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Abstract

Echo-planar imaging (EPI) is the standard technique for dynamic susceptibility-contrast (DSC)
perfusion MRI. However, EPI suffers from well-known geometric distortions, which can be
reduced by increasing the k-space phase velocity. Moreover, the long echo times (TES) used in
DSC lead to signal saturation of the arterial input signal, and hence to severe quantitation errors in
the hemodynamic information. Here, through the use of interleaved shot acquisition and parallel
imaging (P1), rapid volumetric EPI is performed using pseudo-single-shot (ss)EPI with the
effective 73 blur and susceptibility distortions of a multishot EP1 sequence. The reduced readout
lengths permit multiple echoes to be acquired with temporal resolution and spatial coverage
similar to those obtained with a single-echo method. Multiecho readouts allow for unbiased R;
mapping to avoid incorrect estimation of tracer concentration due to signal saturation or T;
shortening effects. Multiecho perfusion measurement also mitigates the signal-to-noise ratio
(SNR) reduction that results from utilizing PI. Results from both volunteers and clinical stroke
patients are presented. This acquisition scheme can aid most rapid time-series acquisitions. The
use of this method for DSC addresses the problem of signal saturation and T, contamination while
it improves image quality, and is a logical step toward better quantitative MR PWI.

Keywords
perfusion; dynamic susceptibility contrast; bolus tracking; parallel imaging

Dynamic susceptibility contrast (DSC)-based perfusion-weighted imaging (PWI) can
visualize cerebrovascular hemodynamics. Therefore, it may be an important asset to
determine “tissue-at-risk” in acute stroke patients. When used with diffusion-weighted
imaging (DW1), it can help to triage patients who would potentially benefit from 1V tPA
treatment or mechanical thrombectomy (1). In DSC imaging, an exogenous paramagnetic
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tracer (e.g., GAd-DTPA or Dy-DTPA) is rapidly injected into the venous system and its
passage is tracked through concentration-related 73 changes in the cerebral vascular bed (2—-
4). The arterial input concentration curve, as measured in a large cranial vessel, defines the
arterial input function (AIF) (5), which is necessary to define the arrival and non-ideal shape
of the impulse bolus injection as it reaches the imaging volume. The undesired temporal
smearing of the concentration curve is undone via deconvolving the AIF from the signal
course. This leaves the tissue residue function, which can be used to infer important
information about the hemodynamic state of the tissue, such as the cerebral blood volume
(CBV), cerebral blood flow (CBF), and mean transit time (MTT).

In order to sufficiently track the first-pass contrast concentration changes, which typically
occur over a time span of approximately 10 s, rapid time-series imaging is required. This has
made single-shot echo-planar imaging (ssEPI) (6) the method of choice for most DSC
perfusion imaging. However, the use of ssEPI suffers from several well-known problems,
some of which are exacerbated in DSC imaging.

The T3 decay of the signal during the EPI readout widens the sampling’s point-spread
function (PSF), blurring the output images and effectively limiting resolution (7,8). Further,
due to the 73 decay, the signal exists for only a short period of time, which places an
absolute upper limit on the possible resolution. The introduction of the tracer greatly
decreases 73, generating significant vessel blooming during the bolus passage due to the
larger susceptibility gradients. This resolution decay is most notable cortically, as a result of
the venous drainage of the agent, and near the major cranial arteries, leading to an apparent
widening of vessels.

EPI suffers from well-described geometric image distortions due to the low sampling
bandwidth in the phase-encoding direction. Aside from global distortions, local areas of
magnetic field susceptibility gradients (e.g., near the sinuses and the auditory canals), which
are most egregious at air/tissue interfaces, suffer from image voids, with signal energy
“piled-up” nearby. For DSC PWI this is highly problematic since the signal from the carotid
siphon or the inferior cerebral arteries in the sella region, such as the internal carotid artery
(ICA) and middle cerebral artery (MCA), are commonly used to define the AIF. These areas
are often markedly distorted due to the strong susceptibility gradients.

Due to the relatively long TEs needed for optimal 73 contrast in brain parenchyma, the
contrast material in the arteries during bolus passage can so greatly reduce 7 that the
contribution from the additive, rectified noise floor is comparable to the Rician-distributed
MR magnitude signal. This leads to an underestimation of the tracer concentration curves
(9). During bolus passage, the difference in susceptibility between the tissue and the
paramagnetic material in the large arterial vessels causes significant local resonance
frequency shifts. Combined with EPI’s low pixel bandwidth in the phase-encoding direction,
significant shifts of the vessel can be observed, causing degradation of the AIF curve shape.
These image-quality issues associated with EPI can preclude accurate determination of the
AIF, affecting the veracity of the measured CBV, MTT, and CBF.
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In this work an interleaved EPI acquisition with parallel imaging (PI) reconstruction is used
to overcome both the image-quality and contrast-mapping drawbacks found in ssEPI.
Through PI, the temporal resolution of the interleaved EPI acquisitions can be accelerated
above that of ssEPI, with the added benefit of acquiring multiple echoes of each slice in each
volume. Since the reduced readout lengths of Pl-enhanced EPI scans allow multiple echoes
to be acquired without a penalty in time resolution, unbiased r; mapping is possible. This
avoids incorrect estimation of tracer concentration due to signal saturation or Tq-shortening
effects. It can be anticipated that rapid volumetric EPI for DSC can be performed using this
pseudo-ssEPI acquisition, with the effective 73 blur and susceptibility distortions being
reduced to the magnitude of a multiple-interleaf EPI sequence. Improved image quality,
combined with the additional echo information, results in improved DSC mapping of the
hemodynamic parameters.

