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Cardiovascular response during severe acute asthma
and its treatment in children

AT EDMUNDS, S GODFREY

From the Department of Paediatrics and Neonatal Medicine, Hammersmith Hospital, London

ABSTRACT Heart rate, blood pressure, pulsus paradoxus, and cardiac output measured by means of
transthoracic electrical impedance cardiography have been recorded in 29 children mean age 10
years + 2 SD during status asthmaticus. Changes were recorded over the first two hours of treatment
during which all patients received oxygen, intravenous fluid, and hydrocortisone, and were randomly
assigned to receive aminophylline, salbutamol, or both. Admission values showed significant correla-
tion of pulsus paradoxus with Paco, (r = 0-66). Pulsus paradoxus was greater than 20 mmHg for all
patients with Paco, above 5-5 kPa. Mean stroke volume and cardiac output were 89%, and 1319
of the resting convalescent values in the same children. Stroke volume cardiac output and heart rate
did not correlate with peak expiratory flow rate or blood gas measurements. Aminophylline and
salbutamol together were associated with significantly greater increase in PEF than aminophylline
alone (p < 0-05). Nebulised salbutamol was just as effective as intravenous salbutamol. Heart rate
and systolic blood pressure declined significantly after nebulised salbutamol and aminophylline, but
not after intravenous salbutamol and aminophylline. Stroke volume and cardiac output did not

change significantly in any treatment group.

The disturbance of ventilatory function during severe
acute asthma is associated with significant cardio-
vascular responses. Sinus tachycardia is almost
always found,1™ though correlation with severity of
illness is poor.l 4 Pulsus paradoxus increases with
severity of asthma,35~7 reflecting a fall of pulse
pressure and perhaps of stroke volume during
inspiration. Permutt® reported increased cardiac
output in two adult volunteers during moderately
severe asthma induced in the laboratory. There are
no reports of the changes of cardiac output in
children during severe asthma, but the finding of
metabolic acidosis® suggests that oxygen supply to
tissues may be inadequate. Arterial hypoxaemia
which occurs frequently!~4 may account for the tissue
hypoxia. Its effect would be compounded if cardiac
output and tissue perfusion were reduced. We have
measured heart rate, blood pressure, pulsus para-
doxus, and cardiac output (Q) in a group of children
at the time of admission to hospital for treatment of
severe acute asthma. These measurements have been
related to peak expiratory flow rate (PEF) and
arterial blood gas measurements. The changes which
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occurred during the first two hours of treatment with
aminophylline and a selective B2 stimulant
salbutamol have also been measured to assess the
comparative effectiveness of these drugs in the
treatment of severe acute asthma in children.

Methods

The study was approved by the ethics committee of
the Royal Postgraduate Medical School, Hammer-
smith. Informed consent was obtained from the
parents of all patients. Twenty-three patients were
studied on 29 occasions at the time of admission to
hospital for treatment of severe acute asthma. There
were 12 boys and 11 girls. The mean age was 10
years (range 3 years 5 months to 13 years 10 months).
Four childrén were studied twice and one on three
occasions. All the patients had failed to respond to at
least two adequate doses of bronchodilator at home
and after clinical assessment were thought to require
intravenous therapy.

Before treatment was started, the severity of the
asthma was assessed by measurement of PEF and
arterial blood gases. Peak expiratory flow rate was
measured as the best of three attempts using a
Wright’s peak flow meter calibrated from 0-200 litres
per minute. Arterial blood gases were measured on
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blood samples obtained from the radial artery under
local anaesthetic. These measurements were corre-
lated with heart rate, blood pressure, pulsus para-
doxus, stroke volume, and Q. Heart rate was
calculated from the electrocardiogram recorded
during measurement of cardiac output. Blood
pressure was measured by auscultation of the
Korotkoff sounds using a cuff covering at least two-
thirds of the upper arm. Pulsus paradoxus was
measured using the same cuff. Cuff pressure was
recorded on a U/V recorder via a transducer and
amplifier, together with a simultaneous recording of
the Korotkoff sounds from a microphone placed
over the brachial artery. The phase of respiration
was recorded by an observer pressing a marker
during each inspiration. The transducer was
calibrated before and after each study using a
mercury manometer. Pulsus paradoxus was taken as
the difference between cuff pressure when the
Korotkoff sounds first appeared and the highest
pressure at which they were not interrupted during
inspiration. Stroke volume and cardiac output were
measured by transthoracic electrical impedance
cardiography as described by Kubicek et al® and
modified by Costeloe et all® to allow measurements
while patients were breathing freely. Stroke volume
was calculated as the mean of 8-12 consecutive
cardiac cycles, covering a complete respiratory cycle.
Cardiac output was calculated by multiplying mean
stroke volume by mean heart rate during the period
of measurement.

