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Increased pentose phosphate pathway
metabolites and polyamine biosynthesis indicate
increased proliferation in BMPR2 mutant
endothelial cells

Intermediates in the pentose phosphate pathway for BMPR2
mutant hPMVEC along with changes in the expression of the
corresponding genes compared to native hPMVEC are shown
(Fig. 2). The pentose phosphate pathway interfaces with
multiple other metabolic pathways, including the glycolytic
pathway and NADPH synthetic pathways, in addition to
providing 5-carbon sugars for nucleotide synthesis. The
enzyme primarily responsible for synthesis of NADPH
in the pentose phosphate pathway, glucose-6-phosphate
dehydrogenase, exhibited significantly reduced expression
in both the CD and KD mutants. The upregulation of the
pentose phosphate pathway in the BMPR2 mutant hPMVEC
thus was apparently driven by upregulation from ribose-5-
phosphate isomerase downstream that overcame decreases
in glucose-6-phosphate dehydrogenase expression and
that directly related to increased nucleotide synthesis and
salvage. The significantly increased levels of purine and
pyrimidine nucleosides downstream from both mutations
further supported this conclusion. Finally, intermediates in
the terminal portion of the polyamine synthesis pathway in
the CD and KD mutants were increased preferentially over
urea cycle intermediates (Figure $3), further supporting the

|-

[Downloaded free from hitp:ivww pulmonarycirculation.org on Thursday, November 15, 2012, IP: 133.82.251.161} || Click here to download free Android apg
this journal

Fessel et al.: Metabolic reprogramming in PAH

HIF Responsive

TCA Cycle

Glycolysis

Figure 1: Transeriptonic analysis of huroan pulinsoacy
pueravasenlar endothelial colls expressing oue of tvo
domirmant negative BMPR2 routant constracts. The pie
chant depicts the pathwvays represented by the 07 genes
showing significantly altered expression in the CD and
KD outanthPMYEC compared to the native hBPMVYEC,
The largest single major ontology geoup was metabolic
genes, and the beatroap at the right of the figure shows
changes in individual genes within this targer group
broken down by subsets. with red indicating jucreased
expression and blue denoting decreused expression,

Glutamate

increased cell proliferation previously abserved for these
specific mutations.ld

Multiple energy metabolism pathways were
disrupted in BMPR2 mutant endothelium
Several groups have previously shown an increase in
aerobic glycolysis (the “Warburg effect”) in PAH,%% and
increased glucose uptake has been demonstrated in the
lungs of PAH patients by positron emission tomography.*’)
In this whole metabolome analysis, glycolysis showed
significant upregulation as a consequence of BMPR2
mutation, though this was not to the same extent for
both mutations (Fig. 3). Glycolytic metabolites were
significantly increased in the CD mutants for all of the
pathway intermediates down to pyruvate, whereas the
KD mutants showed statistically significant increases or
trends in increases only for the metabolites earlier in the
glycolytic pathway. Consistent with global activation of the
glycolytic pathway, expression of the majority of the genes
for glycolytic enzymes was increased, including genes
coding for glucose uptake transporters. The genes for two
of the three regulated enzymes in the pathway, hexokinase,
and phosphofructokinase, showed decreased expression in
arrays from the BMPR2 mutant hPMVEC, though the third
regulated enzyme, pyruvate kinase, showed increased
expression for at least one isoform.
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The interplay between fatty acid oxidation and glucose
utilization has been shown to play an important role in

isobutyrylcarnitine, and propionylcarnitine were also
significantly decreased. Decreased expression of many ofthe

pulmonary hypertension related to chronic hypoxia and
in right ventricular hypertrophy and failure induced by
pressure overload in a pulmonary artery banding model,*#l
but this has not been explored in pulmonary arterial
hypertension specifically. We thus sought evidence for
alterations in the major pathways for fatty acid oxidative
metabolism in the context of disease-causing BMPR2
mutations. We found that carnitine and its downstream acyl
metabolites were significantly reduced in the CD and KD
mutant hPMVEC compared to the native endothelial cells
(Fig. 4). Decreased levels of carnitine itself as well as glycine
(a by-product of carnitine synthesis) suggested decreased
synthesis of carnitine itself. Levels of palmitoylcarnitine,

key genes involved in carnitine/acylcarnitine metabolism
and trafficking was also observed, including the two
major carnitine palmitoyltransferase genes and one of the
major carnitine/acylcarnitine translocases. We also found
significantly decreased expression of anumber of the acyl-
CoA dehydrogenase genes involved in fatty acid oxidation.

Activity of the tricarboxylic acid (TCA) cycle has been
shown to be reduced in a variety of different types of cancer,
and this has been proposed to be a central advantage
exploited by cancer cells, allowing for diversion of TCA
cycle intermediates toward macromolecule synthesis
while relying on other energy-generating pathways such as
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glycolysis.’3% Although a number of the metabolic features  citrate. Moreover, this suggested that alternative catabolic
of cancer cells have been observed in PAH, defects in the  pathways (e.g, fatty acid oxidation, peptide/amino acid
TCA cycle have not been extensively described. InhPMVEC  catabolism) feeding into the TCA cycle were insufficient
expressing BMPR2Z mutations, there were extensive to support concentrations of succinate, fumarate, and
metabolic defects in the TCA cycle indicating overall malate, particularly in the CD mutants. The balance of
decreased activity of the cycle downstream from citrate  TCA cycle intermediates is normally maintained by the
(Fig. 5). In particular, significant decreases in succinate, complementary processes of anaplerosis and cataplerosis.
fumarate, and malate were present in the CD mutants, Broadly defined, anaplerosis refers to the addition of
whereas much more mild nonsignificant decreases in the  4- and 5-carbon intermediates into the TCA cycle (e.g,,
mean concentrations of succinate and malate were observed  oxaloacetate, alpha-ketoglutarate, and succinyl-CoA) using
for the KD mutants. In both mutants, concentrations of  pyruvate, aspartate, glutamate, or fatty acids as substrates,
citrate were significantly increased, and concentrations of  to support mitochondrial respiration and to replenish TCA
pyruvate and lactate were equivalent to the native hPMVEC,  cycle intermediates diverted to biosynthesis. Cataplerosis
suggesting that the defect in the TCA cycle occurred distalto  refersto the removal of these same TCA cycle intermediates
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to support biosynthetic processes such as gluconeogenesis,
glyceroneogenesis, and fatty acid synthesis.[*!

