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Normal children have a smaller upper airway than adults, but,
nevertheless, snore less and have less apnea. We have previously
shown that normal children have an upper airway that is resistant
to collapse during sleep. We hypothesized that this resistance to
collapse is due to preservation of upper airway neuromotor
responses during sleep. Furthermore, we hypothesized that upper
airway responses would be diminished in children with the
obstructive sleep apnea syndrome (OSAS). We therefore com-
pared the upper airway pressure-flow relationship during sleep
between children with OSAS and controls. Measurements were
made by correlating maximal inspiratory airflow with the level of
nasal pressure applied via a mask. Neuromotor upper airway
activation was assessed by evaluating the upper airway response
to 1) hypercapnia and 2) intermittent, acute negative pressure.
We found that children with OSAS had no significant response to
either hypercapnia or negative pressure during sleep, compared
with the normal children. After treatment of OSAS by tonsillec-
tomy and adenoidectomy, there was a trend for normalization of
upper airway responses. We conclude that upper airway dynamic

responses are decreased in children with OSAS but recover after
treatment. We speculate that the pharyngeal airway neuromotor
responses present in normal children are a compensatory re-
sponse for a relatively narrow upper airway. Further, we specu-
late that this compensatory response is lacking in children with
OSAS, most likely due to either habituation to chronic respira-
tory abnormalities during sleep or to mechanical damage to the
upper airway. (Pediatr Res 57: 99–107, 2005)

Abbreviations
BMI, body mass index
CPAP, continuous positive airway pressure
EMG, electromyogram
OSAS, obstructive sleep apnea syndrome
Pcrit, critical pressure
PFR, pressure-flow responses
PN, nasal pressure
T&A, tonsillectomy and adenoidectomy
V̇Imax, maximal inspiratory airflow

In children, OSAS is related to adenotonsillar hypertrophy.
Most children with OSAS have large tonsils and adenoids, and
improve after T&A (1). Nevertheless, studies suggest that
childhood OSAS is not due to anatomic abnormalities alone.
Most obvious is the fact that patients with OSAS do not
obstruct during wakefulness, when upper airway muscle tone is
high. Although the upper airway may be narrower in children
with OSAS than in those without, there is overlap between the
groups (2). A small percentage of children with adenotonsillar
hypertrophy but no other known risk factors for OSAS are not
cured by T&A (1). Furthermore, a small percentage of children
who were cured of their OSAS by T&A have been reported to

develop a recurrence during adolescence (3,4). Thus, it appears
that childhood OSAS is a dynamic process resulting from a
combination of structural and neuromotor abnormalities, rather
than from structural abnormalities alone.
The upper airway above the level of the cartilaginous airway

is a collapsible muscular tube that usually remains patent but
has the potential to collapse to facilitate such functions as
speech and swallowing. It comprises more than 30 pairs of
muscles (5). Thus, neuromotor control of this area is important
to maintain airway patency. Upper airway collapsibility during
sleep is modulated by the central ventilatory drive (6). The
upper airway dilatory muscles are respiratory muscles and,
therefore, are activated in response to increases in the central
ventilatory drive (7). We therefore hypothesized that the in-
creased upper airway collapsibility in children with OSAS was
due to decreased upper airway neuromotor responses to respi-
ratory stimuli.
To test this hypothesis, upper airway responses were mea-

sured during sleep in school-aged children with OSAS com-
pared with normal controls. Responses were tested in several

Received March 15, 2004; accepted July 12, 2004.
Correspondence: Carole L. Marcus, M.B.B.Ch., Division of Pediatric Pulmonology,

Wood Building, 5th Floor, Children’s Hospital of Philadelphia, 34th St. & Civic Center
Blvd., Philadelphia, PA 19104; e-mail: marcus@email.chop.edu
C.L.M. was supported by Grant RR-00052 from the General Clinical Research Center,

The Johns Hopkins Hospital, Baltimore, MD, and by Grant #HL58585 from the National
Heart, Lung, and Blood Institute.

DOI: 10.1203/01.PDR.0000147565.74947.14

0031-3998/05/5701-0099
PEDIATRIC RESEARCH Vol. 57, No. 1, 2005
Copyright © 2004 International Pediatric Research Foundation, Inc. Printed in U.S.A.

ABSTRACT

99



ways. First of all, the upper airway response to hypercapnia
was assessed. Secondly, the upper airway response to negative
pressure was evaluated by applying gradual versus brief, in-
termittent pulses of negative pressure. CPAP suppresses upper
airway muscle tone (8), whereas negative (subatmospheric)
pressure results in increased upper airway tone. Thus, when the
nasal pressure is changed from positive to subatmospheric, the
upper airway muscles change from a hypotonic to an activated
state. Previous researchers have shown that this activation of
the upper airway in response to subatmospheric pressure is not
immediate but occurs after approximately three breaths (9–11).
Consequently, evaluation of the upper airway during the first
few breaths of subatmospheric pressure application tests the
relatively hypotonic upper airway, whereas evaluation during
the administration of persistent subatmospheric pressure tests
the activated upper airway.

