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Large parathyroid adenomas:
Potential mechanisms to
reconcile adenoma size and
disease phenotype
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Sanjay Kumar Bhadada2, Bernard C. Cook3, Shijing Qiu4

and Sudhaker D. Rao1,4*

1Division of Endocrinology, Metabolism and Bone and Mineral Disorders, Henry Ford Health, Detroit,
MI, United States, 2Department of Endocrinology, Postgraduate Institute of Medical Education and
Research (PGIMER), Chandigarh, India, 3Department of Pathology and Laboratory Medicine, Henry Ford
Health, Detroit, MI, United States, 4Bone and Mineral Research Laboratory, Henry Ford Health, Detroit,
MI, United States
Parathyroid adenomas weighing more than 3.5 g are reported variously as

“atypical”, “large” or “giant” parathyroid adenomas. All such adenomas are rare

variants accounting for no more than 1.5% of all parathyroid adenomas. Large

parathyroid adenomas are often associated with more severe form of the disease,

including osteitis fibrosa cystica (OFC) and share many biochemical, histological,

and molecular features of both benign and malignant parathyroid neoplasms, and

are considered a distinct clinical entity. However, the pathogenesis of oversized

parathyroid adenomas and the often-associated skeletal phenotype remains

unclear. We present 5 cases of primary hyperparathyroidism (PHPT) with OFC,

an uncommon manifestation of contemporary PHPT, associated with larger

parathyroid adenomas, seen in the Bone and Mineral Disorders Clinic of the

Henry Ford Health in the last 30 years to illustrate the critical role of vitamin D

nutrition in the pathogenesis of both the OFC and adenoma size. The estimated

prevalence of OFCwas very low 0.2%, 5 of the >3000 surgically confirmed cases of

PHPT seen during this time. The mean ± SD values were: age: 36.8 ± 22.1 years (4

of the 5 <36years), serum calcium 11.6 ± 1.1 mg/dl, alkaline phosphatase 799 ± 487

IU/L, PTH 1440 ± 477 pg/ml, 25-hydroxyvitamin D 13.0 ± 8.9 ng/ml, 1,25-

dihyroxyvitamin D 26.5 ± 13.7 pg/ml, urine calcium 562 ± 274 mg/day, and

parathyroid adenoma weight 4.53 ± 2.2 g. Parathyroidectomy led to the

resolution of both the biochemical indices and OFC in each patient without

recurrence over >10 years of follow-up. Because OFC is a very rare in the West,

but very common areas of endemic vitamin D deficiency, we also examined the

relationship between vitamin D nutrition, as assessed by serum 25-hydroxyvitamin

D level, and parathyroid adenoma weight as well as prevalence of OFC in two large

secularly diverse cohorts of patients with PHPT (Detroit, USA and Chandigarh,

India). Based on this relationship and the relative prevalence of OFC in these two

large cohorts, we propose that vitamin D nutrition (and perhaps calcium nutrition)

best explains both the adenoma size and prevalence of OFC.

KEYWORDS
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Introduction

Oversized adenomas are rare variants of sporadic parathyroid

adenomas and have been variously reported as “atypical, “large” or

“giant” parathyroid adenomas (1–3). All such adenomas are rare

variants of sporadic parathyroid adenomas and the prevalence ranged

from 0.5 – 4.4% among consecutive series of patients undergoing

parathyroidectomy (4). In the 2022 WHO definition, atypical

parathyroid adenomas are now reclassified as atypical parathyroid

tumors in view of their potential for malignant behavior, and account

for most of the oversized parathyroid adenomas. “Giant” parathyroid

adenomas are even rarer with only 65 cases reported in the literature

with variable clinical and biochemical manifestations (1). In contrast,

large parathyroid adenomas are often associated with more severe

form of the disease, including osteitis fibrosa cystica (OFC) and share

many biochemical, histological, and molecular features of both benign

and malignant parathyroid neoplasms, and are considered a distinct

clinical entity (5). However, the pathogenesis of oversized parathyroid

adenomas and the often-associated skeletal phenotype

remains unclear.

Among these 3 variants, atypical parathyroid adenomas (now

reclassified as atypical parathyroid tumors) are the most studied

because of their shared histological and genetic features with benign

and malignant parathyroid tumors (4). In an earlier era, osteitis

fibrosa cystica (OFC), the specific bone lesion due to excess

parathyroid hormone (PTH) secretion was an important diagnostic

clue to the presence of primary hyperparathyroidism (PHPT) and was

almost always associated with large parathyroid adenomas and

vitamin D and calcium deficiency (6–9). OFC also occurs in both

renal and non-renal secondary hyperparathyroidism (10, 11). In

severe cases, cystic enlargement with bone deformities, referred to

as brown tumors, that mimic the radiologic features of metastatic

disease, bone cysts and giant-cell tumors can occur (12, 13), but these

are not true bone neoplasms.

In the modern era, PHPT typically presents as an asymptomatic

disorder of non-progressive mild hypercalcemia, mostly in the west

(14–16). However, OFC continues to be a predominant manifestation

in a sizable proportion of PHPT patients seen in parts of the world

where vitamin D and calcium deficiency is endemic (17, 18). Before

1935 (19), and well into the 1960s (20, 21), almost all patients with

PHPT had OFC, which declined to about 30% by the late 1960s and

further down in the late 1980s (22). The dramatic simultaneous

decline in the prevalence of both OFC and parathyroid adenoma

size coincided with improvements in vitamin D and calcium nutrition

of the population (22, 23), analogous to the disappearance of endemic

goiter after iodination of common salt. Nevertheless, large

parathyroid adenomas are still seen and thought to represent a

distinct clinical entity sharing the histological features of both

benign and malignant parathyroid tumors (1, 2, 24). However, the

pathogenesis and disease phenotype of APA and other oversized

variants of parathyroid tumors remains unclear. Several molecular

mechanisms have been proposed, but collectively these abnormalities

are seen in only a fraction of large parathyroid tumors (3).

We present 5 cases of PHPT in whom OFC was the principal

presenting manifestation of the disease associated with larger

parathyroid adenomas. Parathyroidectomy resulted in clinical,

biochemical, and radiological improvement in each patient. Since
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OFC and large parathyroid tumors are more common in patients with

PHPT living in parts of the world with endemic vitamin D deficiency,

we also examined the relationship between vitamin D nutritional

status as assessed by serum 25-hydroxyvitamin D level, the best

available index of vitamin D nutrition, and parathyroid adenoma

size in two large secularly diverse cohorts of PHPT patients (Detroit,

USA and Chandigarh, India). Based on this relationship, we propose a

unifying mechanistic concept that vitamin D nutrition (and perhaps

calcium nutrition) best explains both the adenoma size and

prevalence of OFC, and that the observed genetic mutations are

likely to be secondary to increased cell proliferation imposed by

demand for higher PTH secretion.
Materials and methods

The cases and the cohorts

The 5 patients (3 women and 2 men; 3 Caucasians, 1 middle

Eastern and 1 African American) with OFC seen in the Bone and

Mineral Clinic of Henry Ford Health System were part of >3000

PHPT patients seen over 30 years and represented approximately

0.002% of all patients with surgically confirmed sporadic PHPT

without recurrence. Details of cases are described briefly in the next

section and relevant laboratory data are summarized in Table 1.

