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10.6.1Radioactive Tracers

Radioactive Tracers

= Aradioactive traceris defined as:
Aradioactive substance that canbe absorbed by tissueinorderto study the
structure and functionof organsinthe body

= Gammaemitters make good radioactive tracers, as the gamma canleave the bodyand doesn't
ionise tissues as much as alpha orbetaradiation
= To be suitable formedicine, the radioactive isotope must be able to be bonded to molecules
= Amoleculelabelled witharadioactive isotopeis knownas aradiopharmaceutical product
= To beagood tracer,this molecule mustnotaffectthe body's regularfunction, but gatherin
tissues
= Differentmolecules canbe used to make the traceraccumulate in specific organs ortissues
= Three commonradioactive tracers whichemit gammaradiation are:
= Technetium-99m (the mrefers to ametastable excited state of the nucleus)
= |odine-131
= Indium-T11
= Theradioactive traceris injected orswallowed into the patient and flows around the body
= Oncethetissues and organs have absorbed the tracer,thentheyappearonthe screenofa
gamma cameraas abright area
= Usingtracer-labelled glucose, forexample, highlights areas of higherrespiration(e.g.
tumours) whichuse more glucose
= Labellingwhite blood cells canshow the locationof aninfectioninthe body
= |abellingred blood cells canhighlight areas withdecreased blood supply(e.g.regionsinthe
brain,foradiagnosis of Alzheimer's disease)
Imaging Respirationusing Radioactive Tracers
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Tracers can show areas of increased respiration, if bonded to glucose.

@ Worked example

Discuss the advantages of usinga gamma-emitting tracerin a patientratherthan abeta-emitting
tracer.

Answer:
Step 1:Considerthe properties of gammaand betaparticles

= Gamma particles are not (very)ionising and have alongrange
= Betaparticles are veryionisingand have ashortrange
Step 2:Compare the effects of the gammaand betaparticlesinrelationto detection

= Gammaradiationwill pass through the patientand hence canbe easilydetected
= Betaparticles willbe absorbed bythe patient and hence cannotbe detected
Step 3:Compare the effects of the gammaand betaparticlesinrelationto patient safety

= Gammaradiationis notveryionising,hence,itdoeslittle damage to cells
= Betaparticlesis highlyionising,hence,itcancause alotof damage to cells
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Properties of Radioactive Tracers

= Eachradioactive tracerhas aunique setof properties, makingthemideal fordifferent medical
uses
= The mainproperties ofradioactive tracers are:
= Thetypes ofradiationitemits
= The half-life of theisotope
= The energy of the gammaradiationit emits
= Anytissues ororgansithas aspecific affinityfor
= Whetheritcanbe used to labelspecific cellsand compounds
Technetium-99m

= Thisisthe mostcommonlyused radioisotope fordiagnosis
= Tc-99mdecaystoTc-99
= The'm'indicates the nucleusisinanexcited, butsomewhat stable, state (metastable)
= Agammaphotonwith140 keV of energyis emitted in this decay
= The half-lifeis 6.0 hours
= Thisis shortenoughto avoid prolonged irradiation of the body

= The chemical properties of Tc-99mallow it to be bonded to manymolecules which have specific

affinities fordifferent organs and tissues
= Thismeansitcanbeused to study:

= The skeleton

= The flowofblood

= The heart

= The brain

= The thyroid

= Tumours

lodine-131

= Unlike Tc-99m,I-13Temits both beta-minus particles and gamma photons whendecaying
= The gamma photons have energies of 360 keV, whereas the beta minus particles have
energies of keV
= The half-life of this decayis 8.0 days
= |odine canbond to thyroid hormones,soitis the mostcommonlyused tracerforthyroid
activity
= |-131's betaemissioncanbe used to destroyparts of an overactive thyroid orkill remaining
thyroid cells afterathyroid gland is removed (usuallybecause it contains cancerous cells)
= Inrecentyears,|-131as athyroid tracerhas beenreplaced with1-132,as it doesn't emit beta and
has ashorterhalf-life

Indium-111

= |n-1T1emits gamma photons at energies of 170 keV and 250 keV
= The half-life of thisdecayis 68 hours (2.8 days)
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= |n-Tlis particularlyuseful for'labelling' certaincells,suchas:
= Redblood cells and platelets (to identifyissuesinthe blood)
= White blood cells,bone marrow and spinal fluid (to locate inflammation orinfection)
= Tumours (to allow precise cancerdetection)

