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ABSTRACT: It has already been demonstrated that exhaled nitric oxide (eNO) is
increased in lung transplant patients with chronic rejection, although it is not known
whether the diseased native lung after single lung transplantation (SLTx) contributes to
the increased eNO values. This study aimed to compare the eNO values in stable lung
transplant patients (SLTx versus sequential (S)SLTx and heart (H)LTx) and in
patients with established chronic rejection.

Altogether, 42 LTx patients (25 females, 13 SLTx, 18 SSLTx, 11 HLTx), with a
mean follow-up of 1149 days and a mean age of 44.6 yrs at transplantation, were
included. Twenty-six patients had no signs of chronic rejection (five SLTx and 21
SSLTx/HLTx). There was no difference in their eNO values (10.2 in SLTx versus 12.2
(parts per billion) ppb in SSLTx/HLTx). Sixteen patients (eight SLTx and eight
SSLTx/HLTx) had a chronic rejection (eight bronchiolitis obliterans syndrome (BOS)
potential stage, four BOS stage 1, three BOS stage 2 and one BOS stage 3). Their
eNOs were 18.1 (SLTx) and 17.0 (SSLTx/HLTx) ppb, respectively, which were signifi-
cantly different to the stable LTx patients and showed a trend towards significance for
SSLTx/HLTx. There was no significant difference in eNO between the patients with
chronic rejection who underwent SLTx and those who underwent SSLTx/HLTx.

The diseased native lung after single lung transplantation probably does not
contribute much to the exhaled nitric oxide values, either in stable lung transplant
patients or in lung transplant patients with chronic rejection.
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Although the results of lung transplantation (LTx) have
improved dramatically in recent years, bronchiolitis obliterans
syndrome (BOS), the clinical correlate or obliterative bron-
chiolitis (OB), the pathological correlate of chronic rejection,
still hampers the long-term survival after this procedure and
remains the leading cause of morbidity and late mortality [1].
Several risk factors for the development of OB/BOS have now
been identified, of which late and recurrent acute rejection are
the most widely accepted up to now [2]. Other risk factors
include lymphocytic bronchitis/bronchiolitis, human leukocyte
antigen mismatches at the A locus, total human leukocyte antigen
mismatches and cytomegalovirus pneumonitis [2]. Tackling
these risk factors may, in turn, decline the prevalence of
chronic rejection [3], although this remains to be established.

Since it has been demonstrated that survival is much better
in lower BOS stages [4], it has become clear that early detec-
tion and treatment of chronic rejection is probably one of the
most important factors that may improve the final outcome
[5]. In recent years, different markers have been identified that
may help early diagnosis of OB/BOS, such as high-resolution
computed tomography [6], indexes of ventilation distribution
(although the latter technique was only useful after sequential
single lung transplantation (SSLTx) and heart/lung transplant
(HLTx) [7]) and the early presence of aspecific bronchial hyper-
responsiveness, which was, again, only investigated in recipients
of an SSLTx [8].

It has been recently demonstrated that patients with chronic
rejection have an increased exhaled nitric oxide (eNO) compared

to stable LTx patients and healthy, nonsmoking volunteers
[9–11]. Since it has also been demonstrated, in a further pros-
pective study, that the increase in eNO levels occurs at a mean
of 8.6 months before BOS stage 1 can be diagnosed, this
noninvasive test might be very useful for early diagnosis of
chronic rejection after lung transplantation [12]. Currently,
however, it is not known whether the native lung after single
lung transplantation (SLTx) contributes to the eNO levels
measured after transplantation.

Therefore, the aim of the present study was to investigate
the possible contribution of the native lung to eNO measure-
ments in the stable condition and during chronic rejection.

