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Positron lymphography using 18F-FDG followed by Cerenkov-guided

resection of lymph nodes in healthy mice has previously been intro-
duced by our group. Our aim in this study was to further assess the

technique’s potential beyond merely localizing sentinel lymph nodes.

We now aimed to evaluate the potential of positron lymphography to
characterize the nodes with respect to their tumor status in order to

identify metastatic lymph nodes. We explored whether metastatic

nodes could be distinguished from normal nodes via dynamic 18F-

FDG lymphography, to then be resected under Cerenkov imaging
guidance. Methods: A murine melanoma cell line highly metastatic

to lymph nodes (B16F10) was implanted subcutaneously on the dor-

sal hind paw of C57mice while the tumor-free contralateral leg served

as an intraindividual control. A model of reactive lymph nodes after
concanavalin A challenge served as an additional control to provide

nonmalignant inflammatory lymphadenopathy. Dynamic PET/CT im-

aging was performed immediately after injection of 18F-FDG around

the tumor or intracutaneously in the contralateral footpad. Further-
more, PET/CT and Cerenkov studies were performed repeatedly over

time to follow the course of metastatic spread. In selected mice,

popliteal lymph nodes underwent Cerenkov luminescence imaging.
Hematoxylin and eosin staining was done to verify the presence of

lymphatic melanoma infiltration. Results: Positron lymphography

using 18F-FDG was successfully performed on tumor-bearing and

non–tumor-bearing mice, as well as on controls bearing sites of inflam-
mation; the results clearly identified the sentinel lymph node basin and

delineated the lymphatic drainage. Significantly prolonged retention of

activity was evident in metastatic nodes as compared with controls

without tumor. On the basis of these results, the contrast in detection
and identification of metastatic lymph nodes was distinct and could be

used for guided lymph node resection, such as by using Cerenkov

luminescence imaging. However, retention after 18F-FDG lym-
phography was also seen in acute inflammatory lymphadenopa-

thy. Conclusion: In a tumor model, significantly longer retention of

the radiotracer during 18F-FDG lymphography was seen in meta-

static than nonmetastatic lymph nodes, allowing for differentiation
between the two and for selective resection of tumor-bearing nodes

using Cerenkov imaging. Inflammation can be better differentiated

in a subacute state.
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In melanoma, sentinel lymph node status has proven to be a
critical prognostic factor in the prediction of disease-free survival,

and thus sentinel node biopsy has been implemented in the routine

clinical workup (1,2). Throughout primary tumor growth and pre-

ceding metastasis formation, the lymphatic vascular drainage system

and downstream tumor-draining lymph nodes undergo extensive

structural tumor- and tumor microenvironment–induced alterations.

With gradual recruitment of the lymphatic system by a tumor, con-

secutive hypertrophy of the associated lymph vessels and lymphatic

sinuses, as well as early hypertrophy of tumor-draining lymph nodes,

is seen, and consequently lymphatic flow from the tumor site into the

draining lymph basin is promoted.
To date, pre- and intraoperative sentinel lymph node diagnostics

are limited to nonspecific identification of the first tumor-draining

lymph node by means of lymphoscintigraphy using 99mTc-radiocolloid

or optical guidance by interstitial administration of isosulfan blue or

fluorescent dyes. Both techniques have clear advantages such as wide-

spread availability and direct optical guidance in surgery but have their

major limitation in the inability to give any evidence about po-

tential metastatic involvement or consecutive alterations in lymph

flow dynamics before lymph node excision. Current research tries to

fill in that diagnostic gap, and some approaches already have shown

promising results (3). New developments comprise selective molec-

ular imaging probes that enable detection of metastases in low cell

stages in vivo (4,5), as well as imaging modalities bearing features

to also detect the sentinel node intraoperatively, such as by optical

means (5). Tumor-induced alterations in lymphatic drainage have

successfully been visualized previously by MRI using gadolinium

nanoparticles or in a longitudinal near-infrared fluorescence imag-

ing study in mice (6). Of note, translation into the clinic remains

tedious for most of these novel techniques and agents because of

regulatory requirements.
We have shown in prior studies that positron lymphography

using 18F-FDG can identify the draining lymph nodes (7) and that

in vivo Cerenkov luminescence imaging in humans with the PET
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tracer 18F-FDG is feasible (8). We aimed to further explore the
usefulness of positron lymphography as a possible diagnostic tool
not only for localization of lymph nodes but also for characteriza-
tion of their tumor status, that is, to identify tumor-bearing lymph
nodes, visualize tumor-induced lymph flow alterations, and eval-
uate the possibility for intraoperative Cerenkov-guided selective
resection of tumor-positive nodes.

