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Abstract

Purpose: This study investigates whether two-channel radiofrequency (RF) shimming can

improve imaging without increasing specific absorption rate (SAR) for fetal MRI at 3T.

Methods: Transmit field B1
+  average and variation in the fetus was simulated in seven numerical

pregnant body models. Safety was quantified by maternal and fetal peak local SAR and fetal

average SAR. The shim parameter space was divided into improved B1
+ (magnitude and

homogeneity) and improved SAR regions, and an overlap where RF shimming improved both

classes of metrics compared with birdcage mode was assessed. Additionally, the effect of fetal

position, tissue detail, and dielectric properties on transmit field and SAR was studied.

Results: A region of subject-specific RF shim parameter space improving both B1
+ and SAR

metrics was found for five of the seven models. Optimizing only B1
+ metrics improved B1

+

efficiency across models by 15% on average and 28% for the best-case model. B1
+ variation

improved by 26% on average and 49% for the best case. However, for these shim settings, fetal
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SAR increased by up to 106%. The overlap region, where both B1
+ and SAR metrics improve,

showed an average B1
+ efficiency improvement of 6% on average across models and 19% for the

best-case model. B1
+ variation improved by 13% on average and 40% for the best case. RFS could

also decrease maternal/fetal SAR by up to 49%/58%.

Conclusion: RF shimming can improve imaging compared with birdcage mode without

increasing fetal and maternal SAR when a patient-specific SAR model is incorporated into the

shimming procedure.
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1 | INTRODUCTION

MRI provides powerful structural and functional information on the fetus and placenta

during pregnancy.1–3 MR scanners operating at 3T have been increasingly used for fetal

imaging due to improved signal-to-noise ratio (SNR) compared with 1.5T scanners, and, in

some centers, due to scanner availability.4,5 However, transmit radiofrequency (RF) field

inhomogeneities, which cause flip angle (FA) variations, become more prominent at 3T,

which results in degraded image quality.6 The problem is especially acute during pregnancy

because of the large abdominal size and high conductivity of the amniotic fluid. In addition,

for the same imaging conditions, the specific absorption rate (SAR) can be greater at 3T than

1.5T. If regulatory limits are reached, image parameters such as repetition time (TR) and FA

must be adjusted—further limiting imaging speed and image quality.6 Although increased

temperature, not SAR, is the primary health risk, SAR provides the energy source driving

whole-body and localized tissue heating. SAR limitations are especially restrictive for fetal

imaging as high SAR single-shot fast spin-echo sequences are routinely used to avoid fetal

motion artifacts.7 Thus, strategies to reduce transmit field inhomogeneities and SAR at 3T

are needed.

Parallel transmission (pTx) technology8–10 has the potential to mitigate transmit field

inhomogeneities and reduce SAR for fetal MRI.11–15 Several 3T scanners today are already

equipped with two-channel pTx systems that are available for use with human subjects. The

International Electrotechnical Commission (IEC) suggests limiting the whole-body average

SAR (wbSAR) of the mother by 2 W/kg (normal operating mode), whereas no limits for

local SAR exist for volume body transmit coils.16 Using this wbSAR limitation in a

conventional circularly polarized (CP) birdcage volume coil, local SAR values have been

shown to be similar at 3T and 1.5T.11,17 However, pTx can significantly increase local SAR

exposure.18 Even though several studies have investigated safety at 1.5T and 3T for

conventional birdcage volume coils,17,19–29 the safety of pTx for fetal MRI is understudied.

RF shimming is a simplified form of pTx, where the complex weights of different transmit

channels are optimized to improve image quality. Murbach et al. reported that two-channel

RF shimming at 3T always increases fetal SAR and advised restriction to an excitation that
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achieves the amplitude and phase relationship of the CP birdcage coils for pregnant women.
11 We refer to this RF shimming solution as the CP mode excitation. They investigated the

SAR associated with the best shim settings for fetal B1
+ efficiency and B1

+ variation in three

pregnant body models with different gestational ages (3, 7, and 9 months old) from the

Virtual Population,30,31 all artificially generated from the same nonpregnant female body

model.