Two key specific anaplerotic pathways are the conversion
of glutamine to glutamate and then to alpha-ketoglutarate,
and the conversion of aspartate to oxaloacetate.!*
Levels of these specific amino acids were quantified
and found to be significantly reduced in the CD mutant
hPMVEC compared to native cells (Fig. 6). By contrast,
the KD mutants showed increased levels of glutamine and
glutamate, which likely contributed to the more modest
reductions of TCA cycle intermediates in these cells, as
there was more glutamine and glutamate available for
the anaplerotic synthesis of alpha-ketoglutarate. The

differences between the CD and KD mutants may be at
least in part attributable to differences in the synthesis
of N-acetylaspartylglutamate (NAAG). The CD mutants
showed increased expression of NAAG synthetase
and increased concentrations of NAAG, whereas the
KD mutants showed decreased expression of NAAG
synthetase and a subsequently lower level of NAAG
compared to the CD mutants. It thus is likely that, in the CD
mutants, much of the glutamate and aspartate that might
otherwise have been used to feed into the TCA cycle was
instead being used for the synthesis of NAAG. This was
not the case in the KD mutants. Both mutations appeared
to drive an overall increase in peptide and amino acid
catabolismm, as both mutants showed significant increases
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in the concentrations of dipeptides (Figure S4), though
this was more pronounced in the CD mutants. In addition,
anaplerosis via branched chain amino acid metabolism
appeared to be more significantly impaired in the CD
mutants compared to the KD mutants, as evidenced
by more significant decreases in isobutyrylcarnitine
and propionylcarnitine, metabolites that participate in
branched chain amino acid metabolism as well as fatty
acid metabolism. The CD mutants exhibited a major
failure of anaplerosis on multiple levels that was much
more mild in the KD mutants, and thus must rely on
multiple “salvage” pathways of peptide/amino acid
catabolism.
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Predicted differences in IDH1/2 activity were
present in mutant hPMVEC and in human PAH
patients

We chose to examine the TCA cycle in more detail, as
this is a major point of integration of multiple pathways
involved in energy production as well as biosynthesis and
so might better reflect the summation of alterations in
these many different pathways. On closer inspection of the
transcriptomic and metabolomic data relevant to the TCA
cycle, there was a clear functional change in the BMPR2
mutants compared to the wild-type endothelial cells that
occurred somewhere between citrate and succinate. The
two most likely enzymatic candidates were aconitase and
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alutamate dehydrogenase and 2 GLS.

isocitrate dehydrogenase (1DH). Of these twao enzymes,
aconitase has been shown to be inactivated by oxidative
stress,'! and oxidative stress is known to be increased
in the context of BMPR2 mutations.'*! To remove this as
a confounding factor, we chose to examine IDH activity.
While NAD’-dependent IDH activity (corresponding to
the IDH3 isoform) did not differ between wild-type and
BMPR2 mutant endaothelial cells, NADP'-dependent IDH
activity (corresponding to IDH isoforms 1 and 2, hereafter
IDH1/2) was significantly increased in BMPR2 mutant
endothelial cells (Fig. 7A). We then sought to determine
if these findings were applicable to patients with PAH.
We quantified IDH1/2 activity in serum from controls,
from patients with heritable PAH known to have BMPRZ
mutations, and from two pooled cohorts of patients with
IPAH (one from the United States and one from Japan).

slutarpinase: GLULL ghttarate-anuuonia lgass. RIMELE, N-

acetylaspartvigiotamate syothetase B

Serum IDH1/2 activity was significantly increased in both
HPAH and IPAH patients compared to controls (Fig. 7B).
The variability in IDH1/2 activity observed in the PAH
patients likely does reflect variability in disease activity, at
leastin part. We separated the PAH patients for whom data
were available into two groups based upon the presence
or absence of any prostanoid therapy (intravenous,
subcutaneous, or inhaled prostacyclin receptor agonist)
and analyzed serum IDH1/2 activity (Figure S5). Though
only approaching statistical significance (P=0.1 by Welch's
t-test), the mean serum IDH1/2 activity for the prostanoid
treated group of PAH patients clearly trended toward
being higher than for the nontreated group. As prostanoid
therapy is only initiated in more severe disease, the higher
serum IDH activity may well be a reflection of disease
severity.
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vs. control by Welch's t-test.
DISCUSSION

We present here a whole metabolome analysis of the
effects of BMPRZ mutations known to cause pulmonary
arterial hypertension. We have constructed an integrated
picture of the complex and interdependent metaboli
changes that occur downstream from BMPR2 mutations
in human pulmonary microvascular endothelial cells, and
this integrated view has demonstrated more widespread
metabolic defects in PAH than have been previously
known. The shift toward aerobic glycolysis that is typified
by the Warburg effect in PAH has been known for some
time.l”! More recently, the interplay between fatty acid
oxidation and control of glycolysis versus glucose oxidation
(typified by the Randle cycle) has been demonstrated to
be important in hypoxic pulmonary hypertension.’42
In addition to confirming these previously identified
metabolic defects in PAH, we have identified significant
alterations in the TCA cycle and at least some of the
pathways that interact with it.

Our analysis reveals a profound failure of anaplerosis
present downstream from BMPR2Z mutations that has been
largely unexplored as a mechanism of disease pathogenesis
in PAH. TCA cycle intermediates are depleted through what
appears to be a combination of decreased activity of the
cycle itself plus abnormal shunting of intermediates from
other pathways (e.g., glutamate, glutamine, aspartate, and
branched chain amino acids) that could otherwise be used
to replenish the intermediates of the TCA cycle. This implies
that the metabolic defects in PAH cannot be simply summed
up under the umbrella of Warburg metabolism.!*#31 [t
is possible that diversion of TCA cycle intermediates for
biosynthesis and reliance on aerobic glycolysis is actually

a feature of decreased BMP signaling, as would be seen
in settings of tissue remodeling and repair, for example,
However, these would be settings of temporary loss or
reduction of BMP signaling, and what might be adaptive
cataplerosis in the short-term becomes pathogenic in the
etting of permanently decreased BMP signaling due to
mutation. More importantly, the therapeutic implicationis
that it is very likely that most or all of the errant pathways
will need to be targeted to expect a significant therapeutic
impact, and current investigational therapies address only
certain dysfunctional pathways thatlargely do not address
the failure of anaplerosis.

To demonstrate further the utility of our combined
metabolomic and transcriptomic analysis, we chose to
quantify NADP*-dependent IDH activity. We predicted
that this enzymatic activity would be altered in PAH and
then demonstrated the accuracy of that prediction in both
cultured cells and in patients with PAH. Alterations in
IDH activity have not been previously described in PAH;
however, multiple conceptual links between PAH and
cancer have been proposed, and there is a growing body of
literature linking altered IDH activity in a causative way to
at least certain types of cancer;|#4** so the identification
of altered IDH1/2 activity in PAH may in fact be directly
related to disease pathogenesis.