A decrease in image distortion can be expected when the k-space sampling velocity, dk/
dt(and thus the bandwidth per pixel), is increased in the phase-encoding direction (10), such
as by acquiring the k-space over several excitation experiments in an interleaved fashion. An
M-interleaved EPI acquisition samples 1/Mt" of the phase-encoding lines in each shot, and
thus k-space will be traversed M-times faster and the phase accrual from off-resonant spins
during the course of the EPI readout will diminish by M. However, interleaved EPI reduces
some of the advantages of using ssEPI, such as its great tolerance to patient motion and
ability to form images rapidly. An interleaved EPI acquisition with Mshots takes M x TR to
acquire a single image, which reduces the net temporal resolution. Methods that require a
temporal resolution of 1-2 s to characterize the AIF, such as bolus-tracking perfusion, have
met with limited success when conventional interleaved EPI is used. Furthermore, rapid
contrast changes occur during the bolus passage. These intensity variations between
interleaves can cause ghosting artifacts. Interleaved EPI with DSC can be achieved by using
very short TRs; however, the reduced baseline signal and the increased sensitivity to Ty
changes during the bolus passage and the tracer retention may impair the calculation of

tracer concentration from R} changes.

Similarly to interleaved EPI, the reduced number of phase-encoding steps needed in PI also
increases the phase-direction k-space sampling velocity and thus reduces susceptibility and
blurring artifacts. The reduction in blurring and distortions (11) and resolution enhancement
(12) obtained with PI-EPI have been explored previously by a number of authors. Given that
both PI-EPI and interleaved EPI acquisitions acquire a reduced k-space in an identical
manner, their combination is a natural result (Fig. 1). A time-series of data, such as in DSC-
PWI, may be acquired using interleaved EPI. However, the time resolution of interleaved
EPI is unsuitable for resolving the passage of the contrast material. Nevertheless, by means
of Pl every interleaf can be reconstructed separately, maintaining the same temporal
resolution as ssEPI. In addition to restoring the temporal resolution, the data acquired in
such a fashion retain the increased resolution and reduced 73 blur and susceptibility
distortions of interleaved EPI due to the faster k-space traversal. As every Macquisitions
form a complete k-space, this dataset may be used for an autocalibrating Pl method (Fig. 1).
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Another distinct advantage to the reduced readout length with a multishot/PI1-EPI method is
that it allows the acquisition of multiple echoes while maintaining whole-brain coverage and
a near 1-s temporal resolution. This comes without penalty as the shorter readout train with
an identical TE introduces a gap between excitation and reception, which can be used to
acquire the additional echoes. The benefit of multiple echoes in PWI was shown to be
beneficial by Vonken et al. (13,14), who proposed the use of a second, earlier echo with
reduced signal saturation effects, leading to reduced error in the computed arterial input
concentration and the derived hemodynamic metrics. In their studies, the first TE was used
for the AIF measurement and the second TE was used for the measurement of the contrast

passage through the tissue. Since the underlying 7 varies, especially during the tracer
passage, the optimum TE is also variable. In this work we were able to acquire up to four
echoes due to the Mtimes shorter readout train.

Multiecho DSC allows the calculation of true r; maps for each volume without any
influence from T, relaxation, rather than relying on the relative signal difference from a
prebolus baseline measurement as a A R; analogue. This is of increased relevance for higher
temporal resolutions (or decreased TRs) as the T4 effect of the contrast agent (CA)
counteracts the 73 effect. Decreased TRs with equal coverage are also possible with the
shorter readouts of this method, as the sequence time after the last effective time is
shortened Mtimes. Previous multiecho methods used only two echoes due to time constraints
(i.e., much longer readout lengths per EPI train) (13,14), which reduced the ability to
perform accurate R} mapping. Signal voids in the later of the two echoes would confound
dual-echo methods, thus underestimating R} and the tracer concentration (9). When using Pl
with multiecho DSC, several echoes may be acquired in a similar amount of time as that of a
single echo in an ssEPI method. Later echoes may be removed from the fit as needed or
selectively weighted based on voxel signal level without removing the ability to calculate
R;. Finally, as multiecho DSC does not rely on a prebolus baseline image, it is less sensitive
to any bulk motion between the start and completion of scanning.

The combination of multiecho interleaved EPI with PI for restoration of temporal resolution
was implemented and tested clinically, and is referred to as PERfusion with Multiple Echoes
and Temporal Enhancement (PERMEATE) (15). In PERMEATE, multiple echoes of a
volume are read out and split up among each of the several interleaves (Fig. 1). Hybrid-
space generalized autocalibrating partially parallel acquisitions (GRAPPA) (16) PI
calibration is performed by combining the first M prebolus interleaves to form a fully
sampled k-space. Each shot is then reconstructed separately using these determined
GRAPPA-like weights, forming a quasi-single-shot dataset with a temporal resolution of 1
TR, and the effective distortions and blurring of an M-shot interleaved EPI acquisition.
During each TR the echoes per slice obtained allow calculation of R on a per-pixel basis by
means of a magnitude-weighted nonlinear fit. Finally, slice acquisition is interleaved
throughout the TR. The total number of slices acquired per TR is determined by the EPI
readout duration (i.e., number of interleaves), number of echoes desired, and TR. In practice,
a near 1-s temporal resolution could be obtained with 15 slices over three or four interleaves
and three or four echoes.
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MATERIALS AND METHODS

