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Summary 

Magnetic resonance imaging (MRI) along with computed tomography (CT) is a gold standard for 
diagnosis of lesions. It is known that diagnostic procedures are strictly regulated, and quality control 
(QC) is a part of these regulations. However, Lithuania lacks official national QC regulations for MRI 
and every clinic is trying to overcome this regulatory gap using its own MRI scanning protocol, most 
often following existing American standards providing functional standardized quality assurance 
protocols to fill this regulatory void.  

This investigation is aimed at creating and validating an MRI quality control (QC) protocol which 
can be used in Lithuanian clinical environments. The investigation relies on the phantom based QC 
measurements performed evaluating three MRI scanners: Siemens Magnetom Skyra (3T), Siemens 
Magnetom Altea (1.5T), and Philips Ingenia Prodiva (1.5T). Following phantom based QC tests have 
been performed: measurements of signal-to-noise ratio (SNR), image uniformity (PIU), geometric 
distortion, low-contrast detectability and high-contrast spatial resolution. The obtained results 
matched with American OC standards showing just minor variations among devices and sequences. 
This allowed for development of the unified recommendations for the creation of national MRI QC 
protocol. The implementation of such protocol would lead to the uniform requirements for image 
quality, diagnostic dependability and better patient protection throughout the country. 
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Santrauka 

Magnetinio rezonanso tomografija (MRT), kaip ir kompiuterinė tomografija (KT), yra laikoma vienu 
pagrindinių šiuolaikinės diagnostikos standartų. Žinoma, kad diagnostinės procedūros yra griežtai 
reglamentuojamos, o kokybės kontrolė sudaro esminę šių reglamentų dalį, užtikrinančią tyrimų 
tikslumą ir pacientų saugumą. Vis dėlto Lietuvoje šiuo metu nėra patvirtintų oficialių nacionalinių 
MRT kokybės kontrolės reikalavimų. Dėl šios priežasties kiekviena gydymo įstaiga savarankiškai 
sprendžia šį trūkumą, taikydama individualius MRT skenavimo protokolus. Dažniausiai 
vadovaujamasi jau egzistuojančiais Amerikos standartais, kurie siūlo funkcinius ir standartizuotus 
kokybės užtikrinimo sprendimus. 

Šio tyrimo tikslas – sukurti ir patvirtinti MRT kokybės kontrolės protokolą, kuris galėtų būti taikomas 
Lietuvos klinikinėje praktikoje. Šis tyrimas remiasi fantomų grįstais kokybės kontrolės matavimais, 
atliktais naudojant tris skirtingus MRT aparatus: Siemens Magnetom Skyra (3T), Siemens Magnetom 
Altea (1,5T) ir Philips Ingenia Prodiva (1,5T). Vertinimui buvo taikomi šie kokybės kontrolės testai: 
signalo ir triukšmo santykio (angl. signal-to-noise ratio, SNR), vaizdo vienodumo (angl. image 
uniformity, PIU), geometrinio iškraipymo, mažo kontrasto aptikimo bei didelio kontrasto erdvinės 
raiškos matavimai. Gauti rezultatai buvo palyginti su Amerikos kokybės kontrolės standartais – 
nustatyti tik nežymūs skirtumai tarp įrenginių ir skenavimo sekų. Šie rezultatai sudarė pagrindą rengti 
rekomendacijas dėl nacionalinio MRT kokybės kontrolės protokolo kūrimo Lietuvoje. Tokio 
protokolo įdiegimas leistų suvienodinti vaizdo kokybės, diagnostinio patikimumo bei pacientų saugos 
reikalavimus visos šalies mastu. 
  



6 

Table of contents 

List of figures ................................................................................................................................ 7 
List of tables ................................................................................................................................ 10 
List of abbreviations ................................................................................................................... 11 
Introduction ................................................................................................................................ 12 
1. Literature review ................................................................................................................... 13 
1.1. Magnetic resonance imaging ................................................................................................ 13 
1.2. Basic Principles of Magnetic Resonance Imaging Physics .................................................... 14 
1.2.1. Spin relaxation and echoes ................................................................................................ 16 
1.2.2. Image generation ............................................................................................................... 18 
1.2.3. MR systems and their components..................................................................................... 20 
1.2.4. Acquisition protocols ........................................................................................................ 21 
1.3. Quality control in MRI ......................................................................................................... 22 
1.3.1. General issues ................................................................................................................... 22 
1.3.2. Phantom based MRI Quality Control ................................................................................. 25 
1.3.3. Automatization Techniques for MRI Quality Control ........................................................ 30 
1.3.4. Impact of MRI Quality Control on Clinical Outcomes ....................................................... 31 
2. Instruments and methodology .............................................................................................. 33 
2.1. MRI systems - Siemens Magnetom Skyra, Siemens Magnetom Altea and Philips Ingenia 
Prodiva ......................................................................................................................................... 33 
2.2. Phantoms ............................................................................................................................. 33 
2.3. Software ............................................................................................................................... 36 
2.4. Scanning protocol parameters ............................................................................................... 36 
3. Results and discussion ........................................................................................................... 42 
3.1. Bottle Phantom QC – SNR, uniformity and signal ghosting .................................................. 42 
3.1.1. Signal-to-Noise Ratio ........................................................................................................ 42 
3.1.2. Uniformity ........................................................................................................................ 43 
3.2. ACR type phantom QC – geometric distortion, low-contrast object detectability and high-
contrast spatial resolution .............................................................................................................. 45 
3.2.1. Geometric distortion .......................................................................................................... 45 
3.2.2. Low-contrast object detectability ....................................................................................... 48 
3.2.3. High-contrast spatial resolution ......................................................................................... 50 
3.3. Recommendations ................................................................................................................ 53 
Conclusions ................................................................................................................................. 55 
Acknowledgement ....................................................................................................................... 56 
List of references ......................................................................................................................... 57 
 

  



7 

List of figures  

Fig. 1. Difference between digital mammography (a) and breast MRI (b) from the same patient. The 
mammogram shows heterogeneously dense breasts, while breast MRI reveals an invasive breast 
cancer, along with a ductal carcinoma in situ (DCIS) [7] ............................................................... 13 
Fig. 2. (A) A proton "spins" around its magnetic dipole's axis; (B) When not subjected to a strong 
magnetic field, the proton spins randomly in either direction, causing no net magnetization (orange 
sphere); (C) Proton alignment with B0 and precession around B0 static magnetic field direction; (D) 
Spins align with B0 to create a net magnetization (orange arrow) in the direction of B0 [15] .......... 14 
Fig. 3. (A) The net magnetisation Mz aligns with B0 without precession; (B) RF pulse tips the net 
magnetisation M into traverse plane (90° shown); (C) The net magnetisation Mxy precesses, generating 
a signal in the receiver coil [15] .................................................................................................... 15 
Fig. 4. Comparison of T2and T2*Transverse Relaxation Curves in MRI [19] ................................. 16 
Fig. 5. Spin echo (left) employs a 180° refocusing pulse, whereas gradient echo (right) creates an 
echo using only one RF pulse and gradient reversal. T₂ star effects cause gradient echo signals to 
decay quicker, whereas spin echo maintains T₂ contrast by correcting for field inhomogeneities. DAQ 
stands for data acquisition time [21] .............................................................................................. 17 
Fig. 6. Effect of TR and TE on MRI contrast [30] ......................................................................... 19 
Fig. 7. Common MRI Artifacts [32] .............................................................................................. 19 
Fig. 8. MRI system components [34] ............................................................................................ 20 
Fig. 9. Examples of MRI Phantoms: the Sun Nuclear ACR Accreditation Phantom [64] (left), used 
for standard image quality assessments; the Sun Nuclear SRS MR Distortion Phantom [65] (middle), 
designed for evaluating geometric accuracy and distortion; and the Siemens plastic bottle phantom 
(right), commonly used for basic system checks and QA calibration ............................................. 25 
Fig. 10. MRI scans showing ACR phantom’s inner structures designed to measure the geometric 
accuracy, high-contrast spatial resolution, slice-thickness and slice-position accuracy, image intensity 
uniformity, signal ghosting and low-contrast detectability [51] ..................................................... 26 
Fig. 11. ROI placements covering (a) 75 % of phantom image and (b) background area [51] ........ 27 
Fig. 12. MRI scan showing geometric accuracy slice [68] ............................................................. 27 
Fig. 13. An example of resolution insert (A) [63]; MRI scan showing high-contrast spatial resolution  
slice (B) [51] ................................................................................................................................. 28 
Fig. 14. MRI phantom scans of low-contrast detectability inserts: (a) large ACR phantom; (b) small 
ACR phantom [51] ........................................................................................................................ 28 
Fig. 15. (A) Phantom images with visible ghosting artifacts [70]; (B) displays various artifact types: 
left - susceptibility artifact; middle - ghosting artifact; right - zipper artifact [71] .......................... 29 
Fig. 16. Flowchart showing an example of automatization processing for phantom image dataset [67]
 ..................................................................................................................................................... 30 
Fig. 17. An example of how automated localisation of the phantom and ROIs in the picture may look 
like: (left) the centre and the tilt angle determination; (middle) central and four background ROIs for 
SNR determination; (right) central and four elongated ROIs are used to measure the level of artifacts, 
providing the ghosting ratio [67] ................................................................................................... 30 
Fig. 18. MRI scanners used - Magnetom Skyra [77] (left), Magnetom Altea [79] (middle), Ingenia 
Prodiva [80] (right) ....................................................................................................................... 33 
Fig. 19. Various „Siemens“ bottle phantoms filled with paramagnetic contrast solution ................ 34 
Fig. 20. „Philips“ bottle phantom .................................................................................................. 34 
Fig. 21. Home-made ACR type phantom images and 3D Computer-aided design (CAD) .............. 35 



8 

Fig. 22. Geometric distortions measurements grid with 160 squares .............................................. 35 
Fig. 23. Structure for low-contrast detection, which has five same depth cavities with ranging 
diameters ...................................................................................................................................... 35 
Fig. 24. Spatial resolution measurement structure with line-shaped cavities .................................. 36 
Fig. 25. The MicroDicom Viewer software interface, which displays the scans together with their 
DICOM data ................................................................................................................................. 36 
Fig. 26. Example of Philips Prodiva scanning of bottle and ACR phantoms, using head coil ......... 37 
Fig. 27. ACR phantom scan planning window (Philips Prodiva) and slice direction adjustments to fit 
all structures.................................................................................................................................. 39 
Fig. 28. Selection of signal and background ROIs for measurements (left); signal truncation bands 
(right) ........................................................................................................................................... 39 
Fig. 29. Phantom image with changed windowing (left); and selected ROIs for determining maximum 
and minimum signal areas (right) .................................................................................................. 40 
Fig. 30. Example of any two points that can be selected for PGD measurement ............................ 40 
Fig. 31. Low-Contrast Detectability scan showing which group of cavities to count, 6 groups with  
each group having 5 cavities ......................................................................................................... 41 
Fig. 32. High contrast resolution scan showing the number of line pairs per centimetre................. 41 
Fig. 33. Graphical representation of Signal-to-Noise Ratio results for T1 and T2 sequences across 
several MRI scanners .................................................................................................................... 43 
Fig. 34. Regions of interests used for signal and background measurement for SNR calculation ... 43 
Fig. 35. Graphical representation of Percent Image Uniformity results for T1 and T2 sequences across 
several MRI scanners .................................................................................................................... 44 
Fig. 36. Regions of interests used for maximum and minimum signal pixel intensity measurement for 
PIU calculation ............................................................................................................................. 45 
Fig. 37. Graphical representation of Geometric distortion results for T1 and T2 sequences across 
several MRI scanners .................................................................................................................... 46 
Fig. 38. Geometric accuracy evaluation on Philips Ingenia Prodiva (1.5T) system, with T1 and T2-
weighted images............................................................................................................................ 46 
Fig. 39. Geometric accuracy evaluation on Siemens Magnetom Altea (1.5T) system, with T1 and T2-
weighted images............................................................................................................................ 47 
Fig. 40. Geometric accuracy evaluation on Siemens Magnetom Skyra (3T) system, with T1 and T2-
weighted images............................................................................................................................ 47 
Fig. 41. An example of geometric distortion in brain MRI scans [83] ............................................ 47 
Fig. 42. Graphical representation of Low-contrast object detectability results for T1 and T2 sequences 
across several MRI scanners ......................................................................................................... 48 
Fig. 43. Low-contrast object detectability evaluation on Philips Ingenia Prodiva (1.5T) system, with 
T1 and T2-weighted images ............................................................................................................ 49 
Fig. 44. Low-contrast object detectability evaluation on Siemens Magnetom Altea (1.5T) system, 
with T1 and T2-weighted images .................................................................................................... 49 
Fig. 45. Low-contrast object detectability evaluation on Siemens Magnetom Skyra (3T) system, with 
T1 and T2-weighted images ............................................................................................................ 49 
Fig. 46. MRI images showing degradation in low-contrast detectability. Upper group of images show 
blurring of fine anatomical details, particularly at the edges of structures, while lower images shows 
how low-intensity areas (marked B) become less visible for detecting tissue details and structural 
boundaries and how high-contrast edges become less defined (marked A) [84] ............................. 50 



