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Introduction

The internal nasal valve (INV) is the narrowest segment of 
the nasal cavity bound by the upper lateral cartilages, dorsal 
septum, and inferior turbinate.1 High velocity airflow enter-
ing this constricted space generates considerable pressure 
differentials that contribute to sidewall collapse.2 This nasal 
valve collapse is associated with symptomatic nasal airway 
obstruction (NAO), a condition that is estimated to affect 
over 60% of the United States geriatric population.3 
Consequently, facial plastic surgeons and rhinologists have 
long searched for a simple and clinically accessible tech-
nique to objectively evaluate the nasal airway.

The most recent clinical consensus statement by Rhee 
et al concluded that there is currently no single gold standard 
test to diagnose NAO.4 Rather, diagnosis is primarily based 
on a patient’s history and physical examination. This is  
primarily due to discrepancies between subjective patient-
reported symptoms of nasal obstruction and objective 

clinical examination measurements. However, recent studies 
utilizing computational fluid dynamics (CFD) have identi-
fied nasal airflow and mucosal cooling as reliable correlates 
to subjective nasal patency.5-8 Although classic rhinomanom-
etry provides valuable measurements of nasal airflow, it is 
limited in clinical value without correlative visualization of 
the underlying obstructive anatomy. As such, there is a need 
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Abstract
Purpose: To evaluate endoscopic long-range optical coherence tomography system combined with a pressure sensor to 
concurrently measure internal nasal valve cross-sectional area and intraluminal pressure.
Methods: A pressure sensor was constructed using an Arduino platform and calibrated using a limiter-controlled vacuum 
system and industrial absolute pressure gauge. Long-range optical coherence tomography imaging and pressure transduction 
were performed concurrently in the naris of eight healthy adult subjects during normal respiration and forced inspiration. 
The internal nasal valve was manually segmented using Mimics software and cross-sectional area was measured. Internal 
nasal valve cross-sectional area measurements were correlated with pressure recordings.
Results: Mean cross-sectional area during forced inspiration was 6.49 mm2. The mean change in pressure between normal 
respiration and forceful inspiration was 12.27 mmHg. The direct correlation between pressure and cross-sectional area as 
measured by our proposed system was reproducible among subjects.
Conclusions: Our results demonstrate a direct correlation between internal nasal valve cross-sectional area and nasal 
airflow during inspiration cycles. Endoscopic long-range optical coherence tomography coupled with a pressure sensor 
serves as a useful tool to quantify the dynamic behavior of the internal nasal valve.
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for a comprehensive diagnostic tool to both visualize and 
assess airflow within the nasal cavity.

Optical Coherence Tomography is a near infrared, non-
contact imaging modality that acquires depth-resolved 
information of tissues at a micron scale resolution.9 The 
efficacy of endoscopic long-range optical coherence tomog-
raphy (LR-OCT) to precisely quantify INV geometry in 
healthy patients has been previously established.10-12 
Herein, we describe the development and feasibility of an 
LR-OCT system coupled with a calibrated pressure sensor 
to image the INV and simultaneously record intraluminal 
pressure during normal respiration and forced inspiration.

Methods

Pressure Sensor
An Arduino Uno microcontroller (Arduino LLC., 
Scarmagno, Italy) was used to build a pressure sensing 
device. A breadboard (Figure 1A) was utilized for rapid 
prototyping of the necessary circuit to optimize gain and 
frequency response of the pressure sensor (Figure 1B).  
A piezoelectric sensor (MPXV6115V, Freescale 
Semiconductor) was attached to the breadboard (Figure 
1C). A 10 cm flexible clear tubing (Grainger Inc., Lake 
Forest, Illinois) was attached onto the sensor that had an 

Figure 1.  Pressure sensor hardware, including (A) Arduino, breadboard, and tubing, (B) breadboard schematic.
A1 = analog input port 1 on the Arduino circuit. Measures the output voltage (Vout) on the pressure transducer indicating a change in pressure.
Vs = Input power port for pressure transducer. Requires a 5 Volt DC input power for the pressure transducer to operate.
Vout = Output voltage of the pressure transducer that varies based on the measured pressure.
5 V DC = Voltage output from the Arduino circuit used to power the pressure transducer.
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approximate inner diameter of 1 mm. A 5 V battery was 
used to power the device and reduce noise. The Arduino 
IDE Software codes were programmed in C++ language. 
Software converted the voltage signal from the sensor to 
pressure (mmHg).

