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Comparison of the functional results of single
lung transplantation for pulmonary fibrosis and
chronic airway obstruction

R A Chacon, P A Corris, J H Dark, G J Gibson

Abstract for airway disease and pulmonary fibrosis
are relatively minor. In this series theBackground – Single lung transplantation
native hyperinflated lung in chronic air-(SLT) is now a treatment option for
way disease was not more disadvantageouspatients with both pulmonary fibrosis and
to overall function than the native lung inadvanced chronic airway obstruction.
pulmonary fibrosis. However, tests of lungLung function after transplantation might
function based on the terminal portion ofbe expected to be different in these two
the forced spirogram are likely to be lessgroups of patients because of the effect of
sensitive for the detection of obliterativethe remaining native lung, but the im-
bronchiolitis in patients who have receivedplications of these differences have not
a transplant for advanced airway ob-been fully explored.
struction than in those with pulmonaryMethods – The functional results of a stable
fibrosis.population of 20 patients (13 chronic air-
(Thorax 1998;53:43–49)way obstruction, seven pulmonary fib-

rosis) after SLT with no evidence of
Keywords: lung transplantation, pressure-volumeobliterative bronchiolitis were analysed.
curves, moment analysis.The differences between the two popu-

lations in the interrelations between and
determinants of total lung capacity (TLC),
subdivisions of lung volume, airway func- Single lung transplantation (SLT) has been
tion (spirometry, maximum expiratory successfully applied in patients with fibrotic
flow volume curves, and moments analysis lung conditions1–3 and, more recently, in
of the spirogram), respiratory mechanics patients with advanced chronic airway ob-
(PV curves and maximal respiratory pres- struction.4–11 It might be expected that lung
sures), CO transfer factor (TLCO) and the function after SLT would be different in the
distribution of perfusion, ventilation and two conditions as the native lung is small and
volume of the transplanted and native shrunken in patients with pulmonary fibrosis
lungs were compared. while in those with chronic airway obstruction
Results – Total lung capacity after SLT it is likely to be severely hyperinflated in ad-
(TLCpost) was normal in the patients with dition to having airway narrowing. In the early
pulmonary fibrosis (mean (SE) 103.9 literature concern was expressed that in the
(6.9)% predicted) but remained sig- latter situation function of the transplanted
nificantly elevated in patients with airway lung may be compromised by the native lung
obstruction (126.4 (4.4)%). Forced ex- which might show worsening hyperinflation
piratory volume in one second (FEV1) and with time.1 12–14

vital capacity (VC) improved to similar However, advanced chronic airway ob-
values after SLT in both groups with a struction now represents the most common

Department of final VC of 76.8 (5.9)% and 66.7 (3.9)% in indication for SLT15 16 and, in contrast to the
Respiratory Medicine patients with fibrosis and airway ob- early experience, recent observations suggestR A Chacon

struction, respectively. Maximum ex- that these patients may have a less complicatedP A Corris
G J Gibson piratory flows were generally lower and perioperative course than those with pulmonary

moments analysis of the spirogram fibrosis.17 Furthermore, it appears that bothDepartment of showed slower lung emptying with sig- types of patient have a similar outcome in termsCardiothoracic
Surgery nificantly greater second and third mo- of exercise performance18–20 which may even be
J H Dark ments (a2 and a3) in patients with airway comparable to the exercise capacity of patients

obstruction. Relative ventilation and per- after double lung transplantation.21 22
Regional
Cardiothoracic fusion of the transplanted lung were both Despite the increasing number of patients
Centre, Freeman greater in both populations but relative receiving SLT, respiratory mechanics after theHospital, Newcastle ventilation of the transplanted lung was procedure are incompletely understood and theupon Tyne NE7 7DN,

significantly greater in patients treated forUK functional implications of having a native lung
airway disease than in those with pul- which is either fibrotic or hyperinflated haveCorrespondence to:

Professor G J Gibson. monary fibrosis. TLCO was also sig- not been fully explored. We have therefore
nificantly higher in patients who hadReceived 13 November 1996 compared the functional results of SLT in

Returned to authors received a transplant for chronic airway patients in these two groups. In particular, we11 April 1997
obstruction.Revised version received have examined the factors that determine lung

12 August 1997 Conclusions – These results suggest that volumes in the two populations and the differ-Accepted for publication
8 September 1997 differences in the functional results of SLT ences in overall respiratory mechanics, airway
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44 Chacon, Corris, Dark, Gibson

