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Evaluation of single bolus, dual-echo
dynamic susceptibility contrast MRI
protocols in brain tumor patients
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Abstract

Relative cerebral blood volume (rCBV) obtained from dynamic susceptibility contrast (DSC) MRI is adversely impacted

by contrast agent leakage in brain tumors. Using simulations, we previously demonstrated that multi-echo DSC-MRI

protocols provide improvements in contrast agent dosing, pulse sequence flexibility, and rCBV accuracy. The purpose of

this study is to assess the in-vivo performance of dual-echo acquisitions in patients with brain tumors (n¼ 59). To verify

pulse sequence flexibility, four single-dose dual-echo acquisitions were tested with variations in contrast agent dose, flip

angle, and repetition time, and the resulting dual-echo rCBV was compared to standard single-echo rCBVobtained with

preload (double-dose). Dual-echo rCBV was comparable to standard double-dose single-echo protocols (mean (stan-

dard deviation) tumor rCBV 2.17 (1.28) vs. 2.06 (1.20), respectively). High rCBV similarity was observed (CCC¼ 0.96),

which was maintained across both flip angle (CCC¼ 0.98) and repetition time (CCC¼ 0.96) permutations, demon-

strating that dual-echo acquisitions provide flexibility in acquisition parameters. Furthermore, a single dual-echo

acquisition was shown to enable quantification of both perfusion and permeability metrics. In conclusion, single-dose

dual-echo acquisitions provide similar rCBV to standard double-dose single-echo acquisitions, suggesting contrast agent

dose can be reduced while providing significant pulse sequence flexibility and complementary tumor perfusion and

permeability metrics.
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Introduction

Relative cerebral blood volume (rCBV) measures

obtained from dynamic susceptibility contrast-

(DSC)-MRI are widely used in the diagnosis and treat-

ment of brain tumors.1,2 Unfortunately, contrast agent

leakage effects are often observed in brain tumors, as

well as other pathologies, limiting the reliability of

rCBV measurements.1,3 To reduce contaminating T1

effects, current recommendations include preload

administration of a single full dose of contrast agent,

given 5–10minutes before dynamic imaging, followed

by a second full dose of contrast agent.4 This protocol

yields highly robust rCBV maps and excellent agree-

ment across multi-site studies;5 however, this double

bolus strategy has multiple drawbacks, including

higher costs, longer protocol times, increased contrast
dose, and the potential for increased protocol variabil-
ity,6,7 due to multiple timed injections. A single bolus
scheme would reduce cost, scan times, and contrast
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agent doses, while simultaneously simplifying and facil-
itating standardized clinical applications by eliminating
multiple timed doses.

To that end, previous simulation studies using a
patient-derived digital reference object (DRO) predicted
that an optimized single-dose protocol with a specific set
of parameters could provide rCBV accuracy compara-
ble to the standard double-dose protocol.8–10 This pro-
tocol is based on a low flip-angle (FA) acquisition,
which reasonably balances T1 and T2* sensitivity to
yield highly reliable rCBV measures with a single dose.
In a multi-site study, Schmainda et al. validated this
single bolus scheme,11 demonstrating that a low FA
single-dose protocol achieves rCBV values consistent
with standard double-dose protocols acquired with a
moderate FA (60–70�). However, DRO simulations
also predicted that the high rCBV accuracy of low FA
protocols is highly contingent upon a precise set of pulse
sequence parameters. Any deviations from this protocol
in terms of FA, echo times (TEs), and repetition times
(TRs) lead to rapid decline of rCBV accuracy. This
becomes problematic for simultaneous multi-slice accel-
eration methods, which have a shorter TR and are
increasingly used in DSC perfusion to achieve higher
temporal resolution. As single echo acquisitions are sen-
sitive to contrast agent-induced changes in both T1 and
T2

*, rCBV accuracy in these protocols remains inherent-
ly tied to parameter variations. This has motivated
efforts to develop highly accurate single-dose DSC-
MRI protocols with more parameter flexibility.

In contrast to low-FA protocols that reduce T1 leak-
age effects, multiple echo acquisitions have been shown
to remove T1 leakage effects.3,12–15 Using DRO-based
simulations, we recently demonstrated that multi-echo
acquisitions provide high rCBV accuracy across over
2000 unique protocols, effectively decoupling both FA
and TR from rCBV accuracy.16 More specifically, we
evaluated a wide array of multi-echo acquisitions (two
dosing schemes, two field strengths, three TRs, three
flip angles (FA), 29 echo time combinations, and with
and without leakage correction) to demonstrate that
multi-echo acquisitions, including dual-echo acquisi-
tions, do not require a preload injection and provide
significant pulse sequence flexibility without
compromising rCBV accuracy. While DRO simula-
tions suggest that a single bolus, dual-echo technique
would provide equivalent rCBV values, this has never
been evaluated in vivo. Given the high rCBV accuracy
for single-dose low-FA protocols due to reduced T1

effects, we hypothesize that single-dose dual-echo pro-
tocols will similarly provide high rCBV accuracy by
removing T1 leakage effects, thus obviating the need
for preload contrast doses. Additionally, dual-echo
protocols enable quantification of dynamic T1 changes,
which can be used for simultaneous dynamic contrast

enhanced (DCE) modeling. The purpose of this study is
to assess the in-vivo performance of no preload (single-
dose), dual-echo acquisitions compared to the standard
preload (double-dose), single-echo protocol.

