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ABSTRACT. We examined the centroid frequency (Fc) of
the electromyogram power-frequency spectra from the cos-
tal (EMGco) and crural (EMGer) diaphragms at functional
residual capacity and at reduced end-expiratory lung vol-
ume (EELYV) (induced by abdominal banding) in six anes-
thetized newborn piglets. EMGco and EMGecer were re-
corded from bipolar electrodes embedded in the costal and
crural diaphragms respectively. A fast Fourier transfor-
mation of ECG free EMGco and EMGer was used to
compute the power-frequency spectra and calculate the Fc
of EMGco and EMGecr. The nitrogen washout technique
was used to measure EELV. Abdominal banding induced
a reduction in EELY of 30.6% functional residual capacity
(range 22-39%). The mean Fc of EMGecer was not signifi-
cantly altered by the reduction in EELYV, whereas the mean
Fc of the EMGeco fell in every animal at reduced EELYV by
13 * 8% of baseline Fc (p < 0.05). We conclude that
alterations in lung volume alone can determine changes in
the EMGco power spectrum and Fc. Investigators perform-
ing EMGco power spectral analysis should consider EELV
status when interpreting their findings. (Pediatr Res 30:
606-609, 1991)

Abbreviations

EELYV, end-expiratory lung volume

EMG, electromyogram

EMGco, costal diaphragm electromyogram
EMGecr, crural diaphragm electromyogram
Fc, centroid frequency

FRC, functional residual capacity

Pdi, transdiaphragmatic pressure

Diaphragmatic EMG power-frequency spectral analysis has
been used to index diaphragmatic fatigue in newborns (1-3) and
adults (4). Such analysis involves EMG monitoring in which the
power or amplitude of the EMG signal is examined as a function
of its various frequency components (5). The assignment of the
label diaphragmatic fatigue rests on the observation that fatigue
in limb skeletal muscle is associated with characteristic changes
in the power of the EMG frequency components. These changes
include /) a rapid decrease in high-frequency power, 2) a pro-
gressive increase in low frequency power, and 3) a fall in the
centroid or median frequency and high-to-low frequency ratio
(6, 7).
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EMG power-frequency spectral analysis, however, can be af-
fected by various changes in the environmental milieu of the
muscle including alterations in ambient temperature (8), pH (9),
and muscle blood flow (8) and by changes in muscle length/
configuration (10, 11). Few of these physiologic alterations have
been examined with reference to the diaphragm (9, 12). No
investigation has examined the effect of changes in lung volume
(and, by inference, diaphragm length/configuration) on the EMG
power-frequency spectrum of this muscle. Studies on appendic-
ular muscle have demonstrated that EMG power shifts to lower
frequencies with increasing muscle length (10, [1). In this regard,
an increase in diaphragm length occurs when EELV is reduced
(13-15). We, therefore, examined the effect that reductions in
EELV have on the power-frequency spectrum of the costal and
crural diaphragm of piglets. We hypothesized that a reduction in
EELYV would be associated with a significant decline in the EMG
Fc of both the costal and crural diaphragm.

MATERIALS AND METHODS

Farm bred piglets, obtained from a local breeder who provided
accurate times of farrowing, served as our study animals. Exper-
iments were performed on six 1- to 3-d-old (weight 1.8 £+ 0.2 kg)
piglets. Anesthesia was induced with halothane (1.0%) delivered
in a background of 40% O, via a securely fitting face mask. After
cannulation of the femoral artery and vein, anesthesia was main-
tained with an i.v. combination of a-chloralose (50 mg/kg) and
urethane (200 mg/kg); halothane administration was discontin-
ued. Subsequent infusions of chloralose and urethane were given
if the piglet developed jaw clonus. The trachea was surgically
exposed and cut horizontally. A 3-mm inner diameter endotra-
cheal tube with adapter was inserted in the distal trachea, secured
with suture, and attached to a Hans-Rudolph (Kansas City, MO)
miniature two-way nonrebreathing valve (no. 2384). A Corning
168 blood gas analyzer (Corning Glass Works, Medfield, MA)
was used to determine blood gas tensions and pH. Rectal tem-
perature was continuously monitored (Tele-Thermometer 43TA;
Yellow Springs Instrument Co., Yellow Springs, OH) and main-
tained between 38.5 and 39.5°C (16) with a heated water mattress
(Aquamatic model K-20; American Hospital Supply, Cincinnati,
OH) and a radiant warmer.

