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Advances in laboratory diagnostics and surgical treatment of primary hyperpara-
thyroidism have ensured solid basis for research in parathyroid pathology in order 
to specify key molecules in pathogenesis and morphological diagnostics of diffi-
cult cases. The aim of this study was to assess the molecular landscape and its 
heterogeneity in primary parathyroid hyperplasia (PPH) and adenoma, compared 
to carcinoma and normal glands. In a  retrospective analysis of  179 surgically 
removed parathyroid glands (102 adenomas; 27 PPH; 45 normal glands; 5 carci-
nomas), expression of Ki-67, p21, p27, p53, cyclin D1, Bcl-2 protein, vimentin, 
cytokeratin (CK) 19, E-cadherin, CD56, CD44 and parafibromin was detected 
by immunohistochemistry, followed by computer-assisted assessment of  mean 
values and heterogeneity measures. Descriptive statistics and Kruskal-Wallis 
test were applied. Significant differences were disclosed regarding the mean and 
highest fraction of Ki-67 (both p < 0.001), p21 (both p < 0.001), cyclin D1 
(p = 0.002) and p27-expressing cells (p = 0.010). Proliferative lesions (PPH, 
adenoma and carcinoma) showed statistically significantly up-regulated CK19 
(p = 0.012), decreased E-cadherin levels and distinctive patterns of vimentin. 
CD44, CD56 and p53 were almost absent from parathyroid tissues. All carci-
nomas lacked parafibromin contrasting with invariable positivity in adenomas. 
Remarkable heterogeneity of cell cycle markers and intermediate filaments must 
be accounted for in scientific studies and elaboration of diagnostic cut-offs.

Key words: primary parathyroid hyperplasia, parathyroid adenoma, proliferation, 
parafibromin, heterogeneity.
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Introduction

Primary hyperparathyroidism, defined as auto- 
nomous overproduction of  parathyroid hormone 
(PTH), represents the  third most common endo-
crine disorder. The diagnostic paradigm of primary 
hyperparathyroidism has shifted significantly from 
clinically based suspicion in symptomatic patients to 
almost incidental finding [1, 2] via routine biochemi-
cal laboratory assessment of serum calcium and para-

thyroid hormone levels. Not infrequently, the testing 
is initially triggered by another condition. The most 
frequent cause of  primary hyperparathyroidism is 
parathyroid adenoma comprising 80-85% of  cases; 
followed by primary parathyroid hyperplasia, found 
in 10-15% patients and the few cases of parathyroid 
carcinoma, affecting less than 1% of patients diag-
nosed with primary hyperparathyroidism [2, 3]. Sur-
gery is increasingly used for the treatment of primary 
hyperparathyroidism, because it is the only curative 



100

Romans Uljanovs, Ilze Strumfa, Guntis Bahs, et al.

treatment [1, 4] and is considered safe [1, 2]. Conse-
quently, pathologists have wider access to parathyroid 
samples. Although the diagnostics of parathyroid pa-
thologies is significantly facilitated by preoperative 
imaging and intraoperative assays [2], the morpho-
logical distinction between hyperplasia versus adeno-
ma, or adenoma versus carcinoma occasionally still 
remains complicated. Detailed molecular studies can 
identify diagnostic markers or characteristic patterns 
as well as highlight the pathogenesis.

Currently, medicine benefits from the golden age 
in parathyroid surgery. Major improvements have 
been achieved since the beginning of the 20th century. 
The surgical techniques have been elaborated in de-
tail, defining the key structures and steps of operation 
and thus limiting the risk of complications. The two 
main approaches [2] include the classic bilateral neck 
exploration versus minimally invasive parathyroidec-
tomy (PTE) which, in turn, embraces directed PTE, 
endoscopic PTE (total endoscopic, or video-assisted 
or robotic PTE) and isotope-guided PTE. The indi-
cations and contraindications for surgery have been 
specified. The preoperative diagnostics, the laborato-
ry tests and imaging modalities ensure reliable basis 
to select the  most appropriate surgical treatment. 
Currently, radiological investigations for localisation 
studies encompass broad spectrum of available tech-
nologies: neck ultrasound, computed tomography 
(CT), 99mTc-sestamibi scan, positron emission tomog-
raphy-computed tomography PET/CT (using 18F-flu-
orodeoxyglucose or 18F-fluorocholine as tracers) and 
single-photon emission computed tomography 
SPECT in combination with CT [1]. Intraoperative 
adjunct tests, especially intraoperative assessment 
of  PTH, support decision making during surgery. 
The risk of most serious complications, namely, per-
manent hypocalcaemia and injury of recurrent laryn-
geal nerve, is as low as 1-2% and below 1%, respec-
tively [2].

Despite the multiple recent developments and un-
doubted benefits of  parathyroid surgery, the  future 
can present certain challenges. The  Western popu-
lation is aging, and primary hyperparathyroidism is 
known to occur more frequently in elderly patients. 
Thus, primary hyperparathyroidism in octogenarians 
and nonagenarians will become an  increasingly im-
portant clinical problem [5]. Concomitant diseases 
can limit the application of surgery in these patients 
urging to offer an  alternative medical approach. 
However, the available scope of non-surgical meth-
ods is scant. The current medical treatment is target-
ed towards improving bone structure and decreasing 
hypercalcemia. Bisphosphonates, oestrogens and se-
lective oestrogen receptor modulators are prescribed 
to increase bone mineral density. Calcimimetics such 
as cinacalcet increase the  sensitivity of  parathyroid 
calcium-sensing receptors to extracellular calcium, 

thereby reducing serum calcium levels [2]. However, 
the  effect on PTH level is only partial [6, 7], and 
PTH is thought to contribute directly (in parallel 
with hypercalcemia) to the development of vascular 
complications in hyperparathyroidism, such as arteri-
al hypertension, atherosclerosis, cardiac arrhythmias, 
left ventricular hypertrophy, insulin resistance and di-
abetes mellitus [4]. Better understanding of the un-
derlying molecular mechanisms enables highlighting 
pathways to targeted treatment. 

In addition, postoperative histology can modify 
the  follow-up, e.g., to determine cure. Considering 
that 6-month-long surveillance [2] might be re-
source-intensive and costly, criteria for early identi-
fication of cured patients have been proposed. These 
include pathologic diagnosis of  a single adenoma, 
along with concordant imaging and intraoperative 
decrease of PTH levels by 50% to normal or almost 
normal levels [8]. Morphological picture also retains 
importance in the diagnostically difficult cases pre-
senting as a relapse after surgery with curative inten-
tion. These situations are more likely to be associated 
with complex histology as well. 

The number of  immunohistochemical studies 
of parathyroid tissues is limited; published data are 
diverse and occasionally controversial, and tech-
nologies have changed over the years. To overcome 
these problems, we set up the  current study. Here 
we explored a  representative group (179 glands) 
of  parathyroid pathologies, including hyperplasia, 
adenoma and carcinoma aiming to detect the expres-
sion of proteins that potentially could serve either as 
morphological diagnostic adjuncts or targets of per-
sonalised treatment. We also evaluated the molecular 
heterogeneity that could influence both diagnostic 
and scientific studies, e.g., fine needle aspiration and 
tissue microarray studies, respectively. The  research 
targets included a wide spectrum of molecules that 
were involved in regulation of cell cycle and apopto-
sis, as well as tumour suppressors, intermediate fila-
ments and adhesion factors. 

Material and methods

The study quintessence, ethical principles and 
case selection

The study was designed as a retrospective immu-
nohistochemical investigation of  consecutive, sur-
gically removed parathyroid tumours and tissues in 
a representative group. All the operations were per-
formed with curative intent, based solely on clinical 
indications. The patients were not subjected to any 
additional procedures and/or experimental investi-
gations. The research was carried out in accordance 
with the Declaration of Helsinki. The study was ap-
proved by the Committee of Ethics of Riga Stradins 
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University (Riga, Latvia). All the patients’ data were 
treated confidentially and anonymously.

The consecutive cases of surgically removed para-
thyroid glands were identified via an archive search 
over a 5-year period in a  single university hospital. 
The initial inclusion criteria comprised a  verified 
morphological diagnosis of a parathyroid tumour or 
hyperplasia in a tissue material routinely submitted 
after clinically indicated surgical treatment. Mor-
phologically non-altered glands were retrieved from 
consecutive parathyroid or thyroid surgical speci-
mens. The clinical case histories were reviewed then, 
and patients with documented secondary or tertiary 
hyperparathyroidism or with positive family history 
of hyperparathyroidism were excluded from further 
analysis. Demographic data (age at the time of op-
eration and gender) were retrieved from the medical 
documentation. 

Surgical pathology evaluation

During the  initial diagnostic testing, pathology 
data were obtained via uniform, protocol-based gross 
and microscopic examination of the parathyroid sur-
gery materials. Grossly, mass lesions were character-
ized by the largest diameter, colour, consistency and 
relations with other structures, e.g., thyroid gland. 
Tissues were sampled widely from the capsule/border 
and middle of any nodule and grossly involved adja-
cent tissues (if applicable). The grossing was followed 
by routine laboratory processing. The samples were 
fixed in neutral buffered 10% formalin (Sigma-Al-
drich/Merck, Saint Louis, USA), vacuum-processed 
(Tissue-Tek® VIP™ 5; Sakura Seiki Co., Ltd., Naga-
no and Tokyo, Japan), embedded (TES 99; Medite 
Medical GmbH, Burgdorf, Germany), cut (HM 360; 
Microm/Zeiss Group, Walldorf, Germany) in 3 µm 
thickness and stained (TST 44; Medite) with haema-
toxylin and eosin. Within the frames of current study, 
the  slides were reviewed under light microscope 
(Eclipse Ci-L, Nikon, Tokyo, Japan) by two indepen-
dent observers to verify the morphological diagnosis 
in accordance with the following criteria. 

