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Challenges and Limitations of Narrow-Band Optical Imaging
for Intra-Operative Parathyroid Identification

Laura M. Higgins?, Mark C. Pierce® >4, Tomer Davidov® ¢

Abstract

Background: Surgical resection of the parathyroid glands can be
challenging due to poor visual contrast between the parathyroid and
surrounding tissues. We hypothesized that narrow-band imaging
(NBI) could enhance subtle differences in the colors of these tissues
for improved visual contrast during parathyroid surgery.

Methods: The diffuse optical reflectances of parathyroid, fat, mus-
cle, and thyroid tissue were measured in vivo as a function of wave-
length during six surgical procedures, using a fiber-optic probe and
spectrophotometer. Analysis of these data led to three candidate NBI
wavelength bands which exhibited the largest differences in reflec-
tance between parathyroid and other tissue types. Color filters at these
wavelength bands were attached to the surgeon’s loupes for qualita-
tive visual assessment, and also to a digital camera for quantitative
assessment of tissue contrast in seven additional surgeries.

Results: Spectroscopic measurements showed that diffuse optical
reflectance at green (515 - 565 nm), yellow (570 - 613 nm), and red
(604 - 644 nm) wavelengths showed the greatest difference in inten-
sity (appearing brighter or darker) between parathyroid and surround-
ing tissues. However, visual and digital NBI of the parathyroid using
these wavebands generated measured intensities which were not sig-
nificantly improved as compared to white light, providing only mini-
mal contrast enhancement for the surgeon.

Conclusions: Narrow-band color filters can be added to convention-
al loupes to selectively view the surgical field with light at specific
wavelengths. When the parathyroid is viewed with filters chosen to
maximize visual contrast between tissue types, there appears to be lit-
tle benefit in contrast enhancement between tissues due to diminished
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Introduction

Primary hyperparathyroidism is a disease in which one or
more of the parathyroid glands become enlarged, secreting
excess amounts of parathyroid hormone. This results in an
elevated serum calcium level which may result in acceler-
ated bone loss, bone pain, kidney stones, profound fatigue,
and cognitive dysfunction, among other medical ailments [1].
Parathyroidectomy involves surgical removal of one or more
parathyroid glands to restore serum parathyroid hormone and
calcium levels to normal [2]. The location of an enlarged gland
can be determined pre-operatively by a variety of well-known
localization studies [3]. The most effective and widely used
method is the *™Tc-sestamibi parathyroid nuclear scan [3, 4].
Other localization studies include neck ultrasound [5], 4D CT
[6] and selective venous sampling [7]. The surgeon’s experi-
ence also plays an important role in parathyroid surgery and
has been positively correlated with successful identification of
parathyroid glands [8]. Similarly, clear identification of normal
parathyroid tissue for preservation during thyroid surgery is
essential to minimizing patient morbidity and other complica-
tions [9]. However, in both cases, visual intra-operative iden-
tification of the parathyroid gland can still be challenging for
even the experienced endocrine surgeon due to the anatomic
variability of the gland’s location and its resemblance to neigh-
boring tissues in the neck [10].

The goal of this study was to establish whether variations in
natural tissue optical properties could be exploited to improve
visual identification of the normal parathyroid gland during
surgery. Previous work in this area has used techniques includ-
ing elastic scattering spectroscopy [11-13], optical coherence
tomography [14], and near-infrared (NIR) fluorescence imag-
ing [15-18]. However, each of these methods requires a sec-
ondary display for feedback, requiring the surgeon to periodi-
cally look away from the surgical field and to interpret these
images or spectra. Narrow-band imaging (NBI) uses a discrete
range of optical wavelengths (colors) instead of broadband
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Figure 1. (a) Schematic diagram of the reflectance spectroscopy apparatus. (b) Photograph of the probe tip (3.175 mm (1/8”)
diameter) with magnified view of the probe tip end face, showing six illumination fibers surrounding a single light collection fiber.

(c) Photograph of optical filters fixed to surgical loupes.

white light for viewing the tissue. NBI has previously been
used to enhance intra-operative visualization of highly vascu-
lar tissue structures [19, 20] by using green color filters, corre-
sponding to wavelengths where hemoglobin strongly absorbs
light. NBI can be easily implemented in the surgical setting
by using digital cameras with external filters, or more simply
through direct visualization by eye. We hypothesized that NBI
may increase the visual contrast between the parathyroid gland
and surrounding tissues, leading to improved identification of
the gland during surgical procedures.

To test this hypothesis, we performed a two-stage clinical
study. First, we aimed to establish the optimum NBI wavebands
(colors) for distinguishing parathyroid tissue from neighboring
tissues by collecting diffuse reflectance spectroscopy measure-
ments from these tissues in vivo. Second, using three candidate
wavebands identified by the spectroscopic measurements, we
implemented a simple color filter modification to standard sur-
gical loupes and a digital camera to perform qualitative and
quantitative NBI in an independent set of subjects.

