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mouse neural cell

Current Research in Immunology in press
+ Shimizu J, Takai K, Fujiwara N, Arimitsu
N, Ueda Y, Wakisaka S, Yoshikawa H, Kaneko
F, Suzuki T, Suzuki N. Excessive CD4+ T
cells co—expressing IL-17 and IFNy 1in
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e, LB EA
[} ANIEE /N BREZRUEROE |V veTFR 44.(3) 381-383 | 2010
VBB, A%, [EEERA
FE
BAT. TRl . RS RIERE R B ok 3847 | 2009
EEEE, JRER, |(relapsing WA EESMEE AR
s BRI, 2 7% polychondritis) 2 TOARMFEEE
e 5, 1L 5 Wr - TREEEE (%) PR IR 2R D
WEE RN 2009 £FEERR Wr & TIPSR O ST
TRE 21 RIS -
TR e 2
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BB BB T 2 BERECEL 07 £
1 ¥ DM E RO, FEE0IC L RERLEER~
JEANIRIRE % 58 5. !

MEHRE LT, # 6 BIEABE LA S DI}

HEN0EE - JBIE - BR2805. RERE (BE
BB, BHEBRER) ZZIFEBE0BEICHED, &
Wk, WHEE, FPREHETRLFREEARTS. KBR
WA, BINE, LEREE BEE NEEE, B
MEPRERR S AR, IEEEEHTLIEEE
TNENIIHIEARD NS, WEHD 3D -CT &
FIEFEREORBICERTH 5.

2, OMEOENREL, @R LAKS
HEiK, OBIER, ORRE BEX REIHE
K’ EOBROKIE, OWEE - REBREL, OFFH
HERE, HIED, T VoIt - sIERERE, 06
HHOH) B 3WEAL EZ®HAT, AW 1HEEL
EBMET, MR AR RO NS G BT
ENA. FBEREBITH 7 ETIZEE BT 595
TEIRREIEBTH D H Y, AL & BEEDE
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bbb '
EGFRIZEELTVWSLL0D, 5 THHIBMIC
%0 BEETHY, TAREBERITOEEDILE
b« BREBEORILIZED S, BIOAFaA4 FA%E
BOHFLIEY, REREZ L OBA I REIGEE
DFERZEETLLEND S, BEFL BRI
LCIIERAT O FRITREEY H\w 5, HEMEE
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EIVH BRI IR IER CAEG T RICEEND 554
WEAEMERRE (LIFr—F, 727545) 2B
GAENHH (BRBEE, 50-60%RHEOEL
). ;

O WRINARE

1. BES REVFBRECHRENESN, BEREIRK
EARBTAEEE, UTOMREFETS.
GLEF) TE 1), 2) OwThrdEw5.

) m&y=rgE 60mg) 34 %3
@D © | |
2) NANVEE (200mg) 288 2 WS E
FRTATG2EEIE3) 2HWA,
3) 7V iF=vuri Gmeg 2-4% 4S1-2
. A E% @D
2. hEFEG RKIEIEL, FERE, B, O, &
7 EORERBRERL MERBHIICIZUT oMl %
9. :
5]
7L F=vuavi Gmg) 6-124 (WHHE)
52-3 At MHIEE2-4B#REL, M
FE1-2BT L 0% RERE @&
3. EIER REVIEFITERLKERLEDEITRE
P RICEERD B HEITEUT ORF 2175 .
RT5% . :
Vb e XA PO —)biE 1 1,000mg 1 H1H
5% 7 I HE 500 mL (ZIRAI LT 2 BRRIAR
THEEENE 3 H RS
4, 2704 FIEEHRB 25704 FORE TEED
BT A%, BHTRUESATOLREE, &
EMHIEEZFET L. REREOETHEATOA K
BEcdarbo—-rLicd WEaiaiz, E8r»s
DREIFIZEOHEZZET 5.

mR%

HGHD TROEAZERIZG L CGEER Y
5 .

D UYIELyZAATEN (2mg) 2-4 7
CTRWGRE A2 WS A% EIC1-2 0.
QHOPEWERLZ2AH) @D ©

2) AA=FNH TN (0mg) 2-4 % TN
52 B SEHE @D B o

3) IYFEH 4 (50mg) 1-248 41-2
8. F R @D

® HNEHEE - ZOft0iA
FAEREICH LT, RETEN, &% 18X

ez B2 A5 v b (expandable metallic stent)

AR, KEWEMN, FHREREOER 2 7

D R EREREZ BT 5, LMEREIZE
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© KIEEBOBB IR L THBDOT, FHRET
- EESBIE SN, BEOREEFED.

