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Abstract

MR susceptibility imaging (e.g., T2*, SWI, QSM) is a powerful 
tool for imaging blood vessels, hemorrhage, calcifications, 
and iron deposition in the normal and diseased brain with 
exquisite detail. To obtain such images at high resolution, 
very long image acquisition times are typically needed when 
using the conventional 3D gradient-echo sequence. Using a 
novel acquisition strategy called segmented (or multi-shot) 
3D echo planar imaging (3D EPI)1, we have found that MR 
susceptibility images can be produced with high resolution 

and no loss in diagnostic clarity. Our experience at the NIH 
across the range of field strengths indicates that the 3D  
EPI acquisition may be used to obtain very short scan times 
(1–3 min) at standard image resolutions or to increase the 
resolution to obtain submillimeter isotropic images in scan 
times on the order of 5–6 minutes. The ability to perform 

1 WIP, the product is currently under development and is not for sale in the US and in  
 other countries. Its future availability cannot be ensured.

Figure 1: 3D EPI sequence diagram and its corresponding k-space trajectory.
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rapid susceptibility imaging allows for its integration into 
routine clinical imaging, reduces the likelihood of motion 
artifact, and may be of particular benefit in the acute 
clinical setting such as stroke or traumatic brain injury 
where minimizing time in the scanner is paramount. 
Furthermore, the new capability to perform submillimeter 
isotropic imaging in clinically acceptable scan times opens 
up new avenues of clinical research in demyelinating 
diseases through the investigation of the relationship 
between central veins and white matter lesions. 

Introduction

MR susceptibility imaging has become an essential clinical 
tool to visualize blood vessels, hemorrhage, calcifications, 
and iron deposits in the brains of people with neurological 
disorders. Susceptibility-based MR images can take  
various forms, including T2* contrast, susceptibility-
weighted imaging (SWI), phase imaging, and quantitative 
susceptibility mapping (QSM). Because the image 
acquisition typically relies on a spoiled gradient echo (GRE) 
sequence with a relatively long TE to allow for susceptibility 
effects to influence contrast, scan time can be quite long, 
particularly when whole brain coverage and/or high 
resolution are required (e.g. > 15 min for 1 mm isotropic 
whole brain). Long acquisition times are problematic in  
a clinical setting, where subjects are likely to move during  
the scan resulting in blurred or unusable images. Therefore, 
slice thickness is usually limited to 2–4 mm while the field-
of-view (FOV) covers only the supratentorial brain in order  
to maintain clinically compatible scan time. 

To speed up the acquisition of MR susceptibility imaging, we 
recently developed a prototype volumetric (3D) segmented 
echo-planar imaging (EPI) sequence1 that allows rapid 
imaging of the entire brain at submillimeter resolution. In a 
manner analogous to the use of an echo train in turbo spin 
echo to accelerate the acquisition of 3D spin echo, we use  
an echo train in segmented EPI to accelerate the acquisition 
of a 3D gradient echo. In this article, we describe this novel 
approach and present acquisition protocols developed 

across the range of magnetic field strengths to illustrate  
the application of this technique in different clinical and 
research applications.

MRI technique

The 3D EPI approach was originally introduced for whole-
brain functional MRI with high-resolution at 7T [1]. It was 
then demonstrated to be a viable solution for fast high-
resolution anatomical imaging of the brain at 7T when using 
a segmented approach with relatively short EPI train lengths 
in order to limit distortions and image blurring [2]. Through 
a collaboration between different institutes at the National 
Institutes of Health (NIH, Bethesda, MD) and Siemens MR, 
we implemented a segmented 3D EPI technique as a WIP on 
syngo MR E11A and as a prototype sequence on syngo MR 
B17A, B20P, D13A/D (available as C2P from NIH) and tested 
on a variety of Siemens scanners (1.5T MAGNETOM Aera,  
3T Biograph mMR, 3T MAGNETOM Skyra, 3T MAGNETOM 
Prisma, and 7T Research System, Siemens Healthcare, 
Erlangen, Germany), all sited at the NIH Clinical Center.  
The pulse sequence diagram of the 3D seg EPI and its 
corresponding k-space trajectory are depicted in Figure 1. 
The segmentation used a conventional interleaved k-space 
trajectory along the primary phase encoding direction (KY), 
while the secondary phase encoding (KZ) was used to select 
partitions. In order to reduce the artifacts due to B0 variation 
and odd-even line discrepancy; which is typical in EPI, 
state-of-the-art navigator approach (shown as “NAV” in 
Figure 1) was integrated. The EPI factor was typically set to 
15 which acquires 15 phase-encoded lines of k-space data 
for each excitation as a compromise between improving 
imaging efficiency while limiting the level of image 
distortion and blurring. Different acquisition protocols were 
setup according to the scanner field strength (Table 1) to 
produce high isotropic resolution T2*-weighted (T2*w) 
images of the brain under 6 min (Fig. 2). Despite a short TR, 
T2*-weighting is the dominant contrast on the magnitude 
images due to the use of prolonged TE and a low flip angle 
which minimize the T1-weighting. Although no obvious 

