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Abstract

Objectives: To compare the deposition patterns within the nasal cavity between the

bi-directional and unilateral nasal delivery systems. And to summarize the clinical

application of the bi-directional nasal drug delivery devices.

Data source: PubMed, Cochrane Library, Embase, and Web of Science databases.

Methods: A scoping review was conducted according to the Preferred Reporting

Items for Systematic Reviews and Meta-Analysis (PRISMA). We included studies

exploring patterns and influencing factors of particle depositions within the nasal

cavity among patients, healthy controls, and nose cast models using the bi-directional

and unilateral nasal delivery system. The clinical application of the bi-directional

delivery devices was also summarized.

Results: A total of 24 studies were included in this review. Bi-directional nasal deliv-

ery systems utilize forced exhalation to power the delivery of drugs to deeper areas

of the nasal cavity and paranasal sinuses. Unilateral nasal delivery systems included

traditional liquid spray pumps, the aerosol mask system, nebulization, and conven-

tional nasal inhalation. Compared with unilateral delivery systems, the bi-directional

nasal delivery system provided a more extensive and efficient nasal deposition in the

nasal cavity, especially in the olfactory cleft, without lung deposition. Several parame-

ters, including particle size, pulsatile flow, and nasal geometry, could significantly

influence nasal deposition. The bi-directional nasal delivery system enables better

delivery of steroids or sumatriptan to the sinonasal cavity's high and deep target

sites. This bi-directional delivery device demonstrated an effective and well-tolerated

treatment that produced high drug utilization, rapid absorption, and sustained symp-

tom improvement among patients with chronic rhinosinusitis (CRS) or migraine.

Conclusion: The bi-directional nasal drug delivery systems demonstrated significantly

higher drug deposition in superior and posterior regions of the nasal cavity than uni-

lateral nasal delivery systems. Further studies should explore its potential role in

delivering drugs to the olfactory cleft among patients with olfactory disorders and

central nervous system diseases.

Level of evidence: N/A.
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1 | INTRODUCTION

The sinonasal cavity has a large mucosal surface area and high vascu-

larity, allowing rapid drug uptake into the systemic circulation.1,2 In

addition, the olfactory region is located at the top of the nasal cavity

and covers less than 10% of the surface of the nasal passage.3 The

olfactory cleft provides a direct connection to the central nervous

system (CNS) via neural pathways such as the olfactory and the tri-

geminal nerves, avoiding passage through the blood–brain barrier

and consequently increasing the cerebral bioavailability of the

drug.4–7 As a non-invasive route of drug delivery to the sinonasal

cavity and brain, intranasal drug delivery not only provides nose-

to-brain transport but also circumvents gastrointestinal degrada-

tion and hepatic first-pass metabolism of the drug, which makes it

an attractive option for many therapeutic agents for sinonasal dis-

eases and brain disorders.1,2

Several devices have been developed to enhance intranasal drug

delivery, including mechanical spray pumps, nasal pressurized metered

dose inhalers (pMDI), and powder inhalers. The significant limitation

of these devices is the large fraction of drug deposited in the nonci-

liated region of the nose anterior to the nasal valve and insufficient

deposition in the upper or posterior nasal cavity.3 Due to the com-

plex structure of the sinonasal cavity, including the narrow anterior

valve and many convoluted meatus, it is challenging to achieve

efficient and convenient drug delivery within the sinonasal cavity.8

Nasal inhalation from nebulizers has been utilized to improve

delivery to the upper posterior nasal segments, with the major dis-

advantages of significant inhalation to the lungs and poor dose

control.9,10 Drops may achieve better deposition beyond the nasal

valve, but cumbersome delivery procedures are required.3 Devel-

oping novel nasal drug delivery methods is imperative to overcome

these barriers.

Recently, a novel bi-directional delivery system has demonstrated

significantly higher drug deposition in the superior and posterior

regions of the nasal cavity than conventional nasal sprays.11 The bi-

directional device leverages a patient's exhaled breath to create a

closed-palate, positive-pressure, and bi-directional flow, which has

been shown to deposit drugs broadly in the nasal cavity, especially in

the olfactory cleft, allowing for high local concentrations of medica-

tion within the nasal cavity.12,13 Due to these advantages, it has

attracted increasing attention in nasal disease and nose-to-brain drug

administration. The bi-directional drug delivery system has been

mainly applied to sinonasal disorders and migraine. Compared with

sprays, the exhalation delivery system (EDS) with fluticasone has been

developed to improve topical delivery and limit deposition in areas

outside the nasal cavity, such as the oral cavity and pharynx.14 Oral

medications are generally preferred for patients with migraines, but it

is not a route of administration conducive to rapid action.15,16 The

innovative EDS maximizes the amount of drug beyond the nasal valve

and decreases the amount of drug that depends on absorption

through the gastrointestinal tract.17 This novel technique promotes

most of the drug to enter the large posterior nasal cavity, which is

covered by a richly vascularized mucosal surface that allows rapid

drug absorption.