= This makesitusefulfordiagnosingblood diseases orrare cancers

Comparing Radioactive Tracers

Different tracers are used fordifferent purposes, but the essential properties of atracerare:

= [tmustbe agammaemitterso thattheradiationcanbe detected outside the body

= The gammarays must be as low-energy as possible to reduce therisks of ionisationdamage
It must have a half-life whichis short enoughto reduce the total dose givento the patient
but produces ahighenough gammaintensityto be detected

types ofradiation

Technetium-99m

yonly

lodine-131

Indium-111

emitted Bl vonly
half-life 6 hours 8 days 68 hours

energyof gamma 140 keV 360keV 170 keV & 250 keV
photons

commonuses

to investigate most
organs,blood and

to treat overactive
thyroids orthyroid

to labelcells and
diagnose blood

disorders and rare
cancers

tumours cancer

O ExamTip

While allthese tracers emit gammaradiation,itis theirchemical properties that make them

appropriate fordifferent scenarios. Different tracers label different radiopharmaceuticals which
have an affinity fordifferent organs.
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10.6.2 The Molybdenum-Technetium Generator

The Molybdenum-Technetium Generator

= Amolybdenum-technetiumgeneratoris adevice that produces technetiumfrommolybdenum
= Technetium-99m (Tc-99) has a half-life of 6.0 hours
= Thisallowsitto be used as atracerwithlowirradiation of the patient, thanks to the short half-
life
= The short half-life,however,means it mustbe produced inthe hospitalwhenneeded, as it
cannotmaintainthe required levels of radioactivityforlong periods of time
= Molybdenum-99 (Mo-99) has a half-life of 66 hours (2.8 days)
= |tisproducedinnuclearreactors,and due toits slightlylongerhalf-life,it canbe transported
to hospitals everyweek
= Once Mo-99 arrives at ahospital,it canbe placed inamolybdenum-technetium generatorto
produce Tc-99m
= |Inthe generator,Mo-99 decays overthe course of afewdays, producingTc-99mforupto a
week
= Tc-99mis extracted fromthe generatoreveryfew days by passing asaline solutionoverthe
radioactive materials
= Tc-99menters the solution, which canthenbe extracted and injected into patients readyfor
scanning
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@ Worked example

Amedic suggests that the molybdenum-technetium generatorshould be kept at the nuclear
powerstationand Tc-99mshould just be shipped into the hospital.

Itisal2hourjourneyforatruck fromthe nearestnuclearpowerstation.

Calculate the percentage of Tc-99mlostinthe process of supplying the hospital with1kgof Tc-
99m.

The half-life of Tc-99mis 6.0 hours.
Answer:
Step 1: Determine the number of half-lives that pass during the journey

= Thejourneyis12hourslong
= Two half-lives pass overthe course of the journey
Step 2:Determine the initialmass of Tc-99m

= Mass has halved twice to reach1kg
= |nitialmass was 4 kg
Step 3:Determine the percentage of Tc-99mlost

= 3kgofTc-99mwaslost
= Thisis 75% of the initial mass

O Exam Tip

Youdon'tneed to know the ins-and-outs of the molybdenum-technetium generator, but expect
tocomeacross questions regarding the half-lives of eachradioisotope and why the generator
is required.
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10.6.3The PET Scanner

Positron Emission Tomography

= PositronEmissionTomography (PET)is defined as:
Atype of nuclear medical procedure that images tissues and organs by measuring
the metabolic activityof the cells of body tissues

= |InPET scanning, abeta-plus emittingradioactive traceris usedinorderto stimulate positron-
electronannihilation to produce gamma photons
= Thesearethendetected usingaringof gammacameras
Principles of PET Scanning

Beforethescan

= The patientisinjected with abeta-plus emittingisotope, usually fluorine-18 (F-18)
During the scan

= Thepartofthe bodybeingstudiedis surrounded byaring of gammacameras

= The positrons fromthe F-18 nucleiannihilate with electrons in the patient

= The annihilationof apositronand anelectronproduces two identical gamma photons travelling
inopposite directions

= The delay time betweenthese two gamma-rayphotonsis used to determine the locationof the
annihilationdue to the F-18 tracer

