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Table 1
Clinical data of patients with IPAH.
Patient Time Sex Age PAP (s/d/m) mRAP @] PVR BNP
(mmHg) (mmHg) (L/min/m?) (dyn/s/cm®) (pg/dL)

1 Prior to drug therapy F 7 150/72/98 4 38 1918 136
Prior to transplantation 13 99/59/72 15 23 2779 334

2 Prior to drug therapy F 28 88/40/59 10 19 1416 408
Prior to transplantation 31 73/30/48 1 2.1 1199 325

3 Prior to drug therapy F 10 118/67/84 14 2 NA NA
Prior to transplantation 13 111/49/67 10 1.7 2438 203

4 Prior to drug therapy F NA NA NA NA NA NA
Prior to transplantation 28 113/36/66 7 1.8 3340 50

5 Prior to drug therapy M 16 163/71/106 2 1.7 2267 14
Prior to transplantation 20 70/40/50 2 33 808 18

6 Prior to drug therapy F 39 74/23/42 3 2.6 NA NA
Prior to transplantation 43 107/47/72 15 24 3056 622

7 Prior to drug therapy F 13 96/50/68 4 23 1495 411
Prior to transplantation 16 83/51/65 8 25 784 216

8 Prior to drug therapy M NA NA NA NA NA NA
Prior to transplantation 1 130/51/80 9 19 2629 420

Mean + SE Prior to drug therapy 19+5 mPAP: 76 +10 62 24403 1774 £198 2424100
Prior to transplantation 22+4 mPAP: 65 +4 8+2 23402 2129 +366 27370

M: male, F: female, PAP: pulmonary artery pressure, s/d/m: systolic/diastolic/mean, mRAP: mean right atrial pressure, Cl: cardiac index, PVR: pulmonary vascular resistance, BNP:

plasma concentration of brain natriuretic peptide, NA: not available.

is characteristic of a particular cancer cell, rather than non-specifically
inhibiting the proliferation of and killing all rapidly dividing cells.
Schermuly et al. reported that imatinib reverses pulmonary vascular
remodeling and cor pulmonale in rats with monocrotaline-induced PH
and in mice with chronic hypoxia-induced PH [8]. Perros et al. reported
that PDGF-BB-induced proliferation and migration of PASMCs from
patients with IPAH were inhibited by imatinib [10].

Not only inhibition of proliferation but also induction of apoptosis
of PASMCs is needed to actively reduce stenosis due to vascular
remodeling at small pulmonary arteries of patients with IPAH. These
two effects may lead to reverse remodeling of the pulmonary
vasculature. Expression of PDGF-B is up-regulated in the medial
layer of small pulmonary arteries of rats with monocrotaline-induced
PH and imatinib induces apoptosis in the small pulmonary arteries [8].
However, imatinib does not induce apoptosis in cultured IPAH-
PASMCs without PDGF treatment [10]. Thus, imatinib may not be able
to induce apoptosis in quiescent cells. We hypothesized that imatinib
in the presence of PDGF-BB induces apoptosis of PASMCs from
patients with IPAH, but that imatinib cannot induce apoptosis in
PASMCs without PDGF stimulation. We therefore investigated
whether imatinib in the presence and absence of PDGF-BB induces
apoptosis of PASMCs from patients with IPAH.

Akt is a member of the serine/threonine-specific kinase family
known for facilitating cell survival via the inhibition of apoptotic
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pathways [12]. Therefore, induction of apoptosis of IPAH-PASMCs may
be related to Akt inactivation. We also investigated whether imatinib
inhibits Akt activation.

2. Materials and methods
2.1. Isolation, culture and identification of PASMCs

Peripheral segments of the pulmonary artery were obtained at lung transplantation
[13] from 8 patients with IPAH as previously described [5,6,14,15] (2 males and 6
females; mean age, 22 44 years; age range 11-43 years) (Table 1). For normal control
experiments, samples of pulmonary arteries were also obtained at lung lobectomy from
a patient with bronchogenic carcinoma (male, 58 years old) who showed no evidence
of PAH and received no systemic chemotherapy or radiation therapy before lung
lobectomy as previously described [5,6,14,15). Samples of the pulmonary arteries were
obtained from the most distal area from the carcinoma in the resected lobe. All of the
studies were approved by the Ethics Committee of Okayama University Graduate
School of Medicine, Density, and Pharmaceutical Sciences, and written informed
consent was obtained from all patients before the procedure. The investigation also
conforms to the principles outlined in the Declaration of Helsinki.

PASMCs were isolated as described previously {5,6,14~16]. Peripheral segments of
pulmonary arteries smaller than 1 mm in outer diameter were disaggregated with
collagenase and cut into 2-mm-long sections, and then the adventitia and endothelial
cell layers were removed. Vessels were plated on a 6-well plate with Dulbecco’s
modified Eagle’s medium (DMEM; Gibco, Grand Island, NY, USA) supplemented with
10% fetal bovine serum (FBS; Sigma) and 0.1 mg/mL kanamycin (Sigma) and incubated
in a humidified 5% CO2 atmosphere at 37 °C. The culture medium was changed every
3 days. After reaching confluence, the cells were subcultured by treatment with trypsin
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Fig. 1. Inhibitory effect of imatinib on proliferation of PASMCs from IPAH patients. Anti-proliferative effects of imatinib (0.1 to 10 pg/mL) on IPAH-PASMCs stimulated with PDGF-BB
(10 ng/mL). *H-thymidine incorporation was measured. Counts per minute (cpm) were expressed as a percentage of cpm of IPAH-PASMCs treated with a diluent (control). Data are

mean =+ SE.
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Fig. 2. Effect of imatinib on apoptosis of PASMCs in TUNEL assay by ApopTag fluorescein. A to D, ApopTag fluorescein (green). E to H, Combined images (merge) of ApopTag
fluorescein, DAPI (blue) and «SMA (red). A and E, IPAH-PASMCs without treatment. B and F, IPAH-PASMCs treated with imatinib (1 pg/mL). C and G, [PAH-PASMCs treated with
PDGF-BB (10 ng/mL). D and H, IPAH-PASMCs treated with imatinib and PDGF-BB. Arrow shows a TUNEL-positive cell (green). Bar =500 pm. |, Effect of imatinib on apoptosis of
normal PASMCs in TUNEL assay. J, Effect of imatinib on apoptosis of IPAH-PASMCs in TUNEL assay. Imatinib (1 pg/mL) in the presence of PDGF-BB (10 ng/mL) significantly increased
TUNEL-positive (apoptotic) cells in IPAH-PASMCs compared with the control condition (P<0.05). Data are mean = SE.

(0.05%)/ethylenediaminetetraacetic acid (EDTA) (0.02%). Cell identification was
confirmed by the examination of cytoskeletal components (o-smooth muscle actin,
myosin, and smoothelin) using an immunocytochemical technique as described
previously {5,15}. Cells between passages 3 to 5 were used for all experiments.

2.2. Effects of imatinib on cell proliferation

To assess the antiproliferative effect of imatinib on PASMCs, we measured 3H-
thymidine incorporation using methods described previously {5,16]. PASMCs were
reseeded in 24-well plates at a density of 5x 10*cells/well on day 0. After 16 h of
incubation (on day 1), the culture media were replaced with low-serum culture media
(DMEM, 0.1% FBS, and 0.1 mg/mL kanamycin), and the cultured cells were made
quiescent for 48 h. On day 3, PDGF-BB (10 ng/mL) (Sigma), imatinib (0.1 to 10 pg/mL)
(Novartis) or an Akt inhibitor, Akt-1-1/2 (1 pmol/L) (Calbiochem), was added to the
media. After 21 h (on day 4), the cells were labeled with 3H-thymidine at 1 pCi/mL for
3 h. After completion of labeling, the cells were washed with ice-cold PBS, fixed with 5%
trichloroacetic acid and 95% ethanol, and lysed with 200 uL/well of 0.33 mol/L NaOH.
Aliquots of the cell lysates were neutralized with 1 mol/L HCl, and the radioactivity was
measured in a liquid scintillation analyzer (TRI-CARB 2200CA; Packard, Downers
Grove, IL, USA).