IR AR RRE & B M S R EY

fioromyalgia (FM) and chronic fatlgue syn-
drome (CFS) ,

WMAEEL BEREHEERFLE - WY (CRTF R 7 L)

ﬁ%%ﬁf(m@ﬁiﬁ@%ﬁ%ﬁ&ﬁ
(CFS) EDWERAHOY Y FRETHY, £
Y gk, W BHEREZET LN, MEFRC
Z L <, et H 4w BB (functional somatic
syndrome : FSS) WA EINEERTH L. WK

BIL FSS OB CTHAMHEDEME, & LT
;m%wﬁﬁﬁék#%é BRI #7 EALD
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Assessing the Site of Maximal Obstruction in
the Trachea Using Lateral Pressure Measurement

during Bronchoscopy

Hiroki Nishine?, Takehiko Hiramoto!, Hirotaka Kida', Shin Matsuoka?, Masamichi Mineshita’,

Noriaki Kurimoto3?, and Teruomi Miyazawa'

"Division of Respiratory and Infectious Diseases, Department of Internal Medicine, 2Department of Radiology, and >Division of Chest Surgery,
Department of Surgery, St. Marianna University School of Medicine, Kawasaki, Japan

Rationale: Lateral airway pressure can provide valuable physiological
information during bronchoscopy.

Objectives: To evaluate tracheal obstruction during intervention.
Methods: To prospectively measure lateral airway pressure during
bronchoscopy using a double-lumen catheter in 15 healthy subjects
and 30 patients with tracheal obstruction. Pressure difference was
used to evaluate the site of maximal obstruction. The angle between
pressure recordings on either side of the stenosis was measured si-
multaneously (pressure-pressure curves) to assess the degree of tra-
cheal obstruction.

Measurements and Main Results: In the experimental study, the angle
of the pressure-pressure curve was unaffected by breathing maneu-
vers whereas the pressure difference was affected. In healthy sub-
jects, no pressure difference between the carina and trachea was
observed during tidal breathing, and the angle was close to 45°. In
patients with tracheal obstruction, the dyspnea scale, pressure dif-
ference, and angle changed significantly beyond 50% obstruction
(P < 0.0001). After stenting, the pressure difference disappeared
and the angle was close to 45°. The degree of tracheal obstruction
was significantly correlated with the pressure difference (r = 0.83,
P < 0.0001) and angle (r = -0.84, P < 0.0001). The cross-sectional
area, dyspnea scale, pulmonary function tests, pressure difference,
and the angle significantly improved after procedures (P < 0.0001).
Responder rates on the modified Medical Research Council Scale
were 84.6% for obstructions above 80%, and 58.8% for obstructions
between 50 and 80%.

Conclusions: The direct measurement of pressure difference and the
angle of the pressure—pressure curve represent a new assessment
modality for the success of interventional bronchoscopy. Measuring
lateral airway pressure could estimate the need for additional pro-
cedures better than bronchoscopy alone.

Public trial registered at umin.ac.jp (UMIN000002400).

Keywords: angle of pressure-pressure curve; dyspnea scale; pressure
difference; site of maximal obstruction; stenting

In patients with severe malignant airway stenosis, interventional
bronchoscopy is considered to be a method for maintaining air-
way patency (1). Patients referred for treatment of airway ste-
nosis are typically asymptomatic until critical narrowing of the
airway occurs. The degree of dyspnea depends on the degree of
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airway obstruction and becomes severe when well over 70% of
the tracheal lumen is obstructed (2). In our previous studies,
placement of the stent at the flow-limiting segment (FLS) pro-
vided the greatest functional benefit to patients with central
airway stenosis (3, 4).

Dynamic airway compression causes the formation of an FLS
in the central airways during forced expiration. With the use of
airway catheters in dogs (5-7) and in human subjects (8-10), the
FLS could be located by measuring lateral airway pressure (Py,,)
during induced flow limitation generated by either an increase
in pleural pressure or a decrease in downstream pressure.

Analysis of the flow-volume curve can be used to define the
nature of the stenosis and to provide reliable information on the
efficacy of stenting (4, 11-15). However, flow-volume curves
cannot identify the precise location of the lesion where airway
resistance increases, nor can it immediately define the outcome
of stenting. Because assessment of the FLS requires forced ex-
piratory vital capacity maneuvers, detecting flow limitation by
measuring Py, cannot be performed during bronchoscopy. We
therefore proposed a simple and well-tolerated bronchoscope-
guided technique using P, measurements to locate the site of
maximal obstruction and to estimate the outcome of inter-
vention.

