FACILITATION OF COMPENSATORY LUNG GROWTH BY DCI
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Fig. 2. A: Western blot analysis showed that thyroid transcrip-
tion factor 1 (TTF-1) expression in the residual right lung at day
2 was significantly increased in the PNX+DCI group compared
with PNX only (PNX group), PNX+INF group, or the NoTx
group. The NoTx group and the respective B-actin is from a
different gel. Band densitometry was quantified using Image J.
Values were normalized to B-actin. *P < 0.05 vs. NoTx group,
#%P < (.05 between the indicated groups. B: increase in right
LDWI by DCI administration after left pneumonectomy was not
affected by coadministration of TTF-1 inhibitory RNAs (TTF-1
siRNAs), si#2, and si#4, at day 2 (n = 5 in each group) but was

) significantly suppressed at day 7 by both sequences of TTF-1
siRNAs (n = 5 in each group). *P < 0.05 vs. NoTx group, **P <
0.05 between the indicated groups.
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DISCUSSION

In the present study, compensatory lung growth was mod-
estly but significantly facilitated by airway administration of
DCI, as indicated by the increase in LDW and LDWI. Mor-
phological analyses suggested that DCI administration in-
creased the number alveoli, made each of them smaller, and
produced a net increase in the total alveolar area per field and
the calculated surface area of the alveoli per volume of lung.
Similar findings have been reported with retinoic acid (4. 21,
22) and estrogen (19, 20). These findings may merely represent

an imbalance between septation and septal cell proliferation,
but it is also possible that DCI administration reduced lung
elasticity. To this end, at least morphologically, there were no
apparent indications of atelectasis, pleural thickening, septal
thickening, or inflammation in the PNX+DCI group. There
was also no significant difference between the PNX+INF
group and the PNX+DCI group in transpulmonary pressure
at day 14. Therefore, the spatial constraint due to the
predetermined volume of the chest cavity, which presum-
ably resulted in the lack of significant increase in LVI, may

AJP-Lung Cell Mol Physiol « VOL 300 + MARCH 2011 - www.ajplung.org

1102 ‘gl Iudy uo BioABojoisAyd-Bunidle wouy pspeojumoqg




1458

FACILITATION OF COMPENSATORY LUNG GROWTH BY DCI

C NoTx :_-_'
5 PNX+INF *
 pNX+DCI

1

l

8 8 3 2

Number of alveoli per field

-
o

day2 day? day1d day28
CNoTx . e "
= PNX+INF e M

L }
mpNxspol ) 2 L

day2 day? day14

Traced total alveolar area per field

==
L
*
day28

c 20000 4 S NoTx . &
1s000 | " PAINF ™ GV =
HPNX+DCI
gmoo- 1 2 E
14000 -
§ 12000 -
gwoou
§ 8000 -
£ 6000 -
4000 -
2000 -
0 '
dayz day? dayl4 day28
E C NoTx ‘!'_1
§1°- # PNX+INF . 4
o | WPNX+DCI
i
g [
gvﬁ
g’
8°
T 4
i)
@24
§1-
0
day2 day? day14 day28

Fig. 3. Morphological findings. A: on morphology at day 7, the alveoli appeared to be smaller in the PNX+DCI group compared with the PNX+INF group or
the NoTx group. Hematoxylin-and-eosin staining, scale bar 100 wm. B: on morphological analysis, the number of alveoli per field of view was significantly
increased in the PNX+DCI (n = 5, 25 fields for each time point) group compared with the PNX+INF (n = 5; 25 fields for each time point) group and the NoTx
(n = 5; 25 fields for each time point) group throughout the experiment. C: average traced area of a single alveolus on morphology was significantly decreased
in the PNX+DCI (n = 5; 25 fields for each time point) group compared with the PNX+INF (n = 5: 25 fields for each time point) group, and the NoTx (2 =
5; 25 fields for each time point) group beyond 7 days. D: average total alveolar area per field on morphology was significantly increased in the PNX+DCI (n =
5: 25 fields for each time point) group compared with the PNX+INF (n = 5; 25 fields for each time point) group and the NoTx (n = 5; 25 fields for each time
point) group beyond 2 days. E: calculated surface area of the alveoli per volume of lung was significantly increased in the PNX+DCI (n = 5; 25 fields for each
time point) group compared with the PNX+INF (n = 5; 25 fields for each time point) group and the NoTx (n = 5; 235 fields for each time point) group beyond

day 14. *P < 0.05 vs. NoTx group, **P < 0.05 between the indicated groups.

at least, in part, be the reason for these findings. Since
morphological analyses were carried out in fixed specimens,
it is also not possible to completely rule out the possibility
that the fixation-induced shrinkage may have been different
among groups. Further studies looking into the extracellular

matrix components may resolve some of these issues, but
collectively, the data suggest that the increase in LDWI was
primarily due to the increase in the number of alveoli. If so,
increased number of small alveoli may have actually aug-
mented lung function within a fixed lung volume (19). To
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Fig. 4. Transpulmonary pressure measurements were made using a water
manometer at increments of 0.1 ml. The curve shape was not significantly
different between the PNX group (7 = 5), PNX+INF group (n = 5) and the
PNX+DCI group (n = 5).

this end, exercise capability, particularly forced exercise,
which has been reported to reflect lung function (23), was
better sustained in the PNX+DCI group compared with the
PNX+INF group, although it is possible that factors other
than lung function may also have contributed to this differ-
ence. The results of the semivoluntary wheel-running test, at
least in part, rules out the possibility that DCI administration
caused alterations in spontaneous activity of mice, which
may have influenced the results of the exercise tests. To this
end, more detailed specific lung function tests are required.

