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Abstract

imaging device.

Background Parathyroid glands (PGs) can be particularly hard to distinguish from surrounding tissue and thus can be
damaged or removed during thyroidectomy. Postoperative hypoparathyroidism is the most common complication
after thyroidectomy. Very recently, it has been found that the parathyroid tissue shows near-infrared (NIR) auto-
fluorescence which could be used for intraoperative detection, without any use of contrast agents. The work described
here presents a histological validation ex vivo of the NIR imaging procedure and evaluates intraoperative PG
detection by NIR auto-fluorescence using for the first time to our knowledge a commercially available clinical NIR

Methods Ex vivo study on resected operative specimens combined with a prospective in vivo study of consecutive
patients who underwent total or partial thyroid, or parathyroid surgery at a comprehensive cancer center. During
surgery, any tissue suspected to be a potential PG by the surgeon was imaged with the Fluobeam 800 ® system. NIR
imaging was compared to conventional histology (ex vivo) and/or visual identification by the surgeon (in vivo).
Results We have validated NIR auto-fluorescence with an ex vivo study including 28 specimens. Sensitivity and
specificity were 94.1 and 80 %, respectively. Intraoperative NIR imaging was performed in 35 patients and 81
parathyroids were identified. In 80/81 cases, the fluorescence signal was subjectively obvious on real-time visual-
ization. We determined that PG fluorescence is 2.93 &£ 1.59 times greater than thyroid fluorescence in vivo.
Conclusions Real-time NIR imaging based on parathyroid auto-fluorescence is fast, safe, and non-invasive and
shows very encouraging results, for intraoperative parathyroid identification.
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Introduction

Thyroid cancer is the most common endocrine malignancy,
and in recent decades, its incidence has shown a steady
increase [1]. Thyroid cancer generally carries a very good
prognosis [2]. In most cases, treatment is based on surgery
[1, 3, 4]. Because of their small size and variable anatomic
position adjacent to the thyroid gland, parathyroid glands
(PGs) can be particularly hard to distinguish from sur-
rounding tissue and thus can be damaged or removed
during  thyroidectomy. Temporary  postoperative
hypoparathyroidism is the most common complication
after thyroidectomy, with an incidence ranging from 20 to
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35 % [5]. Parathyroid preservation is critical in preventing
hypoparathyroidism after thyroidectomy [6]. Today, there
is no reliable intraoperative method to identify PG: the
current solution is based on visual inspection from surgeon,
which is a method by default and the results depend greatly
on the operator’s experience [7].

The past several years have witnessed a growing interest
for new optical imaging methods, especially in the near-
infrared (NIR), in order to guide the surgeon and improve
the outcomes of cancer surgery [8, 9]. NIR fluorescence
takes advantage of the fact that NIR light (700-900 nm)
penetrates blood and tissue to a depth of several millime-
ters, whereas visible light is limited to several micrometers.
Moreover, auto-fluorescence of tissue in the NIR spectral
range is very rare and most of the clinical uses of NIR
fluorescence are based on the administration of contrast
agents [8, 9]. But very recently it has been found that the
parathyroid tissue shows NIR auto-fluorescence, indepen-
dently of their pathological status [10, 11]. Interestingly,
this optical property differentiates PG from surrounding
tissue and could be used for intraoperative detection,
without any labeling or any challenges associated with the
use of contrast agents. The first studies of in vivo auto-
fluorescence of PG have been reported by McWade et al.
[12] at Vanderbilt University, using an experimental NIR
camera (n = 6, human and dogs). Since their publication,
several NIR cameras have been made commercially
available, but the usefulness of commercialized NIR
imaging systems has not been investigated to the extent of
our knowledge. The feasibility of this technique in clinical
practice remains unclear.

Here we report a histological validation of the auto-
fluorescence using NIR imaging on healthy human
parathyroid tissue ex vivo and an evaluation of intraoper-
ative in vivo PG detection by NIR auto-fluorescence using
a commercially available clinical NIR imaging device.

Methods
NIR imaging device and image acquisition

The system used in this study, Fluobeam® 800 Clinical
System (Fluoptics, Grenoble, France), is a European
Community-certified Class I medical device. It excites
tissues with a wavelength of 750 nm (5 mW/cm? at 20 cm)
and collects the optical signal for wavelengths over 800 nm
providing a global picture of the light signals emitted above
800 nm in real time. Auto-fluorescence requires operating
lights to be turned off. The probe has an integrated NIR-
less white light [LEDs (RG-1, 5000 Ix at 20 cm)] to illu-
minate the surgical site. Real-time, two-dimensional video
images are obtained using the Fluosoft (Fluoptics,
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Grenoble, France), which can save the video data and still
images (in TIFF format). For our study, exposure time was
set as 333 ms and the optical probe (diameter: 75 mm,
length: 24 cm) was placed in a sterile sleeve intraopera-
tively. The imaging system illuminated the operating field,
without touching the patient, with a working distance of
about 20 cm.