A multishot, multiecho, multislice gradient-echo (GRE) EPI pulse sequence was developed
and implemented on a GE Signa Excite platform (GE Healthcare, Waukesha, WI; 40 mT/m,
SR =150 mT/m/s) at 1.5T. The free induction decay (FID) following a spectral-spatial
excitation was read out by several interleaved EPI readout trains, where each readout train
acquired the same 1/M™ of a 96 x 96 k-space, as shown in Fig. 1. Readout trains were
placed as densely as allowed by system limitations, with the final readout TE no later than
60 ms. Slice acquisition was interleaved throughout the TR. The true acquisition time of
each slice was tagged for the subsequent time-series analysis. The multiple GRE readout
EPI sequence is illustrated in Fig. 2. Fifteen 5-mm slices with a 1.5-mm gap were acquired
per TR using either an eight-channel phased-array head coil (Invivo, Peewaukee, WI, USA)
or an eight-channel neurovascular phased-array coil operated in the head-only mode (Invivo,
Peewaukee, WI, USA). For both coils the built-in quadrature body coil was used for signal
excitation. The response from the first two excitations of the dynamic series was discarded
to avoid confounding effects from the signal as it transitioned into steady state. A single-
dose bolus injection (0.1 mM/kg of Gd-DTPA, Omniscan; GE Healthcare, Chalfont St.
Giles, UK) was performed at a rate of 4 ml/s 15 s into the scan using a dual-piston power
injector (Spectris, Medrad, Indianola, PA, USA), followed immediately by a 20-ml saline
flush. Imaging was done on three normal volunteers and 44 patients who had been admitted
for stroke-like presentation. Informed consent was obtained from all scan subjects, and all
protocols were approved by the institution’s review board.

Two versions of PERMEATE as well as one standard version of GRE-ssEPI were used for
clinical PWI, and all required an identical scan time of 1 min 14 s. Specifically, the first
PERMEATE version, a three-interleaf, three-echo version (TE = 14.6 ms, 33.8 ms, and 53.0
ms, TR = 1.225 s), acquired 20 volumes (including discarded acquisitions), resulting in a
total of 60 volumes after PI reconstruction. The second PERMEATE version, a four-
interleaf, four-echo version (TE = 12.4 ms, 27.4 ms, 42.4 ms, and 57.4 ms, TR = 1.225s),
acquired 15 volumes in the same scan time, leading again to 60 volumes after the final Pl
reconstruction. For comparative evaluation, GRE-ssEPI was acquired instead of a
PERMEATE acquisition for randomly selected patients (TE = 60 ms, TR = 2.0 s), with 36
volumes acquired in the same scan time. Due to the longer EPI readout, a longer TR of 2 s
was required to afford whole-brain coverage. The effect of different TRs will be addressed
in subsequent sections.

In the four-interleaf PERMEATE acquisition, the otherwise sequential shot ordering was
altered. Here the shot order was permuted to a 1,3,2,4 order instead of a 1,2,3,4 order. When
this ordering is used, every sequential pair of shots (e.g., 1 and 3, 2 and 4, etc.) may be
combined to form a k-space that uses an R = 2 acquisition pattern. The use of this ordering
does not change the PI reconstruction for the R = 4 case. The R = 2 reconstruction allows an
increased SNR though decreased temporal resolution that is between the high-temporal-
resolution R = 4 and classic, high-SNR R = 1 reconstructions. When a short TR is used, this
R = 2 reconstruction may offer a trade-off between SNR and temporal resolution, without Ty
bias. This shot ordering is illustrated in Fig. 1.
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Automatic correction (17) of Nyquist ghosts resulting from odd/even echo misalignment
was used to eliminate the reference prescan, which on the systems used can take a
substantial amount of additional scan time for interleaved EPI approaches. Hybrid-space
(i.e., x-ky space) PI reconstruction (16) was used to restore temporal resolution for the
PERMEATE image data sets, in which each interleaf was restored to a full-FOV image. The
result was 60 multiecho volumes with a temporal resolution of 1.225 s for both the three-
and four-shot versions. For each slice, GRAPPA-like weights were calculated using every
interleave of the first echo in the first nondiscarded imaging time point and then applied to
all echoes and time samples in the PERMEATE dynamic series. The first Rshots of the
dynamic series were discarded to avoid artifacts from transitioning into steady state.
Automatic image-based in-plane motion correction was then performed on the first echo of
each volume by minimizing the sum-of-squares (SoS) difference between images (18).
Motion correction parameters determined from this first echo were then applied to every
echo in the volume.

R; maps were calculated from the PERMEATE image sets by calculating R} in each voxel
in every volume using a weighted SoS minimization fit to the well-known signal equation
for decay with increasing TE:

I(TE)=Supp - ¢ TF 1 1

where the apparent equilibrium signal magnitude, Sapp, contains both proton density and Ty
contributions. A baseline R} was calculated by averaging all R maps from the prebolus
volumes. This baseline R}(R;,,;,.) Was then subtracted from every R map so that the
prebolus R} was approximately zero in order to aid comparison with the single-echo A R}
maps. That is, the A R} of the fitted multiecho datasets is calculated as:

A R; (t) = R; (t) - R;,bline [2]

In addition, A R maps were calculated from the single-echo data using:

1 1

I(t)(1 — e~ B/ Tipiine) assuming
| T ptine=T1 (1)

} = A Ry(t)=—

where I(t) is the current image intensity, and Ipincis the prebolus, baseline image intensity.
This baseline intensity was calculated using the time average intensity of the prebolus
images. It is important to note that Szppfrom Eq. [1] is the apparent proton density, which
includes T effects, removing them for each point in time from the R} calculation. Equation
[3] uses the current image intensity g, and it assumes that T is static throughout the time
series. T effects from presence of the tracer material thus bias the A R} calculation.

