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Abstract

Purpose: The purpose of this work is to characterize the magnitude and variability of B0 and B1 

inhomogeneities in the liver in large cohorts of patients at both 1.5T and 3.0T.

Methods: Volumetric B0 and B1 maps were acquired over the liver of patients presenting for 

routine abdominal MRI. Regions of interest were drawn in the nine Couinaud segments of the liver 

and the average value was recorded. Magnitude and variation of measured averages in each 

segment were reported across all patients.

Results: A total of 316 B0 maps and 314 B1 maps, acquired at 1.5T and 3.0T on a variety of GE 

Healthcare MRI systems in 630 unique exams, were identified, analyzed, and, in the interest of 

reproducible research, de-identified and made public. Measured B0 inhomogeneities ranged 

(5th-95th percentiles) from −31.7Hz to 164.0Hz for 3.0T (−14.5Hz to 81.3Hz at 1.5T), while 

measured B1 inhomogeneities (ratio of actual over prescribed flip angle) ranged from 0.59 to 1.13 

for 3.0T (0.83 to 1.11 at 1.5T).

Conclusion: This study provides robust characterization of B0 and B1 inhomogeneities in the 

liver to guide the development of imaging applications and protocols. Field strength, bore 

diameter, and sex were determined to be statistically significant effects for both B0 and B1 

uniformity. Typical clinical liver imaging at 3.0T should expect B0 inhomogeneities ranging from 

approximately −100Hz to 250Hz (−50Hz to 150Hz at 1.5T) and B1 inhomogeneities ranging from 

approximately 0.4 to 1.3 (0.7 to 1.2 at 1.5T).
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Introduction

Inhomogeneities in the static (B0) and transmitted (B1) magnetic fields lead to artifacts and 

image degradation in a variety of imaging applications. Such inhomogeneities are of 

particular importance for quantitative imaging applications. B0 inhomogeneities in the static 

magnetic field are known to diminish the accuracy of quantitative parameter mapping (1), 

lead to image distortion in both standard and diffusion weighted echo planar imaging (2,3), 

cause banding artifacts in balance steady state free precession imaging (4), and exacerbate 

fat-water swaps in chemical shift-encoded (CSE)-MRI (5). B1 inhomogeneities in the local 

transmitted magnetic field are known to degrade image quality and cause spatially varying 

errors in the transmitted flip angle (6–8). Flip angle errors can lead to significant 

inaccuracies for quantitative T1 mapping applications, including inversion recovery and 

variable flip angle acquisitions (9–12).

In the liver, spoiled gradient echo (SGRE) acquisitions are commonly used both qualitatively 

and quantitatively. SGRE is routinely employed for dynamic contrast enhanced MRI (DCE-

MRI) of liver perfusion (13,14), and in CSE-MRI (15) to quantify proton density fat fraction 

(PDFF) as a biomarker of tissue fat concentration (16,17), R2* as a biomarker of tissue iron 

concentration (18,19), and T1 as an emerging biomarker of tissue fibrosis (20). While the 

short acquisition times of SGRE are well suited for abdominal imaging, these acquisitions 

are sensitive to both B0 field map inhomogeneities and B1 flip angle errors, particularly 

when using multiple flip angles (1,9,21).

Producing reliable images and accurate measurements requires that quantitative imaging 

methods account for, or correct for, B0 and B1 inhomogeneities. Some methods are designed 

to be robust to these inhomogeneities (e.g. adiabatic pulses are robust to B1 inhomogeneities 

(22)), while other methods recognize and account for the inhomogeneities (e.g. CSE-MRI 

measures and corrects for B0 field variations (1)). In order to engineer image acquisition and 

reconstruction solutions that work broadly and robustly in a large number of patients, it is 

essential to know the scope of B0 and B1 inhomogeneities expected in vivo. Therefore, the 

purpose of this work is to determine the magnitude and variability of B0 and B1 

inhomogeneities, separately, in the liver at both 1.5T and 3.0T in large cohorts of patients.

