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Abstract

Background—Hypoparathyroidism is a common complication following thyroidectomy. There 

is a need for technology to aid surgeons in identifying the parathyroid glands. In contrast to near 

infrared technologies, fluorescence lifetime imaging (FLIm) is not affected by ambient light and 

may be valuable in identifying parathyroid tissue, but has never been evaluated in this capacity.

Methods—We used FLIm to measure the UV induced (355 nm) time-resolved autofluorescence 

signatures (average lifetimes in 3 spectral emission channels) of thyroid, parathyroid, lymphoid 

and adipose tissue in 21 patients undergoing thyroid and parathyroid surgery. The Mann-Whitney 

U test was used to assess the ability of FLIm to discriminate normocellular parathyroid from each 

of the other tissues. Various machine learning classifiers (random forests, neural network, support 

vector machine) were then evaluated to recognize parathyroid through a leave-one-out cross-

validation.

Results—Statistically significant differences in average lifetime were observed between 

parathyroid and each of the other tissue types in spectral channels 2 and 3 respectively. The largest 

change was observed between adipose tissue and parathyroid (p<0.001), while less pronounced 

but still significant changes were observed when comparing parathyroid with lymphoid tissue 

(p<0.05) and thyroid (p<0.01). A random forest classifier trained on average lifetimes was found 

to detect parathyroid tissue with 100% sensitivity and 93% specificity at the acquisition run level.
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Conclusion—We found that FLIm derived parameters can distinguish the parathyroid glands and 

other adjacent tissue types and has promise in scanning the surgical field to identify parathyroid 

tissue in real-time.
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Introduction

Thyroidectomy is a common procedure with 72,344 operations performed in the United 

States in 20111 .Hypoparathyroidism, or dysfunction of the parathyroid glands leading to 

hypocalcemia, is a frequent complication of thyroidectomy occurring in approximately 10% 

of patients who undergo thyroid procedures2. Even among high-volume thyroid surgeons, up 

to 3% of patients will develop permanent hypoparathyroidism leading to lifelong 

replacement with calcium and vitamin D3. The cost of caring for patients with 

hypoparathyroidism is estimated to be three times that of a healthy patient4. Currently, the 

majority of thyroid operations in the United States are performed by low-volume surgeons5. 

The effectiveness of surgeon identification and preservation of the parathyroid glands varies 

by surgeon experience with low-volume surgeons having increased rates of both temporary 

and permanent hypoparathyroidism6. The current standard for identifying and protecting the 

parathyroid glands is visual identification of the glands. Unfortunately, the parathyroid 

glands’ small size and nondescript nature make them easily confused for thyroid tissue, 

lymph nodes or even benign fat. There is a need for technology to aid surgeons, especially 

low-volume surgeons, in the identification and confirmation of the parathyroid glands during 

thyroid surgery that can help lead to more consistent surgical outcomes.

In 2011, Parras et al.7 introduced the novel technique of near infrared detection for 

intraoperative parathyroid identification. This was followed in 2013 with a similar method 

by McWade et al.. In 2014, McWade et al. 9 then introduced the feasibility of NIR imaging 

for intraoperative parathyroid identification using a modified Karl Storz camera. Since 2014, 

additional studies have supported these findings that NIR fluorescence can aid in the 

detection of parathyroid tissue during thyroid surgery10,11. Early studies using NIR 

fluorescence imaging allowed surgeons to scan the operative field for parathyroid tissue 

using a camera with a 25 cm2 field of view, but relied on the operating room (OR) lights 

being turned off because of interference between ambient light and the light emitted from 

intrinsic parathyroid fluorophores in the NIR optical window . More recent studies using 

NIR fluorescence imaging have advanced the technology to be able to take point 

measurements of tissue in the prsesense of ambient OR lighting, but NIR technology still 

cannot aid in spatially mapping the parathyroids within the surgical field without redirecting 

or turing off the OR spot lights 12. The next logical step is to develop a technology which 

allows surgeons to scan the operative field with a large field of view for parathyroid tissue 

while leaving the OR lights on to minimize disruptions.

