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Quality assurance (QA) in magnetic resonance imaging (MRI) requires test

objects. ‘Phantoms’ provided by MR manufacturers are homogeneously filled

spheres or cylinders, and commercially available products are often too small

for abdominal imaging, particularly for enlarged polycystic kidneys. Here we

present the design, manufacturing and testing of a dedicated, yet versatile,

abdominal MRI phantom, that can be reproduced with relatively low costs. The

phantommimics a human abdomen in size and shape and comprises seven test

fluids, representing various tissue types at 3 T. The conductivity and permittivity

of the test fluids match the average abdomen and kidney with a relative

permittivity (ε) 65 and 72 as well as conductivity 0.6 and 0.7 S/m,

respectively. The T1 and T2 relaxation times cover healthy average abdomen

and kidney tissue values (T1(abd): 856 ms and T1(kid): 1,106 ms; T2(abd): 52 ms and

T2(kid): 67 ms), intermediate (T1: 1,183 ms and 1,271 ms; T2: 128 and 189ms), and

disease values for (polycystic) kidney (T1: 1,428 ms, 1,561 ms and 1763 ms; T2:

319 ms, 424 and 647 ms). T1 and T2 relaxation times were stable over 73 weeks.

Our reasonably priced, durable and reproducible abdominal phantom enables

single and multi-center QA for future collaborative studies aiming for various

challenges around abdominal and, particularly, kidney imaging.

KEYWORDS

phantom, MRI, QA, kidney imaging, abdominal imaging, quality testing, quantitative
quality control

Introduction

Abdominal magnetic resonance imaging (MRI) in clinical routine is challenging,

mainly due to the large volume, strong susceptibility changes which lead to e.g., signal

dephasing, B1 heterogeneity, and organmotion causing artefacts. Some of these challenges

are traditionally dealt with by using lower field strengths (≤1.5 T), while MRI systems with

3 T are mostly used in high-end clinical examinations in neurology and skeletal radiology

as those provide higher sensitivity, which is turned into higher spatial resolution and

specificity [1, 2]. However, state-of-the-art abdominal MRI research has to meet the
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challenges of applying higher field strengths (3 T) to deliver

quantitative functional and structural information for the

translation into clinical practice. For renal MRI, this has been

proposed in detail by a European Cooperation of Science and

Technology (COST) Action PARENCHIMA (CA 16103,

renalMRI.org) [3], with several reviews on the most promising

MRI techniques [4–7]. Furthermore, technical recommendations

were recently shared with the community, including sequence

acquisition schemes and parameters, orientations, and quality

control (e.g., adjusting for B0 and B1 inhomogeneities) [8–12]. All

those protocols are designed to be short and to maintain patients’

comfort (breath-hold duration), because they need to be included

into established/diagnostic qualitative abdominal MRI protocols.

Therefore, these fast-imaging protocols need to be validated

against gold standard protocols, which take up to several

hours. This shows the need for further optimizations and

standardizations of various renal MRI protocols, in particular

for MR relaxometry, as no final consensus was reached on some

important key points for clinical renal T1 and T2 mapping. For

example, two different T1 mapping schemes were proposed

(modified Look-Locker inversion recovery (MOLLI) and

classic inversion recovery (IR) with echo planar imaging (EPI)

readout), and for T2 mapping no final consensus was reached

regarding the optimal acquisition scheme (multi-echo (ME)

spin-echo (SE), gradient and spin-echo (GRASE), or T2

preparation) [11].

Image quality can be optimized either via in vivo testing or in

phantom measurements, and both solutions have strengths and

limitations. In vivo measurements allow for testing stability

against physiological motion (breathing, cardiac motion), field

inhomogeneities and susceptibility artefacts. However, these

effects are different between subjects, and therefore, in vivo

measurements cannot be linked to a ground truth of e.g.,

relaxation times. In contrast, phantoms allow for comparing

the results of, e.g., fast MRI sequences to be optimized to ground

truth data established with carefully calibrated measures. Clearly,

B0 and B1 fields as well as susceptibility effects remain constant in

phantoms and ensure reproducibility throughout measurements.

This renders phantom measurements ideal for investigating

sequence parameters. But a significant limitation is that most

commonly available phantoms, such as MR system

manufacturer’s phantoms, are not designed to meet the

challenge for quality assurance (QA) of clinical abdominal

imaging [13]. Firstly, they generally do not provide the

relevant range of required relaxation times, and secondly, they

also do not mimic the abdomen with its required large field of

view (FOV). And commercial phantoms are often relatively small

and spherically designed for brain imaging, which reduces B0 and

B1 inhomogeneities. Therefore, they are often unsuitable to

reproduce the B0 and B1 inhomogeneity effects associated

with the larger FOV in abdominal MRI. These, in particular

the RF wave effects that induce spatial heterogeneity of the flip

angle, typically cause hyperintense and hypointense regions in

abdominal MRI [see (Figure 1)], and have the potential to affect

accuracy of T1 and T2 mapping methods [14].

