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Objectives/Hypothesis: To establish the utility of anatomic optical coherence tomography (aOCT) in evaluating internal
nasal valve (INV).

Study Design: Anatomic specimen imaging study.

Methods: Fresh-harvested human specimen heads were evaluated using both computed tomography (CT) imaging as well
as using aOCT. Scans were performed at three time points: 1) After septoplasty for cartilage harvest, 2) after placement of but-
terfly graft (BFG), and 3) after placement of bilateral spreader grafts (SG). Imaging data were then converted into 3D models of
the nasal airway. CT- and aOCT-generated models were compared by both static volumetric analysis and computational fluid
dynamics (CFD) to predict nasal resistance and pressure.

Results: Scans using aOCT showed comparable results to CT in terms of volumetric parameters both before and
after intervention. Analysis of aOCT data by CFD demonstrated decrease in pressure after SG or BFG intervention. No
statistically significant difference was observed when comparing CT- and aOCT-generated calculations of pressure or
resistance.

Conclusion: The INV can be imaged in a static fashion using aOCT technology. Advantages over traditional CT imaging
include lack of exposure to radiation and rapid scan time. In addition, in-office use is possible as aOCT technology develops.
Further investigation will be necessary to define the role of aOCT in the dynamic evaluation of this vital component of the nasal
airway.
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INTRODUCTION

The internal nasal valve (INV) plays an integral role
in the common patient complaint of nasal airway obstruc-
tion (NAO). Level IV evidence including two systematic
reviews suggest reduced nasal airflow resistance and
improved patient satisfaction’? after nasal valve repair
(NVR). However, variations in technique have resulted in
little higher-level evidence that describe when interven-
tion is necessary and which method is most appropriate.
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Neck Surgery released a Clinical Consensus Statement
describing nasal valve compromise (NVC) as a “distinct
and primary cause of symptomatic NAO.”® Despite this
statement, to date there is no consensus on which surgi-
cal approach offers better patient outcomes. Nor is there
consensus on a standard objective assessment that could
be used to compare various interventions performed by
different surgeons.

The pursuit of the ideal method or surgical tech-
nique for the repair of NVC is ongoing and is the subject
of active research at multiple institutions including our
own.>%1% Models using human anatomic specimens
have been used to study objective measures of NVC by
computed tomography (CT) and acoustic rhinometry,'!”
while computational fluid dynamics (CFD) has evolved to
become a reliable method for comparing resistance, heat
flux, and nasal airway partitioning.*®>82% The foremost
limitations of current CFD modeling are: 1) The use of
CT with its inherent radiation risk as the basis for ana-
tomic reconstruction, and 2) the inability of standard CT
to capture the dynamic component of NVC. Although
magnetic resonance imaging can also be used for CFD
modeling, CT is the preferred imaging modality for air-
way reconstruction due to better clarity of the airway on
images, lower cost, easier access, and faster speed of
imaging. These limitations have prevented our group
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from making the transition from the anatomic specimen
experimental model to using CFD to study NVC differ-
ences in our patient population.

Optical coherence tomography (OCT) is an imaging
method that generates cross-sectional images by measur-
ing the magnitude and echo time delay of light back-
scattered from different depths in biological tissue.
Anatomic Optical Coherence Tomography (aOCT) is a
technological variant of OCT that is designed for volumet-
ric imaging of the airways and features a longer imaging
range than conventional OCT systems. The primary
emphasis of the aOCT system is to image the airways
with high resolution, to accurately reproduce the airway
shape.?*?® Owing to the use of low-coherence interferome-
try with near infrared light, this emerging imaging
modality can capture dynamic changes in airway struc-
tures with no radiation exposure and with higher resolu-
tion than CT. In this study, we aim to validate and
expand on prior work*?% by performing a study using
single-surgical interventions on each human anatomic
specimen and comparing anatomic reconstruction of the
INV using aOCT to CT-based reconstructions using CFD
as well as volumetric analysis. Each specimen was
assessed by both aOCT and CT before and after receiving
spreader grafts (SG) and a butterfly graft (BFG). Our pri-
mary outcome was to assess the ability of the aOCT-
based INV reconstructions to show similar overall
changes in nasal airway pressure and resistance to those
of CT-based reconstructions following each intervention.
We believe that by correlating the data obtained by aOCT
and CT using CFD, we will determine whether a mini-
mally interventional assessment (aOCT) will allow for
meaningful comparison between two surgical alternatives
while avoiding radiation exposure and allowing for future
assessment of dynamic collapse of the INV.

