Absence of diurnal variability of airway
reactivity and hypoxic ventilatory drive
in adolescents with stable asthma
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Background: Symptoms from asthma are often prominent at
night. In adults significant circadian variation has been shown
with reduced peak expiratory flow rates and increased
bronchial reactivity to methacholine in the early morning
hours. Because adolescence is the age group with the greatest
increase in asthma-related deaths in the 1980s, we hypothe-
sized that adolescents might be susceptible to circadian varia-
tion of airway reactivity.

Objective: We sought to measure circadian variation of reac-
tivity to methacholine (PC,g) and hypoxic ventilatory drive
(HVD), both of which would accentuate asthma that occurs at
night and may predispose to death.

Methods: Sixteen children with asthma of various severity,
aged 9 to 18 years, were studied ateM and again at 4am to
define circadian variation in FEV,, PC,, and HVD. Eleven
children were studied on a second day 4 to 10 weeks after the
first study.

Results: There was no systematic variation betweenri and 4
am for FEV 1 (P = .69), PG (P = .94), or HVD (P = .47). Six of
the 16 children had PG values that were greater than 2-fold
different between 4pm and 4 am; 3 of these were more reactive
(requiring less methacholine) at 4m, and 3 were more reac-
tive at 4 am. At the second study, results were similar, with no
systematic variation. Diurnal variability for PC ,o was not con-
sistent over the 2 study days, and at the second study all chil-
dren with diurnal variability were more reactive at 4 pm.
Conclusion: These data on airway reactivity, HVD, and other
measures modulated by cholinergic neural mechanisms do not
identify any systematic diurnal variation that would place an
adolescent at risk for nighttime problems with asthma. (J
Allergy Clin Immunol 1999;103:804-9.)
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asthmatic patients in the United Kingdom. Ninety-four
percent reported at least 1 nighttime awakening a month.
Thirty-nine percent awoke every night. Adults with asth-
ma have been studied extensively and have been shown
to have large circadian swings in peak expiratory flow
rates, with a nadir in the early morning hours. This vari-
ability occurs even during periods of overall stability of
asthma. For example, Bagg and Hu@Hesind a morn-
ing decrease in peak expiratory flow rates in 30 of 40
subjects with stable asthma. Similarly, bronchial reactiv-
ity to methacholine has circadian variation, with a
marked increase in reactivity atas when compared
with reactivity at 4pm.9.10 Abnormal responsiveness to
hypoxia that accompanies severe asthma is another fac-
tor that has been hypothesized to play a role in asthma
death, particularly as related to sleep. Olson and Saun-
derg! studied 2 adults who had been resuscitated from
respiratory arrest caused by asthma. Both patients had
significantly lower responses to hypoxia than 7 normal
control subjects. Kikuchi et ®also reported that adults
with a history of respiratory failure from asthma had
decreased responsiveness to hypoxia.

Although most patients who die from asthma are older
adults, adolescents are the age group with the greatest
increase in deaths in the 1980&dolescents are under-

Severe attacks of asthma that result in death most congoing rapid changes in levels of hormones related to sex-

monly occur at night:> Mortality caused by asthma
increased from the late 1970s into the 1998khough

ual maturation. We hypothesized that adolescents might
be susceptible to circadian variation of airway reactivity

death rates have increased in all age groups, adolesceland hypoxic ventilatory drive (HVD). This study was

are the group with the largest percentage increabe.

designed to test the hypothesis that diurnal variation of

association between asthma deaths and sleep is pres@irway reactivity in adolescents correlates with matura-

for both adult&25and childrerd4

tion; specifically we hypothesized that more reactivity

Nocturnal symptoms from asthma occur commonly inwill occur during periods of change in maturation. In

adults. Turner-Warwickconducted a survey of 7729
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addition, increased reactivity in the airways may reflect
an increase in vagal tone more generally. Because HVD
is mediated in part by vagal nerve mechanisms, it may
have diurnal variation correlated with airway reactivity.
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Sixteen children, aged 9 to 18 years, were recruited from patients
followed in the clinics of the Division of Allergy and Pulmonary
Medicine at St Louis Children’s Hospital. All had asthma by the
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standard criteria of the National Asthma Education and PreventiorTABLE I. Subject characteristics

