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Rationale: The treatment of choice for obstructive sleep apnea (OSA)
is nasal continuous positive airway pressure (nCPAP) during sleep, but
dryness of the upper airway compromises compliance. Heated humidifiers may mitigate such noncompliance; however, recent observations
suggest that their use, particularly if not cleaned, increases the risk of
respiratory infections. Humidifier water may be contaminated, but the
long-held view that passive humidifiers cannot aerosolize water may obscure the perception of risk of infection.
Objectives: This study challenges the long-held view that “passover”
humidifiers do not aerosolize water. With such evidence, this study characterizes the performance of filters to reduce the potential risk of contamination.
Methods: Heated humidifier water contaminated with bacteria was studied under conditions simulating week-long use of nCPAP for OSA.
Results: Bacteria were recovered in 9 of 11 tests from the breathing tubes
of CPAP devices fitted with heated humidifiers with water contaminated
with Brevundimonas diminuta or Serratia marcescens. Recoverable bac-

teria ranged from tens to thousands of colony forming units when tested
at air flow rates of 60 liters per minute for 90 minutes. Neither organism
was recovered from the circuit tubing when a hydrophobic breathingcircuit filter was positioned between the humidifier and face-mask tubing
with a commercially available nCPAP machine tested under simulateduse conditions. Conclusion: Data suggest that patients with OSA being
treated with nCPAP fitted with humidifiers may be aerosolizing bacteria,
putting them at risk for developing respiratory infections and that the
use of a hydrophobic filter may attenuate the passage of microbes from
contaminated humidifier water.
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bstructive sleep apnea (OSA), aside from resulting in the
debilitating effect of fatigue derived from disrupted sleep,
can lead to increased morbidity and mortality.1,2 The nonsurgical
treatment of choice for OSA is nasal continuous positive airway
pressure (nCPAP) ventilatory support.3-5 Unfortunately, noncompliance is an issue in about 10% of patients due to drying and
irritation of the mucosal lining of the respiratory tract.6-8 Heated
humidification is effective in promoting compliance and is increasingly being recommended for patients receiving nCPAP.9,10
Factors known to predispose patients to healthcare-associated
infections include the immune status of the patient, as well as the
dose and virulence of the infectious agent.11 Ventilated patients
are at higher risk of developing pneumonia (ventilator-associated
pneumonia, VAP) because the protective effect of an intact upper
airway is bypassed with intubation.12-14 VAP is a serious concern
in that it occurs in up to 20% of patients ventilated for more than

48 hours and causes the length of hospital stay to increase over 6
days at a cost of over $10,000 per incident.15,16 Although nonintubated ventilated patients, such as those treated with mechanical
ventilation for sleep apnea, appear to be at lower risk for developing respiratory infections, the risk is not zero.17
In a recent report of 206 patients treated with CPAP for OSA,
compared with a retrospectively collected cohort of 40 who received
non-CPAP therapy, through a 165-week period of study, there were
more infections among CPAP patients than controls with OSA who
did not use CPAP. Infectious diseases among controls were 25%,
and in those with CPAP averaged 43%. Among CPAP users, the
incidence of those reporting upper airway infections was higher in
those using humidifiers (22% vs 2%). Finally, and most germane
to the current study, patients using heated humidifiers without regard to good hygienic practices in maintaining their humidifiers by
thorough cleansing and replacing their breathing tubes showed a
dramatic increase in upper airway infections, compared with those
who cared for their equipment regularly, when examined over a 6month interval (52.4% vs 13.3%; p < 0.05).18
This observation is consistent with increasing recognition of
tap water as a source of bacteria that can cause infections among
hospitalized patients.19 However, far less is known of the consequences of contaminated tap water in homes. Therefore, the
potential for respiratory infections among those using heated humidification with nCPAP for OSA may be an unrecognized risk.
This study serves to challenge the widely held view that passive humidifiers do not form aerosols and therefore do not aero-
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solize bacteria from contaminated humidifier water. This study
focuses upon the ability to aerosolize bacteria from a “passover”
heated humidifier with nCPAP machines set to conditions simulating home use for the treatment of OSA with nCPAP. Upon establishing the potential to aerosolize bacteria, the efficacy of bacteria-retaining hydrophobic filters was also investigated for their
potential to reduce the risk of infection when positioned between
the humidifier and the breathing tube leading to the mask.