METHODS

Upper airway dynamic PFR during sleep were compared between school-
aged children with OSAS and normal, nonsnoring control children. The
controls were the same subjects as those participating in another study eval-
uating the development of upper airway responses in normal subjects (9).
Baseline polysomnography was performed on all subjects, followed by PFR
testing on a separate night. After PFR testing, children with OSAS undergoing
T&A (as per routine clinical practice) were invited back for postoperative
evaluation.

Study Group

Children with OSAS were recruited from those referred to the Pediatric
Sleep Disorders Clinic of Johns Hopkins University for evaluation of clinically
suspected OSAS, who were determined to have OSAS based on a clinical
polysomnogram (see below). School-aged children with OSAS related to
adenotonsillar hypertrophy were recruited. The lower age limit was chosen to
exclude those too young to cooperate with testing (i.e. �5 y of age). Patients
with neurologic disease, craniofacial anomalies, or a history of previous upper
airway surgery were excluded.

Healthy controls were recruited from the community by means of adver-
tisements. Subjects with frequent (nightly) snoring, symptoms of apnea,
chronic illnesses, or previous T&A were excluded. All controls were nonobese,
with a BMI �95% predicted for age, height, and race (12).

Written informed consent was obtained from the parents or legal guardians.
In addition, assent was obtained from the children. The study was approved by
the Institutional Review Board of Johns Hopkins University, and studies were
performed according to the Declaration of Helsinki.

Baseline Polysomnography

Overnight sleep studies included measurement of the EEG (C3/A2, O1/A2);
right and left electrooculogram; submental EMG; tibial EMG; ECG; chest and
abdominal wall motion (piezoelectric transducers or respiratory inductance
plethysmography); oronasal airflow (three-pronged thermistor); end-tidal PCO2

(Nellcor N-1000, Van Nuys, CA); arterial oxygen saturation (SaO2) by pulse
oximetry (Nellcor N-1000) and oximeter pulse wave form. Recordings were
made using the Alice 3 (Healthdyne, Marietta, GA) system. Subjects were
videotaped and were attended by a polysomnography technician. Sleep archi-
tecture and arousals from sleep were analyzed using standard techniques
(13,14). Respiratory parameters were scored using standard pediatric methods,
i.e. obstructive apneas of any length were scored (15). Hypopneas were scored
if there was a qualitative decrease in oronasal airflow �50% associated with a
change in the end-tidal PCO2 wave form, paradoxical breathing, and desatura-
tion �3% and/or arousal (15).

Normative data for hypopneas in children have not been established (16).
Therefore, control children with either an apnea index �1/h (17), or an apnea
hypopnea index (AHI) �5/h, were excluded. To ensure separation between

normal children and children with OSAS, children with OSAS were included
if they either had an apnea index �5/h, or an AHI �5/h in addition to
desaturation �90%.

Measurement of PFR and Upper Airway Responses

PFR were obtained during a second, overnight study, using modifications of
previously published techniques (6,9,18). Upper airway function was measured
under the following conditions, in random order:

1. Stepwise, decremental, steady state decreases in nasal pressure. This was
hypothesized to result in sequential activation of the upper airway (“gradual”
technique).

2. Acute, transient, intermittent drops in nasal pressure from a baseline
holding pressure. This was hypothesized to result in a relatively hypotonic
airway (“intermittent” technique).

3. Decremental decreases in nasal pressure during CO2 breathing. CO2

challenges were performed in all children with OSAS, and in the first 10
control children studied.

During PFR, in addition to the above routine polysomnographic measure-
ments, airflow and nasal pressure were measured quantitatively. The subject
wore a gel CPAP mask (Respironics, Pittsburgh, PA) attached to a heated
pneumotachometer (Hans Rudolph, Inc., Kansas City, MO) and transducer
(Validyne Engineering Corp., Northridge, CA). Nasal pressure (PN) was
measured at the mask, using a differential pressure transducer referenced to
atmosphere. End-tidal PCO2 was measured via a port on the mask (Ametek,
Paoli, PA). Transcutaneous PCO2 was also measured (Radiometer, Paramus,
NJ). A thermistor was placed at the mouth to detect oral breathing. Subjects
who mouth-breathed were fitted with an oronasal mask. Pressure and flow
signals were acquired using DATAQ Instruments (Akron, OH) hardware and
WinDaq software, and simultaneously displayed on the Alice system. Positive
or subatmospheric nasal pressure (PN) was administered using a device con-
sisting of dual CPAP machines, one of which was modified by Respironics to
provide subatmospheric pressure. Rapid changes between positive and subat-
mospheric pressure were accomplished using a toggle switch. The equipment
delivered a PN of � 22 to �22 cm H2O. Measurements were performed during
slow wave sleep, as obstructive apneas are rare during this sleep stage (19).
Attempts to perform PFR during REM sleep were unsuccessful due to subject
arousal.

