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Electrophysiologic evaluation of the phrenic
nerve-diaphragm pathway in an intact,

conscious calf model
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Summary

Owing to technical and ethical limitations, a
substantial part of the knowledge about the patho-
physiologic mechanism of the human diaphragm has
been obtained from studies in which phrenic nerve
activation was usually carried out by direct surgical
exposure of the nerves in the neck of deeply anes-
thetized, mechanically ventilated animals. Novel in-
formation has been gleaned from such studies, but the
restrictive conditions under which it was collected
preclude reliable extrapolation. We, therefore, ad-
dressed the question of whether accurate electrophy-
siologic evaluation of the phrenic nerve-diaphragm
pathway can be performed in intact, nonanesthetized
calves,

Transjugular phrenic activation was well toler-
ated, safe, specific, and able to achieve constant sym-
metric and supramaximal phrenic stimulations during
prolonged periods. Eighteen noninvasive cutaneous
and esophageal reception circuits were tested for their
ability to record the diaphragmatic evoked potential.
In addition, they were compared for specificity and
reproducibility of the recorded potentials during pro-
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longed periods of tidal or stimulated respiration. The
best diaphragmatic potential was recorded from sur-
face electrodes attached to the skin of the ninth and
tenth intercostal spaces, using a xyphoidian reference.

We describe a method that allows easy, long-
term, and reliable electrophysiologic evaluation of the
phrenic nerve-diaphragm pathway in intact, con-
scious calves. It is hoped that such a model will pro-
duce relevant novel information regarding pathophy-
siology of the diaphragm.

Whether alteration in the force-generating ca-
pacity of the respiratory muscles attributable to lung
disease,!> or hypovolemic,® cardiogenic,” or septic®
shock can result in life-threatening hypercapnic res-
piratory failure has been a controversial topic for
nearly 60 years.”"10 There still is no definitive answer
to that question, mainly because investigations of the
diaphragm involving physiopathology of ventilatory
failure in human beings have been hampered by
technical and ethical limitations. Moreover, a review
of literature indicates that evaluations of diaphragm
function in animal models were usually performed
under the cover of some type and depth of general
anesthesia, shortly after thoracotomy for electrode
implantation, in animals that were usually mechani-
cally ventilated and restrained in supine position.
Novel information has been gleaned from those stud-
ies, but the restrictive conditions under which it was
collected preclude reliable extrapolation and largely
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Figure !—Electrode positions arbitrarily chasen for record-
ing of body surface diaphragmatic compound action po-
tentials. Diaphragmatic area of appesiton on the inner
thoracic wall extencds from its costal insertions to the costo-
diaphragmatic recess of the pleurae. Closed rings = active
electrodes and open rings = nonthoracic, 13th rib, and
xyphoid process reference electrodes, respectively. Large
dircle = ground electrode, and arrow = estimated site of
phrenic activation. V and X on ribs = fifth and tenth ribs,
respectively. See text for further explanations.

contribute to the controversy. A method providing
specific and reliable phrenic nerve-diaphragm func-
tional parameters in intact, conscious animals is,
therefore, crucially needed. Also, because respiratory
diseases result in losses greater than all other diseases
combined in the bovine species,!T knowledge of the
performances of the respiratory muscles in pneu-
monic calves would undoubtedly contribute to the
understanding of the physiopathology and treatment
of fatal respiratory failure.

Electrical phrenic nerve activation!””” provides a
useful tool for detection of peripheral diaphragmatic
weakness!81% and for assessment of drug effect on
diaphragm function.?” Tt is achieved directly after sur-
gical isolation of the nerves in the neck, 151721 tran-
scutaneously, 1416182223 jransvenously,'>2! or by use
of needle electrodes.?5:26 There are, however, substan-
dal limitations. Transcutaneous phrenic activation is
painful because of the high voltage required to over-
come resistance of the skin. Needle-induced phrenic
activation, in turn, has potential hazards, such as
pneumothorax, hemothorax, or nerve injury. In ad-
dition, maintaining a constant symmetric and maxi-
mal stimulus can often be problematic.'%¢ The
transvenous approach supposedly requires a deep
plane of anesthesia.'??* The primary purpose of the
study reported here was to determine the most suit-
able method for activating the phrenic nerves in in-
tact, nonanesthetized animals. Recording of the
evoked potential also is necessary to ensure constant
activation?” or to estimate the neuromuscular cou-
pling of the diaphragm.?®?? Direct invasive surgical
insertion of fishhook electrodes into the diaphragm
allows reliable recording, but was documented to al-
ter diaphragmatic function itself.3¢ Use of gastroeso-
phageat?®?? or surface®” electrodes, in turn, assumes
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Figure 2—Typical thoraco-abdominal pressures and mo-
tions recorded while the stimulating probe is progressively
acdvanced in the juguiar vein. Notice that the probe can be
easily brought iri its right position, using visual monitoring
of pressures. Arrows poing Lo phrenic nerve stimulations. Ppl
and Pga = pleural and gastric pressure, respectively. RCm
and ABm = motion of the rib cage and the abdommen,
respectively, an outward mation resulting in an upgeing
waveform. AU = arbitrary unit, | = inspiration, and E =
expiration.

that the electrical activity in the pickup volume of the
electrodes (group of fibers the electrical activity of
which is detected by the electrodes) fairly represents
activity in each hemidiaphragm and that the record-
ing conditions are unaffected by changes in lung vol-
ume or thoraco-abdominal configuration. This study
was extended to determine the most suitable non-
invasive reception circuit for capturing specific and
reproducible evoked compound diaphragmatic action
potentials.

An additional purpose of the study was to pro-
vide a method that would allow easy, reliable, long-
term electrophysiologic evaluation of the phrenic
nerve-diaphragm pathway in intact, conscious ani-
mals. Calves were chosen because of their wide use
as experimental models of fatal lung diseases and en-
dotoxemia. Such model could, therefore, produce in-
formation relevant to the pathophysiology of the di-
aphragm with regard to hypercapnic ventilatory
failure.