Patients and methods

The University Hospital Gasthuisberg Ethics Committee
(Leuven, Belgium) approved the study and informed consent
was obtained from each patient. Altogether, 42 consecutive
lung transplant patients were recruited in this cross-sectional
study. They were divided according to their rejection status,
based on the published BOS criteria [13], that were recently
revised to include a potential BOS (BOS O-p) stage, which
already denotes a decline in forced expiratory volume in one
second (FEV1) or forced expiratory flow at 25–75% of forced
vital capacity (FEF25–75%), although the possible evolution to
established chronic rejection in this group is not yet clear [5].

The mean age of the 42 patients was 44.6 yrs (SD 12.5,
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range 15–62) and there were 25 females. Thirteen patients
received an SLTx (eight for chronic obstructive pulmonary
disease (COPD)/emphysema and five for pulmonary fibrosis,
including three for cryptogenic pulmonary fibrosis, one for histio-
cytosis X and one for lung fibrosis associated with scleroderma).
Eighteen patients underwent SSLTx (11 for COPD/emphysema,
including four for a1-antitrypsine deficiency emphysema, six
for cystic fibrosis and one for cryptogenic pulmonary fibrosis).
Eleven patients underwent HLTx (five for primary pulmonary
hypertension, four for Eisenmenger9s syndrome, one for second-
ary pulmonary hypertension due to cirrhosis and one for
COPD/emphysema). They had a follow-up of 1,149 days (SD

935, range 117–4382) at the time of the study. Twenty-six
patients had absolutely no evidence of chronic rejection (five
SLTx, 14 SSLTx and seven HLTx). Of the remaining 16
patients (eight SLTx and eight SSLTx/HLTx), eight were in
BOS O-p (three SLTx, two SSLTx and three HLTx), four in
BOS one (three SLTx and one SSLTx), three in BOS two (two
SLTx and one SSLTx) and one in BOS three (HLTx).

Twenty healthy subjects (12 females), recruited from among
the staff of the University Hospital Gasthuisberg were used as
a control group. Their mean age was 42 yrs (SD 12). All were
nonsmokers and none of them had any respiratory com-
plaints. Neither the control group nor the LTx patients had a
history of upper respiratory tract infection for o4 weeks prior
to the measurements of eNO. Neither patients nor control
subjects consumed any alcoholic or caffeinated beverages in
the 8 h prior to the eNO measurements. All LTx patients were
treated with cyclosporine A and oral corticosteroids in com-
bination with azathioprine when the leukocyte count was
w4,000 mm-3.

Exhaled NO was measured according to earlier publications
from the authors9 group [14, 15] and in line with European
Respiratory Society guidelines [16], using a chemilumines-
cence analyser (Ecophysics, Dürnten, Switzerland), with a
sampling rate of 0.7 L?s-1 and a response time of 1 s. Three
reproducible recordings were made at 2-min intervals and the
highest of the three readings was used for analysis. All eNO
levels are reported in parts per billion (ppb). All measure-
ments were performed between 10:00 and 11:00 h.

The measurements of eNO were compared by means of the
multiple comparisons analysis of variance (ANOVA) test
(with a Bonferroni post hoc correction) and a 2*2 ANOVA.
Correlation between BOS stage and eNO was evaluated using
the Spearman Rank correlation coefficient, taking patients in
BOS stages 2 and 3 together as one group. Data are given as
mean¡SD. A significance level was set at pv0.05.

A post hoc power analysis revealed a power of 75% to detect
no significant difference between the stable LTx patients and
the healthy volunteers on the one hand and a power ofv10%
to detect no significant difference between the BOS patients
after SLTx and after SSLTx/HLTx on the other hand. The
power to detect a significant difference (pv0.05, eNO differ-
ence of 5 ppb) between stable and BOS patients after SLTx
and after SS/HLTx was 45% and 60%, respectively.

Results

The eNO values in the 26 patients in a stable condition who
underwent either SLTx or SSLTx/HLTx were 10.2¡2.3 and
12.2¡3.5 ppb, respectively (p=1; 95% confidence interval (CI)
-8.3–4.3). There was no significant difference in eNO between
these 26 stable LTx patients and the 20 healthy controls
(11.8¡3.4 versus 10.0¡2.0 ppb, p=1; 95% CI -6.3–4.3).

