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Abstract
Purpose: This work investigated the behaviour of a high-field MR system relative to a range of pulse sequence parameter chang-
es and image artefacts resulting from image acquisition employing an Echo-Planar Diffusion-Weighted (EPI-DW) sequence 
modified for musculoskeletal imaging of the Achilles Tendon (AT).

Methods and Materials: MR scanning was undertaken on a 3T Philips Achieva MR scanner with an 8-channel foot/ ankle coil. 
Image quality evaluation was based on images acquired using two phantoms: 1) an L-shaped foot/ ankle phantom containing 
Nickel Chloride (NiCl2) in water and 2) a small cylindrical plastic phantom containing copper sulphate (CuSO4) in water. Qual-
ity control (QC) measurements were based on the American College of Radiology (ACR) specifications. Signal-to-noise ratio 
(SNR), image intensity uniformity, percentage ghosting, and geometric distortion were measured for phantom images acquired 
using four sequences (T1W SE, T2W TSE, STIR, EPI-DW).

Results: The performance of the EPI-DW sequence was tested according to ACR specifications and compared to three standard 
pulse sequences routinely used for scanning of the AT. The EPI-DW sequence met the ACR criteria for SNR and image intensity 
uniformity, but failed to meet geometric distortion criteria. In terms of percentage ghosting, artefacts were evident in the EPI-DW 
and ADC map images. However, when quantified, these images remained within ACR specifications for image ghosting.

Conclusion: When modifying a pulse sequence for a new application, it is essential to understand in advance the technical per-
formance characteristics of the MR system and their potential impact on resultant MR image quality. This study demonstrated 
that the results of image quality testing revealed important findings that facilitated further optimisation of the EPI-DW sequence 
prior to its application for Achilles tendon scanning in human subjects.

Keywords: Imaging; Image processing; Magnetic resonance 
imaging; Phantoms; Quality Control; EPI; DWI

Introduction
Over the past few years Magnetic Resonance Imaging (MRI) 
has rapidly developed in both clinical practice and research. 
High field strength MR scanners (i.e., 3 Tesla) have enabled 
new pulse sequences and advanced imaging techniques to be 

applied in clinical practice, making MR image acquisition fast-
er, diverse and more sensitive to pathology [1,2]. High field 
systems have facilitated the application of a wider range of 
pulse sequences in routine clinical practice rather than lim-
iting them principally to the research arena. In this context, 
the application of Diffusion-Weighted Imaging (DWI) has ex-
panded from an MR imaging technique used exclusively for 
neuroimaging to applications in the body and musculoskeletal 
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system [3]. DWI is a technique that measures the thermal mo-
tion of molecules within tissues. When coupled with an Ap-
parent Diffusion Coefficient (ADC) map, DWI can be used to 
generate quantitative values representing pathological changes 
associated with various diseases [4]. The principal application 
of DWI is in brain imaging for the assessment of infarct and 
stroke-related pathology; however, more recently it is being in-
creasingly and routinely used for tumour staging, size measure-
ments and morphological characteristics [4]. However, with 
advanced sequences such as DWI, which is based on Echo-
Planar Imaging (EPI), it has become increasingly challenging 
to maintain high image quality to facilitate accurate depiction 
of anatomy and pathological changes. MR images generated 
using an EPI-DWI sequence may suffer from an inherent low 
Signal-To-Noise Ratio (SNR) and can be very sensitive to sev-
eral types of artefacts such as blurring or motion; some of which 
may be sufficiently severe to hinder the extraction of accurate 
quantitative Apparent Diffusion Coefficient (ADC) values [5]. 
MR systems are susceptible to technical problems due to the 
complex, interrelated demands on the system to maintain high-
performance imaging [6]. Artefacts (e.g. eddy current, motion, 
ghosting and chemical shift) in MRI can be the result of sever-
al factors, including: magnetic field imperfections that are not 
normally visible, scanner hardware or software limitation or 
malfunction, or as a consequence of the characteristics of the 
subject scanned [7]. Although techniques have been developed 
to reduce these artefacts, not every artefact can be avoided or 
minimized, with some being very unpredictable and difficult 
to overcome [1]. Several authors have acknowledged the com-
plexity of those artefacts resulting from the use of high-field 
systems to acquire certain types of advanced sequences, one 
of such is the EPI-DWI discussed in this paper [2,7]; and have 
advocated the application of Quality Control (QC) testing in 
the clinical setting specifically for this sequence. Standard QC 
tests can help maintain MR system performance, facilitate the 
recognition of the source of defects within MR images, and 
enable analysis and tuning of MR system performance. In QC 
testing, the focus is on optimising MR system characteristics 
such as spatial resolution (ghosting), linearity (geometric dis-
tortion), homogeneity (image intensity uniformity), and signal 
(signal-to-noise ratio) [8,9]. Routine QC phantom scanning 
can either be performed weekly and/ or monthly at each site, 
and tends to be based on visual inspection of the MR images. 
However, [10] has indicated that this approach is insufficient 
for the EPI-DWI sequence, which is prone to inconsistencies 
in measured values for some of the above indices of MR im-
age quality. Given the resultant difficulties evaluating artefact 

