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THE EssenTIAL PHYSICS oF MebicAL IMAGING: A COMPREHENSIVE GUIDE

THE ESSENTIAL PHYSICS OF MEDICAL IMAGING PDF REPRESENTS A GATEWAY TO UNDERSTANDING HOW WE PEER INSIDE THE HUMAN
BODY FOR DIAGNOSIS AND TREATMENT. THIS COMPLEX FIELD MARRIES THE PRINCIPLES OF PHYSICS WITH CUTTING-EDGE
TECHNOLOGY TO CREATE VISUALIZATIONS THAT ARE CRUCIAL FOR MODERN HEALTHCARE. FROM THE ELECTROMAGNETIC
SPECTRUM TO THE INTRICATE INTERACTIONS OF RADIATION WITH MATTER, GRASPING THESE FUNDAMENTAL CONCEPTS IS KEY TO
APPRECIATING THE POWER AND LIMITATIONS OF VARIOUS IMAGING MODALITIES. THIS ARTICLE DELVES INTO THE CORE PHYSICS
UNDERPINNING X‘RAYS/ cT SCANS, MR|, ULTRASOUND, AND NUCLEAR MEDICINE, PROVIDING A DETAILED EXPLORATION OF THE
SCIENCE THAT MAKES IT ALL POSSIBLE, AND OFFERING INSIGHTS FOR THOSE SEEKING A THOROUGH UNDERSTANDING, PERHAPS FOR
ACADEMIC STUDY OR PROFESSIONAL DEVELOPMENT.
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UNDERSTANDING THE ELECTROMAGNETIC SPECTRUM IN MEDICAL IMAGING

THE ELECTROMAGNETIC SPECTRUM IS A FUNDAMENTAL CONCEPT THAT UNDERPINS SEVERAL KEY MEDICAL IMAGING TECHNIQUES.
IT'S A BROAD RANGE OF ELECTROMAGNETIC RADIATION, DIFFERING IN WAVELENGTH AND FREQUENCY, EACH WITH UNIQUE
PROPERTIES AND APPLICATIONS. MEDICAL IMAGING PRIMARILY LEVERAGES SPECIFIC PORTIONS OF THIS SPECTRUM, INCLUDING X-
RAYS, GAMMA RAYS, AND RADIOFREQUENCY WAVES. (UNDERSTANDING THE INVERSE RELATIONSHIP BETWEEN WAVELENGTH AND
FREQUENCY, AND THEIR DIRECT RELATIONSHIP WITH ENERGY, IS PARAMOUNT. HIGHER ENERGY RADIATION, LIKE X-RAYS AND
GAMMA RAYS, CAN PENETRATE TISSUES AND INTERACT WITH MATTER IN WAYS THAT ARE EXPLOITABLE FOR IMAGING PURPOSES.

X-RAYS: HIGH-ENERGY PENETRATION

X-RAYS OCCUPY A REGION OF THE ELECTROMAGNETIC SPECTRUM WITH WAVELENGTHS RANGING FROM ABoUT 0.01 1o 10
NANOMETERS, AND ENERGIES FROM 100 EV To 100 keV. THESE HIGH-ENERGY PHOTONS ARE GENERATED WHEN HIGH-SPEED
ELECTRONS COLLIDE WITH A TARGET MATERIAL, TYPICALLY TUNGSTEN, WITHIN AN X-RAY TUBE. THE KINETIC ENERGY OF THE
ELECTRONS IS CONVERTED INTO ELECTROMAGNETIC RADIATION, A PORTION OF WHICH ARE X-RAYS. THEIR ABILITY TO
PENETRATE SOFT TISSUES BUT BE ABSORBED BY DENSER MATERIALS LIKE BONE MAKES THEM INVALUABLE FOR VISUALIZING
SKELETAL STRUCTURES AND DETECTING FOREIGN OBJECTS. THE INTENSITY OF THE X-RAY BEAM, CONTROLLED BY KILOVOLTAGE
(kVP) AND MILLAMPERAGE-SECONDS (MAS), DIRECTLY INFLUENCES ITS PENETRATING POWER AND THE RESULTANT IMAGE
CONTRAST.

GAMMA RAYS IN NUCLEAR MEDICINE

GAMMA RAYS ARE EVEN HIGHER ENERGY PHOTONS THAN X-RAYS, TYPICALLY WITH ENERGIES ABOVE 100 KEV, AND ARE
PRODUCED DURING RADIOACTIVE DECAY. UNLIKE X-RAYS, WHICH ARE GENERATED BY ELECTRON INTERACTIONS, GAMMA RAYS
ORIGINATE FROM THE NUCLEUS OF AN ATOM. IN NUCLEAR MEDICINE, RADIOISOTOPES THAT EMIT GAMMA RAYS ARE INTRODUCED
INTO THE BODY, AND A GAMMA CAMERA DETECTS THESE EMISSIONS. THE DISTRIBUTION OF THE RADIOISOTOPE, WHICH LOCALIZES
IN SPECIFIC ORGANS OR TISSUES BASED ON PHYSIOLOGICAL PROCESSES, IS THEN TRANSLATED INTO AN IMAGE, PROVIDING
FUNCTIONAL RATHER THAN PURELY ANATOMICAL INFORMATION.



