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Abstract

In this study, a spin- and gradient-echo echo-planar imaging (SAGE EPI) MRI pulse sequence is
presented that allows simultaneous measurements of gradient-echo and spin-echo dynamic
susceptibility-contrast perfusion-weighted imaging (DSC-PWI1) data. Following signal excitation,
five EPI readout trains were acquired using SAGE EPI, all of them with echo times of less than
100 ms. Contrast agent concentrations in brain tissue were determined based on absolute /,*and
R estimates rather than relative changes in the signals of individual echo trains, producing 7
independent DSC-PWI data. Moreover, this acquisition technique enabled vessel size imaging
through the simultaneous quantification of R,*and R, without an increase in acquisition time. In
this work, the concepts of the SAGE EPI pulse sequence and results in stroke and tumor imaging
are presented. Overall, SAGE EPI combined the advantages of higher sensitivity of gradient-echo
DSC-PWI acquisitions to the contrast agent passage with the better selectivity of spin-echo DSC-
PWI measurements to the microvasculature.
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INTRODUCTION

Dynamic susceptibility-contrast perfusion-weighted imaging (DSC-PWI) is a well-
established MRI acquisition technique to measure hemodynamic properties /in vivo
following a gadolinium (Gd)-based contrast agent bolus injection (1-4). DSC-PWI can
reveal important abnormal vascular information in stroke patients by measuring cerebral
blood flow (CBF), cerebral blood volume (CBV), mean transit time (MTT), and time-to-
maximum of the residue function (Tmax) (5-8). These parameters provide valuable
information for triaging stroke patients to more advanced therapies (9,10). In tumor patients,
CBYV, CBF, and the mean vessel size distribution, facilitated by vessel size imaging (VSI),
reveal important hemodynamic and underlying microvascular information to monitor tumor
growth and treatment (11-15).

"Correspondence to: Roland Bammer, Ph.D., Associate Professor of Radiology, Stanford University, Lucas Center, Department of
Radiology, 1201 Welch Road, Stanford, CA 94305-5488. rbammer@stanford.edu.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Schmiedeskamp et al.

Page 2

Due to its relatively high contrast-to-noise ratio, gradient-echo DSC-PWI (GE-PWI) is the
method of choice for routine clinical applications of DSC-PWI. GE-PWI is equally sensitive
to a broad range of (macro-)vessel diameters, with reduced sensitivity to the microvascular
range. In contrast, despite its lower overall sensitivity to contrast agent-induced signal
variations, spin-echo DSC-PWI (SE-PWI) exhibits a peak sensitivity to the
microvasculature, including arterioles, capillaries, and venules. These differences in
sensitivity to the vascular properties have been shown in simulation studies (16,17), and
later verified in practice(18).

In clinical MRI exams, measurements of both GE-PWI and SE-PWI may increase the
diagnostic value of DSC-PWI acquisitions, justified by differences in sensitivity within each
voxel to the size of the vasculature. After reperfusion therapy, for example, ischemic tissue
may appear salvaged on GE-PWI maps due to reperfusion on the macrovascular level.
However, CBF extracted from SE-PWI data might still be reduced, indicating the failure of
microvascular reperfusion and thus the loss of proper tissue function. This tissue state is
often referred to as the “focal no-reflow” phenomenon (cf. (19,20)), which cannot be
properly diagnosed with standard GE-PWI methods alone. Therefore, simultaneous
measurements of GE-PWI and SE-PWI may reveal complementary information in clinical
MRI exams.

The development of a combined gradient-echo (GE) and spin-echo (SE) echo-planar
imaging (EPI) pulse sequence (21) facilitated the simultaneous acquisition of GE and SE
perfusion data (13), and it enabled the determination of VVSI maps, which are based on the
combination of GE and SE data (15,22). With this combined approach, GE-PWI, SE-PWI,
and VSI are obtained from the same DSC-PWI acquisition, without adding additional scan
time or a second bolus injection.

However, the MRI pulses sequences used in (13,15,21,22) have the drawback that they are
all sensitive to 7;-shortening effects caused by the passage of a Gd tracer through the
bloodstream. Generally, DSC-PWI relies on 7,* or 7,shortening effects that cause MRI
signal attenuation during contrast agent passage. However, 7;-shortening effects of Gd-
based contrast agents in time-resolved DSC-PW!I acquisitions counter this signal attenuation
(23,24). As a result, the measured MRI signal might increase after the bolus passage. This
increase becomes more pronounced with increasing temporal resolution. In recently
published guidelines by the Stroke Imaging Repository Consortium, a temporal resolution of
two seconds or lower is suggested for DSC-PWI acquisitions (25), leading to considerable
T-shortening effects. These 7;-effects induce errors in the DSC-PW!I quantification by
altering the shapes of the arterial input function (AIF) and the tracer concentration curves in
tissue (24). Several techniques have been suggested to mitigate or eliminate 7;-shortening
effects, among them were correction algorithms (26), a pre-dosage with a small amount of
Gd-based contrast agent (27), MRI pulse sequences that use excitation pulses with lower flip
angles, or multi-echo GE-PWI methods in which tracer concentrations are based on absolute
R,*(t) instead of its relative changes (28,29). While all of these methods were able to
counteract 7-effects to a certain degree, a recently published, comparative study in tumor
patients showed that a dual-echo acquisition technique was one of the most robust methods
in the determination of tumor CBV (30). These results particularly arise from the fact that