= Photonsthatdo notarrive withinananosecond of eachotherareignored since theycannot have
come fromthe same point

Afterthescan

= The signals fromthe gammacameradetectors are sentto acomputerwhichbuilds up animage
APET Scanner
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Detecting gamma rays with a PET scanner
Annihilation

= Annihilation canhappenbetween any particle and antimattercounterpart, but in PET scanning, only
the electronand positroninteractionis considered
= Whenapositronis emitted fromatracerinthe body,it travels less thana millimetre before
annihilatingwithanatomic electron
= Aswithallcollisions,mass, energyand momentum are always conserved
An Electron-Positron Annihilation
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Annihilation of a positron and electron to form two gamma-ray photons

= The gamma-rayphotons produced eachhave anenergyof512keV
= Thisis the same eachtime as determined by the mass-energy equivalence of the positron-
electron pair
= Theenergyofeachphotonis givenby

E = hf = mec2

= Where:

u me =mass of the electronorpositron(kg)

» h=Planck's constant(Js)
= f:frequencyofthe photon(Hz)

= C=thespeedoflightinavacuum(m s

Diagnosis Using PET Scanning

= The signals produced bythe photomultipliertubes are used to produce animage

= Theyrays travelinstraightlines inopposite directions whenformed fromthe annihilationof the
positronand electron

= This happensinorderto conserve momentum

= Theyhitthe detectorsinaline -knownas theline of response

= Thetracers willemitlots of yrays simultaneously, and the computers will use this information to
create animage

= The more photons froma particularpoint,the more tracerthatis presentinthe tissue being
studied, and this willappearas a bright point onthe image

= Animage of the tracerconcentrationinthe tissue canbe created by processing the arrival
times of the gamma-ray photons

Annihilationin the PET Scanner
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Annihilation of a positron and an electron is the basis of PET Scanning
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= Oncethetracerisintroduced to the bodyit has ashort half-life,so,it begins emitting positrons
(ﬂ+) immediately
= This allows forashort exposure time to the radiation

= Ashorthalf-life does meanthe patient needs to be scanned quicklyand notallhospitals
have access to expensive PET scanners

@ Worked example

Fluorine-18 decays by p+emission.The positronemitted collides withanelectronand annihilates
producing two y-rays.

(a) Calculate the total energyreleased when apositronand anelectronannihilate.
(b) Show thateachgammarayhas anenergyof512keV.
(c) Calculate the frequencyof the gammarays.

Answer:
Part(a)

Step 1: Write down the known quantities

" Massofanelectron:massofapositron,me=9.11x10‘31kg
= Totalmass =mass ofthe electronand positron=2me

= Speedoflight, C=3.00x108ms"!
Step 2:Write out the equationformass-energy equivalence

E = mec2
Step 3:Substitute invalues and calculate energy E
E =2x(9.11x10731)x(3.00x 108)2 = 1.64Xx 10713 J
Part (b)

Step 1: Determine the energy of one photon

= Planck'sconstant,h=6.63 x10-34Js
= Two photons are produced,so,the energyofone photonis equalto half of the totalenergy
from part (a):

1.64x 10713
E = — 5, = 8.2x 107147

= Note:ifyoukeepthe exactvalue forenergyinyourcalculator,youwould have E=8.199 x 10
J
Step 2:Convert the energy inJinto eV:

= 1eV=16x10""7)
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E = 8.199x 10" = 512438¢eV = 512 keV
T 16x10°10 °v = ©

Part(c)

Step 1: Write out the equationforthe energy of aphoton
E = hf

Step 2:Rearrange for frequency fand calculate

f—E— 8.2 x 1074 =12 x 12°H
" h 6.63x 1034 g
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10.6.4 Physical, Biological & Effective Half Life

Physical, Biological & Effective Half Life

= |[namedical context, multiple half-life definitions mustbe considered
= Theradionuclidesintroduced have ahalf-life, but the radiopharmaceuticals (molecules with
radionuclides attached) are also removed from the bodybynatural processes overtime

= The physical half-life TPofa radioisotopeis defined as
The time takenforthe number of radioactive nucleito halve

= Thisis the same as the half-life of aradioactive nuclide, whichis aconstant quantityforagiven
nuclide

