Microscopic calcifications isolated from via thyroid fine needle aspiration can serve as biomarkers a marker of thyroid nodule malignancy
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Abstract
Thyroid nodules (TN) are common finding in neck ultrasonography (US) findings, yet only 5-10% of these nodules . Only 5-10% of them harbor thyroid cancer (TC). When US indicate results are consistent with an undetermined or high risk of TN malignancy, high-risk TN, finefine needle aspiration cytology (FNAC) analyses of -needle-aspiration for cytological evaluation (FNAC) under light microscope, of architectural changes and cell atypia, are is indicated. The main limitation of FNAC is that cytological results can be indeterminate in up to 30% of cases, necessitating reevaluation through repeated FNAC,  expensive molecular testing, or is the high rate (up to 30%) of undetermined cytology results, which mandates reevaluation of the TN by repeat FNAC, sometime with expensive molecular testing and even with diagnostic thyroid lobe resection.  ThusAs such, there is a need for the further refinement of current diagnostic algorithms for TNs without subjecting patients to additional, improvement of current diagnostic algorithm of TN is needed, without adding more invasive procedures. As calcifications detected during thyroid US are considered a high-risk feature for malignancy, we hypothesized that a thorough chemical evaluation of the calcifications obtained during the routine FNAC procedure may be sufficient to differentiate between benign from and malignant TNs. To test this possibility, we used the material remaining following N. 
Here, we used the material that remains after routine thyroid FNAC to isolate microscopic calcifications (MCs). We characterize then characterized theMCs elemental composition, morphology, and crystal phases and of these MCs, ultimately revealing differences between the MCs from benign and malignant TNs. Specifically, tshow variations between benign and malignant TN. Thyroid MCs are were identified as calcium phosphate crystals with containing varying amounts levels of magnesium, sodium, iron, and zinc. MCs obtained from malignant TN are were further characterized and found to be composed of aggregates of sub-micrometer spherical particles, while whereas MCs obtained from benign TNs are composed consisted of faceted particles. The presence of zinc in these MCs differentiates was found to differentiate between benign from and malignant TNs. While samples from most patients with malignant TN had in this study cohort harbored zinc-containing MCs, zinc was largely absent in MCs from benign TNs. Together, these data thus suggest that the presence of zinc in MCs isolated from samples collected during routine FNAC MCs can offer value as a biomarker of TN malignancy.containing zinc, zinc was not detected in most benign TN. Potentially, the presence of zinc in MCs obtained from routine FNAC can serve as a marker for TN malignancy.


