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Abstract

Background: This study evaluated whether fluorescence lifetime imaging

(FLIm), coupled with standard diagnostic workups, could enhance primary

lesion detection in patients with p16+ head and neck squamous cell carci-

noma of the unknown primary (HNSCCUP).

Methods: FLIm was integrated into transoral robotic surgery to acquire optical

data on six HNSCCUP patients' oropharyngeal tissues. An additional 55-patient

FLIm dataset, comprising conventional primary tumors, trained a machine

learning classifier; the output predicted the presence and location of HNSCCUP

for the six patients. Validation was performed using histopathology.

Results: Among the six HNSCCUP patients, p16+ occult primary was surgi-

cally identified in three patients, whereas three patients ultimately had no

identifiable primary site in the oropharynx. FLIm correctly detected

HNSCCUP in all three patients (ROC-AUC: 0.90 ± 0.06), and correctly

predicted benign oropharyngeal tissue for the remaining three patients. The

mean sensitivity was 95% ± 3.5%, and specificity 89% ± 12.7%.

Conclusions: FLIm may be a useful diagnostic adjunct for detecting

HNSCCUP.

KEYWORD S

cancer delineation, endogenous autofluorescence, fluorescence lifetime imaging (FLIm),
intraoperative surgical guidance, machine learning in oncology applications, occult
primary tumor, oropharyngeal cancer of unknown primary origin, p16+ squamous cell
carcinoma, transoral robotic surgery

1 | INTRODUCTION

Head and neck squamous cell carcinoma of unknown pri-
mary origin (HNSCCUP), also known as occult primary, is

defined as the occurrence of squamous cell carcinoma in
cervical lymph nodes with no primary site identified.1

These cases (~2600 annually in the United States) repre-
sent approximately 3%–5% of all new cases of head and
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neck squamous cell carcinoma, and are considered
unknown after exhaustive clinical, radiographic, and sur-
gical evaluation.2–6 HNSCCUP is disproportionately corre-
lated to positive human papillomavirus (HPV) status and
exhibits weaker association to tobacco and alcohol
abuse.7,8 Statistically, most HPV+ HNSCCUP patients are
male, white, nonsmokers, and nondrinkers.4,9 HPV-
mediated tumors aberrantly overexpress p16 biomarkers;
thus, p16 immunohistochemistry is recommended for
determining HNSCCUP etiology.10

It is critically important to locate the primary site in
these patients to reduce treatment-related morbidity via
more anatomically focused interventions.7,11 Most
HNSCCUP cancers are eventually located in the cryptic
lymphoepithelium of the palatine tonsils and the lingual
tonsils of the base of tongue.4,5,8 Traditional surgical
assessments of these cases included bilateral tonsillec-
tomy and base of tongue biopsies in efforts to locate the
primary tumor.8,12 Recent publications in the HPV era
have suggested the appropriateness of only performing
an ipsilateral tonsillectomy in the workup of these
patients.13 The adoption of transoral robotic surgical plat-
forms (TORS) in the workup of HNSCCUP has facilitated
improved HNSCCUP detection rates4,14–16; however,
depending on the diagnostic and clinical capabilities of
different medical institutions, more than 50% of primary
tumors may remain undiscovered for patients with
HNSCCUP.12 To improve intraoperative decision-making
and enhance the detection of these elusive tumors, new
diagnostic technologies compatible with TORS are
needed.