Glucocorticoids potentially induce developmental lung
growth (1) but is reported to have no apparent effect on
compensatory lung growth by systemic administration (25).
Induction of cAMP has been shown to facilitate fetal lung
maturation (2), and in combination with dexamethasone,
this facilitation has been shown to be synergistic (8). The
exact mechanism of this synergy remains unclear, and
furthermore, the effects of glucocorticoids on developmen-
tal and postnatal lung growth seem to be context dependent.
Developmental, postnatal, and postpneumonectomy com-
pensatory lung growth may be regulated through different
pathways although not mutually exclusive. Hence, it is
possible that glucocorticoids and cAMP, individually and in
combination, may act differently on each of the lung growth
processes. Caution in the use of dexamethasone may be
required since prolonged systemic administration of gluco-
corticoids, particularly at high doses, are reported to be
detrimental to postnatal lung growth (6, 26). Although the
combined effects of the components of DCI may be sub-
stantially different from the effects of glucocorticoids alone,
it is nevertheless encouraging that in the present study, the
effect of a single administration of DCI was sustained for at
least 28 days. Although we have not done any pharmacoki-
netic studies, it is unlikely that the effect of DCI per se was
sustained throughout this period, suggesting that facilitation

L459

of initial stimuli for compensatory lung growth is important
rather than its maintenance. Therefore, prolonged adminis-
tration may not be necessary. Furthermore, administration
of DCI without pneumonectomy did not demonstrate any
overt effects (data not shown), suggesting that DCI only
augments compensatory lung growth. To this end, the opti-
mal timing of DCI administration in relation to pneumonec-
tomy, along with the potential duration of action of DCI is
considered to be important and requires further study.

In the present study, we used INF as a vehicle since it is in
clinical use as a surfactant supplement and is experimentally

dede
A O NoTx (|
20 ¥ PNX+INF .
B PNX+DC
18
1~ |
g14
21 .« " ‘
o]
3 10
E
g 8
8
4
2
0 |
day0 day2 day? day14
B we
e
300 | O NoTx . w
5 PNX+INF
250 | MPNX+DCI J1
f.
S
é 150
Z
100
50
0

day0 day2 day? day14

Fig. 5. Exercise tests as indirect indices of lung function. A: forced wheel running
at day 0, prior to pneumonectomy, did not differ significantly between groups (n =
4 in each group). Forced wheel running at day 2 was significantly reduced in both
PNX+DCT and PNX+INF groups compared with the respective values at day 0.
Recovery was seen beyond day 7 in the PNX+DCI group but not in the
PNX+INF group. *P < 0.05 vs. respective day 0 values, **P < 0.05 between the
indicated groups. B: semivoluntary wheel running at day 2 (n = 4 in each group)
tended to be reduced in both PNX+DCI and PNX+INF groups compared with
day 0. Recovery was seen at day 7 in both groups without statistically significant
differences. At day 14, the PNX+DCI group and the NoTx group were signifi-
cantly increased compared with their respective day 0 values, presumably reflect-
ing adaptation to wheel running, but the PNX+INF group remained at a similar
level as day 7. The difference at day 14 was significant between the PNX+DCI
group and the PNX+INF group. *P < 0.05 vs. respective day 0 and day 2 values,
=P < (.05 between the indicated groups.
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reported to facilitate the movement of coadministered materials
into the airway from the nasal orifice (18). Other surface-active
materials may also be effective. The delivery of inhaled all-
transretinoic acid has been previously reported in detail (17),
showing that airway administration is expected to be most
efficient in delivering materials to the lung. However, it is
possible that systemic concentration of DCI was also signifi-
cantly elevated in this particular study, since at least a fraction
of administered DCI was expected to be absorbed from the
nasal mucosa, even with INF. Further delivery and pharmaco-
kinetic studies are necessary to address these issues.

Growth factors such as epidermal growth factor (11),
hepatocyte growth factor (27), vascular endothelial growth
factor (28), and keratinocyte growth factor (13), and a form
of vitamin, retinoic acid (12), have been reported to facili-
tate compensatory lung growth. Our previous study sug-
gested the importance of TTF-1 in compensatory lung
growth (31). The results of the present study indicate that
DCI administration augments the induction of TTF-1 after
pneumonectomy in the lung in vivo. Although the effect of
DCl is likely to be multifaceted, the induction of TTF-1 may,
at least in part, be involved in the effects of DCI on facilitating
compensatory lung growth, since concomitant administration of
TTF-1 siRNAs suppressed the effects of DCI on day 7, al-
though this effect was not apparent on day 2. It is possible that
the induction of TTF-1 by DCI may have peaked earlier than
day 2. Administration of siRNAs at earlier time points, namely
before pneumonectomy, may, to some extent, clarify this issue.
Further studies to specify the types of alveolar septal cells
affected by DCI are also necessary.

To our knowledge, this is the first report of a material
administered through the airway, which facilitates compen-
satory lung growth. Airway administration would be an
ideal route of application in the clinic for materials that are
expected to function in the lung. Furthermore, DCI may
have advantages over the administration of growth factors in
that it is a combination of materials that are clinically
accessible and that it is also expected to be more acceptable
in terms of cost. Although still preliminary, DCI with
further modifications may provide a therapeutic treatment to
potentially augment residual lung function after resection.
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Regarding cryoablation for the malignant lung tumors, multiple trials of the freeze-thaw process have
been made, and we considered it necessary to view and analyze the freeze-thaw process as a freeze-thaw
sequence. We caused the sequence in a porcine lung in vivo by using an acicular, cylindrical stainless-
steel probe as the heat source for the freeze-thaw sequence and cooling to —150 °C with super high-pres-
sure argon gas by causing the Joule-Thomson effect phenomenon at the tip of the probe. In this exper-
iment, we examined the sequence by measuring the temperature and using the isothermal curve and
the freezing function. As a result, it was demonstrated that the freezing characteristics considerably dif-
fered in the first sequence and the second sequence from those of non-aerated organs such as liver and
kidney. In our experiments on porcine lung, thermal properties were considered to change as the bleed-

Keywaords:

Freezing function
Freeze-thaw sequence
Isothermal curve

Cryosur,

cgoamg;?; ing caused by the first thawing infiltrated in the lung parenchyma, and it was confirmed that the frozen_
Lung cancer area in the second cycle was dramatically enlarged as compared with the first cycle (when a similar
Joule-Thomson effect sequence is continuously repeated, we say it as cycle). This paper provides these details.

Porcine lung © 2010 Elsevier Inc. All rights reserved.

The cryoablation for the malignant lung tumors is a treatment
to cause local cell necrosis by a rapid freezing/thawing at the tip
of the cryoprobe. Percutaneous cryoablation of lung tumors by
using the Joule-Thomson effects with high-pressure argon gas
and high-pressure helium gas has been safely performed under
CT fluoroscopic guidance in our institute [1,2]. A cycle of the 5-
10 min freezing and the thawing creates the frozen area, which
was enlarged after repetition of the cycles.