Material and methods

Subjects

This retrospective study was approved by the Dignity
Health Institutional Review Board (IRB), and a waiver
of informed consent was obtained. Data were acquired
as part of the clinical standard of care over a two-year
period between October 2017 and October 2019.
Inclusion criteria included age over 18 years of age,
presence of a brain tumor of any cellular origin, and
availability of perfusion datasets for both preload and
main injections on the institutional PACS. For patients
with multiple available imaging datasets, only the first
dataset per patient was used. Additional exclusion cri-
teria included missing dynamic data points (n¼ 1),
improper slice planning (n¼ 1), poor injection profiles
(n¼ 3), and susceptibility artifact obscuring the region
of interest (n¼ 2). The remaining subjects (n¼ 59) were
further split into four groups based on the protocol
used, as described below.

MRI protocol

All subjects underwent MRI at 3T (Philips Ingenia,
Best, Netherlands). Standard structural pre- and post-
contrast T1-weighted images were acquired using a 3D
magnetization-prepared rapid acquisition gradient
echo (MP-RAGE) sequence with the following acqui-
sition parameters: TR/TE, 7.9/4.4ms; acquisition
matrix, 256� 256; voxel size, 1.0� 1.0 mm2; slice thick-
ness, 1.0mm; 170 sagittal slices; flip angle¼ 8�. Two
consecutive DSC-MRI acquisitions (Table 1) were
obtained during the administration of two contrast
doses of a gadolinium-based contrast agent (gadobu-
trol, Gadavist). Both DSC acquisitions were acquired
with spatial resolution of 1.75� 1.75 mm2 with slice
thickness of 5mm (acquisition matrix, 128� 128); the
pixel bandwidth for all DSC acquisitions was approx-
imately 2 kHz. For both injections, the bolus was
injected at 3ml/s using a power injector after
30 seconds of baseline acquisition. During the first
bolus, a dual-echo DSC protocol was performed
(TE1/TE2¼ 7.3/33.3ms), thus allowing for evaluation
of a single bolus (no preload, dual-echo) protocol and
simultaneously serving as preload for the double bolus
single-echo technique. After a delay of 6minutes, a full-
dose (0.1mmol/kg) contrast bolus was injected during
a standard single-echo DSC acquisition (TE¼ 30ms,
TR¼ 1.4 s, FA¼ 75� for all 59 patients), allowing
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evaluation of a double bolus protocol in the same

patient, during the same scan session as the single

bolus/no preload protocol.
Over the two-year period of eligibility, four different

protocols were used for the first bolus perfusion,

including a basic protocol with full-dose contrast injec-

tion and moderate TR and FA (n¼ 15, basic protocol).

Relative to the basic protocol, each of the remaining

three protocols have a single modification: (1) 1=2-dose
contrast injection with moderate TR and FA (n¼ 10,
1=2-dose protocol), (2) full-dose contrast injection with

moderate TR and low FA (n¼ 16, low FA protocol),

and (3) full-dose contrast injection with short TR and

moderate FA (n¼ 18, short TR protocol) (see Table 1

for specific values). For the short TR protocol, the TR

was reduced due to availability of simultaneous multi-

slice (SMS) capabilities on the scanner. Each acquisi-

tion lasted for at least two minutes (2.1minutes for the

short TR protocol, and 2.8minutes for the remaining

protocols). Groups are defined based on their first

bolus perfusion protocol, while the second bolus per-

fusion was consistent for all subjects.

Data analysis

The data that support the findings of this study are

available from the corresponding author, AMS, upon

reasonable request. Perfusion analysis was performed

using in-house Matlab software (Mathworks), which is

available upon request. The pre- and post-contrast

images were registered using FLIRT (FSL) to the

dual-echo images using the first echo time (averaged

over dynamics). Although both perfusions were

acquired with matching geometry, registration between

the two perfusion datasets was performed using

FLIRT, and all data were analyzed in the dual-echo

perfusion space. Tumor region-of-interests (ROIs)

were drawn covering the entire enhancing region

from the DT1 images (T1w post-contrast – T1w pre-

contrast); in non-enhancing tumors (n¼ 8), tumor

ROIs were drawn from the T2w hyperintense regions.