Multispectral fiber-based fluorescence lifetime imaging (FLIm) is a novel technique using a 

handheld laser induced fluorescence probe to record and measure spectroscopic differences 
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between various tissue types. Unlike NIR fluorescence imaging, FLIm measures the 

autofluorescence signature of tissue in the visible spectrum following ultraviolet (UV) 

excitation and does not require the administration of an exogenous contrast agent. The 

pulsed operation of FLIm detection makes it insensitive to OR lights. This approach enables 

scanning of the surgical field to identify parathyroid tissue without the disruption of turning 

off or redirecting the the OR spot lights. The purpose of this pilot study is to evaluate the 

ability of FLIm to identify parathyroid tissue in patients undergoing thyroid and parathyroid 

surgery.

Methods

The study was conducted on 21 patients undergoing thyroid and parathyroid surgery 

following informed consent under the University of California Davis institutional review 

board approval. The use of FLIm in the OR did not change the general flow of the thyroid 

and parathyroid surgery. A single, high volume endocrine surgeon (MJC) identified each 

patient’s parathyroid glands based on their visual appearance and anatomic location. As each 

parathyroid was identified, a sterilized fiberoptic probe was brought into the operative room 

and connected to the FLIm instrumentation. Optical measurements of the parathyroid gland 

were taken, as well as the adjacent thyroid, lymph node and adipose tissue. The location of 

these measurements was guided through the use of an endoscopic camera. The surgeon was 

blinded to these results, with all analysis and classification performed post-hoc in this pilot 

study. As it would be unethical to remove or biopsy parathyroid tissue for research purposes, 

the surgeon filled out a standardized assessment of his confidence that he correctly identified 

the parathyroid gland as he identified each gland. Only data collected on parathyroid glands 

identified by the surgeon with a high level of confidence and felt to be normal sized and 

non-hypercellular were included in analysis for this study.

The FLIm instrumentation

The FLIm system has been described in detail previously13-15. Briefly, the FLIm system 

uses a 355 nm pulsed (600 ps pulse width and 2.5 μJ per pulse) laser light source coupled to 

a fiber optic (400 μm core diameter) to excite native fluorophores in tissue. The fluorescence 

emission is collected using the same fiber and spectrally resolved into three spectral 

channels: 390±20 nm, 470±14 nm, and 542±25 nm. These spectral band target the reported 

autofluorescence emission maxima of the following endogenous fluorphores: (CH1: 

collagen, CH2: nicotinamide adenine dinucleotide (NADH), CH3: flavin adenine 

dinucleotide (FAD))15. The FLIm apparatus used allows for the recording of data in a fourth 

channel (629±26 nm); however, signal intensity in this channel was observed to be very 

weak for several tissue conditions in this specific study, resulting in a low signal-to-noise 

ratio (SNR). Therefore, this channel was not used for analysis in this case but has been in 

other studies. Average fluorescence lifetime for each channel was retrieved using a Laguerre 

expansion deconvolution of the recorded intensity decay at each measurement point16. The 

diagnostic contrast provided by these time-resolved spectroscopic parameters for the task of 

parathyroid identification was investigated in this study. Additionally, a blue aiming beam 

(445 nm) coupled to the same fiber optic used to induce/collect tissue autofluorescence and 

captured using a laparoscopic camera was used to identify the spatial location of 
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fluorescence point-measurements. This method was described previously by our group17,18 

and allows for point-measurement localization and the generation of fluorescence parametric 

maps that are then overlaid directly onto white light images of the tissue surface (see figure 

1). The RF amplifier of the instrument was AC coupled with a cut off frequency of 10 kHz 

in order to filter out any signal contribution from the aiming beam and operating room lights 

as described previously17.The average spatial resolution of a manual scan using FLIm is 60 

points/mm2 19. The power being delivered to tissue was 2.2-2.6 mW.