In this study, we build on the study by Murbach et al.11 by extending the set of anatomical

models to seven,19 including the Virtual Population model of 7-month gestational age.30,31

We also explicitly search for RF shim settings that provide improvement in B1
+ efficiency

and B1
+ variation subject to the constraint that maternal or fetal SAR is not raised above the

levels for the CP mode. Thus, we investigate whether two-channel RF shimming can

improve imaging for fetal MRI at 3T without increasing maternal or fetal SAR. We

investigate RF shimming with two channels as opposed to more channels because several 3T

scanners today are equipped with a two-channel pTx system whereas higher channel pTx

systems are not common. We also investigate the effect of the fetal position on imaging

performance and safety by rotating the fetus by 20°, 160°, and 180° inside the uterus in one

of the in-house pregnant body models.19 Furthermore, we present a limited sensitivity study

by altering the number of compartments in the maternal and fetal model, as well as the

dielectric properties of amniotic fluid and fetal tissues in the Virtual Population model of 7-

month gestational age.30,31

2 | METHODS

2.1 | Human body models

Figure 1 shows the body models used in this study. We employ five in-house pregnant body

models (BCH1, BCH2, BCH3, BCH4-1-1, and BCH5) that were generated from MRI data

of four pregnant women.19 BCH2 has a twin pregnancy and BCH4-1-1 and BCH5 model the

same subject positioned in the supine and left lateral postures, respectively. Four additional

versions of BCH4-1-119 were also studied: BCH4-2-1 for which the arms in BCH4-1-1 were

manually removed and BCH4-2-2, BCH4-2-3, and BCH4-2-4 for which, in addition to

removing the arms in BCH4-1-1, the fetus was rotated inside the uterus by 20°, 160°, and

180°, respectively. We also used pregnant woman II (which we label PW_II) from the

Virtual Population (IT’IS Foundation).30,31 Supporting Information Figure S1 shows the

transverse cross section of all body models. The transverse view emphasizes the

approximate left to right symmetry in the supine models, which is less apparent in the cross

sections of the two left-lateral models (BCH2 and BCH5).

2.2 | Electromagnetic simulations

All electromagnetic simulations were carried out for a two-channel 32-rung high-pass

birdcage body coil, which is 450-mm long with a diameter of 714 mm (Figure 1) using

Sim4Life (Zurich MedTech, Zurich, Switzerland). For a supine, head-first scanning position,

channel 1 is driven at the head-posterior side and channel 2 at the head-left side of the

subject. The coil was tuned (end ring capacitor values chosen) for the generic male body
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model Duke from the Virtual Population to 123.2 MHz using a nonuniform rectangular

discretization grid with a maximum resolution of 1.2 mm, 0.8 mm, and 2.5 mm and

minimum resolution of 6.5 mm, 6.6 mm, and 18 mm in left-to-right, anterior-posterior (AP),

and head-to-foot axes, respectively. The minimum resolution inside the body models was 3.5

mm (the BCH models have a native resolution of 2 × 2 × 2 mm3, and the Virtual Population

model has a native resolution of 0.9 × 0.9 × 2 mm3 in torso). The same capacitor values and

grid were used for all simulations. All finite-difference time-domain simulations in Sim4Life

were run with a convergence criterion of −40 dB.

All models were simulated in the head-first position. All simulations were carried out such

that the uterus is approximately centered in the coil on the head-to-foot axis as shown in

Figure 1. All models were placed on approximately the same table position in the AP

direction and approximately symmetrically with respect to the origin in the left-to-right

direction. For PW_II, similar to Murbach et al.,11 a minimal distance of 9 mm was ensured

between the hips and arms to avoid RF loops.

2.3 | Tissue detail and dielectric properties

All maternal tissue dielectric properties were assigned according to the IT’IS database,32,33

except amniotic fluid properties, which were assigned according to Peyman et al.34 In BCH

models, fetal brain and fetus (fetus except fetal brain) were assigned properties according to

Hand et al.,17 for which the tissue properties are age-adjusted based on the water content of

the fetal tissues.35 PW_II has 17 fetal tissues and more than 70 maternal tissues, whereas the

BCH models have two fetal tissues (fetal brain and fetus) and 23–24 maternal tissues.

Therefore, the effect of tissue detail on the SAR analysis was quantified by reassigning

tissue properties in PW_II to reduce the total number of maternal and fetal tissues. First,

PW_II was simulated in its original form, where fetal tissue properties were assigned age-

adjusted values according to Wang et al.35 Next, the fetus was made more homogeneous to

have only fetal brain and fetus as in the BCH models. Then, both fetal and maternal tissues

were reassigned to have a similar level of tissue detail as the BCH models. This version of

PW_II was used when comparing imaging performance and SAR to BCH models. Note that

in Murbach et al.,11 adult tissue properties were assigned to fetal tissues and cerebrospinal

fluid (CSF) properties were assigned to amniotic fluid. Therefore, for comparison, we also

simulated PW_II with the same tissue assignments as in Murbach et al.11 Finally, to quantify

the effect of only fetal tissue properties (adult vs. age-adjusted) and only amniotic fluid

properties, we simulated PW_II with age-adjusted fetal tissue properties, but amniotic fluid

assigned to CSF.