Fluorescence lifetime imaging (FLIm) is an emerging
label-free imaging technique for real-time tissue diagno-
sis. Recently, FLIm has been integrated into both the da
Vinci Si17,18 and SP.18,19 TORS platforms have demon-
strated promise for the intraoperative delineation of con-
ventional primary oral cavity and oropharyngeal cancers
in human patients, both in vivo and ex vivo.17,19,20 FLIm
has also demonstrated potential for disease diagnosis and
surgical guidance in other surgical areas, including car-
diovascular disease,21–23 breast cancer,24 brain cancer,25

and intraoperative guidance during thyroid surgery.26

While FLIm technology is still in investigational stages
from a clinical standpoint, significant developments in
optical hardware, classification methods, and computing
power are rapidly facilitating FLIm towards clinical
adoption.27

FLIm relies on the strong fluorescence emission from
endogenous fluorophores (e.g., collagen crosslinks in the
stroma and metabolic cofactors nicotinamide adenine dinu-
cleotide (NADH) and flavin adenine dinucleotide (FAD) in
cells) upon ultraviolet light excitation.28 FLIm instrumenta-
tion can evaluate both time-resolved fluorescence

characteristics and spectral intensities. Time-resolved char-
acteristics are assessed by computing the fluorescence life-
time, which measures the time which tissue fluorophores
spend in the excited quantum state after laser excitation
before returning to the ground state by emitting a photon.
Typically, the lifetime of endogenous fluorophores ranges
from sub-nanoseconds to 5–7 nanoseconds. Collectively,
endogenous fluorophores exhibit fluorescence lifetime sen-
sitivity to numerous chemical and physical factors such as
pH, oxygenation, temperature, solvent polarity, and binding
to macromolecules.29 By taking advantage of alterations in
tissue structural and metabolic characteristics associated
with neoplastic processes,28,30 FLIm has the ability to pro-
vide holistic information about tissue molecular composi-
tion to facilitate the detection of neoplastic tissue.

While FLIm has not been specifically developed as a
tool for identifying unknown primary tumors, the recent
success of this technology for demarcating conventional
primary oropharyngeal tumors19,20,27 has motivated the
present investigation of discriminatory performance in
HNSCCUP patients. Specifically, we investigated whether
the addition of FLIm to standard diagnostic workups
could enhance the detection of primary lesions within
p16+ HNSCCUP patients. To our knowledge, this is one
of the earliest studies to integrate a supplemental imaging
approach with TORS to enhance occult primary tumor
detection. One other group has made notable progress in
this area using narrowband imaging (NBI) on an
8-patient HNSCCUP cohort.31

This study aimed to conduct intraoperative FLIm
measurements on patients with TORS-facilitated extirpa-
tion of HNSCCUP to identify the presence of occult pri-
mary tumors not identified by standard-of-care workup.
FLIm was integrated into the da Vinci SP and deployed
for acquiring measurements on oropharyngeal tissues
with a high propensity for harboring the primary tumor
(i.e., palatine and lingual tonsils).4,5,8 We sought to test
the hypothesis that intraoperatively acquired FLIm mea-
surements output from a machine learning classifier can
successfully detect p16+ occult primaries presenting in
the mucosa (<250 μm from tissue surface) and differenti-
ate such malignancies from healthy tissue.

2 | METHODS

This study comprises an N = 61 patient dataset evaluating
FLIm for diagnosis and surgical guidance of oral cavity
and oropharyngeal cancers. Of the 61-patients, 55 com-
prised conventional primary tumors of the oropharynx,
whereas the other 6 patients were classified with p16+
HNSCCUP after exhaustive diagnostic workup. Procedures
were approved by the University of California, Davis

1766 WEYERS ET AL.
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Institutional Review Board (IRB ID#800853) and con-
ducted in accordance with the Code of Ethics of the World
Medical Association for experiments involving humans.

2.1 | Study design and inclusion/
exclusion criteria of patients

Eligible patients presenting to UC Davis Otolaryngology
– Head & Neck Surgery department were recruited in the
study over a 2-year period from May 2019 to April 2021
without demographic or prognostic consideration.
Patients with a preoperative diagnosis of HNSCCUP were
eligible for this study. Patients were classified as pre-
senting with HNSCCUP after an exhaustive clinical,
radiographic, and surgical evaluation did not identify the
primary tumor site; this includes negative PET and CT
findings, absence of tactile cues when palpating tissue,

lack of visual identification by endoscopy, and negative
directed biopsies at suspicious areas.