MATERIALS AND METHODS

Animal Experiments

All animal procedures were performed under general 2% isoflurane–
air inhalation anesthesia in compliance with the Institutional Animal

Care and Use Committee guidelines as well as the Guide for the Care
and Use of Laboratory Animals from the National Institutes of Health.

The animals were euthanized at a primary tumor diameter of more
than 1 cm or the occurrence of tumor-related complications such as signs

of pain or distress, weight loss, gait change, bleeding, skin ulceration, or
tumor necrosis.

Melanoma Lymph Node Metastasis Model. Nine 6- to 8-wk-old
B6N-Tyrc-Brd/BrdCrCrl mice (Charles River Laboratories Inc.) re-

ceived, on the dorsal right hind paw, a subcutaneous implant of 2 ·
105 B16F10 melanoma cells suspended in 10 mL of Matrigel (Corning

Life Sciences). The mice developed ipsilateral melanoma lymph node
metastases within 4 wk. If the primary tumor exceeded 8 mm in di-

ameter within the first 21 d, tumor-reduction surgery was performed to
allow for further metastatic growth and maximize the yield of lymph

node metastases. The popliteal lymph nodes draining the contralateral
hind leg served as a healthy intraindividual control. After imaging, the

mice were euthanized and metastatic lymph nodes were harvested for
exemplary hematoxylin and eosin (H&E) staining.

Acute Inflammatory Lymphadenitis. Four albino B6 mice were injected
with a 100-mg mixture of concanavalin A and 20 mL of phosphate-

buffered saline (Sigma-Aldrich) on the right hind paw to induce acute

lymphadenitis (5,9). 18F-FDG lymphography was performed 3 h after
injection (early inflammation), 24 h after injection (peak inflammation),

and 120 h after injection (resolving inflammation). The mice were then
euthanized, and inflammatory lymph nodes were harvested for histologic

examination by H&E staining.

18F-FDG PET/CT Imaging and Image Postprocessing

For dynamic 18F-FDG PET/CT imaging, an Inveon small-animal
PET/CT scanner (Siemens Preclinical Solutions) was used. The mice

were kept fasting for 4 h and then positioned prone on the built-in animal

bed. 18F-FDG was supplied by IBA Molecular and acquired through the
on-site radiopharmacy (specific activity. 41 MBq/mmol, radiochemical

purity . 98%). Approximately 3.33–4.07 MBq of 18F-FDG in a total
volume of up to 10 mL were injected intracutaneously around the site of

the tumor or inflammation and in the contralateral healthy hind paw.
Dynamic PET imaging over a 30-min time frame was immediately

commenced (delay from injection to scan, ,120 s). The preset PET
energy window was 350–700 keV, and the coincidence-timing window

was 6 ns. After acquisition, image data were corrected for detector non-
uniformity, dead-time count losses, positron branching ratio, and physical

decay. Corrections for attenuation, scatter, and partial-volume averaging
were not applied. Counting rates in the reconstructed images were con-

verted to activity concentrations in percentage of injected dose per gram
of tissue, using a system calibration factor (mCi/mL/cps/voxel) derived

from imaging a mouse-sized water-equivalent phantom containing 18F.
To provide an anatomic reference, a whole-body CT scan was

obtained using a standardized scan protocol with a preset voltage of
80 kVand an anode current of 500 mA. One hundred twenty rotational

steps were performed for a total of 220�, and the approximate scan
time was 120 s with an exposure time of 145 ms/frame.

