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ABSTRACT: Diaphragmatic dysfunction is a common postoperative complica
tion of cardiac surgery in children, with important effects on respiratory morbid
ity. Its early diagnosis, foUowed by prompt surgical intervention, has been shown 
to reduce morbidity. However, the commonest method of diagnosis, based on hemi
diaphragmatic elevation on the chest radiograph, may be less accurate than direct 
techniques for assessing phrenic nerve function. 

We have compared electropbysiological and radiological diagnoses of diaphrag
matic abnormality in 100 children (aged 3 days to 17 .S yrs) undergoing cardiac 
surgery, looking at respiratory morbidity as assessed by the duration of ventilation, 
the time spent on the cardiac intensive care unit (CICU), and the requirement for 
reintubatioo. 

Despite showing good reproducibility, radiological diagnosis was neither sensi
tive nor specific in identifying patients with electropbysiological phrenic nerve dam
age. Analysis of the measures of outcome supported the electropbysiological technique. 
Patients with electrophysiological evidence of damage had a longer duration of ven
tilation, spent longer on the CICU, and had a greater incidence of reintubation than 
either radiologicaUy abnormal or "normal" patients. 

Chest X-rays are not a good method for diagnosing phrenic nerve damage in the 
early postoperative period in children. If early diagnosis is needed, then direct 
assessment of phrenic nerve function, such as the measurement of phrenic latency, 
may be a better technique. 
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Although diaphragmatic dysfunction is not a common 
problem in childhood, some groups of children are at 
particular risk. One such group is children undergoing 
cardiac surgery. 

In these children, phrenic nerve damage can increase 
the mortality of surgery [1-4], and respiratory morbi
dity [1-6]. It also prolongs postoperative ventilation 
time [6-8], increases the length of stay on the cardiac 
intensive care unit (CICU), and the likelihood of rein
tubation [3, 6, 8]. 

tilation, pleural effusion, parenchyma] lung disease, and 
the practical problems of obtaining a good, erect, unr<r 
tated inspiratory film from the intubated child [3, 5, 
12- 15]. In the early postoperative period, there are also 
practical problems in using fluoroscopy. In order to 
assess diaphragmatic movement, the child needs to be 
breathing spontaneously and, consequently, this techni
que is often used late for confirmation of the diagnosis. 
Furthennore, children need to be moved to the radio
logy department for such studies. 

The early diagnosis of phrenic nerve damage (PND), 
especially in infants, may allow early diaphrag
matic plication, which has been shown to improve out
come [3, 9, 10]. However, such early diagnosis has 
traditionally relied on clinical suspicion, supported 
by radiographic evidence of elevation of the injured 
hemidiaphragm, and confirmed by fluoroscopy [3, 10, 
11]. 

Chest radiography alone is prone to many interpreta
tion errors, due to factors such as positive pressure ven-

Direct measurement of phrenic nerve function offers 
advantages over existing methods of diagnosing diaphragm 
injury. It is an objective measure, with high repeata
bility in adults, and we have recently assessed its inter
and intra-observer variability in children [16]. It is also 
noninvasive and well-tolerated, and can be used as early 
as 24 h following surgery [ 17]. 

We therefore compared the ability of phrenic nerve 
stimulation and early chest X-rays to diagnose PND in 
children recovering from cardiac surgery. 
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Methods 

Study population 

One hundred patients were entered into the study. 
Eligible children included all those admitted for cardio
thoracic surgery, excluding any with known neuromus
cular disorders. Informed parental consent was sought 
from all eligible families, and our study group repre
sented 100 consecutive admissions into the study. The 
median age of the group was 2.8 yrs (range 3 days to 
17.5 yrs). All but one patient had a cardiac operation; 
the other patient had a right lobectomy. Thirty six of 
the children had had previous cardiac operations. The 
study h~d hospital Ethics Committee approval. 

Ptu-t:mc nerve conduction time was measured 24 h pre
op.eratlvely, ~d between 24 and 48 h postoperatively, 
usmg a techmque that we have described previously [16, 
17], and based on original work by SARNOFF et al. (18] 
and NEWSOM DAVJS [19]. Briefly, the phrenic nerve is 
stimulated in the neck, and the resultant diaphragm com
pound muscle action potential (CMAP) recorded with 
surface electrodes on the chest wall. Amplification of 
the s~gnal and its display on a time-based oscilloscope 
perm1ts measurement of the nerve's latency as the time 
between stimulus and CMAP [19]. Electrophysiological 
PND (PNDe) was defined as an increase of more than 
~ ms in the latency, when compared with its preopera
tJve value [ 17], as we have evidence that this size of 
increase is more than double the expected measurement 
error [16]. 