Normal-appearing white matter (NAWM) ROIs

were drawn on the T1w pre-contrast image.

More specifically, ROIs were drawn in uniform loca-

tions near the lateral ventricles (typically adjacent to

the frontal or occipital horn of the lateral ventricle),

on the side contralateral to the tumor ROI. All ROIs

were drawn by an experienced researcher with 8 years

of experience (AMS) and verified by a board-certified

neuroradiologist with 14 years of experience in neuro-

oncologic imaging (LSH), taking care to avoid both

CSF and large vessels. The same tumor and NAWM

ROIs were used for quantification of both sets of per-

fusion metrics (dual-echo and single-echo).
For dual-echo (first injection) and single-echo

(second injection) data, DR2
* was calculated using

equations (1) and (2), respectively:

DR�
2;DE tð Þ ¼ 1

TE2 � TE1ð Þ ln
STE1 tð Þ
STE1 0ð Þ

� �
� ln

STE2 tð Þ
STE2 0ð Þ

� �� �

(1)

DR�
2 tð Þ ¼ �

ln SðtÞ
Sð0Þ

� �
TE

(2)

where S(t) and S(0) denote the dynamic signal and

pre-bolus (baseline) signals, respectively, for each echo

time (TE1 and TE2 for dual-echo, TE for single-echo).

Equation (2) inherently assumes that T1 signal contri-

butions are negligible, while T1 signal contributions are

explicitly removed for dual-echo DR2
* (equation (1)).

Furthermore, the dynamic T1-weighted signal contri-

butions can be determined by extrapolating the dual-

echo signal to TE¼ 0:

STE¼0 ¼ STE1
STE1

STE2

� � TE1
ðTE2�TE1Þ

(3)

Leakage correction was performed on both the

single-echo and dual-echo data using the standard

Boxerman-Schmainda-Weisskoff (BSW) method,17,18

modified to account for both T1 and T2
* leakage

effects.19 The arterial input function (AIF) for each

injection was determined using previously published

Table 1. Protocol description for each group.

Groupa n (59 total)

Bolus 1: Dual-echo protocol Bolus 2: Single-echo protocol

TEs (ms) Doseb FA TR (s) TE (ms) Dose FA TR (s)

Basic 15 7.33/33 1 75� 1.4 30 1 75� 1.4
1=2-dose 10 7.33/33 1/2 75� 1.4 30 1 75� 1.4

low FA 16 7.33/33 1 30� 1.4 30 1 75� 1.4

short TR 18 7.33/33 1 75� 0.6 30 1 75� 1.4

aGroups are defined based on the dual-echo protocol. bDose given as 1 (¼ 0.1mmol/kg) and 1=2 (¼ 0.05mmol/kg).
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automated methods with specific dual-echo20 and
single-echo21 criteria; subsequently, the AIF and
tissue DR2

* were converted to concentration using qua-
dratic and linear relaxivity relationships, respective-
ly.22,23 CBV was determined using integration of the
dynamic DR2

* curve up to two minutes (up to 60 s
each of baseline and post-injection), and negative
values of DR2

* were not included in the integration.
Cerebral blood flow (CBF) was determined from the
maximum of the impulse response function obtained
from circular singular value decomposition (cSVD)24

of the input AIF with the tissue DR2
*, using an adap-

tive threshold.25 CBV and CBF were normalized to
normal-appearing white matter, yielding relative CBV
(rCBV) and CBF (rCBF). The signal extrapolated to
TE¼ 0 (equation (3), dual-echo first injection only) was
used for DCE analysis,26 using the extended Toft’s
model27 with a separate DCE-based AIF28 and a
fixed T1 value29 of 1.5 s. Comparisons between dual-
echo protocols with varying acquisition parameters
(dose, TR, FA) and single-echo protocols (same proto-
col for all) were performed using the mean value over
the tumor ROI; additionally, hot-spot analysis was per-
formed using the 95th percentile within the tumor ROI.

To assess the dynamic signal characteristics for each
protocol, temporal signal-to-noise ratio (tSNR) was
calculated voxel-wise and averaged across the whole
brain; additionally, the tumor contrast-to-noise ratio
(CNR) was determined for each protocol. As the
dual-echo acquisition comprises two signals, tSNR
was determined from the DR2

* curves (equations (1)
and (2)). Specifically, tSNR was calculated as the
ratio of peak DR2

* to the standard deviation (SD) of
the baseline DR2

*. To assess lesion conspicuity for each
protocol and injection, CNR was calculated as follows:

CNR ¼ lT � lNAWMffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2T þ r2NAWM

q (4)

where mT and mNAWM indicates the mean tumor and
NAWM rCBV, respectively, and rT and rNAWM indi-
cates the standard deviation of tumor and NAWM
rCBV, respectively.

