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Mid-term follow-up in patients
with diaphragmatic plication after surgery
for congenital heart disease

Abstract Objective: Diaphragmatic
palsy (DP) is a rare but severe com-
plication after surgery for congenital
heart disease. Transthoracic diaphrag-
matic plication is an effective means
of treatment for those with respiratory
impairment due to DP, but little is
known about the mid-term effects of
diaphragmatic plication. Design: We
performed a study in 24 patients with
history of DP. Diaphragm movement
was assessed using ultrasound. Pa-
tients with DP who were old enough
were additionally followed-up with
lung function and exercise testing.

A group of patients with similar age,
diagnoses and operations served as
controls. Results: Ultrasound showed
that in the majority of cases with his-
tory of DP the paralysed diaphragm
was static, independently of whether
it was plicated or not. Patients with
DP had a more restrictive lung func-
tion pattern (VC: 54.3 vs. 76.4%
predicted, p < 0.001; FEV;: 58.4

vs. 86.2% predicted, p < 0.001) and

a lower exercise capacity compared
with the control group (peak VO;:
24.5 vs. 31.3 ml/kg/min, p = 0.03).
Comparing patients with and without
plication for DP, only a tendency
towards lower lung function values
in patients after diaphragmatic pli-
cation, but no differences regarding
exercise capacity, could be found.
Conclusions: Our results provide
evidence that DP is a serious surgical
complication with a reduction in
lung function and exercise capac-
ity, even at mid-term follow-up;
however, diaphragmatic plication,

a useful tool in treating post-surgical
DP in children with respiratory
impairment, seems to be with-

out mid-term risk in terms of
recovery of phrenic nerve func-
tion, lung function values, and
exercise capacity.

Keywords Diaphragmatic palsy -
Congenital heart disease - Lung
function testing - Exercise testing

Introduction

Diaphragmatic paralysis following phrenic nerve injury
is a rare but serious complication after cardiac surgery
in children and adults [1, 2] with a higher prevalence in
neonates and small infants. The reported prevalence in
children varies between 0.4 [3] and 16% [4] depending on
the type of study, age and diagnoses of the patient group
and other factors. Postoperative phrenic nerve lesion
can occur as a consequence of contusion, dissection,
stretch and hyperthermic or hypothermic damage [5-7].

Because newborns, infants and small children lack
compensatory mechanisms, such as strong intercostal
muscles, stable mediastinum and an upright course of
the ribs to counteract a raised diaphragm and/or the
paradoxical movement of the diaphragm [8-10], acute
diaphragmatic palsy is more significant in these patients.
Acute postoperative diaphragmatic palsy presents with
dyspnoea and respiratory distress, and is often compli-
cated by the need for prolonged mechanical ventilation,
an increased incidence of pulmonary infections and
a prolonged hospital stay [11]. As many reports have
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shown, unilateral diaphragmatic plication can be useful to
reverse the negative effects of diaphragmatic paralysis and
facilitate weaning from mechanical ventilation a few days
later [12—15]. Our experience concerning diaphragmatic
palsy and diaphragmatic plication as an effective means
of treatment has been reported previously [11]; however,
even if diaphragmatic plication is helpful to wean children
from mechanical ventilation and may prevent its negative
long-term effects, we do not know whether it is beneficial
for the future of our patients. So far little is known about
the mid-term outcome of infants and children with post-
surgical diaphragmatic paralysis or the mid-term effects
of diaphragmatic plication in terms of lung function and
exercise capacity. In adult patients some reports with small
patient numbers have shown objective evidence that all
lung volumes, with the exception of functional residual
capacity (FRC), are improved following diaphragmatic
plication [6, 16].

Therefore, the aim of the present study was to look at
the mid-term outcome of these young patients with post-
surgical diaphragmatic paralysis and to answer the follow-
ing questions:

1. Is there a difference between children with
diaphragmatic paralysis and children who underwent
equivalent surgical interventions without the complication
of diaphragmatic paralysis concerning lung function and
exercise capacity?

2. Are there differences between children with and
without diaphragmatic plication concerning lung function
and exercise capacity?