Exclusion criteria consisted of (1) pediatric patients
based on IRB considerations, (2) patients with positive
HIV status from a safety standpoint for research person-
nel, (3) individuals with previous major head & neck sur-
gery where extensive scarring may be present, and
(4) patients with known use of orally administered crack-
cocaine or methamphetamine (MA), which imparts severe
adverse effects on oral tissues and confounds FLIm mea-
surements.32 HNSCCUP patients with p16� cancer were
not assessed within the scope of this manuscript (as HPV-
negative disease represents a different entity).

One prospective p16+ HNSCCUP patient resided
within the study's exclusion criteria, and therefore was
not analyzed (see discussion) due to their known recur-
ring use of orally administered methamphetamine (MA).
In total, N = 6 p16+ HNSCCUP patients met the

FIGURE 1 Overview of FLIm instrumentation, data aquisition, classification, and validation to histopathology. (A) Schematic of FLIm

instrumentation and integration into the da Vinci SP TORS platform. The instrument features a 355 nm excitation laser delivering light

through a multimode fiber optic cable to tissues within a surgical region of interest. Resulting autofluorescence is transmitted back to a

wavelength selection module, comprising four channels which capitalize on the peak autofluorescence of collagen, NADH, FAD, and

porphyrins. (B) Illustration of the integration of the fiber optic probe into the da Vinci SP surgical robot, held by Maryland Bipolar Forceps.

The operator at the surgical console manipulates the fiber optic probe with the robotic instruments to conduct a scan of approximately 1 min

over a surgical region of interest. An aiming beam is used to create blue visible laser light on the tissue to localize where point-spectroscopic

measurements are acquired. (C) Illustration of augmented FLIm data points over a patient's tongue tissue, selected from one of the N = 55

patients used to train the classifier. As illustrated in the subfigure, each data point yields 56 possible analytical metrics. The corresponding

example waveforms and calculations for spectral intensity IK and lifetime <tK > are demonstrated on the right. (D) Machine learning output

from integrating all data at each spectroscopic point-measurement to predict cancer probability. (E) Histopathology from the excised

specimen registered in vivo to validate and quantify performance metrics (ROC-AUC, sensitivity, and specificity) of the FLIm device. [Color

figure can be viewed at wileyonlinelibrary.com]

WEYERS ET AL. 1767
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inclusion criteria for the study and provided their
informed consent to participate in this research.

2.2 | FLIm instrumentation

Figure 1A illustrates the custom-built, fiber-based, point-
scanning FLIm system with corresponding integration into
the da Vinci SP surgical system. In-depth characterizations
of this instrument and specifications are detailed extensively
elsewhere.17,19,33–35 Briefly, the FLIm system features a
365-μm core multimode optical fiber which delivers 355 nm
pulsed UV laser excitation light at a 120-Hz repetition rate
to biological tissue. The optical fiber's distal end features a
3D printed stainless steel grasper, which is held and maneu-
vered by the da Vinci SP robotic system's instruments
(Figure 1B). The same optical fiber is used to relay
autofluorescence point-measurements from the tissue
regions evaluated to the FLIm system. The fiber's proximal
collection end is coupled to a wavelength selection module
(WSM) which features a set of four dichroic mirrors and
bandpass filters (i.e., CH1: 390 ± 20 nm, CH2: 470
± 14 nm, CH3: 542 ± 25 nm, and CH4: 629 ± 26.5 nm)
used to spectrally resolve the autofluorescence signal.34,35

These spectral bands capitalize on the autofluorescence
emission maxima the endogenous fluorophores collagen,
NAD(P)H, FAD, and porphyrins, which are reported as the
main contributors to H&N cancer autofluorescence emis-
sion.19,20,28 The optical signal from each spectral band was
time-multiplexed onto a single microchannel plate photo-
multiplier tube, amplified, and time-resolved by a high sam-
pling frequency digitizer at 80 ps intervals. A separate
visible 445 nm laser, integrated into the WSM, highlights
the location where FLIm point measurements are acquired.
This enables the overlay of optical data points on white
light images. This pulse sampling FLIm approach is suitable
for use in the presence of external illumination such as
operating room lights.34,35

