THE ESSENTIAL PHYSICS OF MEDICAL IMAGING

THE ESSENTIAL PHYSICS OF MEDICAL IMAGING IS A FASCINATING FIELD THAT BRIDGES THE GAP BETWEEN FUNDAMENTAL SCIENTIFIC
PRINCIPLES AND LIFE-SAVING DIAGNOSTIC TOOLS. THIS ARTICLE DELVES DEEP INTO THE INTRICATE PHYSICAL PHENOMENA THAT
ENABLE US TO VISUALIZE THE HUMAN BODY'S INTERNAL STRUCTURES AND FUNCTIONS NON-INVASIVELY. WE WILL EXPLORE THE
CORE CONCEPTS BEHIND X-RAY IMAGING, COMPUTED TOMOGRAPHY (CT), MAGNETIC RESONANCE IMAGING (MRI), ULTRASOUND,
AND NUCLEAR MEDICINE, HIGHLIGHTING THE UNIQUE PHYSICAL PROPERTIES EACH MODALITY EXPLOITS. UNDERSTANDING THESE
UNDERLYING PRINCIPLES IS CRUCIAL FOR ANYONE INVOLVED IN HEALTHCARE, FROM TECHNOLOGISTS AND RADIOLOGISTS TO
PATIENTS SEEKING TO COMPREHEND THEIR DIAGNOSTIC JOURNEY. PREPARE TO JOURNEY THROUGH THE WORLD OF
ELECTROMAGNETIC RADIATION, ACOUSTIC WAVES, NUCLEAR DECAY, AND QUANTUM MECHANICS AS THEY ARE APPLIED TO
MEDICINE.
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THE ELECTROMAGNETIC SPECTRUM AND X-RAY IMAGING

AT THE HEART OF MANY MEDICAL IMAGING TECHNIQUES LIES THE ELECTROMAGNETIC SPECTRUM, A VAST RANGE OF ENERGIES
THAT TRAVEL AS WAVES AND PARTICLES. FOR X-RAY IMAGING, THE SPECIFIC PORTION OF THE SPECTRUM WE HARNESS
INVOLVES PHOTONS WITH WAVELENGTHS TYPICALLY BETWEEN 0.0 1 AnD 10 NANOMETERS, AND ENERGIES RANGING FROM 100
EV To 200 keV. THESE HIGH-ENERGY PHOTONS POSSESS THE REMARKABLE ABILITY TO PENETRATE BIOLOGICAL TISSUES, BUT
THEIR INTERACTION WITH MATTER IS WHAT CREATES THE DIAGNOSTIC IMAGE. WHEN X-RAYS PASS THROUGH THE BODY, THEY
ARE ATTENUATED, MEANING THEIR INTENSITY IS REDUCED, BY ABSORPTION AND SCATTERING. DENSER TISSUES, SUCH AS BONE,
ABSORB MORE X-RAYS THAN SOFTER TISSUES LIKE MUSCLE OR FAT. THIS DIFFERENTIAL ATTENUATION IS THE FUNDAMENTAL
PRINCIPLE BEHIND RADIOGRAPHY, WHERE A DETECTOR PLACED BEHIND THE PATIENT RECORDS THE PATTERN OF TRANSMITTED X-
RAYS, PRODUCING A GRAYSCALE IMAGE. THE BRIGHTER AREAS ON THE IMAGE CORRESPOND TO REGIONS WHERE MORE X-RAYS
\WERE ABSORBED, AND THE DARKER AREAS INDICATE WHERE MORE X-RAYS PASSED THROUGH UNIMPEDED.

