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Significant diaphragm elevation suggestive of phrenic nerve injury 
after thoracoscopic lobectomy for lung cancer: an underestimated 
problem 
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Background: Phrenic nerve injury (PNI) during lung cancer surgery, without apparent nerve section 
or damage, is still not well-studied. The aim of our study is to find an easy and objective way to evaluate a 
significant diaphragm elevation (SDE) suggestive of inadvertent PNI and its incidence and impact on lung 
cancer patients undergone video-assisted thoracoscopic surgery (VATS) lobectomy.
Methods: Extent of diaphragm elevation was first examined on chest X-ray in a cohort of patients with 
invasive thymoma in whom phrenic nerve was intentionally transected. The result was then used as the 
criterion to diagnose a SDE suggestive of PNI in another cohort of VATS lobectomy patients. Fluoroscopy 
test was used to validate the results. Spirometry test was repeated to evaluate pulmonary function loss after 
surgery.
Results: Diaphragm elevation was 24.24%±6.2% in 22 invasive thymoma-patients, with 30% elevation 
adopted as the criterion to diagnose SDE suggestive of PNI. In 753 VATS lobectomy patients, 56 (7.4%) 
were diagnosed of SDE. On Fluoroscopy test, diaphragm movement was significantly less in patients with 
diaphragm elevation >30% than those without (5.0 vs. 11.0 mm, P=0.003), together with a significantly 
smaller diaphragm movement ratio on the operation (OP) side than on the contralateral side (17% vs. 42%, 
P=0.018). Although no difference in postoperative complications was found, reduction in FEV1, FVC, and 
DLCO was significantly greater in patients with a SDE than those without (P=0.009).
Conclusions: Patients with more than 30% diaphragm elevation after VATS lobectomy is highly likely 
to have PNI and should undergo fluoroscopic validation. Inadvertent PNI during VATS lobectomy is an 
underestimated phenomenon and is associated with significantly greater loss of pulmonary function.
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Introduction

Phrenic nerve injury (PNI) is a well-noted complication 
after cardiac (1-4) and sometimes also after thymic 
surgery (5,6). On the contrary, scarcely has attention 
been paid to inadvertent PNI during lung cancer surgery, 
with few cases reported (6). Although some diagnostic 
tools have been proposed for detecting PNI (7-13), they 
are not readily available in most of the cardio-thoracic 
surgery units. During surgical resection for lung cancer, 
unexpected significant diaphragm elevation (SDE) on 
post-operative chest film is often the first sign suggesting 
PNI. But this is mainly subjective and without a well-
defined criterion for quantitative measurement (2-5). Upon 
fluoroscopic examination, a paralyzed diaphragm with 
absent or paradoxical movement is considered diagnostic 
of the presence of PNI. Video-assisted thoracoscopic 
surgery (VATS) is now the recommended approach for 
surgical management of early-stage lung cancers, with 
well demonstrated advantages over open thoracotomy 
(14,15). With different techniques and instruments used 
for these two approaches, new problems not commonly 
seen in open surgery may emerge, including PNI. The aim 
of this study is therefore to quantitatively define an SDE 
suggestive of PNI and then to evaluate its incidence and 
functional impact on lung cancer patients undergone VATS 
lobectomy. We present the following article in accordance 
with the STROBE Guideline (available at http://dx.doi.
org/10.21037/tlcr-20-540).

Methods

This is a retrospective cohort study using a prospectively 
kept database. All cases included in this study were operated 
on by a single team of surgeons (WF). Extent of diaphragm 
elevation was first evaluated in a cohort of patients with 
stage III thymic tumors in whom phrenic nerve was 
intentionally co-resected because of tumor invasion. The 
results were then used to evaluate diaphragm elevation and 
potential PNI in another cohort of patients undergoing 
VATS lobectomy for lung cancers. 

All procedures performed in this study were in 
accordance with the Declaration of Helsinki (as revised 
in 2013). The study design was approved by the Local 
Ethics Committees. All patients gave a written informed 
consent for the surgical treatment and were aware that 
all information could be used anonymously for scientific 
purpose only.

