

[image: Feasibility of parathyroid gland autofluorescence imaging after indocyanine green fluorescence angiography]
Feasibility of parathyroid gland autofluorescence imaging after indocyanine green fluorescence angiography





ORIGINAL RESEARCH

published: 03 November 2023

doi: 10.3389/fendo.2023.1248449

[image: image2]


Feasibility of parathyroid gland autofluorescence imaging after indocyanine green fluorescence angiography


Marieke Richard * and Philippe Rizo


Fluoptics SAS, Grenoble, France




Edited by: 

I-Cheng Lu, Kaohsiung Medical University, Taiwan

Reviewed by: 

Claudio Casella, University of Brescia, Italy

Brendan Stack, Southern Illinois University Carbondale, United States

Mohamed Rahouma, NewYork-Presbyterian, United States

*Correspondence: 

Marieke Richard
 marieke.richard@getinge.com


Received: 27 June 2023

Accepted: 13 September 2023

Published: 03 November 2023

Citation:
Richard M and Rizo P (2023) Feasibility of parathyroid gland autofluorescence imaging after indocyanine green fluorescence angiography. Front. Endocrinol. 14:1248449. doi: 10.3389/fendo.2023.1248449






Background

In thyroid surgery, autofluorescence allows the parathyroid glands (PTGs) to be located very early to protect them. Moreover, indocyanine green (ICG) fluorescence angiography (ICG-FA) allows for assessing the viability of the PTGs and identifying blood vessels to preserve them. The main limitation of using ICG-FA is that once ICG has been injected, it is no longer possible to observe PTG autofluorescence using existing devices. This study aimed to describe an approach that allows for visualization of the PTGs by autofluorescence, even after ICG injection.





Methods

We redesigned the FLUOBEAM® LX system to excite fluorescence at 685 nm and detect fluorescence between 700 and 900 nm. This device had short-pass filters at 775 nm that helped to split the contributions of the PTG autofluorescence and ICG fluorescence. Tests were performed on extemporaneous PTG preparations placed next to ICG droplets to assess for rejection of the ICG signal.





Results

A low-pass filter at 775 nm detected 60% of the autofluorescence signals and 10% of the ICG signals.





Conclusion

These findings support the possibility of visualizing PTG autofluorescence despite multiple ICG injections and measuring the balance between ICG and autofluorescence signals.
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Introduction

The preservation of the parathyroid glands (PTGs) and their vascularization is crucial during thyroidectomy because damage to the PTG can result in postoperative hypoparathyroidism and hypocalcemia, which can significantly increase cardiovascular and renal morbidity and patient mortality (1, 2).

Autofluorescence has recently been introduced in thyroid surgery to facilitate the detection of PTGs (3–6). Initially, surgeons relied only on their experience and training to detect the parathyroid glands and decide which blood vessels to preserve to protect gland vascularization during thyroidectomies. Depending on the surgeon, in 30–60% of cases, autofluorescence imaging allows for the detection of the PTGs before the surgeon sees them. Although, in some cases, autofluorescence allows for better preservation of the PTG (4), it does not provide any information regarding the vascularization pathway of the glands. Identifying the blood vessels feeding the PTGs is critical because the vascularization of the PTG is unpredictable (7). Recently, fluorescence angiography using indocyanine green (ICG) during thyroidectomy has demonstrated the possibility of identifying critical blood vessels needing preservation (8). 0.1mg/kg of ICG is usually intravenously injected as a bolus. 10 to 30 seconds after injection, ICG reaches the thyroid gland and fluorescence signal can be detected by the imaging device and displayed on a screen.

The main limitation of ICG fluorescence angiography, used for detection in the range of 800–900 nm, is that once ICG has been injected, even at 0.1mg/kg, it would no longer be possible to visualize the autofluorescence of the PTGs. ICG Angiography is performed to visualize small blood vessels. Therefore, injected dose leads to high levels of fluorescence that overwrite parathyroid autofluorescence. ICG fluorescence is at least one order of magnitude brighter than PTG autofluorescence in the range of 800–900 nm. Currently, available systems use fluorescence excitation wavelengths longer than 740 nm and detect in the range 800-900nm (9). Thus, once ICG is present in the field, the PTG autofluorescence signal becomes negligible compared with the ICG signal.

Thyroidectomies are usually performed in two phases (one lobectomy per side), and the surgeon must preserve the PTGs independently on each side. If the surgeon wants to use autofluorescence on both sides of the thyroid, then ICG can only be used on the second operated side. Consequently, during total thyroidectomy using existing devices, ICG fluorescence angiography can be combined with autofluorescence on only one side of the patient.

With classical devices based on excitation wavelengths longer than 740 nm, a waiting time of about 1 hour is required between the last ICG injection and the next autofluorescence measurement. However, despite this delay, several areas remain marked by ICG because it is injected into the dissected tissue, which degrades the readability of the autofluorescence images by registering many ICG-related false positives.

