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ABSTRACT. Decreased diaphragmatic blood flow (Qy;) is
associated with decreased contractility in adult animals.
To see whether the decrease in Qg associated with a patent
ductus arteriosus was associated with a decrease in dia-
phragmatic contractility (P;), we prepared 11 near-term
fetal lambs by infiltrating the ductus with formalin and
placing a snare around it to regulate its patency. The lambs
(with open chest) were delivered and mechanically venti-
lated, and the phrenic nerves and diaphragm were paced
(using transvenous wires) at rates of 20/min, 60/min, and
100/min (Inspiratory time/total respiratory cycle time =
0.5) for 7-min contraction periods after 30-min recovery
periods. Qg was measured with radiolabeled microspheres
at the end of each contraction period. Diaphragmatic per-
formance was determined by comparing Py at the start
(Pg-start) and end (Pg-end) of the contraction period.
When the ductus was closed, Qg increased 6.9-fold at 20/
min and 9.8-fold at 100/min (compared with Q, at rest).
Pg-end was less than Pg-start at all contraction rates, but
the reduction was significantly greater at 100/min (Py-end/
Pg-start: 0.80 * 0.10 at 20/min; 0.67 %= 0.17 at 100/min).
Py-start also decreased with increasing rates of contrac-
tion. When the ductus was open, the left-to-right shunt
was 64 £ 11% of left ventricular output. Qy; in the unpaced
diaphragm was significantly reduced (open 4.0 % 3.8 versus
closed, 7.4 £ 2.4 mL/min/100 g). However, with pacing,
Qi increased with open ductus and so did not differ from
Qi with closed ductus. Similarly, at each contraction rate,
ductus patency did not alter diaphragmatic performance
(Ps-end/Py-start, open versus closed; 20/min =0.80 £ 0.15
versus 0.80 %= 0.10; 60/min = 0.76 * 0.11 versus 0.73 %
0.17; 100/min = 0.62 % 0.14 versus 0.67 * 0.17). We
conclude that diaphragm performance decreases at faster
contraction rates despite an increase in Qg. Although a
patent ductus arteriosus reduces Qg; in the noncontracting
diaphragm, during contractions Qg can increase to levels
achieved when the ductus is closed so that there is no
change in diaphragmatic performance. (Pediatr Res 28:
437-445, 1990)
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Diaphragmatic muscle fatigue, the inability to generate or
sustain contractile force, is an important feature of respiratory
failure (1). Diaphragmatic fatigue has been recorded when gen-
eral metabolic demands have been extreme, as well as under
severe respiratory loading (2-4). The exact mechanism that
causes fatigue is unknown. Normotensive, spontaneously breath-
ing, adult animals are able to increase their diaphragmatic blood
flow to meet increased energy demands (2, 3, 5). However, a
number of experimental conditions have been described in which
decreased diaphragmatic blood flow is related to diaphragmatic
fatigue (6-8). When subjected to hypotensive shock, either car-
diogenic (9) or hemorrhagic (10), experimental animals exhibit
diaphragmatic fatigue, which is related to reduced energy supply.
Recently, work on skeletal muscle fatigue has suggested that
decreased blood flow may cause fatigue by mechanisms inde-
pendent of oxygen and substrate delivery (11).

A patent ductus arteriosus is a vascular communication be-
tween the systemic and pulmonary vascular beds. It is present in
full-term newborn lambs and humans in the first hours after
delivery and frequently persists for several days in the premature
neonate. Patency of the ductus arteriosus is thought to aggravate
respiratory distress in premature infants in the first few days of
life. Although patency of the ductus arteriosus has been assumed
to cause pulmonary edema, we have recently demonstrated that,
in premature lambs, a patent ductus arteriosus does not cause
increased water accumulation or net protein transudation into
the lungs in the early hours after delivery (12). Thus, we consid-
ered the possibility that the adverse effects of ductus patency in
premature infants could be mediated by its possible effects on
diaphragmatic blood flow and function. Patency of the ductus
arteriosus is associated with a left-to-right extracardiac shunt
with a “run-off” of aortic blood flow to the pulmonary circula-
tion. Consequently, there is a reduction in systemic blood pres-
sure and reduced perfusion to splanchnic organs and skeletal
muscles (13). We have previously observed that paralyzed, me-
chanically ventilated newborn lambs with a patent ductus arter-
10sus have a significant (40%) reduction in diaphragmatic blood
flow (13). Therefore, we hypothesized that reduced diaphrag-
matic blood flow, apparent at rest in lambs with a patent ductus
arteriosus, would be even more compromised during periods of
increased metabolic demand, when the diaphragm would require
increased blood flow.

We therefore asked the following questions: /) Is patency of
the ductus arteriosus associated with diaphragmatic fatigue at
lesser metabolic demands than when the ductus is closed?; 2)
Does diaphragmatic fatigue correspond to a reduction in dia-
phragmatic blood flow? We chose to pace the diaphragm at
increasing rates of contraction because this is a major determi-
nant of diaphragmatic blood flow (7). Because the costal and
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crural portions of the diaphragm have different embryonic origin,
derive their innervation from different parts of the cervical spinal
tract, and have different mechanical actions during inspiration
(14), we measured blood supply to these parts individually. We
reasoned that different requirements may be reflected in dispar-
ate measures of blood flow with increasing demands. We also
attempted to measure indices of oxygen metabolism in the
diaphragm so as to note possible compensatory mechanisms that
may be brought into play when metabolic demands are increased.

MATERIALS AND METHODS

Surgical preparation. Surgery was performed on time-dated
pregnant Western mixed-breed ewes at 139-143 d gestation
(term, 145 d). A continuous infusion of 0.9% NaCl was given to
the ewe throughout surgery. Epidural anesthesia was induced
with 4 mL of 1% tetracaine hydrochloride; ketamine (100 mg)
was administered i.v. for sedation as required. Local anesthesia
with 0.5% lidocaine hydrochloride was used for all maternal and
fetal incisions. Using this combination of ketamine and local
anesthesia, fetuses did not respond to surgical incisions. In ad-
dition, the fetuses and newborn lambs were anesthetized through-
out the experiment with repeated small boluses of pentobarbital
sodium in doses just sufficient to depress the corneal reflex.

