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Background: The efficacy of diaphragmatic plication (DP) has been proven in many studies. However,
there are few reports on DP for patients with severe respiratory conditions requiring mechanical ventilation.
The study aim was to demonstrate the efficacy of DP for patients with severe respiratory insufficiency after
cardiothoracic surgeries.

Methods: We retrospectively reviewed 10 patients who underwent DP for severe respiratory insufficiency
due to postoperative diaphragmatic paralysis; eight of them required mechanical ventilation, and two needed
high-flow oxygen therapy prior to DP. The symptoms, lung function, and elevation of the diaphragm were
assessed before and after DP.

Results: All patients were successfully withdrawn from mechanical ventilation after DP and discharged
without the need for oxygen therapy. The mean perioperative Medical Research Council (MRC) dyspnea
scale (AT'S/ERS 2004) score improved in 30 days (from 4 to 1.8) and in 90 days (from 4 to 0.6) after DP.
Lung dynamic compliance was also ameliorated (mean improvement: 41.9 to 60.7 mL/cmH,0O). Radiography
revealed improved elevation of the diaphragm (mean improvement of 1.8 intercostal spaces, range, 1-2).
Mean hospital stay after DP was 65.5 days (range, 25-187 days). One patient who underwent DP with
endostapler-only suturing required re-operation because of staple line ruptures.

Conclusions: DP was found to be an effective form of treatment for patients with severe respiratory

insufficiency after cardiothoracic surgery.
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Introduction The efficacy of DP for diaphragmatic paralysis has

been investigated in some previous studies and good

Diaphragmatic paralysis can lead to elevation and loss of outcomes have been found (3-7). However, most of those

mobility of the diaphragm, which may cause atelectasis, studies included only patients with relatively mild clinical

mediastinal shift to the contralateral side, and paradoxical
movement of the paralyzed diaphragm. When such
symptoms do not improve after a certain period of
observation or pulmonary rehabilitation, diaphragmatic
plication (DP) is considered (1,2).

© Journal of Thoracic Disease. All rights reserved.

conditions. Very few reports have discussed the value of DP
for patients with severe respiratory insufficiency, such as
patients who required support from mechanical ventilators
(8-10). Although DP for patients with severe respiratory
insufficiency is supposed to improve symptoms, the efficacy
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of the surgery and operative indications remain unclear.

The study aim was to demonstrate the efficacy of DP
for patients with severe respiratory insufficiency caused
by diaphragmatic paralysis. Therefore, we assessed our
experience of DP for patients who continued to experience
dyspnea after cardiothoracic surgery with a Medical Research
Council (MRC) dyspnea scale (AT'S/ERS 2004) (11) score
of 4; patient is too breathless to leave the house or breathless
when dressing or undressing.

Table 1 MRC dyspnea scale (AT'S/ERS, 2004)

Grade Degree of breathlessness related to activities

0 Not troubled with breathlessness except with
strenuous exercise

1 Troubled by shortness of breath when hurrying or
walking up a slight hill

2 Walks slower than people of the same age because
of breathlessness or has to stop for breath when
walking at own pace on a level grade

3 Stops for breath after walking about 100 m or after a
few minutes on a level grade

4 Too breathless to leave the house or breathless when
dressing or undressing

MRC, Medical Research Council dyspnea scale.

Table 2 Patient characteristics
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Methods

Between January 2002 and December 2016, a total of 3,312
patients underwent open heart surgery at our institution.
We retrospectively examined the clinical data of 10 patients
with iatrogenic diaphragmatic paralysis who underwent DP
during this period. All the patients underwent fluoroscopy
to confirm that the affected diaphragm was elevated and
fixed still. Fluoroscopy was conducted in patients connected
to mechanical ventilators in the same manner as the other
patients with mechanical ventilation interrupted during the
exam. The patient’s characteristics, operative procedures,
and postoperative outcomes were retrospectively reviewed
from our surgical database. We evaluated each patient’s
MRC dyspnea scale score (Table 1) and excluded patients
whose score was <3 because this study was conducted to
assess DP in patients with severe respiratory insufficiency
due to diaphragmatic paralysis.