Statement of significance
[bookmark: _Hlk110697832]As up to 40% of patients assessed for thyroid malignancy do not have receive a definite diagnosis following thyroid nodule (TN) fine needle aspiration (FNA), there is a pressing need to improve the diagnostic accuracy of current diagnostic algorithms. Chemical analysesis of microscopic calcifications (MCs), which are small crystals found inside the these TNs, may offer value as a diagnostic target in this context. in question, may aid to achieve this aim. We Here, we developed a straightforward protocol to isolate and chemically characterize MCs from material already  routinely aspiratedcollected  from a TNs during FNA and show and found that these MCs differed differences between benign and malignant TN. Specifically, the presence of zinc in TN-derived MCs may be indicative of a higher risk of nodule malignancy, a TN may serve as a marker for thyroid cancer, thus increasing the diagnostic accuracy of the FNA procedure while reducing the rate need for of recurrent biopsies and diagnostic surgical procedures, costhus decreasing the costs, uncertainty, and stress faced by affected patients. ts, uncertainties, and patients' stress. 
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1. Introduction
Mineralized tissues such as bones and teeth have complex structures and remarkable mechanical properties [1–3], and physiologically inspired mineralization processes inspired by biology are used to design functional healthcare materials [4–6]. In addition to functioning their normal physiological functions,physiological minerals, mineral deposits can form due to tissue abnormalities, biomaterial implantation [7,8], and or disease [9]. When these minerals contain calcium, the this deposition process is referred to as process is called pathological calcification and can occur in the renal and cardiovascular systems, the breast tissue, and thyroid nodules (TNs). 	Comment by Editor: It may make more sense to introduce TNs before discussing calcification.
TN Thyroid nodules are a common clinical problem, with as they are present in over 60% of the population as detected via prevalence exceeding 60% in the population as documented by ultrasonography (US). Most TNs are benign and can be ssafely managed with through routine monitoring, yet a surveillance program, but a small subgroup of nodules (5-10%)5-10% are cancerous [10,11]. Neck US is the first-line tool used to estimate the risk for malignancy (ROM) of a given TN. The current accepted US risk classification systems (e.g., the American College of Radiology Thyroid Imaging Reporting and Data System, TIRADS [12], and the American Thyroid Association guidelines [13]) rely y on specific US features that determine ultimately classify the ROM from benign to high0riskthe ROM from benign to high risk [12–14].
Further evaluation by fine needle aspiration (FNA) biopsy for cytology (FNAC) is indicated for large, low-risk TNs, TNs that are > 1 cm in size and of undetermined risk, and high-risk TNs, and above 1 cm undetermined and high-risk TN [13]. In During this procedure, an aspirate collected from the TN is stratified classified by the a cytopathologist according to the Bethesda system [15]. Patients with cytological report oreports indicatingf ‘suspicion of malignancy’ and ‘malignant TN’, will eventually be diagnosed with thyroid cancer (TC) in 70-100% of cases, mainly primarily of the papillary thyroid carcinoma histological subtype, papillary thyroid carcinoma, while only 2-3% of TNs with benign cytological findings will be diagnosed as TC. Non-diagnostic results are reported in ~10% of patients. Those with patients with a second non-diagnostic result may be referred to for diagnostic thyroid lobectomy if TN characteristics, as determined by US, are considered suspicious. Undetermined Indeterminant cytology is reported in results are generated in up to 30% of patients undergoing FNAC, and ROM varies from 7% to - 78% depending on specific US and cytological characteristics [13,16]. The diagnostic algorithm diagnosis of for patients with undetermined indeterminant cytology is findings is challenging and ranges can rely on a range of approaches from repeat FNAC with or without molecular testing , to diagnostic thyroid lobectomy [13]. Although molecular testing for undetermined cytology diagnoses allows for differentiation between malignant and benign TNs with high sensitivity and reasonable specificity [17,18], access to such testing is limited because of its cost and a lack of reimbursement in countries with universal health coverage [19].
Thyroid calcifications detected by US (i.e., thyroid echogenic foci), especially punctate calcifications smaller than 1 mm, are considered a significant risk factor for TN [12–14,20]. Moreover, the presence of microscopic calcifications (MCs) too small to be detected by US (microscopic calcifications, MCs) inthat are observed in histological preparation TC samples of TC is associated with more aggressive tumor bbehavior [21,22]. The diagnostic and prognostic potential of MCs has been's was demonstrated in breast cancer, where calcium phosphate crystals are associated with a cancer diagnosis and worse prognosis [23–25]. Most breast cancer MCs are carbonated apatite, and their crystallinity and substitution of calcium and phosphate by with ions such as magnesium, sodium, and carbonate are associated with changes with in malignancy [26–30].
[bookmark: _Hlk112428929]MCs isolated from pathological specimens of cancerous thyroid glands that were surgically removed are composed of calcium phosphate in the form of carbonated apatite [31,32]. In addition to calcium phosphate, calcifications consisted can also consist of calcium oxalate monohydrate, calcium oxalate dihydrate, and amorphous carbonated calcium phosphate [33–35]. The crystal phase and the structural and morphological features of thyroid calcifications in surgical specimens and, and recently also in thyroid FNA direct smears were have recently been characterized using via scanning electron microscopy (SEM) and Fourier-transform infrared spectroscopy (FTIR)SEM and FTIR imaging [36]. The In these analyses, carbonated apatite with differing degrees of crystallinity was identified as the main crystal phasemain crystal phase found was carbonated apatite with different degrees of crystallinity [35]. Even though carbonated calcium phosphate is the main component of thyroid MCs, elements such as Na, Mg, Fe, and Zn were also detected in these calcifications [32], similarly to much as in breast cancer-associated MCs [24,27]. Collectively, theseHowever, these prior studies [33–35] did not find report any significant correlation between the a correlation between the crystal properties of these thyroid calcifications and thyroid malignancy. 
Since As FNAC has a high rate of non-diagnostic (~10%) or undetermined indeterminate results (~30%) [13], and in face ofgiven the occasional discrepancy between the ROM as determined by via US and the cytological report findings [37],  there is a need to for the further improvement of the diagnostic accuracy of FNAC procedures for TNs.improve the diagnostic accuracy of TN FNA. Indeed, a As MCs are small particles [31,34,38], they may be obtained via using the same the needle used for the FNA procedure [39]. Differences in the chemical conditions between cancerous and normal tissues can affect MC crystal nucleation and growth and as well as the associated their crystal properties [23]. Thus, differences in the crystal composition, morphology, and phase of FNA MCs most likelyay reflect the different chemical environments in which they are formed, revealing thus offering insight into malignancy-related processes. To test this hypothesis,the effects of malignancy. iIn the current study w, we evaluated the potential of utility of TN MCs extracted from TNs during the routine FNAC procedures as biomarkers of TC  to serve as a marker for TC based on their elemental composition, morphology, and crystal phase. 
2. Materials and Mmethods. 
2.1 An overview and setting.Study overview
 In this single-center study, we assessed the diagnostic potential of MCs within TNs, aspirated during the routine FNAC procedures. Samples were collected between November 11/2020 and 07July /2022 during FNAC procedures , conducted at the endocrine unit of Soroka University Medical Center (SUMC). Patients aged 18 years or older with TNs and an indication of FNAC who , able and who agreed to sign the informed consent document,  having an indication for FNAC from a TN, were included in this study. Pregnant women were excluded. Patient ’s data were deidentified and coded for analysis. Clinical decisions were made according to the current guidelines based on thyroid US and cytological report findings. The Ccomparisons between the final diagnosis of a TN being as benign or malignant and the MCs analysis results was were conducted retrospectively (Fig. 1). The institutional review committee approved the this study in advance of its execution (approval number 190-17-SOR, at 27 Sep 2017).
[image: ]
Figure 1. Study rationale


