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Abstract 

Background: Both non-invasive ventilation and high flow oxygen therapy are preferred over low flow oxygen 
therapy in many conditions. Nebulizers, for aerosol delivery, can be used within them without interrupting the circuit. 
The present study aimed to compare the efficiency of drug delivery within high flow nasal cannula (HFNC) and bipha-
sic positive airway pressure (BiPAP) ventilation mode using two different inspiratory positive airway pressures. The 
aerosol delivery was examined in HFNC system at low flow, 5 L  min−1, and BiPAP non-invasive ventilation under 2 dif-
ferent pressures [high pressure; inspiratory positive airway pressure/expiratory positive airway pressure (IPAP/EPAP) of 
20/5 cm water, and low pressure; IPAP/EPAP of 10/5 cm water]. The total inhalable dose (TID) was measured by insert-
ing an Aerogen Solo nebulizer installed with 1 mL salbutamol respiratory solution (5000 μg  mL−1) within the circuit, 
and the salbutamol was collected on an inhalation filter placed in a filter holder connected to a breathing simulator. 
The breathing simulator was adjusted at a tidal volume of 500 mL, respiratory rate of 15 breaths  min−1, and inhalation 
to exhalation (I:E) ratio of 1:1 for the adult setting. In each technique of the three (HFNC, and low, and high-pressures 
BiPAP), TID was determined 5 times (n = 5). For particle size characterization, cooled Anderson Cascade Impactor (ACI) 
was inserted instead of the inhalation filter and the breathing simulator with the same scheme. In each technique of 
the three, particle size characterization was determined 3 times (n = 3).

Results: The BiPAP mode at low inspiratory pressure had the highest TID, followed by HFNC at flow 5 L  min−1, then 
BiPAP mode at high inspiratory pressure. There was a significant difference only between low and high inspiratory 
pressure modes of BiPAP mode. Low-inspiratory pressure BiPAP delivered the highest mean ± SD fine particle dose 
(FPD). It was significantly higher than that delivered in high inspiratory pressure BiPAP, and HFNC. Also, FPD in HFNC 
was significantly higher than that in high inspiratory pressure BiPAP. HFNC system had the smallest mass median aero-
dynamic diameter (MMAD) and the highest FPF followed by low then high inspiratory pressure BiPAP.

Conclusions: Increasing the inspiratory positive airway pressure in BiPAP, from 10 to 20 cm water, decreased the total 
inhalable dose and FPF nearly by half. Low inspiratory pressure BiPAP delivered the highest TID and FPD. The HFNC 
system at low oxygen flow resulted in the least MMAD, and the highest FPF. Using HFNC delivered a TID that was non-
significant from that delivered by low inspiratory pressure BiPAP.
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1  Background
Non-invasive ventilation (NIV) uses a close-fitting mask 
or a special nasal prong without the use of an endotra-
cheal tube [1, 2]. Available ventilation modes include 
[controlled mandatory ventilation (CMV), synchronized 
intermittent mandatory ventilation (SIMV), Assist con-
trol (AC), intermittent mandatory ventilation (IMV), 
biphasic positive airway pressure (BiPAP), continuous 
positive airway pressure (CPAP), jet ventilation, and 
high-frequency oscillatory ventilation (HFOV)]. The NIV 
helps to increase the survival rate in acute or chronic res-
piratory failure patients and relieve symptomatic sleep 
apnea [1, 3]. Bronchodilators and other drugs may be 
needed by patients on NIV [4]. Nebulizers like a jet and 
vibrating mesh nebulizers can be used for the delivery of 
aerosols in patients during NIV [5, 6].

The BiPAP is composed of continuous flow at two 
levels of pressure, inspiratory positive airway pres-
sures, which allows the tidal volume to be delivered, 
and expiratory positive airway pressure (EPAP). Its 
advantage is that it enables the patient to breathe spon-
taneously without the risk of high airway pressure. 
Consequently, patient-ventilator asynchrony and seda-
tion requirements are decreased [1]. Besides, it helps 
in avoiding intubation, improving outcomes of patients 
with hypoxemia [7–9]; it also facilitating extubation 
[10]. On the other hand, its implementation is difficult, 

certain resources are required, and patient discomfort 
is common [11].