Because this is a point-scanning technology, the field-
of-view can be as large as the entire visualized surgical
area (multiple centimeter scale) from the da Vinci
SP. When scanning directly adjacent to tissue, the spatial
resolution of the device is determined by the fiber core
size (365 μm) and the probe-to-tissue distance, yielding a
resolution between 0.6 ± 0.2 mm depending on the dis-
tance of the probe to the tissue surface. The peritumoral
region has many morphologic and phenotypic distinc-
tions from non-tumor-bearing healthy tissue, including
altered pH levels, metabolic characteristics, and oxygena-
tion gradients, extending up to 1 cm from the margins of
tumor tissue.36 Correspondingly, although the penetra-
tion depth of the UV laser is approximately 250 μm, the
secondary tissue effects from neoplasms extend multiple

millimeters beyond the cancer site, potentially allowing
FLIm to detect cancers beyond the absolute penetration
depth of the UV laser; this has yet to be formally evaluated.

2.3 | Data collection

FLIm scanning was conducted after patients were anesthe-
tized, intubated, and prepared for TORS. Intraoperative
biopsies were conducted after FLIm scanning to mitigate
any potential confounding effect on the data. The da Vinci
SP was introduced into the patient's oral cavity and the
sterile optical fiber's distal end was grasped and actuated
by the robot's Maryland graspers (Figure 1B). In vivo scans
of approximately 90 s in duration were conducted bilater-
ally over palatine tonsils and the base of tongue regions to
generate spectroscopic data overlaid over white light
images. An example of this spectroscopic data overlay on a
patient's tongue tissue (used in the classifier training
dataset) is illustrated in Figure 1C. The fiber optic probe
was then removed from the patient, and the surgeon
proceeded with en bloc excision of tissues suspected of
occult primary. This typically included a bilateral tonsillec-
tomy followed by biopsies and/or lingual tonsillectomy
depending on the surgeon's discretion. Excised specimens
were sectioned in a pathology grossing room to generate
multiple sequential H&E slides for pathologic interpreta-
tion; these slides included a combination of both frozen
and permanent sections. HPV status was assessed by using
p16 immunohistochemistry.

2.4 | Calculations and analysis of data

Average lifetime estimation for each spectral band was
performed using constrained least square deconvolution
with Laguerre expansion. This fast and robust technique
has been detailed extensively.33 Briefly, the pulsed UV
laser repetition rate of 120 Hz determines the FLIm mea-
surement speed. The FLIm waveforms which originate
from each spectral measurement are averaged four times
before further processing, leading to 30 averaged spectro-
scopic data points acquired each second. For each of the
four spectral bands of the instrument, the average life-
time value, spectral intensity, and 12 fitting coefficients
of the Laguerre expansion are computed (Figure 1C).
Spectral properties of the fluorescence emission are also
estimated by computing the relative intensity of each
spectral channel of the instrument. This leads to a total
of 56 parameters (4 time-resolved average lifetimes,
4 spectral intensity ratios, and 48 expansion metrics).

A random forest machine learning classifier estimated
the probability of healthy versus cancer for each point-

1768 WEYERS ET AL.
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measurement.37 This classifier was trained on the larger
55-patient cohort of known primary oropharyngeal tumors
(38 palatine tonsil and 17 base of tongue patients) and then
applied to make predictions on the measurements obtained
from HNSCCUP patients. Sensitivity and specificity were
calculated by standard convention. ROC-AUC quantified
the true positive rate versus false positive rate of individual
spectroscopic point-measurements based on histological
findings. This approach builds up on the development of
predictors previously described elsewhere (Figure 1D).20 The
unit of analysis for statistical evaluation consists of binary
predictors (i.e., cancer vs. healthy) output from machine
learning classification for individual spectroscopic data
points acquired over a surgical region of interest. This type
of analysis is distinct from region/lesion-based assessment,
where multiple measurements are combined to predict the
nature of a preidentified region. This approach typically
leads to better sensitivity and specificity numbers, however,
requires a priori knowledge of the extent of the lesions.

