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Pediatric MRI is often performed with heavy, large, and 
relatively inflexible coil arrays designed and built for adult 

MRI. For awake children, these arrays can be intimidating 
and uncomfortable, thereby restricting the child’s breathing. 
For parents, they contribute to the stress of the examination. 
For pediatric caregivers, the coils complicate the placement 
of medical support equipment, such as mechanical ventila-
tion tubes, pulse oximeters, anesthetic lines, respiratory bel-
lows, blood pressure cuffs, electrocardiogram probes, and 
video goggles. For sedated or anesthetized children, respira-
tory compromise from heavy coils on the torso requires more 
invasive respiratory support or bolstering of the coils away 
from the patient, with a resultant decrease in signal-to-noise 
ratio (SNR) and reduced parallel imaging acceleration capa-
bility. As a result, much work has been aimed at the design of 

custom-fitted pediatric coils to maintain SNR. Such efforts 
have included a flexible cardiac array (1), a set of small head 
coils for pediatric patients (2), and even a novel pneumati-
cally adjustable head coil to maintain a close patient fit (3). 
In comparison, flexible arrays have also been proposed by 
Neocoil (Pewaukee, Wis) and ScanMed (Omaha, Neb).

Recently, screen-printed MRI coil technology has 
been developed to increase SNR due to a more com-
pact fit with respect to the patient. Screen-printed 
MRI coils allow printing on a flexible substrate (4,5). 
These coils also have been shown to be printable on 
fabric, and a 12-channel receive array has been used at 
3 T (4–7). In addition to the beneficial SNR increase 
of large dense MRI coil arrays in general (1,8–14), 
screen-printed technology (15,16) offers the advantage 
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Background: Screen-printed MRI coil technology may reduce the need for bulky and heavy housing of coil electronics and may pro-
vide a better fit to patient anatomy to improve coil performance.

Purpose: To assess the performance and caregiver and clinician acceptance of a pediatric-sized screen-printed flexible MRI coil array 
as compared with conventional coil technology.

Materials and Methods: A pediatric-sized 12-channel coil array was designed by using a screen-printing process. Element coupling 
and phantom signal-to-noise ratio (SNR) were assessed. Subjects were scanned by using the pediatric printed array between 
September and November 2017; results were compared with three age- and sex-matched historical control subjects by using a com-
mercial 32-channel cardiac array at 3 T. Caregiver acceptance was assessed by asking nurses, technologists, anesthesiologists, and 
subjects or parents to rate their coil preference. Diagnostic quality of the images was evaluated by using a Likert scale (5 = high im-
age quality, 1 = nondiagnostic). Image SNR was evaluated and compared.

Results: Twenty study participants were evaluated with the screen-printed coil (age range, 2 days to 12 years; 11 male and nine 
female subjects). Loaded pediatric phantom testing yielded similar noise covariance matrices and only slightly degraded SNR for 
the printed coil as compared with the commercial coil. The caregiver acceptance survey yielded a mean score of 4.1 6 0.6 (scale: 1, 
preferred the commercial coil; 5, preferred the printed coil). Diagnostic quality score was 4.5 6 0.6. Mean image SNR was 54 6 
49 (paraspinal muscle), 78 6 51 (abdominal wall muscle), and 59 6 35 (psoas) for the printed coil, as compared with 64 6 55, 65 6 
48, and 57 6 43, respectively, for the commercial coil; these SNR differences were not statistically significant (P = .26).

Conclusion: A flexible screen-printed pediatric MRI receive coil yields adequate signal-to-noise ratio in phantoms and pediatric 
study participants, with similar image quality but higher preference by subjects and their caregivers when compared with a conven-
tional MRI coil.
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of eliminating the need for bulky and heavy housing of coil 
electronics.

In this work, we assessed the use of a 12-channel screen-printed 
flexible coil array (1–7) for pediatric applications, focusing on fea-
sibility of use in the clinical setting, image quality, and caregiver 
acceptance. We also compared SNR with the screen-printed coil 
with that of a conventional coil routinely used for pediatric im-
aging. We hypothesized that image SNR would be maintained, 
images of diagnostic quality would be obtained, and patients, par-
ents, and caregivers may prefer screen-printed coils.