9 

Fig. 47. Graphical representation of High-contrast spatial resolution results for T1 and T2 sequences 
across several MRI scanners ......................................................................................................... 51 
Fig. 48. High-contrast spatial resolution evaluation on Philips Ingenia Prodiva (1.5T) system, with T1 
and T2-weighted images ................................................................................................................ 51 
Fig. 49. High-contrast spatial resolution evaluation on Siemens Magnetom Altea (1.5T) system, with 
T1 and T2-weighted images ............................................................................................................ 52 
Fig. 50. High-contrast spatial resolution evaluation on Siemens Magnetom Skyra (3T) system, with 
T1 and T2-weighted images ............................................................................................................ 52 
Fig. 51. Evaluation of high-contrast spatial resolution in MRI brain images. Images c-f shows 
degradation through the noticeable blurring and edge sharpness loss, compared to the reference 
images of a and b [84] ................................................................................................................... 53 
Fig. 52. Assessment of high-contrast spatial resolution using brain MRI. The reference images a (T1-
weighted) and b (T2-weighted) shows high-resolution, while images c-f produce in lower high-
resolution images [84] ................................................................................................................... 53 
 
  



10 

List of tables  

Table 1. Siemens MRI machine weekly (bottle phantom) scan parameters ................................... 37 
Table 2. Philips MRI machine weekly (bottle phantom) scan parameters ...................................... 38 
Table 3. American College of Radiology parameters used for ACR phantom scanning [66, 81].... 38 
Table 4. Signal-to-Noise Ratio results for T1 and T2 sequences across several MRI scanners ........ 42 
Table 5. Percent image uniformity results for T1 and T2 sequences across several MRI scanners ... 44 
Table 6. Geometric distortion results for T1 and T2 sequences across several MRI scanners .......... 46 
Table 7. Low-contrast object detectability results for T1 and T2 sequences across several MRI 
scanners ........................................................................................................................................ 48 
Table 8. High-contrast spatial resolution results for T1 and T2 sequences across several MRI scanners
 ..................................................................................................................................................... 51 



11 

List of abbreviations 

Abbreviations: 

MRI – magnetic resonance imaging; 

QC – quality control; 

SNR – signal-to-noise ratio; 

PIU – percent image uniformity; 

ACR – American College of Radiology;  

AAPM – American Association of Physicists in Medicine; 

IEC – International Electrotechnical Commission; 

NEMA – National Electrical Manufacturers Association; 

FDA – Food and Drug Administration; 

CT – computed tomography;  

NMR – Nuclear Magnetic Resonance 

GRE – Gradient Echo; 

RF – radiofrequency  

TE – echo time; 

TR – repetition time; 

DWI – diffusion-weighted imaging; 

MRA – magnetic resonance angiography; 

SAR – specific absorption rate; 

PLA – printed polylactic acid. 
  



12 

Introduction 

The diagnostic field of modern medicine relies heavily on Magnetic Resonance Imaging (MRI) 
because it creates comprehensive three-dimensional images of soft tissues using non-ionizing 
radiation technologies [1]. Due to the complexity and sensitivity of new technologies, MRI quality 
and consistency is very important step. Quality control (QC) in MRI involves periodic performance 
assessments through standardized test phantoms together with image quality metrics including signal-
to-noise ratio (SNR), percent image uniformity (PIU), ghosting and geometric accuracy. The quality 
measures serve to detect system deterioration while enabling hardware component calibration and 
image quality optimization throughout time. The American College of Radiology (ACR) together 
with the American Association of Physicists in Medicine (AAPM) and the International 
Electrotechnical Commission (IEC) have established worldwide standards for QC practices through 
their guidelines [2, 3]. In Lithuania, where this study is based, currently there is no official national 
standards for MRI quality control except for annual service engineer inspections. The absence of 
structured QC programs in many facilities usually lead to suboptimal imaging and undetected system 
malfunctions and inconsistent diagnostic performance [4].  

This project is aimed at creating recommendations for establishing of unified national MRI quality 
control (QC) protocol which can be used in Lithuanian health care institutions. 

The tasks:  
1. To perform and analyse a phantom-based MRI quality control (QC) measurements for different 

MRI machines, comparing the data obtained using various scanning protocols. 
2. To compare and analyse obtained results based on European and American regulatory standards. 
3. To develop recommendations for establishing national MRI QC protocol for clinical applications.  
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1. Literature review 

1.1. Magnetic resonance imaging 

Magnetic resonance imaging (MRI) is a non-invasive medical imaging technique that produces high-
resolution, three-dimensional images of the internal body structures. It uses strong magnetic fields 
and radio waves to excite and detect proton spinning changes in living tissues [1]. Also, MRI is 
commonly used to diagnose diseases, evaluate tissue abnormalities, and monitor treatment progress. 
It provides detailed insights into soft tissues and non-bony structures, allowing for better viewing of 
the brain, spinal cord, nerves, muscles, ligaments, and tendons. It can detect joint damage, 
inflammation, soft tissue injuries, internal organ diseases, tumours, signs of stroke, dementia, 
neoplasm and etc. It also offers in-depth analysis into metabolism, function, and molecular structure, 
expanding applicability of MRI method in a variety of fields. It has accelerated progress in 
quantitative imaging for precision medicine, functional MRI for brain activity analysis and fibre 
tracking in neuroradiology [5]. Comparing the difference with other imaging modalities, MRI differs 
from X-rays and computed tomography (CT) by producing detailed images of soft tissues and organs 
without the use of ionizing radiation. Because of this, MRI is preferred imaging modality for frequent 
diagnostic or therapeutic imaging, but it is more expensive compared to X-ray or CT imaging [1].  

Another technology - ultrasound imaging - also does not use the ionizing radiation, but high-
frequency sound waves that provide real-time insights of internal structures [6]. Ultrasound is used 
for real-time imaging, emergency assessments, and pregnancy monitoring because of its speed, 
mobility, and safety.  

MRI is the golden standard for identifying complicated lesions including brain tumours and spinal 
injuries (Fig. 1) [6]. 

  

Fig. 1. Difference between digital mammography (a) and breast MRI (b) from the same patient. The 
mammogram shows heterogeneously dense breasts, while breast MRI reveals an invasive breast cancer, 

along with a ductal carcinoma in situ (DCIS) [7] 

Adverse effects related to MRI scans are extremely rare. Each year, over 40 million MRI scans are 
performed in the United States [8], with the Food and Drug Administration (FDA) receiving roughly 
300 adverse event reports involving MRI scanners and coils. These reports arise from manufacturers, 
distributors, hospitals, and patients. The most common complaints reported to the FDA are heat 
injury, including second-degree burns [5]. Other recorded accidents include projectile-related injuries 
(items being dragged toward the MRI scanner), crushed or pinched fingers from the patient table, 
falls, and auditory problems including hearing loss or tinnitus [5]. Furthermore, the FDA has raised 
concerns regarding the poor appearance and quality of MRI images.  
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Given potential risks, quality control (QC) is crucial to assuring safety and effectiveness as well as 
maintaining the accuracy and reproducibility of MRI equipment. By monitoring scanner performance 
and using phantoms for calibration, QC ensures that MRI systems produce precise and reliable data 
[9]. QC plays a crucial role in detecting potential safety issues such as excessive radiofrequency 
heating, gradient malfunctions, also periodic monitoring reduces the possibility of technical problems 
that could result in picture degradation or patient harm. Additionally, standardized protocols and 
repeatability testing help maintain consistency across different locations over time, which is essential 
for multicentred research and longitudinal analysis [10]. 

1.2. Basic Principles of Magnetic Resonance Imaging Physics 

Nuclear Magnetic Resonance (NMR) is the physical phenomenon in which atomic nuclei in a 
magnetic field absorb and re-emit electromagnetic radiation. Its ability to provide detailed molecular 
insights allows for discoveries in medical imaging (MRI), biochemical analysis, structural 
determination, quality control, and material characterization, making it essential in both scientific and 
industrial sectors [11]. NMR is based on the interaction of nuclear spins with an external magnetic 
field, resulting in energy absorption and emission. The quantum mechanical property of spin angular 
momentum (Fig. 2 (A)), in protons and other atomic and subatomic particles causes them to behave 
like small magnets [12]. The spin angular momentum of a rotating object has both a specific direction 
and a fixed magnitude. This magnitude is quantized, which means it can only exist in discrete 
quantities like whole numbers or half-integers [12]. The spins” cancel out” in nuclei with an even 
number of protons and neutrons, resulting in zero net spin, which cannot be seen by MRI [12]. 
Standard MRI relies on the hydrogen nucleus, which has a single proton in its nucleus with a spin 
value of ½ found in all tissues in the body, including water, fat, muscles and chemical molecules. 
Hydrogen, is both sensitive to NMR and abundant in tissues, making it necessary for MRI signal 
generation [13]. In the absence of an external magnetic field, proton spins are in random orientations 
due to thermal energy, yielding no net magnetization in either direction (Fig. 2 (B)). Spins interact 
and align with a strong static magnetic field (B0) in an MRI scanner, resulting in a small net 
magnetization (M0) along the field direction [12] (Fig. 2 (C)). This alignment arises because nuclear 
spins can occupy one of two energy states: aligned with the B0 (low-energy state) or opposed to it 
(high-energy state), with a minor excess of protons in the lower-energy state, leading to a net 
magnetization [14]. 

  

Fig. 2. (A) A proton "spins" around its magnetic dipole's axis; (B) When not subjected to a strong magnetic 
field, the proton spins randomly in either direction, causing no net magnetization (orange sphere); (C) Proton 
alignment with B0 and precession around B0 static magnetic field direction; (D) Spins align with B0 to create 

a net magnetization (orange arrow) in the direction of B0 [15] 

Protons do not just align with B0 but also precess around its axis due to the torque generated by their 
intrinsic magnetic moment interacting with the external field. This precession can be explained using 
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the gyroscope analogy, in which a spinning top does not remain exactly upright but instead tips off-
centre and travels in a circular motion when viewed from above [12]. Similarly, proton spins precess 
around B0 rather than their own rotational axis, indicating that they revolve at different angles relative 
to it. So, instead of remaining stable, the nuclei precess around the B0 axis at a frequency known as 
the Larmor frequency, which is exactly proportional to the strength of the external field and 
represented by the Larmor equation (Eq. 1) [14]: 

߱଴ = ߛ  ∙  ଴                (1)ܤ

where: ߱0 – Larmor frequency [in rad/s]; ߛ – gyromagnetic ratio [in MHz/T]; 0ܤ – the applied 
magnetic field strength [in T]. 