Polyvinyl catheters were inserted into the ewe’s pedal vein and
artery and advanced into the inferior vena cava and descending
aorta, respectively. Through a midline incision, a hysterotomy
was performed and polyvinyl catheters were similarly inserted
into the fetal pedal vein and artery; these were advanced to the
fetal inferior vena cava and descending aorta, respectively. The
fetal left chest was then identified and a left thoracotomy per-
formed through the Sth intercostal space; the left lung was
retracted to expose the great vessels and the ductus arteriosus.
After the ductus was dissected from the surrounding tissue, 10%
buffered formalin solution was injected into the vessel wall to
destroy the muscular layer. A mechanical snare (made from a
cardiac catheterization guide wire and a catheter sheath) was
then looped around the ductus and brought out through the fetal
chest wall. A catheter was placed in the fetal pulmonary artery,
and the left thoracotomy was closed.

Bilateral thoracotomies were made through the fetal 8th inter-
costal spaces. Through the right thoracotomy, a polyvinyl cath-
eter was inserted into the right diaphragmatic phrenic vein under
direct visualization and secured in position by sutures. Through
the left thoracotomy, a three-pronged fish-hook electrode, insu-
lated up to 5 mm from the tips, was attached to the left anterior
costal diaphragm. The raw EMG signal was passed through a
9852A EMG averaging coupler (Sensormedics, Anaheim, CA);
the coupler acted as a voltage amplitude filter and had a band
width of 5.3 Hz to 1000 Hz. The two lateral thoracotomies were
left open throughout the experiment to eliminate the effects of
pleural pressure, as well as chest wall and lung expansion, on
diaphragmatic geometry (15).

The fetus was then delivered onto the maternal abdomen. A
tracheotomy was performed and the fetal trachea intubated with
a 4.5 F cuffed endotracheal tube. The umbilical cord was then
ligated and the lamb delivered to a warming table, where me-
chanical ventilation was initiated with a time-cycled, constant-
flow infant ventilator (Sechrist, Anaheim, CA). Under local
anesthesia, additional polyvinyl catheters were inserted into the
right upper pedal and umbilical arteries and into the carotid
artery; the latter catheter was advanced into the left ventricle.

Figure 1 shows a schematic representation of the experimental
set-up. The lamb’s lower abdomen and lower chest were snugly
wrapped with an ace bandage to increase the work load on the
diaphragm. Once tightened, the ace bandage was left undisturbed
throughout the experiment. Our index of the force generated by
diaphragmatic contraction, P, was measured with a thin-walled
latex balloon (4 cm long) placed between the abdominal wall
and the ace bandage. The balloon was connected via a polyeth-
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Fig. 1. Schematic representation of experimental set-up. The lamb’s
lower abdomen and lower chest were wrapped with an ace bandage to
increase diaphragmatic work load. A latex balloon between the abdom-
inal wall and the ace bandage was used to measure Pg. An electrode was
attached to the left anterior costal diaphragm to record EMG. Bipolar
electrodes were placed into the jugular veins to stimulate the phrenic
nerves.

ylene catheter to a differential pressure transducer (MP-45-28,
Validyne, Northridge, CA), one port open to atmospheric pres-
sure. Measurements were made with the balloon containing 0.5
mL air. The balloon was calibrated before each experiment; its
response characteristics were stable between balloon volumes of
0.4 and 0.65 mL. The balloon was deflated between experimental
measurements; it was inflated 20 s before each measurement.

The phrenic nerves were stimulated transvenously by bipolar
electrodes inserted into both jugular veins. The electrode tips
were positioned by initiating electrical signals from a stimulator
and signal programmer stimulator 6002 and train programmer
6091, Palmer Bioscience, Kent, England) and advancing both
electrodes until the diaphragm contracted maximally when stim-
ulated with 5-7.5 V. Once positioned, the pacing electrodes were
sutured tightly in place. The stimulator voltage then was in-
creased incrementally until no further increase in Py was ob-
served; this was called the “maximal pacing voltage.” After the
maximal pacing voltage was reached, the voltage was increased
by a further 20% to ensure “supramaximal” stimulation. In this
study, supramaximal voltages were 12 + 2 V (mean * SD).

In Table 1, we compared our measure of Pgi with measure-
ments made with a balloon-tipped catheter placed in the stomach
via the esophagus (Pg,); there was no significant difference be-
tween the two techniques in detecting the changes in pressure
when the stimulator voltage was incrementally increased. In two
animals, we measured both P, and Py simultaneously; in each
lamb, the stimulator voltage was increased incrementally from 0
to 100% of the maximal pacing voltage. The relationship between
P and P, (expressed as a percent of the Pg-maximal and P,.-
maximal; see footnote, Table 1, for definitions) was Py = (1.03
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Table 1. Comparison of Py with Py, at different
pacing voltages™*

% of maximal pacing voltage

40 50 70 80 90 100 120
Put 255 78«3 83x0 100 100 =0
n 2 3 3 4 4
Pt 2429 4912 7710 849 930 100 100=x0

n 4 6 11 3 4 11 11

* Pacing electrodes were placed as described in Materials and Methods.
The force generated by diaphragmatic contraction was measured by the
change in P, in four lambs, and Py (abdominal wall pressure) in 11
lambs. Contractions were measured in all lambs when the ductus was
open. Contractions were induced by a train of 0.2-ms pulses at 50 Hz,
which were maintained for 1.5 s, The stimulator voltage was increased
incrementally until no further increase in Py or Py, was observed; this
was called the “maximal pacing voltage.”