Program (NAEPP}3.14Inclusion criteria also included the ability g of subjects 16
to perform methacholine challenge testinat 2 time points within - pean age (y) 12.7 + 2.4 (range, 9 to 18)
a 24-hour period, 1 during the afternoon and 1 at night. The stud\gjris/poys 5/11
was approved by the Washington University School of Medicinehite/black 10/6
Institutional Review Board. Tanner stage (no. of subjects)

Asthma was stable as defined historically by (1) no change in 1 6
medication requirements and no increase in symptoms over baselir o 0
in the month before study and (2) reproducible spirometry without 3 6
a fall during repeated forced vital capacity maneuvers both at base 4 3
line and after inhalation of nebulized normal saline on the day of the 5 1
study. Asthma severity (no. of subjects)

Overall severity of asthma was categorized by the NAEPP scor  Mild intermittent 2
ing system, which is based on medications required to maintair Mild persistent 7
control of asthma chronicall. Nocturnal prominence of asthma Moderate persistent 4
was determined from the history of the pattern of asthma over the Severe persistent 3
past year, which was obtained from the mother. Although seasonaHistory of nocturnal wheeze (no. of subjects)
ity of asthma symptoms was documented historically in some chil- Yes 10
dren, the children were not necessarily studied in (n = 3) or out (r No 6
= 13) of their allergy season. Medications (no. of subjects)

Of the 16 children studied, 11 were studied a second time tc B, adrenergics 16
determine whether there was a change in diurnal variability in air- Theophylline 10
way reactivity over intervals ranging from 4 to 10 weeks. Cromolyn 12

Inhaled steroids 10
Protocol Oral steroids 1

Subjects were admitted to the Clinical Research Center in thé¢
early afternoon. Maturation was assessed by Tanner staging. Theo-
phylline, inhaled and nasal steroids, and cromolyn sodium were

continued as prescribed. On the day of admission, a d@agd- recorded with real time tracings of expiratory volume in 6-second
nist was allowed only in the early morning. Each s’ubject was interintervals. The saturation at the end of each 6-second interval was

viewed for history of allergy, nocturnal asthma, and asthma SeVeriplotted against the expiratory volume for the int.erval. .The best fit
ty, and each received a physical examination. A Holter monitor wasS!0P€ Was calculated for each HVD study by using a linear regres-
then placed by 2:36m, and electrocardiographic monitoring was Sion analysis. HVD was defined ag/Bsec/saturation. The end
continued for the duration of the study. After placement of thePoint for the study was a drop in the child's oxygen saturation to
Holter monitor, there was a 30-minute rest period, and then quie85% or when the child voluntarily came off the mouthpiece.
activities were resumed. Methacholine challenge testing was performed by using the 2-
At 4 P, the subjects were taken to the pulmonary function lab-minute tidal breathing technique described by Cockeroft El.
oratory to participate in an HVD study. Immediately after the HvD The flow rate to the Wrights nebulizer was adjusted to 7.5 L/min,
study, the subject was challenged with methacholine. The child wawhich was previously determined to deliver a volume of 0.13
then returned to the clinical research unit. A0 spirometry was mL/min. After baseline, spirometry was obtained, and normal saline
performed before administration of nighttime medication. At 3:30 was administered by nebulization. The postnormal saline, W&V
AMm, the child was awakened, and spirometry was performed. Thues had to be within 10% of the baseline values for the study to con-
subject then returned to the pulmonary function laboratoryaat 4 tinue. Three spirograms were obtained, and the REles were
for a second HVD study and methacholine inhalation challenge aaveraged to provide the basis for comparison of the effect of the
outlined above. methacholine. Methacholine was started at 0.03 mg/mL and dou-
Assessment of HVD was performed by using techniques similabled with each successive test dose. Spirometry was performed at
to those previously described by Weil and colleagti€sand 30 seconds and again at 90 seconds after inhalation of each dose.
Rebuck and Reat. Earphones playing a favorite tape were used to The lesser of the child’s FEWalues was noted, and the challenge
distract the child’s attention away from the monitoring devices dur-continued until FEY dropped 20% or until the maximal dose of 16
ing the study. The child breathed through an unidirectional high-mg/mL was inhaled. A noncumulative dose-response curve was
volume closed circuit. The loop was initially filled with room air. It constructed, and a B@was calculated by linear interpolation of the
incorporated a C@scrubber that could be dialed in or out of the cir- last 2 points on the curve.
cuit as necessary to maintain an end tida, ©©40 mm Hg as Vagal tone was estimated by the amplitude of respiratory sinus
rebreathing into the closed circuit proceeded (end tida) @& arrhythmia (RSA). This amplitude, as operationalized by Porges
monitored with a probe placed at the proximal airway and measurevagal tone measure,* is commonly observed as an increase in heart
continually with an IL 200 infrared CQOmonitor). All physiologic  rate during inspiration and a decrease during expiration. Because
parameters were recorded on separate channels of a Gould (RS—
3800) 8-channel recorder. Oxygen saturation and heart rate wer This method converts heart periods into time-based data by sampling in
monitored continually with a probe placed on the finger by meanssuccessive 200-millisecond intervals. After baseline, drift and periodicities of