For further dynamic analysis of PET images, dynamic reconstruction

in 1-min steps was performed. Time–activity curves were then created
using ASIProVM (Concorde Microsystems) software by drawing ellip-

tic regions of interest on multiple consecutive slices to create a spheric
volume of interest, visually outlining the borders of each individual

lymph node and calculating the absolute volume in cubic millimeters.
For reconstruction of the axial 18F-FDG PET/CT images at lymph

node level, OsiriX imaging software (version 5.5.1; Pixmeo) was
used. For further illustration and to facilitate visual outlining of lym-

phatic drainage, fused 3-dimensional maximum-intensity-projection
images were generated using the manufacturer’s analysis software,

Inveon Research Workspace (Siemens Preclinical Solutions).

Cerenkov Luminescence Imaging

After 18F-FDG lymphography (;2 h after injection), the IVIS Spec-
trum (Perkin-Elmer) preclinical imaging system equipped with a cryo-

cooled charge-coupled-device camera was used for Cerenkov-guided re-
section of metastatic nodes in a euthanized B6/albino mouse. After re-

moval of the fur and skin, the mouse was positioned prone in the dedicated
imaging chamber and sequential 5-min acquisitions were obtained during

stepwise surgical exposure and resection of metastatic and contralateral
healthy popliteal lymph nodes. Injection sides were placed outside the

field of view for better demarcation of the low-intensity Cerenkov lumi-
nescence signal. Using the manufacturer’s software, region-of-interest

analysis was performed on each leg to obtain average radiance values in
p/s/cm2/sr, outlining the lymph node and the adjacent exposed muscular

tissue separately for respective comparison with background values. Sig-
nal-to-background ratios were then calculated for each leg.

Statistical Analysis

For all statistical analyses, Prism software (version 7.0; GraphPad)

was used. To allow for comparability and to account for the intra- and
interindividually highly variant lymphatic uptake and drainage, group

analyses of activity concentrations were performed after data normal-
ization to the intraindividual peak lymphatic uptake in either of the

nodes or to the peak uptake of the intraindividual healthy node,
respectively. A 20-min period starting at each individual lymph node’s

time point of peak uptake was then used for further analysis.
Data are displayed as mean values 6 SDs. Paired 2-tailed t tests were

performed to compare grouped activity ratios at peak uptake versus 20 min
after peak. Unpaired t tests were performed to compare activity ratios be-

tween metastatic and inflammatory nodes in different inflammation states
(early/peak/resolving) in reference to their respective intraindividual healthy

control nodes at the 20-min-after-peak time point. Unpaired t tests were also
performed to test grouped 18F-FDG lymphography time–activity curves for

significant differences in relative activities among healthy versus metastatic
nodes. The significance level was set at a P value of less than 0.05.

RESULTS

Image-Based Lymph Node Differentiation

In mice implanted with B16F10 tumors, 18F-FDG lymphogra-
phy by dynamic PET/CT imaging could successfully be performed
on both tumor-bearing and contralateral non–tumor-bearing legs.
Bilaterally, major draining lymphatic vessels, as well as the pop-
liteal lymph node as the first draining, or sentinel, node for the
hind paw, could be visualized in all mice (n 5 9). Because of the
approximately 2-min delay from injection to initiation of the scan,
very early drainage phases were not recorded, yet there was al-
ready evidence of 18F-FDG in the sentinel nodes in all mice within
the first scan minute, indicating fast lymphatic drainage. 18F-FDG
drainage or substantial uptake into higher-echelon nodes or other
lymphatic sites was not evident within the imaging time frame of
30 min. Pooled activity remained evident at both injection sites.
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Within 30 min, the systemic 18F-FDG signal increased because of
expected diffusion into the vasculature at the site of injection and
possibly also through lymphatic transition into the blood circula-
tion. In our mouse model, there was no evidence of metastatic
spread to sites other than the first tumor-draining node basin on
whole-body images or macroscopic necropsy thereafter.
Comparison of the normalized time–activity curve of the meta-