Measurements of PEFR and all the cardio-
vascular parameters were repeated at 15-minute
intervals throughout the first two hours of treatment
with aminophylline and salbutamol, a selective S2
stimulant, to assess their cardiovascular effects and
to relate these to changes of airway function. All
patients were given oxygen via a face mask if they
would tolerate it. Parents were encouraged to stay
with their children and to help with the administra-
tion of oxygen and salbutamol when this was given
via a nebuliser. All children were given infusions of
dextrose 4%;/saline 0-189( at rates from 70-120 ml
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per kg per 24 hours according to clinical assessment
of fluid requirements. All patients received intra-
venous hydrocortisone 2 mg per kg as a bolus
followed by a continuous infusion of 1 mg per kg per
hour. During the first hour patients were randomly
allocated to receive aminophylline, nebulised
salbutamol, intravenous salbutamol, or a combi-
nation of both these drugs (fig 1). Aminophylline
was given as a bolus over five minutes followed by a
continuous infusion. The bolus dose was increased
from 4 mg per kg for patients 1 to 6, to 5 mg per kg
for patients 7 to 16, and to 6 mg per kg for patients 17
to 29. The infusion dose was increased from 0-7 mg per
kg per hour for patients 1 to 16, to 0-9 mg per kg per
hour for patients 17 to 29. These increases were made
as the plasma theophylline concentrations measured
at the end of each study were below the therapeutic
range of 10 to 20 ug per ml when the lower doses
were used. Nebulised salbutamol was given as 2-5
mg (0-5 ml) of respirator solution diluted in 1-5 ml of
saline via a Wright’s nebuliser driven by oxygen at a
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Fig 1 Treatment regimens used. [ ] = Aminophylline
bolus and infusion. B = Salbutamol bolus and infusion.
1 = Salbutamol given via Wright’s nebuliser.

Table 1 Data recorded at the time of admission mean + SD
Treatment* Number Age(yr) Durationof PEFt %, PaO,} PaCO,} Heartrate  Pulsus Surface area Stroke Cardiac
zroup symptoms expected kPa, kPa (b/min) paradoxus  (m?) volume output
(hours) (mmHg) (ml|m?) (I[m?*|min)
A/N 5 9+2 30 + 17 19+ 4 8:5 + 09 52407 147 + 19 24+ 6 096 +0-17 39 + 8 563 + 0-66
AV 5 10 +2 49 4+ 42 2145 76 +0-5 49 +13 138 + 18 23 +12 103 + 016 45+ 8 6-25 + 1-54
N/A 5 942 31 £ 11 14 +3 80 + 04 52409 143 + 17 26 + 10 103 + 014 39+ 8 566 + 1-39
V/IA 5 10+ 4 33 +27 18 +6 81407 52+08 126 + 11 26+ 8 108 +£023 32+ 8 4:00 4 0-82
A+ N 5 1m+3 27 + 10 17+5 8:0 + 04 53407 123 + 13 29+ 8 1:12 £ 026 34 + 10 3-95 £+ 091
A+V 4 8+4 54 + 48 19+ 4 81412 55+1-1 146 + 24 31+ 5 0934029 31+ 4 4:46 + 0-81
Mean 10+ 3 37 + 26 18+5 80 407 52409 137 £ 18 26+ 8 1-:03 £020 37+ 9 500 + 1-3
*See Fig. 1.
tPEF % expected = PEF as % of exp d normal predicted from height.}®

{1 kPa = 7-5 mmHg.
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flow rate of eight litres per minute. Intravenous
salbutamol was given as a bolus of 5 ug per kg over
five minutes, followed by a constant infusion of 5 ug
per kg per hour. When children were studied more
than once the selection of treatment was repeated if
the random allocation was the same as that on their
previous admission. If children had received
theophylline during the 12 hours before admission
only treatment protocols involving the use of
aminophylline during the first hour were permitted.
The appropriate dose of aminophylline was cal-
culated with the knowledge of the magnitude and
timing of the previous dose.!!

