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Role of pulmonary function in the detection of
allograft dysfunction after heart-lung
transplantation

Alain Van Muylem, Christian Mélot, Martine Antoine, Christiane Knoop,
Marc Estenne

Abstract Lung transplantation has become an accepted
therapeutic option for patients with variousBackground – Lung function is altered by

infection and rejection in patients who end-stage vascular and parenchymal lung dis-
eases.1 Outcome after transplantation has im-undergo heart-lung transplantation. The

sensitivity, specificity, and positive/negative proved with advances in operative techniques
but optimal management of infection and re-predictive values (PPV and NPV) of lung

function for the detection of allograft dys- jection remains a problem, partly because these
complications may be undetectable by clinicalfunction in these patients were measured.

Methods – Thirty three patients who evaluation.2 3 Bronchoscopy with broncho-
alveolar lavage and transbronchial lung biopsyunderwent heart-lung transplantation

were followed for a mean period of 16.3 has been widely utilised to diagnose allograft
dysfunction4–6 but this procedure is invasivemonths. On 123 occasions functional

measurements were obtained at the time and therefore cannot be used as a screening
test.a transbronchial biopsy specimen and/or

bronchoalveolar lavage fluid was taken, Lung function in recipients of heart-lung and
double-lung transplants is altered by infectionwhich were used as gold standards. Op-

timal sensitivity (the value for which sensi- and rejection which produce transient de-
creases in forced expiratory volume in onetivity equals specificity) was computed

for each functional test from receiver- second (FEV1) and forced vital capacity
(FVC).4 7–10 On this basis, it has been suggestedoperator characteristic (ROC) curves.

Results – Acute rejection was present on that monitoring lung function may aid early
detection of allograft dysfunction and may help31 occasions and infection on 36 occasions;

56 samples were normal. Infection and to decide when a bronchoscopy is required.
Values of sensitivity and specificity of lung func-rejection were accompanied by airflow ob-

struction, a rise in the slopes of the alveolar tion for the diagnosis of infection and rejection
after heart-lung transplantation have been pro-plateaus for nitrogen, hexafluoride sul-

phur and helium (SN2, SSF6, and SHe), and vided in a previous work9 but the only variable
studied was FEV1. In the present study wea decrease in the difference between SSF6

and SHe (DS), total lung capacity (TLC), have prospectively investigated the sensitivity,
specificity, and positive/negative predictiveand lung transfer factor (TLCO). Optimal

sensitivities for SHe, mid forced expiratory value of a variety of functional variables in 33
heart-lung transplant patients followed overflow (FEF25–75), TLC, and forced expiratory

volume in one second (FEV1) were 68%, a 43 month period. In addition to standard
Department of 67%, 66%, and 60%, respectively; they were pulmonary function, we have measured indices
Pneumology not different for infection and rejection of ventilation distribution which provide in-A Van Muylem

and did not change over the study period. formation about mixing in the periphery of theC Knoop
M Estenne For infection and rejection together, PPV lung11 and hence might be more sensitive than

ranged from 72% to 88% and NPV from standard pulmonary function to allograft dys-Department of
27% to 52% according to the functional test function.12

Intensive Care
C Mélot and the postoperative period considered.

Conclusions – Indices of ventilation dis-Department of
tribution, FEF25–75, and TLC have the bestCardiac Surgery Methods

M Antoine optimal sensitivity for the diagnosis of in- Thirty three non-smoking heart-lung trans-
fection and rejection after heart-lung plant patients (20 men) aged nine to 62 yearsErasme University transplantation. The high PPV of pul-Hospital, were studied between January 1992 and July

Brussels, Belgium monary function in detecting allograft dys- 1995. Ten patients had received transplants
function observed in this study suggestsCorrespondence to: between two months and three years before

Dr M Estenne, that a diagnostic procedure should be per- the start of the study; the others were givenChest Service, formed whenever one or more functionalErasme University Hospital, transplants during the course of the study and
808 Route de Lennik, tests deteriorate; conversely, the low NPV were enrolled consecutively. TransplantationB-1070 Brussels, Belgium. indicates that a stable pulmonary function was performed for primary pulmonary hyper-Received 23 September does not rule out allograft dysfunction.1996 tension in 13 patients, cystic fibrosis in 11