Here we present our novel, anatomically shaped abdominal

phantom, designed with relatively low budget requirements. It

features good reproducibility and versatility for different abdominal

applications. This phantom is designed to mimic enlarged Autosomal-

Dominant Polycystic Kidney Disease (ADPKD) kidneys [15, 16] using

test fluids with calibrated T1 and T2 relaxation times as well as

appropriate permittivity and conductivity properties. The phantom

enables reproducible tests of renal MRI sequences, especially for

relaxometry, to meet the described application challenges around

evaluating chronic kidney diseases and healthy controls.

Materials and methods

Abdominal phantom

An axial image of the upper abdomen of a healthy volunteer

(male, body mass index 24.2, age 26 years) was used as a reference to

mimic the shape and dimensions of our abdominal phantom

(Figure 1). Two transparent plastic cylinders, made from

thermoplastic polymethyl methacrylate (PMMA, acrylic glass),

with a diameter of 300 and 250mm, respectively, and a wall

thickness of 5 mm each, were used to create a two-compartment

phantom. The outside compartment represents the subcutaneous fat

and the inner compartment the intra-abdominal cavity. These

cylinders were placed in a heating chamber for deformation. To

approximate the upper abdomen’s shape, a pre-cut sandwich of

cardboards and polystyrene together with a wooden board on the

posterior surface was used (Figure 2A). A weight was placed on the

anterior surface, and some parts were locally rewarmed to fit. The

formed cylinders were then glued together on a flat PMMA plate to

close the phantom on one side (includes: tempering, removal from

grease: ACRIFIX® TC 0030, adhesion: ACRIFIX® 2R 0190 and 3%

ACRIFIX® CA 0020; EVONIK, Röhm GmbH, Weiterstadt,

Germany). Four screw threaded holes were placed in this end-

plate and closed with PMMA screws for filling or cleaning the

outer compartment [see (Figure 3C)]. On the opposite side only

the outer compartment was closed with a pre-cut plate glued in place,

whereas a removable lid was constructed to access the inner

compartment. Two threaded holes were placed on the lid,

providing access without the need to fully open the lid [e.g., for

filling the inner compartment; see (Figure 3A)].

For the inner compartment a holder (inlay) was designed

(Figure 2C). This inlay holds two laser-cut PMMA discs, which

allows for inserting 50 ml conical centrifuge tubes with a diameter of

30 mm and length of 115 mm (50 ml FALCON® tube, Corning

Incorporated, New Jersey, United States). Screw threads were placed

on the holder bars to set the axial distance between the discs allowing

them to lock two test tubes on top of each other. All phantom

materials were tested for material compatibility with the used test

fluids (in compliance with the norm DIN 53435:1983).
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FIGURE 1
Design and shape of the abdominal phantom. (A) Axial T1 weighted image of the upper abdomen of a healthy volunteer used to define the shape
of the abdominal phantom (red drawing on top of the axial image). (B) Axial T1 weighted image of a healthy volunteer with segmented areas of the
upper abdomen (liver, spleen, pancreas, vessels, duodenum, and various bones and muscles). These areas were used to calculate the averaged
dielectric properties and relaxation times of the intra-abdominal test fluid. The images show two slices from different positions in the same
volunteer and exemplify non-uniformities caused by inhomogeneous excitation B1 due to wave effects (hypointense: central dark region), and
receive coil sensitivities (hyperintense: bright region near surface), as often seen in uncorrected abdominal MRI.

FIGURE 2
Abdominal phantom design and building. (A) Procedures of shaping the acrylic glass cylinders after being in the heating cabinet with a sandwich
of pre-cut cardboards, polystyrene, and pressed wood (dashed cutout). (B) Technical drawings of the abdominal phantom (dimensions in mm).
Further technical drawings are depicted in the Supplementary Materials. (C) Inside the abdominal phantom is an inlay with a set of test tubes, equally
arranged on both sides and mirrored top to bottom. One set is composed of six kidney test fluids, hexagonally arranged in circular order from
lowest T1 and T2 in kidney sample one to the highest relaxation times in kidney sample six [see (Table 1)]. Corn oil filled samples are shown in yellow.
The purpose of this arrangement is to test varying SNR across the image, due to B1 fields and receive coil proximity using different pulse sequences.
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Temperature phantom

Repeated MR acquisitions were applied over several hours to

increase the temperature inside the phantom, which is known to

increase T1 and decrease T2 [17, 18]. To assess the impact of

temperature on T1 and T2 an additional, but down-scaled, 3.5 L

abdominally shaped phantom was created without a complex

inner structure. Two small tubes (5 cm length, 2 mm outer

diameter, and 1 mm inner diameter) were put inside to guide

optical temperature sensors (OmniLink; Qualitrol

Instruments, Neoptix, NY, United States) into the core of

this phantom.

