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ABSTRACT: Long-term data on lung function after bone marrow transplantation
(BMT) are inconclusive. Previously, a persistent reduction in gas transfer 1 yr after
allogeneic BMT with busulphan and cyclophosphamide conditioning was reported by
the current authors. In the present study this reduction was examined to see if it was
permanent, transient or progressive.

Prospectively, 43 consecutive adult patients with malignant blood disorders
undertook lung function measurements prior to BMT, at 3 month intervals during
the 1st yr after BMT and finally after 5 yrs.

Mean baseline lung function values were w90% predicted. Within the 1st yr after
BMT a transient decline in lung volumes and a persistent reduction in gas transfer were
observed. After 5 yrs, baseline values were restored for all variables, except in four
patients who developed obliterative bronchiolitis. Acute leukaemia and smoking were
independently associated with gas transfer reductions at baseline and during the 1st yr
after BMT.

Allogeneic bone marrow transplantation with busulphan and cyclophosphamide
conditioning was associated with a reduction in gas transfer 1 yr after bone marrow
transplantation but baseline values were usually restored after 5 yrs. Since recovery may
be gradual and slow, an observation periodw1 yr is required before drawing conclusions
concerning the development of a permanent reduction in lung function after allogeneic
bone marrow transplantation conditioned with busulphan and cyclophosphamide.
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Since therapeutic success has resulted in a growing number
of long-term survivors after allogeneic bone marrow trans-
plantation (BMT), the risk of delayed adverse effects has
become a matter of concern [1, 2]. Lung disease, as a cause of
early morbidity and mortality following BMT, has been exten-
sively described [3–6]. However, few studies have focused
on long-term lung function in adult BMT survivors [7–10].
Furthermore, such studies have often been limited by hetero-
geneous patient groups [7–9], and short periods of observa-
tion (v5 yrs) [7–10].

The term "late-onset noninfectious pulmonary complica-
tions" has been introduced to describe a syndrome of lung
injury occurring w3–6 months after BMT [8, 11]. The patho-
genesis of this syndrome is unclear but may be related to
conditioning regimens given prior to BMT, immunosuppres-
sive therapy following BMT, or to the development of chronic
graft versus host disease (GVHD) [8, 11, 12]. In malignant
diseases, late toxicity due to previous conventional treatment
(chemotherapy and irradiation) may also be of importance.

Cytoreductive therapy with high-dose busulphan (BU) and
cyclophosphamide (CY) is an alternative to conditioning
regimens that include total body irradiation (TBI) [13, 14].
However, both BU and CY are potentially toxic to the lung
and may induce interstitial pneumonitis and subsequent pulmo-
nary fibrosis [15]. Methotrexate and cyclosporine, which are
commonly used as prophylactic agents against GVHD, have
also been associated with adverse pulmonary effects [15].
Furthermore, bone marrow recipients are at risk of developing

obliterative bronchiolitis (OB) usually associated with GVHD
[16].

In Norway, all allogeneic BMT operations are performed
in The National Hospital, University of Oslo. The patient
population is recruited from the entire country, referred and
selected according to uniform criteria and subjected to
standardised treatment procedures. Conditioning with BU/
CY prior to BMT is the standard cytoreductive treatment
for malignant blood disorders and TBI is not applied. In
a previous, short-term lung function study by the present
authors, allogeneic BMT with BU/CY was found to be
associated with a persistent reduction in gas transfer 1 yr after
therapy [17]. In the present study, the authors aimed to assess
long-term lung function in the same nonirradiated patient
population conditioned with BU/CY according to a standard
protocol. The present study was specifically undertaken to find
out whether the observed impairment in gas transfer, 1 yr after
BMT would be permanent, transient or progressive after an
extended observation period of 5 yrs.

Material and methods

Study subjects and design

A total of 65 adult patients underwent allogeneic BMT at
the National University Hospital, Oslo, Norway, during
1990–1995, and were consecutively enrolled into a prospective
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study. The patients (37 males and 28 females, aged median
(range) 33 (17–54) yrs) represented a national cohort, which
were referred and selected according to uniform criteria, and
had been subjected to standardised treatment prior to BMT.
Each patient was examined on six occasions: prior to BMT; at
y3 months intervals during the 1st yr after BMT; and finally,
after 5 yrs. Five patients, transplanted for nonmalignant
blood disorders and given conditioning regimens without BU,
were excluded from the study. Altogether, 17 patients were
lost before the 5-yr follow-up examination. A total of 12 had
died (five within the first year), none of them from pulmonary
complications (10 malignant relapse, one GVHD and one
suicide). Five patients who were followed-up at regional
hospitals for geographical reasons, were all reported to be
healthy and without pulmonary complaints. The remaining 43
patients, who all completed the 5-yr follow-up, were included
in the study. Their characteristics at inclusion are outlined in
table 1.