This scoping review compares the deposition patterns within the

nasal cavity between the bi-directional and unilateral nasal delivery

systems and then summarizes the clinical application and effect of the

bi-directional nasal drug delivery devices. This work will provide

essential information and guide further clinical research about bi-

directional nasal delivery systems.

2 | METHODS

2.1 | Literature search strategy

The present study is a scoping review based on the Preferred Report-

ing Items for Systematic Reviews and Meta-Analyses extension for

Scoping Review (PRISMA-ScR) guidelines. A systematic search of

PubMed, Cochrane Library, Embase, and Web of Science databases

was conducted as guided by the PICOS (populations, interventions,

comparisons, outcomes, and study design) approach: (1) population:

(a) 3D printed nose cast, (b) healthy populations; (c) patients with

CRS; (d) patients with migraine; (2) intervention: bi-directional nasal

delivery system; (3) control: (a) unilateral nasal delivery system

(b) placebo (c) subcutaneous/oral (4) outcome: nasal deposition pat-

terns and therapeutic effect of nasal administration; (5) study design:

human clinical trials and model experiments. Two authors indepen-

dently reviewed the titles and abstracts of all related studies to screen

out suitable articles in March 2023. The following terms were used

for the literature search: nasal, intranasal, exhalation delivery system,

bidirectional, bi-directional, breath, breath-powered, olfactory, deposi-

tion, disease, treatment, and therapy. The search strategy is illustrated

in Figure 1.

2.2 | Inclusion and exclusion criteria

Studies were included exploring patterns and influencing factors of

particle depositions in the nasal cavity using the bi-directional and uni-

lateral nasal delivery system and the clinical application of the bi-

directional nasal drug delivery devices. Exclusion criteria included

non-English language, poor correlation, and non-experimental studies.

Studies without a defined intervention were excluded. In addition,

case reports, letters to the editor, abstracts, and book chapters were

not included.

LIU and WU 1485



2.3 | Data extraction and analysis

Two reviewers each manually extracted important points from studies

meeting inclusion criteria. Extracted data included delivery systems,

study subjects, methods, results, and conclusions. Tables were devel-

oped after the extraction of articles. The quality of each article was

evaluated using the categorization system provided by the Oxford

Center for Evidence-Based Medicine Levels of Evidence.

3 | RESULTS

3.1 | Study characteristics

Our search identified 1776 studies by searching the corresponding

keywords through the initial literature (Figure 1). After the removal of

duplicates, 646 articles were excluded. Of the remaining studies, 24 stud-

ies were finally included in this systematic review. Ten articles were cho-

sen for the deposition patterns between bi-directional and unilateral nasal

delivery systems among healthy controls, and 3D-printed models of the

sinonasal cavity. Eight articles were selected for the effect of bi-

directional nasal drug delivery devices in CRS and six in migraine.

3.2 | Deposition patterns of particles in different
nasal regions with the bi-directional delivery system

Ten studies compared the deposition patterns within the nasal cavity

between bi-directional and unilateral nasal delivery systems (Table 1;

Figure 2).10,13,14,18–24 Seven studies were 3D printed nose cast

model-based,18–24 and the other three were selected from healthy

populations as subjects.10,13,14

Two studies showed that the deposition following a bi-directional

delivery system was significantly larger than the unilateral delivery

system in the upper and posterior nasal regions.13,14 One compared

the percentage of particles deposited in the upper posterior region

of the nose between the spray pump and bi-directional device

(11% vs. 32%).13 Another study showed initial 3-min deposition in the

upper posterior region between the spray pump and bi-directional

device was 18.3% versus 2.4%.14

For further studies, Dong J et al. found better olfactory delivery

performance in the olfactory region by the breath-powered device

compared to the aerosol mask case and both diffusive and that inertial

particles could produce considerable olfactory depositions.18 The bi-

directional deposition was 2.2 times the normal technique in the nasal

cavity and 3.3 times in the olfactory region.22 In Clément Rigaut

et al.'s study, the deposition in the olfactory region through a

uni-directional device and a bi-directional device was 22.33% versus

7.11%,19 which seemed contradictory to previous researches because

Clément Rigaut et al. aimed the spray directly at the olfactory region

instead of the center of the nasal valve as other studies.19

3.3 | Deposition variation under different
conditions with the bi-directional delivery system