static and corresponding healthy popliteal lymph nodes in 9 mice
revealed significant differences in 18F-FDG dynamics. At the time of
peak activity, the mean ratio between the normalized activities in the
corresponding metastatic and healthy nodes was near 1, indicating
no relevant difference in uptake (1.08 6 0.93; n 5 9). However,
20 min after peak activity, the mean activity ratio was more than
double the ratio at peak activity because of differential retention of
activity in metastatic nodes (2.416 1.03; n 5 9; P , 0.01) (Fig. 1).
To further specify the dynamics of the uptake, a grouped analysis

of normalized time–activity curves was performed, evaluating the
decline in activity over 20 min from the peak activity in individual
lymph nodes. At peak, mean relative activity values were marginally
higher in healthy nodes, at 0.84 (60.16) versus 0.74 (60.04) in
metastatic nodes (P . 0.05). No significant difference was seen be-
tween healthy and metastatic lymph nodes within the first 12 min of
image acquisition (Figs. 1 and 2). However, from minute 13, reten-
tion of 18F-FDG over the evaluated time course was significantly
higher in metastatic lymph nodes than in healthy contralateral control
nodes, resulting in statistically different residual mean relative activ-
ity values (P , 0.05) (Fig. 1). Fast reduction (washout) of activity
was seen in the healthy nodes. Even in a lymph node with only small
melanoma cell infiltrates mainly on the lymph node border, activity
curves in the metastatic and healthy nodes tended to diverge later in

the scan, showing a retention effect in the diseased node. Figure 2
illustrates this finding in comparison to activity curves obtained from
a mouse bearing a large lymph node metastasis.
The volume of metastatic nodes significantly correlated with the

retained relative activity at 20 min after peak (P , 0.05; linear
regression coefficient r2 5 0.61, n 5 9), as illustrated in Supple-
mental Figure 1 (supplemental materials are available at http://
jnm.snmjournals.org). Increasing volume led to increasing 18F-
FDG retention normalized per gram of tissue. There was no cor-
relation between node volume and the corresponding retained
relative activity values observed in healthy nodes (P . 0.1).

Changes in Time–Activity Curve Dynamics with

Development of Metastasis

To explore the changes in lymphatic flow on tumor implantation
and metastasis development, dynamic 18F-FDG lymphography was
performed over the course of 4 wk after tumor implantation. The
relative mean time–activity curve derived from the popliteal node on
the tumor-bearing leg did not differ from the healthy control side
within the first weeks of tumor growth. However, starting at week 2,
subtle changes in the curves, with prolonged retention of 18F-FDG
in the diseased node, were already detectable (Fig. 3). In week 4,
activity was retained during the entire scan, and markedly prolonged
uptake into the node was evident. Regarding the corresponding CT
images, enlargement of the node was evident only at week 4.

Cerenkov-Guided Metastasis Resection

The accumulated 18F-FDG in popliteal lymph nodes after success-
ful 18F-FDG lymphography emits a detectable Cerenkov signal. The
prolonged retention of 18F-FDG in metastatic lymph nodes allowed for
intraoperative differentiation of metastatic from healthy lymph nodes

with Cerenkov imaging. Although a Ceren-
kov signal capable of guiding surgical exci-
sion was still evident within metastatic lymph
nodes at approximately 1.5 h after injection,
the contralateral exposed lymph nodes did not
show any discernable Cerenkov signal at that
time (Fig. 4). After excision of the respective
nodes, no residual Cerenkov signal was de-
tected within the popliteal lymph basins.
H&E staining of the Cerenkov-positive node
revealed metastatic infiltration (Fig. 4).