A second possibility is that the anaplerotic failure and
increased IDH1/2 activities in PAH are driving forces
for HIF activation that underlies PAH,!'5#) which then
perpetuates increased aerobic glycolysis, apoptosis
resistance, and decreased mitochondrial number.!""! HIF
can be activated by decreased alpha-ketoglutarate and
increased citrate concentrations, both of which activate
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HIF by decreasing the efficiency of prolyl hydroxylase.l#
Under hypoxic conditions, activation of HIF has very
recently been shown to increase IDH2-mediated
conversion of glutamine-derived alpha-ketoglutarate to
citrate.®” The resultant hypothesized increase in citrate
and decrease in alpha-ketoglutarate brought about by
increased IDH2Z activity would thus be predicted to further
drive HIF activation, setting up something of a vicious
cycle. Our data show significant changes in the expression
of HIF responsive genes in BMPR2 mutant hPMVEC.
Alternatively, HIF activation can be driven by increased
oxidative stress and decreased antioxidant defenses, as
is seen with epigenetic inactivation of SOD2,1*!! and this
may be the upstream event that drives IDH activation. HIF
activation can drive metabolic reprogramming that leads
to increased I1DH activity,*"! and IDH may be upregulated
in response to oxidative stress to serve as a source of
NADPH that is used to maintain reduced glutathione pools
intracellularly.l

More importantly, IDH activity appears to track with
disease activity, as patients with more severe disease (i.e.,
those treated with a prostacyclin agonist) trend toward
higher serum IDH activity. The fact that those patients with
disease severe enough to warrant prostanoid therapy still

exhibit increased serum IDH activity after the initiation
of therapy suggests that our most efficacious class of -
drugs for PAH still does not correct all of the underlying =

metabolic defects in PAH and highlights the need for
therapies that arise from a deeper understanding of the
molecular pathogenesis of PAH. Further investigations
are needed to determine if the increased IDH activity
described in PAH in this study is truly pathogenic, adaptive,
or epiphenomenon.

This type of investigation is not without limitations. The
pulmonary endothelial cell clearly plays animportantrole
in the pathogenesis of PAH, but many other cell types,
including smooth muscle cells,** lung mesenchymal stem
cells,® and resident immune cellst® all likely contribute
to disease development. It is not possible in most cases in
this study to determine what changes are truly causative
of disease and which are consequences of the disease,
although examination of cells in culture minimizes
this problem to some degree.!?’) While identification
of putative molecular targets is possible and is greatly
enhanced by this type of layered analysis, each target
must be further validated independently and placed into
a context. Still, this study has permitted the identification
of previously unrecognized pathways that likely directly
contribute to the development of PAH; the identification
of promising new biomarkers, of which IDH1/2 activity
is but one, to guide diagnosis and therapeutic evaluation;
and the recognition of the importance of defining and
simultaneously targeting the multiple affected metabolic
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pathways in future therapeutic development. We
hypothesize that this approach would be similarly fruitful
in many other complex diseases.

APPENDIX

Supplemental Methods

Metabolomic Analysis: Native and mutant hPMVEC were
grown to 80% confluence (yielding approximately 1-3
%107 cells per sample), transitioned from G418 sulfate
selection to complete media without antibiotic for at least
12 hours, and washed with phosphate-buffered saline
and trypsinized to harvest cells. Cells were pelleted, the
supernatant removed, and the dry pellet snap frozen in
liquid nitrogen and stored at -80C until analysis. The
non-targeted metabolic profiling platform employed for
this analysis combined three independent platforms:
ultrahigh performance liquid chromatography/tandem
mass spectrometry (UHPLC/MS/MS?) optimized for basic
species, UHPLC/MS/MS? optimized for acidic species,
and gas chromatography/mass spectrometry (GC/
MS). Samples were processed essentially as described
previously.'?! For each sample, 100L was used for
analyses. Using an automated liquid handler (Hamilton
LabStar, Salt Lake City, UT), protein was precipitated
from the homogenate with methanol that contained four
standards to report on extraction efficiency. The resulting
superhatant was split into equal aliquots for analysis
on the three platforms. Aliquots, dried under nitrogen
and vacuum-desiccated, were subsequently either
reconstituted in 50L 0.1% formic acid in water (acidic
conditions) or in 50L 6.5mM ammonium bicarbonate
in water, pH 8 (basic conditions) for the two UHPLC/
MS/MS? analyses or derivatized to a final volume of 50L
for GC/MS analysis using equal parts bistrimethyl-silyl-
trifluoroacetamide and solvent mixture acetonitrile:dich
loromethane:cyclohexane (5:4:1) with 5% triethylamine
at 60°C for one hour. In addition, three types of controls
were analyzed in concert with the experimental samples:
aliquots of a well-characterized human plasma pool
served as technical replicates throughout the data set,
extracted water samples served as process blanks,
and a cocktail of standards spiked into every analyzed
sample allowed instrument performance monitoring,
Experimental samples and controls were randomized
across platform run days.

For UHLC/MS/MS*? analysis, aliquots were separated
using a Waters Acquity UPLC (Waters, Millford, MA)
and analyzed using an LTQ mass spectrometer {(Thermo
Fisher Scientific, Inc., Waltham, MA) which consisted of
an electrospray ionization (ESI) source and linear ion-
trap (LIT) mass analyzer. The MS instrument scanned
99-1000 m/z and alternated between MS and MS? scans

]
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using dynamic exclusion with approximately 6 scans per
second. Derivatized samples for GC/MS were separated
on a 5% phenyldimethy! silicone column with helium
as the carrier gas and a temperature ramp from 60°C to
340°C and then analyzed on a Thermo-Finnigan Trace
DSQ MS (Thermo Fisher Scientific, Inc.) operated at unit
mass resolving power with electron impact ionization
and a 50-750 atomic mass unit scan range.

Metabolites were identified by automated comparison
of the ion features in the experimental samples to a
reference library of chemical standard entries that
included retention time, molecular weight (m/z),
preferred adducts, and in-source fragments as well
as associated MS spectra, and were curated by visual
inspection for quality control using software developed
at Metabolon.®!

For statistical analyses and data display purposes, any
missing values were assumed to be below the limits
of detection and these values were imputed with the
compound minimum (minimum value imputation).
Statistical analysis of log-transformed data was performed
using “R” (http://cran.r-project.org/). Welch's t-tests
were performed to compare data between experimental
groups. A p-value of < 0.05 was considered statistically
significant and multiple comparisons were accounted
for by estimating the false discovery rate (FDR) using
g-values.t!
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Long-term outcome after pulmonary endarterectomy for chronic
thromboembolic pulmonary hypertension

Keiichi Ishida, MD, PhD,? Masahisa Masuda, MD, PhD,® Nobuhiro Tanabe, MD, PhD,?
Goro Matsumiya, MD, PhD,* Koichiro Tatsumi, MD, PhD,® and Nobuyuki Nakajima, MD, PhD?

Objectives: Pulmonary endarterectomy is the treatment of choice for chronic thromboembolic pulmonary
hypertension. Although several reports demonstrated excellent medium-term survival after pulmonary endarter-
ectomy, long-term outcomes remain unclear. We reviewed long-term outcomes and determined risk factors for
early and late adverse events.

Methods: Seventy-seven patients were studied. Mean pulmonary arterial pressure was 47 + 10 mm Hg and pul-
monary vascular resistance was 868 =+ 319 dyne - s - cm™. Disease was classified as chronic thromboembolic
pulmonary hypertension type 1 (n = 61), type 2 (n = 12), or type 3 (n = 4). Median and maximum follow-up
periods were 5.6 and 20 years, respectively.