severity across a number of EPI-DW images, stand-alone test-
ing was recommended together with quantitative evaluation 
of image quality indices This study aimed to demonstrate the 
impact of performing MR phantom scanning and quantifying 
the results using a computer-based approach for QC measure-
ments in the development of a new sequence for application 
in a clinical study. The technical characteristics and artefacts 
associated with the acquisition of an EPI-DWI sequence modi-
fied for ankle joint imaging images on a 3T MR scanner were 
explored. These findings enabled parameter optimisation prior 
to application of this sequence for Achilles tendon scanning on 
human subjects.

Materials and Methods
A multi-step QC testing process was undertaken to com-

pare the performance of the EPI-DWI sequence against a series of 
standard pulse sequences routinely used for musculoskeletal MR 
imaging. The methodology was approved by the local Research 
Ethics Committee. Four indices of MR image quality were evalu-
ated using the methodology for phantom scanning and evaluation 
proposed by the ACR (American College of Radiology) [11]: geo-
metric distortion (aspect ratio), Signal-To-Noise Ratio (SNR), im-
age intensity uniformity, and percentage signal ghosting. Values 
for each of these indices, as recommended by the ACR, are out-
lined in (Table 2).

MR System and Phantom Specifications
Phantom MR imaging was undertaken on a 3 Tesla Philips 

Achieva scanner with the following gradient characteristics: 
40mT/m, 200mT/m/msec and incorporating an integrated 8-el-
ement, SENSE phased array Radiofrequency (RF) coil dedicated 
for foot/ ankle imaging (Figure 1c). The parameters for the stan-
dard sequences: T1W Spin Echo (SE), Turbo Spin Echo (TSE), 
Short Tau Inversion Recovery (STIR) and the EPI-DW sequence 
tested are presented in Table 1. All phantom images were acquired 
in the axial orientation.

The two phantoms provided by the MR scanner vendor, 
were kept at room temperature prior to scanning and had the 
following characteristics:

31.8 mm/L Nickel Chloride in water (NiCla) 2-H2O), L-
shaped to fit inside the dedicated foot/ ankle RF coil (Fig-
ure 1a);

770 mg of Copper Sulphate (CuSOb) 4) in water contained 
within a small, cylindrical plastic bottle (Fig 1b)
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Figure 1: MR phantoms; (a) L-shaped Nickel Chloride (NiCl2) in water (b) Cylindrical bottle containing a solution of Copper Sulphate (CuSO4) in 
water, and the foot/ ankle RF coil (c) used for QC testing.

Sequence Parameter TR (ms) TE (ms) Slice Thickness 
(mm)

NEX 
(Avg)

Number of 
Slices

Parallel 
Imaging Matrix

T1-W SE 400 12 3 4 15 No 256x320

T2-W TSE 4500 81 3 4 15 No 218x320

STIR 3800 46 3 4 15 No 269x384

EPI-DW 
(b-values: 0; 40; 273; 800) 2030 30 3 12 15 SENSE 112x526

Table 1: Imaging parameters for the phantom scans.