Bipolar, Teflon-insulated, multistranded stainless steel wire
electrodes (0.01 inch diameter) with the distal 1-2 mm bared
(Cooner Wire, Chatsworth, CA) were inserted into the ventral
paratendinous costal diaphragm (# = 6) and the midportion of
the crural diaphragm (n = 5). Access to the costal diaphragm
was obtained by a subcostal extraperitoneal incision. Costal
electrode placement was performed under direct vision with wires
placed approximately 2 mm apart oriented parallel to the direc-
tion of the costal diaphragm muscle fibers. After placement of
the costal diaphragm electrode, the surgical incision was closed.
The crural electrode was placed percutaneously using 21-gauge
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spinal needles as previously described (17, 18). This percutaneous
approach was used to secure crural EMG signals because direct
surgical placement was considered too invasive in this small
animal. Postmortem examination indicated that the electrodes
were embedded within the crura less than 10 mm from one
another. A third electrode was placed subdermally in the right
thigh to provide an electrical ground. Electrode placement was
unilateral and on the right side in all the study animals. All
animals were studied in the supine position.

Costal and crural EMG signals were recorded differentially to
ground and amplified 1-10 X 103 times by a preamplifier (BMA-
830 Head Stage Amplifier; Charles Ward Electronics, Ardmore,
PA) before recording on FM tape (Gould Electronics, Cleveland,
OH; model 6508). The EMG signal was processed using a Service
Associates 414 analog processor (Encinitas, CA), where it was
filtered to allow passage of frequencies between 30 and 3000 Hz.
The EMG was full-wave rectified and integrated through a
Paynter filter with a 100-ms time constant to obtain moving
time average EMG (19). In addition, an ECG signal was moni-
tored and recorded on the FM tape via two wire electrodes placed
in the chest wall. Raw and processed signals were displayed on a
Tektronix 511A storage oscilloscope (Tektronix, Inc., Beaverton,
OR) during the study.

The fast Fourier transform and the Fc of the costal and crural
EMG signals were obtained using a Hewlett-Packard Dynamic
Signal Analyzer (model 3561A; Palo Alto, CA) as previously
described (20). EMG signals free of ECG artifact were used for
this analysis. To eliminate ECG artifact from the EMG, a gating
device (EKG Blanker, model SB-1; Charles Ward Electronics)
was used and the gated EMG signal was visually examined on a
digital oscilloscope (Gould model] 1602) before further process-
ing.

The frequency span of the entire power spectrum was from 0
to 1000 Hz, resulting in a spectral time record duration of 400-
ms and a display resolution of 2.5 Hz. The EMG signals were
sampled at a rate of 2560 to satisfy the Nyquist requirement and
minimize aliasing (5). A Hanning window was used to minimize
leakage (5). High-pass filtering at 30 Hz was used to minimize
motion artifact (5). The Fc was computed from the power
frequency spectrum between 30 and 500 Hz. Previous work has
established that >95% of inspiratory diaphragmatic EMG power
in piglets is contained between these two frequencies (21). The
Fc was calculated and defined as the frequency at which the
power above and below it were equal (5). A minimum of 20
consecutive breaths were analyzed and averaged for any given
study period to ensure that all inspiratory times were sampled
sufficiently to establish the predominant frequency components
of the associated EMG.

EELV measurements were obtained using the nitrogen wash-
out technique as adapted for use in small animals (22) and
previously used in piglet studies (21, 23, 24). EELV measure-
ments obtained during the baseline period were designated as
FRC.