minute (LPM) and confirmed by air-flow meter measurements at
the beginning and end of each experiment.
Calibrated equipment in conformance with ISO 9001
standards was used for all measurements, including air flow
meters (Dwyer S22G, Dwyer Instruments Inc., Michigan City,
IN), manometers, weighing balances (MCI Analytical AC2105,
Sartorius Corporation Inc., Bohemia, NY), and reagent-grade
chemicals obtained from Sigma. Co. (St. Louis, MO) or from
VWR International (West Chester, PA). Hydrophobic heat and
moisture exchange filters were used (Pall BB50T filters; Pall
Corp; East Hills, NY).

Materials and Methods
Materials

Aerosolization of Bacteria

Microorganisms used in the study included Brevundimonas
diminuta (American Type Culture Collection; Manassas, VA
ATCC # 17598), Serratia marcescens (ATCC 13477), and MS-2
bacteriophage (ATCC # 15597-B1). B. diminuta and S. marcescens
were prepared by culture in trypticase soy broth (TSB) at 30oC.
B. diminuta is one of the smallest known bacterial species, MS-2
bacteriophage is a virus that infects bacteria, and their combined
use represents a rigorous challenge to the filters under study. S.
marcescens was employed because of its ease of detection as easily
visualized pink colonies on agar plates. MS-2 was prepared by the
agar overlay method, using Escherichia coli (ATCC 15597) as the
host. Following overnight incubation of the bacteriophage and host
at 37oC, lysis of the bacterial cells occurred, and the bacteriophage
was recovered by centrifugation at 3000 × G for 20 minutes at 4oC.
MS-2 bacteriophage represents the industry standard of challenge
with viruses. The size of the MS-2 bacteriophage (25-nm diameter)
approximates that of many viruses and represents a severe particle
size challenge to breathing filters.
Quantification of the microorganisms was performed by serial
dilutions (1:10) in phosphate buffered saline (40 mM) and then
using the spread plate technique to plate volumes (0.2 mL) of
the appropriate dilutions onto trypticase soy agar (TSA) plates
in duplicate. Enumeration of MS-2 was by the agar overlay
method, in which serial dilutions were used, but these were
placed into sterile tubes containing soft agar and the E. coli host
cells. Incubation of bacteria was at 30oC, whereas the MS-2 was
incubated at 37oC.
The bacteria were grown in TSB until the late exponential
phase, as determined by optical density measurements at 540 nm,
and then spiked into the carrier fluid to achieve the appropriate
inoculum level. The MS-2 stock solution prepared (as described
above) was diluted in the carrier fluid to achieve the appropriate
inoculum level. Plate counts yielding 20 to 200 colony forming
units (CFU) or plaque forming units (PFU), for bacteriophage,
were used to enumerate microbial levels. All samples in the study
were serially diluted up to 9 times, and the remaining original
sample volume was recorded and passed through a 0.2-um filter,
and then the filter was placed onto TSA in an effort to quantify
any samples with nondetectable counts on plates. The values were
reported as CFU per milliliter or PFU per milliliter.
Nine nCPAP machines (ResMed S7™ [cat no. 30011],
ResMed, Inc.; Poway, CA) were fitted with HumidAire 2i (cat
no. 326201; ResMed, Inc.) heated humidifiers. Resistance to air
flow simulating the use of properly fitted masks was performed by
affixing a plastic plug to the end of the supplied breathing tubes in
which a 6-mm hole was created with a drill. Flow rates were set
to 20 cm water pressure, providing flow rates of 60 to 70 liters per
JCSM Journal of Clinical Sleep Medicine, Vol. 3, No. 7, 2007

