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INTRODUCTION

Cystic fibrosis (CF) is among the leading causes of chronic 
respiratory insufficiency in adolescents and young adults. 
Lung transplantation is the treatment of last resort for 
end-stage lung disease. Given the shortage of lungs for 
transplantation, adequate selection of transplant recipients, 
and optimal timing of lung transplantation in individual 
patients are crucial.
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ABSTRACT

Pulmonary hypertension (PH) may affect survival in cystic fibrosis (CF) and can be assessed on echocardiographic measurement 
of the pulmonary acceleration time (PAT). The study aimed at evaluating PAT as a tool to optimize timing of lung transplant in CF 
patients. Prospective multicenter longitudinal study of patients with forced expiratory volume in 1 second (FEV1) ≤60% predicted. 
Echocardiography, spirometry and nocturnal oximetry were obtained as part of the routine evaluation. We included 67 patients 
(mean FEV1 42±12% predicted), among whom 8 underwent lung transplantation during the mean follow-up of 19±6 months. No 
patients died. PAT was determined in all patients and correlated negatively with systolic pulmonary artery pressure (sPAP, r=−0.36, 
P=0.01). Patients in the lowest PAT tertile (<101 ms) had lower FEV1 and worse nocturnal oxygen saturation, and they were more 
often on the lung transplant waiting list compared to patients in the other tertiles. Kaplan–Meier curves showed a shorter time to 
lung transplantation in the lowest PAT tertile (P<0.001) but not in patients with sPAP>35 mmHg. By multivariate analysis, FEV1 
and nocturnal desaturation were the main determinants of reduced PAT. A PAT<101 ms reduction is a promising tool for timing of 
lung transplantation in CF.
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Pulmonary hypertension (PH) is a major component 
of advanced CF lung disease.[1,2] Although PH is usually 
moderate in CF, its severity varies greatly across patients 
and its presence may negatively affect outcomes.[3]

Therefore, evaluating PH may help to guide treatment 
decisions in CF patients, including referral for lung 
transplantation. However, studies on the prognostic impact 
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of PH in CF are scarce, and most of them are retrospective, 
have small sample sizes, or are confined to patients with 
end-stage lung disease.[1-7]

Furthermore, limited data are available on the prevalence 
and determinants of PH in CF.

PH is classically defined as a mean pulmonary artery 
pressure (PAP) greater than 25 mmHg as measured by right 
heart catheterization. In practice, however, noninvasive 
echocardiography is used to estimate systolic PAP (sPAP) 
from the peak tricuspid regurgitation velocity (TRV) using 
the modified Bernouilly equation.[3] PH is defined as an 
echocardiographic sPAP value greater than 35 mmHg. 
However, tricuspid regurgitation may be absent in patients 
with CF, particularly those in the pediatric age range. The 
pulmonary artery acceleration time (PAT) measured on 
the Doppler pulmonary artery flow correlates strongly 
with mean PAP[8] and can be measured in most children 
and adults.[8,9]

We hypothesized that the severity of PH affected survival 
and that PAT was more informative than echocardiographic 
sPAP in CF. We assessed these hypotheses by conducting 
a large, prospective multicenter study in children and 
adults with CF who underwent echocardiography 
with echocardiographic sPAP and PAT determination, 
spirometry, and nocturnal oximetry during their routine 
annual evaluation. Patients were then followed up for at 
least 1 year. The primary endpoint was the number of 
patients who died or underwent lung transplantation 
during follow-up. No death occurred, and the prognosis 
was therefore evaluated based only on time to lung 
transplantation.

MATERIALS AND METHODS

Patients
Patients with CF were recruited prospectively during their 
routine annual evaluation at two pediatric and four adults 
CF centers between April 2008 and April 2009. Inclusion 
criteria were presence of two CFTR mutations or one CFTR 
mutation with a sweat chloride test >60 mmol/l and a 
characteristic phenotype, age ≥ 7 years, ability to perform 
a reproducible forced expiratory maneuver with a forced 
expiratory volume in one second (FEV1) ≤ 60% of predicted 
value in a stable clinical state defined by the absence of 
a respiratory exacerbation since at least one month or a 
patient finishing an at least 10 days intravenous antibiotic 
treatment. Sputum bacteriology and lung function tests 
including arterial blood gas measurements were obtained 
routinely.[10-12] We determined the vital status and lung 
transplantation status of each patient on 1 May 2010. All the 
parents of children, children with sufficient understanding, 

and all adults, gave informed written consent for the study, 
which was approved by the local ethics committee.