To further explore and examine the relationship between

parathyroid adenoma size and vitamin D nutrition, we selected two

secularly diverse cohorts of PHPT patients with different prevailing

vitamin D nutritional status. The Detroit. USA cohort consisted of

429 PHPT patients with surgically confirmed adenoma size of ≥100

mg with subsequent cure of the disease without recurrence. They were

part of larger ongoing study examining the relationship between

vitamin D nutrition and adenoma size (7, 25). The Chandigarh, India

cohort consisted of 426 patients who were part of an ongoing

longitudinal study of PHPT from the Indian PHPT Registry (17,

18). Some aspects of both cohorts have been published, but in this

study, we explored 3 aspects of the disease: 1) the proportion of

parathyroid adenoma variants in the 2 cohorts and as a function of

vitamin D nutritional status within each cohort; 2) the prevalence of

OFC in the 2 cohorts and how these 5 patients from the Detroit

cohort differed from the rest within that cohort; 3) the relationship

between adenoma size and prevailing vitamin D nutritional status, as

assessed by the serum 25-hydroxyvitamin D (the best available index

of vitamin D nutrition) as well as the relationship between serum

PTH levels and adenoma size.
Laboratory methods

Serum levels of total calcium (Ca; reference range (RR): 8.2–10.0

mg/dL), phosphate (P; RR: 2.5–4.5 mg/dL), alkaline phosphatase (AP;

RR: 0–120 IU/L), Creatinine (Cr; RR: 0.6–1.5 mg/dL), total protein,

and albumin were measured in the hospital laboratory by standard

methods using a Hitachi-747 autoanalyzer (Hitachi, Hialeah, FL).

Serum Ca was adjusted for serum albumin as previously reported (26,

27). Serum intact PTH (reference range, 10–65 pg/mL) was measured

by immunoradiometric assay (Nichols Institute Diagnostics, San Juan
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Capistrano, CA). Serum 25hydroxyvitamin D was measured by RIA

(INCSTAR Corp., Stillwater, MN; RR: 15−60 ng/mL). The coefficient

of variation for repeat measurements was 10% for 25-hydroxyvitamin

D and 5% for PTH. Although methods to measure serum PTH and

25-hydroxyvitamin D have changed over the years, the reference

ranges remained relatively similar. Also, the laboratory methods used

in the Indian cohort are similar to those used in the Detroit cohort

and the details have been published (17, 18).

Adenoma size was defined as large or giant based on previously

suggested cutoff value of 3.5g, which is above the 95th percentile of all

sporadic parathyroid adenomas (5), and close to the median adenoma

weight of 3.8g for the atypical parathyroid tumors (4). Giant

adenomas are defined as >10g for both the cohorts. The

relationship between parathyroid adenoma weight and serum 25-

hydroxyvitamin D level was examined in each cohort as previously

demonstrated in 2 independent cohorts of PHPT patients from

Detroit, but without OFC (7, 25). Finally, we examined the

prevalence of OFC in both cohorts and in the sub-set of large and

small adenomas as defined (5).
Case descriptions

Case 1
A 75-year-old Caucasian dentist presented with a 4-year history

of hypercalcemia, bone pain and muscle weakness. Hypercalcemia

due to PHPT was diagnosed initially at the time of cholecystectomy 4

years ago. He had one failed parathyroid exploration with persistent

hypercalcemia ranging between 11-13 mg/dl with serum PTH levels

>2000 pg/ml. Four years prior to presentation, he developed

progressive muscle weakness and became wheelchair bound. He

also had polyuria, polydipsia, nausea, and constipation. Two

months prior to presentation, he developed severe right arm pain

while attempting a tooth extraction on his patient. X-rays showed a

lytic lesion in the forearm and a subsequent biopsy was consistent

with OFC. X-rays of his hands showed cortical thinning, sub-

periosteal resorption in the phalanges and lytic lesions in the right

thumb and radius. Serum biochemical measurements were as shown
Frontiers in Endocrinology 03
in Table 1. A technetium sestamibi parathyroid scan localized a single

left inferior parathyroid adenoma. At surgery, a parathyroid adenoma

weighing 2.88g was removed. Post operatively, serum PTH levels

decreased from 2188 pg/ml to 4 pg/ml and serum Ca decreased from

13.1 to 8.0 mg/dl and returned to within the reference range in 2

months. Three months after surgery, his symptoms improved and

within the next year, his hormonal and biochemical indices were

within the reference range. Repeat X-rays showed resolution of the

lytic lesions in the thumb and radius. There was no recurrence of

hypercalcemia over >10 year follow-up.

Case 2
A 27-year-old African American woman presented with diffuse

bone pain of 6-9 months duration. Incidental hypercalcemia was

detected, but she had no symptoms related to this. She had chronic

low back pain which prompted imaging that revealed bilateral lytic

lesions in sacral alae and iliac wings. Because of the lytic lesions and

hypercalcemia, she was evaluated for metastatic cancer with further

imaging and even a biopsy of a suspicious cervical lymph node, which

was benign. A bone scan showed diffuse uptake of radiotracer,

greatest in the calvarium, sternum and appendicular skeleton.

Relevant biochemical measurements are in Table 1. At neck

exploration, a 6.82 g left inferior parathyroid adenoma was

removed. Follow-up x-rays a few months later, showed healing of

OFC and normalization of biochemical measurements without

recurrence over 20 years.

Case 3
A 36-year-old Caucasian woman with a history of cystic fibrosis

was seen in the bone and mineral clinic for evaluation of diffuse bone

pain and muscle weakness. She had well controlled cystic fibrosis and

was taking pancreatic enzyme supplements, thyroid hormone

replacement and insulin for cystic fibrosis associated diabetes. A

bone scan showed increased uptake in a few ribs and in the distal

right fibula. Laboratory evaluation showed a serum calcium of 10.2

mg/dl and a PTH level of 1352 pg/ml. Correlative x-rays revealed

evidence of OFC. A trans-iliac bone biopsy showed an unusual

combination of osteomalacia and bone marrow fibrosis. She was
TABLE 1 Relevant biochemical and parathyroid adenoma weights in the 5 cases with Osteitis Fibrosa Cystica (OFC) from Detroit.