Test fluids

The outer compartment of the phantom was filled with 4 L

corn oil. In the inner compartment, 24 test tubes containing each

60 ml of different test fluids were arranged hexagonally in four

groups on each side of the holder (left/right/head/feet); non-

yellow circles in (Figure 2C). Each of the four hexagonally

arranged sets comprises six test tubes with the same set of T1

and T2 values. In addition, three test tubes containing corn oil

[marked yellow in (Figure 2C)] were placed on each side (in total

720 ml of corn oil), potentially useful for evaluating, e.g., fat

saturation or chemical shift artifacts. The holder with all 36 test

tubes was submerged in 8.5 L test fluid representative for intra-

abdominal tissue, which also matches T1 and T2 values of healthy

kidney (Figure 3B).

Permittivity and conductivity of various abdominal tissues

were taken from previous publications [19, 20]. The mean intra-

abdominal T1 and T2 relaxation time was based on [21], and

relevant renal T1 and T2 relaxation times were taken from [7]. To

extrapolate the mean dielectric properties and mean T1 and T2

relaxation time of the intra-abdominal test fluid an axial image of

the upper abdomen at the level of the renal arteries of a healthy

subject was used to segment the area of all relevant tissues

[averaging the values from various organs; see (Figure 1B)].

FIGURE 3
Abdominal phantom structure and composition. (A) Final construction and illustration of the abdominal phantom. For visualisation purposes
coloured test tubes are placed on the inlay holder. The outer compartment is filled with corn oil, simulating subcutaneous fat. The arrows point at the
screw threaded holes to access the inner compartment without the need to lift the whole lid. (B) Photo of the final abdominal phantom immediately
after filling. The kidney test samples are submerged into the intra-abdominal test fluid (transparent before gelling). (C) Phantommeasurement
setup with the 18-element flexible body coil array on top, and the 32-element spine coil array on the bottom. The arrow points at one of the four
screw threaded holes, which was placed to access the outer compartment. (D) Axial T1 weighted image of the phantomwith 14 ROIs (yellow circles).
The air bubble (arrow) is caused by shrinkage upon cooling of the intra-abdominal test fluid (arrow). (E) Sagittal T2 weighted image of the phantom.
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The resulting dielectric properties of the intra-abdominal and

kidney test fluids as well as T1 and T2 relaxation times are

summarized in (Table 1).

Tissue-equivalent dielectric properties were created with

solutions of 15.00% w/w and 31.7% w/w polyvinylpyrrolidone

(PVP K 30 extra pure, M = 40,000 g/mol; Carl Roth, Karlsruhe,

Germany), and 0.54% w/w and 0.67% w/w sodium chloride for

the kidney and intra-abdominal test fluids, respectively.

Weighing was done repeatedly on calibrated Sartorius

LP620P (d = 1 mg; Sartorius, Goettingen, Germany) and

Sartorius BP121S (d = 0.1 mg; Sartorius, Goettingen,

Germany). Weight to weight ratios of all test fluids are

based on 1 kg H2O, summarized in (Table 1). The sodium

chloride concentration was achieved by mixing sterile water

for injection (1,000 ml Aqua Ecotainer®; B. Braun, Maria

Enzersdorf, Austria) and 0.9% sodium chloride solution for

injection (1,000 ml NaCl 0.9% Ecotainer®; B. Braun, Maria

Enzersdorf, Austria). In addition, 0.1% w/w benzoic acid (M =

122.1 g/mol; Carl Roth, Karlsruhe, Germany) was used for

conservation. They were created in several volumes of 1 L on

different days in a closed container using a vibrating table at

room temperature for up to 24 h. After successful dissolution,

each test fluid was degassed using a rotary vane pump and

stored in air and water tight plastic containers (reused/cleaned

1,000 ml Aqua and NaCl 0.9% Ecotainer®). In total, 9 L of the

intra-abdominal test fluids and 2 L of kidney test fluids were

created.

After 3 months these test fluids were further doped with

agarose (ROTI®agarose Low Melt; Carl Roth, Karlsruhe,

Germany) and manganese (II)-chloride (MnCl2) tetrahydrate

(M = 197.91 g/mol; Merck & Co., Kenilworth, New Jersey,

United States) to achieve the desired T1 and T2 relaxation

times. For this, these fluids were filled in empty and cleaned

disinfectant flasks (mikrozid AF liquid 750 ml; Schülke and

Mayr, Vienna, Austria), because they were sufficiently air and

water tight during the heating phase (up to 95°C). They were

submerged in a heated water bath and rotated manually for

6 hours until the agarose was fully dissolved. Upon increased

pressure the flasks were shortly ventilated.