2.3. Western blot analysis

PASMCs from patients with IPAH were prepared in the same manner as that
described for analysis of DNA synthesis. They were treated in the presence or absence of
PDGF-BB (10 or 100 ng/mL), imatinib (1 or 10 pg/mL) and a mitogen-activated protein
kinase/extracellular signal-regulated kinase (MEK) inhibitor, U0126 (3 pmol/L)
(Promega). Western blot analysis was performed as described previously [5,7]. Briefly,
total cell lysates of cultured PASMCs were extracted in commonly used radio-
immunoprecipitation (RIPA) buffer with 10 mg/mL phenylmethylsulfonyl fluoride
(Sigma) and then concentrated by centrifugation at 12,000 rpm for 20 min. Protein
samples (10 pg) were loaded on 10% sodium dodecyl sulfate-polyacrylamide gel and
blotted onto nitrocellulose membranes. Blots were incubated with rabbit anti-p27
antibody (Santa Cruz Biotechnology), anti-GAPDH antibody (Chemicon), anti-phos-
pho-Akt antibody and anti-total-Akt antibody (Cell Signaling Technology Inc., Beverly,

MA). The relative integrated density of each protein band was digitized by NIH image ]
1.34s.

2.4. Evaluation of apoptosis

TUNEL assays were performed using an ApopTag fluorescein in situ apoptosis
detection kit (Chemicon International Inc.) according to the manufacturer's instruc-
tions as described previously [17]. Nuclear morphology was examined by labeling with
DAPI solution (0.6 pg/mL, Dojindo Laboratories). Immunofluorescence staining was
performed to confirm o-smooth muscle actin (¢SMA) expression using aSMA
antibody (1:100 dilution, Sigma). Caspase assay was performed using a CaspaTag
Caspase-3/7 in situ apoptosis detection kit (Chemicon International Inc.) according to
the manufacturer's instructions. Nuclear morphology was examined by Hoechst
staining. The samples were analyzed by fluorescence microscopy (Olympus 1X71,
Olympus Optical Co. Ltd, Tokyo, Japan). For each cover slip, 5-10 fields (with 10~30
cells in each field) were randomly selected to determine the percentage of apoptotic
cells in total cells based on the morphological characteristics of apoptosis. PASMCs were
reseeded on collagen-coated glass cover slips in 12-well plates at a density of 5x 10*
cells/well on day 0. After 16 h of incubation (on day 1), the culture media were replaced
with low-serum culture media (DMEM, 0.1% FBS, and 0.1 mg/mL kanamycin), and the
cultured cells were made quiescent for 48 h. On day 3, PDGF-BB (10 ng/mL), imatinib
(1 pg/mL) or Akt-I-1/2 (1 pmol/L) was added to the media. After 24 h (on day 4), the
cells were stained by using an ApopTag fluorescein in situ apoptosis detection kit or
CaspaTag in situ apoptosis detection kit.

Transmission electron microscopy was performed with an electron microscope (H-7100:
Hitachi; Tokyo, Japan).

To observe cellular apoptosis with a time-lapse system (Olympus Optical Co.),
PASMCs were cultured on a 35-mm culture dish that has a micro-photolithographed
squared pattern (Kuraray Co., Ltd,, Tsukuba, Japan) {7] so that the apoptotic cells will
not disappear from view.

2.5. Statistical analysis

All results are expressed as meanzSE. Statistical significance for comparison
between the two measurements was determined using Student's t test, For comparison
between the different treatment groups, statistical analysis was performed using one-
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Fig. 3. Effect of imatinib on apoptosis of PASMCs in time-lapse microscopy and transmission electron microscopy. A to C, Representative images of time-lapse microscopy. IPAH-
PASMCs were treated with imatinib (1 pg/mL) and PDGF-BB (10 ng/mL). Bar =20 um. D and E, Representative images of transmission electron microscopy. D, IPAH-PASMCs without
treatment (control). E, [IPAH-PASMCs treated with imatinib (1 pg/mL) and PDGF-BB (10 ng/mL). Bar =5 pm.

way ANOVA with Fisher's PLSD test. Values of P<0.05 were considered to be statistically
significant.

3. Results

3.1. Inhibitory effect of imatinib on proliferation of PASMCs from IPAH
patients

Treatment with imatinib inhibited PDGF-BB-induced proliferation
of PASMCs from IPAH patients as assessed by 3H-thymidine
incorporation (n=>5-12 experiments in each cell) (Fig. 1). This result
is consistent with recent findings of other investigators [10].

3.2. Effect of imatinib on apoptosis of PASMCs from IPAH patients

We performed a TUNEL assay using an ApopTag fluorescein to
assess the effect of imatinib on apoptosis of PASMCs from IPAH
patients. Fig. 2 shows representative cases of the TUNEL assay. TUNEL-
positive cell (green) was observed after 24-hour treatment with
imatinib (1 pg/mL) in the presence of PDGF-BB (10 ng/mL) (Fig. 2D
and H). However, imatinib (1 pg/mL) (Fig. 2B and F) or PDGF-BB
(10 ng/mL) (Fig. 2C and G) alone did not induce apoptosis in IPAH-
PASMCs. Imatinib (1 pg/mL) in the presence of PDGF-BB (10 ng/mL)
significantly increased TUNEL-positive cells in IPAH-PASMCs com-
pared with the control condition in IPAH-PASMCs (P<0.05: 15.14
5.4% versus 4.5+1.3% n=4 or 5 experiments in each cell line)
(Fig. 2]). There was no significant difference in the percentage of
TUNEL-positive cells between the imatinib alone or PDGF alone

condition and the control condition (Fig. 2J). There was also no
significant difference between the imatinib alone, PDGF alone or both
imatinib and PDGF condition and the control condition in normal
PASMCs (P=NS, n=15 experiments) (Fig. 2I).

Fig. 3A, B and C shows the apoptosis induced by the combination of
imatinib (1 pg/mL) and PDGF-BB (10 ng/mL) in IPAH-PASMCs as
assessed by time-lapse microscopy. A PASMC shows shrinking and
condensing and finally disassembling. Fig. 3E shows a transmission
electron microscopic image of an apoptotic cell in IPAH-PASMCs.
Condensation of chromatin along the nuclear membrane and
fragmentation of the nucleus were observed in cultured [IPAH-PASMCs
treated with imatinib (1 pg/mL) and PDGF-BB (10 ng/mL).

Fig. 4 shows representative cases of the caspase assay in IPAH-
PASMCs. Caspase-3 and — 7-active cell was observed after 24-hour
treatment with imatinib (1pg/mL) in the presence of PDGF-BB
(10 ng/mL) (Fig. 4D and H). Imatinib (1 pg/mL) in the presence of
PDGF-BB (10 ng/mL) significantly increased caspase-3 and — 7-active
cells in IPAH-PASMCs compared with the control condition (P<0.01:
12.44+3.0% versus 2.241.2%, n=>5 experiments in each cell line)
(Fig. 4]). There was no significant difference in the percentage of
caspase-3 and — 7-positive cells between the imatinib alone or PDGF
alone condition and the control condition in IPAH-PASMCs (Fig. 4]).
There was also no significant difference between the imatinib alone,
PDGF alone or both imatinib and PDGF condition and the control
condition in normal PASMCs (P=NS, n=>5 experiments) (Fig. 31).

These results show that imatinib did not induce apoptosis in
normal PASMCs and quiescent IPAH-PASMCs but that imatinib had a
proapoptotic effect on IPAH-PASMCs stimulated with PDGF.
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Fig. 4. Effect of imatinib on apoptosis of PASMCs in Caspase assay using a CaspaTag Caspase-3/7 in situ apoptosis detection kit. A to D, CaspaTag staining (green). E to H, Combined
images (merge) of CaspaTag staining and Hoechst nuclear staining (blue). A and E, IPAH-PASMCs without treatment. B and F, IPAH-PASMCs treated with imatinib (1 pg/mL). Cand G,
IPAH-PASMCs treated with PDGF-BB (10 ng/mL). D and H, IPAH-PASMCs treated with imatinib and PDGF-BB. Arrow shows a caspase-3/7-positive cell (green). Bar =500 pm. I, Effect
of imatinib on apoptosis of normal PASMCs in Caspase assay. ], Effect of imatinib on apoptosis of IPAH-PASMCs in Caspase assay. Imatinib (1 pg/mL) in the presence of PDGF-BB
(10 ng/mL) significantly increased caspase-positive (apoptotic) cells in IPAH-PASMCs compared with the control condition (P<0.01). Data are mean =+ SE.

3.3. Effect of imatinib on PDGF-BB-induced phosphorylation of Akt

Western blot analysis revealed that PDGF-BB induced phosphor-
ylation of Akt at 15 min (Fig. 5A, lanes 2 and B). Akt phosphorylation
was significantly inhibited by imatinib (1 ng/mL) compared with the
treatment with PDGF-BB (P<0.05, n =4 experiments) (Fig. 5A, lanes 3
and B).