Dong et al. discovered that by breath-powered drug delivery

approach, particles with diffusive 1 nm particles and inertial 10 μm

caused peaking olfactory deposition. In contrast, particles ranging

from 10 nm to 2 μm led to no significant olfactory deposition.18

F IGURE 1 PRISMA diagram for the
systemic literature search.
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A similar study showed that maximum olfactory deposition was

observed with particles in the size range of 8–12 μm under nebuliza-

tion and 14–18 μm under bi-directional airflow conditions.19 They

also found that geometric differences, such as a perforation in the

septum between subjects, significantly impacted overall and regional

particle deposition.19,20

A study developed different levels of nasal passage dilations to

explore deposition distribution in the passage of the three nose models.21

They found that nasal dilation lowered the total dosage in the nose but

increased the dosage to the olfactory region in both the unilateral and bi-

directional deliveries, and the maximum bi-directional olfactory deposition

fractions (3.48% in N2) was about four times the unilateral deposition

fractions in N2 (0.79%) and eight times that in N0 (0.43%).21

Compared to the normal technique, a study by Xi et al. showed

that the mesh nebulizer delivered more doses to olfactory regions with

the bi-directional technique.22 Deposition of drugs in the nose and

sinuses with an EDS vs. conventional nasal spray or high-volume irrigation

(HVLF) was explored in Draf II/III post-surgical anatomy.23 HVLF and

EDS produced a deeper intranasal deposition in the silicone cast than in

conventional nasal spray delivery. Moreover, bi-directional breathing and

pulsating airflow improved paranasal aerosol delivery.24 The bi-directional

breathing technique resulted in a significantly higher percent recovery of

68.41%, compared to the standard design of 10.35%.

3.4 | Lung deposition with the bi-directional
delivery system

Per Gisle Djupesland also found that lung deposition of bi-directional

delivery was lower than unilateral delivery (0.8 ± 2.0% vs.

22.3 ± 8.1%).10 In addition, no lung deposition was observed using a

bi-directional nasal delivery system.14

3.5 | Bi-directional nasal drug delivery devices for
treating inflammatory sinonasal disease

Eight studies (Table 2) aimed at exploring the effect of the bi-

directional nasal drug delivery device in chronic rhinosinusitis.25–32

Two of these studies were exploratory analyses of pooled data from

two large, controlled trials (NAVIGATE I and II).31,32 In these trials, the

summed polyp score, the nasal Rhinosinusitis Outcome Measure-31

(RSOM-31) subscale, Endoscopy score for edema, Sino-Nasal Out-

comes Test scores (SNOT-22) were involved to evaluate outcomes.

Two trials25,26 used the OptiNose device containing fluticasone

propionate (Opt-F) and conducted placebo-controlled studies. One of

the studies investigated the therapeutical effect on patients with

CRSwNP,25 and the other study studied recalcitrant CRS.26 Combined

symptom score, nasal blockage, discomfort, rhinitis symptoms, and

sense of smell were all significantly improved, and the Opt-FP was

well tolerated.25,26

EXHANCE-3 and EXHANCE-1227,28 were prospective, multicen-

ter, single-arm studies including patients with CRSwNP and CRSsNP,

which lasted 3 and 12 months, respectively. Most patients reported

symptom improvement in two trials. SNOT-22 improved substantially

in patients with and without CRSwNP. Improvement of polyp grade

by ≥1 point and polyp elimination in at least 1 nostril was demon-

strated in most patients with CRSwNP. EDS-FLU was generally well

tolerated.27,28 NAVIGATE I and II29,30 were prospective, randomized,

double-blind, controlled phase 3 trials with CRSwNP patients enrolled.

F IGURE 2 Summary of the bi-directional nasal drug delivery systems. BBB, blood–brain barrier.
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In these trials, improvements in SNOT-22 and polyp grade was sub-

stantial in all EDS-FLU groups and statistically superior to EDS-

placebo. Besides, EDS-FLU significantly improved all four cardinal

symptoms of nasal polyps.29,30 Adverse events were generally local

and similar to other intranasal steroids studied for similar periods in

similar populations; the most common was epistaxis.29

Ow et al.31 compared CRSwNP patients with recurrent symptoms

after sinus surgery with patients who had not undergone surgery.

