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Conditioning of the diaphragm by phrenic nerve pacing in primary alveolar
hypoventilation
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ABSTRACT A patient with respiratory muscle weak-
ness due to alveolar hypoventilation was treated with
nocturnal bilateral phrenic nerve pacing for one year.
Treatment was associated with a progressive increase
in diaphragmatic strength and endurance.

Serial evaluation of inspiratory muscle function has shown a
progressive increase in diaphragmatic contractility with
chronic phrenic nerve pacing in patients with high spinal cord
quadriplegia.'2 We describe a patient with primary alveolar
hypoventilation and associated respiratory muscle weakness
who was treated with long term nocturnal bilateral phrenic
nerve pacing. Diaphragmatic strength and endurance
increased considerably during 12 months of pacing. A
weakened but non-denervated diaphragm can be successfully
conditioned by chronic phrenic nerve pacing.

Cae report

A 54 year old white woman presented with a history of three
previous episodes of respiratory failure requiring mechanical
ventilation. She was an ex-smoker who had recurrent
morning headaches. She weighed 86 kg and chest examina-
tion showed nothing abnormal. There was evidence of
pulmonary hypertension and associated right heart failure. A
chest radiograph showed prominent pulmonary arteries. The
results of pulmonary function tests were within normal
limits, vital capacity (VC) being 91% and total lung capacity
(TLC) 89% of predicted normal and the FEV,/VC ratio
84%. Arterial blood gas measurements while she was breath-
ing room air showed that pH was 7 37, arterial oxygen
tension (Pao2) 7-1 kPa and arterial carbon dioxide tension
(Paco2) 8-4 kPa; after voluntary hyperventilation these
changed to pH 7-51, Pao2 8-8 kPa, and Paco2 5 5 kPa. A sleep
study showed no evidence of obstructive sleep apnoea. There
was appreciable arterial oxygen desaturation (mean arterial
oxygen saturation (Sao2) 78%) and hypercapnia (mean
transcutaneous Pco2 10-8 kPa), which were worst during
rapid eye movement sleep. Primary alveolar hypoventilation
was diagnosed. After an unsuccessful trial of respiratory
stimulants and nocturnal oxygen therapy bilateral phrenic
nerve pacing was instituted.
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Phrenic nerve pacing Bilateral intrathoracic monopolar
phrenic nerve electrodes were inserted.3 Chronic nocturnal
bilateral pacing was then initiated at a frequency of 10 Hz at a
pulse train of 10/min with an output amplitude that had been
shown to produce the maximum tidal volume. There was a
progressive improvement in her symptoms with resolution of
right heart failure and appreciable reduction in the size ofthe
pulmonary arteries on the chest radiograph. Follow up
estimations of arterial blood gases with the patient breathing
room air showed that pH was 7 37, P02 10 8 kPa, and PCo2
5 kPa. A repeat overnight sleep study, performed with
bilateral phrenic nerve pacing, showed substantial decrease
in nocturnal hypoxaemia (mean Sao2 93%) and hypercapnia
(mean transcutaneous PCO2 6-0 kPa).
Her body weight remained unchanged during the one year

follow up period.

Assessment of respiratory muscles Respiratory muscle
strength was assessed before placement of the phrenic nerve
electrodes, before the start of pacing, and six months and one
year after the start of pacing (table 1). Maximal inspiratory
pressure (Pi max), maximal expiratory pressure (PE max),
and maximal transdiaphragmatic pressure (Pdi max) were
measured by the techniques reported by Black and Hyatt4
and Laporta and Grassino5 respectively. Pdi max was
measured when the patient performed a maximal inspiratory
effort from functional residual capacity (FRC). Pi max,
PE max, and Pdi max were all appreciably reduced before
phrenic nerve pacing, which suggests significant respiratory
muscle weakness. There was no clinical evidence of general-
ised myopathy and both electrophysiological tracings and a
deltoid muscle biopsy specimen were normal. There was a
progressive increase in Pi max and Pdi max over the one year
period of phrenic nerve pacing, PE max remaining unchan-
ged. Pdi max was also measured after a three hour period of
bilateral phrenic nerve pacing before long term pacing and
after one year of nocturnal bilateral phrenic nerve pacing. In
the initial studies there was an appreciable decline in vital
capacity and Pdi max after three hours of pacing (table 2).
Similar changes were not seen after one year.

Discussion

This case report confirms the efficacy of nocturnal phrenic
nerve pacing in the treatment of primary alveolar hypo-
ventilation.6 Furthermore, the results of the inspiratory
muscle testing suggest that chronic phrenic nerve pacing
improves both the strength and the endurance of the
diaphragm.
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Table 1 Results (cm H20) ofrespiratory muscle tests before and after chronic bilateralphrenic nerve pacing

After pacing
Predicted Before
normal pacing Baseline 6 mo I y

P max 79* 26 25 34 58
PE max 148* 50 52 - 54
Pdi max 180 (14)t 42 45 56 74

*From Black and Hyatt.4
tFrom Laporta and Grassino: mean (SD) for young adults.5
Pi max-maximal inspiratory pressure; PE max-maximal expiratory pressure; Pdi max-maximal transdiaphragmatic pressure.

Table 2 Vital capacity and maximal transdiaphragmatic pressure (Pdi max) before and after three hours ofbilateral phrenic
nerve pacing before and after one year ofnocturnalpacing

Vital capacity (1) (% pred) Pdi max (cm H20)

Before After Before After

Baseline 2-6 (79%) 2-4 (73%) 45 23
After I y pacing 2-8 (85%) 2-8 (85%) 74 66

Primary alveolar hypoventilation is a syndrome of
unknown cause characterised by hypoventilation and normal
lung function. There has been limited evaluation of
respiratory muscle function in this condition, though a
reduced maximal voluntary ventilation has been noted in one
patient.' Our patient did show inspiratory muscle weakness,
though her ability to restore her arterial Pco2 with voluntary
hyperventilation suggests that this was not the primary cause
of her chronic hypoventilation. The inspiratory muscle
weakness is probably due to deconditioning of the
inspiratory muscles secondary to chronic hypoventilation.

There are several reports that suggest that chronic phrenic
nerve pacing conditions the diaphragm. Three patients with
high cervical cord quadriparesis showed an upward shift in
the minute ventilation-frequency curve and an increase in Pdi
after one year of phrenic nerve pacing.' Bilateral phrenic
nerve pacing was initiated six months after cervical injury in
a 59 year old quadriplegic man.2 The force of diaphragm
contraction was assessed serially by measurement of Pdi
during stimulation ofeach nerve over a range of frequencies.
There was a progressive upward shift in the force-frequency
relationship.

Inspiratory muscle endurance, defined as the capacity of
the inspiratory muscles to sustain work, has been shown to
increase after inspiratory resistive training in normal
subjects8 and in patients with chronic obstructive lung
disease9 and quadriplegia.'° Quadriplegic patients show a
progressive increase in respiratory muscle endurance with
chronic phrenic nerve pacing.' Formal evaluation of
inspiratory muscle endurance was not performed in our
patient. In our initial studies, however, there was a reduction
in vital capacity and Pdi max after three hours of phrenic
nerve pacing, which did not occur after 12 months of pacing.
One possible explanation for this improvement is an altera-
tion of diaphragmatic fibre type. An increase in fatigue
resistant fibres has been detected by histochemical studies of

the diaphragm in quadriplegic
phrenic nerve pacing.'

patients after long term
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