The Larmor frequency is the rate at which a charged particle's magnetic moment, such as a proton, 
precesses around an external magnetic field [14]. In MRI, this frequency is critical because it defines 
the resonance frequency of hydrogen nuclei in the body, allowing for precise signal creation and 
image development [14]. Increasing B0 causes an increase in Larmor frequency, affecting signal 
detection and resolution. In clinical MRI scanners, various field strengths of 1.5T, 3T, and 7T are 
used to optimize image quality and contrast. 

In MRI, resonance occurs when an external radiofrequency pulse matches the Larmor frequency of 
hydrogen nuclei, causing them to absorb energy and modify their alignment to a higher energy state. 
When an RF pulse of the Larmor frequency is applied, protons absorb the energy. This causes their 
net magnetization vector to shift away from alignment with B0, shifting from a low-energy state 
(parallel to B0) to a high-energy one (anti-parallel) (Fig. 3) [16]. During scanning, an oscillating RF 
pulse, B1, is delivered perpendicular to B0 and rotates with the same frequency as proton precession. 
This allows energy transmission from the RF pulse to the protons. Consequently, the net 
magnetization (M) shifts from the longitudinal (z) axis to the transverse (xy) plane and continues to 
precess around B0 [12]. On the macroscopic level, this action causes the longitudinal net 
magnetization (M0) to be temporarily lost, while a new transverse net magnetization (Mxy) is formed, 
sweeping back and forth in the transverse plane [16]. The flip angle of rotation is controlled by the 
strength and duration of the RF pulse. The RF pulse alters the spins' orientation relation to B0, but not 
their orientation relative to each other. Instead, it rotates the entire set of spins together [12]. This 
means that the few spins that were originally aligned parallel with B0 keep their alignment but 
collectively rotate to become non-parallel with B0. These protons now precess in phase in the 
transverse (xy) plane, which results in a net magnetization (Mxy) (Fig. 3) [12]. This resonance 
phenomenon is essential in MRI because it enables protons to be excited and release measurable 
signals, which are then used to create detailed images of tissues. 

 

Fig. 3. (A) The net magnetisation Mz aligns with B0 without precession; (B) RF pulse tips the net 
magnetisation M into traverse plane (90° shown); (C) The net magnetisation Mxy precesses, generating a 

signal in the receiver coil [15] 
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1.2.1. Spin relaxation and echoes 

Once the RF pulse is turned off, the excited spins do not stay in a high-energy state indefinitely. 
Instead, they begin to return to their original equilibrium state through relaxation processes, which 
are essential for MRI signal detection and picture contrast. In MRI, this relaxation happens through 
two mechanisms: T1 (longitudinal) and T2 (transverse). These mechanisms control how signals are 
detected and affect picture contrast: 

 T1 Relaxation (Spin-Lattice Relaxation) protons return to equilibrium by transferring absorbed 
energy to their surrounding molecular environment (the lattice), resulting in the recovery of 
longitudinal magnetization. T1 relaxation differs between tissues, impacting MRI contrast: fat 
(shorter T1) looks bright, whereas fluids (longer T1) seem dark. T1-weighted imaging detects 
cancers, haemorrhages, and contrast-enhanced lesions [17]. 

 T2 Relaxation (Spin-Spin Relaxation) refers to the progressive loss of transverse magnetization 
caused by dephasing interactions between nearby proton spins, without energy loss to the 
surrounding environment. Longer T2 tissues (e.g., fluids) retain signal and look bright, whereas 
shorter T2 tissues (e.g., fat,./ muscle) quickly lose signal and appear dark. T2-weighted imaging is 
crucial for identifying edema, inflammation, and lesions linked with high water content [17]. 

Although energy recovery and spin-spin interactions are described by T1 and T2 relaxation, 
respectively, the impact of external magnetic field inhomogeneities is not taken into consideration. 
T2* (T2 star) (Fig. 4). Relaxation time describes rapid decay of transverse magnetization caused by 
magnetic field inhomogeneities and spin-spin interactions. These inhomogeneities might arise from 
tissue properties (e.g., iron accumulation, microhaemorrhages) or problems with the MRI machine's 
magnetic field [18]. T2* relaxation causes faster signal loss than T2 relaxation due to magnetic field 
inhomogeneities. These inhomogeneities cause protons to precess at slightly different frequencies, 
resulting in phase decoherence and a faster transverse magnetization decay. T2* weighted imaging, 
especially in Gradient Echo (GRE) sequences, detects iron deposits in the liver, haemorrhages, and 
tissue susceptibility changes [18]. Standard T2 imaging (using Spin Echo sequences) lowers 
inhomogeneity effects, resulting in better soft tissue contrast. T2* relaxation causes rapid signal loss 
due to dephasing from magnetic field inhomogeneities, hence MRI employs many strategies to 
correct or use this issue. 

 

Fig. 4. Comparison of T2and T2*Transverse Relaxation Curves in MRI [19] 
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To help recover or use the decaying signal, generating effective contrast in MRI images, echo 
formation methods, such as Spin Echo (SE) and Gradient Echo (GRE) are used. These echo formation 
methods have a distinct function in the processing of MRI signals: 

 Free Induction Decay (FID) is the initial signal produced immediately after an RF pulse excites 
the hydrogen nuclei, generating transverse magnetization. The FID signal is a sine wave that 
decays exponentially over time, regulated by the T2* constant [15]. This decay is caused by proton 
spin dephasing because of magnetic field inhomogeneities. While FID serves as the foundation 
for signal capture in MRI, it is rarely used for image formation due to its high signal loss. 

 Spin Echo (SE) is formed by applying a 90° excitation pulse, which shifts net magnetization into 
the transverse plane, followed by a refocusing pulse of 180° that reverses dephasing produced by 
T2* effects (Fig. 5 (left)) [20]. This refocusing creates an "echo" of the original signal. Echo time 
(TE) is the interval between the peak of the initial RF pulse and the midpoint (peak) of the 
resulting echo signal and repetition time (TR) is the time between two consecutive RF excitation 
pulses [15]. SE sequences improve T2-weighted imaging by adjusting for field inhomogeneities, 
resulting in better tissue contrast.  

 Gradient Echo (GRE) is generated by reversing the polarity of magnetic field gradients to 
refocus dephased spins without the need of a 180° RF pulse (Fig. 5 (right)). Following excitation 
with an RF pulse, a dephasing gradient is applied, followed by an opposite-polarity rephasing 
gradient, creating an echo [21]. Unlike SE, GRE does not reduce T2* effects, making it more 
vulnerable to magnetic field inhomogeneities and susceptibility artifacts. Because of shorter TR, 
the acquisition time is faster, so, GRE is commonly used in functional MRI (fMRI), cardiac 
imaging, and angiography [21]. 

   

Fig. 5. Spin echo (left) employs a 180° refocusing pulse, whereas gradient echo (right) creates an echo using 
only one RF pulse and gradient reversal. T₂ star effects cause gradient echo signals to decay quicker, whereas 

spin echo maintains T₂ contrast by correcting for field inhomogeneities. DAQ stands for data acquisition 
time [21] 

Echo creation methods like Spin Echo and Gradient Echo are vital for recovering and exploiting MRI 
signals (managed by T2 and T2* effects), other approaches like Inversion Recovery (IR) refine tissue 
contrast by selectively suppressing certain signals based on T1 relaxation features. Inversion recovery 
is an advanced MRI method that enhances tissue contrast by using variations in T1 relaxation times 
[22]. It accomplishes this by introducing a 180° inversion pulse before the typical spin echo pattern. 
Tissues recover magnetization at various rates during inversion times (TI), allowing for selective 
suppression or amplification. Two main types are Short Tau Inversion Recovery (STIR), which 
suppresses fat and is effective for edema, inflammation, and tumours, and Fluid-Attenuated Inversion 
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Recovery (FLAIR), which suppresses cerebrospinal fluid and improves brain lesion detection [23]. 
IR is utilized for musculoskeletal, whole-body, and neurological imaging. 

1.2.2. Image generation 

Magnetic Resonance Imaging relies heavily on signal acquisition and k-space filling since they have 
a direct impact on acquisition time, resolution, and image quality. The MR signal is generated when 
body's excited hydrogen nuclei relax and emit electromagnetic waves, which receiver coils detect. 
This signal is a continuous wave with frequency and phase gradients encoding spatial information 
[24]. To create discrete data points, the continuous MR signal is sampled and digitalized, with each 
point representing magnitude and phase values, or complex numbers with real and imaginary 
components. 

All magnetic resonance image data first is obtained in the spatial frequency domain, known as k-
space. The k-space is a two-dimensional (2D) matrix containing information on signal frequencies 
and phases, which is an abstract concept rather than a physical place in the MRI machine [25]. K-
space is a matrix where near the centre are low spatial frequencies, such as contrast and gross 
anatomy, while the periphery contains high spatial frequencies, such as edges and tiny details [26]. 
The MRI operator can modify the acquisition and manipulation of k-space data to affect the 
reconstructed image by varying parameters such acquisition speed, contrast, field of view, spatial and 
temporal resolution, and artifact reduction [24]. Information is stored line by line in k-space whenever 
an echo is acquired through phase and frequency encoding. This raw k-space data is obtained straight 
from the scanner before any processing or application of the Fourier transform. So, in the k-space, a 
point does not match a point in the image; rather, the central lines establish contrast, while the 
periphery lines carry information about spatial resolution [25]. By converting the k-space data into a 
spatial domain representation, a 2D Fourier transform gives the final reconstructed image. 

In order to localize signals in three dimensions, MRI spatial encoding requires three crucial steps -
slice selection, frequency encoding, and phase encoding: 

 Slice selection – specifies which plane (axial, sagittal, or coronal) to scan. A slice selection 
gradient is used to choose a particular imaging slice during RF excitation. By altering the 
magnetic field along a single axis only protons in a specific slice resonate at the RF pulse 
frequency [27]. The slice thickness impacts both the gradient strength and the RF pulse 
bandwidth.  

 Frequency encoding – is applied after slice selection, along the chosen axis during signal 
acquisition. Because of this frequency encoding gradient, protons at various locations precess at 
various frequencies, giving each body part a distinct frequency. These distinct frequencies are 
detected by the receiver coil, which helps with spatial localization by enabling signal 
differentiation along the frequency-encoded axis [28]. 

 Phase encoding – used to discriminate signals in a certain dimension between two RF pulses along 
the phase-encoding axis. Small phase shifts are produced in proton spins by applying a gradient 
field, which varies at various points along the selected axis. The spatial information is encoded 
by repeating this procedure over many TRs with varying gradient strengths. To help build an 
image, each phase encoding step covers a single line in k-space. The resolution increases with the 
number of phase encoding steps utilized, but the scan duration increases as well [15].  
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Given the circumstances, protons precess at various frequencies and phases at each spatial location 
due to the combination of gradient fields, frequency encoding and phase encoding gradients. This 
makes it possible to encode space precisely in every dimension. After that, the signal is saved in k-
space for future image reconstruction. 

In MRI echo time (TE) and repetition time (TR) are two crucial parameters that affect image contrast 
by controlling the strength of T1 and T2 relaxation effects. These factors establish whether the picture 
is T1-weighted, T2-weighted or proton density-weighted [29]. By influencing longitudinal relaxation, 
TR regulates T1-weighted contrast meaning a shorter TR increases T1 contrast. By affecting transverse 
relaxation, TE regulates T2-weighted contrast - a longer TE increases T2 contrast. A long TR and TE 
improve T2-weighted contrast (Fig. 6), which is helpful for identifying diseases like inflammation and 
edema, while a short TR and TE create a T1-weighted picture, which is perfect for seeing anatomical 
features. 

 

Fig. 6. Effect of TR and TE on MRI contrast [30] 

In MRI image generation, anomalies such as distortions, signal voids, addition or removal of 
information are referred as artifacts [31] (Fig. 7). Artifacts in MRI are caused by motion, field 
inhomogeneities, aliasing, and susceptibility variations. Typical correction methods include fat 
suppression for chemical shift artifacts, anti-aliasing techniques (increased FOV), motion reduction 
techniques (gating, quicker sequences), and shorter TE or spin-echo sequences for susceptibility 
artifacts [31]. Adjusting parameters correctly reduces distortions and enhances image quality.  