Varaiable Measured Case-1 Case-2 Case-3 Case-4 Case-5

Age (Years) 75 27 36 20 25

Serum Ca (mg/dl) 13.1 11.1 10.2 11.1 12.4

Serum Phosphate (mg/dl) 3.8 2.8 2.2 3.1 2.0

Serum Creatinine (mg/dl) 2.7 1.3 1.4 1.1 0.62

Serum 25-OHD (ng/ml) 23 2.0 7.0 12 21

Serum AP (IU/ml) 378 725 897 1580 416

Urine Calcium (mg/day) ND 456 ND 357 873

Serum Parathyroid Hormone (pg/ml) 2188 1256 1352 1517 889

Parathyroid Adenoma Weight (g) 2.8 6.8 6.0 2.5 4.0
ND, Not done.
Reference Ranges: Serum Calcium 8.0-10.1mg/dl; Serum Phosphorus 2.5-4.5 mg/dl; Serum Creatinine 0.6-1.5 mg/dl; Serum 25-OHD >15ng/ml; Serum AP <140 IU/L; Urine Calcium 100-300 mg/day;
and Serum PTH 10-75 pg/ml.
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sent for surgery after pretreatment with vitamin D, and a 6-g

parathyroid adenoma was removed. Postoperative course was

complicated by hungry bone syndrome, requiring calcitriol and

calcium therapy for one year following which the biochemical

measurements normalized associated with clinical improvement.

There was no recurrence of hypercalcemia over >15 year follow-up.

Case 4
A 20-year-old Caucasian male was seen in the bone and mineral

clinic after his endocrinologist sent him for evaluation of PHPT. He

developed bone pain in his right lower extremity, a year prior to

evaluation. He subsequently developed a mass in that region which

showed a cystic lesion on imaging. Initially, his labs showed a serum

calcium of 11.1 mg/dl, PTH of 1517 pg/ml, AP of 2395 IU/L,

undetectable 25, hydroxy vitamin D and a 24-hour urine calcium of

357 mg/vol. He was treated with Vitamin D, calcitriol and cinacalcet,

prior to parathyroidectomy. He also had further skeletal imaging,

which showed multiple cystic lesions in bilateral femur, tibia, right

shoulder, and several long bones, as well as subperiosteal erosion in

the symphysis pubis. At surgery, a 2.5 g right superior parathyroid

adenoma was removed. His biochemical indices normalized in a few

months and bone lesions resolved in one year. There was no

recurrence of hypercalcemia over >15 year follow-up.

Case 5
26-year-old Middle Eastern female was seen in the bone and

mineral clinic for evaluation of hypercalcemia. She is an avid runner

and developed ankle and knee pain, which prompted imaging

revealing a lytic lesion in the distal medial femur. Subsequently a

manetic resonance image (MRI) showed T1 isointense, T2

hyperintense lesions within the ventral patella, left acetabulum, and

medial femoral condyle. Biochemical testing showed an elevated

serum calcium of 12.4 mg/dl with a concomitant PTH of 889 pg/

ml. She had recently started vitamin D supplementation because of

knee pain and her serum 25-hydroxyvitamin D level was 21 ng/ml.

Neck imaging showed a large mass along the right thyroid lobe and at

surgery, she required a right thyroid lobectomy as the gland was

partially intrathyroidal. The parathyroid mass was 2.1 cm in size but

could not be weighed separately, being intra-thyroidal, and so an

estimated weight of 4.0g was assigned based on tumor dimension.

Postoperatively, calcium levels normalized, and subsequent imaging

at 6 months showed healing of lytic lesions. There was no recurrence

of hypercalcemia over >5 year follow-up.
Statistical methods

Descriptive statistics are shown as mean ± SD or as proportions.

Group comparisons were examined by unpaired t-test or ANOVA as

appropriate, and the difference in proportions by Chi squared test

with Yate’s corrections for small sample size as necessary. Frequency

distribution of adenoma weight was inspected by histograms in both

cohorts, but the data for the relevant variables was non-normally

distributed. The relationship between adenoma size and vitamin D

nutrition was examined after log-transforming adenoma weights, and

serum levels of 25-hydroxyvitamin D and PTH as appropriate

because of non-normal distribution. The relationship was assumed
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to be linear as previously reported (7, 25) The differences in the slopes

of regressions in the 2 cohorts was tested with least square means. A p

value of <0.05 was considered significant for all the differences. We

used Sigma Plot version 14.5 for all statistical analyses. The data were

collected in an Excel file and then downloaded to Sigma Plot.
Results

The detailed characteristics of the two cohorts are summarized in

Table 2. The characteristics of the Indian cohort have been reported in

other publications (17, 18), but the data is used here for comparative

analyses. Frequency distribution of adenomas size was unimodal in

both cohorts but was skewed to the left with more smaller adenomas

(data not shown). The Chandigarh, India cohort was almost 2 decades

younger, had more severe disease indices, higher prevalence of OFC,

larger and giant adenomas, and cancers than the Detroit, USA cohort

(Table 2). As can be expected, mean serum levels of Ca, AP, and PTH

were higher and serum P and 25-hydroxyvitamin D levels were lower

in patients with larger adenomas with significant difference within

and between cohorts when compared to the smaller adenomas

(Table 3). However, patients with larger adenomas in the Detroit

cohort were younger compared to those with smaller adenomas (56.5

± 16.5y Vs. 62.0 ± 13.0y; p<0.001, Table 3), but such age difference

was not observed in the Chandigarh, India cohort. Three of the 5

patients with OFC in the Detroit cohort had large adenomas as

defined, all had vitamin D deficiency or insufficiency, and the

adenoma size was near or above the 95% prediction interval for the

entire Detroit cohort (Figure 1). The prevalence of large adenomas

was 35% in the Indian cohort, but only 7% in the Detroit cohort with

significant difference between the cohorts (p<0.001; Table 2).

Although the sample sizes in both cohorts was small, the

prevalence of parathyroid cancers and giant adenomas (data not

shown) was higher in the Indian compared to the Detroit cohort

(0.2% Vs. 1.7%; p=0.038) despite younger age of the Indian cohort

(43.3 ± 13.9 Vs. 61.6 ± 13.2y; p<0.001, Table 2).

When the 2 cohorts were sub-divided by the level of serum 25-

hydroxyvitamin D of ≤20 ng/ml or >20 ng/ml, the prevalence of large

adenomas was significantly lower in the Detroit cohort in patients

with serum 25-hydroxyvitamin D ≤20 ng/ml (9% Vs. 53%; p<0.001,

Table 4). In contrast, the prevalence of large adenomas was still lower

in the Detroit cohort with serum 25-hydroxyvitamin D level of

>20ng/ml compared to the Indian cohort (3% Vs. 44%; p<0.001,

Table 4). However, the prevalence of large and small adenomas was

about the same in the Indian cohort regardless of serum 25-

hydroxyvitamin D level (large: 53% and 44%; small: 48% Vs. 56%;

Table 4). This implies that there is an additional effect of low calcium

intake and other unidentified factors on the adenoma size in the

Indian cohort (28).

The relationship between adenoma size and serum 25-

hydroxyvitamin D levels in the 2 cohorts are shown in Figure 2.

There was an inverse relationship between the adenoma size and

serum 25-hydroxyvitamin D level in the Detroit cohort similar to our

previous reports (7, 25), but not in the Indian cohort. Also, for any

given level of serum 25-hydroxyvitamin D level, Indian PHPT

patients had larger adenomas compared to the Detroit PHPT
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patients, which may explain the lack of expected inverse relationship

between these two variables in the Indian cohort or obscured by the

additional effect of low calcium intake in the Indian population (28).

