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Preface

This book covers all aspects of nuclear medicine production of radionuclides and their uses
for diagnosis, treatment, and instrumentation. Nuclear medicine is a powerful translational
tool in the basic sciences, such as biology, in drug discovery, and in preclinical medicine. Im-
provements in nuclear medicine are motivated by progress in this multidisciplinary science,
which includes physics, chemistry, computing, mathematics, pharmacology, and biology.
The book has been written for undergraduate and postgraduate students of medical physics
who want to make the foundation of knowledge in this field stronger. It also serves as a re-
source for interested readers from other disciplines, for example, clinicians, radiochemists,
and medical technologists who would like to familiarize themselves with the basic concepts
and practice of nuclear medicine physics. This book addresses an urgent need for a compre-
hensive, contemporary text on the physics of nuclear medicine and aims to fill the knowledge
gap between the available research concerning nuclear medicine and basic medical physics.
The physics of nuclear medicine is explained in detail and, wherever possible, the physical
interpretations are explained. The book’s clarity, in terms of research, and completeness make
it suitable for self-learning and for self-paced objectives. Here is a quick run-through of the
basics: In the introductory chapter, we explain the discussion of nuclear medicine that in-
volves the administration of trace quantities of radionuclides used to provide diagnostic in-
formation in a diverse range of diseases. The second chapter incorporates radiation therapy in
metastatic neuroblastoma. The role of radiotherapy as a palliative modality in patients with
advanced neuroblastoma provides better symptomatic relief. The third chapter covers low-
dose radiation-induced effects on white blood cell counts in guinea pigs. The fourth chapter
addresses the positron emission tomography (PET) radiopharmaceuticals listed in the US
Pharmacopeia (USP) or European Pharmacopeia (EP). PET radiopharmaceuticals listed in
monographs of the latest USP and/or EP are included in this chapter. The fifth chapter tackles
radiation protection in the routine practice of both diagnostic and therapeutic applications in
nuclear medicine, including PET, diagnostic facility design, and safety aspects of common
radionuclides used in clinics. The last chapter presents the development of diagnostic refer-
ence levels of standard doses in nuclear medicine.

Dr. Aamir Shahzad

Assistant Professor

Molecular Modeling and Simulation Laboratory
Department of Physics

Government College University Faisalabad
Pakistan






Chapter 1

Introductory Chapter: Role of Nuclear Medicine in
Medical Science

Aamir Shahzad
Additional information is available at the end of the chapter
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1. Introduction

The science of nuclear medicine (NM) involves the administration of trace quantities of radio-
nuclide’s that are used to provide diagnostic information in a diverse range of diseases. In its
most basic form, a NM study comprises of injecting a radiopharmaceutical, a combination of
specific pharmaceutical tagged with a gamma-ray-emitting radioactive tracer into the body.
There are a number of pharmaceutical available which are used for specific organ imaging. It
function is to carry gamma emitting radioisotope into a specific organ. When the radionuclide
decays, gamma rays photons are emitted. The energy of these gamma photons is such that
a large number of photons are exited from the body without being scattered or attenuated.
These photons are later detected by a position-sensitive instruments called gamma camera
or scintillation camera and form an image of the distribution of the radionuclide, and hence
the compound to which it was attached. There are two classes of nuclear medicine imag-
ing: single photon emission tomography which is essentially a single photon imaging and
positron imaging. Single photon imaging usually comprises of either taking a planar image
or a series of planar images around the body. A planar image is picture of radionuclide dis-
tribution in the patient from one angle. This results in an image having insufficient depth
information, but which can still be diagnostically useful. In order to get depth information,
data from various views are collected around the patient. This allows cross-sectional images
of the distribution of the radionuclide which was later reconstructed employing specialized
soft ware’s (these software’s use highly sophisticated algorithms), thus providing the depth
information missing from planar imaging. Positron imaging uses radionuclide that decay by
positron emission. The emitted positron usually has a very short lifetime and produces two
high-energy photons after interacting with its counterpart electron. The two simultaneously
emitted gamma photons having energies of 511 KeV subsequently are detected by an imaging

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIEN
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camera. Once again, topographic images are formed by collecting information from different
angles around the patient, resulting in PET images; however detectors remain stationary and
do not move around the patient as it happens in SPECT study. A list of physical properties of
different types of scintillator used in nuclear medicine is described in Table 1. It is clear from
the table the GSO and LSO are quite fast materials with the decay time of 60 ns and 40 ns and
are most suitable for PET time of flight measurements. However, Nal (Tl) detectors are more
sensitive and give strong output per unit absorption of energy.

Although the amount of radioactive tracers injected into the patient is very small, however,
smaller quantities carry risk and therefore assessment of absorbed dose to the organs and
whole body become essential. Considerable work has been done internationally so far on the
assessment of dose to remnant thyroid tissue and whole body. A high level of radioactivity
is usually prescribed in routine to ablate thyroid tissue, therefore, its accurate quantification
as well as safety of radiation technologists is a must. Different methods of measuring activity
while in shielding were proposed to reduce the extra radiation burden to allied radiation
staff. Before giving therapeutic radioiodine, uptake in the thyroid tissue is determined using
uptake system that provides an estimation of the remnant thyroid mass. The uptake value is
a value that can be reproduced with great accuracy and same will also be made sure that the
uptake value is reproducible. Currently the clinical practice of administering radioactivity to
treat Differentiated Thyroid Cancer (DTC) varies widely from hospital to hospital and ranges
from 1110 to 3700 MBq or even more. This increase in activity although does not confer any
therapeutic benefits to the patients. The corresponding absorbed dose to thyroid mass also
varies widely from (13-1161) Gy depending on the mass of the remnant thyroid tissue, dose
rate and the absorbed cumulated activity. The whole body receives, in this case, an absorbed
dose of 0.12-0.23 Gy. Since the radioiodine is a non-specific agent, it also deposits in other
parts of the body giving unnecessary radiation dose for example breast, liver, etc. This is
particular of important for lactating women. The empirically determined activity without any
apparent correlation between absorbed dose and activity depends solely on the experience of
the individual groups and can varies by an order of magnitude from the standard practice.
High success of non-scientific approach was reported, however, 15% of patients with high-risk
DTC have significantly reduced life expectancy even after getting treatment using conven-
tional approach of fixed amount of administered activity. The fixed-activity approach without
assessing pretherapeutic lesion absorbed dose and toxicity assessment generally results in
administration of low amount of therapeutic radiodine as compared to with absorbed dose
assessment. In this era of personalized and precision medicine, individualized approach to
treatment will bring more patient benefits and improve life expectancy. The quantity of activ-
ity should be given to patient that is right and as high as safely achievable (AHASA) [1-5].

2. Conclusions

Diagnostic reference levels (DRLs) and achievable doses (ADs), a form of investigation
levels, represent an important tool in medical imaging as optimizing the radiation dose
delivered to patients. It is essential to ensure that the appropriate clinical information is
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available in the image throughout the optimization process. In order to implement optimi-
zation process, both patient dose and clinical utility must be taken into account depending
on image quality.
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Chapter 2

Radiation Therapy in Metastatic Neuroblastoma

Meenu Gupta and Anupam Dhasmana

Additional information is available at the end of the chapter
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Abstract

Neuroblastoma is the commonest extracranial solid tumor in children, and metastasis at
presentation is seen in more than 50% of cases. The role of radiotherapy as a palliative
modality in patients with advanced neuroblastoma provides better symptomatic relief.
Palliative radiotherapy dose schedules can be given either in single hypofractionation
from 4 to 8 Gy or fractionated radiotherapy that can range from 21 to 30.6 Gy. Dose-
response relationship trend has been reported in the palliative setting of bone metasta-
sis. Because of the proximity of tumor to critical organs, serious adverse effects can be
avoided with conformal techniques. Although currently there is limited data available,
new treatments with particle therapies are undergoing clinical evaluation and may offer
new hope for good quality of life in these patients.

Keywords: neuroblastoma, radiotherapy, palliative, metastasis, dose

1. Introduction

Rudolf Virchow, a German physician, was the first person who described neuroblastoma
in 1864. Through his research he called the tumors found in the abdomens of children as
gliomas. In 1910, James Homer Wright made great efforts to map the origin and development
of tumor cells, and he named the tumors neuroblasts, as “blastoma” refers to a collection of
immature, undifferentiated cells [1]. His meticulous study showed that these tumors origi-
nated from an immature, primitive form of neural cell. The term neuro denotes to “nerves,”
while blastoma denotes to a “cancer that affects immature or developing cells.” Neuroblasts
which are formed during embryonic stages develop normally once fetus matures after birth.
Sometimes due to uncontrolled cell divisions, they become cancerous, causing neuroblas-
toma (Figure 1).

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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Figure 1.Primordial neural crest cells which develop into the adrenal medulla and sympathetic ganglia during
specification and differentiation that lead to formation of neuroblastoma. Adrenal gland is the most common site of
origin, but sympathetic nervous system chain from the neck to the pelvis can be other common site of origin.
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Adrenal Medulla
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2. Epidemiology

This set of tumors is considered almost exclusively a disease of pediatric population. Neuro-
blastoma is the most common solid extracranial tumor, accounting for third most common child-
hood cancer, after leukemia and brain tumors. Neuroblastoma accounts for approximately 15%
of all pediatric cancer fatalities with almost 600 new cases are diagnosed in the United States each
year. White race infants displayed more incidence of neuroblastoma than black infants (ratio of
1.7:1 for male and 1.9:1 for females), but little of any racial difference is apparent among older
children. Males have higher incidence rate relative to females (male-to-female ratio of 1.3:1) [2].
Neuroblastoma is thought to occur sporadically, with 1-2% of cases are familial [3].

3. Clinical presentation

Patients with neuroblastoma present with a combination of signs and symptoms which are
nonspecific and are variable. They depend on site of tumor, size, degree of metastatic spread,
and catecholamine secretion.

3.1. Primary disease

Neuroblastomas in the abdomen are the most common form that arises in 65% of cases,
approximately 50% arises from the adrenal glands (adrenal neuroblastoma), and one-third
are from paravertebral ganglion (extra-adrenal neuroblastoma). Abdominal mass which is
asymptomatic may be an incidental finding which is usually detected by parents [4].

Symptoms are abdominal pain or fullness and abdominal mass which is usually firm and fixed.
Characteristic nodularity of abdominal neuroblastomas is similar to palpating a bag of potatoes
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which differentiates it from a nephroblastoma. In some cases, enlarged liver, spleen, and
intestinal obstruction may be seen. Rarely, scrotal and lower extremity edema results from
the compression of venous and lymphatic drainage of the lower extremities due to size of
primary or metastatic abdominal tumors. Renin-mediated hypertension is because of com-
promised renal vasculature. Epinephrine is rarely released from most neuroblastomas due
to deficiency of enzyme necessary for synthesis. So hypertension, tachycardia, flushing, and
sweating are uncommon symptoms. Hypertension and opsomyoclonus detected in less than
2% are part of paraneoplastic syndromes [5].

3.2. Metastatic disease

More than 50% of patients present with metastatic disease. Neuroblastoma is associated with
lymphatic and hematogenous spread. Common hematogenous metastatic sites are the bone
marrow (70.5%), bones (skull, long bones, ribs, vertebrae, 55.7%), liver (29.6%), and skin and
rarely the brain or lungs. Thirty-five percent of patients had regional lymph node metastases
with localized tumors [6].

3.2.1. Signs and symptoms of metastasis

Long bone involvement causes pain and limping with increasing risk of pathological frac-
tures which is known as Hutchinson syndrome. Periorbital ecchymoses, swelling, and
proptosis (raccoon eyes) occur due to sphenoid bone and retrobulbar tissue involvement.
Painless proptosis, periorbital edema, and ecchymosis of the upper lid are akin with trauma
or child abuse. Irritable and fussy infant needs attention. Bone marrow involvement may
result in pancytopenia. Huge involvement of the liver in metastatic condition is common in
infants with stage Ms/4S and may cause Pepper syndrome (PS), which induces the respiratory
distress, quoted by W. Pepper [7]. PS was recognized as a localized primary tumor and meta-
static condition restricted to the skin, bone marrow, and liver in infants. PS is usually known
for better prognosis, as it is linked with spontaneous regression of disease. Some infants with
stage 4S neuroblastoma die of massive hepatomegaly, respiratory failure, and overwhelm-
ing sepsis. Non-tender, bluish, and mobile skin and subcutaneous nodules are because of
metastasis to these sites. This is known as “blueberry muffin sign.” These nodules become

Spinal Cord

Figure 2. Spinal cord compression by vertebral body metastasis and extension of tumor posteriorly into the epidural space.
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prominently red once provoked and thereafter blanch for some minutes, due to release of
vasoconstrictive metabolic products. These nodules can be diagnostic of neuroblastoma and
should be differentiated from metastatic skin leukemic infiltrates.

Paraspinal tumors in the thoracic, abdominal, and pelvic regions often present with spinal
cord compression due to spinal canal invasion through the neural foramina causing symp-
toms related to compression of nerve roots and spinal cord. There may be subacute or acute
paraplegia, bladder or bowel dysfunction, or less commonly radicular pain. Cervical neuro-
blastoma may present as Horner’s syndrome [8] (Figure 2).

4. Prognosis according to MYCN amplification status

In infants, MYCN (neuroblastoma-derived, v-myc avian myelocytomatosis viral related
oncogene) amplification and unfavorable Shimada histopathology correlated with increased
frequencies of bone and intracranial or orbital metastases. In geriatric patients, MYCN ampli-
fication is associated with increased risk of intracranial or orbital and lung and liver metasta-
ses [6]. MYCN amplification status defines response rate to palliative radiotherapy. Median
overall survival time is increased in patients without amplification. A French study showed
response rate to palliative RT according to MYCN status was 47.6% in patients with amplified
MYCN vs. 75.7% in patient without amplification of MYCN (p = 0.04) [6, 9].

5. Investigation

Medical history including family history and physical examination is needed before proceed-
ing for any investigations.

¢ Laboratory studies: urine examination for catecholamine homovanillic acid (HVA) and
vanillylmandelic acid (VMA)

* Imaging: abdominal ultrasound and computed tomography/MRI (calcification on imaging
is a favorable sign)

* MIBG (metaiodobenzylguanidine) scan, bone scan, and positron emission tomography
(PET) scan

¢ Biopsies and bilateral bone marrow biopsy

6. Staging

Most commonly used system is the International Neuroblastoma Staging System (INSS)
based on clinical, radiographic, and surgical findings (see Figure 3).
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Figure 3. The International Neuroblastoma Staging System (INSS) [10, 11].
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Figure 4. Showing the International Neuroblastoma Staging System (INRGSS) [10, 11].

Later, the International Neuroblastoma Risk Group Staging System (INRGSS) and Inter-
national Neuroblastoma Risk Group Consensus Pretreatment Classification are released.
INRGSS is using pretreatment tumor imaging rather than extent of surgical resection [10].
The INRGSS is explained in Figure 4.

7. Management

1. Forstageland Il disease, the treatment is complete removal of both the primary tumor and
its adjacent involved lymph nodes. Cytoreductive removal of the maximum tumor burden
can be done in more advanced stage with expertise of oncosurgeons.

2. Surgical resection is not recommended in stage 45 disease where the neuroblastoma is
prone to spontaneous regression.

3. Multidisciplinary approach with surgery, chemotherapy, and irradiation is a key for neuro-
blastoma treatment depending on patient age, disease stage, response to therapy, and tumor
relapse. Local control, metastatic control, and the prevention of relapse are the goal of treatment
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7.1. Radiotherapy

In high-risk neuroblastoma, radiation therapy (RT) can be recommended both to the primary
site and to sites of metastatic disease as part of consolidative therapy. RT also plays an integral
part in the palliation of symptoms from metastatic disease. RT can be used to treat emergen-
cies such as:

¢ Cord compression

* Tracheal compression

¢ Expanding retro-orbital tumor
¢ Imminent bone fracture

¢ Rapidly enlarging liver
7.1.1. Radiation therapy techniques

7.1.1.1. Three-dimensional conformal radiation therapy

Three-dimensional conformal radiation therapy (3DCRT) is considered the gold standard
practice to treat metastases. Conformal dose distribution to the target volume and dose reduc-
tion to the surrounding normal tissues is achieved by 3DCRT. In 3DCRT planning, after mak-
ing the patient comfortable and in reproducible position, adequate immobilization is done by
immobilization devices. Three-dimensional anatomic information is obtained on CT simula-
tor or MRIL Three-dimensional conformal plans are generated to deliver high doses within
the tumor which is the target and spare the adjacent normal structures at the same time. In
the case of vertebral metastasis, radiation portals should include the involved vertebral body
(and the soft tissue if involved by the tumor), plus a vertebral body below and above. Patients
can be treated in either supine or prone position. If bony metastatic sites are very painful and
there is difficulty in prone position, patient can be made comfortable in supine position, and
this is also an acceptable reproducible position. A three-dimensional plan composed of one
anteroposterior field and two posterior oblique wedged field is illustrated in Figure 5. The
dose prescribed is 20 Gy at 4 Gy per fraction. Hypofractionated radiotherapy is minimally
toxic and time efficient for palliation purpose.

7.1.2. Treatment volumes

Delineation of target volumes is done by CT-based planning. The gross tumor volume of the
primary (GTVp) should include post-induction chemotherapy and presurgical disease. For
abdominal primaries, the clinical target volume (CTVp) included the para-aortic lymph nodes
in addition to the GTVp. Setup uncertainties are reduced by the generation of planning target
volume (PTVp) through expansion of the CTVp approximately 0.5-1.0 cm. For metastatic sites
irradiation, the GTVm consisted of the residual metastatic tumor (following induction chemo-
therapy) as defined by MIBG, CT, or MRI. An additional 1.0-1.5 cm CTVm margin for micro-
scopic disease followed by a 0.5-1.0 cm PTVm margin will account for setup uncertainties.
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Figure 5. Isodose distribution for three-dimensional conformal radiotherapy (3DCRT) to vertebra.

The 6MV photon energy is delivered by linear accelerator. Wedges and compensators are
used to make the dose distribution more uniform. Whole PTV should be included within
the 95% isodose surface. Not >10% of the PTV should achieve >110% of the prescription dose
(evaluated by DVH) [12].

If dose prescription is 21.6 or 36 Gy, then constraints defined by ANBL0532 AOR are the
contralateral kidney in which V12 should be <20% and V8 < 50% and the liver in which V9
should be <50% and <25% to receive 18 Gy. With these conservative doses, Kandula et al. did
not observed any hepatic or renal toxicity [12].

When treating a child with intensity-modulated radiotherapy (IMRT) techniques, the theo-
retical increase in secondary malignancies should be considered. For volumes exposed to
low-dose RT, IMRT significantly increased the normal tissue volume receiving 50% or less of
the prescribed dose for the volumes exposed to low-dose RT. The decision to irradiate a meta-
static site should be made by the treating physician depending upon the evaluation based on
post-induction response and posttransplant or preradiotherapy imaging.