Parathyroid carcinoma was diagnosed, if there was 
an unequivocal evidence of any of the following fea-
tures: 1) invasive growth involving the surrounding 
tissues as thyroid gland, soft tissues or oesophagus;  
2) vascular or 3) perineural invasion; 4) presence 
of  metastases [3, 9, 10, 11]. The  surgical material 
was thoroughly evaluated to identify lymph nodes 
potentially harbouring regional metastases, and 
the clinical documentation was checked for the data 
on the presence of distant metastases. 

To distinguish between the benign causes of pri-
mary hyperparathyroidism, historical morphological 
criteria were combined by data provided by preop-
erative localisation studies and the  effect of  gland 
removal on parathyroid hormone levels [12]. Para-

thyroid adenoma was diagnosed if a single encapsu-
lated or demarcated, non-invasive parathyroid neo-
plasm lacking intralesional adipose tissue was found 
in a  patient experiencing surgery-related decrease 
on the parathyroid hormone level [7, 12, 13]. Para-
thyroid hyperplasia was diagnosed in cases of multi-
glandular hyperplastic morphology showing mixture 
of parenchymal and fat cells with increased parenchy-
ma-to-fat ratio [7, 13, 14]. Controversial cases were 
excluded from further analysis.

Immunohistochemical visualisation and 
assessment

Immunohistochemical visualisation (IHC) was 
performed on a single representative block of a para-
thyroid tumour or non-neoplastic gland. For IHC, 
3 µm thick sections were cut by an electronic rota-
ry microtome HM 360 (Microm) on electrostatic 
glass slides (Histobond, Marienfeld, Germany). Af-
ter deparaffinisation, antigen retrieval was performed 
in a microwave oven (3 × 5 min. at 800 W) using 
a basic TEG (pH 9.0) buffer (DAKO, Glostrup, Den-
mark), followed by blocking of  endogenous perox-
idase (Sigma-Aldrich). The  sections were incubated 
with primary antibodies (Table I) for 60 minutes at 
room temperature in the magnetic incubation tray. 
Bound antibodies were detected by the enzyme-con-
jugated polymeric visualisation system EnVision, 
linked with horseradish peroxidase using 3,3’-diam-
inobenzidine as the  chromogen. All primary anti-
bodies, secondary and ancillary IHC reagents were 
manufactured by DAKO except anti-parafibromin 
by Abcam (Cambridge, UK). Positive and negative 
quality control stains were invariably performed and 
reacted appropriately. 

The expression of parafibromin was evaluated as 
qualitative binary estimate: complete loss of nuclear 
expression versus presence of nuclear reactivity [11]. 
For all other markers, the  fraction of  positive cells 
was detected by computer-assisted (NIS-Elements, 
Nikon) counting of  cells showing appropriate ex-
pression pattern (nuclear, cytoplasmic or membra-
nous, see Table I). Within the  current study, cells 
were counted by standard approach, evaluating 1000 
sequential tumour/parathyroid cells at high-power 
magnification (400×; Eclipse Ci-L, Nikon). For anti-
gens showing heterogeneous intensity of positive re-
action, the IHC reactivity was classified into four in-
tensity levels: 0, negative; 1, low; 2, moderate and 3, 
high [15, 16]. The relative extent (%) was measured 
as the  fraction of  cells expressing the given marker 
at the given intensity level. The final IHC score was 
calculated as the sum of the mathematical products 
of the  intensity and the relative extent as described 
by Briede et al., 2020 [16]. For nuclear antigens dis-
playing heterogeneity as highly focal expression in 
the  present study, the  highest and lowest fraction 
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was determined as the percentage of positive cells in 
the hot or cold spots, respectively [17]. These spots 
were identified by visual low-power (100×) screen-
ing of  the  whole slide [18]. The  cell counting was 
performed by computer-assisted approach (NIS-Ele-
ments, Nikon) at high-power magnification (400×). 
The  difference between highest and lowest values 
was calculated for each case. 

Statistical analysis

The statistical analysis was performed using 
the IBM SPSS Statistics Version 20.0 statistical soft-
ware package (International Business Machines Corp., 
Armonk, New York, USA). The  assumption check 
of  normality was carried out by the  Shapiro-Wilk 
test. For descriptive statistics, mean ± standard devi-
ation (SD), median ± interquartile range (IQR) and 
frequency were calculated as appropriate. In short, 
mean values were presented for normally distribut-
ed continuous variables while medians were reserved 
for other continuous variables. Categorical data were 
characterized by frequency. For mean values and fre-
quencies, 95% confidence intervals (CI) were detect-
ed. Freeman-Halton extension of  the  Fisher’s exact 
test was applied to contingency tables of categorical 
data. Kruskal-Wallis one-way analysis of  variance 
by ranks was used to compare continuous variables. 
The post-hoc analysis with Bonferroni correction was 
performed. Any difference was considered statistical-
ly significant, if the  corresponding p value was less 
than 0.05 [16, 18].

Results

The study group comprised 102 adenomas, 27 cases  
of primary parathyroid hyperplasia and 45 parathy-
roid glands lacking neoplastic or hyperplastic mor-
phology. In addition, 5 parathyroid carcinomas were 
evaluated to illustrate the  molecular trends upon 
malignant change. The demographic characteristics 
of the patients as well as gross size of the pathological 
glands are shown in Table II. All normal glands were 
identifiable only by microscopy. 

The mean proliferation fraction by Ki-67 (Table III)  
disclosed statistically significant differences (p < 0.001)  
between the groups. The mean cellular proliferation 
in adenomas (1.57%; 95% CI: 1.30-1.84) and hy-
perplastic glands (0.98%; 95% CI: 0.71-1.25) statis-
tically significantly exceeded the values recorded in 
normal parathyroid tissues (0.38%; 95% CI: 0.17-
0.59) albeit the  biological differences were minor. 
Analogous findings were obtained by the  hotspot 
analysis, i.e., comparing the  highest proliferative 
activities: 1.04% (95% CI: 0.63-1.45) in normal 
glands; 2.84% (95% CI: 2.44-3.24) in primary para-
thyroid hyperplasia and 3.54% (95% CI: 3.08-4.00) 
in adenomas. In comparison with normal and benign 
tissues, parathyroid carcinoma featured higher mean 
(5.78%; 95% CI: 0.18-11.38) and hotspot (11.76%; 
95% CI: 0.66-22.86) proliferation fractions. High 
variability was observed in all groups underlined by 
the  finding that the  odds between the highest and 
lowest proliferation fraction within the  same case 
almost equalled the highest fraction. The heteroge-

Table I. The characteristics and evaluation of immunohistochemical panel 

Antigen Antibody Clone Dilution Pattern Evaluation 

Ki-67 protein MMAH MIB-1 1:100 Nu F, HSF, CSF, Δ

p21WAF1/Cip1 protein MMAH SX118 1:25 Nu F, HSF, CSF, Δ

Cyclin D1 MRAH EP12 1:500 Nu F, HSF, CSF, Δ

p53 protein MMAH DO-7 1:400 Nu F, IHC score1

p27Kip1 protein MMAH SX53G8 1:50 Nu F, IHC score

Bcl-2 oncoprotein MMAH 124 1:800 Ct F, IHC score

E-cadherin MMAH NCH-38 1:50 M F, IHC score

Phagocytic glycoprotein 1 CD44 MMAH DF1485 1:50 M F, IHC score

CD56 MMAH 123C3 1:100 M F, IHC score

Vimentin MM V9 1:200 Ct F, IHC score

Cytokeratin 19 MMAH RCK108 1:200 Ct F, IHC score

Parafibromin PR NA 1:500 Nu QB
1 The IHC score was calculated as the sum of the mathematical products of the intensity and the relative extent for antigens showing heterogeneous intensity of positive 
reaction. The IHC reactivity was classified into four intensity levels: 0, negative; 1, low; 2, moderate and 3, high. The relative extent (%) was measured as the frac-
tion of cells expressing the given marker at the given intensity level [16].

CD – cluster of differentiation; MMAH – monoclonal mouse antibody against human antigen; MRAH –monoclonal rabbit antibody against human antigen; MM – 
monoclonal mouse antibody; PR – polyclonal rabbit antibody; NA – not applicable; Nu – nuclear; Ct – cytoplasmic; M – membranous; F – mean fraction of positive 
cells (per 1000 cells); HSF – the highest fraction of positive cells (per 1000 cells) in hot spots; CSF – the lowest fraction of positive cells (per 1000 cells) in cold spots; 
Δ – the heterogeneity measure reflecting the difference between HSF and CSF within the case; IHC – immunohistochemical; QB – qualitative binary estimate (complete 
loss of nuclear expression versus presence of nuclear reactivity)
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neity manifested mainly as clustering of the positive 
nuclei, leading to a remarkable hotspot pattern. 

