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Introduction

The most common thyroid disease in the community is simple (diffuse) physiological goitre [1]. While the prevalence of diffuse goitre declines with age, different investigations underline an increase in frequency of thyroid nodules and thyroid antibodies with age. More precisely, epidemiologic investigations suggest that nodular thyroid disease is a common clinical problem, with a prevalence of nodules in 4%-7% of the adult population.

Thyroid nodules [2][3][4][5][6][7] as well as thyroid calcifications [8][9][10][11][12][13][14] are observed for different thyroid pathologies. Recently, we have conducted two physicochemical investigations on thyroid macrocalcifications for patients corresponding to Grave's disease, papillary carcinoma, benign nodules, multinodular goitre [15,16]. Two characterization techniques, namely µFourier Transform Infrared Spectroscopy (µFTIR) [17][18][19][20] and Field Emission Scanning Electron Microscopy (FE-SEM) [18][19][20][21] were used in order to assess a possible relationship between the pathology and the physicochemical characteristics of the macrocalcifications. Such approaches have been already developed for microcalcifications in organs such as the kidney showing that the morphology of the crystallites of which the agglomeration gives the macrocalcifications as well as their chemical identification are of major importance [22][START_REF] Daudon | AIP Conf. Proc[END_REF][START_REF] Daudon | [END_REF][25]. Such complexity calls for physicochemical techniques to characterize such deposits which may exist also at the micrometer and at the nanometer scales [26][27][28][29][30][31].

At this point, we have to recall that a careful analysis of the IR absorption spectra of thyroid tissue revealed the presence of amorphous and nanocrystallized calcium phosphate apatite, calcium oxalate monohydrate and/or dihydrate as well as triglycerides and cholesterol [15,16]. The complete set of data we have obtained on these macrocalcifications seems to indicate that there is no clear relationship between their chemical composition and the disease. Nevertheless, from a biochemical point of view, the presence of the various types of crystals is a marker of very different biological conditions, and as such, of different pathologies [22][START_REF] Daudon | AIP Conf. Proc[END_REF][START_REF] Daudon | [END_REF][25].

Though the presence of microcalcifications in smears has already been attested, very little information exists on their chemical composition. The aim of our work was to analyze the composition of thyroid microcalcifications from smears obtained by ultrasound-guided fine needle puncture. Such an approach is a first step to establish a possible relationship between the physico-chemistry of abnormal deposits in thyroid smears and the disease which induces their formation.

Experimental

A set of 31 thyroid smears corresponding to 13 patients, coming from the Service de Chirurgie digestive, Générale et Endocrinienne, CHU Dupuytren (Limoges, France) and the Department of Thoracic Surgery of Geneva have been considered (Tables 1 and2). Of the 13 patients, five (Patient number 1-5) had papillary cancer, two (Patient number 6 and 7) had Graves' disease, six had benign nodules (Nodular goitre Patient number 8-12 and Patient 13 All the calcifications were investigated with a Zeiss SUPRA55-VPFE-SEM in order to describe their morphology at the micrometer scale. To maintain the integrity of the samples, measurements were performed at low voltage (1.0 keV) and without the usual deposits of carbon at the surface of the sample [18,21]. All calcifications were characterized using µFTIR spectrometry (Cary 620 infrared microscope equipped with a 64 × 64 pixels Stingray MCT detector coupled to a Cary 660 spectrometer equipped with a KBr beamsplitter and a Michelson interferometer, LBM, ENS-PSL). Data were collected in the reflexion mode between 4000 and 700 cm -1 , with a resolution of 8 cm -1 . The different compounds were identified by comparing their IR spectrum to the IR spectrum of reference compounds [START_REF] Dao | Infrared and Raman Spectra of Calculi[END_REF].

