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ABSTRA ' T: To determine whether a relationship exi I between intravenous 
infu ·ion of isotonic tluid und reacti it y to hyperpntJca eight nor·mal ::md eight 
asthmalic . ubjects underwent rapid intravascular administration of approxi
mately 2 I of warm normal sa line by itself and bcfor·e and afl'er hypci'Ventila
tion of cold air. 
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In the asthmatic subjects, saline infusion mirrored the obstruction seen with 
h perventilation; whereas, in normal subjects sa line 11roduced more bronchial 
narrowing than hyperventib1tion. When the two sti muli were given together, 
the timing of the infu, ion illtcred the a~thmatk subjcds' responses. Giving Ouid 
early in the hypcrvenlilation challenge blunted obstruction, whereas giving it. 
later amplified the ain ay narrowing. Similar· findings, but on a smaller· scale, 
occurred in normal subjects. 
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Data have accumulated over the pa t severa l yea rs 
suggesting that the airway obstruction which develop 
in a. thmati c individuals , following rh· thermal 
bronchoprovocations of exercise and hyperventilation 
may be related to vasodii<LLion an,cl oedema of the 
bro·nchial wall r 1- 71. Initially. these po ·tulates were 
ba. ed only upon studies whidl manipulated the heat 
content of the inspired a.ir in rhc immediate recovery 
period 11 , 5-7] but. IUier. they were expanded by 
actually mea~ ur·ing the temperature tlux . in the in
trathoracic airways of asthmatic and normal subjects 
durin g and after hyperpnoea L2, 3). Thee lu st 
experiments showed that asthmatic · rewanned their 
airways twice a · fast a. nonnal s in th e imm~::dia t e 

post-hyperpnoea periou. and demon. trated an enhanced 
flow of heat to the wa ll · of the tracheobron hial tree 
at a time concomitant with the on et of obstruction f2j . 
That thi s po:t-hyperpnoea im:reas in heal wa. due to 
hyperaemia. wa.s subsc4uentl y supported by l'irsl rap
idly moving blood into th thorax from rhe legs and 
recording an increase in airstream temperature I R 1. <md 
lhen by locally constric ting the blood vessels in the 
airwuy wall with an alpha-agonist and ob erving a 
redu tion in tile magnitude of the end hyperpnoea 
temperature gradient [9J . Moreov r. in conjunction 
with topica.l alpha-agonist administration, responses to 

both exercise [10] and isocapnic hyperventilation have 
been auenuated [9. 11 J. 

To further explore the potential relationship between 
the r~irway vasculatur and !hennally-induceu asthma. 
we reasoned that if the two phenomena were related. 
il should be immaterial as to h w intrath! racic vascu
lar volume i· increased. To prov ide d<LLn on thi s 
po, sibility. we contrn ·red the effe ts of hyperventila
tion of frigid air on pulmonary mechanics \ ith thos 
seen with the rapid infu. i 11 1f normal sa line. We 
then swdied the effects of both stimuli together. Our 
observations form the basis of this report. 

Methods 

Subjects 

Eight a thmati 'S (5 men and 3 women: meau age 
_6±2 (SEM) yr:;) and X normnls (5 men and omen: 
mean age 27±2 yrs) se rved ·1 · our subject . N par
ti ci p.rnt had u hi story of cardiova s ular di sease, 
smoked cigarcues, or bad e ~erienced a recem upper 
respiratory tTact infection. All were clini ally mild 
asthmatics wh.o required, in the mai11 , only aerosolized 
beta2-agonis ts for control of their disease. one had 
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been taking cromolyn or glucocorticoids in the 6 
weeks preceding the investigation, or routinely used 
sustained release bronchodilator preparations. All 
participants refrained from use of any med ication for 
12 h before each study. lnfurmed consent was ob
tained from each subject, and the study was approved 
by the Institutional Review Board for H urn an fn vesti 
gation of University Hospitals. 

Study design 

In trial 2, an 18 gauge angiocatheter was inserted 
into a large antecubital vein in each arm of the 
subjects and 30 ml·kg·1 body weight of normal saline, 
at 37°C, was infused over a 15-20 min time period 
[12- 14]. The total volume infused was approximately 
2 l (table I). 