Specificity for

Metastatic Lymphadenopathy

To evaluate the described positron lym-
phography approach for cancer specificity,
mice in which an acute inflammation known
to cause inflammatory lymphadenitis had
been induced in the right hind paw were
examined repeatedly and used as a control.
Mean relative activity ratios between the
healthy side and the inflammatory or met-
astatic side 20 min after peak activity were
evaluated. At 3 h after induction of inflam-
mation, mean relative activity ratios be-
tween the intraindividual lymphadenopathy
versus the healthy node were significantly
higher in the metastatic model than in the
inflammatory model (2.416 1.03 [n5 9] vs.
1.37 6 0.15 [n 5 4]; P , 0.05). However,
24 h after the induction of inflammation in

FIGURE 1. (A) Coronal maximum-intensity projection (MIP) and corresponding axial PET and

fused PET/CT images derived from first 10 and last 10 min of 30-min dynamic 18F-FDG lymphog-

raphy scan. Prolonged retention of radioactivity is seen in metastatic (red circles) versus healthy

(blue circles) popliteal lymph nodes after 18F-FDG lymphography in mice implanted with B16F10

tumors on right hind paw. (B) Relative activity ratios between metastatic and healthy nodes are

significantly higher 20 min after intraindividual peak uptake. (C) When displayed over time, longer

retention of activity in metastatic nodes is evident, and from minute 13 after intraindividual peak

uptake, relative activities remain significantly higher in metastatic nodes than in intraindividual

healthy control nodes (P , 0.05).
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the same set of mice, the grouped mean activity ratio in the inflam-
matory model had more than doubled, resulting in no significant
difference from the metastatic model (3.11 6 0.30 vs. 2.41 6 1.03;
n 5 4 vs. n 5 9; P . 0.05). Thus, early inflammatory changes

could be differentiated from metastasis, but
at peak acute inflammation, differentiation
of metastatic from inflammatory nodes
based on their dynamics was not possible
(Supplemental Fig. 2). After 120 h, with
resolving inflammation, activity ratios at
20 min were lower again, with a mean value
of about 1.5 in comparison to about 2.4 in
metastatic mice; however, this finding was
limited to a statistical trend (1.48 6 0.75 vs.
2.41 6 1.03; n 5 4 vs. n 5 9; P 5 0.07).

DISCUSSION

Sentinel lymph node resection and sub-
sequent histopathologic analysis are part of
the routine diagnostic workup in certain
cancers such as melanoma, cervical cancer,
and breast cancer. Lymphography using blue
dye and lymphoscintigraphy techniques are
currently inevitable for pre- and intra-
operative sentinel lymph node diagnostics.

Although extensively evaluated, routine uses of these techniques
allow only for identification and localization of the sentinel lymph
node, without providing further details about possible metastatic
involvement. Using radiocolloids alone, the identification rate of the
sentinel node has been reported to be fairly high, averaging
approximately 94% and ranging from 67% to100% (10). However,
since the approach itself is nonspecific and not tumor-targeted, the
efficiency in detecting micrometastases strongly depends on the
pathologist after sentinel lymph node excision and is prone to high
false-negative rates. Hence, of patients undergoing the sentinel
lymph node procedure, the approximate number in whom lymph
node metastases are found is only 20% or less, resulting in a very
high oversampling rate (11–13). Dynamic lymphography, especially
in malignant melanoma, might serve as a possible marker in predict-
ing metastatic spread, as lymphangiogenesis in tumor-draining nodes
is promoted even before metastatic involvement occurs, and lym-
phatic drainage is already altered at early time points (14–16).
Positron lymphography using the small molecular tracer 18F-FDG

has already been shown to be feasible in healthy mice (7). In our study
using a murine melanoma model, we found that during 18F-FDG
lymphography, lymph flow dynamics differ between metastatic nodes
and healthy control nodes, even at early time points after induction of
local inflammation. The radiotracer injected peritumorally and on the
contralateral healthy hind paw showed fast drainage to the popliteal
lymph nodes on both sides, but retention was longer in metastatic
popliteal lymph nodes than in the intraindividual healthy control
nodes, likely because of the underlying structural lymphatic changes
promoting prolonged drainage into the node over time as well as the
direct metabolism of 18F-FDG by node-invading tumor cells. These
alterations gradually developed over time with primary tumor growth
and metastatic spread to the popliteal node and therefore might be of
use not only simply to identify the sentinel lymph node but also to
visualize concomitant changes in lymphatic drainage patterns under
metastasis development and to get a first indication of metastatic node
involvement in the same imaging session. In our study, even small
melanoma cell infiltrates in the subcapsular zone of the lymph node,
resembling micrometastasis, led to increased retention of 18F-FDG per
weight when compared with the respective healthy node. Using the
same model, we found that intravenously administered diagnostic

FIGURE 3. (A) When repeatedly imaged over 4 wk, alterations in lym-

phatic drainage become evident with developing metastasis in mouse.

