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Abstract 

Background: A holding chamber (HC) was created to work with a vibrating mesh nebulizer (VMN) to boost the total 
inhalable dose for patients. In addition to the optional supply of supplemental oxygen, it facilitates intermittent and 
continuous nebulization. Our goal was to see how well a VMN coupled to a HC with a mouthpiece or valved face-
mask performed at varied oxygen flows starting at 0–6 L/min. In this study, we used a breathing simulator to simulate 
adults’ spontaneous breathing patterns with a tidal volume of 500 mL and a 1:1 inhalation–exhalation ratio. For the 
combination of nebulizer and HC adapter with a valved facemask or mouthpiece, five determinations were made. 
Salbutamol was recovered and evaluated using high-performance liquid chromatography from the inhalation filter 
connected to the breathing simulator, the nebulizer reservoir chamber, and the HC.

Results: The amount of salbutamol in the nebulizer reservoir chamber and within the HC did not differ significantly 
when using a mouthpiece or a valved facemask. However, the supplied dose to the inhalation filter was increased 
until oxygen flow reached 2 and 3 L/min using the mouthpiece and valved facemask as interfaces, respectively. The 
supplied salbutamol was much higher at this flow than at the other oxygen flows. This was followed by a progressive 
reduction in the supplied salbutamol until the lowest given dose was reached at 6 L/min oxygen flow, p < 0.005.

Conclusions: The supplied doses of salbutamol to the inhalation filter were variable with the VMN connected to 
the HC and mouthpiece or valved facemask, with significant improvements until an oxygen flow of 2 L/min with a 
mouthpiece and 3 L/min with a valved facemask, followed by gradual decreases to lower values at an oxygen flow of 
6 L/min. An in vivo investigation is required to further validate the findings.
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1  Background
The holding chamber (HC) was created to treat spon-
taneously breathing individuals with a vibrating mesh 
nebulizer (VMN) and either a mouthpiece or a valved 
facemask. A valved facemask has an opening and clos-
ing valve, so when the patient inhales the exhalation 

valve closes and the inlet valve opens to provide oxy-
gen and nebulized aerosol medication. On exhalation, 
the inlet valve closes and the exhalation valve opens 
allowing the patient to exhale. This is just a bit clearer 
to the function of the valved mask. According to Aero-
gen Limited (Aerogen Ltd, Galway, Ireland), this HC 
functions as an aerosol reservoir and enables low-flow 
oxygen (1–6  L/min) connection. It can be utilized for 
both intermittent and continuous treatments in pediat-
ric and adult patients. The HC connects to the VMN on 
the one side and a mouthpiece or a valved facemask on 
the other. The HC’s valved mechanism controls aerosol 
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flow to the patient via the aerosol chamber. The sup-
plied oxygen gas and the air are sucked into the device 
through the inlet valve on the base of the HC, causing it 
to flow. The aerosol is removed from the chamber, and 
the medicine is delivered to the patient. During exhale, 
the inlet valve closes, while the mouthpiece valve 
opens. The patient can exhale through the valve on the 
mouthpiece while the VMN refills the aerosol chamber. 
The design of the device’s valved system controls flow 
through the aerosol chamber [1].

Ari et  al. [2] reported better aerosol delivery with a 
VMN connected to a HC with an oxygen flow of 2 L/
min compared to a jet nebulizer. However, this com-
parison was made between a VMN and a jet nebulizer, 
when only VMNs with various interfaces and oxygen 
flows should have been used. Furthermore, due to the 
VMN’s higher efficiency, independent of setting, the 
VMN has been found to deliver more aerosol than the 
jet nebulizer in many studies [3–13].

Sarhan et al. utilized the HC with the VMN to boost 
aerosol delivery substantially as compared to using a 
T-piece [1]. They continued their research by adding 
oxygen at a rate of 6 L/min [14]. Within the HC, intro-
ducing oxygen at the maximum recommended flow (6 
L/min) resulted in a significant reduction in aerosol 
distribution [14].

Our goal was to compare the performance of a VMN 
connected to a HC with different oxygen flows rang-
ing from 0 to 6 L/min, as well as the effect of different 
interfaces (mouthpiece or facemask) when connected 
to a HC on the total inhaled mass of delivered nebu-
lized salbutamol.