RADIOFREQUENCY W AVES IN MR

AT THE OTHER END OF THE SPECTRUM FOR IMAGING PURPOSES, RADIOFREQUENCY (RF) WAVES ARE USED IN MAGNETIC
ResONANCE IMAGING (MRI). THESE WAVES HAVE MUCH LOWER ENERGY AND LONGER WAVELENGTHS COMPARED TO X-RAYS AND
GAMMA RAYS. INMRI, RF PULSES ARE USED TO EXCITE THE NUCLEI OF ATOMS, SPECIFICALLY HYDROGEN PROTONS, WITHIN A
STRONG MAGNETIC FIELD. THE ENERGY ABSORBED AND THEN RE-EMITTED BY THESE EXCITED NUCLEI IS DETECTED AND USED TO
CONSTRUCT DETAILED CROSS-SECTIONAL IMAGES OF THE BODY. | HE INTERACTIONS OF RF WAVES WITH BIOLOGICAL TISSUES
ARE FUNDAMENTALLY DIFFERENT FROM THOSE OF IONIZING RADIATION, MAKING MR| A VALUABLE TOOL FOR SOFT TISSUE
CONTRAST.

THe PHYSICS oF X-RAYS AND ComPUTED ToMoGrAPHY (CT)

X-RAY IMAGING, THE OLDEST OF THE MODERN MEDICAL IMAGING MODALITIES, RELIES ON THE DIFFERENTIAL ABSORPTION OF X-RAY
PHOTONS BY VARIOUS TISSUES. COMPUTED T OMOGRAPHY (CT) BUILDS UPON THIS FUNDAMENTAL PRINCIPLE BY ACQUIRING
MULTIPLE X-RAY PROJECTIONS FROM DIFFERENT ANGLES AROUND THE PATIENT, CREATING CROSS-SECTIONAL IMAGES, OR
“sLIceS.” THE PHYSICS INVOLVED IN BOTH PROCESSES ARE DEEPLY INTERCONNECTED, WITH ADVANCEMENTS IN CT DIRECTLY
STEMMING FROM IMPROVEMENTS IN X-RAY GENERATION AND DETECTION.

X-RAY ATTENUATION AND CONTRAST

W/HEN AN X-RAY BEAM PASSES THROUGH THE BODY, SOME PHOTONS ARE ABSORBED (PHOTOELECTRIC EFFECT) AND OTHERS ARE
SCATTERED (COMPTON SCATTERING). THE DEGREE OF ATTENUATION DEPENDS ON THE ATOMIC NUMBER AND DENSITY OF THE
TISSUE, AS WELL AS THE ENERGY OF THE X-RAY PHOTONS. DENSER TISSUES WITH HIGHER ATOMIC NUMBERS, LIKE BONE, ABSORB
MORE X-RAYS THAN SOFTER TISSUES LIKE MUSCLE OR FAT. THIS DIFFERENTIAL ABSORPTION CREATES CONTRAST IN THE
RESULTING RADIOGRAPHIC IMAGE, WHERE AREAS THAT HAVE ABSORBED MORE X-RAYS APPEAR WHITER, AND AREAS THAT HAVE
TRANSMITTED MORE APPEAR DARKER.

GENERATING THE X-RAY BEAM

THE X-RAY TUBE IS THE HEART OF AN X-RAY MACHINE. |T CONSISTS OF A CATHODE (FILAMENT) THAT EMITS ELECTRONS \WHEN
HEATED, AND AN ANODE (TARGET) THAT IS STRUCK BY THESE ACCELERATED ELECTRONS. THE COLLISION GENERATES X-RAYS
THROUGH TWO MAIN MECHANISMS: BREMSSTRAHLUNG (BRAKING RADIATION) AND CHARACTERISTIC RADIATION. BREMSSTRAHLUNG
OCCURS WHEN ELECTRONS DECELERATE AS THEY INTERACT WITH THE ANODE MATERIAL. CHARACTERISTIC RADIATION IS
PRODUCED WHEN AN INCIDENT ELECTRON KNOCKS OUT AN INNER-SHELL ELECTRON OF AN ANODE ATOM, AND AN OUTER-SHELL
ELECTRON DROPS TO FILL THE VACANCY, EMITTING AN X-RAY PHOTON WITH A SPECIFIC ENERGY CHARACTERISTIC OF THE ANODE
MATERIAL.

THe PriNCIPLES oF CoMPUTED ToMoGRAPHY (CT)

CT SCANNING REVOLUTIONIZES PLAIN RADIOGRAPHY BY ACQUIRING DATA FROM MULTIPLE ANGLES. A GANTRY ROTATES AROUND
THE PATIENT, EMITTING A FAN-SHAPED OR CONE-SHAPED X-RAY BEAM AND DETECTING THE TRANSMITTED PHOTONS WITH AN
ARRAY OF DETECTORS. EACH DETECTOR MEASURES THE X-RAY INTENSITY AFTER IT HAS PASSED THROUGH THE PATIENT FROM A
SPECIFIC ANGLE. THESE MEASUREMENTS, CALLED PROJECTIONS, ARE THEN PROCESSED BY SOPHISTICATED COMPUTER ALGORITHMS,
PRIMARILY THE FILTERED BACK-PROJECTION ALGORITHM, TO RECONSTRUCT CROSS-SECTIONAL IMAGES. THE PHYSICS OF X-RAY
ATTENUATION AT EACH POINT WITHIN THE SCANNED SLICE IS MATHEMATICALLY DECONVOLUTED FROM THE PROJECTIONS TO
CREATE A DETAILED 3D REPRESENTATION.

IMAGE RECONSTRUCTION ALGORITHMS

THE TRANSITION FROM RAW PROJECTION DATA TO A DIAGNOSTIC IMAGE IN CT IS A MARVEL OF MATHEMATICAL PHYSICS.