Tumor-draining popliteal nodes’ drainage dynamics do not differ from

healthy contralateral control at baseline and week 1 after tumor implan-

tation. From second week, subtly elevated activity retention levels can

already be detected, whereas markedly prolonged uptake is seen in

fourth week after tumor implantation. (B) Fittingly, with growing metastasis

in week 4, evidence of lymph node enlargement on tumor-bearing side

(red circles) is seen on coronal CT scans, when compared with contra-

lateral healthy control (blue circles). At baseline and in week 1, lymph node

sizes do not differ visually between the two sides.

FIGURE 2. H&E staining and activity curves. (A) Results in mouse bearing only small melanoma cell

infiltrates mainly on lymph node border on metastatic side. Activity curves in metastatic compared

with healthy node tended to diverge in later scan minutes, showing retention effect in diseased node.

(B) Results in mouse with large popliteal lymph node metastasis. Retention effect in diseased node is

much higher, and only residual lymphatic tissue is preserved, as shown in H&E staining.
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18F-FDG PET/CTwas not sufficient to detect those lymphatic micro-
metastases (5). Additionally, we found that retention of relative activ-
ity normalized to weight was significantly correlated with the volume
of metastatic nodes. Thus, we could identify nodes with rather small
metastatic cell infiltrates and could already observe subtle changes in
tracer dynamics in very early stages after tumor inoculation. In theory,
a possible underlying explanation for this finding is initial lymphade-
nopathy due to early infiltration of immune cells (15) or tracer re-
tention due to high lymphatic tracer delivery to the node with
concomitant increased metabolism in initial melanoma cell infiltrates.
Lacking a sufficient vascular network, very small lesions could pos-
sibly evade delineation on imaging studies with intravenous tracer
delivery approaches, underlining the local route of administration pro-
posed in our study.
Furthermore, the observed changes in tracer dynamics can be used

for intraoperative optical imaging through Cerenkov luminescence
and selective image-guided resection of metastatic nodes on the basis
of their higher residual Cerenkov signal at later time points.
Our study faces certain limitations. First, 18F-FDG is a sensitive

yet very nonspecific radiopharmaceutical, showing significant uptake
also in inflammatory lesions (17,18). This phenomenon also occurs
during positron lymphography. Imaging results can therefore be
interpreted only as a first diagnostic hint. However, inflammatory
lymphangiogenesis resulting in promoted lymphatic drainage is re-
versible (19), and we observed uptake ratios 20 min after peak
comparable to our metastatic model only in acute inflammation,
whereas uptake ratios in early and resolving inflammation trended
lower. To further evaluate the proposed approach and its potential

clinical benefit, more specific radiotracers,
such as N-(2-(diethylamino)ethyl)-2-18F-
fluoropropanamide, a novel radiotracer for
imaging melanoma (20), could additionally be
used in future studies. Yet, in a study on sentinel
node mapping in patients using a melanoma-
specific labeled monoclonal antibody probe for
lymphoscintigraphy, no advantage was shown
over a nonspecific radiocolloid; therefore, care-
ful selection and prior evaluation of such probes
and techniques remains crucial (21).
Furthermore, it is likely that the approach

proposed in this study can significantly
reduce the high oversampling rates of up
to 80%–90% in current sentinel lymph node
procedures that are based on the sole iden-
tification and extraction of the first draining
lymph nodes in clinically node-negative pa-
tients irrespective of the tumor status. Over-
sampling may merely affect false-positive
lymphadenopathic nodes, such as those that
are false-positive because of inflammation
in the direct tumor-draining lymph basin.
It is not likely that any healthy nodes would
be subject to extraction, potentially leading
to a high positive predictive value for the
proposed concept. Quantification of the pre-
dictive value and oversampling rates re-
mains subject to further studies, which are
under way.
When injected into tissue, 18F-FDG

