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ABSTRACT: Thermal washout curves have been proposed as noninvasive tools
for analysing lower airway dimensions and pulmonary blood flow, but how upper
airway heat transfer affects these washout curves is unclear. The present study
was designed to compare extrathoracic and tracheobronchial contributions to ther-
mal washout curves.

Respiratory frequency, air ambient temperature, and body core temperature ()
were varied in six male subjects before and after immersion in cold (1.1°C) water
for up to 2 h under three conditions: 1) control: ambient temperature (famb) =
25°C, rectal temperature change (Afre) = 0°C; 2) pre-immersion: famb = 4°C, Afre
= 0°C; and 3) post-immersion: famb = 25°C, Afre = -0.7°C. Both peak expiratory
nasal (fpn) and oral (fpo) airstream temperatures were measured. Each subject was
tested twice.

Expiratory fpo was generally higher than fpn in all conditions. Increasing breath-
ing rates lowered #pn and #po in the control and cold air environments. Orifice tem-
peratures, which are presumed to reflect upper airway blood temperatures, correlated
with both fpn and fpo. Lowering fc had no effect on washout curves during quiet
breathing and affected only #pn during rapid breathing.

The results suggest that while tracheobronchial conditions may contribute to
thermal washout curves, extrathoracic conditions predominate. Strong correlations
between orifice temperatures, peak expiratory nasal temperatures and peak expi-
ratory oral temperature demonstrate the dominant role of upper airway heat
exchange in determining thermal washout curves.
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Respiratory thermal exchange plays a major role in
cold-induced bronchospasms [1], airway particle [2]
and vapour deposition [3]. Increasing our understanding
of respiratory heat and water loss can lead to improve-
ments in predicting health risks associated with hygrosco-
pic particle inspiration and the treatment of cold-induced
asthma. Directly measuring bronchial heat and water
losses is beyond current capabilities, so investigators
have begun to use temperature washout curves to esti-
mate bronchial thermal conditions in a noninvasive man-
ner [4, 5].

Respiratory washout curves represent expired air-
stream composition as a function of expired volume dur-
ing single or multiple exhalations. The shape of these
curves resembles an exponential form (fig. 1) and are
characterized by their rise times and plateau values. Nit-
rogen and CO, washout curves are commonly used to
quantify lung volumes in health and disease. Temperature
washout curves have been proposed as an alternative to
N, and CO, washout curves because their measurement
requires less sophisticated equipment and techniques
[4]. In addition to measuring lung volumes, SERIKOV et
al. [6] recently suggested that temperature washout cur-
ves can be used to determine pulmonary blood flow and
lung tissue mass.

Like N, and CO, washout curves, temperature wash-
out curves are probably affected by changes in pulmonary

blood flow and tissue volume. Since gas exchange only
occurs in the lung parenchyma, however, N, and CO,
washout curves are unaffected by conditions in the ex-
trathoracic airways. This is probably not true with tem-
perature washout curves because the upper airway is
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Fig. 1. — Respiratory washout curve obtained during rapid breathing
(~30 breaths'min’') demonstrating how plateau values and 10-90%
rise times are determined from an expiratory temperature curve. Ex-
pired temperatures representing 10% and 90% of the difference bet-
ween the minimum and maximum air temperatures during the single
breath are indicated. Peak expired temperatures represent plateau val-
ues on temperature washout curves.
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thought to largely determine expired airstream temper-
atures [7].

Human airway temperature data suggest that these
predictions are accurate during quiet breathing. This is
a consequence of expired air passing out of the lung at
37°C; a decline in airstream temperature will not occur
until a temperature gradient exists between the airstream
and airway mucosal surface. During quiet nasal breath-
ing, airstream cooling will occur proximal to the phar-
ynx, since this is where inspired air reaches the body
core temperature (fc) of 37°C, even at low ambient tem-
peratures (famb) [7-9]. Oral breathing shifts cooling of
expired air to the level of the carina, the point at which
inspired air temperature reaches 37°C during quiet brea-
thing [10].

