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ABSTRACT: Cervical magnetic stimulation is a new technique for stimulating the
phrenic nerves, and may offer an alternative to percutaneous electrical stimulation
for assessing diaphragmatic strength in normal subjects and patients in whom elec-
trical stimulation is technically difficult or poorly tolerated.

We compared cervical magnetic stimulation with conventional supramaximal
bilateral percutaneous electrical stimulation in nine normal subjects.  We measured
oesophageal pressure (Poes), gastric pressure (Pgas) and transdiaphragmatic pres-
sure (Pdi).  The maximal relaxation rate (MRR) was also measured.

The mean magnetic twitch Pdi was 36.5 cmH2O (range 27–48 cmH2O), signifi-
cantly larger than electrical twitch Pdi, mean 29.7 cmH2O (range 22–40 cmH2O).
The difference in twitch Pdi was explained entirely by twitch Poes, and it is possi-
ble that the magnetic technique stimulates some of the nerves to the upper chest
wall muscles as well as the phrenic nerves.  We compared bilateral, rectified, inte-
grated, diaphragm surface electromyographic (EMG) responses in three subjects
and found results within 10% in each subject, indicating similar diaphragmatic
activation. The within occasion coefficient of variation, i.e. same subject/same
session, was 6.7% both for  magnetic and electrical twitch Pdi.  The between occa-
sion coefficient of variation, i.e. same subject/different days, was 6.6% for mag-
netic stimulation and 8.8% for electrical.  There was no difference between
relaxation rates measured with either technique.

We conclude that magnetic stimulation is a reproducible and acceptable tech-
nique for stimulating the phrenic nerves, and that it provides a potentially use-
ful alternative to conventional electrical stimulation as a nonvolitional test of
diaphragm strength.
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Cervical magnetic stimulation has been reported by
SIMILOWSKI et al. [1] as a technique for stimulating the
phrenic nerves.  Magnetic stimulation is used routinely
by neurologists in clinical practice to assess nerve and
muscle function.

The technique is reported to be safe [2] and relative-
ly simple, and provides a nonvolitional test of diaphrag-
matic strength [3].  Such a test could be of considerable
clinical value, especially in the situation when there is
doubt concerning the patients ability to fully co-operate
and perform volitional manoeuvres, and where electrical
stimulation is difficult to perform.  We hypothesized
that if magnetic stimulation fully activated the dia-
phragm the transdiaphragmatic pressures would be
similar to those achieved by conventional supramaximal
bilateral electrical stimulation of the phrenic nerves [4],
and we therefore compared the two techniques.

Methods

We undertook cervical magnetic phrenic stimulation
and bilateral percutaneous electrical stimulation in nine
normal subjects, three females and six males, age range
30–50 yrs.  Subjects gave informed consent and the
protocol was approved by the Hospital Ethics Commit-
tee.

Twitch transdiaphragmatic pressure (Pdi) was measured
in the semirecumbent position with a noseclip on and the
mouth closed.  The semirecumbent position was chosen
as one in which both normal subjects and patients are
comfortable, and in which the phrenic nerves are most
easily stimulated electrically [5].  The abdomen was not
bound [6].  Oesophageal pressure (Poes) and gastric pres-
sure (Pgas) were recorded from latex balloon catheters
(PK Morgan 71510) positioned and tested in the standard
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manner [6, 7].  Pressures were measured by means of Vali-
dyne MP45-1 differential pressure transducers (range
±150 cmH2O, Validyne Co, Northridge, CA, USA).  Pdi was
obtained by electrical subtraction of Poes from Pgas, us-
ing Pdi at resting end-expiration as the reference point [8].

All signals were displayed on an eight channel strip
chart recorder (Mingograph 800, Siemens).  Twitch
responses were rejected from analysis when baseline
oesophageal pressure immediately before stimulation,
at zero flow, was more than 1 cmH2O different from that
at functional residual capacity (FRC) [9].  Since moni-
toring of FRC and thoracoabdominal configuration
with either linearized magnetometers or inductive plethy-
smography is not possible during magnetic stimulation,
due to stimulation artifact, we relied on Poes as a mea-
sure of the FRC position [10, 11].