shows fast diffusion into the vasculature, in-
creasing systemic background activity. In-

tracutaneous injections in mice have been shown to lead to
delayed systemic uptake (7). By comparison, the relatively early
increase in systemic background observed in our study, with
activity present in the bladder within the first 10 scan minutes,
is most likely due to the high hydrostatic pressure within the
tumor-bearing legs and the highly vascularized nature of
B16F10 tumors. Despite the increased background, major drain-
ing lymph vessels and popliteal nodes were also clearly depicted
at later scan time points that already exhibited systemic uptake.
However, at later time points, tumor visualization was also pos-
sible, similar to a standard PET image. In mice, this allows one
to use a single dose to perform first a positron lymphography
scan and then a standard PET scan. It is important to keep
in mind that in metastatic nodes, additional systemic radiotracer
uptake due to their high glucose metabolism can further enhance
the retention effect observed in positron lymphography, and our
data do not allow for differentiation of the two. However, in
positron lymphography the significantly decreased background
allows for a facile identification of the nodes, whereas perform-
ing diagnostic intravenous 18F-FDG PET/CTwas not found to be
suitable for the detection of micrometastases, as previously
shown by our group using the same mouse model (5).
Looking at the direct clinical translatability of our approach, a

first study on humans performing intracutaneous limb injections for
lymphography has not seen lymphatic vasculature and draining
lymph basins in the human leg (22). Thus, to account for differences
in the lymphatic systems and function between rodents and hu-
mans and to conclusively assess feasibility and possible clinical

FIGURE 4. (A) 18F-FDG lymphography images (tumor not in field of view, mouse positioned

prone, fur and skin removed, acquisition time of 5 min) showing stepwise Cerenkov-guided re-

section of metastatic (red circles) popliteal lymph node and corresponding contralateral healthy

control node (blue circles) of mouse implanted with B16F10 tumor on right hind paw. At 1.5 h after

bilateral 18F-FDG injection (3.7 MBq per side), metastatic node can still be identified by its subtle

Cerenkov signal (mean signal-to-background ratio over time, 1.21 ± 0.14), whereas contralateral

healthy control node does not show residual Cerenkov radiation (mean signal-to-background

ratio over time, 0.69 ± 0.13), allowing for differentiation between the two and potential selective

resection of tumor-bearing nodes. Asterisk indicates 18F-FDG pooling in bladder. (B) Healthy,

uninvolved node displayed for size comparison. (C) H&E staining provides evidence of metastatic

involvement of tumor side of popliteal lymph node by melanin-containing cells.
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applications of the proposed technique, further trials in humans
evaluating interstitial or intratumoral injections in different ana-
tomic locations are necessary and currently under way (clinical
trials identifier at clinicaltrials.gov: NCT02285192). The results will
be reported separately. It is also important to note that similar to
other studies (23) positron lymphography could be combined with
optical imaging as well. To exemplify, we used Cerenkov lumines-
cence imaging. However, for intraoperative use of Cerenkov imag-
ing after 18F-FDG administration, the long acquisition time and the
significant signal attenuation by overlying tissue and its optical
properties could be limiting and even more relevant in humans than
in mice. Moreover, detectability will be dependent on the extent and
location of metastatic growth within the node. The observed
retained high uptake in metastatic lymph nodes as well as the dis-
tinct distribution of metastatic foci in the subcapsular regions of the
lymph nodes (i.e., in superficial areas) in melanoma (24) can po-
tentially compensate for this. Increasing systemic uptake might
obscure visualization of the nodes, especially deep-tissue lymph
nodes such as those near the urinary bladder. Also, the melanoma
mouse model chosen for its reliable metastatic features in our study
is not ideal for Cerenkov imaging, as the contained melanin might
partly quench the signal and lower the signal intensity.

CONCLUSION

Significantly longer retention of 18F-FDG during positron lym-
phography is seen in metastatic than nonmetastatic lymph nodes in
a B16F10 mouse model, allowing for differentiation of the two
and for the selective resection of tumor-bearing nodes using
Cerenkov imaging.
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