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Abstract:  Purpose. To assess the loco-regional distribution pattern of a blue dye tracer, as a surrogate for a chemotherapeutic
agent, injected in the invasion edge of resectable lung tumor; to evaluate the technique efficacy at staining the lung-tumor interface
and the metastatic pathways. Methods. Between November 2014 and September 2015, we enrolled 33 patients (17 women, 16 men; 52-
87 years old) presenting with 31 primary lung carcinomas and 2 metastases. We injected in vivo (n=17) or ex vivo (n=16) the innermost
side of the tumor invasion edge with 1.3ml methylene blue dye. We performed the injection alone (n=12) or combined with a focal
freezing (n=21). We assessed the stain distribution into the invasion-edge, the tumor, the lung or the node(s) at gross and microscopic
examination. Results. At gross examination, we observed a quick, intense staining of the invasion edge, and a concomitant staining of
the tumor and the lung. The staining pattern was heterogeneous in the tumor, homogeneous in the invasion edge and the lung
irrespective of the focal freezing, tumor type, size, or blood perfusion status. The microscopic examination evidenced the staining of
the matrix, vessel lumens, and tumor cells, except for lymph nodes. Conclusions. The inner side of the invasion edge looks a suitable
location for directly injecting and distributing the methylene blue tracer within the interstitium and related draining pathways during
the resection of primary or secondary lung tumor. Fresh resection specimens are convenient to evaluate new edge-targeting injections

techniques for the diagnostic or therapeutic management of cell dissemination during surgery.
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INTRODUCTION

The resection of the primary tumor and loco-
regional lymph nodes is the best curative option for
stage | to IlIA NSCLC, but the rate of loco-regional and
local plus distant recurrences after curative surgery,
respectively 17% to 27% and 39% is high [1]. Adjuvant
systemic chemotherapy (ACT) has demonstrated mod-
est survival benefit largely confined to patients with

stage Il disease [2].
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Many studies suggest that surgery has a pro-metastatic
effect potential, likely affecting the disease free survival
(DFS) and the overall survival (OS) rates [3, 4, 5, 6]. The
search for new multimodal anti-metastatic therapeutic
strategies has lead oncologists to consider the initiation of
adjuvant chemotherapy during the perioperative period,
regarded as a “window of opportunity [3], and/or the loco-
regional administration of active agent (s) [7]. Many advo-
cate a more systematic use of the combination of adjuvant
chemotherapy and resection for early lung cancer [8].

The metastatic dissemination, arising from a growing
tumor, a surgical resection [5, 6] or a biopsy [9] involves
cells shedding within the tumor interstitium and the aerial,

hematogenous and/or lymphatic drainage pathways, [10,
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11]. Thus, the tumor interstitium has increasingly become
a target for various diagnosis and therapeutic agents [12].
The peritumoral (PT) and/or intratumoral (IT) injection of
chemotherapeutic (CT) agents has emerged as a useful and
efficacious method in controlling lung tumors [13, 14,].
The advantages of local over systemic chemotherapy [CT]
are an elevated local drug concentration, little or no side
effects, and the modulation of local plus distant antitumor
immunity [15].

Whether the tumor approach is surgical, endoscopic or
per-cutaneous, the gross tumor edge is the usual landmark
for assessing the location of the injection needle (s), since
it is a marker of the procedure realization and efficacy
evaluation [16]. However, the spatial positioning of the
needle is based on a rough estimate of the tumor edge, as
exemplified with the high variability of results currently
observed for lung cancer lymphatic mapping [17, 18].
Chemoablation, a therapeutic method that injects cytotox-
ics directly in multiple IT and PT sites shows undeniable
local cell kill efficacy [14, 19]. Still the procedure lacks a
precise spatial reference for the peritumoral needle inser-
tion and therefore remains very operator-dependent. In
this translational study, we propose to use a readily locat-
able region of the tumor edge as a spatial reference for
the injection (s); a tumor region that interfaces with the
adjacent lung parenchyma and possesses similar interstitial
fluid transport characteristics [20].