(Thorax 1997;52:643–647)Returned to authors patients, Eisenmenger’s syndrome in five8 January 1997
Revised version received patients, bronchiectasis in two, and em-
6 March 1997 physema and coal miner pneumoconiosis inKeywords: lung transplantation, pulmonary function,Accepted for publication
6 March 1997 infection, rejection. the remaining two patients. Patients who were
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considered to have chronic rejection were not with the patient seated in a constant volume
body plethysmograph. Measurements of FVC,included in the study. Bronchiolitis obliterans

syndrome (BOS) was defined histologically by FEV1, maximal expiratory flow rates, and car-
bon monoxide transfer factor (T) werethe presence of obliterative bronchiolitis or

functionally by an irreversible decline of more made using a Sensormedics 2400 unit (Sensor-
medics, Anaheim, California, USA). For thethan 20% in FEV1 compared with the best

postoperative value. If the diagnosis of BOS single breath washout test subjects were con-
nected to a double bag-in-box system throughwas made after enrollment into the study, only

data pertinent to the period preceding this a non-rebreathing valve with a 20 ml in-
strumental dead space. They inhaled a gasdiagnosis were included in the data analysis.

All patients gave verbal informed consent to mixture containing 5% helium (He), 5% hexa-
fluoride sulphur (SF6), and 90% O2 from func-the procedures as approved by the Human

Studies Committee of our institution. tional residual capacity (FRC) to one litre
above FRC14 and then expired at a constantDiagnostic bronchoscopic examination was

performed whenever patients developed symp- flow of 0.4 l/s. Flow was measured with a
Lilly-type pneumotachograph connected to atoms such as fever, purulent sputum pro-

duction or increased dyspnoea, physical signs, differential pressure transducer, and volume
was obtained by integration of the flow signal.radiological abnormalities, or more than a 10%

decline in home spirometric values, confirmed Because the pneumotachograph was located in
the wall of the bag-in-box system, flow wasby formal spirometry. If there was a strong

clinical suspicion of infection with purulent independent of gas composition. Gases were
sampled at the mouth and concentrations ofsecretions at endobronchial examination,

bronchoalveolar lavage (BAL) without trans- He, SF6, and N2 were analysed using a quad-
rupole mass spectrometer (Centronic 200,bronchial biopsy (TBB) was initially per-

formed; if Gram stains and cultures were MGA) which incorporated an automatic con-
trol of the sensitivity maintaining the sum ofnegative or if patients did not respond to anti-

biotic treatment, a second bronchoscopy with inspired and expired concentrations (He, SF6,
O2, N2, CO2) at 100%. By excluding waterBAL and TBB was carried out. Surveillance

bronchoscopy was defined as a procedure per- vapour from the sum, we expressed gas con-
centration as a percentage of total dry gas. Theformed according to a predefined protocol in

recipients who were free of new clinical symp- slope of the alveolar plateau for each gas (S2,
S6, Se) was obtained from a linear regressiontoms and had stable lung function and chest

radiography. Surveillance bronchoscopy was analysis performed at 35–80% of the expired
volume. The downgoing He and SF6 slopesperformed at one, three, and six months after

surgery and annually thereafter. Bronchoscopy were treated as positive, as were upgoing N2

slopes. The difference between the SF6 and Hewas also performed 3–4 weeks after the dia-
gnosis of acute rejection to assess the response slopes (DS) was also calculated. All signals were

sampled at 50 Hz and stored in an Olivetti PCto treatment. Surveillance and follow up bron-
choscopic examinations always included both for subsequent analysis.
BAL and TBB.

Fibreoptic bronchoscopy was performed
with local anaesthesia and BAL fluid and TBB  

The analysis included all episodes of infectionspecimens were taken and processed following
standard procedures. At least six biopsy speci- and rejection that met the following criteria:

(1) a diagnosis based on TBB and/or BAL fluidmens were taken and serial sections were
graded for acute rejection by a single patho- specimens; and (2) functional tests, including

indices of ventilation distribution, measuredlogist using the guidelines established by the
International Society for Heart and Lung within the 2–3 day period before the bron-

choscopic examination. Because we used BALTransplantation.13 The diagnosis of acute cellu-
lar rejection was considered only when the TBB fluid/TBB specimens as the gold standard, epi-

sodes of rejection that responded functionallyspecimens were graded A2 or A3; lymphocytic
bronchitis was defined as the presence of peri- to pulsed steroid or cytolytic therapy but for

which TBB specimens were either not avail-bronchial lymphocytic infiltrates. Cyto-
megalovirus (CMV) infection was defined as able, non-diagnostic, or only showed lesions

graded A1 were not included in the data ana-isolation of CMV from cultures of BAL fluid
and CMV pneumonia as the presence of char- lysis.

