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Objective: The critical pressure (P_.), @ measurement of upper airway collapsibility, is a determinant of the severity of upper airway obstruction
during sleep. We examined the performance characteristics of the passive and active P___ by examining both within-night and between-night vari-
ability in the measurements.

Methods: We studied 54 sleep apnea patients (39 men, 15 women) and 34 normal subjects (20 men, 14 women) on either 1 or 2 nights during
sleep. The P, was measured during relative hypotonia (“passive” state) or during periods of sustained upper airway obstruction used to recruit
upper airway neuromuscular responses (“active” state) within- and between-nights. In a subgroup of 10 normal subjects, we performed repeated
measurements during hypnotic-induced sleep. Bland-Altman analyses were used to determine the within-night and between-night reliability of the
P . Measurements.

Results: There were no significant within-night or between-night differences for the mean passive P .. The active P
lapsible on the second night than on the first night. The limits of agreement, which bound the passive and active P
reduced to ~ + 1 cm H,0 for the passive P with hypnotic-induced sleep.

Conclusion: Passive and active P . measurements are reasonably reliable within and between nights. An approximately 3 cm H,O change in
passive or active P appears to represent the minimally significant change in P - necessary to assess the effect of an intervention (e.g., posi-
tional therapy, surgical interventions, oral appliance effects, and pharmacotherapy) on upper airway mechanical loads or neuromuscular responses.
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INTRODUCTION

Obstructive sleep apnea (OSA) is an increasingly common
disorder associated with comorbid conditions, including cardio-
vascular disease and metabolic disorders.'> OSA is character-
ized by recurrent episodes of complete or partial upper airway
obstruction during sleep. The primary defect is one of increased
collapsibility during sleep, which increases susceptibility and
severity to obstructive sleep apnea. The critical pressure (P ,,.),
a measurement of upper airway collapsibility, is a determinant
of the severity of upper airway obstruction during sleep.*"' P .
also describes a continuum of pharyngeal collapsibility from
health to varying degrees of upper airway obstruction includ-
ing snoring, hypopneas, and apneas.”'? In normal subjects, the
P . is markedly negative compared with sleep apnea patients
in whom the P is closer to atmospheric pressure or above.

Current evidence suggests that defects in upper airway me-
chanical (passive) and neuromuscular (active) control play a
role in the pathogenesis of obstructive sleep apnea. Methods
to quantify P, during sleep have been adapted to assess the
relative contribution of these properties towards upper airway
collapse.**** Specifically, measurements of P during the
passive state (relative hypotonia) assess the contribution of me-
chanical loads on upper airway collapsibility. Measurements of
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P . during the active state represent the combination of me-
chanical loads and neural reflex responses. Investigators have
increasingly utilized measurements of passive and active P, .
to elucidate the pathogenesis of obstructive sleep apnea.”810:13-3
In particular, studies have been conducted to manipulate pas-
sive and active upper airway properties with treatments such
as stimulation of upper airway dilator muscles,* upper airway
surgery,*! exogenous surfactant,* or weight loss* to effect re-
ductions in P, and disease severity.

Physiologic protocols have been established to assess up-
per airway pressure-flow relationships during sleep and derive
measurements of P, under the passive and active conditions.
Establishing the reliability of P, . would guide clinical investi-
gators in deploying these measurements in physiologic studies
and treatment trials. The major goal of the current study was
to examine the performance characteristics of the passive and
active P_, . by examining both within- and between-night reli-
ability in the measurements.

METHODS

Subjects

A total of 54 sleep apnea subjects (39 men, 15 women)
and 34 subjects without sleep apnea (20 men, 14 women; for
both control and sedation groups; see Table 1) from the Johns
Hopkins Sleep Disorders Center and the general community
(Tables 1A-C) were included in this retrospective analysis of
previously collected studies of upper airway collapsibility.
Sleep apnea was defined as a NREM respiratory disturbance
index (RDI) > 10 events/h. Subjects were excluded if they had
a history of a concurrent sleep disorder or other confounding
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Table 1—Subject demographics

(A) Within-night repeatability of passive P, and R
Control OSA Hypnotic
(n=14) (n=18) (n=10)
Age (years) 407 45+ 11 27 +8*
BMI (kg/m?) 41112 40 £ 12 24 £ 2*
Men:Women (n) 5:9 10:8 6:4