T -effects can severely confound perfusion parameters in the presence of a disrupted blood-
brain barrier (BBB), i.e., if some of the contrast agent is leaking into the extravascular space.

The present work, motivated by these findings, focuses on a combined multi-echo GE and
SE EPI acquisition for quantitative DSC-PWI. A recently presented method for
simultaneous quantification of R,*(f)and R(%) (31) was extended in order to obtain
quantitative, 7;-independent R,* and R»-based DSC-PW!I. The acquisition of multiple EPI

Magn Reson Med. Author manuscript; available in PMC 2013 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Schmiedeskamp et al.

METHODS

Page 3

images between a 90° excitation pulse and a 180° refocusing pulse, as well as between the
refocusing pulse and SE formation at a given echo time (TE) was achieved through the
incorporation of parallel imaging to shorten the EPI readout trains. Side-by-side
comparisons of 7;-independent R,* and R>-based DSC-PWI maps with conventional GE-
PWI and SE-PWI maps revealed differences in vascular sensitivity and presentation of
pathologies. Image acquisitions with the presented pulse sequence and the use of
corresponding post-processing methods resulted in improvements in both stroke and tumor
DSC-PWI, particularly in the presence of a disrupted BBB. In addition, the determination of
absolute R,*(t) and Ry(t) facilitated the calculation of relative VSI maps.

Our experiments were conducted in 40 patients undergoing clinical brain MRI scans with
contrast agent injection. Informed consent was obtained from all patients in compliance with
our institute’s internal review board. The acquisition and post-processing methods used in
this study rely on off-label use of Gd-based contrast agents. In order to achieve quantitative
DSC-PWI values, we used the acquisition and post-processing steps highlighted in the
following sections.

Experimental setup and data acquisition

DSC-PWI data were acquired using a spin- and gradient-echo (SAGE) EPI pulse sequence
shown in Fig. 1. The SAGE EPI pulse sequence is similar to the multi-echo PERMEATE
(perfusion with multiple echoes and temporal enhancement) sequence described previously
(29), extended by a 180° refocusing pulse and additional EPI readout trains to measure both
GE and SE data (32). For the purposes of this study, a 90° spectral-spatial excitation pulse,
which excites water-signal only, was followed by multiple EPI readout trains. The operator
was able to set the desired TE of the SE EPI readout in the graphical user interface of the
scanner. All additional EPI trains were automatically placed prior to and after the 180°
refocusing pulse. Parallel imaging with a reduction factor of 3 was used to reduce the EPI
readout duration and to increase the number of EPI readouts that could be placed between
signal excitation and SE readout.

Image acquisition was performed on a 3T MRI system (General Electric Healthcare,
Waukesha, WI, USA) with a maximum gradient strength of 50 mT/m and gradient slew rate
of 200T/m/s, using an eight-channel head receiver array (Invivo Corporation, Orlando, FL,
USA). A five-echo SAGE EPI acquisition was used withTEq_5 = 16.6, 34.1, 61.8, 79.2, 97.0
ms, and with an echo-train duration of 15.3 ms. The last echo train acquired at TE5 = TEgg
= 97 ms coincided with the SE formation. A total of 15 slices were scanned with an
acquisition matrix of 84x84 within a field-of-view of 24 cm. Slice thickness was 5.0 mm,
with a gap of 2.0 mm. A 90° spectral-spatial radio frequency excitation pulse was followed
by a 180° SE refocusing pulse. Both pulses were developed using the Shinnar-Le Roux
design algorithm (33-38), with the goal of a matched pair of radio frequency pulses to
prevent signal changes between echo trains acquired before and after the refocusing pulse;
such signal changes are caused by differences in excitation and refocusing slice volumes
(31). DSC-PWI was based on the subsequent acquisition of 63 volumes with a repetition
time of 1800 ms, resulting in a total acquisition time of 1:53 min. The image acquisition
parameters used in this study are summarized in Table 1.