Perfusion parameters were calculated using the resulting A R; time courses on a pixel-by-
pixel basis. Automatic AlF identification of candidate voxels (19) using cluster analysis with
timing and anatomical considerations was performed on the time-course volumes to identify

Magn Reson Med. Author manuscript; available in PMC 2014 April 14.

TE

in (

I(t)
Ibl'i,ne

> [3]



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Newbould et al.

Page 7

40 AIF voxels, which were then combined. The AlFs A R} values (ms~1) were converted to
CA concentration (mM) in the blood, [CA]pi00d. USiNg the bulk blood relaxivity at 1.5T (20):

[CAJyjpoq= — 6.646+ \/44.174+1742.2 - A Ry (4]

The tissue residue function (R = [R(T1), R(T2),..., R(ty)]T) was computed on a per-pixel
basis using a block-circulant singular-value (SV) decomposition-based, Tikhonov-
regularized (SVinresh = 0.2 X SVmax) deconvolution of the automatically identified AIF from
the tissue CA concentration time response pixel by pixel. That is, R = A™1 ¢t was
formulated as R = V diag(1/SV)UT ct. Here, A is the block-circulant formulation of the AIF
(A1 = [AIF(Tq), AIF(TY), ... AIF(t\)]T, Ay = [AIF(ty), AIF(Ty), ... AIF(ty—1)]T, ... Ay =
[AIF(T5), AlF(t3), ... AIF(T))]" and A = [Ay, Ay, ... Ax]), and the tissue concentration ¢t =
[CT(T1), CT(T2), ..., Cr(tn)]T, where Cr(t) is the R;-proportional tissue tracer concentration.
The tracer concentration in tissue (mM) was calculated from the tissue’s A R, (ms™1) using
[CAltissue = 22.7273 - AR} (21). It has been shown that the block-circulant SV
deconvolution is less sensitive to tracer arrival timing than the regular SV deconvolution
(22).

Using the AIF, the tissue tracer concentration Cy, and the calculated tissue residue function
R(t), the resultant CBV, CBF, and MTT maps were calculated using the following formulas:

o, / C, (r)dr

CBV=—21
/ AIF(7)dr

[5]

= R(T)dT
/—oo() 6]

MIT = xR

CBV

BF = ——
¢ MTT

(71

where R(t) is the deconvolved tissue residue function (23,24). The values were also
corrected for differences between large- and small-vessel hematocrits using a ky, = (1-
0.45)/(1-0.25)/1.04 (3).

For comparative evaluation, each echo from the PERMEATE acquisition was also separated
into its own single-echo dataset, and A R;; estimation used the same metrics (Eqg. [3]) as the

single-echo GRE-ssEPI data. Perfusion calculations were then performed on each new A R’
dataset. These new datasets allow comparison of the benefits from different TEs, as well as
the advantages of the interleaved acquisition over the single-shot method at similar TEs.

Magn Reson Med. Author manuscript; available in PMC 2014 April 14.
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The decreased distortion and blur from using a multishot acquisition can be noted in Fig. 3.
Both three- and four-echo PERMEATE, and GRE-ssEPI were performed on a volunteer,
and the slice at the MCA level is shown. Partial Fourier encoding was required in the single-
shot scan in order to collect the two earliest TEs. Susceptibility gradients at this level from
the auditory canal and the frontal sinuses cause well-known distortion and pile-up artifacts
in the ssEPI images. These artifacts (most notably in the temporal lobes) are greatly reduced
in the three- and fourshot PERMEATE images. The geometric distortion and short 73 from
susceptibility gradients near the frontal sinuses leave little signal in the final echo near the
MCAs. Do note that this final echo is normally the only one acquired in PWI studies.

Figure 4 summarizes raw images from four out of 15 slices acquired with a three-shot, three-
echo PERMEATE sequence. Each image is a hybrid brain image, where the left side
(subject’s right hemisphere) shows one prebolus time point. The right side (subject’s left
hemisphere) shows the raw image acquired during the peak of the bolus passage. Current
DSC methods acquire only the last echo, and the many areas of low signal in the prebolus
volumes in this echo are problematic. The low image intensity reflects mostly the
contribution of the additive Rician noise, rather than the tissue signal. The baseline image
intensity used for single-echo A R calculations (Eq. [3]) has therefore been artificially set.
The increased Rr; during bolus passage is evident. During bolus passage, the tissue signal
reduces, especially in areas near the large vessels, but the additive noise remains. The
rectified noise at these locations artificially increases AT (therefore lowering A R}),
resulting in lowered estimation of contrast concentration, thereby hampering perfusion
calculation. The inclusion of multiple, earlier echoes in the PERMEATE-weighted R fitting
allows rj; mapping at areas where susceptibility artifacts precluded mapping in the single-
echo approach, such as near sinuses or the auditory canals. Further, it removes most noise
bias from low signal magnitude at these locations as well as near vessels during bolus
passage.