Axial images of the NiCl2 phantom were first acquired 
using, in order, a T1W SE, T2W FSE, STIR and EPI-DWI se-
quence to test for geometric distortion (aspect ratio), Signal-To-
Noise Ratio (SNR), image intensity uniformity, and percentage 
signal ghosting. For consistency, each sequence was acquired 
twice using sameparameters (Table 1). To correct for artefact 
resulting from using a diffusion-weighted sequence, measure-
ments were repeated using the CuSO4 phantom to evaluate im-
age intensity uniformity and SNR.

MR system specifications and Image Acquisition
MR Phantom Image Analysis

The acquired DICOM-format MR images of the phantoms 

were processed and analysed using Matlab (Math Works, Inc.) and 
according to the ACR specifications for aspect ratio (geometric dis-
tortion), Signal-To-Noise Ratio (SNR), image intensity uniformity 
and percentage signal ghosting (Table 2). Geometric distortion of 
all sequences was determined by using aspect ratio (e.g. measure-
ment of width to height), then comparing the aspect ratio (true 
dimension) of the curved-border of the L-shaped MR phantom 
to that of the scanned images (observed measurement). The MR 
phantom and all sequence measurements were taken at 90° to each 
other, with mean height and length values recorded to provide the 
vertical and horizontal extent of the target object within the (axial) 
MR images (Figure 2). Once an aspect ratio was determined, the 
percent distortion was calculated using the formula from (Table 2).
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Figure 2: The phantom is an L-shaped square with calculations at 90° angles (white arrows) undertaken using Matlab software to measure mean values 
corresponding to the four boundaries to provide the vertical and horizontal extent of the target object. Percentage Image Uniformity (PIU) was cal-
culated using the Region-Of-Interest (ROI) measurement tool to determine the mean signal intensity of 70% within the interior region of the 
NiCl2 phantom target object (Table 2). Regions of maximum (SMax) and minimum (SMin) signal intensity, typically 0.5% (1 cm2), were located 
within images acquired using each of the sequences evaluated (Figure 3). Mean signal intensity measurements (PIU) were calculated according 
this formula (Table 2).

Criteria ACR Acceptance Criteria Formula Images

Geometric 
Distortion

Percent distortions in the are 
generally considered acceptable if 

they are < 5%
Figure 2

Image Inten-
sity Uniformity 

(PIU)

PIU should be greater than or 
equal to 90% for MRI systems 
with field strength of 3 Tesla.

Figure 3

Signal To Noise 
Ratio (SNR)

The SNR value is dependent on 
SNR meet or exceed the values 

provided by the coil manufacturer 
(high SNR)

Figure 4

Percent-Signal 
Ghosting Ghosting ratio should be ≤0.025 Figure 5

Table 2: Criteria used for evaluating the phantom images obtained using the four pulse sequences mentioned in (Table 1).

Figure 3: An image demonstrating regions of maximum and minimum signal intensity. The ROI has been placed at what was visually estimated 
to be the largest 1 cm2 dark area (blue arrow), the ROI was placed at what was visually estimated to be the brightest 1 cm2 (red arrow), follow-
ing the ACR specification for calculation.
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SNR was determined by isolating the target object in the MR 
images using a threshold value derived from the histogram 
(Figure 4) of the pixel value frequency. In each case, a mini-
mum pixel value between the distributions for object and back-
ground was selected as the global threshold value [9]. A value 
for noise was estimated as the mean value of the background 
pixels, excluding zero-value pixels. Using measurement tools 
available through Matlab software on the standard PC used for 
quantitative phantom image analysis, the interior 75% of the 
target was located using a morphological ‘close’ operation and 
the mean pixel value of this region represented the mean signal 
intensity of the phantom. The SNR was then obtained by divid-
ing the standard deviation of the outside ROI from the mean of 
the inside ROI (formula Table 2)

Figure 4: Images show the method used to measure Signal-To-Noise Ra-
tio (SNR) using Matlab software automated for SNR calculation. The tar-
get object in the image was isolated using a threshold value derived from 
the histogram (a) of pixel value frequency. The interior 75% (b) of the 
target was located using a morphological ‘close’ operation and the mean 
pixel value of this region represented signal value.