7.1.3. Radiotherapy doses

Most of the studies recommend that the median RT dose to the primary site is 21.6 Gy (range
21.0-30.6 Gy). Metastatic sites can be irradiated concurrently with the primary site [13]. The
median RT dose recommended to metastatic sites is 21.6 Gy (range 21.0-30.6 Gy) in 12 frac-
tions [12]. Casey et al. reviewed results of RT to metastatic sites as a part of consolidative
therapy at a single institution between 2000 and 2015. Among 159 patients, 229 metastases
were irradiated. Median dose of 21 Gy (10.5-36 Gy) was given to 90% of irradiated metastasis.
Out of 229 irradiated metastasis, 35(15%) had tumor recurrence. These irradiated metastatic
sites had 81.3% 5-year local control. There was no difference in local control as far as number
of metastatic sites is irradiated. Also the site of metastatic bone versus soft tissue irradiation
had no impact on local control, but there was improved overall survival (OS) 59.5% seen in

13
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cases who were controlled at metastatic site than those patients whose disease was persistent,
and OS in these patients was 18.3% with p = 0.0003 [14].

7.1.3.1. Response rate in palliative radiotherapy

RT is effective in controlling metastatic deposits and in decreasing symptoms due to meta-
static disease, with a response rate of 65.2% observed in various studies. Response rates varied
with the type of metastases: 84.2% in soft tissue metastases and 63.2% in bone metastases [9].

7.1.4. Bone metastases

There are many established fears about the long-term impact of RT in children like growth
disturbances or other skeletal abnormalities after irradiation of the musculoskeletal system.
Radiotherapy is performed primarily in these patients with incurable or metastatic disease
to relieve pain, definitely control a bone affected from metastases, and prevent pathologic
fractures as well as spinal cord compression.

7.1.4.1. Radiotherapy doses for bone metastasis

Dose schedule ranges from 6 to 40 Gy [9]. Fraction regimens can be given from 1.8 to 4 Gy
per fraction. The most commonly irradiated sites reported are the lower limb (34%) and spine
(29%). An overall response rate of 65-77% is reported in various studies [9, 15, 16]. The Institut
Curie, Paris, France, published a series of 23 children with neuroblastoma treated for 38 bony
metastatic sites with doses ranging from 6 to 40 Gy. A trend toward improved response with
higher doses was seen (Tables 1 and 2) [9].

7.1.5. Soft tissue metastasis

In soft tissue metastasis, mediastinum, supraclavicular, cervical, axillary, abdominal, and
orbital sites are often involved.

7.1.5.1. Fractionation schedule

The optimal fractionation schedule is still an unresolved issue. Doses can be given as 20 Gy,
with a range from 8 to 36 Gy [9]. Various fraction regimens, including 1.5-4 Gy per fraction,
can be given in palliative setting. Figure 6(a and b) illustrates 3DCRT radiotherapy treatment
of olfactory neuroblastoma with extension into maxillary sinus, ethmoid, orbital, and neck
nodes metastasis.

Total dose Response p Value
<20 Gy 50% 0.088
>20 Gy 81.2%

Table 1. Response to radiotherapy according to dose delivered for bone metastases.
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Myc status Good response P value
Myc amplified 26% 0.70
Myc nonamplified 56.5%

Table 2. Response to radiotherapy in 23 patients with bone metastasis according to MYCN status.

Figure 6. (a and b) Isodose distribution for three-dimensional conformal radiotherapy (3DCRT) to the nose, orbit, right
maxilla (Figure 6a), and ipsilateral neck (Figure 6b) with wedge for homogenous dose distribution. Blue represents 95%
of the isodose line.

7.1.6. Radiotherapy for hepatomegaly (stage 45)

Massive hepatomegaly causes respiratory distress. To prevent respiratory compromise, the
liver is irradiated for symptomatic stage 4S disease. Doses can be given as 450-600 cGy in
2—4 fractions (450 cGy in 3 fractions, 1.5 Gy/fraction) [15]. Target volume can be treated by
opposed lateral fields to avoid renal and ovarian exposure.

7.1.6.1. Radiotherapy borders

Radiotherapy box field should be gridded as anterior border 2 cm anterior to the liver, pos-
terior border should be anterior to vertebral body, superior border 2 cm superior to the liver,
and inferior border gridded at superior iliac crest to avoid ovarian exposure.

Although very rare but one study reported by Paulino showed survival of one patient stage
4S neuroblastoma with liver metastases who was alive 13 years after hepatic irradiation [15].

7.1.7. Intracranial metastasis of neuroblastoma (IMN)

CNS lesions are defined as leptomeningeal disease or metastatic deposits in the CNS paren-
chyma. Patients with radiographic evidence of bone involvement or with intracranial extension
from the epidural, dura, or skull are not classified with CNS neuroblastoma. Patients who expe-
rience a disease recurrence incidence of leptomeningeal or CNS parenchymal disease range
from 1 to 16%. The overall incidence rate for newly diagnosed patients is approximately 6.3%.
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The incidence rate is >10% in cases who are treated with recent intensive chemotherapy and
immunotherapy (N6 and N7, with which the expected cure rate is >38%) [17].

Symptoms of CNS involvement are listed in Box 1. Patients with neurologic symptoms
should undergo physical examination and further neuroimaging with head/orbit CT and/or
MRI scans. MIBG scan is not a reliable indicator of CNS disease as false-negative MIBG scans
appear to be common for patients with CNS lesions. This is due to difficulty in discriminating
CNS lesions from skull lesions without SPECT images.

* Headaches

¢ Nausea and emesis

® Seizures

* Motor weakness and paralysis
* Extremity or back pain

* Change in consciousness

* Cranial nerve symptoms

e Fever

Box 1. Clinical features of patients with central nervous system involvement.

7.1.7.1. Genetic associations in brain metastasis

Neuroblastoma tumors that exhibited MYCN amplification correlate with high-risk disease
and poor prognosis as they developed CNS recurrence.

7.1.7.2. External beam radiotherapy in CNS metastasis

Prognosis is very poor even if multimodality treatment is given. Multiple brain metastasis
can be treated by whole brain radiotherapy. In patients with oligometastasis in the brain,
literature suggested that stereotactic radiosurgery (SRS) confers survival benefit [18].

7.1.8. Gamma knife radiosurgery

Nathan C. Rowland et al. described in literature two cases of the application of SRS to high-risk,
recurrent IMN. Leksell Gamma Knife model 4C using Leksell GammaPlan 4C treatment plan-
ning software was used for radiotherapy. First patient 5-year-old male was treated case of neu-
roblastoma whose brain magnetic resonance imaging (MRI) showed a 4.0 x 3.3 cm mass in the
right parietal lobe with a small amount of surrounding edema and midline shift. The dose pre-
scription was 27.7 Gy to 47% isodose line. The 18 mm and 14 mm collimating helmets were used
in 18 targets. Target volume was 29.2 cc and 100% target coverage was by prescribed isodose
line. Conformity index of 1.34 was achieved. Radiological follow-up at 2 and 4 months revealed
stable reduction of disease. Patient again received chemotherapy and 21.6 Gy dose given to
craniospinal axis. Three-month post-radiotherapy intra-ommaya therapy along with complete
surgical excision of mass was given. CNS relapse occurred 15 months after radiotherapy and
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patient gave up to disease. The second case was 2 Ys-year-old male treated case of neuroblas-
toma which showed solid mass in the left parieto-occipital lobe measuring 1.8 x 1.0 cm with a
small anterior cystic component. Stereotactic biopsy of the intracranial mass diagnosed the neu-
roblastoma. A dose of 14 Gy was prescribed to the 50% isodose line and this was administered
to five targets. The 18 mm collimating helmet was utilized. Although radiological follow-up at 2
and 3 months showed reduction in size of initial parieto-occipital lesion, 4-month follow-up CT
scan showed slight progression in size of metastatic lesion with vasogenic edema. Finally after
CNS relapse which occurred 7 ¥2-month post-radiotherapy, patient died of disease. Stereotactic
radiosurgery is an acceptable palliative method in the treatment of IMN [19].

7.1.9. Proton beam therapy

Proton beam therapy (PBT) is a good alternative to photon therapy for pediatric patients
where post-radiotherapy side effects are concerned. PBT delivers radiation within a defined
radiation track length, with virtually no dose beyond the intended target due to Bragg peak
(Figures 7 and 8). Proton beam provides superior target volume coverage and greater dose
reductions for normal tissues or organs at risk by a factor of 1.5-3.0 than photon beam. This
is due to additional benefit of no exit dose and low entrance dose [20]. Proton beam is consid-
ered safe for neuroblastoma pediatric patients with minimal risk of secondary cancer which
is slightly higher with intensity-modulated radiotherapy (IMRT) due to peripheral doses. As
discussed earlier, doses in path of proton beam are very minimal. There is homogenous dose
distribution with large volume of neuroblastoma with less number of ports than IMRT [21].

7.1.10. Procedure

Before treatment, CT images for PBT planning are to be obtained at intervals of 2-5 mm in the
treatment position. The interval depends on the age, height, and treatment site of the patient.
The gross tumor volume (GTV) is defined as the tumor volume before PBT for a recurrent
tumor. The clinical target volume (CTV) is defined as the GTV plus a 1.5 cm margin, and the
PTV is defined as the CTV plus a 0.5-0.7 cm margin. Toxicity and treatment effect should be

100 200 300 mim

Figure 7. Bragg peak of proton is very sharp.


http://dx.doi.org/10.5772/intechopen.80892

18 Nuclear Medicine Physics

Figure 8. Sharp reduction of dose to brain tissue by proton irradiation.
balanced in determining the CTV. Sedatives can be administered for planning CT and treat-
ment in pediatric patients.

The photon equivalent dose (GyE) = [Physical Dose (Gy)] x [Relative Biological Effectiveness
of the proton beam]. This is assigned with a value of 1.1.

The PBT doses usually administered from 19.8 to 45.5 GyE (median: 30.6 GyE) [21].

8. Summary

* Radiotherapy can be considered to primary site or residual MIBG-positive metastatic site.
¢ Palliative radiotherapy is given on individual case to case basis.

* Abdominal and pelvic sites are commonly treated with AP fields or 3DCRT techniques.
Plans should be with the use of multileaf collimators (MLC).

* Dose: 21.6 Gy in 12 fractions (1.8 Gy per fraction).

* GTV (primary tumor volume) = pre-surgery CT/MIGB scans.

¢ Bone metastatic site = volume positive on MIGB/bone scan after induction chemo.
e PTV=CGTV+2cm.

Dose constraints for liver normal parenchyma are V9 Gy <50% and V18 Gy <25%; contralat-
eral kidney constraints are V8 Gy <50% and V12 Gy <20%.
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Abstract

Exposure to ionizing radiation is known to affect some hematological parameters of biolog-
ical sample. This study was aimed at evaluating the effect of ionizing radiation within the
diagnostic range on some hematological parameters in guinea pigs. Thirty six (36) appar-
ently healthy adult guinea pigs of both sexes weighing between 700 and 1200 g were used.
The guinea pigs were categorized in to three groups, 12 per group; group A (control), group
B, and C were exposed to X-rays within the diagnostic range, using 70 kV and 12.5mAs;
using X-ray machine MS-185, serial no. 0904 GE at a source to skin distance (SSD) of 90 cm.
Blood samples were collected from all the guinea pigs at intervals of 1, 24, 72, 168 and
336 hours post-irradiation, and subjected to standard hematological analysis. A continuous
decline in the mean total white blood cell count and mean lymphocyte, monocyte, neutro-
phil and eosinophil count after 1 hour in both groups was observed, and more pronounced
after 24 hours post-irradiation. However, stability was observed 72 hours post-irradiation
in both groups. In conclusion, a depleting effect of low dose ionizing radiation on white
blood cell count was found, with appreciable recovery occurring after 72 hours onward.

Keywords: white blood cell, irradiation, guinea pigs, ionizing radiation, hematological
parameters

1. Introduction

Radiation is a wave or particle traveling through space which can transmit all or parts of
its energy on contact with matter [1]. It could be ionizing and non-ionizing in nature [2].

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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Ionizing radiation is a very high-energy form of electro-magnetic radiation which has the
energetic potential to break apart electrically neutral atoms resulting in the production of
negative and/or positive ions [3]. Non ionizing radiation is relatively a low-energy radiation
that does not have sufficient energy to ionize atoms or molecules [4]. Although considered
less dangerous than ionizing radiation, over exposure to non-ionizing radiation can also be
hazardous [4].

Exposure to radiation results in a deposition of energy in tissues that can damage cellular
structures including DNA [5]. The degree of the damage due to the radiation depends on the
type of radiation, energy of the radiation, intensity of the radiation, and exposure time [6].
Depending on the duration of exposure, the area exposed and the dose received, radiation
exposure in the immediate aftermath could lead to a myriad of deleterious effects includ-
ing acute radiation syndrome [7]. Acute radiation syndrome (ARS) includes hematopoietic
syndrome, gastro-intestinal syndrome and cardiovascular/central nervous system syndrome
among others. Hematopoietic syndrome may occur after exposure to significant radiation
dose and all blood components may be affected adversely [8]. Blood being a vital special
circulating tissue composed of cells suspended in a fluid (plasma) with a major function of
maintaining homeostasis [9] may experience decline in cell count on exposure to ionizing
radiation leading to drop in circulating blood cells which is detrimental to the health of the
individual [10]. The white blood cells also called leukocytes are the mobile units of the body’s
protective system [11]. Decrease in the WBC count leaves the individual at risk of infection.
Low WBC count is known as leucopenia.

Guinea pigs are rodents of the family Caviidae and the genus Cavia which are mostly kept as
pets and also used as laboratory animals for biomedical experiments. Cavia porcellus are small
stout-bodied short-eared tailless domesticated rodent of South American origin [12]. They are
not related to swine neither are they from Guinea Republic [13]. They are used for meat, local
medicine and play important roles in religious and cultural ceremonies especially in South
America [13]. Guinea pigs are used for biomedical research because they are biologically simi-
lar to humans as they share more than 90% DNA with humans, diseases that affect humans
are also likely to affect them and they have shorter life span making it possible for them to be
studied throughout their life time and they also are easy to handle [14].

Ionizing radiation is widely used in the medical field for both diagnostic and therapeutic
purposes in form of X-rays, gamma rays, and particles (a-particle, f-particle, protons and
neutrons) radiations [15].

The biological effect of ionizing radiation arises from the deposition energy in the tissues which
can cause changes in the chemical composition of the cell. The energy of the ionizing radiation
is significantly greater than the bond energies of many molecules and can cause homolytic
bond scission and generation of secondary electrons [6]. Ionizing radiation is thus seen to affect
biological tissues by directly dissociating molecules following their excitation and ionization,
or indirectly by the production of free radicals and hydrogen peroxide in the water of the body
fluids [15], and the severity of the effect increases with dose and dose rate [16].
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Although the use of ionizing radiation involves a certain level of risk, its use in medicine
results in such numerous benefits that if judiciously employed, the benefits greatly exceed
the risk to the individual [17]. The hematopoietic system is highly sensitive to radiation,
and peripheral blood examination may serve as a biological indicator of such damage that
may occur even at very low doses of ionizing radiations like X-rays or gamma rays [15, 18].
Peripheral blood examination may serve as a screening test for various hematological as well
as non-hematological disease states [18]. Radiographic imaging is extremely valuable as a
diagnostic and therapeutic tool in medicine, but ionizing radiation also carries well-known
potential risk [19]. It is generally known that exposure to high energy ionizing radiation like
X-ray is known to have effect on rapidly dividing cells of the bone marrow, blood, and muco-
sal linings. Often, patients are required to undergo repeated exposure which usually increases
the risk of damage by ionizing radiation damage on the hematopoietic system [17]. There is
no known safe period for the patient to undergo repeated exposure with less or minimal risk
to ionizing radiation. There is dearth of information on the studies bordering on the Effect of
Ionizing Radiation on White blood cells within the locality of study.

The white blood cells fights off infections and defends the body against invasion by for-
eign organisms and to produce or at least transport and distribute antibodies in immune
response [20]. Decrease in the white blood cell count leaves the individual at risk of infec-
tion. Low white blood cell count is known as leucopenia [11]. It has been observed that
there is always a slight decrease in the total white cells count after the first few days of
exposure to ionizing radiation; hence, white blood cells count may be a reliable indicator
of degree of exposure [17]. Irradiating animal models to a single whole-body dose of ion-
izing radiation result in complex sets of symptoms whose onset, nature, and severity are
functions of both total radiation dose and radiation quality which are classified into three
syndromes: the hematopoietic syndrome, the gastrointestinal syndrome, and the central
nervous syndrome. The hematopoietic syndrome occurs at very low radiation doses and
is manifested by depletion of hematopoietic stem cells and ultimately by depletion of
matured hematopoietic and immune cells [21]. This study was aimed at observing the
changes that may occur on the white blood cells counts after exposure to low dose ionizing
radiation (X-rays) within the diagnostic range, using guinea pigs (Cavia porcellus) as animal
sample.

1.1. White blood cells (WBC)

The white blood cells also known as leukocytes make up approximately 1% of the total vol-
ume of the cells in the blood [22]. The WBCs are primarily involved in the immune response
and defense of the body. The WBCs differs from the red blood cells (RBC) as they do not have
nuclei and do not contain hemoglobin [11, 23]. The WBCs are formed in the bone marrow and
lymph tissue which are then transported to different locations of the body where it is needed.
The number of WBCs in the blood is often an indicator of disease, significant increase in the
number is known as leukocytosis and significant decrease is called leucopenia [22].
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1.1.1. Classification

There five types of WBCs which are classified into two major groups: granular and agranular
WBC [24]. The granular WBCs are: neutrophils, eosinophils, and basophils. The granulocytes
are characterized by a lobed nucleus and granular inclusions in the cytoplasm. Granulocytes
are typically first-responders during injury or infection [11, 23]. The agranular WBCs are;
lymphocytes and monocytes. The lymphocytes include B and T cells and are responsible for
adaptive immune response. The monocytes differentiate into macrophages and dendritic
cells, which in turn respond to infection or injury [11, 23].

1.2. Biologic effect of radiation

Soon after the discovery X-rays and radioactivity it became evident that ionizing radiation
could cause damage to cells and tissues [16]. For risk estimation, scientists presently rely
on molecular, cellular and animal experiments. The immediate effect of ionizing radiation is
directly cellular damage through ionization, excitations and indirect damage by formation of
radicals that initiate chemical reactions occur within a very short period following exposure.
Subsequently these effects induce changes at the level of molecules (e.g., DNA) [25]. The inter-
action of radiation and the tissue is governed by the energy and mass of the incident radiation
(alpha, beta particle, gamma ray or X-ray) and the properties of the tissue [26]. If the damage
is not or not correctly repaired, cell, tissues and finally the whole organism may be affected.
Above small doses (few grays), cell death is the dominant effect, which may cause severe
damage to organs and tissues [25]. Other effects occur long after the exposure and involve
the risk of developing radiation-induced cancer and hereditary disease in the offspring of
following generations of the exposed persons.

1.2.1. Deterministic effect

Radiation kills cells at high exposures. Low numbers of dead cells will usually be replaced
through cell division in a tissue or organ, but if the numbers of killed cells is too large, harm
occurs to the tissue or organ [25]. The deterministic effects occur at high dose level, in which
below the dose the effect will not be observed. The severity of the effect increases with dose
and dose rate [25]. Fortunately deterministic effects are perceived at relatively high doses are
there hardly observed in diagnostic radiology because of the low doses used. Exceptions are
incident with deterministic radiation induced skin injury after prolong fluoroscopy-guided
procedures. Most deterministic effects come early to expression even though some can occur
later [25].

