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Visualization of ex vivo rabbit olfactory mucosa and foramina 
with three‑dimensional optical coherence tomography

Tiffany Thienthao Pham1   · Andrew Emon Heidari1,2   · Amir Aaron Hakimi1   · Yan Li1,2   · 
Cameron Michael Heilbronn1,3   · Ellen Minyoung Hong1   · Ji‑Hun Mo4,5   · Edward Cheng‑Lung Kuan3   · 
Zhongping Chen1,2   · Brian Jet‑Fei Wong1,2,3 

Received: 23 October 2021 / Accepted: 19 June 2022 
© The Author(s), under exclusive licence to Springer-Verlag London Ltd., part of Springer Nature 2022

Abstract
There is increasing interest in developing a minimally invasive imaging modality to safely evaluate dynamic microscopic 
changes of the olfactory mucosa and cribriform foramina. Herein, we utilized three-dimensional (3D) optical coherence 
tomography (OCT) to characterize the ex vivo stratified substructure of olfactory mucosa in rabbits and create 3D recon-
structed images of olfactory foramina. Olfactory mucosa and cribriform plates from four New Zealand White rabbits were 
dissected and imaged using two swept-source OCT systems: (1) 1.3-µm (μm) center wavelength, 100-nm bandwidth, 200-
kHz sweep rate, and (2) 1.7-μm center wavelength, 120-nm bandwidth, 90-kHz sweep rate. Volumetric OCT images were 
compiled to create a 3D reconstruction of the cribriform plate. The ability of OCT to distinguish the olfactory mucosa 
substructure and foramina was compared to histology. To estimate imaging penetration depth of each system, the first-order 
exponential decays of depth-resolved intensity were calculated and compared using a paired t-test. Three-dimensional OCT 
depicted the stratified layered structures within the olfactory mucosa correlating with histology. The epithelium and lamina 
propria were measured to be 32 μm and 107 μm in 1.3-μm OCT compared to 30 μm and 105 μm in histology. Olfactory 
foramina were visualized via 3D reconstruction. The 1.7-μm system provided greater depth penetration compared to the 1.3-
μm system, allowing for improved foramina visualization. We have shown that OCT can be used to image non-pathologic 
olfactory mucosa and foramina. Implications for this work include diagnostic and therapeutic potentials for neurorhinological 
and neurodegenerative diseases.

Keywords  Optical coherence tomography · Olfactory mucosa · Anterior skull base · Olfactory cleft · Olfactory foramina · 
Cribriform plate

Introduction

The mucosa of the posterosuperior nasal cavity contains 
olfactory neurons, which are the body’s only surface neu-
ral cells and referred to by some as the “window to the 
brain” [1]. Olfactory neurons are ciliated bipolar neurons 
with axons that traverse the cribriform plate to enter the 
brain and synapse upon olfactory nerves. There has been 
longstanding interest in using olfactory epithelium (OE) 
biopsy for antemortem diagnostic testing of neurological 
disorders [2]. Olfactory dysfunction significantly impairs 
patient quality of life and is among the first clinical signs 
of neurologic and neurodegenerative disorders, which can 
present as hyposmia (and, in turn, dysgeusia) [3, 4]. Specifi-
cally, it is present in up to 100% with Alzheimer’s disease 
(AD) and 90% with Parkinson’s disease (PD) patients [5–7]. 

 *	 Brian Jet‑Fei Wong 
	 bjwong@uci.edu

1	 Beckman Laser Institute & Medical Clinic, University 
of California – Irvine, Irvine, CA, USA

2	 Department of Biomedical Engineering, University 
of California - Irvine, Irvine, CA, USA

3	 Department of Otolaryngology ‑ Head and Neck Surgery, 
University of California - Irvine, School of Medicine, 
Orange, CA, USA