B. diminuta and S. marcescens were recovered from TSB and
diluted into 500 mL of sterile water to an anticipated concentration
of 5 to 10 × 107 CFU/mL. A heated humidifier was filled with 350
mL of the suspension of both B. diminuta and K. pneumoniae,
and the exact concentration was confirmed by spread plating 1:10
serial dilutions of samples recovered prior to, and at the end of,
the experiment from the humidifier reservoir.
The heated humidifier was attached to an nCPAP machine
and a 2-m corrugated breathing hose (supplied with the device
and sterilized by ethylene oxide) was affixed to the humidifier.
After setting the temperature and allowing it to achieve levels
of 37oC, a flow-restriction plastic cap was fitted on the distal
end of the breathing tube, and the breathing tube was attached to
the humidifier. The length of the breathing tube was immersed,
at its middle, into an ice bath to promote condensation, and the
entire apparatus was operated within the confines of a biohazard
hood.
Initiation of air flow (approximately 60 LPM for 90 minutes
per experiment; n = 11) was followed by recovery of the
condensate by pouring the breathing-tube contents into a 50-mL
sterile conical centrifuge tube. Duplicate samples (200 μL) of
serial dilutions (1:10 v/v) were plated onto TSA and incubated at
30oC overnight. The remaining volume was recorded and passed
through a sterile 0.2-micron filter, and the filter was placed onto a
TSA plate and incubated along with the remaining plates. Plates
with colony counts from 20 to 200 were taken for quantification
of levels of bacteria, adjusted for volume, and reported as the
amount of recovered bacteria. In the event colony counts were
below 20 at all solution samples, the count was recorded from the
filtered concentrated sample.
Filter Humidification Cycles
Filters, if used in the setting of heated humidification with nCPAP for OSA, would be expected to be subjected to the humidity of the heated humidifier output throughout the normal sleep
duration, for which an upper limit of 10 hours was selected in
this study. Filters were therefore positioned on each of 9 heated
humidifiers (27 filters in all, with 3 groups designated as 1, 4,
and 7, representing the number of 10-hour humidification cycles
to which they were exposed). Filters were positioned with the
long end perpendicular to the laboratory work bench (Figure 1)
and exposed to the maximal temperature setting of the heated humidifier with air flow at 60 to 70 LPM (20 cm water pressure) for
10 consecutive hours, constituting 1 cycle of humidification. The
terminal end of the corrugated breathing tube was positioned at
701
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Pressure Drop
At the end of humidification episodes 1, 4 and 7, pressure
across the filter (i.e., pressure drop) was measured using a water
manometer (n = 3 each), and air flow rate was controlled with the
aid of a needle valve and an air flow meter set at 70 LPM.
Microbial Retention with Filters
The efficiency of filtration was tested with monodispersed B.
diminuta and MS-2 bacteriophage separately (n = 3 each) using a
previously described method.20
Briefly, the method dictates that approximately 5 mL of a suspension of microbes at a concentration from 1 to 10 x 107 CFU
(or PFU in the case of MS-2 bacteriophage) per milliliter is carried with air flow at 28 LPM through a DeVilbiss nebulizer into
a chamber through which dry air is passed to convert the aerosolized microbial suspension into discrete dry monodispersed microbial particles. Sample impingers are positioned upstream and
downstream of filters, and microbes accumulate in TSB within
the impingers. An aliquot from each impinger is then serially
diluted, and all dilutions are spread plated, incubated for 1 to 3
days, and counted.
Static Microbial Challenge to Preconditioned Filters
In another test of microbial barrier integrity, 5 filters were exposed to a 10-hour episode of humidification, and sterile water
was filled to the bottom of the inflow and outflow ports. A final
concentration of 107 CFU of B. diminuta was added to 1 side,
and the filters were sealed with Parafilm M (Alcan, Inc., Neenah,
WI) to retain the water and left for 7 days at room temperature.
Following incubation, aliquots were removed from either side to
assess the concentration of bacteria on either side of the filter.