Bilateral surface diaphragm electromyographic (EMG)
responses were recorded during electrical stimulation
using silver/silver chloride disk electrodes placed over
the seventh intercostal space at the anterior axillary line
and was displayed on an oscilloscope.

Percutaneous phrenic nerve stimulation was perfor-
med with bipolar electrodes (Medelec Ltd, Old Woking,
Surrey, UK) with felt tips soaked in saline.  The elec-
trodes were connected to a constant voltage stimulator
(Digitimer, Welwyn, Herts, UK) which produced square
wave impulses of 100 µs duration.  The phrenic nerves
were stimulated at the posterior border of the sterno-
mastoid muscle at the level of the cricoid cartilage [12].
On each occasion the stimulus intensity was increased
in 10 v increments, until there was no further increase
in twitch Pdi or diaphragm EMG amplitude.  For each
formal study, the electrical stimulus intensity was in-
creased a further  20%.  Magnetic stimulation was per-
formed using a Magstim 200 (Magstim Co. Ltd, Whitland,
Dyfed, Wales, UK) with a circular 90 mm coil (P/N
9784-00; maximum output 2.5 Tesla).  This stimulates
nervous tissue by induced electric currents resultant from
a time varying magnetic field of brief duration [2].  To
stimulate the phrenic nerve roots, the neck was flexed
and the coil was placed over the spinous process of C7,
moving up or down the midline between C5–C7 until
the maximum response was obtained; thereafter, all
stimulations were performed at the same position (fig. 1).
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Fig. 1.  –  Magnetic stimulation of phrenic nerve roots.  Note neck
flexion and midline position of coil.

On each occasion, having located the optimal site
for stimulation, the subject received 20 electrical stim-
ulations followed by 20 magnetic stimulations or vice
versa, depending on randomization.  For the comparative
study, magnetic stimulations were at 100% stimulator
output.  The shortest interval between stimulations was
15 s.  An example of electrical and magnetic diaphrag-
matic twitch responses is illustrated in figure 2.  

In five subjects, twitch Pdi were studied at various
magnetic stimulus intensities to determine the response
curve.   Each subject received five stimulations at each
stimulus intensity.  On a separate occasion, bilateral sur-
face EMGs were recorded in three of the five subjects.
To record EMGs reliably, the recording amplifiers
(Digitimer D150, Welwyn, UK) were electronically
switched-off for 2 ms after the stimulus. 

To investigate the reproducibility of magnetic and
electrical responses, two subjects were studied on four
separate occasions, and one other subject on three occa-
sions.

In addition to the amplitude of the twitch trans-
diaphragmatic pressure, the maximum relaxation rate
(MRR) was measured from both twitch oesophageal
and twitch transdiaphragmatic pressures.  To be ac-
ceptable for analysis of MRR the twitch pressure
wave-forms had to display a smooth upstroke and decay
[13].  MRR was calculated as the maximal rate of
decay of pressure/peak pressure and had the units of %
pressure loss·10 ms-1 [14].  All results were analysed
by analysis of variance.

Results

All subjects completed both the percutaneous and mag-
netic stimulation studies, and all found magnetic stimula-
tion to be the more tolerable, for two reasons.  Firstly,
electrical stimulation at high stimulus intensities elicits
cutaneous pain that is not present with magnetic stimula-
tion.  Secondly, the electrical technique often requires re-
peated stimulation to ensure that stimulation is optimal;
small movements of the electrode produce submaximal
excitation.  With magnetic stimulation, having once
determined the position of the coil that gives a maximal
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Fig. 2.  –  Recording of magnetic and electrical twitch pressures from
the same subject.  Poes: oesophageal pressure;  Pgas: gastric pressure;
Pdi: transdiaphragmatic pressure.



response, it is usually possible to obtain satisfactory respons-
es for each stimulation. 

