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ABSTRACT

The increasing scope of nuclear medicine imaging as a diag-
nostic utility is impressive. Plain film radiographs, computed
tomography (CT) scans and magnetic resonance imaging
(MRI) diagnostically provide high-quality images but provide
little physiological information about disease processes.
Nuclear medicine imaging modalities advantageously can
characterise the early dynamic physiological changes in a
diseased environment. Dental professionals working within
the arena of integrated hoalistic health practices are likely to
encounter patients having had procedures like conventional
scintigraphy, single photon emission computed tomogra-
phy (SPECT), hybrid SPECT/CT and positron emission to-
mography computed tomography (PET/CT). The aim of this
review is to acquaint the oral health care professional with
some commonly utilised nuclear medicine techniques, the
principles upon which such modalities are based and their
applications in the diagnosis of head and neck pathology
to facilitate enhanced multidisciplinary patient management.
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INTRODUCTION

With chronicled contributions from the diverse fields of med-
icine, physics, chemistry, engineering, and mathematics the
scope of nuclear medicine is impressive. While extensively
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used in medical healthcare, the optimal utilisation of nuclear
medicine in dentistry remains yet to be widely appreciated.
Plain film radiographs, computed tomography (CT) scans
and magnetic resonance imaging (MRI) diagnostically provide
high-quality images but provide little physiological information
about the disease process. Nuclear medicine imaging mo-
dalities advantageously can characterise the early dynamic
physiological changes in a diseased environment. The ap-
plication of procedures like conventional scintigraphy, single
photon emission computed tomography (SPECT), hybrid
SPECT/CT and positron emission tomography computed
tomography (PET/CT) in the contemporary diagnostic are-
na justifies the need for an overview of the utility of nuclear
medicine in diagnostic dentistry.

The aim of this review is to acquaint the oral health care
professional with some commonly utilised nuclear medicine
techniques in the diagnosis of head and neck pathology to
facilitate enhanced multidisciplinary patient management.

Nuclear medicine is an independent medical speciality that
makes use of radioactive compounds (radiopharmaceuticals)
to diagnose and treat disease. Radiopharmaceuticals consist
of two chemically bound components, a radioisotope and
a tracer. The radioisotope undergoes radioactive decay
and is responsible for the diagnostic (photon emission) or
therapeutic (particle emission) effect. The tracer targets an
organ or metabolic process via a physiological mechanism.
In the presence of disease, the tracer will be bio-distributed
or metabolised differently. Following administration of the
radiopharmaceutical (usually via intravenous injection),
gamma rays are emitted from the targeted organ within the
patient and are detected by external detectors in the form
of gamma or PET cameras. This form of ‘emission imaging’
is advantageous as it allows for whole-body imaging from
a single radiation exposure, with the resultant ability to
detect clinically and/or radiologically occult loco-regional and
distant disease. Currently, hybrid or multimodality cameras
are typically installed in the form of SPECT/CT, PET/CT, and
more recently, PET/MRI. Post-acquisition, the anatomical
and physiological images are viewed independently and
superimposed as ‘fused’ multi-planar reconstructions. Hybrid
imaging provides the ‘best of both worlds’, combining the
high sensitivity of physiologic imaging with localisation and
tissue characterisation from the anatomical component.
Scintigraphy, SPECT, and PET are established physiological
imaging modalities that are principled on the bio-distribution,
normal  physiological uptake and pathophysiological
behaviour of specific radiopharmaceuticals.
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Figure 1: MRONJ - Serial lateral static images of the skull from the ®™Tc diphosphonate bone scan of a 61 year old female
with metastatic breast cancer being treated with intravenous bisphosphonate therapy (zoledronic acid). The scans demonstrate
progressively more intense and extensive abnormal uptake in the left mandible, found to be consistent with osteonecrosis.(Also
note the progressive metastatic disease in the left frontal bone and cervical vertebra).