Furthermore, the inability to use perfusion imaging on the two operative sides leads to (i) a potentially greater risk of damaging the vascularization of the PTGs of the first lobe and (ii) not knowing if the PTGs left in place on the first lobe are functional. This has a significant implication on how the second lobe should be dissected, especially if the PTGs on the second lobe are poorly localized. Therefore, it is crucial to visualize the autofluorescence of the PTGs in situ even after ICG injection. Here, we described an approach that allows for visualization of the PTGs by autofluorescence, even after ICG injection.





Materials and methods

ICG (25 mg) was purchased from Diagnostic Green (Indocyanine Green for Injection Kit, 25 mg). Bovine Serum Albumin was purchased from Sigma Aldrich (Bovine Serum Albumin, 5%; reference A4628-20ML). We performed fluorescence spectrometry measurements of ICG diluted with albumin at an excitation wavelength of 685 nm. We observed that the fluorescence yield was 30–50% lower than that measured at an excitation wavelength of 750 nm. The detection was performed on a larger bandwidth of 700–900 nm. The maximum fluorescence of ICG excited at a wavelength of 685 nm was observed near 820 nm.

Next, a comparison of the emission spectra of PTG autofluorescence for excitation at 650 nm, as provided by Serra (10), with that of ICG (Figure 1) showed that their peak maxima were well separated. We assumed that the autofluorescence spectra for wavelengths longer than 700 nm were similar, with excitation wavelengths of 650 and 685 nm.




Figure 1 | Normalized emission spectra of indocyanine green (ICG) when excited at 685 nm and parathyroid gland (PTG) autofluorescence when excited at 650 nm. Both spectra were plotted with an arbitrary unit such that the area under the curve equaled 1. The fluorescence units are, therefore, different between ICG and PTG autofluorescence. However, the maximum emission peaks were adequately separated. The data for the PTG spectrum was derived from the study by Serra et al. (10), while that for the ICG was measured on a Perkin Elmer LS50B system. ICG (25 mg) was solubilized in sterile water (10 mL). Further, the stock solution was diluted with bovine serum albumin to obtain a 1 µM solution. This diluted solution was placed in a Polymethyl Methacrylate cuvette, and the ICG emission spectrum was measured with 685 nm excitation. We assumed that the autofluorescence spectra for wavelengths longer than 700 nm were similar, with an excitation wavelength at 650 nm and 685 nm, respectively.



To alternatively visualize PTG autofluorescence and the ICG signal on the same system, we modified a FLUOBEAM® LX device (FLUOPTICS© France) by replacing the 750 nm excitation laser with a 685 nm laser and also fit detection filters with a range of 700–900 nm. This system will hereafter be referred to as the LX700. The excitation power at the area of interest was 4.6 mW/cm2 at a distance of 10 cm from the optical head, and we ensured that the device was operating in laser class 1 (11).

To separate the PTG autofluorescence signal from the ICG fluorescence signal using this device, we tested a retractable low-pass filter with a cut-off wavelength of 775 nm in front of the camera sensor. This led to two spectral detection windows: 700–900 nm without the filter and 700–775 nm with the filter. The experimental setup is shown in Figure 2.




Figure 2 | Proposed approach with a removable low-pass filter. The device excites autofluorescence of the parathyroid gland (PTG) and indocyanine green (ICG) fluorescence at 685 nm and reads the signal between 700 and 900 nm. A removable low-pass filter is placed in front of the camera sensor to narrow the detection window between 700 and 775 nm, the goal being to manage the ratio between the ICG and PTG signals.



To perform the tests, we used (i) five different dilutions of ICG, i.e., from 0.05 to 1 µM (0.05 µM, 0.1 µM, 0.25 µM, 0.5 µM, and 1 µM) in a solution containing 5% of albumin described earlier, which were arranged as drops of 10 µL, and (ii) freshly resected anatomical specimens of PTGs obtained during a parathyroidectomy. Six series of ICG droplets and resected PTGs were examined. The sample setup and areas of interest for each series are shown in Figures 3–8.




Figure 3 | First experimental setup: Parathyroid adenoma. (A). image captured with FLUOBEAM® LX, (B). Image captured with LX700, (C). Image taken with LX700/775, (D) Region of interest (ROI) for the signal measurements based on the structure of the examined sample with the concentration and location of the indocyanine green (ICG) droplets and location of the parathyroid gland. 1, 0.05 μM ICG droplet; 2, 0.1 μM ICG droplet; 3, 0.25 μM ICG droplet; 4, 0.5 μM ICG droplet; 5, 1 μM ICG droplet; 6, Background for ICG droplets; 7, Parathyroid specimen; 8, Background for parathyroid specimen.