After surgery and a 30-min equilibration period, baseline 1)
costal and crural EMG recordings, 2) FRC measurements and
3) an arterial blood gas were obtained. Reductions in EELV were
accomplished using a standard blood pressure cuff placed around
the abdomen (leaving the lower rib cage exposed) and gently
inflated to 35-40 mm Hg for a period of 5 min. Continuous
costal and crural EMG recordings, an EELV measurement, and
an arterial blood gas were obtained during this period of blood
pressure cuff inflation. The blood pressure cuff was then deflated,
and costal and crural EMG recordings, an EELV measurement,
and an arterial blood gas were obtained.

Previous studies on piglets have consistently demonstrated an
augmentation of diaphragmatic force output during acute reduc-
tions in EELV (21, 24). However, to ensure that abdominal
binding did not induce a decline in diaphragmatic force output,
i.e. diaphragmatic fatigue, we examined Pdi (an index of dia-
phragmatic force output) generated during phrenic nerve stimu-
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lation in two piglets with the abdomen bound (blood pressure
cuff inflated to 35-40 mm Hg) and unbound (blood pressure
cuff on abdomen but deflated). Pdi was generated using the
transvenous phrenic nerve stimulation technique previously de-
scribed (21, 24). Briefly, the phrenic nerves were stimulated
(model S48 stimulator; Grass Medical Instruments, Quincy, MA)
via bilateral indwelling external jugular vein catheter electrodes
at supramaximal voltage at 30, 50, and 100 Hz. A thin-walled,
latex rubber balloon (Youngs Rubber, Trenton, NJ) containing
0.5 mL of air was connected to a polyethylene catheter (1.65
mm inner diameter) and placed in the stomach to measure
gastric pressure. Proximal airway pressure was measured via an
18-gauge needle inserted in the tracheostomy tube proximal to
the nonrebreathing valve. Because proximal airway pressure
reflects intrapleural pressure more accurately during phrenic
nerve stimulation than esophageal pressure (25), Pdi was meas-
ured, using a differential pressure transducer (Validyne, North-
ridge, CA), as Pdi = gastric pressure — proximal airway pressure.
Analysis of variance as well as paired two-tailed ¢ tests were
used for statistical analysis of the data as appropriate (Minitab
Data Analysis Software, Standard Version Release 5.1.3., Mini-
tab, State College, PA). p < 0.05 was considered statistically
significant. Data for all animals are reported as means + SD.

RESULTS

Arterial blood gas determinations obtained during eupnea with
the abdomen unbound and during abdominal binding are shown
in Table 1. No significant differences were noted in pH, arterial
CO; tension, arterial O, tension, or base excess between these
two conditions.

Abdominal binding induced /) a significant decline in EELV
in each animal as shown in Table 2 (p < 0.05) and 2) an
augmentation in Pdi at each frequency of phrenic nerve stimu-
lation (Pdi expressed as a percentage of baseline: 30 Hz, 136 +
34%; 50 Hz, 136 + 15%; 100 Hz, 124 *+ 10%). The magnitude
of the reduction in EELV was 30.6 + 7% of FRC (range 22—
39%).

The mean Fc of EMGecr was not significantly altered by the
reduction in EELV as seen in Table 3. In contrast, the mean Fc

Table 1. Arterial blood gas determinations*

Base
pH Paco, Pao, excess
FRC 7.36 £ 0.03 6.4 0.7 kPa 16.5 + 9.3 kPa 1+1
(48 £ 5 torr) (124 £ 70 torr)
Reduced 7.33+0.06 6.6+15kPa 226=*157kPa =1
EELV (50 + 11 torr) (170 + 118 torr)
* Paco,, arterial CO; tension; Pao,, arterial O, tension.
Table 2. EELV measurements
Animal no. FRC (cc) Reduced EELV (cc) % Change
1 26.4 17.0 1356
2 55.8 41.2 126.0
3 28.6 22.2 1220
4 57.6 35.0 139.0
5 62.2 448 127.0
6 73.8 48.6 134.0
Mean 50.7 £ 19 348 £ 13 13067
Table 3. Crural diaphragm Fc measurements
Animalno. FRC(Hz) Reduced EELV (Hz) % Change
1 141 153 T8
2 174 191 19
3 114 118 14
4 267 265 11
5 132 128 13
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Table 4. Costal diaphragm Fc measurements

Animal no. FRC(Hz) Reduced EELV (Hz) % Change
1 148 129 {13
2 135 125 17
3 106 94 11
4 269 202 125
5 259 212 118
6 334 322 | 4

of EMGco declined in every animal at reduced EELV (Table 4)
by 13 + 8% of its baseline value (p < 0.05).

