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ABSTRACT Primary graft dysfunction is a significant cause of lung transplant morbidity and mortality,
but its underlying mechanisms are not completely understood. The aims of the present study were: 1) to
confirm that right ventricular function is a risk factor for severe primary graft dysfunction; and 2) to
propose a clinical model for predicting the development of severe primary graft dysfunction.
A prospective cohort study was performed over 14 months. The primary outcome was development of
primary graft dysfunction grade 3. An echocardiogram was performed immediately before transplantation,
measuring conventional and speckle-tracking parameters. Pulmonary artery catheter data were also
measured. A classification and regression tree was made to identify prognostic models for the development
of severe graft dysfunction.
70 lung transplant recipients were included. Patients who developed severe primary graft dysfunction
had better right ventricular function, as estimated by cardiac index (3.5±0.8 versus 2.6±0.7 L·min−1·m−2,
p<0.01) and basal longitudinal strain (−25.7±7.3% versus −19.5±6.6%, p<0.01). Regression tree analysis
provided an algorithm based on the combined use of three variables (basal longitudinal strain, pulmonary
fibrosis disease and ischaemia time), allowing accurate preoperative discrimination of three distinct
subgroups with low (11–20%), intermediate (54%) and high (75%) risk of severe primary graft dysfunction
(area under the receiver operating characteristic curve 0.81).
Better right ventricular function is a risk factor for the development of severe primary graft dysfunction.
Preoperative estimation of right ventricular function could allow early identification of recipients at
increased risk, who would benefit the most from careful perioperative management in order to limit
pulmonary overflow.
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Introduction
Although lung transplantation (LT) has become an increasingly common procedure in recent years, it has
consistently lagged behind other organ transplants in terms of survival rates [1]. Primary graft dysfunction
(PGD) is a severe form of acute respiratory distress syndrome induced fundamentally by ischaemia–
reperfusion injury [2, 3]. Its prevalence varies between 12% and 55%, depending on the time point chosen for
grading [1, 4, 5], and it remains a significant cause of post-transplantation morbidity and mortality [1, 4, 6–8].
Consequently, identification of the risk factors associated with the appearance of PGD is an issue of great
clinical interest; it would broaden our understanding of PGD pathophysiology, and would thus aid the design
of new treatments and the identification of high-risk patients likely to benefit the most from early specific
interventions.
Several studies have aimed to identify the clinical risk factors associated with PGD development after LT
[2, 4, 8–11]. Preoperative pulmonary hypertension (PH) is one of the most frequently described [4, 8, 9].
However, the pathophysiological mechanisms that underlie this association are not fully understood. One
hypothesis is that the right ventricle (RV) may be a key element in the development of PGD. However,
although the importance of the RV and its interactions with pulmonary circulation were demonstrated for
the first time four centuries ago, this area remains largely understudied.
PH is common among patients with respiratory diseases who undergo LT [12]. In these patients, right
ventricular function (RVF) may vary from the normal to a compensated (hypertrophied) and, thereafter, a
decompensated state [13–15]. An interesting hypothesis is that the haemodynamic forces of a
“well-trained” hyperdynamic RV contracting against the reduced pulmonary vascular resistance of the
implanted lungs may induce an exacerbation of ischaemia–reperfusion lung injury and may thus play a
role in the development of PGD [16–18]. However, the quantification of RVF still remains a challenge
because, due to its complex geometry, conventional two-dimensional (2D) echocardiography does not
provide a comprehensive evaluation [19]. Speckle-tracking echocardiography (STE) has been proposed as
an alternative approach for determining RVF, allowing the quantification of myocardial deformation from
standard 2D echo-images without the problem of angle dependence [20]. In a previous retrospective study,
our group identified RVF (measured by basal longitudinal strain (BLS)) as a possible independent risk
factor for severe PGD development [5].
The main objective of the present study was to prospectively confirm that RVF is a risk factor for PGD.
Secondarily, we also aimed to perform a prospective validation of BLS as a surrogate of invasive cardiac index,
as a useful noninvasive predictor of severe PGD development. Finally, we aimed to create a feasible, easy-to-use
model to predict severe PGD development using classification and regression tree analysis (CART).