3. Is there recovery of the phrenic nerve? What is the
role of diaphragmatic plication in possible spontaneous re-
covery of diaphragmatic function?

Patients and methods

In the present mixed retrospective and prospective study
24 patients with a history of postoperative diaphragmatic
paralysis after surgery for congenital heart disease under-
went assessment of diaphragm movement, lung function
and/or exercise capacity during routine follow-up between
January 2001 and December 2003 (for general patient data
see Table 1). Follow-up examinations were performed
according to the patients’ age and compliance. During
these years we had an incidence of 1.4% for diaphragmatic
paralysis as a complication arising during surgery for con-
genital heart disease, as described previously [11]. Around
one-third of the patients have been followed-up and
analyzed in the present study. Patients and their parents,
where appropriate, gave their agreement to publication of
the data.

Twenty-three patients were followed-up with ultra-
sound or fluoroscopy to examine the movement of the
diaphragm, 15 patients underwent lung function test-
ing with spirometry and 15 patients underwent bicycle

spiroergometry to test exercise capacity. Patients had
a median age at surgery of 1.8 years (range 8 days to
22 years). Diaphragmatic palsy was suspected on the basis
of clinical findings and the diagnosis was confirmed, in
the majority of cases, by ultrasound sonography. Eleven
patients received plication of a paralysed diaphragm to
flatten the diaphragm in its inspiratory position using the
modified central pleating technique described by Schwartz
and Filler [14] and Shoemaker [15]. Diaphragmatic
plication was performed at a median of 121 days after
initial surgery (range 22 days to 3.9 years). Indications for
plication were failed weaning from mechanical ventila-
tion, severe recurrent pulmonary infections with the need
for hospitalization and in some patients univentricular
hemodynamics [11, 17]. Due to only rare experience
in our center and controversial opinions concerning the
benefit of diaphragmatic plication in the 1980s and 1990s,
diaphragmatic plication in the patients described here
was performed later than we would recommend today.
Additionally, it should be mentioned that 3 of the patients
with TCPC presented here without plication underwent
plication later.

At follow-up patients with diaphragmatic paralysis
had a median age of 9.5 years (range 4.1-27.2 years) and
the median time since initial surgery was 5.5 years (range
2.9-12.6 years).

Control group

Patients who had had cardiac surgery for comparable
diagnosis and indications — without the complication of
diaphragmatic paralysis—who underwent lung function
testing or bicycle spiroergometry during routine follow-up
between January 2001 and December 2003 served as
controls. The general data of the control patients for lung
function testing and spiroergometry is given in Table 2.
Because of the wide spectrum and the complexity of
diagnoses and types of operations, analysis of matched
pairs could not be performed.

The controls, like the patients, did not have any known
severe comorbidity besides the corrected or palliated con-
genital heart disease.

Ultrasound detection of diaphragmatic movement

Twenty-three patients with diaphragmatic palsy were fol-
lowed up. Movement of the diaphragm was measured by
ultrasonography in a lateral or subcostal view and graded
as normal, static or paradoxical. In children who under-
went heart catheterization for other reasons, movement of
the diaphragm was evaluated using fluoroscopy.

Additionally, children who were of eligible age under-
went lung function testing and/or cardiopulmonary exer-
cise testing.
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Table 2 General patient data for patients and controls who underwent lung function testing and spiroergometry

Lung function testing

Bicycle spiroergometry

Diaphragmatic
paralysis (n=15)

Gender (male/female) 7/8

Age at surgery (days) 536 (8-8038)

Age at follow-up (years) 11.1 (4.1-27.2)
Time since surgery (years) 5.5 (3.2-12.6)
Body weight at follow-up (kg) 27.0 (13-88)
Height at follow-up (m) 1.34 (1.01-1.78)
Body-mass index 16.3 (12.0-30.1)

Control group
(n=39)

20/19
1056 (6-9436)
13.4 (4.8-27.1)
7.9 (0.01-19.6)
41 (17-87)
1.53 (1.1-1.98)
18.4 (11.9-31.9)