4	 Beckman Laser Institute - Korea, Dankook University, 
Cheonan, Chungnam, Republic of Korea

5	 Department of Otorhinolaryngology‑Head and Neck 
Surgery, Dankook University, Cheonan, Chungnam, 
Republic of Korea

/ Published online: 2 July 2022

Lasers in Medical Science (2022) 37:3203–3211

http://orcid.org/0000-0002-0308-4540
http://orcid.org/0000-0003-3982-128X
http://orcid.org/0000-0002-5675-5758
http://orcid.org/0000-0002-3468-9235
http://orcid.org/0000-0003-3108-9549
http://orcid.org/0000-0002-0084-2924
http://orcid.org/0000-0003-1331-364X
http://orcid.org/0000-0003-3475-0718
http://orcid.org/0000-0002-4584-4560
http://orcid.org/0000-0001-6318-7384
http://crossmark.crossref.org/dialog/?doi=10.1007/s10103-022-03598-w&domain=pdf


1 3

Although dystrophic neurites detected in postmortem OE of 
AD patients were initially thought to contribute to olfactory 
dysfunction, contemporary investigations have identified 
them in patients with other neurodegenerative disorders, 
and young and elderly controls without neurological dis-
ease [8–10].

Difficulties in interpreting OE may be due to intrinsic 
human OE irregularities, including patches of respiratory 
epithelium with non-uniform boundaries [11–13]. Various 
degrees of epithelial disorganization, degeneration, and res-
piratory metaplasia that can occur with increasing age can 
make histopathologic evaluation challenging [12]. Previ-
ous studies, however, did not evaluate longitudinal changes 
in vivo or possible neuronal bundle changes in the lamina 
propria (LP) which provide pathological information for 
other conditions of olfactory dysfunction [11]. Further-
more, invasive biopsy to sample tissue in this area poses a 
potential risk, as injury to the OE may lead to loss of smell 
or cerebrospinal fluid (CSF) leak, which may necessitate 
surgical repair. Thus, there is a need for a minimally invasive 
imaging tool to safely carry out such diagnostic evaluations.

Optical coherence tomography (OCT) is a near infrared, 
non-contact mesoscopic imaging modality that acquires 
depth-resolved information of tissues at micron-scale reso-
lution [14]. OCT may be utilized to evaluate microscopic 
changes of the olfactory mucosa unresolved by traditional 
imaging modalities (e.g., CT, MRI) and may also be used to 
target or guide olfactory mucosa tissue biopsy. Promising 

studies have also shown that the olfactory mucosa is a source 
of olfactory ensheathing cells (specialized glia in the olfac-
tory system) and multipotent neural stem cells, which may 
have use in autologous transplantation therapies to treat 
degenerative or traumatic disorders of the central nervous 
system, including spinal cord injury, stroke, or PD [15–18]. 
Fine-tuning the sampling process to one with safe and reli-
able means, while preserving olfaction and preventing CSF 
leak, is critical in this aspect and has been of great interest 
to scientists, neurologists, neurosurgeons, and otolaryngolo-
gists alike.

Herein, we demonstrate the feasibility of OCT to visual-
ize the olfactory mucosa, to capture three-dimensional (3D) 
ex vivo images of the olfactory cleft and cribriform plate 
for foramina visualization in rabbits, and to correlate these 
images with histopathology. We hypothesize that 3D OCT 
can image the olfactory cleft and cribriform plate with asso-
ciated foramina ex vivo.

Material and methods

This study was determined exempt from the University of 
California, Irvine Institutional Animal Care and Use Com-
mittee. Our experimental setup is depicted in Fig. 1. In this 
study, we dissected the nasal cavity and anterior skull base 
of four rabbits. These dissected tissue samples were imaged 
using two OCT systems with either a 1.3-µm (μm) or 1.7-μm 

Fig. 1   Experimental setup. Four rabbits were dissected to attain the 
nasal cavity and skull base. The dissected tissue samples were then 
scanned using two OCT systems, with either a 1.3-μm or 1.7-μm 
center wavelength laser. The OCT B scan images were compared 

with histology slides from the tissue samples, reconstructed in 3D for 
morphology assessment, and analyzed to compare OCT penetration 
depths between the 1.3-μm or 1.7-μm OCT systems
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center wavelength laser. The OCT images were compared 
with histology and reconstructed in 3D to assess morphol-
ogy. We then compared the OCT penetration depth in the 
images attained by the 1.3-μm and 1.7-μm OCT systems.