Sensor Calibration

The pressure sensor was validated against a continually 
calibrated industrial absolute pressure gauge in an aerody-
namic research laboratory. There was a one-to-one linear 
correlation (r2 = 0.9997) in the working range of −863 mmHg 
(115 kPa) to 0 mmHg (0 kPa). Thereafter, the device was 
consistently calibrated using a classic U-tube water manom-
eter (Grainger Inc., Lake Forest, Illinois).

Clinical Imaging

An endoscopic long-range swept source Fourier domain 
optical coherence tomography system was used which has 
been previously described.12,13 Eight healthy adult subjects 
without history of NAO, allergic rhinitis, recurrent sinus-
itis, or previous nasal surgery underwent LR-OCT imaging 
and pressure measurements of the INV. Imaging was per-
formed in a single nasal vault on seated, awake individuals. 
The LR-OCT probe and pressure sensor were affixed to 
one another and manually advanced by the operator, in tan-
dem. The septum was readily visualized upon insertion 
into the nasal cavity. The probe was advanced further until 
the anterior head of the inferior turbinate was visualized. 

This was the key landmark for identifying the INV as it is 
not present in the nasal vestibule. Once visualized, the 
probe was held in place for imaging and pressure acquisi-
tion (Figure 2). Volumetric spiral scan data in addition to 
static two-dimensional OCT images were acquired in real-
time with concurrent image display. All software was 
coded in C++ operating on a Windows 7 platform. OCT 
probes were encased in a transparent and sterilized fluori-
nated ethylene propylene sheath (Zeus, Orangeburg, SC). 
These single-use sheaths were heat-sealed with a butane 
lighter. Measurements were obtained during normal respi-
ration and forced inspiration.

Continuous spiral scanning from the nasopharynx pro-
duced about 500 raw images for each OCT data set. OCT 
data were transformed from Cartesian to polar coordinates 
in the Matlab software (MathWorks, Natick, MA). Mimics 
software (Materialise, Leuven, Belguim) was used to 
manually segment the INV and measure cross-sectional 
area (CSA).

Results

Eight healthy subjects underwent simultaneous LR-OCT 
imaging and intranasal pressure measurements during nor-
mal respiration and forced inspiration (Figure 3). Five par-
ticipants were female, and three were male. Six (four 
female and two male) subjects were Asian and two (one 
female and one male) were Caucasian. The device was 
safe, minimally invasive, and well-tolerated in subjects 
without the need for local anesthesia or sedation. There 

Figure 2.  OCT images of the INV during (A) normal inspiration and (B) forced inspiration.
Abbreviations: IT, inferior turbinate; S, septum.
Scale = 1 mm.
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were no imaging-related complications. It took approxi-
mately 15 seconds to insert the probe and identify the INV 
based on anatomical landmarks, and an additional approx-
imately 30 seconds to acquire the data and remove the 
probe from each participant.

The mean CSA during normal and forced inspiration 
were 11.7 mm2 and 6.49 mm2, respectively. The mean change 
in pressure between normal respiration and forceful inspira-
tion was 12.27 mmHg (range: 3.83 mmHg-22.19 mmHg). 
During forced inspiration, there was a decrease in intralumi-
nal pressure with a corresponding decrease in CSA. This 
trend was reproduced in all participants (Figure 4).

Discussion

In this study, we introduced the development and utility 
of an endoscopic LR-OCT system coupled with a pres-
sure sensor to concurrently measure the dynamic changes 
in INV behavior. Specifically, we identified a reproduc-
ible, direct correlation between CSA and intraluminal 
pressure, as expected. Our data supports the concept that 
pressure differentials in the INV created by inspiration 
lead to a reduction in INV CSA, and accordingly sidewall 
collapse. The mean CSA under forced inspiration was 
found to be 6.49 mm2 which correlates well with previous 
values estimating forced inspiration INV CSA using OCT 
(6.3 ± 2.5 mm2).11

One of the primary difficulties in assessing NAO stems 
from limitations in existing diagnostic tools.14-17 Nasal 
endoscopy and the Cottle maneuver are subjective tech-
niques with broad examiner variability. Moreover, two-
dimensional images of INV CSA obtained with endoscopy 
or radiographic imaging poorly estimate the actual complex 

three-dimensional INV geometry.18 Acoustic rhinometry 
provides some information on geometry without measuring 
airflow, but is limited in cases of severe constriction and in 
voluminous paranasal sinuses with large ostia.19,20 
Rhinomanometry measures nasal airflow resistance, but 
cannulation alters flow parameters profoundly. Our pro-
posed technology overcomes these limitations, permitting 
bedside measurements of two fundamental variables: INV 
structural geometry and pressure change.

