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Abstract

Background and Purpose—To minimize the variance in CBV measurements made with DSC-
MR, the optimal echo time must be calculated. Simulations can be used to determine the
influence of TE on CBV but may not adequately recapitulate the in vivo heterogeneity of pre-
contrast T,*, contrast agent (CA) kinetics, and biophysical basis of CA induced T,* changes. With
multi-echo based DSC-MRI acquisitions, voxel-wise pre-and post-contrast To* changes can be
quantified and used to compute the optimal TEs for traditional single-echo acquisitions.

Materials and Methods—Eleven subjects with high-grade gliomas were scanned at 3T with a
dual-echo DSC-MRI sequence to quantify CA induced T,* changes in this retrospective study.
Optimized TEs were calculated using propagation of error analysis for high-grade glial tumors,
normal appearing white matter (NAWM), and arterial input function (AlF) estimation.

Results—The optimal TE is a weighted-averaged of the To* values that occur as a CA bolus
transverses a voxel. The mean optimal TEs were 30.0 + 7.4 ms for high-grade glial tumors, 36.3
+ 4.6 ms for NAWM, and 11.8 + 1.4 ms for AIF estimation (repeated measures ANOVA p<0.001).

Conclusion—Greater heterogeneity was observed in the optimal TE values for high-grade
gliomas and mean values of all three ROIs were statistically significant. The optimal TE for the
AIF estimation is much shorter implying that quantitative DSC-MRI acquisitions would benefit
from multiple echo acquisitions. In the case of a single-echo acquisition, the optimal TE
prescribed should be 30-35 ms (without a preload) and 20-30 ms (with a standard full-dose
preload).

Corresponding Author: C. Chad Quarles, Barrow Neurological Institute, 350 W Thomas Rd, Phoenix, Arizona 85018, Ph: (602)
406-3484, chad.quarles@barrowneuro.org.
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Introduction

Dynamic susceptibility contrast (DSC) MRI is increasingly used to map cerebral blood
volume (CBV) in brain tumor patients owing to its potential to predict treatment response,
improve image-guided biopsies, and to differentiate post-treatment radiation effects and
glioma progression.1—2

CBV is typically acquired using a dynamic susceptibility contrast (DSC) MRI by tracking
the gadolinium-based contrast agent (CA) induced T,* changes over time. To optimally
capture the MR signal changes due to the To* changes, an optimal echo time (TE) must be
prescribed during the acquisition. Previous studies have used simulations to determine
optimal TEs for spin-echo (SE) based DSC-MRI0; however, it is to the best of our
knowledge that an optimal TE has not been determined for a gradient-echo (GRE) based
DSC-MRI. Recently, the American Society of Functional Neuroradiology (ASFNR)
recommended GRE-based DSC-MRI for brain tumor imaging because of the higher signal
to noise, better sensitivity and more uniform vessel size sensitivity compared to SE.11
Accordingly, it is important to determine an optimal TE for GRE-based DSC-MRI.

Optimal echo times have been previously suggested in the literature. Willats et al. have
suggested that the optimal echo time should be on the order of expected To* values before
CA administration.12:13 In contrast, Boxerman et al. demonstrated, using propagation of
error analysis, that the optimal echo time should be a weighted-average of the pre-contrast
and post-contrast To* values, although did not recommend a specific TE.10 It has also been
noted that the optimal TE in a DSC experiment is most likely different for voxels used to
identify the arterial input function (AIF) and normal appearing white matter (NAWM) due to
the higher contrast agent concentration encountered within arteries and the associated
potential signal saturation.14

While simulations and error analysis can be used to systematically investigate the influence
of TE on CBV accuracy, they cannot recapitulate /77 vivo heterogeneity of pre-contrast T,*,
CA kinetics, and biophysical basis of CA induced T,* changes. With multi-echo based
DSC-MRI acquisitions, voxel-wise T,* values, before and after CA administration, can be
quantified across tissue types by assuming a mono-exponential decay. The goal of this study
was to combine quantitative multi-echo DSC-MRI T,* time curves with propagation of error
analysis to compute the optimal GRE TEs for high-grade glial tumors, NAWM, and AlF
estimation.

Materials and Methods

Theory

During the contrast agent (CA) bolus passage in a DSC-MR scan, the T,* of the perfused
voxel changes over time. From the literature, it is assumed that this change in the transverse
relaxation rate, AR*(t) = 1/AT,*(t), is linear with CA concentration, and therefore the
rCBV can be approximated by:
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I'CBszgARQ*(t)dt (Eq. 1)

Assuming a single echo acquisition, ARy*(t) is:

ARy*(t)=Ry"(t) - Rao*= — —1In <§(t)>
pre (Eq 2)

Here Ryp* is the baseline apparent transverse relaxation rate before contrast arrival. The
generalized signal equation, after contrast agent injection, for a spoiled gradient echo
acquisition is:

S(t)=S0sinaexp(~TE - Ry* (1)) il T Uk

=nexp(—=TE - Ra"(t)) (Eq. 3)

For simplification, the constant 7 includes all the terms that are independent of TE.