MATERIALS AND METHODS
This study was deemed to be exempt from Institutional
Review Board review based on the use of anatomic specimens only.

Surgical Procedures and Imaging

Four cadaveric heads (Caucasian; 2 male, 2 female; aged
between 65 and 86 years) were obtained (Science Care Inc., Ari-
zona) for study analysis. Initial examination of the nasal cavities
was performed by senior surgeons (J.m.c. and w.w.s.) and
septoplasty performed on 2 heads as clinically indicated by phys-
ical exam and for harvest of SG. Excess secretions were suc-
tioned from the nose and nasopharynx of all heads prior to initial
scan. Harvest of auricular cartilage was performed from 2 heads
for creation of BFG.

Each head then underwent imaging via CT and aOCT
modalities at each of three time-points: 1) “pre-intervention,”
which was following septoplasty in 2 heads; 2) after placement of
bilateral SG via open approach; and 3) after placement of BFG
via closed (intercartilaginous) approach. Two heads underwent
SG followed by BFG, whereas the remaining 2 heads underwent
BFG prior to SG. Grafts from primary intervention were
removed prior to placement of grafts for secondary intervention.
This alternating order approach was used to minimize potential
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bias from performing procedures in the same order on all heads.
Graft placement was confirmed by senior surgeons prior to pro-
ceeding to imaging. After each procedure, the soft-tissue enve-
lope was re-draped, all incisions were closed in standard fashion
and both CT and aOCT scans were repeated. Treatment order
matrix can be seen in Table 1.

CT scans were obtained using 3-D Accuimoto F170 cone beam
CT system (J. Morita Mfg. Corp., Japan). Settings for CT scanning
included 0.33 mm pixels and 0.66 mm increments. aOCT scans of
the INV were obtained, using a system described previously,® sep-
arately for each side of the airway using a 143 cm-long fiber-optic
probe with a side-looking beam. To protect the probe, it was passed
through a fixed transparent sheath during scanning. Helical scans
were performed (rotation: 20 Hz, translation: 6 mm/s) during
retraction of the probe through the sheath for a distance of
~20 mm. Placement of the probe in the nasal cavity was performed
by coupling the sheath-probe system to a 0-degree endoscope (diam-
eter 4 mm, length 18 cm; Karl Storz SE & Co., Germany). This
endoscopic video confirmation of placement was supplemented by
reviewing real-time aOCT images.2® Details of the experimental
setup for aOCT acquisition are shown in Figure 1.

Nasal Model Construction

CT reconstructions. CT scans were converted to 3D
reconstructions of the nasal airway via Mimics medical imaging
software (Mimics™, version 18.0; Materialize, Inc., Plymouth,
Michigan). A threshold was selected to delineate the nasal airways
(—1,024 to —300 Houndsfield units) for all CT models. Each recon-
struction then underwent selective hand editing to confirm that the
generated airway was anatomically accurate based on physician
review of the CT images, and to remove the paranasal sinuses. Pre-
intervention reconstructions were created first to produce a com-
plete reconstruction of the airway extending from the nasal vesti-
bule through the nasopharynx (Fig. 2AB). Post-intervention
reconstructions after SG and BFG were generated in a similar fash-
ion but confined to the nasal airway anterior to the nasion. The
reconstructions were thus truncated to confine the observed differ-
ences in computed airflow patterns to the area of surgical interven-
tion. CT reconstructions from interventions were aligned with the
pre-intervention airway using algorithms created from bony land-
mark alignment. Post-SG and post-BFG reconstructions were then
merged with the posterior portion of the pre-intervention airway to
create a complete CT-generated reconstruction of the airway for
CFD analysis (Fig. 2C). This process generated 3 CT-based recon-
structions (pre-intervention, post-SG, and post-BFG) for each of the
four specimens for a total of 12 CT-based reconstructions.