Material and methods
Study design
A prospective cohort study was performed at a single institution (Vall d’Hebron University Hospital,
Barcelona, Spain). All lung transplant recipients (LTr) between July 2013 and August 2014 were included
in the study. A transthoracic echocardiogram was performed in all patients immediately before entering
the operating room. Patients with a poor-quality acquisition of the RVF were excluded from the study.
Pulmonary artery catheter data were measured with the Edwards CCOmbo System (Edwards, Irvine, CA,
USA) just after placement with the patient sedated and intubated. In addition to echocardiogram or
pulmonary artery catheter data, patients’ demographic data (sex, age, body mass index and previous lung
disease) were recorded. Data regarding pretransplantation nutritional status ( protein) and blood volume
(haemoglobin), intraoperative characteristics, procedure type, blood product transfusion, inhaled nitric
oxide (iNO), cardiopulmonary bypass and lung ischaemia time were also recorded.
The study was approved by the Clinical Research Ethics Committee of Vall d’Hebron University Hospital
(PR (AG) 144/2013) and all subjects gave informed consent before inclusion. Donor selection and
intraoperative and postoperative management were performed in accordance with the protocols in place at
Vall d’Hebron Hospital.
PGD definition
The primary outcome was appearance of PGD grade 3 (PGD3) at any time point during the first 72 h
postsurgery. The time points for evaluation of PGD3 development were 6, 24, 48 and 72 h after the start
of graft perfusion [2]. In accordance with the report of the International Society for Heart and Lung
Transplantation Working Group on Primary Lung Graft Dysfunction [2], PGD3 was defined as the
presence of radiographic infiltrates consistent with pulmonary oedema and an arterial oxygen tension
(PaO2)/inspiratory oxygen fraction (FIO2) ratio <200 mmHg. PaO2/FIO2 ratio was accurately measured in
mechanically ventilated patients. Patients who were not intubated at the time of PaO2/FIO2 measurement
were graded as no PGD3 [2]. In the single-lung transplants, PGD3 development was determined by a
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PaO2/FIO2 <200 mmHg and the presence of radiographic infiltrates in the implanted lung [2]. Furthermore,
the researchers who graded PGD were blinded to the echocardiographic results and other clinical findings.
Standard echocardiography
Transthoracic echocardiography was performed in accordance with the current guidelines [21] using a
portable echocardiograph (Vivid i; GE Medical Systems, Horten, Norway) equipped with a 2.5-MHz
transducer. RVF was evaluated from the modified apical four-chamber view in accordance with current
guidelines [18]. Conventional echocardiographic assessment of RVF was performed using four different
parameters. First, the RV FAC was calculated as follows:
RV FAC ¼

RV enddiastolic areaRV endsystolic area
 100%
RV enddiastolic area

Second, the tricuspid annular plane systolic excursion (TAPSE) was calculated as the total excursion of free
wall tricuspid annulus from its highest position to its peak descent during ventricular systole by means of
the M-mode. Third, Doppler-derived tricuspid lateral annular systolic velocity (S′) was measured by the
peak systolic velocity of the lateral corner of the tricuspid annulus. Finally, myocardial performance index
(MPI) was measured by the tissue Doppler method in accordance with the current recommendations [19].
From the apical four-chamber view, left ventricular volumes were measured at end-systole and
end-diastole, and the left ventricle ejection fraction was calculated using Simpson’s biplane model [21].
Left diastolic pattern was estimated using pulsed-wave Doppler recording, from which the E/A ratio was
calculated. Finally, in order to estimate right atrial pressure and blood volume status, inferior vena cava
collapse was measured from the subcostal window perpendicular to the long axis and proximal to the
junction of the hepatic veins [19].
Speckle-tracking echocardiography
For STE analysis, apical four-chamber view images were obtained using conventional 2D grayscale
echocardiography, storing the images at end-expiration and with a stable ECG recording. Care was taken to
obtain the best visualisation of the RV, allowing accurate delineation of its endocardial border. Three
consecutive heart cycles were recorded and averaged. The frame rate was set between 60 and 80 frames per
second. The files recorded were analysed off-line using the commercially available EchoPAC analysis system
(EchoPAC version BTO8; GE Vingmed Ultrasound, Waukesha, WI, USA). RV free-wall strain was derived
by an accurate manual delineation of the endocardial border of the free wall only, obtaining a region of
interest divided into three segments: basal, medial and apical (figure 1). We evaluated only the RV free wall
because previous studies have demonstrated a good correlation between free-wall RV 2D strain, RV ejection
and RV end-systolic volume measured using cardiac magnetic resonance and right heart catheterisation [19,
22–26]. Longitudinal strain (LS) and strain rate (Sr) data were collected. LS measures the percentage of