The MnCl2 concentrations required to obtain the desired T1

relaxation times were approached by assuming a linear

dependence of the T1 relaxation rate (R1) on [MnCl2] [22].

The desired T2 relaxation times were then adjusted by adding

agarose in iterative steps. These initial samples were stored in

syringes (10 ml) to seal them properly for storage in the scanner

room and during relaxivity measurements. Once all required

concentrations were defined, the final samples were created.

These solutions were immediately degassed and stored in air

and water tight plastic containers (1,000 ml Ecotainer® for intra-
abdominal test fluid, and in 50 ml FALCON® tubes for kidney

test fluids). Kidney test fluids were first created to measure the

stability of solutions regarding T1 and T2 relaxation times over a

period of 9 weeks (11 MR measurements: three on Wednesdays,T
A
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seven on Saturdays, one on Sunday), prior to placing them in the

final phantom.

For the filling of the final phantom, the kidney test fluids

and oil-filled test tubes were placed on the inlay holder and put

into the phantom. The intra-abdominal test gels were carefully

remelted (95°C warm water bath, only shortly ventilated to

account for increased pressure due to evaporation). After that,

the melted intra-abdominal test fluid was poured into the inner

compartment of the phantom, and the lid was closed. During

the cooling period of about 4 hours, the intra-abdominal test

fluid was topped up using the threaded holes [see (Figure 3A)].

Illustrations of the abdominal phantom are shown in (Figure 3).

All kidney test fluids were filled into the test tubes without any

entrapped air.

Six weeks after the filling of the phantom, relaxometry

measurements were continued to assess the long-term stability

of the intra-abdominal and kidney test fluids for 73 weeks

[28 MR measurements: three on Thursdays, 18 on Fridays and

seven on Saturdays, see (Figure 5)].

MR setup and sequences

Measurements were performed on a whole-body 3 T scanner

(PrismaFit; Siemens Medical Solutions, Erlangen, Germany)

equipped with a 32-element spine coil array (Spine 32; Siemens

Medical Solutions, Erlangen, Germany) and an 18-element flexible

body coil array (Body 18; Siemens Medical Solutions, Erlangen,

Germany). The manufacturer’s automated abdominal and standard

B0 shimming mode and volume-selective and patient-specific B1
shimming mode were used for T1 and T2 measurements,

respectively. T1 relaxation time measurements were performed

using a 2D single-slice inversion recovery (IR) turbo spin echo

(TSE) sequence with TR = 10,000 ms, TE = 8.4 ms, voxel size: 0.75 ×

FIGURE 4
Stability of kidney test fluids prior to the insertion into the abdominal phantom. Each kidney test fluid was filled in four separate tubes [one for
each set; see (Figure 2)]. (A) Linear regression of T1 relaxation times of the kidney test samples showed no significant trend with respect to time. (B)
Linear regression of T2 relaxation times of the kidney samples one, two, three and five show a small but significant decline. The other samples
exhibited no significant trend. Over the course of 9 weeks the mean T1 and T2 values were -0.7% and -4.8% below the targeted values [see also
(Table 1)].
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0.75 × 5 mm³, turbo factor: 7, echo train per slice: 47, readout

bandwidth 352 Hz/px, slice selective inversion pulse, inversion times

(TI): 50, 100, 200, 400, 600, 1,000, 1,300, 1,600, 1900, 2,500, 3,500,

5,000, 9,000 ms. Total acquisition time (TA) for T1: 104 min. T2

relaxation times were measured using a 2D single-slice multi-echo

(ME) sequence derived from the Carr-Purcell-Meiboom-Gill

(CPMG) sequence with TR = 10,000 ms, TE = 8ms, voxel size

0.75 × 0.75 × 5 mm³, readout bandwidth: 352 Hz/px, echo train

length: 32, four separate T2mappings with different echo spacings to

cover the given range of T2 values: 8 ms (for intra-abdominal and

kidney test sample one), 10 ms (for kidney test sample two), 27 ms

(for kidney test sample three to five), and 50 ms (for kidney test

sample six) [23, 24]. Total TA for all four T2measurements: 216 min.

The abdominal phantom was placed inside the scanner to

simulate a patient lying supine, and all measurements,

i.e., images, were performed axially to test the long term

stability. The phantom was centered on the MRI table

using the scanner’s laser visor and the initial iso-center was

placed between the test tube sets, ensuring day-to-day

reproducible positioning. The alignment was verified with

localizers, and a fixed protocol was used for automatic

alignment of shimming volumes and imaging slices. For

axial imaging, the iso-center was moved to the FOV.