Materials and Methods

Under approval from the Rutgers University Institutional
Review Board, measurements for the study were taken dur-
ing surgical procedures at Robert Wood Johnson University
Hospital. Patients over 18 years of age undergoing partial or
total thyroidectomy or parathyroidectomy were invited to par-
ticipate in the study. After obtaining written informed consent,
a total of 13 patients were enrolled in the study (three parathy-
roidectomy and 10 thyroidectomy).
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In the first stage of the study, a fiber-optic probe (Ocean
Optics, Dunedin, FL) was used to collect diffuse reflectance
spectra from thyroid, parathyroid, muscle, and fat in each pa-
tient (Fig. 1a). The probe illuminates tissue with broadband
white light from a tungsten-halogen source transmitted through
six concentric optical fibers. Light reflected or backscattered
from the tissue is collected by one central optical fiber (Fig.
1b) and delivered to a spectrophotometer (Ocean Optics). With
this light source and spectrometer, we were able to measure
the reflectance over a range of 360 - 900 nm. Prior to the intra-
operative measurement procedure, a spacing collar was placed
around the reflectance probe tip to ensure that the distance
between the probe end face and the tissue was constant for
all measurements (about 40 mm). The fiber-optic probe was
placed in a sterile ultrasound sheath for measurements. Fol-
lowing visual identification of each tissue type based on the
surgeon’s visual impression, the probe’s white light source
was turned on and the surgical overhead lights were turned
off to avoid contributing to the measured reflectance signal.
The probe was then placed directly onto the tissue surface to
measure the light reflected under white light illumination. Five
separate reflectance spectra were acquired from each tissue
type in each subject. Measurements were also acquired from
a calibrated diffuse reflectance target (Spectralon) and a dark
reference, to account for any source non-uniformity or effects
of the ultrasound sheath. Post-operatively, each set of five
sample spectra were combined to obtain a mean reflectance
spectrum for each tissue type in each subject. These averaged
spectra were then smoothed using a Savitzky-Golay filter and
normalized using the method described by Johnson et al [21],
whereby the mean intensity of each spectrum was subtracted
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Figure 2. (a) Mean reflectance ratio of thyroid, fat, and muscle relative
to parathyroid tissue. The dashed lines and arrows correspond to the
narrow band filters selected for the imaging stage of the study. (b) Oxy-
and deoxy-hemoglobin absorption as a function of wavelength.

from each data point. This process results in each spectrum
representing the relative reflectance of tissue at each wave-
length, independent of the absolute light intensity level. The
ratio of the normalized reflectance spectrum intensity for the
parathyroid gland to each of the other tissues was calculated to
determine the wavelengths (colors) at which the largest reflec-
tance differences occur. Using these spectroscopy results, three
commercially available optical band-pass filters were selected
in the identified regions in order to enhance the differences
(contrast) between the tissues for the second stage of the study.

The ability of each color filter to improve visual identifica-
tion of the parathyroid gland was then evaluated. After the sur-
geon identified the parathyroid gland under standard operating
room lights, the appearance of each tissue type was evaluated
when viewed through each color filter. Using a custom de-
signed mount, two 1-inch diameter filters were attached to the
surgeon’s loupes (Fig. 1c) to enable visual examination using
only light reflected in each of the selected wavelength bands.
Each wavelength band was scored on a scale from 1 to 5, based
on the surgeon’s qualitative assessment in distinguishing the

16 Articles © The authors | Journal compilation © ] Curr Surg and Elmer Press Inc™

parathyroid gland from the surrounding tissue. Narrow-band
digital imaging was also performed for quantitative evalua-
tion, by mounting a separate 2-inch diameter filter onto the
lens of a digital camera (Nikon D3200), for each of the three
wavebands tested. Two digital images of the field were taken
using each filter. Finally, an additional white light image was
taken of the surgical field for comparison with narrow-band
filtered images.

After surgery, the surgeon manually outlined each tissue
type on the white light image of the field. The corresponding
locations were mapped to each of the NBI images. The mean
grayscale pixel values for the parathyroid, thyroid, muscle, and
fat regions were calculated from each filter image and these
results were used to evaluate the effectiveness of each filter
in distinguishing the parathyroid glands from the surrounding
tissue.