aOCT reconstructions. The aOCT data were seg-
mented, resampled into a 3D reconstruction, and imported into
Mimics™ for further assessment of each INV. These were
aligned with the 3D reconstructions from the CT images gener-
ated above. Resampling of the CT images was necessary to

TABLE I.
Treatment Order Matrix for Cadaver Study.
ID Intervention 1 Intervention 2 Septoplasty?
Head 01 SG (bilateral) BFG Y
Head 02 SG (bilateral) BFG N
Head 03 BFG SG (bilateral) Y
Head 04 BFG SG (bilateral) N

BFG = butterfly graft; SG = spreader grafts.
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reconstruct in a plane perpendicular to the nasal dorsum. This
plane is commonly used in the assessment of the INV as it
closely approximates the direction of airflow.2”2® CT scan recon-
structions were then truncated to match the limits of the aOCT
beam. Thus, we created a “segment” of each CT-generated air-
way that overlapped the 20 mm-long capture of the analogous
aOCT reconstruction. Details of alignment, resampling, recon-
struction, and trimming are beyond the scope of this manuscript
but can be found in our separately-published aOCT technique
article.?® As multiple aOCT scans were performed of each side
at each time point, the most accurate reconstruction was
selected based on review of the airway models compared to CT
models.

Volume data were acquired from the matched reconstruc-
tions to compare the volume of the INV as captured by CT
vs. aOCT at each intervention. Next, the CT and aOCT “seg-
ments” created were imported into the full composite airway
reconstructions. Standardized alignment was performed and
confirmed. The Boolean Operations function in Mimics™ was
used to subtract the CT “segment” from the corresponding CT
airway reconstruction and the aOCT “segment” for the same
intervention was merged in to create a hybrid reconstruction
with the aOCT-generated INV (Fig. 3A). Views of paired INV
“segments” from CT and aOCT data in multiple orientations
can be found in Figure 3B. This process generated 3 hybrid
aOCT-CT reconstructions (pre-intervention, post-SG, and post-
BFG) for each specimen for a total of 12 hybrid aOCT-CT
reconstructions.

aOCT Probe and Sheath
Rigid Endoscope
Guiding Sheath

Fig. 1. A, Rendering of setup used to perform anatomic optical
coherence tomography (aOCT) imaging of the nasal airways.
B, Representative nasal endoscopy image depicting the positioning
of the aOCT probe and sheaths in the left nasal cavity. C, Repre-
sentative aOCT image acquired in left nasal cavity of the same
patient. O: aOCT probe tip within protective guiding sheath; MT:
middle turbinate; L: lateral nasal wall; S: septum; A: apex of INV;
FO: fold-over/aliasing artifact from nasal structures beyond the
maximum imaging radius (12 mm) of aOCT. Reprinted with permis-
sion from Balakrishnan et al.?® [Color figure can be viewed in the
online issue, which is available at www.laryngoscope.com.]
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CFD analysis. The completed reconstructions were exp-
orted from Mimics™ and imported into computer-aided design
and meshing software (ICEM-CFD™, version 15.0; ANSYS, Inc.,
Lebanon, New Hampshire). Meshing and CFD simulation of

INV
(right) S

~_INV
(left)

NO

Fig. 2. A,B Pre-intervention airway model generated from computed
tomography (CT) data. Model extends from nasal vestibule through
nasopharynx. Paranasal sinuses have been removed. A, Full airway
model as viewed from left in parasagittal orientation. B, Model sup-
erimposed on sagittal cut CT scan for anatomic orientation.
C, Composite CT-generated airway model (example from butterfly
graft [BFG] intervention). Airway generated from post-intervention
CT data were aligned with the pre-intervention airway using algo-
rithms created from bony landmark alignment. Post-intervention
model of anterior airway (blue) was then merged with the posterior
portion of the pre-intervention airway (pink) to create a complete
CT-generated model of the airway for Computational fluid dynam-
ics analysis. INV = internal nasal valve; IM = inferior meatus;
NO = nostril; NP = nasopharynx. [Color figure can be viewed in the
online issue, which is available at www.laryngoscope.com.]
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airflow were performed as described in our previous work.*
Briefly, meshes consisting of approximately 4 million tetrahedral
elements with quality >0.3 were created using ICEM-CFD™,
including the addition of a 3-cm-long outlet tube to the nasophar-
ynx to improve fully-developed flow approximation at the outlet.
Airflow simulations at a steady, inspiratory flow rate of 15 L/min
under pressure-driven, laminar conditions were conducted with
CFD software (Fluent™, version 18.1; ANSYS, Inc.). Pressure
boundary conditions consisted of setting static pressure to 0 at
the nostrils and a negative value at the outlet fitted to produce a