The results at various magnetic stimulus intensities
are shown in figures 3 and 4; in all subjects there was
a plateau of twitch Pdi and peak-to-peak amplitude of
EMG, indicating supramaximality of stimulus. The results
of magnetic and percutaneous electrical stimulation for the
nine subjects are shown in figure 5.  The mean electrical
twitch Pdi (Pdie) was 29.7 (range 22–40) cmH2O, com-
pared with 36.5 (range 27–48) cmH2O for magnetic twitch
Pdi (Pdim), with a mean difference of 6.8 cmH2O.  This
difference was statistically significant (95%confidence
interval (CI) 2.2–11.4).  Analysis of the components of
Pdi revealed mean magnetic twitch Poes of 26.1 versus
mean electrical Poes of 19.7, a mean difference of 6.4
(95% CI 1.1–11.7).  Mean magnetic Pgas was 10.4 ver-
sus mean electrical Pgas of 10.0, a mean difference of
0.4 (95% CI -2.0–2.8).  Pdi and Poes were significant-
ly larger (p<0.05) with the magnetic technique.  There
was no significant difference for Pgas.

Analysis of variance of the replicate measurements
within subject revealed the within occasion coefficient
of variation (CV) to be 6.7% for Pdim and 6.7% for Pdie.

Fig. 3.  –  Bilateral surface diaphragm electromyographic responses
(EMGs) from subject No. 3; each response consists of three superim-
posed EMGs at the magnetic stimulator output indicated.

Fig. 4.  –  Response of twitch Pdi (five subjects) and electromyographic (EMG) amplitude (three subjects) to magnetic stimulation.         : EMG;
left;           : EMG right.
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Fig. 5.  –  Mean twitch Pdi (+SD), electrical versus magnetic stimu-
lation for nine subjects.       : magnetic Pdi;       : electrical Pdi.  Pdi:
transdiaphragmatic pressure.

Tw
itc

h 
Pd

i  
cm

H
2O

60

0
4 6 9

Subject No.

40

20

Fig. 6.  –  Reproducibility data for subjects Nos 4, 6 and 9.  Each
paired column represents mean Pdi (+SD) for electrical and magnetic
stimulations on same day.        : magnetic Pdi;        : electrical Pdi.
Pdi: transdiaphragmatic pressure.

Table 1.  –  Comparison of maximal relaxation rate (MRR)
from oesophageal (Poes) and transdiaphragmatic (Pdi)
pressures using cervical magnetic stimulation and bilat-
eral percutaneous electrical stimulation, in nine subjects

MRR % pressure loss·10 ms-1

Magnetic   Electrical

Poes   Pdi   Poes    Pdi 

Mean 8.42 7.04 8.69 7.94
range (6.5–9.5) (5.7–8.1) (6.6–10) (6.3–10.1)

Within occasion 10 9.5 12.3 12.4
CV  %

Between occasion 11 6.2 13.3 11.7
CV  %

CV: coefficient of variation.

Between occasion CV was 6.6% for Pdim and 8.8% for
Pdie.  The between occasion reproducibility of Pdim and
Pdie is illustrated in figure 6.

MRR results, both from oesophageal and transdia-
phragmatic pressures, are given in table 1.  MRR could
be measured satisfactorily from 84% of magnetic stim-
ulations and 60% of electrical.  There was no difference
between techniques for Poes MRR or Pdi MRR.

Discussion

In this study, the phrenic nerves were readily stimulat-
ed by electrical and magnetic stimulation, with magnetic
stimulation producing a higher twitch Pdi.  The magnetic
technique was simple to perform and well-tolerated.  The
within occasion CV for twitch Pdi was the same for both
techniques, and in agreement with other studies [1, 4,
6, 15].  Our results suggest the magnetic technique is less
variable between occasions; CV 6.6% for Pdim and 8.8%
for Pdie; however, this difference was not statistically sig-
nificant.  To ensure that electrical stimulations were supra-
maximal, stimulus intensity  was 20% above that producing
both maximum Pdi and diaphragm EMG "M" wave am-
plitude.