Akt-I-1/2 (1 umol/L), an Akt inhibitor, could mimic the effects of
imatinib on PASMCs. Akt-I-1/2 significantly inhibited PDGF-induced
proliferation of IPAH-PASMCs as assessed by >H-thymidine incorpo-
ration (P<0.001, n=10 experiments) (Fig. 5C). Akt-I-1/2 in the
presence of PDGF-BB significantly increased TUNEL-positive cells
(P<0.05, n=>5 experiments) (Fig. 5D) and caspase-3,7-positive cells
in IPAH-PASMCs (P<0.05, n=5 experiments) (Fig. 5E) compared
with the control condition. These results show that the inhibition of
Akt is strongly related to the anti-proliferative and pro-apoptotic
effects of imatinib on PDGF-stimulated [PAH-PASMCs.

4. Discussion

Two major new findings were obtained in the present study. First,
imatinib did not induce apoptosis in quiescent IPAH-PASMCs and
normal PASMCs, but it had a pro-apoptotic effect on IPAH-PASMCs
stimulated with PDGF. Second, inhibition of Akt is related to the anti-
proliferative and pro-apoptotic effects of imatinib on PDGF-stimulat-
ed [PAH-PASMCs.

Imatinib alone did not induce apoptosis in IPAH-PASMGs. This result
is consistent with recent findings of other investigators [10]. However,
the combination of imatinib and PDGF induced apoptosis. Therefore,
imatinib did not induce apoptosis in quiescent IPAH-PASMCs, but it had
a pro-apoptotic effect on IPAH-PASMCs stimulated with PDGF. It has

been reported that PDGF-A and PDGF-B mRNA levels were increased in
small pulmonary arteries from patients with IPAH [10] and that serum
PDGF-BB levels across the lung circulation were higher in IPAH patients
[18]. Therefore, imatinib is expected to induce apoptosis in clinical
settings. Further studies are needed to clarify this point.

Many signaling pathways, including ERK, p38 MAPK and Akt, are
involved in proliferation and survival of PASMCs [14,19]. Akt is a
member of the serine/threonine-specific kinase family known for
facilitating cell survival via the inhibition of apoptotic pathways. It has
been shown that PDGF stimulation transiently phosphorylates Akt
and the mammalian target of rapamycin (mTOR) in PASMCs from
patients with chronic thromboembolic pulmonary hypertension [19].
In our study, PDGF-BB induced phosphorylation of Akt and it was
inhibited by imatinib in IPAH-PASMCs. Akt-1-1/2, an Akt inhibitor,
could mimic the effects of imatinib on PASMCs. Akt is related to the
anti-proliferative and pro-apoptotic effects of imatinib on PDGF-
stimulated IPAH-PASMCs.

Imatinib is a drug used for treating chronic myelogenous leukemia
and gastrointestinal stromal tumors. However, resistance to imatinib
can occur [20-22]. Not only primary resistance within the first two
months but also secondary resistance develops after a median of
about 2 years of treatment with the drug. Hatano et al. reported that
imatinib decreases the plasma concentration of PDGF-BB in patients
with PAH, while the improvement in hemodynamic parameters is
transient [11]. We showed that imatinib had a pro-apoptotic effect on
IPAH-PASMCs stimulated with PDGF in the present study. Thus,
imatinib would induce apoptosis only in the early period of treatment
when plasma PDGF-BB levels are relatively high. After the PDGF levels
have decreased, imatinib would not be able to induce apoptosis.
Therefore, resistance to imatinib might occur in patients with
pulmonary hypertension. Attention is needed in clinical use.
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Fig. 5. Effect of imatinib on PDGF-BB-induced phosphorylation of Akt and effects of an Akt inhibitor on PDGF-BB-stimulated proliferation and apoptosis of PASMCs. A, Western blot analysis
of total Akt (tAkt) and phosphorylated Akt (pAkt). PDGF-BB (10 ng/mL) induced phosphorylation of Akt at 15 min (lanes 2). Akt phosphorylation was inhibited by imatinib (1 ng/mL)
(lanes 3). B, Bar graphs show semiquantitive analysis of pAkt expression level in IPAH-PASMCs. Data are mean = SE of the intensity of the band corresponding to pAkt relative to tAkt. C,
Anti-proliferative effect of Akt-1-1/2 (1 pmol/L), an Akt inhibitor, on IPAH-PASMCs stimulated with PDGF-BB (10 ng/mL). *H-thymidine incorporation was measured. Counts per minute
(cpm) were expressed as a percentage of cpm of IPAH-PASMCs treated with a diluent (control). Data are mean = SE. D, Effect of Akt-I-1/2 (1 pmol/L) on apoptosis of PASMCs in TUNEL assay
by ApopTag fluorescein. E, Effect of Akt-I-1/2 (1 pmol/L) on apoptosis of PASMCs in Caspase assay using a CaspaTag Caspase-3/7 in situ apoptosis detection kit.

In conclusion, imatinib inhibited PDGF-induced proliferation of
IPAH-PASMCs. Imatinib did not induce apoptosis in quiescent IPAH-
PASMCs, but it had a pro-apoptotic effect on [IPAH-PASMCs stimulated
with PDGF. Inhibition of Akt may be important in the anti-
proliferative and pro-apoptotic effects of imatinib on PDGF-stimulat-
ed IPAH-PASMCs. Modulation of PDGF signaling such as Akt is
important. Inhibition of PDGF signaling by imatinib may become a
useful molecular-targeted therapy for IPAH.
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Abstract The perioperative management of pulmonary hypertension in a patient with Eisenmenger
syndrome, the most advanced form of associated pulmonary artery hypertension (PAH), who required a
sigmoidectomy is presented. The treatment for pulmonary hypertension was switched from oral sildenafil to
intravenous epoprostenol to avoid the unexpected discontinuation of vasodilation during the perioperative
period. The scheduled perioperative conversion should be considered for patients with severe PAH
undergoing major abdominal surgery to ensure the stabilization of pulmonary and systemic hemodynamics.
© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Pulmonary artery hypertension (PAH) is a progressively
fatal disease that is associated with significant perioperative
respiratory and right-sided heart failure [1,2], leading to a
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high mortality rate of 7% within 30 days [3]. The
perioperative management of pulmonary hypertension in a
patient with Eisenmenger syndrome undergoing major
abdominal surgery with a scheduled switch from oral
sildenafil to intravenous (IV) epoprostenol is presented.

2. Case report

A 52 year old man was diagnosed with sigmoid colon
cancer. This patient had an atrial septal defect (ASD) with
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patch closure at the age of 7 years. At age 45 years, he
developed dyspnea with exertion. At the age of 50, he was
diagnosed with PAH after cardiac catheterization and was
started on oral sildenafil treatment. At the age of 52 years, the
patient was diagnosed with sigmoid colon cancer and an
elective sigmoidectomy was proposed, as the patient
exhibited New York Heart Association functional class II
(NYHA class 1) symptoms. Preoperative cardiac catheter-
ization showed severe PAH with a pulmonary artery (PA)
systolic pressure of 76/28 (mean 46 mmHg) mmHg.
Pulmonary vascular resistance was 7.9 Wood units, which
had decreased from his initial value of 8.8 Wood units after
18 months of oral sildenafil treatment. A preoperative
transesophageal echocardiogram showed a defect with a
diameter of 9 mm close to the tip of the closed ASD that was
functioning as a bidirectional shunt. The step-up of
oxygenation was noted at the inferior vena cava. The
estimated ratio of measured pulmonary blood flow to
systemic blood flow was 1.1 to 1.2. The degree of tricuspid
regurgitation was moderate, with right ventricular (RV)
enlargement and hypertrophy.

As the oral intake of sildenafil would be restricted for a
minimum of three days after abdominal surgery, we planned
a switch from oral sildenafil to IV epoprostenol. The patient
was admitted to the hospital 9 days prior to the procedure. A
central venous catheter was inserted via the right internal
jugular vein, and the IV administration of epoprostenol was
initiated at 1.0 ng/kg/min. The dose was increased daily by
1.0 ng/kg/min, and oral sildenafil was discontinued because
the patient complained of a headache when epoprostenol
was infused at 3.0 ng/kg/min. The patient’s brain natriuretic
peptide level was 80.3 pg/mL on admission, which
decreased to 20.4 pg/mL after three days of epoprostenol
infusion. The epoprostenol infusion was subsequently
increased to 9 ng/kg/min.