1.2.2. Stochastic effects

Radiation-induced malignancies and heritable effect are referred to as stochastic effects. These
effects do not have threshold, this implies that there is finite probability they can occur after
exposure to very low doses of radiation [25]. For stochastic effects not the severity but the like-
lihood of occurrence of the effect depend on the dose, therefore the probability of occurrence
depends on with increasing dose [2]. Theoretically a single ionization track has the potential
to result in a detrimental stochastic effect.
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2. Materials and methods

Institutional approval to conduct the study was obtained from the committee on ethics of
the Veterinary teaching hospital, University of Maiduguri (VTH). Thirty six (36) guinea pigs
were obtained and kept at the large animal clinic of the VTH, Faculty of Veterinary Medicine
University of Maiduguri, under good ventilation and adequate light. The guinea pigs were fed
with standard commercial prepared diet (pelletized feed) and vegetables (such as cabbage and
carrots) and given free access to clean drinking water. The guinea pigs were kept in this condi-
tion for 14 days in order to acclimatize before starting the experiment [27]. The guinea pigs
were routinely screened for ectoparasites, endoparasites, and hemoparasites using standard
methods by a veterinary doctor, and randomly divided into three groups, 12 guinea pigs per
group. Group A served as the control group, group B and group C were exposed to low dose
X-rays at a dose that is within the diagnostic range, using factors for chest X-ray of an adult
patient in the study center (70 kV and 12.5mAs) using X-ray machine MS-185, serial no. 0904
GE, on which quality assurance check was routinely performed by a medical physicist with
over 8 years experience, at a source to skin distance (SSD) of 90 cm. The guinea pigs in each
group were irradiated together using a vertical central ray on a horizontal table top (couch)
within the same cage, with the radiation properly collimated to include all the guinea pigs.
Group C was irradiated twice with the same exposure factors 5 minutes after the first exposure.

2.1. Recruitment of subjects

A total of 36 adult guinea pigs of both sexes, weighing between 700 and 1200 g, were used
for the study although 50 was obtained in case of accidental death, straying away, and some
may be sickly.

2.1.1. Inclusion criteria

Thirty six apparently healthy adult guinea pigs of both sexes were used for the study.

2.1.2. Exclusion criteria

Apparently (physically) unhealthy and diseased guinea pigs were not selected for this study.

2.2. Irradiation procedures

Group A served as the control group. Group B and group C were irradiated with X-ray dose
of about 70 kV and 12.5mAs which is within the diagnostic range from X-ray machine MS-185,
serial no. 0904 GE at focus to film distance (FFD) of 90 cm. The guinea pigs in each group were
irradiated together with a vertical central ray on a horizontal table top. Group C were irradi-
ated again with the same exposure factors 5 minutes after the first exposure.

2.3. Blood sample collection

Blood sample from each guinea pig was collected into EDTA bottle from direct cardiac punc-
ture with a 2 ml syringe and appropriately labeled. The blood samples were collected at the
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intervals of 1, 24, 72, 163 and 336 hours post irradiation of the experimental groups. Blood
samples were also collected during same time interval from the control group. No same
syringe was used to collect blood sample more than once. The blood cell count was done by
a veterinary doctor with over 10 years experience in veterinary parasitology at the veterinary
teaching hospital University of Maiduguri, who performed the procedure alone to avoid
inter-observer error. Hemocytometric method was used to count the white blood cells using
Neubauer counting chamber. This method was used due to availability and convenience, as
the automatic analyzer was not readily available at the time of analysis.

2.4. Hematological examination

All blood samples collected were subjected to standard hematological procedures to deter-
mine PCV, Hb, WBC and differential WBC count.

White blood cell count: Bulk dilution of the white blood cell count was employed. 0.02 ml of well
mixed EDTA anticoagulant blood was pipetted into 0.38 ml of Turks solution contained in Khan
tube and mixed. A clean cover slip was put in place on the improved Neubauer counter. Using a
capillary tube held at an angle of 45° to the counting chamber, the diluted blood sample was care-
fully discharged into the counting chamber. The chamber was then placed in a petri dish and left
undisturbed for 2 minutes, allowing the cells to settle. The underside of the chamber was dried
and placed on a microscope and examined with 10x objective. The cells in the four large corners
of each chamber were counted, including cells on the lines of two sides of the large squares. The
number of white cells (per liter of blood) was recorded using a correction factor of 10x.

Differential white blood count: Longitudinal method of differential white blood cell count was
adopted. A drop of blood was placed on a clean dry glass slide and a thin film was made. The
film was dried in the air, fixed and stained by flooding with Leishman stain and allowed to
stand for 30 minutes. Then the excess stain was washed off and allowed to dry in the air. A
drop of immersion oil was placed on the film and covered with a clean dry cover slip. The film
was viewed under 100x objective of the microscope. The differential white cells seen in each
field was counted using the automated differential cell counter and recorded appropriately.
Thus, the observed number of WBC indices in response to irradiation is used as an indicator of
exposure [28].

2.5. Statistical analysis

The mean values of hematological parameters of control, single and double exposure groups
were determined using one way analysis variance (ANOVA). P-values <0.05 was considered
significant and the mean = SE for hematological parameters were presented using descriptive
statistics.

3. Results

The mean + SE of white blood cell count values of guinea pigs for the control group is shown in
Table 1, while Tables 2 and 3 shows the mean + SE of white blood cell count values of guinea
pigs following single and double exposures to X-rays within diagnostic range respectively.
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Figure 1. Mean total white blood cell counts of guinea pigs (Cavia porcellus) following single and double exposure to
radiation.

There was an observed decline in the mean total white blood cell count of guinea pigs after
Thour post exposure to single and double exposures Figure 1. This was more pronounced
after 24 and 72 post exposures. Marked recovery of WBC was noticed after 168 and 336 hours
post exposure in both single and double exposure groups.

A decline in the mean total white blood cell count of guinea pigs was observed at 1 hour after
single exposure, and was more pronounced 24 hours post irradiation. However, recovery
of WBC commenced at 72 hours post exposure after single exposure. This was found to be
significant (p < 0.05) as shown in Table 2.

Parameters Control group

Mean * SE

0 1hr 24 hr 72 hr 168 hr 336 hr
WBC 104+0.8 10.72+0.8 10.22+ 0.6 10.5°+0.5 11.0+1.0 10.7+0.4
PCV 40+1.8 403+1.8 405+15 385+19 38.8+0.8 393+14
HB 13.0+£0.4 12.8+0.9 12.8+0.9 125+0.3 123+0.3 12.3+0.3
Monocyte 04+0.2 0.3*+0.1 0.32£0.1 04*+0.1 0.4*+0.1 0.3*£0.1
Lymphocyte 47+0.7 52+0.6 49°+0.5 4.7°+0.6 4907 47+04
Neutrophil 55+0.7 57+0.8 52+0.6 52°+05 57+0.8 55+0.3
Eosinophil 0.4+0.07 04°+0.1 04°+0.1 04°+0.1 04°+0.1 0.4°+0.06
Basophil 00 00 00 00 00 00

Key: a—not significant and b—significant (P > 0.05).

Table 1. Effects of low radiation dose exposures on hematological parameters of guinea pigs (Cavia porcellus).
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Parameters Single exposure

Mean * SE

0 1hr 24 hr 72 hr 168 hr 336 hr
WBC 10.5+0.5 8.7°+0.9 58°+0.8 6.2°+0.9 8.0+1.1 83+12
PCV 40+1.1 353+33 28.9+4.0 27.4+38 30.3+4.2 31.6+4.4
HB 12.6+0.3 11.2+1.1 9.0+1.2 8.8+1.2 93+1.3 10.0+1.4
Monocyte 0.3+0.0 02+0.0 0.2°+0.0 0.1°+0.0 0.2°+0.0 0.2°+0.0
Lymphocyte 37+0.5 40+0.5 25°+1.3 2.6°+0.4 32+0.5 37+0.6
Neutrophil 55+0.4 43+0.6 2.7°+0.0 2.8°+0.5 3.8+0.6 42+0.6
Eosinophil 0.4+0.03 0.2°+0.0 0.1°+04 0.1°+0.0 0.1°+0.0 0.1°+0.0
Basophil 00 00 00 00 00 00

Key: a—not significant and b—significant (P > 0.05).

Table 2. Effects of low radiation dose single exposures on hematological parameters of guinea pigs (Cavia porcellus).

Parameters Double exposure

Mean + SE

0 1hr 24 hr 72 hr 168 hr 336 hr
WBC 11.0+ 04 8.7°+0.4 6.1°+0.2 6.1°+0.2 89+0.3 9.3+0.3
PCV 41+1.1 385+1.0 31.8+1.0 343+1.3 380+1.2 39.5+0.9
HB 13.1+0.3 11.9+05 9.8+0.4 10.8+0.3 11.7+03 12.3+0.2
Monocyte 0.3+0.1 0.1°+0.0 0.1°+0.0 0.1°+0.0 0.2°+0.0 0.2+0.0
Lymphocyte 6.0+0.4 44+03 29°+0.2 27°+0.1 3.8+0.2 47+03
Neutrophil 58+0.3 43+0.3 2.8°+0.1 2.7°+0.1 41+0.2 45+0.2
Eosinophil 0.5+0.04 0.2°+0.0 0.1°+0.0 1.1°+0.0 0.2°+0.0 0.2°+0.0
Basophil 00 00 00 00 00 00

Key: a—not significant and b—significant (P > 0.05).

Table 3. Effects of low radiation dose double exposures on hematological parameters of guinea pigs (Cavia porcellus).

There was also a decline in the mean total white blood cell count of guinea pigs at 1 hour after
double exposure. This was more pronounced after 24 hours post irradiation. The recovery of
WBC was observed 72 hours after double exposure group. This was found to be significant
(p <0.05) as seen in Table 3.

A decline in the mean absolute monocyte count at 1 hour post irradiation was also noted.
This decrease was more pronounced at 24-72 hours post irradiation. However, recovery of
monocytes was evident at 168-336 hours post irradiation in both single and double exposure
groups, with no significant difference (p < 0.05) as shown in Tables 2 and 3.
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There was also a slight decline in the mean absolute lymphocyte count of guinea pigs at
1 hour in the exposure groups, which was more pronounced 24-72 hours post irradiation
in both exposure groups. However, recovery of the mean absolute lymphocyte count was
evident at 168 and 336 hours post irradiation as seen in Tables 2 and 3.

There was an observed decline in the mean absolute eosinophil count of guinea pigs in both
single and double exposure group at 1 hour following single and double exposure to irradia-
tion. This decrease was sustained and was more pronounced 24-72 hours post irradiation.
However, there was slight recovery of the mean absolute eosinophil count at 168-336 hours
post irradiation, as shown in Tables 2 and 3.

An observed decline in the mean absolute neutrophil count of guinea pigs at 1 hour in both
single and double exposure groups, and became more pronounced 24 hours after irradiation.
However, slight recovery of mean absolute neutrophil count in guinea pigs was observed at
168-336 hours post irradiation as seen in Tables 2 and 3.

4, Discussion

A decrease in total white blood cell count; lymphocytes, monocytes, neutrophils, eosinophil
was observed; however, basophils were not seen. This probably could be because basophils
naturally are rarely encountered granulocytes in the peripheral blood, therefore, it is not
unusual for basophils to be absent [29]. Previous studies have reported similar findings
[6, 17, 30]. The observed decline in the white blood cell counts could be attributed to high
radio-sensitivity of hematopoietic tissues [6, 31]. The results are consistent with the previ-
ous findings that irradiation induces leucopenia and reduces lymphocytes, neutrophils and
monocytes count [32, 33]. However, the recovery was evident 72 hours post irradiation
and onward, even though the recovery and repair took longer time than the damage [17,
33]. This could be due to the fact that the recovery might be as a result of the repair at the
cellular level where sub-lethally damaged cells recover their viability and proliferation of
undamaged cell elements [17, 30]. The effect on the double exposure group was severe,
which proves the fact that severity of damage increases with increase in dose or exposure
[16, 30, 33].

5. Conclusion

This study found a depleting effect of low dose ionizing radiation on the white blood cell
counts of guinea pigs (Cavia porcellus). This was found to be more pronounced with repeated
exposures. However, recovery occurred from 3 days (72 hours) post irradiation onwards.
Thus, a proposed interval of 3-14 days (72-336 hours) before repeating an exposure is
recommended for subjects that may require a series of follow up and repeat radiographic
examinations.
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Abstract

Since 1976, more and more PET radiopharmaceuticals have been developed as the clinical
introduction of ["F]FDG for various medical applications. However, few of them could be
involved in routinely clinical use in hospitals partly because of restrictions in regulatory
and facilities. This chapter aims to provide an overview of PET radiopharmaceuticals that
are common manufactured (or prepared) in industry (or hospitals) about regulatory and
quality aspects, and further summarize pharmacopeia-listed PET radiopharmaceuticals
and their clinical usefulness herein. Particularly, PET radiopharmaceuticals listed in lat-
est United States Pharmacopeia (USP) and/or European Pharmacopeia (EP) are included
for this chapter. Finally, this chapter would be helpful in the basic understanding of clini-
cal PET radiopharmaceuticals for physicians or technologists.

Keywords: PET, radiopharmaceutical, regulation, quality, clinical application, USP, EP,
pharmacopeia

1. Introduction

Positron emission tomography (PET) radiopharmaceutical is composed of a biologically
active pharmacophore and a positron-emitting radionuclide, and belongs to a unique spe-
cies in pharmaceutical field. The most common radionuclides for PET radiopharmaceuticals
include 1C, *Q, BN, ¥F, %Ga and #Rb (Table 1). In addition to radiation issue, short half-
lives of these positron emitters (78 sec~110 min) definitely result in unavoidable limitations
on manufacturing (including production and following quality control (QC) analyses) and
clinical use of PET radiopharmaceuticals. Above are all practical challenges for a conventional

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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Radionuclide  Half-life Max B Max E, Max £8* range  Production route
specific activity ©) MeV) (mm)
(Ci/pmol)

nc 20 min 9220 99 0.96 41 Cyclotron

50 123 sec 90,800 100 1.19 5.1 Cyclotron

BN 10 min 18,900 100 172 7.3 Cyclotron

8F 110 min 1710 97 0.635 24 Cyclotron

%Ga 68 min 2766 88 19 8.2 Cyclotron/ Generator

82Rb 78 sec 150,400 95 3.35 14.1 Generator

Table 1. Characteristics of common positron emitters.

pharmaceutical industry. Hence, commercial large-scale manufacturing and small-scale
preparation of PET radiopharmaceuticals are respectively allowed in radiopharmaceutical
industries and the radiopharmacy of hospitals in most countries worldwide. Moreover, both
practices in radiopharmaceutical industries and hospitals are clearly regulated by national
competence authorities, such as Food and Drug Administration (FDA) of the United States
(U.S.) and European Medicines Agency (EMA) of the European Union (EU).

In the other hand, a pharmacopeia is a national compendium of drug quality standards, such
as U.S. Pharmacopeia (USP) and European Pharmacopeia (EP), and is always recognized as
an official compendium. Drug standards listed in pharmacopeia monographs are usually
enforced to be compliance under drug-related provisions at national level in order to prevent
the marketing of inconsistent drugs and to reduce possible risks in public health. Although
PET radiopharmaceuticals listing in pharmacopeia monographs sometimes do not mean for
marketing authorization under national approval and reimbursement decision of medical
insurance [1], some countries have enabled the clinical use (i.e., use for routine patient care
with/without reimbursement or with/without national approval) or clinical trials as long as
their qualities are in conformity with USP or EP standards, even no good manufacturing prac-
tice (GMP)-compliant process. Moreover, for those clinical studies using national-approved
PET radiopharmaceutical for off-label indications, burdensome submission of an investiga-
tional new drug (IND) application will not be required in some countries.

In the other hand, specific QC procedures and specification of some PET radiopharmaceuti-
cals have been listed in USP or EP. However, because of short half-lives of PET radiophar-
maceuticals, QC tests prior to human administration within such a short period is a huge
challenge. As a result, some quality exceptions are usually allowed for PET radiopharmaceu-
ticals. Also, several efficient and quick tests have been developed for rapid QC tests of clinical
PET radiopharmaceuticals.

This chapter first aims to provide an overview of regulations of manufacturing and clinical
use of PET radiopharmaceuticals in U.S. and Europe. Secondly, the chapter will introduce the
general quality aspect for PET radiopharmaceuticals. Finally, this chapter will end with the
brief introduction of PET radiopharmaceuticals listed in the monographs of latest USP (USP 40)
or EP (EP 9.0) (Table 2).
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Radionuclide Compound USsP EP
uc [“C]CcO v
["C-methyl]Methionine v*
N-[""C-methyl]Flumazenil v*
["C]N-methylspiroperidol v
["C-methoxy]Raclopride v* v
[1-C]Sodium Acetate v v
N [°NINH, / v
5O [*O]CO v
[FOJH,0 e v
18R [SFJFCH v
[FIFDG v v
['F]FDOPA (prepared by electrophilic substitution) v* v/
[“FIFET v
[FJFLT v
[*F]FMISO v
['*F]NaF v v/
%Ga [**Ga]Ga-Citrate v
[®¥Ga]Ga-DOTA-TOC v/

82Rb [®*Rb]rubidium chloride v

*These monographs of 8 FDA-unapproved PET radiopharmaceuticals have been omitted from USP since May 1, 2015
(USP 38).

Table 2. PET radiopharmaceuticals listed in USP and EP.

2. Regulatory aspects of PET radiopharmaceuticals in the USA and
Europe

2.1. USA regulatory view

In U.S,, the clinical use of all radiopharmaceuticals has been regulated by FDA since 1975.
Briefly, the regulatory process can be divided into two types. They are: 1. IND submission
for investigational and research purposes by an individual or a commercial manufacturer,
and 2. submissions of Notice of Claimed Investigational Exemption (NCIE), an abbreviated
new drug application (ANDA) or New Drug Application (NDA) for commercial marketing
only by a commercial manufacturer. However, because of the increasing clinical need of PET
radiopharmaceuticals, based on FDA Modernization Act (FDAMA) in 1997 [2], PET radio-
pharmaceuticals were first categorized as positron-emitting drugs. In the same time, all PET
radiopharmaceutical manufacturing facilities in U.S. were programmatically to compliant
with PET drug GMP-compliance guideline or with USP General Chapter <823> [3], and fur-
ther registered as manufacturers. Till now, these legal manufacturers could on-site (in-house)
produced PET radiopharmaceuticals with same specifications listed in USP monographs.
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In the other hand, USP is annually published by a nonprofit organization since 1820,
U.S. Pharmacopeial Convention, and such organization also worked with FDA and special-
ists in academia and companies to establish monographs or general chapters. Typically, USP
monographs are typically developed after FDA approval of the drug product for commercial
marketing and thus a USP monograph of an FDA-approved drug has been used as one basis
for a reimbursement decision. The first USP monograph for a PET drug was published in
1990 [4] and it described the quality specification and analytic methods for ["**F]FDG injection.
However, there had been an exception for 4 approved and 8 unapproved PET drugs listed
in USP monographs till 2013. Moreover, not only these 12 monographs were provided to
U.S. Pharmacopeial Convention by various academic sponsors with un-validated data and
outdated analytic methods, but also these unapproved 8 PET drugs have limited commercial
application without FDA-approved NDA or ANDA. Consequently, based on recommenda-
tions of the Society of Nuclear Medicine and Molecular Imaging (SNMMI) Committee [1],
U.S. Pharmacopeial Convention announced the omission of the monographs of 8 unapproved
PET drugs on June 2014 and the omission initiative became official on December 1, 2014.