Regarding the  nuclear expression of  p21, both 
mean and hotspot scores showed significant differ-
ences between the studied groups (both p < 0.001).  
The highest values were observed in primary para-
thyroid hyperplasia both by mean assessment 
(15.68%; 95% CI: 13.39-17.99) and by hotspot 
analysis (29.83%; 95% CI: 24.29-35.37). Parathy-
roid adenomas yielded the next highest levels of p21 
protein: mean fraction, 12.77% (95% CI: 11.35-
14.19); in hot spots, 23.69% (95% CI: 21.07-26.31). 
In adenomas and hyperplastic glands, the mean and 
hotspot fraction of p21-expressing cells significantly 
(all p < 0.05) exceeded the values observed in nor-
mal glands. The up-regulation of p21 in carcinomas 
(mean 7.57%; 95% CI: 0.00-18.84; hotspot frac-
tion 15.60%; 95% CI: 0.00-33.59) differed from 
normal tissues (mean 3.09%; 95% CI: 2.25-3.93; 
hotspot fraction 3.82%; 95% CI: 2.89-4.75) but did 
not reach the  levels observed in benign parathyroid 
pathologies. Heterogeneity of  p21 expression was 
brightly evident as tight foci of positive cells (Fig. 1).

Regarding the  mean expression of  cyclin D1, 
the  overall differences lacked statistical significance 
(p = 0.095). Nevertheless, by CI analysis, the mean 
fraction of  cyclin D1-positive cells in primary para-
thyroid hyperplasia (24.78%; 95% CI: 14.56-35.00) 
was significantly higher than in adenomas (12.01%; 
95% CI: 10.46-13.56) or non-altered parathyroid tis-
sues (10.11%; 95% CI: 6.82-13.40). In contrast with 
mean values, the analysis of both hot and cold spots 
disclosed significant differences of cyclin D1 expression 
between all groups (p = 0.002 and p = 0.006, respec-
tively). Primary parathyroid hyperplasia and carcino-
ma were characterised by high expression of cyclin D1  
while adenomas showed modestly increased levels  
(Table III). Adenomas also possessed marked hetero-
geneity. Interestingly, the cold spots in adenomas were 
characterised by even lower fraction of p21-expressing 
cells than observed in normal tissues: 3.41% (95% CI: 
2.52-4.30) in adenomas versus 8.75% (95% CI: 5.48-
11.47) in unaltered parathyroid glands. The dominant 

pattern of cyclin D1 heterogeneity was the clustering 
of the positive cells in hot spots. 

All investigated types of  parathyroid tissues were 
almost devoid of p53 protein as detected by immu-
nohistochemistry (Table IV). Significant differences 
were identified regarding p27 score (p = 0.005) and 
fraction of p27-positive cells (p = 0.010), implicating 
loss of p27 in parathyroid carcinoma. The mean frac-
tion of p27-positive cells in parathyroid carcinoma was 
only 59.00% (95% CI: 13.29-100.00), contrasting 
with normal glands (97.86%; 95% CI: 96.12-99.60); 
primary parathyroid hyperplasia (94.33%; 95% CI: 
90.87-97.79) and adenoma (92.82%; 95% CI: 89.68-
95.96). Considering p53 and p27 proteins, the  het-
erogeneity was not pronounced which was partially 
attributable to extremes of  reactivity manifesting as 
almost complete absence of  target or nearly diffuse 
positive expression (Fig. 1), respectively. Variability 
of  staining intensity was the  leading manifestation 
of heterogeneity. To account for this, the mean IHC 
score was detected; it confirmed the same findings as 
highlighted by the mean fraction of positive cells. 

There was a  trend to down-regulation of  Bcl-2 
protein in parathyroid carcinoma although the find-
ings lacked overall statistical significance (p = 0.449). 
In normal glands, Bcl-2 expression was observed in 
75.63% of cells (95% CI: 64.70-86.56), contrasting  
with only 28.22% in carcinomas (95% CI: 0.00-
76.38). Parathyroid adenomas and hyperplastic 
tissues were characterised by intermediate values: 
66.68% (95% CI: 59.71-73.65) and 61.25% (95% 
CI: 44.28-78.22), respectively. Variability of staining 
intensity was the leading manifestation of heteroge-
neity. To account for this, the mean IHC score was 
applied; it highlighted the same trends as the mean 
fraction of positive cells. 

Regarding cell adhesion molecules (Table V), 
a trend to down-regulation of E-cadherin was found 
in all proliferative mass lesions, contrasting with 
more intense membranous expression in normal  
parathyroid glands (Fig. 1). The  mean final IHC 
score in normal tissues was 2.25 (95% CI: 2.05-
2.45). In contrast, hyperplastic glands showed down- 

Table II. The clinical features of parathyroid glands and patients affected by parathyroid mass lesions 

Parameter Diagnosis p value

Parathyroid 
adenoma

Primary parathyroid 
hyperplasia

Parathyroid 
carcinoma

Mean size of the affected 
parathyroid, cm ±SD (range)

2.7 ±1.5 
(0.8-7.5)

2.4 ±1.0 
(1.2-4.5)

2.7 ±0.9 
(1.6-4.0)

0.265

Proportion of females,  
% (95% CI)

85.3 (77.0-91.0) 88.9 (71.1-97.0) 80.0 (36.0-98.0) 0.427

Mean age, years ±SD (range) 60.8 ±11.7 
(34-76)

57.1 ±10.9 
(45-74) 

48.2 ±13.6 
(35-66)

0.029

SD – standard deviation; CI – confidence interval



104

Romans Uljanovs, Ilze Strumfa, Guntis Bahs, et al.

Table III. Proliferation activity and cell cycle regulation in parathyroid tissues and tumours

Marker Adenoma Primary 
hyperplasia

Carcinoma Normal 
glands

p value

Ki-67

Lowest F*, % ±SD  
(range)

0.19 ±0.53 
(0.00-2.75)

0.00 ±0.00 
(0.00-0.00)

0.00 ±0.00 
(0.00-0.00)

0.00 ±0.00 
(0.00-0.00)

0.253

95% CI 0.09-0.29 0.00-0.00 0.00-0.00 0.00-0.00 NA

Mean F, % ±SD  
(range)

1.57 ±1.38 
(0.34-6.76)

0.98 ±0.69 
(0.35-2.26)

5.78 ±4.51 
(1.27-13.33)

0.38 ±0.71 
(0.00-2.75)

< 0.001

95% CI 1.30-1.84 0.71-1.25 0.18-11.38 0.17-0.59 NA

Highest F**, % ±SD 
(range)

3.54 ±2.33 
(0.81-10.39)

2.84 ±1.02 
(1.41-4.52)

11.76 ±8.94 
(2.53-26.67)

1.04 ±1.38 
(0.00-5.49)

< 0.001

95% CI 3.08-4.00 2.44-3.24 0.66-22.86 0.63-1.45 NA

Δ, % ±SD  
(range)

3.35 ±1.97 
(0.81-9.30)

2.84 ±1.02 
(1.41-4.52)

11.76 ±8.94 
(2.53-26.67)

1.04 ±1.38 
(0.00-5.49)

NA

p21

Lowest F*, % ±SD  
(range)

2.40 ±2.98 
(0.00-14.29)

2.49 ±2.11 
(0.00-6.17)

1.46 ±2.79 
(0.00-6.40)

2.30 ±2.69 
(0.00-8.26)

0.432

95% CI 1.81-2.99 1.66-3.32 0.00-4.92 1.49-3.11 NA

Mean F, % ±SD  
(range)

12.77 ±7.21 
(2.09-40.60)

15.68 ±5.82 
(4.53-22.61)

7.57 ±9.08 
(0.25-22.62)

3.09 ±2.79 
(0.23-9.87)

< 0.001

95% CI 11.35-14.19 13.39-17.99 0.00-18.84 2.25-3.93 NA

Highest F**, % ±SD 
(range)

23.69 ±13.36

(3.47-63.89)

29.83 ±14.00

(10.70-55.91)

15.60 ±14.49

(0.50-38.56)

3.82 ±3.11

(0.45-11.21)

< 0.001

95% CI 21.07-26.31 24.29-35.37 0.00-33.59 2.89-4.75 NA

Δ, % ± SD  
(range)

21.29 ±13.11 
(2.51-63.21)

27.34 ±14.20 
(9.32-54.70)

14.13 ±11.94 
(0.50-32.16)

1.52 ±1.82 
(0.00-5.85)

NA

Cyclin D1

Lowest F*, % ±SD  
(range)

3.41 ±4.51 
(0.00-17.72)

12.20 ±19.28 
(0.00-54.79)

21.78 ±43.79 
(0.00-100.00)

8.75 ±10.87 
(0.00-35.29)

 0.006

95% CI 2.52-4.30 4.57-19.83 0.00-76.15 5.48-11.47 NA

Mean F, % ±SD  
(range)

12.01 ±7.88 
(0.00-28.41)

24.78 ±25.84 
(5.02-79.52)

31.49 ±39.17 
(2.71-100.00)

10.11 ±10.96 
(0.76-35.29)

0.095

95% CI 10.46-13.56 14.56-35.00 0.00-80.13 6.82-13.40 NA

Highest F**, % ±SD 
(range)

22.83 ±16.31 
(0.00-62.22)

42.48 ±30.64 
(7.50-98.92)

41.77 ±34.83 
(13.56-100.00)

11.91 ±11.29 
(0.76-35.29)

0.002

95% CI 19.63-26.03 30.36-54.60 0.00-85.02 8.52-15.30 NA

Δ, % ±SD  
(range)

19.42 ±16.52 
(0.00-59.33)

30.28 ±19.57 
(4.62-54.76)

20.00 ±16.50 
(0.00-40.19)

3.16 ±4.06 
(0.00-10.56)

NA

* The lowest fraction of positive cells (per 1000 cells) in cold spots
** The highest fraction of positive cells (per 1000 cells) in hot spots