Image reconstruction

The first three out of 63 imaging volumes were discarded to assure that the signal had
reached a steady state. The next three volumes were used for the determination of entropy-
based (field-of-view/2)-ghost correction and ramp sampling correction parameters (39), as
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well as for parallel imaging calibration using GRAPPA (Generalized Autocalibrating
Partially Parallel Acquisitions (40)) with a 2D kernel size of 2-kyx5-ky k-space points (41).
The GRAPPA kernel, as well as linear and constant ghost correction parameters were
applied to the remaining 57 volumes, which comprised the actual data used for perfusion
analysis. Hereby, only the first interleave was repeatedly acquired to prevent signal
instabilities caused by echo-time shifting. More specific details about the EPI readout and
parallel imaging calibration scheme used for this study can be found elsewhere (29). All data
were processed on a coil-by-coil basis; magnitude images were obtained as absolute values
of complex sum-of-squares averages of the individual coil images. All images were zero-
filled in k-space to a final image resolution of 128x128 voxels in each slice.

Contrast agent injection

A single-dose bolus (0.1 mmol/kg body weight) of a Gd-based contrast agent (gadopentetate
dimeglumine (Gd-DTPA) or gadobenate dimeglumine (Gd-BOPTA)) was administered
intravenously with an MRI-compatible power injector (Medrad Incorporation, Warrendale,
PA, USA), using a flow rate of 4-5 ml/s and a typical injection delay of 15-18 s. The
contrast agent bolus was immediately followed by a minimum of 20 ml of saline, injected at
the same flow rate, to push the tracer material out of the intravenous injection line and into
the patient’s heart.

Determination of contrast agent concentrations

Perfusion maps were obtained using the RAPID (rapid processing of perfusion and
diffusion) post-processing software (42), which was adjusted such that the tracer
concentration in tissue, c4%), was derived from voxel-wise changes in R>*and R Here,
R>* and R»-based tracer concentrations were obtained from

Ct,R; (l)le ’ AR;(Z)le : (R;(t) - R;,baseline) (1)

and

ct.R2 (t):xz : AR2([)=X2 . (RZ(t) - R2,baseline) 5 (2)

with €.z ® and Ctr, (1) the time-dependent /,* and R-based tracer concentrations, and x;
and xthe scaling factors that relate changes in transversal relaxation times to absolute
tracer concentrations. For the current study, we used a scaling factor of x; = 11.5 ms mmol,
derived from Ref. (43). x,was preliminarily determined from the median of the ratio of 7>
basedCBF to R»*based CBF values, computed across voxels within white matter, and
averaged over all 40 patients(44). This analysis resulted in x,= 4.25-x; = 48.9 ms mmol.

R>*and R, baseline estimates were calculated from pre-bolus signal averages using the
following MRI signal equation:

SL. ek 0<7<TE., /2
— 0 ’ SE
S(T)_{ S e TEsg Wk omr@RemR) - TE  [2<7 <TE,, ° @

where S(z) is the MRI signal acquired at the echo time z at one time point of a SAGE EPI
time series. Voxel-wise estimates of S/, S/, R, and R,*were obtained through a least-
squares solution of Equation 3 from the average signal during the pre-bolus period. From
these estimates, an additional parameter & = S,//S,// was calculated, which accounts for

residual signal differences — caused by imperfectly matched slice profiles — between echo
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trains acquired before and after the refocusing pulse (31). The voxel-wise estimates of &
were assumed to remain constant for the whole duration of the DSC-PW!I1 acquisition. Thus,
the least-squares solution of Equation 3 for each time point consisted of three instead of four
unknowns, i.e. Sy/(®), Ra(t), and R,*(t). With the reduction to a three-parameter fit, we
achieved better temporal signal stability compared to a four-parameter fit (data not shown).

The resulting DSC-PWI maps derived from Equations 1 and 2 and Ref. (42) were compared
to GE-PWI maps obtained from data acquired at TE, = 34.1 ms, and to SE-PWI maps
obtained from data acquired at TEg = 97.0 ms. These datasets resembled standard single-
echo GE-PWI and SE-PWI acquisitions, respectively. Tracer concentrations used for GE-
PWI maps were obtained with

« 1 S e (D)
¢, e )=x1 - ARy (t)=x1 - (—T—E2 -log (S(;)) R (4)

0,GE

and those used for SE-PWI maps with

1 S
CI,SE(t):'xz “ ARy (D)=x7 - _T_E5 -log|——|]. (5)

SO.SE

Sce(t) is the time-dependent magnitude signal of the second GE EPI train acquired at TE, =
34.1 ms, and Sp £ is its pre-bolus baseline signal average. Conversely, Ssg(%) is the voxel-
wise temporal signal magnitude of the SE EPI train measured at TEs = 97 ms, and Sp s is
its pre-bolus baseline signal average. Note that x; and xare the scaling factors already used
for the determination of R,*and R,-based tracer concentrations.