2.4 | RF shimming

The electromagnetic simulation results of the two channels in the volume transmit coil were

combined with differing phases and amplitude weights to simulate the parameter space of

different RF shim settings. The relative amplitude between the channels was varied between

0 and 2 in steps of 0.1. The relative phase between the channels was varied from −90° to

270° in 10° increments. A relative amplitude of 1 and relative phase of 90° represents the CP

mode excitation.
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For each shim setting, the power was adjusted so that the maternal wbSAR is equal to 2

W/kg. For the truncated in-house body models, the total weight of the subject was used to

calculate wbSAR. The 10 g averaged peak local SAR (pSAR10g) in the mother and fetus, as

well as the average SAR (aveSAR) in the fetus, was calculated using the SAR calculation

tool in Sim4Life. Additionally, the average value and the coefficient of variation (CV) of the

transmit field magnitude B1
+  inside the fetus are calculated for each RF shim setting. Note

that for the same maternal wbSAR, a lower B1
+  CV means more uniform contrast and a

higher average B1
+  can translate into higher FA, or for a given FA, a shorter TR or better

slice coverage. Hence, improving average B1
+  and B1

+  CV for the same maternal wbSAR

improves imaging performance. For BCH2, which has a twin pregnancy, average B1
+  and

B1
+  CV were calculated by treating both fetuses as a single region of interest (ROI). The

fetal pSAR10g and fetal aveSAR were calculated by taking the maxima among the two

fetuses for each shim setting. The relative phase range of −90° to 270° covers all shim

possibilities; however, the relative amplitude range does not (it can go up above 2).

Therefore, we also computed the worst-case shim settings for maternal pSAR10g, fetal

pSAR10g, and fetal aveSAR using the maximum generalized eigenvalue analysis18 on the Q

matrices.9,36

For each pregnant body model, we divided the shim parameter space into an improved

imaging performance region with higher average B1
+  and lower B1

+  CV compared with CP

mode, and improved SAR regions, where each SAR metric (maternal pSAR10g, fetal

pSAR10g, and fetal aveSAR) is improved compared with CP mode. Then, we assessed the

“AND-ed” overlap of these regions, where both B1
+  and SAR metrics are improved

compared with CP mode.

3 | RESULTS

Figure 2 plots the imaging performance metrics (average B1
+  and B1

+  CV) over the

parameter space for each pregnant body model. The CP mode is marked by a purple dot at

the center. The improved imaging performance region is shown by the red-dashed region.

The optimal operating point for each imaging performance metric, average B1
+  and B1

+  CV,

is marked by a red triangle and star, respectively. The region where both imaging

performance and all SAR metrics improve compared with CP mode is shown by the black-

dashed region. A black triangle or star marks the position of best imaging performance

(measured by average B1
+  or B1

+  CV) inside the black-dashed region.

The overall patterns of imaging performance metrics across the RF shimming space in

Figure 2 are similar among supine body models for which the improved imaging region

(red-dashed region) is mostly located on the right side of the shim space. In contrast, for the

two left lateral body models, the good shimming region is roughly symmetrical around the

center of the shim space. Thus, the optimal shim settings are located close to the CP mode
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for the two left lateral models, whereas they are always located on the right side of the shim

space for the supine models.

Figure 3 shows the SAR metrics (maternal pSAR10g, fetal pSAR10g, and fetal aveSAR)

across the RF shim parameter space for different pregnant body models. Again, the

improved imaging performance region is shown by the red-dashed region; the region of

improvement in both imaging performance and all SAR metrics is shown by the black-

dashed region. In addition, a pink-dashed region shows where each individual SAR metric is

improved compared with CP mode (regardless of imaging performance). These improved

SAR regions for individual SAR metrics highlight that, similar to previous findings,11

maternal pSAR10g and fetal SAR have roughly opposite patterns, ie, shim settings that

decrease maternal pSAR10g usually increase fetal pSAR10g and fetal aveSAR and vice

versa.