(3A)
A

15 L/min total volumetric flow rate in each model (range: —11.45
to —2.22 Pa). Volumetric flow rate (Q) in ml/sec and the drop in
average static pressure (AP) in Pascals (Pa) from the nostrils to a
coronal plane slightly anterior to the choanae were calculated for
each nasal side using Fluent. Nasal resistance in Pa/(ml/sec) was
computed for each side as AP/Q. Our previous work suggested a
lack of sensitivity of wall shear stress to NAO surgery'® and
higher sensitivity of pressure and resistance than heat flux to
NVR when assessing the INV alone,* so wall shear and heat
transfer analyses were omitted from the current study.

(3B)

A

Fig. 3. A, Creation of anatomic optical coherence tomography (aOCT)-hybrid airways by merging data. a, Composite airway model with com-
puted tomography (CT)-based internal nasal valve (INV) area highlighted. b, Model with CT-based and aOCT-based INV “segments” over-
lapped. ¢, Model with aOCT-based INV “segment” replacing CT-based INV. All models for this figure are examples from a post-butterfly graft
(BFG) intervention. IM = inferior meatus; NO = nostril; NP = nasopharynx. B, Paired INV “segments” from post-BFG intervention with full air-
way removed. Light blue: CT-generated data. Dark blue: aOCT-generated data. a, Lateral view from left (analogous to previous figures). b, Lat-
eral view from right. ¢, Cranio-caudal view from caudal end. d, Cranio-caudal view from cranial end. e, Antero-posterior view from above.
An = anterior; Ca = caudal; Cr = cranial; Po = posterior. [Color figure can be viewed in the online issue, which is available at www.

laryngoscope.com.]
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Statistical analysis

Ratio-paired Student’s #-tests were used for comparisons
between CT and aOCT-CT hybrid model groups, and among
interventions within the CT and aOCT-CT hybrid model groups.
One-way analysis of variance was used to compare group means
for all six model groups (CT-based pre-intervention, CT-based
post-SG, CT-based post-BFG, aOCT-CT hybrid pre-intervention,
aOCT-CT hybrid post-SG, and aOCT-CT hybrid post-BFG). Sta-
tistical significance was associated with two-sided p-values less
than 0.05.

RESULTS

Volumetric Analysis

Volumes of the airway at the INV as measured by
CT and aOCT were calculated from pre-intervention spec-
imens. Left and right sides were analyzed separately.
There was no significant difference between aOCT and
CT-derived volumes of the INV for either left or right
nasal airways (P =.763, left; P = .745, right) (Fig. 4A).
Next, we analyzed the percent change in volume from
pre-operative values after each intervention (BFG and
SG) using both imaging modalities. There was no signifi-
cant difference in the percent change in volume calcu-
lated using CT as compared to aOCT analysis for either
SG (Fig. 4B) or BFG (Fig. 4C), regardless of laterality.

CFD Analysis

CFD estimates of pressure and resistance were gen-
erated for each side of the nose using each imaging
modality. Similar trends were observed with both
parameters between aOCT and CT data (Fig. 5A). Pres-
sure on each side of the nose showed trends toward
decreasing after SG intervention with either modality,
although these did not reach statistical significance with
CT-based imaging (Fig. 5A, left). Pressure on each side
of the nose showed a statistically significant decrease
after BFG using CT data, while aOCT data demon-
strated statistically significant decrease in airway pres-
sure for both SG and BFG versus pre-operative controls
(Fig. 5A). There was no consistent statistically signifi-
cant difference in resistance in either nasal airway using
either modality, though SG and BFG did demonstrate
significance using CT- and aOCT-based imaging respec-
tively (Fig. 5B).