Separate sagittal measurements were performed to quantify

the uniformity of the test solutions (iso-centre was placed

between the test tube sets).

The phantom was stored at constant room temperature

(23°C) in the MRI room, measured with a Type-K sensor

(FLUKE 289 True RMS Multimeter; Fluke Corporation,

Washington, United States), as this is the common operating

temperature for many MRI scanners worldwide. During MR

measurements the ventilation inside the scanner bore (generally

in operation, also during in vivo measurements) was set to

maximum to remove heat from the coils and phantom.

Signal-to-noise (SNR)measurements were performed to validate

the methods for T1 and T2 relaxation time calculations. For T1,

temporal SNRmeasurements using the same IR-TSE sequence as for

T1 relaxation time measurements, but with a fixed TI = 50 ms, were

used. Consecutively, an additional T1 relaxation time measurement

was performed to normalize the temporal SNR measurement to

Mz = 1 (based on ra; see alsoMR data processing). For T2, the SNR of

the T2 weighted magnitude images were calculated.

MR data processing

The signal model for T1 relaxation time measurements using

a IR SE scheme with instantaneous RF pulses and no off-

resonances is defined as

Mz � M0
1 − cos(θ1) cos(θ3)e−TR

T1 − cos(θ1)[1 − cos(θ3)]e−
TR−TE2

T1 − [1 − cos(θ1)]e− TI
T1

1 − cos(θ1) cos(θ2) cos(θ3)e−TR
T1

(1)

with the following RF and readout sequence:

θ1 − TI − θ2 − TE
2 − θ3 − TE

2 − TD, and a fixed TR � TI + TE +
TD [25, 26]. Mz is the magnetization in z direction, M0 reflects

the proton density (and a machine-dependent proportionality

constant), θ1 is the initial 180° RF pulse, θ2 is a 90° RF pulse and

θ3 is a consecutive 180° RF pulse. This leads to different signal

intensities (S (TIn)), as MZ is sampled at different TIn [26]:

S(TIn) � KMz � eiΦ(ra + rbe
−TIn

T1 ) (2)

withΦ ranging from -π to π as the phase of K, with contributions
from T2 and coil sensitivities, where

ra � |K|M0
1 − cos(θ1) cos(θ3)e−TR

T1 − cos(θ1)[1 − cos(θ3)]e−
TR−TE2

T1

1 − cos(θ1) cos(θ2) cos(θ3)e−TR
T1

(3)
and

rb � −|K|M0
1 − cos(θ1)

1 − cos(θ1) cos(θ2) cos(θ3)e−TR
T1

(4)

The (Eq. 2) has four real-valued unknowns: Φ, ra, rb, and T1.

Using only magnitude IR-SE images for T1 relaxation time

measurement with TR >> T1 (Eq. 2), becomes

|S(TI)| � ∣∣∣∣ra + rbe
−TI
T1

∣∣∣∣ (5)

with ra, rb and T1 being real-valued.

Barral’s model [26] uses a reduced-dimension non-linear

least squares with polarity restoration (RD-NLS-PR) algorithm,

modelling the signal dependence on TI [S(TI)], to solve T1 in (Eq.

5). In short, it takes advantage of knowing that TI increases

monotonically and S(TIn) approaches an initial point of zero, and

thereafter S(TI) increases. This defines until when the polarity of

S(TI) must be reversed. This simplification and the use of a grid

search allows a fast 1D search for T1.

The T2 magnitude signals at each TE [S(TE)] were fitted

mono-exponentially as

S(TE) � S0e
−TE
T2 (6)

S0 reflects the proton density (and a machine-dependent

proportionality constant) and the first echo was omitted [27].

The acquired DICOM files were post-processed using

MATLAB (R2020b; The MathWorks, Natick, MA,

United States) together with MRIcron [28] and qMRLab [29].

All calculated maps were loaded into ImageJ [30], where 14 ROIs

were defined within each kidney test sample, and in the

surrounding intra-abdominal test fluid (Figure 3D), and mean

values were extracted. Statistical calculations were processed with

R [31]. Linear regressions were applied to assess the T1 and T2

long term stability of the test samples in the abdominal phantom,

and for temperature related R1 and T2 relaxation rate (R2)

changes in the temperature phantom. Paired t-tests were used
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to compare mean T1 and T2 in the abdominal phantom before

and after repeated relaxometry.

Results

A human size abdominal shaped phantom with two

compartments and an inlay holder for 36 test tubes was

successfully manufactured (Figures 2, 3). The material and

machine costs are summarized in (Table 2) and sum up to

about 1,300 €.