Materials and Methods

Calves—Nine male Friesian calves were assigned
to groups A and B, containing 3 and 6 animals, 48 *
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Figure 3—Ventrodorsal radiographic view of the cranial
portion of the thorax, with the probe in piace. Dark arrows
surround the first obvious spinal process, which belongs to
the first thoracic vertebra [T1}. White arrows outline the sev-
enth cervical vertebra and T1. Stars identify the first 2 pairs
of ribs. H = humerus, S = scapula, R = right side, and L
= feft side. Notice that the 2 distal stimulating rings are
located straight down from T1 vertebra.

2 and 321 =+ 11 days old {mean * sD} and weighing
50 £ 1 and 304 *= 21 kg, respectively. One day be-
fore the study, fishhook (No. 16} electrodes were im-
planted in both hemidiaphragms of the 9 calves
under xylazine®/gaiacolate®/thiopental®-induced and
-maintained anesthesia. In group-A calves only, ad-
ditional nickel-chrome 0.12-mm-diameter finewi-
res,d bare of insulation for 2 to 3 mm, were sewn in
the following muscles: interosseous—6th, 8th, and
10th outer and inner intercostals; intercartilagen-
ous—6th, 8th, and 10th inner intercostals; and oth-
ers—ventral scalenus, brachiocephalic, sternal
triangular, ascending pectoral, and cutanecus trunci.
Calves were determined to be free of respiratory
tract and neuroclogic diseases on the basis of results
of thorough clinical examination the day of the
study. Neither anesthesia nor sedation was given.
Gastric and esophageal balloons for gastric (Pga)
and pleural (Ppl) pressure recordings® and abdom-
inal {ABm) and thoracic (RCm) bands for thoraco-
3 Rompun Bayer, 5t Truiden, Belgiwm.
b Gujatal 10%, Aesculaap, Ghent, Belgium.

¢ Pentothal, Abott, Louvain-la-Neuve, Belgium.
4 Microfil Industries, Renens-Lausanne, Switzerland.
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Figure 4—Diaphragmatic compound action potentials re-
corded in response to right unilateral, left unilateral, and
bilateral phrenic activation, using 3 skin derivations. The
NTR, XyP, and 10°dn represent electrodes placed over a
nonthorax reference, the xyphoid process, and the down
half of the tenth intercostal space, respectively. The record-
ing circuits in these 3 and subsequent diagrams are de-
noted so that relative positivity at the first or negativity at
the second electrode of the pair results in an upgoing
waveform. Arrow identifies response to contralateral [top),
bilateral {middle), and contralateral {bottom} phrenic acti-
vation. Notice that the 10°dn electrodes have an all or nocne
kind of response, whereas activities roughly add at XyP and
the polarities recorded at 10°dn and XyP evolve in contrast-
ing fashicn.

abdominal wall motion recordings were inserted in
calves.?

Activation procedures—The calves were grounded
via a lead plate glued on the skin of the right axillar
fossa. In group-A calves, a lead plate anode was
glued over the upper part of the sternal manubrium
and a 12-gauge stainless steel needle, bare of Teflon
insulation for 3. mm and serving as a cathode, was
inserted horizontally through the fossa delimited by
the descending and transverse pectoral and brachio-
cephalic muscles, protracted to the level of the first
rib, then slightly withdrawn and moved inward and
backward.

On the basis of anatomic planes,® it was hy-
pothesized that the phrenic nerves could be activated
through the venous walls, Accordingly, a 110-cm-
long, 2-mm-diameter electrode catheter® equipped
with 6 platinum electrodes separated by 10 mm was
inserted in the right jugular vein through a percuta-

e Cardiac pacing lead TU 6/6F, Osypka GmbH, Grenzach-
Wyhlen, Germany.
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Figure 5—Diaphragmatic compound action potentials re-
corded in response to right unilateral, left unilateral, and
bilateral phrenic activation, using 3 esophageal derivations.
Rings 1. 2, 3, and 4 represent electrodes placed in the
esophagus at the fevel of the cardia, and 4. 8, and 12 cm
forward, respectively. Arrow identifies responses evoked Ly
ieft unilateral phrenic activation. The largest responses were
evoked by bifateral activation. Notice that the interelectrade
distances greatly influence the recorded response, the left
hemidiaphragm even being sitent for the 1-2 pair.

neous sheath introducer placed in the mid-cervical
areaf Immediately after insertion, single stimuli {rec-
tangular pulses of 100- to 200-milliseconds duration,
10 to 20 V) were delivered via a pair of electrodes,
using the proximal electrode as a cathode. Then the
probe was gently advanced backward until twitches
appeared on the Pga, Ppl, ABm, and RCm oscillo-
grams. A mask-pneumnotachograph agsermnbly was
then placed on the muzzle 3 The airflow signal was
integrated with respect to time to obtain tidal volume
and was fed to an apparatus which, once activated,
triggered all subsequent stimulations at end-expira-
tory zero airflow. Because we wanted to investigate
the electrical event emanating from the diaphragm in
response to single activation, which precedes in time
any eyoked mechanical action, we decided not fo oc-
clude the airway. Criteria and procedure for ensuring
that the sequences of stimuli remained supramaximal
were determined.