    

Fig. 7. Common MRI Artifacts [32] 

Reducing artifacts improves image clarity, but signal-to-noise ratio (SNR) and resolution also affect 
image quality and need to be properly managed for the best imaging results. SNR is a critical 
determinant of MRI image quality, as it reflects the balance between the useful signal and background 
noise. While SNR affects diagnostic precision and the clarity of anatomical features, spatial resolution 
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determines the capacity for identifying small structures. While higher SNR increases clarity, it often 
requires longer scan durations or stronger fields. Voxel size affects resolution; smaller voxels increase 
detail but decrease SNR. For the best imaging, SNR and resolution must be balanced. 

1.2.3. MR systems and their components 

An MRI system consists of four basic components: the primary magnet, gradient coils, RF coils, and 
computer systems that run and connect the components (Fig. 8) [33]. 

 

Fig. 8. MRI system components [34] 

MRI system components:  

 Magnets – the core of the MRI system, generating the static magnetic field. The production of 
high-quality images requires a magnetic field that maintains homogeneous across large volumes 
and consistent throughout time. Modern MRI system uses superconducting niobium-titanium 
magnets which operate at -263 °C in liquid helium to maintain continuous current flow for field 
generation [33]. The majority of clinical MRI systems operate at either 1.5T or 3T magnetic field 
strength with 3T being the most widely used because it offers optimal sensitivity and cost-
effectiveness although 7T systems are used primarily for research applications [35]. 

 Gradients – provides for volume selection, spatial localization, and imaging in all planes by 
altering magnetic field strengths along the X, Y, and Z axes [36]. Gradient coil designs, such as 
saddle, birdcage, and linear, improve field efficiency and image quality while reducing artifacts. 
Shim coils are employed with gradients to address inhomogeneities un the B0 field. The slew rate 
(mT/m/s) determines the speed at which gradients change, enabling faster sequences and better 
temporal resolution [37]. 

 Radiofrequency coils – broadcast radiofrequency pulses that excite protons and receive signals 
produced as protons return to equilibrium. These signals are translated into electrical impulses 
and used to create images [34]. Surface coils provide high SNR in shallow areas; volume coils 
provide more coverage; and phased-array coils improve SNR and resolution. Coil selection is 
based on clinical demands, anatomy, and field strength (1.5 T or 3 T), as mismatched coils might 
affect image quality [34]. Coil design influences signal-to-noise ratio, spatial resolution, and 
overall image quality. 



21 

 Computer system – coordinates subsystems, converts RF coil signals into digital data, and uses 
complex algorithms to reconstruct high-resolution images. Modern systems allow for real-time 
reconstruction, post-processing, and scan modifications, as well as integration with user terminals 
and hospital systems. Advanced technologies, such as parallel imaging, AI-based reconstruction, 
and noise reduction, increase efficiency and image quality [33]. 

1.2.4. Acquisition protocols 

In MRI, different sequences provide unique types of contrast to highlight various tissues, structures 
and abnormalities. Standard MRI sequences: 

 T1-weighted Imaging – amplifies the signal of fatty tissue while suppressing the signal of water 
[38]. So, fat appears bright, and water appears dark. It is applied for detecting anatomical details 
and fat-containing structures.  

 T2-weighted Imaging – improves the signal from the water, making it best for detecting fluid or 
edema [38]. 

 FLAIR (Fluid-Attenuated Inversion Recovery) – provides strong T2 weighting, suppresses the 
CSF signal, and reduces the contrast between grey and white matter [39]. Improves visualization 
of brain abnormalities near fluid-filled areas.  

 DWI (Diffusion-Weighted Imaging) – is a method for assessing the molecular function and 
microarchitecture of the human body [40]. Measures the diffusion of water molecules within 
tissue; sensitive to cellular changes. Areas with restricted diffusion appears white (certain 
tumours, acute stroke, etc.), areas with normal diffusion appears dark.  

 MRA (Magnetic Resonance Angiography) – focuses on the body’s blood vessels without the need 
for contrast (in most cases) [41]. Commonly used for evaluating blood flow in the arteries of 
brain, neck and kidneys. 

But advanced MRI sequences allow for a much better depiction of the anatomy, tissue 
characterization, functional imaging and quantitative analysis. Advanced MRI sequences:  

 Functional Magnetic Resonance Imaging (fMRI) – demonstrates regional, time-varying changes 
in brain metabolism [42]. With modified parameters can be used for spinal cord motor function 
[43].  

 Spectroscopy – reveals the concentration of normal metabolites in a specific anatomic site and 
variations in those metabolites in the event of pathology [43]. Useful in identifying brain tumours, 
metabolic disorders, epilepsy and etc. 

 Diffusion Tensor Imaging (DTI) – allows for the visualization of neuronal circuits and 
connectivity by capturing the direction and magnitude of water diffusion, making it a vital tool 
for understanding brain anatomy, function, and pathology [44]. 
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1.3. Quality control in MRI 

1.3.1. General issues 

MRI requires quality control measures to ensure consistent results and precise outcomes which are 
essential for both research accuracy and diagnostic performance [45]. The use of substandard data 
leads to increased false positive and false negative rates in final results [46] which results in diagnostic 
errors, poor clinical decision-making (resulting in inappropriate therapies), research, clinical trial 
complications, reduced machine performance, lifespan, accreditation and compliance issues. The 
prevention of these problems requires the implementation of routine QA/QC procedures together with 
automated QC systems, regular maintenance, calibration, established imaging protocols, complete 
staff training, real-time system performance monitoring, adherence to regulatory criteria to ensure 
consistent image quality and correct diagnoses and optimal patient safety [47]. The maintenance of 
image quality through MRI quality control approaches consists of three categories: preventive, 
routine and corrective measures which function as essential components:  

 Preventive QC system uses regular servicing and component checks with calibrations to prevent 
system problems from occurring before they start [48]. 

 Routine QC system performs continuous system performance checks through scheduled daily, 
weekly or monthly tests to sustain system performance [47].  

 Corrective QC system repair detected faults to achieve optimal performance by addressing 
problems with artifacts, field inhomogeneity and coil failures. 

The combination of standard QA procedures with preventive maintenance and daily/weekly coil 
inspections provides adequate quality control for standard clinical operations [47]. 

To complement these quality assurance techniques, several critical MRI quality control parameters 
are regularly evaluated: 

 Signal-to-Noise Ratio (SNR) is a fundamental parameter which measures the clarity of MRI 
signal relative to background noise. Acceptance criteria for SNR are system specific due to 
variables as RF coil, scan conditions, and phantom, however values obtained during acceptance 
testing should be used as baseline references for continuous QA [49, 50]. SNR is calculated by 
dividing the mean signal intensity in a region of interest (ROI) inside the phantom by the standard 
deviation of the signal in a background ROI placed in the air outside the phantom (Eq. 2) [50]:  

ܴܵܰ =  ௌ̅

ఙ್ೖ೒
               (2) 

where ܵ̅ is the signal, measured as the average of ROI intensities; ߪ௕௞௚  is standard deviation of a 
background ROI. 

 Image Intensity Uniformity (PIU) measures the consistency of signal intensity across the 
uniform region of phantom [50]. Poor signal homogeneity shows that the coil's image intensity 
varies substantially more than expected for a functioning system [51]. Inconsistent image 
intensity indicates a fault with the scanner, such as a defective volume coil or RF subsystems. 
Uniformity is measured in the brightest and darkest regions within phantom area. Uniformity is 
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defined as the difference between the maximum and minimum pixels in the ROI and results are 
displayed as a percentage of uniformity (PIU) (Eq. 3) [50]: 

ܷܫܲ = 100 ∙ ቀ1 − ௌ೘ೌೣିௌ೘೔೙
ௌ೘ೌೣାௌ೘೔೙

ቁ           (3) 

where Smax and Smin are the maximum and minimum pixel intensities in the area.  

 Contrast-to-Noise Ratio (CNR) is a difference in signal intensity between two tissues (contrast) 
divided by the standard deviation for background noise. The higher the CNR the more likely the 
low-contrast lesion will be detected [52]. Lots of medical MRI research has been devoted to 
exploring ways to maximize this ratio in a wide range of disorders and situations (Eq. 4) [53]: 

ܴܰܥ =  ௌಲିௌಳ
ௌబೢே

               (4) 

where SA and SB are the signal intensities from two different regions or tissue components in the 
image; ܵ଴௪  is the fully recovered signal from water; ܰ is noise voltage. 

 Spatial Resolution and Geometric Distortion assesses the ability of a scanner to detect small 
objects and preserve correct spatial relationships. Failure of this test shows that the scanner 
cannot resolve fine details at the expected level for the given field of view and matrix size [51]. 

 Ghosting and artifact assessment allows for detection of undesirable image duplications or 
artifacts (such as ghosting and zipper artifacts) caused by hardware malfunction, RF interference, 
or motion. This topic will be discussed in the following section.  

 Gradient linearity and Eddy currents. Gradient linearity corresponds to the exact variation of 
the gradient field with a distance; poor linearity results in a visual distortion, especially at the 
edges of the imaging field of view, which is important for high-precision applications [54]. Eddy 
currents produced in the imaging system by an alternating magnetic field can cause image artifacts 
and distortions or system heating, and can be reduced by pre-emphasis and shielding [55].  

 RF coil performance test checks whether transmitting and receiving coils are functioning 
properly since faulty coils can lower SNR and image homogeneity. Deficient quality RF output 
can produce various image artifacts depending on the nature and degree of the defect [51]. 

 B0 (main magnetic field) homogeneity test determines the uniformity of the primary magnetic 
field over a specified volume. The homogeneity are influenced by factors such as magnet flaws, 
external interference, or the presence of the patient, which can be partially corrected with shim 
or gradient coils [51]. Low B0 homogeneity can lead to inconsistent fat suppression, reduced 
signal consistency, higher wrap artifacts, image distortion, and poorer SNR in quick sequences. 

 RF power and specific absorption rate (SAR) test checks the ability of an MRI system to 
adjust and monitor SAR, which is a measure of how quickly body absorbs RF energy during 
scanning process. High RF power levels raise tissue heating hazards, especially at higher field 
strengths (e.g., 3T), so SAR restrictions exist to ensure patient safety [56].  

Quality control in MRI is implemented by several regulatory bodies and standardization groups, 
which regulate image quality, patient safety, and system performance to ensure consistent results. 
Key world organizations and their roles in MRI Quality Control are: 
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 American College of Radiology (ACR) ensures MRI safety, quality, and performance through 
established quality control protocols, accreditation, and routine monitoring by qualified personnel 
[57]. It is requested that ensuring diagnostic accuracy and patient safety, facilities must maintain 
documented quality assurance systems and undertake regular equipment evaluations.  

 American Association of Physicists in Medicine (AAPM) is a scientific organization of medical 
physicists, which contributes significantly to MRI performance, particularly in the field of 
developing standards, safety, and quality assurance in research and clinical imaging [58]. AAPM 
publishes reports and guidelines for the implementation, testing and quality control in MRI, 
provides phantom recommendations and standards [59]. AAPM collaborates with other 
organizations such as ACR and FDA to create device regulations, accreditation standards and 
imaging policies.  

 National Electrical Manufacturers Association (NEMA) aims to create technical standards that 
ensure the performance, safety, and uniformity of MRI systems from various manufacturers. 
NEMA develops criteria for assessing MRI system performance, such as signal-to-noise ratio, 
geometric distortion, and slice thickness accuracy [45]. 

 Food and Drug Administration (FDA) controls the sale and use of MRI scanners, which are 
designated as Class II devices due to their potential risk. These devices require pre-market 
clearance, and the FDA offers non-binding but strongly suggested recommendations on hardware, 
software, performance, safety, and site design to assist manufacturers in achieving regulatory 
approval [60]. 

 International Electrotechnical Commission (IEC) focuses mainly on the safety of patients and 
operators, as well as MRI equipment operational criteria, such as peripheral nerve stimulation and 
specific absorption rate [61]. IEC covers a broad range of issues and integrates some of the NEMA 
guidelines listed above. 

