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INTRODUCTION: Current methods for measuring patient adherence to long-term oxygen therapy
fail to measure the actual amount of time the patient is inhaling oxygen and the pattern of oxygen
use within the day. We have developed a novel oxygen-adherence monitor to address these limita-
tions, and this report introduces the monitor and provides preliminary data validating its use.
METHODS: This battery-powered monitor attaches to the oxygen source and detects respiratory-
related pressure fluctuations transmitted through the nasal cannula. The monitor takes a measure-
ment over a 25-second period, at 4-min intervals. It detects and stores data on 4 different states that
describe the patient’s actual use of the oxygen source and nasal cannula: source-off/cannula-off,
source-off/cannula-on, source-on/cannula-off, and source-on/cannula-on. We studied the monitor’s
performance with 10 patients with chronic obstructive pulmonary disease, during a directly-ob-
served sequence of using and not using supplemental oxygen via nasal cannula, while sitting and
walking. RESULTS: The monitor correctly detected 122 out of 129 measurements among all
participants, yielding a 95% detection accuracy. CONCLUSION: A monitor that objectively mea-
sures oxygen inhalation, rather than oxygen expenditure, may help improve the management of
patients on long-term oxygen therapy. Key words: adherence, compliance, monitor, long-term oxygen
therapy. [Respir Care 2006;51(3):266–271. © 2006 Daedalus Enterprises]

Introduction

Long-term oxygen therapy (LTOT) is a well-established
treatment for patients with severe hypoxemia due to car-
diopulmonary diseases.1,2 In hypoxemic patients with
chronic obstructive pulmonary disease (COPD), LTOT (�
15 h/d) can improve survival and quality of life, and can
reduce the number of hospitalizations.3,4 COPD is the fourth
leading cause of death in the United States and is the only
leading cause of death for which the mortality rate is cur-
rently increasing, so the need for oxygen therapy will not
diminish in the years ahead.5,6 Unfortunately, the benefits

of oxygen therapy are not realized without a price. In the
United States, approximately 800,000 patients receive
LTOT annually, representing approximately 30% ($1.3 bil-
lion United States) of total Medicare expenditures for du-
rable medical equipment.5

Studies based on current methods for assessing adher-
ence to LTOT indicate that many patients do not adhere to
the treating physician’s prescribed LTOT regimen, result-
ing in inadequate treatment and wasted reimbursement dol-
lars.7–9 Currently, clinical researchers assess LTOT adher-
ence by calculating the average daily use, by (1) recording
the hour-meter reading of the oxygen concentrator, (2)
counting the patient’s use of oxygen cylinders, or (3) weigh-
ing the liquid oxygen reservoir. The concentrator’s hour-
meter reading can give average equipment “power-on”
time per day. The number of cylinders used or the change
in weight of the liquid oxygen reservoir can yield the
average amount of oxygen expended per day.10 However,
these measures of patient adherence fail to discern whether
the patient is actually inhaling the oxygen, as opposed to
merely having the oxygen source turned on, and, further,
fail to provide information regarding the timing of oxygen
use within the day. Given these limitations, it is likely that
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previous studies that used these methods overestimated
actual adherence.

We have developed a novel oxygen-adherence monitor
that addresses the above limitations, and, we believe, for
the first time objectively documents when a patient is ac-
tually receiving oxygen treatment. Our monitor attaches to
the oxygen source and detects respiratory-related pressure
fluctuations transmitted through the nasal cannula. The
monitor is designed to detect when the oxygen source is
turned on and when the patient is actually wearing the
nasal cannula and receiving the treatment. The purpose of
this report is to introduce our monitor and provide some
preliminary data that validates its use in patients with
COPD, while sitting and walking.