CAV

GS=–25.7%
Peak systolic strain

L/R inversion

FIGURE 1 Image of right ventricle speckle-tracking strain of a recipient just before lung transplantation. FR:
frame rate; fps: frames per second; HR: heart rate; bpm: beats per minute; GS: global strain; L/R: left/right;
CAV: closure of aortic valve.
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myocardial deformation; as the RV contracts, the muscle shortens in the longitudinal and circumferential
dimensions (negative strain). Sr measures the time course of the deformation.
Statistical analysis
Baseline characteristics are presented as mean±SD for continuous variables and n (%) for categorical variables.
Comparisons between groups were made with the Chi-squared or Fisher’s test for categorical variables, and
ANOVA or Student t-test for continuous variables, as appropriate. Differences in these variables were assessed
according to PGD3 development. Comparisons were considered significant in the presence of a p-value <0.05.
The Bonferroni method was used to correct multiple comparisons. The sample size calculation was based on
data from a retrospective study conducted previously by our group [5]. Accepting an α-risk of 0.05 and a
β-risk of 0.2 in a two-sided test and assuming a common standard deviation of 7%, 31 subjects were necessary
in each group in order to recognise a difference in BLS of 5% or greater as statistically significant.
Logistic regression (LR) analysis was performed to identify predictive models for PGD3 development.
Variables with a p-value ⩽0.1 in the univariate analysis were included in the multivariate analysis. To
avoid collinearity, separate models were constructed with either model for invasive cardiac index or BLS.
Moreover, to avoid overfitting of the prognostic models, a maximum of one prognostic variable per 10
observed events was allowed for inclusion [27]. In addition, only the variables with statistical significance
in the multivariate analysis were included in the model. The ability of the models to discriminate between
patients who will have and will not have the event was measured using the area under the receiver
operating characteristic curve (AUROC). The Hosmer–Lemeshow test was used to evaluate the goodness
of fit of the models. Calibration was measured using Nagelkerke’s coefficient of determination and the
discrimination of the models was assessed using the AUROC. The two most informative models (one
invasive model including cardiac index and another, noninvasive model including BLS) in terms of clinical
relevance and accuracy (discrimination and calibration) were selected. The statistical analysis was
performed using the Statistical Package for Social Sciences v.18 (SPSS Inc., Chicago, IL, USA).
The prognostic CART analysis was performed on the training set with CART Pro v7.0 software (Salford
Systems, San Diego, CA, USA) including, in a one-step fashion, all the variables used in the LR analysis.
In brief, the method allows for the construction of inductive decision trees through strict binary splitting,
and identifies subgroups of patients who share a specific combination of clinical characteristics and a
similar risk [27]. Cut-off points for continuous and ordinal variables were generated automatically by the
model based on statistical cost assumptions. The optimal tree was then selected according to its relative
misclassification costs, predictive accuracy, and clinical relevance. Receiver operating characteristic curves
of classification trees were constructed as described by COOK and GOLDMAN [28].
To assess the predictive performance of the most informative models obtained by LR and CART, pairwise
comparisons of the AUROC were conducted [29].

