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Abstract

Objective: To develop evidence‐based recommendations to guide the surgical man-

agement and postoperative follow‐up of adults with primary hyperparathyroidism.

Methods: Representatives from relevant Australian and New Zealand Societies used

a systematic approach for adaptation of guidelines (ADAPTE) to derive an evidence‐

informed position statement addressing eight key questions.

Results: Diagnostic imaging does not determine suitability for surgery but can guide

the planning of surgery in suitable candidates. First‐line imaging includes ultrasound

and either parathyroid 4DCT or scintigraphy, depending on local availability and

expertise. Minimally invasive parathyroidectomy is appropriate in most patients with

concordant imaging. Bilateral neck exploration should be considered in those with

discordant/negative imaging findings, multi‐gland disease and genetic/familial risk

factors. Parathyroid surgery, especially re‐operative surgery, has better outcomes in

the hands of higher volume surgeons. Neuromonitoring is generally not required for

initial surgery but should be considered for re‐operative surgery. Following para-

thyroidectomy, calcium and parathyroid hormone levels should be re‐checked in the

first 24 h and repeated early if there are risk factors for hypocalcaemia. Eucalcaemia

at 6 months is consistent with surgical cure; parathyroid hormone levels do not

need to be re‐checked in the absence of other clinical indications. Longer‐term

surveillance of skeletal health is recommended.

Conclusions: This position statement provides up‐to‐date guidance on evidence‐

based best practice surgical and postoperative management of adults with primary

hyperparathyroidism.

1 | INTRODUCTION

Primary hyperparathyroidism (PHPT) is a common disorder with a

significant health burden that arises from autonomous over-

production of parathyroid hormone (PTH) by abnormal parathyroid

glands. It is typically characterised by the elevation of serum calcium

levels with elevated or inappropriately normal PTH levels. There have

been substantial changes in clinical presentation, understanding of

the natural history and medical and surgical management over recent

decades, with most recent international guidelines published

between 2014 and 2016.1–6 The aims of this position statement are

to give updated guidance in contentious emerging areas of practice,

and to adapt existing guidelines to better reflect the practice en-

vironment of Australia and New Zealand.

The position statement is divided into two parts: Part I Assess-

ment and Medical Management and Part II Surgical Management and

Postoperative Follow‐Up. Representatives from the Australian &

New Zealand Endocrine Surgeons (ANZES), the Endocrine Society of

Australia (ESA) and the Australian & New Zealand Bone and Mineral

Society (ANZBMS) were tasked to review and adapt guidelines using
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a systematic approach proposed by the ADAPTE working group7 to

formulate clinical consensus recommendations on presentation, as-

sessment, and both medical and surgical management of PHPT in

adults. It is expected that better health outcomes for individuals and

the population will be achieved in a more standardised manner and at

a decreased cost to the community.

2 | PURPOSE AND SCOPE

This position statement is primarily intended for use by general

practitioners, endocrinologists and endocrine surgeons. Medical

practitioners in other specialties, such as general physicians, ne-

phrologists, urologists and geriatricians, will also come across patients

with PHPT, and may find this position statement useful.

Part I of II of this position statement (published separately), fo-

cuses on the presentation, assessment, and clinical management of

PHPT in adults, including specific considerations such as pregnancy

and familial hyperparathyroidism.

Part II of this position statement focuses on the surgical, peri‐

operative and long‐term management of PHPT in adults. Specifically,

we address the following key questions:

1. How Does Imaging Affect the Decision to Operate?

2. What Preoperative Localisation Studies Should Be Performed?

3. Who Should Perform Parathyroid Surgery and What Type of

Surgery Should be Performed?

4. How Should Patients Be Managed Preoperativelyand Postoper-

atively?

5. What is the Definition of Surgical Success?

6. What Postoperative Surveillance is Recommended?

7. How Should Recurrent or Persistent PHPT Be Managed?

8. What is the Appropriate Surgical Management of Parathyroid

Carcinoma?

3 | METHODS

The Councils of the ANZES, ESA and ANZBMS invited expert re-

presentatives of the respective societies and additional authors with

expertise in this field (radiology, nuclear medicine and pathology) to

participate in a working group in 2020. An experienced academic

endocrinologist (MG) was selected to chair the working group.

One face‐to‐face meeting, before COVID‐19 restrictions, was

held in March 2020. Subsequent communication within the working

group was accomplished by email and virtual meetings, due to the

COVID‐19 pandemic. All potential conflicts of interests of partici-

pating authors were declared before commencing drafting of the

manuscript (Table S1).

Two authors (JG and SH) performed the initial search and review

of previous guidelines with support from the Wellington Health and

Medical Sciences Library (University of Otago). A systematic search

of medical databases (Medline, Embase, Scopus and Cochrane

Database of Systematic Reviews) was performed from 2010 to 2019,

published in the English language and using an exhaustive list of

search terms (see Supporting Information Appendix S1 for an

example of unedited Medline search). When combining database

results, 2155 references were initially identified which was reduced

to 370 upon manual review of relevance and then 142 after removal

of duplicates. Further manual review by two authors (JG and SH)

limited to guidelines and/or consensus statements identified

21 publications deemed appropriate for inclusion.

The 21 identified guidelines were independently ranked in order of

relevance by each member of the steering group (JM, MG and FM) and

the 12 highest rank guidelines were reviewed by a further group of

delegates (JG, SH, SF, CG, SDS, JS, FM and MG) and rated

according to the Appraisal of Guidelines for Research and Evaluation II

(AGREE II) instrument and overall assessment (Table S2). The scores for

each domain were averaged based on the number of responses for each

domain and guideline. Based on this assessment, the steering group de-

vised a list of questions to be answered. All members responded and

discussed these questions at a face‐to‐face session held in March 2020,

and questions were allocated to subgroups of members. While ADAPTE

methodology was used as the basis to inform our recommendations,

given the large number of local experts involved generating our re-

commendations, and the independent feedback from the councils of the

three stakeholder societies, the final recommendations are shaped by

consensus opinions reflecting the collective expertise inputted into the

final manuscript. We cannot report levels of evidence and Grading of

Recommendations, Assessment, Development and Evaluation as we did

not perform the original data extraction. Therefore, we do not

provide evidence levels and refer readers to the original documents as

needed.

All authors contributed to the writing of the manuscript and the final

draft statement was agreed to by all authors. While the stakeholder was

given the opportunity to review and comment on the manuscript, the

stakeholder declined coauthorship to preserve their anonymity. External

reviewwas sought, and the draft statement was submitted to the councils

of ANZES, ESA and ANZBMS who provided feedback. The working

group responded to feedback and the final version was endorsed in

August 2021. This position statement will be reviewed and updated in 10

years or sooner if significant changes occur.

4 | THE POSITION STATEMENT

4.1 | How does imaging affect the decision to
operate?

Imaging techniques deployed to identify parathyroid pathology are a

tool for operative planning and in general have no role in the decision

of whether to offer first‐time surgery for PHPT. The success rates for

image‐guided parathyroid surgery are comparable to those obtained

when no preoperative imaging is obtained.8

Recommendation 1.1: There is no role for imaging to make the di-

agnosis of PHPT
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The decision to perform localisation studies in PHPT should oc-

cur after the decision is made that surgery is indicated. In some cases,

where concurrent neck (thyroid) pathology is suspected, for example,

clinical goitre, or when previous neck surgery has been performed for

non‐parathyroid purposes, additional preoperative imaging may be

appropriate as guided by the clinical scenario.

Recommendation 1.2: The results of localisation studies should not

influence the decision to offer surgery for PHPT

The decision to offer surgery for PHPT should be made in ac-

cordance with the recommendations in Part I—Chapter 4 of this position

statement and in consultation with the patient. The results of localisation

studies should not be used to select patients suitable for surgical referral

nor should they adjust the threshold for offering surgical treatment.

These recommendations pertain to first‐time surgery for PHPT.

Parathyroid imaging in the re‐operative setting is considered in

Chapter 7 of this document.

4.2 | What preoperative localisation studies should
be performed?

Eighty to 90% of cases of PHPT are due to a single hyperfunctioning

adenoma, and it is in this scenario when imaging is most successful.9,10

Imaging can facilitate surgical planning and reduce operative time and

extent of dissection. It is particularly helpful for the localisation of ectopic

parathyroid adenomas; up to 16% are ectopic in the neck or

mediastinum.11

Like parathyroid surgery, parathyroid imaging produces bet-

ter results when protocolled and interpreted by experienced

parathyroid imaging specialists. A good relationship with a para-

thyroid surgeon and regular feedback on operative findings will

enhance the skills of the radiologist. Each imaging modality has

advantages and disadvantages, and the choice of imaging is lar-

gely dependent on local resources and expertise. Different

modalities often provide complementary information.

4.2.1 | Ultrasound

Ultrasound is the least invasive and most affordable imaging

technique and involves no radiation. It is dependent on local

technical expertise, neck shape and girth, adenoma location,

number, and size of adenomas, as well as coexistent thyroid

disease.12 Concurrent assessment of thyroid size and doc-

umentation of incidental thyroid nodules is helpful and may

identify thyroid disease that can be treated surgically at the same

time. Targeted reassessment with ultrasound is also of value in

clarifying indeterminate findings of other imaging modalities.

Ultrasound is a very user‐dependent modality. A parathyroid

surgeon who performs their own ultrasound benefits from in-

valuable feedback via operative findings. Ideally, the parathyroid

surgeon should perform their own ultrasound to help plan sur-

gery, often in the office and again on the operating table.