Phase I: quantitative evaluation of SDE suggestive of PNI

Extent of diaphragm elevation was first measured on chest 
X-ray before and 6 months after surgery in thymic tumor 
patients cohort. Both chest films were taken in postero-
anterior projection, on full inspiration and with the patient 
in standing position. The distance between the highest 
point of the diaphragm and the apex of the chest before (DB 
= distance before) and after surgery (DA = distance after) 
was measured and recorded. Extent of diaphragm elevation 
was calculated by the following formula: [(DB-DA)/
DB]×100%. Fluoroscopy test was performed to validate 
the diaphragm movement on both the operation (OP) and 
the non-operation (NOP) sides and to calculate diaphragm 
movement ratio, defined as diaphragm movement on the 
OP side divided by that on the NOP side. Considering that 
there would be loss of lung volume after lobectomy, the 
above result in mean value + standard deviation (SD) was 
then taken as the criterion indicating an SDE potentially 
related to PNI in lung cancer patients undergone VATS 
lobectomy. 

Phase II: evaluation of SDE suggestive of PNI after VATS 
lobectomy 

From a prospectively kept database, patients having VATS 
lobectomy for lung cancers from January 2012 to December 
2016 were retrieved for this study. Only patients with no 
previous thoracic surgery and no pre-treatment for lung 
cancer were included. Patients in whom phrenic nerve was 
transected during surgery because of tumor or lymph node 
invasion and those converted from VATS to open surgery 
were also excluded. Since only de-identified information 
was used for the study, written consent was waived by the 
hospital IRB. VATS lobectomy was fulfilled through a 
standard three-hole approach. Hilum mobilization was 
carried out using energy devices including hook electric 
cautery or harmonic scalpel. Lymph nodes in hilum were 
always dissected together with the lobe resected. In patients 
with lesions appearing as ground-glass opacities, mediastinal 
nodes were systemically sampled. Skeletonised mediastinal 
nodal dissection was performed only in patients with solid 
or sub-solid lesions. Extent of diaphragm elevation in every 
patient was measured according to the methods described in 
the first phase of the study. To rule out potential influences 
of pleural effusion, atelectasis, or pneumonia in the early 
post-operative period (1), comparison of diaphragm levels 
was carried out using chest X-rays before and 6 months after 

http://dx.doi.org/10.21037/tlcr-20-540
http://dx.doi.org/10.21037/tlcr-20-540


1824 Ventura et al. PNI during lobectomy

© Translational Lung Cancer Research. All rights reserved.   Transl Lung Cancer Res 2020;9(5):1822-1830 | http://dx.doi.org/10.21037/tlcr-20-540

surgery (Figure 1A,B,C,D). SDE was diagnosed according 
to the criterion established through Phase I of the study. 
Fluoroscopy test was again used to verify SDE diagnosed by 
chest X-ray and to calculate diaphragm movement ratio as 
mentioned above. Spirometry test was carried out as a part 
of preoperative workup in all patients, and also at 6 months 
after surgery in those patients who did not receive any 
adjuvant therapy when they came to the outpatient clinic for 
follow-up (16). The results were expressed as absolute and 
predicted values preoperatively and as the rate of decline 
postoperatively. Surgical outcomes and spirometry changes 
were then compared between patients with or without SDE 
after surgery. 

Statistical analysis 

Quantitative data were expressed as mean ± SD. Continuous 

variables were compared using Student’s t-test or Mann-
Whitney U test, and categorical variables were analyzed 
by χ2 test. A P value <0.05 was considered statistically 
significant. All statistical analyses were calculated using the 
SPSS software version 19.0 (SPSS Inc., Chicago, IL, USA).