Materials and Methods
One author (F.R.) is an employee of GE Healthcare; GE Health-
care also gave financial support for this study. Several other authors 
(J.C., B.L., V.T., T.G., M.L., and A.C.A.) are affiliated with Ink-
Space Imaging. Those authors who are not employees of or con-
sultants for InkSpace Imaging or GE Healthcare had control over 
the inclusion of any data or information that might have presented 
a conflict of interest for the aforementioned authors.

This study was approved by the institutional review board, 
and informed consent was obtained. Twenty consecutive pediatric 
study participants were referred for a 3-T clinical MRI between 
September 2017 and November 2017 and were recruited for this 
prospective study in compliance with the Health Insurance Porta-
bility and Accountability Act. The exclusion criteria were contra-
indications to MRI and age greater than 12 years (the 12-channel 
screen-printed pediatric coil array would have been too small for 
patients older than 12 years). Study participants were scanned 
with a 12-channel screen-printed coil by using institutional stan-
dard clinical protocols (Table).

Coil Design and Construction
One month of pediatric abdominal and MRI chest scan data 
were analyzed for patient size to determine appropriate pediat-
ric array size (Fig E1 [online]).

Screen printing is an additive manufacturing process that 
creates patterns by depositing materials in single layers onto 
a flat substrate by forcing ink though holes in a patterned 
mesh called a screen (4).

The 12-channel prototype array was built by screen-printing 
15-mm-thick conductive traces (118–09; Creative Materials, 
Ayer, Mass) onto 76-mm-thick polyether ether ketone substrates 
(Fig 1, A) to make the array thin and flexible.

The conductivity of the ink (DuPont 5064H; DuPont, Wilm-
ington, Del) is 1.84 3 1025 Ω·cm, as measured with a four-point 
probe, whereas that of copper is 1.7 3 1028 Ω·m. The dry ink 
is composed of silver microflake particles (particle size ,9 mm)  
immersed in a polymer-based binder with a minimal amount 
of residual solvent.

The array was encapsulated in 76 mm of Teflon, then af-
fixed onto a 200-mm-thick fireproof fabric and sealed in a 
patterned waterproof fabriclike coating that resembled a 
blanket to increase patient comfort. The six octagonal 15 3 
8 cm elements in the array cover a 27 3 27 cm area in each 
paddle. The flexible portion of the array contains the conduc-
tive loops of the coil, as well as a small matching and spoil-
ing board; the preamplifiers are positioned remotely inside a 
third-party gateway that interfaces with the imager (Gateway; 
MR Solutions, Brookfield, Wis) (Fig 1, A).

Coil Safety Testing
Prior to scanning any subjects, all prototype coils were tested 
for patient safety. Each coil element had its blocking circuit 
characterized to ensure a blocking impedance to coil area 
greater than 0.75 Ω/cm2 during transmission. A power dis-
sipation analysis was performed to ensure that each circuit el-
ement was at or below the component manufacturer ratings. 
The coil was encapsulated with UL94 V0 fire-rated materials. 
Coils were tested with a modified gradient-echo sequence on 
a Discovery MR750 3-T imager (GE Healthcare, Waukesha, 
Wis) that exceeded the maximum radiofrequency power for  
45 minutes and were examined with a thermal camera to en-
sure no portion of the coil exceeded 41°C. Finally, a modified 
single-shot fast spin-echo sequence that exceeded the maxi-
mum peak radiofrequency voltage was used to test for arcing.

Phantom Noise Performance Assessment
To compare array performance, the 12-channel printed pediat-
ric coil was compared with the 32-channel commercial coil. The 
printed coil was assessed in a tightly wrapped and gently laid con-
figuration on a 32-cm-long, 19-cm-wide, and 9-cm-thick pedi-
atric patient–shaped phantom (Fig 2, A) with 3.37 g/L NiCl2·6 
H20 and 2.5 g/L NaCl (yielding s ' 0.5 S/m, ´r ' 70). Coil 
sensitivities were estimated by using ESPIRiT (an eigenvalue ap-
proach to autocalibrating parallel MRI) (17) and were used to 
produce SNR maps and noise correlation profiles. A 256 3 256 
two-dimensional spin-echo sequence (repetition time msec/echo 
time msec, 500/20 ; section thickness, 10 mm; section spacing, 10 
mm; in-plane field of view [FOV], 20 3 20 cm) was used to assess 
noise performance for both coils, with the imager radiofrequency 
transmitter disabled. SNR maps for accelerations in the superior-
inferior and right-left directions were established.