55 + 20* 212
68 + 37" 6+8

NREMAHI (events/h)  3+2
REM AHI (events/h) 9+5

(B) Between-night passive P and R , measurement reproducibility

CRIT

Control OSA

(n=7) (n=26)
Age (years) 40+12 47 £ 11*
BMI (kg/m?) 28+5 34 £8*
Men:Women (n) 6:2 215
NREM AHI (events/h) 2+1 46 £ 5
REM AHI (events/h) 1M1+9 51+ 32*

(C) Between-night active P .. and R ,; measurement reproducibility
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Control OSA

(n=3) (n=10)
Age (years) 507 44 £ 12
BMI (kg/m?) 25+1 307
Men:Women (n) 3.0 8:2
NREM AHI (events/h) 3+1 48 + 16*
REM AHI (events/h) 1+8 44 + 35

OSA, obstructive sleep apnea; BMI, body mass index; AHI, apnea/
hypopnea index; P values are OSA or Hypnotic vs Control. *P < 0.05.

medical condition (e.g., narcolepsy, restless legs syndrome,
previous upper airway surgery, or significant pulmonary dis-
ease). The protocol was approved by the Johns Hopkins In-
stitutional Review Board, and informed written consent was
obtained from each subject.

Experimental Procedures

Baseline polysomnographic measurements

All subjects slept in the sleep laboratory at the Johns Hopkins
Sleep Disorders Center or the Clinical Research Unit at the Johns
Hopkins Bayview Medical Center. Standard polysomnographic
recording techniques were employed using a full montage acqui-
sition system (Embla N7000, Somnologica, Medcare, Buffalo,
NY). The signals acquired included: electroencephalograms (C,-
A, C-O,, F,-A)), left and right electroculograms, electrocardio-
gram, submental electromyogram, oxyhemoglobin saturation,
airflow via a nasal cannula and oronasal thermistor. Thoracic and
abdominal movements were monitored by inductance plethys-
mography, and posture was continuously recorded using a body
position monitor and confirmed via infrared video camera.

Pressure-airflow measurements
To determine the passive and active critical collapsing pres-

sure (P_,,,), nasal pressure was manipulated to induce or al-
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Figure 1—Study design. The sleep apnea status of subjects recruited from
the clinic or community was confirmed with a baseline polysomnographic
(PSG) study. Additionally, each subject underwent either 1 or 2 nights
in the sleep laboratory for determination of passive and/or active upper
airway collapsibility (P,;) and up-stream resistance (R ). During stable,
NREM (stage 2) sleep, measurements were conducted during periods of
relative hypotonia (“passive” state) or following extended periods of stable
flow-limitation and upper airway muscle activity (“active” state). Repeated
measurements were made either within-nights or between nights.

leviate upper airway obstruction and responses in airflow were
recorded via a nasal mask as previously described.® Airflow was
measured using a pneumotachograph (Hans Rudolph model
#4830, Hans Rudolph, Kansas City, MO) attached to pneumo-
tachograph amplifier (Hans Rudolph model #1, Series 1110) in
series with a nasal continuous positive airway pressure (CPAP)
mask (Profile Lite Nasal Gel Mask, Respironics, Murraysville,
PA). Nasal pressure (P, ) was measured using a pressure trans-
ducer (Embla N7000 Patient Unit Pressure Sensor, Medcare,
Buffalo, NY) attached via tubing to a pressure port on the na-
sal mask. Pressure was delivered to the nasal mask throughout
the night from a remotely controlled modified continuous posi-
tive airway pressure device (ResMed Ltd, Bella Vista, NSW,
Australia) capable of delivering negative and positive pressures
over a range of —20 to +20 cm H,0.

Experimental Protocols

Protocols for assessment of upper airway collapsibility

Each subject underwent baseline polysomnogram (PSG) as-
sessment of sleep disordered breathing status followed by an
additional 1 or 2 nights in the sleep laboratory for upper airway
characterization (Figure 1). We measured P, during condi-
tions of hypotonia (passive P, ) and increased neuromuscular
activity (active P, ). Passive P, measurements were made
within the same night and between nights. Active P, . mea-
surements could only be made between nights. Measurements
were obtained during periods when subjects slept in the supine
position with one pillow underneath their head.