A measure of ghosting ratio was derived according to 
ACR recommendations. The mean signal from the phantom 
(object) was obtained from within a large target Region-Of-
Interest (ROI) that was more than 70% of the cross-sectional 
area of the phantom. Mean signals were also taken from the 
image background in the frequency-encoding direction (Top 
+ Bottom) and in the phase-encoding direction (Left + Right) 
(Figure 5). Areas of each rectangular region outside the phan-
tom target were approximately 10% of the size of the interior 
of the target object. The ghosting ratio was calculated using 

these rectangular regions located approximately halfway be-
tween the phantom object and image boundaries in the respec-
tive directions using the formula in (Table 2).

Figure 5: Image displaying a measure of ghosting ratio, derived from the 
ACR approach, where the target object is 70% of the interior of the phan-
tom, and the rectangles outside this target located top, bottom, left & right 
in the respective frequency- and phase-encoding directions.

Data from the Matlab and OsiriX software were then 
transferred to the Statistical Package for Social Sciences (IBM 
SPSS version 20.0 Inc.) to facilitate calculation of mean and 
standard deviation values and histogram analysis of all four 
image quality indices for the phantom MR images acquired 
using the T1-W SE, T2-W TSE, STIR and EPI-DW sequences 
(Table 3). ADC maps of quantitative diffusion measurements 
taken were generated using OsiriX software for MAC, incor-
porating an added software plugin. Using its “Grow Region”, 
3D segmentation and “ROI Volume” functional options, mean 
and Standard Deviation (SD) ADC values were measured from 
the EPI-DW scans (scan 1 and scan 2, as each sequence was 
acquired twice) (Tables 4,5).
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Sequence Geometric Distortion (Aspect 
Ratio) Mean ± (SD)

Percent-Signal 
Ghosting

Image Intensity Unifor-
mity Mean ± (SD)

Signal-To-Noise 
Ratio Mean ± (SD)

T2W Scan 1 1.25 ± (0.07) 0.001± (0.004) 51.43 ± (0.62) 16.6 ± (0.061)

T2W Scan 2 1.25 ± (0.07) 0.001 ± (0.003) 51.57 ± (0.84) 16.60 ± (0.03)

T1W Scan 1 1.26 ± (0.07) 0.000 ± (0.000) 56.13 ± (1.05) 228.91 ± (26.93)

T1W Scan 2 1.25 ± (0.07) 0.000 ± (0.000) 55.80 ± (0.73) 233.50 ± (27.26)

STIR Scan 1 1.24 ± (0.08) 0.002 ± (0.003) 60.28 ± (1.92) 36.38 (2.39)

STIR Scan 2 1.24 ± (0.08) 0.003 ± (0.003) 60.21 ± (1.33) 45.98 ± (3.53)

EPI-DW b=0 Scan 1 1.11 ± (0.16) 0.011 ± (0.003) 65.58 ± (1.95) 79.17 ± (8.37)

EPI-DW b=0 Scan 2 1.13 ± (0.18) 0.013 ± (0.003) 64.19 ± (2.51) 71.53 ± (6.23)

EPI-DW b=40 Scan 1 1.11 ± (0.16) 0.011 ± (0.003) 66.96 ± (2.24) 76.91 ± (8.08)

EPI-DW b=40 Scan 2 1.13 ± (0.17) 0.013 ± (0.003) 66.65 ± (2.64) 64.51 ± (4.98)

EPI-DW b=273 Scan 1 1.12 ± (0.17) 0.010 ± (0.003) 66.04 ± (2.26) 65.61 ± (4.86)