Diaphragmatic
paralysis (n=15)

6/9
769 (8-8038)
12.9 (6.6-27.2)
6.5 (4.7-12.6)
33.5 (20-88)
1.5 (1.16-1.78)
18.9 (12.4-30.1)

Control group
(n=80)

55/25
1447 (4-6611)
14.3 (4.9-26.6)
8.8 (0.3-21.9)
50 (16-93)
1.62 (1.07-1.9)
18.9 (12.6-28.2)

Lung function testing

Lung function was assessed in 15 patients with diaphrag-
matic palsy and 39 controls. If lung function analysis and
exercise testing was done in the same patient, spirometry
was performed before the exercise testing.

Cardiopulmonary exercise testing

Exercise capacity was assessed in 15 patients with DP and
80 controls using symptom-limited, bicycle-based maxi-
mal exercise testing according to the Jones protocol [18].
Patients were encouraged to exercise to exhaustion. Dur-
ing the tests patients wore a tightly fitting face mask con-
nected to a capnograph and a sample tube enabling online
measurement of ventilation and metabolic gas exchange
(Jaeger, Hoechberg, Germany). We measured maximum
effort, peak oxygen consumption (peak VO,) as an index
of exercise capacity and the ventilatory response to exer-
cise as measured by the slope of the relation between ven-
tilation and carbon dioxide production (VE/VCO; slope;
this was displayed graphically throughout the test).

Statistical analysis

Statistical analysis was performed to detect differences
between patients with diaphragmatic dysfunction and the
control group. In the group of children with diaphragmatic
paralysis we compared the mid-term outcome of patients
who had received diaphragmatic plication with that of
patients who had not.

Statistical analysis was performed using SPSS 12.0.
Data are given as frequencies, medians and ranges, and
mean £ 1 SD as appropriate. Patient demographics, lung
function and exercise testing variables were compared
between patients with DP and controls and in patients
with DP between those with and without diaphragmatic
plication. The Mann-Whitney U-test or contingency table
analysis was applied, and for lung function and exercise
testing variables a two-step univariate analysis was used.
In a preliminary correlation analysis gender, body-mass
index and age at follow-up were found to be confounders
concerning lung function and especially exercise test-
ing parameters; therefore, two-step univariate analysis
was performed with gender as cofactor and body-mass
index and age at follow-up as covariates. A probability
value of p < 0.05 was taken to suggest that differences
observed between the patients with diaphragmatic palsy
and the control population, as well as between patients
with DP with diaphragmatic plication and without, were
significant.

Results

Diaphragmatic movement:
Ultrasound detection

Patients who underwent ultrasound detection of diaphrag-
matic movement at follow-up had a median age at surgery
of 1.4 years (range 8 days to 22.0years). A total of 27
cases of diaphragmatic palsy were found, with unilateral
palsy in 19 patients and bilateral palsy in four. Eleven
plications were performed in these patients. Follow-up

Table 3 Ultrasound evaluation of diaphragmatic movement after diaphragmatic palsy with and without plication of the affected side

Diaphragmatic movement Plicated diaphragm
Normal 2 (20)
Immobile 8 (70)
Paradox 1 (10)

Numbers in parentheses are percentages

Non-plicated diaphragm

6 (37.5)
8 (50)
2 (12.5)



took place 5.3 years (median; range 3.0—12.6 years) after
surgery and patients had a median age of 9.3 years (range
4.1-27.2 years) at follow-up.

Ultrasound examination showed an immobile dia-
phragm at the affected side in the majority of cases. No
statistically significant differences in the movement at
follow-up between plicated and non-plicated diaphragms
were found (see Table 3).

Lung function testing

Patients with history of diaphragmatic palsy vs. control
patients

No differences in the general patient characteristics, i.e.
gender, age at surgery, age at follow-up and body weight,
between patients with diaphragmatic impairment and the
controls could be detected. Moreover, there were no dif-
ferences in the number of patients in the two groups who
had had previous operations or in the kind of thoracotomy
(median or lateral) or the use of cardiopulmonary bypass.