GENERATING X-RAYS: THE CATHODE AND ANODE DANCE

THE PRODUCTION OF X-RAYS IS A SOPHISTICATED PROCESS INVOLVING A VACUUM TUBE. W/ ITHIN THIS TUBE, A HEATED
FILAMENT (THE CATHODE) RELEASES ELECTRONS. THESE ELECTRONS ARE THEN ACCELERATED TOWARDS A POSITIVELY CHARGED
TARGET MATERIAL, TYPICALLY TUNGSTEN, CALLED THE ANODE, BY A HIGH VOLTAGE DIFFERENCE. W/HEN THE HIGH-SPEED
ELECTRONS STRIKE THE ANODE, THEY INTERACT WITH THE TARGET ATOMS IN TWO PRIMARY WAYS. BREMSSTRAHLUNG
RADIATION AND CHARACTERISTIC RADIATION. BREMSSTRAHLUNG, MEANING “BRAKING RADIATION,” OCCURS WHEN ELECTRONS ARE
DECELERATED BY THE ATOMIC NUCLEI OF THE ANODE. THIS DECELERATION CAUSES THEM TO EMIT PHOTONS ACROSS A
CONTINUOUS SPECTRUM OF ENERGIES. CHARACTERISTIC RADIATION, ON THE OTHER HAND, IS PRODUCED WHEN AN INCOMING
ELECTRON KNOCKS OUT AN INNER-SHELL ELECTRON OF AN ANODE ATOM. AS OUTER-SHELL ELECTRONS FILL THE VACANCY, THEY
EMIT PHOTONS WITH SPECIFIC ENERGIES CHARACTERISTIC OF THE ANODE MATERIAL. THE COMBINATION OF THESE TWO
PROCESSES GENERATES THE X-RAY BEAM USED IN MEDICAL IMAGING.

X-RAY DETECTORS: CAPTURING THE UNSEEN

ONCE THE X-RAY BEAM HAS PASSED THROUGH THE PATIENT, IT STRIKES A DETECTOR. HISTORICALLY, PHOTOGRAPHIC FILM WAS



USED, BUT MODERN MEDICAL IMAGING PREDOMINANTLY EMPLOYS DIGITAL DETECTORS. TwO MAIN TYPES OF DIGITAL DETECTORS
ARE PREVALENT: COMPUTED RADIOGRAPHY (CR) AND DIGITAL RADIOGRAPHY (DR) CR sYSTEMS USE A PHOTOSTIMULABLE
PHOSPHOR PLATE THAT ABSORBS X-RAY ENERGY AND STORES IT. THIS PLATE IS THEN SCANNED BY A LASER, WHICH RELEASES
THE STORED ENERGY AS LIGHT, WHICH IS CONVERTED INTO AN ELECTRICAL SIGNAL AND THEN A DIGITAL IMAGE. DR SYSTEMS, ON
THE OTHER HAND, USE EITHER A DIRECT CONVERSION OR AN INDIRECT CONVERSION DETECTOR. DIRECT CONVERSION DETECTORS,
OFTEN USING AMORPHOUS SELENIUM, CONVERT X-RAYS DIRECTLY INTO ELECTRICAL CHARGES. INDIRECT CONVERSION
DETECTORS, COMMONLY USING A SCINTILLATOR (LIKE CESIUM IODIDE) TO CONVERT X-RAYS INTO VISIBLE LIGHT, FOLLOWED BY
A PHOTODIODE ARRAY TO CONVERT LIGHT INTO ELECTRICAL CHARGES. THESE DIGITAL DETECTORS OFFER SIGNIFICANT
ADVANTAGES, INCLUDING IMPROVED IMAGE QUALITY, REDUCED RADIATION DOSE, AND THE ABILITY TO MANIPULATE IMAGES
DIGITALLY.

CoMPUTED TOMOGRAPHY: STACKING SLICES OF INFORMATION

CoMPUTED TOMOGRAPHY, OR cT SCANNING, REVOLUTIONIZED MEDICAL IMAGING BY PROVIDING CROSS-SECTIONAL VIEWS OF
THE BODY, AKIN TO LOOKING AT SLICES OF A LOAF OF BREAD. THE FUNDAMENTAL PHYSICS oF CT BUILDS UPON X-RAY
PRINCIPLES BUT ADDS A CRUCIAL DIMENSION OF SPATIAL INFORMATION. INSTEAD OF A SINGLE X-RAY BEAM AND DETECTOR, A
CT SCANNER USES A ROTATING X-RAY TUBE AND A SERIES OF DETECTORS ARRANGED IN A CIRCULAR GANTRY AROUND THE
PATIENT. AS THE X-RAY TUBE AND DETECTORS ROTATE, THEY ACQUIRE MULTIPLE X-RAY PROJECTIONS FROM VARIOUS ANGLES
AS THE PATIENT TABLE MOVES THROUGH THE SCANNER. EACH PROJECTION REPRESENTS THE ATTENUATION OF X-RAYS ALONG A
SPECIFIC LINE THROUGH THE BODY. THE REAL MAGIC HAPPENS IN THE RECONSTRUCTION ALGORITHMS, WHICH ARE SOPHISTICATED
MATHEMATICAL PROCESSES THAT TAKE THESE NUMEROUS 2D PROJECTIONS AND RECONSTRUCT THEM INTO DETAILED 3D
VOLUMETRIC DATA, ESSENTIALLY CREATING CROSS-SECTIONAL IMAGES.