1.5T MAGNETOM Area,  
Head/Neck 20 ch

Sag 64 37 228 94.1 256 0.75 iso 304 A >> P 15 5:23 

3T MAGNETOM Biograph mMR,  
Head/Neck 16 ch 

Ax 64 25 220 78.1 72 0.5 x 0.5 x 2.0 448 R >> L 15 1:30

Sag 57 25 228 96.6 288 0.65 iso 352 A >> P 15 4:45

3T MAGNETOM Skyra, Head 32 ch &  
3T MAGNETOM Prisma, Head 32 ch

Sag 64 35 250 81.3 256 0.65 iso 384 A >> P 15 5:46

7T research system, 
 Head 32 ch

Ax 52 23 220 81.8 176 0.5 iso 440 R >> L 15 3:40

Plane TR  
(ms)

Phase 
direction

EPI 
factor

TA 
(mins)

TE  
(ms)

Matrix FOV 
(mm)

Voxel size  
(mm)

Phase 
FOV (%)

Slices

Table 1: 3D EPI acquisition protocols running on different Siemens scanners at NIH.
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Figure 2: Representative 3D EPI images acquired on the  
same healthy volunteer at three different field strengths (1.5T, 
3T and 7T). Submillimeter voxel dimensions were used for all  
scans (1.5T: 0.75 mm isotropic, 3T: 0.65 mm isotropic and 7T:  
0.5 mm isotropic).

3D EPI (1.5T) 
0.75 mm iso

3D EPI (3T) 
0.65 mm iso

3D EPI (7T) 
0.5 mm iso

distortions could be detected on T2*w images, some 
noticeable areas of signal loss could be observed in the 
areas of poor B0 field homogeneity (e.g. inferior frontal  
and temporal lobes). The 3D EPI protocol allows for 
reconstruction of magnitude, phase, SWI, and minimum 
intensity projection images which well depict the cerebral 
venous vasculature (Fig. 3). The phase images can  
be used to generate QSM images to map out the local 
magnetic susceptibility of brain tissues [3] (Fig. 3). 

Application in multiple sclerosis

High-resolution T2*-weighted images are particularly  
useful to research clinicians for the purpose of detecting 
small veins inside cerebral white matter (WM) lesions,  
as this detection may aid with the diagnosis of multiple 
sclerosis (MS) [4]. When searching for central veins in WM 
lesions, whole-brain coverage is particularly important, 
since MS lesions can be found anywhere in the brain. 
Moreover, isotropic resolution is particularly useful to 
reformat images in any desired plane, a feature that is 
available on many radiology viewing platforms that  
enables veins to be well visualized irrespective of their 
orientation (Fig. 4). 

Based on our experience with scanning 100+ MS patients 
using the high-resolution 3D EPI protocols at different field 
strengths, central veins are most conspicuous at 7T due to 
the increased resolution and contrast (Fig. 5). While central 
veins are visible at 1.5T and 3T, their detection can be 
facilitated by injecting a gadolinium-based contrast agent 
during the first minutes of the 3D EPI acquisition (Fig. 5). 
This is straightforward to implement when the MRI protocol 
already involves the use of contrast agent to detect newly 
enhancing MS lesions on T1-weighted images. Because there 
is usually a recommended 5-minute wait before running 
post-contrast imaging [5], the 3D EPI acquisition can be 
performed at that time, thus not prolonging the total scan 
time of the MRI exam.

Unlike T2-weighted fluid-attenuated inversion recovery 
(FLAIR) images, T2*-weighted and SWI images lack 
cerebrospinal fluid suppression and are, therefore, less able 
to demonstrate contrast between lesions and surrounding 
tissues, making the detection of lesions more difficult for  
the clinicians. To overcome these issues, our laboratory has 
developed and routinely generates an MR combined contrast, 
which we have called FLAIR* [6]. The FLAIR* approach uses 
the Siemens product sequence (SPACE IR) to acquire a 1 mm 
isotropic 3D FLAIR (for lesion detection) and our 3D EPI 
prototype sequence for 0.65 mm isotropic T2*-weighting  
(for vein detection); total acquisition time is <12 min.  
FLAIR* images are generated using simple processing  
steps: rigid co-registration, interpolation, and image multi-
plication (Fig. 6). Because of its close resemblance to  
the conventional FLAIR images, 3T FLAIR* can be readily 
interpreted by radiologists and neurologists. 