Reception procedures—The evoked compound he-
midiaphragmatic action potentials (CDAP) were re-
corded from intramuscular (groups A and B), esoph-
ageal (group B), and surface (group B) electrodes,
preamplified through a differential preamplifier (in-
put resistance, 200 M{}; common mode rejection ra-
tio, . 10,000:1), bandpass filtered between 20 and

F Desilet 8F, Vygon, Brussels, Belgium.
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Table 1 — Comparisan of the 2 respiratory patterns during
which the stability of the recarding conditions was studied

Characleristics Unit Eupnea Hyperpnea
Timing

Repiratory rate min-? 29+3 42+7

Inspiratory time sec 0.98+0.09 0.7¢+0.02

Expiratory time sec 1142009 0.74 2002

Duty cycle GA6x0.01 (.49 £ 0.01
Flow

Max inspiratory Lis 2.69=0.20 7.56+{.38

Mean inspiratory Lis 1.80+0.79 6.08+0.33

Max expiratory Lis 2.55+0.32 8.32+0.42

Mean cxpiratory Lis 1.57+0.67 5.81+0.33
Volume

Tidal L 1.74:+0.79 426+0.16

Minute L/min 50.28 221.80 178,15+ 9.58
Fressure

pkiPpl kPa —1.45+0.05 —2122004

pkEPpL kPa -0.62£0.05 —0.380.05

maxAPpl kPa 0.75+0.04 174005

PplEEZF kPa —0.92+0.05 —0.74+0.04

pkIPpl = peak inspiratory pleural pressure; pkEPpl = peak expiratory
pleural pressure; and maxAPpl = peak-to-peak pleural pressure, PpIEEZF
refers to the pleural pressure measured at end-expiratory zero flow,
which gives an indirect estimation of lung volume and, hence, of dia-
phragm-to-electrodes spatial relation.

Values are means * SD for 6 calves.

1,800 Hz (roll-off, 12dB/octave), amplified further,
digitized at 10 kHz over 100 milliseconds after ac-
tivation,8 and stored on diskettes for later analysis.
Intramuscuiar electrodes consisted of: 2 finewires™
inserted through the right tenth intercostal space in
group-A calves, and 2 fishhooks in group-A and
group-B calves. Esophageat electrodes were also used
in group-B calves. They consisted of 4 metal rings,
12 mm long, 6 mm in diameter, encircling a poly-
ethylene catheter at distances of 1 (ringl), 4 (ring2),
7 (ring3), and 10 (ring4) cm proximal to a latex sta-
bilizing balloon. The catheter was inserted through
the nose until the balloon was in the stomach, then
was inflated with 150 to 200 ml of air and gently
withdrawn until a tug was felt. Surface electrodes
consisted of 15 rectangular metal plates of about 8
% 4 mm, held to the shaved, scraped, and ethanol-
cleansed skin by electrolyte pasteh and further se-
cured with glue. Four electrodes were arbitrarily
placed over each hemithorax in the eighth, ninth,
tenth, and 11th intercostal spaces (hereafter de-
noted as 8, 9, 10up, and 11, respectively) on a line
running from the xyphoid process (XyP) to the sec-
ond Tumbar vertebra, and a fifth one in the tenth
intercostal space (hereafter denoted as 10dn) on a
line running from the elbow to the electrode glued
in the ninth intercostal space (Fig 1). The last 5
electrodes were glued on the XyP, the 13th inter-
costal space (R13), the back (B), the knee (X), and
the toe (T}.

As a convention, all reception circuits used in
this paper were denoted so that relative positivity
at the first electrode (active) or relative negativity
at the second electrode (reference) would result in
an upgoing waveform. Early in our preoperative as-
sessments, we thought it essential to determine the
degree to which an electrode used as reference was

& Superscope, GW Insiruments, Somerville, Mass.

b EKGsoal, Graphie Controls Ltd, Gananoque, Ontario, Can-

ada.
i Bisan, Petfecta Chemie, Goes, The Netherlands.
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Table 2—Characteristics of hemidiaphragm action potentials recorded via 21 different reception circuits in & calves

Reception DL Dl D2 D3 Al A2 A3 St 52 S3
Circuit {ms} {ms) {ms) msj {uv} (v} nv) (v ms) [u\-ms]) {HVms}
Skin

B-NTR 70+02 fag]  34%03 [seh] 153+05 [gk] 208209 [a] 335253 [a]  —d11+54 [ab] 211+72 [agi] 1494159 [be]  3649+305 [ade] 3,489 247 fac)

2 NTR 72402 fabm] 35403 [agl  139+05 (hkp! 258409 {bd) 409453 [bfgj] —883:54 [odfg] 347422 [be]  9B6: 159 [ak] 7066325 [km} 4,834 +247 (bf}
1upNTR  84+02{] 00403 [0} 162405 [g}  2727+09 [cek] 053 [  —536+54 [ahj] 259422 [dg]  0+159 [} 45704325 b 3,950+247 fedg]
Wdn-NTR ~ 7.7+02 bdj] 41403 [ad] 129405 facfinp} 229409 [id]  246+53 [e]  —769+54 [cdel} 32B+22 [bc] 688+ 159 [aeth] 5668325 [} 4270+ 247 {bd]
TE-NIR 9.8+0.2 [o] 20403 [eg] 137205 [hy] 26709 {cdk] 95453 [ed] —664+54 [eif] 331422 [be] 2771159 [defl] 51244325 [efi] 5,046 247 {bi}

9-XyP 70402 fagl 44x03 [ 12505 fadff] 219=09 [f] 60553 [hk]) —1070£54 [k] 46022 [ 16871159 [¢] 78014325 [Im] 5854247 ie]
10up—=XyP 83x02ch] 25203 [ceh] 155x05 [gio] 265x09 [bd 25153 [e]  —688x54 i) 31122 [bd] 762159 [afh] 5865325 [} 4508247 fbel
10dn—->yT 6.7x02 (gl 41x48.3 [ad]  121+05 [defm] 23.0+0.9 [fgk] 489153 [ghl —1,013x54 [k} 46822 | 1401155 [be] 7219%325 (ki 6,10 =247 fe]
TP 79+02 {f] 33403 [ach] 12405 [§] 238+09 [bi] 286453 [ef] —842:454 [ed] 402x22 [g] 729159 [afh] $,397325 [hjk] 54384247 {ef]