Results: There were 11 in-hospital deaths. Nonsurvivors had significantly higher mean pulmonary arterial pres-
sure and pulmonary vascular resistance than did survivors (54 & 10 vs 46 +£ 10 mm Hg; P = .02; 1124 £ 303 vs
824 & 303 dyne - s - cm™>; P <.01). In multivariate analysis, preoperative pulmonary vascular resistance was
associated with in-hospital death (odds ratio, 1.003; 95% confidence interval, 1.001-1.005; P <.01). During
follow-up, there were 10 all-cause deaths, including 5 related to chronic thromboembolic pulmonary hyperten-
sion. Freedom from adverse events, including disease-specific death or New York Heart Association functional
class III, was 70% at 10 years. In the Cox proportional hazard model, postoperative mean pulmonary arterial
pressure was associated with adverse events (hazard ratio, 1.12; 95% confidence interval, 1.03-1.21;
P < .01). Receiver operating characteristic curve analysis showed mean pulmonary arterial pressure of 34
mm Hg as cutoff for adverse events.

Conclusions: Pulmonary endarterectomy had sustained favorable effects on long-term survival. High pulmo-
nary vascular resistance was associated with in-hospital death, and postoperative mean pulmonary arterial pres-
sure was an independent predictor of adverse events. (J Thorac Cardiovasc Surg 2012;144:321-6)

Chronic  thromboembolic  pulmonary  hypertension
(CTEPH) is a life-threatening disease caused by unresolved,
organized thrombi obstructing the pulmonary arteries.'
Progressive pulmonary hypertension severely com-
promises both clinical functional status and exercise
capacity as a result of ventilation—perfusion mismatch and
decreased cardiac output. In patients who do not undergo
operation, the prognosis is disappointing and is
determined by the severity of the pulmonary hypertension:
if mean pulmonary arterial pressure (mPAP) exceeds 30
mm Hg, the 5-year survival is less than 30%, and if it
exceeds 50 mm Hg, the 5-year survival is as low as 10%.>
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Pulmonary endarterectomy (PEA), which has been estab-
lished as a standard surgical treatment for CTEPH, is per-
formed worldwide, mostly at centers with experience."4
PEA offers immediate and substantial decreases in both
mPAP and pulmonary vascular resistance (PVR) and an
increase in the cardiac index.*> Medium-term follow-up re-
sults for PEA reveal favorable effects on survival and clin-
ical functional statusG'lo; however, the long-term outcomes
remain unclear because of the limited available data. We be-
gan our PEA program in 1986 and have thus been perform-
ing the operation now for more than 20 years. Early on in
our series, we performed PEA through a lateral thoracot-
omy; however, we have performed PEA through median
sternotomy with intermittent deep hypothermic circulatory
arrest according to the San Diego group procedure since
1990.4'"1? Here we review the long-term follow-up out-
comes of a consecutive series of patients who underwent
PEA through median sternotomy, and we seek to determine
the factors influencing both early and late survival and func-
tional status.

MATERIALS AND METHODS
Between 1990 and 2010, a total of 77 patients underwent PEA at Chiba
University Hospital and affiliated hospitals. We retrospectively reviewed
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Abbreviations and Acronyms
CTEPH = chronic thromboembolic pulmonary
hypertension
mPAP = mean pulmonary arterial pressure
NYHA = New York Heart Association
PEA = pulmonary endarterectomy
PVR = pulmonary vascular resistance

this cohort of patients. All 77 patients in our cohort underwent preoperative
pulmonary angiography, right heart catheterization, and computed tomo-
graphic scan. Surgical indications were decided as follows: PVR greater
than 300 dyne - s - cm™>, mPAP greater than 30 mm Hg, New York Heart
Association (NYHA) functional class greater than II, and absence of signif-
icant comorbidities. Postoperative pulmonary hemodynamics were evalu-
ated by right heart catheterization I month after PEA in 61 of the 66
PEA survivors. Perioperative data were collected from hospital records.
Follow-up data, which were obtained by calling the patients or their pri-
mary physicians, were available for 74 patients (96% complete). The me-
dian and maximum follow-up periods were 5.6 years and 20 years,
respectively.

Baseline patient characteristics are shown in Table 1. Fifty-five patients
(56%) were female, and thus the gender distribution was female dominant.
Twenty-four patients (31%) had a coagulation abnormality (antithrombin
111 deficiency, 5 patients; protein C or S deficiency, 5 patients; antiphospho-
lipid syndrome, 9 patients), and 37 patients (48%) had a deep vein throm-
bosis. Most of the patients (79%) were in NYHA functional class III or IV,
and all patients required home oxygen therapy. The mPAP was 47 & 10 mm
Hg, with 42% of the patients having mPAP values greater than 50 mm Hg.
PVR was 868 = 319 dyne - s - cm™, with 30% of the patients having PVR
values greater than 1000 dyne - s - cm™.

On the basis of the location and morphology of the thromboembolic and
vascular wall disease found at the time of surgery, the disease was classified
as follows: type 1 (n = 61) consisted of fresh (acute) thrombus in the main
lobar pulmonary arteries; type 2 (n = 12) consisted of intimal thickening
and fibrosis with or without organized thrombus proximal to the segmental
arteries; type 3 (n = 4) consisted of fibrosis, intimal webbing, and thicken-
ing with or without an organized thrombus within distal segmental arteries
alone; and type 4 (n = 0) consisted of microscopic distal arteriolar vascul-
opathy without visible thromboembolic disease.'®

PEA was performed through a median sternotomy with intermittent
deep hypothermic circulatory arrest according to the procedure of Univer-
sity of California, San Diego group.*'"'? An inferior vena cava filter was
put in place in 65 patients (84%). All PEA survivors received permanent
anticoagulation therapy (Coumadin). Pulmonary vasodilator therapy
(bosentan or sildenafil citrate [INN sildenafil]) was not routinely used,
except for patients in NYHA functional class III.

Statistics

Results are expressed as mean + SD. All analyses were performed with
SPSS 18 software (IBM Corporation, Armonk, NY). The Wilcoxon signed-
rank test was used for the comparison of preoperative and postoperative
pulmonary hemodynamic data. Pulmonary hemodynamic data obtained
by right heart catheterization 1 month after PEA were used for the calcula-
tion of postoperative mPAP or PVR, except in the case of patients who did
not undergo postoperative right heart catheterization; for these patients, the
data obtained before removal of the thermodilution catheter were used. Pre-
dictors of in-hospital mortality were analyzed by univariate analysis and
multivariate stepwise logistic regression analysis. The univariate analysis
was performed for continuous variables with a ¢ test or a Mann-Whitney

test and for categoric variables with the x? test or the Fisher’s Exact test.
We calculated the incidence rates for all-cause mortality, disease-specific
mortality, and adverse events, including disease-specific mortality and im-
paired functional status in NYHA functional class 1II, and we used the
Kaplan-Meier method to estimate survivals. Univariate and multivariate
stepwise analyses with the Cox proportional hazard model were performed
to identify the risk factors for disease-specific death and adverse events.
The optimal PVR cutoff point for in-hospital death and the optimal
mPAP cutoff value for adverse events were determined with the aid of a re-
ceiver operating characteristic curve. Results are expressed as hazard ratios
with 95% confidence intervals.