Figure 1—Photograph of apparatus used to condition filters with
humidification. Nine ResMed S7™ nasal continuous positive airway
pressure machines were fitted with Pall BB50T breathing filters at
the outlet of the ResMed HumidAire™ 2i humidifiers. The filters
were arbitrarily but consistently positioned with the long axis of the
filter perpendicular to the lab bench. The breathing hoses were attached to the filters on one side, and the other side was suspended
1 to 1.25 m above the outlet to ensure that condensate would flow
backward into the downstream side of the filter.

Statistical Analyses
Standard methods of statistical analyses were performed with
Prism (version 3.02; GraphPad, Inc., San Diego, CA), and, when
necessary, data transformation employed the use of Excel (Microsoft; Redmond, WA). Bartlett test for homogeneity of variance
and the F-max test of normality were employed to determine if
parametric tests were appropriate. Previous experience of microbial removal efficiency data support the used of parametric analyses, including 1-way analysis of variance with Newman-Keuls
multiple comparisons. For ordinal data, or if the violation of the
assumptions of normality and homogeneity of variance were revealed, the nonparametric equivalents, Kruskal-Wallis test followed by Dunn’s multiple range tests, were employed.

least 1 meter above the outlet of the humidifier to ensure condensate would flow back to the filter, representing the most severe
humidification challenge to the filter. These preconditioning humidification cycles were repeated with the same filter on successive days if they were designated as requiring preconditioning for
4 or 7 cycles.
To gauge the extent of condensation that occurred within the
breathing tube, the volume of condensate in the downstream side
of the filter and in the length of the breathing tube was observed
and codified to an ordinal scale of 0, 1, and 2, representing no
water, water in either the filter or tube, and water in both, respectively. Flow rates were measured at the beginning and end of each
humidification period (i.e., 1, 4, or 7 cycles) using a calibrated
low-impedance air flow meter (Fisher-Porter, tube #FP-1/2 27G-10/82, and float 3 1/2-GNSVT-48-T60) were reported in liters
per minute.
Filters exposed to 1, 4, or 7 daily humidification cycles were
then subjected to 1 of 3 tests (n = 3/test): pressure drop, bacteria
(B. diminuta), or bacteriophage (MS-2) log reduction values. The
log reduction value is defined as the log of the total challenge
– log recovered downstream of the filter.
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Results
Aeroslization of Bacteria
The duration of air flow expressed as mean ± standard
deviation (SD) was 1.3 ± 0.3 hours (n = 11), and the condensate
volume recovered was 14.2 ± 0.6 mL. The initial and final
reservoir temperatures were 18.9oC ± 3.9oC and 35.2 oC ± 1.7oC,
respectively. The initial and final bacteria counts in the reservoir
were 6.1 ± 1.7 × 107 and 4.4 ± 2.4 × 107 CFU/mL (t test; p =
702

Flow Rate (LPM)

Pressure Drop

(70 LPM; cm H2O)

Filtered CPAP Humidifier for Sleep Apnea

Humidification

(Number of daily 10 hour episodes)
Figure 3—Effect of number of humidification cycles on pressure
drop measured immediately afterward (n = 3). One-way analysis of
variance with 3 per group with mean and SD depicted returned a p
value of 0.3188.

Daily Episodes of 10-hr Humidification

Static Microbial Challenge

Figure 2—Effect of number of humidification cycles on air-flow
rate measured at the end of each cycle. Flow rates from the breathing tubes of ResMed S7 nasal continuous positive airway pressure
machines were taken with or without BB50T filters and just prior to
the end of episodes of humidification with BB50T filters. Box and
whisker symbols illustrate the median (line within the box), 25th,
and 75th percentile (lower and upper borders of the box) and the
range (error bars) of values measured.
In general, statistically significant differences were shown using Kruskal-Wallis followed by Dunn multiple range test, but they were largely
limited to comparisons in the presence and absence of filters. No systematic impact of the number of humidification cycles on flow rate
was apparent, suggesting no accumulation in resistance was imparted
by the filter over 7 consecutive days of episodic (10-h) use.