Results
72 LTr were considered for inclusion. Two (3%) patients were excluded due to poor quality acquisition of
the RV. Therefore, 70 LTr were included, of whom 31 (44%) developed PGD3 at some point during the
first 72 h of the postoperative period, though only 31% still presented PGD3 at 72 h.
Table 1 shows the preoperative, intraoperative and postoperative characteristics, and outcomes of LTr
included in our study. A higher use of intraoperative iNO was observed in LTr who developed PGD3 (81%
versus 33%, p<0.001). However, the increase in nitric oxide administration is due to its use to treat
hypoxaemia secondary to early intraoperative PGD3 development (8% versus 64%, p=0.01), without
differences in the use of iNO for PH (84% versus 76%, p=0.26). These patients also presented nonsignificant
trends for female sex (31% versus 55%, p=0.05), preoperative diagnosis of idiopathic pulmonary fibrosis (IPF)
(23% versus 45%, p=0.06), use of cardiopulmonary bypass (CPB) (10% versus 29%, p=0.06) and ischaemic
time (299 versus 332 min, p=0.05). All outcomes analysed were worse in patients who developed PGD3.
Just before transplantation, echocardiogram data showed no differences in classical measurements of RVF
(TAPSE, FAC, MPI and S′) (table 2). In contrast, higher BLS (−25.7±7.3% versus −19.5±6.6%, p<0.01),
basal Sr (2.11±0.59 versus 1.65±0.57 s−1, p=0.01) and medium Sr (1.35±0.53 versus 1.67±0.46 s−1, p=0.04)
were observed in LTr who developed PGD3. BLS continued to be statistically significant after correction
for multiple comparisons (table S1). However, no differences were observed in left ventricular systolic
function or preload echocardiographic indicators. Table 3 shows the intraoperative pulmonary artery
catheter data; no differences were observed in pulmonary arterial pressure or vascular resistance. However,
LTr who developed PGD3 had a higher cardiac index (3.5±0.8 versus 2.6±0.7 L·min−1·m2, p<0.01) and
stroke volume index (33±11 versus 27±8 mL·m−2, p=0.04) compared with those patients who did not
present PGD3. A correlation was found between cardiac index and BLS (r=0.45, p=0.01).
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TABLE 1 Lung transplant (LT) recipient characteristics according to primary graft dysfunction
grade 3 (PGD3) development in the first 72 h

LT recipients
Preoperative characteristics
Age years
Females
BMI kg·m−2
Aetiology
Pulmonary fibrosis
COPD
Pulmonary hypertension
Cystic fibrosis
Others
Haemoglobin g·dL−1
Plasma protein level g·dL−1
Intraoperative characteristics
Procedure type:
Bilateral LT
CPB use
Blood product transfusion packs
iNO use
For hypoxaemia
For PH
Ischaemia time min
Postoperative characteristics
ICU mortality
Hospital mortality
28-day mortality
90-day mortality
ICU LOS days
MV length days

No PGD3

PGD3

p-value

39

31

55±12
12 (31%)
26±8

55±9
17 (55%)
27±5

9 (23%)
18 (46%)
2 (5%)
6 (16%)
4 (10%)
14±2
7.4±0.7

14 (45%)
14 (45%)
2 (7%)
0 (0%)
1 (3%)
14±2
7.3±0.7

0.88
0.44

25 (64%)
4 (10%)
2 (4%)
13 (33%)
1 (8%)
11 (84%)
299±76.0

20 (65%)
9 (29%)
4 (6%)
25 (81%)
16 (64%)
19 (76%)
332±64.8

1.00
0.06
0.18
<0.01
0.01
0.26
0.05

0 (0%)
0 (0%)
0 (0%)
0 (0%)
22±23
16±22

5 (16%)
7 (23%)
4 (13%)
6 (19%)
32±15
28±18

0.02
<0.01
0.03
<0.01
0.04
0.02

0.84
0.05
0.66
0.07

Data are presented as mean±SD unless otherwise stated. BMI: body mass index; COPD: chronic obstructive
pulmonary disease; CPB: cardiopulmonary bypass; iNO: inhaled nitric oxide; PH: pulmonary hypertension;
ICU: intensive care unit; LOS: length of stay; MV: mechanical ventilation.