RESULTS
Early Results

There were 11 in-hospital deaths among the cohort stud-
ied (14%). The causes of death were as follows: right heart
failure (n = 6), pulmonary hemorrhage (n = 2), cardiac
tamponade (n = 2), and reperfusion lung edema (n = 1).
With the exception of the 2 patients who died of cardiac
tamponade, the other 9 patients had persistent pulmonary
hypertension develop, and there were 5 patients who could
not be weaned from cardiopulmonary bypass. Among the
66 PEA survivors, mPAP and PVR decreased (from 47 +
10 mm Hg to 25 £ 10 mm Hg, P <.0001; from 868 +
319 dyne - s - cm™ to 313 £ 206 dyne - s - cm>,
P < .0001; respectively), and cardiac index increased
(from 2.5 + 0.7 L/[min - m2] to 3.1 & 0.6 L/[min - m2];
P <.0001). Comparisons between survivors and nonsurvi-
vors in terms of preoperative data are shown in Table 2.
In the multivariate analysis, only preoperative PVR (odds
ratio, 1.003; 95% confidence interval, 1.001-1.005;
P <.01) was an independent predictor of in-hospital death.
To determine the cutoff point for the influence of preopera-
tive PVR on in-hospital death, we performed receiver oper-
ating characteristic curve analysis. This revealed
a preoperative PVR of 1052 dyne - s - cm™ as the cutoff
value for in-hospital death (area under the curve, 0.76; sen-
sitivity, 0.64; specificity, 0.83).

Late Results

During the follow-up period, there were 10 all-cause
deaths. Four deaths of right heart failure and 1 sudden car-
diac death were regarded as being related to CTEPH. These
patients exhibited NYHA functional class III symptoms as
a result of persistence or worsening of pulmonary hyperten-
sion: 3 patients had persistent pulmonary hypertension with
less than 10% decrease in PVR, and 2 patients had worsen-
ing of pulmonary hypertension despite early postoperative
decrease in PVR (from 618 dyne - s - cm™ to 386 dyne -
s - cm™ and from 1288 dyne - s - cm™ to 507 dyne - s -
cm™ ). Other causes of death included suffocation hematem-
esis, interstitial pneumonia, brain hemorrhage, and stroke.
Among the operative survivors, clinical functional status
improved markedly relative to the preoperative status. At
the most recent follow-up at a mean of 6.5 years, 56 patients
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TABLE 1. Baseline patient characteristics

Variable Preoperative

Male (no.) 34 (44%)
Age (y, mean £ SD) 55+ 11
Coagulation abnormality (no.) 24 (31%)
Deep vein thrombosis (no.) 37 (48%)
Insertion of inferior vena cava filter (no.) 65 (84%)
Duration of illness (mo, mean % SD) 49.6 + 404
New York Heart Association functional class (no.)

1 0

11 16 (21%)

m 54 (70%)

v 7 (9%)

(92%) were in NYHA functional class I or II, and 35 pa-
tients (63%) had been weaned from home oxygen therapy.
Among 5 patients in NYHA functional class III, 4 patients
had worsening of pulmonary hypertension at follow-up.
Their PVR decreased from 795 4 245 dyne - s - cm™ to
398 =+ 146 dyne - s - cmi™ early after surgery, but it rose
again to 738 £ 214 dyne - s - e at follow-up.

Figure 1 shows freedoms from all-cause death, disease-
specific death, and adverse events (including disease-
specific death and impaired functional status, NYHA
functional class III). The values for freedom from
disease-specific death at 5 and 10 years were 84% and
82%, respectively, whereas those for freedom from ad-
verse events were 78% and 70%.

We next sought to determine risk factors for late adverse
events. In the individual variable model, age and postoper-
ative mPAP and PVR were associated with adverse events;
however, only postoperative mPAP was found to be signif-
icant in the multivariable analysis (hazard ratio, 1.12; 95%
confidence interval, 1.03-1.21; P <.01). Receiver operat-
ing characteristic curve analysis revealed a postoperative
mPAP of 34 mm Hg as the cutoff value for adverse events
(area under the curve, 0.90; sensitivity, 0.80; specificity,
0.91).

Finally, the postoperative mPAP cutoff value was used to
divide patients into 2 groups. There were no intergroup

TABLE 2. Risk factors for hospital mortality

differences in any preoperative variables, although patients
with a postoperative mPAP of at least 34 mm Hg had a trend
toward higher preoperative mPAP values than did those
with a postoperative mPAP lower than 34 mm Hg (50 +
10 mm Hg vs 45 + 10 mm Hg; P = .10). Comparison of
freedom rates from late adverse events between the groups
(Figure 2) revealed that patients with postoperative mPAP
values lower than 34 mm Hg had good late outcomes. In
that group, 10-year freedoms from disease-specific death
and adverse events were 100% and 98%, respectively. In
contrast, patients with postoperative mPAP values of at least
34 mm Hg had significant adverse events after PEA, and 10-
year freedoms from disease-specific death and adverse
events were 80% and 41%, respectively.

DISCUSSION

Medical treatment for CTEPH is palliative and unsatis-
factory, but PEA is an effective therapeutic option that re-
sults in immediate and substantial improvements in
pulmonary hemodynamics. This procedure is technically
demanding, however, and requires proper patient selection
and careful postoperative management, resulting in such
relatively high in-hospital mortalities as 4.4% to
16%.+6101%13 Although our overall in-hospital mortality
of 14% may be relatively high, the rate was reduced to 7.5%
in the last 40 cases with increasing surgical experience and
refinements in operative and postoperative management.

Several risk factors for increased in-hospital mortality
have been identified, including advanced age, severe pul-
monary hemodynamic compromise, CTEPH type 3 or 4,
distinct medical conditions involving other organ
systems, and postoperative PVR greater than 500
dyne - s - cm™.M4SI34IS 1y this study, only high
PVR was identified as a preoperative risk factor, with
a PVR cutoff point of 1052 dyne - s - cm™ for in-
hospital death. Although other work has shown that post-
operative PVR greater than 500 dyne - s - cm™ may be
a significant risk factor for in-hospital death,* we did not
evaluate postoperative PVR because there were 5 patients
who could not be weaned from cardiopulmonary bypass.

Univariate Multivariate
Variable Survivors (n = 66) Nonsurvivors (n = 11) P value P value
Male (no.) 27 (41%) 7(63%) 20 —
Duration of illness (mo, mean + SD) 47 + 40 62 + 39 27 -
Mean pulmonary arterial pressure (mm Hg, mean % SD) 46 £ 10 54 %9 .02 —
Pulmonary vascular resistance (dyne - s - cm™, mean = SD) 825 £ 303 1124 & 303 <.01 <.01
Cardiac index (L/[min - m2}, mean + SD) 25+0.7 2.1+05 33 —
Chronic thromboembolic pulmonary hypertension type (no.)
1 52 (87%) 8 (14%)
2 12 (100%) 0(0%)
3 2 (50%) 2 (50%) 10* —
*Versus chronic thromboembolic pulmonary hypertension types 1 and 2.
The Journal of Thoracic and Cardiovascular Surgery * Volume 144, Number 2 323
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FIGURE 1. Overall Kaplan-Meier survival curves after pulmonary endarterectomy (PEA). A, Freedom from all-cause mortality. B, Freedom from disease-
specific mortality. C, Freedom from disease-specific mortality or New York Heart Association functional class III.