On the day of the procedure, a 22-gauge catheter was
inserted into the patient’s left radial artery and a FloTrac®
sensor (Edwards Life Sciences, Irvine, CA, USA) was
connected to monitor his cardiac output. As his PaO, on
room air was 70 mmHg, oxygen was administered at a rate of
5 L/min while a thoracic epidural catheter was placed at the
Th;o-Thy; interspace. General anesthesia was induced with
50 pg of fentanyl, 70 mg of propofol, and 60 mg of
rocuronium. To reduce hemodynamic instability during
endotracheal intubation, an AirwayScope® (Pentax, Tokyo,
Japan) was used instead of a Macintosh laryngoscope. To
continuously monitor perioperative central venous oxygen
saturation (ScvO,), a PreSep® central venous oximetry
catheter (Edwards Life Sciences) was inserted into his left
jugular vein in addition to the central venous catheter. To
avoid hypotension, phenylephrine was continuously infused
at a rate of 0.1 to 0.5 mg/hr. General anesthesia was
maintained with oxygen, air, and sevoflurane. To establish
epidural anesthesia, 0.2% of ropivacaine was used. The
epoprostenol infusion was maintained unchanged at 9 ng/kg/
min in the operating room. During the procedure, systolic

blood pressure ranged from 70 mmHg to 120 mmHg,
whereas heart rate ranged from 55 bpm to 70 bpm, central
venous pressure from 6 mmHg to 8 mmHg, ScvO, from 65%
to 75%, and cardiac index from 2.2 L/min to 3.5 L/min. After
134 minutes of surgery and 207 minutes of general
anesthesia, the patient was extubated and transferred to the
intensive care unit.

The continuous infusion of phenylephrine was discon-
tinued on the following day. The epoprostenol infusion was
gradually decreased to 4 ng/kg/min on postoperative day
(POD) 7. Oral intake was started on POD 4, and oral
sildenafil was restarted on POD 7. On POD 9, epoprostenol
was discontinued and the central venous catheter was
withdrawn. The patient was discharged from the hospital on
POD 15.

3. Discussion

Pulmonary hypertension associated with congenital
systemic-to-pulmonary shunts is categorized as associated
PAH (APAH) [4]. In patients with congenital systemic-to-
pulmonary shunts, the persistent exposure of the pulmonary
vasculature to increased blood flow and pressure may result
in typical pulmonary obstructive arteriopathy, which leads to
an increase in PVR. The most advanced form of APAH with
congenital systemic-to-pulmonary shunts, described as
Eisenmenger syndrome, is a condition with a reversed or
bidirectional shunt [5]. The perioperative mortality rate for
patients with Eisenmenger syndrome is understandably high,
with a mortality rate of 24% for major surgical procedures
[6]. Our patient had a bidirectional shunt and increased
pulmonary artery pressure (PAP), suggesting that he had
developed Eisenmenger syndrome.

The treatment for PAH has improved since the American
College of Chest Physicians published their guidelines in
2004 [7], with the regulatory approval of newer drugs and
accumulating experience with combinations of existing
drugs [8]. Oral sildenafil significantly improves symptomatic
status, exercise capacity, NYHA class, and hemodynamic
parameters of patients with severe PAH [9]. Although our
patient developed Eisenmenger syndrome, his daily activity
level was well managed at a NYHA class I level with oral
sildenafil treatment. Based on his daily activity level, we
expected that he would be able to tolerate the surgical stress
of a sigmoidectomy. The patient had an increased PAP with
RV hypertrophy, which are univariate predictors of early
postoperative mortality for patients with PAH [3]. In
addition, major abdominal surgery is classified as an
intermediate to high-risk surgery, which is an independent
predictor of short-term morbidity and the length of hospital
stay after noncardiac surgery [3]. The duration of anesthesia
was expected to exceed three hours, which was another
independent predictor of short-term morbidity [3]. The
biggest concern for the perioperative management of his

- 347 -



IV epoprostenol in Eisenmenger syndrome

489

PAH was the restriction of oral intake. To overcome these
problems, a perioperative switch from oral sildenafil to IV
epoprostenol was planned and initiated in advance of the
surgical procedure.

Epoprostenol (synthetic prostacyclin) is the first drug to
be approved by the Food and Drug Administration for the
treatment of primary pulmonary hypertension. Epoprostenol
is unique in that it improved the survival of patients with
idiopathic PAH in a randomized study [10]. Long-term,
persistent efficacy also has been shown in patients with
idiopathic PAH as well as other APAH conditions [11].
The therapy is complicated, requiring the permanent
placement of a tunneled central venous catheter and posing
an ever-present risk of line infection. The abrupt discon-
tinuation of infusion may be harmful because of the
pharmacological instability of this drug arising from its
short half-life. For practical use in daily life, the transition
from epoprostenol infusion to oral therapy has been
attempted [12]. Intravenous epoprostenol has been consid-
ered not only for chronic use but also perioperative use
[13]. A scheduled switch from sildenafil to epoprostenol
may be beneficial for perioperative management to avoid
the unexpected discontinuation of vasodilation during the
perioperative period.

Our patient complained of a severe headache during the
transition period between the two drugs. Otherwise, he
smoothly transitioned from oral sildenafil to IV epopros-
tenol within 9 days. Since his postoperative recovery was
uneventful, without gastrointestinal complications, the IV
epoprostenol was smoothly transitioned to oral sildenafil
within 9 days. The patient’s postoperative course was
uneventful, without respiratory or RV failure, and additive
therapy for pulmonary hypertension was not required.
Although the hospitalization period may be prolonged
because of titration, a scheduled perioperative conversion
from oral sildenafil to IV epoprostenol should be
considered for patients with severe PAH undergoing
major abdominal surgery for the stabilization of pulmonary
and systemic hemodynamics.
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Abstract

Purpose Craniofacial abnormalities have an important role
in the occurrence of obstructive sleep apnea (OSA) and
may be particularly significant in Asian patients, although
obesity and functional abnormalities such as reduced lung
volume and increased airway resistance also may be
important. We conducted simultaneous analyses of their
interrelationships to evaluate the relative contributions of
obesity, craniofacial structure, pulmonary function, and
airway resistance to the severity of Japanese OSA because
there are little data in this area.

Methods A cross-sectional observational study was per-
formed on 134 consecutive Japanese male patients. A sleep
study, lateral cephalometry, pulmonary function tests, and
impulse oscillometry (IOS) were performed on all patients.
Results Age, body mass index (BMI), position of the
hyoid bone, and proximal airway resistance on I0S
(R20) were significantly related to the apnea/hypopnea
index (AHI) (p<0.05) in multiple regression analysis.
Subgroup analysis showed that, for moderate-to-severe
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OSA (AHI>15 events/h), neck circumference and R20
were predominantly related to AHI, whereas for non-to-
mild OSA (AHI<15 events/h), age and expiratory reserve
volume were the predominant determinants. In obese
subjects (BMI>25 kg/m?), alveolar—arterial oxygen ten-
sion difference, position of the hyoid bone, and R20 were
significantly associated with AHI, whereas age alone was
a significant factor in nonobese subjects (BMI<25 kg/m?).
Conclusions Aside from age and obesity, anatomical and
functional abnormalities are significantly related to the
severity of Japanese OSA. Predominant determinants of
AHI differed depending on the severity of OSA or the
magnitude of obesity.

Keywords Obstructive sleep apnea - Obesity -
Cephalometry - Pulmonary function - Impulse oscillometry

Introduction

Obstructive sleep apnea (OSA) is characterized by repeti-
tive episodes of upper airway obstruction. The critical
pathophysiological feature of OSA is sleep-related narrow-
ing or closure of the upper airway at the level of the
pharynx {1, 2]. Anatomical abnormality is an important risk
factor for OSA, and most patients with OSA have
craniofacial abnormalities such as a small mandible,
enlarged tongue, enlarged soft palate, inferior displacement
of the hyoid bone, and imbalance between soft tissue
volume and bony enclosure size [3-5]. Dempsey et al. [6]
analyzed the interactive effects of obesity and craniofacial
structure on sleep-disordered breathing and reported that
body mass index (BMI) and cephalometric dimensions
equally contributed to the elevated apnea/hypopnea index
(AHI). However, a recent study showed that craniofacial
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structure and obesity contributed differently to OSA
between Caucasian and Asian patients [7]. In addition,
Dempsey et al. pointed out some additional factors that
might explain elevations in the AHI and speculated that
functional abnormalities such as impaired neural control of
upper airway muscles and ventilatory instability, which
may cause increased airway resistance, might be candidates
[6].

It has been shown that pharyngeal patency in OSA
patients is lung volume dependent [8, 9], and previous
reports indicated a significant correlation between a
reduced lung volume and nocturnal obstructive apnea and
desaturation [10, 11]. Increased upper airway resistance
also was shown to play a role in the pathogenesis of OSA
[12, 13] through the association with increased susceptibil-
ity of airway narrowing and collapse [2, 14]. Thus, in
addition to anatomical abnormalities, functional abnormal-
ities such as reduced lung volume and increased airway
resistance have been shown to play important roles in the
pathogenesis of OSA.