According to their results, there was no statistically significant differ-

ence in multiple outcomes between the two groups no matter which

dose of EDS-FLU. Compared with the overall study population, Senior

et al.32 found that CRSwNP patients who used standard nasal steroid

sprays at entry and later received EDS-FLU were comparable with

improvements across multiple outcome measures.

3.6 | Bi-directional nasal drug delivery devices
achieve rapid headache relief

A total of six trials were included, and all the studies used the breath-

actuated bi-directional powder delivery device to treat migraine33–38

(Table 3).

Luthringer et al.33 compared the novel breath-actuated bi-

directional powder delivery device (10 and 20 mg sumatriptan) with

subcutaneous sumatriptan (6 mg). Three studies34–36 compared the

AVP-825 intranasal delivery system with 100 mg oral sumatriptan.

They all found that sumatriptan was rapidly absorbed after intranasal

administration with the bi-directional powder delivery device and that

most participants were pain-free with all treatments from 15 min to

8 h post-dose. Pain relief between 15 and 90 min after dosing was

significantly greater in the sumatriptan powder group than oral suma-

triptan 100 mg.34–36 Regarding side effects, nasal discomfort, and

abnormal taste were more common with AVP-825 than oral sumatrip-

tan (16% vs. 1% and 26% vs. 4%, respectively), but approximately

90% were mild except for one disruption.34

Phases 2 and 3 trials were two double-blind, placebo-controlled,

parallel-group studies with a low incidence of adverse events.37,38

The efficacy results of this Phase 3 trial were similar to the Phase

2 study, demonstrating that AVP-825 provides not only early onset of

efficacy for moderate or severe migraines but also sustained efficacy.

Patients treated with AVP-825 showed a significantly higher rate of

pain relief compared to placebo at any time point up to 2 h post-dose

and at 24 and 48 h.37,38

4 | DISCUSSION

This is the first systematic review summarizing deposition differences

in the nasal cavity between bi-directional and unilateral nasal delivery

systems, as well as the clinical application and effect of the bi-

directional nasal drug delivery devices. For conventional nasal spray

delivery, its larger deposition in the lower anterior regions of the nasal

cavity, lack of dose control, and significant lung deposition are seriousT
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drawbacks when used for intranasal administration.10,11 Nevertheless,

efficient drug delivery to superior and posterior intranasal target sites

beyond the nasal valve, including the olfactory region, can be

achieved by bi-directional nasal drug delivery devices.13,14,18,21

The deposition pattern after the bi-directional device showed

marked differences compared with the traditional spray pump, indicat-

ing that the bi-directional airflow alters the geometry of the plume

and carries particles past the nasal valve into critical areas of the

upper and posterior nasal sections.13 Furthermore, the geometry of

the nozzle and the airflow reduce the unwanted deposition of parti-

cles in the anterior nasal segment.13 Another study by Clément Rigaut

et al.19 showed that the higher particle ejection velocity of the nasal

spray and the direct spray to the olfactory region rather than the cen-

ter of the nasal valve might account for the high particle deposition

within the olfactory region. Except for ejection velocity and action

sites, the deposition of particles in the nasal cavity is also influenced

by many parameters, including particle size, airflow rate, and nasal

geometry. Nasal dilation, nasal structures, the mesh nebulizer, and

pulsating airflow also contribute to the increased deposition in the

olfactory regions.19–22

The bi-directional nasal delivery system utilizes a posterior con-

nection between the nasal passages, and the soft palate automatically

closes when exhaling through the mouth.10 A bi-directional airflow within

the nasal cavity characterizes the bi-directional nasal delivery. Therefore,

compared to the unilateral nasal delivery system, little or no lung deposi-

tion was observed by bi-directional nasal delivery.10,14 Considering the

toxicologic profile in nasal formulations, pulmonary problems induced by

drugs are intensively described, ranging from mild effects such as cough-

ing or breathing problems during sleep to severe effects such as pulmo-

nary toxicity, infections, pneumonia and acidosis.39 Bi-directional nasal

delivery is greatly helpful to decrease the risks related to lung deposition

during conventional nasal inhalation and open up a new range of oppor-

tunities for nasal delivery of drugs or vaccines.