Ex vivo NIR imaging

The visualization of the NIR fluorescence signal in
parathyroid tissue was assessed ex vivo on resected spec-
imens (see Table 1). The evaluation of the presence of PG
on the specimen, due to iatrogenic resection, was per-
formed blindly by a scientist using NIR imaging (i.e.,
without knowledge of the anatomy or histopathology)
under the supervision of a pathologist. Samples were
chosen based on the NIR fluorescence signal. The imaging
procedure was performed between 5 min and 1 h after
resection or after formalin fixation. The resected auto-flu-
orescent samples and entire specimens were examined by a
pathologist and analyzed by conventional histology (HES
staining).

In vivo study: patient population

Prospective study of consecutive patients (>18 years old)
who underwent total or partial thyroid, or parathyroid

Table 1 Results of ex vivo NIR imaging on resected specimen for
PG identification

Procedures
Thyroidectomy (partial or total) 10
Thyroidectomy with dissection

Neck dissection

Laryngectomy with thyroidectomy 6
Parathyroidectomy 4

Total 28
PG identification

NIR Signal Histology

PG+ PG+ 16

PG+ PG— 3

PG— PG+ 1

PG— PG— 12

Total PG+ (histology) 17
Sensitivity (%) 94.1
Specificity (%) 80.0
Normalized parathyroid signal intensity

PG/thyroid signal ratio (n = 8) 291 £0.89
Fixed PG/fresh PG signal ratio (n = 3) 1.08 £ 0.14

PG+: considered as parathyroid tissue, PG—: not considered as
parathyroid tissue
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surgery at Gustave Roussy were included between
December 2014 and March 2015. All optical procedures
were performed in a way that did not interfere with the
quality of the patient care.

Intraoperative in vivo NIR imaging

During surgery, any tissue suspected to be a potential PG
by the surgeon was non-invasively imaged with the Flu-
obeam 800®. In cases where no potential PG was found by
visual examination, anatomical sites where PG could the-
oretically be located were also checked by NIR imaging.
All the signals were compared to visual examination. The
operating and ambient lights in the operating room were
turned off during the NIR imaging procedure in order to
minimize infrared interference in the room, the surgical site
being illuminated by the Fluobeam®’s white light. No
preoperative preparation was needed for intraoperative
imaging. The imaging procedure did not interfere with the
continuum of the surgical procedure. Absorbable sutures
used during the procedure were coated Vicryl Polyglactin®
910 (Ethicon, Johnson&Johnson, New Brunswick, USA).
Because of the limitations of histological analysis on
healthy (and thus non-resected) parathyroid tissue, NIR
imaging could only be compared to visual identification of
the PG by the surgeon. The real-time infrared video and
NIR auto-fluorescence images were compared directly with
the intraoperative view of the surgical field. Although NIR
imaging was considered as helpful to identify PG (see
results section), the visual identification remained the gold
standard (associated with histologic evidence where
described) to guide surgery, as this is a feasibility study.

NIR signal quantification

Image acquisition was performed under the supervision of
a surgeon in vivo or a pathologist for ex vivo specimens.
Images were annotated directly during acquisition and
quantification was measured post acquisition. Auto-fluo-
rescence was quantified for tissue identified with a high
confidence level (classified definitively PG) by the operator
and/or by histological validation. The mean intensity of the
signal was measured using ImageJ. In order to avoid
environmental variations, each measured parathyroid sig-
nal was divided by the corresponding thyroid signal. We
collected our measurements with a double condition: the
parathyroid and the thyroid glands were in the same field of
view and in the same plane; otherwise, they were excluded
from the study. To determine the effect of formalin treat-
ment, the ex vivo imaged tissues were treated for 24 h in
formalin and then re-imaged. The ratios of the normalized
signals, before and after formalin fixation, were calculated.