In trial 3, the same hyperventilation challenge used 
in trial 1 and the same fluid loading used in trial 2 
(with the exception of one subject) were administered 
simultaneously, such that the infusion was completed 
5 min after the cessation of hyperventilation. This 
time was chosen to coincide with the point at which 

The participants underwent a four part study with maximum obstruction from thermal stimuli generally 
each investigation performed on a separate day. Each develops [3] . Our purpose was to attempt to accen-
subject completed all parts of the protocol. In trial tuate any vasocongestion and/or oedema which might 
1, each volunteer performed 4 m in of isocapnic hy- be induced by hyperventilation. In trial 4, the saline 
perventilation (HV), whilst breathing cold air through infusion protocol was completed prior to the onset of 
a heat exchanger [1-3] . The water content of the the hyperventilation challenge. Hyperventilation com-
inspirate was < 1 mgH20.z-', which for the purposes of menced at the end of the infusion. 
this study was considered to be zero. Recovery took In one subject, the fluid load was decreased to 20 
place on room air. The temperature and humidity of ml·kg·1 in trials 3 and 4. At 30 ml·kg·' , this indi-
the air in the laboratory were measured by standard vidual developed such severe airway obstruction (59% 
techniques. reduction in FEVJ that we were afraid to combine this 

As in former studies, expired air was directed away stimuli with hyperventilation. Consequently, in subse-
from the heat exchanger into a reservoir balloon , quent experiments, the lower volume of saline was 
which was being constantly evacuated through a used. This infusion, in itself, produced a 17% reduc-
calibrated rotameter [3, 8]. The subjects were coached tion in FEV 1• 

to respire to keep the balloon ulled and , in so doing, Trials 1 and 2 were perfo rmed first but i11 a random 
minure ventilati n (V -) co uld be ·ontrolled at any fashion. T ri His 3 tl llcl 4 we re als o rnndomized. 
desi red leve l. End-Lidnl 0 2 con cnln ttlons during However, in order to characte ri z 1he responsivity of 
hyp rventil atiun challenges were monitored with a each subject 10 byperventil ation and fluid infusion, 
Beckman LB-2 analyser, and sufficient C02 was and to minimize the risk of severe airway obstruction 
added to the inspiratory port of the exchanger to being induced by the combination of these stimuli, 
maintain this parameter at eucapnic levels. the latter two trials were always undertaken after 

The ventilation used in the asthmatics was at a level both of the single stimulus protocols had been corn-
previously determined to produce a 15-25% fall in pleted. 
forced expiratory volume in one second (FEV 1). In Blood pressures and pulse rates were measured prior 
order to maximize the effects of the thermal stimulus, to and after each fluid infusion study. Maximum 
YE for the normals was set at the highest level which forced exhalations were performed in triplicate using 
each subject could sustain comfortably for 4 min. a waterless spirometer before and serially after each 

Table 1. Baseline mechanical and challenge data 

Asthmatics 
FEY, I 
YE /·min·' 
Ti °C 
Saline cc 
Time min 

Normals 
FEY, I 
YE l·min·1 

Ti °C 
Saline cc 
Time min 

----

Trial 1 
HY 

3.50±0.25 
50±8 

-12±2 

4.19±0.25 
75±4 
-9±4 

Trial 2 
FLUID 

3.30±0.27 

1905±125 
18±1 

4.18±0.25 

2048±128 
19±1 

Trial 3 Trial 4 
HY+FLUID FLUID+ RV 

--- -

3.32±0.26 3.33±0.24 
50±8 50±8 
-9±2 -9±2 

1855±148 1855±148 
18±1 18±1 

4.16±0.28 4.19±0.27 
75±4 75±4 

-12±3 -11±3 
2048±128 2048±128 

19±1 19±1 

Data are presented as mean±sEM. FEY 
1

: baseline forced expiratory volume in one second; YE: minute 
ventilation; Ti: inspired air temperature; saline: volume of fluid infused; time: time for fluid infusion; 
HY: 4 min isocapnic hyperventilation; FLUID: fluid infusion; HV+FLUID: fluid infusion before, dur
ing, and after HY; FLUID+HY: fluid infusion prior to HV. 
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of the four trials. The curve with the largest FEY 1 

was chosen for analysis. 
The data were analysed by paired and unpaired 

t-tests and one factor analysis of variance. Statistical 
significance was defined as a p value ~0.05. 