Table 1 Demographic data and mean (SE) lung volume measurements Forced expiratory volume in the first second
(FEV1) and vital capacity (VC) were obtainedAirway obstruction Pulmonary fibrosis

(n=13) (n=7) using either a dry wedge spirometer (Vitalo-
graph Ltd) or by integrating flow measuredM:F 7:6 4:3

Diagnosis 11E,1Ob,1A 6F,1S with a pneumotachograph (Flexiflo Model 407,
TLCdon (l) 6.80 (0.27) 6.42 (0.45)

P K Morgan Ltd, Kent, UK). Maximum ex-TLCpred (l) 5.99 (0.34) 5.88 (0.50)
piratory flow-volume curves and moments ana-Pre Post Pre Post

TLC lysis of the spirogram24 were also obtained using
litres 8.79 (1.8) 7.55 (0.48) 4.38 (0.48) 6.01 (0.48)

a pneumotachograph (Flexiflo Model 407).% predicted 148 (3.5) 126 (4.4)∗∗ 73 (7.8) 104 (6.9)∗
FEV1 Lung volumes were measured in a constant

litres 0.48 (0.05) 1.93 (0.20)†† 1.28 (0.30) 2.28 (0.20)†
volume whole body plethysmograph (P K Mor-% predicted 15.5 (1.7) 62.3 (5.8)∗∗∗ 39.1 (8.2) 70.9 (6.3)∗∗

VC gan Ltd). Measurements of carbon monoxide
litres 1.82 (0.20) 2.65 (0.20)†† 1.6 (0.30) 3.07 (0.30)

transfer factor (T) and transfer coefficient% predicted 44.9 (4.5) 66.7 (3.9)∗∗ 38.5 (5.8) 76.8 (5.9)∗∗
RV (K) were made using the single breath

litres 6.91 (0.4) 4.89 (0.50)†† 2.78 (0.5) 2.94 (0.50)
method using a “Transfertest Model C” (P K% predicted 372 (17) 258 (18.8)∗∗∗ 162 (32.8) 173 (32.3)
Morgan Ltd). Values were corrected for the

TLCdon=TLC predicted for donor; TLCpred=TLC predicted for recipient; F=fibrosing
haemoglobin concentration.alveolitis; S=sarcoidosis; E=emphysema; Ob=obliterative bronchiolitis; A=asthma.

∗ p<0.05, ∗∗ p<0.01, ∗∗∗ p<0.001 compared with pretransplantation values. Pressure-volume (PV) curves were obtained
† p<0.01, †† p<0.001 compared with predicted values.

in 11 patients using an oesophageal balloon as
previously described25 with the subject seated
in a variable volume plethysmograph (J H
Emerson). The patient was asked to perform
a sequence of three full inflations and the sub-function, and carbon monoxide (CO) uptake,

as well as the relative distribution of ventilation sequent expiration was interrupted at the
mouthpiece after successive small decrementsand perfusion to the transplanted and native

lungs. in volume. For each patient at least five man-
oeuvres were performed, the data were pooled,
and an exponential equation of the form V=
Vmax−Ae−KP was fitted over the volume rangeMethods

Twenty patients in whom SLT was performed from total lung capacity (TLC) to functional
residual capacity (FRC). The shape constantbetween August 1988 and November 1993 at

the Cardiothoracic Centre, Freeman Hospital, K describes the elastic behaviour of the lungs
over the whole volume range and is in-Newcastle upon Tyne were investigated. Seven

had undergone SLT because of fibrotic lung dependent of lung size.26 Goodness of fit of the
curve was assessed visually and by calculationconditions and 13 for chronic airway ob-

struction (mainly emphysema) (table 1). Only of R2. A curve was considered satisfactory pro-
vided R2 >0.90 and the curve passed the sign27one of the latter group had a1-antiprotease

deficiency. Seven patients received a right trans- and runs tests.28 Maximal inspiratory and ex-
piratory pressures were measured at the mouthplant and 13 a left transplant. Only patients

who had no evidence of post transplantation during forceful static efforts at FRC and TLC,
respectively.obliterative bronchiolitis were selected for

study. Ventilation scans were performed in all the
recipients following the inhalation of 133Xe inThe surgical procedure and methods of lung

preservation, which were uniform throughout the supine position. Inhalation, equilibrium,
and washout views were obtained. Perfusionthe study, have been described previously.23

Immunosuppressive treatment comprised scans were performed after the intravenous
injection of 99mTc macroaggregate. Static viewscyclosporin A, sufficient to maintain a trough

serum level of 350–450 ng/ml in the first six were obtained for quantitation of ventilation
and perfusion and results expressed as the pro-weeks after transplantation and 150–250 ng/

ml thereafter; prednisolone, initially 0.2 mg/kg portional uptake by each lung.
Predicted values for TLC, VC, residual vol-daily and gradually tapered with the aim of

discontinuing it at the end of the first year ume (RV), FRC, and maximal respiratory pres-
sures were obtained from standard referenceafter transplantation; and azathioprine, initially

1.5 mg/kg and adjusted to maintain the white values.29 Predicted values for K were based on
age.30blood count above 4.0×109/l.