There have been a large number of studies about cryoablation
[3], but there are few experimental studies about the lung cryoab-
lation [4-7]. We have made both theoretical and experimental
analyses about the enlargement of the freezing surface of a normal
porcine lung in order to necrose cells infallibly during cryoablation
[8,9]. In this connection, we have conducted the prediction of the
freezing progress in lung tumors by using a two-dimensional heat
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and Technology (MK).

* Corresponding author.

E-mail address: nagasawa@dgs.co.jp (T. Nagasawa).

0011-2240/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.cryobiol.2010.10,157

conduction analysis with an enthalpy method and a one-dimen-
sional heat conduction analysis with an approximation equation.
The results of these two methods gave similar results. We made
a theoretical prediction that there was a limit (limiting radius) to
an iceball in vivo or a freezing limitation due to the heat balance
between the cryogenic temperature of the cryoprobe as a cryogen
and the heat source of the surrounding area. In the experiments, on
the other hand, we conducted each trial of freezing on a porcine
iung with a cryoprobe and measured the size of a frozen area. As
a result, we confirmed that the theoretical calculation used in the
previous paper [9] on the freezing curve reproduced the experi-
mental values. To analyze the freezing characteristics such as the
limiting radius, we defined the freezing function f(t) of time ¢ indi-
cating the radius of freezing surface of the iceball as follows:

f(t) = aexp(bt) + c(a,b < 0,c > 0). M

Then, we fitted free parameters, a, b and c, to experimental data
with the least-square method. Although freezing function is a non-
linear function, when the time is infinite, its first term becomes
zero and freezing function converges to the intercept ¢ which is
equivalent to the value of the limiting radius of the iceball. As a
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Fig. 1. Positions of the cryoprobe (center) and the thermocouples. N, E, S, and W
stand for North, East, South and West, respectively and the numbers indicate the
distance (mm) from the center, where the cryoprobe is positioned.

result of the analysis using this freezing function, it was found that
the iceball reaches the equilibrium state in approximately 300 s at
single freezing of the posterior lobe of the porcine lung and the
measured limiting radius was about 10 mm. In order to verify
the effectiveness of multiple cycles in cryoablation for malignant
lung tumors, we conducted triple freeze-thaw cycle using the cryo-
probe; one or two places per swine at the normal posterior lobe of
lung, or 10 places in total. A set of 40 thermocouples located
around the cryoprobe were used for temperature measurement.
A temperature simulation model is proposed and thereby allows
real-time monitoring of the temperature behavior during a treat-
ment of cryoablation. Moreover, the freeze-thaw sequence was
analyzed by using the freezing function indicated in Eq. (1).

Fig. 2. (a) The cryoprobe and the measurement device. The cryoprobe at the center
and the thermocouples are fixed at 18 and 8 mm from the tip of each for the depth
of puncture in the porcine lung. (b) The tip of a thermocouple. The alumel wire and
the chromel wire are connected only at the tip.

Fig. 3. The picture showing how the temperature is measured. Cryoprobe and
thermocouples are inserted by pressing the measurement device to the posterior
lobe of lung.
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Fig. 4. Comparison of the frozen radius between the experimental data (dot) and
the analytical solution (line). Freezing curve by the analytical solution is calculated
by using the parameter set 2 in Table 3 except w.s = 0.04. The experimental data
originate from [8].

Fig. 5. Bleeding around the cryoprobe at the first thawing. The freeze-thaw cycle
was completed three times at the other bleeding spot below.
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Furthermore, we conducted three cases of the double freeze-thaw
cycle with the swine liver to compare with the lung cases, and ana-
lyzed the freeze-thaw sequence with the isothermal curve and the
freezing function in the same manner as the lung cases. Also, we
conducted one case of the double freeze-thaw cycle with the swine
kidney, and analyzed the freeze-thaw sequence by examining the
temperature change.

Methods

Experiment

We carried out the experiments for 10 male swine (3 months
old, approximately 40 kg of weight) on the posterior lobe of lung
using a 2.4-mm cryoprobe for freezing (Endocare, Irvine, USA),
after exposing the right lung under general anesthesia and respira-
tion control with a ventilator. K-type thermocouples were used for
temperature measurement. Measurements were conducted at
every 5 s for 40 points at the same time by using a data logger (Pico
Technology, UK). A 2.4-mm cryoprobe was inserted at the center,
and four thermocouples each at 4, 6, 8 and 10 mm positions from
the center and eight thermocouples each at 13, 15 and 17 mm
positions from the center were fixed by using an acrylic device

(Yokohama Micro Giko, Japan; Fig. 1). Since, however, the positions
of thermocouples can be inaccurate due to design limitation, the
lengths of radius are separately measured for accuracy. We found,
in advance, that the largest radius of the iceball was generated by
freezing in egg white approximately 10 mm from the tip of the
cryoprobe. To measure the temperature change at the position of
the largest freezing capability of a cryoprobe, the cryoprobe and
thermocouples were fixed at 18 and 8 mm from the tip of each
for the depth of puncture in the porcine lung (Fig. 2(a)). The tip
of the thermocouple is very thin as shown in Fig. 2(b), the chromel
wire and the alumel wire are connected at the tip only and the
influence of the thermocouple temperature measurements was
minimized. Fig. 3 shows how the cryoprobe is inserted actually
and the temperature is measured. Three cycles of freeze-thaw
experiments were conducted for each puncture point. Like clinical
experiences of lung, the freeze-thaw cycle was set for the freezing
time of 5 min for the first freezing and 10 min for the second and
the third freezing. The past studies showed that the equilibrium
state was reached in about 300 s in the first freezing [8]. Thawing
progresses until the temperature measured by the thermocouple in
the cryoprobe, reaches 30 or 20 °C with the use of high-pressure
helium gas (active thawing); the helium gas is then stopped (pas-
sive thawing) for the first and the second thawing, which takes

#cC -125C

Fig. 6a. Isothermal curves in the experiments of lung (active thawing 30 °C). The green curves show freezing temperature. Each interval between the isothermal curves is
5 °C. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6b. Isothermal curves in the experiments of lung (active thawing 20 °C). The notation is the same as in the figure (a).