Transplantation procedures

Conditioning prior to BMT has previously been described
[14, 17]. Briefly, all patients were treated with BU orally at a
dose of 1 mg?kg-1 of body weight, four times daily for four
consecutive days followed by CY at a daily dose of
60 mg?kg-1 administered i.v. over a period of 30 min for
two consecutive days [14]. Bone marrow was infused 2 days
after the final dose of CY. No patients received TBI. GVHD
prophylaxis consisted of methotrexate (i.v. on day 1, 3, 6 and
11) and cyclosporine. After stable engraftment, Trimetoprim-
sulpha-methoxazol was given as prophylaxis against Pneu-
mocystis carinii infection. Chronic GVHD was diagnosed
according to defined criteria [18].

Clinical and radiological evaluation

All patients underwent clinical examination and had chest
radiographs taken before BMT and at each of the six follow-
up consultations. If acute respiratory infections coincided
with the scheduled times of follow-up, lung function testing
was postponed until the patient was free from signs and
symptoms of infection. All chest radiographs were evaluated
by two radiologists and a consensus was obtained.

Lung function measurements

Lung function tests included dynamic spirometry and gas
diffusion capacity. Spirometry was performed with a water-
sealed spirometer. Gas transfer was measured by the single
breath technique. All measurements were performed with the
Gould automated system 2400 (Sensormedics BV, Bilthoven,
Netherlands) according to guidelines recommended by the
American Thoracic Society [19, 20]. Registered variables were
forced vital capacity (FVC), forced expiratory volume in one
second (FEV1), FEV1/FVC x 100 (FEV1/FVC ratio) and the
transfer factor of the lung for carbon monoxide (TL,CO). All
TL,CO values were adjusted for haemoglobin (Hb) concentra-
tion by using the correction formula recommended by COTES

et al. [21]. The Hb-levels were obtained on the same day as
the lung function testing. Since the correction of TL,CO for
alveolar volume (VA) did not influence the results of the
analyses, the variable TL,CO/VA is not reported. The lung
function variables were expressed in absolute values and as
percentage of predicted [22]. To assess longitudinal changes in
lung function, values for FVC, FEV1 and transfer factor of
the lung for carbon monoxide corrected for haemoglobin level
(TL,CO-Hb) were expressed as a percentage of their baseline
values. Complete recovery of lung function was defined as an
improvement to w90% of baseline values. OB was defined as
post-BMT development of irreversible airflow obstruction
characterised by both FEV1 v70% pred and FEV1/FVC
v70% [16].

Statistics

Categorical data were compared by the Chi-squared test.
Group mean data were compared with the unpaired t-test.
The t-test for paired data was used to compare lung function
values pre-BMT with post-BMT at the time of maximum
reduction (i.e. 3 months), at 1-yr follow-up and 5-yr follow-
up. Bonferroni9s correction was applied when multiple
comparisons were carried out. In total four patients with OB
were excluded from the longitudinal lung function analyses.
Multiple linear regression was used to detect relationships
between pulmonary function and relevant independent cova-
riates. Variables with more than two categories were trans-
formed into binary variables. Chronic myeloid leukaemia
(CML) and myelodysplastic syndrome (MDS) were tested
versus the acute leukaemias (i.e. CMLzMDS=1 and otherwise
=0). Smokers were tested versus nonsmokers, with the two
exsmokers excluded from the analyses. The independent
variables entered into the regression models were those found
to be significant at the 20% level by previous univariate
analysis. A p-value v0.05 was considered to be statistically
significant.

Results

All patients had normal chest radiographs at the time of
inclusion. Pulmonary function for the entire study group was

Table 1. – Baseline clinical characteristics of 43 consecutive
patients with malignant blood disorders treated with bone
marrow transplantation and busulphan/cyclophosphamide
conditioning

Sex M:F 25:18
Age yrs 34 (17–54)
Diagnosis

CML 29
AML 9
ALL 3
MDS 2

Donor
Sibling 32
Unrelated 11

Smoking
Nonsmoker 28
Exsmoker 2
Current smoker 13

Lung function
FVC % pred 108¡15
FEV1 % pred 103¡13
FEV1/FVC % 81¡7
TL,CO % pred 88¡17
TL,CO-Hb % pred 94¡15
Hb g?100 mL-1 12.9¡2.1