Results

A total of 13 subjects participated in this study. All were fe-
male with a mean age of 52 years (range: 31 - 83). Spectros-
copy measurements were performed on all 13 subjects and im-
age data were collected from subjects 7 to 13 only. The initial
subjects in each group were used to optimize the respective
measurement procedure (spectroscopy or imaging) and data
from these patients were not included in analysis. Overall,
spectroscopy data from patients 5 to 13 (n = 9) and image data
from patients 10 to 13 (n = 4) were included in the subsequent
analysis. Of the procedures included in data analysis, one was
a parathyroidectomy and eight were thyroidectomies. Healthy
tissues were measured when possible. All parathyroid spectra
and images were taken of normal parathyroids (n = 9). For
the patients undergoing partial thyroidectomy (n = 2), the re-
maining, healthy lobe was measured. Measurements were per-
formed on patients undergoing total thyroidectomies (n = 5)
prior to the removal of the gland.

Figure 2a shows the mean reflectance of each tissue type
relative to the parathyroid gland, over a 500 - 700 nm wave-
length range, where the largest differences were visible. The
horizontal dashed black line corresponds to a ratio of one,
indicating where the reflectances (brightness) of the parathy-
roid gland and other tissue type are equal. Tissue that appears
brighter than the parathyroid gland at a particular wavelength
has a ratio greater than 1 while tissue that appears darker than
the parathyroid gland has a ratio less than 1. The ratios for each
tissue type have local minima around 548 and 580 nm with a
local maximum near 564 nm. Optical color filters for the imag-
ing phase of the study were chosen at wavelength ranges that
demonstrated reflectance ratios predominantly greater than or
less than 1, and where filters were commercially available.
The selected wavelength ranges are indicated in Fig. 2a with
dashed vertical lines: green (515 - 565 nm), yellow (570 - 613
nm), and red (604 - 644 nm).

Representative images from stage two of the study can be
seen in Fig. 3. Images of the surgical field taken with the (Fig.
3a) green, (Fig. 3b) yellow, and (Fig. 3¢) red filters were used
for quantitative evaluation of each filter. Figure 3d shows the
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Figure 3. Representative images of a surgical field were taken with (a) green, (b) yellow, and (c) red narrow-band filters. (d)
Image of the same field of view under white light and (e) with labels provided by the participating surgeon. P: parathyroid; M:
muscle; T: thyroid; F: fat.

corresponding white light image of the surgical field, with each thyroid gland in the same subject. The mean reflectance ratios
tissue type (parathyroid, thyroid, muscle, and fat) outlined by for all subjects are displayed as individual bars. Tissues that
the surgeon in Fig. 3e. generated pixels brighter than the parathyroid gland have a ra-
The results of quantitative filter analysis can be seen in Fig. tio greater than 1 (black dashed line), while tissues that imaged
4. The mean grayscale pixel value of each tissue type within darker than the parathyroid gland have a ratio less than 1. None
the surgeon’s outlined region was compared to that of the para- of these filters display a clear distinction between the parathy-
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Figure 4. Mean reflected light intensity of each tissue type relative to the parathyroid gland intensity. The dashed line represents
a ratio of one, where the intensity is equal to that of the parathyroid gland. Tissueffilter combinations with ratios greater than 1 will
appear brighter than the parathyroid gland and tissues with ratios less than 1 will appear darker than the parathyroid gland. Error
bars represent standard deviations for each dataset.
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Figure 5. Average filter score based on surgeon’s ability to distinguish the parathyroid gland from the surrounding tissue. The
surgeon’s confidence in identifying the parathyroid gland was scored on a scale from 1 (least confident) to 5 (most confident).

Error bars represent standard deviations for each dataset.

roid gland and all of the other tissue types (ratio values much
larger or smaller than 1).

The results of the qualitative assessment by the endocrine
surgeon are seen in Fig. 5. The yellow filter was perceived to
provide some improved subjective visualization as compared
to the green or red filter. However, none of the filters demon-
strated a definitive improvement relative to conventional white
light examination.

Discussion

Intra-operative identification of the parathyroid gland can
be challenging at times, even for the experienced endocrine
surgeon. Pre-operative localization studies provide endocrine
surgeons with an anatomic roadmap that helps allow for an
efficient and safe minimally invasive parathyroidectomy [22].
These localization studies include the widely used **™Tc-sesta-
mibi parathyroid nuclear scan, as well as neck ultrasound, and
less commonly selective venous sampling, or rarely 4D CT or
MRI [3]. Localization studies are not foolproof and may fail
to localize a parathyroid adenoma, may incorrectly identify
a parathyroid adenoma, or may fail to identify a patient with
multi-gland disease. Patients that fail to achieve a chemical
cure after removal of a single parathyroid gland require further
operative exploration with careful identification of each para-
thyroid gland.

Identification of parathyroid glands during thyroid surgery
is equally as important so as to avoid injury to the parathy-

18 Articles © The authors | Journal compilation © ] Curr Surg and Elmer Press Inc™

roid glands with resultant hypoparathyroidism [9]. Even for
the experienced endocrine surgeon, identification of small
normal parathyroid gland during thyroid surgery can be dif-
ficult, especially in the setting of reoperative thyroid surgery
or thyroiditis.