10 min in total; for the third thawing, high-pressure helium gas is
used until the cryoprobe is removed, which is the end of the work.
All animal studies were approved by the School of Medicine, Keio
University, Institutional Animal Care and Use Committee, and were
carried out in accordance with the “Guide for the Care and Use of
Laboratory Animals” published by the National Institute of Health.

Theoretical analysis

The analytical solution used here is based on the following one-
dimensional governing equation within a living organism [9]:

of 19 0
Pscsﬁ - ( ksg':) + prfweﬂ(Tf =T) +Sn. (2)

Here, r and T stand for position and temperature, respectively.
Also, ¢ and k are density, specific heat and thermal conductivity,
respectively, and their subscripts, s and f show tissue and blood.
Sn is the metabolic heat generation and we is the effective perfu-
sion rate which we introduced and it is a semi-empirical value. The
boundary conditions for the freezing process using the cryoprobe
of outer radius R, are given as follows:

T=T,: (0<T<R,),

T=To: (Rm<r), 3)

where R, is the radius from the point of which temperature is body
temperature To. The following equation can be obtained from the
energy balance relationship at the freezing point r = R;:

dR;

oT
£ = pete(To - ToRi 7 (4)
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Here, hy indicates latent heat of solidification and the subscripts
i and c stand for frozen region and non-frozen region. A quasi-
steady approximation works out for the first term on the right-
hand side which shows heat flux from the frozen region as long
as freezing speed is not extremely fast, and the temperature in
the frozen region can be shown as follows:

r=

T-T, In(r/R,)
=T, “I(R/R,)’

The first term on the right-hand side of Eq. (4) is

R, <r<R. (5)

oT T: T,
Rki—| = kiln(R—i/R’;)- (6)

or r=R;
In the same way, let us assume that the second term on the
right-hand side which shows heat flux from non-frozen region
can be shown as the following equation that satisfies the temper-
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ature of the non-frozen region T = T; with boundary condition of
r=R; and also T =T, and 8T /ar = 0 with boundary condition of

T = Rp:
T-Ty r-R\?
——=——] : R <r<Rn 7
- (1 R,..—Ri> <7 <R 7)
Under quasi-steady approximation, the Eq. (2) is integrated to
give:

dT
kR

R R
— PLcWes / r(T — To)dr + Sp, / rdr=0. (8)
R R

TR,

Substituting the Eq. (7) into the Eq. (8):

cc® «(Ti — To) [% (Rm — R)R: +11—2(R,,. - R;)’]

T L) ©

which is derived and forms a cubic equation for R;/(Rn — Ri). Based
on Newton'’s shooting method, the following explicit expression
gives a quite accurate value for the root:

! L4 6
bl p \/% [w . 50 S " ] [m_a; (ro-n)], (10)
m — Ri (To-Ty) 3 g
where a = k/pc is the thermal diffusivity. As a result, the second

term on the right-hand side of the Eq. (4) is given by using the
Egs. (7) and (10):
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Fig. 7. Isothermal curves in the experiments of liver. The notation is the same as in
the Fig. 6a. Curves reach the equilibrium state at both the first and the second time
freezing.

Finally, by substituting the Egs. (6) and (11) into the Eq. (3), it
can be shown as following:

. _1+4Sr R InR;}
Ste q_ —cﬁ[\/- (w* + 3Met)'/*R; +;{%J

Here, the following dimensionless parameters are introduced:

(12)

R =Ri/R,, (13a)
t* = oyt/R2, (13b)
Ste = &T;"-T_”l (13¢)
sf
———”f‘:‘(“ wt. )| (13d)
pl sf ’
* ‘“Rf’ (13e)
ki (T, ki(Ti = T,)
U= F Tt L (13f)
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In above definitions (Egs. (13a)-(13g)), @* and Cr correspond to
B and ¢ of Cooper and Trezek [10], respectively. The analytical
solution can be obtained by solving the differential Eq. (12) by
numerical calculation. The quasi-steady assumption is valid when
t*Ste/(1 + Sr) > 1, which roughly gives t > 1 s. Thus, the assump-
tion holds for most parts of the freezing process except at its initial
short period.

Fig. 4 shows the comparison of the time variation of the frozen
radius between the experimental data and this analytical solution.
It is found that, as time advances, the analytical solution overesti-
mates the frozen radius. This defect may be partially due to neglect
of the axial term.

Results

In the first thawing, the bleeding from the frozen region was
confirmed (Fig. 5). The frozen area in the second thawing was vis-
ibly larger than that of the first thawing.

In order for real-time monitoring of the temperature distribu-
tion around the cryoprobe, a set of thermocouples is settled around
the cryoprobe for temperature measurement purpose. These scat-
tered temperature data are then interpolated by the Radial Basis
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Fig. 8. Temperature change in the experiment of kidney.
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Function Interpolation method [11] where the radial function is
defined as

o) =P -Inr. (14)

Based on the n measurements, the following interpolated func-
tion is used to describe the temperature behavior with n radial ba-
sis functions:

0= - (-l (15)
i=1

where ¢; is the position of the ith measured point and w; is the
weight associated to the radial basis function centered at c;. The
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weighting term could be derived by solving the following system
of equations:

o 2 o ro, T
bu bu b2 = 16)
¢m ¢n2 ¢rm DOn Tn

where ¢;; denotes ¢(||c; — ¢j||) and T; is the measured temperature at
¢;. Based on the interpolated function, the overall temperature dis-
tribution around the cryoprobe could be derived. Finally, in order to
provide for user visualization, the distribution of temperature is
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Fig. 9a. Freezing function in the experiments of lung (active thawing 30 °C).
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Fig. 9b. Freezing function in the experiments of lung (active thawing 20 °C).

presented by the isothermal plot where the locations with the same
temperature are found and connected by Cubic B-Spline functions.

In the experiment, the freeze-thaw sequence was repeated
three times, and the isothermal curves at each time of freeze termi-
nation are shown in Fig. 6.