FILTERED BACK-PROJECTION IS A COMMON TECHNIQUE WHERE EACH PROJECTION IS “BACK‘PROJECTED” ONTO A DIGITAL IMAGE
GRID, AND THEN FILTERED TO CORRECT FOR BLURRING. MORE ADVANCED ITERATIVE RECONSTRUCTION ALGORITHMS ARE NOW
WIDELY USED, WHICH INVOLVE REPEATEDLY PROJECTING AN ESTIMATED IMAGE AND COMPARING IT TO THE MEASURED DATA,
REFINING THE IMAGE UNTIL IT CLOSELY MATCHES THE ACQUIRED PROJECTIONS. THIS PROCESS SIGNIFICANTLY REDUCES RADIATION
DOSE WHILE MAINTAINING IMAGE QUALITY.

MAGNETIC ReEsoNANCE IMAGING (MRI): HARNESSING NUCLEAR SPINS

MAGNETIC RESONANCE IMAGING (MRI) STANDS APART FROM X-RAY-BASED TECHNIQUES AS IT DOES NOT USE IONIZING
RADIATION. INSTEAD, IT EXPLOITS THE MAGNETIC PROPERTIES OF ATOMIC NUCLEI, PARTICULARLY HYDROGEN PROTONS, TO
GENERATE HIGHLY DETAILED IMAGES OF SOFT TISSUES. THE UNDERLYING PHYSICS OF MRI INVOLVES A COMPLEX INTERPLAY OF
STRONG MAGNETIC FIELDS, RADIOFREQUENCY PULSES, AND THE SUBTLE MAGNETIC MOMENTS OF PROTONS WITHIN WATER AND
FAT MOLECULES IN THE BODY.

NUCLEAR SPIN AND MAGNETIZATION

PROTONS, WHICH ARE ABUNDANT IN THE HUMAN BODY DUE TO ITS HIGH WATER CONTENT, POSSESS A PROPERTY CALLED SPIN.
THIS SPIN GIVES THEM A TINY MAGNETIC MOMENT, EFFECTIVELY MAKING THEM MINIATURE MAGNETS. IN THE ABSENCE OF AN
EXTERNAL MAGNETIC FIELD, THESE PROTON SPINS ARE RANDOMLY ORIENTED. HO\X/EVER/ WHEN PLACED IN A POWERFUL STATIC
MAGNETIC FIELD (BO), THE PROTONS ALIGN THEMSELVES EITHER PARALLEL OR ANTI-PARALLEL TO THE FIELD. A SLIGHT EXCESS
OF PROTONS ALIGN PARALLEL, CREATING A NET MACROSCOPIC MAGNETIZATION VECTOR IN THE DIRECTION OF BO.

RADIOFREQUENCY PULSES AND EXCITATION

TO GENERATE AN IMAGE, A CAREFULLY TUNED RADIOFREQUENCY (RF) PULSE IS APPLIED. THIS RF PULSE, AT A SPECIFIC
FREQUENCY KNOWN AS THE L ARMOR FREQUENCY (WHICH IS DEPENDENT ON THE STRENGTH OF THE BO FIELD AND THE TYPE OF
NUCLEUS), CAUSES THE NET MAGNETIZATION VECTOR TO TIP AWAY FROM ITS EQUILIBRIUM ALIGNMENT. THE ENERGY ABSORBED
BY THE PROTONS DURING THIS EXCITATION PROCESS IS TRANSIENT; THEY WILL EVENTUALLY RETURN TO THEIR EQUILIBRIUM
STATE, RELEASING THE ABSORBED ENERGY AS RF SIGNALS.

ReLAXATION Processes: T1 AND T2

AS THE EXCITED PROTONS RETURN TO THEIR EQUILIBRIUM STATE, THEY UNDERGO TWO MAIN RELAXATION PROCESSES: T1
RELAXATION (LONGITUDINAL RELAXATION) AND T2 RELAXATION (TRANSVERSE RELAXATION). T 1 RELAXATION DESCRIBES THE
RETURN OF THE NET MAGNETIZATION TO ITS ALIGNMENT WITH THE BO FIELD, WHILE T2 RELAXATION DESCRIBES THE DECAY OF
THE TRANSVERSE MAGNETIZATION IN THE PLANE PERPENDICULAR TO BO. THE RATES OF THESE RELAXATION PROCESSES ARE
INFLUENCED BY THE SURROUNDING MOLECULAR ENVIRONMENT, ALLOWING FOR DIFFERENTIATION BETWEEN VARIOUS TISSUE TYPES.
For INSTANCE, FAT HAS A SHORTER T 1 RELAXATION TIME THAN WATER.

GRADIENT CoILS AND SPATIAL ENCODING

\W/HILE THE RF PULSES EXCITE PROTONS, GRADIENT COILS ARE CRUCIAL FOR SPATIALLY ENCODING THE SIGNAL. THESE COILS
SUPERIMPOSE WEAKER, RAPIDLY VARYING MAGNETIC FIELDS ONTO THE MAIN BO FIELD. BY APPLYING GRADIENTS IN DIFFERENT
DIRECTIONS (X, Y, AND z), THE L ARMOR FREQUENCY BECOMES DEPENDENT ON POSITION. THIS MEANS THAT PROTONS AT
DIFFERENT LOCATIONS WILL PRECESS AT SLIGHTLY DIFFERENT FREQUENCIES, ALLOWING THE SYSTEM TO DIFFERENTIATE SIGNALS
ORIGINATING FROM SPECIFIC SPATIAL LOCATIONS. THIS INGENIOUS APPLICATION OF MAGNETIC FIELD VARIATIONS ENABLES THE
RECONSTRUCTION OF DETAILED 2D AND 3D IMAGES.