Over the past couple of years, our fast, high-resolution  
3D EPI protocols have been disseminated to a dozen  

2

3D EPI (3T), 0.65 mm iso
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SWI 
minIP QSM
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Figure 3: Different susceptibility-based contrasts obtained  
with 3D EPI protocol at 3T. T2*w contrast corresponds to the 
native magnitude images produced by the scanner. SWI and  
SWI mIP contrasts can also be generated by the scanner when 
using the WIP. QSM images are generated offline using the  
QSM reconstruction algorithm from Langkammer et al.  
(http://www.neuroimaging.at/pages/research/quantitative-
susceptibility-mapping.php).

3

MRI centers specialized in MS across the US and Europe, 
resulting in several publications that illustrate its potential 
clinical value in MS [7–10]. Recent guidelines on the use of 
MRI in MS from the MAGNIMS group [5, 11] and the NAIMS 
cooperative [4] also mentioned 3D EPI and its combined 
FLAIR* contrast as promising MRI techniques for the clinical 
evaluation of the central vein sign in MS diagnosis. 
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3D EPI (3T), 0.65 mm iso

Axial Coronal Sagittal

Figure 4: 0.65 mm 
isotropic 3D EPI 
(magnitude) T2*w images 
acquired at 3T in two 
different MS patients. 
Images can be reformatted 
for multiplanar viewing, 
thus allowing the 
identification of small 
parenchymal veins 
running centrally through 
MS lesions (red arrows  
in the magnified boxes).

4

Application in the acute clinical setting  
(e.g. traumatic brain injury (TBI) and stroke)

One major limitation of MRI in the acute clinical evaluation 
of traumatic brain injury and stroke is the simple fact that 
the extended MRI exam can be quite long. Thus, despite the 
additional information that may be gained by MRI relative 
to CT for these indications [12], clinicians continue to rely on 

CT to rule out intracranial hemorrhage and to rely on clinical 
evaluations to guide therapy. Any rapid and comprehensive 
MRI examination must be able to evaluate for intracranial 
hemorrhage using gradient echo based techniques [13].  
In the setting of TBI, SWI is preferred over GRE T2* [14]  
due to its greater sensitivity for microhemorrhage and is 
typically performed as an axial acquisition with 2.0 mm 
slice thickness and in plane resolution of 0.5 to 1.0 mm.
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3D EPI 
1.5T (Gd+)

3D EPI 
3T (Gd+)

3D EPI 
7T

Figure 5: 3D EPI 
(magnitude) T2*w 
images in the same 
MS patient brain at 
three different field 
strengths (0.75 mm 
isotropic at 1.5T, 
0.65 mm isotropic  
at 3T, and 0.5 mm 
isotropic at 7T). The 
same central vein 
inside an MS lesion 
can be detected at 
all field strengths 
and on all imaging 
planes (red arrows).  
Note that at 1.5T 
and 3T, images were 
acquired during  
the injection of 
gadolinium-based 
contrast agent (Gd+) 
to enhance the 
conspicuity of the 
parenchymal veins.

5
Axial Coronal Sagittal

Figure 6: Workflow of the 3T FLAIR* processing pipeline. Native 3D FLAIR (1 mm isotropic) images are co-registered (rigid, 6 degrees of 
freedom) to native T2*w 3D EPI (0.65 mm isotropic) and interpolated (windowed sinc) to match the 3D EPI resolution. FLAIR* images are 
then generated by multiplying the registered 3D FLAIR images to the native 3D EPI images. Because FLAIR* images retain the high-
isotropic-resolution from the native 3D EPI images, multiplanar reformatting (MPR) enables the reader to view FLAIR* images in any 
desired orientation. Our FLAIR* pipeline is currently performed offline after downloading the DICOM images from the NIH Radiology PACS 
system. Once the processing is completed, FLAIR* images are imported back into the PACS system to be read by NIH clinicians. Note that 
FLAIR* processing could also be done using the MR Arithmetics prototype1 available under syngo.via Frontier.