There appeared be an overall upward shift of adenomas in the Indian

cohort compared to the Detroit cohort (Figure 1). By contrast, the

relationship between serum PTH level and adenoma weight was

similar in both cohorts with no difference in the slopes of
Frontiers in Endocrinology 05
regression (Figure 3), but the intercept was higher in the Indian

cohort implying that for any given adenoma weight PTH secretion

was higher in the Indian PHPT patients (Figure 3). Also, the relative

slopes of regression lines suggests that larger tumors secrete relatively

less PTH/g adenoma weight than smaller adenomas. There appeared

be an overall upward and rightward shift of adenomas in the Indian

cohort (Figure 3).
TABLE 3 Comparison of age, biochemical, and adenoma characteristics by adenoma type in the Detroit, USA and Chandigarh, India cohorts (Data shown
as mean ± SD).

Variable Measured Detroit Large Adeno-
mas

Detroit
Small Adeno-

mas

p
values

Chandigarh
Large Adeno-

mas

Chandigarh
Small Adeno-

mas

p
values

Sample Size 28 401 282 144

Age (years) 56.5 ± 16.5 62.0 ± 13.0 < 0.001 42.3 ± 14.5 43.8 ± 13.5 NS

Serum Calcium (mg/dl) 11.9 ± 1.26 11.1 ± 0.73 < 0.001 12.4 ± 2.33 11.6 ± 1.59 < 0.001

Serum Phosphate (mg/dl) 2.43 ± 0.55 2.86 ± 0.52 < 0.001 2.8 ± 1.0 2.66 ± 0.99 NS

Serum Creatinine (mg/dl) 0.94 ± 0.29 0.95 ± 0.58 NS N/A N/A N/A

Serum Alkaline Phosphatase (IU/L) 192 ± 181 105 ± 54 < 0.001 462 ± 643 295 ± 776 0.019

Serom25-hydroxyvitamin D (ng/
ml)

13.6 ± 8.2 20.7 ± 9.1 < 0.001 14.7 ± 7.5 16.6 ± 8.3 0.042

Serum Parathyroid Hormone (pg/
ml)

471 ± 471 135 ± 140 < 0.001 1045 ± 860 499 ± 606 < 0.001

Parathyroid Adenoma Weight (g) 7.58 ± 7.62 0.82 ± 0.71 < 0.001 10.2 ± 9.0 1.65 ±0.97 < 0.001
fro
Data are presented as mean ± SD. NS, Not significant; N/A, Not available.
TABLE 2 Comparison of biochemical and parathyroid adenoma characteristics and the prevalence of osteitis fibrosa cystica in the two secularly diverse
cohorts (Detroit, USA and Chandigarh, India).

Variable Measured Detroit Cohort Indian Cohort p values

Sample Size (n) 429 426

Age (Years) 61.6 ± 13.2 43.3 ± 13.9 < 0.001

Serum Ca (mg/dl) 11.0 ± 0.82 11.9 ± 1.98 < 0.001

Serum 25-OHD (ng/ml) 20.4 ± 9.46 15.8 ± 8.18 < 0.001

Serum AP (IU/ml) 112 ± 82 352 ± 737 < 0.001

Serum Parathyroid Hormone (pg/ml) 162 ± 215 684 ± 748 < 0.001

Parathyroid Adenoma Weight (g) 1.26 ± 2.63 4.53 ± 6.65 < 0.001

Large Adenomas (%) 28 (6.5) 150 (35.2)

< 0.001Small Adenomas (%) 401 (93.5) 276 (64.8)

Patients with Parathyroid Cancers (%) 1 (0.23) 7 (1.64)

< 0.001Patients without Parathyroid Cancers (%) 428 (99.8) 419 (98.4)

Patients with OFC (%) 7 (1.63) 97 (22.8)

< 0.001Patients without OFC (%) 422 (98.4) 329 (77.2)

OFC Patients with Large Adenomas (%) 4 (0.93) 54 (12.7)

< 0.001Non-OFC Patients with Large Adenomas (%) 425 (99.1) 372 (87.3)

OFC Patients with Small Adenomas (%) 3 (0.70) 43 (10.1)

< 0.001Non-OFC Patients with Small Adenomas (%) 426 (99.3) 383 (89.9)
Data shown as mean ± SD or as numbers and proportions.
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Finally, we examined the prevalence of osteitis fibrosa cystica

(OFC), the specific bone lesion of PHPT, in both cohorts. The 5

patients described in detail were the only patients with OFC seen in

Detroit cohort: a prevalence of 1.2%, but the total prevalence of OFC

was 0.2% (5 of >3000) PHPT patients seen over a 30-year period. Of
Frontiers in Endocrinology 06
these 5 patients, 3 had large and 2 had small adenomas as defined.

This is in stark contrast with the Indian cohort in which the

prevalence of OFC was 22.8% (or 97 of 426), with 54 large and 43

small adenomas associated with OFC. As expected, the difference in

the prevalence of OFC was highly significant (p<0.001).
TABLE 4 Prevalence of large and small parathyroid adenomas in the two secularly diverse cohorts (Detroit, USA and Chandigarh, India) stratified by serum
25-hydroxyvitamin D levels.

Variable Detroit Cohort p values Indian Cohort p values

25-OHD<20 25-OHD >20 25-OHD<20 25-OHD >20

Sample Size (n) 236 193 204 222

Age (Years) 60.6 ± 13.8 62.9 ± 12.4 < 0.01 40.6 ± 13.6 45.7 ± 13.7 < 0.01

Serum 25-OHD (ng/ml) 13.7 ± 4.7 28.6 ± 7.2 < 0.01 10.8 ± 5.0 25.2 ± 3.0 < 0.01

Serum Parathyroid Hormone (pg/ml) 187 ± 225 132 ± 199 < 0.01 700 ± 725 669 ± 769 NS

Parathyroid Adenoma Weight (g) 1.56 ± 3.32 0.89 ± 1.31 < 0.01 4.4 ± 5.0 4.7 ± 7.9 NS

Patients with Large Adenomas (>3.5 g) 22 (9.3%) 6 (3.1%) 0.013 107 (52.5%) 98 (44.1%) 0.086

Patients with Small Adenomas (<3.5 g) 214 (90.3%) 187 (96.4%) 97 (47.5%) 124 (55.9%)
fro
When stratified by serum 25-hydroxyvitamin D levels, all the differences within and between cohorts was significant (p values for the between cohort differences not shown to avoid cluttering with
additional data columns). The differences for the adenoma weights remained significant even after excluding giant adenomas (adenoma weight >10g).
FIGURE 1

Regression and 95% prediction interval of the relationship between serum 25-hydroxyvitamin D level and parathyroid adenoma weight in the Detroit
cohort (n=429). The 5 patients with osteitis fibrosa cystica are depicted (closed dots). Note the location of these 5 adenomas near or above the
predicted interval.
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Discussion

In earlier times there was a widely held belief that different

degrees of disease severity was caused by the same hormonal

abnormality with very little overlap between these predominant

types of presentation (19, 21, 29). Because each type remained true

to the type of initial presentation and did not change or progress

from one form to the other, Lloyd concluded that there were 3

principal types of PHPT: Group-1 with predominantly bone

disease, Group-2 with predominantly stone disease and a small

group (Group-3) without bone or stone disease based on detailed

analysis of cases and the role of parathyroid tumor in the

phenotypic expression of the disease (20). In contemporary

times, the non-specific skeletal effects of PTH excess such as

cortical thinning, low bone mass and osteoporosis are more

common than the specific bone lesions such as subperiosteal

bone resorption, brown tumors, OFC, and pathological fractures.