Methods

Description of Monitor Device

The monitor works by sensing pressure in the oxygen-
delivery tubing that runs from the oxygen source to the
nasal cannula. It is attached via a T-shaped connector to
the oxygen-supply tubing, between the oxygen source and
the nasal cannula (Fig. 1). The connector is placed close to
the oxygen source, so the monitor can be secured to the
source. When the oxygen supply is turned on, the monitor
senses the elevated pressure in the tubing; otherwise, the
pressure is at the ambient atmospheric pressure. When the
patient has the cannula prongs in the nares, respiratory-
related pressure fluctuations are superimposed on the sup-
ply pressure, indicating that the patient is wearing the
nasal cannula. Thus, 4 different states can be detected to
describe use of the oxygen source and cannula: (1) source-
off/cannula-off, (2) source-off/cannula-on, (3) source-on/
cannula-off, and (4) source-on/cannula-on.

The monitor consists of a pneumatic filtering system
and an electronic detection system (Fig. 2). Two pressure
signals can be extracted from the oxygen-delivery tubing:
breathing-pressure fluctuations and the oxygen-source pres-
sure. These 2 pressure signals are then analyzed in the

electronics of the monitor to detect (1) whether the oxygen
supply is on, and (2) whether the patient is breathing ox-
ygen through the cannula.

The purpose of the pneumatic filtering system is to iso-
late the breathing-pressure fluctuations from the oxygen-
supply pressure. Superimposed on the supply pressure are
the small pressure fluctuations in the nares, generated by
the patient’s respiration (ie, unfiltered pressure). The sup-
ply pressure is extracted by passing the unfiltered pressure
through a low-pass pneumatic filter, eliminating frequen-
cies � 0.1 Hz. Since the typical quiet breathing rate in a
healthy adult ranges from 12–16 breaths/min, or 0.2–0.27
Hz, we selected a cutoff frequency of 0.1 Hz (6 breaths/
min). Subtracting the supply pressure from the unfiltered
pressure through a differential pressure transducer isolates
the breathing-pressure fluctuations.

The electronic system consists of 2 pressure transduc-
ers, a microprocessor (which samples the data coming
from the pressure transducers), a memory storage chip,
and a serial port (which allows cable connection for down-
loading data to a computer). The microprocessor is pro-
grammed to identify the 4 different on/off states, record
the exact time and date when each state occurred, and
tabulate the total time spent in each state. The different
states are measured over a 25-second period, at 4-min
intervals. For each state identified, the state and its asso-
ciated timing information is stored as a single event in a
memory storage chip, which is capable of storing up to
32,768 events. Periodic (as opposed to continuous) mea-

Fig. 1. Left: Functioning prototype of the oxygen-adherence mon-
itor. Right: Schematic showing circuit placement of oxygen-ad-
herence monitor.

Fig. 2. Function diagram of the oxygen-adherence monitor. The
output of the adherence-state algorithm is the on/off status of the
oxygen source and cannula use.
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surement extends battery life. The monitor can theoreti-
cally collect data for approximately 8 months, using 2 AA
batteries. For the purpose of this study, the downloaded
data were displayed in text format, showing the time and
date for each identified state.

To determine whether the oxygen source is turned on or
off, the pressure in the tubing generated by the oxygen
source is compared to a source threshold pressure. The
purpose of this threshold is to determine whether the pres-
sure in the oxygen-supply tubing is above atmospheric.
The source threshold pressure was set to 1.1 cm H2O, so
the source-on state was identified when tubing pressure
was � 1.1 cm H2O. The source-off state was identified
when tubing pressure was � 1.1 cm H2O. The source
threshold pressure of 1.1 cm H2O was a level capable of
detecting even a low oxygen flow. When the flow from an
E-size oxygen cylinder (with the standard approximately
2-m length of tubing) was set at 0.5 L/min, the measured
pressure in the tube was 4 cm H2O.

To determine whether the cannula prongs are in the
nares, the breathing-pressure fluctuation amplitude is com-
pared to a set of breathing-pressure fluctuation thresholds.
An upper threshold is used for expiration and a lower
threshold for inspiration. The thresholds are placed equi-
distant from a baseline, which is the average of the max-
imum and minimum values of the nasal pressure signal
(Fig. 3). A full breath is defined as a pressure-decrease
during inspiration, to below the lower threshold, followed
by a pressure-increase during expiration, to above the up-
per threshold, or vice versa. To avoid false positives due to
transient signals, the definition of “inspiration” (or “expi-
ration”) requires that the incoming nasal-pressure signal
stays below (or above) the threshold for at least 500 ms.
Signals that cross the threshold but do not last � 500 ms
are considered transient noise and disregarded. Breathing
is detected when 2 or more full breaths occur over the
25-second sampling period. During bench testing, a value
of approximately 0.01 cm H2O (about 5% of the pressure-
fluctuation of a shallow breath) between the 2 thresholds
proved to be an effective detection criterion for breathing.
Figure 4 shows typical pressure signals detected by the
oxygen-adherence monitor in a healthy adult male during