Caregiver Acceptance Assessment
For each subject, each caregiver, including the MRI technologist, 
nurse, and anesthesiologist, was surveyed with a printed question-

Abbreviations
FOV = field of view, ROI = region of interest, SNR = signal-to-noise 
ratio

Summary
A screen-printed pediatric MRI coil yielded diagnostic image quality 
and a signal-to-noise ratio that was comparable to that of a commer-
cial 32-channel adult coil and had greater flexibility and comfort.

Key Points
 n A pediatric-sized, 12-channel screen-printed MRI receive coil 

yielded diagnostic image quality and signal-to-noise ratio compa-
rable to those of a commercial 32-channel adult cardiac array for 
pediatric patients.

 n A pediatric-sized, 12-channel screen-printed MRI receive coil was 
preferred to a commercial 32-channel adult cardiac array MRI coil 
by patients, parents, and caregivers due to increased flexibility and 
comfort.
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In Vivo SNR Evaluation
To compare imaging performance, SNR was evaluated on a re-
spiratory triggered axial T2 image (echo time, 80 msec; no fat 
saturation; receiver bandwidth, 62.5 Hz). The time needed to 
acquire 28 sections was approximately 90 seconds, depending 
on respiratory triggering. To ensure accurate SNR measure-
ments, the sequence did not use acceleration, and all filtering 
and surface intensity correction were disabled. The SNR evalu-
ation sequence used a baseline FOV of 24.0 3 16.8 cm and 
a section thickness of 5 mm, with a matrix size of 320 3 224 
voxels, resulting in a baseline voxel size of 0.75 3 0.75 3 5 mm. 
This FOV was applicable to a large portion of study participants. 
Wherever this FOV was not appropriate, a different voxel size 
resulted, and we normalized the SNR to the baseline voxel size.

SNR was measured as the ratio of the mean signal value and 
the background standard deviation, using the same region of 
interest (ROI) for each case. SNR was compared for examina-
tions that used gadobutrol as the intravenous contrast agent to 
avoid error from ferumoxytol signal intensity variation and was 
measured in a non–fat-containing region of the lumbar para-
spinal muscles and in abdominal wall muscle tissue, as well as 

naire to assess the level of acceptance of the printed coil. Children 
who were able to complete the survey did so (five study partici-
pants), and parents recorded their feedback whenever children 
were unable to because of anesthesia or young age. Technologists 
recorded the (a) ease of positioning; (b) coil preference for the spe-
cific examination, subject, or both; and (c) overall coil preference 
for the examination. Anesthesiologists and nurses were queried on 
(a) choice of airway, (b) choice of anesthetic, and (c) overall coil 
preference. Each preference was recorded on a scale from 1 (pre-
ferred traditional coil) to 5 (preferred printed coil). Additionally, 
comments in the form of open-ended feedback were recorded.

Diagnostic Image Quality
A radiologist (S.V., 15 years of experience interpreting MRI 
studies) classified all studies by using a Likert scale (5, high im-
age quality across all of the anatomy and all of the sequences; 
4, good image quality across either all of the anatomy or all of 
the sequences; 3, good image quality across some of the anat-
omy and some of the sequences; 2, limited examination; 1, 
nondiagnostic). A case–control study was performed, with 1:3 
matching of cases to control subjects.

Figure 1: Screen-printed 12-channel coil array for pediatric applications allows for ease of construction, flexibility, lighter 
weight, and smaller size arrays, offering easy access to monitoring equipment. A, Interior coil construction (anterior and poste-
rior components are constructed equally). B, Complete array demonstrates flexibility by the anterior component being folded in 
the longitudinal direction.

Table 1: MRI Pulse Sequences Used in this Study 

Abdominal-Pelvic Cardiac MR Cholangiopancreatography
Coronal SSFSE Axial time-resolved volumetric phase contrast Coronal SSFSE
Coronal volumetric T2 FSE Axial ultrasort echo-time MR angiography Axial SSFSE
Axial T2 FSE Balanced steady-state free precession Coronal 3D FSE
Axial DW imaging … Coronal fat-suppressed 3D SPGR
Coronal fat-suppressed 3D SPGR … Axial fat-suppressed 3D SPGR
Axial ultrashort echo time with contrast enhancement … …
Axial 3D SPGR with two-point Dixon … …

Note.—DW = diffusion-weighted, FSE = fast spin-echo, SPGR = spoiled gradient recall, SSFSE = single-shot fast spin-echo, 3D = three-
dimensional.