Figure 3 also shows the location of the worst-case shim settings (gray square) for each SAR

metric. For supine models, maternal pSAR10g worst-case shim setting always has a relative

amplitude ≥1.9, whereas fetal pSAR10g and fetal aveSAR worst-case shim settings always

have a relative amplitude ≤0.8 and ≤0.4, respectively. Left lateral models have less regular

fetal and maternal SAR patterns that are different from those of supine models, as can be

seen in Figure 3. The worst-case shim settings for left lateral models have relative

amplitudes varying between 1.0 and 3.0 for maternal pSAR10g and between 0.9 and 4.5 for

fetal SAR. See Supporting Information Table S1 and Figure S2 for the worst-case shim

settings of each model.

Figure 4 shows the best improvement possible in either average B1
+  or B1

+  CV with or

without increasing maternal or fetal SAR compared with CP mode across various pregnant

models. Purple, red, and black bars in Figure 4 correspond to the purple dot (CP mode), red

triangles/stars (optimal average B1
+ / B1

+  CV without SAR restrictions), and black triangles/

stars (optimal average B1
+ / B1

+  CV that also improves all SAR metrics) in Figure 2,

respectively. When only B1
+ metrics are optimized (no SAR constraints), RF shimming can

improve average B1
+  by 15% on average across all body models and 28% for the best-case

model (purple bars vs red bars in Figure 4, top). B1
+ variation can be improved by 26% on

average across all body models and 49% for the best-case model (purple bars vs red bars in

Figure 4, bottom). When both maternal and fetal SAR is constrained to be less than the

corresponding CP mode values, RF shimming can improve average B1
+  by 6% on average

across all body models and by 19% for the best-case model (purple bars vs black bars in

Figure 4, top). B1
+  variation can be improved by 13% on average across all models and by

40% for the best-case model (purple bars vs black bars in Figure 4, bottom).

In Figure 5, maternal and fetal SAR is compared across models for CP mode, shim settings

that improve imaging performance, and worst-case shim settings. Among all shim settings

that improve imaging performance (red-shaded region in Figure 5), maternal pSAR10g, fetal

pSAR10g, and fetal aveSAR can increase by up to 37%, 38%, and 168%, respectively,
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compared with CP mode. For the shim settings that optimize average B1
+  and B1

+  CV (red

triangles and stars in Figure 5), maternal pSAR10g, fetal pSAR10g, and fetal aveSAR can

increase by up to 26%, 26%, and 106%, respectively, compared with CP mode. On the other

hand, RF shimming can also decrease maternal pSAR10g, fetal pSAR10g, or fetal aveSAR

by up to 49%, 58%, or 49%, respectively, compared with CP mode, while still improving

imaging performance (bottom boundary of the red-shaded region in Figure 5). Across all

body models, maternal pSAR10g, fetal pSAR10g, and fetal aveSAR can reach 53 W/kg, 23

W/kg, and 7.2 W/kg, respectively, for the worst-case among all shim settings, compared

with 44 W/kg, 19 W/kg, and 4.3 W/kg for the CP mode.

3.1 | Fetal position

Figure 6 shows the effect of rotating the fetus inside the uterus of model BCH-4-2-1 by 20°

(BCH4-2-2), 160° (BCH4-2-3), and 180° (BCH4-2-4) around the z-axis on maternal and

fetal SAR, as well as average B1
+  and B1

+  CV. Maternal pSAR10g is only mildly affected

by fetal rotation (<3%). Maximum changes in the other metrics, fetal pSAR10g, fetal

aveSAR, average B1
+  and B1

+  CV, were 13%, 32%, 2%, and 11% for the CP mode and 16%,

39%, 11%, and 31% for RF shim settings in the improved imaging performance region. For

the worst-case SAR values, the effect of the rotation was smaller; fetal pSAR10g and fetal

aveSAR changed by up to 4% and 9%, respectively. The fetal position did not significantly

change the worst-case shim settings for maternal SAR, whereas it changed worst-case shim

settings for fetal aveSAR the most (relative amplitude changed from 0.4 to 0.1 and relative

phase changed from 230° to 0°, see Supporting Information Table S1). Supporting

Information Figure S3 depicts the comparison of the patterns of imaging performance and

SAR metrics in the RF shim parameter space for all four models.