Echocardiographic measurements
Echocardiograms were performed as recommended by 
the American Society of Echocardiography.[13] TRV was 
measured and the transtricuspid pressure gradient was 
calculated using the modified Bernoulli equation.[14,15] 
Right atrial pressure was evaluated by measuring the 
inferior venous cava diameter and its variations over the 
breathing cycle. Systolic pulmonary artery pressure (PAP) 
was estimated by the sum of right atria pressure and 
transtricuspid gradient. The right ventricular end-diastolic 
diameter (RVEDD) and the left end-diastolic diameter were 
measured in M-mode in parasternal view and indexed to 
body surface area (LVEDVI). PAT was defined as the time 
in milliseconds from the onset of right ventricular ejection 
to peak systolic velocity of the forward pulmonary flow.
[8] In normal individuals, pulmonary acceleration time 
(PAT) exceeds 110 ms and progressively shortens with the 
increase in pulmonary hypertension (PH).

Overnight pulse oximetry and transcutaneous 
carbon dioxide recording
Overnight pulse oximetry (SpO2) and transcutaneous 
carbon dioxide (PtcCO2) recordings were performed in 
room air (SenTec Digital Monitor, SenTec AG, Therwil, 
Switzerland).[16] We recorded the mean and minimal SpO2, 
number of desaturations ≥ 4%/h of recording, percentage 
of time spent at specific SpO2 values, mean and maximum 
PtcCO2 and percentage of time spent at specific PtcCO2 
values. Six patients had received intermittent nocturnal 
oxygen therapy and seven patients intermittent noninvasive 
positive pressure ventilation (NPPV) but all lung function 
tests and sleep recordings were performed on room air.

Statistical analysis
The distribution of continuous variables was checked for 
normality using the Kolmogorov-Smirnov test. Values for 
normally distributed variables are given as mean±standard 
deviation (SD) for quantitative data and as numbers and 
percentages for categorical data. We separated the patients 
into the following subgroups: Children (age <18 years) and 
adults; patients on the lung transplantation waiting list and 
other patients; PAT tertiles (with cut-off values of 101 and 
122 ms); and sPAP < or ≥ 35 mmHg. Differences between 
continuous data were tested using the Mann-Whitney test 
for two-group comparisons and the Kruskal-Wallis test 
for three-group comparisons. Proportions were compared 
using Pearson’s Chi-square test. Univariate regression 
analysis was performed to assess correlations linking 
clinical, laboratory, and echocardiographic variables. To 
identify variables independently associated with low PAT 
values, we entered the clinical, lung function and sleep 
variables yielding P values <0.10 by univariate analysis of 
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associations with PAT into a binomial regression analysis 
model comparing the lowest PAT tertile to the two other 
tertiles pooled. The relationship between PAT tertile 
and time-to-lung transplantation was evaluated using 
Kaplan–Meier curves and the chi-square log-rank test. 
P values <0.05 were considered significant. Analyses were 
performed using SPSS 16.0 (SPSS Inc., Chicago, Ill., USA).

RESULTS

Characteristics of the study population
Table 1 reports the main characteristics of the 67 CF 
patients by age and lung transplantation status. Table 2  

shows the patients according to lung transplantation 
waiting list status at baseline.

Compared to adults, children had significantly lower values 
for body mass index (BMI) and diastolic blood pressure, 
significantly higher heart rates and FEV1 values, and 
significantly lower values for mean daytime and nocturnal 
CO2. Among the echocardiographic variables, isovolumetric 
relaxation time (IVRT) and right ventricular end-diastolic 
diameter (REVDD) were significantly lower in children 
than in the adults.

Median follow-up was 19 months. No patients died, and 
8 patients underwent lung transplantation. As expected, 

Table 1: Clinical, echocardiographic, respiratory treatment, day time blood gases, spirometry, and nocturnal gas 
exchange characteristics of all the patients
Variables All Children  

<18 years
Adults  

≥18 years
Without pulmonary 

transplant
With pulmonary 

transplant

N 67 22 45 59 8
Clinical characteristics

Age (years) 67±10 13±3 27±8* 24±10 25±12
Adult, n (%) 45 (67) - - 40 (68) 5 (63)
Men, n (%) 32 (48) 9 (41) 23 (51) 29 (49) 3 (38)
BMI, kg/cm² 17.9±2.3 16.4±2.0 18.7±2.0* 18.0±2.3 17.2±2.2
Respiratory rate, rpm 20±5 25±5 18±4* 20±5 22±5
Systolic BP, mmHg 110±13 110±9 110±15 110±14 110±12
Diastolic BP, mmHg 65±10 64±9 68±10* 65±10 70±14
Heart rate, bpm 86±14 90±17 85±11* 85±15 93±11*