ULTRASOUND: THE POWER OF SOUND W AVES

ULTRASOUND IMAGING, ALSO KNOWN AS SONOGRAPHY, IS A NON~INVASIVE DIAGNOSTIC TECHNIQUE THAT UTILIZES HIGH™
FREQUENCY SOUND WAVES TO CREATE REAL-TIME IMAGES OF INTERNAL BODY STRUCTURES. UNLIKE X-RAYS OR MR|,
ULTRASOUND EMPLOYS MECHANICAL WAVES RATHER THAN ELECTROMAGNETIC ONES, MAKING IT PARTICULARLY SAFE AND
VERSATILE FOR IMAGING SOFT TISSUES, FLUID-FILLED ORGANS, AND MONITORING FETAL DEVELOPMENT. THE PHYSICS OF
ULTRASOUND RELIES ON THE PRINCIPLES OF SOUND PROPAGATION, REFLECTION, AND DOPPLER SHIFTS.

SouND W AVE GENERATION AND TRANSMISSION

THE CORE COMPONENT OF AN ULTRASOUND SYSTEM IS THE TRANSDUCER, WHICH ACTS AS BOTH A TRANSMITTER AND RECEIVER
OF SOUND WAVES. INSIDE THE TRANSDUCER ARE PIEZOELECTRIC CRYSTALS THAT VIBRATE WHEN AN ELECTRIC CURRENT IS
APPLIED, GENERATING HIGH-FREQUENCY SOUND WAVES (TYPICALLY IN THE RANGE OF 2 TO 18 MEGAHERTZ). THESE SOUND
WAVES ARE THEN TRANSMITTED INTO THE BODY. THE HIGHER THE FREQUENCY, THE BETTER THE RESOLUTION BUT THE
SHALLOWER THE PENETRATION. CONVERSELY, LOWER FREQUENCIES OFFER DEEPER PENETRATION BUT WITH REDUCED RESOLUTION.

EcHoes AND RerLECTION: THE BASIS OF IMAGING

W/HEN THE TRANSMITTED ULTRASOUND WAVES ENCOUNTER INTERFACES BETWEEN DIFFERENT TISSUES OR STRUCTURES WITHIN
THE BODY, A PORTION OF THE SOUND ENERGY IS REFLECTED BACK AS ECHOES. THE AMOUNT OF REFLECTION DEPENDS ON THE
ACOUSTIC IMPEDANCE MISMATCH BETWEEN THE TWO TISSUES. ACOUSTIC IMPEDANCE IS A PROPERTY OF A MATERIAL THAT
RELATES TO ITS DENSITY AND THE SPEED OF SOUND WITHIN IT. GREATER DIFFERENCES IN ACOUSTIC IMPEDANCE LEAD TO
STRONGER REFLECTIONS. THESE RETURNING ECHOES ARE DETECTED BY THE PIEZOELECTRIC CRYSTALS IN THE TRANSDUCER, WHICH
CONVERT THEM BACK INTO ELECTRICAL SIGNALS.

TiME-GAIN COMPENSATION AND IMAGE BRIGHTNESS

AS SOUND WAVES TRAVEL DEEPER INTO THE BODY, THEY GRADUALLY LOSE ENERGY DUE TO ATTENUATION (ABSORPTION AND
SCATTERING). THIS MEANS THAT ECHOES RETURNING FROM DEEPER STRUCTURES ARE WEAKER THAN THOSE FROM SUPERFICIAL
ONES. TO COMPENSATE FOR THIS SIGNAL LOSS AND ENSURE UNIFORM IMAGE BRIGHTNESS, ULTRASOUND SYSTEMS EMPLOY T IME-
GaIN CompensaTION (TGC). TGC APPLIES INCREASING AMPLIFICATION TO SIGNALS THAT RETURN FROM PROGRESSIVELY
GREATER DEPTHS, ENSURING THAT STRUCTURES AT ALL DEPTHS ARE VISUALIZED APPROPRIATELY.

DoPPLER EFFECT FOR BLOOD FLOW IMAGING

A SIGNIFICANT ADVANCEMENT IN ULTRASOUND TECHNOLOGY IS THE DOPPLER EFFECT, WHICH ALLOWS FOR THE VISUALIZATION
AND QUANTIFICATION OF BLOOD FLOW. | HE DOPPLER EFFECT DESCRIBES THE CHANGE IN FREQUENCY OF A WAVE IN RELATION TO
AN OBSERVER WHO IS MOVING RELATIVE TO THE WAVE SOURCE. IN ULTRASOUND, IF THE SOUND WAVES ARE REFLECTED OFF
MOVING RED BLOOD CELLS, THE FREQUENCY OF THE RETURNING ECHOES WILL BE SHIFTED. IF THE RED BLOOD CELLS ARE MOVING
TOWARDS THE TRANSDUCER, THE FREQUENCY INCREASES (POSITIVE DoPPLER SHIFT), AND IF THEY ARE MOVING AWAY, THE
FREQUENCY DECREASES (NEGATIVE DoPPLER SHIFT). THIS PHENOMENON IS FUNDAMENTAL FOR ASSESSING VASCULAR HEALTH.