+ The maximal pacing voltage is normalized to 100 in each animal
and different stimulating voltages are expressed as the % of maximal
voltage. The maximal pacing voltage was 10 = 2 V (mean = SD) in the
four lambs with P,, measurements and 10 = 2 V in the 11 lambs with
P4 measurements. Py-maximal and Pg-maximal were the pressure
changes measured at maximal pacing voltage: Py-maximal = 5.5 £ 2.7
cm H;O (n = 4), and Pg-maximal = 6.8 £ 1.9 cm H:O (n = 11) (p =
NS).

1 The values of Py, and Py are expressed as a % of the Py-maximal
and Pg-maximal in each lamb. » = number of lambs with pressure
measurements at the indicated pacing voltage.

X Py) — 1.3, mean Py, = 61 = 41, r = 0.99, n = 9. However,
during prolonged (7-min) pacing periods, we found considerable
variability in the peak pressure measurements recorded by P,
whereas the coefficient of variation for our measure of Py was
less than 5%. Because the purpose of our study was to compare
diaphragmatic force during different states of ductus patency, we
used our measure of Py because it had less variability than the
measurements recorded by Pi,.

All intravascular catheters were kept patent during the exper-
iment by infusion of small boluses of heparinized 5% dextrose
in water (<1 mL/kg/h). The lambs received an infusion of 5%
dextrose with NaHCO; at a rate of 10 mL/kg/h (2 mEq/kg/h, 2
mmol/kg/h). The lambs were dried with a towel and covered
with a plastic sheet to reduce evaporative heat loss. Rectal
temperature was maintained at 38-39°C with an Aquamatic K-
pad (American Hospital Supply, McGaw Park, IL) and radiant
heat lamps. Heparinized fetal or maternal blood was transfused
to replace blood loss from sampling.

Experimental protocol. The experiment began when the um-
bilical cord was ligated. The ventilator settings were set at a peak
inspiratory pressure of 25 em H.O, a positive end-expiratory
pressure of 2.5-3 cm H,O, inspiratory time of 0.6 s, respiratory
rate of 40-50 breaths/min, and FiO, of 1.0. Peak inspiratory
pressures were then changed to maintain arterial PCo. values in
the range of 30-35 mm Hg (4.0-4.7 kPa) FiO, was reduced to
maintain arterial PO, values in the range of 100-120 mm Hg
(13.3-16 kPa). The settings at which these values were attained
were: peak inspiratory pressures of 23.5 £ 3.0 cm H,O and FiO;
of 0.51 £ 0.18 (mean = SD). The animals were allowed to
stabilize for 2.5 h after delivery before any studies were begun.

Two groups of animals were studied. In the first group of
animals (n = 5; weight = 4,04 £ 1.14 kg, gestational age = 141
+ (.5), we studied the effects of the experimental time course on
diaphragmatic function. In this group of animals the ductus was
closed shortly after delivery (by tightening the snare). The dia-
phragm was studied when paced at the following sequence of
contraction rates: /) 60/min, 2) 100/min, 3) 20/min, and 4) at
rest (no pacing). Each contraction was induced by a train of 0.2
ms pulses at 50 Hz. Peak tetanic tensions were achieved within
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250 ms. For contraction rates of 20, 60, and 100/min, these
repetitive pulse trains were maintained for 1.5, 0.5, and 0.3 s,
respectively, with 1.5, 0.5, and 0.3 s quiescent periods per con-
traction, respectively. Because both frequency of contraction and
duty cycle are important determinants of diaphragmatic blood
flow (7), we kept the duty cycle constant (at a value of 0.5) so
that the total contraction time per min was the same at the
various rates of contraction.

Each period of pacing was maintained for 7 min, and 30 min
were allowed for recovery between pacing periods at the different
contraction rates. During each 7-min pacing period, a number
of measurements were made. Mechanical ventilation was discon-
tinued upon initiation of pacing, and the lungs were distended
with a CPAP of 3.0 cm H,O. CPAP was maintained for 20 s,
during which time pressure tracings from the abdominal wall
latex balloon were recorded. The mean amplitude of the last
three consecutive waves of this 20-s interval was recorded as Py-
start.

After measurement of Pg-start, mechanical ventilation was
restarted; the lambs were ventilated throughout the rest of the 7-
min pacing period while the diaphragm received the same rate
of pacing. Arterial and phrenic venous blood gases and lactate
concentrations were measured from blood samples drawn 1.5
min after pacing was begun. Blood flow was measured 5 min
after pacing was begun using one of nine different radiolabeled
microspheres (15 u) (16); over a 90-s interval, the radionuclide-
labeled microsphere was injected into the left ventricle as refer-
ence blood samples were withdrawn simultaneously from the
right brachial and carotid arteries (13). This group of measure-
ments was made during each contraction rate (60, 100, and 20/
min).

After the initial series of contraction rates (period I, Fig. 3),
the diaphragm was paced again at the same contraction rates in
the same sequence (60, 100, and 20/min; period II, Fig. 3).

Figure 2 shows the values of Pg-start at the various rates of
contraction. As previously demonstrated (17), Py-start was lower
at contraction rates of 100/min than at 20/min (mean reduction
of 13-17%). At any contraction rate, Pg-start during the first
sequence of pacing (period I) did not differ from Pgy-start during
the second sequence (period II). We concluded that Py-start was
a stable measure during the time course of this experiment. In
addition, the near identity of Py-start for periods I and II, at each
rate of contraction, suggested that the sequence of pacing did not
significantly affect Py values.

The second group of animals formed the core of our study.
This group included 11 lambs; mean weight was 3.86 + 0.81 kg,
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Fig. 2. Pgy-start for group 1 lambs. The ductus was closed shortly after
delivery. Pacing sequence of 60, 100, and 20/min ( period I') was repeated
(period IT). * Compared with contractions of 20/min, p < 0.04. ** Com-
pared with contractions of 60/min, p < 0.01. Values represent mean +
SD.
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and mean gestational age was 141 = 1 d (mean + SD). After a
2.5-h stabilization period, diaphragmatic function was studied
with the ductus arteriosus initially patent. The diaphragm was
paced in the same sequence of contraction rates as in the first
group of animals. As before, each pacing period was maintained
for 7 min, and 30 min were allowed for recovery between periods
of contraction.