Gradual technique. Studies were initiated with the subjects breathing
sufficient CPAP to overcome inspiratory airflow limitation. Flow limitation
was determined by the characteristic wave form pattern, consisting of increas-
ing inspiratory flow followed by a mid-inspiratory plateau (20,21), rather than
by using invasive esophageal pressure measurements in these young volunteers
(22). PN was then decreased in 2 cm H2O steps every 30 s until flow
approached zero or the subject aroused.

Intermittent technique. Studies were initiated with the subjects breathing
sufficient CPAP to overcome inspiratory airflow limitation (the holding pres-
sure). PN was then acutely decreased by 2 cm H2O for three to five breaths,
following which it was rapidly returned to the holding pressure (Fig. 1). PN was
dropped repeatedly to incrementally lower levels, with a return each time to the
holding pressure, until either flow approached zero or the subject aroused. In
all controls, and in all but one of the children with OSAS, PN was decreased
to subatmospheric levels during the pressure drops. Using intraoral genioglos-
sal EMG measurements (23) in normal children, we have previously shown
that the gradual runs result in a gradual increase in EMG activity as PN
becomes increasingly negative. In contrast, during intermittent runs, the EMG
activity is at a low level for the first three breaths of negative pressure, and
begins to increase by the fourth breath (9).

CO2 responses. CO2 responses were carried out using the gradual tech-
nique. Studies were initiated with the subject breathing CPAP sufficient to
overcome inspiratory airflow limitation. CO2 was introduced via a fine nasal
cannula beneath the mask until the transcutaneous PCO2 increased by 3 mm Hg.
This small change in PCO2 was used as larger changes, in conjunction with
subatmospheric nasal pressure, caused arousal from sleep. On average, this
required 0.4 LPM of 100% CO2 blended with the flow through the CPAP
circuit. The gel mask was able to make a seal around the cannula. Transcuta-
neous PCO2 was measured instead of end-tidal PCO2, as the end-tidal wave form
could not be measured during the administration of subatmospheric pressure.
The response time of the transcutaneous CO2 electrode to a step change
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increase in CO2 was 35 s. The median time for the transcutaneous PCO2

monitor to reach the goal of 3 mm Hg above baseline was 102 s. The subject
breathed a steady flow of CO2 for 3 min. PN was then decreased in 2 cm H2O
steps until flow approached zero or the subject aroused. CO2 administration
continued throughout the challenge.

Data Analysis

The average mid-inspiratory flow was measured from the lowest two
consecutive breaths at each level of PN. Pressure-flow curves were constructed
by plotting maximal inspiratory airflow (V̇Imax) of flow-limited breaths against
PN. PN versus V̇Imax curves were fitted by least squares linear regression. The
critical pressure (Pcrit) was defined as the x axis intercept of the regression line
(V̇Imax � 0). As previously demonstrated, many of the normal children were
able to maintain airflow even at markedly subatmospheric pressures (Fig. 1)
(6). Thus, the x-intercept could not be determined without extreme extrapola-
tion, and therefore Pcrit could not always be measured. As the equipment
provided a maximum negative pressure of �22 cm H2O, we arbitrarily elected
to assign a threshold value of �25 cm H2O to Pcrit data that were extrapolated
to ��25 cm H2O (9). This allowed us to apply statistical methods to the Pcrit
data. In addition, the slope of the upstream-pressure-flow curve was also used
to characterize the upper airway response (6).

Statistical Analysis

Nonparametric methods were used as most data were not normally distrib-
uted. All results are expressed as median (range) unless otherwise specified.
Differences were compared between groups using the Wilcoxon rank sum test.
Differences between conditions for the same individual were compared using
the Wilcoxon signed rank test. The mean difference in inspiratory airflow
between individual breaths as a percentage of baseline flow during the inter-
mittent challenges was calculated for each patient and analyzed using the
Wilcoxon signed rank test.

RESULTS

Study population. Thirty-four subjects were recruited. One
control had an abnormal baseline sleep study and was ex-
cluded. Thus, 33 subjects competed the study: 11 children with
OSAS and 22 controls. Successful gradual responses were
completed in all subjects, and successful intermittent responses
in 10 children with OSAS and 20 controls. CO2 challenges
were performed in all children with OSAS, and in the first ten
normal children. One additional 5-y-old child with OSAS was
subsequently recruited for evaluation of awake pressure-flow

relationships. Her data are discussed separately. Seven of the
11 children with OSAS agreed to repeat evaluation after
surgical treatment.
Subject demographics and baseline polysomnography re-

sults are shown in Table 1. Controls were older than those with
OSAS. Four (36%) of the children with OSAS were obese,
whereas, by definition, none of the controls was obese. How-
ever, there was no difference in mean BMI between the two
groups.
Response to hypercapnia. The CO2 responses were com-