2.2 [bookmark: _Hlk73240269]US and US-guided FNA, cytological,  and molecular evaluation
[bookmark: _Hlk73240373]All recruited patients underwent US examination of the neck using an US scanner with a 12.5-MHz linear phased-array transducer. US-guided FNA of TNs were performed by an experienced endocrinologist, as clinically indicated according to the American College of Radiology TIRADS System [12]. In general, TNs classified as TIRADS 5, 4, and 3 were biopsied when the largest TN diameter was greater than or equal to 1 cm, 1.5 cm, and 2.5 cm, respectively.  FNAC was performed for TIRADS 1 and 2 TNs and for TIRADS 3 TNs < 2.5 cm in diameter TN largest diameter was equal or above 1 cm, equal and above 1.5 cm, and equal and above 2.5 cm, respectively. FNA was conducted from TIRADS 1,2 or smaller than 2.5 cm TIRADS 3 TN as clinically indicated (e.g., before thyroid lobectomy of the contralateral side). The US-guided FNA procedure was conducted with via the ‘free-hand technique’, using a 22-gauge G needle connected to a 3 mL syringe. After the needle was localized inside the TN, a negative pressure was produced by using the syringe handle while performing inward-outward and rotatory movements until a bloody material is was visible seen in the distal end of the syringe. The aspirate inside the needle was sent as a direct smear and a liquid-based biopsy (ThinPrep PreservCyt®, Hologic Ins., Marlborough, MA, USA) for the formal cytological evaluation. The bloody material remaining in the syringe was fixed with 1 mL of 96% ethanol (Bio-Lab ltd) and sent for MCs analysis. Cytological evaluation was conducted by experienced cytopathologists based on the 2017 Bethesda System for Reporting Thyroid Cytopathology [15]. Molecular analysis analyses of samples was offered to patients with undetermined cytology results of undetermined significance (Bethesda III categories III and IVand IV) [13].
2.3 Clinical diagnosis (labeling TN as ‘benign’ or ‘malignant’)
 TNs were diagnosed as TC (‘malignant’) by based on a Bethesda category VI cytology report and/or a final histology report of TC followingcytology reporting of Bethesda VI category and/or final histology following thyroidectomy reporting TC. Minimally invasive follicular thyroid carcinoma and nNon-invasive follicular thyroid neoplasms with papillary papillary-like nuclear features (NIPTPs) were labeled as malignant. TNs  waswere labeled as benign if one they fulfilled one of the following criteria: (i) Benign US featuresof the following criteria was fulfilled: i. Benign US features (TIRADS categories 1-3 categories) and a Bethesda category II cytology report, (ii) worrisome US features  of Bethesda II category, ii. Worrisome US features (TIRADS categories 4-5 categories) but with a Bethesda category II report in two separate FNAC analyses, (iii) worrisome US features with a single Bethesda category II cytology report and a 6-12-month follow-up interval with US revealing no significant changes in cytology report of Bethesda II category in 2 separate FNAC, iii. Worrisome US features but cytology report of Bethesda II category once, together with 6-12 months interval of follow-up US demonstrating no change in TN size and characteristics over this time, (iv) benign US features and a Bethesda category III cytology report on initial FNAC analysis followed by a Bethesda category II cytology report upon follow-up FNAC, (v) molecular testing performed for Bethesda category III or IV TNs with a ROM < 5% iv. Benign US features and cytology report of Bethesda III category in the first FNAC but Bethesda II category in the second FNAC, v. Molecular testing, performed for TN with cytology report of Bethesda III or IV categories, with ROM<5% irrespective of US characteristics, or (vi) a final surgical pathological report indicating that a TN was benign. and VI. Final surgical pathology reporting benign TN. 
2.4 MC isolation from FNA material 
Two A total of 2 mL of 70% ethanol (Bio-Lab ltd) were added to the fixed FNA material that was kept in the original syringe for overnight suspension, after which , for an overnight suspension. Tthe samples were then transferred to a 15 mL tube and centrifuged for 5 minutes at 4,000 rpm in a benchtop centrifuge (5810 R, Eppendorf International). This process was repeated three times, and then the samples were soaked in deionized water for two hours at a temperature of 37°C to decompose the any remaining organic matter. Then, the FNA material was transferred to 2 mL centrifuge tubes and centrifuged for 10 min at 20,000 rpm (5424 R, Eppendorf International). The supernatant was aspirated, and a solution of 1.2% w/w sodium hypochlorite (Liel POWER) in deionized water was added to the pellet overnight, following followed by three rounds of washing with deionized water and centrifugation three times (20,000 rpm, 10 min). Then, th The supernatant was then aspirated, and absolute ethanol (Bio-Lab ltd) was added to the pellet for the storage of the remaining inorganic material. 
2.5 Imaging and elemental analysis of FNA MCs 
We examined the elemental composition of MCs using a benchtop SEM Energy-dispersive X-ray spectroscopy (SEM-EDS) approachSEM-EDS and validated the results using via high-resolutionHigh-Resolution SEM-EDS and ICP-OES (Inductively Coupled Plasma Optical Emission spectroscopy). The rationale behind using a benchtop SEM-EDS strategy to characterize the composition of these MC composition samples was to explore the potential application of this methodological approach as a component of the is the applicative potential of using our developed methodology as part of a routine pathological assessment of patients with suspicious TNs, which currently consists of  that currently includes US and cytological evaluationsanalyses. 
The For sizing and morphological characterization, FNA MCs were mounted on conductive carbon adhesive tape to determine the size and morphology of FNA MCs , and analyzed with a field-emission scanning electron microscope (Verois 460L, Thermo Fisher) was used. All samples were measured with a benchtop SEM (Phenom, Thermo Fischer) equipped with EDS at 15 kV for elemental analysis. Backscattered and secondary electron imaging was carried out at 5 kV. Additionally, six samples were sputter- coated with carbon using a (Sputter coater: Quorum Q150T ES instrument) and then measured using the Verios 460L EDS (Oxford Instruments) at 15 kV. ICP-OES-based validation of EDS results was performed for one benign and one malignant sample after 
For elemental composition validation of the EDS results, we used Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES) for two samples (one benign and one malignant) following EDS characterization. 
FNA MCs were digested in 0.2 µL of ultrapure 70% HNO3 (Sigma-Aldrich) and diluted to a final volume of 5 mL prior to multi-elemental trace analyses performed using is. For analysis, an ICP-OES instrument (Spectro Arcos) equipped with a CETAC autosampler was used. The instrument was calibrated with a multi-elemental standard solution dissolved in 5% HNO3 in the 0.01 to 20 ppm range. Operating conditions were as follows: 1400 W plasma RF power, 13 L/min coolant gas flow, 1 L/min auxiliary flow, 0.75 nebulizer flow, 30 rpm pump speed, and 15 s flush time between samples. All elements were detected in radial mode. For the integration, 3 points per peak and 1 point for the background were used. 
2.6 FTIR characterization of MCs 
All isolated particles were analyzed using via FTIR spectroscopy (Nicolet iS5, Thermo Fischer). Each sample was mixed with 200 mg of KBr (Sigma-Aldrich) until to form a homogenous powder that was then pressed into a pellet for analysis. A the powder was homogeneous, then a pellet was made for the measurement. Thermo iS5 instrument was operated in the spectral range of 450–4000 cm−1 with range, with 32 scans and performed at a resolution of 8 cm−1. Plotting and spectrum spectral analyses were performed withanalysis was performed using Origin 2020. 
2.7 Statistical analysis
We retrospectively compared the results of MC s chemical analysesis with the final diagnosis diagnostic results for included TNs, which were classified as either benign or TC as detaield above.of TN which were evaluated clinically being benign TN or TC. Clinical continuous variables are presented as medians and ranges, while  and categorical variables as are presented as counts and percentages. Mann- Whitney tests were used to compare was used for continuous variables (e.g. age, TN diameter), while categorical variables (e.g. elemental composition) were compared with chi-square tests. A two-sided P < 0.05 was considered statistically significant.  and chi square test for categorical variables (e.g. elemental composition). Two-sided P value <0.05 is considered statistically significant. For elemental composition, at least 5 individual MCs were measured by SEM-EDS for each patient and the elemental concentration of each element in each patient is presented as the mean ± standard deviation, with the amount of Zn detected per patient (w/w%) also being . Zn amount (w/w%) in each patient is presented as the mean ± standard deviation. 
Power calculations were used to guide the design of this study, with initial calculations indicating that to achieve a sensitivity and specificity of 0.8 with aSample size considerations: During study design we estimated that for demonstrating sensitivity and specificity of 0.8 with a 95% confidence interval of ± 0.10, 62 patients with diagnosed with benign TNs and 62 patients diagnosed with TC would be final diagnosis of benign TN and 62 patients with final diagnosis of TC are required. As However, as striking MC chemical analysis results were observed based on data from just 27 patients, we present these data as a proof-of-concept for the ability of MCs the results of the first 27 patients who were analyzed were surprising regarding the potential of chemical analysis of MCs to differentiate between benign TN and TC, we present herein the results as a proof-of-concept.. 