Statistical analysis

Correlation analyses were performed in Matlab using
Deming regression, which assumes measurement error

occurs in both single-echo rCBV (x) and dual-echo
rCBV (y). Concordance correlation coefficient (CCC)
and Pearson’s correlation coefficient (r) were used to
assess ROI agreement and linearity, respectively.
Concordance coefficients were interpreted as< 0.90:
poor, 0.90 to 0.95: moderate, 0.95 to 0.99:

substantial,> 0.99 almost perfect.30 Bland-Altman
plots were used to assess bias (mean difference) and
limits of agreement (LoA,¼bias� 1.96 x SD of bias).
Statistical analyses were performed using RStudio
V1.0.143 and R version 3.5.1. Data that were normally
distributed (notably tSNR, CNR, and Ktrans, as deter-
mined using Shapiro-Wilk tests) were compared using
paired Student’s t-tests or one-way analysis of variance
(ANOVA), as specified below; data that were not nor-
mally distributed were compared using paired
Wilcoxon signed rank or Kruskal-Wallis tests. More
specifically, tSNR and CNR were compared between
dual- and single-echo for each protocol (paired t-tests),
and significance was determined using the false-
discovery rate (FDR) correction for multiple compar-
isons. One-way ANOVA was performed to determine
whether tSNR and CNR vary across protocols, while
Ktrans was compared across dual-echo protocols (one-
way ANOVA with Tukey post-hoc comparisons).
Perfusion metrics were compared between the dual-
and single-echo protocols (first and second injection,
respectively) for each parameter (rCBV: tumor mean
and hot-spot; rCBF: tumor mean). As these parameters
were non-normally distributed, per Shapiro-Wilk tests,
paired Wilcoxon signed rank tests were used to com-
pare parameters in each protocol. Kruskal-Wallis tests
were used to determine whether rCBV varied across
protocols, with Wilcoxon rank sum test for subsequent
post-hoc comparisons using FDR correction for mul-
tiple comparisons. Results were considered significant
at p< 0.05.

Results

A total of 59 subjects were identified that satisfied all
inclusion/exclusion criteria. The average age was
51.3 years old (SD¼ 13.7, range¼ 27.0–88.0), and
there were 31 males included. Most of the tumors
were glial in origin (n¼ 51; 86%), the majority of
which were high-grade (n¼ 39/51; 76%), followed by
metastatic tumors (n¼ 5; 8.5%), meningiomas (n¼ 2;
3.4%), and mixed tumor types (n¼ 1; 1.7%).
Additionally, most tumors demonstrated contrast
enhancement (n¼ 51) on DT1 images, where the
remaining non-enhancing tumors (n¼ 8) were all low-
grade gliomas. The subject and tumor characteristics
for each of the four dual-echo protocol groups are
shown in Table S1 (supplementary material).

Figure 1 shows the dual-echo (first injection, no pre-
load) and single-echo (second injection, with preload)
signals (top row) and DR2

* curves (middle rows) in the
tumor ROI, along with the automated AIFs, for each
protocol. A smaller susceptibility-induced signal drop
can be seen in the 1=2-dose dual-echo protocol. T1 leak-
age effects are evident in the individual dual-echo
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signals, particularly in the first echo (blue) of protocols

with parameters that induce higher T1-weighting

(higher FA and/or shorter TR). For the single-echo

signals, T1 leakage effects are minimal due to the use

of a preload dose. T1 leakage effects can be effectively

removed for the dual-echo DR2
*, and similar DR2

*

curves result from each injection in both the tumor

ROI and AIF (note that the peak DR2
* of the

1=2-dose protocol is concomitantly reduced with the

lower dose). In these examples, leakage correction

removed residual T2
* leakage effects for both dual-

echo and single-echo protocols. The T1-weighted

signal resulting from the dual-echo extrapolation to

TE¼ 0 is shown on the bottom row for each protocol.
Whole-brain tSNR and tumor CNR are shown in

Figure 2 for each protocol. The basic protocol yielded

similar tSNR to the single-echo tSNR, likely due to the

similarity between the protocols (p¼ 0.910). The
1=2-dose dual-echo protocol yielded significantly lower

tSNR compared to the single-echo tSNR (p¼ 0.004),

due to lower contrast dose, as did the low FA and short

TR protocols (p< 0.001 for both). Despite the lower

whole-brain tSNR, the dual-echo and single-echo

tumor CNR were not significantly different across all

protocols (basic, 1=2-dose preload, low FA, and short

TR: p¼ 0.188, 0.666, 0.059, and 0.688, respectively).