After the discontinuation of abdominal binding, the numeric
values of the EMGco and EMGecr Fc and EELV returned to
baseline values.

DISCUSSION

The results of this study demonstrate that a significant decline
in the numeric value of the costal diaphragm Fc occurs in
association with acute reductions in EELV but no change in
arterial blood gas measurements. In contrast, the Fc of the crural
diaphragm was not appreciably altered by such changes in lung
volume. The observed decline in costal diaphragm Fc was not
secondary to “fatigue,” inasmuch as our results and those of
previous studies have documented an augmentation of diaphrag-
matic force output during acute reductions in EELV (21, 24, 26,
27).

Costal diaphragm Fc. The decline in the EMGco Fc at reduced
EELV is consistent with work on appendicular skeletal muscle
(10, 11)—work that may provide an explanation for our obser-
vations. Studies on appendicular muscle demonstrate that
changes in muscle length alone can have a profound effect on
the distribution of power within an EMG’s power-frequency
spectrum (10, 11) and, more specifically, that EMG power shifts
to lower frequencies with increasing muscle length. In this regard,
the length of the diaphragm is a function of lung volume, with
increases in diaphragm length occurring with declines in EELV
(13-15). When lung volume falls and the diaphragm lengthens,
diaphragm thickness is reduced (28). This decrease in muscle
thickness causes a decline in action potential conduction velocity
(29) that results in a fall in high-frequency power content (30)
and, thus, a decline in the numeric value of the Fc (11).

It should be noted that the induced reductions in EELV used
in our study were on the order of 30% FRC. This was a significant
reduction in EELV but one that was well tolerated by the animals
and not associated with any alterations in arterial blood gas
measurements. Mayock et al. (21) have demonstrated a similar
degree of EELV reduction (~40% FRC) in the piglet during
periods of inspiratory resistive loaded breathing and Watchko et
al. (24) reported reductions in EELV of approximately 25% FRC
during periods of heightened respiratory drive induced by carbon
dioxide breathing in this same animal model. Moreover, our
induced reductions in EELV were well within the expiratory
reserve volume range estimates reported for human newborns of
35-45% FRC (31, 32). Thus, the reduction in EELV used in our
study can be characterized as physiologic.

Crural diaphragm Fc. The numeric value of the EMGer Fc
was not significantly altered by reductions in EELV. The reason
for this observation is unclear. The crural diaphragm, like the
costal diaphragm, lengthens in response to a fall in EELV,
although study results differ in regard to the degree of crural
lengthening relative to costal lengthening under such conditions
(13-15). Most studies, but not all (14), demonstrate greater costal
lengthening when compared with the crura during induced re-
ductions in EELV (13, 15). These investigations of lung volume/
diaphragm length changes have been performed in adult dogs. If
a similar relative costal/crural lengthening relationship at re-
duced EELV exists in the newborn piglet, then these findings

LANTZY ET AL.

could explain in part the differential changes in costal and crural
Fc.

Alternatively, electrode configuration is known to affect the
EMG power-frequency spectrum with interelectrode distance of
the bipolar electrode being an important variable (33). In partic-
ular, as interelectrode distance is increased, more relative power
is contained in the low-frequency range (34), making bipolar
electrodes with large interelectrode distances less sensitive to
decreases in high-frequency power or increases in low-frequency
power (34, 35), the two changes that contribute to a decline in
Fc. The interelectrode distance of the crural diaphragm bipolar
electrode was approximately 10 mm, an appreciably greater
interelectrode distance than that of the costal diaphragm elec-
trode (2 mm) (see Materials and Methods). Thus, the large
interelectrode distance of the crural diaphragm bipolar electrode
may account in part for the failure to observe any Fc changes at
reduced EELV in the crural diaphragm in our study.