Passive upper airway critical collapsing pressure (passive P, )
Participants were titrated to a holding P, at which inspiratory
airflow limitation was eliminated and neuromuscular activity
was attenuated, as reported previously.”'**4 A minimum hold-
ing pressure of 4 cm H,O was applied to prevent re-breathing
for control subjects. During stable, stage N2 sleep, P was re-
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duced rapidly by 1-2 cm H,O to a level where airflow became
flow-limited for 5 breaths and then returned to holding pres-
sure for 1-2 min before continuing with subsequent pressure
drops. P was repeatedly lowered in 1-2 cm H,O increments
until complete (zero flow) or near complete (< 50 mL/s) upper
airway closure was observed. A minimum of 2 series of step-
wise reductions in P by 1-2 cm H,O that eventually encom-
passed zero airflow (P, ) was collected for each assessment
of passive P

CRIT
CRIT*
Active upper airway critical collapsing pressure (active P_,.)

Dynamic neuromuscular responses to upper airway obstruc-
tion were determined by assessment of the active P ., as pre-
viously described.*** Briefly, P was reduced stepwise from
holding pressure by 1-2 cm H,O until constant airflow limita-
tion was exhibited for 10 min during NREM sleep. P was sub-
sequently further reduced stepwise by 1-2 cm H,O for 10 min
during NREM sleep until recurrent obstructive apneas were
observed or until sleep was no longer maintained. At pressures
lower than 4 cm H,O, a continuous airflow of between 8-10 L/
min was added through the nasal mask to prevent re-breathing.
Passive P, sources of variability

In a group (n = 10) of separate control subjects (Table 1A),
within-night passive P_, . measurements were obtained in the
supine position while controlling head position (head comfort-
ably fixed in the same position) during hypnotic-induced sleep
(0.50 mg triazolam, Pfizer Inc, NY, NY).

Analyses

Polysomnography

All polysomnography studies were analyzed for sleep stage,
arousals, and respiratory-related events according to the stan-
dard published criteria.**

Upper airway critical closing pressure (P
resistance (R )

A passive and active pressure-flow curve were separately
constructed using flow-limited breaths, as previously de-
scribed.® A spline analysis was performed to identify the sloped,
flow-limited portion of the pressure-flow curve. Median regres-
sion was performed using data from the flow-limited portion of
the pressure-flow curve to obtain the x-intercept (P ), and 1/
slope (upstream resistance; R ) for measurements of passive
and active P, and R .’

i) @nd up-stream
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Statistical Analysis

In a larger database of P, measurements at our center, we
examined our ability to successfully obtain a passive and active
P_.,; measurement in previously recruited subjects. A success-
ful P_,,, measurement was defined as a P . value extrapolated
no more than 3 cm H,0O from the lowest nasal pressure level
successfully applied during sleep. We then examined the reli-
ability of passive and active P, and R measurements using
several approaches. First, since differences in within-night and
between-night measurements and subject characteristics were
normally distributed, statistical significance was assessed using
paired t-tests. Second, the intraclass-correlation (ICC) between
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measurements, an assessment of the within-individual varia-
tion, was determined using the method of Deyo et al.** An ICC
of 1.0 would indicate an absence of within-individual variabil-
ity for the measurement. Third, Bland-Altman plots of the dif-
ference in measurements vs. the average of the 2 measurements
were examined for evidence of systematic bias, the presence
of heteroscedasticity, and to identify the limits of agreement
that bound the mean difference between P, . and R,  measure-
ments (mean difference + 2 SD). Linear regression analyses
were performed to determine whether differences in passive
and active P, and R measurements were a function of time
within-night and between-nights. To examine if there was any
evidence of a systematic bias on the reproducibility of the pas-
sive or active P, due to the median regression approach, we
compared the fitted x-intercept to the lowest pressure level
obtained in a subgroup of 21 individuals. Linear regression
analyses were also performed to determine the strength of any
cross-sectional associations between the repeated measure-
ments of P_, - and R ¢ with age or BMI, stratified by disease
status. Between-group differences by sleep apnea status were
assessed using unpaired #-tests. Statistical significance was de-
fined a priori at a P < 0.05 and data are presented as mean + SD,
unless otherwise specified. Statistical analyses were performed
using STATA 10.0 (College Station, TX).

RESULTS

In a larger database of previously collected passive and active
P_.,; measurements at our center, we examined our ability to
obtain a P .. measurement. In 148 subjects in whom measure-
ments of passive P, . were attempted, we obtained a successful
passive P in 86%. For the active P ., however, we were
only able to obtain a valid measurement of active P . in 48%.