Lung function analysis showed reduced lung function
with lower values for vital capacity (VC) and forced expi-
ratory volume in one second (FEV) in the group of chil-
dren with diaphragmatic palsy (independently of whether
they had received plication or not) compared with the con-
trols (Fig. 1a).

Except that patients with paralysis of the diaphragm
have a higher residual lung volume (193 vs. 146 ml;
p=0.046) and a higher percentage of residual volume in
relation to total lung capacity (199 vs. 148; p < 0.001),

p< 0.001
1

100 -

90 - p< 0.001

70 A

60 -

50 -

20 A

Vital capacity (VC)/FEV1 %predicted
Vital capacity (VC)/FEV1 %predicted

10 A

VC
I controls

FEV,

Fig.1 a Comparison of vital capacity (VC) and forced expiratory
volume (FEVI; in percent predicted) between control patients and
patients with diaphragmatic impairment. b Comparison of VC and

Patients with diaphragmatic paralysis

1989

no differences could be found in total lung capacity or
dead-space volume.

Patients with DP and plication vs. patients with DP and
without plication

Among the patients with diaphragmatic palsy those who
had needed diaphragmatic plication were significantly
younger at time of surgery than those who managed
without plication [median age 0.6 years (range 8 days
to 8.7years) vs. 9.6 years (range 314 days to 22 years;
p=0.012)], as has been reported previously [11]. At
follow-up there were no statistically significant differ-
ences in terms of age, body weight or height between the
two groups. In addition, the time between surgical inter-
vention and follow-up showed no statistically significant
difference, although the time interval was a little longer
in patients who underwent plication of the paralysed
diaphragm (6.5 vs. 5.3 years; p =0.181).

For statistical analysis of lung function values 1 patient
of the diaphragmatic plication group, who had persisting
paradoxical movement of the plicated diaphragm, was
excluded due to a lack of reliable lung function data. Tak-
ing into account gender, age at follow-up and body-mass
index, no significant differences concerning the different
lung function parameters could be found. Only for the
parameter percent of predicted vital capacity (VC) and
FEV| were there slightly lower values in the plicated
group (Fig. 1b). Due to the small number of patients in
each group, this small difference needs to be verified in
a larger group of patients.

p= 0.05 p= 0.039

70 -

60 -

50 A

40

20 -

VC
= With plication

FEV,

without plication

FEV1 (in percent predicted) between diaphragmatic paralysis pa-
tients with and without diaphragmatic plication
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Table 4 Evaluation of cardiopulmonary exercise capacity in patients
with diaphragmatic paralysis compared with controls. A subgroup
analysis concerned patients with diaphragmatic palsy and plication

Diaphragmatic Control group

palsy (n=15) (n=82)
Max. power (W/kg) 1.96 £0.62 2.46+0.74
Peak VO, (ml/min kg ~!) 24.5+6.04 31.3+10.04
VE/VCO2, slope 324+9.37 27+5.27
VE (I/min), ref. 9.75+£3.27 10.5+3.28
VE (I/min), max. 35.34+13.66 48.6 £17.38
Vex (1), ref. 0.424+0.16 0.524+0.23
Vex (1), max. 0.86 +0.48 1.27+0.5
Breathing rate, 24.7+17.07 21.3+4.84
ref. (per minute)
Breathing rate, 45.34+10.98 40.2 +9.47
max. (per minute)
Oxygen pulse, ref. 3.53+1.7 3.344+1.23
Oxygen pulse, max. 7.68 £3.41 9.35+3.64

Exercise testing

Comparison of patients with diaphragmatic palsy and
control patients without history of diaphragmatic
paralysis

Between patients with DP and the controls, no differences
in general data, i.e. age at surgery, age at follow-up, body-
mass index, kind of thoracotomy, the use of cardiopul-
monary bypass or previous operations, could be detected.
There was a difference in the distribution of the genders
between patients with diaphragmatic palsy and the con-
trol group (male/female 6/9 vs. 55/25; p=0.035); there-
fore, gender was taken into account as a cofactor in the
subsequent statistical analysis. As in the evaluation of lung
function, patients with DP and plication were significantly
younger at surgery. These patients were younger at follow-
up as well (10.7 vs. 18.1years; p=0.014). Due to their
younger age, patients with DP and plication were smaller
and weighed less at follow-up. No differences in the body-
mass index could be found. In addition, the time interval
between surgery and follow-up, although it was longer in
patients who underwent plication, was not statistically sig-
nificant (median 9.3 vs. 5.6 years; p=0.15).