The LR-OCT system allows for more objective visual-
ization of the INV compared to endoscopy as it displays 
surface contour information, whereas two-dimensional dig-
ital images acquired using an endoscope rely upon an oper-
ator to estimate geometry based upon a two-dimensional 
projection of a true three-dimensional surface. LR-OCT 
allows for enhanced anatomical visualization to distinguish 
among septal, turbinate, and sidewall causes of NAO. 
Moreover, the system allows for three-dimensional visual-
ization in real-time, allowing clinicians to evaluate dynamic 
changes of the INV’s structural framework during maneu-
vers such as forced inspiration. The linked pressure sensor 
provides concurrent manometric measurements which offer 
insight onto airflow and thus nasal cavity function. In tan-
dem, nasal airflow disruptions identified with the pressure 
sensor can be instantaneously correlated with sites of struc-
tural weakness seen on endoscopic LR-OCT imaging. 
These measurements can then aid in initial diagnosis, surgi-
cal planning, and post-operative assessment of NAO. And 
potentially with serial imaging gates to the respiratory 
cycle, this system may distinguish both internal and exter-
nal nasal valve collapse.

An understanding of INV geometry and intraluminal 
pressure is critical to assessing the work of breathing local-
ized at the INV. Fundamentally, it is the energy expenditure 
required to breathe that is problematic for patients experi-
encing NAO. Nasal valve collapse occurs as pressure over-
comes the weak nasal sidewall, resulting in increased 
energy consumption. A similar concept is present in pulmo-
nary function testing. Our results demonstrate the correla-
tion between pressure and area which may serve as a proxy 
for energy expenditure, or at least energy consumed by 
deformation of the lateral wall. Future work, however, 
should focus on comparing intraluminal pressure changes 
to INV volume which would provide information on nasal 
compliance. This would require the use of a more sophisti-
cated imaging probe, but would offer insight into the work 
of breathing from the nasal airway similar to flow-volume 
loops used in pulmonary function testing.

Our described diagnostic tool is not without limita-
tions. Excess turbid mucus in the nasal cavity can cause a 
drop-off in signal intensity, and thus reduce OCT image 
quality.21 Additionally, this study is preliminary in nature 
and included a small sample of healthy volunteers. 
Nevertheless, even among the healthy participants, we 

Figure 3.  The OCT probe (*) and pressure sensor (+) were 
affixed to one another and inserted in tandem into the nasal 
cavity until landmarks of the internal nasal valve were visualized 
on OCT imaging.
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found variability in pressure changes between normal and 
forced inspiration. This is likely due to differences in the 
anatomy and structural support of the INV between par-
ticipants. Cem Miman et al previously classified six dif-
ferent INV configurations among 124 patients without 
nasal obstruction, each of which may result in a varied 
pressure change during normal and forced inspiration.22 
Moreover, we hypothesize that patients with weaker 
structural support of their INV will experience greater 
pressure differences during forced inspiration due to 
increased likelihood of INV collapse. Finally, since the 
OCT system was specially constructed, it is compara-
tively expensive. Despite these limitations, we hope that 
the demonstrated feasibility of this device will motivate 
further work to refine the technology and lessen costs.

Future investigations are underway to correlate the 
LR-OCT-intraluminal pressure measurements with other 
clinical examination findings, patient symptomatology, and 
quality-of-life scores before and after appropriate treat-
ment. We ultimately aim to characterize normal versus 
abnormal intraluminal pressure values and OCT images 
among a large sample of both healthy and pathologic 
patients, respectively. Once these values are known, they 
may aid in objective NAO diagnosis and subsequent surgi-
cal planning.

Conclusion

LR-OCT imaging in tandem with pressure sensing is an 
effective and practical combined imaging and manometry 
adjunct to assess the effect of airflow on INV geometry. 
This may ultimately assist surgeons in determining the 
precise etiology of NAO and guide surgical management 
decisions.
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