pared with the gradual rather than the intermittent room air
responses, as all subjects underwent gradual response testing,
but not all subjects successfully completed intermittent testing.
In the children with OSAS, median transcutaneous PCO2 was
initially 48 mm Hg and increased to 52 mm Hg by the end of
the challenge. In the controls, the median transcutaneous PCO2

increased from 46 mm Hg to 48 mm Hg.
In the normal children, hypercapnia resulted in increased

flow for a given PN. There appeared to be a complex interaction
between the response to CO2 and the response to negative
pressure as PN decreased (9). Therefore, data were evaluated
by comparing the maximal inspiratory flow (V̇Imax) when
subjects were breathing room air versus CO2 at atmospheric
pressure (PN � 0 cm H2O). V̇Imax measurements in the flow-
limited state reflect upper airway properties and are indepen-
dent of changes in ventilatory drive. Therefore, only flow-
limited breaths were evaluated, to assess the effect of CO2 on
the upper airway.
Ninety percent of controls had an increase in V̇Imax in

response to hypercapnia (p � 0.01) (Table 2). In contrast, only
27% of children with OSAS had a response to CO2 (not
significant). These were not all the same subjects that showed
a response to negative pressure (below). There was a signifi-
cant difference in the change in V̇Imax between the two condi-
tions in the children with OSAS versus controls (p � 0.01).
Gradual versus intermittent pressure-flow measurements.

As in previous studies, control children had an airway that was
very resistant to collapse when the gradual technique was used
(6). This resulted in a flat slope of the pressure-flow curve, and
a Pcrit that was unmeasurable (i.e. more negative than �25 cm
H2O) in 70% of subjects. In contrast, the airway was more
collapsible when the intermittent technique was used, with a
steeper slope, and an unmeasurable Pcrit in only 50% of
subjects (Figs. 2, 3). Therefore, the intermittent technique was
used as the baseline to which the other conditions could be
compared.

Figure 1. A tracing is shown for a control child during an intermittent PFR
run. PN was decreased at the time point indicated by the arrow. The first breath
(not numbered) is a transitional breath during the pressure change. The sudden
drop in PN results in a decrease in flow, as well as a flow-limited breathing
pattern, during the first three breaths. Subsequently, there is an increase in flow
for breaths 4 and 5, as well as a transition to a nonflow-limited pattern,
suggesting that activation of the upper airway muscles has occurred.

Table 1. Study group

Controls OSAS p Value

No. 22 11
Age (y) 11 (6–13) 8 (5–10) 0.005
Males (no., %) 14 (64) 5 (45) NS
BMI (kg/m2) 20 (15–27) 18 (14–31) NS
Apnea hypopnea index (no./h) 0 (0–1) 15 (6–55) 0.0001
Arterial oxygen saturation nadir (%) 96 (91–98) 84 (54–91) 0.0001
Peak end-tidal PCO2 (mm Hg) 49 (40–57) 52 (39–64) 0.05

All data displayed as median (range) unless otherwise specified.
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During intermittent challenges, the median holding pressure
was 2.3 cm H2O for controls and 6.4 cm H2O for children with
OSAS (p � 0.0001). A typical pressure-flow tracing from a
control during an intermittent challenge is shown in Figure 1.
After the drop in PN, the first three breaths were flow-limited,
and had small flows. Breaths 4 and 5 showed a transition to a
nonflow-limited pattern, associated with larger flows. This
indicates that activation of the upper airway muscles started
occurring at that point. To evaluate this objectively, the mean
difference in inspiratory flow (as a percentage of baseline flow)
between breath 1 and breath 2 after the drop in PN was
measured for each subject. Similarly, the differences between
breath 1 and breath 3, and breath 1 and breath 5, were
measured. In the controls, there was no significant difference in
flow between breath 1 versus breath 2, or breath 1 versus
breath 3. However, there was a significant increase in flow
between breaths 1 versus 5, suggesting that upper airway
activation or other mechanisms for increased flow occurred
only after the first few breaths (p � 0.05). In contrast, children
with OSAS had no significant difference in flow between
breath 1 versus either breath 2, breath 3 or breath 5, suggesting
a lack of upper airway activation.
With the intermittent technique, only one child with OSAS

(10%) had a flat slope and a Pcrit � �25 cm H2O, versus 50%
of controls. Pcrit was significantly less negative in the children
with OSAS than controls (p � 0.0003), indicating a more
collapsible upper airway; the slope was similar (Table 3).
Using the gradual technique, both Pcrit (p � 0.0001) and slope
(p � 0.004) were greater in the children with OSAS than
controls.
Figure 3 and Table 3 demonstrate the group changes in slope