Figure 4 | Second experimental setup: Parathyroid ablation. Simultaneous observation of the ICG droplets (top left corner) and specimen of neck tissues: extrathyroidal nodule with fluorescent grains (top right), parathyroid; nodule; brown fat (bottom left corner). (A) Image captured with FLUOBEAM® LX, (B) Image captured with LX700, (C) Image taken with LX700/775, (D) Region of interest (ROI) for the signal measurements based on the structure of the examined sample with the concentration and location of the indocyanine green (ICG) droplets and location of the parathyroid gland. 1, 0.05 μM ICG droplet; 2, 0.1 μM ICG droplet; 3, 0.25 μM ICG droplet; 4, 0.5 μM ICG droplet; 5, 1 μM ICG droplet; 6, Background for ICG droplets; 7, Parathyroid specimen; 8, Background for parathyroid specimen; For information only: 9, Thyroid nodule; 10, Thyroid nodule-fluorescent grain; 11, Nodule; 12, Brown fat.






Figure 5 | Third experimental setup: Parathyroid adenoma (A) image captured with FLUOBEAM® LX, (B) Image captured with LX700, (C) Image taken with LX700/775, (D) Region of interest (ROI) for the signal measurements based on the structure of the examined sample with the concentration and location of the indocyanine green (ICG) droplets and location of the parathyroid gland.  1, 0.05 μM ICG droplet; 2, 0.1 μM ICG droplet; 3, 0.25 μM ICG droplet; 4, 0.5 μM ICG droplet; 5, 1 μM ICG droplet; 6, Background for ICG droplets; 7, Parathyroid specimen; 8, Background for parathyroid specimen






Figure 6 | Fourth experimental setup: Parathyroid presenting a parathyroid nodule. (A) Image captured with FLUOBEAM® LX, (B) Image captured with LX700, (C) Image taken with LX700/775, (D) Region of interest (ROI) for the signal measurements based on the structure of the examined sample with the concentration and location of the indocyanine green (ICG) droplets and location of the parathyroid gland. 1, 0.05 μM ICG droplet; 2, 0.1 μM ICG droplet; 3, 0.25 μM ICG droplet; 4, 0.5 μM ICG droplet; 5, 1 μM ICG droplet; 6, Background for ICG droplets; 7, Parathyroid specimen; 8, Background for parathyroid specimen.






Figure 7 | Fifth experimental setup: Parathyroid (split in two parts by the surgeon). (A) Image captured with FLUOBEAM® LX, (B) Image captured with LX700, (C) Image taken with LX700/775, (D) Region of interest (ROI) for the signal measurements based on the structure of the examined sample with the concentration and location of the indocyanine green (ICG) droplets and location of the parathyroid gland.






Figure 8 | Sixth experimental setup: Parathyroid adenoma (A) Image captured with FLUOBEAM® LX, (B) Image captured with LX700, (C) Image taken with LX700/775, (D) Region of interest (ROI) for the signal measurements based on the structure of the examined sample with the concentration and location of the indocyanine green (ICG) droplets and location of the parathyroid gland. 1, 0.05 μM ICG droplet; 2, 0.1 μM ICG droplet; 3, 0.25 μM ICG droplet; 4, 0.5 μM ICG droplet; 5, 1 μM ICG droplet; 6, Background for ICG droplets and parathyroid specimen; 7, Parathyroid specimen.



We measured the fluorescence signal using three possible system configurations, namely, FLUOBEAM® LX, LX700, and LX700 with a low-pass filter at 775 nm, referred to as the LX700/775.

All acquisitions were performed under typical detection conditions for the PTGs with the FLUOBEAM® LX, LX700, and LX700/775. The measurement distance was 10 cm, and the integration time was 40ms. Different camera amplification factors were used depending on the system configuration to provide useful, unsaturated images.

All results were scaled to a 40 ms/8.7 dB gain before computation. When the signal was saturated, the gain was reduced to obtain unsaturated data. Decreasing the camera gain does not impact the SNR.




Data analyses

Data were extracted from digital images captured by the camera without any processing. Data extraction was performed using an image analysis software (ImageJ 1.53e). A region of interest (ROI) was designed for each droplet, and the mean values and standard deviations were computed for each ROI. Since the main variation of signal at pixel level was linked to camera amplification and smoothly varying fluorescence or autofluorescence levels in the ROIs, the signal distributions were almost symmetrical without outliers and could be characterized by means and standard deviations. An area without any samples was used as the background level reference. Signal distribution on these background areas was symmetrical without outliers because this signal is the reflectance of the remaining parasitic light by a uniform non fluorescent support. The following readings were obtained based on these formulas:

1) Signal measurement, S:

	

where   is the average value of the pixels of the ROI and   is the average value of the pixels in the area used as the background

2) Signal-to-noise ratio, SNR:

	

where   is the standard deviation of the value of the pixels of the ROI and   is the standard deviation of the value of the pixels in the area used as the background. The SNR was plotted using a logarithmic scale.






Results




Assessment of the PTG specimens and ICG droplets

The signals in the raw images provided by the LX700 were very similar to those acquired using the FLUOBEAM® LX regarding their ability to detect ICG and autofluorescence. These raw images also showed that the LX700/775, with a short-pass filter at 775 nm, could visualize autofluorescence alone, even in the presence of high concentrations of ICG in the field.