NuUCLEAR MEDICINE; THE PHYSICS OF RADIOACTIVITY

NUCLEAR MEDICINE IMAGING TECHNIQUES, SUCH AS POSITRON EMISSION T OMOGRAPHY (PET) AND SINGLE-PHOTON EMISSION
CoMPUTED ToMoGRAPHY (SPECT), OFFER A UNIQUE PERSPECTIVE BY VISUALIZING PHYSIOLOGICAL PROCESSES AT A
MOLECULAR LEVEL. THESE MODALITIES RELY ON THE PHYSICS OF RADIOACTIVE DECAY, THE INTERACTION OF EMITTED RADIATION
WITH DETECTORS, AND SOPHISTICATED IMAGE RECONSTRUCTION METHODS TO MAP THE DISTRIBUTION OF INJECTED
RADIOPHARMACEUTICALS WITHIN THE BODY.



RADIOISOTOPES AND RADIOPHARMACEUTICALS

THE FOUNDATION OF NUCLEAR MEDICINE IS THE USE OF RADIOACTIVE ISOTOPES, OR RADIOISOTOPES, WHICH ARE ATOMS WITH
UNSTABLE NUCLEI THAT UNDERGO RADIOACTIVE DECAY TO ACHIEVE A MORE STABLE STATE. THESE RADIOISOTOPES ARE
INCORPORATED INTO BIOLOGICALLY ACTIVE MOLECULES TO CREATE RADIOPHARMACEUTICALS. THESE DRUGS ARE DESIGNED TO
ACCUMULATE IN SPECIFIC ORGANS OR TISSUES, OR TO PARTICIPATE IN SPECIFIC METABOLIC PATHWAYS, THEREBY ACTING AS
TRACERS FOR PHYSIOLOGICAL FUNCTION. FOR EXAMPLE, FLUORODEOXYGLUCOSE (FDG), LABELED WITH THE RADIOISOTOPE
FLUORINE- 1 8, IS WIDELY USED IN PET SCANS TO ASSESS GLUCOSE METABOLISM, WHICH IS OFTEN ELEVATED IN CANCEROUS
CELLS.

RADIOACTIVE DECAY AND EMITTED PARTICLES

RADIOACTIVE DECAY CAN OCCUR THROUGH VARIOUS MECHANISMS, INCLUDING ALPHA DECAY, BETA DECAY (EMITTING
ELECTRONS OR POSITRONS), AND GAMMA EMISSION. IN PET IMAGING, THE RADIOPHARMACEUTICALS EMIT POSITRONS. WHEN A
POSITRON ENCOUNTERS AN ELECTRON IN THE BODY, THEY ANNIHILATE EACH OTHER, PRODUCING TWO GAMMA PHOTONS THAT
TRAVEL IN opPOSITE DIRECTIONS ( 180 DEGREES APART). SPECT IMAGING TYPICALLY USES RADIOISOTOPES THAT DIRECTLY
EMIT GAMMA RAYS. THE ENERGY AND DISTRIBUTION OF THESE EMITTED PARTICLES ARE CRITICAL FOR IMAGE FORMATION.

DeTeCTION OF RADIATION

NUCLEAR MEDICINE SCANNERS ARE EQUIPPED WITH SPECIALIZED DETECTORS THAT ARE HIGHLY SENSITIVE TO THE EMITTED
RADIATION. IN PET SCANNERS, ARRAYS OF DETECTORS SURROUND THE PATIENT. W/HEN THE TWO ANNIHILATION GAMMA
PHOTONS STRIKE OPPOSITE DETECTORS SIMULTANEOUSLY (COINCIDENCE DETECTION), IT INDICATES THAT THE ANNIHILATION
EVENT OCCURRED ALONG A LINE CONNECTING THOSE TWO DETECTORS. SPECT SCANNERS USE GAMMA CAMERAS THAT HAVE
COLLIMATORS, WHICH ARE LEAD STRUCTURES DESIGNED TO ONLY ALLOW GAMMA RAYS TRAVELING IN SPECIFIC DIRECTIONS TO
REACH THE DETECTOR, THEREBY PROVIDING SOME SPATIAL INFORMATION ABOUT THE EMISSION SOURCE.

IMAGE RECONSTRUCTION AND FUNCTIONAL MAPPING

SIMILAR TO CT, NUCLEAR MEDICINE IMAGING REQUIRES COMPLEX IMAGE RECONSTRUCTION ALGORITHMS TO TRANSFORM THE
DETECTED RADIATION SIGNALS INTO A DIAGNOSTIC IMAGE. FOR PET, THE LINES OF RESPONSE FROM COINCIDENT EVENTS ARE
USED TO RECONSTRUCT CROSS-SECTIONAL IMAGES SHOWING THE DISTRIBUTION OF THE RADIOPHARMACEUTICAL. For SPECT,
THE MULTIPLE VIEWS ACQUIRED BY THE GAMMA CAMERA ARE PROCESSED TO CREATE 3D IMAGES. THESE IMAGES REPRESENT THE
CONCENTRATION OF THE RADIOPHARMACEUTICAL, WHICH DIRECTLY CORRELATES WITH BIOLOGICAL ACTIVITY, PROVIDING
FUNCTIONAL INFORMATION ABOUT ORGANS, TISSUES, AND DISEASE PROCESSES.

IMAGE FORMATION AND RECONSTRUCTION: TRANSLATING DATA INTO VISION

THE JOURNEY FROM RAW DATA ACQUIRED BY AN IMAGING DEVICE TO THE DIAGNOSTIC IMAGES WE SEE ON A SCREEN IS A
SOPHISTICATED PROCESS INVOLVING SIGNAL PROCESSING AND COMPLEX MATHEMATICAL ALGORITHMS. REGARDLESS OF THE
UNDERLYING PHYSICS OF THE IMAGING MODALITY—BE IT X-RAY ATTENUATION, MAGNETIC RESONANCE SIGNALS, SOUND WAVE
REFLECTIONS, OR RADIOACTIVE EMISSIONS—THE CORE CHALLENGE IS TO RECONSTRUCT A MEANINGFUL REPRESENTATION OF THE
INTERNAL ANATOMY OR PHYSIOLOGY FROM THE COLLECTED MEASUREMENTS.