F – fraction of positive cells; SD – standard deviation; CI – confidence interval; Δ – the difference between the highest and lowest value; NA – not applicable

regulation to 0.96 (95% CI: 0.60-1.32); adenoma 
yielded the  score of 1.00 (95% CI: 0.86-1.14) and 
carcinoma – 1.27 (95% CI: 0.79-1.75). Parathyroid 
tissues were generally negative for CD44 except for 
few adenomas showing low scores. The  expression 
of  CD56 in the  glandular tissues also was not sig-
nificant although few tumours presented with low 

scores. Reactivity of CD56 in perivascular nerve fibres 
was found in most cases, namely, in 86/102 (84.31%; 
95% CI: 75.92-90.21) adenomas, 22/27 (81.48%; 
95% CI: 62.84-92.28) hyperplastic and 28/45 
(62.22%; 95% CI: 47.60-74.92) normal glands as 
well as 2/5 (40.00%; 95% CI: 11.60-77.09) carci-
nomas.
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A B

C D

E F

Fig. 1. Immunophenotype of parathyroid adenoma. A) Nuclear expression of p21 protein: an overview. Immunoperoxi-
dase (IP); anti-p21WAF1/Cip1 protein, clone SX118; original magnification (OM) 100×. Note the crisp nuclear stain, 
marked heterogeneity manifesting as extremely dense clusters of positive nuclei (arrowheads) and negative cold foci (ar-
row). B) Widespread homogeneous nuclear expression of p27 protein (arrow). IP; anti-p27Kip1 protein, clone SX53G8; 
OM 200×. C) Expression of vimentin: an overview of nodular pattern. Note the remarkable heterogeneity, cytoplasmic 
reactivity in the epithelial cells (arrowheads) and the rounded negative nodule (arrow). IP; anti-vimentin, clone V9; OM 
100×. D) Combined pattern of vimentin expression. Note the cytoplasmic (arrow) and perinuclear (arrowhead) reactivity 
in the epithelial cells. Positive mesenchymal stromal cells are visible and act as an internal control. IP; anti-vimentin, 
clone V9; OM 200×. E) Cytoplasmic expression of cytokeratin 19. Note the heterogeneous staining with high (arrow) 
and low (arrowhead)-intensity areas. IP; anti-cytokeratin 19, clone RCK108; OM 200×. F) Expression of E-cadherin. 
Note the high intensity in the normal gland adjacent to the adenoma (white arrow), down-regulation of E-cadherin in 
adenoma (green arrow) and heterogeneity underlined by intense expression in a single cell of adenoma (arrowhead). IP; 
anti-E-cadherin, clone NCH-38; OM 200×



106

Romans Uljanovs, Ilze Strumfa, Guntis Bahs, et al.

The expression of  intermediate filaments is 
characterised in Table VI. Statistically significant 
up-regulation of  cytokeratin 19 (p = 0.012) and 
insignificant (p = 0.091) trend to more extensive 
expression of vimentin was observed in the prolifer-
ative parathyroid lesions. The most marked chang-
es were evident in carcinoma. Thus, the  fraction 
of vimentin-expressing cells increased from 9.33% 
(95% CI: 5.61-13.05) cells in normal tissues to 
11.67% (95% CI: 6.51-16.83) in primary parathy-
roid hyperplasia, 19.30% (95% CI: 13.27-25.33) 
in adenomas and 36.80% (95% CI: 0.00-79.44) in 
carcinoma. Interestingly, the  patterns of  vimentin 
expression also varied (Fig. 1). Perinuclear reactivity 
was the  only pattern in normal glands. Cytoplas-
mic expression was invariable in carcinomas. Hyper-
plastic glands and adenomas showed combination 
of  both patterns, with tendency to more frequent 
cytoplasmic expression in adenomas and predomi-
nantly perinuclear pattern in primary parathyroid 
hyperplasia. Heterogeneity was remarkable in all 
groups, but only adenomas and hyperplastic glands 
showed nodularity of vimentin expression. 

Considering cytokeratin 19 (Fig. 1), its mean final 
score raised from 0.26 (95% CI: 0.19-0.33) in normal 
glands to 0.82 (95% CI: 0.45-1.19) in primary para-
thyroid hyperplasia and 0.84 (95% CI: 0.68-1.01) 
in adenomas. In carcinoma, it was even higher: 1.02 
(95% CI: 0.00-2.70). The changes featured statistical 
significance (p = 0.012).

Loss of parafibromin was invariable in all carcino-
mas (expression rate 0/5; 0%; 95% CI: 0.00-48.91). 
It was also observed in a  hyperplastic gland from 
a single patient (1/27; 3.70%; 95% CI: 0.00-19.80). 
Expression of parafibromin was retained in 102/ 102 
(100%; 95% CI: 95.64-100.00) adenomas, 26/27 
(96.30%; 95% CI: 80.20-100.00) cases of  prima-
ry hyperplasia and 45/45 (100%; 95% CI: 90.62-
100.00) parathyroid glands lacking neoplastic or  
hyperplastic changes. The  differences were statisti-
cally significant (p < 0.001). 

Discussion

Although parathyroid surgery is becoming increas-
ingly frequent, the  differential diagnosis between  

Table IV. Selected tumour suppressor- and apoptosis-related proteins in parathyroid tissues and tumours

Marker Adenoma Primary 
hyperplasia

Carcinoma Normal glands p value

Parafibromin

N (%) 102/ 102 (100.00) 26/ 27 (96.30) 0/5 (0.00) 45/45 (100.00) < 0.001

95% CI 95.64-100.00 80.20-100.00 0.00-48.91 90.62-100.00 NA

p53

Mean IHC score ±SD  
(range)

0.02 ±0.04 
(0.00-0.14)

0.04 ±0.07 
(0.00-0.20)

0.00 ±0.00 
(0.00-0.00)

0.00 ±0.00 
(0.00-0.00)

< 0.001

95% CI 0.01-0.03 0.01-0.06 0.00-0.00 0.00-0.00 NA

F, % ±SD  
(range)

0.92 ±1.84 
(0.00-7.00)

2.06 ±3.61 
(0.10-11.00)

0.08 ±0.04 
(0.00-0.10)

0.02 ±0.04 
(0.00-0.10)

< 0.001

95% CI 0.56-1.28 0.63-3.49 0.03-0.13 0.01-0.03 NA

p27

Mean IHC score ±SD  
(range)

2.77 ±0.48 
(0.30-3.00)

2.79 ±0.36 
(2.00-3.00)

1.77 ±1.10 
(0.60-3.00)

2.94 ±0.17 
(2.40-3.00)

0.005

95% CI 2.68-2.86 2.65-2.93 0.40-3.00 2.89-2.99 NA

F, % ±SD 
(range)

92.82 ±16.00 
(10.00-100.00)

94.33 ±8.75 
(80.00-100.00)

59.00 ±36.81 
(20.00-100.00)

97.86 ±5.79 
(80.00-100.00)

0.010

95% CI 89.68-95.96 90.87-97.79 13.29-100.00 96.12-99.60 NA

Bcl-2

Mean IHC score ±SD  
(range)

1.49 ±0.94 
(0.00-3.00)

1.44 ±0.97 
(0.00-2.00)

0.48 ±0.65 
(0.00-1.20)

1.64 ±0.93 
(0.10-3.00) 

0.706

95% CI 1.31-1.67 1.06-1.82 0.00-1.29 1.36-1.92 NA

F, % ±SD 
(range)

66.68 ±35.50 
(0.00-100.00)

61.25 ±42.89 
(0.00-100.00)

28.22 ±38.79 
(0.00-80.00)

75.63 ±36.39 
(5.00-100.0)

0.449

95% CI 59.71-73.65 44.28-78.22 0.00-76.38 64.70-86.56 NA
N – number of cases; CI – confidence interval; IHC – immunohistochemical; SD – standard deviation; F – fraction of positive cells; NA – not applicable
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parathyroid mass lesions themselves or with oth-
er neck pathologies can still be challenging for pa-
thologists, at least partially – because of insufficient 
awareness of parathyroid morphology and immuno-
phenotype. In addition, there are quite few large-
scale immunohistochemical studies exploring wide 
spectrum of proteins. To fill the gap, we studied 179 
consecutive surgically removed parathyroid glands in 
order to evaluate the proteins that potentially could 
serve either as morphological diagnostic adjuncts or 
targets of personalised treatment. To the best of our 
knowledge, this is the first study systematically eval-
uating IHC heterogeneity in parathyroid glands. 
Significant heterogeneity was observed as hotspot 
pattern (Ki-67, p21, cyclin D1), intensity variation 
(p53, p27, Bcl-2) and changes in expression pattern 
(vimentin).

Parafibromin. Parafibromin is the protein coded 
by Cell Division Cycle 73 (CDC73) gene known also 
as HRPT2 (hyperparathyroidism 2). In 2002, germline 
mutation of CDC73 was found in families affected by 
the  autosomal dominant hyperparathyroidism-jaw 
tumour syndrome that was associated with increased 
lifetime risk of  parathyroid carcinoma approaching 
15% in mutation carriers. Indeed, in the hyperpara-
thyroidism-jaw tumour syndrome patients, carci-
noma is responsible for 15-37.5% of hyperparathy-

roidism cases. Later, somatic CDC73 mutations were 
found in sporadic tumours. Currently, it is thought 
that 77% of  parathyroid carcinomas and less than 
1% of  parathyroid adenomas harbour CDC73 mu-
tation [11]. 