Results and discussion

The point of view of the clinician: the state of the art

Ultrasonography (US) is the main tool to explore thyroid diseases, especially for detecting nodules, measuring their dimensions, and evaluating any associated changes in the thyroid glands [START_REF] Solbiati | [END_REF]. The use of a standardized US reporting system to analyze US imaging reporting reduces the inconsistency of US descriptive reports and ease the management of thyroid nodules. The most used system is the thyroid imaging reporting and data system (TIRADS) recently updated [37,38]. It has the best correlation with cytologic findings. Suspicious US lesions such as a solid hypoechoic nodule, with a spiculated or lobulated margin or a hypoechoic halo, or the presence of intra nodular calcifications, need fine needle aspiration (FNA). The average malignancy risk of such nodules is around 56% but increases with the number of suspicious features [39][40][41]. Microcalcifications are a good predictor of malignancy especially in partially cystic nodules [42]. Microcalcifications appear as tiny hyperechoic spots, <1 mm. They correspond to psammomas bodies and are highly suggestive of the most frequent type of thyroid carcinoma, papillary thyroid carcinoma [16,43]. A recent meta-analysis including 41 studies for a total of 29,678 patients demonstrated that microcalcifications were associated with a high risk of malignancy with a 676 odds ratio (OR) [44]. However, if their specificity for malignancy is elevated (85-95%), their sensitivity is low, particularly in nodules under 1 cm diameter [45]. However, the risk of carcinoma does not decrease with nodule size. This risk depends on the ultrasonographic criteria placing the risk at 19.7% vs 7.8% for nodules sized 1 cm or more without suspicious sonographic findings [46]. Such results are in line with a recent investigation performed by Yin et al. [47]. These authors found that thyroid microcalcifications and partial macrocalcifications, such as eggshell discontinuous calcifications, and multilayer-like calcifications were associated with thyroid carcinoma (41.4% vs 21%). Eggshell discontinuous macrocalcifications and multilayerlike macrocalcifications also occurred mainly in malignant nodules, while eggshell calcifications in a row are more often seen in benign nodules [47]. The type of calcification is therefore an important predictor of cancer.

The FNA allows to withdraw cells from a suspicious nodule such as a nodule containing microcalcifications or nodule of size >1 cm. FNA under US guidance is recommended because it reduces falsenegative cytology, established at around 1% [48]. The three classification systems rank the cytology diagnosis in five major classes and the widely used is the Bethesda System [49] (Table 3).

Classifications depend on cell features. Suspicion of malignancy or malignant results force the patient to be referred to an endocrine surgeon. The risk of malignancy in benign lesion (named Bethesda 2) is about 1% and a clinical or US follow-up is recommended. Two categories are less consistent, Bethesda 3 and Bethesda 1. The first one is the indeterminate category that imposes surgery or careful follow-up because the risk of malignancy is around 15% [50]. The second one is nondiagnostic specimens due to insufficient number of thyroid cells, or virtually acellular specimen. In this category, the risk of malignancy is estimated to be 16% [51] and a real evaluation of the need for surgery is necessary. The balance between the risks of a potentially delayed diagnosis of carcinoma that imposes surgery, and those of superfluous surgery should be considered.

In 2015, ATA recommended basing management of thyroid nodules on their risk of malignancy assessed on ultrasound coupled with FNA if the nodules are supra-centimetric. Only Bethesda 2 nodules, i.e. benign, do not require FNA [52]. This risk varies from 10 to 30% for Bethesda 3. Ultrasound, even coupled with cytology, does not therefore make it possible to accurately determine the risk of cancer in a nodule. The development of new methods, like automated machine learning for identifying nodules with high-risk mutations on molecular testing, promises to facilitate the identification of suspicious nodules but is not yet routine practice [53]. The risk is to wrongly operate on benign nodules, and to ignore the cancer in a centimetric or supracentimetric nodule.

The point of view of the physico-chemist: more new questions

In all the above literature dedicated to calcifications present in thyroid, the chemical phases present in the calcifications are not identified through physicochemical techniques. The only parameter which is discussed is the size of the calcifications and two cases are distinguished: micro and macrocalcifications. In an attempt to establish a significant correlation between the pathological calcifications and the pathology, the morphologic characteristics of the pathological calcification as well as their chemical composition must be considered. For example, whewellite kidney stones, depending on their morphologic features at both macroscopic and mesoscopic scales, can be associated with an alimentation disorder or a genetic abnormality, namely primary hyperoxaluria, each pathology being related to a specific morphology [22,25,[54][55][56]. It is based on the fact that pathologies correspond to very different biochemical conditions leading to the formation of different chemical compounds with different crystallite morphologies [22,[START_REF] Daudon | [END_REF].