The theory behind the measurement of Py, is as follows. A
double-lumen airway catheter capable of simultaneously mea-
suring Pp,, at two sites in the trachea can be used to assess
tracheal obstruction. If the catheter is positioned so that the
two holes are located on each side of a stenosis, then the two
pressures plotted against each other (pressure-pressure [P-P]
curve) will display a line with a slope less than 45° due to
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resistance between the two points. If the two holes are located
downstream or upstream from the stenosis, pressure between
these sites will be in phase and if plotted against each other, will
display a straight line with a slope of 45°.

The aim of this study is to assess the efficacy and feasibility of
measuring Py, simultaneously at two points to determine the
site of maximal obstruction. To validate this method, we first
built an experimental model to simulate a tracheal obstruction
and to assess the characteristics of central airway mechanics,
regardless of the type of breathing maneuver employed. Then,
to test the clinical feasibility, we assessed Py, and P-P curves in
patients with tracheal obstruction during intervention. Some of
these results have been previously reported in the form of
abstracts (16, 17).

METHODS

Experimental Model Validation

A silicone tube was placed horizontally and could be partially or com-
pletely obstructed by inserting a silicone balloon into the lumen and in-
flating with a plastic syringe (Figure 1). The silicone tube was exposed
to positive and negative driving pressure by inflating and deflating 100 ml
regularly to emulate a regular respiratory cycle. Lateral airway pres-
sure (P,,) was measured at two points during changes in the respiratory
rate, flow, and volume. Flow was measured with a pneumotachograph
(Lilly type; Chest Corp., Tokyo, Japan) on one side of the tube.

Clinical Feasibility

Between August 2007 and July 2010, we performed a prospective study
that was approved by the Research Ethics Committee at St. Marianna
University School of Medicine (Kawasaki, Japan). Thirty patients with
tracheal obstruction underwent Pj,, measurement after meeting the
following criteria: patients scored grade 2 or more on the modified
Medical Research Council (MMRC) Scale and had a minimum of
50% obstruction on multidetector computed tomography (MDCT).
We also investigated 15 healthy subjects.

>
w

Y

y=43.962/1 +exp (- 9.2492 + 0.1205x)
-0.98, p <0.0001)

MDCT was performed with a 64-detector row CT scanner (Aquilion-
64; Toshiba Medical, Tokyo, Japan) as previously described (18, 19). The
degree of tracheal obstruction was defined as (CSA,omal = CSAactuar)/
CS A ormal (CSA, cross-sectional area). Variable stenosis was defined as
an additional narrowing of more than 50% of the CSA during expira-
tion (20-22), and an additional narrowing of less than 50% during
expiration suggested a fixed stenosis.

Lateral Airway Pressure Measurement

All patients were anesthetized by intravenous injection of propofol. After
intubation with a rigid bronchoscope (EFER, La Ciotat, France), a dou-
ble-lumen airway catheter (Fuji Systems, Tokyo, Japan) was inserted into
the trachea during bronchoscopy. The catheter is constructed of nylon
elastomer with two holes premanufactured into the side at 5S-cm inter-
vals, with an outer diameter of 1.7 mm. The catheter was connected to
two identical pressure transducers (SCX01DN; Sensortechnics, Munich,
Germany). Py, was measured simultaneously at two points during spon-
taneous breathing with light general anesthesia before and after interven-
tion. The site of maximal obstruction was evaluated on the basis of the
pressure difference between the proximal and distal sites of the steno-
sis. P, at the two points was plotted on an oscilloscope (pressure—
pressure [P-P] curve). The angle of the P-P curve was defined as the
angle between the peak inspiratory and expiratory pressure points and
the baseline of the angle.

Statistical Analysis

All analyses were performed with SAS software (release 8.2; SAS Insti-
tute, Cary, NC). Correlations among pressure difference, the angle of
the P-P curve, and the CSA were evaluated using the Spearman cor-
relation coefficient. Responders were defined as any patient with an
increase in FVC or FEV; exceeding 200 ml and 12% of the baseline
value by pulmonary function test. Any patient with an improvement in
MMRC Scale of two or more grades was considered to be a clinical
responder. A receiver operating characteristic curve was used to eval-
uate the usefulness of the pressure difference and the angle of the P-P
curves.