Chest X-rays were taken for each patient in the imrne
diat~ preoper:a~ve pe~iod, and on days 1 and 3 postop
~ratlvely. Tius IS cons1stent with standard clinical practice 
m our CICU. The X-rays were then presented in ran
do~ order, and reviewed "blind" by an experienced radio
logist (CD-M), who was not clinically associated with 
the patients. Each film was assessed using two meth
ods: 
l. A subjective assessment was given as to whether the 
hemidiaphragms were normal or raised. 
2. The absolute height of the dome of each hernidia
phragm was measured relative to the vertebral bodies. 

Technical details of the film's quality were noted, along 
with patient position, and any other features that might 
obscure diapluagmatic position, such as pleural effusion 
and basal consolidation. 

In order to assess the ability of X-rays and phrenic 
nerve stimulation to predict outcome, we looked at three 
measures of respiratory morbidity: 
1. The duration of postoperative ventilation. 
2. The need for reintubation. 
3. The length of stay on the CICU. 

Outcomes were compared in three subgroups; 
1. Those with postoperative radiological evidence of 
diaphragm dysfunction ("Radiologically abnormal"). 
2. Those with PNDe ("PNDe"). 
3. Those without evidence of either ("Normal"). 

As positive pressure ventilation may normalize diaphrag
matic position in patients with diaphragmatic weakness, 

intubated and extubated patients are presented separately. 
The intra- and inter-observer error variability in chest 

X-ray reporting was separately assessed in 32 X-rays 
from the same population. These included preoperative 
and postoperative films from 16 patients, 8 with normal 
electrophysiological phrenic nerve function, and 8 with 
PNDe. Two radiologists reviewed the films indepen
dently and in random order, and were presented with 
the same films again, in a different order, the following 
day. 

Results 

Out of the 100 patients, 297 X-rays were examined. 
In three, no second postoperative film was available. On 
day 1, 56 patients were intubated, 41 were extubated, and 
3 X-rays were uninterpretable. On day 3, 32 patients 
remained intubated, with 63 extubated, and 5 X-rays unin
terpretable. 
P~e was diagnosed in 16 patients. In 12 patients, 

phremc latency was prolonged by between 2.5 and 7.8 
ms, and in 4 patients, phrenic latency was absent post
operatively. 

Patients with PNDe required a median of 168 h post
operative ventilation (95% confidence interval (Cl) 1~334 
h) compared to 24 h (95% Cl 14-32 b) in the radio
l~gically abnormal group, and 16 h (95% Cl 12-21 h) 
in the normal group (table 1). PNDe patients also spent 
more days in the CICU, with a median of 8 days (95% 
Cl 4-19 days), compared to 2 days in the other two 
groups (table 1). The differences between PNDe patients 
and both other groups was significant at the 1% level for 
duration of ventilation, and at the 5% level for days in 
the CICU. More PNDe patients required reintubation 
(35.2%) than in the radiologically abnormal group (12.0%) 
and the normal group (9.2%), although this did not reach 
statistical significance. 

Inter- and intra-observer variability for chest X-ray 
reporting was good, with both observers concurring in 
123 out of 128 cases (96%). This includes each hemidia
phragm in 32 separate X-rays viewed on two occasions. 

Table 1. - Comparison of outcomes in patients with no 
abnormalities, abnormal X-rays and electrophysiological 
phrenic damage 

Pts Duration of CICU• Reintubated 
n ventilation' days % 

Normal* 65 16 2 9.2 
(12-21) (1-2) 

Rlldiologically abnormal 25 24 2 12.0 
(14-32) (2-3) 

PNDe 16 168 8 35.2 
(100-334) (4-19) 

The numbers in the three categories exceed lOO because six 
patients with radiological abnormalities also had PNDe. •: 
patients with normal X-rays and normal phrenic latency; •: 
median, and 95% confidence interval in parenthesis. CICU: 
cardiac intensive care unit; PNDe: electrophysiological phrenic 
nerve damage. 
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The repeatability for observer 1 was 63 out of 64, and 
for observer 2 was 60 out of 64 (table 2). 

For all patients, the radiological opinion was predic
tive of PNDe in 2 out of 18 patients (11.1%), with a 
sensitivity of 12.5%, and a specificity of 80.2% (tables 
3a and b). Chi-squared analysis of this group shows no 
statistical difference between methods (X2=0.47). On 
day 3, the predictive value of radiological opinion rose 
to 4 out of 16 (25.0%), with a sensitivity of 25.0% and 
specificity of 84.8% (table 4a and b). Chi-squared analy
sis of this group again shows no statistical difference 
(X2=0.91). Only 3 out of 32 (9.4%) of intubated patients 

Table 2. - Observer variability, comparing the 32 X
rays (64 hemidiaphragms) assessed on two separate 
occasions by the two radiologists 

Observer l 
Both normal Both abnormal Different 

Both nonnal 
Observer 2 Both abnormal 

Different 

58 
0 
2 

0 
l 
2 

I 
0 
0 

Table 3. - E;lectrophysiological and radiological diag
nosis in patients on Day 1 

a) Day 1 Electrophysiological 
Intubated patients diagnosis 

n =56 Normal PNDe 

Radiological Normal 35 12 
diagnosis Abnormal 7 2 

b) Day 1 Electrophysiological 
Extubated patients diagnosis 

n = 41 Normal PNDe 

Radiological Normal 30 2 
diagnosis Abnormal 9 0 

PNDe: electrophysiological phrenic nerve damage. 