for the gradual versus the intermittent technique airway. The
controls tended to have a flatter slope and a more negative Pcrit
with the gradual technique; 85% of controls had a flatter slope
with the gradual compared with the intermittent technique (p �
0.01). There was no significant difference in Pcrit between the
two conditions, probably because many subjects had the arbi-
trary cutoff of �25 cm H2O applied to both states. Using
extrapolated data without the cutoff (Fig. 3), there was clearly
a visual difference in Pcrit between the two conditions. In
contrast to the normal children, the children with OSAS did not
have a significant difference in either slope or Pcrit between the
gradual and intermittent conditions. Only 30% of children with
OSAS had a flatter slope and more negative Pcrit with the
gradual technique (not significant).
To assess the effect of the discrepancy in age between the

control and the OSAS group, the correlation between age and

Pcrit, and age and slope, was determined for the control group.
There was no significant correlation between any of these
parameters, and all of the correlation coefficients were very
low.
During PFR, there was little change in gas exchange. The

median SaO2 change from baseline was 0% for the intermittent
technique and �1% for the gradual technique. Only two
individuals (both of whom had OSAS) desaturated more than
3%; one desaturated to 91% and the other to 92%. The median
change in transcutaneous PCO2 was 0 mm Hg for the intermit-
tent technique and 1 mm Hg for the gradual technique; the
largest individual increase in PCO2 was 2 mm Hg.
Oronasal versus nasal mask. In children who mouth-

breathed, oronasal masks were used instead of nasal masks. To
ensure that this did not affect results, gradual runs were per-
formed in one control using a nasal mask versus an oronasal
mask. Both runs were performed during slow wave sleep on
the same night. The resultant pressure-flow curves were virtu-
ally identical (Fig. 4).
Tonsillectomy and adenoidectomy. Seven children with

OSAS agreed to return for reevaluation after T&A. The fol-
lowing data relate to these seven subjects. There were no
significant differences in demographics, polysomnographic re-
sults, or initial PFR between the seven who returned for
follow-up and the four who did not. Baseline polysomnogra-
phy was repeated 13 � 7 wk postoperatively. Six of the seven
had resolution of their OSAS, with a mean postoperative AHI
of 1 � 1/h, and normal gas exchange. The seventh child, who
was obese, had some improvement postoperatively, but con-
tinued to have severe OSAS (AHI 55/h preoperatively versus
22/h postoperatively). She showed only a slight improvement
in PFR values postoperatively (Pcrit �9 versus �6 cm H2O
preoperatively, slope 14 versus 13 mL/s/cm H2O).
Postoperatively, there was a trend toward an increase in

V̇Imax in response to hypercapnia in the responders, with all
patients showing an increase in flow [median �V̇Imax at atmo-
spheric PN when breathing CO2 versus room air, as a percent-
age of baseline, of 42 (�24 to 90) mL/s], although this did not
reach significance. Similarly, six of the seven children had a
trend toward normalization of PFR responses postoperatively,
although data did not reach a significant level (Table 4; Fig. 5).
The seventh child was an outlier who had a flat PFR curve
preoperatively but a steeper curve postoperatively, despite
resolution of her OSAS. Postoperatively, six of the seven
subjects had a more negative Pcrit compared with preopera-
tively, with both the intermittent and gradual techniques. How-
ever, the drop in Pcrit was more marked with the gradual
technique. Six had a flatter slope with the gradual technique
postoperatively, whereas only three had a flatter slope with the
intermittent technique.
The postoperative Pcrit and slopes were compared between

the surgical responders and the controls. Postoperatively, the
intermittent Pcrit remained elevated in the children with OSAS
compared with the controls.
Awake Pcrit. An alternative explanation for the lack of

response to CO2 in the OSAS group could be that the chil-
dren’s upper airway was already maximally activated by neg-
ative pressure, and therefore hypercapnia could not elicit a

Table 2. Effect of CO2 on V̇Imax at atmospheric pressure (PN � 0)
during sleep

No.

V̇Imax

on room air
(mL/s)

�V̇Imax

(CO2 vs room air)
(% baseline)

Subjects with
increased V̇Imax

on CO2 (%)

Controls 10 154 (44–232) �85 (�33–564)*,† 90
OSAS 11 82 (0–276) �17 (�222–126) 27

Data shown as median (range).
* p � 0.01 for controls breathing room air vs CO2.
† p � 0.01 for �V̇Imax for controls vs OSAS.
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further response. To evaluate this possibility, Pcrit measure-
ments were obtained during wakefulness in two OSAS sub-
jects; the 10-y-old child who had persistent OSAS following
T&A and an additional 5-y-old child with OSAS (AHI 30/h,
SaO2 nadir 70%). Subjects were studied in the evening in the
supine position, using the gradual technique. Wakefulness was
verified by both EEG and audiovisual monitoring. In both
subjects, the upper airway was very resistant to collapse during
wakefulness. The post T&A subject had a slope of 3 mL/s/cm
H2O and Pcrit of �25 cm H2O awake versus 13 mL/s/cm H2O

and �9 cm H2O during gradual runs asleep; the other OSAS
subject had a slope of 1 mL/s/cm H2O and Pcrit of �25 cm H2O
awake versus 9 mL/s/cm H2O and �12.5 cm H2O during
gradual runs asleep.