During each pacing period, the lungs were distended initially
with CPAP of 3.0 cm H,O. CPAP was maintained for 20 s while
pressure tracings from the latex balloon were recorded. As before,
the mean amplitude of the last three consecutive waves was
recorded as Py-start. In addition, CPAP was applied during the
last 20 s of each pacing period, the mean amplitude of the last
three consecutive waves being recorded at Pg-end. Otherwise,
the lambs were mechanically ventilated throughout the 7-min
study period. Blood gases, assays of lactate, and microsphere
flow studies were carried out as for the first group of animals.

In the second group of animals, after the initial sequence of
diaphragmatic pacings (with the ductus patent), the ductus arter-
iosus was closed by tightening the mechanical snare. The dia-
phragm was then studied in the same sequence as before; pacing
at contraction rates of 60, 100, and 20/min and at rest. As before,
each rate of contraction was maintained for 7 min, measurements
performed as above, and 30 min allowed for recovery between
each pacing period.

Throughout the experiment, vascular and left ventricular pres-
sures were measured continuously with a Sensormedics Dyno-
graph multichannel recorder and Beckman pressure transducers
(Sensormedics). Signals were averaged electronically to obtain
mean pressures. The differential pressure transducer used to
measure Py and the EMG electrode were connected to the same
multichannel recorder. The EMG signal was rectified and filtered
through an EMG averaging coupler (Sensormedics).

At the end of the experiment, the animals were killed with 4
mL of euthanasia solution (Anthony Products Co., Arcadia, CA).
When dissected, ductal closure was confirmed as were the posi-
tions of the diaphragmatic venous catheter and other catheters.

Diaphragmatic function and pacing. Pg-start was our measure
of diaphragmatic contractile force. The ratio of Pg-end/Pg-start
was our measure of the diaphragm’s ability to sustain contractile
force.

The EMG electrode provided a measure of compound dia-
phragmatic action potential. This was a measure of the integrity
and stability of the transmission path from the stimulator output,
via pacing electrodes, to the EMG electrode output. Peak dia-
phragmatic EMG signal output did not change once the supra-
maximal pacing voltage had been set; therefore, any changes in
P could legitimately be attributed to changes in diaphragmatic
mechanical performance, rather than to other factors such as
change in stimulator output, unstable electrode positioning, or
increased impedance due to thrombus formation.

Cardiovascular function measurements. At the end of the
experiment, the organs and carcass were separated, placed in
formalin, incinerated at 325°C for 72 h, pulverized, and placed
in counting vials. The diaphragm, in particular, was excised from
its attachment to the chest wall, the central tendon was dissected,
and the muscular diaphragm divided into its costal and crural
parts. A muscular specimen overlying the mid-left scapula was
also dissected separately to provide a measure of noncontracting
skeletal muscle flow. This tissue was referred to as “scapula
muscle.” The amount of radionuclide in each organ and refer-
ence blood sample was measured with a well-type gamma scin-
tillation counter and multiple-channel pulse height analyzer (13).
Left ventricular output, pulmonary blood flow, and blood flow
through the ductus arteriosus were calculated from the concen-
tration of microspheres in the reference samples, the total num-
ber of microspheres recovered from the whole animal, and the
total number of microspheres in the lungs (13). Bronchial blood
flow was assumed to be 8% of left ventricular output; this
assumption was based on measurements made in 35 premature
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newborn lambs with ligated ductus (Clyman RI, unpublished
observations). Pulmonary blood flow, therefore, was considered
equal to the left ventricular output minus the estimated bronchial
blood flow (13).

Chemical analysis. Arterial and venous pH, Pco,, and Po,
were measured using a blood gas analyzer (Corning Medical &
Scientific, Medfield, MA). Hb concentration and oxygen satu-
ration were measured with an OSM2 Hemoximeter (Radiometer,
Copenhagen, Denmark). Arterial and venous whole blood lactate
concentrations were measured electroenzymatically (23L lactate
analyzer, Yellow Springs Instruments Co., Yellow Springs, OH).
Samples for lactate measurements were kept on ice and measured
within 3 min of blood withdrawal.

Calculations. Because P0o. measurements were not always
available from the phrenic venous samples, arterial and venous
oxygen content (mL O,/100 mL) was estimated from: [Hb] X
1.34 X %0, — saturation, where [Hb] = H concentration (g/100
mL). Oxygen delivery to the diaphragm (DO.) was calculated
from: DO, = CaO, X Qu, where CaO, = oxygen content of
descending aortic blood and Qa4 = diaphragmatic blood flow.
Oxygen consumption (VO,) was calculated from: VO, = (CaO,
~ Cv0,) X Qu, where Ca0» and CvO- are arterial and phrenic
venous oxygen contents, respectively. The net lactate efflux from
the diaphragm (Q..) was calculated from: Q. = (venous lactate
concentration — arterial lactate concentration) X Qg;. Diaphrag-
matic vascular resistance (DVR) was calculated from: DVR =
(Pr. — Pive)/Qui, where Py, = mean femoral artery pressure, and
Pive = mean pressure in the inferior vena cava.

Statistics. The comparisons to be made were predetermined
before we began this study. The effect of ductal patency on
diaphragmatic and cardiovascular measurements at the different
rates of contraction was tested by two-factor (ductus patency and
contraction rate) analysis of variance with replication. When
analysis of variance revealed significant differences, we used the
Scheffé’s test for a posteriori comparisons. Values of p <0.05
were considered statistically significant. All values are presented
as mean + SD.