Multiple international organizations establish MRI quality control standards through specific 
guidelines which maintain diagnostic accuracy while ensuring patient safety and equipment 
performance consistency: 

 ACR provides strict thresholds as part of their accreditation process [51]. For instance, the 
geometric accuracy measurements must be within ± 2 mm of actual dimensions while percent 
image uniformity (PIU) must reach at least 90 % for image uniformity assessment. The 
regulatory standards for slice thickness accuracy require measurements to stay within ± 0.7 
mm of their expected values such as 5.0 mm ± 0.7 mm. Low-contrast object detectability with 
ACR phantom requires at least nine spokes to be visible in its designated section and ghosting 
artifacts (Percent Signal Ghosting) should not exceed 2.5 %. The system must maintain its 
signal-to-noise ratio at levels comparable to baseline measurements. Additionally, the ACR 
requires that transmit gain and centre frequency remain stable because this ensures image 
quality consistency throughout time. 

 AAPM assists to clinical standards by developing scientific protocols and technical testing 
procedures. The AAPM Report No. 100 [3] provides benchmark values instead of enforcing 
specific pass/fail thresholds: for geometric accuracy at ± 2 mm, image uniformity at ≥ 90 %, 
slice thickness accuracy at ± 0.7 mm, ghosting to be ≤ 2.5 % and SNR to maintain stability 
throughout time. AAPM guidelines suggests using phantoms to evaluate signal-to-noise ratio, 
geometric accuracy, image uniformity and slice thickness. The AAPM guidelines focus on 
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trend analysis and baseline consistency while using NEMA standards to describe test 
methods.  

 IEC through its international standard IEC 60601-2-33 [62] establishes safety and essential 
performance guidelines for MRI systems. The standard establishes precise boundaries for the 
safety exposure of patients to electromagnetic fields, for example IEC sets Specific 
Absorption Rate (SAR) limits at ≤ 2.0 W/kg for whole-body exposure, ≤3.2 W/kg for the 
head, ≤ 10 W/kg for the torso and ≤ 20 W/kg for extremities. They also establish peripheral 
nerve stimulation (PNS) limits through requirements for gradient slew rate control and 
effective stimulus duration management to prevent nerve activation. The IEC mandates MRI 
systems to perform magnetic fringe field mapping while establishing a B0 hazard zone 
boundary at 0.9 mT (9 Gauss) to protect patients with implanted medical devices. For acoustic 
safety MRI systems must provide noise exposure declarations and hearing protection when 
noise levels surpass established occupational safety thresholds. The IEC standards require 
MRI systems to have emergency shutdown functions, rapid patient evacuation procedures and 
MR Conditional device labelling. The IEC does not establish image quality QC thresholds, 
but its standards serve as essential requirements for system design, regulatory approval and 
safe clinical operation. 

1.3.2. Phantom based MRI Quality Control 

One approach to evaluate system stability and compare measurement accuracy across MRI scanners 
is to use a standard imaging phantom, which is an inanimate object used to characterize or calibrate 
imaging systems (Fig. 9) [63]. The Ad Hoc Committee was organised under the guidance of the 
International Society of Magnetic Resonance in Medicine (ISMRM) to develop recommendations for 
a system phantom that could be used to test the accuracy, stability, and comparability of MRI scanners 
[63]. According to Ad Hoc Committee, desired measurements are static main magnetic field B0 (non‐
uniformity), RF field B1 (non‐uniformity), slice position and profile, image uniformity, geometric 
linearity, gradient amplitude, resolution (high‐contrast detectability), SNR (low‐contrast 
detectability), accuracy and precision in measuring proton spin relaxation times (T1 and T2 ) and 
proton density, also system constancy [63]. This type of system phantom could help monitoring of 
scanner’s performance at a specific site throughout time and between different scanners, evaluate the 
precision of T1 mapping and create imaging protocols that meet specific accuracy requirements, 
confirm scanner and protocol eligibility for clinical trials and identify the most suitable phantom 
manufacturing methods for future phantom development [63].  

  

Fig. 9. Examples of MRI Phantoms: the Sun Nuclear ACR Accreditation Phantom [64] (left), used for 
standard image quality assessments; the Sun Nuclear SRS MR Distortion Phantom [65] (middle), designed 
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for evaluating geometric accuracy and distortion; and the Siemens plastic bottle phantom (right), commonly 
used for basic system checks and QA calibration 

Recognizing the necessity for uniform phantoms, numerous organizations/initiatives have been 
developing MRI phantoms. These phantoms are used to characterize the physical performance of 
MRI systems for acceptance testing and comparison of different commercial system performance; 
characterize time-related changes in the physical performance of imaging systems for specific clinical 
protocols, and develop methods for accrediting MRI systems for clinical use [49]. Among available 
phantom options the ACR MRI phantom is most used and is like a golden standard in quality control 
of MRI systems. The American College of Radiology created this phantom to evaluate essential 
imaging parameters: geometric accuracy, slice thickness, spatial resolution, image intensity 
uniformity, ghosting artifacts and low-contrast detectability [66]. The phantom's structure contains 
various test objects within a uniform cylindrical body, which enables consistent, reproducible 
evaluation across different MRI platforms and phantom itself is a vital component of the ACR MRI 
accreditation program [63]. Its regular use ensures that scanners meet minimum performance 
standards required for clinical reliability and safety.  

 

Fig. 10. MRI scans showing ACR phantom’s inner structures designed to measure the geometric 
accuracy, high-contrast spatial resolution, slice-thickness and slice-position accuracy, image 

intensity uniformity, signal ghosting and low-contrast detectability [51] 

The ACR phantom includes several structures to measure main image quality parameters [67]:  

 SNR, uniformity and ghosting artifacts – these parameters are used to describe a coil’s 
performance and monitor changes in RF coil performance. Slice without any structures is used to 
quantify the image SNR, uniformity and the level of artifacts being present [51]. Measuring these 
parameters ROI must cover at least 75 % of phantoms cross-sectional area, and appropriate air 
ROI must include as much background area as possible (Fig. 11).  
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Fig. 11. ROI placements covering (a) 75 % of phantom image and (b) background area [51] 

 Geometric accuracy is needed to verify that the image is scaled in a manner reflecting the true 
dimensions of the body part under investigation. Geometric accuracy is checked with the ACR 
MRI phantom using the sagittal localizer image from the T1-weighted ACR axial series (Fig. 12). 
Geometric accuracy measurements using the ACR accreditation phantom are generally 
considered acceptable if they are within ± 2 mm of the true values [51]. Geometry distortions in 
MRI can result from miscalibrated gradients, causing one image dimension (x, y, or z) to appear 
stretched or compressed [51]. Gradients may drift over time and need recalibration. Distortion 
can also occur while using very low receiver bandwidths to boost SNR, which increases 
sensitivity to magnetic field inhomogeneities. 

 

Fig. 12. MRI scan showing geometric accuracy slice [68] 

 High-Contrast Spatial Resolution – assesses the scanner’s ability to distinguish between small 
objects. A failure of this test indicates that for a given field of view and acquisition matrix size 
the scanner is not resolving fine details as effectively as a well operating scanner [51]. The T1-
weighted axial image of the ACR MRI phantom is used to evaluate high-contrast spatial resolution 
(Fig. 13). This is done by assessing the visibility of discrete fluid-filled holes within a specialized 
resolution insert composed of two arrays: the upper-left (UL) array, which tests resolution in the 
left-right direction, and the lower-right (LR) array, which tests resolution in the superior–inferior 
direction [51]. Each array contains staggered rows or columns of holes with precise centre-to-
centre spacing, set at twice the hole diameter. The phantom contains hole pairs of different 
diameters from 0.7 - 1.1 mm which enables the determination of the system's spatial resolution 
threshold by identifying the smallest holes that can be distinguished [51]. The high-contrast 
spatial resolution changes because of the gradient field strength, the eddy current compensation 
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and the main (B0) magnetic field homogeneity being out of calibration. Subtle decreases in spatial 
resolution have been reported as a result of unstable gradient amplifiers. 

 

Fig. 13. An example of resolution insert (A) [63]; MRI scan showing high-contrast spatial resolution  
slice (B) [51] 

 Low-Contrast Detectability – evaluates the ability of an MRI system to distinguish between 
structures that have small signal intensity differences from the background. The ACR MRI 
accreditation phantom contains low-contrast objects distributed across T1-weighted multi slice 
series axial slices for evaluating this parameter (Fig. 14). The test objects are arranged in a radial 
spoke configuration which contains three identical diameter disks per spoke. The disk diameters 
extend from 7.0 mm to 1.5 mm through 10 clockwise steps and the contrast levels change across 
slices from 1.4% to 5.1% when using a 5 mm slice thickness [51]. The disks become 
distinguishable from the background because thin plastic inserts push solution out of their way. 
The observer determines the system’s low-contrast resolution threshold by counting visible 
spokes in each slice because all disks maintain the same contrast level [51]. The evaluation does 
not need perfect disk shape identification but requires enough contrast to detect disks against 
background signal. 

 

 

Fig. 14. MRI phantom scans of low-contrast detectability inserts: (a) large ACR phantom; (b) small ACR 
phantom [51] 

Artifacts during the weekly, monthly or annual QC procedure may indicate a decline in MRI system 
performance [51]. Some artifacts obtained during quality control measurements exhibit nonspecific 
signs of a hardware failure. Common image distortions observed in phantom images (Fig. 15) include 
excessive geometric distortion, ghost images, lines or pixels with unusually high or low brightness, 
receiver saturation issues, unsuitable image blurring, and enhanced truncation artifacts [51]: 

 Ghost images are low signal intensity representations of features in an MR image that have been 
moved in the phase-encoding direction. Ghosting can occur due to weak RF connections or 



29 

phantom vibrations [69]. It can be produced by instability in the measured signal from one pulse 
cycle to the next, which can originate in the receiver, transmitter, or gradient subsystems [51]. 

 Unusual bright or dark lines/pixels in MRI scans can be caused by several factors, including: 

o Bright lines can be caused by direct current (DC) offsets, incorrect 180° pulses in spin-
echo sequences and RF interference. These can seem off-centre or degrade image quality 
depending on the readout gradient [51]. 

o Zipper artifacts arise when slice excitation is imprecise, resulting in a continuous signal 
across phase-encoding steps, shown as a single frequency alternating line [51]. 

o Bright or dark centre pixels occur by DC-offset errors, which are caused by improper 
scaling of low-frequency data during Fourier analysis [51]. 

o Dotted lines in the phase-encoding direction are typically caused by RF interference, 
which suggests to check the RF shielding and examine the room equipment [51]. 

 Excessive filtration can result in inappropriate image blurring or truncation artifacts. The use of 
zero-fill interpolation or spatial resolution-enhancing filters tends to highlight truncation artifacts 
[51]. SNR-enhancing filters, on the other hand, tend to cause higher image blurring. 

 If the RF attenuation (or gain) is not adjusted correctly during the pre-scan, signals within specific 
phase-encoding phases may exceed the digitizer's maximum range [69]. This causes the receiver 
to saturate, inhibiting proper digitization and resulting in image distortion during the inverse 
Fourier transform. The resulting image frequently has an unusually brilliant, smooth background 
that differs from random noise [51]. Similar effects can also be produced by spike signals from 
malfunctioning electronics. 

 

Fig. 15. (A) Phantom images with visible ghosting artifacts [70]; (B) displays various artifact types: 
left - susceptibility artifact; middle - ghosting artifact; right - zipper artifact [71] 
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As a result, any observable artifacts should be reported to the service engineer as well as the certified 
medical physicist or MRI scientist [51]. A trained medical physicist or MRI scientist identifies the 
frequency and duration of imagine artifacts for justification of study. 