3. [bookmark: _Hlk108561014][bookmark: _Hlk108561061]Results 
3.1 Development of an FNA MC isolation protocol development 
For this study, samples from 73 patients were taken collected during the FNA procedures. Nine Of these patients, 9 are still awaiting a final diagnosis, while samples frompatients are still under evaluation, and their final diagnosis has not yet been established. Samples from 28 patients were used for protocol development, system calibration, and optimization. The remaining 36 patients had underwent full clinical evaluation, and FNA samples from these patients underwent thewere subject to the MCCs isolation protocol. In 27/36 patients (75%), FNA MCs were successfully identified using the established chemical analysis approach,, while in  9/36 patients (25%) patients, no MCs were identified. Interestingly, all 9 patients whose samples did not contain MCs had were ultimately diagnosed with benign TNs. The remaining 27 patients that had undergone full clinical evaluation final diagnosis of ‘benign TN’.  Hence, 27 patients with full clinical evaluation, for whom MCs were identified in the FNA material were , are included in the final cohort (Fig. 2). Patients were divided according to their final diagnosis, including: 17 patients with benign TNs (median age: 58 years [range: 26-76], 76.5% females), and 10 patients with TC (median age:  41 years [range: 29-80], 70% females). While echogenic foci were observed by US in 22/27 patients (82%),  of the entire cohort, punctate calcifications, which are ts (the most suspicious echogenic foci, were reported )i were described in 11.8%, and 80 % of patients with ultimately diagnosed with benign TNs and TC, respectively (Table 1). Regarding With respect to the results of cytological evaluation, it the majority of is worth mentioning that the majority of patients with a final diagnosis of TC were classified withas having cytology results of undetermined significance (Bethesda categories III or IV) following initial FNAC evaluation undetermined cytology (Bethesda 3 or 4 categories) following the first FNAC procedure (Table S1). 
In all cases where echogenic foci of any type were demonstrated detected by US, MCs were observed in the FNA material following chemical analysis. Additionally, MCs were detected in 4/17 patients (24%) with who were ultimately diagnosed with benign TNs and in 1/10 patients (10%) with a final diagnosis of TC in whom final diagnosis of benign TN, and in 1/10 patients (10%) with final TN diagnosis of TC where echogenic foci were not detected by US.