2.2. European regulatory view

In Europe, radiopharmaceuticals have been recognized as a special group of medicines. Thus,
the preparation and clinical use of PET radiopharmaceuticals have been regulated and vari-
ously adopted by member states. Similar to USP, EP has legal status in Europe. Compared to
the USA, EP is only for drug quality and is independent of licensing status or clinical utility
of such drug. Regarding to PET radiopharmaceuticals, corresponding monographs are elabo-
rated by a group that is composed of academic, commercial and regulatory specialists. From
another point of view, a number of EU member states have set up a regulatory framework
from the definitions of “magistral and officinal formulae” that is listed in Article 3 of Directive
2001/83 [5]. Additionally, “in-house” small-scale preparation of PET radiopharmaceuticals
is allowed without the requirements of a marketing authorization based on various national
laws of European countries [5]. Both a general chapter of EP entitled “Extemporaneous
Preparation of Radiopharmaceuticals” [6] and the new PIC/S guidance document with Annex
3 on radiopharmaceuticals [7] are published and worked as comprehensive guidelines for
such magistral approach. Furthermore, because of the special characteristics of PET radio-
pharmaceuticals, the clinical studies using diagnostic radiopharmaceuticals do not fall within
the GMP-compliance regulations of conventional drugs from EU Regulation no 536/2014 of
16 April 2014 [8, 9]. On brief summary, no matter EP or PIC/S document, they both clearly
define a clear distinction between PET radiopharmaceuticals and conventional medicine, and
further provide the corresponding guidance. All would be significantly helpful and powerful
in promotion and development of PET radiopharmaceuticals in Europe.

3. Quality aspects of PET radiopharmaceuticals

Even costly implementation and maintenance of quality system for a PET radiopharma-
ceutical manufacturing (or preparing) site [10, 11], it is still thought to be cost-effective [12].
Moreover, it will be helpful for qualified patient care, regulatory requirements, optimization
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of safety and efficacy for patient care and a reliable quantitative performance in both diagnos-
tic and therapeutic nuclear medicine procedures [13]. Therefore, GMP-compliant PET manu-
facturing (or preparing) process including production, QC, quality assurance (QA), package
and distribution has been required by competent authorities in many countries worldwide.
Furthermore, during these years, the concept of “Quality by Design (QbD)” based on guide-
lines of International Conference on Harmonization (ICH) (ICH Q8 [14], ICH Q9 [15], and ICH
Q10 [16]) has been the fundamental topic in pharmaceutical field and an appropriate quality
system has been widely required to implement in many radiopharmaceutical manufacturing
sites (Figure 1). Briefly, QA covers whole process and GMP specifically characterizes those
production and QC activities that guarantee products are produced under the constant scru-
tiny of quality standards [17], although the association of QA, GMP, and QC throughout
whole pharmaceutical process is slightly different in various guidelines.

Figure 1. The inter-relationship for whole quality system in PET radiopharmaceutical manufacturing.

Particularly, QC procedure of PET radiopharmaceutical is usually critical and essential, since
itis synthesized every day or is small-scale “prepared “in radiopharmacy of a hospital. A typi-
cal QC programme of a PET radiopharmaceutical is involved from radionuclide production to
final product release and a series of QC tests for PET radiopharmaceuticals basically include:

gk M=

Appearance, by visual assessment;

pH determination;

Radionuclidic identification, by gamma-ray spectrometry or half-life measurement;
Radionuclidic purity, by gamma-ray spectrometry;

Chemical purity, by high-pressure liquid chromatography (HPLC) or by thin-layer chro-
matography (TLC);

Radiochemical purity, by HPLC with a radioactivity detector or by TLC with a radioactiv-
ity scanner;
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7. Residual solvents, by gas chromatography (GC);
8. Bacterial endotoxins, by a rabbit test or limulus amebocyte lysate (LAL) test;
9. Radioactivity, by a validated dose calibrator and.

10. Sterility, by incubating the sample with fluid thioglycollate medium (FTM) at 30~35°C
for 14 days or with soybean casein digest (SCD) medium at 20~25°C for 14 days.

However, because of short-lives of PET radiopharmaceuticals, some lengthy tests cannot be
performed prior to release for human use and are allowable to perform within a short time
after the release. Furthermore, in addition to the limited time for QC of PET radiopharma-
ceuticals, limited personneal for in-house preparing of PET radiopharmaceuticals is another
major issue for a hospital. Therefore, more and more efficient systems have been developed
and successfully implemented for clinical use, such as Endosafe® Portable Testing System™
(PTS™) for rapid endotoxin testing (Charles River, Wilmington, MA) (https://www.criver.
com/products-services/qc-microbial-solutions/endotoxin-testing/endotoxin-testing-systems/
endosafe-nexgen-pts?region=3681) and Tracer-QC system for automation of QC tests of
PET radiopharmaceuticals (LabLogic Systems Ltd., Sheffield, UK) (https://lablogic.com/
nuclear-medicine-and-pet/instruments/tracer-qc).

4. Overview of current PET radiopharmaceuticals listed in USP or EP

4.1. ["C-methyl]Methionine injection (EP)

Cellular protein synthesis is a well-control process for enzymes, membrane receptors, struc-
tural proteins, and growth factors [18]. Most importantly, increased cellular protein synthe-
sis is often characterized in malignant growth [19]. Otherwise, decreased protein synthesis
is found in certain neurodegenerative disorders [20]. Thus, the ability to in vivo visualize the
protein synthesis rate is critical for clinic. Protein synthesis is initiated universally with the
amino acid, methionine [21]. Therefore, one of ''C-labeled methionine analogs, [''C-methyl]
methionine ([*'C]MET) [22] (Figure 2), has been used for imaging of rate of protein synthe-
sis [23, 24], although the short physical half-life of ''C (20 min) limits its accessibility for
PET scanning centers without a cyclotron. Clinically, ['"C]MET has been used in imaging
of brain, urinary, gynecological, liver and lung cancer [25-28]. Particularly, the enhanced
transport of ['"C]MET into the brain has been known via the reversible sodium-independent
transport system L (LAT 1) since 1995 [28] and increased LAT1 expression has been found
in glioma and many other cancers and is associated with high grade and poor prognosis
[29-32], thus [""C]MET has been widely in various brain tumors [33, 34].

4.2, N-["C-methyl]Flumazenil injection (EP)

The GABA A/benzodiazepine receptor complex is also known as the central benzodiazepine
receptor and specifically mediates all pharmacologic properties of ethanol, zinc, picrotoxin
and some drugs such as benzodiazepines (sedative, anxiolytic, anticonvulsant, myorelaxant),
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Figure 2. Chemical structures of PET radiopharmaceuticals listed in this chapter.

barbiturates (cerebral protection) and neuroactive steroids [35]. Based on a benzodiazepine
antagonist, N-[""C-methyl]Flumazenil ([''C]JFMZ) (Figure 2) [36] has been developed and
known for its excellent kinetic properties for the image quantification [37]. Moreover, [''C]
FMZ has been considered as a versatile PET tracer for assessment of several conditions, such
as neuronal damage in head injury [38], epilepsy [39], stroke-induced penumbral areas of
infarction [40] and Alzheimer’s disease (AD) [41].

4.3. ["'C-methoxy]Raclopride injection (EP)

Dopamine (DA) plays an important role in every-day brain functions including experiencing
pleasure, regulating attention, and learning to control urges. Dysfunction of DA circuits has
been thought to be related to various psychiatric diseases such as Parkinson’s diseases (PD),
addiction, attention-deficit hyperactivity disorder, and schizophrenia [42]. Studying in vivo
dopamine function in humans became possible in the mid-1990s with the development of
["'Clraclopride (Figure 2) [43, 44], which originates from a DA receptor antagonist (D,/D,)
with moderate affinity and reversible binding characteristics. Up to now, ["'C]raclopride is the
most widely used PET radiopharmaceutical for measuring DA changes in striatal dopamine
levels in the synapse before and after pharmacological and behavioral challenges [45], such as
aging [46-48], schizophrenia [49-53] and PD [54, 55].

4.4. [1-"C]sodium acetate injection (EP)

Acetate is a molecule quickly picked-up by cells to convert into acetyl-CoA by acetyl-CoA
synthetase (EC 6.2.1.1 according to Enzyme Commission Number) and participates in
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cytoplasmic lipid synthesis, which is believed to be increased in tumors. Thus, [1-!!C] Sodium
Acetate ([''C]Ac) (Figure 2) [56, 57] has been proved clinical usefulness in prostate cancer (PC)
[58], hepatocellular carcinoma (HCC), lung cancer, nasopharyngeal carcinoma [33], renal cell
carcinoma, bladder carcinoma and brain tumors [59]. Furthermore, [''C]Ac has been used to
clinically measure myocardial oxygen consumption since 2010 [60] and used in some rare
conditions, such as thymoma, cerebellopontine angle schwannoma, angiomyolipoma of the
kidney, encephalitis, and multiple myeloma [59].

4.5. [*NINH, injection (USP and EP)

Coronary flow reserve (CFR) is calculated as the ratio of hyperemic to rest absolute myocardial
blood flow (MBF) and is a particularly useful parameter in the assessment of adverse cardio-
vascular events such as epicardial coronary stenosis, diffuse atherosclerosis, and microvascu-
lar dysfunction on myocardial tissue perfusion [61]. Routinely used ["N]Ammonia ([*N]NH,)
is not only a useful ®N-labeled PET imaging agent for assessing regional blood flow in tissues
[62], but a well-validated radiotracer for clinical management of patients with coronary artery
disease [62-64]. Moreover, recently ["N]NH, has been used in PC, because the up-regulation
of NH, during de novo glutamine synthesis was known in tumors [65]. Furthermore, because
excess circulating NH, is neurotoxic and hyperammonemia is thought to be a major factor in
the encephalopathy associated with several diseases, such as liver cirrhosis [66-68], ["N]NH,
is also used for elucidation of NH, metabolism in patients with hepatic encephalopathy [69].

4.6. [*O]CO injection (EP)

[*O]CO is one of the most common tracers used for noninvasively measuring oxygen con-
sumption and blood volume [70, 71]. Additionally, [*O]CO is crucial for the evaluation of
acute stroke patients. Moreover, measurement of myocardial oxygen consumption is a useful
tool to clarify the relationship between MBF and oxygen extraction fraction (OEF), because
both OEF and MBF are important indicators in describing myocardial function [72].

4.7. [*O]H,O injection (EP)

Although the short half-life (123 sec) of *O results in the challenges in clinical use, [*O]H,O is still
the preferred tracer because of its ease production from generator, effectiveness and safety for
patient use [73]. Particularly, PET with ["OJH,O has been a standard method and most reliable
approach for quantitative measurement of cerebral blood flow (CBF). Also, ["OJH,O is capable
to clinically investigate cerebral and myocardial perfusion [74], and tumor perfusion [75, 76].

4.8. ["*F]FCH injection (EP)

Choline is a precursor for the biosynthesis of phospholipids which are essential components
of all membranes and is phosphorylated by choline kinase (CK) to produce phosphatidylcho-
line. Upregulated CK is known in cancer cells, thus it further leads to increased uptake of cho-
line in tumor cells with the excess need for phospholipid biosynthesis [77, 78]. Consequently,
8F-labeled choline analogs, [**F]fluoromethylcholine ([*F]FCH) (Figure 2) [79, 80] has been
a promising tumor imaging agents for various types of tumors include brain [80], breast,
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thyroid, lung, liver and prostate [81]. Particularly, [**F]FCH has been shown to be better than
[BF]FDG for PC and HCC detections [81].

4.9. [*F]FDG injection (USP and EP)

Since its synthesis in 1976, 2-fluorine-["*F]fluorodeoxyglucose ([®*F]FDG) [82] (Figure 2) has
been the most widely used radiotracer for PET studies in neuroscience, cardiology and oncol-
ogy (Table 3) [83]. After FDA approval in 1997, [*F]FDG with PET or PET/CT scanner became
an established imaging tool in the clinical assessment of many neoplasms, as well as the nonma-
lignant diseases including dementia, myocardial ischaemia, inflammation and infection [84].

4.10. [*FIFDOPA (prepared by electrophilic substitution) injection (EP)

Dihydroxyphenylalanine (DOPA) has been known as an intermediate in the catechola-
mine synthesis pathway. One of the '®F-radiolabeled analogs, 3,4-dihydroxy-6-['*F]fluoro-
L-phenylalanine (['**F]JFDOPA) (Figure 2), was first reported as a PET tracer for imaging
pre-synaptic dopaminergic functions in 1983 [85]. Subsequent studies revealed the utility
of ["®F]FDOPA for the visualization of various peripheral tumor entities via PET [86], which
can be attributed to the up-regulation of amino acid transporters in malignant tissues due
to an often increased proliferation [87]. In particular, because of the relationship between
the expression of aromatic L-amino acid decarboxylase (AADC) and the metabolism of ['*F]
FDOPA [88, 89], ["*F]JFDOPA has shown diagnostic advantages in the imaging of neuroen-
docrine cell-related malignancies like neuroendocrine tumors (NETs) [89-94], pheochro-
mocytoma [95-97], pancreatic adenocarcinoma [98, 99] and neuroblastoma (NB) [100-102]
regarding diagnostic efficiency and sensitivity.

Classification Disease Application
Neurology Alzheimer’s Disease —
Epilepsy Pre-surgical evaluation for epileptogenic foci (85-90%
accuracy).
Cardiology Myocardial Viability Assessment of myocardial viability prior to cardiac
surgery
Identify high-risk patients  Select patients who will benefit from bypass
Psychiatry Schizophrenia —
Depression —
Oncology Tumor Evaluation Differentiate recurrent/residual tumor from necrosis.

Tumor Staging

Tumor Monitoring
Tumor Localization

Infection and Inflammation ~ Orthopedic infections

Malignant vs. benign. Lung nodules, primary breast and
colon cancers.

Response to therapy.

Metastases, abnormal sites

Table 3. Summary for clinical application of ["*F]FDG [83].
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4.11. [®FIFET injection (EP)

Na*-independent system L amino acid transporters (LATs) preferentially transports amino acids
with large neutral side chains, including L-leucine, L-phenylalanine, and L-tyrosine. O-(2-[**F]
fluoroethyl)-L-tyrosine (["*F]FET) (Figure 2) [103] belongs to the class of large neutral amino acids,
which are transported via specific amino acid transporters especially of LATs [104]. Although
data today still not reveal which the transporter(s) responsible for [**F]JFET accumulation in cells
[105], ['*F]FET has been well known for its high uptake in brain tumors and its potential for grad-
ing tumors particularly gliomas [106, 107]. Summarily, ["*F]FET has been well-investigated in
differential diagnosis, grading, prognostication, treatment response assessment, and differenti-
ating pseudoprogression from non-specific post-therapeutic changes [108-110]. Switzerland was
the first country to approve [*F]FET PET for clinical use in brain tumor imaging since 2014 [105].

4.12. [®FIFLT ([*F]lAlovudine) injection (EP)

Cellular proliferation plays an important role in cancer and has been an important imaging
target of PET radiopharmaceuticals, especially with the aim targeting of DNA synthesis. Since
the approach to the measurement of DNA synthesis in humans was explored in the early 1970s,
based on an antiviral agent developed by Medivir, ['*F]fluorothymidine (["*F]FLT, also known
as ["®F]Alovudine) (Figure 2) [111, 112] has been designed with intracellularly trapping of its
phosphorylated metabolite within cells [113]. Up to now, ["®F]FLT has been widely investigated
in oncologic setting comprising tumor detection, staging, restaging, and response assessment
to treatment [114-116] and [**F]FLT imaging has several clinical advantages including noninva-
sive procedure, three-dimensional tumor images and simultaneous detection of multiple tumor
sites [117]. Also, [**F]FLT is capable to evaluate tumor heterogeneity in day-to-day practice [118].

4.13. [®FIFMISO injection (EP)

Hypoxia means insufficient oxygen availability of a cell occurring both in health and is acknowl-
edged by the observation of Gray et al. in the mid-1950s [119, 120]. Hypoxia is an important
prognostic indicator of response to either chemotherapy or radiation therapy in cancer manage-
ment [121, 122]. Hypoxia is also an independent factor for predicting the metastases tendency of
a tumor cell, because of its enhancement in DNA mutations of atypical cells and further appear-
ance of more aggressive cells. Consequently, 1-(2-hydroxy-3-[*F]fluoropropyl)-2-nitroimidazole
([**F]EMISO) (Figure 2) [123, 124] is the most established agent for assessing hypoxia and has
been used for cancer imaging over the past 30 y for glioblastoma multiforme, non-small-cell
lung cancer, and head and neck tumors [125]. In addition, high accuracy of [*F]FMISO PET
imaging for determining the duration of survival without relapses and for predicting the radio-
therapy efficiency in patients with malignant tumors of various localizations has been reported
[126, 127]. Furthermore, prognostic potential of ["*F][FMISO for the pretherapeutic tumor oxy-
genation status has been confirmed for glioblastoma multiforme, head and neck cancer, lung
cancer, breast cancer, pancreatic cancer, gynecologic cancers, cervical cancer and sarcoma [127].

4.14. [*FINaF injection (USP and EP)

The bone is the most common place of tumor metastases next to the lung and liver [128].
Therefore, early and accurate diagnosis of the metastatic bone diseases thus plays an important
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role for an establishment of adequate therapeutic strategy [129]. [*F]Sodium fluoride ([**F]NaF)
was introduced in 1962 and approved by FDA in 1972 [130]. ["®F]NaF is a high sensitive bone-
seeking PET radiopharmaceutical and is considered as an excellent substitute for traditionally
used #mTc-labeled tracers, because its favorable characteristics of negligible protein binding, and
rapid blood pool clearance. With *™Tc supply around the world is gradually become a crisis due
to the shortage of *Mo-source material [131, 132], the clinical use of ["*F]NaF keeps increasing
worldwide. Additionally, uptake of [**F]NaF reflects blood flow and bone remodeling [133], and
[*F]NaF have been proposed for the use in detection of benign and malignant osseous abnormal-
ities that also allows the regional characterization of lesions in metabolic bone diseases [134, 135].

4.15. [®*Ga]Ga-citrate injection(EP)

In addition to war and famine, bacterial infection has still been one of major worldwide causes
for human morbidity and mortality for centuries [136, 137]. Because of the trapping of gal-
lium in the extravascular compartment for inflammatory or infectious sites with the increased
capillary permeability [138], and the iron-like binding characteristics in bacterial siderophores
and activated lactoferrin in neutrophils [139, 140], gallium is thought to be indirectly uptaken
by macrophages [141, 142] or directly uptaken by bacteria [143]. Thus, [*Ga]gallium citrate
([**Ga]Ga-Citrate) has been used for clinical imaging of infection and inflammation since 1984
[144]. The utilities of [®*Ga]Ga-Citrate include the monitoring of osteomyelitis, diskitis, intra-
abdominal infection, tuberculosis and interstitial nephritis, as well as the localization of infec-
tion in patients with cellulitis and abscesses [145, 146].