The most relevant variables (according to the univariate analysis and our previous knowledge) were chosen
for the LR and CART analyses (sex, IPF diagnosis, ischaemia time and CBP use, as well as BLS and cardiac
index, iNO for hypoxaemia, and iNO for PH) [4]. The most informative prognostic models obtained by LR
are reported in table 4. The best explanatory model using BLS and the best with cardiac index (models 1
and 2 from table 4) were used to construct several classification trees. Finally, the two trees, one containing
cardiac index and the other BLS, that most accurately classified patients according to their risk of
developing PGD3 were selected. The first tree (figure 2) allows accurate discrimination of LTr into three
subpopulations with different risks of PGD3 development by means of cardiac index (AUROC 0.87): a
low-risk group (cardiac index <2.5 or ⩾2.5 L·min–1·m–2, ischaemia time ⩽288 min and no IPF) in whom
PGD3 risk ranged from 0% to 18%; an intermediate-risk group (cardiac index ⩾2.5 L·min–1 ·m–2, ischaemia
time <288 min and IPF) with a PGD3 risk of 64%; and a high-risk group (cardiac index ⩾2.5 L·min–1 ·m–2,
ischaemia time ⩾288 min) with a PGD3 risk of 86%. This prognostic model had a sensitivity of 84%, a
specificity of 82%, and positive and negative predictive values of 86% and 82%, respectively. The second tree
(figure 3) allows the same risk stratification but using a preoperative noninvasive parameter such as BLS; it
had a sensitivity of 87%, a specificity of 69%, and positive and negative predictive values of 75% and 88%
(AUROC 0.81). It identified a low-risk group (BLS < −23% and no IPF or BLS ⩾ −23% and ischaemia time
<283 min), whose PGD3 risk ranged from 11% to 20%; an intermediate-risk group (BLS ⩾ −23% and IPF)
with a PGD3 risk of 54%; and a high-risk group (BLS ⩾ −23% and ischaemia time ⩾283 min) with a risk of
PGD3 development of 75%. AUROCs of the LR and CART models were compared with each other, and
the BLS and cardiac index models; no statistically significant differences were found.

Discussion
This study confirms the hypothesis generated by a previous retrospective study [5] concerning the role of
RVF in severe PGD development. It also provides an innovative decision tree based on the use of three

1736

DOI: 10.1183/13993003.02136-2015

LUNG TRANSPLANTATION | P. PÉREZ-TERÁN ET AL.

TABLE 2 Comparison of preoperative echocardiographic variables according to primary graft
dysfunction grade 3 (PGD3) development in the first 72 h

Lung transplant recipients
sPAP mmHg
LVEF %
E/A
IVC collapse %
Right ventricular function assessment
FAC %
TAPSE mm
S′ cm·s−1
MPI
VTI cm
LS %
Free wall
Basal
Medium
Apical
Sr s−1
Basal
Medium
Apical

No PGD3

PGD3

p-value

39
51±27
60±6
0.98±0.32
58±17

31
52±27
59±5
0.87±0.26
62±15

0.88
0.51
0.23
0.57

42±9
19±4
12.0±2.4
0.51±0.10
12.4±2.4

44±10
21±3
13.0±2.0
0.49±0.11
14.0±3.1

0.39
0.07
0.16
0.77
0.07

−19.1±5.4
−19.5±6.6
−19.9±6.6
−16.9±5.6

−21.6±6.1
−25.7±7.3
−23.0±7.3
−16.9±6.5

0.15
<0.01
0.14
1.00

1.65±0.57
1.35±0.53
1.34±0.51

2.11±0.59
1.67±0.46
1.36±0.51

0.01
0.04
0.91

Data are presented as mean±SD unless otherwise stated. sPAP: systolic pulmonary arterial pressure; LVEF:
left ventricular ejection fraction; IVC: inferior vena cava; FAC: fractional area change; TAPSE: tricuspid
annular systolic excursion; S′: Doppler-derived tricuspid lateral annular systolic velocity; MPI: myocardial
performance index; VTI: velocity time integral; LS: longitudinal strain; Sr: strain rate.