Results

Ex vivo near-infrared imaging for parathyroid
gland identification

In order to validate the NIR auto-fluorescence signal
coming from healthy human parathyroid gland (PG), we
performed an ex vivo assessment of NIR imaging on
resected specimens coming from different kinds of surg-
eries (listed in Table 1) where parathyroid tissue could be
potentially found. The resected specimens were analyzed
with the NIR camera under the supervision of pathologists
to find any parathyroid tissue resected. NIR fluorescence-
positive tissues were sampled and analyzed by conven-
tional histology. With dimmed room lights, we were able to
clearly see NIR auto-fluorescence coming from tissues that
were confirmed later as PG (Fig. 1a, b). Our study included
specimens coming from 28 patients. Based on the NIR
images, we were able to identify 16 parathyroids (out of 17
parathyroids found histopathologically). It is worth noting
that parathyroid tissue coming from thyroidectomy did not
correspond to a complete PG but to small fragments
remaining on the resected specimens (Fig. 1b). The
parathyroid tissue that we were not able to observe with
NIR imaging corresponded to an intrathyroid PG. Fluo-
rescence signals were quantified on NIR images for 10
healthy PGs. These measures were normalized with the
corresponding thyroid signal. The normalized PG fluores-
cence signal intensity varied from 1.7 to 5.4 times greater
than that of thyroid fluorescence (average: 2.91 £ 0.89,
Table 1).

We also observed that PG auto-fluorescence remained
stable over time (at least 1 h after resection for small PG
fragments). Moreover, PG auto-fluorescence remains
stable after tissue formalin fixation (Fig. 1c, d). We mea-
sured the normalized PG fluorescence signal intensity
before and after formalin fixation and calculated the ratio
between these two measures, which is 1.08 £ 0.14,
showing that formalin fixation does not affect PG auto-
fluorescence (Table 1). In a similar way, we also verified
parathyroid adenoma (n = 4) auto-fluorescence (Fig. le),
suggesting that NIR auto-fluorescence occurs in PGs,
independently of their pathological status.

The NIR imaging procedure revealed other signals also.
These positive tissues were also sampled and analyzed by
conventional histology. These were identified as thyroid
and brown adipose tissue (Fig. 1f, g). We have shown that
thyroid fluorescence is less intense than PG fluorescence
(Table 1). However, we noticed three cases where a bright
spot was observed in thyroid tissue. These were identified
as colloid nodule by histology and reported as false posi-
tive. The normalized nodule fluorescence signal intensity
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Fig. 1 Ex Vivo validation of NIR signal; tissues in geometric
figures were sample and analyzed by conventional histology. NIR
imaging of resected specimen of a laryngectomy with thyroidectomy
(a); PGs are in the circles. NIR imaging of resected thyroidectomy
(b) fragment of PG is in the circle. NIR imaging of fresh (c¢) or
formalin-fixed (d) parathyroid tissue (circle) and thyroid tissue

was 2.88 + 1.14 times greater than that of the normal thyroid
tissue. This value is similar to PG fluorescence, but visually
the aspect of the nodule fluorescence is a more diffuse signal
(Fig. 1f). Brown adipose tissue is quite rare in adults. Nev-
ertheless, during the imaging procedure we observed bright
spots (Fig. 1g) corresponding to brown adipose tissue
(confirmed by conventional histology). Surprisingly, these
bright spots were also observed when only using white light
of the camera for illumination (with the NIR laser switched
off). This shows that the signal is not NIR specific and thus
does not correspond to PG auto-fluorescence. Therefore,
brown adipose tissue can be easily discriminated by check-
ing the signal specificity and this avoids any confusion with
PG. Muscle, white adipose tissue, lymph nodes, thymus, and
trachea do not show NIR auto-fluorescence. We were able to
identify PG ex vivo using NIR imaging with a sensitivity of
94.1 % and a specificity of 80 % (Table 1).

@ Springer

(broken line square). NIR imaging of a resected specimen from
parathyroidectomy (parathyroid adenoma is in the circle) (e). NIR
imaging of a resected specimen coming from a thyroidectomy (f);
nodule is indicated by the dotted square. NIR imaging of the resected
lymph nodes from neck dissection (g); signal from brown adipose
tissue is indicated by the broken line circle

In vivo near-infrared imaging for parathyroid gland
identification

Intraoperative NIR imaging was performed on 35 patients
(Table 2). As we could not ethically perform frozen section
analysis on normal parathyroid during thyroid surgery
(because a biopsy of such small organs may cause defini-
tive harm and put the patient at risk of permanent
hypoparathyroidism), we thus employed the only method
currently a standard in thyroid surgery: visual identifica-
tion. A total of 81 PGs were identified by the surgeons with
a high level of confidence and/or histologic validation
(Table 2). In all but one case (in which the identification of
the parathyroid was verified by frozen section analysis), the
fluorescence signal of the parathyroid glands was clearly
obvious subjectively upon visualization of the real-time
video (Fig. 2). Thus, in 80/81 cases, the intraoperative NIR
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Table 2 NIR imaging procedure in 35 consecutive patients and
intraoperative PG identification