The disease usually presents as mild asymptomatic hypercalcemia

discovered during routine biochemical testing (30–32). A

simultaneous steep decline both in parathyroid adenoma size

and prevalence of OFC, but a steady rise of age at presentation is

commonly attributed to the introduction of routine biochemical

screening with consequent earlier detection and diagnosis.
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Although this explains the relative decrease in bone phenotype,

not the absolute decrease (13, 22, 23).

The concept of large and small parathyroid adenomas is not really

new and was first examined in detail as early as 1968, which was the

basis for Lloyd to classify PHPT phenotypes into 3 discrete groups

(20). Patients in Group-1 (or Lloyd Type-1 PHPT) had bone disease

without stone disease, higher serum Ca, larger tumor weights and

shorter duration of symptoms, whereas patients in group-2 (or Lloyd

Type-2 PHPT) had predominantly stone disease without the bone

disease, lower serum Ca, smaller tumor weights, and longer duration

of symptoms (20). The Lloyd concept was further expanded in a

modified model by Rao, Bhadada, and Parfitt to explain the

dichotomous tumor behavior driven by either dysfunction in

calcium set-point control or in cell-cycle control (13). According to

this modified model, somatic mutations found in both sporadic

benign and malignant parathyroid tumors are more likely in Lloyd

Type-1 than in Type-2 PHPT (13). Unfortunately, serum PTH or 25-

hydroxyvitamin D measurements were not available at the time of

Lloyd’s study (20). Furthermore, the relationship between adenoma

weight and biochemical phenotype in vivo, and secretory capacity of

large and small parathyroid tumor cells invitro, was first reported in

1992 (33). Although there was no relationship either between serum

Ca and PTH or between serum Ca and adenoma weight, there was a
FIGURE 2

Relationship between serum 25-hydroxyvitamin D level and parathyroid adenoma weight in 2 large secularly diverse cohorts. Detroit Cohort: Open
Circles and Dashed line (n=429). Indian Cohort: Closed Circles and Solid line (n=426). Data was log transformed because of the non-normal distribution
of both variables. Note the lack of inverse relationship in and an upward shift of the Indian PHPT data.
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highly significant correlation between serum PTH level and adenoma

weight (33). Interestingly, larger parathyroid tumors secreted less

PTH in relation to adenoma weight compared to the smaller tumors,

which was confirmed in a small sub-set of parathyroid tumor cells

large and small tumors, but no data was reported on vitamin D

nutritional status of the study population (33).

We first reported the significant inverse relationship between serum

25-hydroxyvitamin D level and adenoma weight in a small sub-set of

patients with PHPT seen in Detroit (25) and recently confirmed in a

much larger number of patients (7). We also reported the potential role

of calcium and vitamin D nutrition on serum PTH levels and adenoma

weights from different parts of the world (22). In the current study, we

further demonstrate the effect of vitamin D nutrition, as assessed by

serum 25-hydroxyvitamin D level, the best available index of vitamin D

nutrition, and adenoma weight in 2 large secularly diverse cohorts of

large number of patients with PHPT. In addition, we studied the

distribution of small and large tumors in these 2 cohorts as defined

(5). In neither cohort was there any bimodal distribution of adenoma

weights, which suggests that the proposed cut-off to define small, large

and giant adenomas parathyroid adenomas appears rather arbitrary (5).

Although molecular studies of atypical parathyroid tumors

demonstrated several somatic mutations in cell-cycle control genes,

but such molecular signatures account for only a small fraction of both
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sporadic, small, large, or giant parathyroid adenomas, including

parathyroid tumors (2, 3).

Another interesting observation is the temporal change in bone

phenotype and dramatic decline in its prevalence in patients with PHPT

seen in the west over the past century (8, 9, 22). This steep decline in

bone phenotype occurred despite a 3-10-fold increase in the incidence of

PHPT in the past 50 years in the Western world (30–32, 34). However,

such change in the prevalence of bone phenotype is not seen in parts of

the world where vitamin D and calcium nutrition is inadequate or

insufficient (8, 9, 22, 23). Earlier diagnosis and treatment are often

mentioned as reasons for the rarity of OFC in patients with modern-day

PHPT seen in the West, but long-term follow up without

parathyroidectomy is associated with neither worsening biochemical

indices nor the development of OFC (14–16). In fact, the mean age at

diagnosis of PHPT increased significantly in theWest, but not in parts of

the world with endemic vitamin D deficiency where OFC is still a

predominant manifestation of PHPT (8, 9, 22, 23).

One plausible explanation for the wide variation in disease

phenotype, parathyroid adenoma weight, serum PTH levels, and

prevalence of bone disease from different parts of the world, as well

as for the apparent decline in OFC over time in the west could be

related to vitamin D status of the population. In studies from USA,

UK, Denmark, France, and other countries, patients with PHPT with
FIGURE 3

Relationship between serum PTH level and adenoma size. Detroit Cohort: Open circles and bottom solid line (n=426). Indian Cohort: Closed circles and
top solid line (n=426). Data was log transformed because of non-normal distribution of both variables. Note the upward and rightward shift of Indian
PHPT data. Slopes of regression are not different from each other, but the intercept is higher for the Indian cohort.
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radiographic OFC had significantly lower serum levels of 25-

hydroxyvitamin D and/or 1,25-dihydroxyvitamin D than patients

with normal skeletal X-rays (7, 22, 25, 35–39). The apparent lack of

inverse relationship between serum 25-hydroxyvitamin D level and

adenoma weight in the Indian cohort (Figure 3) is a bit intriguing but

could be related to nutritional calcium deficiency and other

unidentified factors affecting parathyroid adenoma growth and

behavior. The pattern of relationship between adenoma weight and

serum PTH level (with similar slopes but with different intercepts;

Figure 3) supports our hypothesis. Further detailed studies are needed

to confirm our speculation.