Figure 2. Correlations among
pressure difference, angle of
pressure—pressure (P-P) curve,
and degree of tracheal ob-
struction for the experimental
model. Dotted line shows the
threshold for 50% tracheal ob-
struction. (A) The pressure dif-
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tracheal obstruction (r=0.97, P < 0.0001 and r = -0.98, P < 0.0001, respectively). (A) The pressure difference increased above 50% obstruction.
When the degree of obstruction decreased, the angle of the PP curve increased toward 45°. (B) However, when the degree of obstruction was

greater, the angle of the P-P curve was close to 0°.
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TABLE 1. VARIATION OF PRESSURE DIFFERENCE (CHANGING RESPIRATORY RATE, FLOW, AND VOLUME)

IN THE EXPERIMENTAL MODEL

Respiratory Rate (breaths/min)

P Value for
Degree of Obstruction (%) 10 20 30 Degree of Obstruction
0.0 = 4.8 0.03 = 0.01 0.02 = 0.01 0.03 = 0.01
26520 0.02 = 0.01 0.03 = 0.00 0.02 = 0.01
540 =19 0.23 = 0.01 0.24 = 0.02 0.26 = 0.02
64.2 = 0.4 0.47 = 0.03 0.59 = 0.06 0.51 = 0.08 <0.0001
77.5 0.7 1.47 £ 0.11 1.74 = 0.11 1.92 = 0.1
87.2 £ 0.7 5.65 = 0.80 6.49 = 0.65 6.63 = 0.41
95.1 £ 0.1 1539 = 1.13 14.83 = 0.22 1415 + 0.79
P value for respiratory rate 0.6716 0.0001*
Airflow (L/s)
P Value for
Degree of Obstruction (96) 1.0 1.5 2.0 Degree of Obstruction
0.0 = 4.8 0.14 = 0.02 0.22 = 0.07 0.59 = 0.09
26.5 2.0 0.16 = 0.02 0.24 = 0.02 0.49 = 0.09
540=19 0.32 = 0.04 0.63 = 0.13 0.98 = 0.14
64.2 £ 0.4 0.55 = 0.07 0.89 = 0.09 1.47 £0.13 <0.0001
77.5 0.7 1.79 = 0.22 2.79 £ 0.21 3.88 £ 0.25
87.2x0.7 572 £0.47 8.71 £ 0.55 15.86 = 0.63
95.1 = 0.1 45.78 = 2.93 96.29 = 8.58 152.87 = 9.72
P value for airflow <0.0001 <0.0001*
Volume (mf)
P Value for
Degree of Obstruction (%) 50 100 150 Degree of Obstruction
0.0 = 4.8 0.03 + 0.0.01 0.11 £ 0.02 0.21 £ 0.02
265 =20 0.04 = 0.01 0.12 = 0.01 0.24 = 0.02
54.0x1.9 0.07 = 0.01 0.22 = 0.01 0.42 = 0.08
64.2 £ 04 0.12 £ 0.01 0.39 = 0.03 0.73 £ 0.10 <0.0001
775 = 0.7 0.29 = 0.03 0.87 = 0.08 1.73 = 0.07
87.2 + 0.7 0.52 = 0.03 1.82 = 0.12 3.46 = 0.37
95.1 = 0.1 3.41 £ 042 10.80 = 1.14 34.42 = 1.21
P value for volume <0.0001 <0.0001*

Differences were assessed by two-way analysis of variance. Values are represented as means = standard deviation.

* P for interaction.

RESULTS

Experimental Model Validation

The degree of tracheal obstruction was significantly correlated
with the pressure difference (r = 0.97, P < 0.0001) and the angle
of the pressure-pressure (P-P) curve (r = -0.98, P < 0.0001)
(Figure 2). When lateral airway pressure (Py,,) was measured
during changes in the respiratory rate (10, 20, and 30/min), flow
(1.0, 1.5, and 2.0 L/s), and volume (50, 100, and 150 ml), there
was no significant difference between the pressure difference
and respiratory rate (P = 0.6716). However, statistically signif-
icant differences were seen in the pressure difference for
changes in flow (P < 0.0001) and volume (P < 0.0001) (Table
1). There was no significant difference between the angle of P-P
curves and the type of breathing maneuver employed, such as
respiratory rate (P = 0.8986), flow (P = 0.9978), and volume
(P = 0.9995). Statistically significant differences in the angle of
the P-P curves for changes in the degree of tracheal obstruction
were recognized (P < 0.0001) (Table 2).

Clinical Feasibility

Measurements for Py, were taken in 15 healthy subjects and 30
patients with tracheal obstruction (Table 3). Py, measurement
required an additional 5 minutes of procedure time and no adverse
events were noted as a result of this bronchoscopic approach.