Reference: Bhatt G, Bhatt A, Dragun AE, Li XF, Civelek AC. Bisphosphonate-related osteonecrosis of the jaw mimicking bone
metastasis. Case reports in oncological medicine. 2014 Jan 30;2014. Reproduced under Creative Commons Attribution (CCBY)

licencing.

Bone Scintigraphy

While CT and MRI have evolved as excellent tools for the
evaluation of bone pathology, bone scintigraphy continues to
be the second greatest volume nuclear imaging procedure.’
Characterised by time efficiency, reasonable affordability, wide
availability and high sensitivity, scintigraphy is an invaluable
diagnostic tool that offers the advantage of total body
examination, with a single radiation exposure to the patient.
Whole-body imaging facilitates the detection of clinically and/
or radiologically occult bony pathology. Scintigraphic images
are obtained following the intravenous administration of
technetium®™ (**"Tc) labelled diphosphonates.

The radiopharmaceutical circulates through the bloodstream
and is either incorporated into areas of active bone
metabolism or excreted via the urine. Approximately 2-6
hours after administration about half of the injected dose
is localised in the skeletal system.? The precise mechanism
by which the labelled diphosphonates are incorporated
into bone remains yet to be elucidated. Bone is continu-
ously remodelled through bone resorption (osteoclastic
activity) and bone deposition (osteoblastic activity).
Osteoblasts produce an osteoid matrix that is subsequently
mineralised with hydroxyapatite crystals. It is thought that
the radiolabelled diphosphonates chemisorb and bind to
hydroxyapatite crystals in proportion to local blood flow and
osteoblastic activity.

Characterised by rapid localisation to bone and a short
half-life the diphosphonates are therefore favourable
markers of bone turnover and bone perfusion.® Lesions can
be detected when there is a 5-10% change in bone turnover
and the diagnostic value of bone scintigraphy can thus be
appreciated when one considers that between 30-50%
of alteration to bone content is necessary for detection
on conventional radiographs.* The high sensitivity does

however come at the expense of specificity. Any pathology
invoking an osteoblastic response such as infection, inflam-
mation, primary or secondary tumours, metabolic bone
disease, or trauma will manifest as increased uptake on
a bone scan. Fortunately, in the vast majority of cases,
a definitive diagnosis can often be made based on a
clinical-pathological correlation. Image acquisition involves a
computed gamma camera that records the emitted gamma
rays and subsequently generates an image that is displayed
and processed on an advanced workstation. Normal scinti-
graphic findings are described as a symmetric distribution
of activity throughout the skeletal system in healthy adults.

Urinary bladder activity, faint renal activity, and minimal
soft-tissue activity are also normally present.? Areas
of increased bone metabolism are scintigraphically
demonstrated as areas of increased tracer uptake and are
referred to as “hot spots”. Decreased uptake, referred to
as “cold spots” are associated with metabolically inactive
bone, lack of osteogenesis, or an absent vascular supply.*
Bone-imaging techniques include standard bone scan
(whole body scanning), three-phase bone scan, SPECT and
SPECT/CT.4

The power of the bone scan as a diagnostic modality is
most widely appreciated in oncology where it is employed
in the detection of primary skeletal tumours and osseous
metastases, but other applications include the assessment
of bone grafts, acute infection, osteonecrosis of the
jaw and condylar hyperplasia. These applications are
discussed in more detail below. Malignant bone lesions
most frequently present scintigraphically as one or more
randomly distributed “hot spots”. The presence of multiple,
randomly distributed areas of increased uptake of varying
shape, size and intensity are highly suggestive of bone
metastases. While these “hot spots” are not specific, their
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location, intensity, and pattern of distribution are analysed to
exclude other causes such as traumatic injury and osteopo-
rosis. The success of osseointegrated dental implants
is largely dependent on the quality and amount of bone
available for osseous integration. Bone is often grafted to
support implants or to replace parts of the jaw marred
by periodontal disease, trauma, tumour infiltration, cystic
lesions, or congenital defects. Three-phase positive bone
scans have been shown to correlate with viable bone grafts
thus enhancing prognostication and planning.®