For the single-echo acquisition, there was no significant

difference across groups for tSNR or CNR (F(3,55)¼
0.011 and 0.087, p¼ 0.998 and 0.967, respectively). For

dual-echo acquisitions, there was a significant group

effect across protocols for tSNR (F(3,55)¼ 7.84,

p< 0.001); significant differences were observed

Figure 1. Top to bottom: Dual-echo (no preload) and single-echo (with preload) signals (normalized to baseline), DR2
* curves in a

brain tumor ROI, corresponding AIF, and tumor T1-weighted curves (dual-echo only) for each protocol (left to right). All curves are
from GBM patients. T1 leakage effects can be observed in the signals for the dual-echo acquisition (particularly TE1), which are
removed in the dual-echo DR2

*.

3382 Journal of Cerebral Blood Flow & Metabolism 41(12)



between the basic protocol and all other protocols
(p¼ 0.001, 0.013, and 0.001 for 1=2-dose, low-FA, and
short-TR protocols, respectively). No tSNR differences
were observed between the 1=2-dose, low-FA, and short-
TR protocols (p> 0.423 for all); moreover, dual-echo
CNR was not different across protocols (F(3,55)¼
0.357, p¼ 0.784).

Figure 3 shows a representative T1-weighted post-
contrast image, dual-echo rCBV, single-echo rCBV,
and the tumor voxel-wise correlation plots from each

protocol. The rCBV maps from each injection demon-
strate high similarity across protocols, despite varying
contrast dose, FA, and TR. The largest slope is observed
for the 1=2-dose protocol, while the slopes for the remain-
ing protocols are closer to unity. The voxel-wise CCC
for each patient is shown in the corresponding plots.
Figure S1 (supplementary material) shows the corre-
sponding dual-echo and single-echo rCBF maps, along
with the tumor voxel-wise correlation plots. The dual-
echo rCBF is higher than the single-echo rCBF, partic-
ularly for 1=2-dose protocol. As a result, the voxel-wise
CCC is generally lower, while the Pearson’s r values
reflect a moderate linear correlation.

Correlation and Bland-Altman plots for mean
rCBV, hot-spot rCBV, and mean rCBF in the tumor
ROI across all 59 subjects are shown in Figure 4, with
each color representing the protocol used. The corre-
sponding mean tumor rCBV, slope and intercept (from
Deming regression), and CCC values are shown in
Table 2, along with the mean bias and limits of agree-
ment (LoA) for each protocol. The lowest CCC was
observed for the 1=2-dose protocol, which also exhibited
the largest (negative) bias. This could be indicative of
either lower SNR for the dual-echo rCBV or inade-
quate suppression of T1 leakage effects in the

single-echo rCBV, both due to the use of a 1=2-dose
preload injection during the dual-echo acquisition.
The remaining protocols all had excellent agreement
and smaller absolute bias. For the 1=2-dose protocol,
rCBV was different between dual-echo and single-
echo (p¼ 0.010), possibly attributed to the lower
dose, while there was no significant difference between
rCBV using single- and dual-echo acquisitions for the
remaining protocols (basic, low FA, and short TR:
p¼ 0.39, 1.00, and 0.44, respectively). For hot-spot
analysis, the combined slope was 1.25 with a CCC of
0.81 and an overall negative bias of -0.86. In all cases,
the dual-echo hot-spot rCBV was significantly different
from single-echo hot-spot rCBV (basic, 1=2-dose, low
FA, and short TR: p¼ 0.001, 0.010, 0.034, 0.018,
respectively). The individual Pearson’s r values were
0.96, 0.82, 0.98, and 0.83, respectively.

The dual-echo rCBF was similar or slightly higher
than single-echo rCBF for each protocol (Figure 4),
with significant differences observed in all protocols
except low FA (basic, 1=2-dose, low FA, and short
TR: p¼ 0.007, 0.004, 0.325, and 0.001, respectively).
Lower CCC values were observed for the 1=2-dose and
low FA protocols (Table 2), with similar CCC for the
basic and short TR protocols; additionally, both basic
and short TR protocols had slopes close to unity. The
Pearson’s correlation coefficients exhibited higher
linear correlations (basic, 1=2-dose, low FA, and short
TR: 0.98, 0.94, 0.93, and 0.97, respectively). There was
an overall negative bias for rCBF, with a trend toward
increasingly overestimated rCBF as rCBF increased.
The 1=2-dose protocol had the most negative bias, con-
sistent with rCBV, which is less likely related to T1

leakage effects but may be indicative of reduced SNR
associated with a lower bolus dose.