Results 

The baseline mechanical and challenge data for the 
four experimental trials, for both subject groups, 
are contained in table 1. Baseline FEY 1 prior to 
trial 1 (HY) was 3.50±0.25 I (mean±SEM) (90±7% 
of predicted) and 4.19±0.25 I (1 09±9% of predicted) 
for the asthmatic and normal subjects, respectively. 
There were no significant within-group differences 
for any of the trials for this parameter. Similarly, for 
all trials in which hyperventilation was performed, 
there were no significant differences in minute 
ventilation (YE) or inspired air temperature (Ti), 
within groups. 

In the fluid infusion study, trial 2, the asthmatic 
subjects received I ,905± 125 m! of normal saline over 
an 18±1 min time period. The normal subjects were 
given 2,048±128 m! of fluid in 19±1 min, and there 
were no differences among the various fluid trials or 
subject groups for these variables. Similarly, there 
were no differences or significant changes between 
baseline and post-infusion pulse rates and blood 
pressures between groups or among the three infusion 
trials. 
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Figure 1 compares the individual data for the ma
ximum changes in FEY 1 in the asthmatic and normal 
subjects produced by hyperventilation and fluid. These 
data are plotted independent of time. In the asthmat
ics, hyperventilation at 50±8 l·min· 1 of -12±2°C air 
resulted in a maximum decrease in FEY 1 of 0.63±0.07 
l, (p<0.001). The saline infusion resulted in an 
equivalent decrement in lung function, with FEY 1 

falling 0.65±0.16 I (p<O.O l ). There were no differ
ences between the maximal responses to those two 
stimuli. The mechanical consequences of both of 
these stimuli were significantly less in the normals, 
despite this group receiving a greater thermal burden 
and similar volumes of fluid. Hyperventilation at 75±4 
l·min·1 of air at -9±4°C produced a maximum fall in 
FEY 1 of only 0.09±0.02 l. Unlike the asthmatics, ad
ministration of saline in the normal population pro
duced significantly greater decrements in lung function 
than hyperventilation (p<0.01). In this instance FEY 1 

decreased 0.33±0.04 l (p<O.OOl). However, this was 
approximately half of the effect which FLUID pro
duced in the asthmatic subjects (p<0.05). 

The time course of the mechanical response to 
both stimuli in both groups is shown in figure 2. 
In the asthmatic subjects, no significant difference 
between HY and fluid were found at any time. In 
the normal participants the changes following 
fluid administration remained statistically greater than 
HY until 60 min, at which point the response equal
ized. 
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Fig. l. - The maximum change in forced expiratory volume in one second (FEY,) prior to and following isocapnic hyperventilation (HV) 
(.---.), and saline infusion (FLUID) (O ··· O), in the asthmatic and normal subjects. The data points are individual values and the bars 
indicate the mean. B: baseline; R: maximum response. 
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Fig. 2. - The mechanical effects of hyperventilation (.--) and saline infusion (o----o) in asthmatic and normal subjects as a function 
of time. The data points are mean values and the brackets represent 1 standard error of the mean. For abbreviations see legend to 
figure I. 
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Fig. 3. - The effects over time of hyperventilation (HV) (._....), 
fluid (o- .. -o) and this combination of HV+FLUID (o- - - 0) on 
lung mechanics in the asthmatic subjects. The data points are 
mean values and the brackets represent I standard error of the 
mean. ~ FEV 1: change in forced expiratory volume in one sec
ond. For the FLUID trial, the first data point occurs 5 min after 
completion of the infusion. For the HV trial, the first data point 
occurs at 5 min post cessation of hyperventilation. In the 
HV+FLUID trial, the initial data point is also 5 min post cessa
tion of hyperventilation, which is the point at which all fluid had 
been infused. 