SAMPLING AND DIGITIZATION

THE FIRST STEP IN DIGITAL IMAGE FORMATION IS THE ACQUISITION OF RAW DATA. THIS DATA IS OFTEN IN THE FORM OF ANALOG
SIGNALS, SUCH AS VOLTAGE OR CURRENT GENERATED BY DETECTORS. THESE ANALOG SIGNALS MUST BE SAMPLED AT DISCRETE
POINTS AND THEN CONVERTED INTO DIGITAL VALUES THROUGH AN ANALOG-TO-DIGITAL CONVERTER (ADC) THE RATE AND
PRECISION OF THIS SAMPLING AND DIGITIZATION PROCESS DIRECTLY IMPACT THE QUALITY AND RESOLUTION OF THE FINAL IMAGE.



INSUFFICIENT SAMPLING CAN LEAD TO ALIASING ARTIFACTS, WHERE HIGH-FREQUENCY DETAILS ARE MISREPRESENTED.

IMAGE RECONSTRUCTION ALGORITHMS

THE CHOICE OF RECONSTRUCTION ALGORITHM IS DICTATED BY THE SPECIFIC IMAGING MODALITY AND THE GEOMETRY OF DATA
ACQUISITION. AS MENTIONED EARLIER, FILTERED BACK-PROJECTION IS A CORNERSTONE OF CT AND SPECT IMAGING. INMRI, THE
DATA IS ACQUIRED IN THE “K-SPACE,” WHICH IS A REPRESENTATION OF SPATIAL FREQUENCIES, AND A 2D orR 3D FOURIER
TRANSFORM IS USED TO CONVERT THIS DATA INTO AN IMAGE IN THE SPATIAL DOMAIN. FOR ULTRASOUND, THE TIME-OF-FLIGHT
OF ECHOES IS USED TO DETERMINE DEPTH, AND SIGNAL PROCESSING IS APPLIED TO CREATE PIXEL INTENSITIES CORRESPONDING TO
ECHO STRENGTH.

ResoLuTION, NOISE, AND ARTIFACTS

THE QUALITY OF A MEDICAL IMAGE IS ASSESSED BY SEVERAL KEY PARAMETERS: RESOLUTION, NOISE, AND THE PRESENCE OF
ARTIFACTS. RESOLUTION REFERS TO THE ABILITY OF THE IMAGING SYSTEM TO DISTINGUISH BETWEEN TWO CLOSELY SPACED
OBJECTS. IT IS INFLUENCED BY FACTORS SUCH AS DETECTOR SIZE, SIGNAL PROCESSING, AND THE WAVELENGTH OF THE IMAGING
PROBE (E.G., X-RAY W AVELENGTH, ULTRASOUND FREQUENCY). NOISE, WHICH IS RANDOM FLUCTUATION IN THE IMAGE SIGNAL,
CAN OBSCURE FINE DETAILS AND IS OFTEN RELATED TO THE STATISTICAL NATURE OF RADIATION DETECTION OR THE INHERENT
RANDOMNESS OF PHYSICAL PROCESSES. ARTIFACTS ARE UNWANTED FEATURES IN AN IMAGE THAT DO NOT CORRESPOND TO
ACTUAL STRUCTURES IN THE BODY AND CAN ARISE FROM INCORRECT ASSUMPTIONS IN THE RECONSTRUCTION ALGORITHMS,
PATIENT MOTION, OR LIMITATIONS IN THE HARD\W ARE.

PosT-PROCESSING AND VISUALIZATION

ONCE THE RAW DATA HAS BEEN RECONSTRUCTED INTO A DIGITAL IMAGE, FURTHER POST-PROCESSING STEPS ARE OFTEN APPLIED
TO ENHANCE ITS DIAGNOSTIC UTILITY. THESE CAN INCLUDE ADJUSTMENTS TO BRIGHTNESS AND CONTRAST, EDGE ENHANCEMENT,
FILTERING TO REDUCE NOISE, AND THE GENERATION OF MULTI-PLANAR REFORMATIONS (MPRS) OR 3D RENDERINGS FROM
VOLUMETRIC CT orR MRI DATASETS. ADVANCED VISUALIZATION TECHNIQUES, SUCH AS MAXIMUM INTENSITY PROJECTIONS
(M|PS) OR VIRTUAL ENDOSCOPY, ALLOW CLINICIANS TO BETTER INTERPRET COMPLEX ANATOMICAL RELATIONSHIPS AND
PATHOLOGIES. THE WAY THESE IMAGES ARE PRESENTED TO THE RADIOLOGIST IS AS CRITICAL AS THEIR ACQUISITION AND
RECONSTRUCTION.

SAFETY CONSIDERATIONS IN MEDICAL IMAGING PHYSICS

W/HILE MEDICAL IMAGING HAS REVOLUTIONIZED HEALTHCARE, IT'S IMPERATIVE TO ACKNOWLEDGE AND MANAGE THE POTENTIAL
RISKS ASSOCIATED WITH THESE POWERFUL TECHNOLOGIES. THE PHYSICS OF EACH MODALITY DIRECTLY INFORMS THE SAFETY
PROTOCOLS AND DOSE OPTIMIZATION STRATEGIES EMPLOYED TO MINIMIZE HARM TO PATIENTS AND HEALTHCARE PROFESSIONALS
WHILE STILL ACHIEVING DIAGNOSTIC-QUALITY IMAGES.