3.2 | Tissue detail and dielectric properties

Table 1 shows the effect of different alterations to tissue detail and dielectric properties in

model PW_II. The alterations included assigning different dielectric properties to fetal

tissues and amniotic fluid, as well as simplification of fetal and maternal tissues. The effects

of these factors are shown for the CP mode, worst-case shim settings, and RF shim settings

that improve imaging performance (average B1
+  and B1

+  CV). For reference, the first row

shows SAR metrics for this model reported in Murbach et al.11 The second row reports SAR

values when tissue assignments in Murbach et al.11 are replicated in our simulations.

Maternal and fetal SAR values for the CP mode or the worst-case shim settings using our

body coil are at most 16% different from those reported in Murbach et al.,11 who modeled a

different body coil. Subsequent rows alter the model PW_II one aspect at a time. Row 4

represents the most realistic model in that it has full tissue classes and the most relevant

dielectric property assignments. Compared with row 4, our replication of the Murbach et al.
11 case (row 2) resulted in fetal SAR overestimation and underestimation of up to 35% and

34%, respectively. Row 3 assigns the amniotic fluid property to that of CSF instead of

Peyman et al.,34 which resulted in fetal SAR overestimation and underestimation of up to

14% and 11%, respectively, compared with row 4. Row 5 reduces the number of fetal tissues

to 2, which resulted in fetal SAR overestimation and underestimation of up to 25% and 18%,
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respectively, compared with row 4. Row 6 additionally reduces the number of maternal

tissues to 25, which resulted in fetal SAR overestimation and underestimation of up to 14%

and 22%, respectively, compared with row 4. Simplification of maternal and fetal tissues,

changing dielectric properties of fetal tissues or the amniotic fluid results in overestimation

and underestimation of maternal pSAR10g by 8% and 4%, respectively, compared with row

4.

4 | DISCUSSION

We investigated whether two-channel RF shimming can improve imaging performance for

fetal MRI without increasing the fetal or maternal SAR using a diverse set of anatomically

realistic pregnant body models. For different shim settings all normalized to a maternal

wbSAR of 2 W/kg, we quantified improvements in transmit field efficiency (average B1
+ )

and transmit field uniformity ( B1
+  CV) and assessed maternal pSAR10g, fetal pSAR10g,

and fetal aveSAR.

In a previous study, Murbach et al.11 concluded that fetal SAR always increases with RF

shimming compared with CP mode and advised restriction to CP mode for pregnant women.

They reached this conclusion by investigating the SAR associated with only the optimal

shim settings for B1
+ efficiency and B1

+ variation. In this study, in five of the seven body

models assessed, we could find a shim setting that improves both the two imaging metrics

and the three SAR metrics assessed compared with the CP mode excitation (Figure 2, black

triangles and stars). However, this usually required shim settings different from the shim

settings obtained when B1
+ metrics were optimized alone. In one of the body models used by

Murbach et al.,11 PW_II, we found that RF shimming (using our coil) can improve average

B1
+  and B1

+  CV by up to 3% and 14%, respectively, without increasing maternal or fetal

SAR compared with CP mode.

We observed a large variation in imaging performance improvement with RF shimming over

the CP mode among different pregnant models (Figure 4). Without increasing any of the

SAR metrics, the best improvement in average B1
+  (19%) was observed for the high BMI

model BCH1 (BMI = 42.4). The best improvement in B1
+  CV (40%) was observed for

BCH4-1-1 (supine, arms on side). For BCH4-2-1, shim settings that improved imaging

performance resulted in either higher fetal aveSAR (almost all shim settings) or higher

maternal pSAR10g (some shim settings) compared with CP mode. For BCH5 (left lateral),

RF shimming could only marginally improve imaging performance, even without SAR

penalties. For BCH2 (left lateral), all shim settings that improved imaging performance also

increased maternal pSAR10g compared with CP mode. Across all seven models, RF

shimming improved average B1
+  by 6% on average and B1

+  CV by 13% on average without

increasing maternal or fetal SAR compared with CP mode.

Similar to the findings of Murbach et al.,11 we found that RF shimming, while improving

imaging performance, can also significantly increase fetal SAR when SAR penalties are not
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applied. Fetal SAR increases by up to 168% were seen among shim settings that improve

imaging performance and by up to 106% for shim settings that optimize the imaging

metrics. For the shim settings that optimize B1
+ efficiency and uniformity, fetal pSAR10g

increased for two of seven models (BCH4-2-1 and PW_II), fetal aveSAR increased for six of

seven models (all except BCH2), and maternal pSAR10g increased for two of seven models

(BCH2 and BCH4-2-1) compared with CP mode. Therefore, fetal aveSAR was usually the

limiting factor in improving imaging performance with RF shimming without increasing

SAR compared with CP mode. On the other hand, it was also possible to find shim settings

that decrease maternal pSAR10g, fetal pSAR10g, and fetal aveSAR (by up to 49%, 58%,

and 49%, respectively), while still improving imaging performance compared with the CP

mode (Figure 5).