Hyperventilation, however, may cause orally inspired
air to pass to at least the 5th bronchial generation before
it reaches #c [11]. It is reasonable to assume that hy-
perventilation during nasal breathing will also shift the
point at which inspired air warms to fc distally. Under
these conditions, considerable heat exchange will occur
within the lung (at least during oral breathing) and the-
rmal washout curves may reflect lung volumes, as sug-
gested by SEriKoV et al. [6].

The present study was designed to compare upper and
lower airway contributions to thermal washout curves
by varying respiratory frequency (fR), famb and fc. These
variables were chosen because increasing fR was assum-
ed to increase pulmonary heat exchange, while lower-
ing fc decreases pulmonary heat exchange. Breathing
cold air should reduce upper airway surface tempera-
tures without affecting lung temperatures [9]. Correspond-
ing changes in washout curve shape parameters were
quantified by comparing the 10-90% rise times and peak
expired air temperatures.

Materials and methods
Subjects

Six nonsmoking males (table 1) with a mean (+SEm)
age 3313.7 yrs, height 177.8+3.5 cm, and weight 74.4+
4.6 kg volunteered to participate as subjects after being
fully informed of the details of the experimental proto-
col and associated risks. These procedures were approved
by the Naval Air Warfare Center Advisory Committee
for the Protection of Human Subjects.

Apparatus

Determination of changes in airstream washout tem-
peratures required the development of a temperature sen-
sor that permitted normal breathing, had a small mass
to minimize heating of inspired air [12], and could pro-
vide simultaneous measurements of airstream and air-

Table 1. — Physical description of subjects participat-
ing in study

Subject No. Age yrs Height cm Weight kg
1 32 175 70

2 50 168 63.4

3 34 191 84.6

4 24 175 71.8

5 30 173 65

6 28 185 91.4
meanESEM 33£3.7 177.84£3.5 74.4+4.6

way orifice surface temperatures during nasal or oral
breathing. Each of the sensors used in this study con-
sisted of a wire ring made of 24 American wire gauge
(AWG) stainless steel wire onto which four thermo-
couples (44 AWG welded bead, type T) were attached
(fig. 2). The nasal sensor had a ring diameter of 13 mm
while the oral sensor had a 28 mm diameter. On both
sensors, two thermocouples were attached to 26 AWG
teflon coated wire and mounted in the centre of the ring
to measure airstream temperatures. The other two themo-
couples were attached directly to the ring to measure
surface temperatures. This design permitted normal brea-
thing while simultaneously measuring surface and air-
stream temperatures when the sensor was placed against
the perimeter of an airway opening.

Thermocouple output was directed to an amplifier
(Model Tc.4; Bendec, Santa Ana, CA, USA) with an
electronic reference junction and a bandwidth of 2.5 Hz.
Thermocouples were calibrated at 0°C (Model K140-4;
Kaye Instruments, Bedford, MA, USA) and 29.8°C
(Model 17402 Gallium Temperature Standard; Yellow
Springs Instruments, Yellow Springs, OH, USA).

The time response (t) of the temperature measure-
ment system was determined using the method of Ray
et al. [13]. The sensor was placed at the opening of a
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Fig. 2. — Schematic drawing of the temperature sensor used to mea-
sure expired and orifice temperatures simultaneously. The wire ring
served to correctly position the thermocouples during breathing. The
oral probe dimensions are depicted. Nasal probe ring diameter = 13
mm.
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14.9 cm tube with a diameter of 1.8 cm. The investi-
gator held the opposite end of the tube to his lips and
slowly exhaled (air temperature measured to be 32°C)
followed by a rapid inhalation of ambient air (22-25°C).
The temperature response of the system was measured
with a digital oscilloscope (model HP 54501A; Hewlett-
Packard, Palo Alto, CA, USA) and the time to reach
63.2% of the ambient temperature calculated. This tech-
nique produced highly variable results depending upon
the expired minute ventilation (V'E) and how quickly
flow was reversed. Based on the 10 fastest responses,
T was found to be 46 ms. The slower response times were
assumed to be due to a slower transition from expira-
tion to inspiration.

Temperature measurement error (§), caused by t can
be characterized by the difference between measured,
Atmeas, and actual, A¢, temperature changes during sinu-
soidal temperature oscillations:

. Atmeas 1
A AT # (e

where w=angular frequency [14].