Population
Female 27
Male 8
Total 35
Average age (year) 50.9
Procedure
Thyroidectomy 14
Thyroidectomy + dissection 12
Lobectomy 7
Neck dissection 1
Parathyroidectomy 1
PG identification
Total number of identified PGs 81
Clearly fluorescent PGs 80
Insufficiently fluorescent PGs 1
Sensitivity (%) 98.8

Normalized parathyroid signal intensity

PG/thyroid signal ratio (n = 53) 293 + 141

imaging identification of PG was validated, for a sensitivity
of 98.8 %.

To support our subjective interpretation of the obvious
fluorescent signal observed in real time, we quantified the
NIR fluorescence. Fluorescence signals were measured on
NIR images for 53 healthy PGs. These measures were
normalized with the corresponding thyroid signal. The

normalized PG fluorescence signal intensity varied from
0.48 to 7.71 times (average: 2.93 £ 1.41; Table 2; Fig. 3)
greater than that of thyroid fluorescence. PG NIR auto-
fluorescence was consistently greater than thyroid fluores-
cence in 98.1 % (52 out of 53). The only PG fluorescence
with lower value than its corresponding thyroid fluores-
cence was the PG considered as non-sufficiently fluores-
cent in our real-time intraoperative observation. These
results are consistent with our intraoperative interpretation
and our ex vivo study.

As mentioned above, ex vivo NIR imaging procedure
revealed other signals. This was confirmed in our intraop-
erative study. Indeed, we observed auto-fluorescence
coming from thyroid colloid nodules and unspecific signal
from brown adipose tissue. We also observed that the
brown adipose signal declined rapidly after resection of the
adipose tissue, whereas the PGs that were removed for
surgical reasons (devascularization) were still auto-fluo-
rescent after 30 min in ice-cold saline serum (where they
were held before re-implantation). All these results were
confirmed on the final histopathologic analysis. It is also
worth noting that the sutures used during this study (see
methods) had NIR auto-fluorescent properties (Fig. 2,
arrows). Muscle, white adipose tissue, lymph nodes, and
trachea did not show NIR signal.

During surgery, the operator needs to clearly identify
PGs in order to preserve them from iatrogenic lesions. In
our study, we encountered three cases (Table 3): (1) the
surgeon was sure that he had found a PG definitively; (2)

Fig. 2 Intraoperative NIR imaging for PG identification. Intraoper-
ative NIR imaging and the corresponding bright light view of the PG
of the same patient. URPG upper right parathyroid gland, ULPG

upper left parathyroid gland, LRPG lower right parathyroid gland,

LLPG lower left parathyroid gland, arrowhead: parathyroid gland,

arrow: suture
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Fig. 3 Distribution of the variability in parathyroid auto-fluores-
cence signal. Intensities were normalized with the corresponding

thyroid signal (thyroid = 1)

Table 3 Intraoperative NIR imaging procedure assessment

Surgeon’s opinion before NIR Final Number of
NIR imaging imaging  opinion cases
Definitively PG Positive PG 67
Negative PG* 1
Not PG* 1
Possibly PG Positive PG 8
Negative  Not PG 6
Unseen PG Positive PG 5

% Confirmed by frozen section analysis

the surgeon thought that it was possibly a PG; and (3) the
surgeon did not find PG. Therefore, any tissues suspected
of being a parathyroid were imaged using NIR camera and
when the surgeon did not identify PG, potential locations
were investigated with NIR imaging. As the surgeons who
participated in this study are experimented in thyroid and
parathyroid surgery, the surgeon was confident most of the
time. In this case, the imaging procedure strengthened the
surgeon’s opinion. Nevertheless, there were two cases
where the tissue did not “light up.” The first case was the
poorly auto-fluorescent parathyroid mentioned above. This
PG was confirmed by frozen section analysis. It was the
only reported false negative. On the contrary, in the second
case, frozen section analysis indicated that the tissue was
actually adipose. Thus, in this case NIR imaging was right
against the surgeon’s first opinion. Moreover, in case the
surgeon had any doubts, the NIR imaging procedure was a
true guide for surgery. We noticed 14 cases of potential
PG, where the operator’s first opinion was unsure. In those
cases, the NIR imaging procedure results could clear up
ambiguities concerning the presence or not of a PG. The
NIR results were supported by further tissue examination
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(sinking test, visual examination, etc.). Finally, we also
observed 5 cases where the surgeon did not find the PG
before the NIR imaging procedure was performed. Those 5
PGs were found by investigating the bright spot of NIR
auto-fluorescence during the imaging procedure. After
examination, in all the cases, the surgeon was truly confi-
dent of the identity of the PG as indicated by the NIR
imaging procedure.