In healthy subjects, there were no flow limitations (Table 3)
or pressure differences between the carina and upper trachea
(0.10 = 0.22 cm H,0) during tidal breathing (Figure 3A). The
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P-P curves were linear and the angle of the P-P curves was
close to 45° (44.6 = 0.9°) (Figure 3B).

Characteristics of patients with tracheal obstruction are
shown in Table 4. In all patients, clinical assessment, endoscopic
examination, and pulmonary function before and immediately
after interventional bronchoscopy showed improvements. Pul-
monary function tests could not be performed on patients with
poor performance status (n = 2) and after tracheostomy (n = 2).
In pulmonary function tests, FVC, FEV,, and PEF increased
significantly after procedures (P = 0.044, P < 0.0001, and P <
0.0001, respectively) (Table 5). MMRC Scale scores improved
after procedures (P < 0.0001) (Table S5). Significant improve-
ments for all patients were observed in the degree of tracheal
obstruction (P < 0.0001), the pressure difference (P < 0.0001),
and the angle of the P-P curve (P < 0.0001) (Table 5). The
proportion of responders to treatment was 70.0% for the mod-
ified Medical Research Council (MMRC) Scale, 50.0% for
FVC, and 80.8% for FEV, (Table 5).

Correlations between the pressure difference and the degree
of tracheal obstruction and between the angle of the P-P curve
and the degree of tracheal obstruction are shown in Figure 4.
We found that the degree of tracheal obstruction was signifi-
cantly correlated with the pressure difference (r = 0.83, P <
0.0001) and the angle of the PP curve (r = -0.84, P < 0.0001).
Pressure differences increased significantly above 50% obstruc-
tion and increased dramatically above 70% obstruction (Figure
4A). If the cross-sectional area (CSA) was small, the angle
of the P-P curve was close to 0°. However, after interventional
bronchoscopy, the CSA increased and the angle of the P-P curve
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TABLE 2. VARIATION OF ANGLE OF PRESSURE-PRESSURE CURVES (CHANGING RESPIRATORY RATE,
FLOW, AND VOLUME) IN THE EXPERIMENTAL MODEL

Respiratory Rate (breaths/min)

P Value for
Degree of Obstruction (%) 10 20 30 Degree of Obstruction
0.0 + 4.8 403 1.4 413 =*19 39.7 214
26.5 + 2.0 40.2 + 2.0 40.1 £ 2.1 39.1 £ 1.1
54.0 = 1.9 40.3 + 0.4 40.3 £ 0.8 40.2 = 0.7
64.2 + 0.4 36.6 = 1.1 36.1 = 1.0 36.6 = 1.2 <0.0001
77.5 £ 0.7 259 £ 2.2 263 2.0 26.5 £ 1.7
87.2 0.7 129+ 1.6 129 = 1.6 134 1.0
95.1 £ 0.1 4.3 +£09 4.1=x08 3.9 +09
P value for respiratory rate 0.8986 0.9124*

Airflow (L/sec)

P Value for
Degree of Obstruction (%) 1.0 1.5 2.0 Degree of Obstruction
0.0 = 4.8 41.7 £ 0.6 42.0 = 0.6 421 0.9
26.5 2.0 42.8 £ 0.6 42.5 = 0.7 424 £ 04
54019 40.3 £ 0.7 40.0 = 0.3 40.3 = 0.7
64.2 = 0.4 36.2 1.0 36.2 = 0.8 359 £ 1.2 <0.0001
77.5 £ 0.7 255*13 256 = 1.1 257 = 0.7
87.2 £ 0.7 121 = 0.8 11.0 £ 0.3 10.8 = 0.7
95.1 £ 0.1 1.4 =03 1.1 x02 1.2x05
P value for airflow 0.9978 0.9764*

Volume (ml)

P Value for
Degree of Obstruction (%) 50 100 150 Degree of Obstruction
0.0 £ 4.8 439 0.5 43.6 = 0.7 433 =04
26.5 = 2.0 420=1.0 424 = 0.6 421 =04
54.0 £ 1.9 40.8 = 0.5 404 = 0.7 40.5 = 0.3
64.2 = 0.4 38.8 0.5 385+ 0.9 38.8 = 0.9 <0.001
77.5 £ 0.7 322+ 0.5 322+ 13 31.8 1.0
87.2 0.7 23.7 £ 0.9 231+ 1.3 229 +1.2
95.1 = 0.1 6.3 £ 0.6 53+0.3 45+13
P value for volume 0.9995 0.9487*

Differences were assessed by two-way analysis of variance. Values are represented as means = standard deviation.