Vessel size imaging

For tumor imaging, relative VSI maps were extracted from the ratios of R,* to R»based
CBYV values to obtain 7;-independent data (45). Relative VSI maps were determined
according to

Jes @t _JAR @ e
Jew,®dt  [ARx D) dt’

VS clative= (6)

with the numerical integration performed using the trapezoid rule.

AIF determination

The AIF needed for CBF quantification (46,47) was obtained from multi-echo, R>*based
tracer concentrations within the internal carotid artery or the middle cerebral artery. Hereby,
a quadratic model that relates changes in R,*to arterial tracer concentrations (48) was used
together with the parameters listed in Ref. (43). In this study, the same AIF was applied to
both R,* and R»-based perfusion data. SE images cannot be used for correct AlF
determination due to their insensitivity to large vessels (17,18) and due to flow-related
signal voids, which are caused by the relatively long period of time between signal
excitation and signal refocusing.

Careful AIF selection was required, as the time courses of the EPl images measured at TE,
= 34.1 ms often showed signal saturation artifacts at the peak of the bolus passage (49,50),
caused by high Gd concentrations in arteries that lead to a complete dephasing of the MRI
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signals prior to their readout. Signal saturation at the peak of the bolus passage causes errors
in the determination of /,% hence it leads to distortions in the shape of the AIF. To prevent
AIF selection within voxels affected by signal saturation, the time courses of the GE signals
acquired at TEq and TE, were analyzed. VVoxels in which at least one of the GE signals was
too close to the noise floor at the peak of the bolus passage were excluded from the pool of
AIF candidate voxels. In the current implementation, this approach was performed manually
and may be user-dependent. However, for automatic AIF selection approaches, an additional
criterion could be the exclusion of voxels in which the GE signal acquired at TEq or TE is
smaller than twice the standard deviation of the corresponding pre-bolus signal.

An AIF was selected in close proximity to the blood vessel, but not within the vessel. This
approach was justified by the results of a recently published study by Bleeker et al. (51) in
which the authors concluded that a voxel completely outside of the blood vessel should be
selected for AIF determination. This approach together with a 7;-independent multi-echo fit
assured a correct shape of the selected AlF.

CBF and CBYV values were scaled using a venous output function (VOF), which was
obtained from multi-echo, R»*based tracer concentrations within the superior sagittal sinus.
Scaling was performed in a similar way as shown in (42), using an arterial-venous scaling
factor k. Due to very large venous tracer concentrations, signal saturation, also referred to
as “clipping”, occurred in most VOF candidate voxels during the peak of the bolus passage.
Therefore, to prevent errors caused by saturated MRI signal curves, the scaling factor 4,
was based on post-bolus venous and arterial tracer concentrations only.

Corrected CBF and CBV were determined from the multiplication of the proportionality
constant &, with the non-corrected CBF and CBV estimates, referred to as CBFyc and
CBV\c. kg, Was derived from the ratio of the integrals of the AIF and VOF curves using all
time points following the end of the first pass of the contrast agent through the brain. Thus,

[ ca(nat

ka\' = S 7 (7)
Ji, e

and

CBF=CBF,,. - ko
CBV=CBV,,. - ke. ®

Here, £, is the first time point following the end of the first pass of the contrast agent, ¢, is
the last time point acquired in the dynamic imaging series, c4(?) and ¢,(?) represent the
arterial and venous contrast agent concentrations.

Fig. 2a shows images of all five echoes of a specified slice in a selected patient, obtained
during the pre-bolus baseline period and at the time when the peak of the bolus was passing
through the capillary bed. The signal drop associated with the contrast agent passage is
clearly visible in all five echo images. The time curve of each echo within a typical voxel in
tissue is shown in Fig. 2b. In close agreement with the simulations shown in Ref. (17),
contrast agent-induced signal changes were much larger in GE images (acquired at TE; and
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TE)) than in the SE image acquired at TEs. Overall, the largest changes in signal amplitude
were seen in the GE images acquired at TE, = 34.1 ms. TE; is within the range of typical
echo times used for single-echo GE-PWI acquisitions at 3T. Note that each of the five
individual echoes could be used to compute perfusion parameters. However, we based the
perfusion maps in this study on the time courses of R,and R,* and, for comparative
purposes, on the second echo images acquired at TE, and the fifth echo images acquired at
TEs.