In unviolated bone, a three-phase bone scan has high
diagnostic accuracy for the detection of acute osteomyeli-
tis and is often positive days or weeks before any changes
may be appreciated on plain radiographs. However, in the
setting of any underlying bone pathology, the sensitivity of
the scan remains high, but the specificity becomes limited.*
In such cases, second-line infection imaging needs to be
performed. In current clinical practice, this involves the use
of radiolabelled autologous white blood cells (WBCs), the
rationale being that the bio-distribution of activated white
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cells can be imaged due to their active accumulation at sites
of infection or inflammation.

WBCs may be radiolabelled in vitro — white blood cells are
isolated from a sample of the patients’ blood and radiola-
belled under aseptic conditions, or targeted in vivo with
radiolabelled antibodies that bind to antigens expressed
by activated neutrophils. The use of regular bone scans as
routine investigations for disease progression makes the
bone scan an attractive predictive imaging tool for osteone-
crosis of the jaw which may be caused by infection, external
beam irradiation (osteoradionecrosis), or medication-related
(MRONUY).6

Osteoradionecrosis (ORN) is defined as irradiated bone that
fails to heal over a period of 3 months without evidence
of residual or recurrent tumour.” The incidence of ORN
is increasing in tandem with the rise in oropharyngeal
cancers. The mean time for the development of ORN
following irradiation ranges between 22 and 47 months.®
Biphosphonate induced osteonecrosis may remain

Figure 2: Lymphoscintigraphy - Sentinel Node Mapping: Lymphatic drainage to the neck is unilateral in a 55-year-old male patient
with a T1 primary tumour localized on the right side of the tongue (on the left) and bilateral in a 72-year old female patient with a T1
midline tongue carcinoma (on the right). Note that in both cases the sternocleidomastoid muscle, as depicted on volume rendering
and cross-sectional SPECT/CT, is an excellent landmark to anatomically refer the location of sentinel lymph nodes in relation to

lymphatic basin and surgical neck level
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Reference: Giammarile F, Schiling C, Gnanasegaran G, Bal C, Oyen WJ, Rubello D, Schwarz T, Tartaglione G, Miller RN, Paez
D, van Leeuwen FW. The EANM practical guidelines for sentinel lymph node localisation in oral cavity squamous cell carcinoma.
European journal of nuclear medicine and molecular imaging. 2019 Mar;46(3):623-37. Reproduced under Creative Commons
Attribution (CCBY) licencing.
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Figure 3: Diagram illustrating the process of acquiring a hybrid/multimodality PET/CT whole body scan. Diagram produced
utilising images from Servier Medical Art (smart.servier.com). Reproduced in compliance with a Creative Commons Attribution

(CCBY) license.
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Post-acquisition, the anatomical and physiological images are viewed
independently and superimposed as ‘fused’ multi-planar reconstructions.

Hybrid imaging provides the ‘best of both worlds’, combining the high sensitivity
of physiologicimaging (PET) with localisation and tissue characterisation from the

Following a 60 minute 'uptake’
period, the patient undergoes whole
body PET/CT imaging.

asymptomatic for many weeks or months. Bisphosphonates
are often used in conjunction with chemotherapy for the
treatment of hypercalcaemia associated with malignancy, lytic
bone metastasis, and multiple myeloma. Biphosphonates
are also frequently prescribed for osteoporosis.

Bisphosphonates bind to osteoclasts in areas of active
bone resorption to reduce osteoclastic recruitment;
longevity and activity. During the early stages of MRONJ,
areas of reduced uptake are consistent with the
decreased vascularity of diseased bone.