* P for interaction.

was close to 45° (Figure 4B). Receiver operating characteristic
analysis indicated that the optimal cutoff point for pressure
difference and the angle of P-P curves was 50% for tracheal
obstruction, with 85.7 and 86.1% sensitivity and 73.9 and 79.2%
specificity, respectively.

The MMRC Scale was significantly correlated with the degree
of tracheal obstruction (r = 0.76, P < 0.0001), the pressure
difference (r = -0.65, P < 0.0001), the angle of the P-P curve
(r =-0.68, P < 0.0001), FEV; (r = -0.54, P < 0.0001), and PEF
(r =-0.72, P < 0.0001), but there was no significant correlation
between the MMRC Scale and FVC (r = -0.09, P = 0.508)
before and after intervention. Dyspnea significantly increased
when the airway lumen was obstructed by more than 50% (P <
0.0001). The mean degree of tracheal obstruction for each
MMRC grade was as follows: 40.0% for grade 0, 55.9% for
grade 1, 68.4% for grade 2, 71.4% for grade 3, and 80.1% for
grade 4 (P for trend < 0.0001). The relation between the base-
line of the degree of tracheal obstruction and the change in
MMRC (AMMRUC) is shown in Table 6. The clinical responder
rate was 84.6% for obstructions above 80% and 58.8% for
obstructions between 50 and 80%.

The pressure difference was significantly correlated with
FEV, (r = -045, P < 0.0001) and PEF (r = -0.62, P <
0.0001); however, there was no significant correlation between
the pressure difference and FVC (r = -0.14, P = 0.252) (Table
7). The angle of the P-P curve was significantly correlated with
FEV; (r = -0.44, P = 0.0001) and PEF (r = -0.53, P < 0.0001),
whereas there was no significant correlation between the angle
of the P~P curve and FVC (r = -0.09, P = 0.443) (Table 7).
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Of the 30 patients with tracheal obstruction, 18 were fixed ste-
noses and 12 were variable stenoses. For patients with fixed ste-
nosis, the P-P curve was linear and no significant change was
observed in the angle of the P-P curve between inspiratory and

TABLE 3. DEMOGRAPHICS AND PULMONARY BASELINE
OF HEALTHY SUBJECTS AND PATIENTS WITH TRACHEAL
OBSTRUCTION

Healthy Subjects Tracheal Obstruction

(n=15) (n= 30
Age, yr

Mean + SD 63.3 + 13.4 59.6 = 13.5

Range 26-84 35-81
Sex

Male 10 21

Female 5 9
Height, cm 159.3 = 10.0 161.2 + 8.6
Body weight, kg 54.1 = 10.5 524 =128
VG, L 3.1 208 27 +1.0
VC, % predicted 103.3 + 13.6 83.3 + 23.8*
FVC, L 31208 26x1.1
FEVy, L ) 24 +06 1.2 = 0.57
FEV1, % predicted 101.5 = 14.4 48.7 £ 19.37
FEV1/FVC, % 75.7 = 8.9 481 + 19.6"
PEF, L/s 7319 21 +08"

Comparisons between control subjects and patients were performed by unpaired
t tests for quantitative variables and Fisher exact tests for categorical variables.

Values are represented as means *+ standard deviation.

*P < 0.01.

tP < 0.0001.
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Figure 3. Typical patterns of lateral airway pressure (P.) measurements during tidal breathing in a healthy subject. Py, is measured simultaneously
at the white points (upper trachea and carina). (4) There are no pressure differences between the carina and upper trachea (black line, carina; dotted
line, upper trachea). (B) The angle of the pressure-pressure (P-P) curve is defined as the angle between the peak inspiratory and expiratory pressure
points and the baseline of the angle. The P-P curves are linear and the angle of the P-P curve is close to 45°.

expiratory phases (P = 0.653). For patients with variable steno-
sis, the P-P curve appeared loop-shaped with a significant
change in the angle of the P-P curve between inspiratory and
expiratory phases (P = 0.039). For variable extrathoracic steno-
sis, the angle of the P-P curve during inspiration was smaller
than during expiration. On the other hand, for variable intra-
thoracic stenosis, the angle of the P-P curve during expiration
was smaller than during inspiration.