HounsFIELD UNITS: QUANTIFYING T1SSUE DENSITY

ONE OF THE KEY ADVANTAGES OF CT IS ITS ABILITY TO PROVIDE QUANTITATIVE INFORMATION ABOUT TISSUE DENSITY. THIS
IS ACHIEVED THROUGH THE HoUNSFIELD UNIT (HU) scALE. THE HU SCALE IS A LINEAR TRANSFORMATION OF THE X-RAY
ATTENUATION COEFFICIENT, WHERE WATER IS ASSIGNED A VALUE oF O HU, AND AIR IS ASSIGNED - 1000 HU. DENSE MATERIALS
LIKE BONE CAN HAVE HU VALUES EXCEEDING + 1000. THIS QUANTITATIVE MEASUREMENT ALLOWS RADIOLOGISTS TO
DIFFERENTIATE BETWEEN VARIOUS TISSUE TYPES WITH REMARKABLE PRECISION, IDENTIFY SUBTLE CHANGES IN DENSITY THAT
MIGHT INDICATE DISEASE, AND MONITOR TREATMENT RESPONSE. FOR INSTANCE, DISTINGUISHING BETWEEN HEALTHY TISSUE,
INFLAMMATION, OR A TUMOR OFTEN RELIES ON SUBTLE DIFFERENCES IN THEIR HU VALUES.

ReCONSTRUCTION ALGORITHMS: THE MATHEMATICAL BACKBONE

THE PROCESS OF CONVERTING RAW PROJECTION DATA INTO A CT IMAGE IS KNOWN AS RECONSTRUCTION. EARLY CT SCANNERS
USED ALGORITHMS LIKE FILTERED BACK-PROJECTION (FBP). IN FBP, EACH PROJECTION IS “BACK-PROJECTED” ACROSS THE ENTIRE
IMAGE VOLUME, AND THESE BACK-PROJECTIONS ARE THEN FILTERED TO REMOVE BLURRING ARTIFACTS. MORE ADVANCED
ITERATIVE RECONSTRUCTION TECHNIQUES HAVE BECOME INCREASINGLY PREVALENT. THESE METHODS START WITH AN INITIAL
GUESS OF THE IMAGE AND ITERATIVELY REFINE IT BY SIMULATING THE IMAGING PROCESS AND COMPARING THE SIMULATED
PROJECTIONS TO THE ACTUAL ACQUIRED DATA. |TERATIVE RECONSTRUCTION CAN SIGNIFICANTLY REDUCE IMAGE NOISE AND
ALLOW FOR LOWER RADIATION DOSES WHILE MAINTAINING OR EVEN IMPROVING IMAGE QUALITY. THE COMPUTATIONAL POWER
REQUIRED FOR THESE ALGORITHMS HAS GROWN EXPONENTIALLY, ENABLING FASTER AND MORE ACCURATE IMAGE
RECONSTRUCTION.