2.5 | Coregistration and
histopathological validation of data

Registration of data to histopathology is detailed in our
prior work.19 In brief, a pathologist (DG) digitally annotated
H&E slides using Aperio (Leica) Imagescope viewing soft-
ware. Features within 250 μm of the tissue's mucosal sur-
face were annotated, corresponding approximately to the
maximum penetration depth of the laser. The following
annotation labels were used: (1) carcinoma, (2) lymphoid
tissue, and (3) benign tissue. Label 1 was treated as the posi-
tive class (i.e., cancer) and labels 2 and 3 were treated as the
negative class (i.e., benign) from an analysis standpoint.
Histopathology sections were overlaid onto a high-
resolution image of the excised specimen, accounting for
compression and expansion registration artifacts between
histology and the excised specimen. An in vivo recording of
the surgical excision process was used to facilitate registra-
tion of the excised specimen to the original in vivo environ-
ment. This histopathological data was then overlaid onto a
reference image in vivo (Figure 1E). To account for motion
between the TORS surgical camera and the evaluated tis-
sue, a novel motion compensation algorithm was applied.18

Quantification of performance was based only on regions
with coregistered histopathology.

3 | RESULTS

Table 1 depicts all patient demographics, pertinent clini-
cal characteristics, and surgical outcomes of the enrolled
patient population. An average of 2355 FLIm

spectroscopic data points (ranging between 1393 and
4793) were acquired from each of the six patients. Three
patients (Patients 1–3) presented with HNSCCUP (all
p16+) within the regions where FLIm scans were per-
formed. Patient 6 did have p16+ HNSCCUP near the
FLIm scan area, however the region of cancer was out-
side the area of the research scan, thus only FLIm data
for benign tissue was acquired. All other patients enrolled
in the study presented with HNSCCUP, however no oro-
pharyngeal primary was identified with TORS. Each
patient had multiple tissues excised where some of these
tissues contained the occult primary and others were
benign, as presented in Table 1. Patients 4–6 only had
benign tissue imaged in the FLIm scan area, thus only
specificity is calculated for these patients due to the
absence of the positive data class (i.e., cancer). Only tis-
sue areas validated with histopathology were used to cal-
culate ROC-AUC, sensitivity, and specificity.

Table 2 presents ROC-AUC, sensitivity, and specificity
calculations for each patient. FLIm correctly detected the
presence of the occult primary in all three patients (Patients
1–3), yielding a mean ROC-AUC score of 0.90 ± 0.06. The
extent of the cancer (quantified by sensitivity) was detected
with a mean of 95% ± 3.5%. The method however demon-
strated mixed specificity results for these patients. Patients
4–6 comprised data from benign tissues only, where the
FLIm classifier correctly demarcated the entire extent of all
tissues as benign and output a mean specificity of 99%
± 1%. All six patients together, which includes the three
patients with p16+ SCC within the FLIm scan area and the
three patients with only benign tissue evaluated, resulted in
a classification specificity of 89% ± 12.7%.

Figure 2 presents case studies for all three patients
with p16+ HNSCCUP imaged by FLIm. Each patient
case study displays both the binary probability of cancer
for each acquired spectral point-measurement and the
patient's corresponding registered histopathology in vivo.
Figure 3 presents case studies for all three patients who
did not have cancer imaged within the FLIm scan area
(i.e., only benign tissue evaluated). Like Figure 2, this fig-
ure displays the binary probability of cancer classifier
output and the patient's corresponding registered histopa-
thology in vivo. A specific media example (Video S1,
Supporting Information) is provided to demonstrate the
real-time cancer classification output for Patient 4 (fea-
tured in Figure 3A), where the FLIm classifier correctly
demarcates tissue uninvolved with HNSCCUP.