The eNO value of the eight SLTx patients with chronic
rejection was 18.1¡7.1 ppb, which was significantly differ-
ent from the eNO value of the five stable SLTx patients

(10.2¡2.3, p=0.022; 95% CI -11.2 to -0.7) but was the same as
the eNO value of the eight SSLTx/HLTx patients with chronic
rejection (17.0¡7.5, p=1; 95% CI -5.2–7.4). However, the eNO
value of this latter group of patients showed a trend towards a
significant difference from the eNO value of the 21 SSLTx/
HLTx patients that remained stable (17.0¡7.5 and 12.2¡3.5 ppb,
respectively, p=0.071; 95% CI -0.3–9.9). There was no significant
difference in eNO between the patients with chronic rejection
who underwent SLTx versus those who underwent SSLTx/
HLTx (18.1¡7.1 versus 17.0¡7.5, p=1; 95% CI -5.2–7.4).

Using 2*2 ANOVA, the only significant interaction that
was found was between the stable patients and the BOS
patients in both groups (p=0.001). There was no significant
interaction between the two stable groups of patients (p=0.814)
nor between the two BOS patient groups (p=0.398).

For all patients (n=42), there was a significant correlation
between BOS stage and eNO (rho=0.557, pv0.0001) (data not
shown). Taking an eNO value of o15 ppb as the cut-off
value, the sensitivity and specificity of eNO to detect BOS was
100% and 45%, respectively. All eNO values are summarised
in figure 1.

Discussion

The present study has confirmed that patients with chronic
rejection after LTx have an increased eNO value compared to
stable LTx patients and healthy controls. Furthermore, there
seems to be no difference in eNO between either SLTx
patients or SSLTx/HLTx patients. The fact that the difference
in eNO between stable SSLTx/HLTx patients and BOS
patients after the same procedure only showed a trend
towards a significant difference, may be explained by the fact
that the two groups are very different with regard to the
number of patients (21 versus eight).

Although the eNO values show an overlap between the
different groups (fig. 1), the sensitivity and the specificity of
an eNO value of o15 ppb to detect BOS is reasonable (100%
and 45%, respectively). Since the numbers of patients per
group are rather small, the power of the study is not parti-
cularly high, but is still acceptable (45–70%), except for the
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Fig. 1. – Individual values of exhaled nitric oxide (eNO) in different
patient groups. ppb: parts per billion; OB: obliterative bronchiolitis;
BOS: bronchiolitis obliterans syndrome; SLTx: single lung transplan-
tation; SSLTx: sequential SLTx; HLTx: heart/lung transplantation.
—: mean value. NS: nonsignificant. *: pv0.05; #: p=0.071.
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comparison between the BOS patients in the two groups,
which might be a drawback in the interpretation of the results.
However, the present data still confirms earlier published data
showing that eNO is increased in patients with chronic rejec-
tion after LTx [9–11], and, at the least, argues against a
difference in eNO between SL and SSLTx/HLTx in the stable
and in the BOS condition.

The authors have also recently demonstrated via a prospec-
tive study that eNO can indeed be used in the early diagnosis
of chronic rejection [12]. Furthermore, the authors have
demonstrated, for the first time, that there is no significant
difference in eNO values between recipients of a SLTx
compared to recipients of a SSLTx/HLTx, either in a stable
condition or during chronic rejection.