RESULTS

Table 2 shows the effects of different rates of diaphragm
contraction on the left ventricular output, pulmonary blood flow,
and pressures in the pulmonary and femoral arteries and left
ventricle at end-diastole when the ductus arteriosus was open or
closed. Because none of the hemodynamic variables were altered
by changes in the rate of diaphragm contraction, the values at
rest and at the different contraction rates were pooled to give
mean results. When the ductus was open, left ventricular output,
pulmonary blood flow, mean pulmonary artery pressure, and
left ventricular end-diastolic pressure were significantly higher,
whereas mean femoral artery pressure was significantly lower
than when the ductus was closed. These findings, which have
been observed previously (13), are consistent with the amount
of left-to-right shunt through the ductus arteriosus (64% of left
ventricular output) (13).

With increasing rates of diaphragm contraction (Fig. 3), there
were progressive decreases both in Pg-start, our index of dia-
phragmatic contractile force, and in Pg-end/Pg-start, our index
of the diaphragm’s ability to sustain contractile force. Neither of
these indices of diaphragmatic function was changed by studying
the lambs with the ductus open or closed at any contraction rate.

As we have observed previously (13), when the diaphragm was
at rest, blood flow to the diaphragm (as well as to the scapula,
carcass, gut, and kidneys) was significantly reduced (p <0.05)
when the ductus was open compared with when it was closed
(Table 3). However, with diaphragmatic contraction, diaphrag-
matic vascular resistance decreased precipitously (Table 4), so
that diaphragmatic blood flow increased both when the ductus
was open and when it was closed. As a result, at any given
contraction rate, blood flow to the diaphragm did not differ
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Table 2. Hemodynamic data in fetal lambs with open and closed ductus when diaphragm was at rest
and at different rates of contraction (n= 11)*

Rest 20/min 60/min 100/min Mean
Open ductus

LVO (mL/min/kg) 315+ 96 333+ 114 348 =93 337 £ 157 333 = 114+
Qp (mL/min/kg) 289 + 89 306 = 105 320 + 86 315+ 116 307 + 105+
PDA shunt (% LVO) 59+ 13 64+ 12 67+ 8 65+ 12 64 £ 117
P

(mm Hg) 44 £ 6 43+ 7 45 %5 43+6 44 + 6%

(kPa) 5908 57+09 6.0x07 57+038 59+08
P,

(mm Heg) 48 +7 48 8 50+6 48 + 8 49 + 7

(kPa) 6.4 +0.9 6.4+ 11 6.7+0.8 6.4+ 1.1 6509
PLVED

(mm Hg) 10 + 4 10+ 4 126 11+4 11+ 4%

(kPa) 1.3+05 1.3+05 1.6 = 0.8 1.5+ 0.5 1.5+0.5

Closed ductus

LVO (mL/min/kg) 141 £ 37 151 & 42 139 £ 45 140 £ 35 143 £ 39
Qp (mL/min/kg) 130 + 34 139 + 39 127 £ 41 128 £ 32 132 + 36
PDA shunt (% LVO) 13+ 10 14+ 11 15 £12 15+ 13 15+11
P.

(mm Hg) 35 30+4 30+4 30+4 31+4

(kPa) 4.1 +0.7 40+0.5 40+0.5 4005 4.1+0.5
an

(mm Hg) 55+ 12 54 %11 56+ 11 55+12 §5&: 1.1

(kPa) 73+1.6 T2 1.5 T4 15 73+1.6 7315
Pyveo

(mm Hg) 6+3 6+3 6+3 6+4 6+3

(kPa) 0.8+04 0.8+04 0.8+04 0.8 0.5 0.8+04

* Values are mean + SD. Abbreviations: LVO, left ventricular output; Qp, pulmonary blood flow; PDA, left-to-right blood flow through the
patent ductus arteriosus; P, mean pulmonary artery pressure; Py, mean femoral artery pressure; Py yep, left ventricular end-diastolic pressure.

+p < 1077 vs closed ductus value.
+p <3 x 1073 vs closed ductus value.
10r
8k
P gi Start
(Cm H 20)

5Tt
i

101

08 Tt
Pgdi End . t

Pgi Start

tt
izl-l',TT

—O— Open Ductus
—®— Closed Ductus

" . ,

20 60 100
Contraction Rate (min '1)

Fig. 3. Pg-start and Pg-end/Pg-start when ductus was open and when
it was closed. Values did not differ between open and closed ductus states
at any contraction rate. Compared with 20/min: tp < 0.02; +tp <
0.005. Compared with 60/min: * p < 0.04; ** p < 0.005; *** p < 0.0005.

whether the ductus was open or closed. This increase in organ
blood flow with contraction was observed only in the diaphragm
(Table 3). The distribution of total diaphragmatic blood flow to
the costal and crural sections of the diaphragm was unchanged
whether the diaphragm was at rest or contracting (Table 3).
Increasing rates of diaphragmatic contraction brought no sig-
nificant changes in arterial or phrenic venous oxygen content

(Table 5). In addition, these variables did not differ at any
contraction rate whether the ductus was open or closed (Table
5). At contraction rates of 20/min, in both the open and closed
ductus states, diaphragmatic oxygen consumption increased 1 1-
fold over oxygen consumption at rest (Fig. 4). At contraction
rates of 100/min, there was a further 1.8-fold and 1.1-fold
increase in oxygen consumption with the ductus open and closed,
respectively. At contraction rates of 20/min, diaphragmatic oxy-
gen delivery increased 12-fold (open ductus) and 9-fold (closed
ductus) over oxygen delivery at rest, and contraction rates of
100/min brought a further 1.9-fold and 1.3-fold increase with
open and closed ductus, respectively. Thus, the increase in oxy-
gen consumption with increased rates of contraction was more
than adequately met by increased rates of oxygen delivery; as a
result, there was no significant change in the oxygen extraction
ratio. Lactate efflux also increased with increasing rates of con-
traction. At no rate of contraction were these variables of oxygen
and lactate metabolism affected by open or closed ductal state.