In a patient with fixed extrathoracic stenosis due to exuberant
granulation tissue, multidetector computed tomography
(MDCT) showed a weblike stenosis at the endotracheal tube cuff
site (Figure 5A). Endobronchial ultrasonography (EBUS)
revealed no cartilaginous abnormalities. Before balloon dila-
tion, a considerable pressure difference between the upper tra-
chea and carina was noted (Figure 5C). After resection, using
the tip of a rigid bronchoscope and balloon dilation, MDCT
showed restored patency of the trachea (Figure 5B), and the
pressure difference disappeared (Figure 5D). Before dilation
the P-P curve was linear, and the angle of the P-P curve was
small during inspiration and expiration (Figure SE). After dila-
tion, the angle of the P~P curve increased from 0.5 to 38.2°
(Figure SE) and the MMRC Scale grade decreased from 2 to 0.

In a patient with variable extrathoracic stenosis due to esoph-
ageal cancer, MDCT showed dynamic airway collapse caused by
excessive bulging of the left airway wall covered with a titanium
mesh after tracheoplasty (Figure 5F). EBUS showed the carti-
lage layer was absent between the 7 and 10 o’clock positions.
Before stenting, there was a considerable pressure difference
between the upper trachea and carina (Figure SH). After

implantation of a self-expandable metallic stent, bronchoscopy
confirmed that the trachea was patent and that the pressure dif-
ference disappeared (Figures 5G and 5I). Before stenting, the
angle of the P-P curve during inspiration was smaller than during
expiration, and the P-P curve appeared loop-shaped during the
inspiratory phase (Figure 5J). After stenting, the angle of the P-P
curve increased from 14.7 to 43.8° with a linear shape (Figure 5J),
and the MMRC Scale grade decreased from 4 to 0.

In a patient with fixed intrathoracic stenosis due to choriocar-
cinoma, MDCT showed an extrinsic compression at the meta-
static lymph nodes (Figure 6A). Before stenting, there was
a considerable pressure difference between the upper trachea
and carina (Figure 6C). After implantation of a self-expandable
metallic stent, the trachea was clearly patent (Figure 6B) and
the pressure difference disappeared (Figure 6D). Before stent-
ing, the P-P curve was linear and the angle of the P-P curve was
small during inspiration and expiration (Figure 6E). After stent-
ing, the angle of the P-P curve increased from 1.7 to 40.6°
(Figure 6E), and the MMRC Scale grade decreased from 2 to 0.

In a patient with variable intrathoracic stenosis due to colon
cancer, MDCT showed compression from an extraluminal tumor
on the right side (Figure 6F). EBUS showed that the cartilage
layer was involved and interrupted around the tumor. Before
stenting, a considerable pressure difference between the upper
trachea and carina was noted (Figure 6H). After implantation
of a self-expandable metallic stent, the trachea was patent (Fig-
ure 6G) and the pressure difference decreased (Figure 61). Be-
fore stenting, the angle of the P-P curve during expiration was
smaller than on inspiration and appeared loop-shaped (Figure 6J).

TABLE 4. DIAGNOSIS, CLASSIFICATION, AND NUMBER OF TRACHEAL OBSTRUCTION CASES

Malignant Benign
Diagnosis Endoluminal Extrinsic Mixed Granulation Malacia
Lung cancer 2 8
Esophageal cancer 3 4 1
Thyroid cancer 1
Colon cancer 1
Laryngeal cancer 1
Choriocarcinoma 1
Adenoid cystic carcinoma 1 1
Thymoma 1
Tracheal tuberculosis 1 1
Postintubation tracheal stenosis 3
Total 1 7 16 4 2
(Fixed/variable) /1) (2/5) (13/3) 3/1) 0/2)
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TABLE 5. DYSPNEA SCORE, PULMONARY FUNCTION TESTS, DEGREE OF OBSTRUCTION, PRESSURE
DIFFERENCE, AND ANGLE OF PRESSURE-PRESSURE CURVE IN PATIENTS WITH TRACHEAL
OBSTRUCTION BEFORE AND AFTER INTERVENTIONAL BRONCHOSCOPY

Before After Responders
MMRC Scale 2910 0.9 + 1.1 21/30 (70%)F
VC, L 2.7 1.1 29 1.1
VC, % predicted 83.3 = 28.3 90.8 = 28.0
FVC, L 2611 29 +1.1% 13/26 (50.0%)°
FEVy, L 1.2 06 2.0 = 0.8* 21/26 (80.8%)"
FEVy, % predicted 48.7 = 21.1 79.5 = 27.2*
FEV1/FVC, % 48.1 £ 21.3 70.3 * 20.0*
PEF, L/s 21 x£0.9 4.5 £ 1.8%
Degree of tracheal obstruction, % 783 +9.2 44.7 = 17.6*
Pressure difference, cm H,O 29.5 = 25.1 2.3 £ 2.5*
Angle of pressure-pressure curve, degrees 10.9 = 12.8 36.4 + 8.0*

Definition of abbreviation: MMRC Scale = modified Medical Research Council Scale.
Continuous variables before and after intervention were tested by Wilcoxon signed-rank test. Values are represented as

means * standard deviation.
*P < 0.0001.

t AMMRC responder = improvement in MMRC Scale grade by 2 or more.