4.2.2 | Parathyroid scintigraphy

Parathyroid scintigraphy has evolved along with radiotracers and

imaging capabilities. In dual‐isotope studies, the thyroid is imaged

using Tc‐99m‐Pertechnetate uptake. These images are subtracted by

computer from the images produced by Sestamibi uptake into both

the thyroid gland and parathyroid adenomas.

Single isotope, dual‐phase studies using only Tc‐99m‐Sestamibi

with early and late images take advantage of the longer retention of

Sestamibi in pathological parathyroid tissue compared with thyroid

tissue. Several protocols exist involving combinations of methods de-

scribed in Supporting Information Appendix S2, to improve sensitivity

and specificity. Superiority of one imaging method over the other has

not been proved, however a small study demonstrated similar sensi-

tivity between SPECT (single‐photon emission computed tomography

using the gamma camera) and SPECT CT (which also employs a low‐

dose CT‐scan), but better specificity (96% for SPECT CT vs. 48% for

SPECT).13 Although most adenomas are localised on the planar sub-

traction and/or early versus delayed SPECT, a smaller proportion of

cases (approx. 15%) wash out early, possibly because of P glycoprotein

expression, and are best seen on early images.14 Difficulties arise when

there is parathyroid hyperplasia, multi‐gland disease, small adenomas

(<500mg), low oxyphil cell expression, P glycoprotein expression,

confounding thyroid nodules, or Sestamibi uptake due to adjacent avid

non parathyroid tissue such as salivary glands. If doubt exists, another

mode of imaging such as 4DCT or ultrasound may provide added

clarity.

4.2.3 | Parathyroid 4DCT (four‐dimensional
computed tomography)

4DCT uses multiple phase non‐contrast and contrast‐enhanced scans

through the same location, with the fourth dimension being time. Most

centres use a 3‐phase study with non‐contrast, arterial and venous

phases. Early dosimetry studies showed a higher radiation dose (approx.

11mSv) compared to Sestamibi/SPECT CT (approximately 7mSv).12,15

More recent studies using newer generation CT scanners16 show radia-

tion dose of 4DCT is less than Sestamibi. Interpretation of 4DCT, like

Nuclear Medicine Sestamibi scans require close attention to technique

and operative follow‐up for quality assurance. Multiple papers have

shown sensitivity and specificity of 4DCT to be equivalent and in some

cases better than Sestamibi, especially when interpreted by experienced

parathyroid radiologists.17–19

4.2.4 | F‐18 PET with fluorocholine

This modality shows promise in parathyroid adenoma evaluation,

with good sensitivity compared with Tc‐99m Sestamibi.20 Limitations

include availability and significant cost. Radiation dose is similar to

dual phase and planar low dose Tc‐99m‐Pertechnetate plus Tc‐99m‐

Sestamibi SPECT CT and 4D CT.
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4.2.5 | Magnetic resonance imaging (MRI)

May become useful in the future as second‐ or third‐line

imaging but access, expense and interpretive skill are currently

restrictive. There is limited current evidence to support use

of MRI.

Recommendation 2.1: Parathyroid imaging should be limited to

preoperative assessment, after diagnosis.

Recommendation 2.2: Due to site variability in diagnostic accuracy,

imaging is best performed at a central site with a high level of ex-

perience. In high volume centres, imaging is reported to have a

sensitivity of up to 92%.18

While neck ultrasound and parathyroid scintigraphy are first‐

line imaging modalities in many cases, some centres prefer

parathyroid multiphase CT as a first‐line investigation. The choice

of imaging modality is ideally left to endocrinologist and/or the

surgeon, who are aware of local expertise.

Recommendation 2.3: Ultrasound assessment of the thyroid as well

as for parathyroid adenomas is recommended to assist all imaging

interpretation and adenoma localisation.

Ultrasound can be performed by a specialised parathyroid radiologist,

but the surgeon may also perform their own ultrasound to further

assess and verify findings.

Recommendation 2.4: Comparison of different nuclear medicine

tracer findings as well as early and delayed imaging for both planar

and SPECT‐CT imaging increases diagnostic accuracy.

4.3 | Who should perform parathyroid surgery and
what type of surgery should be performed?

Recommendation 3.1: Most patients requiring parathyroid sur-

gery can be appropriately managed by surgeons with adequate

experience and a consistent annual volume of >15 cases.

Increased hospital volume is inversely related to complications

and reoperations for persistent disease.21–23 Outcomes in endocrine

surgery however are dependent on surgeon, as opposed to institu-

tional volume. Experienced surgeons achieve satisfactory outcomes

regardless of setting (small community vs. tertiary academic).24

Minimum surgical volumes are difficult to define. High vo-

lume surgeons achieve PHPT cure in>95% of index cases,25,26 but

this drops to <70% where the annual surgeon volume is

<10/year.27 Lower volumes are associated with increased risk of

recurrent nerve injury, neck haematoma and hypoparathyroid-

ism.24,28 Outcomes appear acceptable when completing at least

15 parathyroidectomies annually.24

Recommendation 3.2: Surgery for persistent/recurrent disease

should be managed by experienced parathyroid surgeons. Simi-

larly, cases of non‐localised disease, known multi‐gland disease,

hereditary syndrome‐related disease, paediatric cases, second-

ary or tertiary disease should be managed by experienced

parathyroid surgeons.

4.3.1 | Focussed surgery versus bilateral
exploration; should one approach be employed
for all patients?

Bilateral neck exploration (BNE) was the gold standard for surgical

management of PHPT. However, most patients (>80%) have single

gland disease and focused parathyroidectomy (or minimally in-

vasive; targeted) has gained popularity.29,30 Multi‐gland disease

may be more prevalent in younger patients or those with a family

history.30–32 Recent reports suggest a trend back towards BNE,30,31

owing to an increasing incidence of recurrent disease with extended

follow‐up after focussed surgery.32 Regardless of the approach,

biochemical cure outcomes are good and at least one large meta‐

analysis has shown minimally invasive surgery and BNE to be

equivalent.29 Higher annual volume and accrued experience of at

least 150–200 parathyroid cases, in addition to experience in

thyroid surgery, would be a reasonable expectation for surgeons

performing more complex cases.

Recommendation 3.3: The majority of PHPT patients have single gland

disease and a focussed approach is appropriate following discussion

with the patient regarding the possibility of persistent disease.

Recommendation 3.4a: BNE should be preferentially considered in any

patient with negative/discordant localisation imaging, known bilateral/

multi‐gland disease, known genetic/familial risk factors for multi‐gland

disease or those on provocative medications (e.g., lithium).

Recommendation 3.4b: Lithium was previously considered to be

routinely associated with multi‐gland disease. However, recent data

shows some contrary evidence33 and where a single adenoma is

localised on imaging, a focussed approach may be entertained.

Recommendation 3.5: Novel surgical techniques (e.g., trans‐oral;

trans‐axillary; endoscopic assisted; robotic) are not recommended

except in the context of evaluation in specialist units. These tech-

niques have been successfully employed in a small number of cases,

but are yet to be broadly validated as safe and effective.34,35

4.3.2 | Are intra‐operative adjuncts necessary?

Frozen section, intra‐operative PTH (ioPTH), parathyroid aspiration

(for measurement of PTH), radio‐guidance, methylene blue, intra‐

operative ultrasound (ioUS), jugular venous sampling, neuromonitor-

ing and parathyroid fluorescence have all been used with the aim of

improving parathyroidectomy outcomes.36

Recommendation 3.6a: Frozen section may be employed to confirm

resection of parathyroid tissue but is not mandatory.

Routine frozen section fails to influence surgical decision

making in most cases but may be of utility when dealing with

non‐localised or normo‐hormonal/‐calcaemic disease, or to iden-

tify parathyroid tissue (if the macroscopic appearance of tissue is

equivocal).37
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Recommendation 3.6b: ioPTH is not considered an essential adjunct

to complete successful parathyroidectomy for PHPT within the

Australian and New Zealand context.

IoPTH impacts on surgical decision making in a minority of cases,

with some research suggesting that it is not cost effective38 and does

not translate into improved outcomes.32,39,40 Large volume local

Australasian data have shown comparable long‐term outcomes for

focused parathyroidectomy without ioPTH.41

Methylene blue application in parathyroidectomy may be useful in

quickly identifying large and abnormal parathyroid tissue, but does not

improve outcomes. If the surgery is not simple and not concluded quickly,

the tissues become blue, and subtle colour cues which may assist an

experienced surgeon are lost. Intra‐operative radio‐guided surgery has

not been shown improve outcomes42 and ioUS cannot be recommended

as a routine adjunct. Intra‐operative jugular venous sampling can assist in

localising a difficult to find parathyroid lesion to one side or other, par-

ticularly where imaging is negative and other adjuncts have failed.43

It is however reliant on ioPTH infrastructure which is often un-

available in Australia and New Zealand. Fluorescence based tech-

nologies are not yet considered helpful.36

Recommendation 3.6c: Neuromonitoring of the laryngeal nerve is

unnecessary at the index operation,44 but surgeons should

have a low threshold to use neuromonitoring in re‐operative

parathyroidectomy.45

Re‐operative parathyroid surgery is further discussed in Section 4.7.

Recommendation 3.7: When a normal parathyroid gland is de‐

vascularised in parathyroidectomy for sporadic disease, it should be

auto‐transplanted.46

In situ preservation of normal parathyroid glands to avoid hy-

poparathyroidism is fundamental. If surgical dissection results in

possible devascularisation of one or more glands and especially if

hypoparathyroidism is considered to be a risk, auto‐transplantation

and/or cryopreservation are options. It may be useful to send a

fragment for histopathological confirmation, particularly if there is

persistent hyperparathyroidism. Visual inspection of colour and

capsular incision to assess perfusion are inaccurate techniques.