Obesity, the most important risk factor for OSA, is
known to affect craniofacial structures [15], lung volume
[16], and airway resistance [17, 18]. However, given the
substantial number of nonobese OSA patients in Japan
[19], we hypothesized that there would be significant
relationships between OSA and anatomical and functional
factors as well as obesity, reflecting a multi-factorial
pathophysiological feature of OSA. Therefore, in the
present study, we simultaneously analyzed the interrela-
tionships among craniofacial structure, pulmonary func-
tion, airway resistance, obesity, and OSA to investigate the
relative contributions of these factors to the severity of
OSA.

Materials and methods
Study subjects

We performed a cross-sectional observational study of
134 consecutive Japanese male patients who visited the
Sleep Unit of Kyoto University Hospital between January
2009 and February 2010 for evaluation of OSA. None
had been previously diagnosed with or treated for OSA.
Patients with pulmonary diseases such as asthma or
chronic obstructive pulmonary disease and who were
diagnosed as having central sleep apnea were excluded.
This study was approved by the Kyoto University
Graduate School and Faculty of Medicine Ethics Com-
mittee, and informed consent was obtained from all
patients. A sleep study, lateral cephalometry, pulmonary
function tests, and impulse oscillometry (IOS) were
performed on all patients. To establish smoking history,

@ Springer

the Brinkman index was calculated by the following
formula:

Brinkman index = number of cigarettes smoked per day

x number of smoking years.

Arterial blood gas analysis, including arterial partial
pressure of oxygen (PaO,) and arterial partial pressure of
carbon dioxide (PaCO,), was performed with patients’
breathing room air at rest in the supine position at 19:00.
Alveolar—arterial oxygen tension difference (A-aDO,) was
calculated according to the standard formula, using the
respiratory exchange ratio of 0.8.

Polysomnography

Diagnosis of OSA was confirmed by polysomnography
(SomnoStar pro, Cardinal Health, Dublin, OH, USA), which
was started at 22:00 and ended at 6:00 the following morning.
Surface electrodes were attached using standard techniques to
obtain an electrooculogram, electromyogram of the chin, and
12-lead electroencephalograph. Sleep stages were defined
according to the criteria of Rechtschaffen and Kales [20].
Ventilation was monitored by inductive plethysmography
(Respitrace QDC, Viasys Healthcare, Palm Springs, CA,
USA). Airflow was monitored by a nasal air pressure
transducer (PTAFlite, Pro-Tech Services Inc., Mukilteo,
WA, USA) and supplemented by an oronasal thermal sensor
(Sleepmate Technologies, Midlothian, VA, USA). Arterial
oxygen saturation (SpO,) was monitored continuously with
a pulse oximeter (Adult Flex System, Nonin Medical,
Plymouth, MN, USA).

Apnea was defined as the complete cessation of
airflow and hypopnea as a clear decrease in airflow of
30% or more lasting for 10 s or more, accompanied by a
decrease in SpO, of at least 4% [21]. All AHI values were
expressed as the number of episodes of apnea and
hypopnea per hour over the total sleep time. The lowest
SpO, during sleep and the percentage of time of SpO,
90% during sleep also were calculated in each patient.
OSA severity was defined by the AHI as follows: non-
OSA (AHI<S), mild OSA (5<AHI<15), moderate OSA
(15<AHI<30), and severe OSA (AHI>30).

Cephalometry

A lateral cephalogram was obtained for each subject. The
cephalograms were taken on image plates (ST-VI, Fuji
Medical Systems, Tokyo, Japan) with the subject in the
sitting position at a film focus distance of 2 m, with a left to
right view. Exposures were made at 75 kV and 320 mA at
the end-expiratory phase during quiet breathing through the
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nose, and a cephalostat was used to keep the subject’s head
in a position such that the Frankfort horizontal line was
parallel to the floor during exposure. Images of the
cephalograms were digitized and input into a computer,
previewed and processed for sharp visibility of both the soft
tissues and bony structures, and printed out through a
computed radiography system (FCR Profect CS, Fuji
Medical Systems). A total of 22 variables related to both
craniofacial skeletal and soft tissue morphology were
measured as angular (degrees), linear (millimeters), or area
(square centimeters) by a single observer in a single-blind
manner. Images were analyzed using Image J software (US
NIH, Bethesda, MD, USA). Every measurement was made
by the same observer, who had no knowledge of the clinical
status of the patient.

The cephalometric landmarks and reference lines are
defined in Table 1 and illustrated anatomically in Fig. 1.
The following angles and dimensions were measured: SNA,
antero-posterior position of the maxilla in relation to the
anterior cranial base (angle between S—N and N-A); SNB,
antero-posterior position of the mandible in relation to the
anterior cranial base (angle between S—-N and N-B); ANB,
relative position of the mandible to the maxilla (angle
between N-A and N-B); facial axis, vertical position of the
mandible in relation to the skull (angle between Pt—Gn and
N-Ba); G-VL, antero-posterior position of the chin in
relation to the vertebra (linear distance along the perpen-

Table 1 Definitions of cephalometric landmarks and reference lines

dicular plane from G to VL); N-Ba, the length of the
cranial base (distance between N and Ba); S—N, the length
of the anterior cranial base (distance between S and N);
ANS-PNS, the length of the hard palate (distance between
ANS and PNS); PNS-Ba, bony nasopharynx (distance
between PNS and Ba); PNS-P, the length of the soft palate
(distance between PNS and P); PNS-V, the length of the
pharyngeal airway (distance between PNS and V); MPT,
greatest thickness of the soft palate; TGL, the length of the
tongue (distance between V and TT); TGH, height of the
tongue (linear distance along the perpendicular bisector of
the V=TT line to the tongue dorsum); Me—Go, the length of
the mandible (distance between Me and Go); MP-H,
vertical position of the hyoid bone (linear distance along
the perpendicular plane from H to MP); H-VL, antero-
posterior position of the hyoid bone (linear distance along
the perpendicular plane from H to VL); AWI, upper
oropharyngeal airway caliber (narrowest part of the airway
between PNS and P); AW2, lower oropharyngeal airway
caliber (narrowest part of the airway between P and Go);
airway area, dimensions of the oropharynx (area outlined
by the inferior border of the nasopharynx, the posterior
surface of the soft palate and tongue, the line parallel to the
palatal plate through the point V, and the posterior
pharyngeal wall); tongue area, dimensions of the tongue
(area outlined by the dorsal aspect of the tongue surface and
lines that join TT, G, H, and V); and the lower face cage,

S Sella, midpoint of the fossa hypophysealis

N Nasion, anterior point at the frontonasal suture

ANS Anterior nasal spine, most anterior point of the nasal spine

PNS Posterior nasal spine, most posterior point of the nasal spine

A Deepest anterior point in the concavity of the anterior maxilla

B Deepest anterior point in the concavity of the anterior mandible

Cd Medial condylar point of the mandible

Cd’ A point that Pg projects onto the perpendicular line to the Cd—A line at the Cd point
Go Gonion, a mid-plane point at the gonial angle located by bisecting the posterior and inferior borders of the mandible
Me Menton, most inferior point of the chin bone

Ba Basion, most posteroinferior point on the clivus

G Most posterior point on the symphysis of the mandible

Pg Prognathion, most anterior point on the symphysis of the mandible

P Lowest point of the soft palate

T Most anterior point of the tip of the tongue

H Most anterosuperior point of the hyoid bone

A% Most antero-inferior point of the epiglottic fold

Pt Intersection of the posterior pharyngeal wall and most inferior margin of the foramen rotundum
Gn Gnathion, the most antero-inferior point of body chin

NL Nasal line, a line through ANS and PNS

MP Mandibular plane, a plane constructed from Me through Go

VL A line across C3 and C4
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Fig. 1 Cephalometric landmarks and reference lines. For definitions, see
Table 1. Shaded area indicates cross-sectional area of the tongue. Dark-
stained area indicates cross-sectional area of the airway. Lower face
cage was defined as a trapezoid formed by Cd-A-Pg-Cd’ (dotted lines)

the maxillomandibular enclosure size of the upper airway
(cross-sectional area of the trapezoid enclosed by Cd-A-
Pg—Cd’). Upper airway anatomical balance was assessed by
the ratio between the tongue area and lower face cage as
described in a previous study [5].