quiet breathing with an oxygen cylinder. Flow was set at
2 L/min, and an approximately 2-m length of tubing was
used. There are a total of 4 consecutive measurements,
each representing one of the 4 states. The monitor does not
record the actual waveforms, but stores the state by mon-
itoring each waveform to determine which of the 4 con-
ditions is present.

Validation Protocol

We directly observed a timed sequence of the subjects
using and not using supplemental oxygen via nasal can-
nula, while sitting and walking. The study subjects were
10 patients (9 men) with COPD: mean � SD age 63 �
13 y, mean � SD height 175.7 � 6.6 cm, mean � SD
weight 88 � 18 kg. COPD was defined by spirometry
values: ratio of forced expiratory volume in the first sec-
ond to forced vital capacity (FEV1/FVC) � 70% and FEV1

� 80% of predicted, without a substantial response to
bronchodilator administration. The mean � SD percent-
of-predicted FEV1 and FEV1/FVC values for all the pa-
tients were 33.7 � 18.9% and 45.5 � 20.2%, respectively.

The protocol was a modified version of a standard clinical
evaluation used to assess a patient’s LTOT requirements
(Table 1). During the evaluation, 3 different conditions

Fig. 3. Schematic of pressure versus time for a single breath,
demonstrating the threshold placements. Average � (maximum
pressure – minimum pressure)/2.

Fig. 4. Example waveforms of pressure signals in the oxygen-
delivery tubing during all 4 on/off states. Source Pressure: a direct,
unamplified measurement of the pressure in the oxygen-delivery
tubing to determine whether the oxygen source is on or off (� 1.1
cm H2O indicates oxygen source on). Nasal Cannula State: mea-
surement (via direct observation by one of the researchers) of
whether the nasal cannula prongs are in the nares. Breathing Pres-
sure: an amplified breathing signal obtained by the microproces-
sor. Monitor Status: shows when the monitor turns on and sam-
ples the incoming breathing-pressure signal. The monitor turns off
after sampling, to conserve battery power.
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were assessed: (1) source-on/cannula-on, (2) source-on/
cannula-off, (3) source-off/cannula-off.

Patients were administered oxygen at 2–3 L/min via
nasal cannula with an approximately 2-m length of tubing
connected to an E-size oxygen cylinder, which was placed
in a hand-drawn cylinder cart. The monitor was attached to
the cylinder. Testing lasted approximately 48 min. The
protocol was precisely timed so that the transitions be-
tween the different conditions would not occur when the
monitor was making a measurement.

As our standard we used direct observation of the pa-
tient by one author (SKVL), who kept a written log of the
time and oxygen-use state of each transition. He scored all
the records in order to eliminate inter-observer variability.
The monitor’s electronic recordings were not displayed
during the tests, but instead were downloaded after patient
testing.

Patients were monitored with pulse oximetry through-
out the protocol, and oxygen saturation remained above
87%. During the walking condition11 when the nasal can-
nula was not being worn, patients already receiving LTOT
were provided with an alternative oxygen source to pre-
vent exercise-induced oxygen desaturation. The study was
approved by the institutional review board of the Univer-
sity of Pennsylvania. All participants gave written, informed
consent.

Analysis

The data from the oxygen-adherence monitor, collected
at 4-min intervals over the entire study period, were down-
loaded, in text format, for analysis. Each measurement was
compared to SKVL’s written log.