Echocardiography
LVEDD, mm/m² 32±5 35±7 30±3* 32±5 28±5
Fractional shortening, % 37±6 38±6 36±8 37±6 36±9
LVMind, g/m² 75±18 71±17 76±18 75±18 74±9
IVRT, ms 80±17 59±15 78±18* 80±17 81±12
E/A 1.3±0.3 1.6±0.3 1.3±0.3 1.3±0.3 1.5±0.4
Decc time E, ms 175±17 147±46 179±41 177±40 145±40
Systolic PAP* (N=50) 30±9 28±4 30±10 30±9 33±8*=0.03
Systolic PAP, class (>=35 mmHg) 10 (15) 0 10 (22) 8 (19) 2 (25)
PAT, ms 110±30 108±19 112±33 112±29 85±16*
RVEDD, mm 22±5 19±3 23±5* 22±6 23±5

Respiratory treatment
LTOT, n (%) 6 (9) 3 (14) 3 (7) 4 (7) 2 (25)
NPPV, n (%) 7 (11) 2 (9) 5 (11) 4 (7) 3 (38)*

Spirometry
VC, l 2.2±0.9 1.52±0.8 2.5±0.8* 2.5±0.8 1.2±0.7*
VC (% pred) 62±14 59±13 63±14 65±12 42±10*
FEV1, l 1.2±0.5 1.1±0.5 1.3±0.4 1.3±0.4 0.74±0.2*
FEV1 (% pred) 42±12 48±13 41±11* 43±11 26±7*

Daytime blood gases
PaO2 (mmHg) 74±10 72±9 75±10 75±9 65±12*
PaCO2 (mmHg) 40±4 37±3 40±4* 40±4 41±4
pH 7.42±0.03 7.43±0.03 7.41±0.03 7.42±0.03 7.43±0.02*

Nocturnal gas exchange
Mean SpO2 (%) 93±3 94±2 93±3 94±3 92±2*
Minimal SpO2 (%) 87±6 88±7 87±5 88±6 84±5*
% of sleep time spent with a SaO2<90%, min 0±23 0±19 0±25 0±20 5±29
Desaturation index 1.0±2.4 1.0±2.8 1.0±2.4 1.0±2.2 3±2*
Mean PtcCO2 (mmHg) 43±5 42±5 44±7 43±7 41±5*
Maximal PtcCO2 (mmHg) 40±4 37±3 40±4* 46±6 46±6

The patients are divided by age, acceleration tertiles and with or without pulmonary transplant; BMI: body mass index; BP: blood pressure; LVEDD: left 
ventricular end-diastolic diameter; LVM: left ventricular mass; IVRT: isovolumetric relaxation time; E: peak velocity of the early transmitral 
flow. A: peak velocity of the late atrial transmitral flow; Dec time E: Decceleration time of the E wave; Systolic PAP: systolic pulmonary 
artery pressure; PAT: pulmonary acceleration time; RVEDD: right ventricle end-diastolic diameter; LTOT: long term oxygen therapy; NPPV: 
noninvasive positive pressure ventilation; VC: vital capacity, FEV1: forced expiratory volume in one second; PaO2: partial arterial oxygen 
pressure; PaCO2: partial arterial carbon dioxide pressure; SpO2: pulse oximetry; PtcCO2: transcutaneous carbon dioxide pressure; *P<0.05.



Pulmonary Circulation | January-March 2012 | Vol 2 | No 1 78

Damy et al.: PH in cystic fibrosis

Table 2: Characteristics of the patients divided by 
waiting for pulmonary transplant or not
Variables Lung transplant

Unlisted Listed 

N 51 16
Clinical

Age (years) 24±10 25±12
Adult, n (%) 36 (71) 9 (13)
Men, n (%) 23 (45) 9 (56)
BMI, kg/cm² 18.4±2.16 17.4±2.6
Respiratory rate, rpm 20±5 21±5
Systolic BP, mmHg 110±14 111±10
Diastolic BP, mmHg 65±9 70±12
Heart rate, bpm 84±13 92±15*

Echocardiographic
LVEDD, mm/m² 32±5 28±5
Fractional shortening, % 37±6 36±6
LVMind, g/m² 75±17 76±22
TRIV, ms 80±17 78±17
E/A 1.3±0.3 1.4±0.3
E wave decceleration time ms 177±40 173±50
PAT, ms 112±30 95±27*
Systolic PAP* (N=50) 30±9 31±8
Systolic PAP, class (>=35 mmHg) 8 (21) 2 (18)
RVEDD, mm 22±6 22±4