Since the areas used to define the AIF have a quite short R during the bolus passage, the
multiecho approach has distinct advantages here. Figure 5a shows the determined AIF from
a three-interleaf, three-echo PERMEATE acquisition. The AlF was automatically
determined using the resultant A R time course from the multiecho data, as well as by

treating each of the three echoes as a separate dataset. On these single-echo datasets, A &),
from Eq. [3], rather than A R} from Eq. [2], had to be used. The AIF is greatly
underestimated by using the later single-echo data only, as the high concentration of contrast
material reduces the MR magnitude signal so much that it bounces off the noise floor (25)
during the peak due to the Rician noise distribution of magnitude data. Using the earliest
echo gives a sharper and taller AlIF curve, close to that of the multiecho fit. The multiecho fit
gives the sharpest and tallest AlF, as it has removed any T, dependence. Figure 5b shows
the A R contrast curves in gray matter (GM) and white matter (WM) tissue. The same
dataset is used as for Fig. 5a, and the echoes are again also separated into single-echo
datasets. The taller, dashed curves show a mean time course for an ROI taken in GM in the

Magn Reson Med. Author manuscript; available in PMC 2014 April 14.
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frontal lobe, while the lower, dotted curves show the time course for an ROI in the WM at
the same level. The lower tracer concentrations in the WM allow accurate mapping from any
echo, or the multiecho fit. The higher concentrations found in the GM show underestimation
during the bolus peak for the later echoes, though it is less drastic than that of the AlF. After
the bolus has passed, residual tracer recirculation is evident. During this time, the multiecho
fits show an increased tracer concentration as compared to the single-echo data. This is due
to Tq-shortening effects induced by the remaining CA, resulting in higher tissue signal,
which is interpreted as a lower apparent tracer concentration in the single-echo data.
Sensitivity to Ty increases with decreasing TR; however, shorter TRs are needed to achieve
better temporal resolution. In PERMEATE, the multiple interleaves allowed 15 slices to be
acquired in this TR, while multiple readouts removed the increased Tq sensitivity. The
shortest TE plot underestimates tracer concentration during this time more than the later
echoes, as there is a smaller 73 weighting compared to later echoes, but equivalent,
counteracting T1 weighting.

The motion tolerance of this method is shown in Fig. 6. A three-interleaf, three-echo
PERMEATE acquisition was performed clinically on a noncompliant patient. Imaging
revealed an obvious frontal hemorrhage. The combined reconstruction of all three
interleaves without PI acceleration is shown in Fig. 6a. Aside from having an unsuitably low
temporal resolution, severe ghosting artifacts result due to patient motion. When each shot is
reconstructed separately, a full image is formed, as shown in Fig. 6b—d. Image realignment
is then performed to correct motion between the shots over all echoes based on estimates
from the first echoes, since the motion between the echoes can be neglected.

Volunteer PWI hemodynamic parameters are shown in Fig. 7 for five of the 15 collected
slices from a three-shot, three-echo PERMEATE acquisition. CBV, CBF, and MTT maps
are shown in the first, second, and third rows, respectively. Good GM/WM contrast is
evident in the CBF and CBV maps, while the MTT maps are characteristically flat except
for the inherent GM/WM transit delay. Figure 8 shows the same scan protocol in a patient
admitted for stroke-like symptoms. Though the CBV map appears normal, the CBF maps
show several areas of decreased blood flow. Both CBF and MTT maps show an obvious
hemispheric abnormality. In both the volunteer and patient maps, no geometric distortions or
signal voids from susceptibility gradients are readily apparent. The major intracranial
vessels can also be clearly delineated, which makes the selection of AIF candidate voxels
much easier. The increased phase-encoding bandwidth reduced apparent vessel shifts during
bolus passage, also aiding the shape of the determined AlF.

The resultant CBV and CBF values calculated in ROIls in the WM and GM for the volunteer
data are presented in Table 1. As shown in Fig. 5, the underestimation of the AIF curve by
the single-echo data, especially the latest echo, directly increases the calculated CBV. The
underestimation of the tissue contrast is much smaller, and thus only slightly decreases the
estimated CBV. The net result is a large overestimation of the CBV. As the CBF is directly
inferred from the CBV, a concomitant increase in the CBF is also observable.

This phenomenon is also observable in the patient data. Hemodynamic maps from 25
patients acquired with the PERMEATE method, and 19 patients using single-echo GRE-
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sSEPI were manually segmented into GM and WM ROls in assumed healthy tissue that
excluded obvious anatomic and/or perfusion abnormalities and vessels. The mean CBF and
CBYV values are summarized in Table 2. Values found in the PERMEATE scans agree well
with values reported in the literature, and are obtained without the use of any corrective or
normalizing factors. However, as most of this population had experienced some
hemodynamic insult, comparison with reported values is somewhat impaired. Using the final
echo only from these scans results in an increase in both CBF and CBYV calculated values.
The hemodynamic parameter values from this final echo are then close to the single-echo
SSEPI values.

DISCUSSION

The use of autocalibrating Pl with interleaved EPI has been shown to be useful for
maintaining temporal resolution for a time-resolved study, such as PWI, while reducing
artifacts related to ssEPI. This in turn will provide better fidelity and registration with other
scans. The reduced readout train lengths also allowed the collection of multiple echoes
without any scan time or slice coverage penalty. The use of multiple echoes had distinct
advantages in this application as it allowed a more accurate estimate of the underlying
concentration changes during bolus passage.