Fluorescence as a marker of parathyroid perfusion is promising, but

not yet of proven benefit.47 Cryopreservation was previously em-

ployed where there was a significant risk of inadequate function, for

example, subtotal/total parathyroidectomy for multiple endocrine

neoplasia‐1 (MEN‐1)‐related hyperparathyroidism. Cryopreservation

is not common, however, given the required resources and the in-

frequent recourse to transplantation of cryopreserved tissue. Graft

tissue viability decreases dramatically after two years of storage.48

4.4 | How should patients be managed
preoperatively and postoperatively?

4.4.1 | Preoperative management of serum calcium

Recommendation 4.1: Most cases of PHPT do not require specific

preoperative calcium management.

Recommendation 4.2: Maintenance of daily calcium requirements

and replacement of vitamin D deficiency should be encouraged.

Advice against daily calcium/vitamin D supplementation is in-

appropriate. Dietary or supplemental calcium intake has no sig-

nificant impact on biochemical indices of disease49,50 and limiting

daily requirements can worsen end organ manifestations. Maintaining

a daily intake of calcium (1000mg/d), preferably via dietary intake, is

recommended and vitamin D insufficiency should be replaced to a

target of 50–75 nmol/L.51 Vitamin D repletion and adequate dietary

calcium intake minimise the risk of post parathyroidectomy

hypocalcaemia.

Recommendation 4.3: Hypercalcaemic crisis is best managed in an

inpatient setting by an endocrinologist, in conjunction with an en-

docrine surgeon for surgical planning as soon as is practical once the

patient is medically stabilised.

Markedly and chronically elevated calcium, for example,

≥3.0 mmol/L, may be tolerated well by some patients and not re-

quire urgent care. However, other patients with symptomatic hy-

percalcaemia with or without organ dysfunction may require urgent

medical intervention. Hypercalcaemic crisis, acute hyperparathyr-

oidism or parathyroid storm may be induced in a patient with PHPT

and intercurrent illness or dehydration, and can result in multiorgan

dysfunction.52,53

Management goals include:

1) managing the precipitating illness;

2) restoring fluid/electrolyte balance (3–4 L/24 h normal saline in

the absence of contraindications);

3) reducing active bone resorption with bisphosphonate therapy;

4) promoting renal calcium excretion and ensuring adequate urine

output. Additional measures may include a loop diuretic (e.g.,

frusemide; to assist with blocking calcium resorption and promote

calciuresis);

5) parathyroidectomy once safe to proceed.52,53

Glucocorticoids, calcitonin and cinacalcet can be employed but

are rarely used. Prompt surgical management should follow medical

optimisation.52,53

Hypercalcaemia can complicate general anaesthesia with ar-

rhythmias and antagonism of non‐depolarising muscle relaxants.54 If

needed, parathyroidectomy can be successfully completed with good

outcomes under local anaesthetic with sedation.55–58

4.4.2 | Postoperative management of calcium

Recommendation 4.4: Post‐parathyroidectomy hypocalcaemia is

generally mild and can be managed in an outpatient setting.

Postoperative hypocalcaemia is seen in up to 50% of patients but

is generally mild and self‐limiting.59–61 In one series, 42% of patients

developed hypocalcaemia, most were symptomatic and only 2% re-

quired intravenous calcium.59 Severe hypocalcaemia related to

“hungry bones syndrome” can occur in up to 13% of cases in some
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series.62 Management is best led by an experienced endocrine sur-

geon or endocrinologist.

Recommendation 4.5: For patients at risk of post‐

parathyroidectomy hypocalcaemia, calcium supplementation per

protocol (with periodic calcium testing) is safe and effective.

Symptomatic hypocalcaemia is rare after minimally invasive or

focussed parathyroidectomy, and still uncommon after bilateral

parathyroid exploration. Risk factors for the development of symp-

tomatic hypocalcaemia include: preoperative vitamin D deficiency,

significantly elevated preoperative PTH and/or calcium levels, ele-

vated bone turnover markers (both resorption—C‐terminal telopep-

tide of type 1 collagen (CTx) as well as formation—Procollagen type

1 N propeptide (P1NP) or alkaline phosphatase (ALP), obesity, car-

diovascular disease, osteoporosis, simultaneous thyroid surgery, and

previous neck surgery.59–61,63–66

Troughs in postoperative calcium typically occur around the 3rd

to 4th postoperative day.64 For high risk patients, oral calcium and

calcitriol supplements may be commenced empirically after surgery,

and early discharge with outpatient follow‐up is generally safe and

feasible. A complex interplay of severity of hyperparathyroidism, vi-

tamin D deficiency and elevated bone turnover can contribute to

varying degree and duration of postoperative hypocalcaemia. In se-

lect patients, specialist endocrine input is recommended for titration

of calcium and calcitriol dosing, consideration of intravenous calcium

and correction of hypomagnesemia which may impair PTH secretion.

The Therapeutic Guidelines offer guidance on the most appropriate

replacement of calcium in patients with hypocalcaemia.67

Permanent hypoparathyroidism is a rare (<1%) complication of

parathyroidectomy and is typically encountered following subtotal

parathyroidectomy or reoperation for persistent/recurrent

disease.60,64,68 Endocrinology referral to establish long‐term man-

agement is recommended.

4.4.3 | Postoperative care

Recommendation 4.6: Parathyroidectomy can be completed as a

short stay (day‐case or one night stay) operation in the majority of

cases.

Voice and swallow should be assessed to ensure laryngeal

competence. In the absence of haematoma, hypocalcaemia or nerve

injury, parathyroidectomy can be completed as a day‐case operation

within the appropriate clinical and logistical context.56–58,69 In the

United States, high‐volume endocrine surgery units that prefer day

case surgery are able to achieve safe same day discharge in up to

90% of cases.70 In Australia and New Zealand, most patients stay

overnight.

The majority of acute compressive surgical site haematomas appear

within the first 4–6h postoperatively.71 Thus, a period of observation of

at least this long is required before safe discharge. Contra‐indications to

day‐case parathyroidectomy include concern regarding (1) recurrent

nerve injury; (2) postoperative haematoma; (3) parathyroid remnant

viability; (4) hypocalcaemia; (5) complex comorbidity; (6) anticoagulation

and (7) residence remote from the institution.

Patients should receive clear verbal and written instructions re-

garding symptoms of hypocalcaemia, delayed haematoma, or infec-

tion, and a plan if medical attention is required.

Recommendation 4.7: Initial postoperative biochemistry should in-

clude serum calcium and PTH.

Early postoperative review (1–4 weeks) should focus on voice,

swallow and wound assessment. Biochemistry (to define biochemical

cure) should include a serum calcium level. Serum PTH should be

measured at least once between the end of surgery and 24 h post-

operatively to confirm the PTH is no longer elevated. After that,

routine PTH monitoring in the setting of eucalcaemia is not required.

4.5 | What is the definition of surgical success?

Recommendation 5.1: Serum calcium should be measured 6 months

after parathyroidectomy. Cure is defined as eucalcaemia 6 months

after parathyroidectomy. (Elevated PTH with normal calcium after

previous hypercalcaemia is common and is usually not associated

with recurrent PHPT).

For classic PHPT, normal PTH is not required to be sustained at

6 months after successful surgery. In fact, after an initial significant

fall, often to sub‐normal levels, it is common for PTH to rise again

above normal sometimes even 2–3 times normal in around 45% of

patients at 1 month, and 25% of patients at 6 months.72 The elevated

PTH may persist for more than 1 year, and typically is not associated

with recurrent hypercalcaemia.

This phenomenon represents a physiological response and is a form

of secondary hyperparathyroidism. Prolonged hypercalcaemia may in-

duce a downregulation of calcium‐sensing receptors in the remaining

parathyroid glands. A profound fall in calcium, pre‐existing vitamin D

deficiency, the use of anti‐resorptive therapy, chronic renal dysfunction

and/or “hungry bones” from severe hyperparathyroidism will amplify the

rise in PTH.57 Vitamin D supplementation with a target of >75 nmol/L

and adequate dietary calcium intake are beneficial in this situation to aid

calcium absorption and restore calcium homeostasis.73 Provided the

calcium is not concurrently inappropriately in the high‐normal range, re‐

elevation of PTH remains consistent with cure.

A broader definition of cure or success is return to normal cal-

cium haemostasis for at least 6 months after surgery. More generally

also, success leads to improvement in bodily aches and pains and

general well‐being, resolution of hypercalciuria, and gradual im-

provement in bone mineral density (BMD). Furthermore, success is

achievement of the surgical goal, without complications.

Recommendation 5.2: Serum calcium and PTH should be measured

6 months after parathyroidectomy for normocalcaemic PHPT.

Success generally requires serum calcium and PTH to be

normal for 6 months. Most commonly, the serum calcium will fall further

into the normal range. A broader definition of cure or success is return

to normal calcium haemostasis for at least 6 months after surgery.
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4.6 | What long term postoperative surveillance is
recommended?

Recommendation 6.1: Following surgery, patients should be

monitored for recurrence of disease with annual monitoring of

serum calcium, and vitamin D. PTH should not be measured

routinely; only if hypercalcaemia recurs or selectively if nor-

mocalcaemic hyperparathyroidism is suspected in the setting of

ongoing bone loss or serum calcium at the top end of the normal

range.