At is underestimated by <5% for fR <70 breaths-min!,
given 1=0.046 s. Assuming that 5% measurement error
is acceptable, the measurement system appears adequate
for all fR observed in this study (table 2). However, tem-
perature measurement error increases to 21-28% when
modelling breathing as a series of periodic square waves
under the same conditions and approximating square
waves by the first order harmonic. Physiologically, higher
frequency components of the expiration temperature
profile occur during the initial washout of upper airway
and proximal bronchial gases and are probably best rep-
resented by square waves. This suggests that measured
dynamic responses probably underestimate actual rise
times and that measured rise times can be interpreted
as first order approximations. A data sampling rate of
64 Hz was used during the experimental trials to fur-
ther minimize measurement error.

M

Experimental procedures

This study was conducted during a thermal evalua-
tion of anti-exposure protective clothing, with each sub-
ject participating in two exposures. Subjects reported to
the laboratory at the same time of day for each trial
(either morning or afternoon). Prior to dressing in the
experimental anti-exposure equipment, the control tem-
perature washout measurements were obtained at a
mean (£sp) famb of 23.0 (£0.7)°C. Airway temperature
measurements were obtained by placing the nasal or
oral sensor against the nares or lips and breathing thro-
ugh it for 60 s. Subjects kept their mouths closed dur-

Table 2. — Respiratory frequencies observed during ex-
posure to each experimental condition

Respiratory frequency

ing nasal breathing, while during oral breathing a nose-
clip occluded the nasal passages. The following sequence
was used in obtaining temperatures: 1) right nares, quiet
breathing; 2) left nares, quiet breathing; 3) right nares,
rapid breathing; 4) left nares, rapid breathing; 5) oral,
quiet breathing, and 6) oral, rapid breathing. Subjects
were dressed in medium weight clothing and a dry-type
anti-exposure garment and fitted with electrocardiogram
(ECG) electrodes and rectal and skin surface thermo-
couples.

Following dressing, subjects were preconditioned to
the cold by resting in a room at 4.7£0.6°C for 20 min.
Pre-immersion airway temperatures were measured about
5 min after entering the room using the sequence describ-
ed above. Immediately afterwards, subjects were immer-
sed neck deep in a pool (1.5 m deep x 2.4 m diameter)
of stirred 1.1+0.2°C water for up to 2 h. Some expo-
sures were terminated at less than 2 h because the sub-
ject or attending physician elected to stop the exposure.
Following removal from the water, the anti-exposure
garment was removed from the subject, who was then
quickly dried with towels. Post-exposure airway tem-
perature measurements were obtained after any obvious
shivering had subsided at famb of 22.9+0.6°C. A sum-
mary of environmental air temperatures and changes in
core temperature during exposure to each environment
is given in table 3.

Data analysis

The dependent variables used in the analyses were
nasal and oral peak expired temperatures (fpn and fpo,
respectively) and nasal and oral 10-90% rise times. The
10-90% rise times were defined as the expiratory time
necessary to rise from 10 to 90% of the difference bet-
ween minimum inspiratory and peak expiratory tem-
peratures (fig. 2). The 10-90% rise times represent the
period during expiration where the greatest rate of tem-
perature change is observed. fR was calculated from the
peak to peak frequency of fpn and fpo. Multivariate
analysis of variance was used to assess the significance
of subject, type of breathing (nasal versus oral), famb,
and fR on peak expired temperature (Statistica for Win-
dows, 1994, StatSoft, Tulsa, OK, USA). Missing data
precluded a comparison between right and left nostrils,
so data were pooled when available from both nostrils.
Linear regression analysis was performed to assess whether
orifice (nares or lip) temperature or changes in rectal
temperature (Atre) influenced #pn and tpo. A p-value of
less than 0.05 was considered significant.