The isothermal curve of the first freezing is generally deformed
as deviating from the concentric circle, but the isothermal curves
in the second and the third freezing are similar to each other and
are circular as compared with the one of the first freezing. Compar-
ing each frozen area after 300 s, it was found that the frozen areas
of the second and the third cycles are obviously larger than that of
first cycle. From the temperature change in each cycle, the second

cycle or later apparently provides more freezing than the first cy-
cle. In addition, it was known that the difference between the sec-
ond cycle and the third cycle was smaller than the difference
between the first cycle and the second cycle.

The following shows the comparison with other organs. The
temperature was measured at 32 places of three cases of liver,
and two cycles of freeze-thaw experiments were conducted. Unlike
lung experiments, the first freezing did not reach the equilibrium
state in 300 s in the case of liver. The freeze-thaw cycle of liver
experiments was different from that of lung experiments in the
point that freezing and thawing were both switched when the
equilibrium state was reached. Fig. 7 shows the isothermal curve
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of each case. The frozen area grew in the shape of a concentric cir-
cle and to about 10 mm in the equilibrium state of the first freez-
ing. At the equilibrium state of the second freezing, the frozen area
shows the temperature distribution in a similar shape as compared
with the first freezing, but it did not grow dramatically larger in
size. In comparison with the experiments of lung, the changes in
the temperature or diameter curves observed in the experiments
of the liver are found that it is similar to the change from the sec-
ond freezing to the third of lung.

The temperature was measured at 7 places of one kidney, and
two cycles of freeze-thaw experiment was conducted. Fig. 8 shows
the temperature change in the experiment of kidney. It is found
that the temperature changes at all the 7 places in the first cycle
and the second cycle were almost the same. Therefore, it can be
said that the changes of isothermal curves of kidney and liver are
similar in the freeze-thaw sequence.

Discussion

We applied the least-square method (Marquardt-Lovenberg
algorithm) to each of the 10 cases of the experiment to obtain
the freezing function as Eq. (1) by plotting the freezing time for
each thermocouple based on the experiment values of the radius
of the thermocouple to the cryoprobe.

The freezing function is shown in Figs. 9a and 9b. It is clearly
noted that the curves in the second and the third freezing have a
larger radius than the curve in the first freezing.

The values of the free parameters, a, b and c, obtained by the
least-square method are as shown in Table 1. Regarding all the
10 cases of experiment, it is found that the value of the limiting ra-
dius, c, is greater in the second and the third freezing than in the
first freezing and the value b indicating the curvature is smaller
in the first freezing than in the others. Although the duration of
the freezing are different between the first freezing and the second
and the third freezing, this shows that the second and the third
freezing provide a dramatically larger frozen area than the first
freezing. On the other hand, the difference in the size of the frozen
area between the second freezing and the third freezing is less pro-
nounced than the one between the first freezing and the second
freezing.

When compared with the liver, the freezing function in the
experiments of liver is almost same in the first freezing and the
second freezing as shown in Fig. 10. Table 2 shows the free param-
eters obtained by the least-square method. It is found that the val-
ues, a, b and ¢, do not dramatically change from the first freezing to
the second freezing, which is much different from the lung exper-
iments. Regarding the liver as non-aerated organ, the first cycle did
not cause a dramatic change in the thermal properties. Therefore, it
is considered that the iceball hardly grows in the first and the sec-
ond cycles. In the meantime, in the lung experiments, the patho-
logical structure and the thermal properties drastically change
between the first cycle and the second cycle. Between the second
cycle and the third cycle, it is supposed that the thermal properties
have no change like non-aerated organs.

Fig. 11 shows the freezing curves obtained from the analytical
solution using the parameters shown in Table 3 . As far as the
parameters used, thermal conductivity is greater in the parameter
set 2 than in the parameter set 1, and so is density. As the graph
shows, the difference in the frozen area arises as time advances,
and it is found that the frozen area is greater in the parameter
set 2.

According to a paper on the pathological change after lung cryo-
ablation reported by Izumi et al. [4], it is considered that infiltra-
tion of the blood from the frozen region into the aerated lung
parenchyma during the first freezing has a profound effect on

increasing thermal conductivity by pushing out the air. As a result,
the frozen area in the second cycle is possibly greater than the one
in the first cycle. On the other hand, in the second and later cycles,
since there is no change in the area where once blood infiltrated it
is considered that the thermal properties do not change as in non-
aerated organs and that the frozen area does not grow dramatically
large. Two types of active thawing up to 20 and up to 30 °C fol-
lowed by passive thawing were done. No obvious differences in
temperature curves could be found. Thawing still remains to be a
challenge for the future.

In some papers on animal experiments of hepatic or renal cryo-
ablation, the iceball volume at the end of the second freezing cycle
was significantly larger than the volume at the end of the first
freezing [12-14]. In another paper on cryoablation for sheep liver,
the zone of necrosis as a percentage of the original iceball diameter
was significantly higher following a double freeze-thaw cycle [15],
which is supported by a paper on the temporary elevation of serum
transaminase level after hepatic cryoablation [16]. For non-aerated
organs, the double freeze-thaw cycle may thus facilitate tumor
destruction and is recommended. This study suggests that the first
freezing cycle is just to create optimal environment for heat con-
duction, the second is to produce larger iceball and the third may
be necessary for more effective cytotoxicity. This result supports
the fact that the triple freeze-thaw cycle has been applied in our
clinical experience of pulmonary cryoablation [1].

Conclusion

We drew the isothermal curves by measuring the temperature
of a normal porcine lung in vivo based on the same freeze-thaw cy-
cles as actual cryoablation for malignant lung tumors. Further-

Table 1

Parameters for freezing function, f(t) = aexp(bt) +c, in the experiments of lung
obtained by the least-square method. 30 and 20 in the first column indicate active
thawing up to 30 and 20 °C, respectively.

a b x 10? c
30a 1st —6.48 -1.29 8.71
2nd -8.29 -1.13 10.32
3rd -9.08 -0.99 10.54
30b 1st -5.35 —-2.61 6.34
2nd -7.32 -0.79 9.90
3rd -8.03 -0.89 1031
30c st -7.65 -0.67 10.50
2nd -9.95 -0.46 13.22
3rd -10.29 —-0.46 13.37
30d 1st -7.87 -1.32 9.69
2nd -9.72 -0.50 12.83
3rd -9.70 —-0.49 12.78
30e 1st -6.05 -1.32 834
2nd -8.05 -0.93 10.31
3rd -9.08 -047 1229
20a 1st -6.32 -1.24 8.45
2nd -9.53 -045 1291
3rd -9.57 -0.49 12.98
20b 1st -5.97 -1.18 8.51
2nd -9.09 -0.85 11.79
3rd -9.97 -0.52 1294
20c 1st -6.63 -0.98 924
2nd -7.60 -0.70 1033
3rd -10.08 -041 1334
20d 1st -7.09 -1.50 8.96
2nd —846 -1.34 9.86
3rd —8.65 -1.36 9.85
20e 1st -6.42 -1.25 8.52
2nd -7.20 -1.07 9.16
3rd -7.77 -1.05 9.47
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Fig. 10. Freezing functions in the experiments of liver.