The study was approved by the local ethics
committee and patients gave informed written
consent.   

Statistical analysis was performed using Mini-
tab Statistical Software (Minitab Inc, State
College, Pennsylvania, USA). Results are ex- 

Preoperative lung volumes had been measured pressed as mean (SE). Comparisons between
and within groups were made using the Stu-during the year before the operation in 18

patients (in the other two they had been ob- dent’s t test, a p value of <0.05 being considered
statistically significant.tained more than 24 months preoperatively and

these were not included in the analysis). Post The factors determining post transplantation
TLC (of both lungs together) were assessed bytransplantation measurements were obtained

at least six months after transplantation (mean examining the relationships between TLC after
transplantation (TLCpost) and (1) TLC of the19.1 months, range 6–45) and at a time when

the patients were free of complications. recipient before transplantation (TLCpre), (2)
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Single lung transplantation 45

with airflow obstruction postoperative TLC
was intermediate between the value before
transplantation and that predicted for the re-
cipient. In the fibrotic group TLC after trans-
plantation was on average normal. The relative
change in TLC in both groups was similar;
expressed in relation to the recipients’ predicted
TLC, there was a mean (SE) increase of 26.8
(7.7)% in the fibrotic group (n=6) and a re-
duction of 24.3 (7.3)% in patients with airway
obstruction. In the latter group TLC remained
significantly higher than normal after trans-
plantation.

In patients with airway obstruction re-
gression analyses showed strong relations be-
tween TLCpost and each of the three potential
predictors (TLCpre, TLCpred, TLCdon) in-
dividually (R2=0.62–0.76). Multiple stepwise
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regression showed that TLCpost was sig-Figure 1 Mean (SE) total lung capacity (TLC), functional residual capacity (FRC)
nificantly related to both the recipients’ pre-and residual volume (RV) before and after single lung transplantation in both groups of

patients. dicted value and to the measured TLC before
transplantation (R2=0.87). In patients with
pulmonary fibrosis the closest correlation was
with the recipients’ predicted TLC, although
this did not reach conventional statistical sig-
nificance (R2=47.6, p=0.086).

In both groups TLCdon was slightly greater
than TLCpred and they were strongly cor-
related with each other due to the effect of size
matching before transplantation.

FEV1, VC and RV
Preoperative VC was reduced to a similar extent
in both groups of patients. An increase in VC
was seen in both groups after transplantation
with final values of 76.8 (5.9)% and 66.7
(3.9)% predicted in patients with fibrosis and
airway obstruction, respectively.

FEV1 increased by 46.8 (5.3)% predicted in
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the group with airway obstruction and by 31.8
Figure 2 Mean (SE) maximum expiratory flow-volume curves after single lung (5.13)% predicted in the fibrotic group, buttransplantation for chronic airway obstruction (Ο) and pulmonary fibrosis (Ε). Values

remained significantly less than predicted inrepresent peak expiratory flow (PEF) and maximum flow at 75%, 50%, and 25% FVC.
both groups.

There was no significant difference after
transplantation between the groups in theTLC predicted for the recipient (TLCpred),

and (3) TLC predicted for the donor, cal- FEV1/VC ratio: 0.73 (0.03) for the group with
airway obstruction and 0.75 (0.03) for theculated from the height and sex of the donor

(TLCdon). Both univariate and multiple (step- fibrotic group.
RV was increased in both groups beforewise) regression analysis was applied. The

height of one donor was unobtainable so it transplantation, and significantly so in patients
with airway obstruction. A reduction in RV waswas not possible to calculate TLCdon for this

subject. seen in the airway obstruction group, but it
remained significantly higher than predicted
after transplantation (fig 1).