The tissue-equivalent dielectric intra-abdominal and

kidney test fluids, prior to doping with agarose and MnCl2,

were created within 1 month by the liter. Relaxation time

measurements of the undoped intra-abdominal test fluid

resulted in T1 = 1,327 ± 18 ms and T2 = 1,267 ± 25 ms,

and undoped kidney test fluids had T1 = 1970 ± 8 ms and

T2 = 1827 ± 16 ms.

Results of the initial long-term stability test of the

final kidney samples prior to insertion into the

abdominal phantom are summarized in (Figure 4) with

linear regressions of the T1 relaxation times showing no

significant trend. T2 relaxation times of the kidney samples

one, two, three and five showed a significant but small

decrease, and the other samples showed no significant

trend over time.

Despite having carefully avoided entrapping air during

filling, the large volume of the intra-abdominal test fluid

shrunk during the cooling period, creating a small air bubble

in the enclosed phantom, which is visible at the anterior surface

as a crack (Figure 3D).

Results of the long-term stability measurement of

relaxometry for the intra-abdominal and kidney test fluids

over 73 weeks are shown in (Figure 5). Linear regressions of

these results exhibited no significant relationship with

respect to time for all T1 relaxation times, and for T2

relaxation times of kidney samples four, five and six. A

non-substantial but significant decline of T2 values was

present for the intra-abdominal test fluid and kidney

samples one, two and three. The standard deviation (SD)

of the mean T1 values is <1% of the mean. Sagittally

measured relaxation times were uniform in head-foot

direction, with a mean offset of 1.0% compared to axially

measured relaxivities.

TABLE 2 Material and machine cost calculation of the abdominal phantom.

Material costs

Liquids volume [l] Cost per l (EUR) Total cost (EUR)

Aqua bidestilata 12 3.67 44

NaCl 0.9% 12 4.67 56

Chemical constituents weight (g) Cost per g (EUR) Total cost (EUR)

Agarose Low Melt 25 7.34 183

PVP 5,000 0.13 634

Housing constituents area (m2) Cost per m2 (EUR) Total cost (EUR)

PMMA, 4 mm, transparent 0.225 47.39 11

PMMA, 5 mm, transparent 0.225 40.64 9

PMMA, 8 mm, transparent 0.2 65.02 13

PMMA, 10 mm, transparent 0.1 81.28 8

Cylinder housing constituents length (m) Cost per m (EUR) Total cost (EUR)

Acrylic glass XT cylinder, diameter 250 mm wall thickness 5 mm 0.25 184.32 46

Acrylic glass XT cylinder, diameter 300 mm wall thickness 5 mm 0.25 238.68 60

Subtotal 1,064

Machine costs

Time (h) Hourly rate (EUR) Total cost (EUR)

Laser cutter 4 51.32 205

Drilling 0.85 4.56 4

Heating cabinet 1.3 6.08 8

Moulding cutter 0.9 12.64 11

Subtotal 228

Total 1,292
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Using the temperature phantom we directly measured a

T1 increase of 2.2% and a T2 decrease of 0.7% per °C

temperature increase [temperature range for T1:

22.9–25.4°C; R2 = 0.999; p < 0.001; temperature range for

T2: 23.3–25.5°C; R
2 = 0.997; p < 0.001; see (Supplementary

Figure S2)]. Extrapolating these results to the abdominal

phantom with repeated T1 and T2 relaxation time

measurements over 7 h resulted in a mean 3.0% increase

of T1 and a paired t-test exhibited significance in all test

samples (mean differences ranging from 24.9 to 57.1 ms, p <
0.001). A T2 decrease of 0.7% was found in samples with

shorter T2 (intra-abdominal and kidney test fluid one; mean

differences ranging from -0.5 to -0.2 ms with p < 0.001),

while samples with longer T2 showed a 1.8% increase (kidney

test sample two to six; mean of the differences ranging from

0.7 to 17.6 ms, p < 0.001). Based on observed T1 changes, the

temperature increase in the abdominal phantom was

estimated to be 1.4°C after a 7-h relaxometry

measurement session.

Temporal SNR of our T1 measurements showed noise levels

below 0.002 (maximum signal amplitude scaled to 1, cf. Eq. 1)

within all 14 ROIs [see (Figure 3D)]. For T2 measurements, the

associated T2 weighted magnitude images exhibited a mean

maximum SNR of 139 ± 31 and mean minimum SNR of 12 ± 10.

None of the test fluids showed signs of bacterial growth or

mould formation.