4.16. [®*GalGa-DOTA-TOC injection (EP)

NETs arised from neuroendocrine cells and are one of slow-growing tumors with year-by-
year increased incidence rate and 75% of overall 5-y survival, which is strongly dependent
on stage and grade of the tumor [147]. Because NETs has been known for its unique over-
expression of somatostatin receptors (SSTrs) on the tumor cells [148], SSTr-targeting PET
radiopharmaceuticals provide a promising and useful approach for both diagnostic imaging
and further peptide receptor radionuclide therapy (PRRT), such as ®Ga-labeled DOTA-(Tyr?)-
octreotide acetate ([**Ga]Ga-DOTA-TOC) (Figure 2) [149]. Because octreotide is a subset of the
amino acid in somatostatin and has been demonstrated to avidly bind to SSTr [150], [*#Ga]
Ga-DOTA-TOC has been recognized for its affinity toward both the type 2 somatostatin recep-
tor (SSTr2) and the type 5 somatostatin receptor (SSTr5) [151-154]. Also, [®*Ga]Ga-DOTA-TOC
was the first PET radiopharmaceutical to clinically localize to NETs in 2001 [155] and has been
widely used in Europe and several other countries to assist the therapy planning and accurate
diagnosis of NETs patients [156]. In addition, [®*Ga]Ga-DOTA-TOC is valuable for neuroecto-
dermal tumors, Hurthle cell thyroid carcinoma, prostate cancer patients with bone metastases
and autoimmune thyroid disease like Graves’ disease and Hashimoto’s disease [145, 146].

4.17. [®*Rb]rubidium chloride (USP)

Just like previous described ["N]NH, and ["OJH,O, [**Rb]Rubidium chloride ([**Rb]RbCl) has
been reported for directly proportional relationship between its uptake and MBF since 1954
[157]. In addition, several studies have demonstrated the good diagnostic accuracy of [*Rb]RbCl
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in monitoring of cardiac flow [158, 159]. Subsequently, #Sr/*Rb generator (CardioGen-82®) of
Bracco Diagnostics has been approved by FDA for clinical cardiac imaging since 1989 (NDA
19-414). Therefore, production and administration of [*Rb]RbCl can be well coordinated with
the #2Sr/*Rb generator in clinic [160], although a short half-life (78 sec) of Rb. In brief, the clinical
advantages of [*Rb]RbCl cardiac imaging include its capacity to accurately quantify MBF and a
low delivered radiation exposure for a rest/stress test resulted from its very short half-life [160].

5. Conclusion

With the development of imaging technology, more and more pharmaceutical industry
and hospitals worldwide have paid attentions on clinical potential of PET radiopharma-
ceuticals. However, because of special characteristics of PET radiopharmaceuticals, current
pharmaceutical regulatory is probably inapplicable and would be a hurdle for clinical use
of PET radiopharmaceuticals in most countries. Thus, as these official monographs of PET
radiopharmaceuticals listing in USP or EP, it is definitely worthy to work together for more
pharmacopeia monographs and a PET radiopharmaceutical-specific regulatory for benefits of
patient-centered care in the future.
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Abstract

Nuclear medicine is an area where both patients and occupational radiation doses are
among the highest in diagnostic imaging modalities today. Therefore, a good understand-
ing and proper application of radiation protection principles are of great importance. Such
understanding will allow optimization of practice that will be translated into cost savings
for health care administrations worldwide. This chapter will tackle: radiation protection in
the routine practice of both diagnostic and therapy applications in nuclear medicine
including PET, diagnostic facility design, safety aspects of the common radionuclides used
in clinics, the safety of the pregnant and breast feeding patients, radiation effect of expo-
sure to ionizing radiation, and risk estimates. The chapter will discuss the operational
radiation safety program requirements applied to Conventional Nuclear Medicine using
Gamma Cameras, SPECT/CT, PET/CT, and Radioiodine therapy facilities. The chapter will
serve as a quick reference and as a guide to access more detailed information resources
available in the scientific literature.

Keywords: radiation protection, safety program, dose limits, physics, PET, SPECT,
radionuclide therapy

1. Introduction

Good radiation safety practice in nuclear medicine comprises various components: facility
design and construction, local radiation safety rules and procedures, staff training, emergency
preparedness, equipment quality assurance, and area and contamination monitoring.

Institutions must develop, document, and implement a radiation protection program covering
the scope of practice covered under the license. The use of safety procedures, engineered
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controls like automatic injectors, movable, and syringe shields are encouraged and must be
applied to ensure the radiation protection of staff and the public. The radiation protection
program contents and methods of its implementation must be reviewed on an annual basis or
up to 3 years [1].

2. Important physics relations and definitions

There are few physics relations that are needed in the planning phase the facility that we like to
summarize under this section of the chapter. First, let us define radiation dose:

absorbed dose (D) denotes the quantity of radiation energy absorbed by matter from ionizing
radiation, and is defined by:

D = AE/m )

AE is the energy imparted by the ionizing radiation in a volume, and m is the mass in that
volume.

The dose D is measured in [Gy].
1 Gy =1 [Joule/kg].1 Gy = 100 rad, 1 mGy = 0.1 rad, 1 mrad = 10 uGy ()

Radiation exposure measured in Roentgen (R) with 1 R = 0.87 rad (in water or tissue).

How to use the distance effect to estimate dose rates at certain distances from radioactive
sources? We remember that radioactive sources in nuclear medicine could be Tc-99m, Rb-82,
and F-18 generators, sealed sources used for calibration, 1-131 capsules, and the injected
patients.

Dy.di% = Dy.dy? 3)

D is the dose rate measured in (UGy.hr ) and d is the distance that is usually in (m).
The second is the radioactive decay equation given by

A=A Exp (—At) 4)

where A is the the activity of the source most often in (MBq). (1 mCi =37 MBq), A =In2/T1, T
is the half live of the isotope in units of (time) (sec, min, hrs, or years).

And the third is the relationship between dose and the dose rate
D=D.t (5)

where D is the dose rate in (uGy.hr 1) and t is the time in (hr).
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And the next important relation that is often used is the shielding:

I=1, B (ux).Exp (—px)

(6)

where I, is the incident intensity, B (px) is the build-up function, p is the linear attenuation
coefficient of the shield in (cm ') that depends on the material used and the radiation energy,
and x is the thickness of the shield in (cm).

Exp (—px) is the attenuation factor [2].

Radionuclide Half-life Emitted Energy (abundance)” Gamma dose rate constant in ~ Half value layer in
radiation (uGy/hr.m%GBq)™" lead (mm)™
e 205min B (y) 0.39 MeV (100%) 139.3 4.95
18p 109.8 min B (y) 0.24 MeV (96.9%) 135.1 4.96
2p 142 days p~ 0.695 MeV (100%) Pure beta emitter Pure beta emitter
S1Cr 27.7 days  y 0.32 MeV (9%) 4.22 1.92
¥Co 271.7 days y 0.122 MeV (86%) 14.11 0.298
%Ga 68 min B (v) 0.74 MeV (88%) 129 5.12
89gp 50.5days p~ 0.585 MeV (100%) Pure beta emitter Pure beta emitter
897r 784hrs BT (y) 0.897 max MeV 22.3%) 1234 9.02
¥ 0.909 (99%)
Py 64 hrs B 0.93 MeV (100%) Pure beta emitter Pure beta emitter
99mTe 3612 min y 0.140 MeV (89%) 14.1 0.234
My 67.4hrs  y 0.172 MeV (89%) 83.13 0.257
0.247 MeV (94%)
1811 8.04days P,y 0.19 MeV 90%) 522 2.74
B~ 364 keV (83%)y,
0.637 MeV (7%) 2
133Xe 525days B,y 0.10 (100%) B~ 14.33 0.0379
0.081 (37%) y
153Sm 195days B,y 0.23 MeV (50%) B~ 12.2 0.0876
0.103 MeV (28%) y
77Lu 6.73days B,y 0.15 MeV (79%) B 4.7 0.542
0.12 MeV (9%) B2
198 Au 27days B,y 0.32 (99%) B~ 54.54 3.35
0.40 (96%) y
2017] 73 hrs y, X 0.167 MeV (8%) y 10.22 0.258
0.070 MeV (74%) x;
0.080 MeV (20%) xa

“Calculated from Ref. [3].
“Taken from Ref. [3].
“From Ref. [4].

Table 1. Radionuclides of interest in diagnostic and therapeutic nuclear medicine. The energy is the average 3 emission
in MeV.
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Other important definitions are one relating the shielding material halve (HVL) and tenth
value layers (TVL) with p measured in (ecm™1).

HVL =1In 2/y,and TVL =In 10/p (7)

Another important relationship is the one relating a radioactive source specific Gamma Ray
Constant known as r and the dose rate D

D (t) =r.A (t)/d? 8)

Tis in (uGyhr~'. m? mBq '), the activity A at time (t) in (MBq), and the distance d in (m).

And the total dose is the integration of the dose rate over the total time.

D=[D.dt )

The above-mentioned relations are the fundamental ones know as time, distance, and shielding
that need to be used in radiation protection applied to nuclear medicine (Table 1). There are
other useful relations such as:

1Sv =100 rem, 1 rem = 0.01 Sv, 1 mrem = 10 pSv. (10)

3. Nuclear medicine facility design and shielding evaluation

3.1. Typical nuclear medicine department

A typical nuclear medicine facility contains the following rooms or areas: (1) reception area; (2)
waiting room; (3) hot lab; (4) imaging room(s); (5) thyroid uptake room; (6) physician office(s);
(7) chief technologist office; (8) hallways; and (9) bathroom(s). For regulatory purposes, these
areas are considered to be either restricted or unrestricted areas [5].

The following devices are used in typical nuclear medicine hot lab: (1) dose calibrator; (2) fume
hood; (3) shielding material (such as lead and leaded glass for use in the hot lab, pigs, syringe
holders, syringe shields, aprons, and portable shields); (4) protective clothing (laboratory coats
and gloves); (5) radioactive waste storage containers; (6) sealed calibration sources (for dose
calibrator, well counter, and gamma camera); (7) survey meters and exposure meters; (8) well
counter; (9) whole-body/ring dosimeters; and (10) individual room exhaust systems and acti-
vated charcoal gas traps [5].

3.2. Facility general requirements

All rooms, where radioactive materials are used and stored, shall have the appropriate radia-
tion signs posted at the entrance door; gamma camera rooms, dispensing rooms, and hot
laboratories are controlled areas, and therefore, access to unauthorized personnel shall be
restricted. The hot lab shall be provided with a fume hood with proper exhaust and filters for
handling volatile radionuclides. All radionuclides shall be stored in shielded containers.
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All containers of radioactive materials shall be labeled with a radiation sign and with the word
“Caution: Radioactive Material” with the name of the radionuclide, its chemical form, activity,
and expiry date/time if applicable.

The radioactive waste bags/container shall have a label with date of disposal [1].
3.3. Radiation shielding design

Structural shielding should be considered in a busy nuclear medicine facility where large
activities are handled and where many patients are waiting and examined. In a PET/CT
facility, structural shielding is always necessary and the final design will generally be deter-
mined by the PET application because of the high activities used and because of the high
energy of the annihilation radiation.

Careful calculations should be performed to ensure the need and construction of the barrier.
Such calculations should include not only walls but also the floor and ceiling and must be
made by a qualified medical health physicist. Radiation surveys should always be performed
to ensure the correctness of the calculations [5].

The shielding design goals in accordance with NCRP 147 standard are as follows.

It is always recommended to pay extra attention when performing initial facility design by
assigning the task to a qualified medical health physicist with board certification to perform
the shielding calculations and or to review and approve the shielding design. Such action, at
the planning stage, is meant to avoid future problems and to save unnecessary cost resulting
from redesigning the facility or installing additional structural shielding materials.

The medical physicist should do the following:
1. Specify a maximum activity for all isotopes that are expected to be used in the facility.

2. Select the highest dose rate resulting from the isotope list or add all potential dose rates
that might be exposed in the same time inside the hot lab (the hot lab is the storage area of
the radioactive sources and materials used clinically in the department).

3. Calculate the expected dose rate (D,) at (d) = 1 meter from the source for ease of calculation.

4. Evaluate the dose rate (D) at a specific point (dy) that needs to be protected; this point in
space is located normally in adjacent areas and behind the walls (using Eq. (3)).

5. Calculate the dose per week using a realistic number of hours of total exposure time (ET)
of the source for a period of a week (using Eq. (5)).

So far, we have calculated the weekly dose expected to be present in an area that requires
protection using;:

D,, [mGy/week| = Do [mGy/hr|" (di[m]/d, [m])** ET [hr/week] (11)
The calculated D,, in (mGy/week) is compared with Dy in (mGy/week) from Table 2 (shielding

design goal). The calculated dose rate in the area that needs to be protected is evaluated
against the weekly effective dose limits from Table 2. The structural shielding is found
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Area Occupational type ~ Annual effective dose limit (mSv) Weekly effective dose limit (mSv)
Controlled area Workers 10 0.2
Uncontrolled area Public 0.5 0.01

Table 2. Structural shielding design goals.

acceptable if the dose per week is below 0.2 or 0.01 mSv per week for controlled and
uncontrolled areas, respectively. For more details, it is recommended to have a copy of NCRP
report 147 for frequent consultations and references.

The Dy use must be multiplied by the occupancy factor (OF) in the area that needs to be
protected. The following is a list of OF from the NCRP 147 report (Table 3).

The linear attenuation coefficient (i) describes the fraction of a beam of X- or gamma-rays that
is absorbed or scattered per unit thickness of the absorber in (cm).

The attenuation factor is calculated as: (AF) = Exp (—px) = D1 /Dy, assuming the buildup factor
B (ux) =1, which is valid using the point source approximation. The buildup factor is the factor
by which the total value of the quantity being assessed at the point of interest exceeds the value
associated with only primary radiation. The total value includes secondary radiations espe-
cially scattered radiation.

Then, we have
Ln (Dy/Dy) = —px or Ln (Dy,/Dy) = pux (12)

Knowing p depending on (material & energy) from tables [6, 7], we can calculate the required
thickness of the shielding material x given by:

x [em] = Ln (Dy/Dp)/p [em™'] (13)

3.4. Shielding survey

An area survey report is always required by the regulatory authorities after structural shielding
installation and before routine operations of the facility. The report includes dose rate measure-
ments in various locations behind the installed barriers and an evaluation of the weekly effective

Area Occupancy factor
X-ray control room, X-ray room, nursing stations, receptionist areas, offices, lab, pharmacies. 1

Patient examination & treatment rooms. 1/2

Corridors, patient rooms, staff rest rooms. 1/5

Public toilet, storage rooms, unattended waiting rooms. 1/20

Patient holding area.

Outdoors, parking lots, stairways, elevators, Janitor’s closets. 1/40

Table 3. List occupancy factors.
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dose for the controlled and uncontrolled areas when appropriate. The reported results shall
confirm the adequacy of the shielding installed.

4. Local rules and regulations

The facility’s management must sign the license application and has authority for the radiation
protection program. The radiation safety officer is appointed by management and must accept,
in writing, responsibility for implementing the radiation protection program. The nuclear
medicine physicians are also part of the license and described as authorized users. The licensee
must periodically (at least annually) review the radiation protection program content and the
efficiency of its implementation [1].

Licensees must provide individual dose monitoring devices: TLD or OSL badges to each of the
following staff:

1. Any adult likely to receive an annual external dose >10% of the limits for radiation workers
which is 20 mSv per year (e.g., 2 mSv);

2. Minors likely to receive an annual external dose of 1 mSv.

3. Declared pregnant women likely to receive an external dose >1 mSv during an entire
pregnancy.

4. Each licensee must conduct operations so that the annual total effective dose equivalent to
individual members of the public does not exceed 1 mSv.

5. Quality control (QC) program

When imaging equipment is first installed, a qualified medical physicist performs a set of tests
in order to document the equipment performance and to ensure that it meets the agreed
technical specifications between the vendor and the hospital. The National Electrical Manufac-
turers Association (NEMA) in the United States has defined tests that allow equipment perfor-
mance testing and comparison between different machines and vendors. Quantitative data
acquired during the specified tests are gathered and kept for evaluating the equipment perfor-
mance overtime to detect any deterioration. This helps detecting problems early, since gradual
deterioration of performance is detected on the curve even before the performance deteriorates
beyond the specifications. Quality control program needs continuous monitoring: if you do not
insist on quality control measurements, the QC program will silently die, and image quality
will slowly deteriorate [8, 9].

A quality standard requires that QC program for all equipment used in imaging the patients to
be performed on a regular basis and documented. There is a major trend worldwide for
hospitals to implement a quality management programs (QMP) for all imaging services
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provided; such QMP includes a radiation safety program (RPP) aimed to protect patients and
staff working in the diagnostic imaging departments.

The QC program must include well counters, dose calibrators, gamma counters, automated
dispensing/injection system, and radiation survey meters.

Also, the IAEA basic safety standard (BSS) requires a quality assurance program (QAP) to be part
of the facility QMP. Therefore, it is recommend to integrate both RPP and QAP into the facility
wider QMP to fulfill the requirements of the Joint Commission International (JCI) for example.

6. Occupational dose limits

Radiation exposure to staff working in nuclear medicine occurs from radiopharmaceutical
dose preparation, injection of the activity to the patients, and escorting and supervising the
patient during image acquisition. The application of the three principles in radiation protection
allows staff to considerably decrease the level of radiation exposures. Time, distance, and
shielding must be applied for good radiation protection practices.

The good news is the administered activities, which are generally low and most of the used
radiopharmaceuticals have short half-lives, and the resulting level of radiation exposure, organ
doses, and effective doses are low and do not pose high risk to individuals working in nuclear
medicine services and also for the patients. However, regulations require that all occupational
exposures both external and internal must be assessed and reduced as much as possible the
ALARA principle. Therefore, licensees must comply with the following dose limits for occu-
pationally exposed staff (Table 4).

Type of limit Occupational Public
Effective dose, whole body 20 mSv per year, averaged over defined period of 5 years 1 mSv per year
Lens of the eye 20 mSv 15 mSv

Skin 500 mSv 50 mSv

Hands and feet 500 mSv -

Table 4. Recommended dose limits as per latest ICRP recommendations (ICRP 103, 2007) [10].

7. Radioactive contamination control and spill procedure

The following is a typical spill procedure that can be implemented as part of the radiation
protection program:

1. Notify all persons in the area that a spill has occurred.

2. Prevent the spread of contamination by isolating the area and covering the spill, if appro-
priate, with absorbent paper. If clothing is contaminated, remove that article of clothing
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and place in a plastic bag. If an individual is contaminated, rinse contaminated area with
water and wash with a mild soap, using gloves.

3. Notify the radiation safety officer or appropriate individual of any unusual circumstances
immediately.

4. Wearing gloves, a disposable lab coat, and booties, if necessary, clean up the spill with
absorbent paper.

5. Place absorbent paper and all other contaminated disposable material in a labeled radio-
active waste bag or container.