8- H0up 79402 [dihk] 18+03|d  139%05 [dhw] 253409 [bk] —223+53[a] 37654 (b} 49«22 [h 7194156 [afh] 36834325 [ade] 2,990+247 fajk]

a1 78402 [dhk] 19403 [} 113205 [dim] 186209 ]  —2y7+53[a] 370454 [ 53+22[h] 953156 [ah] 3,609 325 [ade] 2,410+ 247 fikol]

P 72402 ] 3.0+03 [efgi] 129205 [acefilp| 304 0.9 [ae] 38553 [beg] —252254 [d] 228427 [gf]  S11156 [ah] 54794375 [fg] 3,445+ 247 fad]
Wdn-1up 76202 [bfl] 3.8+03 [adfE 132205 [aehj] 22809 [fk] 32453 [be] 78454 [degll 317422 ] 00147358 [oh] 5911325 [f] 4,196+ 247 {dgh}
Esophagus
Hngl-NTR 8103 [cd]  36+05 [adeh} 105407 {bm} 212+14 [} 26647 [dej)  -4684£78 [bh] 263:+32 fedf] 2437229 [dR] 27944468 [e]  2,842:£356 fai]
ingl P 79403 [l 41£05 [l 113407 [dim} 212414 [} 494476 [bgk] —610478 [chi] 304432 [bd] 1093:£225 [ab] 3,961 +468 [abde] 3,445+ 356 fach]
dngleing? 73203 [adf]  36+05 [adeh} 139£07 kol Z12+14 [} 31137 [beg] —423+78 [oh] 151432 [ai]  413+229 [dghi] 3,131 +d68 fac] 1551 +356 {Inp]
dngl-fingd  7.3%03 [adfm] 41205 [ad] 149207 [gho]l 241414 [bdfl] 46776 [bighjl —5694:78 [ahi] 157+32 [a] 876229 [ag] 4,311 +468 [abe] 1,707 2356 fmp]
dngl-ringd 81203 [ckd]  33£05 [adehi] 17007 [i} 28814 [ach 39476 [beg] 538278 [bhi] 154432 [ai]  577£229 [ad) 4616468 [cdgl] 1,862+356 fmno)
Musde
hookt-NIR  94+03 [e] 26405 [cgh] 120+07 [abdf] 192414 k] 02276 th)  —629478 [ehil 24132 [dgil 8132229 [aefh] 3,991 ::468 [abde] 2,165+ 356 fjlnph
hookt-XyP 93403 [e] 27405 [egh} 118307 [abd] 202414 [ghil] 73=76 [h} —596+78 [achi] 227432 [agi] 892229 [ah] 3,553+ 468 [adei] 2,124+356 filnp|
hooki-hook? 93+03 [e] 22405 [d]  125+07 facdfp] 19114 ] 1,145+76 ] —1063+78 [8] 160+32 [i] 1427209 [hck] 3443+468 [ade} 1,358+356 fim]

Values are least-squares means (+ SEM) of distal latency {DL); duzation of first, second, and third phase (D1, D2, and D3, respectively); amplitude of
first, second, and third phase (Al, A2, and A3, respectively); and area of first, second, and third phase {51, 52, and 53, respectively) of evoked maximal
compound hemidiaphragm aclion potentials recorded by 21 different reception circuits in 6 calves. NTR = nonthoracic reference; XyP = xyphoid process
reference; 8, 9, 10, and 11 refer to the corresponding intercostal space; up = upper part of the intercostal space; and dn = down part of the intercostal
space.

Only those values with different letters in brackels are significantly different (P < 0,03).

See text for further explanations.

recording the diaphragmatic response. Accordingly,
recordings from reception circuits were obtained
where the active electrode was gradually closer to
the diaphragm: K-T, B-K, R13-B, XyP-B, ringl-B,
ring?-B, ring3-B, and ringd-B. Afterward, simul-
taneous multiple!® channel recordings were ob-
tained from intramuscular, esophageal, and surface
electrodes, using 21 arbitrary reception circuits to
delineate distribution of the evoked CDAP and to
determine the best circuit; hookl-hook2, hook1-B,
hook1-XyP, ringl-ring?, ringl-ring3, ringl-ring4,
ring1-B, ring1—XyP, 8-B, -8B, 10up-B, 10dn-B, 11-
B, 9-XyP, 10up—-XyP, 10dn—-XyP, 11-XyP, 8-10up,
8-11, 9-11, and 10dn-10up, the first 3 and the last
13 being repeated for right and left hemidia-
phragms. Evoked CDAP from right and left hook1-
hook? cireuits were recorded through channels 1
and 2. Care was taken to systematically associate
intramuscular, esophageal, and surface reception
systems in sets of simultaneous recordings through
channels 3 to 6. The same was done for left and right
hemidiaphragms.

Experimental design—The CDAP recorded by right
and left hook1-hook? circuits were recorded through-
out the study, as a monitor of activation. Activation
was considered maximal when a large increase in
stimulus intensity did not result in further increase in
the size of the CDAP. Stimuli were routinely delivered
at twice the intensity required to cause maxdmal CDAP
(on average, 80 V). In group-A calves, Pga, Ppl, ABm,
and RCm tracings were obtained during needle and
transvenous stimulations.

Seven series of 10 to 15 recordings were succes-
sively obtained from each calf in group B: 1 from K-

Am | Vet Res, Vol 56, No. 5, May 1995

T, B-K, R13-B, and XyP-B after uni- and bilateral
activations, and 2-7 from the 37 circuits after right
unilateral, left unilateral, or bilateral activations dur-
ing eupnea and hyperpnea. Total evaluation time was
approximately 8 hours. Type of activation (right uni-
lateral, left unilateral, or bilateral) was achieved by
adjusting the location of the probe in the vein, the
stimulus voltage, and the interelectrode distance. The
resting respiration (referred to here as eupnea) was
varied by use of an expandable dead space that was
adjusted to cause a stimulated inspired volume of
about 250% of the tidal volume.