Animal dissection

Four New Zealand White rabbits (Oryctolagus cuniculus), 
weighing approximately 4.0 kg, were obtained following 
euthanasia with 1.0  cc Euthasol (390 mg pentobarbital 
sodium, 50 mg phenytoin sodium, Vibrac AH, Inc. Fort 
Worth, TX, USA) administered through the marginal ear 
vein. The nasal cavity and anterior skull base of the New 
Zealand White rabbits were dissected anteriorly to posteri-
orly, according to previously described procedures [19]. The 
olfactory mucosa lining the posterosuperior nasal cavity in 
the olfactory cleft was identified using an atlas as an ana-
tomic guide [19] and subsequently imaged from the ventral 
view, using two OCT microscope systems described below. 
The cribriform plate was dissected with the olfactory cleft 
and was imaged from the dorsal view.

OCT microscope systems and data acquisition

Two swept-source OCT microscope systems centered at 
1.3 μm (1310 nm) and 1.7 μm (1710 nm) were used to image 
the dissected olfactory mucosa and cribriform plate in this 
study. The 1.3 μm OCT microscope system consisted of a 
commercial integrated Thorlabs OCT imaging system, two-
dimensional galvanic imaging scanner, and vertical cavity 
surface emitting laser (VCSEL) (VEG220c1, Thorlabs, 
Thorlabs, Inc., Newton, NJ, USA). The 1.3 μm VCSEL 
laser was a 200 kHz, 1.3 μm center wavelength, swept-
source VCSEL laser with a full-width half max bandwidth 
of 100 nm and axial resolution of 8 μm. The 1.3 μm center 
wavelength VCSEL was used in combination with the off-
the shelf Thorlabs fiber-based Michelson interferometer 
(VEG220C1, Thorlabs). The sample arm of the Michel-
son interferometer was comprised of a 2D galvanic scan-
ning microscope with an added scan lens (LSM03, Thor-
labs) yielding a 12 μm lateral resolution. Using a scanning 
speed of 200 Hz, 1,000 OCT B-scan images of OCT data 
were acquired in 5 s over a 3D volume. A visible red light 
(HLS635, Thorlabs) coaxial to the laser beam indicated the 
scanned area. Visible light videos and images were concur-
rently recorded and used to co-register OCT data to correct 
scanning areas of the nasal cavity samples. OCT volumetric 
data were evaluated using FIJI software (ImageJ, National 
Institutes of Health, Bethesda, MD, USA) [20] and rendered 
into 3D representations of the olfactory cleft and cribriform 
plate using Amira software (Thermo Fisher Scientific, 
Waltham, MA, USA).

A custom 1.7 μm (1720 nm) OCT microscope system uti-
lized a 90 kHz, 1.7 μm (1720 nm) center wavelength swept-
source laser, with a bandwidth of 120 nm (HSL-40–90-B, 
Santec, Santec USA Corporation, Hackensack, NJ, USA), to 
image the olfactory mucosa and cribriform plate at greater 
penetration depths. The sample arm is comprised of a two-
dimensional (2D) galvanic scanning system microscope: col-
limator (TC06APC-1550, Thorlabs), two-axis galvanometer 
mirrors (GVS102, Thorlabs), scan lens (LSM04, Thorlabs), 
and mount adapter (GCM102, Thorlabs). The reference arm 
is comprised of a collimator (TC06APC-1550, Thorlabs), 
lens (AC254-030-C, Thorlabs), mirror (PF10-03-M01, Thor-
labs), and stage (PT1, Thorlabs). Axial and lateral resolu-
tions are 17 μm and 25 μm, respectively. Using a scanning 
speed of 90 Hz, 1,000 OCT B-scan images of OCT data 
were acquired in 11 s over a 3D volume. Similarly, a visible 
red light, videos, and images were used for co-registration 
of OCT data to the scanned area.