Results

Diagnostic criterion for SDE suggestive of PNI 

Extent  o f  d iaphragm e levat ion  was  found to  be 
24.24%±6.2% in 22 invasive thymic tumor patients with 
phrenic nerve intentionally transacted during thymectomy. 
Big wedge resection of the lung was also carried out in all 
of the patients because of tumor invasion. The upper limit 
(mean value + SD =30%) was adopted as the criterion for 
characterizing an SDE potentially due to PNI after VATS 

A

C D

B

Figure 1 Typical chest film presentations of patients with and without significant diaphragm elevation after VATS lobectomy for lung 
cancers. (A,B) Chest films of a 54-year-old female patient before and after left upper lobectomy. The distance between the apex of the 
diaphragm and the apex of the chest on pre- and post-operative chest X-ray was 166.02 mm (A) and 147.62 mm (B), respectively. Diaphragm 
elevation calculated by [(DB−DA)/DB]×100 was 11.1%. (C,D) Chest films of a 51-year-old female patient before and after right upper 
lobectomy. The distance between the apex of the diaphragm and the apex of the chest, on pre- and post-operative chest X-ray was 193.65 
mm (C) and 133.82 mm (D), respectively. Diaphragm elevation calculated by [(DB−DA)/DB]×100 was 31%. 
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lobectomy. Fluoroscopy test was carried out in 10 of these 
patients. Median diaphragm movement was 3.0 mm on 
the OP side and 33.3 mm on the NOP side (P=0.007,  
Figure 2A), with a diaphragm movement ratio of 9%.

Incidence of SDE suggestive of PNI after VATS lobectomy  

According to the above results, SDE suggestive of 
inadvertent PNI was found in 56 (7.4%) cases among 753 
consecutive VATS lobectomy patients treated during the 
study period. As stated before, none of these patients had 
intentional phrenic nerve transection or noticed injury 
during surgery. The extent of diaphragm elevation was 
15.8%±1.3% in the non-SDE group and 35.9%±1.5% in 
the SDE group, respectively (P=0.003). Fluoroscopy test 
was performed in 48 VATS lobectomy patients, 34 in the 
non-SDE group and 14 in the SDE group. In the non-SDE 
group, median diaphragm movement was 11.0 mm on the 
OP side and 28.7 mm on the NOP side (Figure 2B), with a 
diaphragmatic movement ratio of 38%. In the SDE group 
however, median diaphragm movement was 5.0 mm on the 
OP side, and 28.8 mm on the NOP side (Figure 2C), with 
a diaphragm movement ratio of merely 17%. Significant 
difference in diaphragm movement was seen on the OP 
side between the SDE and the non-SDE groups (P=0.003, 
Figure 3A), but not on the NOP side (P=0.982, Figure 3B). 

Significant difference was also found in diaphragmatic 
movement ratio between the SDE and the non-SDE groups 
(P value =0.018, Figure 3C). 

Impact of SDE on postoperative course and post-operative 
pulmonary function change

Patient demographics, preoperative co-morbidities, 
surgical procedures, and tumor characteristics were listed in  
Tables 1,2. Most of the patients were in good performance 
status before surgery. No significant difference was detected 
in gender, age, preoperative co-morbidity, or preoperative 
spirometry data between patients with or without SDE. 
No association was detected between SDE and side of 
OP or extent of lymph node harvesting. Neither was 
SDE found to be related to either T or N staging of the 
tumor. However, SDE was seen more often after upper 
lobectomies (8.9%) than after middle or lower lobectomies 
(5.5%), with a borderline significance (P=0.073). No patient 
died after surgery in this series. Incidence of postoperative 
morbidity was similar between patients with or without 
SDE (3.5% vs. 7.8%, P=0.240). Similarly, length of hospital 
stay was not different between the two groups (7.42±4.87 vs.  
7.04±4.92 days, P=0.574). Among 202 patients who 
had repeated spirometry test 6 months after surgery, 
significantly greater reduction in FEV1, FVC, and DLCO 

Figure 2 Extent of diaphragm movement on the operation and non-operation side on chest fluoroscopy after surgery. (A) Chest fluoroscopy 
in 10 thymoma-patients with phrenic nerve intentionally transected. Significant difference in diaphragmatic movement between OP and 
NOP sides was seen. (B,C) Chest fluoroscopy results in VATS lobectomy patients. In the non-SDE group, median diaphragm movement 
was 11.0 mm on the OP side and 28.7 mm on the NOP side, with a diaphragmatic movement ratio of 38% (B). In the SDE group however, 
median diaphragm movement was 5.0 mm on the OP side and 28.8 mm on the NOP side, with a diaphragmatic movement ratio of merely 
17% (C).