4 | DISCUSSION

Collectively, the results demonstrate FLIm's clinical
value in the surgical management of p16+ HNSCCUP in

WEYERS ET AL. 1769
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two key areas: (1) differentiation between oropharyngeal
tissues that are benign versus those involved with p16+
SCC, and (2) demarcation of the extent of cancer.

The ability to correctly identify benign tissues uni-
nvolved with HNSCCUP was demonstrated for the 3-
patient cohort that comprised only benign tissues within
the imaged FLIm scan region. Among these patients, the
FLIm classifier yielded exceptionally high specificities,
averaging 99% ± 1%, and correctly delineated the entire
scanned regions of these tissues as benign. Ultimately,
these patients each had multiple benign tissues of their
oropharynx excised, which included palatine tonsils, base

of tongue tissues, and glossotonsillar sulcus regions
(Table 1). Due to the increased intraoperative procedure
times, costs, pain, and functional implications from re-
section of patient's healthy tissue, there is strong motiva-
tion to prevent the unnecessary excision of benign tissues.

FLIm's ability to identify oropharyngeal tissues har-
boring HNSCCUP, as well as demarcate associated can-
cer margins, was demonstrated for the 3-patient cohort
presenting with p16+ HNSCCUP tissue within the FLIm
scan region. For these patients, HNSCCUP was success-
fully detected using the FLIm classifier. The best results
were observed for Patient 1, where healthy tissue and

TABLE 1 Demographics, clinical characteristics, and surgical outcomes of the study population

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6

Demographics Gender Male Male Male Male Male Male

Age at surgery 63 74 59 62 77 69

Race White White White White White White

Ethnicity Not Hispanic Not Hispanic Not Hispanic Not Hispanic Not Hispanic Not Hispanic

Pertinent clinical
characteristics

Alcohol use 2 DPD 3 DPD Infrequent Infrequent 1 DPD 3 DPD

Tobacco use Never smoker 0.25 PPD
(quit 2011)

Never smoker Never smoker 0.5 PPD
(current)

0.5 PPD
(quit 2014)

Illicit drug use No No No No No Cannabis (daily)

Surgical outcomes Postoperative occult
primary diagnosis

p16+ SCC p16+ SCC p16+ SCC p16+ SCC p16+ SCC p16+ SCC

Occult primary tissue
imaged in area of FLIm
Scan Region?a

Yes
R-PT

Yes
L-BOT

Yes
R-BOT

No No No

Occult primary tissue
ultimately found in
oropharynx?a

Yes
R-PT

Yes
L-BOT

Yes
R-BOT

No No Yes Superior
R-PT

Other benign excised
tissuesa

L-PT
R-BOT
R-GTS

R-BOT
L-BOT

L-PT L-PT
L-BOT
L-GTS

R-BOT
R-GTS

L-PT
R-BOT
R-GTS

Abbreviations: BOT, base of tongue; DPD, drinks per day; GTS, glossotonsillar sulcus; MA, methamphetamine; PPD, cigarette packs per day; PT, palatine
tonsil; SCC, squamous cell carcinoma; p16+ SCC, HPV positive and HPV-mediated squamous cell carcinoma.
a“R” and “L” designate “Right” or “Left,” respectively, with anatomy (e.g., R-PT refers to Right Palatine Tonsil).

TABLE 2 FLIm performance: ROC-AUC, sensitivity, and specificity

ROC-AUC Sensitivity Specificity

p16+ SCC within FLIm scan area Patient 1 0.97 92% 87%

Patient 2 0.90 96% 81%

Patient 3 0.82 99% 68%

No carcinoma within FLIm scan area Patient 4 100%

Patient 5 98%

Patient 6 99%

Mean 0.90 ± 0.06 96% ± 3.5% 89% ± 12.7%

Abbreviation: p16+ SCC, HPV-positive squamous cell carcinoma.