EPI-DW b=273 Scan 2 1.14 ± (0.17) 0.013 ± (0.003) 65.11 ± (2.34) 56.86 ± (3.49)

EPI-DW b=800 Scan 1 1.13 ± (0.17) 0.010 ± (0.006) 63.17 ± (1.90) 34.66 ± (2.96)

EPI-DW b=800 Scan 2 1.14 ± (0.17) 0.013 ± (0.006) 62.61 ± (2.72) 28.31 ± (2.42)

Table 3: QC Test Results for the L-shaped MR Phantom.

Sequence
Apparent Diffusion Coefficient (ADC) Values

Nicl2 in Water Phantom Scan 1 
Mean ± SD × 10−3 [Mm2/S]

Nicl2 in Water Phantom Scan 
2 Mean ± SD × 10−3 [Mm2/S]

Cuso4 in Water Phantom Scan 1 
Mean ± SD × 10−3 [Mm2/S]

EPI-DW b=0 2.1 ± (0.066) 2.1 ± (0.059) 2.0 ± (0.038)

EPI-DW b=40 2.0 ± (0.373) 2.0 ± (0.363) 2.0 ± (0.047)

EPI-DW b=273 2.0 ± (0.109) 2.1 ± (0.109) 2.0 ± (0.039)

EPI-DW b=800 2.1 ± (0.060) 2.1 ± (0.069) 2.0 ± (0.048)

Table 4: Apparent diffusion coefficient measurements for the NiCl2 and CuSO4 in water MR phantoms.

Sequence
Image Intensity Uniformity 

Cuso4 In Water Phantom 
Mean ± (SD)

Signal To Noise Ratio 
Cuso4 In Water Phantom 

Mean ± (SD)

Image Intensity Uni-
formity Nicl2 In Water 
Phantom Mean ± (SD)

Signal To Noise Ratio 
Nicl2 In Water Phantom 

Mean ± (SD)

EPI-DW B=0 91.7 ± (1.5) 446.18 ±  (44.6) 64.88  ± (2.23) 75.35 ± (7.3)

EPI-DW B=40 90.3 ± (1.3) 440.35 ± (34.34) 66.80  ± (2.44) 70.71 ± (6.53)
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EPI-DW B=273 91.3 ± (1.3) 282.03 ± (22.28) 65.57 ± (2.3) 61.23  ± (4.17)

EPI-DW B=800 89.2 ± (1.1) 98.68 ± (7.27) 62.89 ± (2.31) 31.48 ± (2.69)

Table 5: Image quality indices for the EPI-DW sequence derived from images of Copper Sulphate (CuSO4) and Nickel Chloride (NiCl2) in water 
phantoms.

Results
To determine geometric distortion, aspect ratio measure-

ments for the NiCl2 L-shaped phantom were calculated using the 
formula: 