Filters left at room temperature for 7 days with sterile water on
1 side and high concentrations of B. diminuta on the opposite side
showed microbial retention characteristics exceeding 99.99% or
4 log reduction value (Table 1). This effect was similar in magnitude to that observed with monodispersed challenges in this study
(Figure 4).
Discussion
There continues to be debate over the likelihood that the use
of heated humidification in chronically ventilated patients puts
them at risk for ventilator-associated pneumonia and whether
or not the use of a breathing-circuit filter may mitigate that
risk.14,22 Important distinctions should be made between heated
humidification used for chronically ventilated patients and those
using nCPAP for OSA. The former group have their upper airway bypassed and are treated in the hospital, where attention
to infection control practices may be considered to be rigorous.
In contrast, those on nCPAP for OSA largely receive their treatment at home, where the principles of infection control may be
viewed as absent or at least not adhered to as strictly as in the
hospital setting. In fact, the impact of nCPAP for OSA on infectious complications is relatively unstudied.18 Moreover, there is
increasing awareness of the microbial content of tap water both
in and out of hospitals and its potential as a source of infection.19
Therefore, it is not unlikely to expect that the microbial content

0.074) for S. marcescens and 10.3 ± 5.5 × 107 and 5.6 ± 5.1 ×
107 CFU/mL (p = 0.002) for B. diminuta, respectively. Of the
11 trials performed, bacteria were recovered in all except 2.
The remaining 9 trials showed recoverable S. marcescens and
B. diminuta that averaged 17.0 ± 20.4 × 103 and 9.2 ± 9.6 × 103
CFU, respectively.
Effects of Number of Humidification Cycles on Filter Performance
There are data to suggest that filters subjected to testing should
be exposed to simulated clinical use conditions, most notably
humidification.21 To ensure compliance with the humidification
protocol, a comparison of the ordinal scale results showed that filters had accumulated water comparable to levels after 1, 4, and 7
humidification cycles by a statistical comparison of ordinal scale
medians (Kruskal-Wallis p>0.05, data not shown) with a median
value of 1.3 out of a possible 2. The number of humidification
cycles was shown to have no substantial impact on flow rate (Figure 2) after the filter was affixed to the output of the humidifier.
The number of humidification cycles did not have any effect on
the pressure drop across the filter at the end of 1, 4, or 7 humidification cycles (Figure 3). Finally, microbial challenges presented
to the filter after 1, 4, or 7 daily humidification cycles did not compromise the efficiency of filters to retain microbes represented by
either B. diminuta or MS-2 bacteriophage challenge as monodispersed cells (Figure 4).
JCSM Journal of Clinical Sleep Medicine, Vol. 3, No. 7, 2007

Table 1—Summary Statistics for the Concentrations of B. Diminuta
Across a Filter Following 7 Days of Incubation at Room Temperature
CFU/mL
Mean
SD
Min
Max

Entry Port

Exit Port

% removal

LRV

1.13E+07
1.26E+07
1.00E+06
2.60E+07

54.2
115.1
0
260

99.9995
99.9991

5.32
5.04

Mean, SD, min and max are expressed in CFU/mL for 5 filters. LRV is
the log reduction value.
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A. Brevundimonas diminuta

B. MS-2 bacteriophage

Log Reduction Value

1-way ANOVA P=0.7087

Log Reduction Value

1-way ANOVA P=0.0642

Humidification Episodes

Humidification Episodes

Figure 4—Removal of monodispersed bacteria and bacteriophage challenge to Pall BB50T breathing filters following 1, 4, and 7 humidification
cycles under simulated use of nCPAP for OSA.
Data are represented at log reduction values for B. diminuta (Panel A) and MS-2 bacteriophage in Panel B (MS-2 bacteriophage was used because
the size at 25 nm approximates those of the smallest mammalian viruses). The monodispersed microbial challenge represents the most stringent
challenge to breathing filters in that, unlike salt challenges, it employs the use of microbes. Furthermore, unlike aerosolized microorganisms, the
method also ensures that each microbe is presented individually to the filter, not as an aggregate of microbes on an aerosol droplet.