RADIATION Dose MANAGEMENT IN X-RAY, CT, AND NUCLEAR MEDICINE

FOR IMAGING TECHNIQUES THAT USE IONIZING RADIATION (X-RAYS, CT, AND NUCLEAR MEDICINE), MANAGING RADIATION DOSE IS
A PRIMARY CONCERN. THE PRINCIPLE OF ALARA (As Low As REASONABLY ACHIEVABLE) GUIDES PRACTICE, MEANING THAT
RADIATION EXPOSURE SHOULD BE KEPT TO THE LOWEST POSSIBLE LEVEL THAT STILL YIELDS DIAGNOSTIC INFORMATION. IN X-
RAY AND CT, THIS INVOLVES OPTIMIZING FACTORS LIKE KVP, MAS, FILTRATION, AND BEAM COLLIMATION. FOR NUCLEAR
MEDICINE, IT'S ABOUT SELECTING APPROPRIATE RADIOPHARMACEUTICALS WITH SHORT HALF-LIVES AND ADMINISTERING THE
LOWEST EFFECTIVE ACTIVITY. CONTINUOUS MONITORING AND TECHNOLOGICAL ADVANCEMENTS AIM TO REDUCE PATIENT
EXPOSURE WITHOUT COMPROMISING IMAGE QUALITY.



NoN-loNIZING RADIATION SAFETY IN MRI

ALTHOUGH MRI DOES NOT USE IONIZING RADIATION, IT DOES INVOLVE STRONG MAGNETIC FIELDS AND RADIOFREQUENCY ENERGY.
SAFETY CONSIDERATIONS FOR MRI INCLUDE THE RISK OF PROJECTILE ACCIDENTS WITH FERROMAGNETIC OBJECTS BROUGHT INTO
THE SCANNER ROOM, BURNS FROM RF HEATING OF TISSUES OR CONDUCTIVE LOOPS, AND ACOUSTIC NOISE. PATIENTS WITH
IMPLANTED MEDICAL DEVICES, SUCH AS PACEMAKERS OR COCHLEAR IMPLANTS, REQUIRE CAREFUL SCREENING AS THESE DEVICES
MAY BE AFFECTED BY THE MAGNETIC FIELDS. SPECIFIC ABSORPTION RATE (SAR) IS A MEASURE OF THE RF ENERGY ABSORBED BY
THE BODY AND IS CAREFULLY CONTROLLED TO PREVENT TISSUE HEATING.

ULTRASOUND SAFETY AND BIOEFFECTS

ULTRASOUND IS GENERALLY CONSIDERED ONE OF THE SAFEST IMAGING MODALITIES. HO\X/EVER, PROLONGED EXPOSURE TO HIGH-
INTENSITY ULTRASOUND CAN THEORETICALLY INDUCE THERMAL EFFECTS (TISSUE HEATING) AND MECHANICAL EFFECTS
(CAVITATION, WHICH INVOLVES THE FORMATION AND COLLAPSE OF MICROBUBBLES). DIAGNOSTIC ULTRASOUND SYSTEMS ARE
DESIGNED WITH OUTPUT POWER LEVELS WELL BELOW THOSE KNOWN TO CAUSE SIGNIFICANT BIOEFFECTS. NEVERTHELESS, ITIS
STANDARD PRACTICE TO USE THE LOWEST POSSIBLE SETTINGS THAT PROVIDE ADEQUATE DIAGNOSTIC INFORMATION,
PARTICULARLY DURING SENSITIVE PERIODS LIKE FETAL DEVELOPMENT.

QUALITY AssSURANCE AND QUALITY ConTroL (QA/QQC)

RIGOROUS QUALITY ASSURANCE AND QUALITY CONTROL PROGRAMS ARE ESSENTIAL FOR ALL MEDICAL IMAGING EQUIPMENT.
THESE PROGRAMS INVOLVE REGULAR TESTING AND CALIBRATION OF THE IMAGING SYSTEMS TO ENSURE THEY ARE FUNCTIONING
CORRECTLY AND PRODUCING IMAGES OF CONSISTENT DIAGNOSTIC QUALITY. PHYSICS-BASED MEASUREMENTS ARE PERFORMED TO
VERIFY PARAMETERS SUCH AS X-RAY OUTPUT LINEARITY, CT NUMBER ACCURACY, MRI| GRADIENT LINEARITY, AND ULTRASOUND
BEAM PROFILE. THIS PROACTIVE APPROACH HELPS TO PREVENT THE USE OF FAULTY EQUIPMENT AND ENSURES PATIENT SAFETY
AND DIAGNOSTIC ACCURACY.

THE ESSENTIAL PHYSICS OF MEDICAL IMAGING PDF IS A CRUCIAL RESOURCE FOR ANYONE LOOKING TO GAIN A DEEPER
UNDERSTANDING OF THESE INDISPENSABLE DIAGNOSTIC TOOLS. BY DEMYSTIFYING THE SCIENTIFIC PRINCIPLES BEHIND EACH
MODALITY, THIS GUIDE EMPOWERS READERS WITH KNOWLEDGE THAT IS BOTH PRACTICAL AND ENLIGHTENING. THE CONTINUOUS
EVOLUTION OF IMAGING TECHNOLOGIES, DRIVEN BY BREAKTHROUGHS IN PHYSICS AND ENGINEERING, PROMISES EVEN MORE
SOPHISTICATED AND PERSONALIZED DIAGNOSTIC CAPABILITIES IN THE FUTURE, FURTHER ENHANCING PATIENT CARE AND MEDICAL
OUTCOMES.