A previous study revealed that patients with a PVR
greater than 1100 dyne - s - cm™ had 6 times higher op-
erative mortality (37%) than did those with a PVR lower
than 1100 dyne - s - cm™.'® Another study by Dartevelle
and colleagues' showed that the mortality was 4% among
patients with PVR lower than 900 dyne - s - cm™; how-
ever, this increased to 10% among those with PVR be-
tween 900 and 1200 dyne - s - cm™ and to 20%
among those with higher PVR. High PVR and CTEPH
type 3 have been shown to be associated with persistent
pulmonary hypertension, which is among the major

1 et mPAP<34mmHg
[P,
1]
| P
.84 - - : P<0.01
]
T 06 : mPAP>34mmHg
T Tt
E i
# 044 ]
]
[
0.24
T T v J
5 10 15 20
Patients at risk ; ke
MPAP Time after PEA (years)
<MmmHg 53 33 15 1
A summHe 13 9 s

complications after PEA and the leading cause of in-
hospital death."* In a study by Thistlethwaite and
associates,'® patients with CTEPH type 3 disease had
higher rates of perioperative mortality and morbidity
and smaller decreases in PAP and PVR than did those
with proximal disease (type 1 or 2). Likewise, Freed
and colleagues'’ reported less improvement in pulmonary
hemodynamics among patients with CTEPH type 3: 10 of
their 17 patients with type 3 disease had postoperative
persistent pulmonary hypertension, with mPAP values
greater than 30 mm Hg. In the our study, it was not
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FIGURE 2. Kaplan-Meier survival curves after pulmonary endarterectomy (PEA) according to postoperative mean pulmonary arterial pressure (mPAP).
A, Freedom from disease-specific mortality. B, Freedom from disease-specific mortality or New York Heart Association functional class 111
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conclusive whether CTEPH type 3 was associated with
in-hospital mortality, because only a small number of pa-
tients had CTEPH type 3. Proper patient selection and
careful perioperative management, however, are neces-
sary when treating patients who have a high mPAP as a re-
sult of CTEPH type 3.

In addition to immediate improvements in pulmonary he-
modynamics, PEA reportedly provides an excellent
medium-term survival benefit, with 5-year survivals rang-
ing from 75% to 89%.%° In a long-term follow-up of 308
patients who underwent PEA between 1970 and 1994,
a University of California, San Diego, group found that
75% survived beyond 6 years.” More recently, Corsico
and coworkers® reported the late results obtained for 157 pa-
tients who underwent PEA between 1994 and 2006. They
showed an 84% survival at 5 years, with a 30-day mortality
of 11.5%. Our study, which reviewed the 20-year follow-up
outcomes of patients who underwent PEA, has confirmed
the persistent beneficial effect of PEA, as indicated by our
late survival data. Indeed, 10-year survival was as high as
82% (Figure 1, B).

Patients with CTEPH are severely clinically compro-
mised as a result of ventilation—perfusion mismatch and de-
creased cardiac output. In previous studies, more than 90%
were in NYHA functional class III or IV, and most required
oxygen therapy.é‘&14 Despite that clinically unpromising
background, PEA provided significant and sustained
improvements in clinical symptoms, with more than 90%
of patients being in NYHA functional class I or II and 2
thirds having been weaned from oxygen therapy at the
latest follow-up.%® In addition to prompt pulmonary
hemodynamic improvement, PEA gradually improves gas
exchange through a period of 6 months to 2 years after
a temporal ventilation—perfusion abnormality caused by
restrictive pulmonary functional impairment in response
to surgical trauma, diffusion limitation in response to
pulmonary edema, and a steal of perfusion from high-
resistance nonobstructed segment to low-resistance newly
perfused segements.m’19 In our study, which was
consistent with the previous results, only 63% of patients
could be weaned from oxygen therapy, although 92% of
patients were in NYHA functional class I or II. The
discrepancy between excellent functional status and
frequent oxygen therapy at follow-up can be explained by
the fact that 10 of 21 patients with home oxygen therapy
had a short follow-up period of less than 2 years.

Although a previous follow-up study found that persis-
tent pulmonary hypertension and recurrent pulmonary
embolism were the leading causes of late death,” the risk
factors for late adverse events after PEA remain to be iden-
tified because the data on long-term survival are relatively
scarce. In one of the few relevant reports, Bonderman and
associates'> showed that distinct medical conditions caus-
ing chronic infection or chronic inflammatory processes

were risk factors for persistent pulmonary hypertension af-
ter PEA and were associated with both short- and long-term
adverse outcomes. Freed and colleagues,17 who reviewed
medium-term follow-up results, showed that although per-
sistent pulmonary hypertension with an mPAP value greater
than 30 mm Hg led to impairments in both functional status
and exercise capacity, it had no adverse impact on 5-year
survival. Our long-term follow-up study showed that persis-
tence and worsening of pulmonary hypertension were asso-
ciated with late death or impairment of functional status and
identified postoperative mPAP as a risk factor for late ad-
verse events, whereas the preoperative risk factors for in-
hospital death were not associated with late adverse events.

It has been shown that mPAP determines the prognosis of
patients with medically treated CTEPH.? Actually, in previ-
ous studies, mPAP values greater than 30 mm Hg adversely
affected survival in patients with medically treated CTEPH,
whereas borderline pulmonary hypertension (20-26 mm
Hg) was not associated with a poor prognosis.>*® In our
study, a postoperative mPAP value of at least 34 mm Hg
was found to be the cutoff value for late adverse events.
To judge from these results, a high mPAP determines the
prognosis of patients with CTEPH, whether the disease is
treated surgically or medically, and thus a decrease of
mPAP is the most important goal if we hope to achieve
good late survival. In contrast to the poor outcomes
among patients with persistent pulmonary hypertension,
an excellent 10-year event-free survival (98%) was
achieved among patients with resolved pulmonary hyper-
tension (Figure 2). Our result indicates that PEA can be acu-
rative and definitive surgical treatment and may be
particularly important for patients with CTEPH, who are
generally middle-aged (mean age around 52-57
years), | #61014.15