Fig. 3a demonstrates the time courses of a manually selected AIF and VOF in the same
patient shown in Fig. 2, based on the second EPI train acquired at TE, = 34.1 ms. The VOF
suffered from substantial 7;-shortening effects, resulting in an initial dip and a post-bolus
drop in the apparent venous tracer concentration, both leading to physically impossible
negative values. 7-effects also reduced post-bolus AIF values. In contrast, the time courses
of multi-echo R,*based AIF (cf. Fig. 3b) and VOF (cf. Fig. 3c) yielded increased post-
bolus tracer concentrations. While the selected multi-echo AIF did not suffer from saturation
artifacts, the multi-echo fitted VOF did, causing erroneous tracer concentrations during the
first pass of the bolus through the brain. However, after the end of the first bolus passage,
VOF clipping ceased, resulting in elevated post-bolus tracer concentrations, which represent
residual Gd in the blood stream. In this study, it was important that the post-bolus VOF was
accurate, because it was used to determine the AlF scaling factor kj,.

Fig. 4 shows CBF and CBV maps in a patient with subacute stroke. These maps were
processed using R»>* and Ro-based tracer concentrations, as well as tracer concentrations
obtained from single-echo GE images acquired at TE, = 34.1 ms and single-echo SE images
acquired at TEs = 97.0 ms. Large-vessel blooming can be seen on both GE- and R»*based
DSC-PWI maps. In contrast, both SE-and R»-basedDSC-PWImaps were mostly free from
large-vessel blooming due to their restricted sensitivity to smaller vessels. In Fig. 5,
histograms of CBF and CBV verified the increased macrovascular sensitivity of GE- and
R>*based perfusion data when compared to SE- and R»-based data. These histograms
demonstrated a narrow distribution of CBF and CBV in case of SE- and R>-based data,
whereas GE- and R,*based data resulted in a broader distribution of CBF and CBV,
indicating substantial contributions from larger vessels in voxels with increased blood flow
and blood volume. These results are in good agreement with simulations performed
elsewhere (16,17).

Fig. 6 represents a case of subacute left posterior middle cerebral artery infarct with
considerable BBB-leakage and a potential for errors caused by 7;-shortening effects. While
GE-PWI and SE-PWI yielded CBV values in areas with BBB-leakage that were similar to
those of the surrounding tissue (see arrows in Fig. 6a), R»>* and R>based DSC-PWI
resulted in considerably increased CBV in the ischemic region, reflecting an increase in
local contrast agent concentration associated with leakage. While R,* and R»based CBV
maps correctly reflected local contrast agent concentrations, these maps were not confined to
the intravascular space in presence of BBB-leakage. However, the resulting CBV maps can
be used in more advanced perfusion models that separate signal dephasing effects arising
from intravascular and extravascular Gd molecules. In contrast to CBV, R,* and GE-based
DSC-PWI, as well as R and SE-based DSC-PWI resulted in comparable CBF. As a
consequence of the central volume principle that relates MTT to the ratio of CBV and CBF,
MTT differed substantially in the region affected by the stroke, while Tmax was almost the
same for all four methods (52). Tracer concentrations showing differences between the four
methods are plotted in Fig. 6b. A post-contrast 7;-weighted image (Fig. 6¢) confirmed the
presence of the BBB-leakage.
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In Fig. 7, a patient with diagnosed glioblastoma multiforme is presented. SAGE PWI data
were acquired following tumor resection and radiation therapy. On SAGE PWI data, as well
as on post-contrast 7-weighted GE images, a region of new enhancement was found
posterior to the surgical resection cavity. R»* and R»based maps showed an increased
CBYV in this region, whereas SE-based CBV was comparable to the surrounding tissue and
GE-based CBV was only slightly elevated. A closer look at the tracer concentration curves
(Fig. 7d) revealed substantial contrast agent extravasation, resulting in negative post-bolus
tracer concentrations for GE and SE data, whereas R,* and R»-based contrast agent
concentrations remained above pre-bolus baseline levels. A vessel size image of the same
slice is shown in Fig. 7c, demonstrating slightly elevated average vessel radii within this
region. Again, R»* and R»based CBV maps using standard tracer kinetic modeling cannot
separate extravascular from intravascular contributions. Thus, these maps represent the total
volume of distribution of the contrast agent rather than intravascular CBV.

DISCUSSION

In this study, we described the combined acquisition of time-resolved R,* and R»based
MRI data, facilitated by a parallel imaging-accelerated multi-echo spin- and gradient-echo
EPI pulse sequence, and we showed its application to measurements of cerebral perfusion
parameters. The presented method, referred to as SAGE PWI, combined the advantages of
both GE- and SE-based DSC-PWI in a single pulse sequence, and it preserved the option to
extract single-echo GE-PWI maps, which are still the first choice for routine clinical DSC-
PWI exams. Thus, SAGE PWI facilitates a direct comparison with conventional GE DSC-
PWI.