According to the ACR criteria specifications, percentile val-
ues calculated from images acquired using each of the pulse se-
quences is considered acceptable if they are < 5%. All routine se-
quences T1W SE (3.8%), T2W TSE (4.5%), and STIR (5%) passed 
the specification criteria for geometric distortion. While, the EPI-
DW sequence; b=0 (14%), b=40 (14%), b=273 (12.5%), b=800 
(12.5%) failed to remain within the desired criteria, scoring higher 
than the desired < 5% for acceptable geometric distortion. In terms 
of image intensity uniformity, images acquired using the STIR and 
DW-EPI sequences achieved the highest scores across the four se-
quences evaluated. However, none of the sequences achieved the 
ACR recommended value of 90-100% image intensity uniformity 
when measured from the MR NiCl2 phantom images. When this 
index of image quality was re-evaluated for the images acquired 
using the CuSO4-based phantom, the performance of the EPI-DWI 
sequence improved, achieving image intensity uniformity values 
well within the ACR-recommended range: (Mean / SD) b=0 (91.7 
/ 1.5); b=40 (90.3 / 1.3); b=273 (91.3 / 1.3), b=800 (89.2 / 1.12). 
Relative to percentage signal ghosting, this was found not to be of 
significance for the images acquired for all sequences evaluated. 
However, images acquired using the EPI-DW sequence achieved 
the highest score for this image quality index indicating a higher 
prevalence of ghosting artefact (Table 3). According to ACR the 
acceptance criteria for SNR measurements could not be specified 
in general terms since the values are MR imaging system specific 
and dependent on other factors such as: RF coil characteristics, 
scanning conditions, phantom T1 and T2 values etc. However, vari-
ations were noted in the SNR values calculated for the sequences 
tested, with images acquired using the T1W SE sequence scoring 
highest (228.91), and those acquired using the T2W TSE sequence 
achieving the lowest score (16.6) (Table 3). The EPI-DW sequence 
performed well, achieving the second highest score after the T1W 
SE sequence using the NiCl2 phantom, with b=0 images scor-
ing higher than those for b=800 (Table 3). Conversely, the EPI-
DW images scored the highest measured SNR using the CuSO4 
phantom (b=0 [446.18], b=40 [440.35], b=273 [282.03], b=800 
[98.68]), compared to SNR measured using the NiCl2 phantom 
(b=0 [75.35], b=40 [70.71], b=273 [61.23], b=800 [31.48]) (Table 

4). According to Numano [12], the diffusion coefficient of pure 
water at 20°C is 2.023 × 10−3 mm2/s. In this work, the ADC 
values calculated from the EPI-DW images are summarised in 
(Table 4). ADC measurements for the phantom were found to 
be consistent with literature, with minimal variation related to 
temperature and concentration of water to Nickel Chloride of 
the MR phantom at the time of scanning [3,12].

Discussion
The QC tests performed provided a simple and compre-

hensive assessment of the performance of an EPI-DW sequence 
modified for Achilles tendon scanning. All image quality related 
characteristics of the acquired phantom MR images were quanti-
tatively evaluated.

Geometric Distortion
ACR specifications for acceptable geometric distortion sug-

gest that the absolute value for percentage geometric distortion cal-
culated using the formula in (Table 2) should not exceed 5% [11]. 
MR system performance for this study, based on measurements 
of the MR phantom and MR phantom images was such that the 
standard T1W SE, T2W TSE and STIR sequences were all within 
ACR specifications for geometric distortion. However, when using 
the EPI-DW sequences, MR phantom images failed to meet ACR 
specifications, scoring higher than the specified 5%. The scoring of 
the images acquired using the EPI-DW sequence in terms of aspect 
ratio was 1.11 to 1.14, according to the different b-values used, 
while the actual aspect ratio of the MR phantom was 1.3, indicat-
ing a scoring difference of 12-14% from the true dimension, i.e., 
the true value. In general, the American Association of Physicists 
in Medicine (AAPM) indicate that a failure in a geometric distor-
tion test can be attributed to gradient non-uniformity, as the linear-
ity of the gradient magnetic field is the principal hardware factor 
affecting geometric accuracy [9]. However, as only the EPI-DW 
sequence failed the ACR geometric distortion specification a more 
sequence-specific factor is implicated. According to Ardekani & 
Sinha [13], Echo-Planar Imaging (EPI) based diffusion-weighted 
image acquisition suffers from geometric distortions due to both 
local magnetic field in homogeneities and eddy current effects that 
arise from the large diffusion gradients required to obtain diffu-
sion-weighted images. Thus, the distortion artefact is related to the 
composition of the DW sequence, specifically the EPI-based ac-
celeration technique. These authors [13] then further explain that 
when using EPI techniques coupled with a DW sequence there 
are inevitable trade-off factors inherent to EPI, of which the most 
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noteworthy is the higher sensitivity to susceptibility-induced mag-
netic field distortions. Literature recommends the use of field map 
correction, short-axis readout, and parallel imaging acceleration 
techniques to reduce geometric distortion artefacts for an improved 
quality of the EPI-DW acquisition [14]. Identification of geometric 
distortion in EPI-DW images is important, specifically for MSK 
MR scanning because of the variation in tissue composition (e.g. 
bone, fat, fluid), which makes identification of artefacts such as. 
motion, eddy current and shimming failure complex [7].