The 11 lambs used to examine the effects of the ductus
arteriosus on diaphragm performance (group 2) were studied
initially with the ductus open and then with the ductus closed.
To confirm that the observed changes were independent of this
time course, we compared the 11 lambs in group 2 during their
initial sequence of pacing (i.e. when their ductus was open) with
the five lambs in group 1 during their initial sequence of pacing
(when their ductus was closed—period I) so that both groups
were studied at the same age after delivery. Hemodynamic
variables in the five group 1 lambs (with a closed ductus) were
similar to the values in the 11 group 2 lambs when their ductus
was closed. Indices of oxygen metabolism could be obtained in
only three animals in group 1; although this invalidates mean-
ingful statistical comparison, the results were of the same order
of magnitude as those obtained in the group 2 animals. Py-start
and the ratio Pg-end/Pg-start did not differ significantly between
the two groups of animals (Table 6).
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Table 3. Regional blood flows in fetal lambs with open and closed ductus when diaphragm was at rest
and at different rates of contraction (n = 11)*

Flow (mL-min~'-100 g™')

Rest 20/min 60/min 100/min
Open ductus
Qu 40 + 3.8+ 41.0 + 16.8% 50.3 + 22.9§ 68.0 + 34.23§
Quma (%) 56 + 37 6311 64 % 10 65 % 10
Qgial 44 + 37 37+ 11 36+ 10 35+ 10
O 4.4 + 2.4+ 3.9 + 1.8% 3.3+ 1.5+ 3.1+ L7
Qe 53+ 1.7+ 4.9 + 2.3t 4.8 + 1.8% 43+ 1.849
O 48 + 23+ 37 + 19+ 36 + 19+ 39 + 214
Qiiver 31 +23 31 £ 21 28 + 16 27+ 11
Quianey 68 + 34+ 73 + 33 78 + 39 80 + 46
Qpesin 31+ 13 29+ 9 27+8 26 %9
Closed ductus
Qui 74424 50.8 + 25.3% 55.2 + 31.1% 72.8 + 34.9%
Quosa () 69 + 13 62+ 12 62 £ 13 66 £ 13
Qerua 31+ 13 38+ 12 38+ 13 34 £ 13
Quan 59+ 3.5 6.9+ 36 6.3+32 5.6+3.2
Qeare 6.7+26 7.0+ 2.6 6.4+ 3.1 6.5+ 3.1
Qe 74 + 33 73 + 32 68 + 36 66 + 30
Quver 35+£22 33+ 17 3121 32+18
Qtidner 91 + 48 92 + 51 88 + 48 85 + 47
Qorain 27+8 30+ 8 27+9 27+7
Qt‘t‘f\!al

* Values are mean + SD. Abbreviations: Qy;, total diaphragm blood flow:

crural

———, percentage of total diaphragmatic blood flow to the costal/crural

muscle: Quap: Qeares Qs Qiivers Quidneys and Quain, arterial blood flow to the scapula muscle, carcass, gastrointestinal tract, liver, kidneys, and brain,

respectively.
T 2 < 0.02 vs closed ductus value.
£ p < 0.001 vy value at rest.
§ p<0.05 vs value at 20/min.
[I » < 0.06 vs value at rest.
17 <0.01 vs value at rest.

Table 4. Diaphragmatic vascular resistance [mim Hg-mL™".min. 100 g (kPa-mL™".min- 100 g)] in lambs with open or closed
ductus at different contraction rates (n = 5)*

Rest 20/min 60/min 100/min
Open ductus 11.9£7.8 1.1 £0.5% 0.85 = 0.5+ 0.8 = 0.67%
(1.58 £ 1.03) (0.15 = 0.07) (0.11 +0.07) (0.10 + 0.08)
Closed ductus 6.8+23 [.1 £0.7F 1.1 £0.75% 0.8 = 0.5F%
(0.90 £ 0.31) (0.15 £ 0.09) (0.15+£0.10) (0.10 £ 0.07)

* Values arc mean = SD.
+p < 3% 107" vs value at rest.
¥ p < 0.02 vs value at 20/min.

Table 5. Metabolism in diaphragm in lambs with open or closed ductus at different contraction rates (n = 5)*

Rest 20/min 60/min 100/min

Open ductus

C, (mL 0,/100 mL) 16.6 + 4.7 16.4 + 4.4 17.6 = 4.0 17.4 +3.9

C..e (mL O-/100 mL) 85+4.1 8.1 £3.8 8.2+2.1 8.1+£23

0,Sat,,. (%) 456+ 179 488 £17.3 49.7 + 4.6 505+75

[lac)... (mmol/L) 0.54 +0.32 0.49 + 0.57 1.04 + 0.88 1.00 + 0.91
Closed ductus

C,(mL O-/100 mL) 15.0 4.1 157+ 4.6 18.0£27 15446

C,., (mL O-/100 mL) 52% 1.7 6.3+39 6.1 £3.0 5.7+3.6

O.Sat,. (%) 60.8 = 20.5 55.1 £27.1 640123 577212

[lac]i (mmol/L) 0.33£0.76 0.38 £ 0.68 0.83 £0.31 1.08 £0.71

* Values are mean = SD. Abbreviations: C,, diaphragmatic arterial oxygen content; C,.., diaphragmatic arteriovenous oxygen content difference;

O-Sat,.. oxygen saturation in phrenic vein; [lac]..,, diaphragmatic arteriovenous lactate concentration difference.