We have shown that RF shimming can improve imaging performance in fetal MRI without

increasing maternal or fetal SAR. However, achieving this goal might require subject-

specific SAR modeling, which is currently not practical for pregnant women. Progress

toward subject-specific SAR models generated rapidly at the scanner has been made for

nonpregnant patients.37,38 These approaches might be tailored to pregnant women in the

future. In addition, improvements in imaging performance using two-channel RF shimming

are limited even without SAR considerations (15% improvement in average B1
+  and 26%

improvement in B1
+  CV on average across all models). Increasing the number of transmit

channels in the hardware and utilizing full pTx where different RF waveforms rather than

only different complex weights are applied to each channel could result in better

improvements in both B1
+ and SAR.39–41

In this study, we used two models generated from the same subject positioned in two

postures. For the models included in this study, the left lateral posture (BCH5) was more

optimal than head-first supine posture (BCH4-1-1) in terms of average B1
+  and B1

+  CV, both

in CP mode and with RF shimming (Figure 4). In addition, shim settings that optimize B1
+

metrics for both left lateral models in this study (BCH2 and BCH5) were in close vicinity of

the CP mode (relative amplitude of 1 and relative phase of 90°). In contrast, the shim

settings which optimize B1
+ metrics for the supine models were located on the right half of

the RF shim parameter space (relative phase between 90° and 270°). This distinction

between the two postures is likely due to the different shapes of the pregnant abdomen in

these two postures as shown in Supporting Information Figure S1. These observations

motivate generating more left lateral body models in the future to investigate whether left

lateral posture could be in general advantageous compared with supine posture from an

excitation perspective and whether subject positioning can address part of the transmit

efficiency and uniformity issues in CP mode without using RF shimming.

Due to a lack of local SAR limits in regulatory guidelines for body transmit coils, we use the

CP mode maternal and fetal SAR values for each model as a standard for comparison.

Although this makes sense for comparing a new methodology such as RF shimming to the

“standard” (CP mode operation), it also means that models with lower CP mode SAR values
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are potentially overly restricted in the RF shimming mode. As the temperature is the direct

measure of safety, rather than SAR, temperature simulations11,17 could be used to determine

SAR limits that are globally safe across different models in RF shimming mode. This might

relax the SAR constraints for models with low CP mode SAR values, increasing the overall

imaging performance improvement by RF shimming across the pregnant population.

We found that across all models, maternal pSAR10g, fetal pSAR10g, and fetal aveSAR can

reach 44 W/kg, 19 W/kg, and 4.3 W/kg, respectively, for CP mode and 53 W/kg, 23 W/kg,

and 7.2 W/kg, respectively, for the worst-case shim settings. All SAR values reported in this

study were calculated for the normal operating mode (maternal wbSAR = 2 W/kg), which is

the operating mode suggested by the IEC16 for pregnant women. However, in practice,

wbSAR of the mother does not stay at 2 W/kg throughout the whole examination, which is

what is assumed in this study. In our previous study,19 we showed that in a typical realistic

fetal examination of approximately 1 hour in CP mode, the time-averaged maternal wbSAR

was approximately 0.7 W/kg when the variations from different sequences are accounted for,

as well as the scan prescription periods with zero SAR. In this case, the time-averaged

maternal pSAR10g, fetal pSAR10g, and fetal aveSAR values would be up to 15 W/kg, 6.7

W/kg, and 1.5 W/kg for CP mode and 18.6 W/kg, 8.1 W/kg, and 2.5 W/kg for worst-case

RF shimming scenarios. On the other hand, temperature, not SAR, is the most relevant

parameter when considering safety. The maximum temperature increase during a specific

examination depends on the exact time course of RF exposure and is not necessarily well

characterized by the time-averaged SAR. Therefore, the use of SAR-intensive sequences

(maternal wbSAR = 2 W/kg) for a long period, in a way that considerably deviates from

current practice in CP mode, should be approached with care as it may lead to excessive

tissue heating.