To estimate the equivalence between the LX700 and FLUOBEAM® LX, we compared the signal levels based on ICG and those regarding autofluorescence of the PTGs. Figure 9 shows that the LX700 was more sensitive to PTG autofluorescence than FLUOBEAM® LX. In contrast, the FLUOBEAM® LX was more sensitive to ICG, which intrinsically produced very high signals.




Figure 9 | Comparison of the average value over the six setups of measured signals between the FLUOBEAM® LX and LX700 for the parathyroid gland (PTG) and indocyanine green (ICG) signals. For each data point, the subtracted background value was measured on the same dark area (an area where there was no sample). The range of the measured signal for the autofluorescence of the PTGs with FLUOBEAM® LX and LX700 is also indicated. This indicates that the same concentration of ICG could be easily detected by the two devices. The LX700 provides a signal almost 20% higher for the autofluorescence of the PTGs than the FLUOBEAM® LX.



To analyze the ability of these two systems to measure and discriminate signal variations, we compared the SNR of the two systems on the same samples. Figure 10 shows that the SNR from the LX700 and FLUOBEAM® LX were comparable for PTG signals and for the different concentrations of ICG. Even for low concentrations of ICG the SNR with the LX700 remained higher than 5dB ensuring unambiguous detectability.




Figure 10 | Comparison of the average value over the 6 setups of SNRs of the FLUOBEAM® LX and LX700 for a range of indocyanine green (ICG) concentrations. The two devices (FLUOBEAM® LX and LX700) could discriminate the same concentrations of ICG and were equivalent in terms of PTG detection. Even though the SNR was higher regarding ICG at low concentrations using the FLUOBEAM® LX, the SNR obtained using the LX700 stayed higher than 5 even for the lowest concentrations ensuring an unambiguous detectability.



For fluorescence angiography using ICG, we compared these two devices with the LX700/775. Images were acquired with FLUOBEAM® LX, LX700, and LX700/775. Figure 11 shows the average ratio of the ICG signal (average signal value minus the background; the background was defined as an area with no ICG or PTG signal) and PTG signal for the five ICG concentrations listed in Table 1. Our results demonstrated that an additional 775 nm low-pass filter reduced the detected ICG fluorescence signal. Although the autofluorescence signal simultaneously decreased, the drop in the signal was limited; that is, for the highest ICG concentration (1.0 µM), the parathyroid signal was 7 times higher than the ICG signal (Figure 11). Therefore, it was possible to detect PTG autofluorescence in the presence of ICG using LX700/775 at ICG concentrations as high as 1.0 µM.


Table 1 | Datasets regarding the three systems used in this study.

Table 1.1 | FLUOBEAM® LX dataset.




Table 1.2 | LX700 dataset.




Table 1.3 | LX700/775 dataset.






Figure 11 | Comparison of the average value over the six setups of the ratio between ICG and parathyroid signals for the 3 systems: FLUOBEAM® LX, LX700 (unfiltered), and LX700/775 (low pass filtered; cut-off wavelength, 775 nm). The data used for this figure are presented in Table 2. Reducing the detection bandwidth with a low-pass filter decreased the overall sensitivity of the LX700/775 device. However, it increased its ability to discriminate parathyroid gland (PTG) autofluorescence in the presence of ICG by a factor of at least 60.



To demonstrate that this type of approach does not worsen the detection quality of the autofluorescence of PTGs, we analyzed the SNR of the different configurations of the systems (FLUOBEAM® LX, LX700, LX700/775) on the same sample (Table 2). For all configurations tested, the average SNR for the PTGs was close to 10, indicating that even with a reduced detection bandwidth of 700–775 nm (corresponding to the LX700/775 detection bandwidth), PTG autofluorescence could be unambiguously detected. Figures 11, 12 and Table 2 show that the decrease in the SNR of the ICG droplets linked to the additional low-pass filter enabled the detection of PTG autofluorescence in the presence of ICG.


Table 2 | SNR of Parathyroid glands with the three devices.






Figure 12 | Comparison of the measured SNRs for the 3 systems (FLUOBEAM® LX, LX700, LX700/775). The low-pass filtering decreased the signal level by detecting on a narrower bandwidth. However, as the detection was performed on a narrower bandwidth, the background noise was significantly reduced.



From the spectra in Figure 1, we calculated the measured signal for a low-pass filter with a specified cut-off length. This value correspond to the area below the curve in Figure 1, limited by the 700nm wavelength on one side and by  the cut off wavelength on the other side. The proportion of the fluorescence signal, as a function of the cut-off wavelength, is shown in Figure 13.




Figure 13 | Proportion of the fluorescence signal as a function of the cut-off wavelength. Based on the spectra of Figure 1, for each wavelength between 700 and 900 nm, for indocyanine green (ICG) and the parathyroid gland (PTG), we computed the ratio of the spectra that would be detected by a device using a low-pass filter at a particular wavelength.