DISCUSSION

Our purpose was to study the perinatal effects of ductus
patency on diaphragmatic function and blood flow. We cannot
speculate on the effects of very prolonged ductus patency on

diaphragmatic function. Furthermore, our findings do not reflect
on the effects of ductus patency on the diaphragm’s maximal
work capacity or endurance; to answer these questions, a different
experimental model would be required. OQur aim was to create a
model in which diaphragmatic contractile dysfunction could be
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Fig. 4. Indices of diaphragmatic oxygen metabolism at rest and at
various contraction rates. There were no differences between open and
closed ductus states. D0,, oxygen delivery; Vo, oxygen consumption;
V0,/D0; = oxygen extraction ratio. * p < 0.03 vs rest; ** p < 0.05 vs 20/
min. The increasc in lactate efflux with increasing rates of contraction
did not achieve statistical significance when the ductus was open because
of the large variability observed. In each individual animal, however. net
lactate efflux increased with increasing rates of contraction.

reproducibly demonstrated, and then to see whether a left-to-
right ductus shunt would significantly decrease diaphragmatic
function under the same conditions.

We used an artificial preparation to study the effects of the
ductus shunt on the diaphragm itself, without the confounding
effects of the ductus on pulmonary mechanics, ventilatory drive,
or chest wall stability. Although diaphragmatic pacing is not
identical to spontaneous breathing, it is useful for controlling
rates and patterns of breathing. The chest was open to eliminate
the effects of lung expansion on diaphragmatic configuration
and to minimize the diaphragm’s interaction with the chest wall.
We measured Pg using a balloon catheter placed between the
abdominal wall and the restrictive abdominal bandage. Although
diaphragmatic contractile force is usually assessed by the differ-
ence between P,, and esophageal (pleural) pressure, this measure
is also an indirect index of diaphragmatic contractility and is
affected by diaphragm position and abdominal compliance, as
well as by diaphragmatic contractile force. Furthermore, Py, only
reflects local pressure under one area of the diaphragm, inasmuch
as abdominal pressure has been shown to be nonuniform (18).
Thus, transdiaphragmatic pressure, as estimated by the difference
between P, and esophageal pressure, may frequently contain
substantial errors (18). The purpose of our study was to compare
diaphragmatic force during different states of ductus patency;
therefore, the most important attribute of any indirect measure
of diaphragmatic performance was its reproducibility. Table 1
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shows that our measure of Py detected similar changes in trans-
diaphragmatic pressure as did P,. Figure 2 shows that our
measure of contractile force was reproducible. The abdomen was
bandaged to increase the diaphragmatic work load by increasing
the abdominal pressure against which the diaphragm contracted.
This increased abdominal pressure could affect both diaphrag-
matic venous pressure and blood flow (8). These considerations
would be unlikely to affect our results because, once placed, the
tension in the bandage was not changed. Thus, comparisons at
different contraction rates and different states of ductus patency
were made under similar external restrictions. Furthermore,
Buchler e al. (19) have shown that although high abdominal
pressures do indeed affect diaphragmatic blood flow during
sustained tetanic contractions (duty cycle = 1), the diaphragmatic
blood flow is unaffected during intermittent diaphragmatic con-
tractions (duty cycle < 1). The above considerations apply
equally to the studies performed with the ductus open and those
with the ductus closed. Because our interest lay in comparing
the effects of an open ductus with those of a closed one, we
believe that our results are qualitatively applicable.

We found that as diaphragmatic contraction rates increased,
so did oxygen consumption and lactate production by the dia-
phragm. Despite this increased metabolic rate, there was a de-
crease both in diaphragmatic contractile force (Pg-start) and in
the diaphragm’s ability to sustain this contractile force (Pg-end/
Pg-start) with progressive increases in contraction frequency. It
is interesting that diaphragmatic contractile dysfunction with
increasing rates of contraction was already apparent at the begin-
ning of each train of pacing (Py-start). This is compatible with
the suggestion of Buchler er al. (7) that energy expenditure
associated with activation may be more important than that
associated with shortening.

We also found that patency of the ductus arteriosus, which
was associated with a decreased perfusion pressure, did not cause
greater reductions in diaphragmatic contractile force or ability
to sustain contractile force. In the presence of an open ductus,
blood flow to the diaphragm, when the diaphragm was not
contracting, was reduced by nearly 50%. However, once the
diaphragm started to contract, diaphragmatic blood flow in-
creased markedly, so that there was no significant difference in
flows whether the ductus was open or closed.

Would greater left-to-right shunts or greater work loads have
affected our results differently? With the ductus open, left-to-
right shunts ranged from 37 to 78% of left ventricular output.
Using Spearman’s rank correlation test, we found no correlation
between the magnitude of the ductus left-to-right shunt and
either the blood flow to the contracting diaphragm or the indices
of diaphragmatic function (Pg-start, Pg-end/Pg-start). Although
our experiment was not designed to demonstrate maximal
achievable diaphragmatic blood flows, the fact that diaphrag-
matic vascular resistance approached a nadir at the higher rates
of contraction (Table 4) leads one to believe that little further
increase in blood flow would be expected without a change in
perfusion pressure. In addition, applying the formula of Reid
and Johnson (4, 20), the blood flow observed at contraction rates
of 100/min should have been the maximal possible blood flow
to the diaphragm at that perfusion pressure. Thus, our experi-
mental model may have achieved near-maximal diaphragmatic
blood flow. If this were the case, then our results would indicate

Table 6. Comparison of Py-start and P-end/Py-start in lambs in which ductus was either closed initially (group 1)
or open initially (group 2)*

Pg-start (cm H-O)

Pg-end/Pg-start

20/min 60/min 100/min 20/min 60/min 100/min
Open ductus (r=11) 6.8+19 6.3 % 2.1 5.8+1.7 0.80 £ 0.15 0.76 = 0.11 0.62 +0.14
Closed ductus (n = 5) 4.9 +£0.9 48 +£0.8 4.4 +0.5 0.82 £ 0.05 0.73 £ 0.10 0.57 £ 0.15

* Values are mean = SD. There were no significant differences between groups at any contraction rate.
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that even with a large left-to-right shunt, maximal diaphragmatic
blood flow does not differ from that seen when the ductus is
closed.