6
3D FLAIR

Rigid co-registration 
+ 

Interpolation

Image  
Multiplication

source target

3D EPI

Registered 3D FLAIR 3D FLAIR*

3D FLAIR* (MPR)
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Figure 7: An ~ 1½-minute 3D EPI 
sequence compares favorably 
with an ~ 10-minute 3D GRE 
sequence for the depiction and 
characterization of traumatic 
axonal injury characterized by 
clustered curvilinear and 
punctate microhemorrhages 
scattered throughout the frontal 
lobes bilaterally. Identical image 
resolution and echo time (TE = 
25 ms). 3D GRE was performed 
using iPAT2 and a TR of 40 ms 
and 6/8 partial phase encode. 
3D EPI was performed with an 
EPI of 15 and a TR of 64 ms for  
a net ~ 6 fold acceleration. Mini- 
mum intensity projection (minIP) 
used a 10 mm slab thickness.

3D EPI 1:30 
0.5 x 0.5 x 2.0 mm

3D GRE 9:45  
0.5 x 0.5 x 2.0 mm

7
magnitude minIP phaseSWI

Figure 8: Comparison of microhemorrhage characterization 
using isotropic 0.65 mm 3D EPI vs. traditional 0.5 x 0.5 x 2.0 mm 
3D GRE. Axial minimum intensity projections are comparable 
but the projections in the sagittal plane demonstrate the 
superiority of isotropic acquisition. Acquisition time for 3D EPI 
was 4:45 min and for GRE was 9:45 min.

3D EPI  
0.65 mm iso

axial  
minIP

sagittal  
minIP

3D GRE  
0.5 x 0.5 x 2.0 mm

8
For the characterization of TBI associated microhemorrhage, 
consensus imaging protocols prefer GRE based SWI over  
the conventional 2D GRE T2*-weighted methods, but 
acknowledge, even using iPAT, that this demands imaging 
times on the order of 5–10 minutes for whole brain coverage 
[15]. With 3D EPI, equivalent or higher resolution is easily 
obtained in 1.5–3 minutes. Figure 7 compares 3D GRE based 
SWI to that of the 3D EPI SWI performed with identical in- 
plane resolution (0.5 × 0.5 mm) and slice thickness (2.0 mm) 
with imaging times of 9:45 and 1:30 respectively on a 3T 
Biograph mMR platform. Qualitatively, the images are quite 
similar, and, despite the somewhat lower SNR of the rapid 
SWI scan, the SNR is more than sufficient to detect and 
characterize small microhemorrhages and also to generate 
phase data and subsequent SWI processing. 

Alternatively, one can spend more time imaging and  
obtain higher (e.g. 0.65 mm isotropic) resolution to allow  
for characterization of microhemorrhage in any plane of 
interest (Fig. 8) allowing for demonstration of the curvilinear 
microhemorrhages characteristic of traumatic axonal injury. 
In addition, such high resolution imaging can demonstrate 
other hemorrhagic pathologies such as subarachnoid 
hemorrhage, cortical contusion, and superficial siderosis.

Conclusions

In summary, we present a novel approach to acquire 
susceptibility-based MR images using a segmented 3D EPI 
prototype sequence. Our experience at the NIH has shown 
that this method can be used either to reduce the imaging 
time of standard resolution 3D GRE/SWI images, or to 
increase the resolution to acquire submillimeter isotropic 
images of the whole brain at a variety of field strengths,  
as low as 1.5T. One current limitation of our prototype 
sequence is the lack of parallel imaging capability acqui- 
sition (e.g., GRAPPA, CAIPIRINHA), which was recently 
demonstrated to be feasible at 7T [16]. Clinically, we believe 

the 3D EPI approach is a promising tool for MS diagnosis, 
but it could have many other applications in variety of 
neurological disorders, such as detecting microhemorrhage 
in neurovascular disease or traumatic brain injury, or 
assessing iron deposition in the substantia nigra in 
Parkinson’s disease [17].
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Appendix

Currently, the 3D EPI prototype sequence1 is available  
for syngo MR D13A/D through C2P exchange with NIH 
(Please contact Dr. Pascal Sati, satip@ninds.nih.gov).  
It is also available for syngo MR E11A as a WIP  
through Siemens (Please contact Dr. Sunil Patil,  
patil-sunil@siemens-healthineers.com). The collaborative 
work between the National Institute of Neurological 
Disorders and Stroke, the National Institute of Mental 
Health, and Siemens Healthcare USA was conducted under  
a Cooperative Research and Development Agreement.
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