Data analysis—Ten CDAP were selected and av-
eraged for each combination reception circuit-type of
activation-breathing pattern. Time from activation to
onset of first phase, or distal latency, peak amplitude,
duration, and enclosed area were measured from the
2 or 3 phases of the remaining 1,332 mean maximal
CDAP. Difference in a quantitative characteristic be-
tween eupnea and hyperpnea or left and right hemi-
diaphragms was expressed as percentage change
relative to the measurements obtained for eupnea
and the right hemidiaphragm, respectively. To ex-
amine reproducibility of the CDAP between the meth-
ods (intramuscular hooks, esophageal rings, and
surface rectangles), hemidiaphragms (right and left),
and patterns (eupnea and hyperpnea), a linear fixed
model was fitted to the 10 CDAP variables recorded
after bilateral activation®® and was analyzed, using
ANOVAS The model included effect of animal, method,
hemidiaphragm, pattern of breathing during which
the measurements were made, interaction between
method and pattern, and interaction between method
and hemidiaphragm. To sharpen the analysis, the
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method effect was divided into its own 21 levels and
the between-reception circuits comparison of the
captured CDAP was done by use of the same model,
all pairs of least-square means being compared, using
a t-test. The same kind of analysis was performed on
the calculated percentage differences to define the
impact of breathing strategy and hemidiaphragm on
their repeatability. Finally, using the area of the de-
polarizing phase of CDAP evoked in response to right
unilateral phrenic activation, factor analysis, using
principal component strategy to extract the factors
along with the orthotran/varimax transformation
method, was performed, using the Pearson’s corre-
lation matrix computed for all possible pairs of re-
ception circuits, the eighth intercostal space ex-
cluded.?

Results

Activation of phrenic nerves—Repeated needle
stimulations allowed irregular, nonspecific unilateral
phrenic activations during brief periods, the needle
being rapidly displaced because of the movements of
the punctured muscles. Along with these technical
drawbacks, placement of the needle evoked signs of
pain, was time consuming, and frequently caused hem-
orthage and probably hemothorax.

Repeated transvenous stimulations required an
approximately 15-minute period of adjustments ‘be-
fore giving repeatable evidence of inspiration on the
Pga, Ppl, ABm, RCm, and airflow tracings, suggest-
ing that the diaphragm was activated (Fig 2}. Uni-
fateral and bilateral activations could be clinically
individualized via the intensity of the inspiration and
by monitoring the pressure tracings. Conclusive ev-
idence was obtained from hookl-hook2-derived di-
aphragmatic electrograms, the amplitude of which
closely paralleled pressure deflections and, at least
in a narrow range (5 to 30 V), the stimulus voltage.
Thoracic radiographic views taken with the probe in
place confirmed preliminary dissections, the anode
and cathode pair being exactly located vertically to
the first thoracic vertebra (Fig 3). The long-term
feasibility, safety, acceptability, and reliability of the
technique for obtaining constant symmetric and
maximal activation of the phrenic nerves was doc-
umented in calves of group B, which underwent, on
average, 3 to 4 activations/min during 8 hours with-
out manifesting excitement or cardiac arrhythmia.
Moreover, the stimulus intensity for threshold acti-
vation remained constant between the first and the
eighth hour. In all 9 calves, it was possible to adjust
the probe to obtain stable right unilateral or bilateral
activations without spread to the brachial plexus.
Left unilateral activation, in turn, required frequent
readjustments of the probe, the stimulation often
becoming bilateral.

Electrograms for other muscles (group A} re-
mained silent after activations, except for an occa-
sional record from the right ascending pectoral mus-
cle in 1 calf and systematic records from the right
parasternal portion of the cutaneous trunci muscle
in 2 calves.
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Figure 6—Diaphragmatic force and compound action po-
tential evoked by bilaterai phrenic activation (5 responses
superimposed), using the best skin derivation. Pdi = trans-
diaphragmatic pressure; XyP = xyphoid process. Notice
that the diaphragmatic potential precedes the mechanical
response by 25 to 35 milliseconds.

RECEPTION OF EVOKED POTENTIALS

Assessment of referential recordings—Only non-
thoracic electrodes (T, K, B} were indifferent to dia-
phragm contraction. Because of a better stability of
the zero line, B was definitively chosen as the non-
thoracic reference (NTR) for alt unipolar circuits. The
XyP-NTR recordings indicated biphasic responses
with initial electronegativity that were of opposite po-
larity activity, compared with the activity captured by
other unipolar circuits (Fig 4). Because of potential
interest in the contribution of this out-of-phase op-
posite polarity activity, XyP was kept as a reference
and xyphoidian bipolar circuits were also tested along
with pure bipolar ones (hook-to-hook, ring-to-ring,
and thorax-to-thorax). Ringl-NTR and ring2-NIR cir-
cuits captured a triphasic wave with initial positivity,
whereas electrograms obtained from unipofar circuits,
using rings 3 and 4 as active electrodes, had unique
biphasic waves with initial positivity.

Qualitative assessment of electrograms—QObviously,
repeatable CDAP could not be obtained during pro-
longed periods (1 hour) from fine wires inserted per-
cutaneously in the diaphragm. Moreover, they were
rapidly displaced by hyperpnea.