Methods

Patient Cohorts

In two separate cohorts of patients, from two independent and chronologically separate 

quality assurance studies, B0 and B1 maps were acquired in patients presenting for routine 

clinical MRI exams for a wide range of routine clinical applications. Typical pathology of 

patients presenting for abdominal imaging includes cirrhosis, metastatic disease, focal liver 

lesions, diffuse liver disease, biliary disease, pancreatic masses, renal lesions, and 
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hepatocellular carcinoma. All acquisitions were performed using standard transmit/receive 

system coils. Product prescan was performed prior to each acquisition. This algorithm uses 

the center slice of the prescribed volume to determine center frequency and linear B0 shim, 

for both 1.5T and 3.0T. On 3.0T systems equipped with dual RF transmit systems (see Table 

1 for configurations), B1 amplitude and phase for the in-phase and quadrature channels were 

fixed to system specific vendor-specified values designed to optimize B1 uniformity in the 

liver. Data were analyzed retrospectively in a HIPAA compliant manner after approval from 

the local IRB.

B0 Acquisition and Analysis

3D B0 maps were acquired using a commercially available version of a quantitative CSE-

MRI method (IDEAL IQ, GE Healthcare, Waukesha, WI) (23) on a variety of 1.5T and 3.0T 

clinical MRI systems (Table 1). IDEAL IQ is a vendor-specific implementation of CSE-MRI 

that acquires data using a multi-echo SGRE pulse sequence and estimates tissue parameter 

maps (including B0 field map) using a least squares fitting algorithm with T2* correction 

(24–26), as well as a region growing algorithm to avoid fat-water swaps (27); typical 

implementations of this reconstruction can be seen in (25,28–30). B0 maps were acquired 

with the following parameters: 42×42cm2 FOV, 8mm slice thickness, 32 slices, 3o prescribed 

flip angle, 128×128 matrix size, ±83.33kHz receiver bandwidth, with 6 echoes. At 1.5T, all 

echoes (TE1=0.9ms, ΔTE=1.48ms) were acquired in a single TR (9.5ms) in a single 17s 

breath-hold. To maintain optimal echo time spacing (30) at 3.0T, echoes were acquired in 2 

shots of 3 echoes per TR (5.95ms) for a total of 6 echoes (TE1=0.8ms, ΔTE=1.65ms) in a 

single 16s breath-hold.

B0 field map values were measured in regions-of-interest (ROIs) placed in each of the nine 

Couinaud segments of the liver in the acquired field maps by an image analyst (primary 

reader, mentored by a senior radiologist with 20 years of experience), according to a 

standardized method proposed by Campo et al (31). ROIs were placed on the water image 

first, avoiding large blood vessels and bile ducts, and any obvious liver lesions or artifacts, 

and copied / pasted to the corresponding B0 maps. B0 field maps with fat-water swaps 

observed in the liver were screened from the study. B0 field map values (denoted ψ [Hz], 

relative to the center frequency) are related to changes in the static magnetic field (denoted 

ΔB0 [T]) by the Larmor equation ψ= γΔB0/2π, where γ is the gyromagnetic ratio of 1H.

B1 Acquisition and Analysis

2D interleaved B1 maps were acquired using a commercially available version of the Bloch-

Siegert method (GE Healthcare, Waukesha, WI) (10) on a variety of 1.5T and 3.0T clinical 

MRI systems (Table 1) with the following parameters: 44×44cm2 FOV, 10/10mm slice 

thickness/gap, 8 slices (spanning the entire liver), 15o prescribed flip angle, 64×64 matrix 

size, ±15.63kHz receiver bandwidth, using an 8ms Fermi excitation pulse. At 1.5T, images 

were acquired in two 11s breath-holds with a 19ms TR and 12.4ms TE. At 3.0T, images 

were acquired in two 15s breath-holds with a 30ms TR and 12.2ms TE.