1.3.3. Automatization Techniques for MRI Quality Control 

The manual quality control method remains effective, but it requires an extensive time and is 
vulnerable to operator variability. The development of automated quality control methods (Fig. 16, 
Fig. 17) addressed these issues with software tools that examine essential image quality 
characteristics such as SNR, uniformity, geometric accuracy, and ghosting artefacts.  

  

Fig. 16. Flowchart showing an example of automatization processing for phantom image dataset [67] 

   

Fig. 17. An example of how automated localisation of the phantom and ROIs in the picture may look like: 
(left) the centre and the tilt angle determination; (middle) central and four background ROIs for SNR 

determination; (right) central and four elongated ROIs are used to measure the level of artifacts, providing 
the ghosting ratio [67] 

The need for automation in quality control became evident during the late 1990s. The research by E. 
Gardner et al. [72] proved that automated phantom image analysis discovered minor image quality 
changes before trained human observers did thus demonstrating the necessity of standardized quality 
control procedures. The development of fully automated QC methods has led to the creation of 
systematic and reliable assessments for essential imaging parameters. The research conducted by M. 
Davids et al. [67] and J. Sun et al. [73] successfully demonstrated that automated systems provide 
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precise evaluations of geometric distortion, slice thickness, position accuracy, signal uniformity, 
ghosting, high and low-contrast resolution, chemical shift artifacts, spatial linearity and SNR. While 
the automated method’s results were well correlated with human evaluations but automated 
procedures face challenges when measuring high-contrast spatial resolution as well as problems of 
intra-observer variability which indicates the need for further development to achieve complete 
autonomous QC workflows. For example in Epistatou et al. [45] study automated evaluation of four 
parameters were evaluated – percent signal ghosting (PSG), percent image uniformity (PIU), SNR, 
and SNR uniformity (SNRU). This study focussed on the reproducibility issues in MRI quality control 
results that emerge from irregular ROI placement on the phantom and variability in SNR calculation 
techniques [45]. The PSG measurement was randomised to replicate manual variability through 
normally distributed variations in ROI positions and dimensions that were dependent on picture 
resolution, pixel size, and phantom alignment. The approach allowed for statistical comparisons 
between automated procedures and repeated simulated measurements, which would be difficult with 
manual placement alone. Multiple computation approaches were utilised to evaluate SNR and SNRU, 
each including one or two slices from identical or closely similar sequences with varied ROI 
configurations. The key findings of this study were that PSG measurements are highly sensitive to 
background ROI placement which can be the deciding factor between passing or failing a QC test 
[45]. It also showed that both SNR and SNRU values vary significantly, depending on the calculation 
method used. This demonstrates that the AAPM, ACR, and NEMA protocols present different 
approaches without establishing a definitive standard because slice selection, acquisition timing and 
subtraction direction affect measurement results [45].  

1.3.4. Impact of MRI Quality Control on Clinical Outcomes 

The quality control of MRI systems determines clinical outcomes through its ability to provide 
reliable and consistent imaging that produce accurate diagnostic results. The systematic review of 
automatic QC by J. Hendriks et al. [74] demonstrates that automated and semi-automated QC 
methods decrease both inter and intra-rater variability and allow the early detection of image artifacts 
including ghosting blurring and aliasing which otherwise would affect clinical interpretation or 
produce wrong research and diagnostic results. Standardization methods becomes essential for large-
scale or multi-site imaging studies because it enables bias reduction and cross-centre comparability 
[74]. Study by C. Epistatou et al. [45] demonstrates through standard phantom images that inadequate 
results of QC can cause image deterioration which might produce incorrect medical diagnoses and 
prolonged treatment times. These systems detect deviations from baseline performance while 
improving reproducibility which helps maintain diagnostic safety and avoids technical failures 
remaining unobserved [45]. The review article by K. Jhaveri [75] shows that proper QC procedures 
both guarantee imaging technical quality and enable precise disease detection and staging. The article 
explains how effective QC practices minimize the requirement for additional scans and create more 
streamlined clinical operations. The research by X. Yang et al. [76] demonstrates how strict quality 
control protocols improve MRI image quality which results in improved clinical outcomes such as 
earlier detection of cardiac iron overload, rectal cancer and diminished need for invasive diagnostic 
procedures in musculoskeletal imaging. These articles and research demonstrates that MRI QC serves 
as a fundamental procedure which delivers clinical confidence while protecting patient safety and 
enabling effective medical care. 

Quality control procedures for MRI are mandatory in many countries and are typically overseen and 
controlled by governmental regulatory agencies. However, Lithuania currently lacks formal 
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regulations or national standards for MRI quality assurance and quality control. The only technical 
quality control conducted is an annual inspection carried out by service engineers. Because there are 
no regulations, there is no comprehensive record of the current status of MRI facilities in terms of 
commissioning protocols, routine QC testing, staff training requirements, and safety practices. In 
Lithuania, MRI scanners are classified as Expensive Healthcare Technology, however number of 
scanned patients increases each year. As MRI procedures become more accessible to patients across 
the country, regulations are required to ensure patient safety, increase diagnostic accuracy, optimise 
equipment performance and longevity, and align with international standards.  
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2. Instruments and methodology 

2.1. MRI systems - Siemens Magnetom Skyra, Siemens Magnetom Altea and Philips Ingenia 
Prodiva 

Parameters of 3 MRI scanners used in Lithuania and their imaging data were analysed while 
developing recommendations for MRI quality assurance and quality control:  

 The Siemens Magnetom Skyra (Siemens Healthcare, Germany) is a 3T MRI (Fig. 18) 
scanner that provide faster and more efficient exams, as well as high-quality images for 
accurate diagnosis [77]. It accelerates up exams to maximize scanner utilization, 
standardizes and streamlines procedures. Its powerful magnet produces superior images for 
musculoskeletal, cardiac, neurologic, and prostate imaging [78].  

 The Siemens Magnetom Altea (Siemens Healthcare, Germany) is a 1.5T MRI (Fig. 18) 
machine that provides complete assurance in productivity, repeatability, and patient 
satisfaction. It uses premium MRI technology and combines unique, exclusive, and 
revolutionary AI-powered image reconstruction technologies to fundamentally alter care 
delivery [79]. 

 The Philips MR Ingenia Prodiva (Philips, Netherlands) is a 1.5T MRI (Fig. 18) system 
that offers speed and productivity. Philips Prodiva offers improve clinical possibilities with 
its unique digital technology and powerful imaging solutions [80]. 

 

Fig. 18. MRI scanners used - Magnetom Skyra [77] (left), Magnetom Altea [79] (middle), 
Ingenia Prodiva [80] (right) 

2.2. Phantoms 

All mentioned MRI machines are equipped with plastic bottle phantoms. The Siemens 3T and 1.5T 
equipment uses various shaped bottle phantoms to simulate different human anatomies (Fig. 19). All 
differently shaped Siemens phantoms are filled with the paramagnetic contrast solution, composed of 
nickel sulphate hexahydrate (NiSO4·6H2O) and sodium chloride (NaCl), except spherical (head) 
phantom which does not contain sodium chloride. The purpose of each component: 

 Nickel sulphate hexahydrate (NiSO4·6H2O) is a T2 relaxation agent due to its paramagnetic 
characteristics with Ni2+ ions. This helps to imitate the relaxation features of soft tissues, and 
concentration influences the relaxation times (T1 and T2), making it beneficial for normalizing 
MRI measurements. 
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 Sodium chloride (NaCl) adjusts electrical conductivity to simulate human tissue. Imitates the 
physiological salt concentration in body fluids to ensure proper RF penetration and signal 
behaviour. 

 

 

Fig. 19. Various „Siemens“ bottle phantoms filled with paramagnetic contrast solution  

The Philips 1.5 T MRI machine has a single bottle phantom filled with a special „Phantom liquid 
13“(composition is not disclosed) (Fig. 20).  

  

Fig. 20. „Philips“ bottle phantom 

The Siemens and Philips phantoms are suitable for weekly quality control, providing accurate 
measurements of SNR, image uniformity (PIU) and ghosting. However, for full monthly or annual 
QC inspections, these phantoms are insufficient. Additional measurements, such as geometric 
accuracy, high-contrast spatial resolution and low-contrast detectability must be assessed using more 
specialized phantom such as the ACR MRI phantom.  
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In this work home-made spherical ACR style phantom with a 20 cm diameter was used to enable 
more detailed MRI quality control assessments (Fig. 21). 3D printed polylactic acid (PLA) phantom 
was filled with aqueous nickel chloride and sodium chloride water solution, to adjust the relaxation 
time of water hydrogen and to mimic tissue-like signal properties.  
 

    

Fig. 21. Home-made ACR type phantom images and 3D Computer-aided design (CAD) 

This home-made phantom consists of several dedicated test structures designed to evaluate key 
aspects of image quality: 

 The part in the middle, which has no internal structures is used to assess image uniformity, 
SNR and ghosting artifacts.  

 A second part has a large geometric grid for geometric distortion measurements (Fig. 22) with 
160 squares of 10×10 mm each and covered by a 2 mm thick border.  

 

Fig. 22. Geometric distortions measurements grid with 160 squares 

 Another section is for detection of low-contrast elements. It includes 30 cylindrical cavities 
which forms six distinct groups (Fig. 23). The five cavities in each group have the same depth 
but different diameters ranging from 2 - 10 mm. All these six groups demonstrate progressive 
contrast levels through changes in cavity depth which range from 0.25 - 2 mm. 

 

Fig. 23. Structure for low-contrast detection, which has five same depth cavities with ranging diameters 
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 The last structure consists of a spatial resolution test plate contains high-contrast line-pair 
patterns (Fig. 24). A 5 mm thick plate has line-shaped cavities creating strong contrast. The 
resolution pattern consists of 1-6 lp/cm (line pairs per centimetre) measurements, with two 
parallel line-pair groups for assessing phase-encoding and frequency-encoding resolution.  

 

Fig. 24. Spatial resolution measurement structure with line-shaped cavities 

2.3. Software  

MicroDicom Viewer is a software that is primarily used for the processing and preservation of 
DICOM-format medical images. In this study it was used to manipulate and examine the obtained 
DICOM scans and measure some distances (Fig. 25). 

 

Fig. 25. The MicroDicom Viewer software interface, which displays the scans together with 
their DICOM data 

ImageJ is open-source software for processing and evaluating scientific images. It was used with 
DICOM images to calculate the signal area, minimum, maximum, and mean values.  

2.4. Scanning protocol parameters  

Bottle and ACR phantoms were scanned using head coil as it could be seen in Fig. 26.  
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Fig. 26. Example of Philips Prodiva scanning of bottle and ACR phantoms, using head coil 

Weekly bottle scans were done, for all MRI machines, using T1, T2 sequences and echo planar imaging 
(EPI). SNR and PIU was retrieved from T1 and T2 measurements. Parameters for weekly bottle scans 
(Table 1) were taken from previous MRI QC protocols, since there are no strictly defined parameters 
for scanning of bottle phantoms. 

Table 1. Siemens MRI machine weekly (bottle phantom) scan parameters 

 Siemens Magnetom Skyra (3 T) Siemens Magnetom Altea (1.5 T) 

Series/ Pulse sequence Axial T1 / Spin 
echo 

Axial T2 / Spin 
echo 

Axial T1 / Spin echo Axial T2 / Spin 
echo 

Coil used/ protocol Head/ brain Head/ brain Head/ brain Head/ brain 

TR (ms) 600 6000 600 4000 

TE (ms) 20 100 20 80 

Phase encoding direction R>>L  R>>L  R>>L  R>>L 

FOV (mm) 250 250 250 250 

Number of slices 27 27 25 25 

Slice thickness (mm) 5 5 5 5 

Spacing between slices 
(mm) 

6.5 6.5 6.5 6.5 

Matrix (phase) 256 256 256 256 

Flip angle (degrees) 90 150 90 150 

Bandwidth 250 250  250 250 
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Table 2. Philips MRI machine weekly (bottle phantom) scan parameters 

 Philips Prodiva (1.5 T) 

Series/ Pulse sequence Axial T1 / Spin echo Axial T2 / Spin echo 

Coil used/ protocol Head/ brain Head/ brain 

TR (ms) 600 1000 

TE (ms) 15 100 

Phase encoding direction R>>L R>>L 

FOV (mm) 250 250 

Number of slices 30 30 

Slice thickness (mm) 5 5 

NEX 2 2 

Matrix (phase) 560 560 

Flip angle (degrees) 90 90 

Bandwidth 250 250 

The parameters used for ACR phantom scanning in this study are the official parameters for ACR 
accreditation (Table 3) [66, 81]. The only change was the number of slices and the slice gap. For 
ACR accreditation, the specified number of slices is 11. Specification of slices number is required 
because the ARC phantom images submitted for accreditation must include structures to appear in 
each slice. In this study, the main goal was to scan the ACR type phantom and evaluate obtained 
parameters. However due to the difficulties with capture of all required structures in their correct 
positions, it was decided to use 32 slices with the slice gap of 2 mm that enables covering the full 
length of a phantom (Fig. 27).  