Respiratory treatment
LTOT, n (%) 2 (4) 4 (25)*
NPPV, n (%) 4 (8) 3 (19)

Spirometry
VC, l 2.5±0.8 2.0±0.9*
VC (% pred) 65±12 50±16*
FEV1, l 1.3±0.4 0.9±0.4*
FEV1 (% pred) 43±11 30±11*

Daytime blood gases
PaO2 (mmHg) 75±9 65±11*
PaCO2 (mmHg) 40±4 40±4
PH 7.42±0.03 7.43±0.02*

Nocturnal gas exchange
Mean SpO2 (%) 94±3 91±2*
Minimal SpO2 (%) 88±6 85±5*
% of sleep time spent with a 
SoO2 <90%, min

0±20 60±31*

Desaturation index 1.0±2.2 3±3
Mean PtcCO2 (mmHg) 44±7 41±5*
Maximal PtcCO2 (mmHg) 46±6 46±5

BMI: body mass index; BP: blood pressure; LVEDD: left 
ventricular end-diastolic diameter; LVM: left ventricular mass; 
IVRT: isovolumetric relaxation time; E: peak velocity of the early 
transmitral flow. A: peak velocity of the late atrial transmitral flow; 
Dec time E: Decceleration time of the E wave; Systolic PAP: 
systolic pulmonary artery pressure; PAT: pulmonary acceleration 
time; RVEDD: right ventricle end-diastolic diameter; LTOT: 
long term oxygen therapy; NPPV: noninvasive positive pressure 
ventilation; VC: vital capacity, FEV1: forced expiratory volume in 
one second; PaO2: partial arterial oxygen pressure; PaCO2: partial 
arterial carbon dioxide pressure; SpO2: pulse oximetry; PtcCO2: 
transcutaneous carbon dioxide pressure; *P<0.05.

infection in adults), PAT tertile distribution or the lung 
transplant list status (Table 3).

Clinical,  biological,  and left  ventric le 
echocardiographic characteristics of the 
population divided into PAT tertiles or systolic 
PAP categories
The clinical characteristics did not differ according to PAT 
tertiles, whereas all patients with sPAP ≥ 35 mmHg were 
adults and mean age in this subgroup was significantly 
higher than in the subgroup with sPAP<35 mmHg (Table 4). 
The mean deceleration time differed significantly across 
PAT tertiles but not between sPAP categories. The patients 
in the lowest PAT and those with sPAP ≥ 35 mmHg had 
significantly lower mean FEV1 values than the patients in 
the other groups. Mean vital capacity (VC) was lower in the 
PAT tertile than in the two other tertiles pooled, but not 
significantly different between the two sPAP categories. 
Daytime PaCO2 values were not significantly higher in the 
lowest PAT tertile and significantly higher in the sPAP ≥ 
35 mmHg category. Finally, mean nocturnal desaturation 
index and maximal PtcCO2 were significantly higher in the 
lowest PAT tertile, and not significantly higher in the highest 
sPAP category.

Figure 1 shows patient distribution by sPAP category and 
PAT tertile. The sPAP value was ≥ 35 mmHg in 10 patients, 
<35 mmHg in 40 patients, and not measurable in 17 
patients. Mean sPAP was not significantly different 
between patients listed for lung transplantation and 
other patients. PAT was significantly lower in the listed 
patients (Table 2).

Correlation of echocardiographic variables with 
clinical, spirometric, and sleep variables
Table 5 shows that left ventricular morphology, assessed 
on the left end-diastolic diameter (LVEDVI), correlated 
negatively with age, BMI, and diastolic blood pressure, 
and positively with respiratory rate and heart rate. The 
IVRT correlated positively with age, BMI, and daytime 
PaCO2. The ratio of early (E) over late atrial (A) transmitral 
peak velocities (E/A) correlated positively with age and 
respiratory rate, and negatively with BMI and maximal 
nocturnal PtcCO2, whereas the E-wave deceleration 
time correlated negatively with BMI. RVEDD correlated 
negatively with respiratory rate.