Figure 3 contrasts the mechanical effects over time 
in the asthmatics, of HY, FLUID and the combination 
of these stimuli (HY+FLUID). The latter was per
formed in such a fashion that the cessation of hyper
ventilation preceded completion of saline 
administration by 5 min. The HY data are the same 
as in figure 2. The fluid data, however, differ from 
this figure in that they include the data from the sub
ject who received 20 ml·kg- 1 of saline. When HY and 
FLUID were given together, this combination resulted 
in significantly greater obstruction than either challenge 
alone for the first 30 min post-challenge. The 
effect was gone by 60 min. In this trial, the 
maximum decrement in FEY 1 of 1.18±0.26 l approxi
mately doubled that seen with each stimulus alone 
(p<0.05). 

A different pattern of mechanical changes over 
time was produced by these same three trials in the 
normal volunteers (fig. 4). Unlike the asthmatic 
subjects, in the first 30 min post-challenge, FLUID 
resulted in significantly greater falls in FEY 1 than 
HY, and at no time did the combination of stimuli 
produce greater effects than FLUID alone. Addition
ally, the maximum fall in FEY 1 engendered by 
HY+FLUID was only 0.35±0.08 l, one-third the dec
rement produced by this combination in the asthmatics 
(p<O.O l). 

In an attempt to discern whether the airflow limita
tion produced by vascular volume expansion was 
predominately due to an obstructive or a restrictive 
mechanical process, we measured FEY 1/forced vital 
capacity (FYC) ratios prior to and following HY, 
FLUID, and the combination HY+FLUID. There were 
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no differences between the baseline FEY JFYC ratios 
for the three trials in either group. As expected, fol
lowing cold air hyperventilation in the asthmatic 
subjects, this parameter fell significantly from a 
baseline value (B) of 0.75±0.05 to a response value 
(R) of 0.66±0.04 (p<O.OOl), indicating the develop
ment of airway obstruction. Saline administration also 
significantly reduced the FEY1/FYC ratio, and there 
was no difference in the degree of fall in this param
eter produced by the HY and FLUID trials (FLUID 
B = 0.71±0.04; R = 0.65±0.04). Moreover, when 
vascular volume expansion continued during the re
covery period from hyperventilation, the FEY 1/FYC 
ratio fell from a baseline value of 0.72±0.04 to 
0.58±0.03 (p<O.Ol), a decrement significantly greater 
than that produced by either challenge alone (p<0.05). 
Unlike the asthmatic subjects, the normal group 
showed no change in the FEY 1/FYC ratio following 
any one of these three trials (FEY1/FYC post-HY = 
0.85±0.02; post-fluid = 0.85±0.02; post-HY+FLUID = 
0.85±0.02). 

In contrast to the accentuated obstructive response 
to HY, which was observed when saline was 
administered at the end of hyperventilation 
(HY +FLUID), the effect of hyperventilation upon 
lung mechanics was significantly attenuated 
when intrathoracic vascular volume was expanded 
prior to the onset of hyperventilation (FLUID+HY). 
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Fig. 4. - The effects of hyperventilation (HV) (.--.), fluid 
(o-- -o) and the combination of HV+FLUID (o- -o), on lung 
mechanics over time, in the normal subjects. The format and ab
breviations are the same as for figure 3. 
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Fig. 5. - The mechanical effects over time of hypcrvenlilaLil)n alone (HV) (-), and hyperventilation performed after vascular volume 
expansion was complete (FLUID+HV) (__.), in the as1lunmic and normal subjects. The data points are mean values and the brackets 
represent I standard error of the mean. 6 FEY 

1
: change in Forced expiratory volume in one second. The initial data point for both 

conditions is at 5 min post cessation of hyperventilation. However, in the FLUID+HV trials, all data points are calculated from the end
infusion FEY 

1
• 
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In this experiment, fluid alone significantly reduced the 
FEY 1 0.43 l from 3.32±0.24 to 2.89± 0.22 l (p<O.OOl) 
in the asthmatic group. As can be seen in figure 5, 
when calculating the effect of HY on FEY1 from the 
end of infusion, significantly less obstruction occurred 
at 10 min after completion of the cold air challenge 
(.1FEY 1HY=0.57±0.07; FLUID+HY=0.22±0.15 !, 
p<0.02), and at each point thereafter (p<0.05) when 
saline was administered before hyperventilation took 
place than when hyperventilation was performed alone. 
Similarly, for the normal group, FEV1 was signifi
cantly higher at each observation point when hyper
ventilation followed fluid infusion than when it was 
the sole stimulus (p<0.05). 