MAGNETIC RESONANCE IMAGING: HARNESSING NUCLEAR SPIN

MAGNETIC RESONANCE IMAGING (MRI) STANDS APART FROM X-RAY-BASED MODALITIES BY NOT USING IONIZING RADIATION.



|NSTEAD, MRI LEVERAGES THE PRINCIPLES OF NUCLEAR MAGNETIC RESONANCE AND THE MAGNETIC PROPERTIES OF ATOMIC NUCLEI,
PARTICULARLY HYDROGEN PROTONS, WHICH ARE ABUNDANT IN \WATER AND FAT WITHIN THE HUMAN BODY. THE CORE IDEA
INVOLVES PLACING THE PATIENT IN A STRONG MAGNETIC FIELD, WHICH CAUSES THE PROTONS TO ALIGN THEMSELVES IN A
SPECIFIC ORIENTATION. THEN, RADIOFREQUENCY (RF) PULSES ARE APPLIED, WHICH TEMPORARILY PERTURB THIS ALIGNMENT.
W/HEN THE RF PULSE IS TURNED OFF, THE PROTONS RELAX BACK TO THEIR EQUILIBRIUM STATE, EMITTING RF SIGNALS THAT ARE
DETECTED BY THE MR| SCANNER. THE RATE AT WHICH THESE PROTONS RELAX AND THE SIGNALS THEY EMIT DEPEND ON THE
SURROUNDING TISSUE ENVIRONMENT, PROVIDING EXQUISITE CONTRAST BETWEEN DIFFERENT TISSUES WITHOUT THE NEED FOR
RADIATION.

THe RoLE oF MAGNETIC FIELDS: FROM STATIC TO GRADIENT

MR| SCANNERS UTILIZE POWERFUL SUPERCONDUCTING MAGNETS TO GENERATE A STRONG, STATIC MAGNETIC FIELD (BO) THIS
FIELD IS RESPONSIBLE FOR ALIGNING THE HYDROGEN PROTONS. HO\X/E\/ER, TO CREATE AN IMAGE, WE NEED TO ENCODE SPATIAL
INFORMATION. THIS IS WHERE GRADIENT MAGNETIC FIELDS COME INTO PLAY. THESE ARE WEAKER, RAPIDLY SWITCHED MAGNETIC
FIELDS THAT ARE APPLIED IN SPECIFIC DIRECTIONS (X, Y, AND Z). BY MOMENTARILY ALTERING THE MAGNETIC FIELD STRENGTH AT
DIFFERENT LOCATIONS WITHIN THE PATIENT, THE L ARMOR FREQUENCY (THE RESONANT FREQUENCY OF THE PROTONS) IS MADE
POSITION-DEPENDENT. THIS MEANS THAT PROTONS AT DIFFERENT LOCATIONS WILL PRECESS AT DIFFERENT FREQUENCIES,
ALLOWING THE SCANNER TO PINPOINT WHERE THE SIGNAL IS ORIGINATING FROM. THE PRECISE CONTROL OF THESE GRADIENT
FIELDS IS CRITICAL FOR SPATIAL ENCODING AND ULTIMATELY FOR RECONSTRUCTING THE MR IMAGE.

RADIOFREQUENCY PULSES AND RELAXATION TIMES: THE SIGNAL'S STORY

RADIOFREQUENCY (RF) PULSES ARE THE ENERGETIC “STIMULUS” THAT INITIATES THE MR SIGNAL. THESE PULSES ARE CAREFULLY
TUNED TO THE L ARMOR FREQUENCY OF THE HYDROGEN PROTONS, CAUSING THEM TO ABSORB ENERGY AND FLIP INTO A HIGHER
ENERGY STATE. ONCE THE RF PULSE IS SWITCHED OFF, THE PROTONS BEGIN TO “RELAX” BACK TO THEIR ORIGINAL ALIGNMENT,
RELEASING THE ABSORBED ENERGY AS RF SIGNALS. THERE ARE TWO PRIMARY TYPES OF RELAXATION THAT ARE MEASURED IN
MRI: T1 RELAXATION AND T2 RELAXATION. T 1 RELAXATION, ALSO KNOWN AS SPIN-LATTICE RELAXATION, DESCRIBES THE
TIME IT TAKES FOR THE PROTONS TO REALIGN WITH THE MAIN MAGNETIC FIELD. T 2 RELAXATION, OR SPIN-SPIN RELAXATION,
DESCRIBES THE TIME IT TAKES FOR THE TRANSVERSE MAGNETIZATION TO DECAY DUE TO INTERACTIONS BETWEEN NEIGHBORING
PROTONS. DIFFERENT TISSUES HAVE DIFFERENT T 1 AND T2 RELAXATION TIMES, AND BY MANIPULATING THE TIMING OF RF
PULSES AND SIGNAL ACQUISITION, MRI| CAN GENERATE IMAGES WITH VARYING CONTRASTS, HIGHLIGHTING SPECIFIC TISSUE
CHARACTERISTICS. FOR EXAMPLE, T 1-WEIGHTED IMAGES ARE GOOD FOR VISUALIZING ANATOMY, WHILE T 2-WEIGHTED IMAGES
ARE EXCELLENT FOR DETECTING EDEMA OR INFLAMMATION.