= Thebiological half-life TB ofasubstanceis defined as:

The time takenfor the concentrationof asubstanceinthe body to decrease by half

= Thisaccounts forthe processes of removingdrugs from the system through excretionand
respiration
= Thisdepends onmanyfactors,suchas the healthand metabolismof the patient

= Effective half-life TE is the combined half-life of physical and biological half-life

= Thisaccounts forradioactive processes and biological excretion
= Effective half-lifeis given bythe equation:

1 1 1
= +
I, T, Ty

= Effective half-life TEis always shorter thanthe shortesthalf-life out of TPand TB

= |f the physical half-life is short, the effective half-life is evenshorter
= Thisisbecause the bodyis also excreting the chemicalto whichthe radionuclide is attached
= |fthe biological half-lifeis short, the effective half-life is evenshorter
= Thisis because theradionuclideis also decaying while the bodyis excreting the
radiopharmaceutical at this fastrate
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@ Worked example

Amedical physicistis readingup onherhealth and safetydocumentationforiodine-131before

administeringit forthyroid treatment.

Accordingto the document,[-131has a biological half-life of 138 days and a physical half-life of

8.05days.
Calculate the effective half-life.
Answer:

Step 1:Find the equationfor effective half-life onthe datasheet

1 1 1
T T °7
E P B

Step 2:Substitute the known half -lives into this equation

1 1 1
= + = 0.1315

T, 8.05 138

Step 3:Rearrange for the effective half-life

T

ET 01315 7.60 days

O ExamTip

Rememberwhen checkingyouranswer:the effective half-life should always be the shortest of

the three half-lives.Ifitisn'tthenyouneed to repeat the calculation.
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10.6.5Gamma Camera

Gamma Camera

= The progress of amedicaltraceraround the bodycanbe detected usingagammacamera
= |mages obtained byagammacameracanbe used fordiagnosingissuesinspecific organs
= Agammacamerais comprised of four majorcomponents:

= Collimator

= Scintillator

= Photomultipliertubes

= Computerand display

Structure of the Gamma Camera

A gamma camera detects the gamma rays emitted by a radioactive tracerin the body using a large
scintillator crystal connected to an array of photomultipliers

Collimator

= |mages ofslices of the bodycanbe takento show the position of the gamma-emitting
radioactive tracers
= Onceinjected withatracer,the patientlays stationaryinatube surrounded byaringof detectors
= Whengammarays are emitted, theyare absorbed bythinlead tubes known as collimators
= Collimators are the keyto producing the sharpest and highest resolutionimages
= Onlyphotons moving parallel to the collimatorwill be absorbed, thisimproves the sharpness
oftheimage as scattered photons are excluded
= The narrower and longer the collimators,the more gammarays that are absorbed and hence,
the more electrons that will be produced
= Thisimproves theimage qualityas more electrons contributing to the electrical pulse output
willincrease theresolutionof the image
The Collimator
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The collimatorensures high resolution images are produced by only allowing photons travelling parallel to
the lead plates to pass through

Scintillator

= Whenthe gamma-ray(y-ray) photonisincidentonacrystalscintillator,anelectroninthe crystalis
excited to ahigherenergystate
= Astheexcited electrontravels throughthe crystal,it excites more electrons
= Whenthe excited electrons move back downto theiroriginal state,the lost energyis
transmitted as visible light photons
The Scintillator

The scintillator crystal converts the energy from gamma photons into visible light photons
Photomultiplier Tubes

= The photons produced bythe scintillatorare very faint

= Hence,theyneedto be converted to anelectrical signal and amplified by a photomultipliertube

= Whenphotons fromthe scintillatorreach the photomultiplier,electrons are released froma
photocathode

= Theliberated electrons accelerate throughaseries of dynodes,eachataprogressivelyhigher
potential difference,before reachingananode at the end of the tube

= Energygained bythe accelerationof the electrons triggers the release of more electrons at
eachdynode,resultinginastrongerelectrical signal
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A photomultiplier tube

A photomultiplier detects the faint flashes of light from the scintillator, converts them into voltage pulses
and amplifies the signals

Image Formation ona Computer

= The signals produced bythe photomultipliertubes are used to produce animage using the
electrical signals fromthe detectors

= Thetracers willemitlots of yrays simultaneously, and the computers willuse this informationto
create animage