We observed a high intersubject variability of maternal and fetal SAR (up to a factor of 2.4)

in the CP mode, in agreement with our previous study.19 Using RF shimming, this

variability increased further (up to a factor of 4.4). Several factors likely contributed to this

variability, including maternal BMI, maternal posture that changes maternal body shape,

maternal arms’ position, amniotic fluid distribution inside the uterus, and gestational age—

which affects the size of the fetus as well as the amount of amniotic fluid. We previously

showed19 that there is a positive linear relationship between maternal pSAR10g in the trunk

and maternal BMI in CP mode. In addition, in CP mode, fetal pSAR10g was lower (P < .05)

when the arms of the mother are positioned at the side compared with upwards or when the

mother was positioned left laterally compared with supine.19 Murbach et al.11 showed that

constrictions of amniotic fluid between regions can lead to a pronounced hotspot. A few

studies11,26,27 assessing the effect of gestational age on fetal SAR showed a significant

variation of fetal SAR with gestational age (up to a factor of approximately 5).

In-house models used in this study had a lower number of maternal and fetal tissues

compared with the commercial IT’IS model, PW_II. Therefore, we studied the effect of

tissue detail on maternal and fetal SAR. Simplification of maternal and fetal tissues in

PW_II to a similar level as the BCH models resulted in up to 22% underestimation and 7%

overestimation of fetal pSAR10g, up to 14% overestimation of fetal aveSAR, and up to 4%

underestimation and 8% overestimation of maternal pSAR10g. Note that these variations
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based on tissue detail level are much less than the intersubject variation of fetal and maternal

SAR (up to a factor of 2.4 for CP mode and 4.4 for RFS). This result echoes a similar study

in nonpregnant patients.37 In addition, we found that rotating the fetus by 20°, 160°, or 180°

changed fetal SAR by up to 39%, and fetal B1
+ by up to 31% for RF shimming. These

findings support the need for more patient-specific pregnant models to assess RF safety in

the pregnant population.

Because the in-house models were derived from pregnant patients’ scans, their extent along

the superior-inferior direction was limited (i.e., they are cropped) compared with the

commercial model PW_II, which was artificially generated from a nonpregnant female

model. However, all BCH models extended above and below the coil by at least 15% of the

coil length except BCH3, where the model extended beyond the coil by 8% (37 mm) and

49% (225 mm) in the head and foot directions, respectively. For the full-body model PW_II,

the power loss outside this range constituted 8% of the total absorbed power. Hence, using

truncated body models is likely to result in a small overestimation of fetal and maternal

SAR.

We used average B1
+  and B1

+  CV inside the entire fetus as our imaging performance

metrics. The results might change if the ROI is changed, for instance, into the fetal brain

only. However, this reduction in the volume of the ROI may increase the dependence of

imaging performance metrics on the fetal positioning inside the uterus. Hence, for simplicity

and consistency with Murbach et al.,11 we used the entire fetus as our ROI.

In this study, we only investigated a fetus/uterus-centered imaging landmark. Murbach et al.
11 investigated five imaging landmarks along the z-axis (head to foot). Except for one case (a

short coil of 400-mm length), the fetus-centered imaging landmark was found to result in the

highest SAR exposure for the fetus. Additionally, we used a single coil model with realistic

dimensions.11 However, the type, geometry, and the dimensions of the coil are likely to

affect the resulting maternal and fetal SAR values. Murbach et al.11 found that maternal and

fetal SAR decreased when the coil length was increased or the coil diameter was decreased,

and they increased when the coil length was decreased (12% increase in worst-case fetal

pSAR10g). Moreover, the model we call PW_II is found in both our work and that of

Murbach et al.11 with the same tissue-property assignments, thus allowing a direct bridge to

other coils. Note that our coil (32-rung, high-pass birdcage, 450-mm length, 714-mm

diameter) differs from the reference coil used in Murbach et al.11 (16-rung, band-pass

birdcage, 480-mm length, 750-mm diameter). We found that the maternal and fetal SAR in

the CP mode and the worst-case scenario using our coil were at most 16% different than

those of the reference coil reported by Murbach et al.11 (Table 1).