Total nasal resistance showed statistically signifi-
cant difference between pre-op and SG with CT-generated
data (P <.05). Difference in total nasal resistance
between pre-op and BFG approached statistical signifi-
cance using CT-generated data (P = .051) (Fig. 5B). Nei-
ther SG nor BFG showed statistically significant
improvement in left-sided airway resistance when ana-
lyzed using aOCT-generated data though right-sided
resistance improved significantly when analyzed by aOCT
(Fig. 5B). Additionally, total airway resistance generated
by each imaging modality showed similar trends were
observed between CT and aOCT (Fig. 5C). There was no
significant difference between the two modalities for any
individual intervention.
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Fig. 4. Volumetric analysis of computed tomography (CT)-generated
and aOCT-generated airways at the internal nasal valve. A, Compu-
tational fluid dynamics-derived volumes of the bilateral nasal air-
ways between two imaging modalities (CT and aOCT). Percent
change in static airway volume following spreader graft (B) and but-
terfly graft (C) of the left and right nasal airways using both CT and
aOCT imaging modalities. Error bars demonstrate + the standard
error of the mean (SEM). aOCT = anatomic optical coherence
tomography; n.s. = not statistically significant.
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DISCUSSION

While NVC can result from impairment of either the
INV or the external nasal valve, the INV is most often
targeted for surgical intervention, as it forms the
narrowest part of the nasal airway.” Located at the junc-
tion of the caudal aspect of the upper lateral cartilage,
septum and caudal head of the inferior turbinate, small
changes in this region can generate exponential changes
in nasal airflow.

NVC generally results from one of two different cau-
ses: Static obstruction and dynamic collapse of the air-
way, either alone or in combination. Traditional surgical
interventions for correcting NAO were typically targeted
at improving static obstruction by increasing the cross-
sectional area of the nasal valve region. These interven-
tions include septoplasty, inferior turbinate reduction,
and SG. More recent techniques address both static and
dynamic collapse in NVC. These include butterfly graft,
spreader flaps, and various combination techniques with
batten grafts (paired with SG, lateral crural strut grafts,
or flaring sutures). A reliable, objective method to com-
pare the various techniques remains elusive.

Recently, our group published data comparing SG
and BFG for repair of INV in human anatomic speci-
mens.*?2 Similar to the current study, each head under-
went CT evaluation before and after both SG and BFG
placement, and we utilized CFD based on nasal airway
models reconstructed from the CT images. The benefit of
CFD is its ability to assess nasal airway resistance and
heat flux (a measure of mucosal cooling), which are CFD
biophysical variables strongly correlated with patient-
reported symptoms.'®?1?3 We demonstrated that nasal
airway resistance was consistently improved in speci-
mens that had butterfly graft placement, independent of
the need for septoplasty or the order in which the surgical
interventions were performed.*

In contrast, the present study represents a proof of
concept using aOCT in a human anatomic specimen
model, comparing it to CT using both volumetric and
CFD analysis. In the study design, we repeated the
methods used previously to compare two surgical modali-
ties (SG and butterfly grafts). Replicating the methods
allows direct comparison to that study, providing addi-
tional validity to our assessment of aOCT as a minimally
invasive substitute for CT in CFD analysis of the INV.
This study focused on demonstrating the ability of aOCT
to evaluate the anatomy of nasal valve accurately with
respect to static shape and functionality. The major
advancement of this study over our previous work was
the use of INV reconstructions based on aOCT imaging
technology. The key outcome of this study was that
models with aOCT-based reconstructions produced
results that were similar to CT-based results. The addi-
tion of CFD analysis allows improved assessment of the
functional component of nasal anatomy. Next steps will
be evaluation of the dynamic imaging capabilities of
aOCT to diagnose and discern treatment modalities for
NVR. These next steps involve patient recruitment and
in vivo utilization of aOCT technology, for which the
ex vivo methods testing and validation of the present
study are necessary. Our current study is critical to
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gaining justification for IRB approval for future investiga-
tion. Future utilization of the dynamic imaging capabili-
ties of aOCT will provide a method for capturing
movement of the nasal sidewall or dynamic nasal side-
wall collapse and allow objective comparison of various
methods of NVR.%6

Ultimately, CFD analysis could be performed using
aOCT alone, although current limitations of the technol-
ogy precluded creation of a full airway model from aOCT
data for this study. Because the posterior nasal airway
and nasopharynx were not manipulated with placement
of SG or butterfly grafts, and all cadaveric specimens suf-
fered degradation over the course of the day of interven-
tions and scans, our use of posterior airway
reconstructions from pre-intervention CT scans in all
models provided more accurate representations of the air-
ways. In addition, differences in results among cases
could be ascribed solely to each intervention.

