector was placed orthogonal to the light illumination from the top and rotated 

around the object to acquire a tomographic measurement. Twenty tomographic projections 

were acquired for each image using the instrument we described earlier (39). In summary, 

the system (Fig. 3) consists of a Q-switched Nd:YAG laser (Brilliant B, Quantel, France) 

with an optical parametric oscillator (Opotek, 700 to 950 nm) operating at a 10 Hz 

repetition rate. The light is delivered via a beam expander creating a beam diameter of 

around 1 cm to cover the sample in a top-illumination configuration (40). An output energy 

of approximately 20 mJ/cm2 was used for all scans. The photoacoustic signals are recorded 

with a curvilinear detector array (Imasonic, Besançon) consisting of 32 elements and 

shaped to 85º of a circle of 40 mm radius. The center frequency of the array is 6.25 MHz 

with a reception bandwidth greater than 80%. Individual elements have sizes of 10 by 0.25 

mm. These elements are arranged with an inter-element spacing of 1.85 mm. At each 

position, signals are acquired from the detector using a 32 channel pulse-receiver system 

(Lecoeur Electronique, Paris, France) with a sampling rate of 80 MHz. Filtered acoustic 

backprojection was used to reconstruct the PA images.  
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Images were acquired using an excitation wavelength of 720 nm. While 720 nm is not an 

exclusive wavelength for detecting SPIO’s, it combines a low absorption of total 

hemoglobin with a significant absorption of the SPIO dispersion, while absorption by fat 

(and water) remains negligible (41). Furthermore, it allows for a direct comparison with our 

previous results in healthy animals (34). Image slice acquisition time of the system for 20 

projections is about 60 seconds.  

 

In addition to the single wavelength illumination at 720 nm, multiple wavelength images of 

two lymph nodes were acquired at 720, 740, 760 and 780 nm. Multiple wavelength 

information could possibly facilitate the distinction of the SPIO deposits from other 

biological absorbers in an in vivo setting. To this end, average pixel value of the PA 

contrast regions within the images was calculated and compared to spectroscopic values of 

the SPIO dispersion. For comparison, both the spectroscopic data and the average pixel 

values within the images were normalized.  

 

5.2.3 Magnetic Resonance Imaging 

In order to achieve a comparable spatial resolution to our PA images, the nodes were 

imaged using a 14 Tesla MRI system (Bruker, Ettlingen, Germany) described earlier (34). 

Before imaging, the nodes were transferred to quartz NMR tubes with a diameter of 10 mm, 

and fixated using 4% buffered formaldehyde.  All nodes were positioned according to their 

orientation within the PA setup. A Multi-slice-multi-echo (MSME) imaging sequence was 

Fig. 3. Schematic of the photoacoustic setup. Lymph node samples are placed inside an agar holder 

and illuminated from the top while the ultrasound detector is rotated around the sample. The entire 

setup is placed inside a water filled tank to enable wave propagation. 
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used with an echo time of 10 ms and a repetition time of 1000 ms. The sequence produces a 

larger longitudinal and transverse magnetization making the surrounding fat appear bright, 

while SPIO areas appear dark due to rapid reduction of transverse magnetization. This 

difference facilitates nodal identification and SPIO distribution analysis in the imaged 

volume. Images were acquired using a matrix dimension of 256x256, a field of view of 1 

cm, 25 averages and a slice thickness of 1 mm. MR scan time mounted up to 2 hours per 

node.     

5.2.4 Contrast quantification  

The amount of iron inside the lymphatic tissue was quantified using a vibrating sample 

magnetometer (VSM) (Quantum Design, San Diego, United States) with a variable 

magnetic field of ± 4 Tesla. From the measured SPIO amounts a concentration estimation 

(µg/mm3) within each node was calculated by dividing the total iron amount by the volume 

of the node. Nodal volume was estimated from the dimensions of the nodes in the MR 

images. The estimated concentration was then correlated to the amount of PA contrast 

within each nodal image by manually selecting the nodal area within the PA image and 

calculating the average pixel value of the selection. To exclude large deviations in single 

pixel values, a 5x5 pixel moving average was first implemented on each PA image. Due to 

the fact that the detector contains an image slice thickness of approximately 1 mm, the 

average pixel value (APV) of each selected image region was then divided by its area to 

produce a “contrast” concentration (APV/mm3)  comparable with the estimated iron 

concentration. 

 

5.3 Results 

A comparison between the PA and MR images for the different animal groups is shown in 

Figures 4-6. PA imaging of lymph nodes without contrast agent (both benign and 

metastatic) (Fig. 4) shows that almost no PA response is generated by nodal tissue without 

the SPIO additive and no clear structures can be distinguished. As a result no clear 

distinction can be made between nodes with and without metastases. Such a distinction can 

also not be made based on the corresponding unenhanced MR images. The absence of 

hypo-intense regions also indicates that no SPIO particles are present within the nodal 

volume.  
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The control group (Fig. 5) shows that addition of the SPIOs results in a clear and 

continuous ring of PA contrast in the peripheral zone of the nodes. The ring like patterns 

are relatively free of intermissions and show large PA responses throughout their volume 

compared to the background. The associated MR images contain homogeneous blackening 

throughout the nodal volume except for the third node (Fig. 5(3), red arrow).  

Fig. 4. PA and MR image of benign and metastatic nodes without SPIOs (sham group). PAI maps 

display PA intensity distributions (a.u.) and MR images show signal intensity (a.u.) obtained with a 

MSME pulse sequence (see materials & methods). The PA contrast between the tissue and the 

background is small and the nodes are not easily distinguished. The MR images show no hypointense 

regions, corresponding with the absence of SPIOs. 
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The blackening within the nodal volume seems to display an uniform distribution and no 

irregularities are detected. Photos of the paraffin samples show that the discrepancy 

between MR and PA images could be caused by a sensitivity difference between both 

modalities as the nodes show a decreased SPIO deposition in their center (Fig. 5, purple 

arrows) which corresponds with the PA images. Shapes and dimensions correspond for 

both imaging modalities. The detected iron concentrations measured with VSM varies from 

2.9 to 4.2 µg/mm3 (Table 1). Histology reveals no metastatic cells (Fig. 8(1-3)).  

 

Fig. 5. PA and MR images of the control group. The PA images show a clearly distinguishable 

continuous high contrast band in the peripheral zone of the nodes while MR images display 

hypointensity throughout the nodal volume, with exception of node 3 (red arrow). Photos of the 

paraffin sections show that this discrepancy could be caused by sensitivity differences between both 

modalities, because the central zone of the nodes display a decreased SPIO deposition (purple 

arrows). 
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Fig. 6. PA and MR images of the metastatic groups. The PA response pattern is grossly comparable to 

the areas of MR signal decrease in all the nodes. The contrast distribution is irregular compared to the 

control group with large areas lacking enhancement, especially in the major metastatic group (Red 

arrows). MR and PA contrast patterns grossly compare for all the nodes. In contrast to the other nodes, 

node 6 seems to contain a regular peripheral contrast band with only a small decreased PA response in 

the lower left quadrant (purple arrow). 

The PA images of the nodes in the major metastatic group (Fig. 6(1-4)) show an altered 

contrast distribution. There is an absence of a continuous contrast band together with a 

lowered PA response. The PA signal areas within the images display a discontinuous, 

irregular distribution with a decreased PA signal response compared to the control nodes 

(Table 1). MR images show a similar contrast distribution with a lack of hypo-intensity in 

large areas of the nodal volume (Fig. 6, red arrows). In areas displaying the presence of 

SPIO contrast, the contrast bands seem to be irregular with hyper intensive spots within 

these contrast areas. Again there is a clear resemblance in contrast distribution between the 

MR and PA images, as more clearly displayed by a comparison of the images of lymph 

node 1 (Fig. 7). Both maps show a similar lack of contrast in the left lower part of the node 

while an irregular contrast band is located in the upper right. The iron concentration 
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measured within the nodes of the major metastatic group is also significantly lower 

compared to the control group with concentrations ranging from 0.4 to 1.0 µg/mm3 (Table 

1). Histology reveals the presence of metastatic cells (Fig. 8(4-6)) in all nodes, although the 

location of these metastases could not to be matched to all contrast lacking areas in the MR 

or PA images on a point-to-point basis. This is more clear once the images of lymph node 1 

are compared to the vimentin stains (Fig. 7). Although the node shows larger metastatic 

deposits in the lower peripheral zone of the node (red arrows) compared to the upper part 

(blue arrows), the vimentin map shows that not all contrast lacking areas correspond to 

metastatic cell deposits.  

 

The PA images of the nodes in the minor metastatic group (Fig. 6(5-8)) do also display 

irregularities in their contrast distribution and a decreased PA response per mm3 (Table 1). 

The amount of PA contrast per mm3 has however decreased less than within the major 

metastatic group (Table 1). The corresponding MR images also show areas which lack the 

hypo-intensity caused by SPIO presence (Fig. 6, purple arrows) and to great extent correlate 

Fig. 7. PA and MR images compared with both H&E and Vimentin histology staining for node 1. The 

contrast distribution between PA and MR is comparable, showing some SPIOs deposits in the upper 

parts of the node and absence of SPIOs in the lower parts (Red dotted line). Localization of the 

metastatic deposits is difficult to correlate to the images using the H&E staining due to lack of 

contrast between metastatic cells and lymphocytes. Vimentin staining shows the metastatic deposits 

more clearly (dark brown) and displays a larger amount of metastatic cells in the lower part of the 

node (red arrows). Some metastatic cells can be detected in the upper part of the node (blue arrows) 

but deposits are less pronounced. 
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to the absorption patterns of the PA images. However, the hypo-intense areas seem to be 

less extensively present than within the major metastatic group. Compared to the other 

nodes within the group, lymph node 6 displays a more regular contrast distribution with 

only a minor area of SPIO absence in the left peripheral zone (purple area). Measured iron 

concentrations of the minor metastatic group lie between the control and major metastatic 

group ranging from 1.1 to 1.8 µg/mm3 (Table 1.).  