B1 map values (denoted β or B1 calibration coefficient) relate the measured transmitted flip 

angle (αT) to prescribed flip angle (αP) by the equation αT=βαP. β values were measured in 
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ROIs placed in each of the nine Couinaud segments of the liver in acquired β maps, in a 

manner similar to that performed for B0 map analysis (31).

Statistical Measurements

For both B0 and B1 measurements, two linear mixed models (32,33) were used to predict 

the B0 and B1 inhomogeneities as a function of field strength, bore diameter, sex, BMI and 

age. The first model controlled for non-uniform baselines stemming from Couinaud 

segment, patient, and MR technology (vendor model) differences by including all three 

factors in the model as random effects. By controlling for MR technology, the first model 

made bore diameter a redundant variable and it was therefore omitted. The second model 

controlled for both Couinaud segment and patient differences, but not MR technology in 

order to determine the effect and significance of bore diameter. Standardized parameters 

were obtained by fitting the model on a standardized version of the dataset. Effect sizes were 

labelled following Funder’s recommendations (34). Datasets with incomplete/missing 

information (sex, BMI, or age) were not included in the linear mixed model.

To determine inter- and intra- reader reliability, 50 patient datasets from each B0 and B1 

cohort were randomly selected to undergo two sets of repeated measurements, one repeated 

analysis by the aforementioned primary reader another unique analysis by a radiology 

resident acting as the secondary reader. Observer reliability was determined by interclass 

correlation coefficient (ICC), calculated for each Couinaud segment (35,36). ICC estimates 

and their 95% confident intervals were calculated in Python (37) using the DescTools 

package (38) from R (33). Inter-rater ICC was based on a single-rating, absolute-agreement, 

two-way random effects model. Intra-rater ICC was based on a single-rating, absolute-

agreement, two-way mixed effects model.

Results

Patient Cohorts

Collectively, 630 maps (B0 and B1) were acquired on 6 different models and 10 total MR 

systems (See Table 1), in a total of 630 unique patients. In the interest of reproducible 

research, the set of anonymized B0 and B1 volumetric data that support the findings of this 

study are openly available in [repository name e.g. “figshare”] at http://doi.org/[doi], 

reference number [reference number]. [Note to reviewers and editors – data would be made 

available prior to publication of the manuscript, and this section will be updated].

B0 Acquisition and Analysis

B0 maps were acquired in 316 patients (166 females, 149 males) on both 1.5T (150 patients, 

71 females, 78 males) and 3.0T (166 patients, 95 females, 71 males) clinical MRI systems. 

Examples of acquired B0 maps are shown in Figure 1. Patient age ranged from 7–88 years 

with a median age of 58.5 years. In 313 of the 316 patients where weight and height were 

recorded in the medical record, BMI ranged from 15.7–54.9 kg/m2 with a median BMI of 

29.4 kg/m2.
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Quartile and range statistics of field map measurements (Hz) for each segment across all 

patients are shown in Figure 2 (see also Supporting Information Figure S1). B0 

measurements ranged from a 5th percentile of −14.5Hz to a 95th percentile of 81.3Hz for 

1.5T and −31.7Hz to 164.0Hz for 3.0T.

Three patient datasets were excluded from the linear mixed model analysis due to missing 

BMI and sex information, leaving 313 total patient datasets (165 Female / 148 Male) from 

both 1.5T (147 datasets, 3 systems, 2 vendor models) and 3.0T (166 datasets, 5 systems, 3 

vendor models) to be included in the linear mixed model (see Supporting Information Table 

S1). The first linear mixed model’s total explanatory power is substantial (conditional R2 = 

0.80, marginal R2=0.06). The model’s intercept, corresponding to B0 = 0Hz, field strength = 

1.5T, sex = Female, BMI = 21.7 kg/m2, and age = 58.5, is at 27Hz (SE = 12.0Hz, p < .05). 