Persistent pulmonary hypertension develops in 10% to
35% of patients who have undergone PEA, despite removal
of sufficient proximal thromboembolic materials. 5101417
Pathologic examination of lung tissue in patients with
CTEPH has shown that small vessel arteriopathy occurs
not only in the area served by open proximal arteries but
also in the area distal to occluded pulmonary
arteries."*"*> This small vessel arteriopathy causes
progressive pulmonary hypertension and a symptomatic
decline in the course of the CTEPH and is related to the
development of persistent pulmonary hypertension after
a successful PEA."** A reliable preoperative diagnostic
tool for the involvement of distal arteriopathy has not
been establishedz‘zo‘zz; however, patients who have a PVR
that is disproportionately high with respect to the degree
of proximal obstructions seen on pulmonary angiography
are likely to have significant distal arteriopathy.'** These
patients have an elevated risk of persistent pulmonary
hypertension and therefore may be selected for PEA only
if a 50% reduction in PVR is predicted.
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In conclusion, in our experience PEA provided immedi-
ate and substantial improvements in pulmonary hemody-
namics and had sustained favorable effects on long-term
survival. High PVR was a significant independent risk fac-
tor for in-hospital death. Persistence and worsening of pul-
monary hypertension were associated with late death or
impairment of functional class, and postoperative mPAP
was shown as a risk factor for late adverse events, with an
mPAP value of at least 34 mm Hg being identified as the
cutoff value for the prediction of such late adverse events.
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Background: Endobronchial ultrasound-guided transbronchial needle aspiration (EBUS-
TBNA) is an established modality for nodal staging in lung cancer; nevertheless, acquisition
on effective fiberscope handling and puncture techniques remains challenging. Here, we
present a novel EBUS-TBNA learning system protocol and evaluate the ability of physicians
trained using this protocol to perform cytological diagnosis and histological sampling.
Material and methods: We designed a 5-step learning system as follows: (1) preparation, (2)
probe insertion, (3) sonographic observation, (4) TBNA assistant, and (5) TBNA operator. Each
trainee must accomplish the first 4 steps before beginning step 5. In step 5, EBUS-TBNA was
performed in tandem by the trainee and supervisor. Diagnostic accuracy and success of
histological sampling were recorded for each trial; results of the corresponding supervisor
served as a control.
Results: All 11 trainees entered step 5 after completing steps 1-4 over 5-10 trials. A total of 308
nodes were punctured in step 5. The overall accuracy of cytological diagnosis was 91.2% among
trainees, and the histological sampling success rate was 85.4%. The diagnostic accuracy
increased from 85.4% to 93.9% (p=0.027) after 12 needle aspiration experiences. The sizes of
nodes associated with success and failure were 13.6 and 11.1 mm (p=0.001), respectively.
Conclusions: Our EBUS-TBNA learning system provided a satisfactory educational pathway for
trainees and can be used to improve accessibility of EBUS-TBNA.

© 2012 The Japanese Respiratory Society. Published by Elsevier B.V. All rights reserved.

1. Introduction

standard modality for preoperative staging of lung cancer [6,7].
Additionally, we previously reported that histological samples of
metastatic lymph nodes obtained by EBUS-TBNA can be applied

Endobronchial ultrasound-guided transbronchial needle aspira-
tion (EBUS-TBNA) is reported to be a safe, less invasive, and
highly diagnostic procedure for nodal staging (sensitivity,
88-93%; specificity, 100%) [1-5], and has recently become a

*Corresponding author. Tel.: +81 43 222 7171; fax: +81 43 226 2172,

E-mail address: y_sakairil@chiba-u.jp (Y. Sakairi).

to molecular analyses for detection of epidermal growth factor
receptor (EGFR) mutations and the anaplastic lymphoma kinase
(ALK) fusion gene [89], thereby providing information that
enables the use of molecularly targeted therapy.

2212-5345/% - see front matter © 2012 The Japanese Respiratory Society. Published by Elsevier B.V. All rights reserved.
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Although EBUS-TBNA has become an essential technique
for nodal staging and diagnosis, it remains inaccessible for
some physicians. Moreover, some studies have shown that
performing EBUS-TBNA requires specific training for fiber-
scope handling and that performing numerous TBNA proce-
dures is required to overcome the learning curve [10-13].
However, training methods vary among institutions and have
not been standardized.

Here, we present a protocol for a novel EBUS-TBNA learning
system and provide evaluations on the abilities of trainees to
make a satisfactory cytological diagnosis and to correctly
sample histological tissue.

2. Material and methods
2.1.  Five-step learning system protocol

We developed a 5-step learning system from our previous
teaching experiences and applied it for clinical EBUS-TBNA
instruction beginning in June 2010. This system consisted
of the following 5 steps: (1) preparation, (2) probe insertion,
(3) sonographic observation, (4) TBNA assistant, and (5)
TBNA operator. The same supervisor evaluated each trainee
at every step. The 2 basic rules of this learning system
were: (1) each trainee must accomplish the first 4 steps
before beginning step 5 and (2) trainees can experience the
first 4 steps simultaneously when possible. These proce-
dures were performed on patients who had given informed
consent, with consideration for the patients’ condition and
ethical compliance. This research was approved by the
ethics committee of Chiba University #1318. The essen-
tial elements of each step of this learning system are
described below.

2.2.  Step 1: preparation

During this phase, trainees were required to satisfactorily
complete the following tasks:

e Prepare the examination table and know what is needed
to perform EBUS-TBNA.

e Prepare the convex-probe fiberscope (XBF-UC260FOLS,
Olympus, Tokyo, Japan).

e Load a balloon on the convex probe tip 3 times.

e Know how to clean the fiberscope.

In addition, the following elements were required to com-
plete this step:

e Know how to operate the console (EU-C2000, Olympus).

e Learn the nodal echogram pattern.

e Operate the region of interest feature on the Doppler
mode echogram.

After completing step 1, trainees became familiar with the
basic equipment used in EBUS-TBNA and how to care for the
equipment.

2.3.  Step 2: probe insertion

Trainees were required to accomplish the following tasks by
themselves:

e Insert a convex probe into the trachea in 3 cases.
e Aspirate sputum from the right and left main bronchus in
2 cases.

By completing step 2, trainees acquired the basic skill of
fiberscope handling.

2.4.  Step 3: Sonography observation

Trainees needed to accomplish the following tasks (5 cases
were required for each task):

e Learn the positional relationships between nodes and
great vessels.

(#4 R/2 R and superior vena cava, #10 R/4 R and azygos vein,
#11 and pulmonary artery/vein, #4L and aorta/pulmonary
artery).

e Perform routine observation of the regional nodes from
N1 to N3.
e Depict referred nodes that were noted on CT/PET images.

By completing step 3, trainees developed a better under-
standing of the anatomical structures in the mediastinum
and hilum and were able to find the nodes systematically
without assistance.

2.5.  Step 4: TBNA assistant

Trainees were required to work as an assistant to the operator
in 5 cases. Every trainee was required to maintain the
fiberscope in an appropriate position, at an appropriate
torque, and with a clear echoic view. By completing step 4,
trainees were able to understand both the sequence of steps
in the EBUS-TBNA procedure and the importance of appro-
priate assistance.