 

Correlation of the calculated APVs with the measured iron concentrations using the least 

squares approach for all nodes reveals a strong linear relation between the two (Fig. 9), 

showing a correlation coefficient R=0.94 and a corresponding root mean square of the error 

(Root MSE) of 1.3. This correlation shows that it could be possible to produce an 

estimation of the iron concentration by analyzing the PA image contrast within the node. 

Multiple wavelength imaging of SPIO containing areas in two of the lymph nodes shows an 

almost constant average PA response for 720, 740, 760 and 780 nm excitation. This 

constant response agrees with the extinction spectrum of the SPIO dispersion (Fig. 10) 

which is dissimilar from the varying absorption of hemoglobin in this wavelength range.  

Fig. 8. H&E staining of the control and tumor groups together with the primary tumor at 4x, 10x and 

40x magnification. The control nodes show the presence of both lymphocytes and macrophages (1-3). 

SPIO deposits can be seen within the peripheral zone of the node (red arrows). The nodes in the 

tumor group show metastatic involvement throughout the nodal volume with larger metastatic 

deposits in the pheripheral zone (4-6). Normal lymphocytes (blue arrow) can still be located near the 

metastatic cells (green arrow). The metastasic cells correlate well to the poorly differentiated 

adenocarcinoma cells of the primary tumor (green arrow) (7-9). 
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5.4 Discussion  

The results demonstrate that there is a difference in both the PA contrast pattern and the PA 

intensity between resected rat lymph nodes with and without metastatic deposits after 

subcutaneous SPIO injection. A regular high intensity PA contrast pattern in the periphery 

of the nodes seems to correspond to an absence of nodal metastases while the presence of 

metastatic deposits results in a decline of PA signal intensity and the presence of 

irregularities in the peripheral contrast band. MR imaging shows a similar trend with the 

presence of  larger areas of hyper-intensity once the tumor inoculation time is prolonged. 

These findings correspond with the general theory that SPIO uptake in metastatic lymph 

nodes is altered due to displacement of peripheral macrophages by metastatic cells as 

explained by Kimura et al (42). To our understanding this is the first time that nodal 

metastases are visualized with PA imaging using a non-specific clinically approved contrast 

nanoparticle.  

 

However, one-on-one matching of the PA and MR images with histology does prove 

challenging as shown in Figure 7. This could be explained by small differences in 

orientation or the fact that MRI and PAI contain slice thicknesses of 1 mm while 

histological slides are only 5 µm. Its leads us to conclude that PA images should not be 

viewed as an exact metastatic map, but that alterations in the absorption pattern should be 

interpreted as indications of metastatic involvement within the nodal volume. Although this 

might decrease the eventual sensitivity of the technique for smaller metastases, recent data 

from the American College of Surgeons Oncology Group Z0011 trial gives some indication 

that small metastatic deposits in lymph nodes are of limited importance for the clinical 

outcome of, for example, breast cancer patients (43). Although there remains some 

discussion about the implications of the trial, the fact that the detection of these deposits 

might be of minor importance compared to macro-metastases, could make the application 

Fig. 9. Correlation between the measured iron concentration with VSM and the calculated PA image 

contrast. Linear fit through 0,0 of the data points (red line) shows a linear correlation between the two 

parameters (R=0.94, Root MSE = 1.3). 
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of the method for rapid intra-operative screening especially applicable for breast cancer 

patients. The technique then offers the additional advantage that post-operative analysis 

remains possible because the tissue is left intact by the imaging procedure and can still be 

processed for histology. This would then permit additional lymph node removal once 

histology reveals that metastases have been missed.  

 

In contrast to the indication that a regular PA contrast distribution combined with a high 

signal intensity seems to correspond to a healthy node, one of the metastatic nodes, namely 

number 6, also shows a relatively regular and intensive PA band. The absence of contrast in 

the lower left part of the node (purple arrow) represents the only irregular observation in 

both PAI and MRI, making it challenging to define to which extent metastases have to be 

progressed before they can be sensitively detected with this approach. On the other hand, 

small areas of PA signal absence in benign nodes might also lead to a wrong metastatic 

diagnosis which could give the technique a higher false positive rate.  These unknowns 

warrant the claim for additional research with larger sample numbers on lymph nodes 

harboring early metastatic involvement could provide more information whether in most 

cases the metastatic induced phagocytotic changes will result in detectable alterations of the 

PA contrast map and how this has impact on the sensitivity and specificity of the technique.  

 

Fig. 10. Correlation between the optical extinction of a SPIO dispersion measured with optical 

spectroscopy (black line) compared to the amount of PA response from two lymph nodes at 4 

different excitation wavelengths (green and red line). With the absorbance displayed on a logarithmic 

scale, the zoomed graph shows that both the optical absorption and PA response are almost constant 

at the wavelength range from 720 to 780 nm. This constant absorption is not present in other 

biological chromophores, which might offer additional grounds to distinguish 
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The MR and PA images show clear similarities in the distribution of SPIO contrast, 

indicating that SPIO distributions can also be accurately mapped using photoacoustics. 

With regard to image quality, the MRI system is superior compared to the tomographic PA 

system ,but it has to be taken into account that MR image acquisition requires several 

hours. Furthermore, a comparable MR setup is not only expensive and bulky but also 

contains a strong magnetic field which is unsuitable for an intra-operative setting. These 

advantages emphasize the possible additional benefit of a PA approach.  

 

Table 1. Measured SPIO concentrations and PA contrast within the individual nodes. Nodal numbers 

correspond to the numbering within the figures. 

Control nodes Iron concentration VSM 

(ug/mm
3
) 

PA contrast in image 

(mm
-3

) 

1 2,9 13,0 

2 3,5 9,6 

3 4,2 15,6 

4 3,6 15,0 

Metastatic 

nodes 

Iron concentration VSM 

(ug/mm
3
) 

PA contrast in image 

(mm
-3

) 

1 0,4 0,8 

2 0,6 2,5 

3 1,0 5,4 

4 0,7 3,8 

5 1,6 8,4 

6 1,1 6,8 

7 1,8 7,5 

8 1,7 6,5 

 

The decrease in PA intensity within the metastatic nodes corresponds to a measured 

decrease in iron concentration (Table 1). The iron concentrations measured with VSM show 

a decline in SPIO uptake depending on the length of the primary tumor inoculation time. 

PA contrast amounts are shown to have a strong linear relationship (R=0.94) with the iron 

concentrations indicating that the PA intensity could be converted into an estimation for the 

iron amount. Although this remains to be a qualitative estimation because the actual photon 

fluence within the tissue is unknown, more quantitative approaches could possibly be 

implemented including an ultrasound modulated fluence correction approach (44). For now, 

the fact that PA intensity per mm3 seems to be decreased in metastatic nodes, which can be 

linked to a decreased iron concentration, shows that PA intensity measurements could 

possibly be used as an additional tool for nodal assessment.  

 

The fact that the control lymph nodes are smaller and contain less immune cells than the 

nodes within the tumor groups could raise some questions about the applicability of the 

technique for large reactive nodes. These nodes could for example be present once the 
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immune system reacts to the presence of a primary tumor. Although we stress the 

importance of further research, results in a healthy animal model in which reactive nodes 

were induced by incomplete Freund Adjuvant injection also showed the presence of regular 

high intensity peripheral PA contrast bands (34). This seems to indicate that the uptake of 

SPIOs by the peripheral macrophages is unaltered even if tumor induced reactivity results 

in the presence of more immune cells and swelling of the node. The technique might 

therefore also be suitable for larger or activated lymph nodes.  

 

Finally, even though the results demonstrate the potential of an intra-operative PA 

application for resected ex vivo nodal staging, the use of SPIOs in an in vivo setting could 

also be considered. In such a setting, the fact that smaller SPIO deposits generate lower PA 

response (45) could be compensated by differentiation on the basis of multiple wavelength 

excitation. The constant PA response of the SPIOs in the near-infrared (Fig. 10) is 

dissimilar from the varying absorption of oxy- and deoxyhemoglobin, providing some 

grounds to separate the PA signals of both. Future research will be directed towards such a 

spectral method, which should verify if SPIOs could also contain in vivo applicability.  

 

5.5 Conclusion 

The use of a tomographic PA setup together with a subcutaneously injected, clinically 

approved SPIO dispersion is capable of distinguishing benign from metastatic nodes in an 

ex vivo setting. Indications for metastatic involvement seem to be a lowered and irregular 

PA intensity pattern which can be linked to a decreased SPIO concentration and 

distribution. These results pave the way for a clinical exploratory study into the accuracy of 

the technique for intra-operative staging.  
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Application of carbon nanoparticles for 

photoacoustic detection of lymph node 

metastases 

 

 

Detection of tumor metastases in the lymphatic system is essential for accurate staging of 

malignancies. Photoacoustic (PA) and MRI based differentiation between metastatic and 

benign lymph nodes can be achieved through the addition of clinical grade nanoparticle 

dispersions containing iron oxide cores. However, the expense and limited optical 

absorption of these particles makes them less ideal for PA nodal staging alone. We 

therefore verify in an animal model whether carbon nanoparticle dispersions, characterized 

by a higher optical absorption, can be used to facilitate PA intra-operative nodal staging. 