Table 4. - Electrophysiological and radiological diag
nosis in patients on Day 3 

a) Day 3 Electrophysiological 
Intubated patients diagnosis 

n = 32 Normal PNDe 

Radiological Normal 20 9 
diagnosis Abnormal l 2 

b) Day3 Electrophysiological 
Extubated patients diagnosis 

n = 63 Normal PNDe 

Radiological Normal 47 3 
diagnosis Abnormal 11 2 

PNE: electrophysiological phrenic nerve damage. 

had X-rays that were considered abnormal, compared to 
13 out of 63 (20.6%) in the extubated patients. Thus, 
the radiological diagnosis of abnormal diaphragmatic 
position was notably more common in extubated than in 
the intubated patients. 

In order to evaluate the importance of sequential changes 
in the X-ray, we compared the relative heights of the 
two hernidiaphragms preoperatively and on day 3 post
operatively. The relative change in hernidiaphragmatic 
position was assessed in 90 patients, with good quality 
films on both occasions. In 56 patients (62%) the right 
hernidiaphragm moved less than 1 vertebral body rela
tive to the left, and there was no agreement between the 
degree of movement and PNDe. 

Discussion 

It is difficult to decide on an appropriate "gold stan
dard" for assessing diaphragmatic dysfunction. Auoroscopy 
can be used in spontaneously breathing patients, but is 
an impractical procedure for intensive care, and is of 
little value in the early postoperative period. Direct com
parison of PNDe with radiologically abnormal patients 
showed separate but indistinguishable groups, and we 
therefore used simple outcome measures which should 
be influenced by diaphragmatic dysfunction. Using such 
measures, patients with PNDe are clearly a group at sig
nificant risk of a prolonged postoperative course. 

Phrenic nerve latency was chosen, as it can be per
formed at the bedside in any non-paralysed patient, is 
not affected by positive pressure ventilation, does not 
require co-operation from the patient and, when per
formed with surface stimulation and recording, is non
invasive and well-tolerated in both adults [20], and 
children [17]. Furthermore, unlike fluoroscopy, the study 
of normal controls is ethically practical, and the tech
nique has been extensively studied in adults [19-21], 
and children [22, 23]. We used a threshold value of 2 
ms as the increase in latency above which we identified 
electrophysiological damage based on intra-patient vari
ability [16, 17]. We have reported on the clinical effects 
of phrenic nerve damage in children undergoing cardiac 
surgery, and using this threshold, have demonstrated a 
significant increase in respiratory morbidity in children 
so identified [24]. The incidence of PND in this study, 
16%, is higher than commonly reported in the paediatric 
population. We believe this to be as a result of the 
prospective nature of the study, and the diagnosis is sup
ported by the increased morbidity in this group. Figures 
from our previous work suggest a similar incidence [ 17], 
as the technique identifies patients in whom there is no 
clinical suspicion of PND. 

The present results also suggest that patients with radi
ological changes, but normal electrophysiology, do not 
have phrenic damage, as this group do not have a sig
nificantly different outcome to "normal" patients (table 
1). In this study, X-rays were presented blind and in 
random order, so that an independent assessment could 
be made, but the radiological diagnosis will usually be 
based on a series of X-rays and their evolution rather 
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than a single view, and this may affect their interpreta
tion. However, in a secondary analysis we also showed 
that sequential films, assessed for a change in relative 
hemidiaphragm position, did not improve the prediction 
of PNDe. 

Although many reports on phrenic nerve damage have 
accepted the inaccuracies of X-ray diagnoses, most clini
cians still place great emphasis on radiology. The pre
sent data clearly demonstrate the deficiencies of this 
approach. Other practical and more reliable methods, 
such as phrenic nerve stimulation, should be used if early 
identification of PND is considered clinically important. 