With each reference electrode (B, XyP, or hook2),
electrograms obtained from intramuscular hooks were
triphasic with initial electropositivity and a low-am-
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plitude third phase. They had hypervariable mor-
phology between individuals and were similar for
ipsilateral and bilateral activations. Whatever the
reference electrode (B, XyF, or ring 2, 3, or 4), elec-
trograms obtained from esophageal rings after right
unilateral and bilateral activation were similar, tri-
phasic with initial electropositivity, and indicated
comparable morphology between individuals. The
CDAT recorded from ringl-XyP were systematically
larger than those captured by ringl-NTR and were
identical for right unilateral and bilateral activations.
The ringl-NTR remained silent after left unilateral
activation. The CDAP recorded from bipolar circuits
after right unilateral activation first increased, then
plateaued as the interelectrode distance was in-
creased. After left activation, they were first absent
then progressively increased. Bilateral activations
generated CDAP that roughly corresponded to the
electrical addition of both unilateral activations,
whatever the bipolar montage (Fig 5). Electrograms
obtained from surface reception circuits were iden-
tical for ipsilateral and bilateral activations, contra-
lateral activations, in turn, nhever evoking any
activity. The circuits including R8 as active site in-
dicated irregular activities, with wide individual var-
iations in morphology and amplitude. For each
reference electrode, electrograms obtained from
other surface electrodes, L8 included, roughly indi-
cated a similar morphology between individuals and
hemidiaphragms. Xyphoidian bipolar circuits always
had larger waves than did unipelar and thorax-to-
thorax circuits. The L8-NTR and L8-XyP CDAP were
biphasic (50%) or triphasic with initial negativity or
positivity, respectively, the depolarization phase
having a rectangular aspect. The 9-NTR, 9-XyP,
10dn—NTR, and 10dn-XyP circuits were 100% tri-
phasic with initial positivity; 9-NTR and 9-XyP had
varied shoulders during repolarization; and 10dn—
NTR and 10dn—-XyP were the most regular and re-
peatable between individuals. The CDAP captured by
10up-NTR and 10up-XyP were 100% biphasic, reg-
ular, and repeatable between individuals, with initial
electronegativity. The 11-NTR and 11-XyP CDAP
were biphasic (50%) or triphasic, but of lower am-
plitude. The 4 thorax-to-thorax circuits gave repeat-
able CDAP between individuals, each circuit having
its own characteristics: 100% biphasic, squared, and
varied shoulders during depolarization and repolar-
ization for circuit L8-L10up; 100% biphasic and reg-
ular for circuit L8-1.11; 100% triphasic; larger for the
left hemidiaphragm; and with long-lasting repolar-
ization for circuits 9-11 and 10dn—10up. Obvious
changes did not occur during hyperpnea for hook-
and surface-derived potentials, except for some bi-
phasic 10up-B and 10up-XyP CDAP which became
triphasic. Conversely, the esophageal recordings had
a systematic size reduction.

Quantitative assessment of electrograms—QObjeclive
description of the 2 breathing patterns during
which CDAF were recorded was done (Table 1).
Globally, most measurements of evoked CDAP were
not significantly different between hemidiaphragms
and patterns of breathing. To the contrary, the ef-
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fect of the capturing method and the interaction
between method and pattern were significant (P <
0.05). When the method effect was divided into 21
levels (ie, the reception circuits), the model con-
firmed a circuit effect (P < 0.001). The changes in
size of the maximal CDAP recorded at the resting
end expiratory level via 21 reception circuits were
detailed (Table 2). Mean percentage changes be-
tween eupnea and hyperpnea were not significantly
different between individuals and hemidiaphragms,
but were highly dependent of the reception circuit
(P < 0.001). Comparisons between pairs of mean
changes indicated that hyperpnea was systemati-
cally associated with smaller esophageal CDAP,
whereas intramuscular and surface CDAP were un-
altered. Analysis of mean percentage differences
between surface CDAP emanating from' right and
left hemidiaphragms revealed unequivocal influ-
ence of the reception circuit (P < 0.001), the left
hemidiaphragm usually having a larger potential.
Three factors were isolated by factor analysis of the
Pearson’s correlation matrix built for the area en-
closed by the depolarization phase. Correlations
between surface, muscular, and esophageal recep-
tion circuits and the first, second, and third factor
were high: 0.852 = 0.048 (mean % sD), (.931 +
0.032, and 0.916 * 0.070, respectively. On the con-
trary, not surface (0.291 * 0.266 and 0.221 =+
0.134), nor muscular (0.215 + 0.191 and 0.153 +
(.124), nor esophageal (0.215 + 0.156 and 0.172 *
(1.123) ¢DAP correlated with factors 2-3, 1-3, and
1-2, respectively. Comparison between diaphrag-
matic evoked electrogram and barogram indicated
that the CDAP preceded the force development by
25 to 35 milliseconds (Fig 6).

Discussion

Activation of phrenic nerves—We found that in-
sertion and adjustment of a catheter fitted with distal
electrodes in the jugular trunk for transvenous acti-
vation of the phrenic nerves was a feasible, rapid,
painless, and well tolerated procedure even in non-
anesthetized, unsedated calves. Reliability of the tech-
nique was documented by the 8-hour maintenance
of supramaximal bilateral activation, notwithstanding
probable slight movements of the electrode in the
blood flux. Because the vagus nerve and the myocar-
dium are located fairly close to the phrenic nerve at
its site of stimulation in the neck,3 we looked for
possible cardiac side-effects. In 9 calves, not heart
rate changes, nor ECG timing, nor morphologic ab-
normalities were apparent. However, in our 3 years’
experience, ventricular fibriliation occurred in 2 calves
(2%). These 2 accidents affected the first and third
calves ever tested and were attributable to descent of
the stimulating electrode pair in the right ventricle.
This emphasizes the necessity of practice by the op-
erator before harmlessness can be ensured.

Reception of evoked potentials—Obijective estima-
tion: of neural propagation, neuromuscular transmis-
sion, and propagation of impulses along the muscle
tequires a method that reliably reflects the total ef-
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ferent activity of motor axens in the phrenic nerve.
Our approach has been to record electrograms orig-
inating from the diaphragm via surface and esopha-
geal electrodes on the assumption that this activity
parallels efferent activity in the phrenic nerve. Pos-
sible sources of error in this type of recording must
be considered.