Our observations in this study indicated that the perfusion maps provided by R»based DSC-
PWI and SE-PWI could to be diagnostically more relevant than R,*based DSC-PWI maps
and GE-PWI maps for the interpretation of the status of tissue microperfusion in
cerebrovascular diseases. The selective sensitivity of Ro-based and SE-PWI maps to the
microvasculature improved the visibility of smaller infarcts (cf. Fig. 4). However, the
overall sensitivity to the presence of contrast agent was higher with R,*/GE-based DSC-
PWI than with R>/SE-based DSC-PWI, as demonstrated in Fig. 2b. Moreover, GE-based
DSC-PWI methods allow direct AlF determination, which is necessary for deconvolution-
based CBF computation and quantitative DSC-PWI. In contrast, AlF determination based on
SE data is difficult and prone to errors. With SAGE EPI, direct AIF determination facilitated
the computation of quantitative perfusion parameters with both GE- and SE-contrast,
presenting a big advantage of SAGE PWI over single-echo SE-or GE-based DSC-PWI.

The use of multi-echo data to determine contrast agent concentrations in brain tissue
eliminated 7;-shortening effects, a particular issue in presence of BBB-leakage. If 7;-effects
are unaccounted for, the accuracy of DSC-PWI maps is limited, as shown in (24). However,
in the absence of contrast agent leakage, such as for the stroke patient shown in Fig. 4, errors
arising from 7;-shortening effects were small. Thus, GE- and R,*based DSC-PWI maps on
one hand, and SE- and R»>-based DSC-PWI data on the other hand, were fairly similar, as
shown in Fig. 5 in histograms of CBF and CBV. However, if BBB-leakage was present,
such as in tumors or cases of subacute stroke, GE- and SE-based DSC-PW!I parameters were
erroneous. We demonstrated in a patient with a subacute stroke that both GE- and SE-based
post-bolus tracer concentrations dropped below baseline, caused by contrast agent
extravasation and subsequent tissue 7;-shortening (cf. Fig. 6). This effect reduced apparent
CBV, which was derived from the integration of the contrast agent concentration time curve
in each voxel. In contrast, 7;-shortening effects affected the peak of the residue function
from which CBF was derived to a limited extent only. Hence, due to the central volume
principle, MTT was too short in GE- and SE-based data. In fact, the MTT values in the
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ischemic region were even lower than normal physiological MTT, indicating that both GE-
PWI and SE-PWI were confounded by 7;-shortening effects. In contrast, DSC-PWI maps
derived from 7z-independent R,*and R, estimates resulted in an increase in tracer
concentrations associated with BBB-leakage, and thus in elevated CBV and MTT, but
unchanged CBF. Regardless of the method that was used, Tmax remained elevated in the
region of the subacute stroke. Thus, our results showed that R,* and R>-based DSC-PWI
maps resulted in a better spatial match between perfusion abnormalities expressed via MTT
and Tmax when compared to GE-PWI and SE-PWI data.

For the tumor case shown in Fig. 7, the attending radiologist attributed the enhancement
seen on post-contrast 7-weighted images to radiation necrosis or tumor progression,
without ruling out either possibility. R,*-and R>-based DSC-PWI data yielded an elevated
CBYV in the area posterior to the tumor resection cavity, caused by contrast agent
extravasation. This effect was not seen on SE-PWI data, and it was less prominent on GE-
PWI data. R»* and R»based CBF maps demonstrated slightly elevated blood flow in the
questioned area, again not seen on SE-data, and only revealed to a limited extent on GE-
data. In addition, a VSI map indicated the presence of increased large vessel supply.
Therefore, rather than being radiation necrosis, it was more likely that in this patient the
tumor had recurred, which led to the elevated CBF and CBV seen on our data acquired with
SAGE EPI. As with the stroke case presented in Fig. 6, elevated tracer concentrations could
be detected in R,* and R>-based DSC-PWI only, while GE- and SE-based DSC-PWI
resulted in an underestimation of CBV in areas of BBB-leakage. Thus, Fig. 7 exemplified a
case in which SAGE PWI added additional information for the patient assessment, with the
potential to increase the accuracy of the clinical diagnosis.

Please note that the use of standard tracer kinetic modeling with SAGE PW!I could result in
CBYV overestimation in areas of considerable BBB-leakage. While this does not necessarily
reflect errors in the determination of total contrast agent concentrations, the resulting CBV is
not confined to the intravascular space, but may include the extracellular space in parts.
More advanced perfusion models would be able to separate intravascular from extravascular
contributions in computed CBV, however, in the current study we based our calculations on
standard intravascular tracer kinetic models. BBB-leakage is a serious concern in many
cerebrovascular diseases, thus its detection adds important information to DSC-PWI exams.
As shown in this study, the disregard of 7;-shortening effects when using standard GE-PWI
imaging causes CBV underestimation, potentially resulting in clinical misinterpretation of
DSC-PWI data due to the lack of BBB-leakage detection.