*p < 0.05.

§ AFVC responder = increase in posttreatment forced vital capacity of 12% or greater and an absolute change of 200 mi

or more.

I AFEV; responder = increase in posttreatment FEV; of 12% or greater and an absolute change of 200 ml or more.

After stenting, the angle of the P-P curve increased from 0.6 to
27.9° and a linear shape was seen (Figure 6J). The MMRC Scale
grade decreased from 2 to 0.

In a patient with variable intrathoracic stenosis due to tra-
cheal tuberculosis, MDCT showed a severe saber-sheath type
of tracheal malacia (Figure 7A). The cartilage was fractured
at the 2 o’clock position and the submucosal layer of the mem-
branous portion was thickened on EBUS. Before stenting,
a pressure difference between the upper trachea and carina
was noted (Figure 7B), and the angle of the P-P curve was small
with a loop-shaped appearance (Figure 7C). The pressure dif-
ference during expiration was larger than during inspiration.
The flow-volume curve showed a marked reduction of the
expiratory flow with a plateau (Figure 7D), and negative expi-
ratory pressure (NEP) measurements showed an expiratory
flow limitation during tidal breathing (Figure 7E). After inser-
tion of a silicone Y stent, tracheal patency was restored (Figure
7F). Pressure differences disappeared immediately after stent im-
plantation (Figure 7G), and the angle of the P-P curve increased
from 7.5 to 40.9° with a linear shape (Figure 7H). The flow—
volume curve improved slightly but still showed flow limitation
in the tidal range after stent placement (Figure 7I). The NEP
measurements showed no expiratory flow limitation during tidal
breathing after intervention (Figure 7J). The MMRC Scale
grade decreased from 3 to 0.

This approach identified a need for additional treatment in
three patients during interventional bronchoscopy. After initial
stenting, bronchoscopy showed that the airway was patent; how-
ever, the angle of the P-P curve showed only a slight improve-
ment. After subsequent treatments, the pressure difference and
the angle of the P-P curve improved dramatically in these
patients (Figure 8).

DISCUSSION

To our knowledge, this is the first prospective investigation dem-
onstrating the usefulness of pressure differences and pressure—
pressure (P-P) curves to measure lateral airway pressures (Pj,,)
on each side of a tracheal obstruction, using a dedicated double-
lumen catheter during interventional bronchoscopy. Direct
measurements of the pressure difference and the angle of the
P-P curve are new assessment modalities for the success of
interventional bronchoscopy in patients with tracheal obstruc-
tion. The degree of tracheal obstruction was significantly corre-
lated with the pressure difference and the angle of the P-P
curve. Furthermore, the MMRC Dyspnea Scale, the pressure
difference, and the angle of the P-P curve showed significant
changes beyond 50% obstruction. In this clinical study, preop-
eration measures by the baseline of the degree of tracheal ob-
struction could be used to predict the postoperation impact on

A_ 100 B Figure 4. Scatter plot of pres-
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$ =0.165 X exp (0.05727x) T 40 9
£ 80 {; 6,83 p<xg.0601) : }E’{ ® of the pressure—pressure (P-P)
o a0 3 30- curve versus the degree of tra-
s : & 5o : cheal obstruction. Solid circles,
k) 90: - y=_48,22576/1?3%?.1274x4:8.7806) before intervention; open cir-
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2 . " ] ' with fixed stenosis. Solid trian-
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degree of tracheal obstruction (%)

degree of tracheal obstruction (%)

triangles, after intervention in
cases with variable stenosis.

Dotted line shows the threshold for 50% tracheal obstruction. (A) The pressure difference and (B) the angle of the P-P curves are significantly
correlated with the degree of tracheal obstruction (r = 0.83, P < 0.0001 and r = -0.84, P < 0.0001, respectively). (A4) The pressure difference
increased significantly above 50% obstruction and increased dramatically above 70% obstruction. (B) When the cross-sectional area was small, the
angle of the PP curve was close to 0°. After interventional bronchoscopy, the cross-sectional area increased and the angle of the PP curve was close

to 45°.
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