Percent Signal Ghosting
In this study, the degree of image ghosting was quantified 

under the assumption that no motion occurred within the MR phan-
tom images as movement was reduced by using padding during im-
age acquisition, and MR system vibration was minimal. The ACR 
specifies that for ghosting artefact to be image acceptable it should 
measure less than or equal to 0.025. From (Table 3) it is evident 
that images acquired using all the routine pulse sequences and the 
EPI-DW sequence acquired at low b-values (b=0, 273, 400) passed 
the ACR criteria for signal ghosting. However, images acquired 
using the EPI-DW sequence with a high b-value (b=800) displayed 
minimal signal ghosting. According to Bammer et al [15], different 
b-values can influence the degree of ghosting artifact, which was 
evident from the results for the EPI-DW sequence. The use of a 
high b-value is necessary to detect variations in pathology from 
minor tissue degradation to complete destruction of the Achil-
les tendon [16]. Thus, it is essential to understand the underlying 
reason for the ghosting artefact in order to implement the correct 
technique to eliminate it. Since ghosting was more prominent in 
the images acquired using the EPI-DW sequence at high b-values 
of 800, it was concluded that this artifact occurred as a result of the 
influence of DW and EPI in combination within the sequence. A 
number of steps can be implemented to eliminate ghosting artefact 
related to the EPI-DW sequence several including: the application 
of inner volume shims and more complete spectral fat suppression 
(Spectral Attenuated Inversion Recovery SPIR or SPAIR), which 
are possible to apply on the 3T scanners.

Image Intensity Uniformity
According to literature [17,9,11] the common causes of poor 

sequence performance in an image intensity uniformity test in-
clude incorrect phantom positioning, ghosting, and RF coil failure. 
According to ACR guidelines, the Percentage Intensity Uniformity 
(PIU) for MR scanners operating at field strengths greater than 2T 
is expected to be between 90-100%. However, if using water-filled 
phantoms at field strengths at or above 3T, the dielectric and pen-
etration effects are more prevalent and a figure of less than 90% in-
tensity uniformity is acceptable. In this study, all sequences tested 
failed to meet the ACR specification for image intensity unifor-
mity. Sobol [18] has suggested a reason for this based on a study in 
which five different 3T MR scanners were tested for image inten-
sity uniformity using the ACR acquisition and measurement pro-
tocol, but failed to meet the required value. This may be related to 

the RF properties of the ACR phantom due to limitations imposed 
by the electromagnetic physics and the resonant RF frequency of 
3T MRI systems. Furthermore, since the focus of this research in-
volved testing the quality of images acquired using an EPI-DW 
sequence, a plastic cylindrical bottle filled with Copper Sulphate 
solution was used to re-test the image intensity uniformity (Table 
5). EPI-DW images scores determined using the images from this 
CuSO4-based phantom were within 90% of the ACR specification 
for percentage image intensity uniformity, indicating poor compli-
ance for images acquired using the phantom comprising Nickel 
Chloride in solution. The AAPM indicate that water-filled phan-
toms as described above are not optimal for acceptance QA testing 
of high-field scanners due to RF penetration and dielectric effects 
that become more pronounced with increasing frequency [9]. To 
avoid obtaining low image intensity uniformity values for such 
high-field systems, Alecci et al [19] recommend the use of oil-
based QA phantoms, which minimise the dielectric and penetra-
tion effects that occur at field strengths of 3T and above. 