The overall detection accuracy of the monitor was as-
sessed by computing the percentage of measurements that
were correct, relative to the written log. The monitor’s
sensitivity and specificity were assessed. Sensitivity was
defined as the proportion of measurements directly ob-
served as cannula-on that the monitor detected as cannula-

on. A sensitive monitor would rarely indicate that the pa-
tient was not wearing the cannula when the cannula was
actually being worn. Specificity was defined as the pro-
portion of measurements directly observed as cannula-off
that the monitor detected as cannula-off. A specific mon-
itor would rarely indicate that the patient was wearing the
cannula when the cannula was actually not being worn.

Results

The monitor performed 12–13 measurements with each
participant. One participant could not fully complete the
6-min walk while wearing the cannula, resulting in one
less measurement. Over all the participants, the monitor
correctly detected 122 of 129 measurements, achieving an
overall detection accuracy of 95%. The sensitivity and
specificity were 86% and 100%, respectively (Table 2).

All the incorrect measurements occurred with 4 male
patients (designated patients A, B, C, and D) while they
were wearing the cannula. Four incorrect measurements
occurred while these patients were sitting: a single time
each with patients A and B, and twice with patient C. The
remaining 3 incorrect measurements occurred while pa-
tients were walking: a single time with patient D and twice
with patient C. Four of the 7 errors occurred with patient
C, who had a very distinct pattern of pursed-lip mouth
breathing, both while sitting and walking.

Discussion

We have developed a novel monitor to objectively doc-
ument patient adherence to LTOT. To our knowledge, our
monitor is the first to objectively document when the pa-
tient is actually receiving oxygen treatment. The monitor
senses the respiratory-related pressure fluctuations trans-
mitted from the nares through the nasal cannula tubing.
The monitor also senses the elevated pressure in the oxy-
gen-supply tubing when the oxygen source is turned on,
thus capturing the actual amount of time that the oxygen is
turned on/off and when the patient is breathing/not breath-

Table 1. Modified LTOT Evaluation Protocol Using an Oxygen
Cylinder Source

Event
Duration

(min)

Nasal
Cannula
(on/off)

Oxygen
Source
(on/off)

1. Sitting 12 off off
2. Sitting 12 off on
3. 6-MWT* 6 off on
4. Sitting 12 on on
5. 6-MWT* 6 on on

LTOT � long-term oxygen therapy
*6-min walk test, per American Thoracic Society guidelines11

Table 2. Sensitivity and Specificity of the Monitor
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ing oxygen. Current methods used to measure LTOT ad-
herence measure only the average daily amount of oxygen
expended. Unlike our monitor, these other methods do not
provide information on oxygen use patterns within the day
or whether the patient is actually breathing the oxygen.
Our monitor is capable of detecting 4 different states; how-
ever, this study assessed the accuracy of only 3 on/off
states: source-on/cannula-on, source-on/cannula-off, and
source-off/cannula-off. The source-off/cannula-on state
was not tested, but was included in the adherence-state
algorithm, because it might provide useful information in
future investigations of adherence patterns.

One prior attempt at improving LTOT-adherence mon-
itoring was reported by Phillips et al.12 Their device was
based on measuring the amount of time the patient wore
the nasal cannula. The device employed plastic electrodes
connected to a battery-operated timing device that sensed
when the cannula was in contact with the skin. This device
was tested in patients receiving LTOT from an oxygen
concentrator over a 1-week period. Based on the concen-
trator’s power-on time, mean oxygen use per day was 18.2
hours, compared to a mean of 12.7 hours per day based on
their device. The results indicated that oxygen concentra-
tor power-on time overestimates LTOT adherence.

The device of Phillips et al12 has several limitations: the
sensing electrodes are quite large, they cover a substantial
area of the face, they must be attached to the nasal can-
nula, and the recorder is in close proximity to the patient.
These obtrusive aspects may cause patients to alter their
LTOT adherence. In addition, though the device senses
whether the cannula is on the face, it does not actually
measure if the patient is breathing the oxygen. And the
device measures only mean daily hours of use; it does not
assess daily oxygen-use patterns. Our oxygen-adherence
monitor addresses these limitations: (1) it is attached to the
oxygen source, and nothing other than the standard nasal
cannula is attached to the patient, (2) it detects whether the
patient is breathing the oxygen, and (3) it records the time
of each event, thus providing the oxygen-use pattern within
each day.