Table 2 Table 3
Parameters for freezing function in the experiments of liver obtained by the least- Parameters used for the calculation of analytical solution.
square method.
a b x 10? ¢ : A
Liver 1 1st -761 -062 1052 Ry (mm) 113 i
2nd -823 -0.62 1097 S (Wini') 1200 120
5 ; T, (K) -1350 ~135.0
Liver 2 1st -7.70 —067 1036 To (K) 37.0 37.0
2nd ~799 ~0.62 10.77 T; (K) 20 . -20
Liver 3 1st ~7.95 —067 10.52 'r';f (J(ng)) 33042000 3-7')4200“
2nd -854 -0.70 11.02 eft V .
n ki (W/mK) [5) 0.147 1.758
ke (W/mK) [5] 0.0586 0.502
pi (kg/m3) [5] 100 1000
L pc (kg/m?) [5] 100 1000
i (J/kgK) [5] 1675 1675
cc J/kgK) (5] 3349 3349
ar 86 119
» 0.15 0.18

more, we defined the freezing function by applying the least-
square method to temperature data at each cycle, and analyzed
the freeze-thaw sequence.

As a result of the analysis with the isothermal curve and the
freezing function, the frozen area of the iceball was larger in the
second cycle than in the first cycle. On the other hand, the frozen
area in the third cycle was not significantly larger than in the sec-
ond cycle. For the purpose of comparison, we also conducted the
0 freeze-thaw cycle with the liver and the kidney as a non-aerated
. e 20 ’”T 0 0 om0 = organ. In either organ, the frozen area in the second cycle was

. not larger than in the first cycle. From the viewpoint of thermal
Fig. 11. Freezing curves by analytical solution. property, there is no dramatic change between the first cycle and

Radius [mm]
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the second cycle in non-aerated organs, and the frozen area conse-
quently is believed to make almost no change. In the meantime, it
is believed that there was a significant change in thermal proper-
ties in the lung between the first cycle and the second cycle, yet
there was no such significant change between the second cycle
and the third cycle. As a significant change in thermal property,
the bleeding at the first cycle conceivably infiltrates the lung. Basi-
cally, in the lung cryoablation, it is supposed that bleeding in the
first freeze-thaw cycle increases the thermal diffusivity around
the cryoprobe and it is enabled to freeze a greater area in the sec-
ond freezing. Consequently, it is necessary to repeat the freeze-
thaw cycle twice or more in the cryoablation of the lung
cryoablation.
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Abstract

Objective: Cutting the intersegmental plane by using a stapler during segmentectomy might interfere with the expansion of the preserved lung
due to visceral pleura caught in a staple line, especially in a large regional segmentectomy, such as left upper division or basal segmentectomy. We
compared the preserved lung volume after segmentectomy among the methods using stapler, sharp dissection, and their combination for cutting
the intersegmental plane in ex vivo pig lungs. We also examined a covering effect of polyglycolic acid mesh and fibrin glue. Methods: To assume a
large regional segmentectomy in clinical practice, segments of the left caudal lobe except the lateral segment 2 (L2 segment) were resected, and
the lung volume of the preserved L2 segment was measured. The intersegmental plane was cut by the following three methods: (1) stapler (n = 8);
(2) scissors (n = 8); and (3) the combined method, that is, cutting the shallow lung tissue with scissors and the deep one with stapler (n = 8). The
opened intersegmental plane was covered with polyglycolic acid mesh and fibrin glue. The air leakage was checked by injecting air through the
bronchus at pressures of up to 30 cmH,0. Thereafter, normal saline was injected through the bronchus at pressures of 10, 20, and 30 cmH,0, to
measure lung volumes by the volume-displacement method. Results: Polyglycolic acid mesh and fibrin glue prevented air leakage completely at
up to 30 cmH,0. At the saline injection pressures of 10, 20, and 30 cmH;0, the mean volumes of L2 segment were 72 + 14, 96 + 14, and
109 & 26 ml with the stapler; 86 + 11, 117 £ 19, and 135 + 39 ml with scissors; and 98 + 10, 140 + 20, and 155 + 40 ml with the combined
methods, respectively. The volume of the preserved L2 segment was significantly lower with the stapler method than with either the scissors or
combined method at each pressure (p < 0.01). The difference was not significant between the scissors and combined methods. Conclusions:
Coverage with polyglycolic acid mesh and fibrin glue prevented air leakage from the opened intersegmental plane. The stapler interferes with the
expansion of preserved lung in comparison to scissors or combined methods in a large regional segmentectomy.
© 2011 European Association for Cardio-Thoracic Surgery. Published by Elsevier B.V. All rights reserved.
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1. Introduction expansion due to the visceral pleura caught in the staple line.
Therefore, to expand the preserved lung sufficiently, some
surgeons cut the intersegmental plane by using an electric

scalpel along the intersegmental plane, which is depicted

With an increasing number of patients with small-sized
non-small-cell lung cancer, the importance of pulmonary

segmentectomy has been growing. Some Japanese surgeons
have reported the superiority of segmentectomy over
lobectomy for preserving pulmonary function [1,2], but
others refute this [3], of which difference may relate to the
method used to cut the intersegmental plane during
segmentectomy, that is, using a stapler versus an electric
scalpel. The advantages of the former are its simplicity and
less postoperative air leakage, but it may interfere with lung
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between the inflated segment and deflated one [4—8]. We
previously reported that a large regional segmentectomy,
such as a left upper division segmentectomy, and the
resection of more than three segments, such as a basal
segmentectomy, could not preserve sufficient pulmonary
function [2]. Therefore, the cutting procedure for interseg-
mental plane would be critical for preserving pulmonary
function, especially in large regional segmentectomy.
However, the technique using an electric scalpel might
cause postoperative air leakage from the opened interseg-
mental plane. While the deflated—inflated line at the
intersegmental plane is sharply defined at the shallow lung
tissue, it sometimes becomes blurred at the deep tissue. In
addition, to take a sufficient margin from the tumor, the lung