FIGURE 5
Time course of T1 and T2 relaxation times of the abdominal phantom. (A) Linear regression of T1 relaxation times showed no significant drift over
the time course of 73 weeks. SD of T1 values are within 1% of the mean, corresponding to a maximum temperature change of 1°C (based on the
temperature phantommeasurements). (B) Linear regression of T2 relaxation times showed a very small but significant decline in the intra-abdominal,
kidney test fuild one, two and three. Kidney test fluid five and six showed no relevant drift. The mean and SD of T1 and T2 of the test fluids are
summarized in (Table 1).
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Discussion

We present a novel phantom suitable for quality assurance

of abdominal MRI with a large FOV. We fulfilled the

requirements of an economically feasible, yet versatile,

reproducible, durable and anatomically shaped phantom.

The dielectric properties and T1 and T2 relaxation times

were chosen for quantitative renal MRI, to foster further

optimizations and standardizations as laid out by previous

publications [3, 7, 8, 11]. In contrast to common designs and

commercially available quantitative MRI phantoms [13], such

as the National Institute of Standards and Technology (NIST)/

International Society of Magnetic Resonance in Medicine

(ISMRM) system phantom [32, 33], our abdominal

phantom is not spherically shaped like a person’s head but

resembles a realistically shaped abdominal torso. Also, the

volume and extension of the test samples are significantly

bigger, which is important as ADPKD can lead to kidney

volumes of up to several liters [16]. Applying large FOV

measurements on non-spherical shapes induce relevant B0

and B1 shimming and post-processing challenges. Correcting

B0 and B1 inhomogeneities was shown to be important to

increase accuracy and precision of relaxometry

measurements, especially for fast in vivo MRI sequences

such as steady-state free precession and EPI acquisitions

[13, 14, 27, 33, 34]. Our abdominal phantom will help

address several current renal MRI challenges on site, and

its reproducibility will allow for multi-center, multi-vendor

comparisons and thus enable the normalization of clinically

acquired renal MR relaxometry data. Any reproduced

phantom, different MR scanners and setups will result in

slightly different relaxation times, which must be accounted

for in comparative studies. However, the expected range of

relaxation times and the relative ratios between each test

sample can be considered sufficient for QA of fast clinical

MR evaluations [35].

The use of PVP and salt allows adjustment for abdominal and

renal dielectric properties. In contrast to sugar-based solutions,

PVP provides a signal with a single MR resonance [19, 20]. The

mixing procedures are simple, but take up to 24 h when

processed at room temperature. However, this allows for the

use of simple water and air tight containers during the mixing

process. Compared to sugar-based solutions [36] the risk of

bacterial and mould growth is lower, and was further reduced

by adding 0.1% w/w benzoic acid and the usage of sterile fluids.

Even after 73 weeks no bacterial growth of mould formation was

visible. With these ingredients the initial T1 and T2 values of the

undoped test fluids, created by the liter on different days, showed

only a small variance, and hence deemed optimal for further

processing, i.e., doping. Also, this shows the potential for a

successful reproduction of this phantom.

MnCl2 and low-melt agarose can be used to set T1 and T2

relaxation times stable over a wide range of healthy, intermediate

and diseased values for renal MRI, as summarized in (Table 1;

Figure 5). The required concentrations were derived from various

experimental samples with volumes ≤10 ml, and syringes were used

for storage to reduce water loss. MnCl2 has the advantage to reduce

T1 and T2 relaxation times already close to in vivo tissues, and

agarose allows to further reduce T2 with a negligible impact on T1 in

the desired concentrations [18, 22, 37]. The usage of low-melt

agarose was important to control the evaporation during the

melting phase. Uncontrolled heating, e.g., boiling the test fluids

in the microwave, had a major impact on the variation of T1 and T2
relaxation rates. Hence, the low melting temperature (≤65,5°C)
allowed to melt agarose into solution below the boiling point,

while being in air and water tight water bottles, and only short

ventilations were necessary. The associated low gelling temperature

(≤28°C) made it easy to decant the solutions into different flasks and

into the final phantom. The final kidney test fluids were filled in the

FALCON® tubes without entrapped air, to reduce the risk of

deterioration. However, inside the large intra-abdominal

compartment a small volume of entrapped air remained after the

filling process, which caused a small crack in the intra-abdominal

agarose gel (Figure 3D). Nevertheless, it remained relatively stable

with no signs of deterioration over the course of 73 weeks. Large

volumes of agarose are prone to such cracks [37], and thus, non-

gelling alternatives, i.e., salt and contrast agent solutions, could be

considered.

The initial samples and the final phantom were stored in

the scanner room with a well-controlled and stable

temperature of 23°C. To reduce heating during the

measurements the ventilation of the scanner was set to

maximum. It should be noted that relaxometry

measurements should be applied after some days or weeks

after the mixing, because initial relaxometry results showed

slightly higher T1 and T2 values (Figure 4), reflecting ongoing

polymerization and gelling processes. The MR images in

(Figure 3) show a homogeneously filled phantom, and the

relatively small offset between the measured and targeted T1

and T2 values shown in (Table 1), as well as the small T2

decline in some samples (Figure 5) is sufficient for the quality

assurance of clinically feasible, i.e. fast, mapping sequences.