Winkler et al

Radiology: Volume 291: Number 1—April 2019  n  radiology.rsna.org 183

formed. Nine study participants were female, and 11 were male. 
Ten study participants were scanned with ferumoxytol; nine, 
with gadobutrol; and one, with no intravenous contrast agent. 
Fourteen study participants received anesthesia.

Coil Design and Construction
The largest gap in array size suggested that patients aged 0–5 
years were not taking advantage of all 32 elements of the array 
(Fig E1 [online]) (6). We determined that a 27.0 3 26.7 cm 
array would fit the torso of 0–2-year-old patients and would 
cover the chest and/or abdomen of 3–5-year-old patients. As 
a result, the array is designed by using three elements in the 
left-right direction and two elements in the superior-inferior 
direction, measuring 15 3 8 cm each, for a total of six ele-
ments in both the anterior and posterior portions of the array 
(Fig 1, A). Coils were overlapped lengthwise but not across the 
body. The anterior portion placed on the patient weighed 360 
g, with total outer dimensions of 34 3 30 cm in the superior-
inferior direction (Fig 1, B), whereas the anterior part of the 
commercial adult coil weighed 2.9 kg, with superior-interior 
outer dimensions of 33 3 40 cm.

Coil Safety Testing
All prototype coils passed safety tests, as described in Materials 
and Methods.

Phantom Noise Performance Assessment
SNR profiles were compared at select locations (Fig 2, A). 
Noise correlations for both coils are shown in Figure E2 
(online). The printed coil array showed a mean correlation 
of 0.09 6 0.05, with a maximum correlation of 0.21, while 

in the psoas muscle for assessment of SNR behavior in deeper 
regions of the body. A case–control study was performed, with 
1:3 matching of cases to control subjects.

Statistical Methods

Phantom tests.—The method descried by Kellman and 
McVeigh (18) was used to calculate SNR values during imag-
ing of the phantom. Noise-only images were acquired immedi-
ately after a normal examination and contained 65 536 pixels 
to estimate the noise.

In vivo SNR methods.—We used the Wilcoxon signed-rank 
test to evaluate the statistical significance of differences in SNR 
between the screen-printed coil and the commercial adult coil.

Caregiver survey.—Confidence intervals were calculated for 
the proportion of scores above three and the proportion of 
scores above four.

Diagnostic acceptability.—Confidence intervals were calcu-
lated for the proportion of scores above three and the propor-
tion of scores above four.

Results

Study Participant Demographics
Subject age ranged from 2 days to 12 years, subject weight ranged 
from 1.8 to 57.0 kg, and abdominal-pelvic (nine study partici-
pants), pancreas or gallbladder (three study participants), car-
diac (three study participants), chest (three study participants), 
and upper extremity (two study participants) imaging was per-

Figure 2: A, Pediatric phantom highlights the location of axial signal-to-noise ratio (SNR) maps produced with the 12-chan-
nel printed coil (i) and the 32-channel printed array (ii). Blue and red dotted lines indicate location of SNR profile highlighted 
in B. A, Plots comparing SNR through the phantom for the 12-channel printed coil and the 32-channel coil to that of the screen-
printed coil.
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with a survey score of 4.1 (scale: 1, prefer traditional coil; 
3, no preference; 5, prefer printed coil). We also achieved 
comparable in vivo SNR for the printed coil compared with 
a commercially available adult MRI coil (P = .26 for com-
parison of SNR).

Overall, the new technology was very well received. The 
open-ended feedback focused on the lightweight, soft, and flex-
ible aspects of the coil, as well as the minimization of respiratory 
compromise form pressure on the chest. Clinical caregivers also 
noted that children, their parents, or both commented on the 
increased comfort of the lighter weight coil. Technologists speci-
fied the ease of positioning.

Areas noted for improvement by caregivers included poten-
tial padding of the cable to prevent discomfort during chest 

commercial 32-channel imagers had a mean 
correlation of 0.08 6 0.04, with a maximum 
correlation of 0.27.

SNR maps denoting acceleration factors of 1.5 
times in the superior-inferior direction and 2.6 
times in the right-left direction are shown in Fig-
ure E3 (online). Bright areas indicate areas with no 
SNR loss; darker areas show areas of SNR loss due 
to acceleration. As is shown, the 12-channel screen-
printed coil has a better g-factor map because more 
elements are in the FOV as compared with the 
poorly fitting 32-channel commercial coil.