= The more photons from a particularpoint,the more tracerthatis presentin the tissue being
studied, and this willappear as a bright point onthe image

= Animage of the tracer concentrationinthe tissue canbe created byprocessingthe arrival
times of the gamma-rayphotons
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10.6.6 Radiotherapy

Use of HighEnergy X-rays

= Cancerous cells divide more frequently than healthycells

= Asaresult of this,X-rays destroycancercells at agreaterrate thantheydestroyhealthycells
= Differentenergies of X-rays are used fortreatingcancerindifferentareas of the body

= Lower-energyX-rays are used fortreating skincancer

= HigherenergyX-rays are used fortargetingtumours deeperinthe body
External treatment using low-energy X-rays

= |Low-energyX-rays canbe used to treat skincancer
= These X-rays canbe directed at surface tumours, but theydo not penetrate deepinto the body
= Therefore,therisk of damage to deepertissuesisreduced
External treatment using high-energy X-rays

= Totreatatumourdeepinside the body, high-energyX-rays canbe directed at the tumourfroman
externalsource
= Thisis knownas externalbeamradiotherapy (EBRT)
= Whencells divide, theyare sensitive to X-rayradiation
= |InEBRT, X-rays fromanexternalsource destroycancercells during division

Limiting Exposure to Healthy Cells

= During high-energy X-rayradiotherapy, the risk to healthytissue is reduced by:
= Using metalfilters to remove low-energy X-rays
= Directing the X-rays fromdifferent directions
Using metal filterslimitsexposure because...

= Duringthe EBRT process,whichlasts afew minutes, the patientis held inamade-to-fitmould
made fromaluminiumto ensure theydo not move
= This ensures that onlythe targettissue receives theradiationdose
= When X-rays are produced, theyare emitted withawide range of energies
= Filteringthe beam through an aluminium sheet ensures that the low-energy X-rays are removed
= Theless energetic X-rays are likelyto damage tissues close to the surface
= This means that onlythe more energetic X-rays reach the tumourdeepinside the body
Using X-raysfromdifferent directionslimitsexposure because...

= The beamof X-rays canbe preciselycontrolled to minimise damage to healthytissue
= The beamof X-rays is shaped to match the exact dimensions of the tumour(called
conformalradiotherapy)
= X-rays are produced inalinearaccelerator(LINAC)byacceleratingelectrons towards aheavy
metal target
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= This LINAC source canberotated around the patient
= Thetargettissueis placed atthe centre ofrotationand thereforereceives amuch greater
dose ofradiationthanthe surrounding healthy tissue
Rotating X-Ray Source

The source of high energy X-rays rotates around the target, ensuring the targeted area receives a much
largerdose of radiation than the surrounding healthy tissues
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Use of Radioactive Implants

= |nternalradiotherapyis whenaradioactive implant is placed next to, orinto the tumouritself
= Thisimplantconsists of metal 'seeds’' containingradioisotopes whichirradiate the tumour
and asmallradius of tissue around it

= The mainadvantage ofinternalradiotherapyis that the source ofradiationcanbe placed as
closeto the canceras possible

= However,the maindisadvantage is that asmallamount of healthytissueis likelyto be exposed to
ionisingradiation

What type of radioisotope should be used inanimplant?

= Theradioisotopeusedinanimplantshould:
= Have ashort half-life (as long as the activityis also high)
= Have ashortrange (aslongasit canpass through the implant casing)
= Be highlyionising
= Theradiationmustnotpenetrate farfromthe implant site to avoid irradiating healthy tissue
furtherfrom the tumour
= Thisis whybetaradiationis the mostcommonchoice,asitcanpenetrate the seed's metal
casing,butdoes not penetrate furtherthanafew mmbeyond the implant site
= Alternatively,low-energy gammarays canbe used, as theyare less penetrating than high-
energygamma
= Alpharadiationis not appropriate forthis formofradiotherapy
= The alphaparticles would be unable to penetrate the metal casing of the seeds
= Eveniftheywere able to,theywould onlyheavilyionise the tissue nearthe seed
= Asaresult,the seeds would be harming healthy tissue ratherthanirradiating cancerous tissue
= Additionally, the alpha particles could not penetrate the whole way through the tumour

@ Worked example

SuggestwhyEBRT is more appropriate fortreatingatumourinthe brainthanusingaradioactive
implant.

