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Background and Objective: 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 assess-
ment, nodal status is not immediately available to the
surgeon. Hence, in case histological examination shows
metastases, the patient has to be recalled to perform addi-
tional 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.
Materials and Methods: In melanoma patients under-
going lymphadectomy for metastatic disease, six sus-
pect lymph nodes were photoacoustically (PA) imaged
using multiple wavelengths. Histopathologal examina-
tion 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.
Results: 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 differ-
ently to an increase in excitation wavelength than benign
nodes. In addition, differences in anatomical features
between the two groups were detected.
Conclusions: 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. Lasers Surg. Med. 44:541–549, 2012.
� 2012 Wiley Periodicals, Inc.
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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 diag-
nosed early and appropriately excised, melanoma is a cur-
able 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 senti-
nel lymph node (SLN) biopsy if the Breslow thickness of
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the melanoma exceeds 1 mm [4]. Combined histopatholog-
ical and immunohistochemcial assessment of the excised
SLN(s) proves to be an accurate predictor of the pathologi-
cal 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 (2–18% of cases), pain
(16–56%), impaired joint mobility (4–45%), and limb
weakness (19–35%) 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 harbor tumor metastases, a second oper-
ation has to be scheduled for the additional lymphadenec-
tomy. 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 involve-
ment 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 illumi-
nation. 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, harboring
high optical absorbing melanin particles, can thus poten-
tially be detected using PA imaging without any additional
labeling.

Several groups including our own have looked into vari-
ous aspects of melanoma metastases detection using PA
imaging. Nedosekin et al. [15] showed with high speed
photoacoustic flow cytometry that circulating human mel-
anoma cells could be detected in real-time in a mouse
model. Capturing of the circulating melanoma cells using
magnetic or gold nanoparticle labeling has shown to fur-
ther 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 illumi-
nation 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 pres-
ence 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 hyper-
plastic nodes.
In this study, we present our experiences on the use of

PA imaging for the detection of nodal melanoma metasta-
ses, based on the scans of six resected human lymph
nodes. Three nodes were found to be benign and three ma-
lignant 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 analyze the use of
multispectral imaging to distinguish malignant nodes
from benign nodes and discuss some instrumental draw-
backs of the present embodiment of this new approach.
Eventually this knowledge should lead to the develop-
ment of a new nodal analysis technique, which could
improve intra-operative decision making for sentinel
lymph nodes.

MATERIALS AND METHODS

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 in-
cluded 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 ap-
proved protocol. After the lymphadenectomy procedure,
one or two nodes were selected and excised for PA imag-
ing. Nodes were selected without knowledge of their path-
ological 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 six
imaged lymph nodes, three nodes proved to contain meta-
static cells (malignant) after pathological analysis and
three were labeled as benign.

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, 700–950 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
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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, France)
consisting of 32 elements. The piezo elements of the detec-
tor 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 mm 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.

Imaging

Multispectral imaging can assist in the visualization
of melanoma metastases due to differences in the optical
absorption spectra of melanin and other biological chro-
mophores like hemoglobin [19,25]. We varied the illumi-
nation wavelength and obtained images of the resected
nodes between 720 and 800 nm. In this range, hemoglobin
shows a flat or increased absorption depending on its
oxidation 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 with regard to their
shape and the presence of a hilum. All nodes were imaged
using several different excitation wavelengths as dis-
played in Table 1. 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 illumi-

nation 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 excita-
tion wavelength information. Values of both benign and
malignant nodes were normalized for the energy input
(Table 1), plotted and compared.

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 histopa-
thology. A combination of the PA images at 720 nm, histo-
logical, and overview photographs of the malignant and
benign nodes is displayed in Figures 2 and 3. Table 2
displays the maximum diameter of each node measured
in both the PA images and histopathology.

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.

Reproduced from Ref. 19 with permission from the authors and SPIE. [Color figure can be

seen in the online version of this article, available at http://wileyonlinelibrary.com/journal/

lsm]

TABLE 1. Photoacoustic Imaging Parameters

# Energy (mJ/cm2)a Wavelengths (nm)b Projectionsc

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

aEnergy was varied depending on the size of the node.
bAdditional excitation wavelengths were used to more accu-

rately define the PA response of the different structures

within the node.
cAdditional projections were taken depending on the quality

of the image.
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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 rounded. No clear hilum
could be located. Most contrast is located in the nodal
outline while most of the nodal interior shows low PA re-
sponse. An area of increased response is located at

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 darken-

ing 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). [Color figure can be seen in the online version

of this article, available at http://wileyonlinelibrary.com/journal/lsm]
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2 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 2 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).