Here, we start by a selected presentation of FE-SEM observations. In Figure 1, we have reported the observations performed on the sample B399 (Patient 1, Biopsy 1). We can see micrometer-sized acicular objects. Unfortunately, due to the small thickness of these biological objects we were not able to obtain valuable FTIR spectra.

Other usual morphologies have been obtained on the sample B400 (Patient 1, Biopsy 2, Figure 2). In that case, observation at large magnification (Figure 2C) indicates an agglomeration of crystals. Their morphologies seem to be close to the ones of both weddellite (or COD for calcium oxalate dihydrate) and whewellite (or COM for calcium oxalate monohydrate) [57]. These two crystalline phases of calcium oxalate have been already identified in thyroid calcifications [15,16]. In Figure 3, we have compared this morphology to the ones observed for whewellite (A) and for weddellite (B) in the case of kidney stones to (C,D) weddellite crystals present in thyroid biopsies as shown by Guerlain et al. [16].

In Figure 4A (sample B403, Patient 3 Biopsy 2), we have superimposed an optical image as collected by the FTIR spectrometer and a FE-SEM observa-tion at low magnification. Then, we selected an area of interest and increased the magnifications (Fig- ures 4B-D). Figure 4D shows the presence of spherical entities (black arrows), a typical morphology for biological calcium phosphate apatite corresponding to two chemical phases namely either carbonated calcium phosphate apatite (CA) or amorphous carbonated calcium phosphate (ACCP) [59][60][START_REF] Drouet | Nanostructured calcium phosphates for hard tissue engineering and nanomedicine[END_REF]. We have ). We can note the presence of several aggregates of crystals which have a similar morphology to weddellite and whewellite crystals [57,58]. already found for these two chemical phases such spherical morphology in different parts of the human body, namely kidney [START_REF] Bazin | [END_REF][63][64][65][66][67][68], breast [69][70][71][72], skin [73,74], cartilage [75,76] or prostate [77]. At this point, it is worth underlining that spherical entities can be made of calcium carbonate [78]. Note the presence of a crystal (white arrow) probably made of cholesterol. In Figure 5A, the optical image present on Figure 4A corresponds to the area where IR spectra have been collected. To build Figure 5B, we have considered the intensity of the IR band at 1000 cm -1 , the red part corresponding to high intensity, while the blue one corresponds to low intensity. The B403 (Patient 3 Biopsy 2) sample is shown and compared to FTIR data (Figures 5C andD) which are displayed along with SEM observations (Figure 5D). Significant IR absorption bands underline the presence of ACCP and CA corresponding to the spherical entities (red arrows on Figures 5C andD).

Conclusion and perspectives

In this contribution, microcalcifications present in FNA smears of thyroid nodules have been characterized through two different physicochemical techniques namely µFTIR spectroscopy and FE-SEM.

Such an approach allows us to obtain their chemical composition as well as morphology at the micrometer scale. The smears were also stained for analysis of the cellular characteristics of these lesions for classifying according to Bethesda classification.

Even if the number of samples is quite low, such an investigation underlines the chemical diversity of the mineral species. Also, FE-SEM observations underline the presence of crystals with unusual morphology which were too small for an accurate identification by µFTIR spectroscopy. We will soon start an investigation using other physicochemical techniques which are able to characterize nanometer scale abnormal deposits, namely a combination of atomic force microscopy and IR spectroscopy [79,80] and optical photothermal IR (OPTIR) spectroscopy [81]. Different publications clearly show that such characterization brings out valuable information in the case of abnormal deposits in biological tissues [72,[82][83][84].