There are several possible explanations why the Pdi
response from magnetic stimulation was greater than that
from supramaximal electrical stimulation.  Firstly, neck
flexion, required for the magnetic technique may have
altered thoracoabdominal configuration [10, 11].  Whilst
we were able to see a small increase in the anteroposterior
(A-P) diameters of both the abdomen and chest, using
linearized magnetometers, we were unable to demonstrate
a change in lung volume at FRC, determined in separate
studies using whole body plethysmography, with neck
flexion.  It is, therefore, unlikely that the  altered con-
figuration resulting from neck flexion accounted for
the difference in Pdi between the two techniques [16].

A second, and perhaps more likely, explanation is
that the magnetic technique is less specific and recruits
other muscles that stabilize the upper rib cage during
diaphragm contraction.  In order to look for a gross dif-
ference in upper rib cage and abdominal movement
between the techniques, we used a light source project-
ed on to the subject, recording the shadow during con-
traction with a videorecorder.  We were able to play
back the recordings in slow motion.  In four subjects
studied in this way, the initial movement of the A-P ab-
dominal diameter was to increase, whilst the A-P diam-
eter of the upper rib cage decreased.  There were no
obvious differences between the two stimulation tech-
niques.  Similar configurational changes have been
reported when pacing the diaphragm in C1 quadriplegics
[17], whereas isolated contraction of the trapezius and
sternocleidomastoid muscles results in an increase of
the A-P diameter of the rib cage.

Although the sternomastoid muscle is stimulated with
the electrical technique, it is evident that both arm and
shoulder muscles are activated during magnetic stimula-
tion.  Analysis of the components of Pdi demonstrates
that the oesophageal component is greater for magnetic
stimulation, whilst there is no significant difference in
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gastric pressure between the two techniques.  These
findings support the view that magnetic stimulation is
less specific and may splint the upper rib cage, reduc-
ing chest wall compliance and facilitating larger oeso-
phageal and hence transdiaphragmatic pressures [18].

A third, but unlikely, possibility could be that mag-
netic and electrical stimulation produced different levels
of excitation of the diaphragm.  To investigate this, we
analysed diaphragm EMGs during stimulation.  In
three subjects, bilateral surface diaphragm EMGs were
recorded with a Digitimer D200 analyser during stimu-
lation by both techniques.  In each subject, results of rec-
tified integrated EMGs were within 10%, and support
the view that stimulation with 100% magnetic stimu-
lator output achieves similar diaphragmatic excitation
to that of supramaximal electrical stimulation.

The electrical twitch Pdi MRR in this study, (7.94)
was similar to that (7.4) found by WILCOX et al. [13].
No significant difference was found between the mag-
netic and electrical MRR for twitch Poes and Pdi.

Conclusion

Magnetic stimulation of the phrenic nerves appears
safe, and is simple, effective and reproducible.  It is
well-tolerated by normal subjects.  The conventional
technique of electrical stimulation is frequently time-
consuming, can be technically difficult, and at the
high stimulus intensity necessary for supramaximal
stimulation is sometimes poorly tolerated by patients.
The magnetic technique may be less specific than its
electrical counterpart, and this characteristic could make
it a less sensitive index of the function of the diaphragm.

In the clinical situation, when diaphragm strength
needs assessment, magnetic stimulation may allow dia-
phragmatic dysfunction to be distinguished from a poor
response due to difficulty with electrical stimulation of
the phrenic nerves.  We achieved supramaximal stimu-
lation in the subjects studied at 100% magnetic stimu-
lator output.  It is possible, that in some subjects the
limited output of the stimulator may preclude supra-
maximal stimulation.  However, technical progress with
magnetic stimulators will undoubtedly result in more
powerful machines. The ease with which reproducible
responses can be achieved by magnetic stimulation may
allow hitherto technically difficult sequential studies of
diaphragm contractility to be undertaken both in the
physiological and clinical arena.  Whereas electrical
stimulation, because it is more specific, may be well-
suited to physiological studies, particularly in normal
subjects, magnetic stimulation is better suited for clini-
cal investigation and follow-up.
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