Certain intra-operative factors have been shown to ac-
centuate and improve visualization of the parathyroid glands
during surgery. Magnifying surgical telescopes (loupes) are
widely used to assist in the identification of parathyroid glands
[23]. Surgeon experience is an important factor in parathyroid
surgery and has been positively correlated with successful
identification of parathyroid glands [8]. Some have shown that
methylene blue injection [24, 25] or radio-tracer injection [26]
can improve intra-operative identification of the parathyroid
glands during challenging cases. We hypothesized that given
that the parathyroid glands have subtle but distinct tan-brown
color (sometimes visualized as “mustard brown”, “peanut but-
ter brown”, or “burgundy brown”) and rounded, hyperemic,
blanching, pulpy texture, they might be better visualized with
simple and inexpensive optical filters placed over loupes that
are already routinely used for these operations.

In order to test this hypothesis in a pilot study, wavelength
bands (colors) with the largest differences in reflectance inten-
sity between the parathyroid gland and other tissue types were
first identified through diffuse reflectance spectroscopy meas-
urements. Normalizing the reflectance spectra to each patient’s
own parathyroid gland accounted for natural patient-to-patient
variation. The local maxima and minima that occur in the re-
flectance ratio data (Fig. 2a) correspond to the local maxima
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of oxy-hemoglobin absorption at 542 and 576 nm with a local
minimum at 560 nm (Fig. 2b). These features may be a result
of the differences in vasculature between the parathyroid gland
and other tissues.

Optical filters selected in regions with large reflectance
differences were evaluated for their ability to visibly enhance
the identification of the parathyroid gland. We tested com-
mercially available yellow, red, and green filters, each with a
40 - 50 nm bandwidth, based on these spectroscopy data and
evaluated the results in a quantitative and qualitative manner.
During image analysis, each tissue value was normalized to
that of the corresponding parathyroid gland to minimize pa-
tient-to-patient variation. Although the reflectance ratios show
some correlation with physiological properties of the tissue,
the native variation among patients prevented use of one single
filter color as a means of identifying the parathyroid gland. The
standard deviations of these data show large variation across
subjects. Averaging these ratios for each filter color and tissue
type showed that none of the three filters could conclusively
distinguish the parathyroid gland from each of the surrounding
tissues.

The surgeon’s qualitative evaluation of the filters was also
considered in determining the utility of the selected optical
filters. While the yellow filter was consistently ranked as the
best of the three, it provided no perceived benefit over white
light. The poor performance of the green filter may be a result
of hemoglobin’s high absorption at these wavelengths, caus-
ing tissues with high blood content to appear dark. This effect
limited the surgeon’s ability to use the subtle variations in tis-
sue color and texture to identify the parathyroid gland. The
overall appearance became dark and muted, illustrating the in-
herent tradeoff between specificity and brightness when select-
ing filter bandwidth. Larger bandwidth filters transmit more
light providing a brighter visualization, but may not be able
to highlight the differences that occur at discrete wavelengths.
Because the goal of the study was to explore a method for par-
athyroid identification with limited interruption to the existing
procedure, filters were selected with bandwidths slightly larger
than those used for traditional NBI in an effort to minimize
the additional hardware required for the procedure. These fil-
ters allowed for visualization using just the overhead surgi-
cal lights with the potential for future hardware development
providing the surgeon with the ability to switch between white
light and narrowband visualization.

One limitation of the study was that the measurements of
the parathyroid glands were based on the surgeon’s intra-oper-
ative identification of the gland in each patient, rather than the
gold standard of surgical pathology. Although only those glands
identified with high confidence under white light were included
in data analysis, this means that the study can only evaluate
how the technology compares to an imperfect standard.

Unfortunately, these filters failed to help enhance visu-
alization of the parathyroid glands. In highlighting a specific
color of light, narrow-band filters tend to reduce the overall
light intensity, making it difficult to see. This study empha-
sizes that, in addition to the surgeon’s experience and deep
knowledge of anatomic variability of the parathyroid glands, it
is not only color, but also texture, shape, variegation, and para-
thyroid location that contribute to correct identification of the
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parathyroid gland. These other visual cues were not improved
by the optical filters.

Conclusions

In summary, NBI has previously proved valuable in enhanc-
ing the visual appearance of selected tissues in several clinical
settings. Here, we applied a systematic two-stage approach to
optimizing and evaluating NBI for surgical identification of
the parathyroid gland. Simple color filters appear to offer little
enhancement to assist parathyroid gland identification. Future
studies may be considered exploring wide-band filters in the
visible light range or other wavelengths in the infrared spec-
tral region, or wavelengths emitted by targeted optical contrast
agents to assist in the operative identification of parathyroid
glands.
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