This study was approved by the institutional ethics board
of Kobe University Hospital (No. 180061) and written
informed consent was obtained from all patients.

Patient characteristics

Table 2 shows the clinical characteristics of the patients.
The mean age was 68.2 (range, 51-79) years, and 60.0% of

Pt Age (years) Sex BMI (kg/m?) Side Pre-op MRC score MV before DP '(Dnrqel__/ociwf—l(:g)] Days before DP  Causes  Re-op
1 64 M 22.4 R 4 No - 11 MVR Yes
2 72 F 29.2 L 4 Yes 45.0 21 TAR No
3 69 F 23.4 R 4 Yes 30.8 16 PEA No
4 79 F 20.0 R 4 Yes 25.0 42 MVR Yes
5 51 M 30.1 L 4 Yes 50.0 31 TAR Yes
6 73 M 18.3 R 4 Yes 45.0 18 MVR Yes
7 66 M 26.3 R 4 No - 31 AVR Yes
8 67 M 23.3 L 4 Yes 45.0 3 CABG No
R 4 Yes 49.0 9 Med tumor
9 77 M 29.7 R 4 Yes 53.0 15 TAR No
10 64 F 22.9 R 4 Yes 33.0 15 MVR Yes

AVR, atrial valve replacement; BMI, body mass index; CABG, coronary artery bypass grafting; DP, diaphragmatic plication; F, female;
L, left; Med, mediastinal; MRC, Medical Research Council dyspnea scale; M, male; MV, mechanical ventilation; MVR, mitral valve
replacement; PEA, pulmonary endarterectomy; Pre-op, preoperative; Pt, patient; R, right; Re-op, re-operation for cardiac surgery; TAR,

total arch replacement.

© Journal of Thoracic Disease. All rights reserved.
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Figure 1 Surgical methods for diaphragmatic plication. (A) Our three-port VATS approach for diaphragmatic plication. The utility port

is placed at the eighth intercostal space. An assisting port and a camera port are placed in the sixth intercostal space; (B) plication with an

endostapler. The redundant diaphragm is lifted up while depressing the remaining diaphragm, thus, offering an optimal view for endostapler

insertion; (C) hand suturing after diaphragmatic resection. The staple lines are reinforced by over-and-over suturing technique using 2-0

polypropylene. VATS, video-assisted thoracic surgery.

the patients were male. Paralysis was right-sided in seven
patients, left-sided in two, and bilateral in one patient.
The MRC dyspnea scale score of every patient was 4; eight
patients required mechanical ventilation, and two patients
needed high-flow oxygen therapy prior to DP. They were
unable to leave the house or hospitals, which was equivalent
to MRC dyspnea scale of 4. The mean length from onset of
diaphragmatic paralysis to DP was 19.3 (range, 3-42) days.
The cause of diaphragmatic paralysis was phrenic nerve
injury after cardiothoracic surgery: four patients following
mitral valve replacement, three following total arch
replacement (TAR), one following coronary artery bypass
graft (CABG), one following pulmonary endarterectomy
(PE), and one following mediastinal tumor resection.
Among those procedures, 6 (60%) patients underwent
cardiovascular re-operation.

Surgical indication for this study

In our institution, the surgical indications of DP for
patients with severe respiratory insufficiency caused by
diaphragmatic paralysis include the following: (I) PaO,/FiO,
ratio <200 without mechanical ventilation, (II) existence of
paradoxical movement with respiration, and (III) mediastinal
shift. We did not perform DP when the respiratory
condition was improving as a result of medication and

© Journal of Thoracic Disease. All rights reserved.

rehabilitation or if considered to be exacerbated by other
reasons. For example, we confirmed prior to DP that cardiac
and fluid status of each patient did not negatively influence
the respiratory insufficiency. If respiratory condition could
be improved by their treatment, we waited to perform DP
until the treatment was completed.