Experiments are mainly focused on the use of these particles for intra-operative ex vivo, 

however their potential for superficial nodal staging is also explored.  Results show that ex 

vivo nodal staging using carbon nanoparticle dispersions can be performed successfully and 

is able to distinguish both normal and hypertrofic lymph nodes from metastatic nodes, 

based on their PA maps. Differentiation between unresected benign and metastatic nodes, at 

a depth of 1 cm beneath the skin, however remains challenging due to the absence of 

sufficient signal in both types of nodes. We conclude that carbon nanoparticle dispersions 

can be used to facilitate PA ex vivo nodal staging which could make them applicable in a 

intra-operative setting.  
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6.1 Introduction 
Exogeneous agents are applied throughout all fields of medical imaging to enhance the 

contrast between the tissue of investigation and its surroundings. In oncology, their 

application is of the greatest importance to accurately stage and monitor the progress of 

multiple malignancies. So are gadolinium based contrast fluids routinely used to enhance 

Magnetic Resonance Images (MRI) of neurological, hepatic, or renal malignancies (1) 

while iodine based agents are applied to support the visualization of for example lung 

cancer nodules (2). As it is well known that the presence of lymph node metastases has a 

great influence on the treatment and survival (3) of patients suffering from various 

malignancies, research into agents which could aid in the visualization of these metastases 

was already initiated in the early nineties (4,5). Pieterman et al. (6) demonstrated that 

sensitivity and specificity of PET after administration of 18F-FDG was superior to 

unenhanced CT in detecting malignant lymph nodes and staging of lung cancer. A 

combination of PET and CT increased the accuracy of staging even more (7). For nodal 

staging in prostate cancer 11C-Acetate and 11C-methionine have shown to be more useful 

then 18F-FDG (8,9). In the area of MRI, consecutive years of research resulted in the 

introduction of iron oxide based contrast materials for pre-operative nodal staging. Several 

groups obtained valuable information about the safety of the applied agents (10,11) and 

their additional value in the detection of nodal metastases using MRI (12). So called, ultra-

small superparamagnetic iron oxide (USPIO) nanoparticles proved to increase the 

sensitivity and specificity for detection of lymph-node metastases throughout the human 

body, while iron oxide nanoparticles with slightly larger cores (SPIOs) proved to be of 

additional benefit for regional lymph node staging in breast cancer (13). The concept 

behind the application of USPIOs and SPIOs was first shown by Weissleder et al (14), who 

verified that while macrophages in benign lymph nodes internalize these nanoparticles, the 

displacement of these macrophages by metastatic cells ensures a decreased uptake. MRI is 

able to visualize this difference because of the change in relaxation time induced by the iron 

oxide cores of the material.  

Recently our group demonstrated that SPIO particles could also be of additional benefit for 

nodal staging using photoacoustic (PA) imaging, a technique utilizing ultrasound detection 

after short pulsed laser excitation (15). Illumination of nodal tissue containing SPIO’s 

results in a thermo elastic expansion due to an increased absorption, generating a detectable 

ultrasound wave. Because of  the relatively small scattering of ultrasound waves compared 

to photons, a high resolution can be maintained up to several centimeters beneath the tissue 

surface (16-18). Compared to SPIO particles, carbon nanoparticles are even more prone to 

thermo elastic expansion due to their increased absorption in the near-infrared (19,20) 

which could result in larger PA signals at lower concentrations. The non-clinical status of 

carbon particles also makes them inexpensive to manufacture compared to commercially 

produced clinical SPIO dispersions ($2000, 8ml). Nodal mapping using carbon 

nanoparticles has already been investigated in abdominal surgery, where colonic lesions 
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routinely are being mapped using a carbon nanoparticle dispersion, like India Ink (21). The 

long term safety of the routine has been verified extensively and  the particles have been 

found safe to use for colonic marking (22). Kumashiro et al (23) furthermore showed that 

carbon dispersions can be injected safely into patients undergoing a radical lymphadectomy 

for rectal cancer, facilitating the discernability of the nodes and resulting in less nerve 

damage during resections. Subdermal injection of carbon particles in the breast was also 

shown to improve intra-operative mapping of lymph nodes during radical mastectomies 

while showing no adverse reactions (24). A similar approach has been studied for gastric 

cancer resulting in a larger number of lymph nodes to be identified and dissected (25). It 

was also found that metastatic lymph nodes had an intact lymphatic system allowing carbon 

particles to reach them as efficiently as non-metastatic nodes. However, systematic 

validation of the staging potential of carbon nanoparticles has not been performed and it is 

unknown whether these particles are able to produce a similar staging improvement as iron 

oxide based agents. Here we verify whether carbon nanoparticle dispersions can be used for 

photoacoustic regional lymph node staging. Performance is being studied in a metastatic 

animal model both ex vivo and in corpore, in euthanized animals. Results are compared to 

SPIOs and conclusions are drawn regarding the clinical application potential of carbon 

nanoparticles.  

 

 

 

 

Fig. 1. Extinction spectra of both iron and carbon nanoparticle dispersions (100x diluted). Both 

nanoparticles display a decline in extinction with an increase in excitation wavelength.  
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6.2 Materials and Methods 

 

6.2.1 Animal protocol 
Carbon nanoparticles were produced by diluting 1 ml of India Ink (Rotring, Hamburg, 

Germany) in 9 ml phosphate buffered saline solution. The dispersion was filtered utilizing a 

0.2 µm polymer filter, to guarantee sterilization and the exclusion of nanoparticles larger 

than 200 nm. The extinction spectrum of the dispersion after an additional 100 times 

dilution is depicted in Figure 1, together with the extinction spectrum of iron oxide 

nanoparticles (Endorem®, Guerbet, France).  

In order to analyze the potential of carbon nanoparticles for photoacoustic nodal staging, a 

metastatic animal model was used and approved according to the Dutch animal welfare 

guidelines. Four female Copenhagen rats (± 200 g) were subcutaneously inoculated with 

one million highly metastatic prostate carcinoma (MAT-lylu) cells in the left hindpaw. 

Cells were cultured in RPMI-1640 medium, supplemented with 10% fetal calf serum and 

100 ml penicillin/streptomycin. After 8 days of inoculation, 0.1 ml of the carbon dispersion 

was injected subcutaneously around the primary tumor and in the opposite hindpaw. This 

was done, so the popliteal nodes on the contra lateral side could be used as controls, as 

previously shown possible by Vassallo et al (26). In order investigate the effect of aspecific 

immune stimulation of lymph nodes, two female Wistar rats (± 400 g) were injected with 

0.1 ml of Incomplete Freund Adjuvant (IFA) instead of tumor cells in both hindpaws. This 

was done since reactive non-tumor harbouring lymph nodes, could be present in a situation 

where the presence of primary tumor has resulted in the activation of the immune system, 

as is the case in many oncological patients. From both animal groups, the lymph nodes 

were resected 24 hours after carbon injection and freshly imaged using photoacoustic 

tomography. The animal protocol resulted in 12 nodes to be resected, 4 metastatic, 4 

reactive and 4 control. After imaging the nodes were fixated in 4% formaldehyde and 

histologically processed using H&E staining. Photographs of the paraffin blocks were made 

to provide some indication of the carbon distribution within the node.    

6.2.2 Photoacoustic imaging 
All resected lymph nodes were placed inside a hollow transparent 3% Agar sample holder 

with an inner diameter of 25 mm and wall thickness of 10 mm. Twenty tomographic 

projections were acquired at approximately 20 mJ/cm2 using the instrument we described 

previously (Fig. 2A) (27) . An illumination wavelength of 720 nm was chosen to compare 

the imaging results with those obtained using SPIO particles. Filtered acoustic 

backprojection was used to reconstruct the images. After reconstruction the average signal 

quantity within the different groups was estimated by calculating the mean pixel intensity 

within the nodes and averaging it across the group. The pixel intensity of each node was 

calculated by averaging all the pixels above background level, within the nodal outline.   

Calculations were performed using Matlab based software.  
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In addition to the ex vivo image protocol, two metastatic animals were imaged directly after 

euthanization while the nodes still remained in the body, using the hand-held VEVOLAZR 

photoacoustic setup (Visualsonics, Ontario, Canada) (Fig. 2B). This setup proved capable 

of real-time acquisition of the photoacoustic signal while enabling a direct ultrasound 

overlay to facilitate the identification of anatomical structures. To facilitate PA imaging the 

animal was carefully shaved while keeping the skin intact. After placing the transducer on 

the inguinal area between tail and paw and enabling image acquisition with ultrasound gel 

contact, a volume scan of the area containing the popliteal node was made using 

mechanically translocated B-Mode scanning with an inter-slice distance of 200 µm. A 

comparable excitation wavelength of 720 nm was used and all images were acquired at 

approximately 20 mJ/cm2. Image acquisition time of the system proved to be 0.2 s for a 2D 

image and 74 seconds for a 3D volume scan of 10 mm. To verify these in corpore image 

results, the nodes were also scanned after resection by embedding them in ultrasound gel 

and performing a comparable volume scan. After imaging, the metastatic nodes were 

processed in a similar way as the other lymph node samples. In addition, they were 

immunohistochemically stained with Vimentin to improve the correlation of metastatic cell 

clusters with the PA images.  