6. Survey the area or contaminated individual with an appropriate radiation survey instru-
ment and check for removable contamination. Standard commercial cleaners maybe used
to clean most spills involving radioactive materials used in hospitals.

7. If necessary, continue to decontaminate the area or individual until decontamination
action no longer result in reduction of the residual activity.

8. If necessary, leave absorbent paper labeled “Caution: Radioactive Material” over the area
to prevent loosening of any fixed contamination.

9. Check hands and clothing for self-contamination.

10. Report the incident to the radiation safety officer or appropriate supervisory personnel. If
personnel contamination is found, the skin dose will be evaluated [11-13].

8. Ordering receiving and opening radioactive packages

Good practice recommends performing wipe test on every radioactive packaged received, and
it is the responsibility of the RSO to perform the test and document the results.

Ordering radioactive material is through licensed/authorized service providers and authorized
to transport radioactive materials under national radiation protection regulations. When order-
ing radioactive materials for extended period of time is also recommended to check the maxi-
mum total activity licensed and not to order more than the maximum in order to avoid any
license violations or noncompliance. The RSO must authorize each order of radioactive material
and must maintain proper database and records as specified in the nuclear medicine license.

Generally, transportation of radioactive sources in any country follows the international
atomic energy agency (IAEA) regulations for the safe transport of radioactive materials. The
IAEA regulations include details about the shape and the labeling of packages to ensure
mechanical and physical safety during the transport including the potential exposure to water
and flames [14, 15].

There are three different labels: I-White, II-Yellow, and III-Yellow. In all cases, the radionu-
clide and its activity should be specified. The label gives some indication of the dose rate D at
the surface of the package:
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Category I-White D < 0.005 mSv/h
Category II-Yellow 0.005 < D < 0.5 mSv/h
Category IlI-Yellow 0.5 < D <2 mSv/h

9. Radiation surveys and instrument calibration requirements

9.1. Routine area surveys

Regular radiation area monitoring is required by regulations. Records must be kept in file for
compliance purposes. Some areas need more attention in Nuclear Medicine Departments such
as the radiopharmacy, where the large amount of radioactive materials is manipulated. There-
fore, permanent area monitors can be installed and sometimes are required by the national
regulators. Area monitors could be scintillation counters or ionization chamber type with
audible signal for dose rate monitoring. The radiation area monitoring program is sensitive to
potential increase of activity in the radiopharmacy and new added radionuclides to the list of
radionuclides used at the department. It also serves as a warning to staff in the case of
unshielded radiation source that is exposed in the work area [16].

9.2. Radiation measuring instrument calibration requirements

Regulatory authorities require licensees to have an instrument capable of measuring radiation
dose rates in the order of (1-1000 pSv/hr) ready to be used at all times in nuclear medicine
departments [1]. Periodic calibration of instrument is a regulatory requirement in most coun-
tries. Such calibration must be performed by an authorized center licensed to calibrate radia-
tion detection and measurement instruments for dosimetry and radiation protection purposes.

Records of calibration certificates must be maintained with the RSO, and proper sticker are
recommended to be on the surface of the calibrated instrument indicating the validity date of
the calibration and the due date of next calibration.

10. Caution signs and posting requirements

Area postings are required by regulations. In most countries, posting requirements are speci-
fied as part of the license document called license conditions or as part of the written document
that contains the current radiation protection regulations. Copies of such documents must be
available at the radiation protection office for consultations when needed.

11. Labeling containers, vials, and syringes

Syringe and vials that contains radioactive materials must be labeled with the isotope, activity,
time, date, and technician or radiopharmacist signature at all times when stored or in transit to
be administered to the patients for both injections and oral administration routes.
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12. Determining patient dosages and radiation effects

Because of the low administered activities and short half-lives of radiopharmaceuticals used in
diagnostic nuclear medicine practice, the resulting radiation doses (both organ doses in rad
and effective dose equivalents in rem) pose extremely low radiation risks.

Concerns about stochastic radiogenic risks have led to NRC regulations for diagnostic nuclear
medicine that inherently demand a radiation protection philosophy based on the conservative
hypothesis that some risk is associated with even the smallest doses of radiation.

There is no question that exposure of any individual to potential risk, however low, should be
minimized if it can be readily avoided or is not accompanied by some benefit. The weighing of
risks and benefits, however, is not always based on objective data and calls for personal value
judgments, which can vary widely.

Today, after more than a century of careful review of the evidence for radiation effects from the
radiation doses associated with diagnostic nuclear medicine, there appears to be little reason
for apprehension about either genetic or somatic effects (including thyroid cancer).

13. Risk assessment of the pregnant and breast feeding patient

13.1. Pregnant patients

Pregnancy is not an absolute contraindication to radionuclide studies. If a patient is pregnant,
it is imperative to discuss the indications for the study with a departmental medical officer,
and the fact that the patient is pregnant must be clearly marked on the consultation form. A
smaller than normal activity of radiopharmaceutical may be administered, thereby minimizing
radiation to the fetus. There is little risk involved with the use of *™Tc radiopharmaceuticals,
but studies with other radionuclides should be avoided unless clinically justified [16].

If a pregnant patient undergoes a diagnostic nuclear medicine procedure, the embryo/fetus
will be exposed to radiation. Typical embryo/fetus radiation doses for more than 80 radiophar-
maceuticals have been determined [17].

There should be no concern about radiation exposure below 150 mSv to pregnant patient.
Most of the calculated doses to the embryo fetus are below 18 mSv except for “’Ga which is
18 mSv. Radiation doses received from a diagnostic medical imaging procedure are not high
enough to cause a spontaneous abortion.

Radioiodine "*'T is widely used for therapy of hyperthyroidism and thyroid cancer. Its use is
generally contraindicated in pregnancy, as large doses to the fetus and fetal thyroid may result
due to the passage of the radioactivity across the placenta.

Ref. [18] has a table showing the injected activity and the corresponding calculated dose to the fetus.
Also, ICRP has published two other documents [19, 20] having more information about radiation
doses received by the fetus as results of the injection of radiopharmaceuticals to the mother.
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13.2. Breast feeding patients

In situations involving the administration of radiopharmaceuticals to women who are lactat-
ing, the breastfeeding infant or child will be exposed to radiation through the intake of
radioactivity in the milk, as well as external exposure from close proximity to the mother.
Radiation doses from the activity ingested by the infant have been estimated for the most
common radiopharmaceuticals used in diagnostic nuclear medicine [21].

Many radionuclides may be concentrated in breast milk. This may mean that the patient has to
stop breastfeeding for a period of time. Table 8.1 (p. 516) in Ref. [16] gives a guide to the period
of time that breast feeding must be interrupted.

In most cases, no interruption in breast feeding was needed to maintain a radiation dose to the
infant well below 100 mrem (1 mSv). Only brief interruption (hours to days) of breast feeding
was advised for ™ Tc-macroaggregated albumin, *™Tc pertechnetate, *™Tc -red blood cells,
9mTe_white blood cells, 123I-me’caiodober1zylgualrlidir1e, and 2°'TL. Complete cessation was
suggested for %7Ga-citrate, '*°I sodium iodide, and '*'I sodium iodide. The recommendation
for 12T was based on a 2.5% contamination with '?°I, which is no longer applicable.

14. Diagnostic reference levels (DRLs)

Diagnostic reference levels are published by many countries across the globe for both adult
and pediatric patients. Such levels are published and made public by national authorities in
radiation protection in medicine.

Establishing DRLs is recommended even at the local level in order to bench mark the practice
against well-established ones. Use of the reference levels is a way of optimizing the clinical
practice and fulfills quality standard requirement such as JCI and national regulations. Table 5
contains a list of administered activities for the most common nuclear medicine exams with a
range and maximum recommended values when applicable.

Study type Radiopharmaceutical Range of administration Maximum recommended
activity in MBq activity in MBq
Bone Tc-99 m MDP/HDP 730-880 1110°
Bone marrow Tc-99 m nanocolloid 360440
Brain (perfusion) Tc-99 m HmPAO 669-814 1110
Brain tumors T1-201 chloride 100-666
Tc-99 m MIBI 122-814
Breast imaging Tc_99m-MIBI 832.5-1017 110"
Brain (shunt patency) Tc-99 m DTPA 33.3-40

Cisternography Tc-99 m DTPA 166-203
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Study type Radiopharmaceutical Range of administration Maximum recommended
activity in MBq activity in MBq
Colonic transit Ga-67 citrate/oral 7-10
Gallium infection Ga-67 citrate 166-205 325"
Gallium tumor Ga-67 citrate 225-275 3257
Gastric emptying Tc-99 m DTPA/colloid 18-37 50"
Gl bleed Te-99 m RBC 360440 1110 "
Hemangioma Tc-99 m RBC 730-880 925"
Hepato-biliary Tc-99 m mebrofenin 166-185 185"
Leucocytes (WBC) Tc-99 m HmPAO WBC 200-600 740 "
Leucocytes (Leukoscan) Tc-99 m sulsemab 660-814 850"
Liver/spleen Tc-99 m tin colloid 166-205 222"
Lung (perfusion) Tc-99 m MAA 40-150 296"
Lymphoscintigraphy Tc-99 m nanocolloid 34-41 120"
SLNS Tc-99 m nanocolloid 10-15 120"
Meckel’s diverticulum Tc-99 m pertechnetate 135-165 450"
MIBG 1-123 MIBG 360440 400"
Octreotide imaging In-111 octreotide 180-220 2227
Tc-99 m octreotide 666-815
Parathyroid Tc-99 m MIBI 730-880 925"
Renal (static) Tc-99 m DMSA 90-110 170~
Renogram Tx/native Tc-99 m DTPA 270-330 540 ™
Renogram Tx/native Tc-99 m MAG3 150-220 310
Spleen Tc-99 m denatured RBC 90-100 110"
Thyroid (Tc-99 m) scan Tc-99 m pertechnetate 90-110 370"
Thyroid (I-123) scan 1-123 jodide 20.35-16.65 25"
Testicular scan Tc-99 m pertechnetate 540-660 940 ™
Whole body scan 1-123 166-185 185"
Whole body scan 1-131 capsules 90-110 185"
MUGA Tc-99 m RBC 730-880 1000~
GFR Cr-51 EDTA 2-2.5 37
PET/CT 18E_fluorodeoxyglucose 222-555 650
(FDG)
"Ref. [22].
**Ref. [23].

"Ref. [24].

Table 5. Radiopharmaceutical administration activity in adults (weight is 70 kg).
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15. Sealed sources inventory and leak testing

Nuclear medicine is a regulated practice in most countries around the world through a rigorous
system of licensing and inspections. Most regulations require a biannual inventory and leak
testing of all sealed sources used under the practice license.

Sealed sources by nature pose minimum risk of contamination because they are well designed
and optimized to prevent leakage; however, they must be tested on a regular basis.

15.1. Inventory requirement

Inventory list will contain the following information: source locations (e.g., hot lab), model
number, radionuclide, nominal activity, and the name of the individual who performed the
inventory. Inventory records should be maintained for a minimum of 3 years.

Most of the international radiation protection regulations require licensees to notify the regu-
latory authority in case of loss of any licensed radioactive source or materials. Effort must be
deployed in order to recover the lost source or locate them.

15.2. Leak testing requirement

Sealed sources must be wiped in order to detect any removable contamination, must com-
monly every 6 months or as per license condition requirements.

Cotton swabs or filter or tissue paper can be used to take the wipe sample, and samples must
be well identified before proceeding to the sample counting stage to prevent mixing of results.

The person performing the wipe must wear disposable gloves and protective clothing and
change the glove after each source in the case of performing wipe testing of multiple sources at
the same time and location in order to avoid cross contamination and repeating the wipe
testing which may be time consuming.

Counting the wipe samples can be done by using a routine gamma counter, sodium iodide
scintillation counter, or by using a Geiger-Muller detector with pancake prop. In case of Geiger
or scintillation counter type, the following equation can be used in order to report the results in
the proper units.

Activity (MBq) = [wipe (cpm) — BG (cpm)| /e (cpm/MBq) (14)

where € (cpm/MBgq) is the detector efficiency measured in counts per minutes (cpm) per activity
in (MBq).

The analysis must be capable of detecting the presence of 185 Bq of radioactive material on the
test sample and must be performed by an authorized service provider. An activity of more
than 185 Bq on the test sample is considered as leaking source and must be declared to the
regulatory authority.
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16. Decay in storage and waste management

Radioactive waste from nuclear medicine procedures can be dealt with either by simply storing
the waste safely until radioactive decay has reduced the activity to a safe level or possibly by the
disposal of low activity waste into the sewage system, if permitted by the local regulatory author-
ity. Long half-life or high activity waste may need long term storage in a suitable storage area.

Technetium-99m waste normally requires storage for only 48 hours, in a plastic bag inside a
shielded container. The container should be labeled with the radionuclide and date. Gallium-
67, iodine-131, and other longer half-life materials should be placed in a separate labeled and
dated plastic bag and stored safely. Sharp items, such as needles, should be separated and
placed in a shielded plastic container for safety.

In some countries, the radiation dose rates at the surface of the cleared waste bags and released
into normal waste must be measured before disposal. A dose rate limit maybe applied by
regulations. Normally, a maximum dose rate of 5uGy/hr. is imposed. Disposable gloves should
be worn and caution exercised when handling sharp items. Any labels and radiation symbols
should be removed. Radioactive waste should be placed in a locally appropriate waste dis-
posal container, for example, a biological waste bag (since waste, once no radioactive, is
usually regarded as biological waste). Placement of waste inside two bags is advisable to
minimize the risk of spillage [25].

17. Safety instructions for workers

17.1. General safety procedures

1. Wear laboratory coats in areas where radioactive materials are present.
Wear disposable gloves at all times when handling radioactive materials.

Monitor hands and body for radioactive contamination before leaving the area.

=N

Use syringe and vial shields as necessary.

5. Do not eat, drink, smoke, apply cosmetics, or store food in any area where licensed
materials are stored or used.

6. If required, wear personnel monitoring devices (e.g., whole body and/or ring badge) at all
times when in areas where radioactive materials are used or stored. When not being worn
to monitor occupational dose, these devices must be stored in a low-background area.

7. Dispose the radioactive waste only in designated, labeled, and properly shielded recepta-
cles located in a secured (e.g., locked) area.

8. Appropriately label all containers, vials, and syringes containing radioactive materials.
When not in use, place these in shielded containers (e.g., lead pigs) or behind appropriate
lead shielding in a secured area if not under constant surveillance and control.
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9. Store all sealed sources (e.g., flood sources and dose calibrator check sources, if needed) in
shielded containers in a secured area when not in use.

10. Before administering dosages to patients, determine and record activity (based on either
decay correction or dose calibrator measurement, whichever method is selected for use).
The administered activity must be +10% of the prescribed activity.

11. Know what steps to take and who to contact (e.g., radiation safety officer) in the event of
radiation incidents (such as unsealed material spills or a leaking sealed source), improper
operation of radiation safety equipment, or theft/loss of licensed material.

17.2. Radiopharmaceutical therapy safety procedures

Radionuclide therapy presents relatively few hazards to staff and patients, but there are a
number of common principles of radiation safety that have to be observed.

Staff caring for or working with patients who have received therapy with radionuclides may
be required to follow safe working practices, according to the type of therapy. These are listed
in Section 5.2. (IAEA, 2006) [16], we are going to summarize the most important aspects in the
mentioned reference here below.

The most common safety procedures include the following: during the pre-therapy stage,
testing the female patient for pregnancy is important, and advice to the physician and to the
patient can be done by the qualified medical physicist certified in medical health physics or in
health physics.

On the admission day for the therapy as inpatient treatment at the hospital, physician guidelines,
administrative protocol, advice to nursing staff, and preparation of patient room must be done.

During the therapy days stay at the hospital, control of radioactive waste including urine,
contaminated syringes, cotton swabs, and other items must be controlled. Control of visitors,
patient, and local environment must be monitored.

At the discharge time, information to the patients must be given and advice on future preg-
nancies. The patient should be given a discharge card listing the radionuclide and activity
administered the activity on discharge and any necessary precautions.

Table 6 includes the discharge criteria that can be applied in the absence of national or local

regulations:

Radionuclide Remaining activity in (GBq) Measured dose rate in (uGy/hr)
I-131 1.2 70

Re-186 28 150

Re-188 29 200

Sm-153 26 300

Table 6. Radioactive patient discharge limits.



Applied Radiation Protection Physics
http://dx.doi.org/10.5772/intechopen.79286

17.3. Emergency department safety procedures

The emergency room (ER) in the medical city should be prepared to assist in an incident with
contaminated wounds, and the staff in ER shall be made familiar with radiation decontamina-
tion procedures. Such information is available in documents such as references [26, 27]. Let us
review the general guidelines to be applied in case of emergencies involving radioactive mate-
rials: accidents or incidents such as radioactive spills, skin contamination, traffic accidents, loss
of radioactive materials, and use of radiological dispersal devices; in most cases are not life
threatening situations. The hazard from radiation exposure to emergency attending staff is little.
Therefore, the patient must be treated first and immediately with no consideration of the level of
contamination. The patient life must be saved first. Injured patients may be covered with
disposable material to prevent any spread of contamination into the hospital facilities. Safe
decontamination procedures can be initiated later after the patient has been stabilized.

The basic radiation protection methods of increasing the distance from the radiation source,
reducing the time spent close to the source, and use shielding martial between the person and
the source can be done when possible. In the current situation, the contaminated patient body
is the radiation source.

Personal protective equipment such as gloves, masks, and shoe cover must be used when
working on a contaminated injured patient. Counting the amount of contamination on the
skin can be done using appropriate radiation detector. Clean the contaminated area by going
to the nearest sink, wash with mild soap, and cool to warm water.

Wiping the contaminated area with a filter paper and counting the activity removed on that
piece of paper will indicate the amount of activity that can be removed while performing the
physical decontamination while a close survey of the contaminated area will give an indication
of the total contamination both fixed and removable.

In the case of suspected internal contamination through open skin wounds, inhalation or
ingestion of radioactive substances, it may be necessary to take urine samples or performing
thyroid uptake counting, the evaluation of internal contamination must be dose by an experi-
enced health physicist (Table 7).

Radiation type Sample isotopes Survey type Detector to be used
alpha Am-241, Po-210, Pu-239 Ra-226, U-238 Direct survey or Proportional counter or
Wipe test Zinc sulfide ZnS scintillator
low energy beta C-14, H-3, S-35, Pu-241 Wipe test Proportional counter or
Liquid Scintillation counter
Medium energy beta 1-131, P-32, Sr-90 Direct survey or Geiger, Proportional or
Wipe test Liquid Scintillation counters
Low erergy gamma Am-241, 1-125, 1-129 Direct survey or Thin Nal scintillator
Wipe test
Medium to high energy gamma Co-20, Cs-137, I-131, Ir-192, Direct survey or Geiger counter or
Wipe test Thick Nal scintillator

Table 7. A list of types of radiation detectors and their potential use.
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18. Radioiodine therapy and patient release criteria

Radioiodine therapy is one of the most common methods used in radionuclides therapies
worldwide; therefore we have included this section to summarize the most important radiation
safety aspects related to this treatment for both the patient and the hospital staff caring for the
patients. In the literature, there are a lot of references covering all aspects of radioiodine therapy.