Surgical procedure

DP was achieved by performing a thoracotomy in the
seventh intercostal space with contralateral differential
lung ventilation for the first five patients and then with a
three-port video-assisted thoracic surgery (VATS) approach
(Figure 1A) for the others. Concerning diaphragmatic
suturing, a hand-sewn suturing technique was used in the
first three patients, the endostapler technique was used in
the next four patients, and a combined technique of both
hand-suture and an endostapler was used in the other
patients (Zable 3).

In the hand-sewn technique, the hemidiaphragm was
plicated by using 2-0 polypropylene with an over-and-over
suturing technique. After the introduction of endostapler
devices, they were used to transect the hemidiaphragm
(Figure 1B). However, one out of the 10 patients showed
potential vulnerabilities of the staple line treated with
the endostapler-only technique. The patient required re-
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operation 3 days after DP because staple line rupture
occurred. Subsequently, a combined technique using hand-
suture and the endostapler has been adopted for DP to
reinforce suture lines (Figure 1C). During left DP, we
cut the diaphragm to allow visualization of the adhesion

between the diaphragm and abdominal organs and, thus,

Table 3 Approaches and suturing methods

Pt Approach Suturing

1 Thoracotomy Hand suturing

2 Thoracotomy Hand suturing

3 Thoracotomy Hand suturing

4 Thoracotomy Stapler

5 Thoracotomy Stapler

6 VATS Stapler

7 VATS Stapler

8 VATS Stapler and hand suturing
VATS Stapler and hand suturing

9 VATS Stapler and hand suturing

10 VATS Stapler and hand suturing

Pt, patient; VATS, video-assisted thoracic surgery.

Table 4 Postoperative outcomes
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avoid damage to the intra-abdominal organs. For right
DP, we do not cut diaphragm because the risk of injuring
the intestinal tract is much lower than the left side due to
position of the liver.

Study procedure

We examined clinical information, including patient
characteristics, respiratory status, imaging findings, surgical
techniques, interval of mechanical ventilation, length of
hospital stay (LOS), postoperative complications, and
mortality. Improvements following surgery were assessed
by evaluating the position of the hemidiaphragm on
chest radiographs, period of time attached to mechanical
ventilators, lung dynamic compliance, and postoperative
MRC dyspnea scale score; the latter was evaluated 30 days
and 90 days after surgery.

Results

Table 4 shows postoperative outcomes. Only one patient,
who had undergone the endostapler-only technique,
required re-operation because of ruptures at the staple lines,
and two patients needed tracheostomy because of a long
period of mechanical ventilation. No other postoperative
complications were observed, and none of the patients

Pt Radiographic improvement MRC score after MRC score after LOV after DP Post-op Cdyn LOS after DP T
(ICS) DP (30 days) DP (90 days) (day) (mL/cmH,0) (day)

1 2 0 0 - - 34 -
2 1 4 2 36 106 61 +
3 2 1 0 5 48.9 29 -
4 2 2 0 7 30 32 -
5 2 0 0 1 69 54 -
6 1 4 1 30 55 70 -
7 2 0 0 - - 187 -
8 2 2 1 14 49 90 -

2 2 1 8 60 84 -
9 2 2 1 18 71 25 +
10 2 3 1 20 57 54 -

Cdyn, lung dynamic compliance; DP, diaphragmatic plication; ICS, intercostal space; LOS, length of hospital stay; LOV, length of
mechanical ventilation; MRC, Medical Research Council dyspnea scale; Post-op, postoperative; Pt, patient; Tr, tracheotomy; VATS, video-

assisted thoracic surgery; +, yes; —, no.

© Journal of Thoracic Disease. All rights reserved.
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died during the follow-up period. All the patients were
successfully withdrawn from mechanical ventilation and
discharged without the need for oxygen therapy.