6.3 Results  
Tomographic photoacoustic imaging of the control nodes (Fig. 3(A-D)) shows that most 

signal is generated in the nodal border and the contrast of the nodal center is lowered 

compared to the background. Generated signal quantities are not totally homogeneous 

throughout the peripheral zone for nodes A and B (yellow arrows), where nodes C and D 

show fairly regular signal distributions. For all nodes, the size can be easily depicted and no 

areas in the peripheral zone remain unenhanced. The average mean pixel intensity within 

the control nodes proves to be approximately 200. Corresponding photographs of the 

paraffin blocks are difficult to interpret due to the small sizes of the nodes but show the 

Fig. 2. Overview of the tomographic photoacoustic setup (A) and  the VEVOLAZR imaging system (B) 
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presence of carbon nanoparticles within the nodal volume (Fig 3A. Blue arrow). Histology 

(Fig. 4(A,D)) verifies that all nodes are unreactive node without an increased presence of 

immune cells or metastatic deposits. Phagocytosed carbon nanoparticles can be 

distinguished within the peripheral zones of the nodes (Fig. 4D).    

Photoacoustic imaging of the reactive nodes (Fig. 3(E-H)) which are larger in size (long 

axis ± 4-5 mm compared to 1-2 mm), depicts clear and continuous signal bands in the 

peripheral zone of the nodal volume. The center of the nodes remains unenhanced which 

corresponds well with the corresponding photographs of the paraffin blocks where the 

center of the nodes also lack the presence of carbon particles (red arrows). The average 

Fig. 3. Photoacoustic images of the three different lymph node groups together with a corresponding 

photos of the paraffin blocks. PA images of the control lymph nodes (A-D) show a relatively 

homogeneous contrast distributions and a lack of signal in the centre of the nodes. A slight signal 

decrease can be noted in nodes A and B (yellow arrows). Photos show the presence of carbon 

nanoparticles within all the control nodes (brown/black discoloring) and display a decrease of 

carbon deposition in the center of the nodal outline which explains the lower signal intensities at 

these locations. PA images of the reactive lymph nodes (E-H) display a similar distribution with 

regular contrast deposition in the peripheral zone of all the nodes. The lack of contrast in the center 

of the nodes corresponds with an absence of carbon particles at these locations (red arrows). PA 

images of the metastatic nodes (I-L) show the absence of a regular distribution and multiple areas of 

decreased signal intensity (pink arrows). This irregular distribution is less pronounced in the PA 

image of node I, although an absence of signal can be seen in the lower left quadrant (green arrow). 
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pixel intensity within the nodal volume is higher compared to the control nodes 

(approximately 450 to 200) which is mainly caused by the large contribution of lymph node 

E. If it was left out of the comparison, average pixel intensities are more or less comparable 

(approximately 150 to 200)  which might indicate that the activation of the immune system 

does not influence the amount of nanoparticle uptake significantly. Histology (Fig. 4(B,E)) 

reveals clusters of activated B-plasma cells (red arrow) together with an increased total 

number of lymphocytes (green arrow) corresponding to an activated immune response and 

a swelling of the node. No metastatic cells were located.   

The metastatic nodes (Fig. 3(I-L)) correspond in size with the reactive nodes but reveal an 

irregular PA response pattern with areas of lower and higher contrast throughout the nodal 

volume. The PA maps correspond poorly to the homogeneously distributed contrast maps 

of both the control and the reactive nodes with large areas of contrast absence within the 

peripheral zone (pink arrows). These irregularities are less distinct in the photoacoustic scan 

of lymph node I which shows a regular distribution only lacking signal in its lower half 

(green arrow). The corresponding photographs of the paraffin blocks also show a lack of 

carbon deposits in several locations for nodes I and J where the paraffin blocks of nodes K 

Fig. 4. H&E stainings of the different lymph node groups. The control nodes (A,D) are relatively 

small and display the presence of carbon nanoparticle deposits in the nodal cortex (pink arrow). 

These particles are all phagocytosed by nodal macrophages. The nodes are devoid of any large B-cell 

follicles. The reactive nodes (B,E) display an increased size and the presence of many B-cells (red 

arrow) together with thickly packed T-cells (green arrow). The metastatic nodes (C,F) also show an 

increased size and appear to be more rounded. Numerous poorly differentiated metastatic cells can 

be located throughout the nodal volume, displaying an increased size, multiple mitotic figures and 

deformed nuclei (yellow arrows).   
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and L almost show no deposits at all. The amount of PA response is relatively comparable 

to that generated within the benign and reactive nodes ( approximately 150). Histology 

(Fig. 4(C,F)) depicts numerous metastatic cells especially in the peripheral zone of the 

nodes. The tissue displays a high number of mitotic figures and the cells are enlarged and 

poorly differentiated (yellow arrows) corresponding with the characteristics of the MAT-

lylu adenocarcinoma. In addition, the nodal outline is more rounded which characterizes 

metastatic lymph nodes (Fig. 4C).     

During in corpore photoacoustic imaging of the two euthanized animals using the 

VEVOLAZR system, lymph nodes could be easily located in the inguinal area. Together 

with image acquisition, the total scan time did not exceed 15 minutes. The ultrasound 

overlay enabled the identification of several anatomical structures in the inguinal zone 

while the nodal outline could be easily tracked due to the hypo intensity of the nodal tissue 

(Fig. 5(A,B,) white dotted line). Correlation of the PA signal with the anatomical location 

of the deposits was significantly improved using this overlay. Hybrid imaging shows an 

inhomogeneous contrast distribution within the nodal volume of the metastatic nodes (Fig. 

5(A-B)) with large areas lacking any PA signal generation. Minor PA signal amounts 

however, can be observed in the upper part of both nodes (pink and green arrows). After 

resection a slightly similar heterogeneous contrast distribution can be observed (Fig 5(C-

D)) where only some areas in the upper regions of both nodes contain PA signal (blue, pink 

and green arrows). Histological comparison using Vimentin (Fig. 5(E-F)) shows extensive 

metastatic involvement inside both nodes (brown). More or less unaffected areas (light 

blue) can also be noted (blue arrow) which could explain the various PA signal still present 

within the node, however direct correlation between PA and histology remains challenging. 

In addition, the presence of an afferent vessel (pink arrow) might offer an explanation for 

the PA signal generated in the right half of the node. PA imaging of the control nodes (Fig. 

5(G-H)) does also show an absence of signal in the nodal volume which deviates from 

earlier observations. Vessel like structures surrounding the nodal volume (orange arrows) 

can also be noted. In corpore results are contradictory to the ex vivo results (Fig. 5(I-J)) 

which show an homogenous distribution throughout the nodes. Histological comparison 

verifies that no metastatic cells are present inside the nodes and dimensions are comparable 

to those measured inside the PA images. The presence of a vessel-like structure exiting the 

first control node (Fig 5I, red arrow) seems to correspond to the presence of the nodal hilus 

at this location on histology (Fig 5K, red arrow).  
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6.4 Discussion  
Based on the obtained results we can conclude that there is significant difference between 

the PA response of resected benign and metastatic lymph nodes after carbon nanoparticle 

injection. Regular and homogenous intensity bands in the peripheral zone of both control 

and reactive nodes are replaced by inhomogeneous distributions with larger low contrast 

areas. These changes are comparable to those seen after injection of SPIO nanoparticles and 

correspond to the theory of macrophage replacement by metastatic cell involvement, as for 

example described by Kimura et al (28). The resemblance in PA absorption maps between 

control and immune-reactive nodes demonstrates that any immune reactive response to the 

tumor may not be of influence on the overall PA response. Based on these observations, the 

effectiveness of the technique might be independent from the state of the lymphatic system 

which is beneficial for clinical applicability.   

Fig. 5. In corpore and ex vivo PA lymph nodes scans of two metastatic and two control nodes acquired 

using the VEVOLAZR system. All images are composed of an overlay of ultrasound (gray) and 

photoacoustic (red-yellow) scans. Nodal volumes are outlined in white. Metastatic nodes show an

irregular contrast distribution both within the animal (A-B) as after resection (C-D) displaying large 

areas which lack PA signal. Some PA signal can be detected at different locations throughout the nodal 

volume (pink, blue and green arrows). These areas show some correlation with a decreased presence of 

metastatic cells (brown) in immunohistochemical Vimentin stained slices (E-F, blue and green arrows). 

In addition, the presence of a blood vessel (pink arrow) correlates with the PA signal on the right side 

of the first node. Control nodes show almost no PA signal within the animal (G-H) and are surrounded 

by vessel like structures, generating large PA responses (orange arrows). After resection the control 

nodes show up completely enhanced (I-J) and a small vessel-like structure seems to run near the first 

lymph node (red arrow). Histology reveals no metastatic cells (no brown staining) (K,L) and depicts 

several small vessels exiting the lower side of the first node (red arrow).   
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Imaging results obtained with the VEVOLAZR system show that PA information can still 

be obtained at a depth of 1 cm while maintaining an unimpaired skin barrier . However, a 

distinction between benign and metastatic nodes proves to be challenging. The absence of 

PA signal in the volume of the benign nodes could be explained by the lower fluence at 

these depths or the influence of other anatomical structures which overpower the relatively 

weak PA signal of the carbon nanoparticles. Especially nearby vessels (Fig 5 (G-H), orange 

arrows) containing significant amounts of hemoglobin could contribute to this effect. In 

order to remove the PA signal associated with hemoglobin, PA spectroscopy could be 

implemented in future setups. The characteristic absorption spectrum of hemoglobin in the 

near-infrared might be relatively easy distinguished from the flat spectrum of carbon 

particles which could lead to better non-invasive staging results. The additional PA scans of 

the excised lymph nodes show that a distinction between benign and metastastic nodes can 

again be made once the lymph nodes are resected.  