Signal-to-Noise-Ratio
An important advantage when scanning at high magnetic 

field strength is the increased MR signal generated [20]. This 
increased signal is particularly useful when optimising SNR for 
DWI sequences acquired at different b-values, and specifically 
high b-values, which tend to reduce the inherent SNR [4]. How-
ever, this magnitude of SNR increase is not attained in practice 
because SNR is influenced by several factors including: physi-
ological noise, scanner hardware characteristics, Radio-Frequency 
(RF) field inhomogeneity and increased susceptibility effects [21]. 
Furthermore, SNR also depends on the metabolite concentration 
comprising the QA phantom and the T1 / T2 relaxation times of the 
metabolites [22]. While changes in T1 relaxation time with increas-
ing field strength are well understood, the effects of the higher 
magnetic field strength on T2 relaxation times are not as predict-
able. Cochlin & Blamire [22] further explain that T1 and T2 are 
largely independent of each other: T1 principally determined by the 
amount of paramagnetic ions present and T2 primarily a function of 
the MR phantom concentration. This is seen in a study performed 
by Li & Mirowitz [23] in which different phantom concentrates 
were used and in all scans T2 scored less than T1. Similarly, a study 
by Chien-Chuan et al [24] involving QA testing of five different 
3T scanners, found that SNR for T2W sequences in all the tests 
performed was lower than for the T1W sequences. For the STIR se-
quence Li & Mirowitz [23], explain that STIR is robust at all field 
of strengths and may be less vulnerable to field inhomogeneity, 
though it often produces lower SNR. Furthermore, given the many 
MR system characteristics upon which SNR depends, acceptance 
criteria for SNR cannot be specified in general terms since the val-
ues will always be system specific [24]. This is evident in the re-
sults for this study, as consistent with literature evidence, variation 
in SNR measurements for all four sequences was noted (Figure 6). 
For further confirmation of SNR behaviour and its dependency on 
different parameters was evident when the EPI-DW sequence was 
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re-tested with a phantom containing a Copper sulphate solution, 
demonstrating an increase in the measured SNR (Table 5). Li & 
Mirowitz [25] explained this in terms of the inherent sensitivity of 
EPI to magnetic susceptibility effects. Susceptibility artefacts may 
be mitigated through the use of parallel imaging, which has been 
shown to be particularly successful when used in association with 
EPI-DW sequences [26].

Figure 6: Images of the Nickel Chloride (NiCl2) in water MR phantom 
displaying visual differences in SNR for: 1. STIR, 2. T1W SE, 3. T2W 
TSE, and 4. EPI-DW sequences.

Apparent Diffusion Coefficient
ADC represents a valuable biomarker of disease; thus, ADC 

quantitative measurements are necessary for validation and cali-
bration of EPI-DW sequences [27]. According to Graessner [3], 
ADC is very dependent on temperature, with pure water having a 
diffusion coefficient of 3 x 10-3mm2/s at body temperature, which 
serves as a standard for MR scanners. However, the phantoms used 
in this study did not contain pure water and the mean ambient room 
temperature was 19°C. Changes in the calculated ADC values may 
be attributed to these variations together with some ghosting arti-
fact that influences overall image uniformity.

Conclusion
3T imaging availability is increasing within healthcare sys-

tems. The advantages of such high-field scanners have been well 
documented for several clinical applications including neuro im-
aging, MR angiography and MR imaging of the small anatomi-
cal structures comprising the joints. However, a number of image 
artefacts are more prominent at 3T. Understanding their physical 
origin can help radiographers and MR scientists to manage these 
artefacts through pulse sequence and image protocol optimisa-
tion and testing in advance of commencing clinical MR imaging 
of volunteer and/or patient subjects. Applying phantom testing of 
the EPI-DW sequence to be used for Achilles tendon imaging as 
part of a subsequent clinical study inferred important information 
regarding the behaviour of the 3T MR scanner and the RF coil 

relative to ACR-defined measurements of MR image quality.

Advances in Knowledge
The results of this study are of relevance for research and 

clinical testing of EPI-DW pulse sequences with ADC map mea-
surements on high-field 3T MR scanners. This study facilitated the 
continuation to a study designed to measure qualitative DWI and 
quantitative ADC measurement of the Achilles tendon and related 
pathology.
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