Table 3. American College of Radiology parameters used for ACR phantom scanning [66, 81] 

Series/ 
Pulse 
sequence 

Coil used/ 
protocol 

TR (ms) TE (ms) FOV 
(mm) 

Number 
of slices 

Slice 
thickness 
(mm) 

Slice Gap Matrix 
(phase) 

Axial T1 / 
Spin echo 

Head/ 
brain 

500 20 250 32 5 2 256 

Axial T2 / 
Spin echo 

Head/ 
brain 

2000 80 250 32 5 2 256 
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Fig. 27. ACR phantom scan planning window (Philips Prodiva) and slice direction adjustments to fit all 
structures 

According to the ACR quality control manual [51], for signal-to-noise ratio (SNR) assessment it is 
crucial to evaluate the background with a low window width and appropriate level settings to prevent 
placing the air ROI in an area with RF leakage or values that have been zeroed by the system. Fig. 28 
(right) shows a thin region of signal zeroing (signal truncation bands) around the outer border of the 
FOV. There is no size restriction for air ROI since it should be as large as possible to collect the best 
statistics on background noise signal, while excluding the signal truncation regions and signal bleed 
area near the phantom. The signal ROI size was selected to cover at least 75% of the phantom area, 
whereas the background ROI size was chosen to be as shown in Fig. 28 (left). Using ImageJ, the 
mean values for selected ROIs were obtained and using the Equation (2) SNR was calculated.  

  

Fig. 28. Selection of signal and background ROIs for measurements (left); signal truncation bands (right) 

For Percent Image Uniformity (PIU) calculations, the window width and level were modified to show 
the highest and lowest signal intensity regions (Fig. 29). Bright pixels have the highest signal strength, 
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while dark pixels have the lowest, both measured within the large ROI (at least 75% of the phantom 
area). The minimum and maximum ROI values (Fig. 29) were acquired using ImageJ and then were 
calculated using the Equation (3) .  

  

Fig. 29. Phantom image with changed windowing (left); and selected ROIs for determining maximum and 
minimum signal areas (right) 

Geometric distortion is expressed as percent geometric distortion (PGD) and may be assessed 
between any two points in the field of view (Fig. 30). Equation (6) was used for PGD calculations, 
where the grid's real dimension is denoted by Ltrue dimension, while the dimension as measured in the 
image is denoted by Lobserved dimension. The actual length of this exact ACR phantom grid was 15 cm. 

ܦܩܲ = ቀ௅೟ೝೠ೐ ೏೔೘೐೙೟೔೚೙ି ௅೚್ೞ೐ೝೡ೐೏ ೏೔೘೐೙ೞ೔೚೙
௅೟ೝೠ೐ ೏೔೘೐೙೟೔೚೙

ቁ ∙ 100        (6) 

 

Fig. 30. Example of any two points that can be selected for PGD measurement 
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For Low-Contrast Detectability measurements the number of full spokes visible in the slice was 
counted. The ideal result for this measurement is 30 visible cavities since there are 30 cavities in total 
(Fig. 31) (not including the five large cavities and four smaller ones that are just used for printing and 
not assessment). 

 

Fig. 31. Low-Contrast Detectability scan showing which group of cavities to count, 6 groups with  
each group having 5 cavities 

High contrast resolution corresponds to a number of linear groups whose line pairs may be visually 
distinguished. After group 6 of line pairs (lp/cm) (Fig. 32), group 6.1 and 6.2 still has the same 6 
lp/cm, but with smaller gap between them. Fig. 32 shows added numbering which corresponds to the 
number of line pairs in one centimetre, except for groups 6.1 and 6.2.  

 

Fig. 32. High contrast resolution scan showing the number of line pairs per centimetre 
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3. Results and discussion  

Image quality control in MRI is used for weekly and periodic routine evaluations, to optimise 
equipment performance and longevity, ensure patient safety and increase diagnostic quality. The 
recommendations for MRI quality assurance stem from the lack of formal regulations and national 
standards in Lithuania, so the recommendations include evaluation of key image quality parameters 
and establishment of baseline image quality parameter values. To achieve this, multiple scans must 
be performed under identical conditions across different sites. The evaluated MRI image quality 
parameters underwent measurement, recording and analysis with manufacturer provided and ACR 
style phantoms, acquisition protocols and comparison of results with ACR and AAPM guidelines. 

3.1. Bottle Phantom QC – SNR, uniformity and signal ghosting 

3.1.1. Signal-to-Noise Ratio 

As a QC measure, SNR alone is unable to identify faults in the imaging chain. SNR issues can be 
caused by faulty RF coils, inadequate RF coil decoupling, pre-amplifier, receiver failures, and poor 
reception of external RF noise sources due to RF shield integrity issues [3]. According to AAPM 
SNR acceptability requirements cannot be defined in general terms since the values are system 
specific – RF coil, scan settings, phantom T1 and T2 values, etc. [3]. If provided, the SNR values 
should meet or exceed the values stated by the coil manufacturer. To determine the baseline, use the 
values obtained during installation or the values advised by the manufacturer. Table 4 and Fig. 33 
presents the calculated SNR values for each scanner. The signal area (which must be greater than 
75% of the phantom size) was set to 80 cm2, whereas the background area was set to 25 cm2 (Fig. 
34). The Siemens Magnetom Skyra (3T) has the greatest SNR value for T1-weighted sequence at 
623.2. The 1.5T systems (Magnetom Altea and Ingenia Prodiva) had lower SNR values in T1 (499.5 
and 420.5, respectively), but still demonstrated strong image quality performance. In T2-weighted 
sequences, all systems demonstrate a decline in SNR, which is expected given that echo times are 
longer and signal is inherently lower. Despite its great T1 performance, the Skyra 3T has the lowest 
SNR in T2 (165.5). The Philips Ingenia Prodiva 1.5T outperformed both Siemens systems in T2 with 
SNR as 192.7, which may be due to improved signal acquisition stability or coil settings. These 
findings support the predicted tendency of greater SNR values in T1 sequences, which normally 
increases with field strength. However, changes in scanner model, coil quality, and sequence 
parameters might still have an impact on final SNR results, emphasising the significance of 
standardising acquisition techniques when comparing systems.  

Table 4. Signal-to-Noise Ratio results for T1 and T2 sequences across several MRI scanners  

MRI Scanner Series Signal mean (inside 
phantom) 

Average standard 
deviation (background) 

Calculated SNR 

Siemens Magnetom 
Skyra (3 T)  

T1 1290 2.1 623.2 

T2 567 3.3 165.5 

Siemens Magnetom 
Altea (1.5 T)  

T1 866 1.7 499.5 

T2 511 2.9 175.9 

Philips Ingenia Prodiva 
(1.5 T)  

T1 841 2.0 420.5 

T2 498 2.6 192.7 
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Fig. 33. Graphical representation of Signal-to-Noise Ratio results for T1 and T2 sequences across several 
MRI scanners 

 

Fig. 34. Regions of interests used for signal and background measurement for SNR calculation 

3.1.2. Uniformity 

The MRI systems demonstrated their ability to maintain consistent signal intensity across the phantom 
by evaluating Percent Image Uniformity (PIU), which quantifies the homogeneity of signal 
distribution within a defined region of interest. According to AAPM, a volume head coil uniformity 
measure should be 90 % or above for scanners running at 2T or below, and less than 90 % for scanners 
running at field strengths higher than 2T if water-filled phantoms are being used [3]. The signal area, 



44 

same as in SNR, was adjusted to 80 cm2, while the maximum and minimum signal pixel intensity 
regions were set to 1 cm2 (Fig. 36). All three scanners uniformity results (Table 5 and Fig. 35) for the 
T1 and T2 sequences show excellent image uniformity, with all values above the 90 % threshold point 
established by AAPM recommendations for systems running at 2T or lower. The highest overall 
uniformity was reached by Philips Ingenia (1.5T) with 97.5 % in T1 and 95.2 % in T2, indicating the 
superior coil and system stability. Additionally, the Siemens Magnetom Altea (1.5 T) demonstrated 
similar performance in both sequences, achieving 95.6 % (T1) and 96.3% (T2). The Siemens 
Magnetom Skyra (3T) showed results slightly above 90 % – for T1 90.7 % and for T2 90.4 % which 
is expected at higher field strength, and still reflect the expected limitations, indicating the adequate 
uniformity and no immediate concerns. All results confirm that the systems are performing within 
acceptable limits, and no major uniformity issues are present. High level of uniformity among 
scanners points to stable coil operation and well calibrated devices for regular imaging and quality 
control evaluations. 

Table 5. Percent image uniformity results for T1 and T2 sequences across several MRI scanners  

MRI scanner Series Max signal pixel intensity Min signal pixel intensity Calculated PIU (%) 

Siemens Magnetom 
Skyra (3 T)  

T1 885 835 90.7 

T2 527 479 90.4 

Siemens Magnetom 
Altea (1.5 T)  

T1 357 327 95.6 

T2 602 559 96.3 

Philips Ingenia 
Prodiva (1.5 T)  

T1 878 835 97.5 

T2 541 485 95.2 

 

Fig. 35. Graphical representation of Percent Image Uniformity results for T1 and T2 sequences across several 
MRI scanners 
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Fig. 36. Regions of interests used for maximum and minimum signal pixel intensity measurement 
for PIU calculation 

3.2. ACR type phantom QC – geometric distortion, low-contrast object detectability and high-
contrast spatial resolution 

3.2.1. Geometric distortion 

The geometric accuracy of the MRI systems was assessed by comparing measured phantom 
dimensions to known values, revealing how well spatial integrity was preserved across the field of 
view. Phantom images with the geometric distortion insert were measured using the ruler tool in 
MicroDicom Viewer. The measured diameters then were compared with the known phantom 
diameter of 15 cm to evaluate geometric accuracy. According to the AAPM guidelines the absolute 
geometric distortion should not exceed 2 % while the ACR accreditation program allows a maximum 
distortion of ± 2 mm when using the ACR type phantom [3]. The results (Table 6 and Fig. 37) showed 
that all measurements remained within these limits, with the highest deviation recorded 1.18 mm and 
-1.79 mm, corresponding to percentage differences of 1.12 % and -0.79 %, respectively. The highest 
deviation were recorded with Siemens Skyra (3T) (Fig. 40) scanner which is still in the allowed range, 
but shows that the higher field strengths gives more geometric distortion, unless the advanced 
correction methods are applied [82]. While both 1.5T systems (Fig. 38, Fig. 39) stayed below 1 mm 
and 0.8 % deviation. Additional measurements should be made to determine whether the reported 
variations are consistent as normal expected variation or fall as a systematic issue. 
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Table 6. Geometric distortion results for T1 and T2 sequences across several MRI scanners  

MRI scanner Series Measured, mm Difference, mm Difference, % 

Siemens Magnetom Skyra 
(3T)  

T1 151.79 -1.79 1.12 

T2 148.82 1.18 -0.79 

Siemens Magnetom Altea 
(1.5T)  

T1 151.13 -1.13 0.75 

T2 150.71 -0.71 0.47 

Philips Ingenia Prodiva 
(1.5T)  

T1 149.80 0.2 -0.13 

T2 149.60 0.4 -0.27 

 

Fig. 37. Graphical representation of Geometric distortion results for T1 and T2 sequences across several MRI 
scanners 

  

Fig. 38. Geometric accuracy evaluation on Philips Ingenia Prodiva (1.5T) system, 
with T1 and T2-weighted images 
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Fig. 39. Geometric accuracy evaluation on Siemens Magnetom Altea (1.5T) system, 
with T1 and T2-weighted images 

  

Fig. 40. Geometric accuracy evaluation on Siemens Magnetom Skyra (3T) system, 
with T1 and T2-weighted images 

MRI diagnostic accuracy and treatment planning depend on precise geometric representation of 
images. Even small image geometry distortions can result in incorrect anatomical structure 
positioning, inaccurate lesion measurements and improper spatial registration between different scan 
times. The brain MRI (Fig. 41) demonstrates how geometric distortion failure produces the clinical 
results. Multiple axial slices show noticeable spatial warping and deformation of anatomical 
structures which become most pronounced at the brain periphery. The presence of such distortions in 
clinical imaging would both reduce diagnostic accuracy and make image-guided interventions less 
precise. This emphasises the importance to assess geometric distortions as a standard part of MRI 
quality control protocols.  