Other currently employed LTOT-adherence monitoring
methods depend on the fixed oxygen source: the number
of oxygen cylinders used, the change in weight of the
liquid oxygen reservoir, or the oxygen concentrator pow-
er-on time. Our monitor has the potential advantage of
being able to measure adherence regardless of the oxygen
source. The standardization of oxygen adherence measure-
ment across different oxygen source options would allow
more accurate comparison of patient adherence across dif-
ferent modes of delivery.

One aspect of our monitor that was not tested in this
study was its accuracy with intermittent-demand oxygen-
conserving devices. These devices produce pressure spikes
during inhalation, when the oxygen is delivered to the

patient. The effect of these spikes on the pneumatic system
of our monitor (ie, settling time of the filter) has not been
systematically tested and needs to be further assessed.

In this study, high detection accuracy (95%) was achieved
because of the low breathing threshold setting (ie, 5% of a
shallow breath). At such a low threshold, the monitor may
be susceptible to noise or transient signals that could result
in false positives; nonetheless, the employed breath-detec-
tion algorithm correctly detected when the patient was not
wearing the cannula, either while sitting or walking (100%
specificity). When the patient was wearing the cannula,
however, the monitor was incorrect in 7 of the 49 mea-
surements, either while sitting or walking (86% sensitiv-
ity). Because the breathing threshold setting was set ex-
tremely low, these errors were most likely due to
exceptionally small nasal-pressure signals that went unde-
tected by the monitor during the measurement period. A
small nasal pressure signal could occur because of pre-
dominant mouth breathing, since mouth breathing, espe-
cially when associated with closure of the nasopharynx, is
associated with lower nasal pressure.13 This phenomenon
may explain why 4 of the 7 total errors occurred in the
patient who had a very distinct pattern of pursed-lip mouth
breathing.

The detection accuracy, sensitivity, and specificity of
the monitor were validated in this study by taking every
measurement into consideration. Although 100% sensitiv-
ity was not obtained, 100% accuracy may not be necessary
for long-term adherence measurements. Most patients are
prescribed either continuous or nocturnal LTOT, so occa-
sional false detections over a period of months would not
be important for adherence-monitoring or therapy. For long-
term adherence monitoring, the accuracy of the monitor
may be enhanced by using consistent detections over sev-
eral consecutive measurements to determine whether the
oxygen source and nasal cannula are on or off. However,
this type of analysis could not be applied to the current
data because of the relatively small number of measure-
ments obtained from each subject. Additional studies are
needed to further validate the monitor over longer time
periods, under less controlled conditions.

The potential importance of our monitor’s capabilities is
demonstrated by recent experience with patient adherence
to continuous positive airway pressure (CPAP, adminis-
tered via nose mask, during sleep) treatment among pa-
tients with obstructive sleep apnea.14,15 Similar to our ox-
ygen-adherence monitor, some CPAP machines provide
precise information about patient adherence to treatment,
by recording when the circuit is pressurized (ie, when the
machine is turned on and the patient is wearing the mask).
Research using these CPAP adherence data illustrates the
rich amount of information that could result from the use
of our LTOT adherence monitor and its potential to influ-
ence the management of patients on oxygen therapy. For
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example, recent studies found that long-term adherence to
CPAP can be predicted in the first few days of treat-
ment,16,17 and that patient education and support at the
initiation of CPAP treatment improves adherence.18 These
important findings from the CPAP adherence monitor have
improved the management of patients using CPAP. Al-
though the nature of CPAP therapy and LTOT are dissim-
ilar, these examples from CPAP therapy show that objec-
tive monitoring of LTOT adherence may lead to effective
adherence-promotion interventions.

Conclusions

We have developed a novel oxygen-adherence monitor
that can objectively measure oxygen inhalation, rather than
oxygen expenditure, in patients with COPD, while sitting
and walking. The monitor’s overall detection accuracy was
95%. Further studies are required to confirm these prom-
ising results. The future studies will evaluate the monitor
during activities of daily living, during sleep, and over
extended periods. We believe the clinical application of
this monitor will provide valuable new insights on the
adherence patterns, predictors of adherence, and interven-
tions to improve adherence to LTOT.
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