Within this model, the effect of field strength, 1.5T to 3.0T, is positive (medium and 

significant). The effect of sex, female to male, is positive (very small and significant). The 

effects of both BMI and age can be considered as tiny and not significant. A table with fitted 

coefficients, standard errors (SE), and p-values is included in Supporting Information Table 

S2. Figure 2 also shows the effect of bore diameter on B0 inhomogeneity, which was shown 

to be statistically significant (p=0.0056) in the second linear mixed model, with an average 

difference of 19.1Hz from increasing bore diameter from 60cm to 70cm (results from this 

linear mixed model are included in Supporting Information Table S3).

A total of 50 B0 patient datasets (23 at 1.5T, 27 at 3.0T) underwent repeated ROI analysis, in 

order to determine intra- and inter-reader variability. The median ICC estimates and 95% 

confidence intervals (CI) across segments were calculated to be 0.85 (good reliability) with 

95% CI [0.75, 0.91] (good-excellent reliability) for inter-rater reliability and 0.92 (excellent 

reliability) with 95% CI [0.86,0.95] (good-excellent reliability) for intra-rater reliability. 

Supporting Information Figure S3 plots the ICC values per Couinaud segment and as a 

function of field strength.

B1 Acquisition and Analysis

B1 maps were acquired in 314 patients (169 females, 145 males) on both 1.5T (134 patients, 

71 females, 63 males) and 3.0T (180 patients, 98 females, 82 males) clinical MRI systems. 

Examples of acquired B1 maps (β calibration coefficient maps) are shown in Figure 3. 

Patient age ranged from 17–95 years with a median age of 60 years. In 257 of the 314 

patients where weight and height were recorded in the medical record, BMI ranged from 

15.2–58.8 kg/m2 with a median BMI of 29.3 kg/m2.

Quartile and range statistics of B1 calibration coefficient measurements (β) for each segment 

across all patients are shown in Figure 4 (see also Supporting Information Figure S2). B1 

measurements ranged from a 5th percentile of 0.83 to a 95th percentile of 1.11 for 1.5T and 

0.59 to 1.13 for 3.0T.

Fifty-seven patient datasets were excluded from the linear mixed model analysis due to 

missing BMI information (which included the only 5 datasets acquired on a 3.0T system 

without dual RF drive), leaving 257 total patient datasets (145 Female / 112 Male) from both 

1.5T (129 datasets, 3 systems, 2 vendor models) and 3.0T (128 datasets, 2 systems, 2 vendor 
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models) to be included in the linear mixed model (see Supporting Information Table S4). 

The first linear mixed model’s total explanatory power is substantial (conditional R2 = 0.76, 

marginal R2=0.17). The model’s intercept, corresponding to B1 (β)=1.0, field strength=1.5T, 

sex=Female, BMI=21.7 kg/m2, and age= 60, is at 1.02 (SE = 0.05, p = 0.694). Within this 

model, the effect of field strength, 1.5T to 3.0T, is negative (large and significant). The effect 

of sex, female to male, is negative (medium and significant). The effect of BMI is negative 

(tiny and not significant). The effect of age is positive (very small and significant). A table 

with fitted coefficients, standard errors (SE), and p-values is included in Supporting 

Information Table S5. Figure 4 also shows the effect of bore diameter on B1 inhomogeneity, 

which was shown to be statistically significant (p<<0.05) in the second linear mixed model, 

with an average difference of −0.14 from increasing bore diameter from 60cm to 70cm 

(results from this linear mixed model are included in Supporting Information Table S6).

A total of 50 B1 patient datasets (17 at 1.5T, 33 at 3.0T) underwent repeated ROI analysis in 

order to determine intra- and inter-reader variability. The median ICC estimates and 95% 

confidence intervals across segments were calculated to be 0.85 (good reliability) with 95% 

CI [0.75, 0.91] (good-excellent reliability) for inter-rater reliability and 0.85 (good 

reliability) with 95% CI [0.75,0.91] (good-excellent reliability) for intra-rater reliability. 