Table 1 describes the subject characteristics for the groups in
the current study for the within-night passive P, . and R ¢ mea-
surement (Table 1A) analysis, and the between-night analyses
for both passive (Table 1B) and active (Table 1C) P, and R .
Within-Night Reliability of Passive P and R  : Natural Sleep

Thirty-two subjects (Table 1A) had within-night repeated
measurements separated by an average of 134 + 91 min (range:
4-304 min). The mean holding pressure for the first series of
measurements was similar for the second series of measure-
ments (8.6 = 2.4 cm H,O vs. 8.6 + 2.3 cm H, 0, respectively;
P =0.75). For all subjects, there was no difference between the
first and the second passive P, . (P = 0.93) or R ¢ (P = 0.40)
measurements (Table 2). The ICC was 0.90 and 0.66 for com-
parisons of within-night passive P, . and R , respectively. The
Bland-Altman analysis did not demonstrate a systematic bias
between the first and second measurements of passive P,
with a mean difference of —0.1 + 1.6 cm H,0O; P = 0.93 (see
Figure 2A) and lower and upper limits of agreement of —3.2
and +3.0 cm H,O, respectively. Similarly, no significant group
mean differences between the within-night repeated measure-
ment of passive R ¢ (3.0 + 3.6 cm H,O/L/s; P = 0.40; Figure
2B) were observed, with lower and upper limits of agreement
of —20.5 and +26.5 cm H, O, respectively.

No association between the time interval (in minutes) and re-
peated measurements was observed for either the passive P .
(r*=0.09, P=0.10; Figure 3) or R ¢ (r* = 0.03, P = 0.37). When
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" - subjects were stratified based on
Table 2—R | lity of P R L
able epeatability and reproducibility of P . and R ¢ the median time between repeated
Within-night repeated measurements measurements (< 159 min [n=17;
P g (cm H,0) R, (cm H,0/L/s) mean = 63 minutes] and > 159 min
Group 1+t value 2" value AP 1tvalue 2" value AR [n = 15; mean - 216 min]), Fhere
o Control -25%30 -25%26  00+20 818 2417 4+15 was no change in the mean differ-
2 0SA 1031 11£31*  -01%11 2149 19413 249 ence in passive P, or R The
& Al -06+35 -05+34 -0.1%16 %+14 2115 312 mean difference in both passive
Hypnoic -34+32 -34+35 -0.1+06 1844 17+4 143 Pipr and R g measurements over
Between-night measurement reproducibility time was the same for OSA and
control subjects.
P g (cm H,0) R, (cm H,0/L/s)
T*'night 2" night AP e T*night 2" night AR Within-Night Reliability of Passive
4 Control  -3.9+2.1 -48+27 09+3.0 21+8 31£15 -10+ 16 PCRIT and RUS: Hypnotic.mduced
@ OSA  08+28  10£31" -01%12 17+9 1547 2+8 Sleep
a Al -03+33 -04+38 0.1£18 189 19+ 11 -1+£11 During sleep with sedation, the
Pz (cm H,0) R, (cm H,0/L/s) average time between repeated
1 night 2" night AP 1t night 2" night AR passive Pcm measurements was
o Control -65+18 -59+18 -07x08 16+8 1446 2+6 78 & 59 min (range: 5-189 min).
£ O0SA  -18%39" -07#33 -11£18 2+12  19+10 3+5 P g and Ry were not different
< Al -29+40 -19438 -1.0£16 21+ 11 1849 35 between the first and second mea-
surements (Table 2) with ICCs
Passive, hypotonic state; Active, state during neuromuscular compensation to airflow obstruction; P, criical | ©f 0.99 and 0.66, respectively.
collapsing pressure, R ., up-stream resistance; A = 1%~ 2%, *P < 0,05 OSAvs Control. /P < 0.05 1s'vs 2" night. | No systematic bias between P,
measurements were observed

AP .. (cm H,0)

Mean P (cm H,0)
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Figure 2—Within-night passive P Bland-Altman plot. Bland-Altman
plots displaying the difference of repeated measurements of (A) passive
Per a@nd (B) passive R  plotted against the average of the repeated
measurements. The mean difference (-0.1 + 1.6 cm H,0; solid line) was
not different from zero (dashed line) and the limits of agreement (dotted
lines) are represented as + 2 standard deviations. The upper and lower
limits of agreement were +3.0 and 3.2 cm H,0 for passive P and +26.5
to -20.5 cm H,0/L/s for R . The intraclass correlation coefficient (ICC) for
between-night measurements during sleep was 0.90 for passive P . and
0.66 for R ;. The subject demographics of healthy control (open circles)
and sleep apnea (closed circles) subjects are provided in Table 1A.
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(mean difference —0.1 + 0.6 cm
H,O; P = 0.76) with upper and lower confidence intervals of
+1.1 and —1.2 cm H,O (Figure 4). Similarly, no systematic dif-
ferences in R measurements were observed (mean difference
3£ 12 cm H,O/L/s; P = 0.44) with upper and lower confidence
intervals of +6.5 and —5.0 cm H,O/L/s. No association between
the time interval and repeated measurements of P (1> =0.21,
P=0.17) or R (" = 0.32, P = 0.086) were observed in all par-
ticipants or when stratified by OSA status.