: heart rate slower than RSA were removed with a 21-point moving polyno-
of a Nellcor 200 oximeter. Flows were measured by means of ¢ L )
mial, the remaining data were processed by a band-pass filter to extract the

RUdOIPh_ Linear pneu.motach. (Mode.l 3813; linear flow range, 0 tovariance of heart period within the frequency band of spontaneous breathing
800 L/min) and a Validyne differential pressure transducer (Modeliy adolescents and preadolescents (ie, 0.24 to 1.04 Hz or 14 to 62
MP45-871; range, +2 cm 4@ to +500 mm Hg differential) inte-  preaths/min), and the natural logarithm of the band-assessed variance was
grated to volume (Gould integrator amplifier), accumulated, andcalculated and used as the estimate of vagal tone (V).
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TABLE Il. Measures of reactivity and cholinergic tone on day 1 and diurnal variability*
4 pm 4 Am Diurnal variability
25th-75th 25th-75th Estimate + SEM  Observed  95% confidence
n Meant Median percentile Mean Median percentile of log values effect size¥ interval
FEV,8 16 101.73 103.00 94-114 100.01 103.5 89-113 —0.005 * 0.025 0.99 0.95-1.05
PCo8 16 0.94 0.88 0.39-2.18 0.90 0.85 0.31-3.45 0.242 £0.234 1.27 0.79-2.03
HVD§ 13 0.017 0.018 0.014-0.023 0.014 0.016 0.008-0.025 —-0.99 +£0.305 0.91 0.49-1.67
Vagal tone§ 12  6.29 6.5 5.6-7.3 7.2 7.4 7.1-7.8 0.063 £ 0.046 1.07 0.97-1.17

*Computations based on mixed model with all available date(dnd 4pm for both day 1 and day 2).
tMeans are back transformed from the natural logarithmic transformations.

fObserved effect size = (mean atMl— mean at 4#wm)/standard deviation of differences.

8Units of measurement: FEVmean percent predicted; RfCmean; HVD, \{/6 sec/saturation; vagal tone, V.

the degree of heart rate change caused by respiratory activity (11.9 + 1.8 vs 14.4 + 2.8 yeai® = .05) but with asthma
dependent on the vagal efferent input to the sinoatrial node, RSA iof similar severity (NAEPP scores of 2.4 £+ 0.9 vs 2.8 +
believed to provide a valid and reliable estimate of vagal responsiv] 1, P = .42). African American subjects had a more
ity by means of neural control of the hedrThirty-minute epochs prominent history of nocturnal wheezg € 5.8,P = .02)
starting at 3m and 3am were extracted from the Holter recording but not more severe diseage=(.30).