2  Methods
As illustrated in Fig.  1, the Aerogen Solo as a VMN 
(Aerogen, Galway, Ireland) was connected to the Aero-
gen Ultra as a HC (Aerogen, Galway, Ireland), coupled 
with a mouthpiece and valved facemask. In our study, 
we used the Solo nebulizer because of its label claim for 
extended use, ready availability, and use in hospital set-
tings; Aerogen also recommended using it with the Ultra 
holding chamber. At varying flows of 0 to 6 L/min from 
a cylinder of oxygen, oxygen was delivered through an 
aperture in the HC at room temperature and humidity 
settings. The breathing simulator model (5600i, Michigan 
Instruments, Kentwood, Michigan) was altered to simu-
late a resting adult breathing pattern in European Stand-
ard EN 13544-16, which is at a tidal volume of 500 mL, 
with an inhalation–exhalation ratio of 1:1. (CEN method-
ology) [15].

An electrostatic filter pad encased in a filter holder 
(PARI, Starnberg, Germany) was coupled to the breath-
ing simulator (inhalation filter) on the one side and the 
nebulizer–adapter combination on the other, as illus-
trated in Fig.  1. A plate with a hole in the middle was 
added to the experimental setup for the valved facemask 
interface, and the mask was sealed to it as illustrated in 
Fig. 1. For the determination of the inhalable mass from 
a nebulizer with a facemask, this plating method was 
previously found to have no significant differences from 
the facemask [16, 17]. For each determination, a differ-
ent filter was used. This filter captured the entire aerosol 
inhaled during inspiration, allowing for a reliable esti-
mate of the total dose inhaled (i.e., the in  vitro emitted 
dose available for inhalation) [4, 18]. The simulator was 

Fig. 1 A A schematic diagram of the experimental setup for determining the amount of aerosol released (the total inhalable aerosol dose) and B a 
picture of the used holding chamber and the vibrating mesh nebulizer setting with the mouthpiece and the valved mask
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activated just before the nebulization of a 1 mL respirable 
solution containing 5000 µg salbutamol (Farcolin Respi-
rator Solution, Pharco Pharmaceuticals, Egypt).

There were five determinations taken at each oxygen 
flow and nebulization for dryness for each combination 
of nebulizer and HC coupled with a valved facemask or 
mouthpiece. Salbutamol deposited in the nebulizer reser-
voir chamber and within the HC was recovered by rins-
ing and sonicating with 20% acetonitrile for 3  min, and 
salbutamol accumulated on the filter was removed by 
rinsing and sonicating with 20% acetonitrile for 3  min. 
Using high-performance liquid chromatography with 
ultraviolet detection, the quantity of salbutamol was 
determined [19].

2.1  Statistical analysis
All data are presented as mean ± standard deviation. 
Using SPSS V15.0, the Kruskal–Wallis test followed by 
Mann–Whitney was performed to examine the effects 
of different flows using a mouthpiece and a valved face-
mask, and a t test analysis was utilized to compare the 
performances of the valved facemask and the mouthpiece 
(SPSS, Chicago, Illinois, USA).

3  Results
Table  1 and Figs.  1 and 2 summarize the results of the 
delivered dose of the VMN and HC connected to the 
mouthpiece and valved facemask with oxygen at differ-
ent flows from 0 to 6 L/min expressed as mean ± SD, 
indicating that the delivered dose to the inhalation filter 
increased significantly until oxygen flows of 2 L/min and 
3 L/min with the mouthpiece and valved facemask as 
interfaces, respectively (p < 0.05). The delivered salbuta-
mol was much higher at the flows of 2 L/min and 3 L/
min than at the other oxygen flows. As shown in Table 1 
and Figs.  1 and 2, this result was followed by a gradual 
decline until the lowest given dose was reached at an 

oxygen flow of 6 L/min. All of the investigated combina-
tions had no significant differences in the nebulizer resi-
due left within the nebulization chamber. For the amount 
of salbutamol deposited in the HC, the mouthpiece and 
the valved facemask had means ± SD of 443.2 ± 244.9 µg 
and 292.2 ± 245.6 µg, respectively, at flow 0 L/min, which 
was the highest value with a significant difference from 
the rest of the oxygen flows (p < 0.005).