For each functional test the receiver-operatoracteristic CMV associated histological changes
on TBB specimens or the isolation of CMV in characteristic (ROC) curve15 was computed by

plotting sensitivity (true positive rate) on the ythe BAL fluid in the presence of an infiltrate
which resolved with antiviral therapy. The dia- axis against 1 – specificity (false positive rate)

on the x axis for different cutoff values. Thesegnosis of bacterial pneumonia was made from
positive cultures of BAL fluid in the presence values were defined in three different ways –

as percentages of predicted values, percentagesof a new radiological infiltrate that responded
favourably to antibiotics. Bacterial bronchitis of best postoperative values, and percentages

of the last values obtained before the acutewas diagnosed from positive cultures of BAL
fluid with increased sputum production in the event. The optimal sensitivity was given by the

intersection between the ROC curve and theabsence of any new radiological abnormality.
Measurements of static lung volumes and second bisectrix – that is, the value for which

sensitivity equals specificity. Optimal sensitivityairway resistance were obtained within the 2–3
days before the bronchoscopic examination was computed for each functional variable
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Table 1 Results of examination of bronchoalveolar lavage fluid and transbronchial
biopsy specimens

Acute cellular Lymphocytic Pneumonia Bacterial Normal Total
rejection bronchitis bronchitis

Bacterial Viral

Routine 3 4 – – – 34 41
Clinically indicated 8 6 17∗ 2∗∗ 17 6 56
Follow up 7 3 – – – 16 26
Total 18 13 17 2 17 56 123

∗One pneumonia was bacterial and fungal.
∗∗One pneumonia was bacterial and viral.

Table 2 Mean (SD) changes in pulmonary function of 33 heart-lung transplant patients
during 67 episodes of infection and rejection

Best postoperative All acute events Rejection Infection
value (n= 33) (n= 67) (n= 31) (n= 36)

FEV1(% pred) 100.2 (17.2) 83.7 (20.3)∗∗∗ 82.7 (18.5)∗∗∗ 84.5 (21.9)∗∗∗
VC (% pred) 99.2 (18.9) 86.5 (20.4)∗∗ 82.5 (20.4)∗∗ 90.0 (19.3)∗
FEF25–75(% pred) 106.9 (26.2) 73.7 (25.1)∗∗∗ 78.5 (23.9)∗∗∗ 69.6 (25.7)∗∗∗
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T (% pred) 70.5 (16.6) 50.7 (15.3)∗∗∗ 49.0 (13.9)∗∗∗ 52.1 (16.4)∗∗∗
Figure 1 Receiver-operator characteristic (ROC) curveTLC (% pred) 109.2 (13.9) 97.4 (16.4)∗∗∗ 91.4 (14.5)∗∗∗ 102.8 (16.3)∗

sRaw (cm H2O) 1.59 (1.44) 4.3 (2.4)∗∗∗ 3.6 (2.1)∗∗∗ 4.9 (2.5)∗∗∗ for FEV1 (Χ) and TLC (Β) in 33 heart-lung transplant
S (%/l) 2.66 (1.38) 5.18 (4.69)∗∗∗ 5.16 (4.69)∗∗∗ 5.20 (3.22)∗∗∗ patients who were studied on 123 occasions. The circles
DS (%/l) 1.29 (0.94) −0.03 (1.42)∗∗∗ −0.16 (1.69)∗∗∗ 0.07 (1.42)∗∗∗ represent sensitivity and 1 – specificity for cutoff values

corresponding to 95%, 90%, 85%, 80%, and 75% of theFEV1= forced expiratory volume in one second; VC= vital capacity; FEF25–75=mid-expiratory best postoperative value. The dotted line gives values offlow rate between 25% and 75% VC; T= carbon monoxide transfer factor; TLC= total
optimal sensitivity (shown by the arrows) – that is, valueslung capacity; sRaw= specific airway resistance; S= slope of the alveolar plateau for helium;
for which sensitivity equals specificity.DS= difference in slopes of the SF6 and He alveolar plateaus.