The high flow nasal cannula (HFNC) can be used as 
a drug delivery route to help in delivering medications 
without interrupting the normal routine, especially 
when oxygen is already needed through the cannula 
[12, 13]. However, some barriers may face nebulization 
during HFNC. The aerosol may deposit in the high flow 
therapy circuit due to humidification, and high flow 
and in the nose and rhino-pharynx, due to the turbu-
lent gas flow which reduces the delivery of the medica-
tion to the lungs. [13]

On the other hand, there is an increase in the use of 
HFNC system [14] to help in improving oxygenation and 
comfort for respiratory failure patients because it is easy 
to implement, tolerated as avoids nasal dryness caused 
generally by the oxygen therapy, and clinically effective 
[14–18]. Some studies suggested that high-flow nasal 
oxygen therapy is more effective to improve oxygenation 
with many physiological advantages than low flow oxy-
gen therapy [11, 19–21]. Also, better respiratory rates, 
blood oxygen, and improved life scores were reported by 
delivery through HFNC than through masks [22].

The current study aimed to compare the efficiency of 
drug delivery using HFNC and BiPAP ventilation mode 
using two different inspiratory positive airway pres-
sures as shown in Fig. 1.
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2  Methods
2.1  Delivery systems
One mL of salbutamol respiratory solution (Farcolin res-
pirator solution, 5000 μg  mL−1; Pharco Pharmaceuticals, 
Cairo, Egypt), containing 5000 μg salbutamol, was nebu-
lized using the Aerogen Solo [SOLO] nebulizer (Aerogen 
Limited, Galway, Ireland).

2.2  Measurement of total inhalable dose
The total inhalable dose (TID) was delivered by three dif-
ferent techniques; adult nasal cannula in HFNC system 
at low oxygen flow, 5 L  min−1, [13, 23] and NIV facemask 
using different pressures at BiPAP mode. Aerogen Solo 
vibrating mesh nebulizer (SOLO; Aerogen Limited, Ire-
land), was connected to the HFNC system upstream just 
before the humidifier (MR810 Fisher & Paykel, Fisher& 
Paykel Healthcare Limited, New Zealand) as shown in 
Fig.  2 [13, 19]. The humidifier was adjusted to deliver 

oxygen at 37  °C and 100% relative humidity. An elec-
trostatic filter pad (inhalation filter) enclosed in a filter 
holder (Pari GmbH, Starnberg, Germany) was connected 
to the nasal cannula (Jiaxing Sim Medical Device Co., 
Limited, Zhejiang China) to collect the TID then was 
connected to a breathing simulator model (model 5600i, 
Michigan Instruments, Grand Rapids, USA).

SOLO was inserted in the ventilation circuit in the 
inspiratory limb of the BiPAP before the Y piece of the 
dual limb ventilation circuit as shown in Fig. 3 [24]. The 
Y piece was then connected to the inhalation filter in a 
filter holder that was connected to the breathing simula-
tor. The bi-level ventilator (Bellavista 1000e, Imtmedical, 
Buchs, Switzerland) was adjusted at two different pres-
sures; one with IPAP 20 cm water and EPAP 5 cm water 
and the other with IPAP 10  cm water and EPAP 5  cm 
water.

Fig. 1 Flow chart of the methodology of the whole process
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The breathing simulator in the three techniques was 
adjusted at a tidal volume of 500 mL, respiratory rate 
of 15 breaths  min−1, and inhalation to exhalation (I:E) 
ratio of 1:1 for the adult setting [25]. In each technique 

of the three, TID was determined 5 times (n = 5) and 
SOLO continued to dry.