As CDC73 mutation testing is not widely avail-
able, loss of  nuclear expression of  parafibromin by 
immunohistochemistry has been accepted as a  sur-
rogate test [11, 19, 20, 21]. Parafibromin is a  tu-
mour suppressor protein that induces cell cycle ar-
rest by repressing cyclin D1 [22]. It is involved in 
the regulation of p53 pathway [11]. The name of it, 
parafibromin, reflects the  association with parathy-
roid pathologies and ossifying fibromas of maxillary 
and mandibular bones within the hyperparathyroid-
ism-jaw tumour syndrome [11, 12]. Since the  first 
discoveries, absence of parafibromin has been associ-
ated with diagnostic evidence [23] and worse prog-
nosis of parathyroid carcinomas [21] and malignant 
behaviour of  tumours histologically diagnosed as 
atypical adenomas [24]. However, controversies exist 
that can be at least in part attributed to technological 
differences and challenges [11], nuclear, nucleolar or 
cytoplasmic location of reactivity [9, 25, 26] or cases 
showing partial or weak expression [9, 11, 27, 28].

Loss of parafibromin has been reported in 60-100% 
of parathyroid carcinomas [19, 20, 29] and 4.5-18% 

Table V. Cell adhesion molecules in parathyroid tissues and tumours

Marker Adenoma Primary 
hyperplasia

Carcinoma Normal glands p value

E-cadherin

Mean IHC score ±SD  
(range)

1.00 ±0.71 
(0.00-2.50)

0.96 ±0.92 
(0.12-3.00)

1.27 ±0.39 
(0.90-1.70)

2.25 ±0.67 
(1.00-3.00)

0.753

95% CI 0.86-1.14 0.60-1.32 0.79-1.75 2.05-2.45 NA

F, % ±SD 
(range)

32.29 ±37.26 
(0.00-100.00)

25.44 ±30.03 
(4.00-100.00)

36.00 ±26.08 
(20.00-80.00)

72.78 ±38.50 
(0.00-100.00)

0.758

95% CI 24.97-39.61 13.56-37.32 3.62-68.38 61.21-84.35 NA

CD44

Mean IHC score ±SD  
(range)

0.05 ±0.11 
(0.00-0.38)

0.00 ±0.00 
(0.00-0.00)

0.00 ±0.00 
(0.00-0.00)

0.00 ±0.00 
(0.00-0.00)

0.253

95% CI 0.03-0.07 0.00-0.00 0.00-0.00 0.00-0.00 NA

F, % ±SD 
(range)

1.79 ±4.05  
(0.00-15.00)

0.00 ±0.00 
(0.00-0.00)

0.00 ±0.00 
(0.00-0.00)

0.00 ±0.00 
(0.00-0.00)

0.159

95% CI 0.99-2.59 0.00-0.00 0.00-0.00 0.00-0.00 NA

CD56

Mean IHC score ±SD  
(range)

0.04 ±0.14  
(0-0.6)

0.00 ±0.00 
(0.00-0.00)

0.07 ±0.09 
(0.00-0.21)

0.00 ±0.00 
(0.00-0.00)

0.115

95% CI 0.01-0.07 0.00-0.00 0.00-0.18 0.00-0.00 NA

F, % ±SD 
(range)

1.37 ±4.66  
(0.00-20.00)

0.00 ±0.00 
(0.00-0.00)

3.00 ±3.08  
(0.00-7.00)

0.00 ±0.00 
(0.00-0.00)

0.113

95% CI 0.45-2.29 0.00-0.00 0.00-6.82 0.00-0.00 NA
IHC – immunohistochemical; SD – standard deviation; CI – confidence interval; F – fraction of positive cells; CD – cluster of differentiation; NA – not applicable.
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of adenomas [19, 20, 29, 30]. In some cohorts, all ad-
enomas have been positive [27, 31]. In our study, we 
succeeded to show invariable lack of parafibromin in 
carcinomas and nuclear expression – in adenomas. In 
addition, all normal parathyroid tissues were positive 
in accordance with Wang et al., 2012 [29].

Although parafibromin positivity was expected 
in parathyroid hyperplasia [29, 31], we experienced 
a single negative case. Despite the negative family his-
tory, the hyperparathyroidism-jaw tumour syndrome 
could not be completely excluded in this single case 
as the  patient was lost from follow-up at the  time 
of this study. Hyperparathyroidism-jaw tumour syn-
drome can present as seemingly sporadic parathy-
roid lesion. It has been estimated that 20% of  ap-
parently sporadic parathyroid carcinomas in fact are 
associated with germline CDC73 mutation [11, 12].  
Further, genetically confirmed hyperparathyroid-
ism-jaw tumour syndrome can present with multi- 

glandular parathyroid hyperplasia [32] although 
single or multiple [12, 30] parathyroid adenomas or 
parathyroid carcinomas are the classic features of this 
syndrome (90% of  cases), along with benign fibro- 
osseous lesions of jaw bones (30%). In addition, renal 
cysts are present in 10% of cases and uterine leiomy-
omas in 40% of female patients [12, 32]. 

Although immunohistochemistry for parafibro-
min is technically demanding and the  results show 
overlap between adenoma and carcinoma, gene as-
sessment also yields overlapping data. Thus, muta-
tions of CDC73/HRPT2 have been reported in only 
60-90.9% of  parathyroid carcinoma and 4.5-6% 
of adenomas [19, 20, 30]. In our experience, albeit 
the  immunohistochemical stain is technically chal-
lenging, it has a  rewardingly high diagnostic val-
ue. The procedure must be followed rigorously, and 
repeated stains can be necessary, but reliable final  

Table VI. Intermediate filaments in parathyroid tissues and tumours

Marker Adenoma Primary 
hyperplasia

Carcinoma Normal 
glands

p value 

Vimentin

Mean IHC score ±SD  
(range)

0.57 ±0.91 
(0.00-2.70)

0.35 ±0.39 
(0.00-1.20)

1.08 ±1.05 
(0.04-2.70)

0.28 ±0.37 
(0.00-1.20)

0.105

95% CI 0.39-0.75 0.20-0.50 0.00-2.38 0.17-0.39 NA

F, % ±SD  
(range)

19.30 ±30.69 
(0.00-90.00)

11.67 ±13.05 
(0.00-40.00)

36.80 ±34.34 
(2.00-90.00)

9.33 ±12.37 
(0.00-40.00)

0.091

95% CI 13.27-25.33 6.51-16.83 0.00-79.44 5.61-13.05 NA

Heterogeneity, N (%) 56/102 (54.90) 19/27 (70.37) 5/5 (100.00) 15/45 (33.33) 0.002

95% CI 45.24-64.21 51.35-84.32 51.09-100.00 21.30-47.99 NA

Nodularity, N (%) 13/102 (12.75) 4/27 (14.81) 0/5 (0.00) 0/45 (0.00) 0.06

95% CI 7.47-20.73 5.30-33.10 0.00-48.91 0.00-9.38 NA

Cytoplasmic expression, N (%) 48/57 (84.21) 9/21 (42.86) 5/5 (100.00) 0/21 (0.00) < 0.001

95% CI 72.41-91.69 24.44-63.48 51.09-100.00 0.00-18.24 NA

Perinuclear expression, N (%) 27/57 (47.37) 18/21 (85.71) 2/5 (40.00) 21/21 (100.00) < 0.001

95% CI 34.99-60.08 64.52-95.86 11.60-77.09 81.76-100.00 NA

Cytokeratin 19

Mean IHC score ±SD  
(range)

0.84 ±0.84 
(0.00-2.50)

0.82 ±0.93 
(0.02-2.50)

1.02 ±1.35 
(0.00-2.85)

0.26 ±0.23 
(0.00-0.80)

0.012

95% CI 0.68-1.01 0.45-1.19 0.00-2.70 0.19-0.33 NA

F, % ±SD  
(range)

35.83 ±34.46 
(0.00-100.00)

32.83 ±37.14 
(1.00-100.00)

34.22 ±44.99 
(0.10-95.00)

12.60 ±11.21 
(0.00-40.00)

0.748

95% CI 29.06-42.60 18.14-47.52 0.00-90.08 9.23-15.97 NA

Heterogeneity, N (%) 62/102 (60.78) 24/27 (88.89) 5/5 (100.00) 30/45 (66.67) 0.017

95% CI 51.08-69.71 71.12-96.97 51.09-100.00 52.01-78.70 NA

Nodularity, N (%) 15/102 (14.71) 14/27 (51.85) 0/5 (0.00) 15/45 (33.33) 0.0002

95% CI 9.00-22.97 33.98-69.26 0.00-48.91 21.30-47.99 NA
IHC – immunohistochemical; SD – standard deviation; CI – confidence interval; F – fraction of positive cells; N – number of cases; NA – not applicable
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result with appropriate internal positive controls can 
be reached.

Ki-67. Ki-67 is a nuclear protein that is expressed 
during the active phase of  cell cycle while strongly  
down-regulated during the G0 phase. Thus, the pres-
ence of  immunohistochemically detectable Ki-67 
identifies proliferating cells. Due to this feature, IHC 
for Ki-67 has become an important part of manifold 
morphological protocols in tumour diagnostics, in-
cluding grading, molecular classification, prognostic 
evaluation and prediction of treatment efficacy. De-
spite the  well-known clinical value, the  molecular 
biology of Ki-67 protein has been studied in depth 
only recently. Currently, mitotic, regulatory and the 
interphase functions of Ki-67 are identified. During 
mitosis, Ki-67 participates in the  build-up of  peri-
chromosomal layer: a ribonucleoprotein sheath that 
coats the condensed chromosomes and prevents them 
from aggregation. Unlike several other proteins,  
Ki-67 is a  mandatory component for the  develop-
ment of  perichromosomal layer. In addition, Ki-67 
participates in cell cycle regulation; these mecha-
nisms involve interaction with p21 protein path-
ways. During interphase, Ki-67 protein maintains 
the structure of heterochromatin [33, 34, 35]. 