1770 WEYERS ET AL.

 10970347, 2022, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hed.27078 by U

niversity O
f C

alifornia - D
avis, W

iley O
nline L

ibrary on [01/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



cancer were comprehensively differentiated. For Patient
2, the classifier performed well overall and fully demar-
cated the extent of the tumor. Cancer was successfully
detected for Patient 3 presenting with p16+ HNSCCUP
of the right base of tongue, however there was a low spec-
ificity (68%). Close inspection of Figure 2C reveals that
the borders of the specimen were premarked with the da
Vinci SP monopolar electrocautery tool prior to FLIm
scanning, which is typically performed after the FLIm
scan. In our previous work, we found that our FLIm

signal is disrupted and altered by electrocautery, where
effects on the FLIm signal extend many millimeters
beyond the electrocautery site.38 Figure 2C illustrates that
many of the false positives occur around the cautery out-
line, thus offering a potential explanation for the low
specificity. We hypothesize that FLIm could potentially
differentiate between cancer and healthy tissue with
accuracy on electrocauterized surfaces, however this has
yet to be tested, and electrocauterized data was not
included in the classifier training model.

FIGURE 2 Patients with p16+ SCC within the imaged FLIm area. Each patient case study displays three tiles: (1) the original

photograph of the surgical white light image, (2) the histopathology of the excised specimen registered in vivo, and (3) an overlay of the

binary probability of cancer for each acquired spectral point-measurement. (A) Patient 1 with p16+ SCC of the right palatine tonsil.

(B) Patient 2 with p16+ SCC of the left base of tongue. (C) Patient 3 with p16+ SCC of right base of tongue. [Color figure can be viewed at

wileyonlinelibrary.com]
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4.1 | Exclusion criteria remarks

One HNSCCUP patient was not analyzed due to their
medical history which designated this patient in the
study's exclusion criteria. This patient routinely orally
self-administered MA, which like crack-cocaine, is

associated with severe oral health complications.32 In
brief, MA itself is acidic and when smoked or inhaled,
has been linked to direct corrosive effects on oral tis-
sues.39,40 It has been found that MA is linked to increased
expression of proinflammatory factors,41 cellular
senescence,41 reduced oral tissue wound healing,42 and

FIGURE 3 Patients with benign tissue only within the imaged FLIm area. Each patient case study displays three tiles: (1) the original

photograph of the surgical white light image, (2) the histopathology of the excised specimen registered in vivo, and (3) an overlay of the

binary probability of cancer for each acquired spectral point-measurement. (A) FLIm scan for Patient 4 of a benign left palatine tonsil.

(B) FLIm scan for Patient 5 of a benign right base of tongue tissue. (C) Patient 6 case study illustrative of a challenging scenario where the

FLIm scan area does not overlap with the area of cancer. For this patient with cancer of the right palatine tonsil, all benign tissue areas are

correctly marked as healthy with 99% sensitivity, however the FLIm scan was not performed on the small area of the palatine tonsil where

the occult primary p16+ SCC occurred. This case is illustrative of the importance of fully scanning an entire surgical region of interest with

the FLIm technique to avoid missing a potential occult primary area. [Color figure can be viewed at wileyonlinelibrary.com]
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reduced saliva pH and buffering capacity.43 Additionally,
in murine models, MA has been found to facilitate host-
mediated collagen degradation by increased expression
and production of matrix metalloproteinases (MMPs).42

Collectively, the effects of MA on oral cavity tissues dem-
onstrates conserved properties to many cancer
hallmarks,30 therefore motivating this patient's exclusion
from analysis due to confounding effects on the data. It is
conceivable that with a large enough training dataset of
MA patients, FLIm can differentiate benign MA-affected
tissue from cancer, however this has yet to be tested.