ULTRASOUND: SOUND W AVES FOR SEEING

ULTRASOUND IMAGING, ALSO KNOWN AS SONOGRAPHY, EMPLOYS HIGH-FREQUENCY SOUND WAVES TO CREATE IMAGES OF
INTERNAL BODY STRUCTURES. UNLIKE X-RAYS AND CT, ULTRASOUND USES MECHANICAL WAVES RATHER THAN
ELECTROMAGNETIC RADIATION. A HANDHELD DEVICE CALLED A TRANSDUCER EMITS PULSES OF ULTRASOUND WAVES INTO THE
BODY. THESE WAVES TRAVEL THROUGH TISSUES AND ARE REFLECTED BACK AS ECHOES WHEN THEY ENCOUNTER BOUNDARIES
BETWEEN DIFFERENT TISSUES (E.G., FLUID AND SOFT TISSUE, SOFT TISSUE AND BONE). THE TRANSDUCER ALSO ACTS AS A
RECEIVER, DETECTING THESE RETURNING ECHOES. THE TIME IT TAKES FOR THE ECHOES TO RETURN AND THEIR INTENSITY ARE USED
TO CONSTRUCT AN IMAGE. THE PHYSICS BEHIND ULTRASOUND RELIES ON PRINCIPLES OF WAVE PROPAGATION, REFLECTION, AND
THE DOPPLER EFFECT.

THe DoPpPLER EFFeCT: VISUALIZING FLOW

THE DOPPLER EFFECT IS A FUNDAMENTAL PRINCIPLE THAT ALLOWS ULTRASOUND TO VISUALIZE THE MOVEMENT OF BLOOD
WITHIN VESSELS. W/HEN ULTRASOUND WAVES ENCOUNTER MOVING BLOOD CELLS, THE FREQUENCY OF THE RETURNING ECHOES IS



ALTERED. |F THE BLOOD IS MOVING TOWARDS THE TRANSDUCER, THE FREQUENCY OF THE ECHOES INCREASES (POSITIVE DoppPLER
SHIFT)I AND IF IT'S MOVING AWAY, THE FREQUENCY DECREASES (NEGATIVE DoPPLER SHIFT). THIS FREQUENCY SHIFT IS DIRECTLY
PROPORTIONAL TO THE VELOCITY OF THE BLOOD FLOW. DOPPLER ULTRASOUND CAN BE USED IN COLOR, POWER, OR SPECTRAL
MODES TO ASSESS THE SPEED AND DIRECTION OF BLOOD FLOW, WHICH IS INVALUABLE FOR DIAGNOSING CONDITIONS LIKE
ARTERIAL BLOCKAGES, VENOUS THROMBOSIS, AND EVALUATING HEART VALVE FUNCTION.