Increased cellular proliferation has been shown in 
parathyroid tumours and hyperplasia in contrast to 
non-altered glands [36]. More recently, statistically 
significantly higher proliferation activity was observed 
in parathyroid carcinomas than in adenomas [37].  
The reported mean proliferation fraction in carcino-
ma ranges from 6% [38] to 8.4% [39] or even 13.9% 
[40]. In adenomas, the mean proliferation index by 
Ki-67 is reported as 1.9 [41] – 4.26% [42] signifi-
cantly exceeding the  Ki-67 levels in residual para-
thyroid tissues [43]. However, controversies exist. 
Thus, Kaczmarek et al. reported that normal and hy-
perplastic tissues were characterised by proliferation 
fractions of 3.5% and 1.8%, respectively [41]. 

In our study, we confirmed significant differences 
in Ki-67 expression. Both by mean and the highest 
values, the proliferative activity increased from nor-
mal to hyperplastic glands, adenoma and carcino-
ma. We also observed significant heterogeneity with 
a prominent hotspot pattern. The presence of tissue 
heterogeneity can cause methodologic discrepancies, 
e.g., in studies using tissue microarrays – a  classic 
method in pathology that allows simultaneous test-
ing of large material for numerous markers by com-
bining tissue cores from multiple cases into a single 
slide [44, 45]. Microarrays have also been used in 
parathyroid research [46]. Despite the said benefits, 
microarrays are vulnerable by the selection of the re-
gion of interest, which may or may not include hot 
or cold spots. We showed in the current study that 
the same statistically significant differences could be 
found analysing the mean (p < 0.001) or the highest  

(p < 0.001) proliferation fraction leading to the same 
conclusions, but this was not relevant to cold spots. 
Thus, heterogeneity can indeed influence the results 
and conclusions obtained via microarrays or simi-
lar techniques. In addition, the  approach to Ki-67 
counting will have utmost significance deciding on 
the diagnostic criteria of carcinoma, namely, the cut-
off level. Besides the  impact on cohort-based scien-
tific data and diagnostic thresholds, heterogeneity 
can affect the measurement obtained in a particular 
patient, e.g., via fine needle aspiration. The hetero-
geneity should be acknowledged in future studies by 
routine use of relevant parameters to characterise it. 

Cyclin D1. The cyclin D1 is known as an import-
ant molecular switch in the proliferation control as 
well as a transcriptional regulator. As an allosteric ac-
tivator, it forms a complex with cyclin dependent ki-
nases 4 and 6 (CDK4 and CDK6) that phosphorylate 
and thus inactivate the  tumour suppressor protein 
Rb, resulting in the cell cycle progress from the G1 
to S phase [47, 48]. The overexpression of cyclin D1 
in parathyroid tumours can be attributable to peri-
centric inversion of chromosome 11p that results in 
CCND1 gene control by parathyroid hormone gene 
promoter. However, this inversion is seen in lower 
frequency than the overexpression of the relevant cy-
clin D1 protein, e.g., 5-8% versus 40% in adenomas. 
Thus, other mechanisms are acting including gene 
amplification, other rearrangements, transcriptional 
activation [47] or deranged degradation [49].

In transgenic mice, overexpression of  the  cyclin 
D1-coding gene resulted in hyperparathyroidism. 
This finding was consistent with the  primary role 
of cyclin D1 in parathyroid hyperfunction. Morpho-
logically, the animals developed hyperplasia as well as 
asymmetrical encapsulated nodular growths bearing 
tubular architecture and compressing adjacent gland, 
thus closely resembling adenomas. By IHC, no cy-
clin D1 expression was found in parathyroid tissues 
of  wild-type animals while irregular positive stain-
ing was found in hyperplastic glands of  transgenic 
mice [50]. Similarly, we found significant up-regu-
lation of cyclin D1 in hyperplastic glands featuring 
remarkable heterogeneity of hotspot pattern. Nota-
bly, the highest fraction of cyclin D1-positive cells in 
hyperplasia was significantly higher as in adenoma 
hypothetically showing the cyclin D1 as an early mo-
lecular driver in parathyroid cell proliferation. Other 
molecular mechanisms are necessary for neoplastic 
changes, e.g., escape from apoptosis or loss of parafi-
bromin-related counterbalance of cyclin D1. 

Interestingly, in the  current study, the  fraction 
of  cyclin D1-expressing cells was statistically sig-
nificantly different between PPH and adenomas. 
The differences were also notable from the biologi-
cal point of view, contrasting with minor margin re-
garding Ki-67. Hypothetically, cyclin D1 could be 
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useful in the differential diagnosis between adenomas 
and PPH, with high levels preferring a  hyperplas-
tic process. This assumption is in accordance with 
the pathogenetic importance of cyclin D1 in the early 
steps of parathyroid pathology. However, considering 
the general key role of cyclin D1 in parathyroid dis-
eases, additional studies would be necessary. Correla-
tions between cyclin D1 expression and surgical cure 
versus recurrence should also be evaluated. 

Intertumoural heterogeneity of cyclin D1 has been 
noted before, both in adenomas and carcinomas [19, 20].  
We observed both significant intertumoural hetero-
geneity along with remarkable intralesional hetero-
geneity with presence of cold and hot spots. 

Several research groups have evaluated IHC ex-
pression of  cyclin D1 in parathyroid carcinoma. 
Truran et al. observed cyclin D1 in a minor fraction 
of  parathyroid carcinoma cases (8.3%) and there-
fore disregarded to include it in the diagnostic panel 
of this malignancy [23]. By Stojadinovic et al., nucle-
ar expression of cyclin D1 (by cut-off 5%) was found 
in 9% of adenoma and 18% of  carcinoma; the dif-
ference lacked statistical significance [46]. Similarly, 
Rodriguez et al. concluded that overexpression of cy-
clin D1 could not be used to reliably differentiate 
between adenoma and carcinoma [51]. In our expe-
rience, the  set-up of  scoring protocols (mean versus 
highest fraction of  cyclin D1-positive cells) can in-
fluence the degree of statistical significance and thus 
lead to different conclusions. 

Although higher levels of wild-type parafibromin 
have been shown to block expression of cyclin D1 [52],  
by IHC, no correlation has been reported by cyclin 
D1 and parafibromin expression in parathyroid pa-
thology [19, 20, 53]. Thus, these molecular events 
are neither related nor mutually exclusive but can be 
sequential or additive. In our study, loss of parafibro-
min was almost completely limited to parathyroid 
carcinoma and thus could not explain the  variable 
degree of  cyclin D1 overexpression in parathyroid 
hyperplasia and adenoma. Nevertheless, it can sug-
gest functionality of high cyclin D1 levels in parafi-
bromin-negative carcinoma in contrast with equally 
high levels of cyclin D1 in benign proliferative lesions 
harbouring wild-type parafibromin. 

p27. The p27 is a cyclin-dependent kinase inhib-
itor and tumour suppressor that inhibits cell cycle 
progression, mediating G1 arrest. Malignant cells can 
lose p27 expression due to impaired synthesis or ac-
celerated degradation, or inappropriate intracellular 
localisation of the relevant protein [54, 55].

In the  present study, we found statistically sig-
nificant differences (p = 0.010) between the  ex-
plored groups suggesting loss of p27 upon malignant 
change. In normal parathyroid glands, practically 
all cells (97.86%; 95% CI: 96.12-99.60) expressed 
p27 protein. The  nuclear expression was almost 

completely retained in primary parathyroid hyper-
plasia (94.33%; 95% CI: 90.87-97.79) and adeno-
ma (92.82%; 95% CI: 89.68-95.96) while the  lev-
els were remarkably lower in parathyroid carcinoma 
(59.00%; 95% CI: 13.29-100.00). Decreasing levels 
of p27 expression have been reported in normal para-
thyroid glands, hyperplastic tissues, parathyroid ade-
noma and carcinoma, namely, 89.6%, 69.6%, 56.8% 
and 13.9%. Initially, lack of  differences in mRNA 
levels was thought to indicate posttranslational 
events [39]. Subsequently, decreased p27 mRNA ex-
pression was demonstrated in adenoma, compared to 
normal gland [56]. However, the regulation of p27 
activity is complex. It involves modulation of  tran-
scription, effects of  p27 transcript-targeting micro- 
RNAs and manifold reactions at the  protein level. 
Different mechanisms degrade p27 protein in nuclear 
and cytosolic compartments, and nucleocytoplasmic 
shuttling ensures additional regulatory properties. 
Suppression of p27 in carcinoma was verified by Ar-
vai et al., 2012 [57], and the difference between ade-
nomas and carcinomas (80% of adenomas versus 18% 
of carcinomas by cut-off 30%) was found to be sta-
tistically significant [46]. Nevertheless, contradictory 
findings have been reported, e.g., Fernandez-Ranvier 
et al. observed that p27 expression did not differ be-
tween parathyroid tumours [31]. Our data indicate 
loss of p27 protein expression along with malignant 
course but no significant differences between normal, 
hyperplastic or adenomatous parathyroid tissues. 

p21. The p21 protein controls cell cycle progres-
sion, apoptosis and transcription. It is the key mediator 
of  cell cycle arrest in response to DNA damage [58]  
and a component of p53 pathway [46]. The expres-
sion of p21 can have dual effects, including suppres-
sion or enhancement of apoptosis [58, 59]. 