As the disease progresses, bone scintigraphy can show
areas of radionuclide uptake reflective of osteoblastic
hyperactivity in a subchondral location.® Scintigraphy
is thus proposed as a screening tool by some authors
to detect subclinical osteonecrosis in patients receiving
bisphosphonates (see figure 1).%19 Condylar hyperplasia
(CH) is a rare bone disorder that is characterised
by excessive growth of the condylar process of the
mandible. It is typically a unilateral disorder (UCH), with
resultant facial asymmetry, deformity, and malocclusion.
It usually presents predominantly in female patients
during adolescence. UCH is classified as a self-limit-
ing condition and is characterised by a stationary and
active phase. UCH is best managed during the stationary

phase to prevent further deformity and unnecessary
disruption of the TMJ. Functional imaging is uniquely
able to differentiate between the two phases based on
a qualitative and quantitative assessment of the uptake
on the affected side, which will be asymmetrically higher
during the active phase with a return to normal during the
stationary phase.

Lymphoscintigraphy and Sentinel Node Mapping
Nodal involvement is one of the most important prognostic
factors in head and neck cancer. Sentinel lymph node(s)
(SLN) refer to the first lymph node(s), in a lymph node
group, to receive lymphatic drainage and metastasis
from a tumour.

Functional imaging in the form of lymphoscintigraphy
utilising radiolabelled nano-particles can identify the SLN,
both preoperatively through imaging, and intraoperatively
by using a hand-held gamma probe. The aim of lympho-
scintigraphy is to ‘map’ or identify the SLN for intracperative
frozen section and pathological evaluation. If the SLN biopsy
is negative, the remaining nodes may not require routine
resection which reduces operative and anaesthetic time,
intra- and postoperative morbidity, and recovery times.
®mTc nanocolloid is injected around the tumour and will
be carried by lymph to a regional lymph node group and
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subsequently retained in the SLN. Regional imaging following
injection allows for the preoperative delineation of lymphatic
pathways and the SLN. SPECT/CT is particularly useful in
SLN mapping with the SPECT component providing the
high sensitivity for SLN detection and the CT allowing for
anatomical localisation of the lymph node (see figure 2).

PET

PET is principled on the use of positron-emitting radioiso-
topes. Following intravenous administration and subsequent
in-vivo localisation of a radiopharmaceutical, the PET
radioisotope undergoes radioactive decay and emits a
positron. The positron travels a short distance from the
point of decay and interacts with an electron in the orbit of
an atom in its path.

The positron and electron undergo an ‘annihilation reaction’
and produce two gamma photons that travel in opposite
directions, which are detected by a PET camera. PET
imaging has several inherent advantageous over SPECT.
Higher image resolution, sensitivity, and quantification
is achieved with PET because of higher energy gamma
photons, electronic (rather than physical collimation)
and the use of hybrid PET/CT and PET/MR scanners
which allow for attenuation correction. Hybrid scanners
also improve specificity through accurate localisation of
tracer accumulation, tissue characterisation, distinguish-
ing physiologic from pathologic uptake, and verifying a
suspicious finding on one modality by confirmation on the
other. Commonly utilised PET radioisotopes include "'C, *N,
50, '8F, 84Cu, 24, and 8Zr. These radioisotopes may be used
to label more organic compounds (such as glucose, amino
acids, neurotransmitters, DNA nucleosides, antibodies etc.),
which permit non-invasive, whole body molecular imaging of
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tumour biology. Molecular imaging has ensconced itself as
an essential tool in both the preclinical and clinical setting in
oncology, cardiology, neurology, neuroscience and pharma-
cology.However, the cost and availability of PET/CT remain a
challenge, particularly in resource-constrained environments.

Most clinical applications of PET employ the use of
flourineflourine'®-labeled flouro-2-deoxyglucose ("8F-FDG), a
radiolabelled glucose analogue.'" The uptake of "®F-FDG is
based on the ‘the Warburg effect’ - neoplastic cells do not
obey normal homeostatic control mechanisms that regulate
growth and metabolism, thus they consume large amounts
of glucose to fuel their growth and hypermetabolism.'?
8F-FDG PET/CT is now a key diagnostic tool in oncology,
including in (H&N) head and neck cancer (see figure 3).