As expected, PAT correlated negatively with respiratory 
rate, nocturnal desaturation index and maximal PtcCO2, 
and positively with VC, FEV1 and minimal nocturnal 
SpO2. Systolic PAP correlated positively with daytime and 
maximal nocturnal PaCO2 and the nocturnal desaturation 
index, and negatively with VC, FEV1 and mean nocturnal 
PtcCO2. Finally, PAT correlated negatively with sPAP 
(r=–0.36, P=0.01).

compared to the 59 nontransplanted patients, these 
8 patients had significantly higher values for heart rate and 
sPAP and significantly lower values for PAT, lung function 
parameters, nocturnal oxygenation and mean nocturnal 
PtcCO2, with similar maximal PtcCO2 values. Children and 
adults were not significantly different regarding the CFTR 
genotype, bacteriological status (except for a significantly 
higher prevalence of Pseudomonas aeruginosa pulmonary 
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Variables associated with low PAT
Table 6 lists the determinants of PAT<101 ms (tertile 
3 versus tertiles 1 and 2) identified by multivariate 
binomial logistic regression. Minimal nocturnal SpO2 
was not significantly associated with lowest-tertile  
PAT. The only variables significantly associated with 
lowest-tertile PAT were FEV1 and nocturnal desaturation  
index.

Prognosis value of PAT
As none of the patients died during the follow up, only 
time to lung transplantation was used to assess prognosis. 
Of the 8 patients who underwent lung transplant during 
the follow up, only 3 had sPAP ≥ 35 mmHg and 5 had sPAP 
<35 mmHg, whereas 7 had PAT values in the lowest tertile 
(Fig. 1). Figure 2 shows the Kaplan–Meier curves for time-
to-lung transplantation according to sPAP categories and 
PAT tertiles. Time-to-lung transplantation did not differ 
significantly between the two sPAP categories. In contrast, 
patients in the lowest PAT tertile had significantly shorter 
times to lung transplantation than the patients in the two 
other tertiles pooled.

DISCUSSION AND CONCLUSIONS

In this large, prospective multicenter study, PH, as PAT 
<101 ms was associated with a significantly shorter time-
to-lung transplantation than higher PAT values. Thus, 
PAT <101 ms may hold promise as a prognostic marker in 
patients with CF. In addition, PAT was more informative 
than sPAP estimated by echocardiography; PAT but not 
sPAP was measurable in all patients, and the association 
with time-to-lung transplantation was stronger for PAT 
than for sPAP.

Right heart catheterization is considered the reference 
standard for mean PAP determination, with a value 
above 25 mmHg defining PH. However, this procedure is 
too invasive to be suitable for screening or monitoring 
over time. [17-19] In clinical practice, PH is often based 
on the sPAP value estimated from the TRV measured 
during echocardiography. Systolic PAP estimation by 
echocardiography may be difficult in CF because of lung 
hyperinflation, absence of tricuspid regurgitation in some 
patients and variations in TRV depending on respiration 
time and regurgitation severity. [17,20] Interestingly, a strong 
inverse relationship between PAT and mean PAP has been 

Table 3: Genetic and bacteriological status

Variables All Children Adults PAT Lung transplant

Tert1 Tert2 Tert3 Unlisted Listed 

N 67 22 45 22 23 22 51 16
CFTR genotype, n (%)

F508del/F508del 35 (52) 15 (68) 20 (46) 11 (50) 14 (64) 10 (46) 24 (48) 11 (69)
F508del/other 19 (28) 3 (14) 16 (36) 6 (27) 5 (23) 8 (36) 15 (30) 4 (25)
Other/other 12 (18) 4 (18) 8 (18) 5 (23) 3 (14) 4 (18) 11 (22) 1 (6)

Bacteriological status, n (%)
H. influenza 2 (3) 1 (5) 1 (2) 2 (9) 0 0 1 (2) 1 (6)
S. aureus methiS 23 (36) 9 (43) 14 (33) 6 (27) 6 (27) 11 (55) 20 (42) 3 (19)
S. aureus methiR 5 (8) 1 (5) 4 (9) 1 (5) 1 (5) 3 (15) 4 (8) 1 (6)
P. aeruginosa (non mucous) 22 (34) 4 (19) 18 (42) 8 (36) 7 (32) 7 (35) 18 (38) 4 (25)
P. aeruginosa (mucous) 24 (38) 4 (19) 20 (47)* 7 (32) 11 (50) 6 (30) 18 (38) 6 (38)
B. cepacia complex 2 (3) 1 (5) 1 (2) 2 (9) 0 0 0 2 (13)

CFTR: cystic fibrosis transmembrane regulator; H influenzae: Haemophilus influenza; S. aureus: Staphyloccocus aureus; P. aeruginosa: Pseudomonas 
aeruginosa; B. cepacia: Burkholderia cepacia

Figure 1: Distribution of the patients according to the systolic pulmonary 
arterial pressure (sPAP) (A) and pulmonary acceleration time (PAT) (B). The 
black bars represent the lung transplant recipients, dark gray bars the lung 
transplant waiting list patients, and light gray the other patients.