of electrocardiography for analysis. Atr81, the children were On admission to the Clinical Research Center, asthma

engaged in quiet activities after admission to the study, andat 3 - . - .
they were sleeping. The beginning of each of these periods precewWas stable, and airway obstruction was mild, with rEV

ed methacholine challenge by 60 minutes. The individual heart perivaIueS at 4wm ranging from 71% to 122% Of predlgted
ods, defined from the peak of the R-wave for each cardiac cycle anv@lue (mean, 102%). FEMvas lower in subjects with
sequential R-wave timed to the nearest millisecond, were examinemore severe asthma$ —0.49,P = .02) and with a his-
for nonphysiologic artifact, artifact was edited, and the resultingtory of prominent nocturnal wheeze (97 = 13 vs 113 £
data was processed by using Porges’ méh&do provide an esti- 12, P = .04). Methacholine reactivity (Bg) at 4pm was
mate of the amplitude of the RSA. Vagal tone was calculated fojjn the severe to mild range, with values ranging from
sequential 10-second epochs, and summary measures of theg 19 tg 8.7 mg/mL (mean, 0.94 mg/mL). Mean HVD was
epochs were used in the statistical analyses. 0.017 \/6 sec/saturation, and mean vagal tone was 6.3
Data quantification and statistical analysis V. The subjects did not have nocturnal asthma during
s - : . . either day of study as there were no asthma signs or
ummary statistics (eg, mean, median, and interquartile range . -
were computed for P4, FEV;, HVD, and vagal tone for each sub- symptoms dl,mng slegp oron awakenlng. The mean,'
ject for the 4w and 4am periods of study (for vagal tonep® and median, and mtgrquartlle range for each dependent vari-
3 am). Because the distributions were nonnormal, a natural loga@ble are shown in Table II.
rithmic transformation was computed for each subject’s measures. . . e
These transformed values were used in all analyses, but valueDlurrlal variability of FEV,
were back transformed for presentation purposes. Correlations ar  There was a significant correlation between EEM'
t tests were performed to compare thewiand 4am measures for - yes at 4m (mean, 101.73% predicted) andw (mean,
those subjects studied on day 1 and separately for those studied 100.01%) on day 1r(= 0.71,P = .002). Furthermore,
day 2 and finally across the 2 study days for each time period. Thypare \ere no significant differences in mean values at
dn‘ferer_me and_dlrectlon of difference between values measure_d %hese 2 times(= .69). Only one subject's mean value at
each time period were also computed, compared across subjec o
and study days, and analyzed with respect to demographic ar_4 AM ,vvas greater than 10% lower than that a2 qu'
clinical characteristics by using Pearson correlations, repeated€CtS’ mean values atah were greater than 10% higher
measures ANOVA, or Fisher's exact tests. In addition, fosPC  than those at dw (Fig 1,A).
subjects were characterized as having significant diurnal variabili-  For the 11 subjects studied a second time (data not
ty if their values of PG measured at Ay and 4am were different ~ shown), there was a strong correlation between the 4
from one another by 2-fold or more, calculated separately for the (mean, 102.5% of predicted value) ancd™ (mean,
days of study. With a sample size of 16 andraralue of .05, the  101.1%) valuesr(= 0.93,P = .0001). Again, there were
study had a power of 0.80 to detect a systematic doublingjp PC g significant differences between them (103.&\ifivs
from 4P to 4Am. 104.3 [4am], P = .57). Furthermore, mean values aw
RESULTS in the first study were highly correlated with mean values
at 4pm in the second study € 0.84,P = .001) and sim-
ilarly at 4 am for both studiesr(= 0.77,P = .006). The
The mean age of the 16 subjects was 12.7 + 2.4 yeaoverall estimate of the effect of diurnal variability, using
and ranged from 9 to 18 years (Table I). Ten of the ltboth day 1 and day 2 data, was 0.99 and not significant
children had a history of nocturnal prominence of asthmé(Table ).
symptoms. Asthma was categorized as severe and pers
tent in 3 children, moderate and persistent in 4 children
mild and persistent in 7 children, and mild and intermit-  During the first day of study, mean values of,p&t 4
tent in 2 children. Boys tended to be younger than girlem (mean, 0.94) and at A (mean, 0.90) were signifi-

Subject characteristics

Diurnal variability of PC,
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FIG 1. Scatterplot of diurnal variability of FEV, (a), PC,, (b), HVD (¢), and vagal tone (VT) (d). Raw mean val-
ues are plotted on natural logarithmic scale. For line of identity, 4 Pm values equal 4 Am values.

cantly correlatedr(= 0.63,P = .009), and there were no effect of diurnal variability in P& was 1.27 and non-

significant differences in mean values at these 2 tifdes ( significant (Table ).