Supporting Information Figure S3 plots the ICC values per Couinaud segment and as a 

function of field strength.

Discussion

B0 and B1 inhomogeneities are important confounders that impact many MR applications in 

the liver including both qualitative and quantitative MRI methods. In this work we 

successfully characterized the magnitude and variability of both B0 and B1 inhomogeneity 

in the liver at 1.5T and 3.0T, in a cohort of 630 unique patients.

Both B0 and B1 inhomogeneities were shown to exhibit higher magnitude and variability in 

the liver at 3.0T compared with 1.5T. At both field strengths, we noted relatively higher 

magnitude and variability of B0 inhomogeneities in segments 4a, 4b, 7, and 8 when 

compared to other segments. These segments are in closer proximity to the lung bases (4a, 7, 

8) and transverse colon (4b), which may explain these observations. We also observed that 

more severe B1 inhomogeneities were experienced in the lateral segment of the left lobe of 

the liver (segments II and III), where shading artifacts related to B1 inhomogeneities are 

most commonly observed (39,40).

Mixed linear model analysis revealed that after field strength effects, sex was a more 

significant cause of variation for both B0 and B1 inhomogeneities than both BMI and age. 

This observation may be explained by the geometry of the liver with respect to female breast 

tissue. BMI, which we expected to have a larger effect, was not statistically significant in 

either B0 or B1 measurements. In 3.0T acquisitions, increasing bore diameter (which may 

also affect patient positioning) was shown to be a statistically significant effect adversely 

affecting both B0 and B1 uniformity. More generally, the first linear mixed model analysis 

controlled for vendor model differences (encompassing bore diameter) that may contribute 
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to baseline shifts in B0 and B1 measurements. Plots showing these baseline shifts are 

included in Supporting Information Figures S1 and S2.

Understanding the range of expected B0 and B1 inhomogeneities experienced in vivo is a 

necessary first step prior to developing engineering solutions aimed at avoiding or correcting 

for these confounders. This characterization can also be used to optimize protocols aimed at 

minimizing the effects of B0 and B1 inhomogeneities (e.g. spatial resolution in echo planar 

imaging and optimization of CSE-MRI acquisition parameters, like echo times, in fat-water 

imaging). Further, this work may also assist vendors who are developing hardware 

engineering solutions to reduce B0 and B1 inhomogeneities. Finally, knowing the effect of 

field strength on these confounders may help guide the translation of applications between 

field strengths during technical development or protocol optimization. This work provides 

this characterization in the liver for 1.5T and 3.0T, with two limitations. First, signal-to-

noise ratio differences between field strengths were not explicitly controlled in the B0 and 

B1 acquisition protocols; however, any potential confounding effect of spatial variance on 

the reported results should be eliminated by the averaging of ROIs during the analysis. 

Second, of the 346 acquisitions on 3.0T MR systems, all but 5 (which were excluded from 

the B1 analysis) used dual RF transmission which generally improves B1 homogeneity (41). 

Future investigations would be required to characterize these inhomogeneities on 3.0T 

systems with single-coil RF transmission.

Although MR systems were limited to a single vendor, this work provides data from a large 

cohort of patients, which can be reliably used to guide future MR application development 

for liver imaging. Future studies should confirm these results across multiple vendor 

platforms. Finally, this study was limited to broad descriptive variables including age, sex, 

and BMI in the linear mixed model analysis. Other variables, such as body composition 

analysis derived from segmented 3D datasets (42), could reveal new and important 

information about the effect of patient abdominal geometry on B0 and B1 homogeneity.