Pulmonary Circulation | January-March 2012 | Vol 2 | No 1 80

Damy et al.: PH in cystic fibrosis

Table 4: Clinical, echocardiographic, respiratory treatment, day time blood gases, nocturnal gas exchange 
characteristics of the patients
Variables Tert1 PAT Tert2 Tert3 P Systolic PAP mmHg P

<35 >=35

N 22 23 22 40 10
Clinical characteristics

Age (years) 24±7 21±11 23±13 0.91 23±9 33±10 0.003
Adult, n (%) 17 (77) 15 (65) 13 (59) 0.43 25 (63) 10 (100) 0.02
Men, n (%) 9 (41) 13 (57) 10 (46) 0.56 17 (43) 5 (50) 0.67
BMI, kg/cm² 18.6±2.3 17.9±1.9 17.2±2.6 0.38 18±2 18±2 0.91
RespR 20±5 21±4 20±7 0.50 20±6 18±4 0.17
SBP, mmHg 111±16 110±13 110±9 0.35 41±4 110±12 0.89
DBP, mmHg 65±11 66±9 64±10 0.70 65±11 68±9 0.75
HR, bpm 84±12 84±15 90±15 0.27 86±13 91±15 0.61

Echocardiography
LVEDD, mm.m−² 31±5 32±5 30±6 0.60 31±5 30±4 0.24
FS, % 36±6 37±7 36±8 0.70 36±7 36±9 0.77
LVMind, g/m² 73±18 77±17 76±20 0.55 78±29 94±12 0.46
IVRT, ms 75±19 80±17 81±17 0.97 81±17 90±17 0.24
E/A 1.3±0.3 1.4±0.2 1.2±0.4 0.26 1.3±0.3 1.1±0.2 0.02
Decc Time E, ms 195±46 180±35 145±40 0.029 177±40 165±54 0.58
N with TR 14 18 18 - - - -
Systolic PAP, mmHg 30±8 28±10 30±7 0.29 29±7 39±6 0.0001
PAT, ms 149±23 110±6 89±9 0.001 112±29 103±22 0.10
RVEDD, mm 23±6 21±6 21±3 0.21 22±5 25±6 0.07

Respiratory treatment
LTOT, n (%) 1 (5) 1 (4) 4 (19) 0.16 7 (18) 0 0.22
NPPV, n (%) 0 (0) 2 (9) 5 (24) 0.038 5 (13) 0 0.35

Spirometry
VC, l 2.43±0.80 2.46±.83 1.9±0.84 0.026 2.1±0.9 2.1±0.9 0.97
VC (% pred) 65±12 64±13 55±15 0.037 62±13 62±13 0.14
FEV1, l 1.39±0.43 1.24±0.40 0.91±0.39 0.0001 1.3±0.5 1.3±0.4 0.38
FEV1 (% pred) 43±9 47±14 38±10 0.012 43±11 32±10 0.01

Daytime blood gases
PaO2 (mmHg) 78±8 75±10 69±12 0.35 78±11 71±9 0.27
PaCO2 (mmHg) 37±4 41±5 40±3 0.25 38±5 41±4 0.03
PH 7.43±0.03 7.41±0.04 7.42±0.03 0.25 7.42±0.04 7.42±0.02 0.99

Nocturnal gas exchange
Mean SpO2 (%) 94±2 94±4 93±3 0.44 93±3 93±3 0.97
Minimal SpO2 (%) 89±5 87±5 85±6 0.08 87±6 86±6 0.91
% of sleep time spent with a SoO2<90%, min 0±11 0±30 0.5±23 0.12 0±22 0±27 0.69
Desaturation index 0.5±1.9 1±2.3 3±3 0.0001 1±2 3±3 0.12
Mean PtcCO2 (mmHg) 42±8 44±6 43±6 0.60 42±7 45±5 0.60
Maximal PtcCO2 (mmHg) 43±6 46±6 47±5 0.02 45±6 50±5 0.06

The patients are divided by pulmonary acceleration time tertiles and systolic pulmonary artery pressure category; BMI: body mass index; BP: blood pressure; 
LVEDD: left ventricular end-diastolic diameter; LVM: left ventricular mass; IVRT: isovolumetric relaxation time; E: peak velocity of the early transmitral flow. A: 
peak velocity of the late atrial transmitral flow; Dec time E: Decceleration time of the E wave; Systolic PAP: systolic pulmonary artery pressure; PAT: pulmonary 
acceleration time; RVEDD: right ventricle end-diastolic diameter; LTOT: long term oxygen therapy; NPPV: noninvasive positive pressure ventilation; VC: vital 
capacity, FEV1: forced expiratory volume in one second; PaO2: partial arterial oxygen pressure; PaCO2: partial arterial carbon dioxide pressure; SpO2: pulse 
oximetry; PtcCO2: transcutaneous carbon dioxide pressure; *P<0.05.