Table 1. Clinical and sonographic characteristics of patients evaluated for a TNwith TNs grouped according to final diagnosis according to the final diagnosis
	[bookmark: _Hlk112519097]
	Benign TN
N=17
	TN with diagnosis ofMalignant TNs TC
N=10
(PTC-7, NIFTP-1, PDTC-1, Minimally invasive follicular carcinoma-1)
	P -vvalue

	Age (median, range)
	58, 26-76
	41, 29-80
	0.48

	Sex (Females n,%;  Males n,%)
	F:76.5%
M:24.5%
	F:70%
M:30%
	

	TN largest diameter, cm (median, range)
	3.0, 1.2-5.5
	2.0, 1.2-3.9
	0.02

	TN volume mL (median, range)
	4.15, 0.42-33
	5.25, 1.3-9
	0.16

	TIRADS categories (median, range)
	4, 2-5
	5, 4-5
	0.00001

	TIRADS points (median, range)
	4, 2-8
	9, 4-13
	0.001

	Echogenic foci per US (n, %)
	None
	23.5%
	10%
	

	
	Comet tail artifacts
	17.6%
	10%
	

	
	Macro-calcifications
	47.1%
	0
	

	
	Rim/peripheral calcifications
	0%
	0
	

	
	Punctate calcifications
	11.8%
	80%
	

	Abbreviations: Thyroid Nodule (TN), Ultrasound (US), Thyroid Imaging Reporting and Data System (TIRADS), Papillary TC (PTC), Non-invasive follicular thyroid neoplasm with papillary-like nuclear features (NIFTP), Poorly differentiated TC (PDTC), Centimeter (cm).



[image: ]	Comment by Editor: First box should read “Beginning in 11/2020, 73 patients underwent US-guided FNAC analyses of TNs in accordance with accepted guidelines. Extra FNA material collected from the same syringe was sent for chemical analyses of MCs”
Figure 2. Study flowchart. Abbreviations: Ultrasound (US), Fine needle aspiration (FNA) for cytology (FNAC), Thyroid Nodule (TN), Microscopic calcifications (MCs), Risk of malignancy (ROM), TIRADS (Thyroid Imaging Reporting and Data System). A detailed algorithm for clinical diagnosis is described in the Materials and Methods section.

During the FNA procedure, some patients had exhibited visible echogenic foci in the TN (Fig. 3 a, Table 1). The remaining aspirated material was used for MC isolation following its fixation (Fig. 3 b), washing (Fig. 3 c), and incubation in a sodium hypochlorite solution (Fig. 3 d), after which the  and the inorganic precipitate underwent chemical analysis.
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Figure 3. Thyroid FNA procedure and MC isolation. a. A US image of a suspicious TN during a US-guided FNA procedure. The FNA needle during nodule sampling is shown (yellow arrow). Suspicious punctate calcifications are were observed (including some some marked with red circles). b. The residual material left after FNA cytological evaluation following fixation with ethanol. c. After washing and centrifugation, the reddish FNA material contains organic and inorganic material. d. The inorganic precipitate remained after sodium hypochlorite treatment. This inorganic material was evaluated for MCs using via a chemical analysis approach..

3.2 The crystal phase of FNA MCs
To determine whether MCs are present in the FNA material and to identify the crystal phases of the these FNA MCs, we used Fourier Transform InfraRed (FTIR) a FTIR spectroscopy approach was employed (Fig. 4). These MCs were found to contain pPhosphate and carbonate peaks are identified (V3 PO4: 1100 cm-1 and 1030 cm-1, V4 PO4: 605 cm-1 and 575 cm-1, V 2 CO3: 875 cm-1), indicating consistent with a carbonated calcium phosphate apatite crystal phase. The 1386 cm-1 peak corresponds to nitrate, and some remaining organic material is was also detected in these samples (1600-1800 cm-1). To ensure that the isolation process did not affect the spectral features of the MC crystals, we compared these results to the FTIR spectra of commercial hydroxyapatite crystals before and after the isolation process (Fig. S1). 
FTIR spectra show revealed that these MCs are were comprised of a mixture of crystal types, and that the spectral features of MCs isolated from patients in the same TN malignancy category are were not uniform.different. These variations in the spectral features of the apatite crystals indicate are indicative of some level of MC chemical diversity, and FTIR results were not sufficient to differentiate between benign and malignant TNs based on the characteristics of these MCs.some chemical diversity of the MCs, and FTIR did not differentiate benign from malignant TN.
[image: C:\Users\gotnayer\Desktop\Lotem\My Article\Pics for articale\For articale\Fig 4.tif]

Figure 4. FTIR spectra of FNA MCs from (a) patients with benign TNs and (b) patients with a final diagnosis of TC. Each spectrum color represents a different patient.
 