Caregiver Acceptance
In the subject and provider survey, we obtained 
a mean overall score of 4.1 6 0.6 (Likert scale: 
1, preferred traditional coil; 5, preferred screen-
printed coil), indicating preference for the screen-
printed coil (Table E1 [online]). Technologists, 
anesthesiologists, nurses, and parents and/or chil-
dren favored the new screen-printed coil technol-
ogy in their overall preference rating, with mean 
scores of 4.2 6 1.5, 3.6 6 1.2, 4.2 6 0.9, and  
4.5 6 1.1, respectively.

Diagnostic Image Quality Assessment
The radiologist rated all 20 cases as diagnostically ac-
ceptable, with an average score of 4.5 6 0.6 (80% 
confidence interval: 4.3, 4.7), and no repeat exami-
nations with a different coil were required. The con-
fidence level for scores to be 4 or greater was 99.8%. 
Although this was not part of the prospective evalua-
tion of the printed coil, we retrospectively identified 
several subjects who had undergone prior imaging of 
the same body part with the commercial coil. Figure 3  
shows three comparisons of images between the 
commercial coil and the 12-channel screen-printed 
coil in these subjects. Additional images obtained 
with the printed coil are shown in Figure E4 (online).

In Vivo SNR Evaluation
Mean in vivo normalized SNR was 54 6 49 in 
paraspinal muscle, 78 6 51 in abdominal wall 
muscle, and 59 6 35 in the psoas for the printed coil, as com-
pared with 64 6 55, 65 6 48, and 57 6 43, respectively, for 
the commercial coil. When we used the Wilcoxon signed-rank 
test, the SNR of the screen-printed coil was not different from 
the SNR of the commercial adult coil (P = .26).

Discussion
In this study, we described the design, construction, and 
pilot clinical use of pediatric screen-printed coil technology. 
We assessed caregiver acceptance of the new coil and stud-
ied diagnostic image quality and SNR in comparison with 
a commonly used commercial adult coil. Our major find-
ings are that caregivers prefer the screen-printed coils and 
that diagnostic image quality is highly likely to be obtained 

Figure 3: Comparison of clinical MR images obtained with commercial (left) and 
12-channel screen-printed (right) coils. A, Abdominal image in a 3-month-old subject 
with cavernous transformation of the portal vein. B, Chest image in a 7-year-old sub-
ject with a chest wall vascular malformation. C, Forearm image in a 12-year-old sub-
ject. Good field of view coverage and high signal-to-noise ratio are demonstrated.
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imaging and stiffening the coil to improve respiratory bellows in 
a few isolated cases.

All images were rated to exhibit suitable diagnostic image 
quality, and both independent radiologists agreed on all cases. 
The pediatric screen-printed coil exhibits a smaller size (coverage 
of 27 3 27 cm) than the commercial adult coil; therefore, it was 
used only in children who weighed less than 20 kg.

The noise correlation in a phantom was determined to be 
similar when using the screen-printed and commercial adult 
coils, which is concordant with the clinical diagnostic imaging 
quality assessment. SNR was slightly degraded in phantom mea-
surements for the screen-printed coil array, which was attributed 
to the larger element size, lower channel count, large separation 
of preamplifiers from coil elements, and lossier coil material. 
However, we noted an increase in SNR with the screen-printed 
coil relative to the conventional coil in vivo, which is likely re-
lated to the ease of placing the screen-printed coil in closer prox-
imity to pediatric subjects. We also observed less SNR homoge-
neity as a result. If more homogeneous SNR is desired, surface 
coil correction can be used.

A limiting factor in our study was that we did not examine 
the same subject with both the new screen-printed coil and the 
conventional 32-channel commercial adult coil, although we 
were able to show a few selected direct comparisons in Figure 3 
for illustrative purposes. Instead, comparison phantom studies 
were performed. In the limited clinical setting, we were only able 
to evaluate axial images for in vivo SNR.

We also used the same coil size for all subjects, who ranged in 
age from 2 days to 12 years. We used an adult-sized commercial 
coil for control subjects of all ages.

In conclusion, we demonstrated that a pediatric flexible 
12-channel screen-printed MRI receive coil yields diagnostic 
image quality and is likely to be preferred to a traditional coil by 
subjects, parents, and caregivers. The screen-printed MRI receive 
coil had a high signal-to-noise ratio that was comparable to that 
of a commercially available surface coil.
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