Postoperative radiography also showed improvement
in diaphragmatic elevation and lowering of the central
tendons: the mean improvement was 1.8+0.4 intercostal
spaces. The MRC dyspnea scale (mean preoperative
scale score: 4.0) improved at both 30 and 90 days after
surgery, with mean dyspnea scale scores of 1.8+1.4 and
0.620.6, respectively. Lung dynamic compliance showed
preferable improvement (mean improvement: 41.9+8.9 to
60.7+19.7 mL/cmH,0O, normal value: 40-80). The mean
length of required mechanical ventilator after surgery
was 13.9£11.7 days (range, 0-36 days). The mean LOS
following surgery was 65.5+43.8 days (range, 25-187 days).

This study included a patient with bilateral diaphragmatic
paralysis (Patient #8) who underwent DP on both sides.
Although diaphragm functions did not improve, elevated
diaphragms were returned to normal positions on chest
radiographs and his MRC dyspnea scales were improved as
well as the unilateral cases.

Discussion

Diaphragmatic paralysis in adults is caused by idiopathic
factors, tumor invasion, or nerve damage from
cardiothoracic surgery (12). Some previous reports have
stated that phrenic nerve injury is most commonly caused
by mechanical trauma during thoracic tumor resection,
cardiac surgery, and internal mammary artery harvesting
for CABG (12-17). However, most of our patients had
diaphragmatic paralysis after cardiac surgery under severe
situations, such as re-operations or emergency surgeries.
Considering that patients with diaphragmatic paralysis
after resection of thoracic malignancies rarely present
with severe respiratory distress, the severity of respiratory
conditions in our patients could have been caused by the
combined factors of diaphragmatic paralysis, perioperative
low cardiac function, and operative stress. Because most
of our patients underwent emergency surgery such as TAR
and PE, only few patients had taken pulmonary function
tests before primary surgery (Data not shown). The patients
had a relatively poor pulmonary function at baseline and we
consider that they did not tolerate diaphragmatic paralysis
partly because of their preoperative low respiratory function.

The operative indications and timing of DP for patients
with severe conditions due to diaphragmatic paralysis
remain controversial because most patients are able to

© Journal of Thoracic Disease. All rights reserved.

Uchida et al. DP for severe cases

improve their symptoms by conservative observation or
rehabilitation, and complete recovery of diaphragmatic
function would not be expected if DP was performed
(13,18,19) in such cases. Diaphragmatic function has been
found to return to normal within 6 to 12 months after
traumatic phrenic nerve injury (20). Therefore, some
previous reports have recommended that surgery should
be performed 6 to 12 months after phrenic nerve injury
(1,5,7,19,21). However, we could not delay the surgery
for such a long period because our patients had severe
respiratory insufficiency, and long-term observation could
lead to major complications, such as pneumonia, ventilator-
induced lung injury, or muscle weakness. A few previous
case reports have shown that early surgical intervention
contributed to good outcomes in patients with severe
respiratory distress (8,22), whereas other reports have
shown that surgical intervention performed >6 weeks
after diaphragmatic paralysis led to poor outcomes for
mechanically ventilated adult patients with severe lung
parenchymal disease (10). Additionally, late DP might result
in poor outcomes because of atrophy of the diaphragm (14).
Consequently, we established surgical criteria for
diaphragmatic paralysis with severe respiratory insufficiency
in our institution and performed emergency surgeries.
Although some patients required long LOS, respiratory
conditions improved in all of our patients. Two patients
(Patients #2, #6) took more than 30 days from DP to
extubation, and there were no preoperative factors for
prolonged mechanical ventilation such as cardiac function,
frailty, or BML

We consider that patient selection is important for good
outcomes; therefore, we do not perform DP when the
respiratory condition is improving in response to medication
and rehabilitation or considered to be exacerbated for other
reasons such as overhydration or cardiac failure. All of our
patients had undergone echocardiography to rule out other
potential factors of respiratory insufficiency. If respiratory
condition could be improved by their treatment, we waited
to perform DP until the treatment was completed.