The difference between the two curves allowed us to locate the maximum difference between the ICG and the autofluorescence signals near 775 nm. We observed that, with a low-pass filter at 775 nm, 60% of the autofluorescence signal and 10% of the ICG signal were detected. With a 750 nm filter, we detected 34% of the autofluorescence signal and 3% of the ICG signal.





Other possible data that were processed using the two detections windows

An LX700 with a retractable low-pass filter at 775 nm can provide two images of the same sample containing different proportions of ICG and autofluorescence signals. The unfiltered image (LX700) was dominated by ICG, and the filtered image (LX700/775) was dominated by autofluorescence (Figure 14).




Figure 14 | Images of the same thyroid lobe after excision. This lobe was removed after the injection of indocyanine green (ICG) to identify the blood vessels feeding the parathyroid glands. (A) Image obtained using a low-pass filter with a cut-off wavelength of 775 nm (LX700/775). (B) Image obtained with a nonfiltered device (LX700), in which the ICG contribution was clearly predominant.



To be able to analyze the data provided by the device, we acquired two sets of two images. With the low-pass filter on (LX700/775), we acquired one image with the excitation laser off and one image with the excitation laser on. With the low-pass filter off (LX700), we acquired one image with the excitation laser off and another with the excitation laser on. For each position of the low pass filter, the difference between the measure with the laser on and off provided the actual contribution of the autofluorescence signal plus the ICG signal on the corresponding detection waveband.

Referring to the autofluorescence signal of the tissues emitted between 700 nm and 900 nm as   and the ICG signal emitted between 700 nm and 900 nm as  , we can define   and   two numbers between 0 and 1, such that   is the autofluorescence signal of tissues emitted between 700 nm and 775 nm and   is the ICG signal emitted between 700 nm and 775 nm.

Then we can write that

	

	

If α and β have been measured in independent samples, we can easily produce images of ICG or autofluorescence alone.

We measured α on the set of thyroid and parathyroid specimens presented earlier and β on ICG droplets. We observed α=0.3 (for thyroid and parathyroids) and β=0.025.

In the first approach, assuming that the contribution of ICG represented by β*ICG is negligible when the low-pass filter is on, contributions of ICG and autofluorescence can be split to increase the accuracy of the provided information.

Once processed by subtracting the background signal, these images lead to one image containing only the ICG contribution (Figure 15). Although the ICG image is noisier than the image with the filter off, it is not ambiguous in the perfused area, and small vessels can easily be discriminated.




Figure 15 | Images of the same thyroid lobe after excision. This lobe was removed after the injection of indocyanine green (ICG) to identify the blood vessels feeding the parathyroid glands (A) Image with the low pass filter on, (B) Image with the low pass filter off, (C) Indocyanine green (ICG) image computed from the four acquisitions assuming that alpha= 0.3 and beta =0.025.








Discussion

Until recently, it was commonly accepted that the maximum autofluorescence of the PTGs is observed between 800 and 900 nm and that this autofluorescence is reduced significantly below 800 nm (3, 9, 12, 13). Thus, PTG autofluorescence used to be measured between 800 and 900 nm. Furthermore, as the excitation wavelength is between 740 and 805 nm in most commercially available systems, fluorescence is usually detected between 800 and 900 nm in these systems, e.g., PTeye (Medtronic), FLUOBEAM LX (Fluoptics), EleVision IR platform (Medtronic), and PDE (Hamamatsu). Balasubramanian et al. (14), using the FLUOBEAM® 700, indicated that PTG autofluorescence is visible with an excitation wavelength of 685 nm and an emission window between 700 and 900 nm. This autofluorescence allowed for the pre-localization of the PTGs during thyroidectomy. More recently, Serra et al. (10), using fluorescence spectrometry and excitation at 650 nm, confirmed that the PTGs emitted autofluorescence at least at 700 nm and that maximum autofluorescence was observed close to 711 nm.

In order to avoid using two excitation wavelengths, we examined a single excitation that rebalanced the measured signal levels between ICG and PTG autofluorescence. Exciting at a wavelength of 685 nm reduces the ICG contribution and increases the autofluorescence signal. Nevertheless, the contribution of PTG autofluorescence over a detection window ranging from 700 to 900 nm is negligible compared to that of ICG. Narrowing the detection window between 700 and 775 nm will reduce the contribution of ICG more than that of the PTG.

In our study, we observed that PTG autofluorescence could be visualized with a good SNR ratio upon excitation at 685 nm. Moreover, the autofluorescence signal was substantial between 700 and 800 nm.

We also demonstrated that the SNR of the autofluorescence signal obtained with an excitation at 685 nm and a detection between 700 and 775nm is similar to that obtained with the FLUOBEAM® LX (about 10 dB). This imaging approach opens new opportunities for the possibility of i) using autofluorescence alone even after injection of ICG and ii) combining images with different detection windows (700–900 nm and 700–775 nm) to split the contribution of ICG and autofluorescence.