Recurrence of PHPT occurs in 5%–14% of patients,74,75 and 1/3

of recurrences occur 10 years or more after surgery.

Recommendation 6.2: Following surgery, patients should still be

monitored for long‐term sequelae of PHPT.

Skeletal health should continue to be optimised by ensuring

adequate vitamin D levels (>50 nmol/L), regular weight‐bearing ex-

ercise, and appropriate consumption of calcium‐containing foods.

Surveillance bone mineral density scans should be conducted, initially

1–2 years after surgery, and osteoporosis treated on its merits.

Although significant improvement is usually seen in BMD at

12 months following parathyroidectomy, patients with severe osteo-

porosis may remain at increased risk of fracture despite surgical cure of

hyperparathyroidism. Thus, patients with osteoporosis at baseline should

have appropriate monitoring of BMD and treatment may be indicated

when fracture risk remains high.

There is insufficient evidence to recommend ongoing monitoring

for renal tract calculi, cardiac, vascular or other sequelae. Discharge

from follow‐up and return of care to the primary care provider/GP

can occur once eucalcaemia is confirmed and an investigation/man-

agement plan for end organ manifestations is in place. Some patients

with established end organ manifestations may benefit from ongoing

endocrine specialist input despite surgical cure.

4.7 | How should recurrent or persistent PHPT be
managed?

Persistent PHPT is defined as elevated serum corrected calcium

within 6 months of parathyroid surgery. Recurrent PHPT is de-

fined as elevated serum corrected calcium that develops after

more than 6 months of consistently normal serum corrected

calcium post‐parathyroidectomy. In the case of normo‐calcaemic

PHPT before surgery, persistence or recurrence is not easily

defined. Persistent PHPT occurs when abnormal parathyroid

tissue remains after surgery. It may occur when a single adenoma

is not found but is often due to failure to recognise and treat

multi‐gland disease.

Recommendation 7.1: Persistent or recurrent PHPT should be

managed by specialist endocrinologists and parathyroid surgeons,

with access to a multidisciplinary team including radiology, nuclear

medicine, and pathology.

Most patients with PHPT are cured at their first operation. It

is therefore unlikely that a low‐volume surgeon will develop

expertise in this complex area of re‐operative endocrine surgery.

Where re‐operative parathyroid surgery is carried out by ex-

perienced endocrine surgeons high cure rates (90%–95%)76–84

are achievable. While complication rates of reoperation are

higher than in primary surgery, with vocal cord palsy occurring in

between 1% and 10% of cases and permanent hypoparathyroid-

ism occurring between 14% and 20% of cases76–79,84,85 lower

complication rates are achieved by more experienced surgeons.

Recommendation 7.2: A stepwise approach to the assessment and

management of persistent or recurrent PHPT is needed.

The goal of a re‐operative parathyroidectomy is biochemical

cure while minimising risk. Preoperative planning should aim

to identify the missing or target parathyroid(s). Where

localisation cannot be achieved, operative treatment may not be

appropriate.

1. Re‐confirm the biochemical diagnosis as per Chapter 2, Part I of

the position statement.

2. Re‐evaluate the indication for surgical treatment.

3. Review of all previous information.

4. Further investigation if required.

5. Plan the surgical strategy and conduct the operation.

4.7.1 | Re‐confirm the biochemical diagnosis

Refer to Part 1 of this position statement.

4.7.2 | Re‐evaluate the indication for surgical
treatment

In most cases when there was an appropriate indication for para-

thyroid surgery, and there has been no biochemical or symptomatic

improvement following the first operation, an indication for re-

operation is likely to persist.

The benefit of curing the hyperparathyroidism must be

weighed against the increased risk of re‐operative surgery. Re-

current laryngeal nerve palsy from the first operation is a major

consideration, particularly if there is no localisation or the target

parathyroid is on the contralateral side.

4.7.3 | Review of all previous information

Careful review of the previous operation report, pathology re-

port, and localisation studies is ideal. A diagram showing para-

thyroid glands identified, biopsied or removed (confirmed by

pathology) those areas of the neck which have been explored to

date, and possible sites identified on imaging can assist in plan-

ning further investigation or operation.

A vocal cord check should be undertaken if one has not been

completed following the initial operation.

8 | MILLER ET AL.



4.7.4 | Further investigation if required

Imaging before the primary operation may, upon review, be sufficient

to identify the site of a gland that was missed.

When further imaging is required, Sestamibi/SPECT‐CT86 or

parathyroid 4DCT87 interpreted by an experienced parathyroid

radiologist may be preferred according to local expertise. We re-

commend parathyroid surgeons routinely perform their own ultra-

sound in the office and on the operating table, if possible.88

In select cases, parathyroid tissue can be confirmed by ultrasound‐

guided fine needle aspiration and PTH needle wash. Selective venous

sampling is a useful invasive investigation when other modalities have

failed or produced equivocal results,76,89 but requires an experienced

radiologist and meticulous protocol. Previous surgical ligation can alter the

venous return from a parathyroid adenoma. Where lateralisation without

localisation has been achieved, the field of reoperation may be narrowed.

As with all re‐operative parathyroid surgery, good judgement and careful

counselling of the patient is required.

4.7.5 | Plan the surgical strategy and conduct the
operation

Important considerations:

• Was the first operation a focused procedure or a BNE?

• Is a single abnormal parathyroid likely or multiple additional

enlarged glands?

• Is imaging convincing?

• Was the previous surgeon experienced?

• Is there a recurrent nerve palsy?

• Is there a significant goitre?

• Is there a hostile neck?

The ideal condition for re‐operative parathyroid surgery is to operate

in a targeted fashion to remove the preoperatively identified abnormal

gland(s). In general, an image‐guided focused reoperation is re-

commended.90 The patient should be counselled that there remains a risk

of persistent or recurrent disease even after successful removal of an

adenoma in this scenario, as well as a risk of hypoparathyroidism if normal

glands were removed or devascularized at the initial operation.

If a focused approach was taken initially and an adenoma re-

moved, one must choose between a second focused approach if

there is good localisation, or exploring the remaining three glands

regardless, as there a higher risk of multi‐gland disease.91

Most missing glands will be in the neck and can be removed through

a cervical incision. Accordingly, neck re‐exploration is the usual reopera-

tion. The lateral approach between the strap muscles and the sterno-

mastoid is often undisturbed and takes the surgeon immediately to the

posterior portion of the thyroid and tracheoesophageal groove. Lateral

entry is especially useful for superior glands.

In the context of a prior truly minimally invasive para-

thyroidectomy and ongoing indication for surgery, an experienced

parathyroid surgeon should perform a neck exploration even where

imaging results are inconclusive.

The threshold for blindly exploring the mediastinum is high

and would be a last resort in a patient with severe PHPT. Ex-

ploration of the anterior mediastinum and thymectomy can be

performed thoracoscopically and may reveal the offending para-

thyroid adenoma.

Typical sites of pathologic parathyroid glands found at reoperation

include 44% in a eutopic position, 19% in the thymus and antero‐superior

mediastinum, and 15% descended superior glands in a para‐oesophageal,

retro‐oesophageal or postero‐superior mediastinal location.92

Recommendation 7.3: Reoperation for persistent PHPT should be

delayed at least 3‐6 months to allow acute inflammatory changes to

settle, even though scarring tends to persist long term in the neck.

In some cases where it is relatively urgent to correct the hy-

percalcaemia, and a target is identified, it may be appropriate to reoperate

as soon as practicable after all the steps above are completed.

Recommendation 7.4: Re‐operative parathyroid surgery should be

performed in a hospital with access to frozen section and intra‐

operative neuromonitoring (ioNM).

Frozen section is sometimes helpful to confirm removal of para-

thyroid tissue when the gross appearance is atypical. IoNM should be

considered for re‐operative surgery,45,93 although the benefit remains

unproven. ioNM should be utilised because of the increased risk of re-

current laryngeal nerve damage in re‐operative surgery.85

Recommendation 7.5: It is feasible to perform re‐operative para-

thyroid surgery without ioPTH monitorin. Quick ioPTH is not widely

available in Australia and New Zealand.

However, if available, ioPTH can be employed as a useful adjunct

to re‐operative parathyroid surgery.78,94

4.8 | What is the appropriate surgical management
of parathyroid carcinoma?

Parathyroid carcinoma is uncommon (approximately 0.5% of all PHPT

cases).95,96 Clinical and biochemical features of parathyroid carcino-

ma are detailed in Chapter 7, Part I of this position statement.

Recommendation 8.1: Where there is preoperative or intra‐

operative suspicion of parathyroid carcinoma, consultation from an

experienced endocrine surgery unit should be obtained. Needle

biopsy should not be performed.

Where suspicion of parathyroid carcinoma exists pre‐operatively,

investigations should focus on defining local invasion. Airway,

thyroid, oesophagus, carotid sheath, recurrent nerve and strap mus-

cles should be assessed with US, and potentially CT or MRI.97 As-

sessment of vocal cord function is important. Any suggestion of

local invasion warrants tertiary referral and multidisciplinary

consideration.

Needle biopsy is not recommended. The diagnosis of parathyroid

carcinoma is based on demonstrating invasive growth therefore dif-

ferentiating between benign/malignant parathyroid cells cytologically

is impossible and risks needle tract dissemination.98,99

MILLER ET AL. | 9



Parathyroid malignancy can be encountered unexpectedly at

operation, and difficult intra‐operative decisions will be required

without a definitive tissue diagnosis. The spectrum of disease is large

and ranges from encapsulated to locally advanced disease with en-

casement/invasion of surrounding structures. Desmoplasia and fi-

brosis are typical macroscopic hallmarks.