In fact, we could not grasp the accurate number of
patients who developed iatrogenic diaphragmatic paralysis
during the period because patients who did not undergo
DP were not obtained from our database. However, about
half of the cases who had respiratory insufficiency and were
considered for DP showed some respiratory improvement
in a short duration and did not require DP. It is assumed
that improvement of other factors than diaphragmatic
paralysis led to the improvement of their respiratory
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conditions. From our results, we considered that early
surgical intervention contributed to good outcomes in such
patients with severe respiratory insufficiency under careful
patient selection.

Several previous studies have described the use of
thoracoscopic DP and reported good outcomes (23-25).
However, the advantages of VATS over thoracotomy for
DP have been less frequently reported (24). We believe
that the most important advantage of VATS for patients is
the preservation of respiratory muscles. VATS lobectomy
reportedly prevents atrophy of the latissimus dorsi muscles,
which allows for faster recovery of short-term respiratory
function (26-28). We assume that the preservation of
respiratory muscles is more important in patients with
diaphragmatic dysfunction than in patients who underwent
lung lobectomy because the role of respiratory muscles
is greater in patients with diaphragmatic dysfunction.
Moreover, we consider that short-term recovery is an
additional advantage for our patients.

Some suturing methods of DP have been reported
previously. However, no studies have evaluated the
association between suturing methods and their outcomes
(29,30). We consider that resection of a redundant
diaphragm contributed to good outcomes regardless of
the suturing method. Actually, our patients with poor
improvement in diaphragmatic elevation needed a
tracheotomy and longer periods of mechanical ventilation.
Of course, the more the number of intercostal spaces the
diaphragm is lowered for, the more the respiratory function
would improve. However, there was no suggestion about
the target number of intercostal spaces to be reached during
the repair. Our patients showed improvement of elevated
diaphragm by 1.8+0.4 intercostal spaces on average, and all
of them showed improvement in the MRC dyspnea scale.
This suggests that we can set a target number of intercostal
spaces of at least two in the future.

Although conventional hand suturing is the most secure
and durable method for DP, it is time-consuming and
complicated when used in the VATS procedure. We think
the endostapler device is particularly useful for the VATS
procedure and saves time and labor. We currently perform
DP with a combination of an endostapler and hand-
suture methods because we experienced a case of rupture
at the staple lines in Patient #7 who was treated with the
endostapler-only technique. Indeed, some reports have
recommended reinforcement of the staple line with sutures
to avoid ruptures (23,31). We found that this combined
technique was convenient for VATS because suturing after

© Journal of Thoracic Disease. All rights reserved.

3709

the redundant diaphragm had been removed was easier than
using hand sutures only.

There were three major limitations in this study: (I) the
sample size was small, so further studies are required with
a larger number of patients; (II) few objective examination
data were obtained. Most of our patients were dependent
on mechanical ventilation, which made it difficult to assess
improvement in their respiratory function. Therefore,
we used improvement of diaphragm elevation in chest
radiography and lung dynamic compliance instead.
However, new objective methods of assessment should
be considered prior to surgery to determine the surgical
indicators for DP in patients with severe respiratory
insufficiency; (III) the denominator of patients with
iatrogenic diaphragmatic paralysis was not obtained in this
study. With the accurate number of patients with iatrogenic
diaphragmatic paralysis, including both who did and did not
undergo DP, we could understand more of the association
between iatrogenic diaphragmatic paralysis and indication
of DP. Further studies would help us establish surgical
indication of DP for severe diaphragmatic paralysis.

In conclusion, performing DP for patients with severe
respiratory insufficiency caused by diaphragmatic paralysis
after cardiothoracic surgery contributed to improvement in
dyspnea. Early surgical intervention could be considered for
these patients if their respiratory condition is not expected
to improve or is believed to be influenced by other factors.
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