 

Whether metastatic nodes also retain lower amounts of carbon nanoparticles compared to 

control or reactive nodes remains hard to verify because exact carbon concentrations could 

not be measured. The PA contrast analysis seems to indicate that this difference is relatively 

minor as average signal strength is comparable between groups, however because a 

quantitative analysis technique is unavailable we are unable to validate this. The average 

mean pixel intensity within the nodes after carbon injection however proves to be higher 

compared to that detected in the SPIO enhanced nodes of our earlier study (approximately 

200 to70) (15). This observations indicates that carbon nanoparticles dispersions might be 

more potent PA contrast agents than SPIO’s with respect to PA signal generation. This 

aspect might be especially beneficial once a distinction between benign and metastatic 

nodes has to be produced while low particle concentrations are present within the nodes.  

Moreover, none of the animals exhibited side-effects of the carbon injections which 

strengthens its claim for safe subcutaneous use. On the basis of these observations, carbon 

particles might be preferred above SPIO nanoparticles to enable fast intra-operative 

lymphatic staging. 

 

In this study we applied two different PA imaging systems. One containing a tomographic 

approach and one based on a linear geometry. Utilization of a tomographic or linear 

geometry entails different advantages and disadvantages from a clinical perspective. The 

clinical benefits of a linear geometry, as applied within the VEVOLAZR system, are more 

numerous with respect to in vivo intra-operative appliances. A B-mode acquisition time of 

less than 1 second and a hand-held design facilitates rapid nodal scanning within a  

confined space, as is the case during many nodal resection procedures, and might therefore 

be especially suited to stage lymph nodes in vivo. One might therefore expect that such an 

approach could be especially applicable during a regional lymphadenectomy in order to 

verify which lymph nodes contain metastases. Thus providing an option to selectively 
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remove the involved nodes while maintaining the viability of the benign ones. A 

tomographic approach on the other hand could offer more advantages once an analytical 

method is designed for ex vivo resected lymph nodes, providing a higher resolution and the 

possibility of multiple angle illumination. From a clinical perspective, this approach might 

therefore be more suited to rapidly stage sentinel lymph nodes, allowing for additional 

nodal resection during the same operational procedure once metastases are located. The 

results show that nodal staging using carbon nanoparticles might be realized using both 

geometries although intra-operative use should verify whether a linear geometry is able to 

accurately stage lymph nodes once inserted through a surgical aperture/inlet inside a 

hemoglobin-rich environment.  

 

6.5 Conclusions 

Overall we conclude that carbon nanoparticles might be a suitable alternative to SPIOs for 

PA intra-operative nodal staging. Differences between benign and metastatic nodes are 

visualized by inhomogeneities in the PA contrast distributions especially in the pheripheral 

zone. Both reactive as normal nodes show a homogeneous contrast distribution which 

indicates that both can be correctly staged using PA imaging.  The distinction between 

benign and metastatic nodes is most clear in an ex vivo setting although additional research 

should verify whether in vivo staging might be possible for superficial lymph nodes. We 

recognize that carbon nanoparticles dispersion should be fabricated according to good 

manufacturing practice and tested for subcutaneous applicability before introducing them 

into a clinical setting, but state that no health or safety restrictions of the particle stand in 

the way of doing this within a reasonable time-span.  
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Comparison between in vivo, in toto and ex 
vivo photoacoustic detection of nodal 

metastases using a new clinical grade SPIO 

dispersion (Sienna+) *  
 

 

To determine prognosis and treatment, accurate nodal staging is essential in many tumor 

types. After  injection of clinical grade superparamagnetic iron oxide (SPIO) nanoparticles, 

it has been shown that metastatic lymph nodes can be distinguished from benign specimens 

using photoacoustic (PA) imaging, once these nodes have been excised. In vivo non-

invasive PA imaging of lymph nodes before resection could further expand the scope of the 

technique and would allow for pre-operative nodal staging. In order to look into the 

feasibility of such an approach six Mat-lylu inoculated Copenhagen rats were photo 

acoustically imaged after injection of a new Class IIa medical device SPIO magnetic tracer 

(Sienna+). Lymph nodes were imaged in vivo, in toto (after euthanization) and ex vivo. 

Results demonstrate that a non-invasive distinction between metastatic and benign nodes is 

impeded by the low amount of PA contrast generated by the SPIO particles compared to 

that of endogeneous absorbers. However, after excision the PA contrast of Sienna+ is able 

to facilitate a distinction between both groups. These results are verified by MRI, 

immunohistochemistry and photographs of the sectioned nodes. This comparison between 

in vivo, in toto and ex vivo PA imaging of lymph nodes after SPIO injection demonstrates 

that the clinical potential of combined PA/SPIO staging should initially be verified in an ex 

vivo setting.     

 

 

 

 

 

 

                                                           
* This chapter will be communicated as:  D. J. Grootendorst, R. M. Fratila, M. Visscher, G.C. Langhout,  B. Ten 

Haken, R.J.A. Van Wezel, S. Rottenberg, W. Steenbergen, S. Manohar, T. J. M. Ruers, “Comparison between in 

vivo, in toto and ex vivo photoacoustic detection of nodal metastases using a new clinical grade SPIO dispersion 

(Sienna+)” to the journal of Lasers in Surgery and Medicine 
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7.1 Introduction 

The detection of lymphatic metastases is related to a worse prognosis in various types of 

cancer. For melanoma, the 5 year survival rate decreases significantly if nodal involvement 

is verified (1) while survival in breast cancer patients declines with the number of 

metastatic deposits detected in the lymphatic system (2). To accurately chart nodal 

involvement, pre-operative nodal staging has been attempted for most conventional medical 

imaging techniques with diverging amounts of success. Initially, characteristics as size, 

shape and several other anatomical markers were utilized to give an indication of 

probability of metastatic presence in the lymph nodes (3-5). However it was revealed that 

10-20% of normal-sized nodes contained tumor deposits and 30% of enlarged nodes only 

show inflammatory hyperplasia (6,7), making anatomical markers less accurate for nodal 

staging in many malignancies. In colorectal cancer cases, for example, 90% of the nodal 

metastases occur in nodes smaller than 1 cm (7,8). These findings initiated a search for a 

more physiological approach to indentify metastases and resulted in 1989 with the first 

report on the potential of superparamagnetic iron oxide (SPIO) particles to enhance MR 

lymphoscintigraphy (9).   

Since then, a lot of progress has been made with respect to the clinical evaluation and 

introduction of iron oxide based nodal contrast dispersions. Not only have the particle 

components been found safe and effective (10) , but multiple clinical trials have proved that 

nodal metastases from head and neck, breast, prostate and pelvis can be distinguished with 

a larger sensitivity and specificity in comparison with unenhanced MRI’s (11). Recently a 

new SPIO magnetic tracer named Sienna+® (EndoMagnetics, Cambridge, United 

Kingdom), has received CE marking approval as a Class IIa medical device in Europe for 

use as a sentinel lymph node (SLN) tracer in combination with a magnetic detection system 

called SentiMag® (12). At the moment, the accuracy of the technique with respect to SLN 

detection is being evaluated in multiple clinical centers around Europe, preceding its 

introduction into regular patient care. A SPIO based dispersion Combidex/Resovist® was 

previously approved for MRI contrast imaging of the liver, but has since been withdrawn 

from the European market and replaced with Gadolinium based agents. However, because 

Combidex/Resovist® has been used as a nodal staging agent in a recent clinical study (13)  

it might also be applicable in the field of lymph node assessment. The magnetic tracer 

Sienna+ also contains iron oxide nanoparticles and might therefore be useful for the 

enhancement of nodal metastases in MRI, although the dispersion has not been tested for 

this purpose. If such an application might prove feasible, clearance from the EMA for this 

additional application of Sienna+ could be acquired relatively fast, because health and 

safety issues have already been assessed in earlier approval procedures.    

The additional benefit of SPIO dispersions might however not only be exploited by 

magnetic resonance techniques but also by different optical detection modalities. The 

optical properties of SPIO nanoparticles, especially the relatively large optical cross-
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sections of their iron oxide cores (14), enables them to absorb significant amounts of optical 

energy, diminishing optical transmission. One of the techniques for mapping the absorption 

is photoacoustics (PA), a hybrid imaging modality uncoupling signal generation and 

detection (15,16). Absorption of optical energy following short pulsed optical illumination 

enables ultrasound wave generation due to thermoelastic expansion. Detection and 

reconstruction of these ultrasound signals allows for the mapping of chromophores several 

centimeters deep within biological tissue (17). The fact that, ultrasonic scattering is several 

magnitudes smaller than optical scattering ensures retention of spatial resolution at larger 

imaging depths. These characteristics are already being exploited for breast cancer 

detection (18-20), melanoma imaging (21,22) and tumor visualization in small animals 

(23,24).  

In order to verify whether the applicability of SPIO dispersions could be expanded into the 

photoacoustic domain, our group has experimented with the clinical agent Endorem® 

(Guerbet, Villepinte, France) in small animals. Initially we verified whether the distribution 

of SPIO particles could be mapped in the resected lymph nodes of healthy animals and 

found out this could be done at amounts as low as approximately 11 µg (25). We then 

applied this knowledge in a metastatic animal model and visualized differences between 

metastatic and benign lymph nodes. Differences could be detected in the homogeneity of 

the SPIO distribution and the amount of PA signal generated within the nodes. Although 

this demonstrated the nodal staging potential of SPIO enhanced PA imaging for a possible 

ex vivo intra-operative application, it remained to be verified whether a non-invasive in vivo 

visualization could be performed. In vivo mapping of SPIO nodal deposits could enable 

pre-operative staging of superficial nodes or facilitate the staging of deeply embedded 

nodes during a surgical resection (lymphadenectomy).  