Clinically, conventional nasal sprays often do not efficiently

deliver topical medications to disease sites beyond the nasal valve

area, especially failing to reach the middle meatus/the ostiomeatal

complex (OMC) and olfactory cleft among patients with CRS.3,11

Therefore, conventional nasal sprays cannot efficiently access polyps

as they often regress from the OMC or olfactory cleft, where

polyps will continue to obstruct sinus drainage and ventilation. By

contrast, a breath-actuated bi-directional delivery device demon-

strated an effective and well-tolerated treatment, enabling better

delivery of steroids to high and deep target sites of inflammation.3

Further clinical studies are warranted to compare the efficacy of bi-

directional nasal drug delivery devices with nasal steroid sprays. It

should be pointed out that patients with CRSwNP during the acute

exacerbation differed from those during the chronic phase of

CRSwNP. For patients with acute exacerbation of CRSwNP, it may be

necessary to combine bi-directional nasal drug delivery devices with

other pharmacotherapies, including saline, antibiotics, and biologics.40

It has also been reported that fluticasone propionate is effective and

safe when administered to children via the breath-powered bi-

directional delivery method.41T
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Rapid relief from headaches is very important for patients. There-

fore, in recent years, efforts toward seeking alternative formulations

and effective delivery routes have been increasing.42,43 Migraine

pathophysiology involves inherited alteration of brain excitability,

recurrent activation, sensitization of the trigeminovascular pathway,

etc.44 Asghar et al. described the reversal of unilateral intracranial dila-

tation of the medial meningeal artery by sumatriptan, along with the

amelioration of same-sided headaches.45 The deep nasal cavity depo-

sition associated with Breath Powered delivery allows for broader

delivery of the drugs to the trigeminal nerve innervated tissue and to

the sphenopalatine ganglion, which may prove to be beneficial in the

treatment of a range of headache disorders.15 AVP-825 is a non-oral

delivery system containing 22 mg of sumatriptan and utilizes the

patient's breath to deliver medication beyond the nasal valve to

the upper posterior nasal cavity with richly vascular mucosa, which is

conducive to rapid drug absorption into the systemic circulation.46 In

the above clinical trial data, AVP-825 produces earlier improvement in

migraine pain, disability, and associated symptoms, and sustained effi-

cacy and favorable tolerability with few triptan-related adverse

effects.34–38

AVP-825 has the potential to be used at all phases of a migraine

attack and is also likely to be more effective in advanced migraines

accompanied by nausea or other gastrointestinal problems since the

absorption of intranasal administration does not depend on the gas-

trointestinal tract.47 This bi-directional nasal delivery system will be

particularly useful as an effective treatment option for patients whose

migraine treatment with oral medications is unsatisfactory or for

those whose oral medications are poorly absorbed during migraine

treatment.

The bi-directional device has not been tested and applied to other

diseases except CRS and migraine patients. But this device has great

potential. The blood–brain barrier plays a vital role in protecting the

delicate milieu of the brain. Still, it also prevents 98% of small mole-

cules and more large molecules from arriving at their intended tar-

gets.48 The intranasal route has emerged as a promising

administration site for CNS therapeutics. The bi-directional nasal

delivery system provided a larger deposition in the upper and poste-

rior nasal regions and yielded higher depositions in the olfactory

region. It has been discovered that drugs can be transported directly

to the brain's interstitial fluid and cerebrospinal fluid when adminis-

tered intranasally.49 Through intranasal administration, it is possible to

bypass the barriers of the blood–brain barrier by taking advantage of

the olfactory epithelium where the CNS is in direct contact with the

olfactory cleft environment.50 Therefore, administering the drug from

the nose to the brain along the olfactory and trigeminal nerve path-

ways offers an alternative route for treating CNS disorders.

Even though numerous studies of bi-directional devices focus on

treating topical nasal diseases or migraines, the effect of a bi-

directional nasal drug delivery system on olfactory dysfunction

remains unknown. Olfactory training has been proven effective for

patients with olfactory dysfunction with varied etiologies such as

sinonasal disease, viral infection, and head trauma.51 Due to the tar-

geted drug delivery to the olfactory region, a bi-directional nasal drug

delivery system has the potential to alter the olfactory cleft microen-

vironment and may improve the effect of olfactory training. There-

fore, in the future, more studies are warranted to seek the clinical

effect of olfactory training equipped with bi-directional nasal drug

delivery devices.

5 | CONCLUSION

The bi-directional nasal delivery system provided a more extensive

and efficient nasal deposition in the nasal cavity without lung deposi-

tion. The breath-actuated bi-directional delivery device enables better

delivery of steroids to high and deep target sites of inflammation

among patients with CRS and produces rapid relief in migraine pain

and associated symptoms. More work is needed to explore the role of

the bi-directional nasal delivery system. In the future, it may be

applied to many other fields, such as CNS diseases and olfactory dis-

orders, because of the potential to alter the olfactory cleft microenvi-

ronment and possibly treat olfactory disorders and CNS diseases.
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