The measurement of eNO could be of the utmost
importance in the early detection of chronic rejection and/or
lymphocytic bronchitis/bronchiolitis [9–11], as it has been
demonstrated that eNO increased during the 8 months before
BOS 1 can be diagnosed based on the classical FEV1 criteria
[12]. However, because other markers of early detection have
only been used in recipients of SSLTx/HLTx [7, 8] or are
difficult to interpret in SLTx recipients (for instance, the
FEF25–75%), it still had to be confirmed that eNO values do
not depend upon the nature of the transplantation procedure
and, hence, that the native lung after SLTx has no major
impact on the measurement of eNO. This is of particular
interest, since it has previously been demonstrated that the
eNO value in COPD patients is increased [17] and that eNO
values correlate negatively with FEV1, with the lower FEV1

values corresponding to higher eNO values [18]. Moreover, an
association has been found between eNO values and bronchial
inflammation in COPD patients, as assessed by using induced
sputum neutrophilia and interleukin-8 [19]. Also, in fibrosing
lung diseases, such as these in association with scleroderma
and cryptogenic fibrosing alveolitis, it has been found that
eNO values are increased and there was even a correlation
between the eNO values and the lymphocyte count in the
bronchoalveolar lavage fluid in patients with lung fibrosis
associated with scleroderma [20].

Despite these findings, the present study could not demon-
strate any significant difference between the eNO measure-
ments in recipients of a SLTx compared to recipients of
SSLTx/HLTx, which suggests that the impact of the native
lung is negligible when interpreting the eNO values after LTx,
as well in a stable situation as during chronic rejection.
Another possible drawback could be a difference in BOS
grading between the two LTx groups, which might explain
why no difference in eNO values could be demonstrated. It is
well known that eNO is especially increased in lower BOS
stages and even in patients with lymphocytic bronchitis/
bronchiolitis, which may be compatible with the BOS O-p
stage and seems to be reversible upon treatment with inhaled
steroids [11], which none of the patients in the present study
were using. However, when comparing the BOS stages in the
two patient groups, six of the eight patients with chronic
rejection after SLTx were in BOS O-p and BOS stage 1 and, in
the other patient group, six of the eight with chronic rejection
were also in the same BOS stages.

Although eNO is also increased during infectious episodes,
this is irrelevant for the current study, due to the exclusion of
every patient with an infection during the previous 4 weeks
and with a clinical infection at the time of the eNO measurements.
Because of the rigid use of the BOS criteria [13, 14], other
causes of a decline in FEV1 can also be excluded.

In various disease conditions, such as asthma [14, 15],
bronchiectasis [21], COPD [19] and pulmonary fibrosis [20],
a correlation has been found between indexes of bronchial
inflammation and eNO. In stable lung transplant recipients,
eNO positively correlates with airway neutrophilia and bronchial

epithelial inducible nitric oxide synthase (iNOS) [22], whereas
BOS is characterised by increased epithelial iNOS [23]. Since
eNO correlates with inflammatory airways parameters and
since it is already increased in very early (and potentially
reversible) stages of chronic rejection [11], which is again
confirmed in the present study, this measurement seems very
important as an early marker of chronic airways inflamma-
tion and, hence, possible early stages of chronic rejection.
A study has recently been published that stated that upregula-
tion of iNOS in fibroblasts parallels the onset and progres-
sion of fibrosis in an experimental model of post-transplant
obliterative airway disease, characterised by an infiltration of
polymorphonuclear cells and lymphocytes [24].

Since the authors have now demonstrated that eNO measure-
ments can be used in all lung transplant patients, independent
of the transplantation procedure itself, this test may become
very important in the follow-up of lung transplant recipients,
since an increased eNO (in the absence of other conditions
that lead to an increased eNO, such as a recent infection) may
point to very early airways inflammation, which might be the
hallmark of an ongoing chronic rejection. Moreover, by using
this test in the routine follow-up of lung transplant recipients,
the onset of chronic airways inflammation (rejection) in a still
reversible stage might be diagnosed [12]. However, there is
still a potential problem since the eNO test is not particularly
specific (45%), although very sensitive (100%) for diagnosis of
chronic rejection in lung transplant patients, especially when
only one measurement of eNO o15 ppb is taken into account.

In conclusion, it has been demonstrated that the measure-
ment of exhaled nitric oxide is not influenced by the presence
of the native lung after single lung transplantation, which
makes this test useful for the possible early detection of
chronic rejection in all lung transplant recipients, independent
of the operative procedure.
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