In an effort to determine if the relative magnitude 
of the response to the combined effects of HY+FLUID 
and FLUID+HY was not an artifact due to a shift in 
baseline, we compared the time course of mechanical 
changes (fig. 6) and the maximum response for both 
sequences (fig. 7) using the FEY 1 value before each of 
the combined challenges was undertaken. Once again, 
giving fluid during the recovery period produced signi
ficantly greater airway obstruction than when fluid was 
infused prior to the onset of hyperventilation. Base
line FEV 1 for the HV+FLUID trial was 3.32±0.26 I 
and following this combination of stimuli, the FEY 1 

fell maximally to 2.14±0.81 I (p<0.02) (% .1 FEV1= 
34±6%). In the FLUID+HY trial, the FEV1 before the 
onset of either stimulus was 3.32±0.24 l. After the 
sequence of FLUID+HY, the maximum response was 
a decrement in FEY 1 to 2.52±0.20 I (p<O.OI) (% .1 
FEY 1=24±4%). There was no significant difference in 
the baselines prior to either set of experiments; 
however, following HV+FLUID, the % change in 
FEV 1 was significantly larger than that following 
FLUID+HV (p=0.05). 
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Fig. 6. - The effects over time of FLUID+HY (o-- -o) and 
HY+FLUID (--) on lung mechanics, in the asthmatic subjects. 
The baseline for these data, in both circumstances, is the pre
infusion and pre-hyperventilation FEY,. The data points are mean 
values and the brackets I standard error of the mean. L'1 FEY,: 
change in one second forced expiratory volume. The first data 
point for both trials is 5 min post-cessation of hyperventilation. 
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Fig. 7. - The maximum change in forced expiratory volume in 
one second (FEY 

1
) after the completion of both fluid infusion and 

hyperventilation. The solid circles represent individual data when 
fluid was infused prior to, during. and following isocapnic hyper
ventilation (HY+FLUID), and the open circles represent individual 
data when fluid was completely infused prior to the onset of 
hyperventilation (FLUID+HY). B: the baseline FEY, prior to the 
onset of any stimulus; R: maximum response. 

Discussion 

The results of these studies illustrate that the intra
venous administration of approximately 2 I of normal 
saline within a 20 min time period can produce pro
found decrements in lung function in asthmatic sub
jects. The magnitude and duration of the mechanical 
changes induced by fluid infusion (fig. I and 2) were 
of the same quantitative and qualitative pattern as the 
changes caused by moderately severe hyperventilation 
that was designed to mimic exercise at approximately 
60% of maximum oxygen consumption [3, 15]. The 
changes in the normal subjects following fluid infu
sion, although significant when compared to their base
line, were considerably smaller. When vascular volume 
expansion was coupled with hyperventilation, in the 
asthmatic subjects, the effects of the thermal challenge 
on pulmonary function appear to be dependent upon 
whether fluid infusion was completed prior to (figs. 5-
7), or following the cessation of hyperventilation (fig. 
3, 6, 7). In the former situation, the obstruction was 
attenuated; whereas, in the latter, the response was 
amplified. In the normal subjects, the combination of 
HY+FLUID did not produce any effects that were 
greater than FLUID alone; however, in the converse 
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experiment, FLUID+HV, obstruction did not develop 
at all. 

The mechanism for the development of airway ob
struction with saline administration and its interaction 
with hyperpnoea is unknown, however, a number of 
possibilities exist. In addition to its direct effect on 
intrathoracic vascular volume (vide infra), salt loading 
also influences vascular homeostasis and, through this, 
evokes a series of events that could influence airway 
smooth muscle tone. For example , plasma atrial 
natriuretic peptide (ANP) rises [16, 17] and plasma 
catecholamines fall [18 , 19]. A decrease in catecho
lamine concentration could conceivably increase airway 
bronchomotor tone; whereas, an increase in ANP could 
result in bronchodilation [20]. 