Correlations were calculated between cardio-
vascular changes and measures of severity of asthma.
Analysis of variance and paired or unpaired ¢ tests
were used to assess the responses to treatment and
the differences between them.12

Results

The data recorded on admission to the study are
shown in table 1. Peak expiratory flow was less than
or equal to 259 of expected normal'3 in all subjects
in whom it was measured. In one very distressed and
uncooperative child initial measurement was impos-
sible but PEF recorded immediately after initial
treatment was 13 9 of expected normal.

Arterial blood gas measurements were made in 26
admissions. Twenty-four samples were collected
while the patients were breathing air and two while
they were receiving oxygen via a face mask. Exclud-
ing the two patients receiving added oxygen, mean
Paoz was 8 kPa +0-1 SE and mean Pacoz was 5:2
kPa +0-2 SE (Table 1). Pacos was greater than 55
kPa in 469, of patients. The reduction in PEF and
the increase in pulsus paradoxus both correlated
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Fig 2 Linear regressions showing the correlations
between pulsus paradoxus (top) PEF (bottom) and PaCO,
on admission.

significantly with Pacoz (fig 2). Individual variability
of both measurements prevented their use for
accurate prediction of Pacosz, but pulsus paradoxus
was always greater than 20 mmHg when Pacoz was
greater than 5-5 kPa. PaQz did not show significant
correlation with PEF or any of the cardiovascular
measurements.

Mean stroke volume was 37 ml per m? +1 SE and

Table 2 Mean PEF as %, expected normal + SE during treatment and mean serum theophylline + SE after two

hours for the six groups

Tr * Numb, Admissi Time in minutes after start of treatment Serum
group theophylline
15 30 60 75 90 120 150 (umolll)

A/N 5 19 £ 2 25 + 4 25 + 4 26 + 5 37 + 8 38 +9 38 + 8 61 + 9 50 4+ 2
AIV 5 21 +3 27 + 6 30+ 6 29 + 5 40 + 7 42 47 47 + 8 58 + 4
N/A 5 14 + 2 24 + 7 24 + 6 24 + 6 30 +7 32 + 8 34 + 8 49 + 13 50 + 5
V/A 5 18 £ 3 31 + 4 33+ 4 35+ 4 47 + 6 48 + 6 54 + 8 57+ 5
A+ N 5 18 +£3 36 + 3 38 +3 37 + 4 37+ 4 40 + 3 41 + 4 54 + 6 57 +£3
A+YV 4 19 £ 2 37+7 41 + 9 42 + 9 49 1+ 9 47 + 17 51+9 74 + 4

PEF increase AIN AlV N/A viAa A+ N A+V

First hour NS NS NS p 0-001 0-02 NS

Second hour p 0-05 p 0-02 NS p 0-01 p 0-02 NS

Two hours p 0-05 p 0-01 NS p 0-001 p 0-01 p 0-02

Difference First hour Second hour

between A + N> A/Nand A/V

treatments A +V > A/Nand A/V

p 0-05 All NS

*See fig. 1.

15:6 wmol per litre = 1 ug per ml.
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Fig 3 Mean increase in PEF + SE as %, of expected
normal; —— = patients receiving aminophylline and
salbutamol throughout; ...... = patients receiving
salbutamol during the first hour with addition of
aminophylline during the second hour; - - - - - = patients
receiving aminophylline during the first hour with
addition of salbutamol during the second hour.

mean cardiac output was 5-0 litres per m2 per
minute +0-2 SE. These values represented 899, +4
SE and 1319% +4 SE respectively of the values
measured in the same children at rest during
convalescence. Neither measurement correlated
significantly with PEF, arterial blood gas measure-
ment or pulsus paradoxus.

RESPONSE TO THERAPY
The mean concentrations of plasma theophylline
achieved after two hours of treatment in the six
groups of patients are shown in table 2. There were
no significant differences between them. The mean
theophylline concentration for patients 1 to 6 who
received aminophylline as a bolus dose of 4 mg per
kg and an infusion of 0-7 mg per kg per hour was 48
pmol per litre +7-3 SE (8:5 pg per ml + 1-3 SE). The
higher loading dose of 6 mg per kg with a constant
infusion of 0-9 mg per kg per hour gave a mean
plasma theophylline concentration of 62 umol per
litre +5-6 SE (11 pg per ml +1 SE) after two hours.