Results
 
TLC   - 

  Measurements of TLC are shown in table 1
and fig 1 for each group of patients with values The overall shape of the maximum flow-volume

curve was different between the two groups (figexpressed in litres and as percentages of the
recipients’ predicted value. Before trans- 2). Peak expiratory flow (PEF) and maximum

expiratory flow at 75% of the vital capacityplantation the static lung volumes differed as
expected with the underlying disease. On (MEF75) were significantly less in the patients

with airway obstruction. Maximum expiratoryaverage, the patients with airway obstruction
had TLC values which were considerably flow at 50% and 25% of the vital capacity

(MEF50 and MEF25) and maximum mid ex-higher than predicted, while in those with fib-
rotic lung disease TLC was significantly below piratory flow between 75% and 25% of the

vital capacity (MMEF) were also lower in thethe predicted values. Postoperatively these val-
ues returned towards normal. In the patients airway obstruction group but the differences
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46 Chacon, Corris, Dark, Gibson

Table 2 Mean (SE) maximal expiratory flows (% predicted) and moments analysis of the spirogram

PEF MMEF MEF75 MEF50 MEF25 a1 a2 a3 Moment
(s) (s2) (s3) ratio

(9a2/a1)

Airway obstruction 64.0 44.9 57.1 43.5 39.2 0.88 1.87 6.2 1.48
(6.6) (8.2) (7.5) (6.8) (9.8) (0.07) (0.32) (1.40) (0.04)

Pulmonary fibrosis 85.9 54.7 84.3 55.9 45.4 0.70 1.07 2.65 1.52
(7.6) (9.0) (8.2) (9.0) (10.2) (0.06) (0.17) (0.79) (0.03)

p values 0.048 NS 0.03 NS NS 0.059 0.04 0.04 NS

PEF=peak expiratory flow; MMEF=maximum mid expiratory flow between 75% and 25% of vital capacity; MEF75, MEF50,
MEF25=maximum expiratory flow at 75%, 50% and 25% of the vital capacity to be expired respectively; NS=non-significant.
p values refer to differences between patient groups.
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Figure 3 Pressure-volume curves for each patient with (A) pulmonary fibrosis and (B) emphysema. Volume is expressed
as % of predicted TLC for the recipient. Dotted lines are the predicted normal range.31

were not statistically significant. Moments ana- after transplantation. Pmax was markedly re-
duced in patients with airway obstruction com-lysis of the spirogram about the origin showed

significant differences between the two groups pared with normal (p=0.0005) and became
more normal after transplantation.in the second and third moments (a2 and a3),

corresponding to a more prolonged expiratory
time in the patients with airway obstruction
(table 2).

   
Values of T were greater in the group trans-
planted because of airway obstruction (p=

     0.018) but the difference between the two
 groups in the transfer coefficient (K) wasPV curves for patients after transplantation are not significant (table 4).shown in fig 3 with values of K and maximum
lung recoil pressure (Pmax) summarised in
table 3. Although, on average, lung compliance
expressed as K was lower in patients who re-   

The inhalation scans showed predominantceived an SLT for lung fibrosis, the difference
was not significant. Most of the curves were ventilation of the transplanted lung in both

groups and this was more marked in patientsdisplaced upward on the volume axis compared
with the normal range. In accord with their with airway obstruction (table 4, fig 4). After

equilibration of the inhaled isotope, however,greater TLC, the curves of patients with airway
obstruction were more markedly displaced and the relative activity in the transplanted lung

was similar in both groups, with the trans-they reached significantly lower maximal trans-
pulmonary pressures. planted lungs continuing to show the greater

uptake of isotope. In both groups the trans-Preoperatively Pmax was normal in both
groups and it showed no significant change planted lung received most of the perfusion

Table 3 Mean (SE) pressure-volume (PV) curves and maximum respiratory pressures

Group n PV curves after transplantation Pmax (cmH2O) Pmax (cmH2O)

K (cmH2O) K (% predicted) Pmax Pre Post Pre Post
(cmH2O)

Airway obstruction 6 0.131 (0.025) 91.3 (17.7) 17.4 (2.33)† ∗34.8 (5.6)‡ 70.7 (11.2)‡ ∗96.6 (17.8) 97.3 (14.4)
Pulmonary fibrosis 5 0.099 (0.015) 72.6 (11.7) 35.4 (6.35)† 66.4 (13.6) 73.0 (9.6) 104 (4.5) 95.8 (10.8)

Pmax=maximum lung recoil pressure; Pmax, Pmax=maximum inspiratory and expiratory pressure.
∗ n=5.
†, ‡ p<0.05.
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Single lung transplantation 47

Table 4 Mean (SE) relative ventilation and perfusion of the transplanted lung (% of In both groups lung volumes of the two lungs
total) and CO transfer (% predicted) returned towards normal. The patients with