Results

Figure 3 shows the relationship between mean #pn and

Table 3. — Experimental conditions in which measure-
ments of air temperature and drop in rectal temperature
(A#e) were obtained

Respir- Respiratory  Pre- Cold Post-
atory pattern  exposure exposure exposure
pattern breaths-min-! breaths-min-! breaths-min-!
Nasal Quiet 21.2+0.3 24.240.3 25.3+0.3
Rapid 39.9+0.4 35.310.4 35.0+0.4
Oral Quiet 20.8+0.4 24.5+0.4 23.2+0.4
Rapid 35.3+0.5 37.240.5 35.2+0.4

Environment Air temperature®C Atre °C
Control 23.0£0.7 0
Cold air 4.7+0.6 0
Post-exposure 22.910.6 -0.740.1

Values are presented as meantseM.

Post-exposure Atre was due to cold water immersion prior to
obtaining respiratory air temperatures.
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Fig. 3. — Mean peak expiratory airstream temperatures measured
during: a) nasal; and b) oral breathing. Rapidly breathing cold air pro-
duced significantly lower peak expired temperatures than rapidly breath-
ing warm air with a normal or reduced body care temperature
(p<0.01). @ : quiet breathing; m : rapid breathing. Values are presen-
ted as meantsemM. Missing error bars indicate that the semM was too
small to be displayed on the figure. Horizontal bars at the top of the
figures indicate differences during quiet breathing and those at the
bottom represent differences during rapid breathing. Statistical sym-
bols adjacent to the values represent comparison of quiet and rapid
breathing. **: p<0.01.
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Fig. 4. — Mean orifice temperatures measured: a) at the nares; and
b) at the lips, during nasal and oral breathing. Lip temperatures were
significantly higher than nares temperatures under all conditions
(p<0.01). Values are presented as meantsem. *: p<0.05. For further
descriptions of statistical symbols see legend to figure 3.

tpo and experimental conditions during nasal and oral
breathing. Both experimental conditions caused signif-
icant drops in fpn and fpo compared with control con-
ditions (p<0.01). The value of fpo was significantly higher
than fpn in all conditions (p<0.01) except when subjects
were breathing rapidly in the control environment. In
addition, increasing fR significantly lowered #pn and fpo
in the control and cold air environments (p<0.01). Con-
versely, rapid breathing with a lowered #c significantly
increased tpn (p<0.01), while having no effect on #po.
Figure 4 shows how lip and nares temperatures var-
ied in the experimental conditions during oral and nasal
breathing. Orifice temperatures, which are assumed to
reflect upper airway blood temperatures, correlated with
both #pn and #po (fig. 5). This explains why #po was sig-
nificantly higher than 7pn because lip temperatures were
significantly higher than nares temperatures in all con-
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Fig. 5. — Correlations between orifice and peak expired air temper-
atures during: a) nasal; and b) oral breathing. The apparent bimodal
nares temperature results observed during cold air exposures pro-
bably result from the probe being improperly placed. Holding the
probe such that the ring, but not the thermocouples, contact the nares
would expose thermocouples to cold ambient air without actually con-
tacting the nares. This may also have occurred to a lesser extent dur-
ing oral breathing. @ : control; 0 : cold air; A : postexposure. famb:
ambient air temperature; tares: temperature at the nares; tlip: temper-
ature at the lips.
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Fig. 6. — Mean 10-90% rise times measured during: a) nasal; and
b) oral breathing. No significant differences in 10-90% rise times
were observed between oral and nasal breathing except during rapid
breathing of cold air (p<0.01). ® : quiet breathing; m : rapid breath-
ing. Values are presented as meantsem. Statistical symbols adjacent
to the values indicate comparison of quiet and rapid breathing. Horizontal
bars at the bottom of the figures indicate differences during rapid
breathing. **: p<0.01.
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ditions (p<0.01). In addition, orifice temperatures fell
significantly from control levels in the experimental
conditions (p<0.01) (fig. 4).

Expired temperature differences across experiment-
al conditions cannot be attributed to expiratory time be-
cause no significant correlation between 10-90% rise
times and fpn or fpo was observed. Figure 6 shows how
increasing fR significantly decreased both fm and tro
(p<0.01). In addition, significant increases in 10-90%
rise times were observed when #c was reduced compared
with control conditions during rapid breathing (p<0.01).