The (statistically significant) T2 changes are hardly perceptible

in (Figure 5) (and irrelevant in practice). They could be caused

by ongoing polymerization and gelling, oxygenation or

dehydration.

A limitation of this study was the lack of usage of additional

temperature sensors in the abdominal phantom and for the small

initial samples. However, an additional implementation of

temperature sensors would have been very complicated.

Firstly, the volume of the abdominal phantom is so large, that

a single temperature sensor would not be an acceptable proxy for

localized temperature changes (especially as no relevant

convection can occur in agarose gel). The same applies for the

small initial samples. Secondly, the inner structure (inlay) of the

abdominal phantom is a barrier for placing temperature sensors.
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Also, an external infrared (IR) camera would not be a proper

surrogate for internal temperature changes, because acrylic glass

blocks the transmission of most IR wave-lengths. The results

from the temperature phantom, showing a T1 increase of 2.2%

per °C and T2 decrease of 0.7% per °C are in line with previous

findings [17, 18]. Translating these results to the abdominal

phantom, we claim that our regularly applied long term stability

relaxometry measurements, based on T1 SD of <1% over

73 weeks, prove stable temperature within the phantom

[i.e., maximum temperature variation of 1°C; see (Figure 5)].

Only repeated relaxometry measurements over 7 h achieved an

estimated temperature increase of 1.4°C. The temperature change

is small (given the long measurement in a phantom without

thermoregulation), mostly due to the large volume of the

abdominal phantom. Such long quality assurance protocols

are unlikely for fast clinical sequences, and usually the SD

range of fast clinical T1 and T2 mapping sequences are

significantly higher compared to the temperature variation of

the abdominal phantom. Clearly, the temperature increase

depends on the specific absorption rate and accumulated

specific energy dose of scanning protocols. Also, electronic

components of RF coils themselves may warm up during

normal operation. Introducing space between the coil and

phantom as well as ventilation can help mitigate this effect. In

very demanding cases it is advised to split measurement sessions

over the course of several days. 23–25°C is the room temperature

range in which many clinical MR scanners are used, but MR

systemsmay also be operated outside this temperature range. The

data from the temperature phantom also allows estimating T1

and T2 relaxations times for scanner rooms operating at lower or

higher temperatures, as within the narrow temperature range of a

few degrees centigrade, the temperature dependence of T1 and T2

can be extrapolated linearly [see (Supplementary Figure S2)].

Also, in an environment with a large temperature variation, using

nickel doped agarose could be a better choice to reduce T1,

because it has shown to have a smaller temperature

dependence [38].

The T1 relaxation time calculation based on Eq. (1) has three

real-valued unknowns (ra, rb, T1). Barral’s method using a RD-NLS-

PR algorithm for the monotonically increasing function of the T1
signal evolution with increasing TI, proved to be well comparable to

the solution based on complex data (five-parameter model) as long

as the SNR is sufficiently high [26]. Our temporal SNR data on T1

measurements showed for all ROIs sufficient SNR to use the RD-

NLS-PR algorithm. The fitting of T2 relaxation time was performed

without adding an offset, due to sufficient SNR, the use of a relatively

long echo train length and optimized B1 shimming procedures as

well as the usage of a wide range of different echo spacings.

Importantly, this phantom also allows testing different

coils and the combination of the individual coil signals

[39], B0 and B1 shimming as well as fat saturation schemes.

Furthermore, the impact of different large FOV placement

and orientations, and other quantitative measurements,

such as T2
* and the apparent diffusion coefficient, may be

investigated [40]. Furthermore, the versatile inlay concept

allows the placement of, e.g., 3D printed structures for

investigations on segmentation and partial volume

effects (e.g., simulating renal sinus fat and renal medulla

and cortex) [41], and non-magnetic motors to test motion

sensing and compensation algorithms [42]. Also, other

abdominal organs, such as the liver and pancreas, could

be simulated by varying the inlay setup and the test fluids.

Conclusion

An anatomically shaped abdominal phantom was designed

and built to enable quality assurance of T1 and T2 relaxation

time measurements in clinical renal imaging. This phantom

and its fillings were successfully developed to be stable,

reproducible, versatile and economically feasible so that it

enables single and multi-center as well as multi-vendor

comparisons. This should lead to updated technical

recommendations for clinical renal T1 and T2 relaxation

time measurements, which ultimately may lead to novel

imaging biomarkers to tackle the challenges around chronic

kidney disease.
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