3.3 The morphology and elemental composition of FNA MCs 
We used SScanning eElectron mMicroscopy (SEM) imaging to investigatewas next used to explore whether FNA MCs isolated from benign and malignant TNs vary exhibited distinct morphological characteristics. While FTIR in their morphology. Indeed, even though the FTIR measurements show indicated that FNA MCs obtained from both benign and malignant TNs were composed of are carbonated apatite crystals, their they exhibited distinct morphological characteristics.morphology differs. While bBenign MCs arewere  dense particles with clear edges and dimensions 1-10 μm in size, m. Malignant MCs are were aggregates of sub-micrometer spherical particles tightly packed together with dimensions of tens of micrometers (Fig. 5 a, b). 
SEM-EDS was next used toNext, we used SEM Energy-dispersive X-ray spectroscopy (SEM-EDS) to investigate whether the benign and malignant FNA MCs differ not only in morphology but also in their elemental composition. Based on the EDS elemental composition, the precipitates were identified as MCs when they contained both was termed MCs when mineral containing both calcium and phosphorous was detected. Quantitative elemental analysis was not possible due to the rough surface texture of the MCs, and the EDS results are were thus only used to determine the presence or absence of certain elements within these MCs. E of a certain element in the MCs.
EDS characterization shows revealed that the FNA MCs are chemically diverse and have exhibit a heterogeneous elemental composition (Fig. 5 c, d, Table S2). 
In addition to Ca and P atoms, which are expected to be present in calcium phosphate apatite crystals, other elements were also detected including Mg, Zn, Fe, Na, Al, K, and Cl. The diversity in the elemental composition of the MCs supports was consistent with the chemical variety variations observed in the FTIR measurementsanalyses. The following elements were found in the MCs: Ca, P, Mg, Zn, Fe, Na, Al, K, and Cl. All MCs examined contained Ca, P and Fe, while while the remaining detected elements were not present in all MC samples. Individual MCs detected in each sample also exhibited differences in their not all other elements from the list above were detected in all MCs. The individual MCs observed in each sample had different combinations of elemental compositions. For example, seven different MCs were analyzed for from one patient ultimately diagnosed with a benign TN, and while all seven of these MCs contained Cl, only three contained Mg, and one benign patient, and they differed in composition: all of them contained Cl, three contained Mg, and none contained Zn. 
[image: C:\Users\gotnayer\Desktop\Pics for articale\fig 2_2 SEM HR.tif]
Figure 5. The morphology and elemental composition of MCs from benign and malignant TNs. a, b. SEM images of the MCs. c, d. Elemental composition of the isolated MCs (EDS measurements). 

We found that FNA MCs obtained from malignant and benign TNs, differed in their elemental composition (Table 2). A higher percentage of patients with malignant TNs have Mg in their FNA MCs as compared to patients with benign TNs. Moreover, 90% of patients with a final diagnosis of TC had Zn in their FNA MCs, while whereas MC samples from only 2/17 patients (12%) with ultimately diagnosed with benign TNs contained Zn.showed this pattern. 




Table 2. Elemental profiles of MCs in the material aspirated from TNs grouped according to the final diagnosis

	
	Benign TNs
N=17
	TN with diagnosis of TCMalignant TNs
N=10
(PTC-7, NIFTP-1, PDTC-1, Minimally invasive follicular carcinoma-1)
	P- value

	Percentage of patients with MCs containing each element out of the total number of patients     
	Ca
	100%
	100%
	

	
	P
	100%
	100%
	

	
	Mg
	41%
	80%
	

	
	Zn
	12%
	90%
	

	
	Fe
	100%
	100%
	

	
	Na
	59%
	80%
	

	
	Al
	41%
	60%
	

	
	K
	65%
	70%
	

	
	Cl
	76%
	90%	Comment by Editor: Missing P-values?
	

	Abbreviations: Thyroid Nodule (TN), Papillary TC (PTC), Non-invasive follicular thyroid neoplasm with papillary-like nuclear features (NIFTP), Poorly differentiated TC (PDTC), Microscopic calcification (MC).



The percentage levels of Zn detected in these FNA MCs by EDS was ranged from 0.8-1.5% (w/w) w/w% (Table S2). As these concentrations are close to the detection limit of the EDS measurement, we verified the presence of Zn in the MCs using via an ICP-OES approach,Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES), which is more sensitive to low Zn concentrations (Table 3). Using ICP-OES we measured the Zn content in a hydroxyapatite standard with no added Zn as a Zn-free reference sample.. The hydroxyapatite serves as a reference and represents zero Zn content. Zn below levels below the concentration detected in the hydroxyapatite concentration samples by ICP-OES were considered undetectable.detected by the ICP-OES is considered zero. ICP-OES results show indicated that FNA MC samples from TC patients for in which Zn was detected in EDS analyses also which contained Zn concentrations above the levels in Zn was detected in the EDS have higher Zn concentration in their FNA MCs than the hydroxyapatite standard. FNA MCs from patients with benign TNs in which Zn was not detected via EDS, in contrast, contained Zn concentrations below those in the , for which Zn was not detected in the EDS, have lower Zn concentration in their FNA MCs than in the hydroxyapatite standard.

Table 3. Comparison of Zn presence in  the detection of Zn in MCs using ICP-OES and EDS.
	
	Zn amount (mg/L) detected by ICP-OES
	Zn presence by SEM-EDS

	Standard-Hydroxyapatite
	0.068
	No

	Patient with benign TN
	0.013
	No

	Patient with malignant TN
	0.135
	Yes

	
	
	