This section will consider a summary of applicable requirements for patient accommodation
(design requirements including shielding), as well as radiation safety procedures necessary for
safe practice.

18.1. General safety principles

Doors of rooms that are occupied by patients undergoing radioiodine therapy shall be posted
with the appropriate radiation sign. These rooms are also considered as controlled areas
during the stay of the patients, and therefore access shall be restricted to members of the
public. A specially designed room/ward is required for radionuclide therapy if therapeutic
dose of I-131 is to be administered; bed shields shall be available in the rooms of patients
undergoing radioiodine therapy.

A nonporous, easily decontaminated floor and wall surfaces with covered junctions to make
cleaning easier;

A dedicated shower and toilet, the toilet draining directly to the main sewer or to a system of
radiation waste disposal, depending on local regulatory requirements.

A physical barrier to entry: a simple door may be sufficient; moveable lead shields to minimize
nursing exposure.

The possible installation of a remote patient monitoring system (video); door signs prohibiting
entry by pregnant women, children, and other persons without permission, giving a time limit
for approved visitors.

It is not allowed to remove anything from the room without clearance and requiring the use of
protective clothing in the room. Rubbish must be kept within the suite until dealt with by a
physicist. A designated place to keep supplies of disposable gloves and gowns, and possibly
overshoes, outside the room shall be made available; storage within the room for collection
and temporary storage of waste.

The patients are advised to have adequate hydration and voiding frequently and flushing the
toilet twice after each voiding. Patient comfort should be catered for by radio, television and/or
videotape facilities as well as a comfortable (but easily decontaminated) chair. Disposable
sheets, blankets, and eating utensils should be provided. When the patient is ready for dis-
charge, all the patient’s belongings must be checked for radioactive contamination and stored
or washed separately as necessary.

No member of staff should enter the therapy room without wearing a personal radiation
monitor. Persons entering the room should put on plastic aprons, gloves, and shoes. As the
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barrier is crossed on leaving the room, this protective clothing must be removed and placed in
the disposal bag provided [5].

18.2. Patient release criteria

After hospitalization, the patient undergoing radioiodine therapy treatment is released from the
hospital to normal life at home and work. Regulators across the world developed release criteria
for the patient to fulfill before his release from the confinement in the hospital. The aim of the
regulation is to protect the patient family members and the general public from unnecessary
exposure to radiation while living in the same area with the released radioiodine therapy patient.

There is no solid agreement on the patient release criteria among countries in the world today;
Table 8 summarizes the current release criteria applied in the majority of countries.

Release criteria 1 in the table is based on the administered activity; if the patient receive less
than 110 MBq, he or she are automatically released from hospital like any other diagnostic
nuclear medicine exam using other radiopharmaceutical than I-131. Criteria number 2 is based
on the remaining activity in the patient’s body upon release; such activity is estimated based
on measurements by the hospital radiation protection staff or the RSO. Criteria number 3 is
based on the direct dose rate measurement at 1 meter from the patient using a calibrated
instrument. The last criteria number 4 is used in the United States where licensee may release
a patient if dose calculations using patient-specific parameters, which are less conservative
than the conservative assumptions, show that the potential total effective dose equivalent to
any individual would be not greater than 5 mSv [28].

Release criteria Applicable activity or dose rate limit

1.  Administered activity 1110 MBq

2. Retained activity 1110 MBq

3. Measured dose rate Less than 70 uSv/hr

4.  patient specific calculation Dose to family members less than 5 mSv

Table 8. Summary of radioiodine patient release criteria in the world.

19. Incidents and misadministration

A variety of incidents may occur in nuclear medicine practice which can result in the inadver-
tent radiation exposure of a patient, a member of the public or a staff member. These include
according to reference [29]:

*  Misadministration means giving the radiopharmaceutical to the wrong patient.
¢  Giving the wrong radiopharmaceutical or wrong activity to the patient.

¢ Unjustified examination of pregnant or lactating female patients.
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¢ Use the wrong route of administration, which includes complete extravascular injections
that can result in very high absorbed exposure at the injection site especially if the volume
is small, the activity is high, and the radiopharmaceutical has a long retention time.

*  The definition of wrong activity should be made locally. In general, a variation of £25%
from the prescribed activity is regarded as acceptable in diagnostic applications.

What primary actions should be taken in case of a misadministration?

* Immediately use all available means to minimize any adverse effects;
* Inform responsible nuclear medicine physician;

* Inform patient and referring physician;

e (Calculate dose;

¢ Indicate corrective measures;

* Implement measures;

*  Submit report to the head of the department, to the radiation protection committee and, if
required, to the regulatory authority;

¢ Inform all staff of the accident/incident and the corrective measures implemented.

20. Conclusion

In this chapter, we have attempted to include the necessary information needed by radiation
safety officer or medical physicist responsible for the radiation protection of the nuclear
medicine department. The chapter may also serve as a guide for clinicians with an overall
responsibility of the radiation safety program and the licensing of the facility. The chapter
includes links to more comprehensive references in radiation protection applied to nuclear
medicine.
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Abstract

The concepts of diagnostic reference levels (DRLs) and achievable doses (ADs) have
been developed to optimize the imaging procedures, both diagnostic and interven-
tional, involving ionizing radiation. These are not dose limits but are used to evaluate
the performance of clinical exams. Most countries have developed their own DRLs and
ADs depending on the medical practice of administrating radioactivity to patients. In
this project, the intent was to establish these quantities in nuclear medicine according to
the prevailing practices of our country. Data were collected for all gamma ray imaging
procedures both for adults as well as for children. An attempt was made to include as
many hospitals and patients as possible to get good statistics. The survey data showed
the range of minimum and maximum administered activities is quite large for many
commonly performed nuclear medicine studies. DRLs and ADs are selected at the 75th
and 50th percentiles of the survey data to represent state-of-the-practice. DRLs are not
regulatory limits or to establish legal standards of care. In addition, DRLs are not appli-
cable to the doses for individual patients. It is essential to ensure that the appropriate
clinical information is available in the image throughout the optimization process.

Keywords: diagnostic reference level, achievable dose, radiations, nuclear medicine,
optimizations

1. Introduction

All imaging procedures, whether nuclear medicine scans or radiological procedures, using
ionizing radiation carry some level of detrimental effect. Better image quality has always
been a priority of the interpreting physicians which can only be achieved at large amount of
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radiation doses. At high doses, the probability of damage also increases. As there is no patient
dose limits, efforts are being done around the globe to optimize the radiation exposure. The
concept of diagnostic reference levels (DRLs) was developed to oversee the current practices
and to devise ways to reduce the radiation exposure if it is undue. Diagnostic reference levels
(DRLSs), reference levels (RL) and achievable doses (AD) are becoming increasingly consistent
tools for hospitals to manage their patient’s radiation doses. In order to assure that the imag-
ing procedures will not result in undue radiation exposure, quantitative indicators for the
radiation dose called diagnostic reference levels (DRLs) are used.

In radionuclide imaging, a specific amount of radiopharmaceuticals is injected into the
patient to examine the molecular processes within the body. The amount of isotope injected is
a function of weight and age of the patient by means of the type of clinical investigation. Small
patients must be given small amount of isotope as opposed to adults who require higher
amount of radiation doses. Although nuclear medicine diagnostic procedures are safe and
effective, the fact that the radioisotopes stay into the body for a certain amount of time even
after the scan has done result in undue radiation dose and has nothing to do with the useful
diagnostic information. Higher radiation doses accelerate the probability of cancer induc-
tion according to prevailing linear no threshold (LNT) radiation dose-response model and,
therefore, the nuclear medicine procedures should be optimized, implying that sustaining
diagnostic quality of information at minimum possible radiation dose.

Optimization of pediatric imaging is of specific significance, in light of the fact that the hazard
of numerous hurtful radiation impacts is more significant in children than in grown-ups and
they have a more drawn out future among which these impacts may show. In addition, the
smaller body size of most children when compared with grown-ups implies that in children
more organs are probably going to be inside or close to the essential shaft, with the goal that
exact collimation is both more vital and that’s just the beginning troublesome [1, 2]. The little
presentation times necessary for pediatric examinations mean that physical exposures are
frequently utilized rather than automatic exposure control (AEC) frameworks.

1.1. Historical background

ICRP represented the idea of DRLs in publication 60 [1], and in this way they suggest their
utilization in publication No. 73 [2], ICRP Publication No. 73 states. “The commission now
suggests the utilization of diagnostic reference level for patients. These levels which are type
of examination level, easily applied to measured quantities, as a rule consumed dosage in
air or in a tissue-proportional material at the surface of phantom. Administered activity is
used in nuclear medicine. In both case for use as a basic test for recognizing circumstances
where the levels of patient measurements are strangely high. If administered activity is usu-
ally exceeded to diagnostic reference level then there should be take action for the reduction
of radiation doses that are injected to patients”.

Radiation dosage estimation of patients experiencing routine indicative examinations to sur-
vey the level of their introduction is a fundamental piece of advancement in measurement.
The requirement for general evaluation of patients’ radiation measurements emerging from
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demonstrative examinations have been highlighted by different universal administrative
approach making bodies and scientists [3]. This is because of the expansion in information
of risks related with low measurements of ionizing radiations, and the uncovered substantial
dosage varieties for persistent experiencing a similar sort of symptomatic X-beam examina-
tion [4, 5].

With a specific end goal to set up DRLs no less than at least 10 standard patients are required,
but since of the deficiency of standard estimated patients a few nations take all patients
accessible in the estimation time frame and take the normal of the measurements come
about as the result for standard-sized patient. This will give a sensible thought to the dos-
age, as the quantity of patients is not very small say, at least 10 patients [6]. Understanding
size is a critical factor in evaluating the dosage from X-beam examinations. For grown-ups,
the impact of size is limited by guaranteeing the mean weight of the specimen of patient is
near the reference weight (kg), which is 70 + 5 kg for a standard patient [7]. The choice and
utilization of standard patient gives space for correlation of dosages among healing facilities
and nationalities.

The size and weight of pediatric patients largely affects the radiation measurement. Smaller
and lighter patients have brought down constriction of the essential X-beam pillar and are in
this way presented to a higher radiation measurement. In smaller and more slender pediat-
ric patients, the organs are nearer and subsequently more effortlessly presented to scattered
radiation [8]. Concerning pediatric atomic medication, the European Association of Nuclear
Medicine (EANM) dose card has been proposed and created by the Pediatric Task Group
EANM in Europe [9-12] and agreement rules have been proposed and created by the Society
of Nuclear Medicine and Molecular Imaging (SNMMI) in North America [13-17]. In 2014, the
Japanese agreement rules for pediatric atomic solution were given by JSNM in Japan [18].
Indicative reference levels for atomic drug are communicated as far as managed movement.
To enhance security of kids and youths in indicative atomic drug, measurement enhancement
plans for the controlled exercises in pediatric patients are connected, for the most part in
view of suggested grown-up measurements balanced for distinctive parameters, for example,
weight of patient. Varieties of this approach have been of late received by proficient social
orders in Europe and North America [15, 19-22]. A conclusive objective is to lessen radiation
presentation to the most minimal conceivable levels without negotiating symptomatic nature
of the pictures.

1.1.1. Diagnostic reference level

Diagnostic reference level (DRL) is the Commission’s expression for an instrument used to
help in enhancement of insurance in the medicinal introduction of patients for analytic and
interventional systems. A DRL esteem is a chosen level of a radiation dosage amount (a “DRL
amount”) for comprehensively characterized sorts of gear for ordinary examinations for gath-
erings of standard-sized patients or, in certain particular conditions, a standard ghost. DRLs
do not make a difference to singular patients. They are received from a self-assertive edge
in an appropriation of qualities acquired locally and gathered broadly or locally. A DRL is
an enhancement to proficient judgment and does not give an isolating line among great and
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awful therapeutic practice. The people who were part in subjecting a patient to a medicinal
presentation ought to be comfortable with DRLs as a device for improvement of security [2].

In diagnostic radiology, diagnostic reference levels (DRLs) are not based only on well-
equipped hospitals [6]. This would reflect the condition of training in specific association and
country. For sample value or survey, 75th percentile dose level is set as diagnostic reference
level (DRL). Diagnostic reference levels (DRLs) are regarded to be an imperative instrument
for the administration of patient dosage to guarantee, which is proportionate with medicinal
reason for the X-beam examination [23].

1.1.2. Achievable doses

At present, no formal system of achievable doses exists. The idea of achievable doses is direct.
The achievable dosage is regularly set at the middle of measurement dispersion estimation.
The dosage is achievable by standard strategies while keeping up clinical picture quality suf-
ficient for analytical reasons.

1.2. Purpose for establishing diagnostic reference level
1.2.1. Features of diagnostic reference level

Each country has developed their own DRLs because each country has different facilitates.
DRLs are neither dose limited nor it does not give boarder line between poor and good medi-
cal practice [24]. DRLs are proposed for the improvement of the picture quality. DRLs can
specify action or investigation level from lower to the upper values, lower value from which
image quality cannot diagnostic, upper value from which dose may be in exceed [25].

1.2.2. Approaches for use of diagnostic reference level in medical sefting

In medicinal settings, it is important to first contrast an establishment’s dosages and DRLs in
the enhancement procedure, be that as it may, in therapeutic settings where a dosimeter is not
accessible. A conceivable countermeasure for this issue is the utilization of qualities figured
utilizing nondosimetry or customary programming for ascertaining radiation introduction
measurements or esteem showed on hardware as a substitute. DRLs can be contrasted for
different nations.

1.3. Objectives of a diagnostic reference level

The goal of a demonstrative reference level is to encourage stay away from radiation measure-
ment to the patient who does not add to the clinical motivation behind a restorative imaging
undertaking. This is distinguished by the correlation between the numerical estimation of
the diagnostic reference level (got from important national, regional or nearby information)
and the appropriate or mean values that are observed for a reasonable reference phantom or
an appropriate reference gathering of patients. A reference gathering of patients is normally
characterized inside a specific scope of physical parameters (e.g. weight and height). On the
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off chance that unselected examples of patients were utilized as a reference group, it is hard
to translate whether the observed value for the specimen is higher or lower than the indicative
reference level. Diagnostic reference level is not connected to singular patients.

1.3.1. Uses for a diagnostic reference level

A diagnostic reference level can be utilized:

a. To enhance a local, national or neighborhood appropriation of observed outcomes about
for a general therapeutic imaging undertaking, by lessening the recurrence of unjustified high
or low esteems

b. To advance achievement of a smaller scope of qualities that represent a great practice for
a more particular medicinal imaging undertaking; or

¢. To advance fulfillment of an ideal scope of qualities for a specified therapeutic imaging
convention

1.4. Optimization

Optimization in medical imaging is the balancing of the amount of ionizing radiation and
image quality. As the amount of radiation increases, the image quality typically improves.
One must minimize the patient radiation dose while assuring that the image provides suf-
ficient quality (information) to meet the clinical need. Optimization involves both the imaging
systems (through testing and quality control) and imaging techniques such as kilovoltage and
milliampere-seconds.

Optimization of imaging protocols and establishment of diagnostic reference levels will
achieve the goals of good quality images at reduced radiation doses. Assessment of admin-
istered activity to patient will help establish optimization of procedure to maintain a bal-
ance between image quality and dose. The diagnostic reference levels assure the current
practices of imaging are appropriate. The essential point of the advancement of assurance
is to change the insurance measures for a source of radiation such that the net advantage
is expanded. In the instance of introduction from analytic and interventional medicinal
methods, the target of analytic diagnostic reference levels (DRLs) is the advancement of
assurance.

1.5. DRL and AD in United States

Most suppliers of therapeutic imaging administrations know about the ALARA guideline,
which expresses radiation measurements ought to be as low as sensibly achievable, financial
and social elements being considered. Despite the fact that customarily connected to word-
related measurements, it is proper to apply this guideline to accepting dosages, as well. It is
fundamental to remember that medicinal imaging thinks are performed to influence quiet
care. Thus, a medicinal imaging methodology performed at bring down measurement is
just “sensible” on the off chance that it answers the clinical inquiry. As such, a lower dosage
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methodology that is lacking to answer the clinical inquiry conveys radiation dosage to the
patient without the imperative advantage and is generally “not sensible.” The procedure of
self-appraisal must be bolstered by a high level institutional responsibility regarding quality
restorative imaging and the fitting conveyance of radiation measurement to patients expected
to help the clinical administration of every patient. The institutional responsibility must incor-
porate allotment of the fundamental assets to fulfill these assignments. Fundamental assets
incorporate time for staff to commit to the procedure, and time on imaging frameworks to test
potential measurement decreases strategies, where required. Budgetary designations may be
expected to pay for administrations are not performed by staff or for substitution clinical
scope while staff individuals commit time to the self-assessment.

1.6. Nuclear medicine

Atomic drug is a branch of medicinal imaging that utilizations radiopharmaceuticals to look at
the capacity and structure of organs and tissue capacity and structure. A radiopharmaceutical
is the most part comprised of two sections: a pharmaceutical that objective a particular organ
or tissue and a radioactive material (radionuclide) that emits little measures of radiation.

1.7. Nuclear medicine procedures

Name of NM procedures are HIDA scan, Bone scan, DTPA renal scan, cardiac rest scan, car-
diac stress scan, parathyroid scan, thyroid scan, DMSA and GI bleeding, etc.

1.8. Nuclear medicine scans
1.8.1. Bone scan

Bone scan is also known as skeleton scan, is an imaging test. To diagnose the problem in bones, it
uses very small amount of radioactive material. Specifically, it test is taken in imitation of reveal
troubles along skeleton metabolism. Bone consequence refers after the process among which
bones ruin down or renovate themselves. New bone form is share of the recovery system then
bones are broken then broken. The skeleton scan is a strong way to argue then record extraordi-
nary metabolic exercise between the bones. A skeleton scan may also remain old after determining
whether most cancers has spread after the bones beyond another place regarding the body, such
so the prostate or breast. During a bone scan, a radioactive paint is injected between thy bones.
Patient after stay will be monitored for several hours. An at all tiny volume over smearing is
ancient in the dye, or nearly whole about it is released out of patient’s body within pair and 3 days.

1.8.1.1. Bone scan procedure

Bone scans can also expose skeleton issues associated including the consonant conditions:

o Arthritis

* Bone cancers, cancer to that amount has spread in conformity with the skeleton beyond
mean components over the body
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¢ Fractures
* Infection involving the bone

¢ Paget’s disease of the bone (a sickness so causes weak, deformed bones)

1.8.2. Thyroid scan

A thyroid scan is a specialized imaging procedure. Typically, a scan is old together with
nuclear medication in conformity with the pathway for thyroid functions. The thyroid is the
jowl up to expectation controls thin metabolism. It is located among the bend piece on neck.
Nuclear medicinal drug utilizes tiny amounts regarding radioactive material in imitation of
diagnose disease.

Radioactive iodine is generally used within thyroid tests, together with a thyroid scan.
Thyroid yet almost types concerning thyroid cancer take in iodine naturally. The radioactive
iodine builds over into thyroid tissue. A gamma camera or scanner detects the radioactive
emissions. Doctor desired to use the consequences regarding it take a look in accordance with
how many thin thyroid is functioning.