DISCUSSION

This study has shown that children with OSAS lack upper
airway neuromotor responses to hypercapnia and negative
pressure during sleep, in contrast to normal children. In addi-

Figure 2. Typical examples of pressure-flow relationships using the gradual (filled circles) vs intermittent (open circles) techniques are shown for a control and
a child with OSAS. In the control child, the intermittent technique resulted in a more collapsible upper airway, with a steeper slope and a more negative Pcrit.
There was no change in upper airway properties between the two techniques in the child with OSAS. The equations for the regression lines are: y � 262 � 2x
(control, gradual technique); y � 273 � 11x (control, intermittent technique), y � 112 � 13x (OSAS, gradual technique) and y � 95 � 11x (OSAS, intermittent
technique).

Figure 3. A schematic diagram of the pooled group median pressure-flow data for the gradual (solid line) vs intermittent (dotted line) techniques is shown for
all subjects in whom paired data were available. Controls are shown in the left panel, and children with OSAS on the right. Note that the figures show the raw
Pcrit data without the arbitrary cutoff of �25 cm H2O. Control children showed a significant difference between the two conditions, in comparison to OSAS (see
text for p values).
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tion, children with OSAS have a more collapsible upper airway
using the intermittent (hypotonic) technique than normal chil-
dren, indicating the presence of structural differences between
the groups (such as adenotonsillar hypertrophy). After T&A,
there was a modest trend toward improvement in structural
factors. However, the major postoperative change was the
trend toward normalization of upper airway neuromotor
responses.

PFR

In the hypotonic state, the upper airway behaves like a
Starling resistor (6,10,21,24–26). This model has been well
described for both children and adults. The critical closing
pressure (Pcrit) has been used to characterize upper airway
function. In both children and adults with sleep-disordered
breathing, ranging from primary snoring to obstructive sleep
apnea, the value of Pcrit correlates with the degree of obstruc-
tion (21,27,28) and decreases after surgical treatment of ob-
structive apnea (21,26). Although this model is useful, recent
studies have shown that, during natural sleep, the model is
modified by the effect of upper airway neuromotor reflexes in
response to factors such as subatmospheric pressure and CO2

(6,9,10). This effect of these reflexes is particularly pronounced
in normal young children. As a result of upper airway neuro-
motor activation, normal sleeping children are often able to
maintain airflow despite the application of large amounts of
subatmospheric pressure (6,9). In these cases, Pcrit often cannot
be measured. Therefore, the slope of the pressure-flow rela-
tionship is used to characterize upper airway collapsibility
(6,9). It has been shown that that the intermittent PFR tech-
nique results in a relatively hypotonic airway, whereas the
gradual technique results in an activated airway (9–11). Thus,
use of the intermittent technique allows us to delineate the
effect of structural factors on upper airway function, whereas
use of the gradual technique allows us to determine the effect
of neuromotor factors.
It is unlikely that the intermittent technique used in this

study eliminated all muscle tone. More likely, there was a
reduction in muscle activation, but some preservation of base-
line tone, i.e. relative hypotonia rather than atonia. This is
suggested by comparing our data with that of Isono et al. (29).
They measured the upper airway closing pressure in the anes-
thetized, paralyzed state, i.e. atonia. Different methods were
used in their study, so direct comparisons of absolute values
from the two studies may not be valid. However, in their study,
both children with OSAS and normal children had a higher
closing pressure than the Pcrit in the current study. Neverthe-
less, they also found that children with OSAS had a more
collapsible upper airway than normal children, indicating that
children with OSAS had different structural properties of the
upper airway, predisposing them to airway collapse.
The assumption in this study is that the intermittent tech-

nique resulted in upper airway hypotonia. This is based on
EMG studies performed in adults (11), as well as studies
performed by us in school-aged children using the same tech-
niques (9). Infants have been shown to have a much more rapid
upper airway response to drops in negative pressure; thus, the
results of this study cannot be extrapolated to infants with
OSAS (9,30,31). In the current study, instead of measuring
EMG activity in addition to the many other parameters mea-
sured, upper airway responses were assessed by evaluating
changes in airflow during flow-limited breaths. Therefore, to
provide supportive data that the intermittent technique did in
fact represent a relatively hypotonic airway, we analyzed the
difference in flow between breath 1 after the drop in PN and the
subsequent breaths. In the normal children, a change to a

Table 3. Gradual vs intermittent pressure-flow relationships

Measure Controls OSAS p Value

Intermittent Pcrit
(cm H2O)

�25 (�7 to �25) �5 (�1 to �25) 0.0003

Intermittent slope
(mL/s/cm H2O)

9* (�5 to 26) 10 (3 to 22) 0.52

Gradual Pcrit
(cm H2O)

�25 (�9 to �25) �7 (�2 to �25) 0.0001

Gradual slope
(mL/s/cm H2O)

4 (�9 to 21) 13 (1 to 26) 0.004

Data shown as median (range). One patient with OSAS was an outlier with
a Pcrit value of �25 cm H2O.
* Controls intermittent vs gradual slope: p � 0.01.