The effects of salt loading on catecholamine con
centrations are small and the plasma levels do not fall 
below the normal range [18]. Hence, it is unlikely 
that this factor, per se, produced the obstruction with 
the saline infusion, although it may have had a 
permissive effect. Although infusion of ANP has been 
shown to result in enhancement of lung function in 
moderately obstructed asthmatics [20] , and thus may 
account for the inhibition of hyperpnoea-induced air
way ObSLTUCtiOn when nwd is administered prior tO 
hyperventil ation (FLULD+FTV), this effect oc urs ot 
ANP plasma concentrations 25 times baseline l20 ]. 
Although. we have no direct measurements of plasma 
ANP in our own suhj ecL~, admini ·tralion of 500 ml of 
normal saline in healthy volunteers increases the con
centration of this hormone 1.8 times baseline [ 17]. If 
this percentage of increase occurred with each 500 ml 
administration, our own protocol would have been 
e peeLed LO produce onl y a ten-fold increa ·e in ANP. 

Al rhough it is con ceivable that rupid volume ex
pans ion may produce a agal refte . there is nothing 
to suggest that thL possibility played an y ro le in the 
pre •ent study. Blood prc"sure and pul •e pre- and po t
infusion did not change and bladuer di stention did not 
occur. (The subjects did not begin to diurese for 
hours after the infusion was completed). Finally, we 
know from previous studies that rapid expansion of 
intrathoracic blood volume, per se, in man with shock 
trousers, does not alter airway mechanics [8]. 

The most likely cause for the bronchoconstriction 
induced by the large saline load that we employed is 
through its effect on intrathoracic vascular volume. It 
ha · long bee1i obse rved that the pulmonary venou 
hypertension, which occur with elevated left atri.al 
pressure, can produce wheezin g and obstTuctive dec
rement. in pulmonary mechanic ·. These abnormalities 
pres um abl y deve lol) l'iu a combinati on of ex terna l 
airway compres. ion from a dilated pulmonary circula
tion and inte rn al bron hial narr wing secondary to 
mucosal oedema from an overloaded bronchial 
vascular bed [21-26]. While we did not directly 
measure central haemodynamics in the present inves
tigation, several studies employing rapid administration 
of intravenous saline, similar to our protocols, have 
demonstrated intravascular volume expansion to occur 
without alterations in systemic blood pressure or heart 

rate [13, 27]. In these studies, general and pulmonary 
blood volumes rose 14 and 12%, respectively [27]. 
More importantly, investigations employing only half 
of the volume load that we used produced increases 
in mean pulmonary artery and pulmonary capillary 
wedge pressures of approximately 8 and 7 mmHg, (1.1 
and 0.9 kPa) respectively [27]. These haemodynamic 
changes could only be accounted for by vasocon
gestion and not pulmonary vasospasm or increases in 
cardiac output [27] . Consequently, our protocols most 
certainly resulted in pulmonary vascular engorgement. 

If the fluid had produced its effects on lung 
mechanics purely through engorgement of the pulmo
nary va, culature with ex ternal ·umpress ion of rhe a ir
way. and with a decrease in compliance. we would 
have expected lung volumes. a refl cted by the vital 
Capacity, to have fallen in pmportion LO the reuuction 
in FEY 1, such that the FEY / FVC ratio would have 
remained constant. l'his onl y occ ur red in the normal 
subjects and not the asthmatics, suggesting that the 
decrements in lung function observed in the latter 
group derived from airflow limitation and not simply 
volume loss. Based upon the anatomy of the bronchial 
and pulmonary circulations, it is possible that at least 
some of the obstruction could be attributable to 
congestion of the vessels in the airway wall. These 
two vascular beds anastomose freely [28] and part of 
the bronchial system drains into the left atrium [29], 
consequently, any elevation in left atrial and/or pul
monary venous pressures induced by the fluid infusion 
would be transmitted backward to the airways. 