Pulmonary function tests

Pulmonary function tests were performed in the sitting
position using CHESTAC (Chest M.L. Inc., Tokyo, Japan).
Subjects underwent spirometric testing according to the
recommended method [22]. Residual volume (RV) and total
lung capacity (TLC) were measured by the closed circuit
helium method, and diffusing capacity for carbon monoxide
(DLco) was measured using a single-breath technique.

I0S

The assessment of respiratory impedance was performed by
I0S (Masterscreen 10S-J, Jaeger, Wurzburg, Germany).
IOS is different from the classical forced oscillation
technique (FOT) because an impulse rather than a pseudo-
random noise signal is applied by the loudspeaker. Data
processing is also different between 10S and FOT. But I0S
yields respiratory system resistance and reactance values
similar to those provided by FOT [23]. Subjects were

@ Springer

measured first in the sitting position and then in the supine
position, fulfilling standard recommendations [24], as
previously reported in detail elsewhere [25, 26]. In short,
rectangular mechanical impulses containing the whole
frequency spectrum were applied to the respiratory system
through a mouthpiece while the patient was breathing
quietly. The resulting pressure and flow signals were
analyzed for amplitude, and the impedance (Z) represents
the total mechanical load of the subject’s respiratory system
from which the resistance (R) and the reactance (X) of the
respiratory system can be derived. The frequency range of
the signal was from 5 to 35 Hz. The impedance at 5 Hz
(Z5) represents the impedance of the total respiratory
system. In the present study, we used respiratory resistance
at 5 and 20 Hz (RS and R20) as indices of total and
proximal airway resistance, respectively. In IOS, low
frequency oscillations are transmitted to the lung periphery,
while those at frequencies >20 Hz are thought to be damped
out before reaching the peripheral airways [27]. The
reactance at 5 Hz (X5) may be determined by homogeneous
distribution of ventilation, effective ventilation capacity,
and compliance of the lung and chest wall. These indices
have been shown to be useful for the evaluation of upper
airway patency in OSA [12, 13].

Statistics

All statistical analyses were performed using StatView
version 5.0 for Windows (Abacus Concepts, Berkeley, CA,
USA). Continuous variables are expressed as means +
standard deviation (SD). Intra-observer agreement for the
cephalometric measurements was evaluated by the intra-
class correlation coefficient (ICC) [28]. The natural
logarithm of the AHI was used as the dependent variable
since the absolute values were not distributed normally.
Chi-square tests were used to compare dichotomous
variables and unpaired Student’s ¢ tests were used to
compare continuous data between two groups. Relation-
ships between two variables were analyzed by Pearson’s
correlation coefficient tests. Stepwise multiple regression
analyses were performed to identify variables that could
best explain AHI. A p value less than 0.05 was considered
to indicate statistical significance.

Results
Relative contributions of obesity, craniofacial structure,
pulmonary function, and IOS measurements to AHI

in all subjects

Patient characteristics and polysomnographic data are shown
in Table 2. The study group of 134 patients comprised 19
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Table 2 Clinical characteristics and polysomnographic data on 134
patients

Table 3 Stepwise multiple regression analysis to predict AHI
(n=134)

Age (years) 56.5+14.5
BMI (kg/m?) 26.5+4.2
Neck circumference (cm) 40.2+3.2
Smoking history (current/ex/never) 37/70/27
Brinkman index 5284603
AHI (events/h) 26.0£22.5
Logarithmic AHI 2.8+1.3
Minimum SpO, (%) 79.0+£10.5
SpO, <90% time/TST (%) 14.8+£214
PaCO, (kPa) 5.6+0.5
Pa0, (kPa) 11.4+1.5
A-aDO, (kPa) 1.6£1.5

Data presented as mean = SD

BMI body mass index, AHI apnea/hypopnea index, 7ST total sleep
time, PaCO; arterial partial pressure of carbon dioxide, PaO, arterial
partial pressure of oxygen, 4-aDO, alveolar—arterial oxygen tension
difference

non-OSA, 32 mild OSA, 37 moderate OSA, and 46 severe
OSA patients. Regarding cephalometric measurements, intra-
observer agreement was excellent (ICC ranged from 0.92 to
0.99) for all variables except for ANB and TGL, which had
good intra-observer agreement (ICC=0.82 in ANB and 0.83
in TGL). We investigated the associations between anthro-
pometric variables, arterial blood gas data, cephalometric
parameters, pulmonary function, I0S measurements, and
AHI. The AHI had a significant positive correlation with age
(r=0.26, p=0.003), BMI (r=0.32, p=0.0002), neck circum-
ference (r=0.33, p=0.0001), and A-aDO, (=037, p<
0.0001) and a negative correlation with PaO, (r=—0.31, p=
0.0003) (Table El). Examination of cephalometric param-
eters showed that the AHI had a significant positive
correlation with the tongue area (#=0.18, p=0.04), PNS—
P (»=0.30, p=0.0004), TGL (+=0.23, p=0.008), and MP—
H (#=0.28, p=0.001) (Table E2). Regarding pulmonary
function, there was a significant negative correlation
between the AHI and only with the expiratory reserve
volume (ERV) (r=-0.28, p=0.001) and %ERV (r=—0.24,
p=0.007) (Table E3). The results of IOS measurements
revealed that the AHI had a significant positive correlation
with R5 (»=0.22, p=0.01) in the sitting position and Z5 (r=
0.19, p=0.03), RS (r=0.24, p=0.006), and R20 (+=0.25, p=
0.004) in the supine position (Table E3).

Stepwise multiple regression analysis was performed to
examine the relationships with AHI using the preselected
variables that were significantly related to AHI in the above
analyses (Table 3). Age, BMI, MP-H by cephalometry, and
R20 in the supine position on I0S significantly explained
28% of the variance in AHI [#* (coefficient of determina-
tion)=0.08, 0.09, 0.05, and 0.06, respectively].

Age (years) 0.08
BMI (kg/m?) 0.09
Neck circumference (cm) -
PaO, (kPa) -
A-aDO, (kPa) -
Tongue area (cm?) ~
PNS-P (mm) ~
TGL (mm) -
MP-H (mm) 0.05
ERV (L) -
%ERV (% pred) -
R5 (kPa/L/s) -
Z5% (kPa/L/s) -
R5% (kPa/L/s) ~
R20* (kPa/L/s) 0.06
Cumulative r* 0.28

AHI apnea/hypopnea index, BMI body mass index, PaQ, arterial
partial pressure of oxygen, 4-aDO, alveolar-arterial oxygen tension
difference, ERV expiratory reserve volume

*In the supine position

Relative contributions of obesity, craniofacial structure,
pulmonary function, and I0S measurements to the AHI
based on the severity of OSA

We then compared the predominant determinants of AHI
between 83 moderate-to-severe (AHI>15) and 51 non-
to-mild (AHI<15) OSA subjects. The clinical character-
istics and polysomnographic data for these patients are
shown in Table 4. The BMI and neck circumference were
significantly higher, and the PaO, was significantly lower
in moderate-to-severe OSA than in non-to-mild OSA (p=
0.007, 0.002, and 0.004, respectively). As we did for the
overall group of 134 patients, we performed stepwise
multiple regression analyses to account for AHI in the
moderate-to-severe and the non-to-mild groups, using the
preselected variables that were significantly related to
AHI They included BMI, neck circumference, PaO,, A-
aDO,, RS and R20 in the sitting position, and Z5, R5, and
R20 in the supine position in moderate-to-severe OSA
and included age, PaCO,, VC, ERV, FEV,, RV/TLC, and
%DLco in non-to-mild OSA. In moderate-to-severe OSA,
neck circumference and R20 in the supine position on
I0S (#*=0.11 and 0.10, respectively) significantly
explained 21% of the variance in AHI. By contrast, in
non-to-mild OSA, age and ERV (+*=0.19 and 0.10,
respectively) significantly explained 29% of the variance
in AHI.
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Table 4 Comparison of clinical
characteristics and polysomno-

graphic data between groups
based on the severity of OSA Age (years)

Data presented as mean = SD.
Unpaired ¢ tests were performed
except for the chi-square test for AHI (events/h)

smoking history Logarithmic AHI

BMI body mass index, AHI Minimum SpO, (%)
apnea‘hypopnea index, 75T total SpO, <90% time/TST (%
sleep time, PaCO, arterial par- P2 o Hme )
tial pressure of carbon dioxide,
PaQ, arterial partial pressure of Pa0O, (kPa)