Figure 2. Whole-brain tSNR and tumor CNR across injections and protocols. Dual-echo and single-echo values are shown in gray
and black, respectively. Horizontal bar in each boxplot indicates median value, while x marker indicates mean values. ** indicates
p< 0.01 (black: between single- and dual-echo; gray: between dual-echo protocols).
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Figure 5 illustrates the combination of DSC-

perfusion (specifically, rCBV) and DCE-permeability

(specifically, Ktrans) resulting from a single-bolus dual-

echo perfusion strategy. Across all subjects, the mean

(SD) Ktrans values were 1.8 (0.6), 1.5 (0.6), 1.1 (0.5), and

2.1 (0.9) using basic, 1=2-dose, low FA, and short TR

protocols, respectively (dual-echo rCBV values are

given in Table 2). For dual-echo rCBV, there was no

significant group effect across protocols (Kruskal-

Wallis, p¼ 0.190); similarly, single-echo rCBV did not

vary across the groups (p¼ 0.557). However, there was

a significant group effect for Ktrans across protocols (F

(3,55)¼ 5.77, p¼ 0.002). Tukey post-hoc comparisons

showed significant differences between basic and low

FA protocols (p¼ 0.048) and between low FA and

short TR protocols (p¼ 0.001).

Discussion

Two of the major challenges facing the DSC-MRI com-
munity are the need to develop perfusion workflows that
yield highly accurate perfusion metrics across various
sites and the need to reduce overall contrast agent
dose. We have demonstrated that dual-echo acquisitions
can produce comparable rCBV values to the standard
double-dose protocols without the need for a preload,
which can both simplify protocols across sites and
reduce the patient contrast dose. Furthermore, for
dual-echo protocols, the pulse sequence parameters
(including TR and FA) were shown to have little
impact on the resulting rCBV, allowing for significant
flexibility in acquisition parameters.

As part of protocol harmonization efforts, we pre-
viously developed a DRO-based approach,9,10 where

Figure 3. T1-weighted post-contrast image, dual-echo and single-echo rCBV maps, and voxel-wise correlation plots for represen-
tative cases from each protocol. The correlation plots show the line of unity (dashed) and the best-fit line from Deming regression
(solid line). The CCC is shown for each plot. All tumors shown are high-grade gliomas.
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Figure 4. Correlation (left) and Bland-Altman (right) plots for mean tumor rCBV (top), tumor rCBV hot-spot (middle), and mean
tumor rCBF (bottom). Colored circles represent the values from each patient with each protocol. The correlation plots show the line
of unity (dashed) and the best-fit line from Deming regression (solid line) combining all protocols. The individual Deming regression
results are shown in Table 2. Bland-Altman plots show the bias (solid line) for each protocol, along with the LoA (dashed lines).
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Table 2. Mean (SD) tumor rCBV (top) and rCBF (bottom) for each injection (dual-echo and single-echo, respectively), along with
slope, intercept, CCC, bias, and LoA for each protocol individually and pooled (ALL).

Dual-echo protocol Dual-echoa Single-echob Slope Intercept CCC Bias LoA

rCBV

Basic 2.07 (1.13) 2.01 (1.01) 1.12 �0.18 0.96 �0.06 �0.61, 0.50
1=2-DOSE 2.47 (0.82) 2.14 (0.63) 1.34 �0.40 0.79 �0.33 �1.01, 0.34

LOW FA 2.02 (1.65) 2.02 (1.48) 1.12 �0.23 0.98 0.00(c) �0.65, 0.65

SHORT TR 2.20 (1.29) 2.10 (1.38) 0.94 0.24 0.96 �0.11 �0.81 0.60

All 2.17 (1.28) 2.06 (1.20) 1.07 �0.04 0.96 �0.10 �0.78, 0.57

rCBF

Basic 1.68 (1.11) 1.52 (1.08) 1.03 0.11 0.97 �0.16 �0.59, 0.27
1=2-DOSE 2.25 (0.90) 1.66 (0.72) 1.28 0.13 0.71 �0.59 �1.24, 0.06

LOW FA 1.62 (1.18) 1.62 (0.84) 1.44 �0.48 0.87 �0.16 �1.14, 0.82

SHORT TR 1.67 (1.00) 1.46 (0.99) 1.01 0.20 0.95 �0.22 �0.70, 0.27

All 1.76 (1.06) 1.51 (0.91) 1.17 �0.01 0.90 �0.25 �0.97, 0.47

aDual-echo: Bolus 1.
bSingle-echo: Bolus 2.
c4.19x10�4.

Figure 5. Left: T1-weighted post-contrast image, dual-echo rCBV maps, and maps of Ktrans of representative cases from each
protocol. All tumors shown are high-grade gliomas. Right: Boxplots showing dual-echo rCBV (top) and Ktrans (bottom) values across
protocols. Horizontal bar in each boxplot indicates median value, while x marker indicates mean values. * indicates p< 0.05, **
indicates p< 0.01.