different variables (noninvasive BLS or cardiac index, ischaemia time and IPF) that accurately stratifies LTr
according to their risk of PGD3. The decision tree aims to achieve careful perioperative management in
order to limit pulmonary overflow.
In agreement with previous reports, our results clearly confirm the high prevalence of severe PGD [2, 3]
and its significant impact on morbidity and mortality [6, 30]. Therefore, determining the clinical risk
factors associated with PGD is of great clinical interest, since a better identification of those LTr who are at
high risk of PGD would allow the implementation of aggressive, early, preventive support. However,
despite the significant morbidity and mortality in patients who develop PGD, the associated risk factors
remain controversial. A recent meta-analysis showed that female sex, body mass index, preoperative
diagnosis of pulmonary fibrosis or primary PH, use of CPB, multiple transfusions and mean pulmonary

TABLE 3 Comparison of intraoperative pulmonary artery catheter parameters according to
primary graft dysfunction grade 3 (PGD3) development in the first 72 h

Lung transplant recipients
mPAP mmHg
sPAP mmHg
dPAP mmHg
CPV mmHg
PVRI dyn·m2·cm−5
HR beats per min
Cardiac index L·min−1·m−2
SVI mL·m−2
RVEF %

No PGD3

PGD3

p-value

39
30±12
41±22
23±7
12±5
314±116
87±21
2.6±0.7
27±8
26±7

31
34±12
46±19
26±9
11±4
254±137
91±13
3.5±0.8
33±11
30±9

0.14
0.30
0.17
0.58
0.23
0.45
<0.01
0.04
0.15

Data are presented as mean±SD unless otherwise stated. mPAP: mean pulmonary arterial pressure; sPAP:
systolic pulmonary arterial pressure; dPAP: diastolic pulmonary arterial pressure; CPV: central venous
pressure; PVRI: pulmonary vascular resistance index; HR: heart rate; SVI: systolic volume index; RVEF:
right ventricular ejection fraction.
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TABLE 4 Multivariate logistic regression analysis for development of primary graft dysfunction grade 3 development
β
Reference, constant term
BLS
Ischaemia time
IPF
CPB
Female
Model 1, constant term
BLS
Ischaemia time
IPF
Reference, constant term
Cardiac index
Ischaemia time
IPF
CPB
Female
Model 2, constant term
Cardiac index
Ischaemia time
IPF

−13.584
0.22
0.02
2.92
2.68
0.64
−9.98
0.16
0.02
2.14
−17.32
2.64
0.02
2.82
2.43
1.63
−12.78
2.45
0.02
−2.38

SE

p-value

OR (95% CI)

0.08
0.01
1.35
1.44
0.87

<0.01
0.01
0.03
0.06
0.46

1.25 (1.07–1.47)
1.02 (1.00–1.04)
18.54 (1.32–260.50)
14.61 (0.88–244.15)
1.90 (0.35–10.48)

0.06
0.01
1.03

0.01
0.01
0.04

1.17 (1.04–1.32)
1.02 (1.00–1.03)
0.12 (0.02–0.89)

0.87
0.01
6.86
3.26
0.97

<0.01
0.01
0.01
0.46
0.09

14.02 (2.54–77.30)
1.02 (1.01–1.04)
16.81 (1.98–142.79)
11.30 (0.76–331.44)
5.11 (0.02–6742.33)

0.75
0.01
3.86

<0.01
0.01
0.01

11.53 (2.57–50.31)
1.02 (1.01–1.04)
0.09 (0.02–0.58)

Goodness of fit

R2N

AUROC (95% CI)

9.16 (0.32)

0.55

0.88 (0.79–0.98)

8.17 (0.42)

0.43

0.83 (0.71–0.95)

10.97 (0.49)

0.67

0.93 (0.86–0.99)

8.19 (0.28)

0.61

0.90 (0.82–0.98)

Goodness of fit is presented as the Hosmer–Lemeshow C-statistic (p-value). β: regression coefficient; R2N: Nagelkerke’s coefficient of
determination; AUROC: area under the receiver operating characteristic curve; BLS: basal longitudinal strain; IPF: idiopathic pulmonary
fibrosis; CPB: cardiopulmonary bypass.