AHI>15 (n=83) AHI<I5 (n=51) p value
57.6+12.3 54.7+17.4 0.26
BMI (kg/m?) 27.2+4.6 252432 0.007
Neck circumference (cm) 40.9+3.5 39.1+2.3 0.002
Smoking history (current/ex/never) 18/46/19 9/24/18 0.18
Brinkman index 578+595 446+613 0.22
38.1+20.6 6.5+4.4 <0.0001
3.5+0.5 1.5+1.2 <0.0001
74.5+10.4 86.3+5.0 <0.0001
22.9£23.7 1.6+2.4 <0.0001
PaCO, (kPa) 5.6+0.5 5.7+0.4 0.32
1L1£14 11.9%1.5 0.004
1.9+1.4 1.0£1.5 0.0008

oxygen, A-aDO, alveolar—arteri- A-aDO, (kPa)
al oxygen tension difference

Relative contributions of obesity, craniofacial structure,
pulmonary function, and I0S measurements to AHI based
on the magnitude of obesity

We then compared the predominant determinants of AHI
between 79 obese (BMI>25) and 55 nonobese (BMI<25)
subjects. The clinical characteristics and the polysomno-
graphic data on these patients are shown in Table 5. There
was a trend for more current smokers or ex-smokers to be
present among the obese subjects. Neck circumference and
the mean AHI were significantly higher, and the PaO, was
significantly lower in obese subjects than in nonobese
subjects (p<0.0001, p=0.002, and p<0.0001, respectively).
We also performed stepwise multiple regression analyses
to account for AHI in obese and nonobese subjects using
the preselected variables that were significantly related to
AHI. They included BMI, neck circumference, PaO,, A-
aDO,, PNS-P, TGL, MP-H, ERV, and R5 and R20 in the
sitting and supine positions in obese subjects and age and
A-aDO, in nonobese subjects. In obese subjects, A-aDO,,
MP-H by cephalometry, and R20 in the sitting position on

I0S (+*=0.08, 0.10, and 0.07, respectively) significantly
accounted for 25% of the variance in AHI. In contrast, in
nonobese subjects, age alone was significantly related to
AHI (+*=0.25).

Discussion

We simultaneously analyzed the interrelationships between
OSA and obesity, anatomical abnormalities measured by
cephalometry, and functional abnormalities measured by
pulmonary function testing and I0S. By multiple regression
analysis, we found that age, BMI, MP-H by cephalometry,
and R20 on IOS significantly contributed to AHI. In
addition, separate analyses revealed that significant deter-
minants of OSA differed between moderate-to-severe OSA
and non-to-mild OSA and between obese subjects and
nonobese subjects.

In addition to age and obesity (BMI), an anatomical
abnormality (inferior displacement of the hyoid bone) and a
functional abnormality (increased proximal airway resis-

Table 5 Comparison of clinical
characteristics and polysomno-

graphic data between groups
based on the magnitude of obesity ~ Age (years)

Data presented as mean = SD.
Unpaired ¢ tests were performed
except for the chi-square test for ~ AHI (events/h)

smoking history Logarithmic AHI

BMI body mass index, AHI Minimum SpO, (%)
apnea/hypopnea index, 75T total 0/ ¢ o
sﬁeep tirrEs,pPaCOz arterial par- Sa0, <90% time/TST (%)
tial pressure of carbon dioxide,
PaQ,; arterial partial pressure of Pa0, (kPa)

BMI>25 (n=79) BMI<25 (n=55) p value
55.9+13.2 57.3+16.3 0.58
BMI (kg/m?) 28.9+3.7 22.9+1.4 <0.0001
Neck circumference (cm) 41.7£3.0 38.1£2.2 <0.0001
Smoking history (current/ex/never) 19/44/16 8/26/21 0.02
Brinkman index 611+618 408+566 0.054
31.0+£25.6 18.9+14.6 0.002
3.0+1.2 2.5£13 0.03
77.1£11.5 81.8+8.2 0.009
20.7£25.5 6.3£82 <0.0001
PaCO, (kPa) 5.6+0.5 5.6+0.4 0.47
10.9+£1.5 12.0+1.4 <0.0001
2.1£1.4 09+1.4 <0.0001

oxygen, 4-aDO; alveolar—arteri- A-aDO, (kPa)
al oxygen tension difference
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tance) were significantly related to OSA. Obesity and age
have been considered to be the characteristic risk factors for
OSA [29]. On the other hand, certain forms of craniofacial
abnormalities measured by cephalometry [3-5], reduced
lung volume [8-11], and increased upper airway resistance
[12, 13] also have been suggested as predisposing factors
for upper airway obstruction during sleep. Although these
factors may be significantly affected by age and obesity
[15-17, 30, 31], the relative contributions of anatomical
and functional abnormalities, age, and obesity to OSA have
remained to be elucidated. Our findings indicate that OSA
is the result of independent interrelationships among
anatomical abnormalities, functional abnormalities, age,
and obesity, which reflects a multi-factorial pathophysio-
logical feature of OSA.

We found that, compared with pulmonary function,
airway resistance on IOS was related more closely to
AHI. Structurally, the pharyngeal airway is surrounded by
soft tissue, which is enclosed by bony structures and is
caudally pulled by the thorax. As has been suggested, an
imbalance between the amount of soft tissue and the size of
the surrounding bony structures [32] and decreased thoracic
traction [33] due to a reduced lung volume may result in
increased tissue pressure surrounding the pharyngeal
airway and decreased longitudinal tension of the pharyn-
geal airway wall, leading to increased upper airway
resistance. Moreover, airway resistance was shown to
increase when the body position changed from a sitting to
a supine position [34]. In nonobese subjects, the falls in
lung volume in a supine position are likely to lead to
increased airway resistance, while in obese subjects in a
supine position, such falls are smaller than in nonobese
subjects and can only partly explain an increase in airway
resistance [34]. Hence, there must be additional causes and
sites of increased airway resistance in obese subjects. Our
results showed the importance and usefulness of demon-
strations of increased airway resistance on IOS in explain-
ing the severity of OSA.

In one subgroup analysis, predominant determinants of
AHI differed depending on the severity of OSA. In
moderate-to-severe OSA, neck circumference and airway
resistance were predominantly related to AHI, whereas in
non-to-mild OSA, age and ERV were predominantly related
to AHI. There was no overlap in those factors that were
significantly associated with AHI, indicating a different
pathogenesis of the disease between moderate-to-severe
versus non-to-mild OSA. Asians were reported to have
more severe OSA than Caucasians even when the BMI was
similar between the two groups [7]. Our results indicate the
importance of increased fat deposition adjacent to the upper
airway rather than total body fat volume in Japanese
individuals with moderate-to-severe OSA, which may
partially explain this difference. Although it has been

suggested that the consequences of craniofacial abnormal-
ities are more severe in Japanese than in Caucasian OSA
patients [3], craniofacial abnormalities were not significant-
ly related to AHI in both moderate-to-severe and non-to-
mild OSA groups in the present study after adjustment for
other risk factors, although further study is needed.
Moreover, that age independently correlated with non-to-
mild OSA but not moderate-to-severe OSA may partly
support the evidence that with increasing age, OSA
prevalence increases but that its severity does not [19, 29].

Another subgroup analysis showed that in obese sub-
jects, A-aDO,, the distance between the hyoid bone and
mandible, and airway resistance were predominantly related
to AHI. Recent studies suggested that subclinical lung
injury may be present in OSA possibly through local
oxidative stress in the alveolus [35, 36]. Although the
magnitude of the injury might not be great, given the effect
of ventilation—perfusion inequality due to obesity [16],
A-aDQO, can be significantly related to AHI in obese OSA
subjects. The position of the hyoid bone is correlated with
accumulations of adipose tissue in pharyngeal regions, and
its inferior displacement may give rise to the posterior
relocation of the tongue and reduce upper airway patency
[3, 37, 38]. Abdominal fat is likely to have direct effects on
the downward movement of the diaphragm and is associ-
ated with increased airway resistance through the reduction
in lung volume [16, 39]. Our results may also imply the
importance of abundant parapharyngeal and intraabdominal
distribution of adipose tissue in obese subjects. Addition-
ally, in nonobese subjects, age alone had a significant
relationship with the AHI. The unexplained variance by age
may be related to structural or functional abnormalities that
were not measured, indicating the complicated pathogenesis
of OSA in lean individuals.