We describe here the direct injection of a fixed dose of
methylene blue dye (MB) in the innermost side of the tu-
mor invasion edge (IE). MB is a small, weakly basic drug, a
known localization-tracer for a lung tumor [21], a photo-
sensitizer [22], and a lymphatic tracer [23]. This mono-
institutional study includes 33 human patients presenting
with resectable stage I-IlIA primary (n=31) or metastatic
tumors (n=2). The primary objective was to investigate the
MB migration rate, direction and pattern within the tumor
and the lung draining pathways. A secondary goal was to
assess the seamless integration of the procedure within the
workflow of conventional surgery. We evaluated various
injection strategies, whether injection was the sole modal-

ity or a combination with a nearby focal tumor freezing,

~107~

and whether the procedure took place during or after the
surgical resection. Therefore, we could compare the trac-
er migration in perfused, in vivo, and non-perfused, ex
vivo, lung-tumor samples. The simultaneous focal freezing-
and-injection aimed at evaluating whether the combined
procedure would affect the dye migration pattern com-
pared to the injection alone, as previously demonstrated in

pre-clinical studies [24, 25].
2 PURPOSES, SUBJECTS and METHODS:

2.1 Purposes. Our primary goal was to develop a
reliable injection technique of the inner side of the
invasion edge of resectable lung tumors. We
investigated at gross and microscopic examination the
migration rate, direction and pattern of methylene blue
(MB) within the tumor and the lung; we compared the
staining results whether the injection was the sole
modality or was associated with a nearby focal tumor
freezing, and whether the procedure took place during
or after the surgical resection. . Another goal was to
assess the seamless integration of the procedure within
the workflow of conventional surgery. The ultimate
objective of our research is to use the knowledge
gained from this study for the development of
intraoperative, antimetastatic local drug delivery

techniques during the surgery of lung tumors.

2.2 Subjects & Methods

This study was approved by the Ethics Committee of
the Department of Thoracic Surgery, Wroclaw Medical Uni-
versity, Poland. Between November 2014 and September
2015, 33 operable patients had their tumor resected at
thoracotomy (Table 1). The patients were chemotherapy
naive. They provided their informed consent before the
procedure. The clinical suspicion of malignancy was con-
firmed with preoperative biopsy (n=6), intraoperative inci-
sional (n=20) or excisional biopsy (n=3)-, or core needle
biopsy (n=4). The pathology was adenocarcinoma (ADC,
n=16), squamous cell carcinoma (SCC, n=7), Large cell
carcinoma (n=5), carcinoid (n=1), carcinosarcoma (n=1),

small cell carcinoma (n=1), non-pulmonary metastasis
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(n=2). Twenty-two of 33 patients presented with IA to IIB
stage disease: IA (n=5), IB (n=7), lIA (n=5), IIB (n=5), or
with llIA stage disease (n=6).

Table 1.

Patients, tumors and disease stage

Patients, (33)
mean age (range), 64 (52-87)
years
Sex, Male, Female, M (16),
(n) F(17)
Histology
ADC 16
scc 7
Large Cell Ca 5
Carcinoid 1
carcinosarcoma 1
Small cell Ca 1
Meta (not lung) 2
Tumor Stage
1A 5
1B 7
HHA 5
IIB 5
1A 6
1B 2
v 3
Surgery

Lobectomy 25
Segmentectomy 2
Wedge Resection 4
Pneumonectomy 2

UICC-Union for International Cancer Control;
ADC-Adenocarcinoma; SCC-Squamous Cell Carcinoma.

Surgery: Table 1 shows the surgical procedures. Except
for the two metastasectomy, we performed a mediastinal
lymph node dissection (MLD) in 29 patients and a mediasti-
nal lymph node sampling at the hilar and mediastinal level
in two. Following the biopsy, and ten minutes after the
completion of the injection, lymphovascular dissection and
resection procedure were conducted regardless of the

staining results. Care of not disrupting the tumor lympho-
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vascular draining pathways during the allotted migration
time of the tracer off the injection side was taken. In most
but not all patients, the pulmonary artery was ligated be-
fore the pulmonary vein. On average, it took 90 minutes
from the end of the injection to the resection of the lung-
tumor specimen. The total duration of the surgery was 141
minutes (ranging from 90 to 198 min). After the specimen
resection and before the closure of the wound, the thorac-
ic cavity was flushed with one liter of saline solution at
room temperature.