FREQUENTLY ASkeD QUESTIONS

QZ WHAT ARE THE PRIMARY PHYSICS PRINCIPLES BEHIND X-RAY IMAGING?

A: X-RAY IMAGING RELIES ON THE DIFFERENTIAL ABSORPTION OF HIGH-ENERGY X-RAY PHOTONS BY TISSUES OF VARYING
DENSITIES AND ATOMIC NUMBERS. DENSER MATERIALS LIKE BONE ABSORB MORE X‘RAYS, APPEARING WHITER ON THE RADIOGRAPH,
WHILE SOFTER TISSUES TRANSMIT MORE, APPEARING DARKER. THE PHYSICS INVOLVES UNDERSTANDING X-RAY GENERATION
THROUGH ELECTRON INTERACTIONS AND ATTENUATION PROCESSES LIKE THE PHOTOELECTRIC EFFECT AND COMPTON SCATTERING.

Q: How poes MRI pIFFER FROM CT SCANNING IN TERMS OF THE PHYSICS INVOLVED?

A: MRI UTILIZES THE MAGNETIC PROPERTIES OF ATOMIC NUCLEI, SPECIFICALLY HYDROGEN PROTONS, AND THEIR RESPONSE TO
STRONG MAGNETIC FIELDS AND RADIOFREQUENCY PULSES. |IT DOES NOT USE IONIZING RADIATION. CT SCANNING, ON THE OTHER
HAND, USES X-RAYS AND MEASURES THEIR ATTENUATION AS THEY PASS THROUGH THE BODY FROM MULTIPLE ANGLES TO
CREATE CROSS-SECTIONAL IMAGES.



Q: WHAT IS THE FUNDAMENTAL PRINCIPLE THAT ENABLES ULTRASOUND TO CREATE
IMAGES?

A: ULTRASOUND IMAGING WORKS BY TRANSMITTING HIGH-FREQUENCY SOUND WAVES INTO THE BODY AND DETECTING THE
ECHOES THAT ARE REFLECTED BACK FROM DIFFERENT TISSUE INTERFACES. THE TIME IT TAKES FOR THE ECHOES TO RETURN, AND
THEIR INTENSITY, ARE USED TO DETERMINE THE DEPTH AND COMPOSITION OF STRUCTURES, FORMING A REAL-TIME IMAGE.

Q: IN NUCLEAR MEDICINE, HOW IS THE DISTRIBUTION OF RADIOPHARMACEUTICALS
VISUALIZED?

A: NUCLEAR MEDICINE TECHNIQUES LIKE PET AnD SPECT DETECT THE RADIATION (POSITRONS OR GAMMA RAYS) EMITTED BY
RADIOISOTOPES INCORPORATED INTO RADIOPHARMACEUTICALS. THESE DETECTORS THEN MAP THE CONCENTRATION OF THE
RADIOPHARMACEUTICAL WITHIN THE BODY, WHICH REFLECTS PHYSIOLOGICAL OR METABOLIC ACTIVITY, THUS PROVIDING
FUNCTIONAL INFORMATION.

QI WHAT IS THE ROLE OF ACOUSTIC IMPEDANCE IN ULTRASOUND PHYSICS?

A: ACOUSTIC IMPEDANCE IS A PROPERTY OF A MATERIAL THAT INFLUENCES HOW MUCH SOUND ENERGY IS REFLECTED AT AN
INTERFACE BETWEEN TWO DIFFERENT TISSUES. A LARGER DIFFERENCE IN ACOUSTIC IMPEDANCE BETWEEN TWO TISSUES LEADS TO
A STRONGER REFLECTED ECHO, WHICH IS CRUCIAL FOR DIFFERENTIATING STRUCTURES IN ULTRASOUND IMAGING.

QI How 1S RADIATION DOSE MANAGED IN MEDICAL IMAGING PROCEDURES?

A: RADIATION DOSE IS MANAGED BY ADHERING TO THE ALARA PrRINCIPLE (AS Low AS REASONABLY ACHIEVABLE). THIS
INVOLVES OPTIMIZING IMAGING PARAMETERS SUCH AS KVP AND MAS IN X-RAY AND CT, USING APPROPRIATE FILTRATION, AND
EMPLOYING ADVANCED RECONSTRUCTION TECHNIQUES THAT REDUCE THE NEED FOR HIGHER DOSES. FOR NUCLEAR MEDICINE, IT
INVOLVES USING SHORT-HALF-LIFE ISOTOPES AND THE MINIMAL EFFECTIVE ACTIVITY.

Q: CAN YOU EXPLAIN THE CONCEPT OF RELAXATION TIMES (T 1 AND T2) IN MRI?

A: T1 AND T2 RELAXATION TIMES DESCRIBE HOW EXCITED HYDROGEN PROTONS IN AN MR| SCAN RETURN TO THEIR EQUILIBRIUM
STATE. T 1 RELAXATION REFERS TO THE RECOVERY OF MAGNETIZATION ALONG THE MAIN MAGNETIC FIELD, WHILE T2
RELAXATION REFERS TO THE DECAY OF MAGNETIZATION IN THE PERPENDICULAR PLANE. DIFFERENCES IN THESE RELAXATION TIMES
BETWEEN TISSUES PROVIDE THE CONTRAST IN MR IMAGES, ALLOWING FOR DIFFERENTIATION OF VARIOUS SOFT TISSUES.
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