Data are presented as n, median (range) or mean¡SD. M: male; F:
female; CML: chronic myeloid leukaemia; AML: acute myeloid
leukaemia; ALL: acute lymphocytic leukaemia; MDS: myelodysplastic
syndrome; FVC: forced vital capacity; FEV1: forced expiratory volume
in one second; % pred: per cent predicted; TL,CO: transfer factor of the
lung for carbon monoxide; TL,CO-Hb: transfer factor of the lung for
carbon monoxide corrected for haemoglobin level; Hb: haemoglobin.
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within the normal range. Baseline spirometric values were
w100% and gas transfer (Hb-adjusted) w90% pred (table 1).
Patients with acute leukaemias had significantly lower base-
line TL,CO-Hb (mean¡SD % pred) than patients with chronic
leukaemia (84¡13% versus 96¡14%, p=0.02), and smokers had
lower baseline TL,CO-Hb than nonsmokers (87¡13% versus
96¡15%, p=0.04). The effects of malignant disorder and
smoking on TL,CO-Hb in a multiple linear regression model
were analysed controlling for sex and age. The current authors
found that the associations between TL,CO-Hb and acute leuk-
aemia and smoking persisted (-12.3¡4.1 (b coefficient¡SE),
p=0.005, and 8.1¡4.1, p=0.05, respectively).

Within the 1st yr after BMT, eight patients developed chronic
GVHD. In total, four developed persistent airflow obstruction
consistent with OB (fig. 1). These four patients were nonas-
thmatic nonsmokers with normal baseline lung function.
After 5 yrs, two of the patients were clinically stable, while
two had developed bronchiectasis, recurrent infections and
chronic respiratory failure. One patient was on the waiting list
for lung transplantation, while the other was still under
assessment at the time of writing the current article.

In total, four patients with OB were excluded from the
analyses. Table 2 shows lung function before BMT, and at 3

months (i.e. nadir), 1 yr and 5 yrs after BMT. FVC and FEV1

were significantly reduced after 3 months, but recovered after
1 yr. The corresponding increase in FEV1 % pred at 3 months
reflects the restrictive pattern of the ventilatory impairment.
Figure 2 shows the lung function variables expressed as a
percentage of their baseline values. TL,CO-Hb reached a nadir
of 79¡19% (mean¡SD) of baseline after 3 months, was still
significantly reduced by 82¡15% of baseline after 1 yr, but
recovered to 94¡15% of baseline after 5 yrs. In patients with
acute leukaemias, TL,CO-Hb was restored to 98¡14% of
baseline after 5 yrs, as compared with 105¡14% of baseline in
patients with chronic leukaemia. In a multiple linear regre-
ssion model, the association between a reduction in TL,CO-Hb
and acute leukaemia persisted 3 months after BMT (-10.3¡4.6
(b coefficient¡SE), p=0.01), but not after 1 yr and 5 yrs.
Smoking was associated with a decline in TL,CO-Hb 3 months
(-15.1¡5.2, p=0.007) and 1 yr (b coefficient -9.4¡4.5, p=0.04)
after BMT, but no longer after 5 yrs. Sex, age and donor
status were not significantly associated with reductions in
TL,CO-Hb at any time of follow-up. All patients (including
the four with OB) had normal chest radiographs at 1 yr and
5 yr follow-up. There were no cases of chronic pulmonary
complications, other than OB.

Discussion

The authors of the current study have previously shown
a significant reduction in gas transfer throughout the 1st yr
after allogeneic BMT, conditioned with BU/CY [17]. The
major finding of the present study was that mean baseline
lung function was restored after 5 yrs. The authors of the
present study suggest that it may be premature to interpret a
reduction in lung function 1 yr after cytotoxic therapy as a
permanent reduction, since it may be that the restoration
process is slow and not yet fully completed.

For the entire study group, baseline lung function was
normal, reflecting that the patients were young and otherwise
healthy subjects. In general, baseline lung function wasw80%
pred in patients both with acute and chronic leukaemias. The
current authors suspected that prior chemotherapy would
make the patients with acute leukaemias more susceptible to
a reduction in lung function after BMT. The multivariate

����
����	
���
�

�

��

��

��

��

���

���

���

��
��

���
��
�	
�

Fig. 1. – Forced expiratory volume in one second (FEV1) predicted
before bone marrow transplantation (BMT), and 1 yr and 5 yrs after
BMT in four patients who developed obliterative bronchiolitis. u
baseline; h 1 yr; q 5 yrs.