Four of the 5 patients from Detroit in this study had low serum 25-

hydroxyvitamin D levels that could have contributed both to the

development of large parathyroid adenomas and OFC. A normal

serum 25-hyroxyvitamin D level in patient 5 could have been related

to recent vitamin D supplementation. The mean parathyroid gland

weight in these patients with vitamin D deficiency was similar to that

seen in patients with PHPT and OFC reported from India, as well as to

patients with OFC seen in the US and UK at an earlier time. Lack of four

gland involvement in all the patients with PHPT reported here and in

Indian cohort, suggests that vitamin D deficiency was not involved in the

genesis of parathyroid adenoma but rather to the increased growth rate
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of the parathyroid adenoma, which in turn contributes to the

development of OFC through increased demand for PTH secretion.

We propose a unifying hypothesis implicating vitamin D nutrition

to explain both the accentuated parathyroid tumor growth leading to

large adenomas, and the steep decline in adenoma weight and

prevalence of OFC within a region over time and contemporaneous

differences in these characteristics between regions (Figure 4). This is

analogous to the decline in endemic goiter after the introduction of

iodized salt. Similarly, the occurrence of OFC will be restricted to those

patients who are vitamin D deficient or to parts of the world where

vitamin D deficiency is endemic. In this context, it is instructive to recall

Fuller Albright’s brilliant prediction about calcium nutrition and bone

disease in PHPT 75 years ago (6). “If the patient is in negative calcium

balance, bone disease develops; if the patient happens to ingest sufficient

calcium to compensate for the loss in the urine and feces, the calcium

balance is not negative and bone disease does not develop. For all practical

purposes it usually comes down to whether or not the patient drinks milk.

If he does, the calcium intake will be sufficient to keep a positive calcium

balance even if he has marked hyperparathyroidism”. No compelling

data have been presented since to alter his prescient reasoning (6).

Although he did not mention “vitamin D”, he most likely had this in

mind as well (8, 9).
FIGURE 4

Proposed conceptual mechanistic explanation for the pathogenesis of both large adenomas and osteitis fibrosa cystica. It reconciles the Lloyd
hypothesis of Type-1 and 2 PHPT and the Parfitt-Rao proposal of set-point and cell-cycle dysfunctions leading to different types of adenoma formation.
However, we do yet not know what genes control the set-point. According to this concept, the observed genetic and epigenetic abnormalities are
consequences of set-point dysfunction as the initial event.
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In summary, OFC is distinctly uncommon in patients with

contemporary PHPT, but continues to occur in patients with

coexistent vitamin D (and calcium) deficiency regardless of the

geographic location. Changes in parathyroid adenoma weight and its

behavior and the bone phenotype are largely dependent on these two

key nutrients (28). The often-mentioned reasons for the change in

clinical phenotype such as routine biochemical screening and early

diagnosis are not supported by the data presented here and elsewhere in

literature. Clinicians should not be deterred to promote optimal calcium

and vitamin D nutrition, just as in the general population, for fear of

worsening hypercalcemia. Recent meta-analysis has demonstrated the

safety and efficacy of vitamin D repletion in patients with PHPT and

vitamin D deficiency (40). Based on our detailed analysis of the 2

secularly diverse cohorts, other available evidence, and the experience of

the senior author (SDR) at our institution over the past 50 years, it is

suggested that “not all patients with PHPT and vitamin D deficiency

develop OFC, but OFC can occur only in those patients with PHPT who

have prolonged Vitamin D deficiency”. The precise role of somatic

mutations observed both by us and others is primary or secondary to

cell-cycle dysregulation imposed by an increased demand for PTH

secretion due to vitamin D and calcium deficiency needs further

clarification (2, 3, 41–48).
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Ethics statement

The studies involving human participants were reviewed and

approved by Henry Ford Health and PGIMER. Written informed
Frontiers in Endocrinology 10
consent for participation was not required for this study in accordance

with the national legislation and the institutional requirements.
Author contributions

Concept, data acquisition, analysis, draft writing, editing, and

final submission: SDR, AB, SKB, SQ, and SA. Data acquisition,

analysis, editing, and final submission: All authors. All authors

contributed to the article and approved the submitted version.
Funding

Partly supported by the National Institute of Health (NIH) grant

(DK43858) to SDR, Henry Ford Health System.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
References
1. Wong HKG, Shipman K, Allan K, Ghabbour A, Borumandi F. Giant parathyroid
tumours in primary hyperparathyroidism: A systematic review. Langenbeck's Arch Surg
(2022) 407:501–16. doi: 10.1007/s00423-021-02406-3

2. Erickson LA,Mete O, Juhlin CC, Perren A, Gill AJ. Overview of 2022WHO classification
of parathyroid tumors. Endocrine Pathol (2022) 33:64–89. doi: 10.1007/s12022-022-09709-1

3. Marini F, Giusti F, Iantomasi T, Brandi ML. Parathyroid tumors: Molecular
signatures. Int J Mol Sci (2021) 22:18. doi: 10.3390/ijms222011206

4. Cetani F, Marcocci C, Torregrossa L, Pardi E. Atypical parathyroid adenomas:
challenging lesions in the differential diagnosis of endocrine tumors. Endocr Relat Cancer
(2019) 26:R441–R64. doi: 10.1530/ERC-19-0135

5. Spanheimer PM, Stoltze AJ, Howe JR, Sugg SL, Lal G, Weigel RJ. Do giant
parathyroid adenomas represent a distinct clinical entity? Surgery (2013) 154:714–8;
discussion 8-9. doi: 10.1016/j.surg.2013.05.013

6. Albright F, Reifenstein EC. The parathyroid glands and metabolic bone diseases:
selected studies. Baltimore: The Williams & Wilkins Company (1948).

7. Rao SD, Miragaya J, Parikh N, Honasoge M, Springer K, Van Harn M, et al. Effect of
vitamin d nutrition on disease indices in patients with primary hyperparathyroidism. J
Steroid Biochem Mol Biol (2020) 201:105695. doi: 10.1016/j.jsbmb.2020.105695

8. Felsenfeld AJ, Levine BS, Kleeman CR. Fuller albright and our current understanding of
calcium and phosphorus regulation and primary hyperparathyroidism. Nefrologia publicacion
oficial la Sociedad Espanola Nefrologia (2011) 31:346–57.

9. Kleeman CR, Norris K, Coburn JW. Is the clinical expression of primary
hyperparathyroidism a function of the long-term vitamin d status of the patient?
Mineral Electrolyte Metab (1987) 13:305–10.
10. Rao DS, Shih MS, Mohini R. Effect of serum parathyroid hormone and bone
marrow fibrosis on the response to erythropoietin in uremia. N Engl J Med (1993)
328:171–5. doi: 10.1056/NEJM199301213280304

11. Al-Shoha A, Qiu S, Palnitkar S, Rao DS. Osteomalacia with bone marrow fibrosis
due to severe vitamin d deficiency after a gastrointestinal bypass operation for severe
obesity. Endocr Pract (2009) 15:528–33. doi: 10.4158/EP09050.ORR

12. Garla VV, Akhtar I, Salim S, Subauste A. Osteitis fibrosa cystica masquerading as
bone neoplasm. BMJ Case Rep (2018) 2018. doi: 10.1136/bcr-2018-224546

13. Rao SD, Bhadada SK, Parfitt AM. Parathyroid growth: Normal and abnormal. In:
Bilezikian JP, Marcus R, Levine M, Marcocci C, Silverberg SJ, Potts JT, editors. The
parathyroids. 3rd ed. New York: Elsevier: Basic and Clinical Concepts (2015).