Patients with post-surgical diaphragmatic palsy
showed a lower level of cardiopulmonary exercise cap-
acity than control patients. There were significant dif-
ferences between the two groups in the maximal power
reached. Peak oxygen uptake (peak VO,) as a measure of
maximal exercise capacity was significantly reduced in
children with diaphragmatic palsy compared with controls
(24.5 vs. 31.3 ml/kg min~'; p = 0.025).

The relation between ventilation and carbon dioxide
production (VE/VCO3 slope) as the ventilatory response to
exercise was significantly higher in patients with diaphrag-
matic impairment. Accordingly the minute volume (VE) as

vs. patients without plication. Analysis was weighted for gender.
Age at follow-up and body-mass index served as cofactors. All val-
ues are given as mean + SD

Significance Diaphragmatic Diaphragmatic Significance
(p) palsy with palsy without (p)
plication (n =28) plication (n=7)

0.025 2.0+0.87 1.9+0.23 0.947
0.030 25.0+6.72 239+5.6 0.772
0.016 32+5.58 32+12.6 0.629
0.546 9.91+4.42 9.59 £1.88 0.495
0.008 25.51+5.15 45.1+12.44 0.106
0.182 0.37£0.15 0.47£0.17 0.318

<0.001 0.54 £ 0.18 1.18£0.48 0.235
0.039 26.9+8.17 22.1+4.98 0.876
0.291 48.1£8.46 42.0+£132 0.606
0.308 3.44+£1.99 3.63+£1.43 0.347
0.350 6.14 £2.26 9.44+3.79 0.915

well as the tidal volume (VT) at peak exercise — as mark-
ers of the respiratory response to exercise — were signifi-
cantly reduced in patients with DP, whereas there was no
difference in baseline values. Although patients with DP
showed higher respiratory rates at baseline (p =0.039), at
peak exercise no statistically significant difference could
be detected (p=0.291). No differences in oxygen pulse,
as a non-invasive index for stroke volume, could be found
(for all data see Table 4).

Patients with DP and plication vs. patients with DP and
without plication

The comparison of children with and without diaphrag-
matic plication showed significant differences in age, body
weight and height at follow-up. This is due to the fact that
patients who required diaphragmatic plication were signif-
icantly younger at the initial operation. But taking these
differences into account no differences in exercise cap-
acity or peak oxygen uptake, VE/VCO; slope, tidal (VT)
and minute volume (VE) or respiratory rates between chil-
dren with and without diaphragmatic plication could be
found (Table 3).

Discussion

Phrenic nerve injury is a well-known clinical condition
following cardiopulmonary bypass surgery [6, 19] and is
an important risk factor in terms of morbidity during the
postoperative period. Several studies have focused on the
problems resulting from phrenic nerve damage, especially
in infants and young children, such as prolonged hospital
stay, prolonged mechanical ventilation and increased
use of antibiotics [1, 8—11]. Diaphragmatic plication as
described by Schwartz and Filler [14] and Shoemaker



etal. [15] is performed to restore normal pulmonary
parenchymal volume by restoring the diaphragm to its
normal position [19] and has been shown to be effective
in facilitating weaning from mechanical ventilation and
shortening the post-operative course [1, 2, 7, 8, 11, 19-21];
however, the general value of diaphragmatic plication is
controversial and its mid- and long-term results remain
unknown.