Injection needle and cryoprobe: The prerequisites for

the study were the selection of readily available user-
friendly, low-cost instrumentation and drug tracer. For the
injection, we used a commercial a 23 G, 50mm needle (BD,
http://www.bd.com/pl/) and a self-made depth stop that
makes the needle easier to manipulate and keep steady at
a known depth, 15mm to 20mm, within the tumor edge, as
seen in Figure 1. The needle was connected to a small bore
extension line and a 3ml plastic syringe; the fluid line and
needle were debubbled and primed before needle inser-
tion; for the tumor edge freezing, a separate cryoprobe
(Cp) with a cooling tip-3mm wide, 25mm long, was con-
nected to a nitrous oxide powered console (CRYO-S-II elec-
tric, Metrum-CryoFlex, Warsaw, Poland). The cryosystem
full functionality was checked prior to any clinical use. We
had previously conducted in vitro simulations of the simul-
taneous freeze-and- injection, i.e. a freezing-assisted in-
jection procedure to determine the temporospatial param-
eters of the fluid delivery illustrated at Figure 3. We de-
termined that 3 minutes of continuous cooling make an
average 3ml ice zone (IZ) in a hydrogel medium; the IZ is
impervious to a solution of MB 1%; a 1.5ml volume of MB
spreads over about 40% of the ice margin (Le Pivert, data
not shown ). We assessed in ex vivo freshly resected and
deflated lung tumor samples the formation of a similar 1Z
shape and volume with the same cryoprobe and freeze

duration (data not shown).
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Fig. 1. (Left) Self-made needle (N) depth-stop for
adjusting the insertion depth, <20mm. The cryoprobe
(Cp) is inserted about 10mm apart from the needle.
(Right) During surgery, the 23 G needle is seen located
in the palpable edge of a peripheral lung tumor.

Methylene blue dye: Methylene blue (MB, American

Regent, NY, USA) is a small (MW 319), nanosized molecule
(5nm) that has a known safety, and tracing ability in lung
tumor [26] and lymphatics [17, 26]. Our method delivers
manually and continuously a fixed dose, 1.3 ml of
undiluted 1% MB into the tumor invasion edge (IE) over a
two minutes period. The dye dosing was calculated as the
lowest amount susceptible to migrate within the IE
interstitial fluids, the tumor and/or the lung parenchyma
as demonstrated or inferred from previous studies [18, 27].
The MB is a weakly basic molecule that resembles some
cytotoxics and tends to aggregate in acidic environment, a
characteristic of the invasion edge fluids.

Injection procedure: We modelled the fluid space of

the tumor invasion edge (Figure 2) as a torus having a
mean thickness of 10mm (range: 7mm to 13mm). The torus
center line is the tumor gross edge that comprises two
fluid compartments: one stretches in the tumor inner side
of the gross edge, 1Tmm [27] to 5mm thick; the other per-
vades the peritumoral and lung side of the gross edge,
6émm to 8mm thick [28]. It is the region of NSCL cancer
microscopic extension. Based on literature [29, 30, 31], a
common fluid space for both compartments, each having
similar fluid pressure, hydraulic conductivity, and flow
velocity was assumed. On a deflated lung, one inserts the
needle, equipped with the depth stop, in the innermost
side of the visible and/or palpable tumor edge, i.e. 1mm
to 5mm inside the margin and 15mm to 20mm deep. We

inject the tumor side that faces the interlobar fissure or

hilum, a location estimated best for a rapid transport of

the tracer in this direction, as shown in Figure 2.
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Fig. 2. (Left) Schematic representation of the invasion
edge (IE) fluid compartments and injection strategy.
(Left) Regions 1 and 2 are the inner and outer intersti-
tial compartments of the gross tumor edge (M) that
artificially distinguishes them. The needle (arrowhead)
injects the tracer in the innermost side of region 1, and
in the tumor quadrant facing the hilum. For the freez-
ing -assisted injection procedure, we insert the cry-
oprobe (star) between the tumor center and the needle.
The frozen tumor tissue surrounding the probe tip acts
as an impervious mass to the penetration of the co-
injected tracer [24, 25]. (Right) Our model assumes a
similar fluid flow (FF) in the interstitial fluid compart-
ments of the edge (M, white thick line), along with a
similar tracer distribution rate, and pattern. The trac-
er migrates through the interstitial fluid pathways and
the vascular drainage (thin dotted arrows and drawing
area) towards the normal lung -3- and the hilum. The
injection pressure drives a convergent fluid flow to-
wards the tumor and a divergent flow towards the lung.