∗ p < 0.05; ∗∗ p < 0.01; ∗∗∗ p < 0.001 compared with best postoperative value.

using the three different baselines. Positive pre- clinically indicated BAL fluid/TBB specimens
examined only six were normal, while the restdictive values (PPV) were calculated as the ratio

of true positive/all positive tests and negative showed rejection (n= 14) or infection (n=
36). On 17 occasions the infection was a bac-predictive values (NPV) as the ratio of true

negative/all negative tests. However, because terial bronchitis and on 19 occasions a pneu-
monia, either bacterial (n= 16), viral (n= 1),predictive values are inherently influenced by

prevalence, we calculated the prevalence of bacterial and fungal (n= 1), or bacterial and
viral (n= 1). Of the 26 BAL fluid/TBB speci-infection and rejection in our population be-

tween postoperative months 1–6, 7–12, and mens taken during follow up, 16 were normal
and 10 showed ongoing rejection.13–24 and then computed PPV and NPV using

the Bayes’ theorem. Prevalence was defined as Table 2 shows the mean changes in pul-
monary function at the time of an abnormalthe percentage of patients presenting with one

or more acute episodes of infection or rejection BAL fluid/TBB specimen compared with the
best postoperative value. On average, the bestduring the postoperative period considered.

Predicted values for static and dynamic lung postoperative values were within normal limits
for all tests except for a slight reduction involumes and T were derived from the

ECCS Working Party regression equations.16 T. Infection and rejection produced sig-
nificant changes in all functional variables:Statistical analysis was made using paired Wil-

coxon tests and the level of statistical sig- FEV1, VC, FEF25–75, T, TLC, FEV1/VC
(not shown in the table) decreased whereasnificance was taken as p <0.05. All data are

reported as mean (SD). specific airways resistance (sRaw) and Se, S2,
and S6 (not shown in the table) increased.
Of interest, DS decreased and became slightly
negative due to a greater rise in Se thanResults

The 33 patients were followed for a mean in S6. The changes were not significantly
different for the two types of events.period of 16.3 months (range 0.5–36) during

which a total of 184 bronchoscopic ex- Figure 1 shows typical ROC curves for TLC
and FEV1. Each point on the figure representsaminations were performed. On 126 occasions

a complete functional assessment could be ob- sensitivity and 1 – specificity for a cutoff value
corresponding to 95%, 90%, 85%, 80%, andtained within the 2–3 days preceding the bron-

choscopy but this proved to be impossible on 58 75% of the best postoperative value. The in-
tersection of the ROC curves with the secondoccasions, either because the patient’s clinical

condition did not allow testing or for logistic bisectrix gives the optimal sensitivity which
amounted to 66% for TLC and 60% for FEV1.reasons. Of the 126 bronchoscopic ex-

aminations, three were excluded from analysis Table 3 shows the values of optimal sensi-
tivity for all functional tests in detecting anybecause the TBB specimen revealed only grade

A1 rejection (see Methods). A total of 123 acute event, and rejection and infection sep-
arately. The best values were found for indicesevents were thus included, for which both BAL

fluid and TBB specimens were available on 89 of ventilation distribution followed by FEF25–75,
TLC, and FEV1. Optimal sensitivities were notoccasions and BAL fluid alone on 34 occasions.

Of the routine surveillance biopsy specimens different for infection and rejection and they
did not change according to the time elapsedtaken, 34 of 41 were normal (table 1) and

seven revealed unsuspected rejection. Of the 56 since surgery. Similarly, expressing data as a
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postoperative periods considered and ranges ofTable 3 Optimal sensitivity of pulmonary function tests
measured on 123 occasions in 33 heart-lung transplant positive and negative predictive values com-
patients puted for all functional tests using the optimal

All acute events Rejection Infection sensitivities shown in table 3; fig 2 displays
(n= 67) (n= 31) (n= 36) PPV and NPV for FEV1 and TLC. When all

Se 68 64 70 acute events were analysed together the PPV
DS 67 66 68 was high and NPV low, whatever the variableFEF25–75 67 62 73
TLC 66 69 65 and postoperative period considered. However,
FEV1 60 61 62 for the diagnosis of rejection NPV increasedsRaw 60 61 58
VC 57 60 54 and PPV decreased substantially after the sixth
T 57 54 63 postoperative month. An inverse trend was
For definition of abbreviations see footnote to table 2. noted for the diagnosis of infection. Because
Tests are ranked by order of decreasing sensitivity, expressed optimal sensitivities did not change accordingin %.