Between-Night Passive P .. and R ¢ Reliability

Twenty-five of the 33 subjects for the between-night pas-
sive P, and R analysis were studied on consecutive nights.
The remaining 9 subjects had their second study night a median
of 3.5 months later (range: 2 weeks to 2 years) and there was
no significant change in BMI with the time between the mea-
surements in this group (P = 0.64). No significant difference
in between-night passive P .. and R ¢ was observed between
night 1 and night 2 (Table 2). The ICC was 0.87 and 0.41 for
comparisons of between-night passive P, . and R, respec-
tively. Bland-Altman plots did not demonstrate a systematic
bias in the between-night passive P, . measurements (mean
difference 0.1 + 1.8 cm H,O; P = 0.73; Figure 5A) with lower
and upper limits of agreement of —3.5 and +3.7 cm H,0O, nor
in the between-night passive R ¢ (mean difference —1 + 11 cm
H,O/L/s; P = 0.65; Figure 5B), with lower and upper limits of
agreement of —23.1 and +21.3 cm H,O/L/s.

The number of days between passive P ., measurements
was not associated with the differences between the measure-
ments for the entire group (r* = 0.03, P = 0.30) or for the sub-
group that had > 1 day between measurements (r> = 0.001,
P = 0.93). Similarly, for passive R ¢ measurements there was
no association of time between measurements and the differ-
ence in passive R  for the entire group (r* = 0.01, P=0.61) or
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Figure 3—Difference between repeated passive P, measurements
vs. time between the measurements. Scatter-plot showing the difference
between repeated passive P, measurements (AP ) and the time in
minutes between the measurements. The time between measurements
did not systematically alter the magnitude of AP (2 = 0.09, P < 0.07).
The subject demographics of healthy control (open circles) and sleep
apneic (closed circles) subjects are provided in Table 1A.

for the subgroup with > 1 day between measurements (> = 0.00,
P =0.54). To examine the variability between repeated passive
P ., measurements that may be due to the median regression
approach, we examined the lowest observed pressure measure-
ment compared to the calculated P_ .. The difference between
passive P_. . and the lowest pressure level was the same on
the first (0.2 + 0.6 cm H,O) and second (=0.5 + 0.5 cm H,0)

nights (P = 0.08).

Between-Night Active P and R  Reliability

Active P, measurements were performed on 18 of the sub-
jects who had passive P, . measurements repeated between
nights; however, adequate data were obtained from 13 of 18
subjects (70%). The active P, . was 1.0 = 1.6 cm H,0O lower
(less collapsible) on night 1 than night 2 (P = 0.04; Table 2).
Moreover, R exhibited a nonsignificant trend to be higher
on night 1 compared to night 2 (P = 0.08; Table 2). Ten of 13
subjects had active P, . and R measurements on consecu-
tive nights, and 3 had a second study night between 1 and 9
months (median 113 days). As participant characteristics may
change over time and affect upper airway properties, a sub-
analysis was performed of the 10 subjects in whom active P,
measurements were obtained on consecutive nights. There was
no significant between-night active P .. (=0.8 = 1.2 cm H,O;
P=0.07) or R ¢ (2+5 cm H O/L/s; P = 0.16) difference. For
the entire group the ICC was 0.95 and 0.87 for comparisons
of between-night active P, = and R, respectively. Bland-
Altman plots also demonstrated the small systematic difference
between the first night and second night active P, . measure-
ments of —=1.0 = 1.6 cm H,O (P = 0.04; Table 2) with the lower
and upper limits of agreement for between-night active P,
at —4.2 and +2.2 cm H,O, respectively (Figure 6A). Similarly,
a small systematic difference in active R, was exhibited be-
tween nights that did not reach statistical significance (mean
difference 3 = 5 cm H,O/L/s; P = 0.06; Figure 6B) with lower
and upper limits of agreement of —7.4 and +13.3 cm H,O/L/s,
respectively. Similar to the passive P . there was no difference