In this work we evaluate whether the newly developed SPIO magnetic tracer Sienna+ 

shows a similar performance with respect to ex vivo metastases detection and verify if this 

approach also allows for lymph nodes to be staged non-invasively, in vivo. To this end, we 

use a hand-held, PA imaging system capable of acquiring real-time hybrid ultrasound and 

photoacoustic images. Imaging results are compared to high field MR and 

(immuno)histochemistry. In order to find out what the influence of blood flow and motion 

is on the accuracy of distinction between metastatic and benign nodes, experiments were 

performed in vivo, in toto (in euthanized animals) and on resected lymph nodes (ex vivo). 

Eventually, this information could help in the development of a non-invasive nodal 

screening method which could be applied both pre- and intra-operative. 
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7.2 Materials and Methods 

7.2.1 Research protocol 

To study the possibility of non-invasive photoacoustic lymph node staging using Sienna+, 

six female Copenhagen rats, weighing 150-200 g were subcutaneously injected with R3327 

MAT-lylu cells in their left hindpaw. Mat-lylu cells originate from a highly metastatic 

prostate adenocarcinoma inducing metastases to the lymph nodes and lungs. Cells were 

cultured in RPMI-1640 medium, supplemented with 10% fetal calf serum and 100 ml 

penicillin/streptomycin. All experiments were set up according to the Dutch animal welfare 

guidelines and approved by the Animal Care Committee of the University Medical Center 

Utrecht. 

 

At day one, 1x106 MAT-lylu cells were dispersed in 0.1 ml of medium and inoculated 

subcutaneously in the left paw of each animal. After 8 days of tumor inoculation 0.1 ml of 

Sienna+ (iron concentration: 28 mg/ml) was subcutaneously injected in both hind paws and 

24 hours later, photoacoustic scans of both popliteal areas (around the knee joint) were 

Fig. 1. A. Overview of the VEVOLAZR© PA imaging system consisting of a sealed imaging box 

and a commercial ultrasound system coupled to a Nd:YAG-laser. B. Inside the scanning box, the 

animal is mounted on top of an adjustable scanning platform and the transducer is placed into 

contact with of the skin of the popliteal area.  



107 

 

made in order to image the popliteal node. Sienna+ differs from, for example Endorem®, 

on the basis of its coating (carboxydextran vs dextran) and hydrodynamic particle size ( 75 

vs 80-150 nm (estimated sizes)). However these differences should have limited influence 

on its biological use. Inoculation of tumor cells in the left hindpaw resulted in nodal 

metastases in the left popliteal node while the right side remained unaffected and served as 

control. PA imaging of both popliteal areas of each animal therefore resulted in an intra-

individual comparison of metastatic and benign nodes. Animals were divided into two 

groups of three animals of which the first underwent PA imaging while alive (in vivo 

group) and the second after euthanization (in toto group). In vivo animals were anesthetized 

during all image sequences to minimize motion artefacts and were monitored for body 

temperature and heart rate. The lower part of the animals was shaven to ensure proper 

contact between transducer and skin. All animals were placed on top of an adjustable 

platform (Fig. 1B) and an acoustic connection between animal and transducer was created 

with warm ultrasound gel. After imaging, both popliteal nodes were resected (left and right) 

and placed into a waterfilled tank where they were fixed with ultrasound gel to prevent 

floating. Additional PA scans of all resected lymph nodes were then acquired in order to 

verify the PA distribution after resection (ex vivo) and correlate it to the contrast 

distribution inside the animal. The total experimental protocol resulted in 6 lymph nodes (3 

benign and 3 metastatic) to be scanned in vivo, 6 lymph nodes (3 benign and 3 metastatic) 

in toto and 12 lymph nodes (6 benign and 6 metastatic)  ex vivo. 

7.2.2 Additional analysis 
Next to the hybrid PA imaging, MR imaging of the resected lymph nodes was performed 

after 4% formaldehyde fixation using a 14 Tesla MR scanner (Bruker, Ettlingen, Germany). 

Multi-slice-multi-echo (MSME) imaging sequence was used with an echo time of 7.2 ms 

and a repetition time of 1000 ms, as described in (25).  Furthermore, the iron quantities in 

the nodes were measured using differential magnetometry,  a newly developed 

measurement technique based on detection of the nonlinear response of SPIOs by 

subtracting magnetic susceptibilities at different offset fields. The linear susceptibility of 

tissue (background) does not show modulation for these fields, which provides an 

unambiguous detection of the SPIO tracer. Compensation for volume differences between 

the nodes was achieved by dividing iron quantities by the volume of the nodes. Nodal 

volumes were estimated using an ellipsoid formula in which the dimensions of each node 

were incorporated. Finally, nodes were histologically processed and stained for both H&E 

and Vimentin. Vimentin, a type III intermediate filament (IF) protein and mesenchymal 

marker, was chosen because it is specifically suited to stain highly metastatic cells like the 

MAT-lylu line. In addition, photographs of the paraffin blocks were made to verify SPIO 

distribution after embedding. In order to maintain a comparable orientation between the 

different imaging modalities, specific outlines of all samples were marked with colored 

dye.  
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7.2.3 Photoacoustic setup  

All PA imaging was performed using  the VEVOLAZR© photoacoustic setup 

(Visualsonics, Ontario, Canada) shown in Figure 1. The system is capable of hybrid PA and 

ultrasound (US) acquisition enabling a real-time overlay of both modalities. Anatomical 

information about the position of the node at the popliteal area could therefore be easily 

verified and the location of the PA response could be correlated within the node. The 

system consists of a Nd:YAG-laser coupled to a optical parametric oscillator, operating at 

20 Hz. A 256 element transducer with a central frequency of 20MHz was utilized for 

ultrasound acquisition. Optical fibers incorporated into the transducer generate a spot size 

of 24 mm2 which corresponds to a fluence of about 20 mJ/cm2. Image acquisition time of 

the system proved to be 0.2 s for a 2D image (Image dimensions: 20*23 mm) and 74 

seconds for a 3D volume scan of 10 mm (Image dimensions: 20*23*10 mm).  

7.2.4 Photoacoustic imaging 

Of both the thigh areas of the six animals and the corresponding resected lymph nodes, a 

3D volume acquisition was made of 20*20*20 mm in order the capture the entire nodal 

volume. Of these 3D scans a representative image was selected to display the PA 

distribution characteristics in each animal and resected node. Images were acquired using 

an excitation wavelength of 720 nm to compare the results with those obtained within our 

previous Endorem® study (25). In addition, an hyperspectral slice scan was performed, 

capturing image frames at 2 nm intervals from 700 to 800 nm. Hyperspectral scans were 

analyzed by loading the data into Matlab and extracting pixels with a similar spectral 

response using a spectral clustering algorithm. To compensate for fluence differences the 

data were normalized for the area under the curve. For clustering an agglomerative 

hierarchical cluster tree algorithm was used including a Haar wavelet decomposition up to 

the 12th level. The number of final output clusters was varied. The extracted pixels were 

color coded and the corresponding spectrum was visualized. The algorithm required no pre-

analysis input, except the assignment of the analysis area in the ultrasound image. The 

image acquisition speed of the system resulted in 3D popliteal scans of around 3 minutes 

and spectral slices of around 2 minutes for each animal.  

7.3 Results 

PA imaging results of the in vivo group are displayed in Figure 2. Two-dimensional 

ultrasound image slices of both popliteal areas depict the popliteal nodes as hypo-intensive 

structures (yellow dotted line) surrounded by hyper-intensive fatty areas (red dotted line). 

All nodes are located approximately 10-15 mm beneath the US detector and 4-7 mm 

beneath the skin (blue dotted line). Metastatic nodes depicted a significantly larger size 

compared to the contra-lateral control nodes which facilitated their localization. For the 

images of the control nodes the location of the node (yellow dotted line) is magnified in 

order to facilitate visual analysis of the PA distribution within them.  
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Corresponding PA scans of the popliteal areas show some signal coming from the skin 

(light blue arrows) and a 1-1.5 mm wide and several mm long highly absorbing structure 

around 10 mm beneath the detector (green arrows). PA signal generation within the 

metastatic nodal volume is mostly absent although some can be pinpointed in animal 3 

(orange arrow). The control nodes are significantly smaller and to aid visual analysis in vivo 

their outline is indicated with dark blue dotted lines. The control nodes in animal 1 and 2 

generate minor PA signals and remain hidden behind the PA response of the absorbing 

structure running on the left of the nodes (green arrows). The nodal volume of the control 

node in animal 3 (dark blue arrow) display significantly more PA signal and could be 

distinguished from the PA response of the surrounding structures. The lack of PA intensity 

within the control nodes makes it challenging to define the SPIO distribution and impedes a 

distinction between the metastatic and benign nodes based on their contrast distribution.  