OCT intensity–based penetration decay

Signal intensity penetration depth between 1.3 μm and 
1.7 μm center wavelength OCT was compared to determine 
the optimal OCT system to image olfactory mucosa. Fol-
lowing scanning, the OCT volumes were re-sliced using 
FIJI software in the XY or enface direction to co-register 
the selected area for analysis using macroscopic features. 
Six corresponding A-lines were selected for both 1.7 μm 
and 1.3 μm OCT B-scans from the selected 2D OCT cross-
section. The depth-resolved intensity data was then fit with a 
first-order exponential decay in MATLAB (v. 2018b, Math-
Works, Natick, MA, USA) for each A-line to quantitatively 
assess variability in the decay constant. A larger exponential 
decay value correlated to faster intensity signal roll off and 
decreased signal depth penetration.

Statistical analysis

Using Microsoft Excel (v16.57, Microsoft, Redmond, 
WA, USA), a paired two-tailed t-test was utilized to com-
pare the exponential decay values between the 1.7 μm and 
1.3 μm OCT systems. Statistical significance was set at 
p-value ≤ 0.05, with alpha set at 0.05. An adequate sample 
size was determined with power at 0.80 and beta at 0.20.

Fixation and histology

Upon completion of imaging a given sample, the sample 
was then fully immersed in 10% formalin solution (SF1004, 
Fisher Chemical, Fisher Scientific, Hampton, NH, USA) 
and fixed for a minimum of 2 weeks prior to placement 
in a decalcifying solution (RDO-Gold Decalcifier, Elec-
tron Microscopy Sciences, Hatfield, PA, USA), continual 
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fixation, and routine processing [21]. Specimens were sec-
tioned onto slides (AHS90-WH, Hareta, Springside Scien-
tific, LLC., Durham, NC, USA) and stained with hematoxy-
lin (MFCD00078111, Epredia, Kalamazoo, MI, USA) and 
eosin (MFCD00005040, Epredia) solution (H&E) which has 
been commonly used to study olfactory epithelium [22, 23]. 
H&E-stained histology slides were correlated with previ-
ously acquired OCT images by comparing similar features 
noted in OCT and histology, based on known resolution and 
scale.

Results

Histology of the olfactory mucosa on the cartilaginous sep-
tum showed OE, consisting of olfactory receptor neuron 
cell bodies and their cilia, supporting cells with microvilli, 
and basal cells (Fig. 2a). Bowman’s glands were present 
in the LP that extend into the epithelium. Fine axon bun-
dles from the olfactory neurons were also seen in the LP. 
Figure 2b depicts the correlative OCT B-scan of olfactory 
mucosa on the septum. The OE, LP, and septum were clearly 
delineated. The OE and LP were measured to be 32 μm and 
107 μm, respectively, in 1.3-μm OCT, compared to 30 μm 
and 105 μm in histology, at the delineated green and yellow 
lines in Fig. 2a, b, suggesting correlation. At this resolution, 
individual neurons were not visualized in OCT, the spatial 

scattering signals within the LP vary laterally, suggesting 
possible topographical differentiation between the neuronal 
bundles and surrounding structures.

Visible light images of the dorsal and ventral aspects of 
the cribriform plate are seen in Fig. 3, with their correspond-
ing OCT 3D reconstructions. The area that was scanned for 
each specimen is indicated by the dashed box (Fig. 3a–c). 
Grossly, olfactory mucosa was well-differentiated in the 
nasal cavity with a yellow-white hue, compared to the 
pink color of surrounding mucosa. Correlative morphol-
ogy, including crista galli and olfactory foramina, is well 
visualized from the dorsal aspect. The ventral aspect of the 
cribriform plate depicts the olfactory cleft with the cartilagi-
nous and bony septum and turbinates. Due to limitations in 
OCT signal depth of penetration, foramina visualized here 
(Fig. 3f) are likely within the nasal cavity and do not repre-
sent olfactory foramina.

Following further dissection posterosuperiorly within the 
nasal cavity to increase proximity to the cribriform plate, 
the ventral aspect of the cribriform plate was scanned with 
OCT and reconstructed (Fig. 4). These features were further 
investigated in FIJI shown in Fig. 4d–e in the enface XY and 
XZ perspective, respectively. Corresponding histology seen 
in Fig. 4f shows morphologic agreement with the XZ OCT 
B-scan in Fig. 4e and with the foramina present on the supe-
rior aspect of the cribriform plates seen as discontinuities 
within the cribriform plate bone, likely olfactory foramina.