= .94). Six of the 16 children had Rralues that were

greater than 2-fold different between themiand 4am

measurements (Fig B). Three of these were more reac-  Mean values at Amv (0.017 \J6 sec/saturation) and at

tive (requiring less methacholine) atr#, and 3 were 4 am (0.014 \,/6 sec/saturation) were not correlatee (

more reactive at AMm. 0.008,P = .98), but there was no significant difference
For the 11 subjects studied a second time (data ncbetween values at these 2 tim&s=.47). Six subjects

shown), the mean values of R@t 4pm (0.95) and at 4  exhibited an increase in HVD, 9 showed a decrease, and

AM (1.82) were correlated € 0.70,P = .02). These val- 1 showed no change fronr# to 4am (Fig 1,C). Values

ues were correlated with those measured at comparablobtained during the second study (mean values at both 4

times during the first study @: r = 0.60,P = .05; 4Am: pPM and 4am = 0.013) were similar to those of the first

r = 0.55,P =.08). However, at the second study, thend  study day, but there was no correlation across days of

values were significantly higher than them values P study for values measured either atmior 4 am. There

= .04). Of the 11 subjects, 5 had fg®@alues that were was no effect of diurnal variability by using data from

greater than 2-fold different betweermrd and 4am. All both days of study (Table ).

5 were more reactive at (requiring less methacholine

at that time). Only 2 of these subjects also had diurna

variability in PG on the first day of the study; both of Holter recordings were analyzable for 13 of the 16

these subjects exhibited more reactivity atdthan at 4  subjects. Mean values for vagal tone av46.3 V) and

PMm on the first day of the study. However, the overall at 4am (7.2 V) were not correlated € —0.02,P = .96),

Diurnal variability in HVD

Diurnal variability in vagal tone
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and the difference between them was significéht( adolescent children with a broad range of asthma severi-
.05). Eight subjects exhibited higher vagal tone, and 3y were highly correlated within the individuals studied.
subjects exhibited lower vagal tone atMas compared However, no systematic differences occurred in FBV
with 4 pm values (Fig 1D). At the second study, mean PC,ybetween 4mand 4am. Although there was a broad
values for vagal tone were slightly higher aw(6.4 V)  range of pulmonary function and airway reactivity by
than at 4am (6.0 V) but not significantly different = asthma severity, the variability was a characteristic of the
.25). There were marginally significant correlationsindividuals and not influenced by the time of study.
between vagal tone measured airacross the 2 days of ~ The original intent of this study was to identify diurnal
study ¢ = 0.70,P = .07), but vagal tone was not corre- variability of airway reactivity in adolescents with asth-
lated for the 4w values ( = —0.20,P = .67). There was ma by using a 2-fold difference in R{salues obtained
no overall effect of diurnal variability in vagal tone as at 4pm and 4am as a criterion. We observed no system-
determined with data from both days of study (Table Il).atic differences in P4, despite having a power of .80 to
. detect such differences. Although 39% of the children

Correlations among measures had greater than 2-fold differences between thg, &-

Correlations among measures on day 1 of the studyes obtained at #v and 4awm, half of these had more
were computed. At M, mean values for Bgand FEV,  reactivity at 4pm. This contrasts with the data from
were correlatedr(= 0.54,P = .03). The correlations adults in whom diurnal variability was consistently a
between mean values of HVD and vagal tone were maresult of more reactivity at Am. In this study diurnal
ginally significant ¢ = —0.63,P = .07). None of the other variability was not related to age, sexual maturation, sex,
correlations were significant. Atd, values of PGywere  race, asthma severity, or history of prominent nocturnal
correlated with those of FEMr = 0.78,P = .0003) and wheeze. Thus the hypothesis that diurnal variability in
HVD (r = 0.58,P = .03). The correlations between FEV airway reactivity would correlate with maturation was
and HVD values were marginally significant< 0.48,P not supported. In addition, the hypotheses that increased
=.09). None of the other correlations reached significanceairway reactivity would reflect an increase in vagal tone