Fig. 2. Top: Hybrid PA and US images of the in vivo group. The anatomical layout shows the 

hypo-intensive lymph node (yellow dotted line) embedded in hyper-intensive fat (red dotted 

line). Depth in mm from the transducer is displayed on the left. The PA overlays show 

response from the skin (blue arrow) and a linear structure on the left of the nodal outline 

(green arrow). Only some PA response can be detected inside the lymph nodes on the 

metastatic side (orange arrow) while heterogeneous response arise within the volume of the 

control nodes (blue dotted line). A. Power doppler imaging of the nodal area displays a strong 

flow at the location of the linear PA structure (black arrow) corresponding with the presence 

of a blood vessel. B. Three-dimensional reconstruction of the Doppler images shows the 

layout of the vessel beneath the skin. C. During resection a small vessel can be seen running 

near the popliteal lymph node (black arrow). 
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High resolution Power Doppler imaging (Fig. 2A-B) shows that the increased PA intensity 

in the structures pinpointed with the green arrows is caused by the presence of small blood 

vessels. Most likely a branch of the iliac vessels. Flow can be seen on the left side of the 

node (Fig. 2A, black arrow) running all the way into the nodal volume. A three-dimensional 

stack of the Doppler images shows the course of the vessel throughout the imaged volume 

(Fig. 2B). During nodal resection the vessel could also be seen running inside the extra 

nodal fat (Fig. 2C, black arrow).  

Hyperspectral PA analysis of both the control and metastatic popliteal regions of the 

animals (Fig 3A-G) also shows that most of PA intensity is located to the left of the 

popliteal node corresponding with the suspected location of the blood vessels. The 

clustermaps obtained after clustering into two final clusters  (Fig 3E and F) display an 

almost uniform spectral response in the area surrounding the node. Almost no PA response 

is seen at the location of the popliteal node (yellow arrows). Both spectral regions display a 

fairly similar spectral response (Fig 3G) with a decreasing trend towards higher excitation 

wavelengths. A small increase can be detected around 760 nm which corresponds with the 

increased optical absorption of both states of hemoglobin around this wavelength. We note 

that a larger amount of final clusters results in more spectra to be extracted although these 

spectra all resemble the spectra in Figure 3G. The results therefore strengthen the claim that 

this PA response is most likely blood related.     

Fig. 3. Hyperspectral analysis of both the control and metastatic popliteal area of animal 1. A-B: 

Anatomical ultrasound layout if the popliteal zone with both nodes located on the right side (red 

arrows). The area of spectral analysis is outlined in orange. C-D: Corresponding PA intensity 

images of both areas. E-F: Spectral clustering maps of both areas after calculation of two final 

clusters. While the popliteal nodes (yellow arrows) lack spectral information, the absorbing 

structures in the surrounding tissue show a specific spectral response. G: Spectral graphs of both 

clustered areas. Both spectra show a small increase around 760 nm corresponding with the presence 

of hemoglobin.      



111 

 

Hybrid PA imaging results of the in toto group are displayed in Figure 4. Ultrasound shows 

a similar anatomical layout, with the hypo-intensive nodes (yellow dotted line) surrounded 

by hyper-intensive fatty areas (red dotted line). The corresponding PA overlay shows 

absorption by the skin and some areas within the popliteal nodes. Overall more PA 

response can be detected within the nodal volumes of the in toto group than the in vivo 

group. PA signals related to the nearby blood vessel seem to be less prominent and could 

only be detected on the metastatic side of animal 5 and 6 (green arrows). Due to the small 

size of the control nodes their location could not always be pinpointed with ultrasound, 

however after PA overlay small regions of PA contrast were seen which corresponded with 

the locations of the nodes (dark blue dotted lines). PA distribution inside the control nodes 

did not prove to be uniform which made it difficult to distinguish them from the metastastic 

nodes on basis of their contrast distribution.    

Fig. 4. Hybrid PA and US images of the in toto group. The anatomical layout shows the hypo-intensive 

lymph node (yellow dotted line) embedded in hyper-intensive fat (red dotted line). The depth in mm 

from the transducer is displayed on the left. The PA overlays show more PA signal coming from within 

the volumes of the metastatic nodes compared to the in vivo situation while the intensities on the left 

side of the nodes have decreased (green arrows) or cannot be detected. At the locations of the control 

nodes, more PA signal can be detected although its heterogeneous distribution does not facilitate an 

more easy differentiation.  
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 PA imaging, MR imaging and photographs of the sectioned nodes (Fig 5 and 6) show that 

a distinction between the metastatic and control nodes based on the PA contrast distribution 

can be made after resection (ex vivo). All control nodes display a homogeneous contrast 

distribution within their volume (Fig. 5, upper row) which corresponds with the overall 

SPIO related blackening inside the MR images (Fig. 5, middle row). In addition, 

photographs of the paraffin blocks (Fig 5. bottom row) also show a homogenous SPIO 

distribution which confirms these imaging results. All the metastatic nodes on the other 

hand, lack PA response at specific locations within their outline (Fig. 6, upper row) 

corresponding with an inhomogeneous SPIO distribution. Similar locations, lacking SPIO 

related blackening, can be seen in the MR images (Fig. 6, middle row) and their locations 

(red arrows) grossly match those detected in the PA images. Corresponding photographs of 

the paraffin blocks also show that several locations within the nodal periphery lack SPIO 

deposition (green arrows) and that the SPIO deposition layout resemblances that detected 

by hybrid PA/US and MR imaging.  

 

Fig. 5. Hybrid PA/US and MR images of the resected (ex vivo) control nodes and the photographs of 

the corresponding paraffin sections. It can be noted that the entire volume of the nodes displays a PA 

response which correlates with the inclusion of SPIO particles throughout the nodal volume. SPIO 

related blackening can also be noted in MR images covering the entire nodal volume. In addition, the 

photographs of paraffin sections show that the SPIOs are homogeneously distributed throughout the 

sections.   
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These locations of signal absence grossly correlate with the presence of metastatic deposits 

in these regions as displayed in Figure 7. The Vimentin staining (brown) for animal 1 

shows that MAT-lylu cells are prominently located in the lower part of the node (black 

triangles) which corresponds to the area of signal absence in the PA images. Higher H&E 

magnifications confirm the deposition of MAT-lylu cells and the photograph of the paraffin 

sections shows an absence of SPIOs at the same location. The control node mostly stains 

negative for Vimentin and H&E magnifications show that the brownish discoloring in some 

places is caused by the extensive presence of SPIO depositions (black triangles)  instead of 

metastatic cell involvement. 

Quantitative iron measurements show iron concentrations fluctuate between 6 µg and 50 µg 

(Table 1). Individual variation between the different nodes is relatively large, although 

there is an average difference of ± 10 µg between the benign and metastatic group 

indicating a lower uptake for the metastatic group. Calculation of the iron concentration by 

dividing the iron amounts by the volume of each node  results in an even larger average 

difference (9.5 vs 0.7) of approximately a factor 10. These results suggest that the overall 

SPIO concentration inside metastatic lymph nodes could be lower compared to benign 

nodes. 

Fig. 6. Hybrid PA/US and MR images of the resected (ex vivo) metastatic nodes and the photographs 

of the corresponding paraffin sections. It can be noted that the PA images of all nodes show areas 

which do not generate PA signals most probably indicating a lack of SPIO nanoparticles at these 

locations. Areas without SPIO related blackening can also be noted in MR images (red arrows) and 

their locations show some correspondence with the signal-poor locations in the PA images. In 

addition, the photographs of paraffin sections show that the SPIOs are not homogeneously distributed 

throughout the volume of the metastatic nodes and that areas lacking brown discoloring (green 

arrows) grossly correspond with the areas identified by both MRI and PA.     
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Table 1. Measured iron quantities and concentrations within the resected lymph nodes 

Animal 

Number 

Control  

Iron quantity 

(µg) 

Metastatic 

Iron quantity 

(µg) 

Control 

Iron 

concentration 

(µg/mm
3
) 

Metastatic 

Iron 

concentration 

(µg/mm
3
) 

In vivo     

1 36.2 (± 0.3) 29.8 (± 0.3) 5.0 (± 0.5) 0.9 (± 0.1) 

2 24.3 (± 0.2) 35.4 (± 0.2) 8.1 (± 0.5) 1.1 (± 0.1) 

3 49.7 (±0.3) 22.6 (± 0.2) 21.6 (± 0.7) 0.9 (± 0.1) 

In toto     

1 24.8 (± 0.2) 23.6 (± 0.2) 7.3 (± 0.5) 0.6 (± 0.1) 

2 27.1 (± 0.2) 5.8 (± 0.2) 7.8 (± 0.5) 0.1 (± 0.1) 

3 27.2 (± 0.2) 9.6 (± 0.1) 7.4 (± 0.5) 0.4 (± 0.1) 

Average 31.5 21.1 9.5  0.7 

 

7.4 Discussion and conclusions 

Comparison between hybrid photoacoustic imaging of metastatic and benign lymph nodes 

in vivo, in toto and ex vivo shows that there are significant differences in distinctive power 

between the three approaches. The results show that in vivo PA imaging of the popliteal 

region is possible and absorbing structures can be visualized non-invasively at a depth of 

around 1 cm. However, the distinctive capabilities of the in vivo approach are limited and 

an indication of metastatic involvement could only be produced on the basis of nodal size. 

To our understanding this is mostly caused by the limited optical absorption of the SPIO 

nanoparticle deposits compared to endogenous absorbers like hemoglobin and melanin. The 

optical absorption of vessels running close to the node therefore transcend the PA response 

of the deposits within the nodal volume, disabling the visualization of the SPIO distribution 

and impeding an accurate distinction. In the future, these effects could possibly be limited 

by expanding the applicability of PA spectroscopy. The distinctive absorption spectrum of 

hemoglobin could for example enable the removal of hemoglobin related PA signals once it 

could be identified after multiple wavelength illumination. Residual PA intensity could then 

be increased to enable a clearer visualization of the SPIO deposition in vivo.  