Freezing-assisted injection procedure: Our focal

freezing-assisted injection procedure (FAIl) derives from
prior pre-clinical [24, 25] studies that demonstrated the
transient imperviousness of the tissue undergoing freezing,
i.e. the ice zone (IZ), to a locally co-injected tracer
solution; we hypothesized that the 1Z “barrier” would
facilitate the channeling of the tracer in the low fluid-

pressure region.

Fig. 3. Examples of freezing-assisted injection
procedures. (Left) In vitro simulation in 0.6% agar

hydrogel: the 3ml ice zone has an ovoid shape about
the cryoprobe and excludes the 1.3ml MB solution that
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distributes at the ice-hydrogel interface [37]. There is
a 10mm gap between the injection needle and the
cryoprobe; (Middle) ex vivo procedure: the needle
depth stop sets a 15mm insertion depth and the
cryoprobe-needle gap in a freshly resected specimen.
(Right) Intraoperative digital photograph of the
freezing-and-injection procedure of a peripheral lung
tumor conducted on a collapsed lung, before the
vascular ligature.

Study groups: In the in vivo group (n=17) -
intraoperative freezing and MB injection (n=11) or the MB

injection alone (n=6) preceded the vascular dissection and
tumor resection. In the ex vivo group (n=16), ten freshly
resected tumors were frozen-and-injected to evaluate the
MB dye transport and distribution in the non-perfused lung-
tumor interface and peritumoral tissue; six tumors were
injected ex vivo without simultaneous freezing, as seen in
table 2.

~110~

Table 2.
Patients Study Groups
MB Ice Migrat
PROCEDURE Tumor
Dose Zone ion
SERIES Volume
Vit (cm3) % % Time
cm
IN- | FREEZE- (Vt) (Vt) (min.)
JECT | INJECT
15.8 9 19
In vivo 15
6 11 (4.1- (0.1- (-
(n=17) (90)
317) 46) 107)
17.8
Ex vivo 7 15
6 10 (5.3- 15
(n=16) (2-24) | (4-57)
84.8)

The median tumor volume Vt, (range) is calculated
with the formula: 4/3 pi*(r1*r2*r3); the methylene blue
(MB) dose and ice zone (IZ) are estimated as a volume
percentage of Vt (range). The migration time is the time
during which the MB can distribute into the tumor and the
lung. In vivo, the grander migration time is due to the
tracer transport in the perfused tissue followed by a
migration in the non-perfused tissue following the
intraoperative vascular ligature-section.

The intraoperative procedure was as follows: the
tumor biopsy was performed far from the injection site,
before the injection procedure. On the deflated lung, the
needle equipped with its depth stop was inserted in the

inner side of the visible and/or palpable edge. The

continuous injection of the 1.3ml MB dose took about 2
minutes, an injection rate of about 0.70ml/minute. For the
freezing-and-injection procedure, we inserted the
cryoprobe tip (Cp) inside the palpable tumor edge; The Cp
was always located closer to the tumor center than the
needle, as shown in Figure 2. Upon its activation the Cp
froze, stuck and helped with keeping the tumor steady
during the needle insertion in the tumor inner edge, about
10 to 15 mm apart. We initiated the tracer injection after
30 sec of freeze, and we pursued the freezing during the
MB injection for 2 minutes. Next, the active thaw
detached t the cryoprobe from the tumor within 2 to 3
seconds. The freeze-injection procedure took about 15
minutes from start to completion. The time available for
the evaluation of the tracer distribution into the
vascularized tumor and/or the lung parenchyma (Table 2)
was about 15 minutes before any lymphovascular
dissection, and about 90 minutes before the resection. We
recorded the staining dynamics with time-stamped digital
photos.

For the ex vivo procedure, at the completion of
surgery, we injected sixteen freshly resected samples in
the operative room with the prescribed techniques and
allowed a 15 minutes migration time for the tracer as seen
in table 2. The injection site was not massaged.

Staining evaluation: Following the procedure, the lung-

tumor specimen was cross-sectioned in a vertical plane
defined by the needle and the probe tracks, and a
horizontal plane passing in the middle of the tumor. We
measured and took digital photographs of vertical and
horizontal cross-sections of the lung-tumor specimen. A
macroscopic visual assessment of the staining pattern,
localization, and spread, including the previously frozen
region was made. The MB dose and the ice zone volume
were similar in order to evaluate whether the tumor
characteristics and/or their perfusion status would affect
the MB distribution pattern. Frozen sections of the blue
stained tumor and edge were measured to determine the
microscopic distribution of the tracer. The microscopic
examination was completed with a conventional formalin

fixation and HE staining on all specimen.
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Post-operative therapy and follow up: All the patients

presenting with stage Il to IV disease (n=21) were treated
with cisplatin-based doublet adjuvant chemotherapy
(ACT), 3 to 4 weeks after the surgery. External beam
radiotherapy was associated for one patient. Eleven
patients had no adjuvant therapy.