80

60

40

20

0

60

40

20

0

40

20

0

D
ia

ph
ra

gm
at

ic
 m

ov
em

en
t/

m
m

D
ia

ph
ra

gm
at

ic
 m

ov
em

en
t/

m
m

D
ia

ph
ra

gm
at

ic
 m

ov
em

en
t/

m
m

Diaphragmatic movement in phrenic nerve 
resected mediastinal patients

Diaphragmatic movement in patients of 
non-SDE group

Diaphragmatic movement in patients of 
SDE group

P=0.0075

OP side OP side OP sideNOP side NOP side NOP side

P<0.0001 P<0.0001

A B C



1826 Ventura et al. PNI during lobectomy

© Translational Lung Cancer Research. All rights reserved.   Transl Lung Cancer Res 2020;9(5):1822-1830 | http://dx.doi.org/10.21037/tlcr-20-540

was detected in patients with SDE than those without  
(Table 3).

Discussion 

Inadvertent PNI during lung cancer resection may be 
encountered when dissecting superior mediastinal lymph 
nodes or when mobilizing the hilum, close to where phrenic 
nerves are located. However, clinical diagnosis of PNI 
depends most often on subjective judgement. Comparing 
to preoperative chest X-ray, obvious elevation of a hemi-

diaphragm after surgery is often taken as a sign of PNI, 
with no specific criteria ever defined (1,2). In fact, the 
individual variety of the patients’ body size, the volume 
loss after lobectomy (with a compensatory diaphragm 
elevation to a certain extent) and the chest wall deformity 
after open thoracotomy is not carefully considered. To 
confirm the diagnosis of PNI, more specific diagnostic tests 
have been suggested (1,6-11,17,18), including diaphragm 
ultrasound (8,9,12), fluoroscopy (1,7,11-13), magnetic 
stimulation of the phrenic nerves with evaluation of twitch 
trans-diaphragmatic pressure (10), respiratory function 
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Figure 3 Comparison of diaphragm movement between the SDE and the non-SDE groups in VATS lobectomy patients. Significant 
difference in diaphragm movement was seen on the OP side between the SDE and the non-SDE group (A), but not on the NOP side (B). 
Furthermore, there was a significant difference in diaphragmatic movement ratio between the SDE and the non-SDE groups (C).

Table 1 Demographic characteristics of VATS lobectomy patients with and without significant diaphragm elevation

Demographics Patients with SDE, n (%) Patients without SDE, n (%) P value

Case 56 (7.4) 697 (92.6)

Gender (male:female) 25:31 322:375 0.822

Age at surgery (years) (mean ± SD) 61.4±8.9 59.6±9.2 0.144

Comorbidity 0.542

HBP 14 (0.25) 181 (0.25)

DM 8 (0.14) 72 (0.10)

COPD 2 (0.03) 16 (0.02)

CHD 0 (0) 8 (0.01)

Arrhythmia 4 (0.07) 20 (0.02)

History of MT 1 (0.01) 20 (0.02)

HBP, high blood pressure; DM, diabetes mellitus; COPD, chronic obstructive pulmonary disease; CHD, coronary heart disease; MT, 
malignant tumor; SDE, significant diaphragm elevation.
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tests (1), and electrodiagnostic studies like phrenic nerve 
conduction or diaphragm electromyography (8,9,11,13,17). 
Unfortunately, these tests are not readily available in most 
of the thoracic surgery services.