Diaphragmatic EMG power spectral analysis and diaphrag-
matic fatigue. Diaphragmatic EMG power spectral analysis has
been used and continues to be promoted as a method for indexing
diaphragmatic fatigue in newborns (1-3, 36, 37) and adults (4,
38, 39). The results of our study are relevant to an understanding
of the limitations of this method because they indicate that
alterations in lung volume can determine changes in the EMG
power spectrum and centroid frequency independently of fatigue.
Moreover, these findings are clinically relevant because a fre-
quent compensatory measure to meet an increased work load
demand on the diaphragm is to actively reduce EELV (by
recruiting abdominal muscle expiratory activity) and lengthen
the diaphragm in an attempt to maintain inspiratory force output
(21, 24, 40-42). Such changes in lung volume would likely be
associated with a shift of power within the diaphragmatic EMG
power-frequency spectrum to lower frequencies, as demonstrated
in our study, and would falsely indicate “fatigue.” Indeed, Sieck
et al. (43) have documented shifts in the EMGco power spectrum
to lower frequencies during trials of voluntary hyperpnea that
were well tolerated and not associated with the development of
ventilatory failure, i.e. EMG power spectral shifts to lower fre-
quencies occurred in the absence of “fatigue” (a false-positive
shift). The results of our study would suggest that this decline in
the EMGco Fc was mediated by reductions in EELV known to
occur during hyperpneic states (21, 24, 40).

Other experimental work suggests that false-negative results
can also be obtained using EMG analysis, i.e. diaphragmatic
fatigue can occur and yet fail to be indexed by a shift in the
diaphragmatic EMG Fec. In this regard, Mayock et al. (21) have
observed a lack of diaphragmatic EMG power-frequency spectral
shifts in piglets during ventilatory failure induced by severe
inspiratory resistive loaded breathing despite a decline in dia-
phragmatic force output (21). Similarly, Kongragunta et al. (44)
have reported objective evidence of diaphragmatic fatigue in
adults with chronic obstructive pulmonary disease during trials
of loaded breathing in which the diaphragmatic EMG power-
frequency spectrum remained stable (44). Thus, the validity of
diaphragmatic EMG power-frequency spectral shifts to predict
diaphragmatic fatigue remains uncertain.

Finally, it is of interest that most investigations relating dia-
phragmatic EMG power-frequency spectral shifts to lower fre-
quencies with diaphragmatic fatigue have not combined dia-
phragmatic EMG analysis with determinations of /) central
neural drive to the diaphragm and 2) diaphragmatic force output,
nor have they addressed the temporal relationship among these
three variables. An exception is a study by Bazzy and Haddad
(45) in which all three variables (EMG power-frequency spec-
trum, central neural drive, and diaphragmatic force output) were
monitored (45). These investigators demonstrated that diaphrag-
matic EMG power spectral shifts were associated with a decline
in central neural drive, both of which occurred before a decline
in diaphragmatic force output. These data point to a possible
central mechanism as the etiology for diaphragmatic force output



DIAPHRAGM EMG SPECTRAL ANALYSIS

impairment and the observed diaphragmatic EMG power spec-
tral shift. Others have recently suggested the same conclusion
(34, 45, 46).

In summary, our data demonstrate that EMGco power-fre-
quency spectral shifts can be induced by acute reductions in
EELV. The observed decline in costal diaphragm Fc was not
secondary to “fatigue,” but likely reflects costal diaphragmatic
lengthening at the lower EELV. We conclude that caution is
warranted in using diaphragmatic EMG power-frequency spec-
tral analysis to predict diaphragmatic fatigue. Further investiga-
tion is needed to clarify the relationship between diaphragmatic
EMG and mechanical activities during ventilatory failure.
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