reported,[8] and we found a strong association between PAT 
and sPAP. A weaker association was reported previously 
between echocardiographic PAT and both diastolic and sPAP 
in children.[21] PAT is known to be inversely correlated with 
heart rate, which was increased in lung transplant recipients 
in our study. However, correcting PAT for heart rate did not 
improve the correlation with sPAP in other studies.[21-24]

In the present study, sPAP could not be determined in 
17 (25%) patients whereas PAT could be measured in 
all patients. PAT correlated better with the level of lung 
function and nocturnal gas exchange than did sPAP. Both 
VC and FEV1 were significantly lower in the lowest PAT 
tertile compared to the two other tertiles, whereas only 

FEV1 % predicted was lower in the patients with sPAP 
≥ 35 mmHg compared to patients with sPAP<35 mmHg. 
Nocturnal gas exchange did not differ significantly 
between the two sPAP categories, whereas the patients 
in the lowest PAT tertile had a significantly higher 
desaturation index and maximal PtcCO2 than the patients 
in the other two tertiles. Mean PAT was also significantly 
lower in a group of 103 CF patients on a lung transplant 
list, who had a mean FEV1 of 20±5% predicted than 17 
controls (91 vs. 121 ms, P<0.01).[6]

The prevalence of PH in our group of stable patients with 
FEV1<60% predicted was 33% when PH was defined as 
PAT<101 ms and 15% when PH was defined as sPAP > 
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35 mmHg. These data are difficult to compare with those 
from other studies because of differences in patient status 
and selection. However, prevalence of PH in other studies 
was very high, ranging from 30% to 63% in patients on 
lung transplant lists.[3,7,25]

FEV1 was one of the two main determinants of PAT 
in our study, in keeping with earlier reports.[3,25] FEV1 
has been shown to be the best marker of lung disease 
severity and a major predictor of respiratory morbidity 

and mortality in CF.[26] Nocturnal desaturation was 
the other determinant of PH in our patients. The 
analysis of nocturnal gas exchange is among the main, 
strongest points of our study, as the potential impact 
of nocturnal oxygen desaturation episodes on PH has 
not been specifically addressed in previous work. [3] 
Nocturnal desaturation is a well-recognized determinant 
of secondary PH in chronic obstructive pulmonary 
disease and other diseases such as heart failure. [27] 
One study investigated awake and sleep SpO2 values in 

Figure 2: Kaplan–Meier time to lung transplantation curves according to the level of systolic pulmonary arterial pressure (sPAP) (< or ≥ 35 mmHg) (A), and 
according to the tertile of pulmonary acceleration time (PAT), tertile 3 representing the lowest tertile, <101 ms (B). Time to lung transplantation was significantly 
shorter in the lowest PAT tertile compared to the two other tertiles (P<0.001) whereas no difference was observed according to the level of sPAP.

(A) (B)

Table 5: Univariate correlation between echocardiographic variables and clinical and respiratory variables
Variables Left ventricle Pulmonary Right ventricle

LVEDDind FS IVRT E/A Decc time E PAT Systolic PAP RVEDD

Clinical
Age (years) −0.56* −0.08 0.45* 0.39* 0.08 0.01 0.13 −0.02
BMI, kg/cm² −0.54* 0.12 0.26* −0.35* 0.31* 0.19 0.01 0.08
RespR, rpm 0.42* −0.13 −0.20 0.25* −0.19 −0.24* −0.09 −0.23*
Systolic BP, mmHg −0.20 −0.02 0.07 −0.35 0.09 0.19 0.06 0.18
DiastolicBP, mmHg −0.34* 0.11 0.09 −0.20 −0.03 0.14 0.10 0.08
Heart Rate, bpm 0.22* −0.14 −0.20 −0.07 0.04 −0.17 −0.04 −0.19

Spirometry
VC (l) −0.41* −0.13 0.23 −0.01 0.10 0.32* 0.13 0.14
VC (% pred) −0.01 −0.06 0.19 0.05 0.22 0.27* −0.41* −0.12
FEV1 (l) −0.35* −0.02 0.11 0.01 0.12 0.45* −0.28 0.06
FEV1 (% pred) 0.13 0.12 −0.04 0.04 0.17 0.29* −0.42* −0.25