14. Rao DS, Wilson RJ, Kleerekoper M, Parfitt AM. Lack of biochemical progression or
continuation of acce lerated bone loss in mild asymptomatic primary
hyperparathyroidism: evidence for biphasic disease course. J Clin Endocrinol Metab
(1988) 67:1294–8. doi: 10.1210/jcem-67-6-1294

15. Rao DS, Wallace EA, Antonelli RF, Talpos GB, Ansari MR, Jacobsen G, et al.
Forearm bone density in primary hyperparathyroidism: long-term follow-up with and
without parathyroidectomy. Clin Endocrinol (2003) 58:348–54. doi: 10.1046/j.1365-
2265.2003.01722.x

16. Rao DS, Phillips ER, Divine GW, Talpos GB. Randomized controlled clinical trial of
surgery versus no surgery in patients with mild asymptomatic primary hyperparathyroidism. J
Clin Endocrinol Metab (2004) 89:5415–22. doi: 10.1210/jc.2004-0028

17. Agrawal K, Arya AK, Sood A, Kumari P, Singh P, Sapara M, et al. A detailed
appraisal of renal manifestations in primary hyperparathyroidism from Indian PHPT
frontiersin.org

https://doi.org/10.1007/s00423-021-02406-3
https://doi.org/10.1007/s12022-022-09709-1
https://doi.org/10.3390/ijms222011206
https://doi.org/10.1530/ERC-19-0135
https://doi.org/10.1016/j.surg.2013.05.013
https://doi.org/10.1016/j.jsbmb.2020.105695
https://doi.org/10.1056/NEJM199301213280304
https://doi.org/10.4158/EP09050.ORR
https://doi.org/10.1136/bcr-2018-224546
https://doi.org/10.1210/jcem-67-6-1294
https://doi.org/10.1046/j.1365-2265.2003.01722.x
https://doi.org/10.1046/j.1365-2265.2003.01722.x
https://doi.org/10.1210/jc.2004-0028
https://doi.org/10.3389/fendo.2023.1009516
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Bhan et al. 10.3389/fendo.2023.1009516
registry: Before and after curative parathyroidectomy. Clin Endocrinol (Oxf) (2021)
94:371–6. doi: 10.1111/cen.14311

18. Arya AK, Bhadada SK, Kumari P, Agrawal K, Mukhopadhyay S, Sarma D, et al.
Differences in primary hyperparathyroidism between pre- and postmenopausal women in
India. Endocr Pract (2021) 27:710–5. doi: 10.1016/j.eprac.2020.12.012

19. Albright F, Aub JC, Bauer W. Hyperparathyroidism: common and polymorphic
condition as illustrated by seventeen proven cases from one clinic. J AmMed Assoc (1934)
102:1276–87. doi: 10.1001/jama.1934.02750160010003

20. Lloyd HM. Primary hyperparathyroidism: An analysis of the role of the
parathyroid tumor. Medicine (1968) 47:53–71. doi: 10.1097/00005792-196801000-00003

21. Dent CE. Some problems of hyperparathyroidism. Br Med J (1962) 1419–25. doi:
10.1136/bmj.2.5317.1419

22. Rao DS, Agarwal G, Talpos GB, Phillips ER, Bandeira F, Mishra SK, et al. Role of
vitamin d and calcium nutrition in disease expression and parathyroid tumor growth in
primary hyperparathyroidism: A global perspective. J Bone Mineral Res (2002) 17:N75–80.

23. Mithal A, Bandeira F, Meng X, Silverberg S, Shi Y, Mishra SK, et al. Clinical
presentation of primary hyperparathyroidism: India, Brazil and China. In: Bilezikian JP,
Levine MA, Marcus R, editors. The parathyroids. 2nd edition. San Diego, CA: Academic
Press (2001). p. 375–86.

24. Erickson LA, Mete O. Immunohistochemistry in diagnostic parathyroid pathology.
Endocrine Pathol (2018) 29:113–29. doi: 10.1007/s12022-018-9527-6

25. Rao DS, Honasoge M, Divine GW, Phillips ER, Lee MW, Ansari MR, et al. Effect of
vitamin d nutrition on parathyroid adenoma weight: Pathogenetic and clinical
implications. J Clin Endocrinol Metab (2000) 85:1054–8.

26. Correcting the calcium. Br Med J (1977) 1:598. doi: 10.1136/bmj.1.6061.598

27. Parfitt AM, Podenphant J, Villanueva AR, Frame B. Metabolic bone disease with
and without osteomalacia after intestinal bypass surgery: A bone histomorphometric
study. Bone (1985) 6:211–20. doi: 10.1016/8756-3282(85)90003-1

28. Harinarayan CV, Akhila H. Modern India and the tale of twin nutrient deficiency-
calcium and vitamin d-nutrition trend data 50 years-retrospect, introspect, and prospect.
Front endocrinol (2019) 10:493. doi: 10.3389/fendo.2019.00493

29. Hodgkinson A. Biochemical aspects of primary hyperparathyroidism: An analysis
of 50 cases. Clin Sci (1963) 25:231–42.

30. Heath H III, Hodgson SF, Kennedy MA. Primary hyperparathyroidism: incidence,
morbidity, and potential economic impact in a community. N Engl J Med (1980) 302:189–
93. doi: 10.1056/NEJM198001243020402

31. Wermers RA, Khosla S, Atkinson EJ, Achenbach S, Oberg AL, Grant CS, et al.
Incidence of primary hyperparathyroidism in Rochester, Minnesota, 1993-2001: An
updata on the changing epidemiology of the disease. J Bone Mineral Res (2006)
21:171–7. doi: 10.1359/JBMR.050910

32. Wermers RA, Khosla S, Atkinson EJ, Hodgson SF, O'Fallon WM, Melton LJ. III.
the rise and fall of primary hyperparathyroidism: a population-based study in Rochester,
Minnesota, 1965-1992. Ann Internal Med (1997) 126:433–40. doi: 10.7326/0003-4819-
126-6-199703150-00003

33. Williams JG, Wheeler MH, Aston JP, Brown RC, Woodhead JS. The relationship
between adenoma weight and intact (1-84) parathyroid hormone level in primary
hyperparathyroidism. Am J Surg (1992) 163:301–4. doi: 10.1016/0002-9610(92)90007-E

34. Griebeler ML, Kearns AE, Ryu E, Hathcock MA, Melton LJ, 3rd, Wermers RA.
Secular trends in the incidence of primary hyperparathyroidism over five decades (1965-
2010). Bone (2015) 73:1–7. doi: 10.1016/j.bone.2014.12.003
Frontiers in Endocrinology 11
35. Bandeira F, Caldas G, Freese E, Griz L, Faria M, Bandeira C. Relationship between
serum vitamin d status and clinical manifestations of primary hyperparathyroidism.
Endocrine Practice (2002) 8:266–70. doi: 10.4158/EP.8.4.266