between active P, and the lowest pressure level on the first
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Figure 4—Within-night passive P during hypnotic induced sleep.
Bland-Altman plots displaying the difference of repeated measurements
of passive P, plotted against the average of the repeat measurements.
The mean difference (0.1 + 0.6 cm H,0; solid line) was not different
from zero (dashed line) and the limits of agreement (dotted lines) are
represented as + 2 standard deviations. The upper and lower limits of
agreement were +1.1 and -1.2 cm H,0 for passive P . The intraclass
correlation coefficient (ICC) for between-night measurements during
hypnotic-induced sleep was 0.99 for passive P and 0.66 for R . The
subject demographics of the subjects, none of whom had OSA (open
circles) are provided in Table 1A.
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Figure 5—Between-night passive P... and R, measurement
reproducibility. Bland-Altman plots displaying the difference between
night 1 and night 2 measurements of (A) passive P and (B) passive
Ry plotted against the average of both measurements. The mean
difference (0.1 £ 1.8 cm H,0; solid line) is not different from zero and
the limits of agreement (dashed lines) are represented as + 2 standard
deviations. The upper and lower limits of agreement for between-night
passive P, were 3.3 and +3.5 cm H,0 and for R ,; were -23.5 and
+20.7 cm H,OIL/s, respectively. The intraclass correlation coefficient
(ICC) for between-night measurements was 0.87 for passive P and
0.41 for R . The subject demographics of healthy control (open circles)
and sleep apneic (closed circles) subjects are provided in Table 1B.
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Figure 6—Between-night active P, and R, measurement
reproducibility. Bland-Altman plots displaying the difference between night
1 and night 2 measurements of (A) active P . and (B) active R plotted
against the average of both measurements. The mean difference (solid
line) shows a small systematic bias (-1.0 + 1.6 cm H,0) and the limits
of agreement (dashed lines) are represented as + 2 standard deviations.
The upper and lower limits of agreement for between-night passive P .
were —4.2.and +2.2 cm H,0 and for R , were -7.4 and +13.3 cm H,O/L/s,
respectively. The intraclass correlation coefficient (ICC) for between-night
measurements was 0.95 for passive P and 0.87 for R . The subject
demographics of healthy control (open circles) and sleep apneic (closed
circles) subjects are provided in Table 1C.

(=0.9 = 0.3 cm H,O) compared to the second (—0.5 + 0.4 cm
H,O) night (P = 0.28).

DISCUSSION

The findings in this study demonstrate that the passive P
measurement is more readily obtained than the active P,
measurement. Furthermore, when passive and active P, and
R, measurements were collected on multiple occasions, these
measurements were reliable within the same night and between
nights, using several approaches. First, comparison of repeated
measures of P and R demonstrated negligible differences
in group mean effects for passive measurements. Furthermore,
no systematic differences in active measurements were ob-
served when made on consecutive nights. Second, intra-class
correlation between measurements for P, - and R ¢ were high.
Third, examination of Bland-Altman plots demonstrated agree-
ment between repeated passive P, measurements both within
and between nights and for active P ., measurements between
nights. Specifically, no significant or minimal systematic bias
in the mean difference between measurements, over a range of
P_ur Oor R measurements was observed, and relatively nar-
row limits of agreement were present. Furthermore, hypnotic-
induced sleep and careful control of head and neck posture
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further reduced the variability of within-night repeated mea-
surements of passive P ..
Reliability of Passive P .. and R ; Measurements

The current study reports the reliability in repeated passive
P and R, measurements, a measure of the contribution of
mechanical loads towards the development of upper airway ob-
struction. We observed negligible mean differences in repeated
measurements of the passive P_, . within- and between-nights
and excellent ICC agreement (0.87-0.90), suggesting minimal
within-individual variability in this measurement. Similarly,
passive R ¢ demonstrated negligible mean differences in re-
peated measurements within and between nights, although
the ICC agreement was more modest (0.41-0.66). The Bland-
Altman analyses for within- and between-night passive P_. .
demonstrated similar limits of agreement, at =+ 3 cm H,O and
most likely represents the minimally significant change in pas-
sive P, . necessary to assess the effects of an intervention on
upper airway mechanical loads. The use of a hypnotic to induce
stable sleep and careful control of head, neck, and body posture
further reduced the variability in the measurement of passive
P Under these carefully controlled conditions, the minimal-
ly significant change would be as little as ==+ 1 cm H,O. Others
have demonstrated that measurement of a hypnotic P_ . during
hypnotic-induced sleep are strongly correlated when measure-
ments are made during natural sleep.” Our findings suggest that
repeated measurements of passive P .. have validity within-
and between-nights and have sufficient reliability to assess po-
tential significant effects of interventions on modifying upper
airway mechanical properties.