Statistics

Given the limited number of cases and the qualitative
aspect of the study, we did not conduct any statistical

evaluation.
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3 RESULTS AND DISCUSSION

The staining rate, localization and pattern of
methylene blue (MB) within the edge interface, the tumor
and the lung exhibited large variations.

Staining rate and spread: The MB constantly stained the
lung-tumor interface and migrated within tumor and the
surrounding lung. At gross examination of the tumor cross
sections the dye was spreading over 30% to 50% of the
tumor perimeter for 27/33 (81%) cases, and over 50% of
the perimeter for the rest. The stained area was
grander, >50%, in the tumor core or in the contiguous lung,
respectively for 7/33 (21%) and 6/33 (18%) procedures.
This intra- and extra-tumoral localization of the MB tracer
was similar for the in vivo and ex vivo cases, regardless of
the MB migration time; a time that was inevitably longer in
vivo compared to ex vivo as shown in Table 2. In all cases,
the MB stained the cryoprobe site either during the thaw of
after the full melting of the frozen tissue, but never during
the freezing.

Staining pattern: the gross staining pattern was

heterogeneous, patchy and mosaic-like, or confluent in the
tumor; strikingly, it was homogeneous in the tumor edge
and the contiguous lung, as exemplified in table 4 and
figure 4. We observed an equivalent pattern in all
specimens, regardless of the injection technique -freeze
assisted or not- , the tumor pathology, dimension, or

perfusion status.
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Table 3.
Lung-tumor interface MB staining.
Smal
Tumor
AD Large Ca.S | | . Tota
+ Edge SccC Met C.oid
C Cell C Cell l
+ Lung
C
L +
M + 3 1 2 1 7
S
M +
M + 10 4 2 2 1 1 20
M
+
+ 4 2 6
17 7 4 2 1 1 1
Total 33

On fresh tumor gross sections at visual examination,
the MB distributes more largely within edge and tumor in
7 cases (upper row) and within edge and contiguous lung
in 6 cases (lower row). In all cases, the tumor edge
staining is constant and bidirectional: towards the tumor
core and towards the lung, regardless of the tumor
characteristics, the blood perfusion status, or the
simultaneous freeze. We grade the stain spread on the
tumor cross sections (left column) as large (L: >50%),
medium (M: 30% to 50%), or small (S: <30%). In 20 cases,
the M+M+M category, the stain distributed equally in the
tumor, the edge and the lung. ADC: adenocarcinoma; SCC:
squamous cell carcinoma; Ca.S: carcinosarcoma; C.oid:
carcinoid.

The tracer distributed within the tumor active and
necrotic zone (s), within the thawed zone and into the lung
parenchyma.

The ice zone (IZ) surrounding the cryoprobe, was
purposely of small size, about 15% to 19% of the tumor
volume as seen in table 2; we calculated it to be 40% to

50% of the torus equivalent invasion edge model, for the ex
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vivo or in vivo procedures (data not shown). Although the
IZ was impervious to the simultaneously injected tracer, it
did not prevent the dye from migrating towards the tumor
core and away from it towards the lung in an injection

only-like pattern.
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Table 4.
Lung-tumor interface MB staining.
Larg Ca. .
ADC Small C.oi | Tota
Pat- scc e Met | S Cell C d |
e
tern Cell C
Con-
fluent 11 4 2 1 1 1 20
Patchy | 3 2 1 1 — | 13
Total 17 | 7 4 2 1 1 1 33

The tumor-staining pattern is independent of the
injection procedure (freezing-assisted or not), tumor
characteristics and/or blood perfusion status. ADC:
adenocarcinoma; SCC: squamous cell carcinoma; Ca.S:
carcinosarcoma; C.oid: carcinoid.