The amount entrained on the inhalation filter, 
SOLO reservoir, and each circuit tube was collected 

Fig. 2 Schematic diagram showing the measurement of the total inhalable dose using high flow nasal cannula system at oxygen flow 5 L  min−1 
[19]. SOLO vibrating mesh nebulizer was connected to the HFNC system upstream just before the humidifier which was connected to the nasal 
cannula. An electrostatic filter pad (inhalation filter) enclosed in a filter holder was then connected to the nasal cannula to collect the TID then was 
connected to a breathing simulator model

Fig. 3 Schematic diagram showing the measurement of the total inhalable dose using BiPAP mode,  Modified from ElHansy et al. [24]. SOLO 
vibrating mesh nebulizer was inserted in the ventilation circuit in the inspiratory limb of the BiPAP (before the Y piece of the dual limb ventilation 
circuit). The inhalation filter, to collect the TID, was then connected to the Y piece then the breathing simulator was connected. The bi-level 
ventilator was adjusted at two different pressures; IPAP/EPAP 20/5 cm water and IPAP/EPAP 10/5 cm water
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using acetonitrile in a water mixture (90:10 v/v). For 
the inhalation filter, it was first sonicated with the 
acetonitrile–water mixture. Amounts of salbutamol 
were quantified using high-performance liquid chro-
matography (HPLC). Salbutamol was quantified with 
high-performance liquid chromatography linked to 
an ultraviolet detector. Samples of the acetonitrile 
washings (100µL) were eluted on a 25 mm by 4.6 mm 
ZORBAX Eclipse Plus C18, ODS1 column (Agilent, 
Santa Clara, California) using a 90:10 (v/v) acetoni-
trile and water mobile phase that also contained 0.1% 
phosphoric acid pumped at a flow of 1  mL   min−1 
(1260 Infinity preparative pump, G1361A, Agi-
lent). The detector (1260 Infinity Diode array detec-
tor VL, G131SD, Agilent) was set at 225  nm and 
calibration was done using solutions ranging from 4 to 
100  µg   mL−1 (weight/volume). The limit of detection 
used was 0.3 µg  mL−1, and the lower limit of quantifi-
cation was 2.5 µg  mL−1 [26].

2.3  Measurement of the particle size distribution
The three above-mentioned techniques were tested for 
detecting aerosol particle size distribution, that would 
reach the patient, using a cooled Anderson Cascade 
Impactor [ACI] (Copley Scientific Ltd, Nottingham, 

UK) at an inhalation flow rate of 15  L   min−1 [27]. This 
vacuum flow, 15  L   min−1, was provided by a vacuum 
pump (Brook Crompton, Huddersfield, UK). The flow 
rate was measured using an electronic digital flow meter 
(MKS Instruments, Andover, USA). First, the ACI with 
its plates in-situ was placed in a refrigerator at 5  °C for 
60 min before starting the study [27]. As shown in Fig. 4, 
the setup was the same as in determining the TID in the 
HFNC system except that ACI was connected to the 
nasal cannula instead of the filter holder and the breath-
ing simulator. In the case of the two BiPAP pressures 
(high and low), ACI was also inserted instead of the fil-
ter holder and the breathing simulator as shown in Fig. 5. 
In each technique of the three, the aerosol particle size 
distribution was determined 3 times (n = 3). SOLO nebu-
lization was continued to dryness. The amount of sal-
butamol entrained on ACI stages and filter stage were 
collected using an acetonitrile–water mixture (90:10 v/v) 
and the final filter in the ACI was sonicated first with the 
same mixture used for TID determination. The amounts 
were quantified using the same HPLC method mentioned 
in TID determination [26].

The fine particle dose (FPD), fine particle fraction 
(FPF), and the mass median aerodynamic diameter 
(MMAD) was determined using Copley Inhaler Testing 

Fig. 4 Schematic diagram showing the measurement of the particle size distribution, by Anderson Cascade Impactor, using high flow nasal 
cannula system at oxygen flow 5 L  min−1.  Modified from Madney et al. [19] SOLO vibrating mesh nebulizer was connected to the HFNC system 
upstream just before the humidifier which was connected to the nasal cannula. Cooled Anderson Cascade Impactor (inhalation flow rate of 
15 L  min−1) was connected to the nasal cannula for particle size characterization
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Data Analysis Software (CITDAS, Copley Scientific, Not-
tingham, UK) impactor data analysis software.

2.4  Statistical analysis
All data are expressed as mean ± SD. One-way analysis 
of variance (ANOVA) with the application of least sig-
nificant difference (LSD) correction was used to compare 
the three different techniques with SPSSV17.0 (SPSS Inc., 
Chicago, USA). Statistical significance was taken at a 95% 
confidence interval (p ≤ 0.05).