In this implementation, interleaved M-shot EPI trajectories are acquired rather than single-
shot acquisitions. Pl is calibrated from the low-temporal-resolution, fully sampled
interleaved EPI volumes, and then used on each interleaf to restore the temporal resolution
to that of a single-shot acquisition. That is, each interleaf is reconstructed independently to
form a full, unaliased image. By controlling the data acquisition ordering, every temporally
localized group of Mshots may be combined to perform PI calibration without additional
data collection. If desired, groups of interleaves may be reconstructed, thus reducing the
reduction factor and increasing the SNR at the penalty of time resolution. For any reduction
factor, the PI reconstruction kernel was calculated on the first echo of the first available
volume, or combined volume, and applied to every echo in each acquisition across the entire
time series. Finally, as several volumes exist before the bolus arrives, these volumes may be
combined to make the hybrid-space GRAPPA weight estimation more numerically stable.
This was found not to be necessary in this application as the least-square inversion was well
overdetermined since the entire k-space, rather than only a center strip, could be used for the
GRAPPA weight estimation. There was also no difference found when the weights
determined from the early echo were applied to the other echo data sets. Using later echoes
has the disadvantage of utilizing noisier data to estimate the weights.

A common problem in using CA concentration for the input function is that partial voluming
of the tissue signal results in a complex and vessel orientation-dependent relationship
between the concentration and the GRE signal (20). The higher phase-encoding bandwidth
aids acquisition of inferior brain slices, capturing the larger vessels that exist at these
locations. The lower frequency shift during the CA passage combined with the moderate
resolution increase greatly increases the chances of acquiring voxels containing only a blood
signal, which would allow the use of the whole-blood concentration calibration.
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One advantage of a single-shot method is its tolerance to patient motion. A very short EPI
readout (less than 50-100 ms) effectively eliminates motion artifacts. In contrast, in an
interleaved EPI acquisition, patient motion between the shots causes well-known ghosting in
the final image. In the method presented here, each shot is short enough so that essentially
no motion occurs during the readout, though motion may exist between shots. Motion
between echoes was deemed insignificant due to their short (~15-20 ms) spacing. As each
shot is reconstructed independently, image registration may be performed between images
using any of a number of well-described methods (18). The estimation of the GRAPPA
kernel had little dependence on motion between interleaves. A detailed description of this
behavior will be presented in a forthcoming manuscript. In our study, patient motion was
noted in only five out of 44 patients scanned. In these cases, as each shot is reconstructed to
a full image, automatic retrospective motion compensation was performed by minimizing
the SoS differences between adjacent images. In only one out of 44 cases was PWI mapping
after retrospective motion compensation not diagnostic. This was due to severe through-
plane motion, which would have also confounded a single-shot method. While the hybrid-
space GRAPPA reconstruction is tolerant to patient motion, sensitivity encoding (SENSE)
(26) reconstructions were reported to suffer from significant aliasing artifacts when the
extent of motion was large enough that no sensitivity information was available at image
locations that did not contain signal during calibration. At the same magnitude of motion,
we do not see significant reconstruction artifacts with our augmented GRAPPA
reconstruction.

The use of PI reduced the echo train length to such an extent that several echoes could be
collected. As maximal 73 contrast is obtained when TE is equal to 73, it is imperative to
collect an echo at this time. In DSC-PWI, the tissue 7 demands TEs from 40 to 60 ms,
while vessel contrast is maximal at earlier TEs. In this interleaved method, readout trains
required 10-15 ms, which allowed several echoes to be collected before the classic DSC TE
near 60 ms. Both three- and four-echo sequences were used for PWI. By covering TEs up to
the longest 77 time, areas with shorter 73, such as near large vessels, could also be mapped
for contrast changes. Through this method, EPI readout times could be shortened enough,
while retaining resolution and increasing slice coverage, that more than two echoes could be
acquired. This approach also allows the fitting process to avoid using echoes where the
signal voids or the Rice-Nakagami noise distribution of magnitude data causes the MR
signal to bounce off the noise floor. That is, rectified noise boosts the low signal areas,
leading to inaccurate estimates of the concentration of the contrast material. These signal
voids are commonly seen at the TEs used with PWI in areas of high CA concentration, such
as in or near vessels. When multiple echoes are acquired, later echoes may be selectively
weighted by their squared magnitude, preserving the ability to calculate true R} even in
these areas. The findings in this study have great significance, since by measuring the A R}
time course simultaneously at several TEs and performing a side-by-side comparison of the
different time courses for the different TEs, it was clearly demonstrated how much error is
introduced for AIF and GM signal time courses when TEs that are typically reported for
DSC exams are used. These biases directly influence the determined CBV and CBF,
resulting in an overestimation of both these values. Although this noise bias effect is not
surprising for the AlF, it is somewhat startling that this effect can also be seen on late-echo
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AR curves for GM. However, the magnitude of this bias effect does depend somewhat on
the baseline SNR, and thus may be more pronounced through the use of PI.