Artifact from movement of the thoracic wall or
mediastinum attributable to the diaphragmatic twitch
itseif has been excluded by measuring the onset of
the mechanical event and documenting that it is pre-
ceded by the electrical response recorded by surface
or esophageal electrodes (Fig 6},

Artifact may also result from activation of other
muscle groups by the stimulus. In the 9 calves tested,
it usually was possible to limit excitation to the
phrenic nerves alone by a careful placement of the
stimulating electrode. When the probe was moved
away from its best adjustment or when higher stim-
ulus intensities were given, associated spread of ex-
citation to other muscles was observed (on the basis
of clinical inspection and specific electromyograms in
group-A calves) and the typical triphasic regular and
repeatable diaphragmatic surface CDAP was replaced
by an irregular potential of longer latency and some-
times inverse polarity. Surface recordings from the
eighth right intercostal space were occasionally con-
taminated with activity in ascending pectoral or cu-
taneous trunci muscles, explaining the wide between-
individuals variability of the CDAP recorded and
justifying our decision to exclude CDAP recorded by
circuits, using the eighth intercostal space for further
use and analysis. Sometimes these interfering acti-
vations were detected when the diaphragmatic elec-
trograms and thoracoabdominal pressures remained
silent, which suggests that evoked pressure record-
ings should not be altered by such occasional spread
of activation.

Misinterpretation may result from lack or un-
steady specificity of a recorded CDAP for right, left, or
both hemidiaphragms. In this regard, the trend of
CDAP recorded from esophageal bipolar circuits after
bilateral activations to become larger as the inter-
electrode distance increases is questionable, because
the potentials evoked by right and left unilateral ac-
tivations do not follow the same evolution (Fig 5). A
first point is that the bilateral potential appears to
correspond to the simple electrical addition of the 2
unilateral potentials. From our assessment of refer-
ential recordings, it can be predicted that rings 1 and
2 were close to the potential generator, leading to
partial: cancellation of right hemidiaphragm activity
when used together as active and reference elec-
trodes, respectively. This was not the case for ringl-
ring3 and ringl-ring4 reception circuits, explaining
why larger potentials were obtained. However, this
cancellation phenomenon alone cannot explain why
electrograms recorded by the most distal bipolar circuit
after left unilateral activations remained absolutely si-
lent in all 9 calves. This observation, which confirms
the result obtained from ringl-WNTR, indicates that
rings 1 and 2 were absolutely indifferent to left hem-
idiaphragm activation. In our opinion, this finding

552

could be explained if one postulates that the motor
innervation of the perihiatal part of the bovine dia-
phragmatic crus is supplied by the right phrenic nerve
alone. This hypothesis should be seriously considered.
This asymetric innervation might be the functional
parallel of anatomists’” observation that, in Ongulae,
right and left diaphragmatic intermediate perihiatal
crura seem macroscopically to originate in the right
muscle.?® Whatever happens in the distal part of the
esophagus, typical CDAP were recorded from ringl-
ring3 and ringl-ring4. From the aforementioned in-
formation, it is clear that ringl functions here as in-
different electrode, the real polarity of these CDAP
being opposite. This interpretation is further strength-
ened by the fact that unipolar electrograms derived
from rings 3 and 4 revealed unigue biphasic potentials
with initial electropositivity. Right and left unilateral
activations lead to triphasic and biphasic CDAP, re-
spectively, indicating undoubtfully that there were 2
spatial relations between active electrodes (ringl and
ring 3-ring4, respectively) and the level of the motor
point of the activated muscles. This argument further
pleads for the hypothesis that the gastroesophageal
electrodes were asymetrically swrrounded by the 2 ac-
tivated muscles. Recording CDAP specific for right or
left hemidiaphragms is not possible using esophageal
electrodes in calves. Moreover, both electrodes used
in a reception circuit might be capturing intermediate,
right, and left diaphragmatic crura to variable de-
grees. To obtain refiable recording conditions, it is es-
sential to maximize the interelectrode distance and to
ensure stable spatial relation not only between the
active electrode, but also the electrode taken as ref-
erence, and the surrounding structures. In compari-
son, the absolute specificity of surface CDAP for the
ipsilateral hemidiaphragm must be emphasized. How-
ever, are they emanating from the costal, crural, or
both parts of the activated hemidiaphragms? Factor
analysis neatly associates 9-NTR, 10up-NTR, 10dn-NTR,
T1-NTR, 9-XyP, 10up-XyP, 10dn-XyP, 11-XyP, 9-11,
and 10dn-10up with factor 1; hook1-NTR, hookl-
XyP, and hook1-hook2 with factor 2; and ring]1-NTR,
ringt-XyP, ringl-ting2, ringl-ring3, and ringl—ring4
to factor 3, suggesting that the recorded CDAP ema-
nate from 3 electrical generators. If one assumes that
the pickup volume of intramuscular electrodes is lim-
ited to a few thousand muscular cells surrounding the
inserted hook, it can be hypothesized that factors 1,
2, and 3 should correspond to a substantial portion
of the costal part, a few thousand costal muscular
cells, and a portion of the crural part, respectively.