Fig. 4. Staining localization and pattern observed in
lobectomy specimens post injection or post freeze-
injection. Left: freehand ROI delineation of the
homogeneous inner and outer edge staining compared
to the patchy staining, >50%, of an ADC tumor core.
Right: the homogeneous and constant staining of the
invasion edge (arrows) and of the contiguous lung
departs from the tumor core patterns: mosaic-like in A,
confluent in B. The Mb distributes on both sides of the
invasion edge. ADC: adenocarcinoma.

Microscopy: The microscopic examination showed
similar in vivo and ex vivo aspects: the dye distributed in
the tumor edge matrix, interstitial fluid spaces and
randomly within the cells and nuclei. The tumor

structures, including the freezing zone, remained

recognizable. The necrotic zones and post-freeze

alterations were unremarkable as illustrated in Figure 5.

Fig. 5. A: the frozen section (Scale Bar-100um) of an
ADC injected ex vivo evidences a uniform tracer
distribution in the stroma, and the random staining of
the tumor cells (black arrows) and nuclei (orange
arrows). B: an H&E stained ADC section (200X)
previously frozen and injected, evidences a
predominant papillary structure and an identifiable
grading (G3); large intercellular spaces (black arrows)
due to post-freeze interstitial edema are also visible.
C: an H&E stained SCC section (200X) shows necrotic
zones (white star), and early thrombosis of vessel
lumens (blue arrows).

Staining dynamics: The tumor and the lung staining

was fast and visible within 10 minutes of the injection;
however the tracer was not detected in the interlobar,
hilar or mediastinal region and lymph nodes at the time of
resection, 90 minutes after the injection.

Injection _associated devices: The needle depth stop

facilitated the injection procedure. In the beginning of
our study, we found out that the tumor contours and the
edge were not always easy to delineate or palpate; an
additional difficulty was to insert a bare needle in the
tumor edge while insuring that it did not transfixed the
tumor. The self-made depth stop of figure 1 helped with
setting an insertion depth and maintaining the needle still
during the injection. We also used the sticking effect of
the activated cryoprobe to manipulate the tumor and ease
the needle insertion during the freezing injection
procedure. There was no significant bleeding during or
after the removal of the Cp from its tract.

The injection procedure(s) blended well with the

normal surgical workflow: The inclusion of the freeze-

injection procedure added an average 17 minutes (range,
15-20) to the operative time; it went uneventfully on the
17 in vivo patients. There was no significant loss of MB
dose from reflux or leakage. In 6/33 cases a reflux

estimated at <100ul for, i.e. 6% of the MB dose, occurred
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during the needle removal, and the lost dose was not
compensated for. In one case, a minor leakage of the dye
occurred in the bronchial tree during a wedge resection.
The procedure was not associated with any side effects or

intraoperative or postoperative adverse event.

DISCUSSION

Our study primary objective was to investigate the
intraoperative distribution pattern of a blue dye tracer
injected in the inner side of resectable primary or
secondary lung tumors stage | to IV. We selected MB dye as
a surrogate for a cytotoxic agent. The ability of a
concomitant focal freezing to drive the directional flow of
the tracer was explored, and the influence of the blood
perfusion status on the dye migration was compared. A
secondary objective was to evaluate how well the
procedure integrated with the conduct of a conventional
surgery. The ultimate objective of our research is to use
the knowledge gained from this study for the development
of intraoperative, antimetastatic edge-targeting injection
techniques during the surgery of lung tumors.

Our results, illustrated in table 3-4 and figure 4, show
that the dye distributed constantly and homogeneously
within the edge and the contiguous lung; this migration
reached also the tumor core where the staining pattern
was heterogenous. The tracer localization rate, spread and
distribution pattern was unrelated to the injection tech-
nique, the volume, pathological characteristics, or the
vascular perfusion status of the tumor. The ice zone, con-
versely to the post-thaw zone, excluded the tracer. In all
cases, the dye stained the interstitium of the lung-tumor
interface.