2.6. Step 5: TBNA operator

EBUS-TBNA was performed in tandem by the trainee and
supervisor, who had performed more than 100 EBUS-TBNA
procedures. TBNAs were always attempted by the trainee first,
then by the supervisor. The puncture criteria were a length
greater than Smm for the short axis or clinically suspected
metastasis. The immediate diagnosis was made through on-
site screening by a cytologist for every puncture and was used
to decide the outcome of every trial. The trial was evaluated as
“successful” when the assessable cytological sample was con-
firmed by on-site screening. The accuracy of cytological diag-
nosis was defined as the rate of concordance between the
trainee and the corresponding supervisor. The histological
sampling criterion was a gross visible core, and this was used
to determine the success of histological sampling. The cytolo-
gical diagnosis and success of histological sampling were
recorded for each trial. Throughout this study, EBUS-TBNA
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was performed without intubation, using a convex probe-EBUS
and 22-gage dedicated needles in all trials. Lymph node stations
and numbers were determined according to the seventh edition
of the TNM classification for lung cancer [14].

2.7.  Threshold analysis from learning curve

To evaluate the outcome of step 5, we designed a novel method
for analyzing the leamning curve (Fig. 1). First, a threshold was set
for every 3 experiences in a pooled puncture database. The
pooled database was divided into 2 categories according to
training periods: the prethreshold and post-threshold periods.
Data from each threshold point were included in the pooled data
of the prethreshold period. Next, diagnostic rates and histologi-
cal sampling rates were calculated for each prethreshold and
post-threshold period. Finally, each value was tallied and plotted
to depict a diagnostic or histological sampling learning curve.

2.8.  Statistical analysis

Frequency analysis was performed using the chi-squared test
(multinomial factors). The Mann-Whitney U test was applied
to continuous data. General data analysis was conducted
with JMP 9 (SAS Institute Inc., Cary, NC). All p-values were
based on a 2-sided hypothesis; a p-value of less than 0.05 was
considered to have statistical significance.

3. Results

3.1. Entry

From June 2010 to October 2011, 11 physicians applied to be
trainees, all of whom were EBUS-TBNA beginners but had
adequate experience in standard bronchoscopy. For steps 1-4,
an average of 6.81+1.60 trials were required (range, 5-10
trials). During the study period, 146 patients underwent
EBUS-TBNA and 308 punctures were performed. On average,
28 nodes were punctured by each trainee, and TBNA was
performed 2.114+1.41 times per patient. Mediastinal nodes
were punctured 207 times and hilar/peripheral nodes were
punctured 101 times. The average nodal size (short axis) was
13.3mm, and 42.2% (130/308) of nodes were 10mm or
smaller. These data are summarized in Table 1.

3.2.  Cytological diagnosis

The pooled trainees’ diagnostic rate throughout this study was
91.2% (281/308). In contrast, the pooled diagnostic rate of the
supervisors was 99.7% (307/308). Diagnostic rates and average
nodal sizes (of the short axis) are summarized in Table 2. The
average node sizes for which trainees could and could not
establish a diagnosis were 13.4 and 12.8 mm, respectively; this
difference was not significant (p=0.67).

Threshold
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3 Pooled Database cul
Calculate
Calculate +3 . .
diagnostic € Pre Post ————> diagnostic
rate and rate and
histological \ 6 hnstc;l oglcatl
sampling rate Pre +3 Post sampling rate
| o
\\ l'
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TBNA technique of the future rate
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Fig. 1 - Threshold analysis. A comprehensive scheme for the threshold analysis.
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3.3.  Histological sampling

The trainees’ histological sampling rate throughout this study
was 85.4% (263/308), while the histological sampling rate of the
supervisors was 99.7% (307/308). Histological sampling rates
and average nodal sizes (of the short axis) are also summarized
in Table 2. The average node sizes for which trainees could and
could not obtain a histological core were 13.7 and 11.1 mm,
respectively; this difference was significant (p=0.0013).

3.4.  Nodal size and outcomes

With respect to nodal size, the diagnostic rate was consis-
tently high, with values ranging from 88.9% (for nodes less
than 5 mm along the short axis) to 94.1% (for nodes 25 mm or
larger; Fig. 2). However, the histological sampling rate for

Parameter

le 1 - Summary of entry data and puncture stations.

Demographic data
Trainees 11 physicians
Learning step Number of trials Range
Step 1 3631038 3-5
Step 2 3.18+04 34
Step 3 5 5
Step 4 5 ) 5
Step 1to 4 6.82+1.6 5-10
Patients 146
TBNA 308 times
Average 28 nodes/trainee
2.11+1.41 times/patient
Nodal size in short axis
Average 13.3+6.77 mm
Range 3.4-34.0 mm
<10 mm 42.2% (130/308)
Nodal station N (%)
Mediastinum 207 67.2)
#R 8 (2.6)
#4R 72 (23.9)
#4L 30 (9.7)
#7 97 (31.5)
Hilar and peripheral 101 (32.8)
#10L 3 (L0)
#11L 36 (117
#11s 35 (11.4)
#11i 22 7.9
#12 5 (1.6)

Diagnostic rates, hist

Diagnosis

gical sampling rates, and nodal sizes.

nodes smaller than 5mm was low (55.6%). Enlarged nodes
(10 mm or more along the short axis, n=178) were associated
with a cytological diagnostic rate and histological sampling
rate of 91.0% and 90.4%, respectively; this difference was not
significant (p=0.65). In contrast, for small nodes (less than
10 mm along the short axis, n=130) these rates were 91.5%
and 79.2%, respectively, representing a statistically significant
difference (p=0.0054).

3.5.  Nodal location and outcomes

The relationships between outcome and nodal location were
analyzed (Table 3). Both the diagnostic and histological
sampling rates were relatively lower for #4 L. The chance of
failure for these procedures was consistently high at 16%,
even in educated trainees (i.e., those who had performed
needle aspiration at least 12 times). For the other stations, the
failure rate progressively decreased in educated trainees.

3.6.  Threshold analysis

The accumulated diagnostic rates in the prethreshold and
post-threshold periods for each threshold point are depicted
as a curve in Fig. 3A and B. The curve of the prethreshold data
(Fig. 3A) shows that the diagnostic rate initially decreased

120 —gg g—917 90.2 895 95.1 941 _ 100
100 p----Tee-o S e
y ~ 90.2 89.5 92.7 80
3 G 70
B3 so 81.0 824
z e 60
S 60 He 50§
2 55.6 iy o &
g 40
E 40 30
20 ’ ’ 20
G e T o110
o 9 A4 76 0 38 44 1T o
-5 510 1015 1520  20-25 25

Nodal Size (Short Axis: mm)

Number of nodes
- - = Diagnostic rate
-—t~— Histological sampling rate

Fig. 2 - Nodal size distribution and diagnostic/histological
sampling rates. Diagnostic rates and histological sampling
rates for each nodal size (grouped in 5-mm increments).

Supeérvisor " Histological sampling ~~ Average nodal size (short axis: mm)
Dx Hx
Success Success 281 263 13.4 137
Success Failure 1 1
Failure Success 27 45 12.8 111
Failure Failure 0 0
p value 0.67 0.0013

Dx: DiagnQSis.Hx: Histological sampling.
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