By considering the possibility of renewing the ICG injections if necessary while observing the parathyroids by autofluorescence, the technical improvement described here removes the current main obstacle of intraoperative evaluation of the PTGs by fluorescence imaging at the end of the dissection of each lobe. Once the ICG has been injected, it would not be possible to observe the autofluorescence because the signal is dominated by ICG. However, identification by autofluorescence is crucial because it aids in PTG identification, which positively impacts the quality and function of the preserved glands (4).

By contrast, the injection, sometimes repeated, of ICG helps improve the dissection and/or intraoperative decision by helping to create a vascular mapping of the PTGs before thyroid dissection (8). It can also help improve the dissection by helping to evaluate the parathyroid perfusion at the end of the lobectomy, which would allow for the adaptation of the radicality of the thyroid resection on the second lobe in cases of total thyroidectomy (15). Both modalities are greatly facilitated by the possibility of easy and accurate visualization of the PTG with autofluorescent imaging during ICG injection.

Without the innovation described in this study, to be able to use autofluorescence on the four PTGs without endangering the recurrent nerve in case of loss of signal requiring a stop of the procedure and re-intervention in an already dissected area, the surgeon has to reserve mapping angiographies and perfusion assessment to one side only (the second) during total thyroidectomies.

In conclusion, this study demonstrates that PTG autofluorescence can be detected in the presence of ICG, in concentrations as high as 1.0 µM, with a fluorescence imaging device performing excitation at 685 nm and with detection between 700 and 775 nm. It also demonstrates that ICG can be detected at concentrations as low as 0.05 µM with the same excitation at 685 nm and a detection window between 700 and 900 nm.

The expected clinical benefits versus drawbacks (added time, expense, etc.) from using fluorescence-based parathyroid imaging combined with ICG angiography compared to either technique alone or other imaging methods must be evaluated because the potential for this combination is the key advance offered by changing the excitation and emission settings.

This feasibility study needs to be complemented by an extensive clinical assessment to evaluate the clinical benefits of using a device with excitation at 685 nm and a removable low-pass filter for different pathologies leading to thyroid and/or parathyroid surgery.





Data availability statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding author.





Author contributions

MR and PR contributed equally to the conception, design, and data analysis of the study. All authors contributed to the article and approved the submitted version.





Funding

This work was internally funded by the FLUOPTICS© part of GETINGE.




Acknowledgments

The authors would like to express their gratitude towards Dr Fares Benmiloud for his valuable participation in this work. Dr Benmiloud performed all the surgeries and analyzed the surgical impact of the technology. 





Conflict of interest

PR and MR are both FLUOPTICS© SAS employees.




Abbreviations

PTGs, parathyroid glands; ICG, indocyanine green; ROI, region of interest; SNR, signal-to-noise ratio; CMOS, Complementary Metal Oxide Semiconductor; CCD, Charge Coupled Device.




References

1. Almquist, M, Ivarsson, K, Nordenström, E, and Bergenfelz, A. Mortality in patients with permanent hypoparathyroidism after total thyroidectomy. Br J Surg (2018) 105:1313–8. doi: 10.1002/bjs.10843

2. Bergenfelz, A, Nordenström, E, and Almquist, M. Morbidity in patients with permanent hypoparathyroidism after total thyroidectomy. Surgery (2020) 167:124–8. doi: 10.1016/j.surg.2019.06.056

3. Paras, C, Keller, M, White, L, Phay, J, and Mahadevan-Jansen, A. Near-infrared autofluorescence for the detection of parathyroid glands. J BioMed Opt (2011) 16:067012. doi: 10.1117/1.3583571

4. Benmiloud, F, Rebaudet, S, Varoquaux, A, Penaranda, G, Bannier, M, and Denizot, A. Impact of autofluorescence-based identification of parathyroids during total thyroidectomy on postoperative hypocalcemia: a before and after controlled study. Surgery (2018) 163:23–30. doi: 10.1016/j.surg.2017.06.022

5. Kahramangil, B, Dip, F, Benmiloud, F, Falco, J, de la Fuente, M, Verna, S, et al. Detection of parathyroid autofluorescence using near-infrared imaging: a multicenter analysis of concordance between different surgeons. Ann Surg Oncol (2018) 25:957–62. doi: 10.1245/s10434-018-6364-2

6. Hartl, D, Obongo, R, Guerlain, J, Breuskin, I, Abbaci, M, and Laplace-Builhé, C. Intraoperative parathyroid gland identification using autofluorescence: pearls and pitfalls. World J Surg Surg Res (2019) 2:1166.

7. Delattre, JF, Flament, JB, Palot, JP, and Pluot, M. Variations in the parathyroid glands. Number, situation and arterial vascularization. Anatomical study and surgical application. J Chir (Paris) (1982) 119:633–41.