Table  1 and Figs.  1 and 2 show that there were insig-
nificant differences between the delivered inhalable doses 
with mouthpiece and valved facemask with oxygen at 
flows of 0, 1, 2, and 5 L/min (p values = 0.947, 0.94, 0.13, 
and 0.14, respectively), but significant differences were 
found at flows of 3, 4, and 6 L/min (p values = 0.001, 0).

4  Discussion
The current study compares the performance of a VMN 
connected to a HC using a mouthpiece and a valved 
facemask at various flows ranging from 0 to 6 L/min. 
The amount of medicine breathed is heavily influenced 
by the breathing pattern of the patient, the nebulizer, 
and the interface used for aerosol therapy [2]. We used 
a HC rather than a T-piece in our investigation since the 
HC was found to increase the supplied aerosolized dose 
[1]. The nebulizer is also situated next to the HC, which 
reduces drug particle deposition due to gravitational sed-
imentation [1].

Sarhan et al. [14] found that when using a VMN con-
nected to a HC and mouthpiece without oxygen, the 
delivered dose was significantly higher (p < 0.05) than 
when using oxygen at a flow of 6 L/min, with values of 
2197.7 ± 470.7  µg and 1081.5 ± 333.9  µg, respectively. 
Similar findings were obtained when using a valved 
facemask and mouthpiece; however, there was an addi-
tional effect when using varied oxygen flows. By increas-
ing the supplied inhalable dose until flow was 2 L/min 
while using the mouthpiece and 3 L/min when using the 

Table 1 Comparison between supplied doses of salbutamol and the inhalation filter in micrograms at different oxygen flow in L/min 
using mouthpiece and facemask

O2 flow rate 
(L/min)

Mouthpiece Facemask

Delivered dose Nebulizer residual Amount deposited at 
holding chamber

Delivered dose Nebulizer residual Amount deposited 
at holding chamber

0 2153.9 ± 495.1 309.5 ± 87.3 443.2 ± 244.9 2136.3 ± 285.5 201.3 ± 165.4 292.2 ± 245.6

1 2184.6 ± 393.4 507.9 ± 288.4 108.0 ± 99.0 2164.7 ± 477.4 271.7 ± 171.2 142.1 ± 116.3

2 2445.7 ± 315.4 305.3 ± 245.4 45.2 ± 29.6 2230.6 ± 105.0 365.8 ± 189.6 170.3 ± 90.5

3 2190.1 ± 296.5 555.6 ± 282.3 197.1 ± 135.5 2836.2 ± 188.6 228.9 ± 119.7 149.3 ± 161.0

4 2158.6 ± 201.8 400.1 ± 314.1 150.9 ± 137.1 2570.2 ± 76.1 470.6 ± 140.6 149.4 ± 57.1

5 2076.2 ± 506.8 408.7 ± 226.7 139.5 ± 86.2 2284.2 ± 246.5 525.1 ± 297.0 115.9 ± 37.8

6 1814.5 ± 162.3 449.2 ± 198.8 35.1 ± 25.6 2128.1 ± 243.1 567.5 ± 294.8 154.0 ± 41.7
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valved facemask, we discovered that the flow of oxygen 
had a significant effect on the delivered dose. Following 
that, as the oxygen flow increased, the given inhalable 
dose gradually reduced until it reached its lowest value 
(1814.5 ± 162.3, and 2128.1 ± 243.1 for mouthpiece and 
facemask, respectively) when the oxygen flow rate was 
the maximum (6 L/min) that we investigated (Fig. 3).

Bennett et al. [20] used a VMN linked to a HC with a 
mouthpiece and valved facemask to quantify the deliv-
ered dose using humidified air instead of oxygen at flows 
of 0, 2, and 6 L/min. The largest inhalable dose was found 
at flows of 2  L/min for both the mouthpiece and the 
valved facemask. However, they did not measure the oxy-
gen flows of 1, 3, 4, and 5. Even without these four oxygen 
flows, their results were comparable to ours. Even though 
Bennett G and his colleagues [20] used Albuterol 2 mg/
ml in much smaller doses, which is different from using 
salbutamol 5000 µg/ml in the work presented here, this 
would affect the comparison of the two studies. However, 
the benefit of the use of the VMN in the study, which 
allows the nebulization of almost all the nebulized solu-
tions placed in the nebulization chamber overcome, is 
different [3–13].