Ventilation Perfusion T K airway obstruction had severe hyperinflation
before transplantation and a moderate degreeInhalation Equilibrium
of hyperinflation remained due to the presence

Airway 83.2 (2.5) 57.7 (2.2) 77.3 (4.5) 76.0 (4.5) 113.3 (5.0)
of the native lung. In both groups the mainobstruction

Pulmonary 65.9 (4.9) 56.1 (2.6) 74.3 (3.1) 59.7 (4.24) 94.0 (10.1) determinant of post transplantation TLC ap-
fibrosis

peared to be the predicted TLC of the recipient,p values 0.011 NS NS 0.018 NS
suggesting that in both groups the chest wall

NS=non-significant.
adapts to the volume of the transplanted lung.p values refer to differences between patient groups.
Additionally, in patients with airway ob-
struction the TLC before transplantation in-
fluenced the final TLC after transplantation,and its relative distribution was similar in the
reflecting continued hyperinflation of the nativetwo groups.
lung. The changes in TLC after transplantation
in this population were of similar magnitude
to those reported previously.17Discussion

In keeping with previous reports10 18 the dataOur data suggest that patients with advanced
from the ventilation scans showed preferentialchronic airway obstruction and pulmonary fib-
ventilation of the transplanted lung during arosis show overall improvements of similar
single inhalation of isotope. Contrary to earliermagnitude following SLT, but there were subtle

differences between the two groups. fears that a hyperinflated native lung would

Figure 2 Ventilation and perfusion scans following transplantation in (A) a patient with left single lung transplantation
for pulmonary fibrosis and (B) a patient with left single lung transplantation for emphysema. Posterior views, % of total
uptake of isotope. Note that relative ventilation of the native lung in the patient with emphysema is less than in
pulmonary fibrosis, whereas the relative distribution of perfusion is similar in both.
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48 Chacon, Corris, Dark, Gibson

interfere with ventilation of the transplanted other hand, in the patients with pulmonary
fibrosis the native lung received relatively morelung, our data showed that the relative vent-

ilation of the transplanted lung in patients with ventilation which probably accounts for the
generally lower K values.preoperative airway obstruction was actually

greater than in fibrosis. The carbon monoxide In summary, our results show that there are
differences in terms of static lung volumes,transfer factor was also higher in patients with

airway obstruction, probably because of the maximum expiratory flow, and relative vent-
ilation between the two groups but suggestbetter ventilation of the transplanted lung com-

pared with patients with lung fibrosis. that the overall functional outcome of SLT for
chronic airway obstruction is comparable toDistribution of the radioactive isotope after

equilibration, although more even, was still the results of the longer established SLT for
pulmonary fibrosis. The data therefore do notpreferential to the transplanted lung. In both

groups of patients the transplanted lung re- suggest a particular disadvantage for patients
who receive a lung transplant because of end-ceived approximately three quarters of the total

perfusion. These results therefore suggest that stage chronic airway obstruction.
One previous report suggested that the trans-the native lung does not interfere importantly

with the function of the transplanted lung in planted lung might be significantly restricted
after SLT for chronic obstructive pulmonaryeither group.

The effect of the native lung on overall airway disease32 but in our series patients who had
undergone SLT for chronic airway obstructionfunction was evident on examination of the

MEFV curves and moments analysis of the achieved similar vital capacities to those with
pulmonary fibrosis.forced expiratory spirogram. Patients who had

received SLT for end-stage airway obstruction Tests of lung function are among the main
tools used for the detection of complicationshad generally lower maximum expiratory flows

compared with patients with lung fibrosis. This such as obliterative bronchiolitis following
transplantation33 34 and, in particular, specialis likely to be due to both a reduced driving

(lung recoil) pressure and to the effect of re- emphasis is given to the final part of expiration.
The small but still detectable contribution ofsidual airway narrowing in the native lung in

this group. Although the ventilation scans in- the native lung to overall function shown by our
studies implies that, as previously suggested,35dicated little ventilation of the native hyper-

inflated lung, its effect is likely to become more such tests are likely to be less sensitive in
identifying these complications in patients whoevident towards the end of expiration when

emptying of the normal transplanted lung is have undergone SLT for airway disease than
for other indications.virtually complete. The effect of such slow

emptying, albeit of a poorly ventilated lung, is
The authors thank Mr T N Stone for technical assistance.emphasised by moments analysis of the spiro-
RAC was in receipt of a training fellowship from the Overseasgram which gives information in the time rather Development Administration of the British Government in
cooperation with the Costa Rican Government.than the volume domain.
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