1010-7940/$ — see front matter © 2011 European Association for Cardio-Thoracic Surgery. Published by Elsevier B.V. All rights reserved.
DOCTOPIC: 10, 11, 14

doi:10.1016/j.ejcts.2011.02.021




EJCTS-8253; No. of Pages 5

2 K. Asakura et al. / European Journal of Cardio-thoracic Surgery xxx (2011) xxx—xxx

should be frequently cut beyond the intersegmental plane,
which also causes the air leakage. Therefore, even in the
technique by using the electric scalpel, the stapler would be
helpful for cutting deep intersegmental planes.

Therefore, the present experiment, using ex vivo pig lung,
examined the following points: (1) whether or not the stapler
method for cutting the whole lung tissue on intersegmental
plane interferes with the expansion of preserved lung
compared with that using scissors; and (2) whether or not
the combined technique, that is, cutting the shallow lung
tissue with scissors and the deep one with a stapler,
interferes with the expansion of the preserved lung. To
mimic a large regional segmentectomy in clinical practice,
we removed all segments except the lateral segment 2 (L2
segment) from the left caudal lobe and measured the volume
of the preserved L2 segment. In addition, to evaluate the
usefulness of polyglycolic acid (PGA) mesh and fibrin glue for
covering the intersegmental plane, pressure resistance test
was also examined.

2. Materials and methods
2.1. Experimental protocol

The ex vivo left lungs obtained from slaughtered pigs, aged
from 6 to 10 months and weighing approximately 100 kg, were
used in the present study. The left lung consists of middle lobe
and caudal lobe. Of these, the L2 segment is the largest
segment (Fig. 1). To assume a large regional segmentectomy in
clinical practice, all segments of the left caudal lobe except
the L2 segment were resected, preserving the L2 segment. A
flexible 12-Fr catheter was inserted into the L2 segmental
bronchus, followed by ligation of the root of bronchus. Air was
pumped into the catheter to create a border between the
inflated L2 segment and deflated other lung tissue, as
previously reported [4—7] (Fig. 2). The border between the
inflated and deflated lung tissue was cut using the following
three techniques: (1) stapler method (GIA: 6 cmin length and
4.8 mm in thickness; Covidien Co. USA) (n =8); (2) scissors
method (n =8); and (3) combined method, that is, cutting
more than half of the shallow border by scissors, followed by
cutting the deep one by stapler (n=8) (Fig. 3(A)—(C)). The
intersegmental plane opened with scissors was covered with
PGA mesh (Neoveil®, Kyoto Ika, Co., Kyoto, Japan) and fibrin
glue (Bolheal®, The Chemo-Sero-Therapeutic Research Insti-
tute, Kumamoto, Japan), as reported previously (Fig. 3(D)) [9].
Briefly, a PGA mesh was used to completely cover the opened
intersegmental plane, followed by coating with 1 ml each of
fibrinogen and thrombin.

Prior to resection, the weight of the whole left lung and
the L2 segment was measured to take into account the
difference of lung size among the animals. The weight of the
preserved L2 segment was measured after resection.
Through the catheter inserted into the bronchus of L2
segment, air was injected to examine the air leakage before
measuring lung volume. The air was injected consistently at
the pressures of 10, 20, and 30 cmH,0 while dripping saline
on the intersegmental plane to check for the absence of air
bubbles. The absence of air leakage was mandatory for the
accuracy of the following measurement of lung volume.

Fig. 1. Schematic lateral aspect of the pig left lung. The left caudal lobe
consists of dorsal segments 2—7, medial segments 4 and 5, ventral segments 2—
5, and the lateral segments 2—6. Dorsal and medial segments cannot be seen in
the lateral aspect.

Fig. 2. L2 segment was inflated by selective inflation through the catheter
inserted into the L2 segmental bronchus to delineate the deflated—inflated
line.

Because the lung inflated with air could not be submerged in
water for measurement of lung volume by the volume-
displacement method [10], we injected normal saline into the
segmental bronchus after checking air leakage. Normal saline
wasinjected into L2 segmental bronchus at pressures of 10, 20,
and 30cmH;0. The lung volume at each pressure was
measured by the volume-displacement method. The
volume/weight ratio of the L2 segment at each pressure
was calculated as follows: volume of L2 segment with infusion
of saline (ml)/weight of L2 segment before infusion of normal
saline (g). Lung expansion around the intersegmental plane
was also compared macroscopically among the three methods.

All animal studies were approved by the School of
Medicine, Keio University Institutional Animal Care and Use
Committee, and were carried out in accordance with the
Guide for the Care and Use of Laboratory Animals published
by the National Academies Press.

2.2. Statistical analysis

Data are expressed as means + standard deviations. The
data for each method were compared by the Mann—Whitney
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Fig. 3. (A)Stapler method, i.e. the border was cut by using a stapler (n = 8). (B) Scissors method, i.e. the border was completely cut by scissors (n = 8). (C) Combined
method, i.e. more than half of shallow border was cut by scissors, followed by cutting the deeper one with a stapler (n = 8). (D) Covering the intersegmental plane
with polyglycolic acid (PGA) mesh and fibrin glue to prevent air leakage. A manometer indicates that airway pressure is 30 cmH,0.

U test (StatView; Abacus, Berkeley, CA, USA). The p
value < 0.01 was considered statistically significant.

3. Results

In all three methods, air leakage from the intersegmental
plane was never seen, at the pressure up to 30 cmH,0.

There were no significant differences in the weights of the
whole left lung and the L2 segment, or in the volume/weight
ratio between the left lung and L2 segment among the
methods (Table 1).