Fig. 2   OCT image of olfac-
tory epithelium compared with 
histology. Coronal sections of 
(a) H&E histology and (b) OCT 
images. Green line: olfactory 
epithelium; yellow line: lamina 
propria; blue triangle: olfactory 
nerve bundles; black asterisk: 
Bowman’s gland; pink triangle: 
cartilage

3206 Lasers in Medical Science (2022) 37:3203–3211
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Fig. 3   3D reconstruction of cribriform plate and olfactory cleft. Vis-
ible light photographs: (a) dorsal cribriform plate, (d) ventral olfac-
tory cleft; corresponding 3D reconstruction from OCT data: (b, 

c) dorsal aspect and (d, e) ventral aspect. Box: OCT scanned area; 
white arrow: foramina; blue asterisk: crista galli; yellow arrowhead: 
septum

Fig. 4   3D reconstruction of 
olfactory cleft with demonstra-
tion of olfactory foramina. (a) 
3D reconstruction of scanned 
OCT data showing ventral 
olfactory cleft; (b) transverse 
plane OCT section; (c, d) OCT 
sections demonstrating olfac-
tory foramina; (e) coronal plane 
OCT section; (f) corresponding 
histological coronal sections 
demonstrating bone discontinu-
ity, representing foramina. Yel-
low arrowhead: septum; white 
arrow: olfactory foramina

3207Lasers in Medical Science (2022) 37:3203–3211
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A comparison between 1.3 μm and 1.7 μm center wave-
length SS-OCT depth penetration in the ventral aspect 
of olfactory cleft to the cribriform plate was performed 
(Fig. 5). In Fig. 5a–b, the enface OCT volume reconstruc-
tion is superimposed with a yellow line indicating a 2D OCT 
cross-section, representing the same scanned area shown in 
Fig. 5c–d for the 1.3 μm and 1.7 μm systems, respectively. 
Furthermore, a vertical corresponding A-line (indicated 
in green and blue color codes) within the OCT image was 
selected for OCT depth penetration analysis (Fig. 5e). Inten-
sity plots for 1.3 μm and 1.7 μm, with corresponding mean 
first-order exponential decays, are shown. The mean first-
order exponential decay for 1.3 μm was found to be greater 
than 1.7 μm [− 0.8062 ± standard deviation (SD) 0.1735 ver-
sus − 0.3855 ± 0.05872, respectively (p < 0.001)], indicating 
that the 1.3-μm depth-resolved intensity decays at a faster 
rate than the 1.7 μm. Depth penetration was greater for the 
1.7-μm OCT system, with a slower signal decay.

Discussion

Whereas age-associated olfactory loss is normal, pathol-
ogy of the OE, such as neurodegenerative-related deterio-
ration, viral-induced olfactory loss, or idiopathic olfactory 
dysfunction can considerably impair patients’ quality of 

life [24–26]. However, accurate monitoring of epithelial 
degeneration is limited by imaging modalities that lack 
adequate resolution to visualize structural topology, tis-
sue structure, or cellular geometry. Additionally, diseases 
which produce localized mucosal or nerve injury cannot be 
reliably sampled due to significant associated risks. OCT 
has the potential to safely address some of these shortcom-
ings, permitting mesoscopic imaging of biologic tissue 
with stratified structure [27].

Clinically, OCT has been primarily used to examine the 
retina, skin, and mucous membranes [28, 29]. Our group first 
introduced the potential for OCT to produce high-resolution 
images of the nasal mucosa [30]. In this study, we expand 
on this practice by utilizing 3D OCT to visualize the micro-
structure of the olfactory mucosa in the olfactory cleft and 
foramina within the cribriform plate in a rabbit model. OCT 
has the potential, at the very least, to provide information on 
this often difficult-to-access epithelium in a non-invasive 
fashion, which, like the skin, undergoes structural changes 
with age. Currently, the only modalities of evaluating the OE 
and cribriform plate are direct inspection using nasal endos-
copy (often shielded by a septal swell body and/or middle 
turbinate), imaging (CT and/or MRI), or biopsy, which has 
an elevated risk of CSF leak and may disrupt residual olfac-
tion. As such, the development of a means to perform an 
“optical biopsy” per se in a minimally invasive manner may 