 

Fig. 41. An example of geometric distortion in brain MRI scans [83] 



48 

3.2.2. Low-contrast object detectability 

The MRI systems demonstrated their ability to detect low-contrast objects through noise by counting 
the number of visible spokes. The optimal number of visible spokes should be 30, with fewer spokes 
visible may indicate the decrease in low-contrast detectability which could result from various factors 
including image noise, improper phantom positioning or limited scanner capabilities. Table 7 and 
Fig. 42 shows the low-contrast detectability results. The Siemens systems Magnetom Skyra (3T) (Fig. 
45) and Magnetom Altea (1.5T) (Fig. 44) achieved excellent results by showing the maximum of 30 
visible spokes in T1 and T2-weighted sequences. The Philips Ingenia (1.5T) (Fig. 43) system showed 
good performance but the T2-weighted scan had 28 spokes visible which fell short of the maximum. 
The minor difference in results could stem from small variations in phantom positioning. The 
phantom used in this evaluation differs from the standard ACR phantom, so the formal ACR 
acceptance criteria were not applied. The results shows that all systems achieved strong performance 
in detecting low-contrast details. 

Table 7. Low-contrast object detectability results for T1 and T2 sequences across several MRI scanners 

MRI scanner Series Visible spokes Difference 

Siemens Magnetom Skyra (3T)  
T1 30 0 

T2 30 0 

Siemens Magnetom Altea (1.5T)  
T1 30 0 

T2 30 0 

Philips Ingenia Prodiva (1.5T)  
T1 30 0 

T2 28 -2 

 

Fig. 42. Graphical representation of Low-contrast object detectability results for T1 and T2 sequences across 
several MRI scanners 
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Fig. 43. Low-contrast object detectability evaluation on Philips Ingenia Prodiva (1.5T) system, 
with T1 and T2-weighted images 

  

Fig. 44. Low-contrast object detectability evaluation on Siemens Magnetom Altea (1.5T) system, 
with T1 and T2-weighted images 

  

Fig. 45. Low-contrast object detectability evaluation on Siemens Magnetom Skyra (3T) system, 
with T1 and T2-weighted images  

The outcomes of poor low-contrast detectability are shown in Fig. 46 where soft tissues with similar 
signal intensities differentiation becomes unreliable. In Fig. 46 images from c-f shows blurring at the 
edges of structures, while lover group of images with region marked by green arrow shows how fine 
anatomical features can be lost or appear blurred when contrast detectability is insufficient. Such 
distortions make it difficult to accurately identify tiny lesions and clinical abnormalities. 
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Fig. 46. MRI images showing degradation in low-contrast detectability. Upper group of images show 
blurring of fine anatomical details, particularly at the edges of structures, while lower images shows how 

low-intensity areas (marked B) become less visible for detecting tissue details and structural boundaries and 
how high-contrast edges become less defined (marked A) [84] 

3.2.3. High-contrast spatial resolution 

The evaluation of MRI scanner resolution for fine structural detail involved testing high-contrast 
resolution through line pair phantom assessments. The measured values (Table 8 and Fig. 47) indicate 
the highest group number at which line pairs remained visible (see Fig. 32 for group numbering). The 
AAPM acceptance criteria for high-contrast spatial resolution are based on dot phantoms (Fig. 13) 
yet the fundamental resolution principle can be adapted for line-pair patterns. The system 
demonstrates resolution of line pairs when it successfully distinguishes between consecutive black 
and white bars. The system needs enough pixel density to achieve this requirement just like the 
AAPM guideline which states that objects with one pixel width separation should be distinguishable. 
The highest resolution level that scanners could display is group 6.2. The 1.5T scanners Siemens 
Magnetom Altea (Fig. 49) and Philips Ingenia Prodiva (Fig. 48) maintained consistent high resolution 
performance by reaching 6.0 and 6.2 in both T1 and T2-weighted images. The 3T Siemens Magnetom 
Skyra scanner (Fig. 50) produced T1-weighted imaging resolution that was slightly lower than the 
other groups (group 5) but T2 reached group 6 which was closer to the 1.5T results. The reduced T1 
image resolution does not necessarily indicate a system fault because it could be caused by phantom 
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positioning errors or scanner-specific configuration. Additional repeated measurements would be 
necessary to determine whether this lower performance is systematic or incidental. 

Table 8. High-contrast spatial resolution results for T1 and T2 sequences across several MRI scanners 

MRI scanner Series  Measured 

Siemens Magnetom Skyra (3T)  
T1 5 

T2 6 

Siemens Magnetom Altea (1.5T)  
T1 6 

T2 6.2 

Philips Ingenia Prodiva (1.5T)  
T1 6 

T2 6.2  

 

 

Fig. 47. Graphical representation of High-contrast spatial resolution results for T1 and T2 sequences across 
several MRI scanners 

  

Fig. 48. High-contrast spatial resolution evaluation on Philips Ingenia Prodiva (1.5T) system, 
with T1 and T2-weighted images 
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Fig. 49. High-contrast spatial resolution evaluation on Siemens Magnetom Altea (1.5T) system, 
with T1 and T2-weighted images 

  

Fig. 50. High-contrast spatial resolution evaluation on Siemens Magnetom Skyra (3T) system, 
with T1 and T2-weighted images 

High-contrast spatial resolution is an important parameter in QC because it determines the ability to 
clearly see fine anatomical structures and whether edges appear well defined or blurred. The clinical 
detection of small lesions and vascular abnormalities and cortical thinning becomes more difficult 
when high-contrast resolution decreases especially in areas requiring precise definition for diagnosis 
or surgical planning. In Fig. 51 and Fig. 52 the effects of degraded high-contrast spatial resolution is 
seen resulting in blurred or indistinct anatomical borders while the red arrows indicate areas where 
high-contrast structures should be sharply defined. 
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Fig. 51. Evaluation of high-contrast spatial resolution in MRI brain images. Images c-f shows degradation 
through the noticeable blurring and edge sharpness loss, compared to the reference images of a and b [84] 

Fig. 52. Assessment of high-contrast spatial resolution using brain MRI. The reference images a (T1-
weighted) and b (T2-weighted) shows high-resolution, while images c-f produce in lower high-resolution 

images [84] 

3.3. Recommendations 

According to ACR and AAPM evaluation of image data requires weekly measurements which should 
be performed using ACR phantom testing to assess geometric accuracy, high contrast spatial 
resolution, low contrast detectability, signal-to-noise ration, image uniformity and artifact evaluation. 
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Recommendations for MRI QC according to ACR and AAPM [3, 51]: 
Staff  

To minimize variability of the results and detect performance changes it is recommended that 
the same technologist should perform quality control (QC) measurements. The ACR 
recommends that a qualified medical physicist should review all QC logs at least quarterly 
and reassess action limits following any hardware changes or service interventions. 
Collaborations between radiologists, technologists, physicists and service personnel should 
be strengthened to ensure consistent implementation of MRI QC protocols, prompt 
identification of technical issues, and continuous improvement of imaging standards. 

Measurements 
o Baseline 

To establish the baseline, it is recommended to use 10 days of consistent QC results 
recorded using the standard forms. Due to the obtained data medical physicist may set 
scanner specific control limits for each parameter.  

o QC logs 
All measurements should be recorded in a standardised QC log including the test and 
baseline results, if it is needed corrective actions must be done. the same procedure is 
recommended if any technical issues were observed. QC logs should be kept near the 
scanner for easy access.  

o Sequences 
The assessment of system performance should include both T1-weighted and T2-
weighted sequences for each QC parameter to reflect clinically relevant imaging 
protocols and to ensure a comprehensive assessment of system performance under 
different contrast and signal conditions. The use of both sequence types allows the 
identification of protocol-specific weaknesses that may only appear under certain 
acquisition parameters. 

Performance criteria and action limits 
These limits must be set and periodically reviewed by the qualified medical physicist. The guidelines 
and parameters for this QC were used according to ACR and AAPM: 

o SNR – system specific, must meet or exceed manufacturer’s baseline values. 
o Geometric accuracy – within ±2 mm or 2 % (for over 25 cm FOV). 
o PIU (Uniformity) – should be ≥ 87.5 % for 3T systems and ≥ 90 % for 1.5T. 
o Ghosting (Percent Signal Ghosting) – ≤ 2.5%. 
o Low-contrast detectability (using ACR provided phantom) – ≥ 9 spokes (for 1.5T) 

and ≥ 37 spokes (for 3T). 
o High-contrast resolution – max line pairs visually distinguishable (to use 

manufacturer or ACR thresholds). 
o Corrective actions 

When results exceed action limits the phantom re-scan should be performed and 
discussed the findings with the physicist and service engineer . When the repeated 
failure with re-scanning occurs, the software, hardware and environmental issues 
investigation should be mandatory performed. 
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Conclusions 

The study aims to develop and evaluate a standardised MRI quality control (QC) methodology using 
phantom-based assessments on various MRI systems in Lithuania, while also validating results 
against international standards and highlighting the importance of structured QC in routine clinical 
practice. 

1. QC assessments were performed using manufacturer provided bottle phantoms and an ACR-style 
phantom on three MRI systems: Siemens Magnetom Skyra (3T), Siemens Magnetom Altea 
(1.5T), and Philips Ingenia Prodiva (1.5T). The measurements included signal-to-noise ratio 
(SNR), percent image uniformity (PIU), geometric distortion, low-contrast object detectability, 
and high-contrast spatial resolution. All scanners demonstrated performance within acceptable 
limits. However, differences were observed based on field strength, sequence type, and device-
specific configurations. For example, the Siemens Magnetom Skyra 3T had better SNR in T1 but 
worse in T2 compared to 1.5T systems, while Philips Ingenia Prodiva had the best uniformity 
results. These differences confirm the importance of standardized acquisition protocols for 
reliable cross-system comparison. 

2. The results were compared to American norms from ACR and AAPM procedures, highlighting a 
key disparity – Lithuania lacks implemented national MRI quality control norms. While U.S. 
protocols offer specific thresholds and structured testing requirements, European approaches are 
more diverse and frequently dependent on institutional or regional regulations. The research 
supports the adaption of U.S. style QC structure for its clarity, reproducibility, and safety-focused 
integrity.  

3. A practical QC protocol was developed based on American College of Radiology (ACR) and 
American Association of Physicists in Medicine (AAPM) guidelines for implementation in 
Lithuanian clinical settings. The protocol requires weekly periodic checks using phantom 
measurements of SNR, PIU, geometric accuracy, and resolution parameters. The establishment 
of baseline values during installation and the maintenance of consistent acquisition settings were 
found to be critical for accurate trend analysis. The protocol aims to promote routine QC 
integration into daily operations and to serve as a foundation for future national regulatory 
standards. 
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