The change in each measure frommito 4 Am was  and a decrease in HVD were not supported.
then compared across the different measures, and corre-The observed stability of FE\and PG, between the
lations were computed. There were strong positive correafternoons and nights differs from that reported previ-
lations between the change in BCeactivity and the ously. For example, Martin et%i4 have demonstrated
change in both FEMr = 0.79,P = .0003) and HVDr(= decreases in FEVand increased sensitivity to metha-
0.66,P = .01). Furthermore, there was a significant cor-choline when studied at Am compared with 4pwm.
relation between the changes in REand HVD reactiv- Changes in airway reactivity were more prominent in
ity (r = 0.54,P = .05). The relationship between changesthose patients who had marked decrements in,REY
in PG, reactivity and vagal tone was negative and maroccurred in individuals with stable pulmonary function
ginally significant { = —-0.49,P = .09). as well. There are several possibilities for the differences
. Yy e . . between the results in these studies and our findings. All
Diurnal variability and subject characteristics o1 studies of nocturnal asthma and diurnal variability
on the first day of study of airway obstruction and reactivity have been per-

To determine whether the magnitude or direction offormed with adults. In addition, other reports have
differences in values as a function of time of day werancluded subjects who may have had unstable asthma,
related to subject characteristics, correlationstaedts  with a certain percentage of subjects having reactivity to
were computed with respect to the change in values frorthe normal saline diluent, particularly when studied at 4
4 pv to 4 am for each dependent variable. There was awm. This characteristic would have disqualified subjects
trend for subjects who were older< 0.56,P = .06) or  from our study. Thus the differences could be related to
who had more severe disease 0.5,P = .10) to show a the age of the subjects or the stability of the asthma at
greater increase in vagal tone froreMto 4 am. There  the time of the study. Other asthmatic children, particu-
was a significant relationship between age and the diredarly those with more severe disease or more predomi-
tion of change in vagal tone; subjects with an increase inance of nighttime symptoms, might have variability
vagal tone from 4wm to 4 am were older (13.9 £ 1.9 even with the same degree of clinical stability. The
years) than those with a decrease (11.5 £ 2.3 ydars) ( degree of airway reactivity is known to vary with time,
.04). Age accounted for 27% of the variance in the diurincreasing with stimuli that increase airway inflamma-
nal variability of vagal tone. There were no significanttion and decreasing with corticosteroid therapy.
correlations between demographics (including TannePatients with more severe disease tend to have more
scores), clinical characteristics, or current medicationseactivity to methacholine. It is certainly possible that

and any other measures of diurnal variability. the degree of diurnal variability in airway reactivity
would vary with clinical severity of illness as well.
DISCUSSION Similar to the findings with airway reactivity, values for

HVD measured at Av were not different than those at 4
Pulmonary function (FEY) and airway reactivity to pm. These data suggest that, as with airway reactivity, there
methacholine (P&) measured at #v and 4am in 16  is not a sleep-associated abnormality in HVD inherent in
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adolescent subjects with asthma. The results did not diffe s.

when the adolescents in the rapid phase of maturatio
(Tanner levels 2 to 4) were examined separately.

There were significant correlations across measure;
used to assess airway obstruction, reactivity, and respor
siveness to hypoxemia. These correlations were stronge

between pulmonary function and airway reactivity, a1

finding of other studie8Correlations were also observed ,
for the 4am studies between HVD and the measures of
airway function. Vagal tone showed the expected nega

tive correlation with HVD, but the correlation was sig- 13-

nificant only at 4pm. Vagal tone was not correlated with

airway reactivity, suggesting that vagal tone in the air-,,

ways may not be tightly correlated with systemic tone.
Taken together, the data on airway reactivity, HVD, and

the other measures modulated by cholinergic neural mect>-

anisms do not identify any systematic diurnal variation
that would place an adolescent at risk for nighttime prob-

lems with asthma. It is possible that such diurnal variationse.

could become prominent at times of clinical instability not
present at the time of study of these adolescents.
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