n=70
PGD3
No n=39 56%
Yes n=31 44%

Cardiac index <2.5 L·min–1·m–2
n=28
PGD3
No n=23 82%
Yes n=5 18%

Cardiac index ≥2.5 L·min–1·m–2
n=42
PGD3
No n=16 38%
Yes n=26 62%

Ischaemia time <288 min
n=20
PGD3
No n=13 65%
Yes n=7 35%

IPF No
n=9
PGD3
No n=9 100%
Yes n=0 0%

Ischaemia time ≥288 min
n=22
PGD3
No n=3 14%
Yes n=19 86%

IPF Yes
n=11
PGD3
No n=4 36%
Yes n=7 64%

FIGURE 2 Prognostic model for development of primary graft dysfunction grade 3 (PGD3) based on invasive
intraoperative cardiac index. IPF: idiopathic pulmonary fibrosis.

arterial pressure (mPAP) were significantly and consistently associated with development of PGD [4]. We
also observed that PGD3 patients were more likely to be female, to be diagnosed with IPF, to have longer
ischaemia times and to need CPB. Intraoperative use of iNO was more frequent in patients with PGD: this
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n=70
PGD3
No n=39 56%
Yes n=31 44%

BLS < –23%
n=37

BLS ≥ –23%
n=33

PGD3
No n=28 76%
Yes n=9 24%

IPF No
n=26
PGD3
No n=23 89%
Yes n=3 11%

PGD3
No n=11 33%
Yes n=22 67%

IPF Yes
n=11
PGD3
No n=5 46%
Yes n=6 54%

Ischaemia time <283 min
n=5
PGD3
No n=4 80%
Yes n=1 20%

Ischaemia time ≥283 min
n=28
PGD3
No n=7 25%
Yes n=21 75%

FIGURE 3 Prognostic model for development of primary graft dysfunction grade 3 (PGD3) based on noninvasive preoperative basal longitudinal
strain (BLS). IPF: idiopathic pulmonary fibrosis.