Figure 4. The pressure-flow relationship is shown for a control child wearing
a nasal mask (filled circles) vs an oronasal mask (open circles). The pressure-
flow curves were similar between the two conditions. The equations for the
regression lines are y � 232 � 3.5x (nasal mask) and y � 197 � x (oronasal
mask).

Table 4. Effect of T&A on OSAS

Measure OSAS Pre T&A OSAS Post T&A Controls

No. 7 7 22
Intermittent Pcrit
(cm H2O)

�6 (�1 to �25) �14* (�3 to �21) �25 (�7 to �25)

Intermittent slope
(mL/s/cm H2O)

10 (3 to 22) 11 (6 to 18) 9 (�5 to 26)

Gradual Pcrit
(cm H2O)

�7 (�2 to �25) �25 (�9 to �25) �25 (�9 to �25)

Gradual slope
(mL/s/cm H2O)

11 (1 to 26) 5 (2 to 22) 4 (�9 to 21)

Data shown as median (range). Normal children are shown for the purpose
of comparison. There were no significant differences in any of the parameters
before vs after T&A. However, the intermittent Pcrit remained less negative in
the children with OSAS after T&A, compared with the controls.
* p � 0.01 for OSAS post T&A vs controls.
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nonflow-limited pattern typically occurred after breath 3 (Fig.
1). In fact, flow did not change between breaths 1 and breaths
2 and 3, but increased significantly by breath 5. This confirmed
that normal children had neuromotor activation after the first
three breaths, although children with OSAS did not. Neverthe-
less, further studies including EMG measures would be
desirable.

STRUCTURAL FACTORS

Children with OSAS had a more collapsible upper airway
using the intermittent technique than the controls, demonstrat-
ing the presence of a structural component. This was most
likely due to adenotonsillar hypertrophy. The tonsils and ade-
noids are increased in children with OSAS (2), and apnea
resolves after T&A in the vast majority of otherwise-healthy
children (1). As expected, we found that there was a trend
toward normalization of the intermittent PFR curve after re-
section of the tonsils and adenoids. However, the intermittent
Pcrit remained elevated compared with controls, suggesting the
persistence of other structural abnormalities postoperatively.
Adults with OSAS have been shown to have a narrower
pharynx than controls (32). Similarly, it is possible that chil-
dren with OSAS have an underlying narrow pharyngeal air-
way, but that clinical OSAS occurs when this narrowing is
exacerbated by the development of adenotonsillar hypertrophy.

NEUROMOTOR CONTROL OF THE UPPER
AIRWAY

In addition to structural factors, upper airway function is
modulated by neuromotor factors. These neuromotor factors
include sleep state, chemoreceptor input (7) and upper airway
pressure receptors (33). The literature suggests that the upper
airway response to both CO2 and subatmospheric pressure is a

centrally mediated reflex (9). In the current study, both CO2

and subatmospheric pressure application resulted in increased
flow and a change from a flow-limited to a nonflow-limited
pattern. This was probably due to stimulation of the CNS,
resulting in augmentation of upper airway neuromotor tone
(7,34,35). Previously, we showed that children with OSAS had
normal ventilatory responses to hypoxia and hypercapnia dur-
ing both wakefulness (36) and sleep (35). Thus, their overall
ventilatory drive appears to be normal. However, we hypoth-
esized that the CNS role in augmenting upper airway responses
to stimuli was abnormal. This hypothesis was confirmed in the
current study, which showed that the children with OSAS had
decreased upper airway dynamic responses during sleep com-
pared with controls.
An alternative explanation for the lack of response to CO2 in

the OSAS group could be that the children’s upper airway was
already maximally activated by negative pressure, and, there-
fore, hypercapnia could not elicit a further response. This
theory is negated by the awake Pcrit measurements. The airway
of the children with OSAS resisted collapse during wakeful-
ness, despite the application of the maximum �20 cm H2O of
negative pressure. This indicates that the airway neuromotor
response is greater during wakefulness than during sleep, even
when multiple stimuli are applied during sleep.

EFFECT OF T&A

Patients with OSAS were reevaluated 2–3 mo postopera-
tively. This time period should be sufficient to evaluate post-
operative changes. Polysomnography normalizes 6 wk after
T&A (1); in fact, some studies suggest that it normalizes within
several days (37,38). Unfortunately, not all patients agreed to
return for the rigorous follow-up experiments. However, the
patients that were restudied were representative of the group.