Recommendation 8.2: Surgery is the only curative treatment mod-

ality and en‐bloc resection of the disease with invaded structures is

key. There is insufficient evidence to recommend for or against

prophylactic lymphadenectomy.

4.8.1 | Operative principles

Principles involve en‐bloc resection of disease in continuity with involved

tissues. Frozen section does not always assist diagnosis and the surgeon

should have a low threshold for radical resection if the operative findings

suggest parathyroid carcinoma. Resection without tumour capsular

breach is important; outcomes are poor with tumour spillage or residual

disease.96 This may require en‐bloc resection of adjacent thyroid tissue

(lobectomy) and may also require partial resection of strap muscles, tra-

chea, oesophagus and recurrent nerve.

Nodal metastases are variable and are seen in up to 19% of cases,

more commonly in tumours >3 cm.100,101 While resection of macro-

scopically involved nodes is justifiable, there insufficient evidence to

support routine prophylactic lymphadenectomy.101

Recommendation 8.3: Unequivocal histological evidence of invasive

growth is required to make the pathological diagnosis but may not al-

ways be present. Opinion should be sought from an expert endocrine

pathologist.

4.8.2 | Pathologic diagnosis

The pathological diagnosis of parathyroid carcinoma requires the his-

tological demonstration of invasive growth indicated by any of: invasion

into adjacent structures, vascular/lymphatic invasion, perineural inva-

sion, or metastasis.102,103 Histological confirmation of carcinoma can be

difficult and sometimes may only be suspected or diagnosed after re-

peated local recurrence.104–106

Immunohistochemistry for parafibromin (CDC73 gene product),

PGP9.5, Ki‐67, Rb, p27, Galectin‐3 and E‐cadherin may be used to

support the diagnosis of parathyroid carcinoma in equivocal cases but

no marker is definitive.103,104

Twenty to 25% of patients with parathyroid carcinoma will have a

germline CDC73 mutation.104–106 Thus, hypoparathyroidism‐jaw tumour

syndrome should be considered in all patients with parathyroid carcinoma

and genetic testing should be routinely offered. Parafibromin im-

munohistochemistry may help triage testing as normal (positive) expres-

sion particularly when accompanied by negative staining for PGP9.5

argues against CDC73 mutation.104–108 Abnormal parafibromin expres-

sion can also be used to investigate the pathogenicity of variants of

uncertain significance identified by molecular testing.107,108 However

parafibromin immunohistochemistry is not widely available, can be a

difficult stain to perform and interpret, and loss of parafibromin expres-

sion is not completely sensitive for CDC73 mutation.108 Therefore de-

pending on local resources and pre‐test probabilities, genetic testing

should still be considered in patients with normal parafibromin expression

or if parafibromin immunohistochemistry is not available.

‘Atypical parathyroid tumours’, (previously termed ‘atypical para-

thyroid adenomas' or ‘parathyroid neoplasms of uncertain malignant po-

tential'), describe parathyroid tumours with worrying histological features

(e.g., high mitotic rate, fibrosis, cytological atypia) but in which no un-

equivocal invasive growth can be demonstrated.109,110 Most atypical

parathyroid adenomas do not recur109,110 and it has been suggested that

they may be followed similarly to usual adenomas in the absence of

concerning clinical features or immunohistochemical findings suggestive

of CDC73 mutation (parafibromin negative, PGP9.5 positive im-

munohistochemical profile).109–113

4.8.3 | Staging

The eighth edition of the American Joint Committee on Cancer

(AJCC) staging manual includes a novel Tumour, Node, Metastases

(TNM) staging system (Table 1)114 As yet, prognostic stage groups

have not been defined.

TABLE 1 Pathological staging of solid tumours

Primary tumour

TX Primary tumour cannot be assessed

Tis Atypical parathyroid neoplasm (neoplasm of UMP)

T1 Localised to the parathyroid gland with extension limited to
soft tissue

T2 Direct invasion into the thyroid gland

T3 Direct invasion into recurrent laryngeal nerve, oesophagus,
trachea, skeletal muscle, adjacent lymph nodes, or
thymus

T4 Direct invasion into major blood vessel or spine

Lymph nodes

NX Regional lymph nodes cannot be assessed

N0 No regional lymph node metastasis

N1 Regional lymph node metastasis

N1a Metastasis to level VI (pretracheal, paratracheal, and
prelaryngeal/Delphian lymph nodes) or superior
mediastinal lymph nodes (level VII)

N1b Metastasis to unilateral, bilateral, or contralateral cervical
(level I, II, III, IV or V) or retropharyngeal nodes

Metastasis

MX No distant metastasis

M1 Distant metastasis

Note: Adapted from AJCC TNM 8th edition115.

Abbreviation: UMP, uncertain malignant potential.
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4.8.4 | Adjuvant therapy

Adjuvant therapy is reserved for persistent disease and should be

discussed in a multidisciplinary forum. Chemotherapeutics

and immune modulators have been promoted but lack evi-

dence.115–117 External beam radiotherapy may have some benefit

as a palliative manoeuvre.118,119 Enrolment in clinical trials should

be considered.

Recommendation 8.4: Residual disease may occur in up to 50% of

patients with parathyroid carcinoma. Long‐term clinical, biochemical

and imaging follow‐up is required.

4.8.5 | Prognosis and follow‐up

Five and 10‐year survival rates have been reported to be 85% and 49%,

respectively.120 Five percent suffer recurrence121 at a median time of

33 months,122 and recurrence correlated with serum calcium level and

tumour rupture, and inversely with extent of operation. Age and vascular

space invasion correlate with worse survival.96,121 Disease‐free and

overall survival gains have not improved for 40 years.123

Follow‐up involves clinical assessment and lifelong annual

calcium and PTH, with radiologic assessment for suspected re-

currence if there is a possibility of surgical redress or targeted

therapy.

4.8.6 | Palliative treatment

Principles involve managing local compressive symptoms, systemic/

metastatic disease and associated hypercalcaemia.121 Local disease

control may be possible with external beam radiotherapy.118,119

Palliative or compassionate use of chemotherapeutics/other novel

agents may be employed depending on local resources116,117 and

enrolment in clinical trials should be encouraged.

Intravenous hydration, diuresis and bisphosphonate therapy may

assist with severe hypercalcaemia. If persistent, surgical debulking,

calcimimetics such as cinacalcet and dialysis are options.124

5 | CONCLUSIONS

This collaboration between ANZES, ESA and ANZBMS provides

evidence‐based recommendations to guide preoperative clinical

evaluation, surgical management and postoperative and long‐term

follow‐up of adults with PHPT in the Australian and New Zealand

health care setting. While the ADAPTE is a validated and evidence‐

based approach to guideline evaluation, there was considerable au-

thorship overlap among the 12 guidelines included, and many of

these guidelines predominantly pertained to the management of

asymptomatic PHPT. This position statement promotes safe, best

practice management of adults with PHPT and can be considered a

broad guide for approaching the surgical management of these

patients.

ACKNOWLEDGEMENTS

We would like to acknowledge the contribution of the librarians from

the Wellington Health and Medical Sciences Library, University of

Otago, New Zealand who assisted in performing a comprehensive

and systematic initial search of the existing literature in the devel-

opment stage of this position statement. We would also like to thank

Scott Douglas (a pseudonym is used to maintain anonymity), our

consumer representative, for his valuable insights which are greatly

appreciated—Scott's perspective is available as a supplementary

document in Part I of this position statement. Our gratitude also

extends to the Councils of ANZES, ESA and ANZBMS and other

society members who dedicated time and effort towards reviewing

and providing feedback on this position statement.

ORCID

Roderick Clifton‐Bligh http://orcid.org/0000-0002-1545-0368

Mathis Grossmann http://orcid.org/0000-0001-8261-3457

REFERENCES

1. Wilhelm SM, Wang TS, Ruan DT, et al. The American Association
of Endocrine Surgeons guidelines for definitive management
of primary hyperparathyroidism. JAMA Surg. 2016;151(10):

959‐968.
2. Bilezikian JP, Brandi ML, Eastell R, et al. Guidelines for the man-

agement of asymptomatic primary hyperparathyroidism: summary
statement from the Fourth International Workshop. J Clin

Endocrinol Metab. 2014;99(10):3561‐3569.
3. Marcocci C, Bollerslev J, Khan AA, Shoback DM. Medical man-

agement of primary hyperparathyroidism: proceedings of the
fourth International Workshop on the Management of Asympto-
matic Primary Hyperparathyroidism. J Clin Endocrinol Metab. 2014;

99(10):3607‐3618.
4. Eastell R, Brandi ML, Costa AG, D'Amour P, Shoback DM,

Thakker RV. Diagnosis of asymptomatic primary hyperparathyr-
oidism: proceedings of the Fourth International Workshop. J Clin

Endocrinol Metab. 2014;99(10):3570‐3579.
5. Silverberg SJ, Clarke BL, Peacock M, et al. Current issues in the

presentation of asymptomatic primary hyperparathyroidism: pro-
ceedings of the Fourth International Workshop. J Clin Endocrinol

Metab. 2014;99(10):3580‐3594.
6. National Institute for Health and Care Excellence. Hyperpar-

athyroidism (primary): diagnosis, assessment and initial manage-
ment. Nice Guideline [NG 132]; 2019. https://www.nice.org.uk/
guidance/ng132/chapter/Recommendations#diagnostic-testing-
in-primary-care

7. Fervers B, Burgers JS, Haugh MC, et al. Adaptation of clinical
guidelines: literature review and proposition for a framework and
procedure. Int J Qual Health Care. 2006;18(3):167‐176.