Fig. 5   Comparison of penetration depth between the 1.3  μm and 
1.7  μm OCT systems. Enface ventral olfactory cleft with OCT 3D 
volume taken with (a) 1.3  μm and (b) 1.7  μm SS-OCT, with cor-
responding single OCT B-scan (c, d) respectively, taken at the yel-
low line superimposed on the paired XY scan. (e) Depth-resolved 
gray-scale intensity plots of two co-registered A-lines from the 
corresponding 1.3  μm (green line) and 1.7  μm (blue line) SS-OCT 
systems. First-order exponential decays were utilized to determine 
OCT penetration depth and are plotted in the figure as red solid and 

dashed lines superimposed on the line plot. Mathematical equa-
tions depict the first-order exponential decays of the corresponding 
A-lines highlighting the smaller first-order decay term for 1.7-μm 
SS-OCT and deeper signal penetration, compared to that of 1.3-μm 
SS-OCT. This analysis was repeated for five other adjacent A-lines. 
The average ± SD first-order exponential decay for 1.3-μm SS-OCT 
(− 0.8062 ± 0.1735) was found to be greater than 1.7-μm SS-OCT 
(− 0.3855 ± 0.05872) (p < 0.001). A: anterior; P: posterior; white 
arrow: olfactory foramina
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have a significant role in management of various skull base 
disorders.

In our study, 3D OCT visualized the olfactory mucosa 
and cribriform plate with associated foramina, via recon-
struction serial OCT sections. The OE, LP, septum, and cri-
briform plate were identified and correlated with histology. 
Although individual neurons and other cellular components 
were not clearly visualized using 1.3 μm and 1.7 μm wave-
length lasers, moderate differentiation of neuronal bundles 
and surrounding structures may be seen. A broadband laser 
source that would allow sufficient axial resolution combined 
with high numerical aperture optics may enable improved 
visualization of cellular constituents. However, use of a 
broader source limits penetration depth of light, potentially 
inhibiting cribriform plate and foramina visualization.

Like all imaging modalities, there is a tradeoff between 
depth penetration and resolution. A previous study on OCT 
visualization of the olfactory mucosa by Ueda et al. showed 
the feasibility of estimating OE thickness in mice; however, 
in that study, only 2D visualization of olfactory mucosa was 
attained at a depth penetration of 1–2 mm at most [31]. A 
greater depth penetration was visualized in our study with 
1–2 mm for the 1.3 μm system and 2–3 mm from the 1.7 μm 
system. The sweep rates of the OCT systems used in our 
study are 6.25 and 5.63 times faster for the 1.3 μm system 
and 1.7 μm system, respectively, which allows for rapid vol-
umetric imaging in future in vivo studies. We used a more 
relevant animal model via the use of a New Zealand White 
rabbit, which is larger than mice with greater osseous thick-
ness and at least resembles human neonates. With visualiza-
tion of the stratified structure, it may be possible to monitor 
changes to olfactory mucosal thickness, LP containing neu-
ronal bundles, and macroscopic structures associated with 
various disease states. This may translate into clinical value 
in that no invasive sampling may be necessary to distinguish 
various pathologies or changes related to this sensitive area.

The ventral surface of the cribriform plate with olfactory 
foramina was well visualized through the posterosuperior 
nasal cavity in the olfactory cleft. Three-dimensional OCT 
permitted clear foramina visualization, which otherwise 
would not have been readily seen with 2D OCT images. 
There has been great interest in studying olfactory foramina 
and creating 3D reconstructed images of the cribriform plate 
using CT imaging [32–34]. This is the first study utilizing 
OCT imaging to demonstrate similar capabilities to CT, 
albeit in a rodent model. The advantages of OCT compared 
to CT or MRI imaging include its micron-scale resolution 
demonstrating morphology at both a cellular and structural 
level, speed and ease of use, and overall safety profile for 
in vivo imaging. Moreover, OCT presents image information 
in real-time and with appropriate graphic processing units 
could provide 3D images useful for navigation. Thus, it may 
serve as a valuable tool for image-guided therapy, possibly 

targeting the central nervous system (CNS) through olfac-
tory foramina.