Discussion

The present study was designed to compare upper and
lower airway contributions to thermal washout curves
by assessing fR, tamb, and #c affected 10-90% rise times
tpn and fpo. The results suggest that while thoracic con-
ditions may contribute to thermal washout curves, extra-
thoracic conditions predominate. The strong correlation
between orifice temperatures and fpn and fpo demonstra-
tes the dominant role that upper airway heat exchange
plays in determining thermal washout curves and is con-
sistent with the finding of HoppE [15].

The rise time data tend to confirm the importance of
upper airway heat transfer. Physiologically, rise times
reflect the intra-airway temperature profiles at the end
of inspiration. Expired air moving outward along the
airway reaches some point at which airway wall tem-
peratures steadily decline below fc. From this point, ex-
pired air temperatures are determined by a combination
of radial temperature gradient and airstream velocity. A
shorter rise time indicates that wall temperatures rise
steeply from the airway orifice or that airway velocity
has increased. In this study, increasing fR allowed warm
expired air to pass more quickly out of the airway caus-
ing significant differences between quiet and rapid breath-
ing. During quiet breathing, however, the insignificant
differences in nasal and oral 10-90% rise times between
experimental conditions suggest that airway tempera-
ture profiles distal to the upper airway were relatively
unaffected.

Lowering fc, however, lessens the axial wall tempera-
ture gradient. Expired air passing out of the airway under
these conditions cools more gradually causing rise times
to increase. During quiet breathing, this was not enough
to significantly affect rise times. Reducing fc during
rapid breathing, however, apparently attenuates the affect
of increasing fR enough to significantly increase rise
times compared to control conditions.

A caveat must be added to this interpretation, howev-
er, because of measurement error associated with dyna-
mic temperature changes. Given the near-square wave
temperature changes, thermocouples may respond too
slowly to detect rapidly rising air temperatures in the
colder expired airstream. Consequently, longer rise times
may be measurement artefacts. A zc difference of 1-
2°C is unlikely, however, to affect thermocouple ther-
mal inertia. Therefore, measured differences between
rise times probably reflect actual heat exchange differ-
ences while not representing actual magnitudes. Likewise,
while actual frequency dependent nasal and oral rise
time magnitudes are probably underestimated because
rise times probably decrease proportionate to fR, the ob-
served relative differences probably reflect actual phy-

siological differences.

The general drop in fpn and tpo as fR increases pro-
vides further evidence for the relative importance of
upper airway heat exchange. Increasing fR reduces extra-
thoracic heat transfer efficiency by reducing residence
time, allowing inspired cold air to penetrate deeper into
the airway and increase convective cooling of the con-
ducting airway walls [11, 16]. A corresponding reduc-
tion in expiratory heat transfer efficiency should allow
warmer expired air to penetrate more proximally and
cause fpn and #po to be greater with increasing fR, assum-
ing expired air temperatures primarily reflect pulmonary
conditions. Since fpn and fpo generally decrease at ele-
vated fR, however, airstream heat losses increase dur-
ing rapid expiration as shown by CALDWELL et al. [17].
This increase in expiratory heat loss probably results
from the increased extrathoracic airway cooling during
rapid inspiration. The greater proportion of upper air-
way surface area cooled during inspiration causes radial
temperature gradients to exist along a greater distance
during expiration.

One exception to this relationship was observed, how-
ever, when lowering fc caused #pn to increase along with
J/R. This anomaly probably relates to thermoregulatory
control of nasal vascular smooth muscle. KaAurMmAN [7]
and WEBB [9] showed that nasal vasoconstriction dur-
ing quiet cold air breathing would be minimal because
inspired air is rapidly warmed to >33°C after passing
6.0 cm into the nasal passage. Vasoconstriction would
allow cold air to penetrate more deeply. However, redu-
cing tc lowers fpn more than breathing cold air during
quiet breathing, demonstrating the major role submu-
cosal blood temperature plays in nasal heat exchange.
Cold exposure sufficient to lower fc by 1°C causes vaso-
constriction in most or all of the peripheral circulation
and possibly in the nasal vasculature as well [18]. In-
creasing respiration in relatively warm air after such
severe cold exposure will warm nasal surfaces and relax
nasal vasculature smooth muscle. Warm nasal surfaces
will consequently warm expired air, producing results
consistent with the correlation between orifice and ex-
pired air temperatures.