Finally, regarding the relationship between the physico-chemistry of abnormal deposits in thyroid smears and the disease which induces their formation, such a relationship is complex and may depend also on the amount of the compound. In the case of infection, whatever the amount of struvite, this chemical compound is related to urinary tract infection [85][86][87]. In the case of whitlockite, its amount in kidney stones has to be greater than 20% (esti-mated by FTIR) to be related to infection [88,89]. We have thus to define an approach which will be able to identify the different chemical compounds present in smears, to evaluate their amount and finally to describe the morphology of the abnormal deposits.

Figure 1 .

 1 Figure 1. FE-SEM observations at different magnifications obtained for the sample B399. We can note the presence of 10 µm acicular objects which display a very small thickness.

Figure 2 .

 2 Figure 2. FE-SEM observations at different magnifications obtained for the sample B400 (Patient 1, Biopsy 2). We can note the presence of several aggregates of crystals which have a similar morphology to weddellite and whewellite crystals[57,58].

Figure 3 .

 3 Figure 3. (A) Morphology observed for whewellite (or COM for calcium oxalate monohydrate) and (B) for weddellite (or COD for calcium oxalate dihydrate) in the case of kidney stones. (C,D) Weddellite crystals present in thyroid biopsies as shown by Guerlain et al. [16].

Figure 4 .

 4 Figure 4. (A) Optical image collected by the FTIR spectrometer with FE-SEM observations at different magnifications (B-D) obtained for the sample B403. Numerous spherical entities (black arrows) are present at the surface and in the smears. Also, a large crystal is also present (white arrow in Figure 4D). Its morphology seems to indicate that it is made of cholesterol.

Figure 5 .

 5 Figure 5. Sample B403. (A) Optical image collected by the FTIR spectrometer (same to Figure 4A).

(

  B) Typical infrared spectrum: ν 3 P-O stretching vibration modes are measured at 1035-1045 cm -1 , particular attention has to be paid to the presence of a feature in the ν 3 absorption band, which can be used as a fingerprint for the presence of a mixture of ACCP and CA. (C) and (D) correspond to IR spectra collected respectively to point of interest 1 and 2 of Figure 5B.

Table 1 .

 1 Clinical data and chemical compounds identified in smears of thyroid biopsies for patients with sclerosing variant of papillary thyroid carcinoma stage 3 or papillary thyroid carcinoma

	Samples	Sex and	FTIR analysis	Bethesda	Pathology
		age		classification	
	Patient 1	M, 14	Presence of lipids without	5	Sclerosing variant of papillary
	Biopsy 1		calcifications		thyroid carcinoma stage 3
	Patient 1	M, 14	Presence of CA	5	Sclerosing variant of papillary
	Biopsy 2				thyroid carcinoma stage 3
	Patient 1	M, 14	Presence of CA and	5	Sclerosing variant of papillary
	Biopsy 3		glycoprotein		thyroid carcinoma stage 3
	Patient 1	M, 14	Sample without apatite but	5	Sclerosing variant of papillary
	Biopsy 4		note the presence of		thyroid carcinoma stage 3
			polysaccharides		
	Patient 2	M, 75	Some calcifications made of	5	Papillary thyroid carcinoma stage 3
	Biopsy 1		CA have been detected.		
			Presence of acicular		
			calcifications		
	Patient 2	M, 75	Some calcifications made of	5	Papillary thyroid carcinoma stage 3
	Biopsy 2		CA have been detected		
	Patient 3	F, 34	Some calcifications made of	1	Papillary thyroid carcinoma stage 1
	Biopsy 1		CA have been detected		
	Patient 3	F, 34	Some spherical calcifications	1	Papillary thyroid carcinoma stage 1
	Biopsy 2		made of CA have been		
			detected		
	Patient 4	F, 51	The deposit was too thick	1	Papillary thyroid carcinoma stage 2
	Biopsy 1				
	Patient 4	F, 51	Sample without apatite but	1	Papillary thyroid carcinoma stage 2
	Biopsy 2		note the presence of		
			polysaccharides		
	Patient 5	M, 42	Some calcifications made of	1	Papillary thyroid carcinoma stage 2
	Biopsy 1		CA have been detected		
	Patient 5	M, 42	Some calcifications made of	1	Papillary thyroid carcinoma stage 2
	Biopsy 2		CA have been detected		
	Patient 5	M, 42	Some calcifications made of	1	Papillary thyroid carcinoma stage 2
	Biopsy 3		ACCP have been detected as		
			well as lipids		
	Patient 5	M, 42	CA calcifications have been	1	Papillary thyroid carcinoma stage 2
	Biopsy 4		detected		
	CA = carbapatite or calcium phosphate apatite; ACCP = amorphous carbonated calcium phosphate.