should not be considered a risk factor for PGD, but a consequence of the appearance of intraoperative
hypoxaemia [4, 16]. However, we cannot rule out the possible role of iNO in decreasing RV afterload and
enhancing RVF. Furthermore, our study failed to show differences in the mPAP.
Preoperative PH is common among patients with respiratory diseases who are undergoing LT [12]. PH is
characterised by chronic RV pressure overload due to pulmonary vascular obstruction. The development
of RVF from normal to a compensated (hypertrophied) and then a decompensated state follows the
evolution of pulmonary vascular disease [15]. However, after lung implantation in LT, RV afterload is
acutely reduced, which increases pulmonary blood flow and the shear stress on the formerly hypoxic
pulmonary vascular endothelium. Shear stress leads to capillary leak and impairs graft function [31–37].
The possible role of the RVF in the development of severe PGD was explored by our group in a previous
retrospective study that suggested that RVF, measured by BLS, could be an independent risk factor for
PGD3 development [5]. Those results were confirmed by the present study using both echocardiography
and pulmonary artery catheter data.
Cardiac magnetic resonance is the gold standard for evaluating the RV volume and ejection fraction, but it
cannot be applied in all patients. Therefore, patients with PH are routinely followed using
echocardiography, but owing to the complex geometry of the RV, the conventional 2D echocardiographic
assessment of the RVF is considered less accurate [38, 39]. In addition, the stroke volume of the RV is
closely related to the shortening of the longitudinal axis rather than to a reduction in the cavity diameter
[14, 24, 40]. In this regard, a novel non-Doppler echocardiographic technology called STE has been
proposed as an alternative approach for defining RV longitudinal function, allowing the quantification of
global and regional myocardial deformation from standard 2D echo-images without the problem of angle
dependence [20, 24, 41–43]. Moreover, STE has the advantage of identifying true contractility rather than
tethering or translational motion, which may influence indices like TAPSE or tissue Doppler imaging; it
may therefore be a more sensitive parameter for detecting early RV dysfunction and may better predict
outcomes [23, 44, 45]. In particular, free-wall RV longitudinal strain has demonstrated higher accuracy
and good sensitivity and specificity for predicting depressed RVF [26].
Patients with PH have a lower RV free wall strain than normal controls [24, 43, 46, 47]. However, this
involvement is not homogeneous. In PH, there is a pulmonary vascular remodelling with cell proliferation
in the pulmonary artery wall [15, 44, 48–50]. Due to the progressive nature of the disease, RV outflow also
begins to function as a conduit rather than as a contributor to the overall pump function. This pattern and
degree of function disturbances are then compensated for by the mid- and basal RV region, which become
the main determinants of the peak ejection timing of the RV [51]. The predominant involvement of the
most apical segments was also confirmed in our study, although there was a clear difference in the
impairment of the basal segments between patients who developed severe PGD and those who did not.
LTr who developed PGD3 had a higher intraoperative cardiac index. This confirms the hypothesis of our
study; that is, that LTr with better RVF have a higher risk of developing severe PGD due to higher
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pulmonary flow. Moreover, BLS is an independent risk factor for PGD3 development. Therefore, by means
of a noninvasive examination performed before LT, we were able to predict which patients would have a
higher risk of developing severe PGD3. Most importantly, we used two different statistical approaches, LR
and CART analysis, for prognostic assessment of the development of severe PGD. Although LR analyses
have been widely used, it is sometimes difficult to translate the information in their prognostic models to
bedside clinical management. In this regard, CART analyses have been proposed as an interesting
alternative. Here, we present a highly intuitive decision tree that, based on the combined use of just three
variables (invasive cardiac index or noninvasive BLS, IPF, and ischaemia time), straightforwardly classifies
LTr patients into different groups according to their risk of PGD3. It can help to identify patients with a
higher risk of developing severe PGD who would benefit the most from an extremely careful perioperative
management strategy able to limit pulmonary overflow and, thus, facilitates daily clinical decision-making.
On the other hand, the use of BLS allows earlier, noninvasive risk stratification just before LT, without
significant differences regarding the use of cardiac index.
The present study has some limitations. The first is that it is a single-centre study with a relatively small
sample size. This small size might justify that the trend toward worse left diastolic function in PGD3
patients (lower E/A and higher diastolic pulmonary arterial pressure) could not reach statistically
significance. Mostly in the older patient subgroup, this possible diastolic dysfunction combined with
increased pulmonary flow could play a role in the development of PGD3. However, this study was
specifically designed to determine the effect of RVF on the development of PGD, and the sample size was
calculated in accordance with previous data [5]. Consequently, the present study was correctly powered to
confirm our hypothesis.
The second limitation is that the transthoracic echocardiography was performed with the patients awake
just before surgery, while the pulmonary artery catheter data were collected with the patients sedated and
ventilated. In addition, the STE involves manual tracing of the endocardial border, which requires special
care and may be particularly difficult in the apical regions of the free wall. The third is that no data about
the donor and recipient lung size measurements were provided. However, the ribcage of both the recipient
and the donor is meticulously measured. In fact, none of the patients included needed a lung resection
due to a discrepancy in lung size. Finally, patients who developed severe PGD had a better RVF, measured
by BLS and cardiac index. Although this may not necessarily imply causation, we constructed various LR
and CART models using several different variables that have been described as potential risk factors for
PGD. Interestingly, BLS and cardiac index have been consistently associated with a higher probability of
severe PGD in all models, suggesting that RVF may be considered as an independent risk factor for severe
PGD. Nevertheless, despite these potential limitations, this study demonstrates the importance of RVF in
the appearance of severe PGD. These results provide new evidence regarding the pathophysiology of PGD,
which is the most common early complication of LT, and contributes significantly to patient morbidity
and mortality. Thus, understanding the mechanisms of PGD generation will aid the design of therapeutic
strategies focused on PGD prevention, which are able to improve outcomes in LTr patients. Another
important contribution is the validation of BLS as an independent risk factor for severe PGD development
and the proposal of a novel approach, based on CART analysis, which yields an accurate model of great
potential clinical value for predicting the risk of severe PGD development.
Conclusions
Better preoperative RVF is a risk factor for severe PGD development. Therefore, accurate RVF assessment
before LT by means of STE is essential to prompt identification of LTr with a higher risk of developing
PGD who would benefit the most from an extremely careful perioperative management strategy able to
limit pulmonary overflow.
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