In the present study, we observed significant dif-
ferences regarding the mean (p < 0.001) and high-
est (p < 0.001) values of p21 protein expression in 
normal parathyroid tissues, hyperplasia, adenoma 
and carcinoma. Normal glands were characterised 
by the  lowest levels of  expression (mean fraction, 
3.09%; hotspot fraction, 3.82% of  parenchymal 
cells) while the most extensive expression was seen in 
hyperplasia (15.68% and 29.83%, respectively) and 
adenoma (12.77% and 23.69%). Parathyroid carci-
noma demonstrated intermediate values (7.57% and 
15.60%). These findings indirectly indicate either 
the  duality of  p21 [59] or a  protective action that 
is up-regulated in hyperplastic and benign prolifera-
tions but lost upon malignant change. 

Our data support and expand the  previous re-
ports. Thus, in tissue microarrays, nuclear expression 
of  p21 (by cut-off at the  level of  10%) was found 
in 58% of  adenoma and 55% of  carcinoma [46]. 
The remarkable heterogeneity that was observed in 
the  current study hinted on cautious interpretation 
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of results obtained by microarrays. However, the dif-
ferences and trends in p21 expression were preserved 
both in mean versus hotspot counting modes. Further 
research is necessary, accounting for the high hetero-
geneity, especially if changing p21 expression levels 
by means of gene editing will be considered as an ad-
ditive therapy for specific cancers to suppress tumori-
genesis phenotypes or to reduce drug resistance [59]. 

Bcl-2. Bcl-2 protein is known for its anti-apop-
totic function [60]. Immunohistochemical studies 
of  apoptosis by monoclonal antibody against sin-
gle-stranded DNA have showed statistically signif-
icant (p = 0.034) reduction of apoptosis in primary 
parathyroid hyperplasia contrasting with parathyroid 
tumours [36]. Previously, widespread (at least 80% 
of  cells) cytoplasmic Bcl-2 expression has been re-
ported in all normal parathyroid glands contrasting 
with invariable negativity in three cases of  carcino-
mas [61]. Suppression of Bcl-2 in carcinoma has been 
confirmed in more recent studies [57]. By cut-off 
level at 50% of cells, Bcl-2 expression was found in 
98% of adenoma and 55% of carcinoma cases [46]. 
Our findings indicated corresponding trends, name-
ly, down-regulation of Bcl-2 in parathyroid carcino-
mas: while 75.63% (95% CI: 64.70-86.56) of nor-
mal parathyroid cells expressed Bcl-2, the fraction in 
carcinomas was as low as 28.22% (95% CI: 0.00-
76.38). By IHC score, accounting for the heteroge-
neity of  expression intensity, normal tissues yielded 
the value of 1.64 (96% CI: 1.36-1.92) while carcino-
ma scored as 0.48 (95% CI: 0.00-1.29).

Regarding benign parathyroid lesions, controver-
sial data have been reported. In different studies, Bcl-2  
expression in adenomas ranged from 55% to 73% 
and even 98% [43, 46, 61]. Despite the previously 
noted reduction of apoptosis in hyperplastic parathy-
roid glands [36], lower expression of Bcl-2 in hyper-
plasia than in normal glands and adenomas has been 
reported as well suggesting other regulatory mech-
anisms [41]. Notably, the  differences were remark-
able: the mean area fraction was 0.172 per 1 mm2 
in hyperplasia, contrasting with 0.643 in adenomas 
and 0.648 in control tissues [41]. Other authors have 
found up-regulation of Bcl-2 in benign tumours not-
ing that 73% of  adenomas and 31% residual rims 
of  parathyroid tissues were positive [43]. Our data 
suggest almost equal levels of Bcl-2 expression in ad-
enomas, hyperplastic and non-altered glands.

p53. The “genome guard”, p53 protein is normal-
ly found within cells in small quantities due to a short 
half-life. TP53 mutations can result in the synthesis 
of aberrant p53 proteins that have longer half-lives 
and therefore accumulate in cells reaching such in-
tracellular concentration levels that can be detected 
by immunohistochemistry. The TP53 mutation anal-
yses and p53 IHC provide two different levels of mo-
lecular examination lacking unequivocal correlation 

between gene mutations and aberrant p53 protein 
expression [62]. 

Regarding p53 in parathyroid tumours, facilitated 
degradation of the relevant mRNA might be impli-
cated. Parafibromin, the protein product of CDC73/
HRPT gene, can specifically bind to mature messenger 
RNA of p53 resulting in mRNA destabilisation [26].  
Enhanced association with mutant parafibro-
min would result in facilitated degradation of  p53 
mRNA. The final outcome would be absence of p53 
expression by immunohistochemistry and enhanced 
cellular proliferation in parathyroid carcinoma while 
benign lesions retained wild-type protein. The gen-
eral landscape of p53 expression in parathyroid dis-
eases thus would lack diagnostic differences. Indeed, 
invariable negative p53 expression in normal para-
thyroid as well as benign and malignant tumours has 
been reported previously [46, 61]. However, other 
research teams have identified reactivity in even 15% 
of adenoma cases [43] and overexpression of p53 in 
carcinoma [57]. 

In our study, the  levels of  p53 expression were 
low. Both normal glands and carcinomas were almost 
completely devoid of p53 reactivity. Modest up-regu-
lation was observed in few cells of adenoma (0.92%) 
and primary parathyroid hyperplasia (2.06%). Con-
sidering the  low intensity of  staining, this finding 
can be attributable to the ability of DAKO primary 
antibody, clone DO-7, to react with wild-type p53 
protein. In carcinomas, showing invariable loss of nu-
clear parafibromin, the expression of p53 protein was 
negligibly low. Despite the observed statistically sig-
nificant difference between groups, p53 protein is not 
useful as an immunohistochemical diagnostic marker 
for malignant course of a parathyroid tumour. 

CD44. CD44 represents a  family of  integral cell 
surface glycoproteins. It is a single-span transmem-
brane adhesion molecule lacking kinase activity. 
CD44 functions by binding to its main ligand, hyal-
uronic acid that is abundantly present in extracellular 
matrix. The interaction between hyaluronic acid and 
ligand-binding domain of  CD44 changes the  con-
formation of the molecule and influences interaction 
between intracellular domains and cytoskeleton or 
other proteins triggering such effects as proliferation, 
motility and migration, adhesion and invasion. CD44 
is expressed during embryonic development, on mes-
enchymal cells and in many cancers. It is recognised 
as one of the cancer stem cell markers [63, 64].

Few studies have been devoted to CD44 expression 
in parathyroid tumours. Focal presence of CD44 in 
parathyroid glands and parathyroid adenomas has been 
reported by Zeromski et al., 1998; an irregular pattern 
of expression was noted by this research team [65].  
In contrast, absence of CD44 in normal glands has 
been described, and found to be statistically signifi-
cantly different (p = 0.03) from up-regulation in hy-
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perparathyroidism, observed in 48.1% of cases [15]. 
We found no evidence of  significant CD44 expres-
sion in parathyroid tumours or tissues. Interestingly, 
neural-crest-derived neoplasms are CD44-negative 
while CD44 expression is more consistent for endo-
derm-derived neuroendocrine tumours [66]. Devel-
opment of  parathyroid glands in humans parallels 
the embryogenesis in mice [67] involving interaction 
between endoderm of the third and fourth pharynge-
al pouches and the surrounding neural-crest-derived 
mesenchyme [68]. The  interaction between mesen-
chyme and parathyroid epithelium [69] and molec-
ular signalling provided by neural-crest-derived cells 
[70, 71] is important in parathyroid development. 
In addition, neural crest mesenchyme is thought to 
contribute directly to the formation of some cervical 
structures, including parathyroid glands [72] as evi-
denced by the unusual co-expression of Snail, Twist 
and E-cadherin proteins in normal and benign para-
thyroid glands [13].

Although CD44 has been associated with aggres-
sive course in many malignant tumours [73, 74, 75] 
we did not find any expression in parathyroid carci-
noma. In our experience, normal parathyroid tissues 
lacked CD44 as well. Thus, we conclude that CD44 
has no diagnostic, prognostic or pathogenetic role in 
parathyroid pathology. 

E-cadherin. E-cadherin is a  calcium-dependent 
single-span transmembrane glycoprotein. It con-
sists of  extracellular domains interspersed with cal-
cium-binding sites, a  transmembrane domain and 
an  intracellular domain. Interaction between extra-
cellular domains ensures the  intercellular adhesion 
mediated by E-cadherin. Intracellular domain inter-
acts with catenins and thus is linked to cytoskeleton. 
This molecular chain is involved in cellular responses 
to mechanical forces: E-cadherin controls cell polari-
ty, contact inhibition of cell proliferation and linkage 
between mechanical strain and induction of prolifer-
ation in previously quiescent cells. E-cadherin partic-
ipates in cell sorting, including the processes during 
parathyroid embryogenesis [67, 76]. Loss of E-cad-
herin results in decreased cell-cell adhesion and in-
creased ability for cell migration, invasion and meta-
static spread [76, 77]. 