Table 2. – Lung volumes, gas transfer and haemoglobin
before and after bone marrow transplantation (BMT) in 39
consecutive patients with malignant blood disorders treated
with BMT and busulphan/cyclophosphamide conditioning
(patients with obliterative bronchiolitis excluded)

Pre-BMT 3 months 12 months 5 yrs

FVC % pred 108¡15 99¡17*** 102¡16 109¡16
FEV1 % pred 103¡12 96¡13* 99¡13 102¡13
FEV1/FVC % 80¡7 84¡8* 82¡8 78¡7
TL,CO % pred 88¡17 63¡16*** 70¡14*** 85¡15
TL,CO-Hb % pred 94¡15 73¡19*** 76¡15*** 88¡15
Hb g?100 mL-1 13.0¡2.2 10.4¡1.4*** 12.5¡1.4 13.8¡0.8

Data are presented as mean¡SD; Statistical comparisons: values at the
time of maximum impairment (i.e. 3 months) and values at 12 months
and 5 yrs after BMT are compared with values pre-BMT. FVC: forced
vital capacity; % pred: per cent predicted; FEV1: forced expiratory
volume in one second; TL,CO: transfer factor of the lung for carbon
monoxide; TL,CO-Hb: transfer factor of the lung for carbon monoxide
corrected for haemoglobin level; Hb: haemoglobin. *: pv0.05; ***:
pv0.001, Bonferroni9s correction for multiple comparisons.
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Fig. 2. – Changes in lung function after bone marrow transplantation
expressed as a percentage of baseline values. %: forced vital capacity;
&: forced expiratory volume in one second; +: transfer factor of the
lung for carbon monoxide corrected for haemoglobin level.
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analyses showed that the observed association between acute
leukaemias and reduction in TL,CO-Hb at baseline persisted 3
months after BMT, but not thereafter. At the 5 yr follow-up,
mean TL,CO-Hb was restored in both groups. This implies
that, although the patients who had received chemotherapy
prior to BMT had significantly lower TL,CO-Hb both at baseline
and 3 months after BMT, they did not suffer further decline and
they obtained nearly the same level of recovery (compared
with baseline) as the patients with chronic leukaemias.

The authors of the present study found that smoking was a
significant predictor for a reduction in TL,CO-Hb at baseline
and 3 months and 1 yr after BMT, but the current study
failed to demonstrate a similar association after 5 yrs. This
may partly be explained by changes in smoking habits over
the 5 yrs. No patients started to smoke after BMT, but some
of the smokers had quit for shorter or longer periods, and at
5 yrs follow-up, they described themselves as occasional or
periodic smokers rather than daily (i.e. current) smokers. Since
smoking habits were difficult to categorise in a standardised
manner at that time, the current study also chose to use the
information obtained at inclusion for the 5-yr analysis. How-
ever, this implies a bias towards underestimating an effect of
smoking, and the results should, therefore, be interpreted with
due caution.

The present study consisted of a nonirradiated patient
population, all conditioned with BU/CY. Since 1989, BU/CY
has been the standard myeloablative therapy for patients
undergoing allogeneic BMT for malignant blood disorders at
the institution where the current study was performed, and
the regimen is still in current use. Pretransplant conditioning
with high-dose BU/CY was introduced in the early 1980s as
an alternative to the established TBI/CY regimen that had
been considered the treatment of choice since the 1970s [13,
14]. The development of the new preparative BU/CY regimen
was motivated by a desire to reduce radiation-related toxicity
and improve long-term survival. However, controversy still
persists concerning the optimal conditioning regimen prior to
allogeneic BMT. Some older studies indicated that interstitial
pneumonitis occurred more frequently among patients treated
with TBI than those treated with BU [23, 24], but more recent
meta-analysis [25] and long-term follow-up of four rando-
mised studies have concluded that late pulmonary complica-
tions occur equally after both conditioning regimens [26]. The
decline in TL,CO-Hb observed in the nonirradiated patients
was comparable to that reported in patients conditioned with
TBI [9, 27]. However, the associated development of OB after
allogeneic BMT remains to be proven. A randomised long-term
study by the Nordic Bone Marrow Transplantation Group
reported a significantly increased risk of OB in patients
conditioned with BU/CY as compared with those conditioned
with TBI/CY [28], but the subsequent report of four random-
ised studies did not confirm the finding [26]. The prevalence of
OB in subjects in the current study was comparable to that
observed in other studies, applying conditioning regimens
with and without TBI [2].

In conclusion, allogeneic bone marrow transplantation
with busulphan/cyclophosphamide conditioning is associated
with a significant decline in gas transfer throughout the first
year after treatment. However, after 5 yrs, recovery to baseline
has generally been obtained. Acute leukaemias and smoking,
prior to bone marrow transplantation, are independent risk
factors for a reduction in gas transfer at baseline and during
the 1st yr after bone marrow transplantation, but after 5 yrs
no risk factors can be identified. In general, allogeneic bone
marrow transplantation with busulphan/cyclophosphamide
may be considered safe therapy with respect to long-term
pulmonary function, with the exception of patients who
develop chronic graft versus host disease and are at risk of
obliterative bronchitis.
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