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.

Fig. 3. PA images of benign nodes at 720 nm. Color scales are optimized to display the iden-

tified 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). [Color figure can be seen in the online

version of this article, available at http://wileyonlinelibrary.com/journal/lsm]
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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 G). The photograph of the sliced node taken
before pathological analysis (Fig. 2H) shows diffuse dark-
ening 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 respec-
tively 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 3 O’clock corre-
sponding with a relatively small area (blue arrow). The
area located at 3 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 3 O’clock to 9 O’clock. Located at 3
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 6 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 3 O’clock and larger
areas around 5 O’clock and 6 O’clock seem to include large
quantities of melanin. The upper region of the node con-
tains 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 12 O’clock (red arrow).

Imaging Benign Lymph Nodes

Node 4 showed no significant discolouring and con-
tained 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 resem-
bles a bean shape and shows a pronounced hilum at 10
O’clock (blue arrow). A speckled high contrast area (green
arrow) is located at 12 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 discoloring but showed signifi-

cant 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 distin-
guish and the nodal diameter could therefore not be deter-
mined with accuracy. In addition, no defined hilum could
be located. Most signal is located in the centre of the im-
age showing a diffuse speckle pattern (red arrow). Patho-
logical examination shows reactive changes throughout
the node with absence of malignant cells (Fig. 3E).
Node 6 showed some discoloring 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 4
O’clock. PA response is located throughout the entire
nodal volume, although fluctuations are present in some
locations. The photograph taken before pathological anal-
ysis (Fig. 3I) shows a fatty dark node which contains a
hilum at 4 O’clock (blue arrow). Pathological examination
(Figs. 3H and 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.

Multispectral Analysis

The added potential benefit of multiple wavelength illu-
mination 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
and 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.
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 2
O’clock (green arrow), the ring around the necrotic center
of the node containing viable melanoma cells (red arrow)
and the area at 3 O’clock (blue arrow). For node 4–6,
spectral analysis was respectively performed on the re-
gion at 12 O’clock (green arrow), the center 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

TABLE 2. 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

546 GROOTENDORST ET AL.



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 average pixel value
(APV) than the benign nodes, its decrease in APV up to
800 nm is less pronounced compared to node 1 and 2.

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 dem-
onstrating differences in PA response. However, it should
be noticed that not all metastatic areas detected on histol-
ogy could be visualized with PA. This could be attributed
to the biological diversity of the metastases and their mel-
anin content or the lack of optical penetration due to the
optical thickness of malignant tissue.

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. [Color

figure can be seen in the online version of this article, available at http://wileyonlinelibrary.

com/journal/lsm]

Fig. 5. Average pixel values (APVs) of the selected areas within

the lymph nodes (LN) at different illumination wavelengths.

[Color figure can be seen in the online version of this article,

available at http://wileyonlinelibrary.com/journal/lsm]
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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 malig-
nant nodes show, their tissue is slightly discolored and in
node 1 even severely darkened which produces an in-
creased 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 being implemented and evaluated. It has to be men-
tioned that our final application purpose of scanning
resected nodes during surgery does not require the scan-
ning of nodes larger than 1–1.5 cm because it is already
relatively certain that these will harbor 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
response can be attributed to the presence of hemoglobin,
which could be present in small vessels or hemorrhages
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 hemor-
rhages 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 un-
known in an ex vivo sample makes it more difficult to veri-
fy 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 at-
tenuation 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 meta-
static presence. To improve spectral unmixing in future
experiments, the implementation of algorithms to correct
for light attenuation [26–28] and speed-of-sound inhomo-
geneities [29], could prove helpful. Further, optical

spectroscopy could be used to obtainmore knowledge on the
exact content ofmalignant 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. Ultra-
sound features described as being indicators for metastat-
ic 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 (Figs. 2 and 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 while two of the benign nodes pos-
sessed 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 imag-
ing using a wavelength of 532 nm could have enhanced
these features as we have shown earlier [20]. Unfortu-
nately, 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 illumina-
tion could improve the identification of these structures
as shown in Figure 4. We emphasize that the absence of
these features does not fully exclude the possibility of the
node harboring (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 mela-

noma metastases in resected human lymph nodes can be
performed using photoacoustics, however a highly accu-
rate parameter to distinguish between malignant and
benign nodes is at this point, with 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 wave-
lengths, 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 influ-
ence of the biological diversity, and the role photoacous-
tics can play in accurately identifying metastases on the
basis of these characteristics.
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