References 

l. Curtis JJ, Nawarawong W, Walls IT, et al. - Elevated 
hemidiaphragm after cardiac operations: incidence, prognosis, 
and relationship to the use of topical ice slush. Ann Thorac 
Surg 1989; 48: 764-768. 
2. Estenne M, Yemault JC, de Smet JM, De Troyer A. -
Phrenic and diaphragmatic function after coronary artery bypass 
grafting. Thorax 1985; 40: 293-299. 
3. MickeU JJ, Oh KS, Siewers RD, et al. - Clinical impli
cations of postoperative unilateral phrenic nerve paralysis. J 
Thorac Cardiovasc Surg 1978; 76: 297-304. 
4. Sethi G. Reed WA. - Diaphragmatic malfunc.tion in 
neonates and infants. J Thorac Cardiovasc Surg 1971; 62: 
138-143. 
5. Chandler KW, Rozas CJ, Kory RC, Goldman AL. -
Bilateral diaphragmatic paralysis complicating local cardiac 
hypothermia during open heart surgery. Am J Med 1984; 77: 
243-249. 
6. Esposito RA, Spencer FC. - The effect of pericardial 
insulation on hypothermic phrenic nerve injury during open 
heart surgery. Ann Tlwrac Surg 1987; 43: 303-308. 
7. Serraf A, Planche C, Gayet FL, Bruniaux J, Nottin R, 
Binet JP. - Postcardiac surgery phrenic nerve palsy in pedi
atric patients. Eur J Cardiothorac Surg 1990; 4: 421-424. 
8. Ross Russell RI, Helps B-A, Elliot MJ, Helms PJ. -
Phrenic nerve latency as a predictor of respiratory morbidity 
in children undergoing cardiac surgery. Am Rev Respir Dis 
1991; 143: A477. 
9. Shoemaker R, Palmer G, Brown JW, King H. - Ag
gressive treatment of acquired phrenic nerve paralysis in infants 
and small children. Ann Thorac Surg 1981; 32: 251-257. 

10. Watanabc T, Truster GA, Williams WG, Edmonds JF, 
Cotes JG, Hosokawa Y. - Phrenic nerve paralysis after pae
diatric cardiac surgery. J Thorac Cardiovasc Surg 1987; 94: 
383-388. 
11. Hong-Xu Z, D'Agostino RS, Pitlick PT, Shumway NE, 
Miller DC. - Phrenic nerve injury complicating closed car
diovascular procedures for congenital heart disease. Ann 17wrac 
Surg 1985; 39: 445-449. 
12. Mearns AJ. - Iatrogenic injury to the phrenic nerve in 
infants and children. Br J Surg 1977; 64: 558-560. 
13. Kohorst WR, Schonfeld SA, Altrnan M. - Bilateral 
diaphragmatic paralysis following topical cardiac hypothermia. 
Chest 1984; 85: 65-68. 
14. Brown KA, Hoffstein V, Byrick RJ. - Bedside diag
nosis of bilateral diaphragmatic paralysis in a ventilator
dependent patient after open-heart surgery. Anesth A=lg 1985; 
64: 1208- 1210. 
15. Loh L, Goldman M, Newsom-Davis J. - The assessment 
of diaphragmatic function. Medicine 1977; 56: 165-169. 
16. Ross RusseU RI, Helps B-A, Elliot MJ, Helms PJ. -
Phrenic nerve stimulation at the bedside in children; equip
ment and validation. Eur Respir J 1993; 6: 1332-1335. 
17. Ross Russell Rl, Mulvey D, Laroche C, Shineboume EA, 
Green M. - Bedside assessment of phrenic nerve function in 
infants and children. J Tlwrac Cardiovasc Surg 1991; 101: 
143-147. 
18. Sarnoff SJ, Sarnoff LC, Whittenberger JL. - Electro
phrenic respiration. VU. The motor point of the phrenic nerve 
in relation to external stimulation. Surg Gynecol Obstet 1951; 
93: 190-196. 
19. Newsom-Davis J. - Phrenic nerve conduction in man. 
J Neurol Neurosurg Psychiat 1967; 30: 420-426. 
20. Mier A, Brophy C, Moxham J, Green M. - Phrenic nerve 
stimulation in normal subjects and in subjects with diaphrag
matic weakness. Thorax 1987; 42: 885-888. 
21. Markand ON, Kincaid JC, Pourmand RA, et al. - Ele
ctrophysiologic evaluation of diaphragm by transcutaneous 
phrenic nerve stimulation. Neurology (Cleveland) 1984; 34: 
604--614. 
22. Raimbault J, Renault F, Laget P. - Technique et resul
tats de !'exploration electromyographique du diaphragme chez 
le nourrisson et le jeune enfant. Rev EEG Neurophysiol 1983; 
13: 306-311. 
23. Moosa A. - Phrenic nerve conduction in children. Dev 
Med Child Neurol1981; 23: 434-448. 
24. Ross Russell RI, Helps B-A, Elliot MJ, Helms PJ. -
Phrenic nerve damage prolongs recovery from cardiac surgery: 
results of a prospective study. Eur Respir J 1991; 4: 491S. 