In the current study, we first measured on chest X-ray 
the extent of diaphragm elevation in 22 patients receiving 
thymectomy for locally advanced thymic tumors. As 
phrenic nerve was intentionally divided because of tumor 
invasion in all these patients, hemidiaphragm paralysis 
was certain and would no doubt have caused SDE. In 

addition, there was also a lung volume loss to some extent 
because of concomitant big wedge resection. Considering 
that compensatory diaphragm elevation would be greater 
after a lobectomy than after a wedge resection, the 30% 
upper limit was taken as the criterion to define SDE 
suggestive of PNI after VATS lobectomy. Significant 
difference in diaphragmatic movement between the OP 
and the NOP sides was also verified by fluoroscopy test. 
Such measurement performed on chest X-ray offered us an 
objective and readily accessible approach to quantitatively 

Table 2 Relationship between significant diaphragm elevation after VATS lobectomy and tumor location, T and N stage and extent of 
lymphadenectomy

Tumor and operations Patients with SDE, n (%) Patients without SDE, n (%) P value

Side of the lobectomy 0.108

Right 33 (6.4) 483 (93.6)

Left 23 (9.7) 214 (90.3)

Site of the tumor 0.073

Upper 38 (9.0) 387 (91.0)

Middle/lower 18 (5.5) 310 (94.5)

T stage 0.631

Tis/T1 36 (7.5) 442 (92.5)

T2 19 (7.8) 224 (92.2)

T3 1 (3.1) 31 (96.9)

N stage 0.297

N0 47 (7.7) 565 (92.3)

N1 5 (11.1) 40 (88.9)

N2 4 (4.2) 92 (95.8)

Kind of lymphadenectomy 0.125

SNS 26 (9.3) 252 (90.7)

SND 30 (6.3) 445 (93.7)

RUL, right upper lobe; RML, right middle lobe; RLL, right lower lobe; LUL, left upper lobe; LLL, left lower lobe; SNS, systemic lymph node 
sampling; SND, systemic lymph node dissection; SDE, significant diaphragm elevation.

Table 3 Rate of decline in FEV1, FVC and DLCO in VATS lobectomy patients with and without significant diaphragm elevation

Spirometry parameters Patients with SDE Patients without SDE P value

Rate of decline in FEV1 (%) 36.1±19.5 19.5±16.7 0.000

Rate of decline in FVC (%) 35.3±19.1 17.4±14.6 0.000

Rate of decline in DLCO (%) 22.5±9.7 14.9±12.1 0.009

FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; DLCO, diffusing capacity of the lung for carbon monoxide; SDE, 
significant diaphragm elevation.
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evaluate the extent of diaphragm elevation and to help to 
diagnose inadvertent PNI in lung cancer surgery. Based 
on this criterion, we then investigated the incidence 
of SDE probably related to PNI in VATS lobectomy 
patients. Measurement of postoperative diaphragm 
elevation was carried out 6 months after surgery to rule 
out potential influences of pleural effusion, atelectasis, 
or pneumonia mostly seen in the early post-operative  
period (1) and to further improve the accuracy of diagnosing 
PNI. Fluoroscopy was again used as a validation test and 
diaphragm paralysis instead of simple elevation was verified 
(Figures 2,3), further confirming the reliability of this chest 
X-ray diagnostic criterion. 

As PNI after pulmonary resections has only been 
reported sporadically (6) and has been absent in most of 
previous studies on surgical outcomes, it is hard to decide 
whether this is unique to VATS procedures or it has a 
similar incidence in open surgery. Anyhow, our results 
indicate that SDE potentially due to inadvertent PNI is 
an underestimated condition after VATS lobectomy, with 
an incidence of 7.4% in our patients. As phrenic nerve 
was not transected in any of these patients, PNI was most 
likely caused by inadvertent injury when dissecting the 
anterior pulmonary hilum or upper mediastinal lymph 
nodes. The incidence was almost doubled after upper 
lobectomies (8.9%) than after lower lobectomies (5.5%) 
with a borderline statistical significance (P=0.073). The 
anatomy of the phrenic nerves may help to explain the 
difference, as they are close to the pulmonary hilum 
near the superior pulmonary veins. On the other hand, 
mediastinal lymph node dissection was not found to be 
associated with increased risk of SDE suggestive of PNI in 
this study, confirming what was reported in the ACOSOG 
Z0030 (19). Reasons for inadvertent PNI during pulmonary 
resections remain to be elucidated. Although some patient 
characteristics such as diabetes mellitus (18), chronic 
obstructive pulmonary diseases (COPD) (20), and increased 
age (21) have been considered as predisposing factors for 
PNI after cardiac procedures, no such correlation was 
found between these conditions and PNI in our patients. In 
open surgery, the authors use more “cold weapons” such as 
scissors and clamps, while in VATS pulmonary resections 
we rely mostly on energy devices such as hook cautery and 
harmonic scalpel (22). As lateral energy damage could be  
7 mm from the currently available energy devices, care 
should be taken to stay away enough distance (at least 1 
cm) from the phrenic nerve to avoid potential thermal  
injury (23,24). 