TRANSDUCER TECHNOLOGY: THE HEART OF ULTRASOUND

THE TRANSDUCER IS THE CRITICAL COMPONENT OF AN ULTRASOUND SYSTEM. |T CONTAINS PIEZOELECTRIC CRYSTALS THAT
HAVE THE UNIQUE PROPERTY OF CONVERTING ELECTRICAL ENERGY INTO MECHANICAL VIBRATIONS (PEODUCING ULTRASOUND
\X/AVES) AND VICE VERSA (CONVERTING RETURNING SOUND WAVES INTO ELECTRICAL SIGNALS). THE FREQUENCY OF THE
ULTRASOUND WAVES EMITTED BY THE TRANSDUCER (TYPICALLY RANGING FROM 2 To 18 MHz FOR MEDICAL APPLICATIONS)
INFLUENCES THE PENETRATION DEPTH AND RESOLUTION OF THE IMAGE. HIGHER FREQUENCIES PROVIDE BETTER RESOLUTION BUT
PENETRATE LESS DEEPLY, MAKING THEM SUITABLE FOR IMAGING SUPERFICIAL STRUCTURES LIKE THE THYROID OR TENDONS. LowER
FREQUENCIES CAN PENETRATE DEEPER BUT OFFER LOWER RESOLUTION, MAKING THEM BETTER FOR IMAGING ORGANS LIKE THE LIVER
OR KIDNEYS. MODERN TRANSDUCERS OFTEN CONTAIN HUNDREDS OR EVEN THOUSANDS OF THESE PIEZOELECTRIC ELEMENTS,
ALLOWING FOR SOPHISTICATED BEAMFORMING AND IMAGE GENERATION.

NUCLEAR MEDICINE; IMAGING BIOLOGICAL PROCESSES

NUCLEAR MEDICINE IMAGING TECHNIQUES, SUCH AS PET (PosiTroN EMissioN ToMoGrAPHY) AND SPECT (SINGLE-PHOTON
Emission COMPUTED TOMOGRAPHY ), ARE UNIQUE IN THAT THEY VISUALIZE PHYSIOLOGICAL FUNCTION RATHER THAN SOLELY
ANATOMY. THESE MODALITIES UTILIZE SMALL AMOUNTS OF RADIOACTIVE MATERIALS, CALLED RADIOTRACERS, WHICH ARE
INTRODUCED INTO THE BODY, TYPICALLY INTRAVENOUSLY, ORALLY, OR INHALED. THESE RADIOTRACERS ARE DESIGNED TO
ACCUMULATE IN SPECIFIC ORGANS OR TISSUES OR TO PARTICIPATE IN PARTICULAR METABOLIC PROCESSES. AS THE
RADIOACTIVE ISOTOPES WITHIN THE RADIOTRACERS UNDERGO RADIOACTIVE DECAY, THEY EMIT DETECTABLE RADIATION, MOST
COMMONLY GAMMA RAYS. SPECIAL CAMERAS (GAMMA CAMERAS FOR SPECT, PET SCANNERS FOR PET) DETECT THIS
RADIATION AND MAP ITS DISTRIBUTION WITHIN THE BODY, CREATING IMAGES THAT REFLECT METABOLIC ACTIVITY, BLOOD FLOW,
OR RECEPTOR BINDING. THE UNDERLYING PHYSICS INVOLVES NUCLEAR PHYSICS, RADIOACTIVE DECAY, AND THE DETECTION OF
EMITTED RADIATION.

RabioAcTIVE DecaY AND GAMMA RAYS: THE SIGNAL SOURCE

RADIOACTIVE ISOTOPES, OR RADIONUCLIDES, ARE UNSTABLE ATOMS THAT SPONTANEOUSLY TRANSFORM INTO MORE STABLE
ATOMS, RELEASING ENERGY IN THE PROCESS. IN NUCLEAR MEDICINE, RADIONUCLIDES THAT EMIT GAMMA RAYS ARE COMMONLY
USED. GAMMA RAYS ARE HIGH-ENERGY PHOTONS, SIMILAR TO X-RAYS, BUT THEY ORIGINATE FROM THE NUCLEUS OF AN ATOM
DURING RADIOACTIVE DECAY. SPECT IMAGING TYPICALLY USES RADIONUCLIDES LIKE TECHNETIUM-99M (°°F] Tc), WHICH EMITS
GAMMA RAYS WITH A SPECIFIC ENERGY. PET IMAGING, ON THE OTHER HAND, UTILIZES RADIONUCLIDES THAT DECAY BY EMITTING
POSITRONS, WHICH ARE THE ANTIPARTICLES OF ELECTRONS. W/HEN A POSITRON ENCOUNTERS AN ELECTRON IN THE BODY, THEY
ANNIHILATE EACH OTHER, PRODUCING TWO GAMMA RAYS THAT TRAVEL IN OPPOSITE DIRECTIONS. PET SCANNERS ARE DESIGNED
TO DETECT THESE PAIRS OF GAMMA RAYS, ALLOWING FOR PRECISE LOCALIZATION OF THE RADIOTRACER'S DISTRIBUTION. THE
HALF-LIFE OF THE CHOSEN RADIONUCLIDE IS ALSO CRUCIAL, DICTATING HOW LONG THE TRACER REMAINS ACTIVE AND HOW LONG
THE IMAGING CAN TAKE PLACE BEFORE THE SIGNAL BECOMES TOO WEAK.