We have demonstrated previously that the butterfly
graft has more consistent reduction in nasal airway resis-
tance than SG, and it is more effective achieving equiva-
lent airflow allocation between the nasal airways.? In this
study, we show trends consistent with our prior findings,
though without statistically significant improvement in
nasal airway resistance following butterfly graft place-
ment by either imaging modality. We surmise that the
difference from our previous study results stems from the
inability to select for INV pathology in our cadaveric
models, as patient selection is key in determining appro-
priate intervention for NVR in the clinical setting. How-
ever, we demonstrate no statistically significant
differences between CT and aOCT imaging modalities
with direct comparison of calculated resistance for each
intervention (Fig. 5C). Both modalities demonstrated a
statistically significant decrease in pressure between pre-
op and post-BFG interventions. When comparing pres-
sure between pre-op and post-SG, only aOCT trended
toward significance.

Heat flux and airway resistance have been shown to
correlate with patient-reported outcome measures
(PROMs) of subjective nasal patency.!??>2° While this
study was performed with tissue specimens lacking the
resiliency of live tissue, we did see a statistically signifi-
cant reduction in nasal airflow resistance after SG and
lower resistance with BFG that trended toward signifi-
cance. These trends were also present in our aOCT data
but did not reach statistical significance. Future work
using aOCT-based CFD with patients following surgical
interventions could further clarify the impact that those
interventions have on objective measures (e.g. heat flux
and nasal airflow resistance) as well as PROMs.

One of the major limitations of this study is the
small number of specimens used in this study, which was
necessary for two reasons. First, preserved calvaria are
difficult to obtain and it is prohibitively expensive to use
more than is required for statistical analysis. Second, the
surgical procedures and computer modeling process
required dozens of person-hours for the analysis of a sin-
gle head. Therefore, the feasibility of bringing the study
to completion before tissue degradation and cost became
unrealistically decreased as the number of specimens
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increased. However, the veracity of our current findings
is supported by consistent agreement among multiple,
independent studies. We also recognize the limitations of
aOCT in these scenarios, specifically the narrow imaging
plane inside the nose. We focused our aOCT scans at the
INV to image the portion of the airway targeted by our
surgical interventions. We then combined this aOCT-
imaged airway with its CT-imaged counterpart to create
a complete model the entire airway, making radiation
exposure necessary for this CFD study. However, the use-
fulness of aOCT is not limited to its ability to fit within a
CFD framework. Creation of pre- and postoperative
models of the INV itself would be useful for evaluation of
surgical treatment or to stratify between treatments, and
could be accomplished with current aOCT technology and
thus without radiation. Evolution of the aOCT technology
will ideally enable imaging of the entire airway.

We have previously reported results from this study
design in terms of anatomic similarity between computed
INV models generated by aOCT and CT.? In contrast,
results reported here allow us to analyze the function of
the INV within the context of the nasal airway as a
whole, rather than modeling this small segment of the
nasal anatomy in isolation. Furthermore, CFD analysis
enables the measurement of pressure and resistance,
which are more clinically relevant than changes in vol-
ume alone.

CONCLUSION

Taken together, the findings in this study show that
aOCT is comparable to CT in data acquisition for CFD
analysis, at least in preserved calvaria. By volumetric
analysis, morphologic comparison, and calculated resis-
tance, aOCT showed good fidelity in creating INV models
that mimic those generated by CT imaging. Therefore, we
hope that with additional strides in aOCT technology we
will be able to evaluate the nasal airway (particularly the
INV) while avoiding the radiation exposure of CT-based
imaging.

Furthermore, this study demonstrated the utility of
aOCT as a promising modality for capturing real-time
objective data comparing INV interventions. Our findings
demonstrate that aOCT holds great promise to provide
objective and precise methods for evaluating static and
dynamic INV collapse, while obviating the need for ioniz-
ing radiation. Potential future directions for this technol-
ogy would include in-office assessment of the INV to
diagnose NVC and intraoperative assessment of graft
placement.
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