3386 Journal of Cerebral Blood Flow & Metabolism 41(12)



the DRO was trained and validated using in vivo brain
tumor patient data to yield a robust simulation dataset
that enabled in silico testing of thousands of unique
protocol combinations. This method revealed a
single-dose protocol with high accuracy and precision
based on a low-flip angle acquisition, which was recent-
ly validated by Schmainda et al.11 However, the narrow
parameter space over which low FA single-dose
protocols yielded high rCBV accuracy led to the inves-
tigation of alternative approaches using multi-echo
DSC-MRI,16 which were shown in silico to yield high
rCBV accuracy across TE combinations, TR, FA,
dose, and field strength. The results of the present
study verify our previous simulation results and dem-
onstrate that dual-echo acquisitions obviate the need
for preload dosing in a clinical setting with significant
flexibility in acquisition parameters.

The dual-echo perfusion metrics in this study are
compared to the corresponding double-dose single-
echo perfusion metrics acquired in the same imaging
session. To date, the double-dose protocol with a
moderate flip angle has undergone extensive in silico,
pre-clinical, and clinical validation and is widely rec-
ommended for DSC-MRI due to its high accuracy and
clinical utility.4,10,12,31,32 By nearly every metric used in
this study, dual-echo single-dose perfusion performed
comparably to single-echo perfusion with a preload
(double-dose). Whole-brain tSNR was the most consis-
tent between dual- and single-echo acquisitions using
the basic dual-echo protocol, which is the most similar
to the single-echo protocol. Using the low-FA single-
echo protocol, Schmainda et al. found that normal-
appearing gray matter had significantly lower tSNR,
as measured directly from the single-echo signals,
while tumor and NAWM were not significantly differ-
ent.11 Previous studies have observed reduced tSNR for
short TR protocols in the context of functional MRI
with SMS33; to account for differences in the number of
acquired volumes (N), tSNR can be scaled by the
square root of N, yielding the effective tSNR.34 In
this case, the effective tSNR for the short TR protocol
was not significantly different from the single-echo pro-
tocol (data not shown). Despite these differences in
tSNR across protocols, tumor CNR was not signifi-
cantly different. Additionally, high correlations and
low bias were observed for mean tumor rCBV using
all dual-echo protocols compared to the standard
single-echo mean tumor rCBV.

For mean tumor rCBV, the CCC for all dual echo
protocols with a full dose was above 0.9, and Pearson’s
r ranged between 0.97-0.98, indicating both high preci-
sion and accuracy. While both CCC and Pearson’s r
were lower for hot-spot analysis, this may be partially
indicative of the lower repeatability of hot-spot perfu-
sion analysis35 compared to the high repeatability of

mean tumor measurements.36 For rCBF, dual-echo
rCBF exhibited high precision (Pearson’s r) but lower
agreement (CCC). Interestingly, we observed that dual-
echo rCBF had a slightly wider range than single-echo
rCBF (maximum 5.3 and 4.2 for dual-echo and single-
echo, respectively; similar minimum of 0.25 and 0.41,
respectively). In our previous DRO-based simulations,
we found that almost all protocols underestimated the
true CBF, including the single-echo 1þ 1 combination
(serving as the reference standard here).16 More specif-
ically, the measured single-echo rCBF with preload
(double-dose) was lower than dual-echo rCBF without
preload (single-dose) across DRO parameter space,
and dual-echo rCBF measurements were closer to the
ground truth. This could indicate that single-echo
rCBF may generally underestimate CBF, while dual-
echo rCBF may be closer to the true CBF. One possible
explanation is improved AIF quantification with dual-
echo acquisitions.20 However, for the 1=2-dose preload
protocol, the impact of lower tSNR may lead to
reduced rCBF accuracy due to the smaller bolus dose
(especially in white matter), while the short TR proto-
col may yield increased rCBF accuracy due to the
higher sampling rate. These results are consistent with
a previous simulation study by Knutsson et al. that
showed increased CBF with increasing noise and neg-
ative CBF bias with higher TRs, with more accurate
(higher) CBF with shorter TRs.37

For standard single-echo protocols, rCBV accuracy
is reduced by T1 and T2

* leakage effects; dual-echo
protocols are only impacted by T2

* leakage effects.
As T1 leakage effects are removed from dual-echo per-
fusion metrics, there is considerably more flexibility in
protocols. Both FA and TR do not impact dual-echo-
derived perfusion metrics, beyond altering the relative
image SNR and raw tSNR. In practice, image SNR
could be improved by using an optimized FA, while
shorter TRs may reduce CBF bias.14,37 While only
one TE combination was tested, we anticipate that a
wide range of TE combinations will yield similar
results, consistent with the DRO simulations.16 The
combination tested herein provided both a shorter TE
and a longer TE more consistent with single-echo pro-
tocols. The inclusion of a first shorter TE did not sig-
nificantly impact any of the pulse sequence parameters,
beyond slightly increasing the longer TE (33.3ms for
dual-echo, vs. 30ms for single-echo). Additional bene-
fits of multiple echoes include improved AIF charac-
terization20 and higher rCBV accuracy for tissue
components with a wide range of T2

* values.38 We
also hypothesize that the inclusion of a shorter TE
may improve quantification of perfusion metrics near
susceptibility interfaces, which is relevant for tumors
located in the inferior frontal and temporal lobes, as
well as patients with shunts or large resection cavities.
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Future work will assess this potential advantage of
dual-echo perfusion protocols.