8. Benmiloud, F, Penaranda, G, Chiche, L, and Rebaudet, S. Intraoperative mapping angiograms of the parathyroid glands using indocyanine green during thyroid surgery: results of the fluogreen study. World J Surg (2022) 46:416–24. doi: 10.1007/s00268-021-06353-4

9. Solórzano, CC, Thomas, G, Berber, E, Wang, TS, Randolph, GW, Duh, QY, et al. Current state of intraoperative use of near infrared fluorescence for parathyroid identification and preservation. Surgery (2021) 169:868–78. doi: 10.1016/j.surg.2020.09.014

10. Serra, C, Serra, J, Ferreira MaChado, IL, and Vieira Ferreira, LF. Spectroscopic analysis of parathyroid and thyroid tissues by ground-state diffuse reflectance and laser induced luminescence: a preliminary report. J Fluoresc (2021) 31:1235–9. doi: 10.1007/s10895-021-02783-4

11.European standards: IEC 60825-1 (2014). Available at: https://www.en-standard.eu/iec-60825-1-2014-safety-of-laser-products-part-1-equipment-classification-and-requirements (Accessed March 15, 2023).

12. Mahadevan-Jansen, A, White, L, Phay, J, Paras, CA, Bartz, EK, Keller, MD, et al. United States patent US2012010483 (2012). Available at: https://worldwide.espacenet.com.

13. Mahadevan-Jansen, A, White, L, Phay, J, Paras, CA, Bartz, EK, Keller, MD, et al. United States patent US 10258275 (2019).

14. Hillary, SL, Guillermet, S, Brown, NJ, and Balasubramanian, SP. Use of methylene blue and near-infrared fluorescence in thyroid and parathyroid surgery. Langenbecks Arch Surg (2018) 403:111–8. doi: 10.1007/s00423-017-1641-2

15. Vidal Fortuny, J, Sadowski, SM, Belfontali, V, Guigard, S, Poncet, A, Ris, F, et al. Randomized clinical trial of intraoperative parathyroid gland angiography with indocyanine green fluorescence predicting parathyroid function after thyroid surgery. Br J Surg (2018) 105:350–7. doi: 10.1002/bjs.10783




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Richard and Rizo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo-14-1248449-g004.jpg
A FLUOBEAM® LX

D ROI localizations






OEBPS/Images/fendo-14-1248449-g009.jpg
ICG Signal value- FBLX vs LX700

120.00

100.00

80.00
60.00
40.00

(21un easwed Aseayique) punoudyoeg-jeudis

20.00

0.00

ICG concentration (uM)

LX700 Average Parathyroid signal

LX Average parathyroid signal

® LX700 LX 00 Average ICG Signal

® LX Average ICG Signal





OEBPS/Images/fendo-14-1248449-g012.jpg
SNR(dB)

30.00

25.00

20.00

15.00

10.00

5.00

0.00

0.00

0.10

Average SNR vs |ICG Concentration

0.20 0.30 0.40 0.50 0.60 0.70 0.80

ICG Concentration (uM)

—@—|X700/775 average SNR —@— | X Average SNR

—@-—| X700 average SNR

0.90

1.00

1.10





OEBPS/Images/im2.jpg





OEBPS/Images/M2.jpg
SNR = 10 hogyo (8/ /o0y - 106 4oy





OEBPS/Images/table1b.jpg
System

Set up # #
Initial gain 24.6 24.6 285 18.6 16.8 8.7
0.05 M Mean 1137 7.30 6.87 9.46 11.93 10.82
Stdev 0.98 0.65 0.54 0.47 0.56 1.35
0.1 uyM Mean 1146 8.83 7.80 15.80 17.30 17.34
Stdev 0.57 0.44 0.79 1.34 0.87 1.58
0.25 yM Mean 17.99 15.96 16.79 27.33 31.23 36.98
Stdev 1.58 1.08 125 129 1.86 231
0.5 uM Mean 26.61 24.18 2234 4438 49.27 56.90
Stdev 2.01 243 1.81 170 1.93 4.02
1M Mean 43.08 41.37 ‘ 37.17 80.80 79.39 83.66
Stdev 4.77 331 323 3.51 2.83 6.58
Background for the ICG drops Mean 7.82 5.11 441 3.83 4.73 217
Stdev 0.68 0.32 0.30 0.28 0.36 0.38
Parathyroid Mean 23.16 34.44 27.03 99.32 37.16 43.38
Stdev 1.78 1.96 249 262 1.76 2.55
Background for the parathyroid Mean 5.66 13.28 12.34 16.01 15.47 217

Stdev 0.34 0.59 0.69 1.04 0.89 0.38





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Feasibility of parathyroid gland autofluorescence imaging after indocyanine green fluorescence angiography

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Data analyses

          



        



        



        		

          Results

        

          		

            Assessment of the PTG specimens and ICG droplets

          



          		

            Other possible data that were processed using the two detections windows

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/im7.jpg





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo-14-1248449-g003.jpg
A FLUOBEAM® LX

D ROl localizations






OEBPS/Images/im10.jpg
BICGsignal





OEBPS/Images/fendo-14-1248449-g005.jpg
A FLUOBEAM® LX

D ROI localizations






OEBPS/Images/im3.jpg
stdpoy





OEBPS/Images/fendo.2023.1248449_cover.jpg
& frontiers | Frontiers in Endocrinology