Answer:
Step 1: Considerthe downsides of the implant

= Radioactive implants mustbe mechanicallyplaced inside the body
= The skulland fragile structure of the brainwould make this highly challenging
= Anyradiationaffectinghealthytissue could impairbrainfunction

Step 2:Consider the benefits of EBRT

= Thelargestdose ofradiationislocalised to the tumour
= No surgeryis required to irradiate the tumour
= Thebeamcanbe shaped to fitthe exact dimensions of the tumour

O Exam Tip

Thereasonthere are so manymethods forremoving cancerous tissueis thatit canappearin
almostanypartof the body,and differentmethods work betterfordifferent situations.

It's yourjobto know eachmethod wellenoughto be able to suggestanappropriate one, if
presented withanew situationinyourexam.
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10.6.7 Comparing Imaging Techniques

Comparing Imaging Techniques

= Allimagingtechniques are beneficialin theirown context,but often the positive outcomes of the
scanmust be balanced against the potential risks
= The scanmusthave alevelofresolutionhighenoughto image the target clearly, while minimising
risk
= PerforminganX-rayscanonafoetusistoo risky,whenothertypes of scans provide agood
enoughresolution
= However,whenidentifyingapotential tumour,resolutionmust be highand therisks
associated with the scanare muchsmallerthanthe risks associated withnot catchingcancer
inits early stages
Atable of advantage, disadvantage andresolution of each method

Imaging - Resolution
Advant Disadvant
Method vantage isadvantage (mm)
Show different tissue types Expensive
CT Scan 0.5
Highresolution Large radiationdose

Cannotdistinguish different

tissues
External X-rays 0.5

Highresolution .
Cannotimage some organs

Cheap, fastand easyoperation

L . . Expensive and time-consumin
Distinguish types of tissue P g

MRI g ¢ ) Uncomfortable forsome
No radiationrisk :
patients

Shows the functionoforgans | Expensive and time-consuming

PET 1
Good forimaging the brain Doesnotworkforeveryorgan

Cannotshow certainorgans (e.g.

No radiationdanger brain)
Ultrasound ) 2
Safeforuseonafoetus Lowerresolution, hard to
operate
Ingested Shows functionof organs Lowestresolution 6
gammasource Relatively simple to use Radiationrisk associated
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@ Worked example

Three patients visitahospital. Patient Thas alower-bodyinjury, patient 2has a suspected tumour
intheirlung and patient 3 is suspected to have a hyperactive thyroid.

The hospital has the following facilities:

= Ultrasound imaging

= Gammasources foringestion

= External X-rayimaging

= CTscanner
Foreach patient,select anappropriate imagingmethod, explaining why this method is
appropriate while the others are not.

Answer:
Patient 1(lowerbodyinjury)
Step 1: Select anappropriate imaging method, explaining your answer

= External X-rayimagingis most appropriate
Step 2: Compare this method to alternative imaging methods

= Thisis quick and easyand shows potentialbone damage in the injury

= Whereas aCTscanhas ahigherradiationdose and animage that detailed is unnecessary

= Real-time scanningis notneeded, so anultrasound would be inappro priate

= Thefunctionoforgansis notneeded,so gammaimagingwould be inappropriate
Patient 2 (lung tumour)

Step 1:Select anappropriate imaging method

= ACTscanis bestforthis patient
Step 2:Compare this method to alternative imaging methods

= This highlights cancertissue against healthy tissue
= Crosssections throughout the lungs canshow all potential tumourlocations
= Ultrasound is absorbed byairinthe lungs and the detailis not great enough
= X-rayscanning maynotdifferentiate tissues and the ribcage mayobscure the view of a
tumour
= Aningested gammasource maynotprovide adetailed enoughimage
Patient 3 (hyperactive thyroid)

Step 1:Select anappropriate imaging method

= Aningested gammasource
Step 2: Compare this method to alternative imaging methods

= This shows the function of tissues and therefore if the thyroid is performing at a higherthan
normalrate
= Ultrasound, X-rayand CT scans show structures and tissues butnot the level of theirfunction

O ExamTip

Youwillonlybe asked to compare image resolution,convenience and safetyissues. Make sure
youuse clearcomparative language inthese answers.
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