Therefore, the contracting diaphragm in this experimental
model appears to be protected from ductus “steal.” It is of interest
to speculate on the source of this compensatory blood flow. The
observed trend for scapular muscle and carcass blood flows to
decrease with increasing rates of diaphragmatic contraction when
the ductus was open suggests that there might be redistribution
of blood from the carcass to the diaphragm under these condi-
tions. Our study, however, cannot provide conclusive evidence
for this. Although the blood flow to the contracting diaphragm
(per 100 g tissue) was considerable, the absolute amount of blood
flow to the diaphragm was low compared with the amount of
blood flow to the carcass. Thus, a small percentage decrease in
carcass blood flow, not sufficient to achieve statistical significance
in our study, would suffice to provide the source of additional
blood flow to the contracting diaphragm. Previous observations
have also suggested that the working diaphragm was a protected
organ in adverse hemodynamic conditions. Magder ef al. (21)
found that with severe inspiratory elastic loading, blood flow
increased mainly to the diaphragm and external intercostal mus-
cles. When severe hypotension was then induced by cardiac
tamponade, diaphragmatic blood flow was maintained at its
increased level, whereas blood flow to other vital organs, includ-
ing brain and heart, decreased.

Seaberg ef al. (22) studied the effects of a patent ductus
arteriosus on exercising skeletal muscle blood flow in piglets.
They found that treadmill exercise increased skeletal muscle
blood flow equally whether the ductus was open or closed. In
their study, however, ductus left-to-right shunting decreased dur-
ing exercise, mainly due to decreased systemic vascular resistance
and increased pulmonary vascular resistance. In our study, duc-
tus shunting did not change with increasing rates of contraction;
we essentially activated only one muscle, and no changes in
systemic or pulmonary vascular resistance were noted.

Several investigators have suggested that control of diaphrag-
matic vascular resistance is related to the Po, in the phrenic vein
(4, 23). However, the changes in diaphragmatic vascular resist-
ance that occurred in our study (Table 4) were independent of
phrenic venous oxygen tension (Table 5). Furthermore, most of
our animals had phrenic venous oxygen saturations greater than
the levels that had previously been shown to affect resistance (4,
23). Thus, in the newborn lamb, diaphragmatic vascular resist-
ance also must be affected by mechanisms that are independent
of phrenic venous oxygen tensions.

With increased rates of contraction, with both open and closed
ductus, crural and costal diaphragmatic blood flows increased
similarly (Table 3). At each rate of contraction, however, crural
blood flow (per g tissue) exceeded costal blood flow (data not
shown). This is consistent with results obtained by Soust et al.
(24) in sheep 8§ to 10 wk of age during quiet breathing. The crural
and costal portions of the diaphragm have different mechanical
action (14), and under conditions of inspiratory resistive loading,
the crural EMG activity undergoes greater augmentation than
does the costal activity (25). Although the specific blood flow to
the crural muscle is greater, the costal diaphragmatic muscle
receives a greater proportion of total diaphragmatic blood flow
due to its larger weight (Table 3). Our results differ from those
of Manohar (26), who found that resting ponies have similar
crural and costal blood flows, but that with exercise, costal blood
flows were considerably greater than crural blood flows. This
may reflect species differences.

Consistent with the findings reported in our study, Nichols ez
al. (17) found that with increasing rates of contraction, diaphrag-
matic blood flow, oxygen consumption, and oxygen delivery all
increased in the newborn lamb. However, their results differ
from ours in that they found that oxygen extraction increased
with diaphragmatic contraction, whereas we found that it did
not change. Nichols er al. (17) also observed increased lactate

ALPAN ET AL.

efflux with increased rates of diaphragmatic contraction and
concluded that this was evidence that maximal oxygen delivery
had been superceded. In our study, the increase in diaphragmatic
oxygen consumption with increased rates of contraction was
more than offset by the increased rate of oxygen delivery. How-
ever, even in our own study, despite the unchanged oxygen
extraction ratio, net diaphragmatic lactate efflux was noted to
increase with increasing rates of contraction. The diaphragm is
capable of metabolizing lactate (27), and net lactate efflux reflects
the balance between rates of uptake and production. Conclusions
about either pathway alone cannot be made from a single meas-
urement of efflux. Rochester and Briscoe (28) estimated phrenic
venous Po, to be 15-20 torr (2.0-2.7 kPa) before significant
lactate production by the canine diaphragm was observed. More
recently, Reid and Johnson (4) estimated critical phrenic venous
Po- to be less than 12 torr (1.6 kPa) before aerobic work capacity
of the diaphragm was diminished. Most of the animals in our
study and that of Nichols et a/. (17) had phrenic venous Po,
values above these levels. It is possible that the neonatal dia-
phragm is more susceptible to hypoxia, but recent work in
newborn piglets and baboons actually suggests, based on both
functional and histochemical evidence, that the newborn dia-
phragm is better able to tolerate hypoxia than is the diaphragm
of the older animal (29, 30). On the other hand, lactic acid,
moreover, is not necessarily an indicator of anaerobic metabo-
lism (31). The diaphragm is composed of various fiber types,
some of which have low oxidative capacity (32). In studies such
as ours and that of Nichols ef a/. {17), in which the diaphragm
is paced at supramaximal voltage, all fibers are activated. Net
lactate efflux, therefore, may reflect additional fiber recruitment
rather than lack of oxygen.

In summary, we have shown that patency of the ductus arter-
tosus does not adversely affect diaphragmatic function. Although
a patent ductus arteriosus is associated with decreased diaphrag-
matic blood flow when the diaphragm is at rest, the contracting
diaphragm is able to increase its blood flow to levels equivalent
to those attained when the ductus is closed. Our results have a
clinical application in that premature infants frequently suffer
from respiratory distress in the first few days of life. They also
frequently have a patent ductus arteriosus. Insofar as our model
applies to human physiology, it appears unlikely that the patent
ductus would contribute to the respiratory distress in these infants
by adversely affecting blood flow to the respiratory muscles.
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