Combining Based on a combination of these SEM-EDS, ICP-OES, and FTIR results, we conclude that the FNA MCs isolated from patient TNs consist of cthe SEM-EDS, ICP-OES, and FTIR results, the isolated FNA MCs are carbonated calcium orthophosphate in the form of apatite that containcontaining several elements in addition to Ca and P. MCs obtained isolated from benign and malignant TNs exhibit distinct morphological characteristics and elemental profiles. Strikingly, while almost all from benign and malignant TN differ in their morphology and elemental profile. Almost all malignant MCs contain Zn, while most benign MCs do not contain Zn.
4. Discussion
A major limitation to the current approach to TN diagnosis, which largely relies on cytological analyses, is A main gap in the present diagnostic algorithm of TN, which mainly rely on cytology, is the relatively high rate of results that are non-diagnostic and of undetermined resultssignificance, thus necessitating further evaluation that may require additional which require further evaluation, sometimes using invasive procedures, including diagnostic thyroid lobectomy [10,11,13]. In recent years, molecular testing has been introduced into the field of TN diagnostics, contributing to improvements in the ability of clinicians  and showed an improvement in the ability to differentiate benign from malignant TN with undetermined cytology [17,18,40]. However, these molecular testing approaches are very expensive, hampering their universal adaptationa major barrier that prevents universal adaptation of molecular testing is the high costs of the available methods [19]. IndeedAs such, it there is a clear opportunity for the development of a simple test that can be performed in parallel with the would be beneficial to have a simple test, done in parallel to the FNAC procedure, increasing its diagnostic yield, while reducing the need for recurrent sophisticated and expensive teststesting.
 In the present study, we evaluated  in a clinical setting, the potential of MCs, isolated from the remaining material that is left in the syringe at the end of the routine FNAC procedures, to serve as a biomarker for TN malignancy in a clinical setting. As the this MCs isolation protocol is straightforward and not inexpensive, it can be potentially be assimilated incorporated into the routine FNAC-based TN assessment workflow. This approach may offer value not only in cases with cytology results of undetermined significance, but also when assessing and become part of the routine assessment of TN by FNAC. Moreover, it may serve not only in cases of undetermined cytology, but also in the assessment of patients with non-diagnostic results and in occasions where theor cytological findings that are benign despite the observation of worrisome US characteristics when evaluating a target TN.y is benign but the US characteristics of the TN in question are worrisome.
[bookmark: _Hlk112503040]Most studies that have evaluated analyzed calcifications in the context of TC [33–35] and other types of cancer, mainly most commonly breast cancer [24,26,27,41], have utilized used histological p(post-surgical) specimens. We Here, we investigated FNA MCs the morphology, composition, and crystal properties of FNA MCs, and demonstrated that the morphology and the elemental profiles of these MCs may be capable of differentiating between benign and differentiate benign from malignant TNs. The elemental profiles of these MCs showed exhibited pronounced chemical diversity, as was expected from given previously published results following the surgical removal of thyroid calcifications previous observations of surgically removed thyroid calcifications reported in the literature [31–33,35]. In addition, Mg and Zn were commonly frequently detected found in MCs obtained from malignant TNs but were rarer in benign TNs (80% vs. 41%, Pp= ; 90% vs. 12%, Pp= , respectively). The correlation between thyroid FNA malignancy and Mg presence in MCs is was similar to that reported for in breast cancer patients, with , where malignant breast MCs are exhibiting Mg enrichment relative to MCs from benign breast massesenriched with Mg compared to benign ones [24,30].
[bookmark: _Hlk112529259]When comparing By analyzing the morphological characteristics y of MCs in from these TN FNA samples, we show found that benign MCs are crystals with clear edges, while whereas malignant MCs are aggregates of sub-micrometer spherical particles. A recent study that characterizinged breast MCs demonstrated that despite the morphological diversity of breast MCs, there was no correlation between the MCs the morphology and malignancy of these MCs [42].  We hypothesize that the differences in morphology observed between MCs from benign and malignant TNs may result from the presence of Zn in malignant MCs.  is the result of Zn presence in MCs obtained from malignant TN. In our TN MCs analyses, we detected Mg, Zn, Fe, Na, Al, K, and Cl in addition to the expected Ca and P. Previous studies which that have employed used histological specimens also reported of the presence of Fe, Zn, and Na, while whereas Al and K were have not been reported [31]. Importantly, in contrast to previous studies [36],  we demonstrated for the first time that there are significant differences in Mg and Zn contents levels in MCs isolated from benign and malignant TNs. Onebetween malignant and benign TN MCs. A possible explanation for this discrepancy is that we evaluated only calcifications smaller than 0.7 mm (the needle diameter), while whereas other studies which used  using histological specimens evaluated all types of calcifications,  including large calcifications. The methods used to analyze the properties of these calcifications, such as XRF and ICP-OES, averaged the composition of both small and large calcifications [31,43], thus thereby negatively attenuated impacting the any effort to assess the diagnostic potential of MCs. In addition, it has been demonstrated that P‘psammoma bodies’, which are  (a certain type ofa type of MCs seen mainly primarily in histological specimens,) are characteristic of , characterize high- risk TC features including gross lymph node metastasis and high-stageadvanced disease cancer [44]. Psammoma bodies contain Fe and Zn [31]. Most likely, tIn all likelihood, the MCs obtained from using our protocol consist primarily of Psammomat mainly of psammoma bodies, which are tens of micrometers in size [39]. 
The location of Zn within the these isolated FNA MCs is remains uncertain. Zn can be substituted for not clear. Zn can be substituting Ca ions in the apatite lattice, or it can be a part of a minor crystal phase mixed with apatite. Alternatively, Zn may can only be adsorbed to the the surface of these MCs surface, or be enriched in an organic matrix trapped in or enveloping the MCs. X-Ray diffraction studies can shed light on the nature of Zn incorporation in the MCs, but the small limited number of MCs obtained from each TN in this study did not allow such for such measurements. To further evaluate MC crystal structure, synchrotron-based studies will be required. 