Initial staging: (see figure 4) As with any cancer, accurate
initial staging plays a vital role in management and prognosti-
cation. While cross-sectional CT and MRI remain the primary
imaging modalities for tumour (T) staging, '®F-FDG PET/CT
plays animportant role in nodal (N) and metastatic disease (M)
evaluation, particularly in more advanced disease or tumours
with a high metastatic risk (such as naso- or hypopharyn-
geal tumours).”® Furthermore, PET/CT may be beneficial in
the setting of metallic artefacts caused by dental restorative
materials which may severely degrade the interpretability and
diagnostic localisation of CT."* The strength of PET/CT in N
and M staging lies in its ability to detect disease in normal-
sized organs (including lymph nodes), and routine whole
body scanning with the capability of detecting clinically and/
or radiologically occult distant disease. Accurate N staging
is especially important in oral cancer, as the presence
of metastatic spread to regional lymph nodes correlates
strongly with a poor overall prognosis, an increased risk of

Figure 4: 59 year old male with poorly differentiated squamous cell carcinoma of the right maxillary sinus. Pre-treatment
hybrid '®F FDG PET/CT demonstrated intense uptake in the primary tumour (blue arrow) with metastases to an ipsilateral

level Il cervical lymph node (red arrows).

Image: Courtesy of Dr A Gutta, Department of Nuclear Medicine, SMU Health Sciences University/Dr George Mukhari Academic
Hospital.
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Figure 5: Multi-planar images from the hybrid whole body ®F FDG PET/CT scan of a 72 year old male with a background
history of squamous cell carcinoma of the left tonsil. The study was performed 2 years post-surgery and chemoradiation
and demonstrated intense uptake in multiple thoracic inlet and mediastinal lymph nodes consistent with metabolically active

recurrent disease.
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Image: Courtesy of Dr A Gutta, Department of Nuclear Medicine, SMU Health Sciences University/Dr George Mukhari Academic

Hospital.

distant metastasis and a reduction in 5-year survival rates by
approximately 50%.141°

Detection of synchronous cancers:"®F-FDG PET/CT is more
accurate than than conventional imaging in the detection of
second primary malignancies and should be considered in
selected cases where conventional imaging is negative or
equivocal.'®”

Detection of recurrence: It may be difficult to differenti-
ate between post-treatment anatomical changes (such as
filbrosis or necrosis) and residual and/or recurrent tumour
on conventional imaging. ®F-FDG PET/CT imaging relies
on a metabolic signal from viable tumour cells. It is therefore
reported to be more accurate than anatomical imaging in this
setting, especially if conventional modalities are equivocal.®1°

Radiotherapy planning: Imaging plays an increasingly
important role in radiotherapy planning. There is a growing
body of evidence that advocates for the use of '®F-FDG PET/

CT to more precisely define tumour volumes, especially in
intensity-modulated radiotherapy, where accurate delineation
of disease is critical.?>?® Metabolic data from the PET/CT
facilitates the determination of a biological target volume.
Modulated therapy can be applied in accordance with
metabolic activity within the target volume.?*

Therapy response evaluation: Accurate assessment
of treatment response is essential in the management of
patients with H&N cancer. Treatment-associated oedema,
hyperaemia, scarring, and the loss of facial planes may make
it difficult to differentiate between residual and/or recurrent
disease and post-therapy changes on conventional CT
or MRI.2 Conventional imaging relies on size as the most
important criterion for response assessment. Limitations
in using size include inaccurate response assessment in
the setting of residual tumour necrosis and/or fibrosis.
Conversely, metabolic response to therapy may be assessed
using '8F-FDG PET/CT, where cellular viability is determined
from a metabolic signal that is independent of size.
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Table I: Summary of Nuclear Medicine imaging modalities, their radiopharmaceutical agents and clinical utility