Few studies have explored E-cadherin in normal 
and pathological parathyroid tissues. Initially, diffuse 
expression of  E-cadherin in parathyroid glands and 
adenomas was described [65]. Later, a  new entity 
of  atypical parathyroid adenoma was defined, and 
initial data on E-cadherin expression in parathyroid 
pathologies were supplemented with findings on 
strong membranous staining in atypical adenomas 
[78]. Fendrich et al., 2009 showed membranous ex-
pression of E-cadherin in normal and benign parathy-
roids, with stronger, diffuse reactivity in parathyroid 
tissues obtained from patients with primary (adeno-

ma) or secondary (hyperplasia in renal failure) hyper-
parathyroidism. Switch to cytoplasmic pattern was 
evident in carcinoma [13]. Further, E-cadherin has 
been recently studied along with five other molecu-
lar markers in order to develop diagnostic nomogram 
for discrimination between benign and malignant 
parathyroid tumours, but there were no statistical-
ly significant differences in E-cadherin levels [79]. In 
our study, we demonstrated lower E-cadherin levels 
in proliferating parathyroid glands in comparison 
with normal parenchyma. As E-cadherin is involved 
in contact inhibition of cell proliferation, down-reg-
ulation in proliferative process is pathogenetically 
substantiated and supported by mild but statistically 
significant increase of  Ki-67 expression in parathy-
roid hyperplasia and adenoma that was observed in 
the present study. 

Heterogeneous expression of E-cadherin has been 
reported in lining of cysts within parathyroid adeno-
mas; and in parathyroid parenchymal cells [80]. In 
our experience, E-cadherin showed remarkable het-
erogeneity. We observed both variation of  staining 
intensity as well as hot spots leading to nodularity. 
Heterogeneity was lowest in normal tissues and high-
est in primary parathyroid hyperplasia which was in 
accordance with observations of  Imanishi et al. in 
an animal model [50]. Clonality might limit the het-
erogeneity in adenomas, while epithelial mesenchy-
mal transition might take place in carcinomas lead-
ing both to cytoplasmic displacement of E-cadherin 
and up-regulation of vimentin, that was observed in 
the current study. 

CD56. Early reports pointed to absence of CD56 
in parathyroid glands and their tumours [65]. Few 
studies have been later devoted to CD56 in parathy-
roid pathology; however, occasional expression by lu-
minal membrane has been noted [80]. Our data con-
firm the  absence of CD56 from parathyroid tissues 
and tumours. Thus, in controversial cases, CD56 ex-
pression in an endocrine tumour, located in the neck, 
would favour follicular thyroid tumour [81] but not 
parathyroid origin of the neoplasm. Neuroendocrine 
and certain haematological tumours can also feature 
CD56 positivity.

Interestingly, in our study adenomas were char-
acterised by more frequent presence of perivascular 
nerve fibres that could indicate peculiarities of  an-
giogenesis in primary hyperparathyroidism [82]. In 
hamsters, numerous nerve fibres joining the parathy-
roid blood vessels have been found. In these nerves, 
axons were located adjacent to the  smooth muscle 
and also formed structurally specialized neuromuscu-
lar junctions with the vascular smooth muscle fibres 
suggesting participation in functional regulatory sys-
tem [83]. 

CK19. Previously, invariable positivity for cytoker-
atin 19 has been reported in parathyroid adenomas  
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and carcinomas [84]. CK19 has also been found in 
normal parathyroid glands [85]. In our study, we 
succeeded to show statistically significant up-regu-
lation of cytokeratin 19 in proliferating parathyroid 
lesions encompassing hyperplasia, adenoma and car-
cinoma. The heterogeneity was notable. As the diag-
nostic criteria of parathyroid carcinoma reflect inva-
siveness and ability to metastatic spread, the trend to 
up-regulation of intermediate filaments is related to 
the pathogenesis. In practical diagnostics, one should 
remember that CK19 expression is shared with thy-
roid pathology [86].

Vimentin. Vimentin is a major mesenchymal in-
termediate filament, controlling cellular motility, 
signalling and directional migration [87]. Previ-
ously, it has been reported that vimentin reactiv-
ity is restricted to stroma of  normal parathyroid  
glands [85]. The published findings in adenomas 
are limited but controversial regarding the  ex-
pression in stroma versus both in parenchyma and  
stroma [12, 85]. Expression of vimentin has been 
reported in parathyroid carcinoma-derived cell line 
exhibiting both epithelial and mesenchymal traits 
[88]. In the present study, we identified perinuclear, 
highly heterogeneous vimentin reactivity in normal 
parathyroid epithelium, and a trend to parenchymal 
up-regulation in proliferating parathyroid lesions. 
The expression pattern changed from perinuclear to 
cytoplasmic. A fraction of adenomas showed signif-
icant nodularity of vimentin expression. To the best 
of  our knowledge, these morphological traits have 
not been reported previously. 

Molecular heterogeneity in parathyroid tis-
sues and tumours. Intra-tumour heterogeneity rep-
resents a  hot topic in oncological research. The  di-
versity of  neoplastic cells is caused by continuous 
genetic changes and/or interaction with tumour mi-
croenvironment. Heterogeneity can influence the re-
sponse to treatment and the  survival [89, 90, 91]. 
It also provides basis for clonal interference that can 
facilitate tumour development [92]. Heterogeneity 
has been mostly studied in carcinomas showing fast 
growth and dynamic reaction to treatment [89, 90, 
93, 94]. 

Here, we report on heterogeneity in surgically 
treated parathyroid adenomas and cases of primary 
parathyroid hyperplasia, compared to normal glands 
and few carcinomas. The biological nature of para-
thyroid pathologies precluded survival analysis as 
the  outcome measure. Thus, descriptive morpho-
logical approach was the best way to evidence-based 
data in parathyroid pathology. We observed and 
documented significant heterogeneity regarding cell 
proliferation by Ki-67, cell cycle regulatory proteins 
p21 and cyclin D1 as well as intermediate filaments 
cytokeratin 19 and vimentin. The diversity can have 
diagnostic significance as well as pathogenetic impact 

on homeostasis. In diagnostics, heterogeneity influ-
ences the  cut-offs and the  related therapeutic deci-
sions [95, 96]. Measurements that are performed by 
deliberate visual control are more likely to affected 
by the choice of approach: hotspot versus mean value, 
while in fully automated counting or tissue microar-
rays cold spots also can enter the measurable areas, 
influencing the results and thresholds. The hot spots 
clearly represent foci where certain processes, e.g., 
proliferation or angiogenesis, are up-regulated [97]. 
However, cold spots are equally important in prog-
nostic or diagnostic aspects. In age-related macular 
degeneration, the  abnormal deposits represent cold 
spots for proteolysis suggesting that impaired pro-
teolytic degradation could be the  leading pathoge-
netic mechanism [98]. In glioblastoma, the number 
of  CD45-positive inflammatory cells in CD45-cold 
spots was an independent, significant predictor of sur-
vival advantage [99]. Thus, tissue-based parathyroid 
research must be appropriately designed to account 
for the  heterogeneity, e.g., performing automated 
full slide immunohistochemistry, whole slide scan-
ning and computed analysis instead of limited focal 
investigations and measurements. To the best of our 
knowledge, only few heterogeneity studies have pre-
viously been devoted to benign tumours [100, 101].

In conclusion, we have characterised the  molec-
ular profile of  parathyroid glands and pathologies 
regarding cell proliferation and cell cycle regulation, 
expression of  tumour suppressor proteins, adhesion 
molecules and intermediary filaments in an extensive 
tissue sample. The  immunohistochemical landscape 
showed significant heterogeneity. Depending on 
the explored protein, the heterogeneity manifested as 
hotspots, intensity variation or changes of expression 
pattern. 

The proliferation activity increased from baseline 
to primary parathyroid hyperplasia, adenoma and 
carcinoma. The p21 protein was significantly upregu-
lated in PPH and adenomas. High levels of cyclin D1 
were evident in PPH and carcinomas; hypothetically, 
overexpression of cyclin D1 could be among the driv-
ing mechanisms of increased proliferation in carcino-
mas, invariably lacking wild-type parafibromin. In-
terestingly, statistically and biologically higher levels 
of cyclin D1 were found in PPH than in adenomas, 
suggesting potential value in the differential diagnos-
tics of these pathologies. This finding was pathoge-
netically justified as cyclin D1 was an early molecular 
driver in parathyroid pathology. Additional studies 
would be necessary, and correlations between cyclin 
D1 expression and surgical cure versus recurrence 
should be evaluated. The heterogeneity of Ki-67, p21 
and cyclin D1 expression manifested as remarkable 
hotspot pattern. The clustering of active nuclei can 
have pathogenetic significance and must be account-
ed for in microarray-based research. However, we 
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showed that the  mean and highest (hotspot-based) 
expression of Ki-67 and p21 displayed the same sta-
tistic associations. Regarding cyclin D1, only hotspot 
data were significantly associated with the  diagno-
sis. Parathyroid carcinoma was characterised by loss 
of  parafibromin, down-regulation of  p27 and anti- 
apoptotic protein Bcl-2. Aberrant p53 protein was 
not found in parathyroid disease. Loss of E-cadherin, 
up-regulation of cytokeratin 19 and changing, het-
erogeneous pattern of vimentin expression was found 
in proliferative parathyroid lesions. CD44 and CD56 
were not expressed in parathyroid glands therefore 
could be valuable in differential diagnostics with thy-
roid or other pathologies. The  absence of CD44 in 
parathyroid carcinoma stood out against the  wide-
spread associations between CD44 and malignant 
tumours; however, it was well-justified by embryonal 
development of parathyroid glands. The remarkable 
heterogeneity of cell cycle markers and intermediate 
filaments must be accounted for in scientific studies 
and elaboration of diagnostic cut-offs.
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