Figure 5. A schematic diagram of the pooled group median pressure-flow data before (solid line) and after (dotted line) T&A are shown for the seven subjects
with OSAS who returned for postoperative reevaluation. Intermittent responses are shown on the left panel, and gradual responses on the right. Note that the
figures show the raw Pcrit data without the arbitrary cutoff of �25 cm H2O. There was a trend toward a flatter slope and a more negative Pcrit postoperatively,
particularly with the gradual technique.
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Clearly, further studies with a larger sample size would be
beneficial. Nevertheless, we noted several trends in postoper-
ative PFR responses that may have been significant with a
larger sample size.
After T&A, OSAS resolved in all patients except for one

obese child. This clinical improvement was associated with a
modest improvement in the intermittent Pcrit, reflecting the
postoperative structural changes. Nevertheless, the intermittent
Pcrit remained less negative than in controls. This suggests
ongoing structural differences between the two groups, such as
a narrower upper airway in the OSAS group. This is consistent
with studies in adults showing that patients with OSAS have
narrower upper airways than controls (32).
The magnitude of change in the intermittent Pcrit postoper-

atively was not sufficient to account for the normalization of
the upper airway after surgery. An unanticipated finding, how-
ever, was the large change in the gradual Pcrit. Potential
explanations for this include structural causes, neuromotor
causes, and the effect of neuromechanical interaction.

Structural causes

It is possible that postoperative scarring resulted in a stiff-
ening of the upper airway. However, the fact that the PFR
changed only minimally in the patient in whom OSAS per-
sisted, and that postoperative PFR changes were more marked
using the gradual technique than the intermittent technique,
goes against this. Furthermore, it has previously been shown
that Pcrit falls to the same degree after successful treatment of
adult OSAS by either surgical (uvulopalatopharyngoplasty) or
medical (weight loss) means (25,26). This suggests that the
upper airway surgery per se did not affect Pcrit.

Neuromotor causes

Upper airway neuromotor responses may be diminished in
children with OSAS preoperatively secondary to chronic upper
airway obstruction, and may thus improve postoperatively.
This may be due to habituation to chronic, sleep-related hy-
poxemia and hypercapnia, or to a decrease in the ventilatory
drive secondary to sleep disruption. Alternatively, it may be
due to direct vibrational damage of the upper airway nerves
(39) due to chronic snoring (40). The neuromotor theory is
supported by the literature. Previous studies have shown nor-
malization of arousal responses to hypercapnia following T&A
in children (35). In addition, adults with OSAS have an im-
provement in the hypercapnic ventilatory drive following tra-
cheostomy (41), and have improvement in upper airway sen-
sation following CPAP administration (42).

Neuromechanical interaction

The increased collapsibility of the upper airway preopera-
tively may have been secondary to upper airway muscle fa-
tigue, as a result of the upper airway muscles working against
an increased load every night. This theory would be consistent
with data from adults, showing that upper airway muscles work
near their maximal range during wakefulness in patients with
OSAS (43); in children, our data suggest that this increased

muscle work continues during sleep. Alternatively, the struc-
tural load of the tonsils and adenoids could cause the upper
airway muscles to work at a mechanical disadvantage. This
would improve postoperatively with unloading of the upper
airway.

METHODOLOGIC LIMITATIONS

It is important to note that during the intermittent runs the
children with OSAS were studied using a higher holding
pressure than the controls, although PN was decreased to
subatmospheric levels in all but one of the OSAS subjects. The
higher holding pressure could have resulted in more depression
of the upper airway muscles in the OSAS group than in the
controls. However, the fact that the OSAS group also had a
decreased response to hypercapnia suggests that this was un-
likely to have been the only reason for the lack of change
between the gradual and the intermittent conditions, especially
considering that upper airway receptors for negative pressure
and CO2 are thought to be the same (44).

The control children in this study were older than the
children with OSAS. It is also possible that some of the older
children may have entered puberty. However, it is unlikely that
this age difference affected the results, as all subjects were
school-aged children, and there was no correlation between age
and Pcrit or slope. Furthermore, as upper airway collapsibility
increases with age (6), if age were a factor it would be expected
that the opposite effect would have been seen, i.e. that the
OSAS group, who were younger, would have a greater re-
sponse than the controls.
In our studies, we have used an arbitrary Pcrit cutoff of �25

cm H2O in those subjects in whom the slope of the PFR was
very flat (9). This was necessary to allow us to perform
statistical comparisons. However, this technique results in an
underestimation of differences between groups. Nevertheless,
it is clear from visualization of Figures 3 and 5 (performed
without the cutoff) that Pcrit differences between the groups
were large.

CONCLUSION

This study has shown that children with OSAS lack upper
airway neuromotor responses to negative pressure and hyper-
capnia during sleep. We speculate that this is secondary to
chronic respiratory abnormalities during sleep. Upper airway
responses improved after T&A but did not reach normal levels,
despite normalization of polysomnographic results. This sug-
gests that, although T&A is clearly beneficial in resolving
clinical sleep-disordered breathing, subclinical abnormalities
in upper airway function persist. Theoretically, this could put
patients at risk for a recurrence of OSAS in later life. Further
long-term studies evaluating upper airway function are needed.
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