5 | CONCLUSION

Several 3T scanners today are equipped with two-channel pTx systems that are available for

use with pregnant patients. We investigated the potential of two-channel RF shimming to

improve the transmit field efficiency and uniformity for fetal MRI at 3T. We also studied the

implications of using RF shimming on maternal and fetal safety. We found that even though
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RF shimming can significantly increase both maternal and fetal SAR compared with the

standard mode of excitation, the CP mode, careful SAR management using subject-specific

pregnant body models could allow it to improve imaging performance without increasing the

SAR load on the fetus or the mother. Currently, subject-specific SAR management is not

practical for pregnant women. However, progress toward rapid subject-specific SAR model

generation has been made for nonpregnant patients, which may be tailored to pregnant

women in the future.
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FIGURE 1.
The numerical pregnant body models (A,B) and the numerical model of the two-channel,

32-rung high pass birdcage coil (C) used in this study. BCH2 has twin pregnancy. BCH4 and

BCH5 are generated from the same pregnant woman scanned in supine and left lateral

postures, respectively. BCH4-2-1, BCH4-2-2, BCH4-2-3, and BCH4-2-4 are manually

generated from BCH4-1-1 by removing the arms and by removing the arms and rotating the

fetus by 20°, 160°, and 180°, respectively. BMI, body mass index; GA, gestational age; w,

weeks
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FIGURE 2.

Average and coefficient of variation (CV) of the transmit field magnitude B1
+  inside the

fetus for different RF shim settings, where the relative amplitude and relative phase of the

two channels are varied from 0 to 2 (vertical axis) and −90° to 270° (horizontal axis),

respectively. All shim settings are normalized to a maternal whole-body average SAR

(wbSAR) of 2 W/kg. CP mode: circularly polarized birdcage mode, improved imaging

performance: both average B1
+  and B1

+  CV are improved compared with CP mode,

improved SAR: all three SAR metrics (maternal pSAR10g, fetal pSAR10g, and fetal

aveSAR) are less than CP mode values of the corresponding body model
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FIGURE 3.
Maternal and fetal peak local SAR (pSAR10g) and fetal average SAR (aveSAR) for

different RF shim settings where the relative amplitude and relative phase of the two

channels are varied from 0 to 2 (vertical axis) and −90° to 270° (horizontal axis),

respectively. All shim settings are normalized to a maternal whole-body average SAR

(wbSAR) of 2 W/kg. CP mode: circularly polarized birdcage mode, improved imaging

performance: both average B1
+  and B1

+  CV are improved compared with CP mode,

improved SAR: all three SAR metrics (maternal pSAR10g, fetal pSAR10g, and fetal

aveSAR) are less than the CP mode values of the corresponding body model, improved SAR

for individual SAR metric: the individual SAR metric in each subplot is lower than its

corresponding CP mode value, worst-case: RF shim setting that maximizes an individual

SAR metric. For some cases, the worst-case shim setting has a relative amplitude >2; hence,

it is not shown on the plot
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FIGURE 4.

Average and coefficient of variation (CV) of the transmit field magnitude B1
+  inside the

fetus across different body models. CP mode: circularly polarized birdcage mode, RFS:

optimal RF shim setting for average B1
+  or B1

+  CV with no SAR restrictions (red triangle or

star in Figure 2), RFS, improved SAR: optimal RF shim setting for average B1
+  or B1

+  CV

that also improves maternal and fetal SAR compared with CP mode of the corresponding

model (black triangle or star in Figure 2). The percentages of improvement in average B1
+

and B1
+  CV when using RF shimming compared with CP mode are noted above the bar

graphs
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FIGURE 5.
Comparison of maternal and fetal peak local SAR (pSAR10g) and fetal average SAR

(aveSAR) for different RF shim settings across various body models. Worst-case: RF shim

setting that maximizes an individual SAR metric, CP mode: circularly polarized birdcage

mode, improved imaging performance: both average B1
+  and B1

+  coefficient of variation

(CV) is improved compared with CP mode, improved SAR: all three SAR metrics are less

than the CP mode values of the corresponding model
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FIGURE 6.
Effect of fetal rotation by 20° (BCH4-2-2), 160° (BCH4-2-3), and 180° (BCH4-2-4) inside

the uterus on maternal and fetal peak local SAR (pSAR10g), fetal average SAR (aveSAR),

average B1
+  and B1

+  coefficients of variation (CV) for body model BCH4-2-1. Worst-case:

RF shim setting that maximizes an individual SAR metric, CP mode: circularly polarized

birdcage mode, RFS: RF shim settings that improve imaging performance in any of the four

models BCH4-2-1, BCH4-2-2, BCH4-2-3, and BCH4-2-4
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