Table 2 .

 2 Clinical data and chemical compounds identified in smears of thyroid biopsies for patients with Graves' disease, nodular goitre or thyroid adenoma

	Samples	Sex and	FTIR analysis	Bethesda	Pathology
		age		classification	
	Patient 6	F, 35	Some calcifications made of CA have	2	Graves' disease
	Biopsy 1		been detected		
	Patient 6	F, 35	Some lipids have been detected	2	Graves' disease
	Biopsy 2				
	Patient 6	F, 35	Some calcifications made of CA and	1	Graves' disease
	Biopsy 3		lipids have been detected		
	Patient 7	F, 55	No calcification	1	Graves' disease
	Biopsy 1				
	Patient 8	M, 72	Some calcifications made of CA and/or	4	Nodular goitre
	Biopsy 1		ACCP have been detected		
	Patient 8	M, 72	Sample without apatite but note the	4	Nodular goitre
	Biopsy 2		presence of polysaccharides		
	Patient 9	F, 75	Some calcifications made of CA and/or	3	Nodular goitre
	Biopsy 1		ACCP have been detected		
	Patient 9	F, 75	Some calcifications made of CA and/or	3	Nodular goitre
	Biopsy 2		ACCP have been detected		
	P. No 10	M, 67	The deposit was too thick	1	Nodular goitre
	Biopsy 1				
	P. No 10	M, 67	The deposit was too thick	1	Nodular goitre
	Biopsy 2				
	P. No 10	M, 67	Some calcifications made of CA and/or	1	Nodular goitre
	Biopsy 3		ACCP have been detected		
	P. No 11	F, 31	The deposit was too thick	4	Nodular goitre
	Biopsy 1				
	P. No 11	F, 31	Glycoproteins. No visible calcification	4	Nodular goitre
	Biopsy 2				
	P. No 12	F, 70	Spherical calcifications made of CA	1	Nodular goitre
	Biopsy 1		and/or ACCP have been detected		
	P. No 12	F, 70	Spherical calcifications made of CA	1	Nodular goitre
	Biopsy 2		and/or ACCP have been detected		
	P. No 13	F, 45	No deposit	2	Thyroid adenoma
	Biopsy 1				
	P. No 13	F, 45	Some calcifications made of CA have	2	Thyroid adenoma
	Biopsy 2		been detected		
	CA = carbapatite; ACCP = amorphous carbonated calcium phosphate.	

Thyroid adenoma). For one patient (Patient number 9), the thyroid disease was associated with primary hyperparathyroidism (HPT). The smears were obtained through aspiration, with a fine needle, per-formed under ultrasound guidance to ensure accurate placement of the needle within the thyroid nodule

[32][33][34]

. Calcifications were visualized in 17 of 31 samples taken (55%) (Table

2

). Histopathological

Table 3 .

 3 The 2017 Bethesda system for reporting thyroid cytopathology, implied risk of malignancy and recommended clinical management[49] 

	Rank	Diagnostic category	Risk of malignancy	Usual management
	Bethesda 1	Non-diagnostic or	5-10%	Repeat FNA
		unsatisfactory		
	Bethesda 2	Benign	0-3%	Clinical and sonographic follow-up
	Bethesda 3	Atypia or undetermined	10-30%	Repeat FNA or lobectomy
		significance or follicular lesion		
	Bethesda 4 Follicular neoplasm or suspicious	25-40%	Lobectomy
		for a follicular neoplasm		
	Bethesda 5	Suspicious for malignancy	50-75%	Total thyroidectomy or lobectomy
	Bethesda 6	Malignant	97-99%	Total thyroidectomy or lobectomy
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