3  Results
As shown in Table  1, the TID delivered using BiPAP 
mode at low inspiratory pressure was the highest fol-
lowed by HFNC then BiPAP at high inspiratory pressure. 
However, the delivered dose using the HFNC system was 
non-significantly different from neither low nor high 
inspiratory pressure BiPAP modes. There was a signifi-
cant difference only between low and high inspiratory 
pressure BiPAP modes (p = 0.014).

The amount of salbutamol that was lost in the tubes 
was also greatest in the case of low-inspiratory pressure 
BiPAP mode followed by HFNC then high inspiratory 
pressure BiPAP, as shown in Table 1 with a significant dif-
ference between high inspiratory pressure BiPAP mode 
and both HFNC (p = 0.046) and low inspiratory pres-
sure BiPAP mode (p = 0.039). No significant difference 
was found in the amount left in the SOLO nebulization 
chamber using the three techniques.

As shown in Table  2, the low inspiratory pressure 
BiPAP mode delivered the highest FPD followed by 

HFNC system than high inspiratory pressure BiPAP 
with a significant difference between the three modes 
(p < 0.05). However, the highest FPF was delivered by 
the HFNC system followed by low then high inspiratory 
pressure BiPAP as shown in Table 2 with a significant dif-
ference between all the three modes (p < 0.05). The HFNC 
system had the smallest MMAD followed by low then 
high inspiratory pressure BiPAP as shown in Table 2. The 
MMAD of the HFNC was significantly smaller than the 
high inspiratory pressure BiPAP (at p = 0.002). There was 

Fig. 5 Schematic diagram showing the measurement of the particle size distribution, by Anderson Cascade Impactor, using BiPAP mode.  Modified 
from ElHansy et al. [24]. SOLO vibrating mesh nebulizer was inserted in the ventilation circuit in the inspiratory limb of the BiPAP (before the Y piece 
of the dual limb ventilation circuit). Cooled Anderson Cascade Impactor (inhalation flow rate of 15 L  min−1) was connected to the Y piece. The 
bi-level ventilator was adjusted at two different pressures; IPAP/EPAP 20/5 cm water and IPAP/EPAP 10/5 cm water

Table 1 Mean ± SD of the amount of salbutamol deposited on 
inhalation filter [total inhalable dose (TID)], the losses in tubes 
and left in SOLO reservoir in µg (n = 5)

Amount Tubes Solo Inhalation f

Low BiPAP 1341.85 ± 644.97 238.98 ± 100.86 2301.52 ± 337.27

High BiPAP 799.44 ± 42.84 273.20 ± 20.28 1192.62 ± 283.8

Nasal cannula 1292.72 ± 163.74 257.23 ± 66.05 1478.90 ± 172.08

Table 2 Mean ± SD of Fine Particle Dose (FPD), in µg, Fine 
Particle Fraction (FPF), in %, and mass median aerodynamic 
diameter (MMAD), in µg, of delivered dose of salbutamol (n = 3)

Amount/percent FPD (µg) FPF (%) MMAD (µg)

Low BiPAP 1268.47 ± 263.21 63.11 ± 10.02 2.3 ± 0.72

High BiPAP 337.51 ± 39.98 30.025 ± 1.38 4.9 ± 0.9

Nasal cannula 856.71 ± 24.78 78.14 ± 1.34 0.47 ± 0.21
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also a significant difference in the MMAD between high 
inspiratory pressure BiPAP mode and low inspiratory 
pressure BiPAP mode (at p = 0.027).