Reliability of Active P . and R ; Measurements

The current study also evaluated the reliability of repeated
active P and R measurements, a global measure of upper
airway collapsibility that assesses the contribution of mechani-
cal loads and neuromuscular responses towards the develop-
ment of upper airway obstruction. In subjects in whom active
P_; measurements were performed on consecutive nights,
there was no significant between-night difference. However,
when all subjects with active measurements were considered
(i.e., the addition of 3 individuals studied a median of 113 days
apart), we observed a small but statistically significant increase
in the mean active P, . by 1.0 cm H,O (i.e., more collapsible)
during the second night compared to the first night. Neverthe-
less, excellent ICC agreement (0.95) was present for active P .
measurements. We speculate that the small systematic change
in active P_, . between nights may be due to changes in par-
ticipant characteristics in the 3 individuals studied a median of
113 days apart. Other possibilities might include an improved
tolerance of the nasal mask and sleep testing conditions result-
ing in improved sleep quality on the second night, thereby de-
creasing arousability and increasing airway collapsibility. This
hypothesis, however, could not be tested in the context of the
study design. Alternatively, the between-night difference could
be due to a type I error, with a 5% chance that this systematic
difference was a false positive finding. The active R demon-
strated negligible mean differences in repeated measurements
between-nights. In contrast to the passive R, the active R
demonstrated a stronger ICC (0.87). We hypothesize that the
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higher ICC for the active R, may in part be related to the avail-
ability of adequate active pressure-flow measurements primar-
ily in a sample of sleep apnea subjects, with only a few control
subjects included.

The Bland-Altman analyses for between-night active P_ .
demonstrated limits of agreement, at = = 3 cm H,O, similar
to the passive P, ., and most likely represents the minimally
significant change in active P, necessary to assess the global
effects (an integration of mechanical loads and neuromuscular
responses) of an intervention on upper airway collapsibility.
Quantitative differences in active P, of approximately 4-5 cm
H,0, generally distinguish between groups over the continuum
of normal breathing (< =10 cm H,0), snoring (between —5 to
—10 cm H,0), obstructive hypopneas (between —5 to 0 cm H,0),
and obstructive apneas (> 0 cm H,0),*>'> with a threshold of
approximately —5 cm H,O separating individuals with primar-
ily snoring or normal breathing (no disease) from those with
hypopneas and apneas (disease).®'>* The night-to-night vari-
ability in active P, . was greatest around a mean active P of
0 cm H,0O, suggesting that the measurement is less reliable in
predicting disease status in this range. However, with limits of
agreement of = & 3 cm H,0, the active P, . would range from
—3 ¢cm H,0O to +3 cm H,O, which is above the threshold of —5
cm H,O that is generally associated with the development of
apneas and hypopneas.®**! Therefore, repeated measurements
of active P, . are reliable in predicting the severity of upper
airway obstruction (i.e. apneas and hypopneas from snoring and
normal breathing), and interventions which alter the active P_ .
beyond a + 3 cm H,O threshold are very likely to correspond
to significant changes in the severity of upper airway obstruc-
tion. The influence of sedation and control of head and neck
posture on the variability of active P, measurements was not
determined in this study, however, we would hypothesize that
the variability in the measurement would be further reduced,
similar to what was observed with the passive P ..
Sources of Variability in the Measurement of P .

Several factors may explain the variability observed in the
passive and active P_, .. Sleep state has been shown to have
small effects on the passive P, ., with an increase by 1 cm
H,O in REM sleep compared to NREM sleep,'**** and no sig-
nificant difference between stage N2 or N3 sleep.?® In contrast,
little is known about the effects of sleep state on the active
P Recent studies have reported a decrease in sleep apnea
severity during stage N3 sleep when compared with stages N1
or N2, suggesting that the active P ., may be reduced during
stage N3 sleep.™

Other sources that may contribute to variability of upper air-
way collapsibility measurements include changes in body pos-
ture'>** as well as head, neck, and jaw position.*'** Previous
studies during sedation have shown that jaw opening as well as
head and neck position can change the passive P, . by 4-8 cm
H,O."'* Furthermore, sleep apnea severity can change as the
night progresses, which would suggest alterations in the pas-
sive and/or active P_. . during the night. In the current study,
we found no significant differences in passive P, over time
within the same night, suggesting that such changes are rather
small. We could not exclude significant within-night changes in
the active P_, _ since this was not assessed.
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We examined whether the analytic approach of calculating
P using a median regression contributed to the between
measurement variability. There was a trend for the calculated
passive P, . to be between ~0.2 to 0.5 cm H,O lower than
the lowest observed pressure level and the active P, . to be
between ~0.5 and 0.9 cm H,O lower. The difference between
P . and the lowest pressure level is small and would therefore
contribute to no greater than ~0.4 cm H,O of the variability in
between-night measurements.