The measurements in this study involve multiple repetitions: there are 300-1200 data points 

for each tissue type from each patient. The goal was to acquire as much data as possible 

within each surgical procedure to perform statistical analysis and machine learning. In 

practice, fewer point-measurements (~100) would be sufficient to perform a highly robust 

prediction for a given tissue location with a trained machine learning model. The Shapiro-

Wilk normality test20 was used to decide whether parametric statistical tests should be used 

for this study. The application of this test demonstrated a non-normal distribution within the 

acquired average fluorescence lifetime values, therefore the nonparametric Mann-Whitney 

U-test21 was used to compare tissue types. A statistical power analysis was performed using 

the statsmodel python library (effect size=1.0, statistical power=0.8, p value=0.05), 

calculating a sample size of N=16 for patient level comparisons between groups. For each 

subject the median was calculated for each FLIm parameter for all tissue types. These 

median values were then used to compare tissues across the full dataset. Statistical analysis 

was performed using Graphpad Prism 8.

Average fluorescence lifetimes calculated from three channels for each data point were used 

to train a machine learning classifier for the identification of parathyroid glands. To evaluate 

the classification method, a leave-one-out cross-validation approach was performed in which 

data from one patient was removed for each fold and tested on while training with the other 

patients before repeating for all patients and calculating mean performance. Classification 

performance was evaluated at the point-measurement level and at the acquistion run level 

(with a single mean prediction calculated for all points within a run). A given acquisiton run 

repeatedly measures a specific tissue region to determine if this tissue is parathyroid, making 

it appropriate to calculate a single classification output at the run level for this application. 

Three machine learning classifiers were evaluated (random forests22, neural network23, 

support vector machine24) using the Scikit-learn Python package. An overview of this FLIm-

based classification pipeline is presented in figure 2.

Results

Twenty-one patients undergoing thyroid and parathyroid surgery were included in our study. 

The mean age was 55.6 years (range: 35-74 years). Eighteen (86%) patients were women. 

Thirteen patients (62%) had a hemi- or total thyroidectomy, 7 (33%) had a 

parathyroidectomy and 1 (5%) had both a thyroidectomy and parathyroidectomy. Of the 

patients undergoing a thyroidectomy 7 (33%) had benign disease and 3 (14%) had evidence 

of autoimmune thyroiditis on their surgical pathology. Following the removal of low 

confidence and high-cellularity parathyroid runs, 29393 point-measurements from 15 patient 

remained for the analysis stage, with parathyroid and at least two of the other tissues imaged 
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for all patients. From these 15 patients, 15 parathyroid samples, 15 thyroid samples, 9 lymph 

node samples and 15 adipose tissue samples were imaged.

Significant differences in average fluorescence lifetime were observed between parathyroid 

and each of the other tissue types in spectral channels 2 and 3 (see figure 3). The largest 

change was observed between adipose tissue and parathyroid (p<0.001), while less 

pronounced but still significant changes were observed when comparing parathyroid with 

lymphoid tissue (p<0.05) and thyroid (p<0.01). Parathyroid has the shortest average lifetime 

of all tissue types in channels 2 and 3, while adipose tissue has the longest average lifetime 

in channels 2 and 3.

Tables 1 and 2 present classification performance at the point-measurement and run level for 

a 15-patient cross validation. The random forest classifier was observed to achieve superior 

sensitivity for both evaluations. Figure 4 presents ROC curves calculated at point-

measurement level for each patient using the random forests method. A mean patient level 

AUC of 0.88±0.08 was observed at the point-measurement level, with the lower AUC cases 

attributed to lymphoid tissue occasionally being misclassified as parathyroid. Performance at 

the run-level is noticeably higher due to the aggregation of points within a run, alleviating 

local variation between measurements, with 100% sensitivity and 93% specificity observed 

using the random forest method across 41 runs. This corresponds to an overall run-level 

accuracy of 97% and is representative of the proposed use case. All false positives at the run-

level were also attributed to lymphoid tissue.