Generalized vasoconstriction in the nasal vascula-
ture, however, may not be necessary to explain how #pn
increases with fR. Structural differences between the
vasculature of the external nares and nasal mucosa sug-
gest differences in thermoregulatory responses to cold.
Lowering fc by 1°C may cause arteriovenous anasta-
moses in the external nares to vasoconstrict in a man-
ner analogous to peripheral skin. Conversely, patency
in the sinusoids commonly found in nasal mucosa may
be unaffected by zc which is suggested by cranial sinu-
soidal patency being unresponsive to cold stimuli. An
increase in fR under these conditions would decrease
the time warm expired air is exposed to cooler nares
temperatures and result in elevated #pn.

A similar increase in fpo associated with increasing
/R was not observed during oral breathing. Greater air-
way cooling due to rapid breathing, as described above,
may reduce heat exchange efficiency during oral brea-
thing. Another possibility is that oral heat transfer is
more sensitive to changing famb than nasal heat transfer.
Foukk et al. [19] demonstrated that buccal blood flow
and surface temperatures drop following cheek cooling.
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This suggests that vasoconstriction in the peripheral
vasculature reduces contiguous airway surface temper-
atures. Since a greater proportion of oral surfaces (buc-
cal walls) are adjacent to external surfaces than nasal
surfaces (nasal vestibule), famb would probably have a
greater impact on oral heat transfer. Entering a warm
environment quickly warms cheek temperatures des-
pite a reduced fc and independent of fR. Consequently,
vasoconstriction in both the external cheek and buccal
vasculature probably accounts for the equivalent tpo
observed during quiet and rapid breathing.

Altering tidal volume (V'T) by lowering famb or fc pro-
vides an alternate hypothesis for explaining #pn and fpo
differences between experimental conditions. HANsON
[21] showed that fc alters pulmonary heat exchange and
expired air temperatures but could not separate these
effects from temperature-dependent increases in V'E.
Lowering fc might produce a similar confounding effect
in the present study, with heat exchange altered by both
lower blood temperatures and reduced V'E. To minimize
this effect, fR was controlled by volition and was analys-
ed as an independent variable. VT was not directly mea-
sured because spirometry alters orifice heat exchange
and cold water immersion, producing shivering and shift-
ing impedence bands, precluded impedence plethys-
mography. However, the lack of significant correlation
between 10-90% rise times and #pn or fpo suggests that
breathing pattern was not responsible for #pn and #po dif-
ferences between experimental conditions.

This work also raises the question of whether the
nasal passage exchanges heat more efficiently than the
oral cavity. VARENE et al. [21] found that pn and fpo did
not significantly differ in subjects breathing room (21°C)
air. Sensible heat losses were calculated to be far less
than latent heat losses and they concluded that oral and
nasal heat exchange efficiency was roughly equivalent
[21]. However, mean fpn and fpo were approximately
4.5 and 3.5°C lower, respectively, than comparable tem-
peratures found by Hoppe [15] or in the present study.
Temperature differences between studies are at least
partially attributable to heat exchange between ther-
mocouples and tubing in the apparatus used to measure
airstream temperatures. Higher #pn and po will more than
double nasal and oral sensible heat losses, resulting in
sensible heat losses contributing at least 50% to total ex-
piratory heat exchange. This apparent inconsistency in
oral and nasal heat exchange efficiency between stud-
ies suggests that more research is needed in this area.

In summary, this study demonstrates the significant
role extrathoracic conditions have on respiratory heat
exchange. It also shows how nasal blood supply is more
important than ambient conditions in nasal heat ex-
change. Conversely, oral blood temperature appears to
be less important than ambient conditions in oral heat
exchange. Underlying these relationships may be the
degree to which the nasal and oral vasculature is vaso-
constricted. This study also shows that using tempera-
ture washout curves to determine lower airway heat
transfer requires a far greater understanding of extratho-
racic heat exchange than is currently available.
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