As another possible application, the ability to bypass the 
blood–brain barrier to deliver pharmaceutical therapies has 
been referred to as a “holy grail” of neuropharmacology 
[35]. Intranasal drug delivery has been of particular inter-
est because it is the only site of the human body where the 
nervous system is in direct contact with its environment. 
Nevertheless, several factors can influence intranasal drug 
delivery including head position, drug administration tech-
nique, and drug formulation [36]. More recently, Miyake 
and Bleier proposed an endoscopic surgical technique for 
direct intranasal drug delivery to the CNS using hetero-
topic mucosal grafts [35]. However, this requires surgical 
intervention and its efficacy is subject to the post-transplant 
barrier and permeability characteristics of free mucosal 
grafts. Alternatively, our proposed technique could allow 
for micro-invasive access to intracranial tissues under direct 
OCT-based visualization of the foramina. Pre-operative 3D 
reconstructions of the area of interest can guide procedural 
planning. Theoretically, this could be done more quickly 
than endoscopic surgery and patients would be subjected to 
a shortened recovery time.

Our study also demonstrated the variability in depth pen-
etration of two swept-source OCT systems of varying center 
wavelengths, namely, 1.3 μm and 1.7 μm. It has been previ-
ously indicated that 1.7 μm OCT has a greater penetration 
depth compared to 1.3 μm, and this was as expected [37–39]. 
Due to the light scattering relationship between the wave-
length and particle size, 1.7 μm wavelength light scatters 
preferentially forward (rather than back or side scattered), 
permitting light diffusion deeper into the sample. Thus, laser 
light centered at 1.7 μm has a higher probability of propagat-
ing deeper through the thickness of the olfactory mucosa, as 
seen in this study. Deeper penetration into the tissues pro-
vided for better olfactory foramina visualization beyond the 
olfactory mucosa from the ventral aspect of the nasal cavity. 
Further development of low coherence sources and systems 
to include greater axial visualization of tissues would be 
useful. Enabling deep imaging at micron level resolution, 
OCT systems may potentially be utilized to evaluate the OE 
to assess for neurologic or neurorhinological disorders, and 
may help guide transnasal, intracranial interventions.

We acknowledge several limitations of our investiga-
tion. Since the tissues are highly responsive to the aque-
ous nature of their environment, specimen hydration 
may impact our findings. We attempted to control for 
this as much as possible by wrapping the specimens in 
HBSS soaked gauze immediately after dissection. Addi-
tionally, although we utilized microscope scanning OCT 
systems to visualize tissue microanatomy, the large form 
factor of the objective lenses with an outer diameter of 
43 mm limits the use of such a system to ex vivo or in vitro 
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imaging. Miniaturization of OCT systems to endonasally 
image the olfactory mucosa and surrounding structures is 
a technical challenge that we are in the process of address-
ing, but have in the past built such systems and fiber endo-
scopic probes for other imaging applications [40–44]. 
With miniaturization of the probe, lateral resolution 
will be sacrificed. However, using a gradient refractive 
index relay rod to transmit the light, one may be capable 
of maintaining sufficient lateral resolution. Furthermore, 
utilizing a super continuum diode laser to improve axial 
resolution may provide better resolution to differentiate 
the olfactory anatomy. Nevertheless, in this preliminary 
study, we have shown the ability of 3D OCT to resolve the 
stratified structure of the olfactory mucosa and olfactory 
foramina within the olfactory cleft and cribriform plate 
in an ex vivo rabbit model. Future planned studies will 
include development of image processing algorithms to 
segment and differentiate the stratified structure in 2D and 
3D volumes. Furthermore, we aim to translate this work 
into in vivo imaging and human subjects, starting with 
cadaver studies, with development of suitable endoscopic 
OCT devices.

Conclusion

OCT is a minimally invasive means of evaluating topo-
graphical differentiation of olfactory mucosa and surround-
ing structures. We observed distinctive olfactory mucosal 
structures and olfactory foramina in the OCT images that 
correlate with their respective histology. Potential implica-
tions include investigational and diagnostic purposes for 
neurologic and neurorhinological disorders, and image guid-
ance for transnasal, intracranial interventions.
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