Precedents for our reasoning for a role for the 
bronchial circulation in the obstructive responses seen 
with the fluid experiments in trials 2 and 3 can be 
found in the literature. For example, fluid infusion 
increases airway reactivity in normal subjects [14], and 
airway vasoconges tion has bee n implica ted in the 
producti on of the bra n hial hyperrespon. ivity wbi h 
has recently been uemonstrated in patient~ with car
di myopalllies [301 and lefH; ided valvular di sorders 
[T IJ . Trea tment of rhes cardiac cond itions, as we ll 
a, the inhalation of alpha-agonists free of bronchodila
ting properties, reverses the abnormalities [30, 31] , 
suggesting that the changes in pulmonary mechanics 
are not due to contraction of airway smooth muscle, 
but rather to vascular effects from an engorged bron
chial circulation. 

Why should fluid infusion produce so much ob
struction in the asthmatics relative to the normals? It 
is possible, that part of the answers lies in the fact that 
asthmatics have a larger and leakier capillary bed in 
their airway walls, presumably secondary to their 
chronic inflammatory state [32, 33]. Thus, they might 
be at exaggerated risk for the development of ob
struction due to vascular dilation with mucosal thick
ening. In addition, if the microcirculation in the 
airway walls had a propensity to leak when thermally 
stimulated, this could help explain why the combina
tion of HV+FLUID produced more obstruction than 
either stimulus alone. In this experiment, the timing 
of the infusion was such that saline was administered 
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before, during and after HV was completed. This last 
section may have been quite important. For if the 
fluid enlarged the volume of the capillary bed and if 
HV altered vascular permeability, then the continuous 
administration of saline beyond this point might have 
accelerated the formation of submucosal oedema and 
airway narrowing [34]. 

Why then do the mechanical responses appear to 
differ when HV begins after the saline infusion stops? 
One possibility is that the significant obstruction in
duced by the infusion mechanically limited the ability 
of the airways to respond to the HV challenge. While 
the data presented in the present paper cannot sub
stantiate or refute this point, there is nothing to suggest 
that this factor, per se, accounted for our observations. 
In fact, computation of the data using the prechallenge 
FEY 1 and the maximum response for the HV +FLUID 
and FLUID+HV experiments totally removes this issue 
(fig. 7), and yet the analysis still shows significantly 
less obstruction in the latter experiment (HV+FLUID; 
% d FEV 1=34±6%; FLUID+HV; % d FEV 1=24±4%; 
p=0.05). Furthermore, from a purely mechanical 
standpoint, addition of a second provocative stimulus 
to already narrowed airways would be expected to 
have deleterious and not protective effects. Such 
negative interactions are seen with cold air hyperpnoea 
and S02 , [35] for example. 

Additionally, one cannot implicate that the vascular 
and/or bronchomotor effects of volume expansion were 
waning in the FLUID+HV vs HV+FLUID studies, and 
thus accounting for the attenuation of obstruction in 
the former case. Figure 2 demonstrates that the 
mechanical decrements which occur from fluid infu
sion persist at an equivalent level for at least 1 h. 
Moreover, when pulmonary capillary blood flow has 
been measured following completion of intravenous 
administration of 2 l of normal saline, the observed 
rise in blood flow seen at the end of the infusion 
persists for 3 h [36]. 

One manner in which fluid and HV could have 
interacted is through the sequential effects of both 
stimuli on respiratory heat exchange. In the 
FLUID+HV protocol, unlike HV+FLUID, there was 
nothing to augment the consequences of HV and the 
saline may have had a protective effect. Capillary 
dilation and/or oedema induced by the warm saline 
would have increased the heat content of the tissues, 
and so potentially have caused the temperatures in the 
airways to remain higher than usual during the subse
quent hyperpnoea. This phenomenon would have re
sulted in a diminution of the magnitude of the thermal 
gradient at the end of hyperventilation and so the 
severity of the obstruction to HV. Such behaviour has 
been predicted from mathematical models of airway 
thermal transport [34] and now has been observed with 
repetitive exercise [37]. 
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