Unlike the effect of MA, patient tobacco and ethanol
(EtOH) use has not demonstrated apparent challenges in
distinguishing benign tissue from cancer in our prior
work.19,20 One potential explanation for the classifier's
resilience to this medical history may stem from the mag-
nitude of patient data available (i.e., varied patient
tobacco and EtOH use habits) to train the classifier's algo-
rithm in predicting cancer probability.

4.2 | Study limitations and collective
dataset remarks

Although the results obtained from this study are promis-
ing, the N = 6 HNSCCUP patient sample size is a key
limitation; however, it should be emphasized that the
rare nature of HNSCCUP makes the potential for patient
recruitment in this single institution study limited. Like
most high-volume head and neck cancer centers, we
were stringent in our definition of HNSCCUP and only
assigned patients to this designation after comprehensive
preoperative workup were performed, including visual
and endoscopic inspection, palpation, and comprehen-
sive imaging. While validation was performed on six
HNSCCUP patients, it is emphasized that training data in
the classifier was developed using the larger 55-patient
conventional SCC dataset, enabling the extrapolation of
classification results on pilot study cohorts reliable. Along
these lines, future investigation for the diagnostic utility
of FLIm as a diagnostic adjunct for HNSCC should place
emphasis on multi-institutional studies to obtain larger
sample sizes.

A limitation of FLIm is demonstrated in Patient
6, where cancer only presented in a subtle area of the
superior right palatine tonsil and resided outside of the
FLIm scan. This case study is illustrative of the impor-
tance of thoroughly scanning the entire region of interest
to assess the presence of tumor.

TORS has been incorporated as a successful strategy
to detect unknown primary carcinoma of the orophar-
ynx.4,14–16 Several authors have demonstrated detection
rates averaging as high as 80%.44–46 While our study had

a pathologic detection rate lower than those studies
(50%), our practice is to aggressively look for the primary
site with physical examination, imaging, and only con-
sider the diagnosis of unknown primary if there is no sus-
picion of location based on preoperative and
intraoperative findings. This difference in approach, and
the size of our data sample, might explain the detection
success discrepancy between our institution and the
literature.

Collectively, these results, although preliminary, are
promising for the potential identification of cancer of the
unknown primary. These findings demonstrate potential
to enhance surgical decision-making by aiding a surgeon
in identifying candidate tissues of the oropharynx
involved with carcinoma and in establishing the extent of
cancer. If this potential to detect subtle mucosal-
presenting carcinomas is confirmed in larger studies,
FLIm could have dramatic impacts on radiation field
reduction, or even the elimination of radiation therapy,
in patients adequately treated with surgery alone. Along
these lines, potential for FLIm to potentially guide initial
biopsies and margins, which can reduce morbidity of
unnecessary tonsillectomies/biopsies on oropharyngeal
tissues that do not harbor malignancy.

5 | CONCLUSIONS

FLIm, in combination with the conventional diagnostic
workup for HNSCCUP, may be a useful adjunctive
modality for detecting primary tumors. This preliminary
investigation demonstrated that FLIm, integrated with
TORS, may aid a surgeon in rapidly and non-invasively
screening patients for mucosa-presenting (<250 μm from
tissue surface) p16+ HNSCCUP. The results suggest that
FLIm can correctly demarcate entire benign tissues of the
oropharynx and thus indicate to a surgeon that tissues
suspected of occult primary are uninvolved with carci-
noma. For all patients presenting with p16+ HNSCCUP
in the FLIm scan region, the method correctly identified
the presence and location of the occult primary with
overall strong performance, in addition to accurately
identifying uninvolved healthy functional tissue. Ulti-
mately, these results demonstrate potential to reduce sur-
gical procedure times, preserve functional healthy tissue,
and enable enhanced intraoperative decision-making for
the benefit of the patient.
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