Another study tested three oxygen flows (2, 4, and 6 L/
min), finding that the oxygen flow of 4 L/min produced 
the largest inhalable dose [21]. Despite the fact that the 

flow found differs from ours, this investigation backs 
up our findings. The only difference was that they dis-
covered a higher oxygen flow than we did. That could 
be due to their use of a higher tidal volume (750  mL), 
which is 250  mL higher than the normal tidal volume 
used in most in vitro studies (500 mL) but more realistic 
for some adult patients [22–33], as well as their use of a 
valved facemask only, for which we found the best oxygen 
flow was 3 L/min [21], implying that the higher tidal flow 
improved the benefit of oxygen delivered as a supplement 
to the aerosol within the HC.

During the exhale phase, higher oxygen flows may flush 
the aerosol out of the HC. The aerosol collects in the HC 
when there is no oxygen flow or when the flow is low and 
is available to the subjects on inspiration. This HC has 
a volume of 130  mL. The flow of 6  L/min is equivalent 
to 100  mL/s. Our breathing simulator was calibrated to 
a 500-mL tidal volume, and a 1:1 inhalation–exhala-
tion ratio. As a result, most of the saved aerosol in the 
HC during exhalation would be flushed out before intake 
with the 2  s expiration, which is equivalent to 200  mL 
of oxygen. As a result, the higher the oxygen flow rate, 
the smaller the amount of aerosol retained by the HC 
between breaths. In light of this discovery, researchers 
compared inhaled doses across different tidal volumes 
and flow to see how the inhalable dose correlated. When 

Fig. 2 Fate of supplied doses of salbutamol (the inhalation filter, nebulizer residual, and amount deposited in holding chamber in micrograms) at 
different oxygen flows using a mouthpiece
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comparing the results shown here and in Brady et  al. 
study, the effect of tidal volume on delivered aerosol was 
obvious because they used different tidal volumes, with 
the best aerosol delivery at 3 L/min in our study using a 
tidal volume of 500 mL and 4 L/min in Brady et al. study 
using a tidal volume of 750 mL [21]. The effect of varied 
oxygen flows is visible in our results, but those in  vivo 
investigations are needed to confirm the findings.

Furthermore, according to our findings, the given dose 
using oxygen with a valved facemask was much higher 
than using a mouthpiece. These findings could be related 
to the valved facemask’s large volume of air space for aer-
osol retention during exhalation compared to the mouth-
piece, which allows for less waste of aerosol by the oxygen 
flow during the exhalation phase of the respiration cycle.

The maximum deposition was reported with no oxygen 
flow, indicating that not much aerosol remained within 
the chamber while oxygen was flowing as supplemental 
to aerosol within the HC, supporting the theory of aero-
sol flushing by oxygen flow.

4.1  Limitations
A major limitation of the study was that it was in vitro, 
which limits the clinical relevance of the findings, so we 
suggest extending this work to clinical studies. Note that 
oxygen flow is selected for best oxygenation and not for 
best aerosol delivery. One should never compromise 

oxygenation to improve aerosol delivery. This method-
ology was intended to assess product quality and not 
to evaluate likely performance in patients with varying 
degrees of lung disease affecting their ability to breathe. 
Furthermore, the I/E ratio is too short, as values closer 
to 1:2 are more common, and the expiratory portion may 
be lengthened with therapy for severe COPD. We use 
the plate-setting methodology. This might not provide 
any information about the effect of applying force to the 
facemask to affect a seal on the face that could have a 
marked influence on medication transfer to the patient. 
This study was done using an adult breathing model, and 
future studies should evaluate the findings as they apply 
to pediatrics.

5  Conclusion
The effect of different oxygen flows within the HC con-
nected to the VMN and mouthpiece or valved facemask 
on supplied doses of salbutamol to the inhalation filter 
was significantly improved until oxygen flows of 2 L/min 
with mouthpiece and 3 L/min with valved facemask, fol-
lowed by gradual decreases to lower values at an oxygen 
flow of 6  L/min. An in  vivo investigation is required to 
further validate the findings.

Abbreviations
HC: Holding chamber; VMN: Vibrating mesh nebulizer.

Fig. 3 Fate of supplied doses of salbutamol (the inhalation filter, nebulizer residual, and amount deposited in holding chamber in micrograms at 
different oxygen flows using a valved facemask
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