A multi-echo fitted AIF was determined in this study to facilitate absolute perfusion
quantification. This approach is compensated for 7;-shortening effects (29), whereas a
single-echo AIF could lead to 7;-induced quantification errors. Simulations performed on
varying AIF shapes (data not shown) revealed differences in absolute CBV of up to 100%,
caused by differences in post-bolus arterial tracer concentrations between an uncompensated
AIF and a 7;-compensated multi-echo fitted AIF (cf. Fig. 3b), underlining the importance of
Ts-correction for quantitative DSC-PWI. With a multi-echo fit of the VOF, in contrast to a
carefully selected AlF, signal saturation artifacts were induced, which led to incorrect VOF
shapes during the first pass of the contrast agent through the brain tissue (cf. Fig. 3c). The
cause of these saturation artifacts was large tracer concentrations within the superior sagittal
sinus during the peak of the bolus passage, with the result of very low signal magnitudes in
images acquired at TE,. However, a single-echo approach for VOF determination would be
prone to errors caused by 7;-shortening effects arising from previously excited spins that
experience increased longitudinal signal relaxation in proximity to Gd molecules. In
conseguence, venous contrast concentrations could drop below baseline after the first bolus
passage and lead to physically impossible negative concentration values (see Fig. 3c), thus
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preventing correct VOF-based AIF scaling. Therefore, in this study we suggested AIF
scaling based on the time courses of the multi-echo fitted AIF and VOF following the end of
the first bolus passage. With this method, VOF clipping artifacts and 7;-shortening effects
were eliminated.

It should be noted that 7;-shortening effects affecting the GE-PWI data shown here might
be slightly more pronounced compared to conventional GE-PWI data. This is due to the fact
that a 90° excitation pulse was used in SAGE EPI, in contrast to lower flip angles typically
used in GE-based DSC-PWI. However, with a 7;-independent approach, such as with
SAGE EPI, the presence of increased 7;-shortening effects caused by a 90° excitation flip
angle do not affect R>-and R,*based DSC-PWI data. Moreover, there is limited flexibility
with the chosen flip angles in combined GE and SE sequences, and a 90° excitation pulse
results in increased signal-to-noise ratios in SE data.

In this study, we assumed that the ratio of the relaxivity constants x; and xowas 1:4.25. This
value was based on the average ratio of the R>-based CBF to the R,*based CBF in white
matter. It is in good agreement to computations shown in Ref. (15). However, the validity of
this proportionality requires further investigation: the relationship between changes in R,
and contrast agent concentration is found to be non-linear (17,53). Thus, the assumption of a
linear relationship between these values could induce quantification errors in R>-based DSC-
PWI and SE-PWI. A potential correction for non-linear effects would include the evaluation
of the relationship between R» and R,*based CBF to CBF based on quantitative ASL data,
acquired in a separate measurement (54). However, this comparison was not done for the
current study and will be part of an upcoming publication.

CONCLUSIONS

SAGE EPI facilitates the simultaneous acquisition of R,*and R>-based perfusion data for
quantitative, 7;-independent GE and SE DSC-PWI analysis, allowing a more differentiated
clinical diagnosis, facilitated by a single acquisition. While the overall sensitivity of GE
perfusion data to the contrast agent passage is superior to SE data, SE-based DSC-PWI
measurements show results that are more specific to the microvasculature. Therefore, SE-
PWI might improve the visibility of hypoperfused regions otherwise hidden or confounded
by larger blood vessels. Furthermore, it might reduces the risk of mimicking normal or even
increased perfusion in situations with no actual microvascular perfusion, such as in presence
of capillary shunting.

SAGE PWI merges the advantages of higher specificity to the microvasculature of pure SE-
based DSC-PWI methods with the possibility of a direct AlF determination and higher
overall sensitivity to the presence of contrast agent of GE-based DSC-PWI techniques.
Moreover, SAGE PWI facilitates vessel size imaging without additional acquisition time,
and it even allows the calculation of the oxygen extraction fraction of brain tissue (55),
turning SAGE PWI into a compact pulse sequence for the assessment of cerebrovascular
diseases.
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Fig. 1.