The homogeneous staining pattern of the IE, contrasting
with the heterogenous tumor staining was striking but
predictable. Indeed, when selecting the inner side of the
IE for the injection we assumed equivalent fluid transport
properties in the edge interstitial fluid space, a space es-
timated to stretch over the innermost and outermost side
of the tumor gross edge [27, 28]. We also hypothesized
higher odds of reaching the fluid dissemination pathways

with injecting the inner side rather than the outer side of
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the edge, where watershed regions [32] might have pooled
the injected fluid. Given the known properties of the edge
interstitium, including similar low interstitial fluid pressure
(IFP), interstitial fluid flow (IFF), pore structure and hy-
draulic conductivity [27], we inferred that the small hy-
drophilic MB tracer would disperse homogeneously and
convectively from the inner edge injection site outwards
[33, 34]. Remarkably, a study by Vignaud et al. [26]
demonstrated similar homogenous dye distribution pattern
at the edge-lung interface, along with a heterogeneous
tumor staining. The authors injected trans-bronchially a
single low dose of MB, 0.75ml, into lung tumors a few
minutes before surgical resection. Although they were
targeting the tumor core, their injection-and-pull tech-
nique likely reached the tumor inner and outer margin
instead. The tumor staining, 29%, was quite large for the
injected dose; a fact probably due to the slow injection
rate, 0.37ml/min, known for improving the distribution
volume [33]. The two-dimensional dye spread observed in
our study, although not quantifiable, looks similar; we infer
that the needling technique and the site of injection con-
tributed the tracer distribution more than the dose or the
injection rate, that was twofold higher compared to
Vignaud [26].

The heterogeneous staining pattern of the tumor core,
illustrated in figure 4, is not new [24], confirming the het-
erogeneous structure of most solid tumors. Such hetero-
geneity complicates the proper delivery of intralesional
chemo-gene- or immuno- therapies, which require that
these agents reach all tumor cells within the target [14,
19]. Only multiple local injection sites and/or repeated
treatment sessions fulfill in part this objective [13, 35],
increasing health care costs and constraints for the pa-
tients. The bidirectional tracer migration from a single site
of injection was unexpected in light of the published tech-
niques of lung tumor chemoablation [13, 14, and 35] that
require both intra- and extra-tumoral injections. To the
best of our knowledge, it is the first time that the direct
injection of MB in the innermost edge of a lung tumor
spreads the tracer in this edge and from there in the tumor

and in the lung, as illustrated in figure 2. We think that the
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injection pressure and resulting pressure gradient created
in the edge is the main driver of the drug flow. For Zhang
[36] such flow commences at a 24mmHg infusion pressure
threshold; over this threshold, the tumor interstitial fluid
channels, usually poorly connected, would open and inter-
connect. We infer that the convergent flow of the tracer
towards the tumor core is due to an injection pressure
grander than the interstitial fluid pressure. In vivo the IFP
is about 25mmHg in the tumor core, and is slightly positive
or close to zero mmHg in the edge [12]; ex vivo, in an
integral tumor specimen [33] the IFP is also low, ~3mmHg.
The higher migration rate of the dye outwards in the lung,
although not quantified, would have a similar ground. The
low IFP in the edge-lung region would promote a higher
migration spread of the dye, a trend seen in Table 3, due
to a larger fluid pressure gradient in this region.

The similar staining pattern and migration, observed in
vivo and ex vivo, points to the well-known rapid transport
of the small tracer into the interstitium [18]; its clearance
through the aerogenous and lymphovascular drainage
pathways, probably combines equally with the blood capil-
lary clearance, and may explain the absence of specific
accumulation in the nodes. The small dose of tracer or the
single site of injection [17] may have been additional ac-
cumulation-limiting factors. Nevertheless, the presence of
the dye within the interstitial fluids warrants its uptake
and migration within the lymphovascular network [29].

The successful but unmodified interstitial transport of
the dye during the simultaneous focal freezing and injec-
tion of the tumor edge was predictable. No injection fail-
ure due to needle freezing and fluid crystallization was
observed, a confirmation that we had met with the spatial
and temporal parameters for a proper freezing-assisted
fluid delivery, as previously demonstrated [24, 25] and
illustrated in figure 3. The ice zone, although impervious
to the co-injected fluid, as expected [24, 37], could not
prevent the dye from migrating around the ice margin.
The 1Z size was likely too small, about 17% of the tumor
volume (Table2), to affect the interstitial fluid pressure
gradients and the resulting general direction of the flow.

The tumor edge delineation and the needle insertion
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were two crucial steps of the procedure. The gross margin
was the beacon for the needle insertion, but sometimes it
was not directly visible or palpable. The use of atraumatic
Duval clamps helped with presenting the tumor edge to the
needle; as did the cryoprobe, which could stuck to, lift
and orientate the tumor, as described by others [38, 39].