Daytime blood gases
PaO2 (mmHg) −0.18 0.03 0.16 0.03 −0.10 0.22 −0.25 −0.09
PaCO2 (mmHg) −0.15 0.06 0.34* 0.11 0.25 −0.07 0.29* 0.30*
PH 0.21 −0.08 −0.10 −0.09 −0.22 −0.12 0.3 −0.29*

Nocturnal gas exchange
Mean SpO2 (%) 0.06 0.11 0.14 −0.09 −0.07 0.12 0.05 0.05
Minimal SpO2 (%) 0.09 0.20 0.20 −0.007 −0.07 0.26* −0.17 −0.06
Desaturation index −0.08 −0.10 −0.08 −0.17 −0.01 −0.43* 0.34* 0.06
Mean PtcCO2 (mmHg) −0.13 −0.11 0.04 0.12 −0.05 0.15 −0.34* −0.21
Maximal PtcCO2 (mmHg) −0.07 −0.01 0.25 −0.24* 0.04 −0.36* 0.34* 0.08

BMI: body mass index; BP: blood pressure; VC: vital capacity, FEV1: forced expiratory volume in one second; PaO2: partial arterial oxygen pressure; PaCO2: 
partial arterial carbon dioxide pressure; SpO2: pulse oximetry; PtcCO2: transcutaneous carbon dioxide pressure; LVEDD: left ventricular end-diastolic diameter; 
FS: fractional shortening; IVRT: isovolumetric relaxation time; E: peak velocity of the early transmitral flow. A: peak velocity of the late atrial transmitral flow; Dec 
time E: Decceleration time of the E wave; PAT: pulmonary acceleration time; Systolic PAP: systolic pulmonary artery pressure; RVEDD: right ventricle end-diastolic 
diameter; *P<0.05
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33 adult patients with CF.[3] By multivariate analysis, 
echocardiographic sPAP correlated only with awake 
SpO2 and not with nocturnal SpO2,[3] also in agreement 
with another study.[25] Of note, PAT was not investigated 
in these studies. A previously reported determinant 
of PH that was not identified in the present study is 
bacterial colonization. An earlier study by our group 
showed that PH was more frequent and more severe in 
patients with Burkholderia multivorans infection than in 
patients with infections due to other bacteria, despite 
a similar level of blood oxygenation, lung function and 
bronchiectasis.[28] The vicious circle of excessive and 
uncontrollable pulmonary inflammation and infection, 
a hallmark of CF lung disease, could play a major role in 
the development of PH, especially in patients who have 
episodes of hypoxemia. Interestingly, the two patients 
in the present study who harbored Burkholderia cepacia 
in their sputum were in the lowest PAT tertile (Table 3).

The most interesting result of our study is the correlation of 
PAT with time to-lung-transplantation. Of the eight patients 
who received lung transplants during follow up, seven 
had PAT values <101 ms. Numerous factors associated 
with mortality in CF patients have been identified. The 
level of lung function and exercise capacity, and above 
all the rate of FEV1 decline, have emerged as major risk 
factors.[19,26,29-31] However, survival may also be affected 
by other factors such as microbiology, nutritional status, 
age, female sex, pancreatic insufficiency, CF-related 
diabetes mellitus, number of respiratory exacerbations 
and environmental and center-related factors.[26] PH is one 
of the recognized risk factors for premature death. [3,19,28] 
In a large cohort of 149 CF patients who were listed 
for lung transplantation, a higher sPAP value measured 
during cardiac catheterization was associated with higher 
mortality before transplantation.[19] Interestingly, in the 
present study, PAT but not sPAP correlated with time-to-
lung transplantation during the relatively short follow-up. 
This finding suggests that individual patients with PAT 
<101 ms may deserve consideration for inclusion on the 
lung transplant waiting list.

Our study has several limitations. Both practical and ethical 
reasons precluded routine cardiac catheterization. None of 

the patients died during follow-up, as all patients with very 
severe disease were able to undergo lung transplantation 
(Table 1). Therefore, survival could not be used as an 
endpoint, and prognosis was evaluated on time-to-lung 
transplantation.

PAT, which is easily and noninvasively measured during 
echocardiography, holds potential for diagnosis and 
assessing PH severity in children and adults with CF. 
PAT was of prognostic significance, with values lower 
than 101 ms being associated with a shorter time-to-
lung transplantation, compared to higher values. Larger 
prospective studies are warranted to assess the usefulness 
of low PAT for determining the optimal time for listing 
individual patients as lung transplantation candidates.
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