The results show that the PA intensity of the surrounding vasculature is less prominent  

once blood flow and oxygenation are stopped and more PA intensity can be detected within 

the nodal volume of both benign and metastatic nodes. However, a clear distinction in PA 

distribution between both groups still cannot be visualized, mainly due to the heterogeneous 

signal distribution present within the control nodes. It has to be noticed that the high 

frequency 20 Mhz transducer favors the visualization of sub-millimeter structures which 

might be a drawback for detecting lower ultrasound frequencies produced by larger 

structures like lymph nodes. The availability of a range of transducers might therefore 

facilitate in vivo staging using SPIO nanoparticles.  



115 

 

Recently, Xi et al used antigen coupled SPIO nanoparticles to visualize breast tumors 

inside an animal model (26). They verified that antigen coupled SPIOs are able to achieve a 

PA contrast which is three times higher compared to uncoupled SPIOs which suggests that 

targeting of SPIO particles might also be a useful way to increase the particle concentration 

inside the lymph nodes. Such an approach might therefore also facilitate non-invasive 

staging.  

Fig. 7. Hybrid PA imaging, paraffin section and (immuno)histochemical staining of the metastatic 

and benign node of animal 1. Metastatic: Absence of PA intensity can be seen in the upper and 

especially lower parts of the node (white arrow). Photographs of the paraffin section also show an 

absence of discoloring at this location (white arrow) corresponding with a lack of SPIO particles. 

Vimentin staining shows prominent metastatic involvement especially in the lower part of the node 

(black triangles). Magnified H&E stainings clearly show the large poorly differentiated carcinoma 

cells embedded between the different sorts of lymphocytes throughout the nodal volume. Benign: 

PA intensity is present throughout the nodal volume which corresponds with the SPIO deposition in 

the photograph. Vimentin staining shows the absence of metastatic cells. Brown discoloring is 

mostly caused by the presence of SPIO deposits throughout the nodal section (black triangles).  



116 

 

In order to validate the in vivo intra-operative application of the technique, we recognize 

that PA nodal staging could also have been verified after skin incision, to mimic a regional 

lymph node resection procedure. However, due to the large size of the transducer compared 

to the animal, as shown in figure 1B, an incision large enough to include the transducer 

would have resulted in severe mutilation of the animal. Verification of this potential using a 

larger animal model or small patient study would therefore come highly recommended.   

Ex vivo, a clear distinction between the PA images of benign and metastatic nodes can be 

produced and the results show that a staging decision, primarily based on their PA 

distribution, can be made for all lymph nodes. These data therefore suggest that the SPIO 

magnetic tracer, Sienna+, may be applied for nodal staging with photoacoustics in an ex 

vivo setting, and as such may be helpful in fast analysis of, for example, the sentinel lymph 

node. The applicability of this new SPIO magnetic tracer ensures that an ex vivo approach 

is not limited to the availability of a single clinical SPIO magnetic tracer. Histological 

correlation shows that absence of PA contrast grossly correlates with the presence of 

metastatic cells in that part of the lymph node which shows that PA mapping is also able to 

give an indication of the underlying physiological situation.  

Because of the almost real-time image acquisition of the system, physiological information 

can be obtained within minutes after resection which might make this approach very 

suitable for intra-operative decision making. Quantitative iron measurements confirm the 

underlying change in particle uptake between the two different types of nodes and show 

that the iron quantity to volume ratio is especially distinctive. Detected iron quantities are 

comparable with our previous study in healthy rodents (25) demonstrating that lymphatic 

drainage is most likely not affected by the primary tumor. Moreover, swelling of the lymph 

nodes due to immunoreactive responses does not significantly alter the nanoparticle uptake 

but might be of influence on its concentration.        

Overall we can conclude that non-invasive hybrid PA imaging of the popliteal zone can be 

performed in vivo and within a limited time frame (3 minutes). Non-invasive nodal staging 

on the basis of SPIO distribution however remains challenging due to the limited absorption 

of the particle deposits and the influence of endogenous chromophores, such as  

hemoglobin, in the surrounding vasculature. In toto imaging shows higher contrast ratios, 

although a clear distinction cannot be made on the basis of PA signal distribution. Only 

after resection (ex vivo) of the lymph nodes, PA signal distribution allows for a clear 

distinction between benign and metastatic nodes. Absence of PA response within the nodal 

volume correlates with the presence of metastatic cell deposits which demonstrates that the 

distinction is based on physiological alterations. Introduction of the technique on a small 

scale within the operation theatre might be able to verify whether the use of SPIO particles 

could be beneficial for intra-operative (sentinel) lymph node staging during a resection.     
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Conclusions and Outlook 

 

 
The previous chapters provide an overview of our scientific achievements which were 

aimed at exploring the applicability of photoacoustic imaging for the staging of lymph 

nodes during surgical procedures. We aimed to look into the feasibility of this approach by 

detecting metastases in clinical samples using endogenous chromophores while also 

exploring the possible potential of clinical exogeneous contrast enhancers in animal 

models.    

With respect to the results of our scientific work on human lymph node samples from 

melanoma patients we can conclude that the detection of smaller metastases inside medium 

sized resected nodes can be done with photoacoustic (PA) imaging. We show that an 

increase in photoacoustic response within these nodes correlates to the presence of melanin-

rich metastatic deposits and verify that PA imaging is capable of providing a map of the 

absorbing components within these nodes (Chapter 2). Furthermore, by applying 

anatomical criteria a distinction between benign and metastatic nodes can be obtained 

(Chapter 3). The results also show that this can be done within a limited time frame and 

without any physical damage to the lymph node which makes the approach applicable 

during surgical interventions. The technical difficulty of the current embodiment is centered 

around its current accuracy with respect to metastases detection. The detection of 

hypomelanotic or amelanotic lesions could, in theory, be further optimized by 

superparamagnetic iron oxide (SPIO) nanoparticle addition, however this would not remove 

the limitation of being unable to resolve the different endogenous absorbers. As proposed in 

Chapter 3, we suggest to technically resolve this limitation  by making use of the 

spectroscopic possibilities of photoacoustics. By including the option of multiple 

wavelength excitation into a future PA setup a depiction of the absorption characteristics of 

each absorber can be obtained, enabling a distinction on physiological properties. 

Especially, the highly characteristic absorption spectrum of hemoglobin in the near infra-

red region, might make such a distinction method highly sensitive. One  has to keep in 

mind however that the inclusion of a fluence compensating algorithm, together with a 

CHAPTER  
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highly stable laser have to be considered to make these measurements quantitative and 

therefore more reliable. All in all, this might require a prolonged cooperation between 

biomedical PA researchers and algorithmic specialists to come up with a tailor-made 

imager, optimized for lymph node metastases detection. At the moment, we aim to publish 

the results of our first attempt towards the use of such a PA spectroscopic approach for the 

staging of human lymph nodes.     

With respect to our pre-clinical results on the use of SPIO nanoparticles, our research 

provides insight into the clinical applicability and sensitivity of these particles for the 

detection of non-absorbing lymph node metastases. We demonstrate that SPIOs contain a 

clearly detectable PA response within excised lymph nodes after in vivo transport from the 

injection site and show that their distribution within lymph nodes can be accurately mapped 

(Chapter 4). Additionally, we tested their potential inside an animal model and 

demonstrated that an ex vivo distinction between benign and metastatic nodes can be made 

on the basis of the PA contrast distribution (Chapter 5). These results suggest that such a 

distinction can most likely also be made for human lymph nodes and together with the fact 

that SPIO dispersions have been found safe to use within clinical practice, a rapid 

translation of this pre-clinical approach could be performed. Possible future improvements 

can be made with respect to the sensitivity of the technique by coupling the dextran coated 

particles with tumor specific antigens, a concept most recently explored by Xi et al. As 

discussed in Chapter 6, we stress that all these applications might also be pursued with the 

help of biologically safe carbon nanoparticles dispersions.  

In order to look into the possibilities of expanding the scope to non-invasive nodal staging, 

we also attempted to stage SPIO enhanced popliteal lymph nodes in vivo using a handheld 

linear array PA modality (Chapter 7). These results demonstrate that a fused combination of 

PA and ultrasound provides valuable extra information on the expected source of the PA 

signals which to our understanding is vital to perform in vivo staging. With this in mind we 

therefore stress the importance of including such a hybrid imaging option, once non-

invasive nodal staging is attempted with or without exogeneous agents in the possible near-

future.  

The additional insights gained from these experiments, learn us that presence of 

endogeneous absorbers limits the in vivo staging potential of the SPIO nanoparticles. In 

order to circumnavigate these limitations for future appliances, we again expect that PA 

spectroscopy might prove to be a valuable addition which could identify the SPIO related 

PA signal and specifically extract them. This would however also require the 

implementation of optimized soft- and hardware. 

Finally, the application of different imaging geometries shows that both a tomographic or 

hand held linear array PA approach could be valuable depending on the use of the imager 

and the surgical procedure it has to improve. For assessment of excised sentinel lymph 



121 

 

nodes a tomographic approach could be more useful, providing a homogeneous 

illumination inside a light-tight modality. For in vivo nodal assessment during for example 

a lymphadenectomy a hand held linear array approach could be more beneficial due to its 

hand-held capabilities and limited size.  

All in all, the clinical and pre-clinical feasibility evaluation of PA nodal staging in this 

thesis brings us a bit closer to the possible eventual implementation of photoacoustics in a 

clinical setting, as a non-ionizing, safe and real-time imaging solution. The near-future will 

most likely tell us in what area these advantages can be most optimally applied to serve the 

need of the medical profession and the patient.   
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