The quantitative repeatability of CDAP between
tidal and stimulated breathing constitutes a crucial
technical requirement before implementing the
model during lung disease. In this regard, validity of
the respiratory challenge used must be evaluated in
terms of increased flows, volumes, and pressures
which are the main variables acting on the length,
tension, volume, and geometry of the interposed
structures (thoracic walls, lungs, mediastinum} be-
tween the potentials’ generator (diaphragm) and re-
ceptors (electrodes). From comparisons between
Table 1 and published respiratory functional values
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for airway®® or alveolar®? lung diseases in the same
species, it clearly appears that the hyperpnea in our
calves represents an experimental prototype of ex-
treme conditions in cases of bovine respiratory tract
diseases. Results of this study unequivocally indicate
that, when respiration is stimulated, the assumption
that CDAP characteristics vary in direct proportion to
the quality of action potentials generation, propaga-
tion, and spread in the muscle remains valid for in-
tramuscular and surface potentials, but does not
apply to esophageal derived electrograms. Indeed,
single supramaximal stimuli to the phrenic nerve pro-
duced esophageal CDAF that systernatically decreased
in size as the breathing strategy was altered. A similar
result was obtained in human subjects voluntarily al-
tering their diaphragmatic length and position.?241-43
Regarding the diaphragm, hyperpnea was associated
with fiber lengthening at the end of expiration and
probably with modification in position and geometry.
Indeed, from the increase of peak expiratory Ppl (Ta-
ble 1), it may be deduced that there was an expiratory
effort that probably led to a decreased end-expiratory
lung volume, this being confirmed by increase in
end-expiratory zero flow Ppl. Regarding electrical
transmission, hyperpnea was, thus, associated with a
different spatial relation between the electrically ac-
tive diaphragm and the esophageal electrodes. Ac-
cordingly, several factors may have contributed to this
hyperpnea-induced artifact. Relative change in the
radial distance between the crural fibers and the ac-
tive recording electrode or a variable contribution to
the recorded potentials from the crus by potentials
produced by more distant regions of the diaphragm
may have contributed. The latter factor is of crucial
importance because we found that movements of the
electrodes at rest in the esophagus are accompanied
by various degrees of recording the left crus. The de-
gree to which the esophageal reference electrodes
were recording an activity may also have influenced
the recorded CDAP, but this is unlikely to be a major
tactor because comparable artifacts were observed,
using unipolar circuits. The conductivity of the vol-
ume conductor around the electrodes as a result of
interposition of the lung* may have changed. How-
ever, similar artifactual changes occurred when the
active electrode was referenced to B or XyP. Finally,
a change in the tone of the perihiatal region of the
esophagus, which is responsible for the tendency of
the distal portion of the esophagus to grip the cath-
eter, may vary and, therefore, affect recording con-
ditions. Because of these specificity and reproducibil-
ity problems, we conclude that use of esophageal
electrodes to document electrophysiologic changes
should be avoided. Artifactual changes in thoracic
wall surface recordings of maximal CDAP never oc-
curred with alterations in breathing pattern, the fttle
variation being comparable to the one recorded for
the hooks. As previously mentioned, activations were
systematically triggered at the end of expiration (ie,
when the diaphragm would be expected fo maintain
close apposition to the rib cage). Stable recording
canditions achieved were, therefore, not surprising
because hyperpnea was accompanied by forced ex-
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pirations (vide supra} in which diaphragmatic appo-
sitien to the inner thoracic wall should be intensified.
The only exception concerned the CDAP given by
10up—XyP, which systematically switched morphol-
ogy from biphasic to triphasic when respiration was
stirnulated.

Our studies, using simultaneous multiple chan-
nel recordings, establish that the surface diaphrag-
matic potential is best recorded from the ipsilateral
ninth and tenth intercostal spaces, the former posi-
tion usualty providing somewhat larger response. Be-
cause the active electrodes placed over the eighth and
11th intercostal spaces may be contaminated with
motor responses of other thoracic muscles or resulted
in morphologically different CDAP between individ-
uals, respectively, we do not recomunend these sites
for recording. Among the 3 derivations ‘we exten-
sively used, thorax-to-thorax bipolar, thorax-to-back
unipolar, and thorax-to-XyP bipolar circuits provided
diaphragmatic responses of progressively higher am-
plitude, respectively. Summation of out-of-phase tho-
racic and XyP potentials should provide a larger po-
tendal in the thorax-to-XyP circuits than those
recorded from the thorax and an indifferent reference
(NTR). The latter circuits, in turn, avoid partial cancel-
lation of activity between thoracic electrodes capturing
each in-phase diaphragmatic activity to vadable de-
grees. To maximize sensitivity, we, thus, recommend
use of thorax-to-XyP derivations. Interestingly, the
recordings from XyP and 10up are diphasic, whereas
the ones from 9 and 10dn are triphasic. These differ-
ences in morphology must be interpreted via the vol-
ume conduction theory,* according to which, XyP
and 10up sites are suggested to be in the vicinity of
the source of the muscular response that corresponds
to the junctional region of the contributing muscle
bundles. Conversely, the initial positivity that char-
acterizes most of the recorded CDAP suggests that
their recording electrodes were distant from the
source of the response. Anocther question is how to
explain that 10up and XyI’ sites appeared to be in the
vicinity of the diaphragm’s source of activity, whereas
the 10dn site does not. A possible explanation is the
complex shape of the diaphragm and, probably, the
complex pattern of terminal innervation over its cos-
tal, sternal, and lumbar portions. This could also be
the reason why the critical location of the belly elec-
trode, giving a potential associating minimal latency,
maximal size, and simplest diphasic configuration,
was not found. The amplitude of our CDAP also was
considerably lower (0.3 to 1 mV), compared with the
4 ta 20 mV recorded from the small muscles of the
human hand. These differences are probably attribut-
able to the fact that the diaphragmatic potential is a
far-field poteniial recorded at a considerable distance
from the active muscle, compared with the near-field
activity recorded on the hand. Also, the electrical re-
sistance of bovine skin must be considered. The 6
calves being approximately the same size, the ex-
tremely low variation between individuals in distal la-
tencies (<3%) emphasizes the good activation and
reception technical standardization cbtained. The be-
tween-circuits variation of distal latency (6.7 to 9.8 mil-
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liseconds) in tum reflects variations in nerve length
and, hence, conduction time to the different portions
of the diaphragm.

We conclude that transvenous activation of the
phrenic nerves and recording of the evoked potential
via surface elecirodes glued over the thorax is an easy
and painless method that can be used in nonanesth-
etized and unsedated calves. It provides reliable
quantitative information on phrenic conduction,
phrenicodiaphragmatic neurotransmission, and dia-
phragmatic propagation of action potentials. It is easy
to standardize and is free from iatrogenic risks. Stable
stimulating and recording conditions can be achieved
during prolonged periods, including episodes of la-
bored breathing comparable to that of lung diseases.
In this way, and in combination with force measure-
ments, we hope this model may produce information
relevant to the pathophysiclogy of the diaphragm in
general, its role in hypercapnic ventilatory failure, and
a pharmacologic means of improving its contractility.
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