8. Ahmadieh H, Kreidieh O, Akl EA, El‐Hajj Fuleihan G. Minimally
invasive parathyroidectomy guided by intraoperative parathyroid

hormone monitoring (IOPTH) and preoperative imaging versus bi-
lateral neck exploration for primary hyperparathyroidism in adults.
Cochrane Database Syst Rev. 2020;10:CD010787.

9. Greenspan BS, Dillehay G, Intenzo C, et al. SNM practice guideline
for parathyroid scintigraphy 4.0. J Nucl Med Technol. 2012;40(2):

111‐118.

MILLER ET AL. | 11

http://orcid.org/0000-0002-1545-0368
http://orcid.org/0000-0001-8261-3457
https://www.nice.org.uk/guidance/ng132/chapter/Recommendations#diagnostic-testing-in-primary-care
https://www.nice.org.uk/guidance/ng132/chapter/Recommendations#diagnostic-testing-in-primary-care
https://www.nice.org.uk/guidance/ng132/chapter/Recommendations#diagnostic-testing-in-primary-care


10. Wale DJVB, Wong K, Gross MD. Parathyroid adenoma evaluation
utilizing SPECT/CT imaging. J Am Osteop Coll Radiol. 2018;7(1):
18‐25.

11. Hu J, Ngiam KY, Parameswaran R. Mediastinal parathyroid ade-

nomas and their surgical implications. Ann R Coll Surg Engl. 2015;
97(4):259‐261.

12. Kedarisetty S, Fundakowski C, Ramakrishnan K, Dadparvar S.
Clinical value of Tc99m‐MIBI SPECT/CT versus 4D‐CT or US in
management of patients with hyperparathyroidism. Ear NoseThroat

J. 2019;98(3):149‐157.
13. Neumann DR, Obuchowski NA, Difilippo FP. Preoperative 123I/

99mTc‐sestamibi subtraction SPECT and SPECT/CT in primary
hyperparathyroidism. J Nucl Med. 2008;49(12):2012‐2017.

14. Kao A, Shiau YC, Tsai SC, Wang JJ, Ho ST. Technetium‐99m
methoxyisobutylisonitrile imaging for parathyroid adenoma: re-
lationship to P‐glycoprotein or multidrug resistance‐related
protein expression. Eur J Nucl Med Mol Imaging. 2002;29(8):
1012‐1015.

15. Rausch I, Fuchsel FG, Kuderer C, Hentschel M, Beyer T. Radiation

exposure levels of routine SPECT/CT imaging protocols. Eur

J Radiol. 2016;85(9):1627‐1636.
16. Czarnecki CA, Einsiedel PF, Phal PM, Miller JA, Lichtenstein M,

Stella DL. Dynamic CT for parathyroid adenoma detection: how

does radiation dose compare with nuclear medicine? Am

J Roentgenol. 2018;210(5):1118‐1122.
17. Beland MD, Mayo‐Smith WW, Grand DJ, Machan JT, Monchik JM.

Dynamic MDCT for localization of occult parathyroid adenomas in
26 patients with primary hyperparathyroidism. Am J Roentgenol.

2011;196(1):61‐65.
18. Rodgers SE, Hunter GJ, Hamberg LM, et al. Improved preoperative

planning for directed parathyroidectomy with 4‐dimensional com-
puted tomography. Surgery. 2006;140(6):932‐940.

19. Yeh R, Tay YD, Tabacco G, et al. Diagnostic performance of

4D CT and Sestamibi SPECT/CT in localizing parathyroid adenomas
in primary hyperparathyroidism. Radiology. 2019;291(2):469‐476.

20. O'Doherty MJ, Kettle AG, Wells P, Collins RE, Coakley AJ. Para-
thyroid imaging with technetium‐99m‐sestamibi: preoperative lo-
calization and tissue uptake studies. J Nucl Med. 1992;33(3):

313‐318.
21. Abdulla AG, Ituarte PH, Harari A, Wu JX, Yeh MW. Trends in the

frequency and quality of parathyroid surgery: analysis of 17,082
cases over 10 years. Ann Surg. 2015;261(4):746‐750.

22. Chen H, Wang TS, Yen TW, et al. Operative failures after para-
thyroidectomy for hyperparathyroidism: the influence of surgical
volume. Ann Surg. 2010;252(4):691‐695.

23. Mitchell J, Milas M, Barbosa G, Sutton J, Berber E, Siperstein A.
Avoidable reoperations for thyroid and parathyroid surgery: effect

of hospital volume. Surgery. 2008;144(6):899‐906.
24. Erinjeri NJ, Udelsman R. Volume‐outcome relationship in para-

thyroid surgery. Baillieres Best Pract Res Clin Endocrinol Metab.
2019;33(5):101287.

25. McGill J, Sturgeon C, Kaplan SP, Chiu B, Kaplan EL, Angelos P. How

does the operative strategy for primary hyperparathyroidism im-
pact the findings and cure rate? A comparison of 800 para-
thyroidectomies. J Am Coll Surg. 2008;207(2):246‐249.

26. Udelsman R. Six hundred fifty‐six consecutive explorations for
primary hyperparathyroidism. Ann Surg. 2002;235(5):665‐670.

27. Malmaeus J, Granberg PO, Halvorsen J, Akerstrom G, Johansson H.
Parathyroid surgery in Scandinavia. Acta Chir Scand. 1988;
154(7–8):409‐413.

28. Iacobone M, Scerrino G, Palazzo FF. Parathyroid surgery: an

evidence‐based volume‐outcomes analysis: European Society of
Endocrine Surgeons (ESES) positional statement. Langenbecks Arch
Surg. 2019;404(8):919‐927.

29. Jinih M, O'Connell E, O'Leary DP, Liew A, Redmond HP. Focused
versus bilateral parathyroid exploration for primary hyperpar-
athyroidism: a systematic review and meta‐analysis. Ann Surg

Oncol. 2017;24(7):1924‐1934.
30. Kiernan CM, Wang T, Perrier ND, Grubbs EG, Solorzano CC. Bi-

lateral neck exploration for sporadic primary hyperparathyroidism:
use patterns in 5,597 patients undergoing parathyroidectomy in
the collaborative endocrine surgery quality improvement program.
J Am Coll Surg. 2019;228(4):652‐659.

31. Khokar AM, Kuchta KM, Moo‐Young TA, Winchester DJ, Prinz RA.
Increasing trend of bilateral neck exploration in primary hy-
perparathyroidism. Am J Surg. 2020;219(3):466‐470.

32. Norman J, Lopez J, Politz D. Abandoning unilateral para-
thyroidectomy: why we reversed our position after 15,000 para-

thyroid operations. J Am Coll Surg. 2012;214(3):260‐269.
33. Carchman E, Ogilvie J, Holst J, Yim J, Carty S. Appropriate surgical

treatment of lithium‐associated hyperparathyroidism. World J Surg.
2008;32(10):2195‐2199.

34. Arora A, Garas G, Tolley N. Robotic parathyroid surgery: current

perspectives and future considerations. ORL J Otorhinolaryngol

Relat Spec. 2018;80(3‐4):195‐203.
35. Sasanakietkul T, Carling T. Primary hyperparathyroidism treated by

transoral endoscopic parathyroidectomy vestibular approach

(TOEPVA). Surg Endosc. 2017;31(11):4832‐4833.
36. Harrison BJ, Triponez F. Intraoperative adjuncts in surgery for

primary hyperparathyroidism. Langenbecks Arch Surg. 2009;394(5):
799‐809.

37. Li J, Vasilyeva E, Hiebert J, Britton H, Walker B, Wiseman SM.

Limited clinical utility of intraoperative frozen section during
parathyroidectomy for treatment of primary hyperparathyroidism.
Am J Surg. 2019;217(5):893‐898.

38. Badii B, Staderini F, Foppa C, et al. Cost‐benefit analysis of the
intraoperative parathyroid hormone assay in primary hyperpar-

athyroidism. Head Neck. 2017;39(2):241‐246.
39. Najafian A, Kahan S, Olson MT, Tufano RP, Zeiger MA. In-

traoperative PTH may not be necessary in the management of
primary hyperparathyroidism even with only one positive or only
indeterminate preoperative localization studies.World J Surg. 2017;

41(6):1500‐1505.
40. Sartori PV, Saibene AM, Leopaldi E, et al. Intraoperative para-

thyroid hormone testing in primary hyperparathyroidism surgery:
time for giving up? Eur Arch Otorhinolaryngol. 2019;276(1):

267‐272.
41. Norlén O, Wang KC, Tay YK, et al. No need to abandon focused

parathyroidectomy: a multicenter study of long‐term outcome
after surgery for primary hyperparathyroidism. Ann Surg. 2015;
261(5):991‐996.

42. Inabnet WB, Kim CK, Haber RS, RA L. Radioguidance is not ne-
cessary during parathyroidectomy. Arch Surg. 2002;137(8):
967‐970.

43. Ito F, Sippel R, Lederman J, Chen H. The utility of intraoperative
bilateral internal jugular venous sampling with rapid parathyroid

hormone testing. Ann Surg. 2007;245(6):959‐963.
44. Dralle H, Sekulla C, Haerting J, et al. Risk factors of paralysis and

functional outcome after recurrent laryngeal nerve monitoring in
thyroid surgery. Surgery. 2004;136(6):1310‐1322.