to the time elapsed since surgery, changes in
PPV and NPV with time were due to changes
in prevalence.Table 4 Prevalence of infection and rejection and positive

and negative predictive values for all functional tests
according to postoperative period (in months) and
diagnosis Discussion

1–6 months 7–12 months 13–24 months This study confirms that acute infection and
rejection of the lung allograft alter pulmonaryPrevalence

All events 78 67 67 function. The 67 episodes studied here were
Rejection 61 25 13 accompanied by airflow obstruction char-Infection 30 58 60

acterised by a fall in FEV1, FEV1/VC, and
Positive predictive value FEF25–75 and a rise in sRaw. There was also aAll events 82–88 72–81 72–81

Rejection 65–78 29–42 16–25 significant reduction in TLC and T. This
Infection 33–54 61–76 63–81 pattern of changes is very similar to that re-

Negative predictive value ported in earlier studies by our group12 and
All events 27–37 40–52 40–52 others.4 7–10 The present study also confirmsRejection 43–59 78–86 89–94
Infection 73–86 46–63 43–64 our previous findings on the effect of allograft

dysfunction on the distribution of ventilation.12

Infection and rejection produced consistent
rises in the slope of the alveolar plateau for N2,percentage of the best postoperative value or
SF6, and He and a fall in the slope differenceas a percentage of the last value measured
between SF6 and He. These changes suggestbefore the acute event did not significantly alter
that both complications preferentially alter thevalues of optimal sensitivity. In contrast, these
distribution of ventilation in the periphery ofvalues were significantly lower (p <0.05) when
the lung – that is, at the level of membranouspercentages of predicted values were used.
and respiratory bronchioles.11 12

Table 4 gives the prevalence of acute events,
Only one earlier study by Otulana et al9 hasinfection, and rejection calculated for the three

assessed the sensitivity and specificity of lung
function for the diagnosis of infection and re-
jection after heart-lung transplantation. These
authors analysed 61 transbronchial biopsy
specimens from 34 recipients. Using a 5%
fall in FEV1 as physiologically significant, they
reported a sensitivity of 86% and 75% for the
diagnosis of rejection before and after the third
postoperative month, respectively; specificity
was 84%. For the diagnosis of infection FEV1

had a 75% sensitivity. In the present study a 5%
fall in FEV1 had a 90% sensitivity in detecting
infection or rejection, which is slightly greater
than the value reported by Otulana et al.9 On
the other hand, we found a much lower value
for specificity of only 35%. This difference may
be due to the fact that in the study by Otulana
et al only 19 of the 61 BAL fluid/TBB specimens
taken were normal9 whereas in our study this
ratio was 56/123 (table 1). Values of sensitivity
and specificity are likely to be more accurate
when the number of positive and negative
events is balanced.

We elected to assess optimal sensitivity from
ROC curves because this is the only method
which allows comparison of the sensitivity and
specificity of different functional tests. As

100

0

P
re

d
ic

ti
ve

 v
al

u
e 

(%
)

1–6 7–12 13–24

20

40

60

80

B
100

0

P
re

d
ic

ti
ve

 v
al

u
e 

(%
)

1–6 7–12 13–24

20

40

60

80

C

100

0

P
re

d
ic

ti
ve

 v
al

u
e 

(%
)

1–6 7–12 13–24

20

40

60

80

A

shown in table 3, when all events were con-
Figure 2 Positive and negative predictive values of FEV1 (Φ, Ε) and TLC (Β, Χ) sidered together the best optimal sensitivity wasfor the diagnosis of (A) an acute episode of allograft dysfunction, (B) rejection, and (C)
infection 1–6, 7–12, and 13–24 months after surgery. found for indices of ventilation distribution and
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FEF25–75. Of interest TLC, which is easier to FEF25–75, and, if possible, indices of ventilation
distribution. The PPV for the detection of anmeasure than ventilation distribution, did al-
acute event is high for all functional tests duringmost as well as these variables in predicting an
the first two postoperative years, indicating thatacute event, and proved to have the best op-
a diagnostic procedure is mandatory when onetimal sensitivity in predicting rejection. Op-
or more functional variables deteriorate. Ontimal sensitivity for FEV1 and T was slightly
the other hand, stable pulmonary function doeslower, both for the diagnosis of rejection and
not rule out allograft dysfunction.infection. It should be stressed, however, that

almost all infectious episodes included in this
The authors are indebted to Christine Piesen for preparation

study were bacterial (table 1). The data pre- of the manuscript.
sented in table 3 may not therefore apply to
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