As readout trains were shortened, the temporal sharpness of each echo also increased due to
the reduced 7% decay over the readout window. Further, sufficient brain coverage could still
be achieved in a short TR. Here a 1225-ms TR allowed the collection of 15 slices. As with
regular EPI, larger brain coverage can be traded for decreased temporal resolution. Short
TRs give high temporal resolution, allowing better mapping of the tracer dynamics. This is
of particular relevance for catching subtle changes in the already rapidly changing tissue
residue function. However, the shortened TR is increasingly sensitive to T; and can also
introduce bias in the concentration estimation if normalized to the baseline signal.
Classically, the concentration of the contrast media is estimated from the 7% shortening
effect. With a 7:;-weighted sequence and relatively short TR, the T1-shortenening of the
contrast material also leads to some signal increase that, at least to some extent, offsets the
T decrease and as an overall effect leads to an underestimation of the contrast concentration
present. Interestingly, the TR of this sequence is not much shorter than others reported in the
literature (11,27), but it shows T, contamination even in GM. The data from our study
clearly demonstrate that T, relaxation can considerably confound conventional DSC PWI
methods when TRs are chosen too short. A still shorter TR in the PERMEATE approach
might also aid proper AlF determination when using a PI reduction factor that less than the
number of interleaves. Although slice coverage would suffer, the increased T, weighting
from this shorter TR would not affect R measurement, in contrast to a single-echo case. Ty
effects are particularly marked in leaky vessels, which allow contrast extravasation. Here,
the use of a multiecho sequence allowed true R maps to be calculated at each time point,
removing the T4 bias. This benefit was previously studied (13) with a dual-echo method. In
a dual-echo method, r; mapping may be impaired due to bias from low signal in certain
locations in the later echo image, as previously discussed. Finally, by not relying on a
prebolus R} measurement, systematic errors in the R} time course such as from patient
motion during the long (>1 min) scan time were removed.

Signal intensity in short-TE GRE images may vary quadratically with TE when in the static
dephasing regime (28). The characteristic time t, at which the well-known monoexponential
decay dominates, depends on the field strength and the difference in magnetic susceptibility
Ay . While the shortest TE (~15 ms) is longer than the t; = 5.9 ms during bolus peak (Ay =
1 x 1077) (29,30), this effect may be present at lower CA concentrations; however, this was
not studied in the present work.

One drawback to the use of Pl is a reduced SNR resulting from both the reduced sampling
time and the g-factor noise amplification. While g-factor noise was not problematic in this
study, especially when a reduction factor of 3 was used, the (M — 1)/(M) fewer profiles
sampled present an unavoidable SNR penalty. In Ref. 31, an error propagation analysis
showed that the acquisition of multiple echoes helps recover some of the SNR lost to Pl
when calculating R maps, since the time gained from the PI acquisition is invested in
sampling more data distributed over three or four echoes. The exact amount recovered
depends on the tracer concentration and TEs (31). For a TE near 60 ms, the multiecho
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approach becomes beneficial when 77 drops below 100 ms, and can result in a twofold SNR
increase as T approaches 20 ms. 7 times below 40 ms are common in tissue during bolus
passage, and are even shorter near major feeding vessels.

For DSC at field strengths of 3T and above, Pl-driven EPI acquisitions such as PERMEATE
become crucial to overcome distortions and blurring. Moreover, the reduced 77 at these field
strengths also leads to shorter optimal TEs, requiring short readouts. The increased base
SNR and B4 behavior allows for higher reduction factors before the images suffer from g-
factor-related noise (32). Taken together, these findings indicate that the optimum number of
echoes in PERMEATE could remain constant while the latest TE and the readout length of
each echo are reduced. This leads to an overall increase in slice coverage per unit of time.

CONCLUSIONS

An interleaved multiecho approach for DSC-PWI combined with k-space-based Pl
reconstruction of individual interleaves has been presented and implemented for clinical
perfusion imaging. This method provides distortion and blur reduction over conventional
T;-weighted ssEPI. Further, multiple echoes could be acquired to remove T bias as well as
to allow r; mapping in locations that were previously difficult to measure due to noise bias
of the low signal magnitude, such as near the highly saturated feeding vessels or areas of
large susceptibility gradients. Satisfying coverage (15 slices) could be acquired with three or
four echoes, with an effective temporal resolution of only 1.225 s (producing 2200-2900
images per minute). This temporal resolution is higher than that used in most previous
works, and allows excellent characterization of the rapid hemodynamic changes. The
autocalibration approach also reduced the motion sensitivity of the sequence, which can be
otherwise problematic in stroke patients. Despite the SNR reduction introduced by PlI, the
overall SNR of the quantification was not excessively compromised because quasi-
continuous measurements were taken over three to four echoes for each time point and each
slice. A three-interleaf, three-echo sequence offered the best trade-off between reduced
image distortions and blur, yet with enough SNR and motion robustness to be used clinically
in stroke patients. Certainly, DSC-PWI still suffers from a few other shortcomings that have
not been addressed in this work, such as the orientation of the vessel relative to By, the
different concentration sensitivity of large vessels and capillaries due to various amounts of
static and dynamic dephasing components (29,30,33), and the global AIF model. However,
providing a pulse sequence that offers significantly diminished EPI-related distortions and is
less sensitive to signal saturation effects and T1 contamination is a logical next step towards
improved, quantitative perfusion MRI.
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FIG. L.

k-Space acquisition pattern for the first four time points in a four-shot dynamic series with
three echoes. Only a single slice is shown for clarity. Data are acquired in an interleaved
fashion, and the combination of four subsequent interleaves yields a fully sampled k-space
(R = 1) from which coil sensitivity maps or GRAPPA weights can be determined. Maximum
temporal resolution (At = TR) can be achieved with R equal to the number of interleaves
(here, 4). A reduced temporal resolution with increased SNR is possible with this acquisition

pattern, as

interleaving results in R = 2 by combining pairs of shots, or R = 1 by combining

all four shots.
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FIG. 2.
An N-echo PERMEATE acquisition. A spatial-spectral excitation is followed by N

interleaved EPI readouts, each of which acquires the same 1/Mth of a fully interleaved k-
space. Prephasing and rephasing y-gradients are combined for time savings. Gradient
spoilers end the acquisition, and slice interleaving fills the TR interval. After every M TR
interval a complete k-space is formed for Pl calibration, and the subsequent hybrid-space
GRAPPA reconstruction of each individual interleaf restores the temporal resolution of each
echo back to a single TR.
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TE=16.6ms TE=33.8ms TE=57.4ms