Figs. 4—6 show the volume/weight ratio of the L2 segment
at the injected pressures of 10, 20, and 30cmH,0,
respectively. At the pressure of 10 cmH,0, the mean volumes
of the L2 segment were 72 + 14, 96 + 14, and 109 + 26 ml
with the stapler, scissors, and combined methods, respec-
tively. Those volume/weights were 2.8 + 0.7, 3.9 + 0.4, and
43+0.4mlg™" for the stapler, scissors, and combined
methods, respectively (Fig. 4). The mean volume/weight
ratio with the stapling method was significantly lower than
those with the scissors and combined ones (p=0.006 and
0.0008, respectively). There was no significant difference in
the volume/weight ratio between the scissors and combined
methods.

At 20 cmH,0, the mean volumes of the L2 segment were
86 + 11, 117 £ 19, and 135 £ 39 ml with the stapler scissors,
and combined methods, respectively. The volume/weight
ratios were 3.3 £ 0.7, 4.8 + 0.6, and 5.3 + 0.5 ml g " for the

Table 1. Weight of the left whole lung and left L2 segment.
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Fig. 4. Volume/weight of L2 segment with inflation at 10 cmH,0 (n = 8).

stapler, scissors, and combined methods, respectively
(Fig. 5). The value with the stapler method was significantly
lower than those with the scissors and combined ones
(p=0.005 and 0.0008, respectively). There were no
significant differences in the volume/weight ratio between
the scissors and combined methods.

At 30 cmH,0, the mean volume of the L2 segment was
98 + 10, 140 + 20, and 155 + 40 ml with the stapler, scissors,
and combined methods, respectively. The volume/weight
ratios were 3.8 + 0.6, 5.7 + 0.6, and 6.0 + 0.6 ml g~ for the

Weight of the lung St (n=8) Sc (n=8) C(n=8) Difference
The left whole lung (g) 238+ 18 243+ 16 239433 N.S.
Left L2 (g) 26+6 25+2 26+7 N.S.
Left L2/the left whole lung (%) 1M1+£2 10+1 11+1 N.S.

St, stapler method; Sc, scissors method; C, combined method; N.S.; not significant.
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Fig. 5. Volume/weight of L2 segment with inflation at 20 cmH,0 (n = 8).
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Fig. 6. Volume/weight of L2 segment with inflation at 30 cmH,0 (n = 8).

stapler, scissors, and combined methods (Fig. 6). The value
with the stapler method was significantly lower than those
with the scissors and combined ones (p =0.002 and 0.0008,
respectively). There was no significant difference in the
volume/weight ratio between the scissors and combined
methods.

Fig. 7 shows gross sections of L2 segment cut by the three
methods. While the intersegmental plane was caught in the
staple line on using the stapler, causing partial atelectasis, it

Scissors

Decrease in the lung volume by the stapler method in
comparison to the scissors or combined method should be due
to the finding that the lung tissue including visceral pleura
was caught in a staple line, causing partial atelectasis.
Because the weights of L2 segment were not different among
the three methods, the stapler method did cut the lung tissue
accurately at the intersegmental plane similar to the other
two methods. While the stapler method can cut the lung
tissue simply, the interference for lung expansion would be a
major weakness. The present study was carried out in ex vivo
lungs, rather than in live pigs, so that accurate volume
evaluation by the volume-displacement method was possi-
ble. However, because of this, long-term outcomes on the
atelectasis around the staple line could not be followed up.
While long-term follow up is necessary to address this issue,
the results may be difficult to interpret due to postoperative
changes, however.

When cutting the intersegmental plane along its
deflated—inflated line, the line sometimes becomes blurred
in the deep lung tissue in clinical practice. In addition, to
take a sufficient surgical margin from a tumor, the cutting
line often has to exceed over the intersegmental plane.
These conditions often cause postoperative air leakage. The
present experiment showed that using the stapler for the
deep lung tissue not only secured the expansion of preserved
lung but also would be effective for preventing air leakage.

In the present study, we assumed a large regional
segmentectomy in clinical practice, such as left upper
segmentectomy and basal segmentectomy. To reproduce a
large regional segmentectomy in a pig lung, there is no choice
except the present procedure, that is, preserving the L2

Combined

Fig. 7. Gross sections of L2 segment cut by a stapler, scissors, and combined methods. Solid line indicates the intersegmental planes cut by each method. Dotted line
indicates the stapled planes of stapler or combined method. Arrows show the area of atelectasis in the stapler method.
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segment, because the anatomy of the other segmental
bronchus is complicated, which makes the other types of
segmentectomy impossible. The L2 segment is the largest
among these segments. Therefore, the preserved L2 segment
is similar to a preserved small segment after large regional
segmentectomy in clinical practice, such as lingular segment
in left upper division segmentectomy and apical segment in
the basal segmentectomy. Of course, it is possible that the
differences between the stapler group and the scissors group
may not have been as significant if the preserved segment
had been larger.

In addition to the partial atelectasis at the staple line, the
stapler method cannot preserve the intersegmental vein,
which has a role of venous flow of nearly half of the preserved
segment. The block of venous flow along the intersegmental
plane by stapler therefore causes an impairment of gas
exchange leading to decrease in pulmonary function. By
contrast, the scissors or combined method can preserve the
intersegmental pulmonary vein, enabling preservation of gas
exchange of the preserved segment.

It has been reported that the covering the opened
intersegmental plane with PGA mesh and fibrin glue is useful
for preventing postoperative air leakage [9]. PGA mesh is a
soft and thin (0.15 mm in thickness) absorbable material,
which, together with fibrin glue, makes it possible to block air
leakage from the peripheral lung tissue without significant
interference with lung expansion because of the excellent
elasticity of both materials. In the present experiment,
covering the opened intersegmental plane with these
materials could prevent the air leakage even at the pressure
of 30 cmH,0, which would be useful in clinical practice.

We conclude that a stapler for cutting intersegmental
plane interferes with the expansion of the preserved lung
comparing with the scissors or combined methods in large
regional segmentectomy. However, a stapler for cutting the

deep intersegmental plane not only does not interfere with
the lung expansion but also would be useful for preventing air
leakage. Coverage with PGA mesh and fibrin glue can prevent
air leakage from the opened intersegmental plane.
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