The changes in PEF after treatment are also
shown in table 2 and fig 3. The mean PEF increased
from 189 + 1 SE of expected normal on admission
to 449, +2 SE during the two hours studied
(p < 0-001). There were significant increases in PEF
recorded for all groups except group N/A (table 2).
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There was considerable individual variation within
the groups, but the increase of PEF during the first
hour after administration of aminophylline together
with salbutamol by nebuliser or intravenously
(A + N and A + V) was significantly greater than
that after aminophylline alone (A/N and A/V)
(p < 0-01). It was also apparently greater than the
mean increase after salbutamol alone, but the
difference was not statistically significant. The route
of administration of salbutamol did not affect the
increase in PEF observed. After two hours the mean
value was higher for patients who had received
intravenous salbutamol and aminophylline, com-
pared with those who had received nebulised
salbutamol and aminophylline, but the difference was
not significant. The apparent difference may have
been dose-related, since a further increase in PEF
was noted among 12 patients who were observed for
a further half hour after receiving a second dose of
nebulised salbutamol (table 2).

Patients given aminophylline and nebulised
salbutamol showed a significant fall of systolic BP
during the first hour (p < 0-002), while diastolic
pressure remained unchanged. Both systolic and dia-
stolic BPshowed a trend downwards after intravenous
salbutamol alone and together with aminophylline,
but the changes were not significant. Pulsus para-
doxus showed a significant decline in all patients
(fig 4 (after 15 minutes and after two hours) p <
0-001).

Pulsus paradoxus (mmHg)

0 T T T T n)
30 5C 0 120 150
Time after start of treatment (min)

Fig 4 Mean pulsus paradoxus in mmHg + SE; —— =
patients receiving salbutamol and aminophylline

throughout; ..... = patients receiving salbutamol during
the first hour with addition of aminophylline during
the second hour; - - - - - = patients receiving

aminophylline during the first hour with addition of
salbutamol during the second hour.
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Heart rate of patients receiving aminophylline and
nebulised salbutamol separately and in combination
steadily slowed from 138 + 3 SE at the time of
admission to 122 + 3 SE beats per minute during
two hours of treatment (p < 0-001). There was no
further change of mean heart rate among the 12
patients given a second dose of nebulised salbutamol
after two hours. In contrast the mean heart rate of 14
patients given intravenous salbutamol alone and
together with aminophylline (groups A/V, V/A and
A + V) did not fall during treatment. After two
hours their mean heart rate remained significantly
higher than that of patients receiving nebulised
salbutamol and aminophylline (fig 5 p < 0-001).
Changes of heart rate among these 14 patients did
not reach statistical significance, but large transient
increases did occur in some individuals. Three of
four patients who received aminophylline and
intravenous salbutamol together (group A + V) had
heart rates above 190 beats per minute for 15
minutes after the bolus doses had been given.

There was no significant overall change of stroke
volume or cardiac output in any of the six treatment
groups (table 3). There were marked inter-subject
differences in the responses observed. Change of
cardiac output was more closely correlated with
changes in stroke volume (r = 0-81, p < 0-001) than
with change of heart rate (r = 043, p < 0-001).
Nebulised salbutamol and aminophylline caused
little change, while bolus injection of intravenous
salbutamol alone and together with aminophylline
was followed by change of cardiac output ranging
from —23% to +100% of the admission value
after one hour. After two hours when steady-state
drug levels would have been achieved, stroke
volume and cardiac output were no different among
patients who had received intravenous salbutamol
and aminophylline compared with those who had
received nebulised salbutamol and aminophylline.

Discussion

Impedance cardiography is a rapid simple non-
invasive method for measurement of cardiac output,
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Fig 5 Mean change of heart rate in beats per minute
+SE;----- = patients who received nebulised
salbutamol and aminophylline;, —— = patients who
received intravenous salbutamol and aminophylline ;
——— = 12 patients given a second dose of
nebulised salbutamol after two hours.

which can be used during severe acute asthma, and
causes minimal interference with treatment. In nor-
mal subjects the Minnesota impedance cardiograph
as described by Kubicek e al® has given results for
measurement of Q comparable with those derived by
other standard techniques.® 1014-20 Modification of
the method during a study of free breathing neonates
gave values of Q which correlated well with simul-
taneous measurement of effective pulmonary flow
(r = 0-79-093 dependent on haematocrit).l® Com-
parison with simultaneous measurements by the
indirect Fick COg2 rebreathing method in normal
subjects at rest, during exercise, and breathing
against an expiratory resistance in our laboratory
has confirmed the accuracy of this method (r = 0-96,