Bone Scintigraphy
. Metastic work up (osseous)

9mTe diphosphonates . Bone graft viability
99m ° iti
Comvntiona Soinrapny #1107 oo
grjrt):ludmg SPECT & SPECT/ . Condylar hyperplasia (unilateral)
Radiolabelled WBCs . - .
(white blood cells) Infection & Inflammation imaging
Lymphoscintigaraphy (**"Tc nanocolloid) Mapping & Radio-guided biopsy of the Sentinel Node
Head and Neck cancer
° Staging (esp. N and M)
° Detection of synchronous cancers
Positron emitting radiopharmaceuticals (most L] Detection of recurrence
PET/CT commonly, '®F-FDG, a radiolabelled glucose . Radiotherapy planning
analogue) L] Therapy response evaluation
° Prognostication
° Evaluation of Carcinoma of Unknown Origin (CUP)
. Determining optimal site of biopsy

Prognostic value: A meta-analysis assessing the effective-
ness of intra- and post-therapy FDG PET/CT in predicting
long-term survival outcomes in patients treated for H&N
squamous cell carcinoma found that interim and post-ther-
apy PET/CT could accurately predict the risk of death or
disease progression after two years and three to five years,
respectively.?®

Detection of recurrence / follow-up: (see figure 5) In
patients with H&N squamous cell carcinoma, early and
accurate post-therapy diagnosis of recurrence offers the
best opportunities for salvage treatment and prognostic
prediction. Due to its ability to detect local, regional nodal
and distant recurrence, FDG PET/CT is a useful modality
for follow-up in these patients.®27-28 High cost and limited
availability restrict the routine use of PET/CT in this setting,
but the study should be considered in patients with a high
clinical suspicion in whom conventional imaging is negative
or equivocal.

Carcinoma of Unknown Primary (CUP): Despite
extensive clinical examination, pan-endoscopy, CT and
MRI, the primary tumour may not be detected in 5-10%
of patients who present with cervical nodal squamous
cell cancer metastases. PET/CT offers an additional 25%
detection rate when compared to conventional workup.?®
Lesion detection may be complicated in small volume
disease in the primary tumour, normal biodistribution of
FDG in the H&N and some tumours have inherently low
FDG uptake.®°

PET/MRI

Hybrid PET/MRI is now approved and commercially
available, although current installations are limited due to
the high cost and complicated installation. Early studies
suggest that PET/MRI performs as well as PET/CT in the
staging and restaging of H&N cancer and in radiation
therapy planning. The MRI component has the advantages
of high spatial resolution and soft tissue characterisation,
which may assist in therapy planning, coupled with no
ionising radiation, which reduces the radiation burden to
the patient.3"%2

CONCLUSION

Bone scintigraphy, lymphoscintigraphy, SPECT and PET
are but a few of the physiological imaging modalities that
serve the fundamental purposes of detection, characterisa-

tion, and potential staging of disease. Each modality plays
a specific role in the diagnostic arena and is best appreciat-
ed as a diagnostic tool that is selected to best complement
other clinical and laboratory findings. South African public
health sector patients often present at initial consultation
with advanced disease that is often complicated by infec-
tive  conditions. Within this resource and financially con-
strained sector it becomes imperative that oral health care
practitioners appreciate the value of appropriate advanced
imaging to facilitate cost-effective and efficient treatment.
Accurate interpretation of advanced imaging studies re-
quires additional expertise to recognise both normal and
abnormal processes in a somewhat larger field of view than
in traditional dental imaging systems.®® In light of
advancing diagnostic and treatment methodologies and
the interdisciplinary management of patients, it is essential
that the dental professional appreciates the applicability of
nuclear medicine within his scope of practice.
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