4  Discussion
In the present study, SOLO was inserted in the inspira-
tory limb before Y-piece in the BiPAP ventilation model 
as it was previously found to deliver the highest amount of 
drug compared to that when integrated into the mask [28, 
29]. However, when using the HFNC system, we inserted 
SOLO before the humidification chamber (immediately 
upstream) as it was shown to increase the inhalable mass, 
FPF, decreased nebulization duration and no nebulizer 
driving gas can interfere with the inspired oxygen frac-
tion [13, 23]. Besides, the HFNC system was operated in 
the present study at a low flow rate of 5 L  min−1, as it was 
found that increasing the high flow therapy flow rate sig-
nificantly decreased the respirable mass [13, 23]. Placing 
the nebulizer after the humidifier (downstream) before 
the nasal cannula was found to significantly decrease the 
aerosolized drug delivery. This is explained by that when 
placing the nebulizer just before the nasal cannula, the 
flows which come through the heated tube suddenly find 
resistance change due to the smaller diameter of the nasal 
cannula which causes gas flow turbulence so more drug 
accumulates within the adaptor and the drug delivery to 
the cannula and the patient decreases [25]. Bhashyam 
et al. reported that vibrating mesh nebulizer produces aer-
osol within the range of 5 mm although that leaves nasal 
prongs was is around 2 mm [12]. That causes loss of aero-
sol within the circuit. The latter can cause the annoying 
liquid to come from the nasal prongs ito the nose of the 
patients if lying down. Consequently, inserting a nebulizer 
before the humidifier may cause the loss of the large par-
ticles within the humidifier itself preventing this annoying 
liquid [23, 30, 31]. That caused the HFNC system to have 
the least MMAD followed by low inspiratory pressure 
BiPAP then high inspiratory pressure BiPAP.

The current study showed that increasing IPAP from 
10 to 20  cm water significantly decreased the delivered 
TID, and FPD. This is in accordance with the results of 
Velasco and Berliniski who showed that the drug delivery 
decreased when IPAP increased from 15 to 20 cm water, 
at the same EPAP [28]. On the other hand, Chatmongkol-
chart et al. in-vitro study revealed that when using a single 
limb circuit, the delivery efficiency improved when there 
was an increase in IPAP and the nebulizer was inserted 
after the exhalation port proximal to the lung model [32]. 
This may be attributed to the single limb setting used in 
this previous study compared to the dual limbs used in the 
current study. The single-limb ventilator causes aerosol to 
return retrograde to the ventilator circuit limb on exhala-
tion increasing the aerosol delivery in the next inspiration, 

especially with higher IPAP and lower EPAP, by increasing 
the tidal volume and inspiratory time [32].

The HFNC system delivered a slightly lower, but non-
significantly, TID of the salbutamol than BiPAP at low 
inspiratory pressure. However, TID by HFNC was higher 
than BiPAP at high inspiratory pressure, with no signifi-
cant different. The TID delivered by the HFNC system 
was higher than the amounts reported by Bhashyam et al. 
at comparatively low flow rates of 3 and 5 L   min−1 [12]. 
Also, it was higher than those detected by Perry et  al. 
[25]. This may be attributed to that they connected the 
nebulizer proximal to the nasal cannula after the end 
of the heated tube and downstream from the Fisher & 
Paykel heater/humidifier or Vapotherm 2000 humidifier 
and also, the difference in HFNC systems.

Depending on TID results, the amount of salbuta-
mol delivered by 5  mg through high inspiratory pres-
sure BiPAP circuit is equal to that would be delivered by 
4.032  mg through HFNC circuit and 2.59  mg through 
low inspiratory pressure BiPAP circuit. Depending on the 
FPD results, the amount of salbutamol delivered by 5 mg 
through high inspiratory BiPAP circuit is equal to that 
would be delivered by 1.969  mg through HFNC circuit, 
and 1.33  mg through low inspiratory BiPAP circuit. So, 
increasing inspiratory positive airway pressure causes a 
reduction in the delivered dose to the patient. Also, great 
care should be taken in adjusting the dose when a patient 
is changed from a mode to another.

5  Conclusion
The HFNC system at low oxygen flow resulted in the least 
MMAD, and the highest FPF. Low inspiratory pressure 
BiPAP delivered the highest TID and FPD. Increasing 
the inspiratory positive airway pressure in BiPAP, from 
10 to 20 cm water, decreased the TID and FPF nearly by 
half. Using a high-flow nasal cannula delivered a TID that 
was non-significant from that delivered by low inspira-
tory pressure BiPAP. The results of the current study sug-
gest that there must be dose adjustment upon changing 
between the used techniques. Further in-vivo studies are 
recommended using the same settings used in this cur-
rent study.
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