Overall, we estimated the spatial positioning of the
needle to be within + 3mm. In seven in vivo cases, the
lung was injected due to an unwanted needle motion off
target, and we had to reposition the needle; a fact that
lead us to make a depth stop for that small needle diame-
ter. Intraoperative ultrasound for the determination of the
tumor edge and more precise needle guidance was not
used, due to the likely prolongation of anesthesia and
known limitations of ultrasound imaging in the lung [16].
Despite our rough estimate of the exact needle tip loca-
tion, the consistent patterns of edge staining observed in
our study may indicate that the whole edge fluid space is a
proper target for an interstitial injection. However, the
width of this interstitial fluid space is an estimate [28, 40],
and we could not assess a posteriori the exact location of
the needle tip due to the rapid spread of the dye.

MB was selected as a surrogate for a chemotherapeutic
agent that we could inject in similar conditions. MB is a
weak basic drug that gets protonated in the acidic envi-
ronment of the tumor edge [41] and therefore may dis-
perse mostly in the interstitial fluid space of the edge, as
it seems from our study. We anticipate that the chemo-
therapeutics doxorubicin, mitoxantrone, vincristine, and
vinblastine, which are also protonated in acidic environ-
ment, and display a decreased cellular uptake [42], would
behave like the MB [43]. Additionally the MB tracer could
serve as a co-marker of the distribution pattern for the
above drugs, except mitoxantrone, a known chromophore.
We successfully demonstrated in an animal tumor model
the freezing-assisted injection and distribution of MB com-
bined with epirubicin, another weak basic cytotoxic, at the
tumor edge; the cell kill was predominant at this stained
area [24].

Both injection procedures integrated well within

the conduct of conventional surgery at open thoracotomy
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approach. Even though the freezing-assisted injection pro-
cedure took longer than the single injection, its duration
was in the range of published results for intraoperative
lymphatic mapping [18]. Overall, the absence of procedur-
al complications, even in the rare occurrence of dye leak-
age in the bronchial tree, one in our study confirms the
safety of the technique [14, 19, 35].

We are aware of some limitations of the study, such as
the small number of patients, and the qualitative evalua-
tion due to the heterogeneity of the sampled tumors; both
prohibited any statistical analysis. We evaluated the MB
distribution pattern by direct visualization at the macro-
scopic level on a limited number of tumor sections, thus
making impossible a precise distribution volume estimate.
A specific preparation of the fixated, paraffin-embedded
sample [26] might have brought additional microscopic
details, compared to those reported only on frozen sec-
tions.

Overall, we think this simple study has important clini-
cal implications. The first of which relates to the relative
imprecision of the peritumoral techniques of injection,
such as used for lymphatic mapping or chemoablation. In
light of these preliminary results, any objective analysis of
an intraoperative injection made at the tumor edge, either
for diagnostic or therapeutic purpose, should use a readily
locatable site marker evidencing the needle location; the
mere description of this location looks insufficient to ana-
lyze a possible injection site and distribution related ef-
fect. The second implication relates to the likely but un-
known rate and spread of edge staining during convention-
al peritumoral, multi-quadrant injection for intraoperative
lymphatic mapping. A prospective clinical study using blue
dye tracer(s) should be conducted; which might bring valu-
able information on the drug transport in the edge fluid
space, and the tumor; further contributing to the devel-
opment of novel intraoperative antimetastatic edge-
targeting therapeutic injection techniques. Such targeting
with cytotoxic drug(s) could be the initial rather than the
final step of the chemoablative methods currently in use.
The outer edge is already the target of no-touch thermal

or non-thermal tumor ablation techniques that aim at de-
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creasing the intraoperative cell dissemination [44]. The
third implication is a procedural confirmation that the ice
margin must cover the whole tumor edge to prevent the
co-injected dye from permeating the frozen tumor. How-
ever, the post thaw region behaves as a trap for the dye,
and therefore a possible modulator of the drug pharmaco-
kinetics during resection [24].
CONCLUSIONS

The inner side of the invasion edge of resectable
primary or secondary lung tumors looks a suitable location
for directly injecting and distributing the methylene blue
tracer within the interstitium and fluid-draining pathways
of the lung tumor interface. The edge interstitial fluid
space pools and disperses the MB dye bi-directionally
within the tumor and the lung, regardless of injection
technique, tumor characteristics or blood perfusion status.
Fresh resection specimens are convenient tools to
investigate further the edge injection parameters, and
optimize the drug transport effectiveness to the interstitial
fluid pathways of cell dissemination during surgery.
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