Pulse sequence diagram of SAGE EPI pulse sequence: a spectral-spatial signal excitation
pulse is followed by two EPI readout trains acquired at echo timesTE; and TE,, a 180°
refocusing pulse, and three more EPI readouts (TE3—TEs), with the last readout at TEg =
TEgg resulting in a SE signal.
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(a) EPI images in a selected patient acquired during baseline (top row) and at the peak of the
bolus passage (bottom row) in a SAGE PWI experiment. This figure shows images of all
five echo trains in a five-echo SAGE EPI acquisition using the parameters listed in Table 1.
(b) MRI signal time course of each EPI train in a specified voxel within gray matter. Note
that the largest contrast agent-induced signal drop occurred in the EPI images acquired at
TE, = 34.1 ms, a typical echo time for GE-PWI experiments at 3T.
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Fig. 3.

(a) Single-echo AIF (red) and VOF (blue), both calculated from the GEEPI time course
acquired at TE, = 34.1ms. The presence of 7;-shortening effects caused an underestimation
of contrast agent concentration in the VOF, visible at the onset of the first bolus passage and
during the post-bolus period. The AIF was also affected by 7;-effects, but to a lesser extent.
(b) Comparison of single-echo AIF (red) with multi-echo AIF (purple). The multi-echo AlF
was corrected for 7;-shortening effects, with the result of elevated post-bolus contrast agent
concentrations, reflecting residual Gd in the blood stream. (c) Single-echo VOF (blue) vs.
multi-echo VOF (cyan). The multi-echo fitted VOF was corrected for 7;-induced negative
contrast agent concentrations. However, during the first passage of the bolus, the multi-echo
VOF experienced signal saturation, resulting in incorrect R,*estimations. Therefore, for
quantitative DSC-PWI, AIF scaling was based on the post-bolus levels of the multi-echo
fitted AIF (purple area under the concentration curve) and the multi-echo fitted VOF (cyan).
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Fig. 4.

Comparison of GE-, SE-, R,*, and R»basedCBFand CBV in a 63-year old patient with
subacute stroke in the left frontal cortex. Both SE-PWI and R»-basedDSC-PWI resulted in
considerably decreased large vessel blooming seen on GE-and R,*based maps, leading to a
better visibility of the lesion (arrows).
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Histograms of (a, ¢) CBF and (b, d) CBV values for the patient shown in Fig. 4, processed
using (a, b) single-echo data and (c, d) multi-echo data. In absence of substantial BBB-
leakage, the histograms showed similarities between GE-and R,*based DSC-PWI data, as
well as between SE-and R>-based data. The narrower SE-and R»-based distributions of CBF

and CBV confirmed a decreased sensitivity to larger blood vessels.
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Fig. 6.

(a) Comparison of GE-, SE-, R>*based, and R,-basedDSC-PWI maps in a patient with
subacute infarct in the territory of the left posterior middle cerebral artery. R,*-and R»
based maps resulted in elevated CBV in the region where the stroke had occurred. This
effect is less evident on single-echo GE and SECBV maps. R>*and R»baseddata yielded an
associated increase in MTT, particularly well defined in R>-basedmaps. In contrast, single-
echo MTT maps resulted in a decrease in the ischemic region. Tmax maps were similar
among all methods used. (b) Tracer concentration vs. time in the ischemic region. GE and
SE tracer concentration curves dropped below baseline, resulting in apparent CBV
decrease(the calculated CBV is equivalent to the areas under the green (GE CBV) and
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purple (SE CBV)concentration curves). (¢c) A 7-weighted post-contrast image shows BBB
leakage.
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Fig. 7.

Patient with glioblastoma multiforme, status post resection and radiation therapy. An area of
new contrast enhancement is seen on R,*and R,-basedCBV maps (a), as well asona 7
weighted post-contrast image (b). The new enhancement is also visible to a limited extent on
GECBYV, but not on SE CBV data. CBF is shown for comparative purposes, indicating
slightly elevated flow in this region.(c) A VSI map shows a slightly increased vessel radius,
suggesting active tumor progression. (d) Tracer concentration curves confirm a substantial
contrast agent uptake, seen on R,*and R»baseddata (black and blue curves, respectively).
In contrast, GE-and SE-data show reduced post-bolus concentrations below baseline levels,
leading to a reduction in apparent CBV(SE data with substantial negative CBV-
contributions (purple), GE data with slightly negative contributions (green)).
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Table 1

Acquisition parameters used in the SAGE EPI sequence

Parallel Imaging reduction factor 3

Number of echoes 5
Matrix size(kyxky) 84x84, zero-filled to 128x128
Number of slices 15
Repetition time 1800 ms
TE; =16.6 ms
TE, =34.1ms
Echo times TE3=61.8ms
TE4=79.2ms
TE5=97.0 ms

Acquisition time of each EPI train  15.3 ms
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