Discussion

Protection of the parathyroid glands and their blood supply are important elements of 

successful thyroid surgery. Unfortunately, unintentional damage to the parathyroid glands is 

common even in the hands of experienced endocrine surgeons. In this study we found that 

times-resolved FLIm can be successfully used to distinguish parathyroid glands from 

thyroid, adipose and lymph tissue without the disruption of turning off or redirecting the OR 

lights. This builds on the weakness of previous technologies and could potentially allow for 

future integration into visual augmentation schemes where surgeons can use FLIm data 

overlaid on real-time images of the operative field to identify and confirm parathyroid tissue.

We found significant differences in average fluorescence lifetimes when parathyroid was 

compared with thyroid, lymphoid and adipose tissue respectively. These changes were 

observed in spectral channels 2 and 3 of the FLIm instrument, both of which are linked with 

metabolic activity. The extent of this contrast varies between tissue types, with the largest 

difference observed for adipose tissue, which shows noticably longer lifetimes in CH2 and 

CH3. Adipose tissue has previously been shown to have long fluorescence lifetimes at 

higher wavelengths, specifically for breast specimens imaged ex vivo using the same FLIm 

instrument 19. This increase in lifetime at higher wavelengths for adipose tissue has been 

observed to be a result of lipid oxidation25 and is consistent with previous studies26. Higher 

variance was also observed in the fluorescence lifetimes of lymph nodes, resulting in rare 

false positives for this tissue type. Various factors can contribute to this variation between 

patients. One such source of variation is the fact that lymphocytes constitute the majority of 
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the lymph node architecture and this may lead to low autofluorescence signal due to a high 

nucleus to cytoplasm ratio27 in certain cases. Conversley, hyperplasia in the lymph node, 

which may occur secondary to inflammation, can lead to an increase in NADH, potentially 

leading to higher fluorescence contributions in Channel 2 for other patients.

The random forests classifier method achieves strong sensitivity for parathyroid detection. 

Similarly accurate discrimination of tissue conditions was observed using random forests in 

prior FLIm studies on breast cancer detection in excised specimens28 and intraoperative 

head and neck cancer detection29. The ensemble approach of random forests allows for this 

method to avoid model overfitting by combining the output of 100 decision tree classifiers to 

form an aggregate prediction. The other methods investigated (SVM, neural network) do not 

apply this aggregation step and fail to overcome the variability between FLIm point-

measurments for a given tissue condition and the variability between tissue conditions in the 

negative class (adipose, thyroid, lymphoid). This difference is more prounounced at the run 

level, where greater consistency between predictions is required. Another key advantage of 

the random forest method is its high computational efficiency which makes it suitable for 

real-time applications.

Various NIR light source based wide-field imaging techniques have been studied for 

parathyroid gland identification with success10,30,31. However, due to the effects of ambient 

light on collected signals, these techniques require OR lights to be turned off or re-directed 

which can be disruptive to surgical workflow. To overcome this short coming, the PT Eye 

instrument allows for the taking of point measurements to identify parathyroid tissue by a 

surgical team without disruption of the ambient OR lights12. The reported accuracy of the 

intensity-based PT Eye instrument for parathyroid identification is 96.1% compared to the 

97% detection accuracy achieved using FLIm. However, due to the limited measurement 

spot size of 400 μm, signal acquisition time of 2 seconds (300 ms integration time) and the 

need for a 10 second calibration step, PT Eye is better suited for situations where the 

surgeon has an a priori suspicion of a tissue region being parathyroid12. FLIm on the other 

hand is capable of rapid signal integration (<30 ms per data point) without the need for an 

initial calibration step to establish a baseline for thyroid. This rapid signal integration time 

allows for more tissue regions to be investigated within a time constrained procedure. 