Table 3 Mean change of stroke volume and cardiac output + SE for the six groups during treatment

Treat * Number Time in mi after start of treatment
group

Stroke volume (ml/m?) Cardiac output (I/m*|min)

15 60 75 120 150 15 60 75 120 150
A/N 5 -3+4 -4+3 -3+5 —-4+5 -7+6 —1-114+03 —-111+03 —-08+04 —12+04 -19+04
AV 5 -143 -6+2 1+1 -5+1 —-03+£03 -10+03 07+02 —-03+02
N/A 5 243 5+3 2+2 443 5+3 —-01 402 02403 02+03 —-0-14+03 01403
V/IA 5 7+5 4414 3+6 444 12408 06 + 04 12+ 10 0-8 +0-7
A+ N 5 1+4 —-2+4 347 4415 345 09+05 —-03+04 00405 —-02£05 02 + 04
A+YV 4 5+6 9+3 5+4 2+2 2:0 £ 07 1-3 4+ 07 10 + 1-1 05+ 06

*See Fig. 1.
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unpublished). Expected values of Q at rest vary with
age,21 22 and the mean resting Q at 4-0 I/m2/min +0-1
SE measured during convalescence in our patients
compares well with the expected values. Increased Q
during moderately severe asthma appropriate for the
measured increase in oxygen uptake, has previously
been reported.® Our results confirm that among
children with severe acute asthma Q was also
increased to 131 % +4 SE of the resting convalescent
value. There was no correlation between Q and PEF,
pulsus paradoxus, or arterial blood gas measure-
ments. The results did not suggest any general
reduction of Q among patients with severe asthma.

There is no single bedside measurement which
always predicts the severity of acute asthma.
Clinical score, PEF, FEV}, heart rate have all shown
poor correlation with measurements of arterial
hypoxaemia.l 357 However, several studies have
reported that pulsus paradoxus is a useful index in
most patients.35 7 QOur results gave a significant
correlation between pulsus paradoxus and Pacos. It
was the best single indicator of hypercapnia. All
patients with Pacos greater than 5-5 kPa had a
paradox of more than 20 mmHg. The rapid fall of
pulsus paradoxus seen in all treatment groups
demonstrates that it is also a sensitive clinical
indicator of improvement during treatment.

There are no published dose-response curves for
the effect of salbutamol on airway function in
children, but for convalescent adult asthmatic
patients no further significant increase in PEF, FEV,
or FVC has been demonstrated after doses greater
than 4-6 pg/kg bolus and 4 ug/kg/h infusion.23 24
Therefore a bolus dose of 5 ug/kg and an infusion
dose of 5 ug/kg/h was chosen for this study. Nebulised
salbutamol was given in a dose of 2'5 mg since
preliminary observation suggested larger doses gave
no extra therapeutic benefit and doses of 5, 10, and
20 mg were all reported to cause similar increases in
PEF in convalescent adults.25 The extra increase in
PEF recorded in 12 patients given a second dose of
nebulised salbutamol after two hours makes it likely
that a larger initial dose would have been more
effective. It is also possible that the initial broncho-
dilation enabled the second dose to penetrate
further within the lungs. The finding of similar
increases in PEF after both nebulised salbutamol and
intravenous salbutamol is in contrast to previous
reports?6 that the intravenous route is more effective
during treatment of severe acute asthma in adults.
This together with the very rapid clinical improve-
ment of the patients in this study suggests that
children with asthma may be more responsive to the
bronchodilator effects of S8 stimulants and phos-
phodiesterase inhibitors than most adults.

The cardiovascular effects of aminophylline and
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salbutamol were relatively small. There was a
significant fall in heart rate after administration of
aminophylline and nebulised salbutamol, but
changes of stroke volume and cardiac output were
not significant. Some patients given intravenous
salbutamol showed large transient changes in heart
rate, stroke volume, and Q which may have been
avoided if the bolus doses had been given more
slowly.

In conclusion this study has demonstrated that
during untreated severe acute asthma in children
cardiac output was slightly increased above resting
levels. Aminophylline and salbutamol were safe and
effective in the treatment of such children. Their
bronchodilator effect was greater when they were
given together. Inhalation of salbutamol via a
nebuliser is recommended in preference to intra-
venous injection since, in the doses used, similar
improvement in airway function was achieved with
little or no cardiovascular disturbance.
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