45. Ling Y, Zhao J, Zhao Y, Li K, Wang Y, Kang H. Role of in-

traoperative neuromonitoring of recurrent laryngeal nerve in
thyroid and parathyroid surgery. J Int Med Res. 2020;48(9):
300060520952646.

46. Iorio O, Petrozza V, De Gori A, et al. Parathyroid auto-

transplantation during thyroid surgery. Where we are? A sys-
tematic review on indications and results. J Invest Surg. 2019;32(7):
594‐601.

12 | MILLER ET AL.



47. Demarchi MS, Karenovics W, Bedat B, Triponez F. Intraoperative
autofluorescence and indocyanine green angiography for the de-
tection and preservation of parathyroid glands. J Clin Med. 2020;
9(3):18.

48. Guerrero MA, Evans DB, Lee JE, et al. Viability of cryopreserved
parathyroid tissue: when is continued storage versus disposal in-
dicated? World J Surg. 2008;32(5):836‐839.

49. Jorde R, Szumlas K, Haug E, Sundsfjord J. The effects of calcium
supplementation to patients with primary hyperparathyroidism and

a low calcium intake. Eur J Nutr. 2002;41(6):258‐263.
50. Locker FG, Silverberg SJ, Bilezikian JP. Optimal dietary calcium

intake in primary hyperparathyroidism. Am J Med. 1997;102(6):
543‐550.

51. Grey A, Lucas J, Horne A, Gamble G, Davidson JS, Reid IR. Vitamin

D repletion in patients with primary hyperparathyroidism and co-
existent vitamin D insufficiency. J Clin Endocrinol Metab. 2005;
90(4):2122‐2126.

52. Ahmad S, Kuraganti G, Steenkamp D. Hypercalcemic crisis: a clin-
ical review. Am J Med. 2015;128(3):239‐245.

53. Schweitzer VG, Thompson NW, Harness JK, Nishiyama RH. Man-
agement of severe hypercalcemia caused by primary hyperpar-
athyroidism. Arch Surg. 1978;113(4):373‐381.

54. Chopra P, Mitra S. Patients with symptomatic primary hyperpar-

athyroidism: an anaesthetic challenge. Indian J Anaesth. 2009;53(4):
492‐495.

55. Rajeev P, Stechman MJ, Kirk H, Gleeson FV, Mihai R, Sadler GP.
Safety and efficacy of minimally‐invasive parathyroidectomy (MIP)
under local anaesthesia without intra‐operative PTH measurement.

Int J Surg. 2013;11(3):275‐277.
56. Rago R, Forfori F, Frustaci G, et al. Day case parathyroidectomy: is

this the right way for the patients? Gland Surg. 2020;9(suppl 1):
S6‐S13.

57. Denizot A, Pucini M, Chagnaud C, Botti G, Henry JF. Normo-

calcemia with elevated parathyroid hormone levels after surgical
treatment of primary hyperparathyroidism. Am J Surg. 2001;182(1):
15‐19.

58. Lo Gerfo P. Bilateral neck exploration for parathyroidectomy under
local anesthesia: a viable technique for patients with coexisting

thyroid disease with or without sestamibi scanning. Surgery. 1999;
126(6):1011‐1014.

59. Mittendorf EA, Merlino JI, McHenry CR. Post‐parathyroidectomy
hypocalcemia: incidence, risk factors, and management. Am Surg.

2004;70(2):114‐119.
60. Stewart ZA, Blackford A, Somervell H, et al. 25‐hydroxyvitamin D

deficiency is a risk factor for symptoms of postoperative hypo-
calcemia and secondary hyperparathyroidism after minimally in-
vasive parathyroidectomy. Surgery. 2005;138(6):1018‐1025.

61. Kald BA, Heath DI, Lausen I, Mollerup CL. Risk assessment
for severe postoperative hypocalcaemia after neck exploration
for primary hyperparathyroidism. Scand J Surg. 2005;94(3):
216‐220.

62. Guillen Martinez AJ, Smilg Nicolas C, Moraleda Deleito J,

Guillen Martinez S, Garcia‐Purrinos Garcia F. Risk factors and
evolution of calcium and parathyroid hormone levels in hungry
bone syndrome after parthyroidectomy for primary hyperpar-
athyroidism. Endocrinol Diabetes Nutr (Engl Ed). 2020;67(5):
310‐316.

63. Vasher M, Goodman A, Politz D, Norman J. Postoperative calcium
requirements in 6,000 patients undergoing outpatient para-
thyroidectomy: easily avoiding symptomatic hypocalcemia. J Am

Coll Surg. 2010;211(1):49‐54.
64. Westerdahl J, Lindblom P, Valdemarsson S, Tibblin S, Bergenfelz A.

Risk factors for postoperative hypocalcemia after surgery for pri-
mary hyperparathyroidism. Arch Surg. 2000;135(2):142‐147.

65. Jakubauskas M, Beiša V, Strupas K. Risk factors of developing the
hungry bone syndrome after parathyroidectomy for primary hy-
perparathyroidism. Acta Med Litu. 2018;25(1):45‐51.

66. Kaya C, Tam AA, Dirikoç A, et al. Hypocalcemia development in

patients operated for primary hyperparathyroidism: Can it be
predicted preoperatively? Archives of endocrinology and metabolism.
2016;60(5):465‐471.

67. Hypocalcaemia. In eTG complete [digital]. March 2021 ed. Ther-
apeutic Guidelines Limited; 2019.

68. Bergenfelz A, Lindblom P, Tibblin S, Westerdahl J. Unilateral versus
bilateral neck exploration for primary hyperparathyroidism: a pro-
spective randomized controlled trial. Ann Surg. 2002;236(5):
543‐551.

69. Chen H, Sokoll LJ, Udelsman R. Outpatient minimally invasive

parathyroidectomy: a combination of sestamibi‐SPECT localization,
cervical block anesthesia, and intraoperative parathyroid hormone
assay. Surgery. 1999;126(6):1016‐1021.

70. Wang TS, Pasieka JL, Carty SE. Techniques of parathyroid ex-
ploration at North American endocrine surgery fellowship pro-

grams: what the next generation is being taught. Am J Surg. 2014;
207(4):527‐532.

71. Burkey SH, van Heerden JA, Thompson GB, Grant CS, Schleck CD,
Farley DR. Reexploration for symptomatic hematomas after cer-

vical exploration. Surgery. 2001;130(6):914‐920.
72. Cao S, Hu Y, Zhao Y, et al. A retrospective study of elevated post‐

operative parathormone in primary hyperparathyroid patients.
Oncotarget. 2017;8(60):101158‐101164.

73. Holick MF, Binkley NC, Bischoff‐Ferrari HA, et al. Guidelines for

preventing and treating vitamin D deficiency and insufficiency re-
visited. J Clin Endocrinol Metab. 2012;97(4):1153‐1158.

74. Lou I, Balentine C, Clarkson S, Schneider DF, Sippel RS, Chen H.
How long should we follow patients after apparently curative
parathyroidectomy? Surgery. 2017;161(1):54‐61.

75. Hedback G, Oden A. Recurrence of hyperparathyroidism; a long‐
term follow‐up after surgery for primary hyperparathyroidism. Eur
J Endocrinol. 2003;148(4):413‐421.

76. Hessman O, Stålberg P, Sundin A, et al. High success rate of
parathyroid reoperation may be achieved with improved localiza-

tion diagnosis. World J Surg. 2008;32(5):774‐781.
77. Grant CS, van Heerden JA, Charboneau JW, James EM, Reading CC.

Clinical management of persistent and/or recurrent primary hy-
perparathyroidism. World J Surg. 1986;10(4):555‐565.

78. Richards ML, Thompson GB, Farley DR, Grant CS. Reoperative
parathyroidectomy in 228 patients during the era of minimal‐
access surgery and intraoperative parathyroid hormone monitor-
ing. Am J Surg. 2008;196(6):937‐942.

79. Karakas E, Müller HH, Schlosshauer T, Rothmund M, Bartsch DK.

Reoperations for primary hyperparathyroidism—improvement of out-
come over two decades. Langenbecks Arch Surg. 2013;398(1):99‐106.

80. Wirowski D, Goretzki PE, Schwarz K, Lammers BJ, Dotzenrath C,
Röher HD. Failed surgery in primary hyperparathyroidism—what
has changed with time. Exp Clin Endocrinol Diabetes. 2013;121(6):

323‐328.
81. Jaskowiak N, Norton JA, Alexander HR, et al. A prospective trial

evaluating a standard approach to reoperation for missed para-
thyroid adenoma. Ann Surg. 1996;224(3):308‐320.

82. Billings PJ, Milroy EJ. Reoperative parathyroid surgery. Br J Surg.

1983;70(9):542‐546.
83. Thompson GB, Grant CS, Perrier ND, et al. Reoperative parathyroid

surgery in the era of sestamibi scanning and intraoperative para-
thyroid hormone monitoring. Arch Surg. 1999;134(7):699‐705.

84. Mariette C, Pellissier L, Combemale F, Quievreux JL, Carnaille B,
Proye C. Reoperation for persistent or recurrent primary hy-
perparathyroidism. Langenbecks Arch Surg. 1998;383(2):174‐179.

MILLER ET AL. | 13



85. Patow CA, Norton JA, Brennan MF. Vocal cord paralysis and re-
operative parathyroidectomy. A prospective study. Ann Surg. 1986;
203(3):282‐285.