TE=14.6ms TE=33.8ms TE=53.0ms

TE=12.4ms TE=27.4ms TE=42.4ms TE=57.4ms

FIG. 3.
Distortion reduction from a PERMEATE-style acquisition. The top row shows the current

standard single-echo GRE ssEPI taken at three TEs approximately equal to those in the
three-shot, three-echo and four-shot, four-echo PERMEATE acquisitions in the middle and
bottom rows, respectively. TEs are not exact due to the longer readout with GRE-ssEPI.
Reduced distortions near the auditory canals (arrows) are most notable. Current DSC
methods only acquire the final echo, where susceptibility gradients have eroded much of the
signal, even encroaching near the MCAs, which are commonly used to determine the AlF.
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Echo 1 Echo 2 Echo 3

FIG. 4.
Raw images for four of 15 slices from a three-shot, three-echo PERMEATE acquisition. The

left hemisphere (subject’s right) shows a prebolus volume, whereas the right hemisphere
reflects the signal level during bolus peak. Current DSC methods acquire only the last echo

shown. The many areas of low signal in this echo are problematic for r? estimation and
hamper perfusion calculation at these locations. The inclusion of multiple echoes in the

PERMEATE approach allows for improved r; mapping, especially at these locations.
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FIG. 5.
Single-echo underestimation of A R; time courses. A three-interleaf, three-echo
PERMEATE acquisition was performed on a normal volunteer. PERMEATE multiecho

perfusion calculations were performed using direct R} calculation. Each echo was

Magn Reson Med. Author manuscript; available in PMC 2014 April 14.

additionally treated as a separate, single-echo acquisition. A R} time courses are shown
using Eq. [2] PERMEATE data, or Eq. [3] in pseudo-single-echo sets. The third-echo-only
time course mimics a standard GRE-EPI DSC experiment. a: The AlF determined for each
dataset is shown. Later echoes underestimate the size of the AIF due to noise bias as the
signal saturates during the bolus maximum. b: The R} tissue time courses in GM and WM
are plotted. The increased concentration of the tracer in GM shows underestimation by the
later, single-echo datasets, while WM is estimated well by all methods. After bolus passage,
T, shortening underestimates the tracer concentration in the single-echo datasets due to the
short TR used to maintain high temporal resolution. This effect is most notable in the early,
single echo, which has less T3 weighting but equal T; weighting compared to the later
echoes.
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FIG. 6.
Motion tolerance in a three-shot, three-echo PERMEATE acquisition. In this clinical patient

with obvious frontal hemorrhage (arrow), severe patient motion combined with a classic
interleaved EPI acquisition (a) results in major residual ghosting artifacts. In the
PERMEATE approach, each shot is reconstructed separately. Here, each of the three shots
from (a) are reconstructed separately as (b—d). These ghost-free images may then be
coregistered. In practice, motion correction parameters from the first echo are applied to
each subsequent echo, which assumes negligible motion in the short time between the
echoes. Only the first echo is shown in this figure for brevity.
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FIG. 7.
Hemodynamic maps from a healthy volunteer, using the three-shot, three-echo PERMEATE

approach with R = 3. Sixty volumes of 15 three-echo, 5-mm slices were obtained using a
temporal resolution of 1.225 s. Good GM/WM contrast is apparent in the CBF and CBV
maps, and the MTT maps show no areas of greatly increased transit time.
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FIG. 8.
Hemodynamic maps from a 62-year-old male admitted for headaches and right-sided

weakness, calculated using a PERMEATE scan identical to that shown in Fig. 8.
Significantly reduced blood flow can be seen in the vascular territory of the left MCA.
Corresponding diffusion imaging revealed several focal lesions, while PWI revealed a large
left hemispherical defect. The diagnosis was an ICA occlusion from vessel dissection.
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CBF and CBV Overestimation From Single- and Multiple-Echo Perfusion Mapping

Table 1

All echoes Firstecho Secondecho  Third echo
CBF (ml/100 g/min)
GM 52.61+530 129.41+11.07 74.06%+7.25 80.38+6.37
WM 18.67 + 3.26 36.13 + 4.00 20.80+3.45 27.56 +3.95
CBV (ml/100 g)
GM 5.06 + 1.85 11.97 +3.67 7.64+2.75 8.97 +2.59
WM 1.68 +0.94 271+1.18 1.90 +0.96 2.76+1.18
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Table 2
CBF and CBV Estimation by PERMEATE in 25 Patients and Single-Echo GRE-ssEPI in 19 Patients

PERMEATE PERMEATE, lastechoonly GRE-ssEPI

CBF (ml/100 g/min)

GM 36.85 + 4.61 57.81+5.82 5536 +6.59

WM 16.57 +2.78 2458 +365 2228 +3.86
CBV (ml/100 g)

GM 507 +1.63 8.08£267  7.77£207

WM 213+1.04 313+155 298+1.24
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