DETECTORS AND RECONSTRUCTION: BUILDING FUNCTIONAL MAPS

THE DETECTORS IN NUCLEAR MEDICINE CAMERAS ARE DESIGNED TO CAPTURE THE GAMMA RAYS EMITTED BY THE RADIOTRACER. IN
SPECT, A GAMMA CAMERA USES A COLLIMATOR (A LEAD SHIELD WITH MANY HOLES) TO ENSURE THAT ONLY GAMMA RAYS
TRAVELING IN A SPECIFIC DIRECTION REACH THE DETECTOR CRYSTALS (USUALLY MADE OF SODIUM IODIDE). THESE CRYSTALS



THEN SCINTILLATE (EMIT LIGHT) WHEN STRUCK BY A GAMMA RAY, AND PHOTOMULTIPLIER TUBES CONVERT THIS LIGHT INTO
ELECTRICAL SIGNALS. FOR PET, THE SCANNER CONSISTS OF A RING OF DETECTORS THAT SURROUND THE PATIENT. THESE
DETECTORS ARE OFTEN MADE OF SCINTILLATION CRYSTALS AND ARE DESIGNED TO DETECT COINCIDENT GAMMA RAY PAIRS. THE
SIGNALS FROM THESE DETECTORS ARE THEN PROCESSED BY SOPHISTICATED RECONSTRUCTION ALGORITHMS, SIMILAR IN PRINCIPLE
To CT BUT ACCOUNTING FOR THE UNIQUE NATURE OF RADIOACTIVE DECAY AND GAMMA RAY DETECTION, TO GENERATE 3D
IMAGES THAT REPRESENT THE DISTRIBUTION OF THE RADIOTRACER AND, CONSEQUENTLY , PHYSIOLOGICAL FUNCTION.

THE JOURNEY THROUGH THE ESSENTIAL PHYSICS OF MEDICAL IMAGING REVEALS A REMARKABLE APPLICATION OF SCIENTIFIC
PRINCIPLES TO ENHANCE HUMAN HEALTH. FROM THE PENETRATING POWER OF X-RAYS TO THE INTRICATE DANCE OF NUCLEAR
SPINS IN MR|/ THE ECHOES OF SOUND WAVES IN ULTRASOUND, AND THE SUBTLE EMISSIONS FROM RADIOACTIVE TRACERS IN
NUCLEAR MEDICINE, EACH MODALITY OFFERS A UNIQUE WINDOW INTO THE HUMAN BODY. THE CONTINUOUS EVOLUTION OF THESE
TECHNOLOGIES, DRIVEN BY ADVANCEMENTS IN PHYSICS AND ENGINEERING, PROMISES EVEN GREATER PRECISION, SENSITIVITY, AND
ACCESSIBILITY IN DIAGNOSTIC IMAGING FOR GENERATIONS TO COME.

FREQUENTLY AskeD QUESTIONS ABOUT THE ESSENTIAL PHYSICS OF MEDICAL
IMAGING

QI \WHAT IS THE PRIMARY PHYSICAL PRINCIPLE BEHIND HOW X-RAY IMAGING WORKS?

A: THE PRIMARY PHYSICAL PRINCIPLE BEHIND X-RAY IMAGING IS THE DIFFERENTIAL ATTENUATION OF X-RAY PHOTONS AS THEY
PASS THROUGH TISSUES OF VARYING DENSITIES. DENSER MATERIALS LIKE BONE ABSORB MORE X-RAYS THAN SOFTER TISSUES,
LEADING TO A BRIGHTER IMAGE IN THOSE AREAS ON THE DETECTOR.

Q: How poes MAGNETIC RESONANCE IMAGING (MRI) CREATE IMAGES WITHOUT USING
RADIATION?