Feasibility of parathyroid gland
autofluorescence imaging after indocyanine
green fluorescence angiography





OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/table1a.jpg
FLUOBEAM®LX

il

2

0.05 M

0.1 pM

0.25 M

0.5 M

1M

Background for the ICG drops

Parathyroid

Background for the parathyroid

Initial gain
Mean
Stdev
Mean
Stdev
Mean
Stdev
Mean
Stdev
Mean
Stdev
Mean
Stdev
Mean
Stdev
Mean

Stdev

246

10.93

125

17.38

3855

424

55.99*

4.54

61.99%

3.50

0.20

1119

045

246

8.04

0.88

13.45

36.26

259

5245

4.12

62.03*

0.41

2.02

0.14

17.97

0.98

6.01

043

327

11.60

0.96

16.12

143

31.05*

075

31.52%

0.17

31.72*

0.10

3.09

035

16.39

128

8.66

0.72

16.8

3198

170

48.94

7133

2.14

10.00

16.8

31.06

1.20

47.71

117.65

2.86

123.67*

0.26

25.21

139

0.47

87

14.20

147

2859

1.99

0.11

11.51

137

1.99

0.11





OEBPS/Images/fendo-14-1248449-g013.jpg
1.2

o
0

Detected ratio of the total emited spectrum
o o
~ o))

o
N

Normalized Integral of the fluorescence spectra
ICG and parathyroid autofluorescence.

700 710 720 730 740 750 760 770 780 790 800 810 820 830 840 850 860 870 880 890 900

wavelength (nm)

-=@==ormalized integral of PTG autofluorence

==@==Normalized integral of ICG fluorescence





OEBPS/Images/M1.jpg
S = meanyoy = MOAN G it





OEBPS/Images/fendo-14-1248449-g008.jpg
A FLUOBEAM® LX

D ROl localizations






OEBPS/Images/im8.jpg





OEBPS/Images/im9.jpg
a~AFsignal





OEBPS/Images/im4.jpg
L [W—





OEBPS/Images/M4.jpg
Image with the filter on = & s AFsignal + 3+ ICG signal





OEBPS/Images/fendo-14-1248449-g015.jpg





OEBPS/Images/fendo-14-1248449-g010.jpg
SNR (dB)

30.00

25.00

20.00

15.00

10.00

5.00

0.00

0.1

i sl

0.2 0.3

® LXAverage ICG SNR

ICG SNR value- FBLX vs LX700

0.4

©® LX700 Average ICG SNR

—_—-

0.5 0.6
ICG concentration (1uM)

= | X Average parathyroid SNR

0.7 0.8

~=|X700 Average parathyroid SNR

0.9

——r= - -

[

11





OEBPS/Images/fendo-14-1248449-g007.jpg
A FLUOBEAM® LX

C LX700/775

1:0.05 uM ICG droplet
2:0.1 pM ICG droplet
3:0.25 uM ICG droplet

4:0.5 uM ICG droplet

D ROI localizations

5:1uMICG droplet

6 : Background for ICG droplets

7 : Parathyroid specimen

8 : Background for parathyroid specimen





OEBPS/Images/fendo-14-1248449-g014.jpg





OEBPS/Images/fendo-14-1248449-g001.jpg
normalized emission (Arbitrary unit)

0.2

0.18

0.16

0.14

0.12

0.1

0.04

0.02

650

Normalized emission spectra

700 750

Normalized ICG fluorescence spectra excitation 680nm

N

800 850
Wavelength (nm)

Normalized Parathyroid fluorescence spectra excitation 650nm

900





OEBPS/Images/im5.jpg
AFsignal





OEBPS/Images/table2.jpg
LX700 LX

SNR (dB) 10,623 ‘ 10,781 9,985 ‘

Stdev 2,476 ‘ 2,190 1,695 ‘

The averaged SNR has been computed from the data of Table 1. Variation of the parathyroid gland
(PTG) autofluorescence according to the filtering. The SNR was slightly lower with the LX700
filtered at 775 nm because only about 60% of the emitted spectra were detected. The SNR with the
FLUOBEAMg LX was comparable to that with the LX 700 because although only about 40% of the
emitted autofluorescence signal was detected, the detection window was at a higher wavelength.
Therefore, it was much less sensitive to background signals such as parasitic lights.
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*Saturated signal

Tables 1.1, 1.2, and 1.3 show the measured values obtained from the analysis. Image] (software developed by NIH) was used to extract data on digitized fluorescence 8-bit images provided by the
camera. For each droplet and each parathyroid gland region of interest, the averages (Mean) and standard deviations (Stdev) were computed with the following different acquisition
configurations: FLUOBEAM® LX, LX700, and LX700 with 775 nm low-pass filter (referred to as the LX700/775). Different camera amplification factors were used depending on the system
configuration to provide useful, unsaturated images. All results were normalized to a 40ms/8.7dB gain before computation.
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