Another recent NIR based approach is the Fluobeam LX32, which is shown to be robust to 

ambient lighting but still requires the OR spot lights to be redirected. The developed FLIm 

method shows great potential to address the key challenges of both PT Eye and Fluobeam if 

implemented into a real-time parathyroid detection system.

Our study presents a novel solution to one of the current problems encountered by NIR 

technologies for identifiying parathyroid tissue during thyroid surgery, but it does have 

several limitations. This current study was performed using surgical decisions made by a 

single experienced endocrine surgeon. Future projects would benefit from including several 

surgeons, in multiple institutions, to study the effects of inter-observer variability on 

classification accuracy. While this study focuses on the detection of normocellular 

parathyroid, future work will look to expand on this initial proof of concept approach and 

allow for various parathyroid conditions (e.g. parathyroid adenoma, parathyroid hyperplasia, 

vascularized and devascularized parathyroid) to be detected through the acquisition of a 

Marsden et al. Page 6

J Surg Res. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



larger and more varied dataset. Future developments will allow for implementation of an 

algorithm to allow for online, real-time tissue classification (>30 frames per second) that can 

be augmented on the surgical field of view to assist surgeons during thyroid and parathyroid 

surgery. A real-time visualization will be produced that can present classifier output to the 

surgeon by augmenting the video stream of a handheld surgical camera. This approach will 

be developed by adapted an existing fluorescence imaging visualization method that has 

been demonstrated for intraoperative head and neck cancer detection18.

Conclusion

Current results demonstate that FLIm has a good sensitivity and specificity for the rapid 

identification of parathyroid tissue in patients undergoing thyroid and parathyroid 

operations, without turning off or redirecting the OR lights. Thus, FLIm has the potential to 

be a useful adjunct to identifying parathyroid tissue in patients undergoing thyroid surgery.
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Figure 1: Visualization of measured FLIm data overlaid onto the surgical field of view.
Point-measurements are localized within the surgical field using a blue aiming beam 

emerging from the fiber probe. Average lifetime values for spectral channel 2 were 

calculated and then rendered as a at transparent overlay onto the endoscopic image.
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Figure 2: Classification pipeline for FLIm-based parathyroid detection.
N FLIm point-measurements were acquired for a given tissue region to investigate for 

parathyroid. These N point-measurements were classified using a machine learning model 

(random forest, support vector machine or neural network) before the N predictions are 

aggregated together to produce an overall binary prediction through majority voting for the 

investigated region.
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Figure 3: Average fluorescence lifetime for various tissues imaged in vivo for N=15 patients.
The lifetimes are displayed for all three spectral channels. A patient level median lifetime 

was calculated for each tissue type for each patient. The Mann-Whitney U test was 

performed to check for statistically significant differences between tissue types. * p<0.05 ** 

p<0.01 *** p<0.001.
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Figure 4: ROC curves for point-measurement level evaluation using the random forests classifier 
(N=15 patients).
A mean area-under-the-curve (AUC) of 0.88±0.08 was observed, with a minimum AUC of 

0.74. The lower performance cases can be attributed to low lifetime lymphoid tissue 

occasionally being misclassified in certain cases as parathyroid.
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Table 1.

Point-measurement level parathyroid classification performance (N=15 patients, 29393 points)

Method ROC-AUC (±σ) Sensitivity
(%±σ) n=10753

Specificity
(%±σ) n=18640

Neural Network 0.90±0.08 64±18 90±8

Support Vector Machine 0.89±0.08 87±10 78±15

Random Forest 0.88±0.08 88±12 71±14
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Table 2.

Run-level parathyroid classification performance (N=15 patients, 41 runs)

Method Sensitivity (%) n=15 Specificity (%) n=26

Neural Network 66 100

Support Vector Machine 76 100

Random Forest 100 93
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