A thyroid scan execute used in accordance with evaluate abnormalities located within a bodily
exam and laboratory test. The images beyond this check can be used to diagnose the disease:

* Lumps, yet mean growths
¢ Inflammation and swelling
¢ Goiter, which is an abnormal expansion over the thyroid

¢ Thyroid cancer.

1.8.3. HIDA

HIDA scan stands for hepatobiliary iminodiacetic acid scan. HIDA scan is a sort of imaging
study called an atomic prescription output or nuclear medicine scan. It is an imaging tech-
nique that enables the specialist to track the stream of bile from liver to digestive system. Bile
is a liquid that is created by liver that enables stomach-related framework to separate fats in
the nourishment that is eaten. HIDA scan which remain for hepatobiliary iminodiacetic acid
output, makes photos of liver, gallbladder and small digestive system. There are some risks
of HIDA scan such as Rash and unfavorably susceptible to pharmaceuticals used to improve
the output.

1.8.4. DMSA scan

This is an easy take a look at after perform as it lets in the health practitioner in conformity
with determine anybody injury to the kidneys—generally looking because of scarring namely
an end result concerning urinary reflux (backflow over water out of the bladder according to
the kidneys) then damage accordant trauma yet decreased blood supply, for example, out of
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blocked renal arteries. DMSA, then dimercaptosuccinic acid, is a radioactive matter (called a
tracer) to that amount is injected into a vein then enters the kidneys. It is detected through
gamma cameras yet enables a scan to be performed on the inward regarding the kidneys. The
scan suggests which areas concerning the kidneys are pursuit usually yet which areas bear
been damaged (usually consonant kidney infections). For DMSA scan of kidneys, it involves
an injection over the DMSA tracer and then got images after 2—4 hours of injection. According
to radiology, patient can typically leave the hospital, but the nuclear medication action is
started that the dose is absorbed or eaten in the twin components. One of disadvantage of
using DMSA is that it is lengthy process for these two components and may be hazard for
patients.

The imaging itself takes in regard to incompletely an hour. When tiny youngsters are for-
lorn a DMSA scan, that perform stand hard grant to them the DMSA tracer injection, then
a variety of techniques are used certain as like disrupting their interest including DVDs/
videos.

1.8.5. Gl bleeding

Gastrointestinal (GI) bleeding is a form of bleeding that occurs in gastrointestinal tract.
Gastrointestinal tract includes anus, rectum, stomach, small intestine and large intestine.
Symptoms of GI bleeding are black stool, vomiting black blood, vomiting red blood and
blood stool. Little measures of seeping over quite a while may cause press insufficiency iron
deficiency bringing about feeling tired or heart-related chest pain. Other indications may
incorporate stomach torment, shortness of breath, fair skin or passing out. Sometimes in those
with little measures of draining no side effects might be present.

1.8.6. DTPA renal scan

Renal scan can be performed with two distinct substances that are MAG3 or DTPA. DTPA
is radiopharmaceutical that is utilized as a part of DTPA renal scan but specialist also uses
another radiopharmaceutical known as MAG3. These radiopharmaceuticals are comparable,
however MAG3 gives fundamentally better pictures in a few patients, especially exception-
ally youthful kids and those patients with poor kidney work. An atomic pharmaceutical
DTPA or MAGS3 renal output is performed to take a gander at the blood supply, capacity and
discharge of pee from the kidneys. The test can discover what rate every kidney adds to the
aggregate kidney work.

1.8.7. MDP bone scan

Bone scans are a nuclear medicine (scintigraphic) study that makes use of Technetium 99m
(commonly Tc””m-methylene diphosphonate (MDP)) as the active agent. The study has three
phases which follow intravenous injection of the tracer. Sometimes a fourth (delayed/delayed)
phase is performed.

Bone scintigraphy is a standout among the most much of the time performed of all radionu-
clide methods. Radionuclide bone imaging is brisk, generally modest and broadly accessible.
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The system is performed with technetium-99m—labeled diphosphonates. These mixes aggre-
gate quickly in bone, and by 2-6 hours after infusion, around half of the infused dosage is in
the skeletal framework. The take-up components of diphosphonates have not been totally
clarified. The level of radiotracer take-up depends principally on two variables: blood stream
and, maybe more significantly, the rate of new bone arrangement. A three stage bone output
is utilized to analyze a crack when it cannot be seen on an X-ray. It is likewise used to ana-
lyze bone contamination, bone torment, osteomyelitis, and in addition other bone illnesses.
Immediate 99mTc-methylene diphosphonate sweep may conveniently grow the estimation
of a standard bone output to screen for ureteral deterrent. Patients with basic danger who
require synchronous assessment and follow-up of hard metastases and renal capacity may
be advantageously served by the double elements of the extended bone sweep to incorporate
prompt imaging of the kidneys.

1.8.8. Parathyroid

Parathyroid scan is nuclear medicine scan that determine the function and capacity of the
parathyroid organ which controls calcium take up in the body. Nuclear medicine scan uses
very small amount of radioactive material. Sestamibi is a little protein which is named with
the radio-pharmaceutical technetium-99. This exceptionally mellow and safe radioactive spe-
cialist is infused into the veins of a patient with parathyroid illness (hyperparathyroidism)
and is consumed by the overactive parathyroid organ. This is a critical idea—the parathyroid
tumor will gather the radioactive color. Besides, since ordinary parathyroid Sestamibi check
demonstrates this parathyroid tumor. Sestamibi examine for hyperparathyroidism. Organs
are latent when there is high calcium in the circulation system, they do not take up the radio-
active particles.

1.8.9. Cardiac rest scan

This is an atomic pharmaceutical examination which assesses the blood supply to the
heart. The investigation includes imaging the heart very still and after the patient’s heart is
pushed. The anxiety is as exercise on a treadmill or exercise bicycle, or if this is impractical
by giving the patient a drug. The reason for the anxiety test is to maximally build the blood
stream to the heart. Contrasts in blood stream to various parts of the heart are more evident
when the blood stream is expanded.

Radioactive tracer is infused into the patient then specific end goal to take picture or photo of
the heart. The radiopharmaceutical goes through the circulatory system and is gathered in the
heart. A gamma camera or scanner is then situated before the heart to catch the pictures from
the gamma beams produced from the patient (see atomic solution). With the patient resting,
the scanner pivots around the chest and three-dimensional pictures of the heart are built. By
and large, the radiopharmaceutical utilized is called 99mTc sestamibi or 99mTc tetrafosmin.
In a few research facilities and in specific conditions a third specialist called 201Thallium
might be utilized. The anxiety and rest checks are then analyzed. Parts of the heart accepting
blood from ailing conduits will demonstrate a decrease in radioactivity in the anxiety sweep
and change in the rest check.
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1.8.10. Cardiac stress scan

This is a nuclear medication instruction which evaluates the gore provide in conformity
with the heart. Some facts as regards the heart feature are additionally obtained. The les-
son entails imaging the morale at relaxation and after the patient’s bravery is stressed. The
accent is within the structure concerning exercise of a treadmill then workout bike, and
salvo it is now not feasible through grant the patient a medication. The purpose on the force
test is after maximally enlarge the blood go with the flow after the heart. Differences in
gore drift after special parts over the guts are extra evident then the gore glide is increased.
Think about the impact of end a lane on visitors over a most important road; the delays are
longer when the road is impatient and animal used by lots over cars, however now at that
place are bit automobiles the use of the street so can also keep no maintain ups or delays.

In method in accordance with absorb the picture and photo over the heart, a radioactive
medication (radiopharmaceutical) is injected within the patient. The radiopharmaceutical
passes through the gore move yet is digested in the heart. A gamma digital camera and scan-
ner is afterwards placed between turn of the mettle in conformity with seize the pix beyond
the gamma rays emitted from the patient (see nuclear medicine). With the affected person
lying down, the scanner rotates round the thorax or three-dimensional photographs on the
courage are constructed. In just cases the radiopharmaceutical used is referred to as 99mTc
sestamibi or 99mTc tetrafosmin. In incomplete laboratories yet within absolute occasions a
0.33 vicegerent known as 201Thallium can also remain back instead. The stress and rest scans
are afterwards compared. Parts about the heart adoption blood from diseased arteries choice
show a reduction among radioactivity in the stress scan yet enhancement among the rest scan.

1.9. Implementing diagnostic reference levels and achievable doses in clinical
practice

It is fundamental to remember that medical imaging thinks about are performed to influence
quiet care. Thus, a medicinal imaging methodology performed at bring down measurement
is just “sensible” on the off chance that it answers the clinical inquiry. As such, a lower dosage
methodology that is lacking to answer the clinical inquiry conveys radiation dosage to the
patient without the imperative advantage and is generally “not sensible.” The procedure of
self-appraisal must be bolstered by a high level institutional responsibility regarding quality
restorative imaging and the fitting conveyance of radiation measurement to patients expected
to help the clinical administration of every patient. The institutional responsibility must incor-
porate allotment of the fundamental assets to fulfill these assignments. Fundamental assets
incorporate time for staff to commit to the procedure, and time on imaging frameworks to test
potential measurement decreasing strategies, where required.

2. Computational method

To assess the current practices of amount of radioactive material administered to patients
in different nuclear medicine facilities across the province, a survey was conducted for each
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imaging procedure performed. The radioactivity is measured either in the units of mCi or
MBg. As the DRLs and AD are easily measured quantities, in diagnostic radiology incident air
kerma is measured but however, in nuclear medicine, the administrated radioactivity is the
easiest quantity to establish DRLs and AD and not the absorbed dose.

A questionnaire was prepared that address necessary questions pertinent to the current
practices in nuclear medicine scans. Not every hospital is performing all the procedures.
Some hospitals are general purposes performing a range of scans while others are specific
and perform only specific tests, for example, cardiac scans. Therefore the questionnaire
involved all the nuclear medicine procedures. Since the quantity of radioactivity given to
patient is determined per unit of mass, therefore, it depends on the age and weight of the
patient. For each nuclear imaging procedure, minimum, maximum and average amount of
radioactivity administered was asked. To get good counting statistics, an attempt was made
to include as many patients as possible. The 75th and 50th percentiles values of the survey
data will be set as a recommended level for investigation to know the causes behind the
unnecessary exposure to patient.

The concept of diagnostic reference levels (DRLs) and achievable dose (ADs) were developed
to oversee the current practices and to devise ways to reduce the radiation exposure if it
is undue. The values of these indicators depend on the current practices across the region.

Age of Imaging procedures Max. activity (mCi ~ Min. activity (mCi ~ Any other information
patient or MBq) or MBq) (weight, etc.)

Tc-99m thyroid scan
Tc-99m bone scan
Tc-99m renal dynamic
Tc-99m parathyroid
Tc-99m MDP-bone scan
For Tc-99m rest MIBI
Tc-99m DTPA renal scan
Tc-99m HIDA scan
Tc-99m DTPA+ GFR
Tc-99m 3 phase bone scan
Te-99m MAASOL
Tc-99mG.I bleeding
Te-99m DMSA

Tc-99m lympho

Tc-99m RBC-scan

F-18 FDG (PET scan)

Table 1. Performa regarding administration of radioactivity during nuclear medicine examination.
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Because of the lack of these reference levels, no boundary (a dose value) exists beyond which
any investigation can be started. Therefore, there is a great need to collect data and recom-
mend these values to hospitals to get them implement.

A questionnaire was prepared that address necessary questions pertinent to the current prac-
tices in nuclear medicine scans as shown in Table 1.

The minimum, maximum and average values are given in Ref. [26]. The calculated values will
be compared with SNMMI report. For nuclear medicine scan, we established DRLs that will
be compared with SNMMI recommended values.

3. Results and discussion

The survey data showed the range of minimum and maximum administered activities is quite
large for many commonly performed NM studies. The minimum administered activities were
lower than those of recommended by SNM for the majority of the NM studies. It is noted that
the maximum administered activities from the present survey were also lower for almost all
of the nuclear medicine studies compared with the SNM maximum administered activity
recommendation. However, the maximum and minimum administered activities are higher
for DMSA and HIDA scans. The 75th and 50th percentile of the scan were also calculated as
shown in Table 2. Moreover, the administered activities (AAs) situation is shown in Table 2,
where we recorded the main results of our survey that indicated a variation in administered
activities among different institutions in most of nuclear medicine studies. This table shows
the minimum and maximum administered activities along with 75th and 50th percentile val-
ues of calculated administered activities for eight different NM scans of Tc-99m Pertechnetate
(for thyroid imaging), Tc-99m DTPA, Tc-99m HIDA, Tc-99m DMSA, Tc-99m bone, Tc-99m
parathyroid, Tc-99m sestamibi (cardic-rest) and Tc-99m sestamibi (cardic-stress) with differ-
ent number of patients.

For adults, the DRLs and ADs were measured for seven different NM scans including thyroid
scan, bone scan, parathyroid scan, DTPA and renal scans, DMSA, HIDA and sestamibi rest
and stress. In these scans, the 75th percentile value set as a DRLs and 50th percentile value
was set as ADs.

Figures 1 and 2 show the comparison of activates and 75th and 50th percentile with North
American (NA) for adults. The commonly performed imaging procedures in adult were
#“mTc-DMSA, *Tc-pertechnetate (for thyroid imaging) and *™Tc-sestamibi (rest) performed.
Although PET is the fastest growing study type in nuclear medicine around the world, lim-
ited data is available due to infrequent PET scanners as compared to general nuclear medicine
scans. Furthermore, current the almost all facilities performed whole body PET studies. It was
observed from Figures 1 and 2 that the DRLs for thyroid and two-day cardiac (stress) whole
body imaging were higher than the reference values provided by ARSAC-UK population
[27], however, the DRLs for parathyroid, renal (DTPA), cardiac (rest) were found lower. It
is examined that the US DRLs exceeded in most of the cases except for Tc-99m GI bleeding
where it was lower than our value by 133MBq.
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Exam Pat No. Min Max Av 75th  50th SNMMI [26]
Thyroid 275 148 210 179 188 163 222

Bone scan 115 555 851 703 740 740 925
Parathyroid 41 666 740 703 740 666 1110

DTPA & renal scans 152 74 185 129.5 185 185 573.5

DMSA 124 185 240 212.5 205 190 148

HIDA 77 185 462 323.5 360 295 120
Sestamibi (cardiac-rest) 201 298 815 556.5 635 604 1110
Sestamibi (cardiac-stress) 150 264 1258 984 710 740 1480

Table 2. 75th and 50th percentile of the nuclear medicine scans for adult with Tc-99m.
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Figure 1. Comparison of present activities (DRLs) with those of North American (NA)-SNMMI [26] DRLs. For eight
(thyroid, bone, parathyroid, DTPA and renal, DMSA, HIDA and sestamibi rest and stress) mentioned nuclear medicine
scans. All scans were done with Tc-99m radioisotope.

3.1. For pediatrics

The maximum administered activities from the survey were also lower for almost all of the
nuclear medicine studies compared with the SNMMI maximum administered activity recom-
mendation. 75th and 50th percentile values were calculated for the pediatrics of age 1, 1-5, 5-10,
and 10-15 year, respectively. Figures 3 and 4 explain that the DRLs and ADs for children less
than three age groups. It is observed from figures that US DRLS and ADs values were exceeded
the present surveyed values in case of Tc-99m bone, DTPA, rest and stress scans. Only for Tc-99m
DMSA, the local DRLs are less than that of US DRLs. Similar trend was found for ADs.

The 75th percentile and 50th percentile of the scan were also calculated as shown in Table 3.
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Figure 2. Comparison of 75th and 50th percentile of the nuclear medicine scans with those of North American (NA)-
SNMMII [26] 75th percentile. For eight (thyroid, bone, parathyroid, DTPA and renal, DMSA, HIDA and sestamibi rest
and stress) mentioned nuclear medicine scans. All scans were done with Tc-99m radioisotope.
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Figure 3. Comparison of present activities (DRLs) of children with North American (NA)-SAMMI [26] for five (thyroid,
bone, HIDA, DTPA and DMSA) mentioned nuclear medicine scans.

From Table 3, it is clear that in some hospitals administered activity is given very low and in
some hospitals administered activity is very high. When the values of thyroid scan are com-
pared to SNMMI recommended values it is shown that DRLs of thyroid scan is 170 MBq and
achievable dose 125 MBq. Ref. [28] compared their administered activities to the SNMMI rec-
ommend report. Value of DMSA scan compared to SNMMI recommended values then DRLs
values are 55 MBq and achievable dose is 98 MBq. There is large difference between hospitals
activities and SNMMI recommended activities. DRLs values for pediatrics for DTPA scan are
88 MBq, for renal scan are 145 MBq. The objective is to deal with the dosage to the patient to
be comparable with the medical purpose. By looking over the radiation measurements related
with imaging examinations all through the nation, DRLs can be built up (normally at the 75th
percentile of the appropriation), in light of real practice patterns. DRLs give the initial phase
in the optimization procedure [28].
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Figure 4. Comparison of 75th and 50th percentile of children with North American (NA)-SAMMI [26] for eight (thyroid,
bone, parathyroid, HIDA, DTPA, DMSA, cardiac rest and stress) mentioned nuclear medicine scans.

Exam Pat No. Min Max Av 75th  50th SNMMI [26]
Thyroid 28 74 185 129.5 170 125 222

Bone scan 8 111 740 42525 680 240 573.5

Renal scan 10 74 166.5 120.25 145 85 573.5

HIDA 35 37 166.5 101.75 144 64 120

3-phase bone scan 42 37 499.5 268.25 305 146 592

DTPA 30 46.25 111 78.625 78 102 573.5

DMSA 48 37 111 74 55 98 148

Table 3. 75th and 50th percentile of the nuclear medicine scans for pediatric with Te-99m.

It was noted that the obtained maximum and minimum administered activities were sig-
nificantly higher than that of earlier recommended values of EANM dose card and SNMMI
results for five major scans of age group (>1-5) years. It was shown that the obtained AD (50th
percentile) values of Te-99m DTPA and F-18 FDG (whole body) were acceptable close agree-
ment with earlier maximum recommended EANM results. However, a significant difference
came upon especially for Tc-99m DMSA scan where the minimum activity was 111 MBq con-
trary to 18 (or 19 MBq) of recommended EANM values.

For pediatrics, there is large variation observed in radioactivity administered. For pediatrics
higher administered activity was found than North America [26].
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4. Conclusions

Diagnostic reference levels (DRLs), a form of investigation levels, represent an important tool
in medical imaging as optimizing the radiation dose delivered to patients. The overall goal is
to produce images of improved or comparable image quality while, at the same time reducing
the radiation dose to the patient. DRLs provide little incentive for optimization for the 75%
of the facilities with doses below the DRL for a particular examination. The achievable dose
provides a dose level which is readily achievable by 50% of the facilities. It should be noted
that if DRLs are exceeded, a local review of imaging exam procedures and equipment in
order to determine whether the protection has been adequately optimized. However, DRLs
are not absolute determinants of appropriate use of medical radiation. They are additions
to professional judgment that takes the benefits and risks of ionizing radiation for medical
imaging into account. DRLs are not regulatory limits or to establish legal standards of care. In
addition, DRLs are not applicable to the doses for individual patients. It is essential to ensure
that the appropriate clinical information is available in the image throughout the optimization
process. In order to implement optimization process, both patient dose and clinical utility
must be taken into account depending on image quality.
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