In contrast to patient with bilateral diaphragm paralysis, 
unilateral PNI usually remains clinically asymptomatic in 
most of good risk surgical patients and only occasionally 
is associated with post-operative respiratory complications 
(6,7). This may explain why not enough attention has been 
paid to PNI after lung cancer surgery, especially in the era 
of minimally invasive surgery, which reduces further the risk 
of postoperative functional complications. We also failed 
to find increased postoperative morbidities or prolonged 
hospital stay between patients with or without SDE, as 
most of our patients were good risk surgical candidates 
without severe comorbidity or seriously compromised 
cardiopulmonary function. However, we did notice that 
patients with SDE tended to complain dyspnea on exertion 
such as stair climbing or brisk walking, although we were 
not able to record detailed results due to the retrospective 
nature of this study. Moreover, a paralyzed diaphragm is 
bound to adversely affect the synchronicity and efficiency of 
its mechanical movement and thus to impair the respiratory 
function of the patient (25). By comparing spirometry data 
before and 6 months after surgery, we found a significantly 
greater reduction in postoperative FEV1, FVC, and DLCO 
in patients with SDE than those without. Our results 
are consistent with pulmonary function abnormalities 
in unilateral diaphragm paralysis described previously  
(25-33). And the extent of pulmonary function loss was 
much more significant comparing to our previous study 
results on spirometry changes in patients without major 
complications after VATS lobectomy (22). This further 
confirms that such SDE was due to inadvertent PNI rather 
than a mere compensatory change of lung volume loss after 
lobectomy. 

Our study has certain limitations that need to be 
mentioned. As an uncontrolled retrospective study, it 
is bound to be affected by intrinsic selection biases. 
And although it would be ideal to make comparison 
between VATS and open surgery to see whether PNI was 
indeed caused by energy devices as we speculated, this is 
unfortunately not amenable as the vast majority of lung 
cancer surgery has been carried out under VATS at our 
hospital in the past decade. Also because of its retrospective 
nature, we were unable to check pulmonary function 
changes in every patient diagnosed of having SDE. In 
addition, we only studied diaphragm elevation on chest 
X-ray and spirometry changes 6 months after surgery. 
It is likely that some additional patients might also have 
temporary PNI but recovered within the 6 months period. 
Although this may have caused an underestimation of the 
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true incidence of PNI, it would have a little clinical impact, 
as we did not find increased morbidity or respiratory 
problems in the early postoperative period. Moreover, once 
the diaphragm function is recovered, it would no longer 
have a significant negative impact on patients’ quality of life. 
Certainly, it would be interesting to continue following up 
those patients with SDE suggestive of PNI to see whether 
there would be a chance to recover later. Further studies 
are needed to evaluate the exact impact of PNI on patients’ 
quality of life and oncologic outcomes. 

In conclusion, our results suggest that inadvertent PNI 
during VATS lobectomy is an underestimated phenomenon 
and is associated with significantly greater loss of pulmonary 
function. Patients with more than 30% diaphragm elevation 
on chest films after VATS lobectomy are highly likely to 
have PNI and should undergo fluoroscopic validation. 
Enough attention should be paid to avoid inadvertent PNI 
so that lung cancer patients may benefit from minimally 
invasive surgery to a greater extent.
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