Zn is involved in many cellular functions, including cell signaling, proliferation, invasion, and apoptosis [45]. Zn is also essential in regulating the regulation of immune responses and inflammation, is necessary for macrophage activity, and has exhibits antioxidant effects activity [45–47]. The presence of Zn primarily in Possibly, the presence of Zn mostly in MCs isolated from malignant TNs may reflect  reflects different Zn levels in healthy and cancerous TNs. Such Zn level alterations can may be evident in the serum or localized tobe in the serum level or localized at the TN microenvironment, including in the cells and ECMthe extracellular matrix therein. Indeed, one study demonstrated reported that in TC, the serum Zn serum levels level wereis significantly lower than in benign cases, and with low Zn levels potentially beinga low Zn serum level may be associated with the pathogenesis of TC. The deposition of Zn-rich MCs in TC may result in serum Zn deficiency in the serum. ies.	Comment by Editor: Citation missing
Alterations in Zn levels in the TNs may result from disease-related dysfunctional Zn transport dysfunction. Zn metabolism is tightly regulated by a Zn transporting network, and Zn2+ accumulation in tumors relates to dysregulation of Zn transporters and correlates with tumor severity and poor prognosis [48,49]. For example, Zn accumulates in the tumor micromovement of breast cancer subtypes with malignant phenotypic characteristics [49]. In prostate cancer, the opposite trend is foundhas been reported, and prostate cancer relates is associated withto a decrease in Zn compared to levels observed in normal and benign prostate tissues [45,50].  
Zn is also essential in the processes of bone regeneration and is a cofactor of for skeletal alkaline phosphatase (ALP), which plays a crucial role in bone mineralization. An increase in Zn levels can thus be related to increased activity of ALP activity and associated increases in mineralization , and in turn to increased mineral formation [51]. 
In summary, the presence of Zn only in malignant MCs may be the result from of elevated Zn levels in cancerous TNs due to the cancer-related dysregulation of Zn transporters, the dysfunction of mineralization proteins, and inflammationinflammatory activity. To Both mechanistic and clinical validation-based studies will be essential in the future to explore these possibilities.be able to address these open questions a clinical validation study together with mechanistic one is needed. 
The main strengths of our study are the well-developed and optimized protocol for MC s isolation and analysis, and our avoidance from of patients selection by offering all patients with TNs and an indication for FNA from the opportunity to participate in this study based on a TN to participate the study according to the inclusion and exclusion criteria. However, the this study is subject to a few limitations. First, has few limitations. First, the this study included a relatively small number of patients, and a larger validation cohort is thus required. Even so,  requires a larger validation cohort. Nevertheless, the differences between benign and malignant TN in observed in terms of MCs morphology and in their elemental composition were consistent and robust, particularly with respect to Zn content. , mainly of Zn, are robust and consistent. Second, this is was a single single-center study, and our results must therefore bbe validated in other centers as well. Third, our the patient cohort included in this study was not a surgical cohort such that most TNs that were classified as benign did not undergo histological evaluation.cohort is not a surgical one. This means that most TN that were classified as ‘benign’ were not evaluated histologically. However, we adhered to the standard clinical guidelines and clarified in the methods section our strict criteria for labeling a TN as a ‘benign’ onein our Methods section. In addition, when there was any doubt regarding the final diagnosis of a TN, it was excluded from these analyses. Fourth, to overcome the potential possibility that certain elements were only present in malignant TNs by chance, we analyzed 5-6 MCs per patient. (e.g. Zn) was found in most malignant TN by chance, we evaluated 5-6 MCs for each patients. Finally, Lastly, with respect with regard to our finding that Zn was much more common in MCs obtained from malignant TNs, it remainsis unclear as to whether Zn has plays a distinct specific role in the pathogenesis of TC or whether  alternatively, its presence is a complex consequence of underlying oncogenic processes. the cancerous process. 	Comment by Editor: How is this a limitation?
5. Conclusion
In summary, we successfully developed a novel protocol for the isolation of MCs from We developed a novel protocol to isolate MCs from remaining thyroid FNA material. FNA MCs were found isolated in all cases where in which calcifications were observed in on US evaluation, in addition to some cases in which US failed to detect any calcifications.US, but also in cases where calcifications were not detected in the US. MCs isolated from malignant TNs were found to be composed of  are aggregates of sub-micrometer spherical particles, while whereas MCs from benign TNs were  are composed of faceted particles. Even though they differ differed in their morphological characteristics, both in morphology, malignant and benign MCs are were similar in crystal phase, and both are were identified as carbonated calcium orthophosphate crystals, most likely in the form of ion-substituted carbonated apatite. Elemental analysis analyses of FNA MCs shows revealed these crystals to be heterogeneous in composition. In addition to the expected Ca and P content, we additionally detected a heterogeneous composition of the crystals. In addition to the expected calcium and phosphorous, we detected Mg, Zn, Fe, Na, Al, K, and Cl in subsets of crystal samples. A.  Mg was present in a A higher percentage of MCs from malignant TN had MgTNs as compared to benign MCs, and in the FNA MCs compared to benign TN, and almost all malignant TN MCs had contained Zn. These proof-of-concept results suggest that 
MCs can potentially be routinely isolated from FNA material remained remaining after cytological evaluation. The The present results suggest that the presence of Zn in these FNA MC samples can serve as a biomarker of malignancy that, , which when combined with information obtained from the US and cytology analyses, can provide support the more accurate diagnosis of TNs. These analyses a better diagnosis of a TN. This may add provide another an additional layer of certainty layer to the diagnosisdiagnostic process, decreasinge the rate of undetermined indeterminate results and thereby reducing the need for costlyresults, and reduce the need for expensive molecular testing orand for diagnostic surgeriessurgical procedures. 
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