A: MRI CREATES IMAGES BY EXPLOITING THE MAGNETIC PROPERTIES OF HYDROGEN PROTONS IN THE BODY. PATIENTS ARE PLACED
IN A STRONG MAGNETIC FIELD, AND THEN RADIOFREQUENCY PULSES ARE APPLIED. W/HEN THESE PULSES ARE TURNED OFF, THE
PROTONS EMIT SIGNALS THAT ARE DETECTED AND USED TO CONSTRUCT DETAILED IMAGES BASED ON THE RELAXATION TIMES AND
ENVIRONMENTS OF THESE PROTONS.

QZ WHAT IS THE ROLE OF THE DOPPLER EFFECT IN ULTRASOUND IMAGING?

A: THE DOPPLER EFFECT IN ULTRASOUND IMAGING IS USED TO DETECT AND QUANTIFY THE MOVEMENT OF BLOOD. AS SOUND
W AVES REFLECT OFF MOVING BLOOD CELLS, THEIR FREQUENCY CHANGES. THIS FREQUENCY SHIFT IS MEASURED TO DETERMINE THE
SPEED AND DIRECTION OF BLOOD FLOW , WHICH IS CRUCIAL FOR DIAGNOSING VASCULAR CONDITIONS.

QI \WHY ARE DIFFERENT RADIOTRACERS USED IN NUCLEAR MEDICINE , AND WHAT PHYSICS
PRINCIPLE IS INVOLVED?

A: DIFFERENT RADIOTRACERS ARE USED BECAUSE THEY ARE DESIGNED TO TARGET SPECIFIC BIOLOGICAL PROCESSES OR
ACCUMULATE IN PARTICULAR TISSUES. THE PHYSICS INVOLVED IS RADIOACTIVE DECAY, THESE TRACERS EMIT RADIATION
(USUALLY GAMMA RAYS OR POSITRONS) UPON DECAY, WHICH IS DETECTED BY SPECIALIZED CAMERAS TO CREATE IMAGES OF
PHYSIOLOGICAL FUNCTION, NOT JUST ANATOMY.



Q: CAN THE SAME TYPE OF RADIATION BE USED FOR BOTH CT SCANS AND X-RAY
IMAGING?

A: YEes, BOTH CT SCANS AND CONVENTIONAL X-RAY IMAGING USE X-RAYS. THE KEY DIFFERENCE LIES IN HOW THE X-RAYS ARE
GENERATED AND DETECTED. CT SCANS ACQUIRE MULTIPLE X-RAY PROJECTIONS FROM VARIOUS ANGLES AROUND THE BODY AND
USE COMPUTER ALGORITHMS TO RECONSTRUCT CROSS-SECTIONAL IMAGES, PROVIDING MUCH MORE DETAILED ANATOMICAL
INFORMATION THAN A SINGLE X-RAY IMAGE.

QZ How DO COMPUTERS PLAY A ROLE IN MEDICAL IMAGING PHYSICS?

A: COMPUTERS ARE FUNDAMENTAL TO MODERN MEDICAL IMAGING. THEY ARE ESSENTIAL FOR GENERATING X-RAYS AND
CONTROLLING MR| GRADIENT FIELDS, FOR PROCESSING RAW ULTRASOUND DATA, FOR RECONSTRUCTING IMAGES FROM
PROJECTIONS IN CT AND SPECT/PET, AND FOR PERFORMING COMPLEX ANALYSES OF IMAGE DATA TO AID IN DIAGNOSIS.

Q: WHAT ARE HoUNSFIELD UNITS (HU) AND WHY ARE THEY IMPORTANT INCT
IMAGING?

A: HounsFIELD UNITS (HU) ARE A QUANTITATIVE MEASURE OF X-RAY ATTENUATION IN CT SCANS. THEY ARE IMPORTANT
BECAUSE THEY ALLOW RADIOLOGISTS TO DIFFERENTIATE PRECISELY BETWEEN VARIOUS TISSUES BASED ON THEIR DENSITY,
HELPING TO IDENTIFY SUBTLE ABNORMALITIES SUCH AS TUMORS, HEMORRHAGES, OR CALCIFICATIONS.
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