A potential advantage of dual-echo acquisitions is
the opportunity to analyze individual echoes; for exam-
ple, a secondary analysis (data not shown) was per-
formed using the second echo (TE2) of the dual-echo
acquisition, following the same procedure as the single-
echo acquisition. Comparing mean tumor rCBV from
TE2 to that of the single-echo rCBV, we found signif-
icant differences for the basic, 1=2 dose, and short TR
protocols (p¼ 0.048, 0.011, and 0.001, respectively).
Consistent with the previous DRO10 and in vivo11 stud-
ies, the low-FA protocol did not show significant
differences between TE2 single-dose rCBV and single-
echo double-dose rCBV (p¼ 0.383). This further cor-
roborates both the low FA approach and the protocol
flexibility of dual-echo acquisitions to yield accurate
rCBV measurements.

Furthermore, multiple echoes enable quantification
of T1 leakage effects, which can improve correction for
residual T2

* leakage effects3 and permits simultaneous
DCE analysis.39–41 While both DSC- and DCE-MRI
involve the use of exogenous gadolinium-based con-
trast agents, these methods differ in their dependence
on relaxation effects (T2

* and T1, respectively), making
simultaneous estimations of both perfusion and perme-
ability incongruous using standard acquisitions.42

Using dual-echo protocols, we have shown that rCBV
accuracy is decoupled from FA and TR, over a wide
range of TE combinations. This enables FA and TR to
be optimized for high T1 sensitivity, which is critical for
accurate DCE modeling.43 Of the protocols used in this
study, the low FA protocol has the lowest sensitivity to
T1 effects (and yielded significantly lower Ktrans values),
while the short TR protocol has the highest sensitivity
to T1 effects. As reduced T1 sensitivity may negatively
bias the resulting Ktrans values,43,44 dual-echo protocols
with higher T1-weighting may provide a hidden advan-
tage for simultaneous DCE and DSC measurements,39

particularly given that similar rCBV accuracy can be
achieved. For example, spiral trajectories provide an
even shorter first TE,45 and we anticipate spiral-based
dual-echo methods will provide high rCBV accuracy, as
well as increased T1 sensitivity compared to EPI read-
outs.46 Moreover, excellent agreement between dual-
echo DSC-derived and standard DCE-derived Ktrans

measures was previously demonstrated in a preclinical
study.39 Undoubtedly, the ability to quantify comple-
mentary perfusion and permeability metrics in a single
acquisition provides a more comprehensive tumor
assessment.42,47

There are several limitations that are inherent in a
retrospective study, including that the protocols were
not prospectively assigned and that the datasets are
limited to those available from institutional servers.

While data acquisition was not prospectively random-

ized for the dual-echo protocol, we do not anticipate

that this would bias the results. Additionally, data for

the 1=2-dose protocol were only available from 10 sub-

jects before full-dose preloads became standard-of-

care, though the remaining protocols had data from

15-18 subjects. Some of the other limitations are the

lack of ground-truth perfusion metrics, which would

require alternative perfusion methods48 or injection of

non-gadolinium-based contrast agents that do not

extravasate.3,31 Another limitation is the use of a

fixed T1 value for the DCE-MRI analysis, as pre-

contrast T1 measurements were not available.

Previous studies have shown that the use of a fixed

T1 value does not adversely impact diagnosis29 and

may actually be beneficial,49 but it is acknowledged

that a fixed T1 could affect quantitative measures of

Ktrans. While this study was performed at 3T, work is

ongoing to assess dual-echo perfusion at 1.5 T, which

our previous simulation study showed yielded higher

accuracy.16 Work is also ongoing to assess the impact

of standardization, which has been previously shown to

reduce the variability of rCBV measures,50 and other

post-processing methods.51,52

In conclusion, we have shown that the use of a

single-dose, dual-echo DSC-MRI protocol gave com-

parable rCBV to single-echo DSC-MRI with a preload

(double-dose) using in vivo data from brain tumor

patients. This correlation was maintained across

dosing, FA, and TR protocol variations. Dual-echo

acquisitions provide significant pulse sequence flexibil-

ity and negate the need for a preload injection. This

pulse sequence flexibility can further be leveraged to

provide high T1 sensitivity, thus enabling complemen-

tary assessment of both DSC perfusion and DCE per-

meability metrics in a single acquisition.
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