Changes in lung volume could also represent another source
of variability in repeated P, measurements.** We have re-
cently shown that changing the trans-respiratory pressure by
10 em H,O elevates end-expiratory lung volume by one liter
and decreases passive P, by 1-2cm HO.** AP, . difference
between measurements would translate into a 0.3 L change in
lung volume thereby accounting for 0.3-0.6 cm H,O (10% to
20%) of the variability. These data imply that while changes in
lung volume modify the upper airway collapsibility, only a rela-
tively small portion of between measurement variability could
be attributed to a change in lung volume.

Methodological Limitations

There are several additional limitations of the current study.
First, the study was a retrospective analysis of sleep studies
utilizing a convenience sample that included subjects who had
a minimum of two passive and active P .. measurements, and
may have resulted in an overestimation in the frequency of
obtaining a valid P_, . measurement. Indeed, analysis of our
database of previously collected P, measurements demon-
strated that we obtained a passive P ., measurement in 86%
of subjects and active P, in 48%. Furthermore, review of
the subjects that we were unable to obtain an active P, mea-
surement in the current study demonstrated that these sub-
jects tended to be control subjects and/or female subjects.®*
One explanation for this observation is that sleep disruption
may occur at progressively lower nasal pressures and limit
the ability to obtain an active P, . on successive occasions.
Our estimates of successful P, . measurement may represent
a minimum Yyield that could be improved with approaches to
enhancing sleep continuity (e.g., use of a hypnotic).'® Second,
in the current study we were not able to investigate the within-
night variability of the active P, since the time taken to per-
form each measurement with stable sleep precluded our ability
to obtain two series of active measurements in the same night.
Third, although participants maintained a supine posture for
measurements of P, head, neck, and jaw position were not
rigorously controlled (see ‘Sources of Variability in the Mea-
surement of P, .’) and could account for some of the vari-
ability observed between measurements of passive and active
P - The combination of hypnotic-induced sleep and control
of body posture and head and neck position reduced the stan-
dard deviation for repeated measurements of passive P, to
almost one-third, suggesting that greater precision in P,
measurement can be attained by physical control of postural
factors and control of sleep state. Our study, however, more
likely simulates real world conditions with respect to minor
variation in head and neck position while an individual sleeps;
therefore, assessment of reliability of P, measurements un-
der these real world conditions are important in establishing
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the minimal significant difference in P, measurements with

interventions.
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Implications and Conclusion

Data regarding the performance characteristics of passive and
active P_,,, measurements are important for adequately power-
ing cohort and treatment studies. For example, based on an ef-
fect size of 1.0 with a standard deviation (SD: 1.6), a sample of
thirteen subjects would be required to obtain 90% power to de-
tect a within-subject passive or active P, difference of 1.6 cm
H,O or R difference of 11 cm H,O/L/s. Furthermore, a 15 or
50% attrition rate should be incorporated into the study design
for the passive or active P, respectively, to ensure adequate
recruitment. Since the reliability is greater for repeated passive
P_.,; measurements during hypnotic-induced sleep, only five
subjects would provide equal or greater power to detect the same
change in P, or R .. Agreement between repeated measure-
ments of both P, - techniques indicates that these methods can
reliably quantify mechanical and neuromuscular properties that
modify airway collapsibility. The present findings provide criti-
cal information required to plan studies examining pathogenic
mechanisms and predicting clinical responses to therapeutic
interventions such as positional therapy, surgical interventions,
oral appliance effects, and pharmacotherapy.

In conclusion, the agreement between repeated measurements
of passive and active P, . and R ¢ during sleep suggests that up-
per airway collapsibility can be reliably used to characterize the
relative contribution of mechanical and neuromuscular factors
to upper airway collapse and could be used to characterize re-
sponses to interventions and determine appropriate sample sizes
for clinical trial interventions. We anticipate that an approach
utilizing measurements of upper airway collapsibility may com-
plement the traditional approach to measurement of sleep apnea
severity, the AHI, in defining factors and identifying therapies
that predict successful therapeutic outcomes.
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