of heated humidification used with nCPAP in home settings may
be higher than that seen in a more controlled, infection controlsensitive environment. This is the basis for the current investigation.
There is a widely held view that passive (“passover”) humidifiers do not aerosolize water but merely help to produce, and allow

Having established that it is possible to aerosolize bacteria, we
show that the hydrophobic breathing circuit filter used in this study
does not demonstrate drastic pressure drops or decreases in air flow
rates when used repeatedly over the course of 7 daily exposures to
10-hour periods of nCPAP use with heated humidification. This
suggests the device can be used under the conditions studied and
those conditions that simulate clinical use.
Humidification is handled differently by breathing filters of
varying types. Hygroscopic materials absorb water and result
in an increase in pressure drop, whereas hydrophobic media is
unaffected by humidity and maintains low pressure drops.24
Therefore, these results cannot be extended to other filters,
particularly those of different design and/or composition of
functional filtration material. The filter efficiency for retaining
microbes with sizes ranging from small bacteria (B. diminuta) to
viruses (MS-2 bacteriophage) are unaffected by humidification
episodes over the course of 7 days and remain high, approximating
four orders of magnitude or more.
Care should be taken to position a hydrophobic filter in such
a way as to prevent the accumulation of water on the upstream
side of the filter, for, if the filtration media is totally covered, the
pressures used will not drive the water through the hydrophobic
media and air will not be permitted to pass to the patient. Water
condensing on the downstream side does not present a problem
because air will simply bubble through the accumulated water.
The test conditions used in this study apply to the make and
model of humidifier and nCPAP machine studied. The results of
this study may extend to devices with the same orientation of
filter-to-humidifier outlet that will prevent the accumulation of
water condensate on the upstream side of the filter such that the
water does not completely cover the filter media.

for the passage of, water vapor. Supporting such a view are the results
of a recent study. 23 In this study, the positive control was the use of

a nebulizer, filled with 400 MBq of 99mTc-diethylenetriamine
penta-acetic acid (labeled DTPA) in 5 mL of water, from which
only 28% of all radioactivity could be trapped and detected in just
the first of 2 Pall BB50T breathing circuit filters in series, with
the second containing no measurable radiolabel. Then a humidifier reservoir was spiked with the same amount of labeled DTPA,
and, at the highest air flow tested (46 LPM), no radioactivity was
detected in a breathing filter positioned downstream of the humidifier. Given that only 28% of the label was detectable in the
control run, the limit of detection of the assay cannot be greater
than 28-fold or less than 2 orders of magnitude
Data reported here suggest that, although the amount of bacteria
in the heated humidification reservoir was high (approximating
5 × 107 CFU/mL), this is indeed a level at which bacteria can
sometimes be found in contaminated water. We recovered levels
as high as 103 CFU in the breathing tube. The difference of 4
orders of magnitude is one that cannot be detected in the labeled
DTPA study. It is fair to say, however, that contaminated water
used in a home environment may persist, particularly if water
is added to the humidifier without rinsing between refills. Our
study also employed slightly higher flow rates of 60 to 70 LPM,
in contrast to the 46 LPM reported in the referenced study. This
could also account for observable differences.
JCSM Journal of Clinical Sleep Medicine, Vol. 3, No. 7, 2007
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In conclusion, patients treated with nCPAP using heated
humidification for OSA may be at risk for respiratory infections
caused by contaminated water present in heated humidifiers.18
Such patients may benefit from a properly positioned hydrophobic
breathing filter positioned in between the heated humidifier outlet
and breathing tube. Data provided here support the view that a
properly positioned hydrophobic breathing filter may reduce the
transmission of bacteria from inadvertently contaminated water
that may be present in heated humidifier water used with nCPAP
for OSA.
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