Spontaneous recovery of diaphragmatic function
has been described in rare cases [2, 22], but recovery
itself and time to recovery cannot be predicted [7, 21,
23] —and recovery has been described even in patients
after diaphragmatic plication [2, 19]. Looking at recovery
of phrenic nerve function in our patient cohort we found
normal diaphragmatic movement indicating recovery
of phrenic nerve function in only one-third of cases,
whereas the majority of paralysed diaphragms remained
paralysed, regardless of whether plication was performed
or not (Table 2). Although we did not perform any nerve-
conduction studies in our patients, these data support the
hypothesis that even after diaphragmatic plication there is
a potential for recovery of the phrenic nerve.

Kizilcan etal. [19] evaluated 12 patients with dia-
phragmatic plication after congenital diaphragmatic
eventration in terms of diaphragmatic movement and lung
function, and found vital capacity and FEV values within
the normal range in five of six patients; however, other
groups have shown a restrictive ventilatory pattern in
patients with unilateral diaphragmatic paralysis [16, 24,
25]. Whereas a mild to moderate restrictive lung function
pattern has been described for patients after repair of
more complex congenital heart disease, depending on
the complexity of congenital heart disease and surgical
outcome [26-30], we found an even more restrictive
ventilatory pattern in our patients with a history of dia-
phragmatic palsy compared with our controls. But there
was no clear statistically significant difference in lung
function values in the comparison between patients with
and without plication, even if in the small group of patients
with diaphragmatic plication there was a tendency towards
lower VC and FEV| values. Due to the small number of
patients with diaphragmatic palsy who were followed up
by lung function testing, this difference seems to represent
only a trend and has to be investigated in a larger patient
cohort. Since FEV and peak VO; are linearly related,
a reduction in FEV should affect maximal work capacity
as well. For children who have undergone repair of more
complex congenital heart disease, a significantly impaired
mean normalized maximal performance has been de-
scribed [31]. In our cohort of patients with diaphragmatic
palsy no differences in the resting values — besides a higher
breathing rate — could be found, but, as expected, we found
lower cardiopulmonary exercise capacity as well as lower
values for peak VO, and a higher VE/VCO; slope as
the ventilatory response to exercise in children with
a history of diaphragmatic palsy. Additionally, at peak

1991

exercise children with DP had lower minute ventilation;
therefore, one might suggest that at rest patients with
diaphragmatic impairment can compensate a lower vital
capacity by a higher breathing rate, but at peak exercise
this mechanism of compensation no longer copes. As seen
for recovery of the phrenic nerve and lung function testing,
no differences in cardiopulmonary exercise testing could
be found for children with and without diaphragmatic
plication.

A limitation of this study is the relatively long time
period between surgery and plication, which is due to the
rare experience of plication at our centre and controversial
opinions concerning the benefit of diaphragmatic plica-
tion in the 1980s and 1990s. Diaphragmatic plication is
presently performed much earlier to prevent irreversible
lung damage due to prolonged ventilation or chronic at-
electasis. In addition, we have learned that in children with
univentricular circulation diaphragmatic palsy is a risk
factor for suboptimal Fontan hemodynamics, as described
previously [17]. Having recognized this, we performed
plication after 2003 in three of the patients with TCPC
followed up in this study; therefore, the outcome — in terms
of lung function and exercise capacity — after plication
may be even better in patients who undergo plication early
after initial surgery. Furthermore, as a routine check-up for
diaphragmatic paralysis in our centre was not started until
1996, we cannot exclude the possibility that there might
be a patient with clinically unapparent diaphragmatic
paralysis in the control group, because the latter was
formed retrospectively from among patients in whom all
the procedures were performed.

Conclusion

In conclusion, we state that it is generally important to
raise the issue of primary intraoperative prevention of
damage to the phrenic nerve and to consider intraoperative
phrenic nerve latency monitoring, which has been shown
to be effective in adults [32-35]. At the same time,
a high degree of awareness in the postoperative period
is necessary to prevent further morbidity by diagnosing
and treating diaphragmatic impairment and selecting the
patients for plication. Plication seems to be without mid-
term risk in terms of recovery of phrenic nerve function,
lung function values and exercise capacity; however, it
seems that it does not provide general benefit to patients
with diaphragmatic impairment and it should therefore not
be performed routinely in all patients (except in patients
with total cavopulmonary connection) [11, 36].
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