In summary, this study provides robust characterization of B0 and B1 inhomogeneities in the 

liver, as measured in two large cohorts of patients at both 1.5T and 3.0T. All summary 

results from this study, as well as the original B0 and B1 maps have been made available 

online, in the interests of reproducible research, and to assist researchers who are developing 

engineering solutions needed to address the confounding effects of B0 and B1 

inhomogeneities in the abdomen.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
B0 field map inhomogeneities vary spatially across the liver and tend to increase with field 

strength. Note the pronounced difference between the 1.5T and 3.0T field map color scales 

and the variability within a single liver at 3.0T (D, dashed oval). Examples from both field 

strengths of IDEAL IQ B0 field maps (B,D) are shown above with their accompanying water 

maps (A,C). Note that field map values (denoted ψ [Hz]) are related to changes in the static 

magnetic field (denoted ΔB0 [T]) by the Larmor equation ψ= γΔB0/2π, where γ is the 

gyromagnetic ratio of 1H.
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Figure 2. 
Field map errors exhibit greater magnitude and variability in the liver at 3.0T than at 1.5T, 

however, they are present in all segments of the human liver. In 3.0T acquisitions, bore 

diameter was observed to be a small yet statistically significant factor contributing to B0 

inhomogeneity. Quartile and range statistics (with statistical outliers shown in gray) of field 

map measurements (Hz) are plotted across segments (A), across BMI in females (B), and 

across BMI in males (C). BMI was defined as: underweight (<18.5kg/m2), normal (<25kg/

m2), overweight (<30kg/m2) and obese (≥30kg/m2). Numerical values under each BMI x-

axis label give the number of patients included in the statistics for 1.5T − 70cm bore, 3.0T − 

60cm bore, and 3.0T − 70cm bore, respectively. Note that field map values (denoted ψ [Hz]) 

are related to changes in the static magnetic field (denoted ΔB0 [T]) by the Larmor equation 

ψ= γΔB0, where γ is the gyromagnetic ratio of 1H.
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Figure 3. 
Flip angle (B1) errors vary spatially across the liver. Note the large B1 inhomogeneities in 

segments II/III of the 3.0T example (D, dashed oval). Examples from both field strengths of 

Bloch-Siegert B1 calibration coefficient maps (B,D) are shown above with their 

accompanying magnitude gradient echo images (A,C). Note that transmitted flip angle (αT) 

is related to prescribed flip angle (αP) by the equation αT=βαP.
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Figure 4. 
B1 inhomogeneities are present in the liver at both 1.5T and 3.0T, with flip angle errors in 

3.0T acquisitions exhibiting larger magnitude and variability. In 3.0T acquisitions, bore 

diameter was observed to be a very large and statistically significant factor contributing to 

B1 inhomogeneity. Of particular note are the average B1 inhomogeneities (β) in the lateral 

segment of the left lobe of the liver (segments II and III) at 3.0T which manifest the largest 

average flip angle errors. Quartile and range statistics (with statistical outliers shown in 

gray) of B1 inhomogeneity measurements are plotted across segments (A), across BMI in 

females (B), and across BMI in males (C). BMI was defined as: underweight (<18.5kg/m2), 

normal (<25kg/m2), overweight (<30kg/m2) and obese (≥30kg/m2). Numerical values under 

each BMI x-axis label give the number of patients included in the statistics for 1.5T - 70cm 

bore, 3.0T - 60cm bore, and 3.0T - 70cm bore, respectively. Note that transmitted flip angle 

(αT) is related to prescribed flip angle (αP) by the equation αT=βαP.
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Table 1.

B0 and B1 maps were acquired and analyzed in a total of 630 patients presenting for routine clinical 

abdominal MRI, on a variety of GE Healthcare MRI systems.

Cohort

Acquisition Total Patients Female / Male 1.5T / 3.0T Median Age Age Range

B0 316 166 / 149 150 / 166 58.5 7–88

B1 314 169 / 145 134 / 180 60 17–95

MRI Systems

1.5T (3) 3.0T (7)

GEHC Optima MR450W (2) *GEHC Discovery MR750W (2)

GEHC Signa Artist *GEHC Signa Premier (2)

**GEHC Discovery MR750 (2)

*GEHC Signa Architect

*
Equipped with dual RF transmit systems

**
Only one of the Discovery MR750 systems is dual RF transmit
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