Discussion

Parathyroid insufficiency is still the most common com-
plication after total thyroidectomy [13]. Inadvertent PG
resection may occur because of a lack of intraoperative PG
identification. Several previous studies on image-guided
surgery to address the issue of PG preservation during
thyroidectomy required the administration of contrast
agents, parathyroid specific or not [14—19]. These methods
have limited clinical impact or currently have insufficient
data for clinical use. The procedure presented here is based
on the intrinsic optical properties of PG [12], thereby
avoiding challenges associated with the use of contrast
agents. We have validated PG auto-fluorescence ex vivo,
but also in vivo and intraoperatively. Moreover, this is the
first study to our knowledge using a commercial clinical
device and our results suggest that this procedure could be
adopted easily in thyroid surgery.

Very recently, McWade et al. [20] described a very
interesting clinical evaluation of auto-fluorescence for PG
detection based on spectroscopy instead of an NIR imaging
system. A benefit of this method is to be able to quantify the
fluorescence during surgery which is not possible using the
Fluobeam© device, as it does not have a quantification
module. Thus, we quantified PG fluorescence with pixel
intensity on NIR images. Our measures showed a quite wide
variety in PG auto-fluorescence intensity. Nevertheless,
interestingly, the results of our ex vivo and in vivo studies
showed that in both cases the PG intensities are in the same
range and about 2.9 times greater than those of thyroid flu-
orescence. An advantage of NIR imaging is that this tech-
nology is contactless and provides real-time information with
a large field of view, while spectroscopy needs to be in
contact with the tissue to make measurement, point by point.
NIR imaging provides a global view of the tissue illuminated
in the operative field. This way, the procedure can highlight
PGs even before the surgeon’s eyes, as it happened 5 times
(out of a total of 35 patients and 81 PGs) during our study.

Due to the limitation of the depth of penetration of light
in biological tissue, auto-fluorescence NIR imaging can
identify PG to a limited extent. This technology cannot find
parathyroid located deeper than a few millimeters in neck
tissue. This is illustrated by the PG with an intrathyroid
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localization that we missed with NIR system during our
ex vivo study. Therefore, the imaging procedure can only
assess tissue exposed by the surgeon to the NIR light.
However, beyond this limitation, the NIR imaging procedure
seems to have a very good sensitivity both ex vivo and
in vivo. This sensitivity is important because a tool that could
mistake a PG for another tissue type could obviously not be
useful for parathyroid preservation. Although we have
noticed some variations in signal with NIR imaging,
parathyroid auto-fluorescence is a clear interpretable signal.

The identity of the endogenous NIR fluorophore is cur-
rently unknown but potential candidates have been reported
[10-12, 20]. McWade et al. indicate that these fluorescent
compounds could also be found in thyroid tissue but in lower
concentration than in PG. Our results support this possibil-
ity, especially our observation about colloid fluorescence.
Endogenous fluorophores might also be used for detection
of cancer cells. However, we did not observe any obvious
auto-fluorescence in tissues surrounding thyroid cancer, in
metastatic lymph nodes or surrounding the PG (normal or
abnormal). Interestingly, NIR auto-fluorescence seems
sustainable and can be observed on small parathyroid frag-
ments, 1 h after en bloc resection, and after formalin fixa-
tion. This shows that NIR signal is not dependent on the
parathyroid gland activity, vascularization, and/or viability.
Further studies are needed to determine the source of the
parathyroid auto-fluorescence.

The complication rate in thyroid surgery depends to a
large extent on the operator’s experience [21]. Thus, a tool
for intraoperative parathyroid detection would have more
impact for less experienced surgeons. However, even
highly experienced surgeons cannot completely avoid
incidental PG resection. Interestingly, our study has shown
that the NIR imaging procedure can clear up doubts that
even experienced surgeons can have in anatomical identi-
fications, leading to an increased precision in thyroid sur-
gery. NIR fluorescence imaging is an expanding
technology to guide the surgeon in real time, and the list of
clinical application is growing fast, especially in cancer
surgery [8, 22-24]. PG identification by NIR auto-fluo-
rescence is fast, safe, non-invasive, and easy to use; here,
we have shown that it is feasible intraoperatively with a
commercially available NIR imaging clinical device.
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