86. Feingold DL, Alexander HR, Chen CC, et al. Ultrasound and ses-

tamibi scan as the only preoperative imaging tests in reoperation
for parathyroid adenomas. Surgery. 2000;128(6):1103‐1110.

87. Acar N, Haciyanli M, Coskun M, et al. Diagnostic value of four‐
dimensional computed tomography and four‐dimensional magnetic
resonance imaging in primary hyperparathyroidism when first‐line
imaging was inadequate. Ann R Coll Surg Engl. 2020;102(4):
294‐299.

88. Solorzano CC, Lee TM, Ramirez MC, Carneiro DM, Irvin GL.
Surgeon‐performed ultrasound improves localization of abnormal
parathyroid glands. Am Surg. 2005;71(7):557‐563.

89. Witteveen JE, Kievit J, van Erkel AR, Morreau H, Romijn JA,
Hamdy NAT. The role of selective venous sampling in the man-
agement of persistent hyperparathyroidism revisited. Eur

J Endocrinol. 2010;163(6):945‐952.
90. Patel SG, Saunders ND, Jamshed S, Weber CJ, Sharma J. Multi-

modal preoperative localization improves outcomes in reoperative
parathyroidectomy: a 25‐year surgical experience. Am Surg. 2019;
85(9):939‐943.

91. Lee NC, Norton JA. Multiple‐gland disease in primary hyperpar-

athyroidism: a function of operative approach? Arch Surg. 2002;
137(8):896‐900.

92. McKenzie TJ, Lo CY, Van Heerden JA. Parathyroid reoperations. In:
Clark OH, Duh Q, Kebebew E, Gosnell J, Shen W, eds. Textbook of

Endocrine Surgery. 3rd ed. Jaypee Brothers Medical Publishers;

2016:889‐900.
93. Wojtczak B, Sutkowski K, Kaliszewski K, Barczyński M,

Bolanowski M. Thyroid reoperation using intraoperative neuro-
monitoring. Endocrine. 2017;58(3):458‐466.

94. Yen TWF, Wang TS, Doffek KM, Krzywda EA, Wilson SD. Re-

operative parathyroidectomy: an algorithm for imaging and
monitoring of intraoperative parathyroid hormone levels that
results in a successful focused approach. Surgery. 2008;144(4):
611‐621.

95. van Heerden JA, Weiland LH, ReMine WH, Walls JT, Purnell DC.

Cancer of the parathyroid glands. Arch Surg. 1979;114(4):475‐480.
96. Villar‐del‐Moral J, Jiménez‐García A, Salvador‐Egea P, et al. Prog-

nostic factors and staging systems in parathyroid cancer: a multi-
center cohort study. Surgery. 2014;156(5):1132‐1144.

97. Liu J, Zhan WW, Zhou JQ, Zhou W. Role of ultrasound in the
differentiation of parathyroid carcinoma and benign parathyroid
lesions. Clin Radiol. 2020;75(3):179‐184.

98. Agarwal G, Dhingra S, Mishra SK, Krishnani N. Implantation of
parathyroid carcinoma along fine needle aspiration track.

Langenbecks Arch Surg. 2006;391(6):623‐626.
99. Spinelli C, Bonadio AG, Berti P, Materazzi G, Miccoli P. Cutaneous

spreading of parathyroid carcinoma after fine needle aspiration
cytology. J Endocrinol Invest. 2000;23(4):255‐257.

100. Fernandez‐Ranvier GG, Khanafshar E, Jensen K, et al. Parathyroid

carcinoma, atypical parathyroid adenoma, or parathyromatosis?
Cancer. 2007;110(2):255‐264.

101. Hsu KT, Sippel RS, Chen H, Schneider DF. Is central lymph node
dissection necessary for parathyroid carcinoma? Surgery. 2014;
156(6):1336‐1341.

102. Lloyd R, Osamura R, Klöppel G, Rosai J. WHO Classification of Tu-

mours of Endocrine Organs. 4th ed. IARC Press; 2017.
103. Williams M, DeLellis R, Erickson L, et al. Parathyroid Carcinoma &

Atypical Parathyroid Neoplasm Histopathology Reporting Guide. In-

ternational Collaboration on Cancer Reporting; 2019.

104. Gill AJ. Understanding the genetic basis of parathyroid carcinoma.
Endocr Pathol. 2014;25(1):30‐34.

105. Gill AJ, Clarkson A, Gimm O, et al. Loss of nuclear expression of
parafibromin distinguishes parathyroid carcinomas and

hyperparathyroidism‐jaw tumor (HPT‐JT) syndrome‐related ade-
nomas from sporadic parathyroid adenomas and hyperplasias. Am
J Surg Pathol. 2006;30(9):1140‐1149.

106. Turchini J, Gill AJ. Hereditary parathyroid disease: sometimes pa-
thologists do not know what they are missing. Endocr Pathol. 2020;

31:218‐230.
107. Howell VM, Gill A, Clarkson A, et al. Accuracy of combined protein

gene product 9.5 and parafibromin markers for im-
munohistochemical diagnosis of parathyroid carcinoma. J Clin

Endocrinol Metab. 2009;94(2):434‐441.
108. Gill AJ, Lim G, Cheung VKY, et al. Parafibromin‐deficient (HPT‐JT

Type, CDC73 Mutated) parathyroid tumors demonstrate
distinctive morphologic features. Am J Surg Pathol. 2019;43(1):35‐46.

109. Cetani F, Marcocci C, Torregrossa L, Pardi E. Atypical parathyroid
adenomas: challenging lesions in the differential diagnosis of en-

docrine tumors. Endocr Relat Cancer. 2019;26(7):441.
110. Kruijff S, Sidhu SB, Sywak MS, Gill AJ, Delbridge LW.

Negative parafibromin staining predicts malignant behavior in atypical

parathyroid adenomas. Ann Surg Oncol. 2014;21(2):426‐433.
111. Juhlin CC, Nilsson IL, Johansson K, et al. Parafibromin and APC as

screening markers for malignant potential in atypical parathyroid
adenomas. Endocr Pathol. 2010;21(3):166‐177.

112. Juhlin CC, Nilsson IL, Lagerstedt‐Robinson K, et al. Parafibromin
immunostainings of parathyroid tumors in clinical routine: a near‐
decade experience from a tertiary center. Modern Pathol. 2019;
32(8):1082‐1094.

113. Williams MD, DeLellis RA, Erickson LA, et al. Pathology data set for
reporting parathyroid carcinoma and atypical parathyroid neo-
plasm: recommendations from the International Collaboration on

Cancer Reporting. Hum Pathol. 2021;110:73‐82.
114. Landry C, Wang T, Asare E. Parathyroid. AJCC Cancer Staging

Manual. 8th ed. Springer International Publishing; 2017.
115. Betea D, Bradwell AR, Harvey TC, et al. Hormonal and biochemical

normalization and tumor shrinkage induced by anti‐parathyroid hor-

mone immunotherapy in a patient with metastatic parathyroid carci-
noma. J Clin Endocrinol Metab. 2004;89(7):3413‐3420.

116. Bukowski RM, Sheeler L, Cunningham J, Esselstyn C. Successful
combination chemotherapy for metastatic parathyroid carcinoma.

Arch Intern Med. 1984;144(2):399‐400.
117. Calandra DB, Chejfec G, Foy BK, Lawrence AM, Paloyan E. Para-

thyroid carcinoma: biochemical and pathologic response to DTIC.
Surgery. 1984;96(6):1132‐1137.

118. Erovic BM, Goldstein DP, Kim D, et al. Parathyroid cancer: out-

come analysis of 16 patients treated at the Princess Margaret
Hospital. Head Neck. 2013;35(1):35‐39.

119. Munson ND, Foote RL, Northcutt RC, et al. Parathyroid carcinoma:
is there a role for adjuvant radiation therapy? Cancer. 2003;98(11):
2378‐2384.

120. Hundahl SA, Fleming ID, Fremgen AM, Menck HR. Two
hundred eighty‐six cases of parathyroid carcinoma treated in the
U.S. between 1985‐1995: a National Cancer Data Base Report.
The American College of Surgeons Commission on Cancer and the
American Cancer Society. Cancer. 1999;86(3):538‐544.

121. Rodrigo JP, Hernandez‐Prera JC, Randolph GW, et al. Parathyroid
cancer: an update. Cancer Treat Rev. 2020;86:102012.

122. Sandelin K, Auer G, Bondeson L, Grimelius L, Farnebo LO. Prog-
nostic factors in parathyroid cancer: a review of 95 cases. World

J Surg. 1992;16(4):724‐731.

14 | MILLER ET AL.



123. Christakis I, Silva AM, Kwatampora LJ, et al. Oncologic progress for
the treatment of parathyroid carcinoma is needed. J Surg Oncol.
2016;114(6):708‐713.

124. Rubin MR, Bilezikian JP, McMahon DJ, et al. The natural history of

primary hyperparathyroidism with or without parathyroid surgery
after 15 years. J Clin Endocrinol Metab. 2008;93(9):3462‐3470.

SUPPORTING INFORMATION

Additional supporting information may be found in the online version

of the article at the publisher’s website.

How to cite this article: Miller JA, Gundara J, Harper S, et al.

Primary hyperparathyroidism in adults—(Part II) surgical

management and postoperative follow‐up: Position statement

of the Endocrine Society of Australia, The Australian & New

Zealand Endocrine Surgeons, and The Australian & New

Zealand Bone and Mineral Society. Clinical Endocrinology.

2021;1‐15. doi:10.1111/cen.14650

MILLER ET AL. | 15

https://doi.org/10.1111/cen.14650