36. Yamashita H, Noguchi S, Uchino S, Watanabe S, Koike E, Murakami T, et al.
Vitamin D status in Japanese patients with hyperparathyroidism: seasonal changes and
effect on clinical presentation. World J Surg (2002) 26:937–41. doi: 10.1007/s00268-002-
6622-z

37. Moosgaard B, Vestergaard P, Heickendorff L, Melsen F, Christiansen P, Mosekilde
L. Plasma 25-hydroxyvitamin d and not 1,25-dihydroxyvitamin d is associated with
parathyroid adenoma secretion in primary hyperparathyroidism: a cross-sectional study.
Eur J Endocrinol (2006) 155:237–44. doi: 10.1530/eje.1.02197

38. Ozbey N, Erbil Y, Ademoglu E, Ozarmagan S, Barbaros U, Bozbora A. Correlations
between vitamin d status and biochemical/clinical and pathological parameters in
primary hyperparathyroidism. World J Surg (2006) 30:321–6. doi: 10.1007/s00268-005-
0239-y

39. Untch BR, Barfield ME, Dar M, Dixit D, Leight GS Jr., Olson JAJr. Impact of 25-
hydroxyvitamin d deficiency on perioperative parathyroid hormone kinetics and results
in patients with primary hyperparathyroidism. Surgery (2007) 142:1022–6. doi: 10.1016/
j.surg.2007.09.026

40. Shah VN, Shah CS, Bhadada SK, Rao DS. Effect of 25 (OH) d replacements in
patients with primary hyperparathyroidism (PHPT) and coexistent vitamin d deficiency
on serum 25(OH) d, calcium and PTH levels: a meta-analysis and review of literature. Clin
Endocrinol (2014) 80:797–803. doi: 10.1111/cen.12398

41. Rao DS, Han ZH, Phillips ER, Palnitkar S, Parfitt AM. Reduced vitamin d receptor
expression in parathyroid adenomas: implications for pathogenesis. Clin Endocrinol
(2000) 53:373–81. doi: 10.1046/j.1365-2265.2000.01081.x

42. Varshney S, Bhadada SK, Sachdeva N, Arya AK, Saika UN, Behera A, et al.
Methylation status of the CpG islands in vitamin d and calcium-sensing receptor gene
promoters does not explain the reduced gene expressions in parathyroid adenomas. J Clin
Endocrinol Metab (2013) 98:E1631–5. doi: 10.1210/jc.2013-1699

43. Varshney S, Bhadada SK, Saikia UN, Sachdeva N, Behera A, Arya AK, et al.
Simultaneous expression analysis of vitamin D receptor, calcium-sensing receptor, cyclin
D1, and PTH in symptomatic primary hyperparathyroidism in Asian indians. Eur J
Endocrinol (2013) 169:109–16. doi: 10.1530/EJE-13-0085

44. Arya AK, Bhadada SK, Singh P, Sachdeva N, Saika UN, Dahiya D, et al. Promoter
hypermethylation inactivates CDKN2A, CDKN2B and RASSF1A genes in sporadic
parathyroid adenomas. Sci Rep (2017) 7:3123. doi: 10.1038/s41598-017-03143-8

45. Arya AK, Singh P, Saikia UN, Sachdeva N, Dahiya D, Behera A, et al. Dysregulated
mitogen-activated protein kinase pathway mediated cell cycle disruption in sporadic
parathyroid tumors. J Endocrinol Invest (2020) 43:247–53. doi: 10.1007/s40618-019-
01098-3

46. Singh P, Bhadada SK, Dahiya D, Arya AK, Saika MN, Sachdeva N, et al. Reduced
calcium sensing receptor (CaSR) expression is epigenetically deregulated in parathyroid
adenomas. J Clin Endocrinol Metab (2020) 105:3015–24. doi: 10.1210/clinem/dgaa419

47. Singh P, Bhadada SK, Arya AK, Saika UN, Sachdeva N, Dahiya D, et al. Aberrant
epigenetic alteration of PAX1 expression contributes to parathyroid tumorigenesis. J Clin
Endocrinol Metab (2021) 107:e783–e92.

48. Singh P, Bhadada SK, Dahiya D, Saika UN, Arya AK, Sachdeva N, et al. GCM2
silencing in parathyroid adenoma is associated with promoter hypermethylation and gain of
methylation on histone 3. J Clin Endocrinol Metab (2021) 106:e4084–96. doi: 10.1210/clinem/
dgab374
frontiersin.org

https://doi.org/10.1111/cen.14311
https://doi.org/10.1016/j.eprac.2020.12.012
https://doi.org/10.1001/jama.1934.02750160010003
https://doi.org/10.1097/00005792-196801000-00003
https://doi.org/10.1136/bmj.2.5317.1419
https://doi.org/10.1007/s12022-018-9527-6
https://doi.org/10.1136/bmj.1.6061.598
https://doi.org/10.1016/8756-3282(85)90003-1
https://doi.org/10.3389/fendo.2019.00493
https://doi.org/10.1056/NEJM198001243020402
https://doi.org/10.1359/JBMR.050910
https://doi.org/10.7326/0003-4819-126-6-199703150-00003
https://doi.org/10.7326/0003-4819-126-6-199703150-00003
https://doi.org/10.1016/0002-9610(92)90007-E
https://doi.org/10.1016/j.bone.2014.12.003
https://doi.org/10.4158/EP.8.4.266
https://doi.org/10.1007/s00268-002-6622-z
https://doi.org/10.1007/s00268-002-6622-z
https://doi.org/10.1530/eje.1.02197
https://doi.org/10.1007/s00268-005-0239-y
https://doi.org/10.1007/s00268-005-0239-y
https://doi.org/10.1016/j.surg.2007.09.026
https://doi.org/10.1016/j.surg.2007.09.026
https://doi.org/10.1111/cen.12398
https://doi.org/10.1046/j.1365-2265.2000.01081.x
https://doi.org/10.1210/jc.2013-1699
https://doi.org/10.1530/EJE-13-0085
https://doi.org/10.1038/s41598-017-03143-8
https://doi.org/10.1007/s40618-019-01098-3
https://doi.org/10.1007/s40618-019-01098-3
https://doi.org/10.1210/clinem/dgaa419
https://doi.org/10.1210/clinem/dgab374
https://doi.org/10.1210/clinem/dgab374
https://doi.org/10.3389/fendo.2023.1009516
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Large parathyroid adenomas: Potential mechanisms to reconcile adenoma size and disease phenotype
	Introduction
	Materials and methods
	The cases and the cohorts
	Laboratory methods
	Case descriptions
	Case 1
	Case 2
	Case 3
	Case 4
	Case 5

	Statistical methods

	Results
	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