Unfortunately, the four crucial features in our study
account for only 28% of the variance in AHIL There are
several possible explanations. Firstly, various determinants
of OSA, not limited to obesity, might be characteristic in
Japanese subjects. Secondly, all of our anatomical and
functional measurements were obtained during wakeful-
ness, which may have limited relevance to the sleeping
state. Furthermore, some cephalometric measurements,
including that of the position of the hyoid bone, may be
affected by muscle contraction required for central occlu-
sion of the jaw. Thirdly, we did not evaluate the degree of
ventilatory control stability. It is termed “loop gain”, whose
increase is suggested to play an important role in the
pathogenesis of OSA [40, 41]. Additional assessments
might have explained a certain proportion of the residual
variance in AHIL

As a limitation, the present study had a small sample size
(especially non-OSA subjects) with only male subjects
from one university hospital, which might have limited the
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generalization of the results. Moreover, we only studied
Japanese subjects and did not directly assess inter-ethnic
differences in OSA risk factors. Considering that OSA is
highly prevalent worldwide, inter-ethnic differences in
OSA risk factors is an important issue. Although we
discussed inter-ethnic differences by comparing the results
with previous studies, such as those of a recent study by
Lee et al. [7], further studies directly comparing OSA risk
factors in different ethnic groups would more clearly
elucidate those risk factors. Another limitation is that we
assessed craniofacial structures only by cephalometry. Our
limited measures of craniofacial morphology may underes-
timate the actual contributions of craniofacial morphology,
especially of upper airway anatomical imbalance. Addi-
tional three-dimensional, volumetric evaluations using
computed tomography [42] or magnetic resonance imaging
[43] might show more sensitively the impact of anatomical
imbalance on the pathogenesis of OSA.

OSA is a multi-factorial disease in which age and
obesity play important roles. However, aside from age and
obesity, our results indicated that both anatomical and
functional abnormalities play significant roles in the
pathogenesis of OSA. The severity of OSA or obesity
appears to determine the relative contribution of these
abnormalities to sleep-related collapse of the upper airway.

Role of funding sources Kazuo Chin has received grants from the
Japanese Ministry of Education, Culture, Sports, Science and
Technology (nos. 20590921 and 22590760), Respiratory Failure
Research Group and Health Science Research Grants (Comprehensive
Research on Life-Style Related Diseases including Cardiovascular
Diseases and Diabetes Mellitus) from the Ministry of Health, Labor
and Welfare of Japan, and the Japan Vascular Disease Research
Foundation.
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Living-donor lobar lung transplantation with sparing of
bilateral native upper lobes: A novel strategy
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A 44-year-old man became wheelchair-bound due to sever bronchiolitis obliterans caused by peripheral
blood stem cell transplantation for acute myelogenous leukemia. His lung donors, his sister and his
wife, were 17 ¢m shorter than him. He successfully underwent living-donor lobar lung transplantation
with sparing of the bilateral native upper lobes to address the size mismatch. Ten months after the
transplantation, the patient has returned to a normal lifestyle without supplemental oxygen.
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Living-donor lobar lung transplantation (LDLLT) has
been established as an alternative procedure to cadaveric
lung transplantation for patients who cannot wait for a
brain-dead donor. In LDLLT, 1 lower lung lobe donated
from each of 2 donors (total of 2 lobes) is implanted into
the recipient after bilateral pneumonectomy. The size of the
donor lobar lungs is the most critical issue influencing the
result of LDLLT. According to a formula previously re-
ported, an acceptable predictive donor lung size compared
with a recipient’s predictive forced vital capacity (FVC) is
>45% to 50%." In the case of a large patient, especially an
adult male, there can be a large size disparity between the
donor lung size and recipient’s chest cavity because grafts
may be too small. These size issues often prevent large adult
male patients from undergoing LDLLT.

Herein we report the first case of a successful LDLLT in
which a very large size mismatch between donor lungs and
recipient chest cavity was solved by sparing the bilateral
native upper lobes.

Reprint requests: Hiroshi Date, MD, Department of Thoracic Surgery,
Kyoto University Graduate School of Medicine, 54 Shogoin Kawahara-
cho, Sakyo-ku, Kyoto 606-8507, Japan. Telephone: +81-75-751-3835.
Fax: +81-75-751-4647.

E-mail address: hdate@kuhp kyoto-u.ac.jp

Case report

A 44-year-old man was diagnosed with acute myelogenous
leukemia (AML) in May 2007. He received chemotherapy
followed 6 months later by a peripheral blood stem cell
transplantation (PBSCT) from his human leukocyte antigen
(HLA)-serotype-matched sister. In November 2008, he ex-
perienced dyspnea with exertion and shortness of breath. A
chest computed tomography (CT) and pulmonary function
test indicated the development of bronchiolitis obliterans
due to chronic graft-vs-host disease of PBSCT. His respi-
ratory distress progressed despite medications such as ste-
roids, immunosuppressive agents and inhaled bronchodila-
tors and he became wheelchair-bound with supplemental
oxygen. He was referred to Kyoto University Hospital for
possible LDLLT in September 2009, as the average waiting
time for cadaveric lung transplantation is about 3 years in
Japan. His acute myeloid leukemia (AML) had remained in
complete remission for 21 months.

The candidates for lung donation in this case included his
sister, who was the blood stem cell donor for the PBSCT,
and his wife. The ratio of calculated graft FVC to predicted
FVC of the recipient was 45.7%. Although the ratio was
adapted to our criteria, there was a 17-cm difference in
height between the patient and both donors (the patient’s
height was 170 cm and both donors were 153 cm). Three-
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dimensional CT volumetric evaluation showed the recipient
chest cavity to be 6,189 ml (right 3,318 ml, left 2,871 ml)
and the donor grafts’ volume to be 1,745 ml (right 715 ml,
left 1,030 ml). Therefore, the ratio of the donor grafts’
volume to recipient’s chest cavity was only 28%. Pre-oper-
ative chest CT (Figure 1A) and pulmonary ventilation per-
fusion scintigraphy revealed homogeneous impairment in
all the lobes of the recipient and no infectious lesions were
found in the recipient’s lungs.

The surgical options were discussed repeatedly with the
patient and his family, and they were willing to proceed
with LDLLT, with sparing of the bilateral native upper
lobes, which they understood to be an experimental proce-
dure. The case was carefully discussed and approved by the
ethics committee of our hospital.

Through a clamshell incision, lingual segmentectomy
and bilateral hilar dissection were performed to avoid bleed-
ing by heparinization during cardiopulmonary bypass
(CPB). After establishing CPB, a right middle lower lobec-
tomy and left lower lobectomy were performed. The pa-
tient’s older sister and wife were the right and left lung
donors, respectively. The donor lobar lungs were immedi-
ately flushed with cooled ET-Kyoto solution (Otsuka Phar-
maceuticals, Japan) after harvest. The right graft was im-
planted followed by left graft implantation. The bronchus
was anastomosed using a continuous suture technique
with a 4-0 PDS suture (Ethicon, Somerville, NJ). The
pulmonary vein and artery were sutured with 6-0 Prolene
(Ethicon). The spared bilateral upper lobes were venti-
lated to avoid atelectasis throughout the operation except
during bronchial anastomosis. Both grafts were reventi-
lated and reperfused essentially at the same time. Wean-
ing from CPB was completed within 15 minutes after
reperfusion and without difficulty.

The patient’s post-operative course was uneventful.
The recipient was weaned from mechanical ventilation
on post-operative day (POD) 3, and he left the intensive
care unit on POD 12. Withdrawal of oxygen inhalation
was completed on POD 28. Excellent bronchial healing
was obtained bilaterally. At 6-month evaluation, dramatic
improvements were observed for pulmonary function,
arterial blood gas, 6-minute walk distance and symptoms
(Table 1). Of note, forced expiratory volume in 1 second
(FEV,) increased from 590 to 2,090 ml. Post-operative

Figure 1  Coronal view of CT. (A) Pre-operative CT showed ho-
mogeneous hyperlucent lung consisting with typical findings of bron-
chiolitis obliterans. (B) Post-operative CT shows spared native lungs
(black arrows) and implanted donor lungs (white arrows).
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chest CT revealed well-expanded donor lungs and spared
native lungs with no detectable dead space in the bilateral
chest cavities (Figure 1B). Post-operative pulmonary
ventilation scintigraphy demonstrated that marked air
trapping remained in the spared lungs (Figure 2A). Post-
operative perfusion scintigraphy showed little perfusion
to the spared lungs (Figure 2B).

Discussion

Size matching is the most critical issue in LDLLT because
it involves only 2 lower lobes, which the recipient receives
from 2 donors.? Therefore, it is often difficult for large
patients to find 2 donors who can donate enough lung
volume. Most of the recipients who have undergone
LDLLT in Japan were children or women.? In fact, we have
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Figure 2 Postero-anterior view of post-operative differential
ventilation/perfusion lung scan. (A) '**X washout imaging at 90
seconds demonstrates marked air trapping in the native spared
upper lobes. (B) Tc99m macroaggregated albumin perfusion lung
scan demonstrates that the spared native lungs received little per-
fusion and the implanted small grafts received a majority of the
pulmonary blood flow.
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