If we assume that the baseline (pre-contrast) signal points are acquired with sufficient signal-
to-noise ratio (SNR), we note that the variance in the apparent transverse relaxation is
mainly due to the variance in the signal over time. Applying propagation of error to Eg. 2,
the variance in Ry*(t) is:

o2 ko2exp(2TE - Ry*(t))
r TE? (Eq. 4)

where k is a proportionality constant. Similar to the approach taken by Boxerman et al.1 the
variance in a CBV measurement can then be determined by:

) N, kotard .
UCBV’:AtZUR (ti): EZ ZQXPQTE : RZ (tz))
i=1 i=1 (Eq. 5)

Lastly, to determine the optimal TE that minimizes the variance in CBV measurements the
derivative of Eq. 5 is taken with respect to TE and solved when equal to zero:

YN exp(2TEopt - Ro™ (t:))
SN Ro*(t:)exp(2TEop; - Ro*(t;)) (Eq. 6)

TEqp=
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The optimal TE can now be solved numerically from Eq. 6. Note that the optimal TE is,
essentially, the weighted average of To* values during the contrast agent passage (illustrated
by Figure 1).

MRI Protocol

This manuscript is a retrospective analysis from two separate subject cohorts both approved
by their institutional review board (IRB). Both cohorts of patients had World Health
Organization grade I11 and 1V primary high-grade gliomas undergoing preoperative imaging
for surgical re-section. All patients exhibited contrast-enhancing lesions.

We analyzed two separate subject cohorts in order to evaluate optimal TE values in scans
acquired with and without a contrast agent preload. In the clinic, a preload ranging from
0.025 to 0.1 mmol/kg is typically administered 6 minutes prior to the DSC imaging to
reduce CA-induced T, leakage effects. The first cohort of subjects was used for calculation
of optimal TE (described in detail below) without a preload. The second cohort of subjects
were scanned with multi-echo DSC-MRI for 7.5 minutes making it an ideal dataset to
quantify To* changes 6 minutes after contrast agent injection, mimicking a preload situation
in the clinic. These results allowed us to understand how a preload would affect the
calculated optimal TE.

The first subject cohort consisted of eleven datasets randomly selected from an on-going
study (average age: 49.9 + 12.9 years; 7 males, 4 females). Each subject was scanned on a
single 3T MR imaging system (Signa HDx; GE Healthcare, Milwaukee, Wisconsin) using a
dedicated 8-channel phased array brain coil. A 2D single-shot dual-echo spiral DSC
sequence was used with the following parameters: TR/TEL/TE2 = 1000/5.6/28 ms, flip angle
= 60 degrees, FOV = 22 x 22 cm, slice thickness = 5 mm, slice spacing = 0 mm, number of
slices = 16, and an acquired matrix = 128 (frequency) x 128 (phase). Gadobenate
dimeglumine (MultiHance; Bracco Diagnostics Inc., Germany) was administered at 0.1
mmol/kg (a standard dose), using a power-injector for each perfusion scan at a rate of 5
mL/s. The injection occurred 20 seconds after the start of the DSC scan, and the total length
of the scan was 3 minutes. Lastly, T1-weighted spoiled gradient echo images were acquired
(TR/ITE = 6.7/2.8 ms, flip angle = 13 degrees, FOV = 32 x 24 cm?, slice thickness = 2 mm,
acquired resolution = 0.51 x 0.51 x 2 mm3) after the perfusion scan to delineate enhancing
tumor and NAWM region-of-interests (ROISs).

The second subject cohort consisted of five datasets (average age: 47.0 + 7.2 years; 3 males,
1 female) acquired using a combined spin- and gradient-echo (SAGE) DSC sequence. Each
subject was scanned on a single 3T MR imaging system (Achieva, Philips Healthcare, Best,
Netherlands) using a 32-channel head coil. A 2D single-shot SAGE DSC sequence with
used with the following parameters: 2 gradient-echo, 2 asymmetric spin-echo, and 1 true
spin-echo, TR = 1800 ms, TE1 — TE5 = 8.8/26/55/72/90 ms, flip angle = 90 degrees, FOV =
24 x 24 cm?, slice thickness = 5 mm, slice spacing = 0 mm, number of slices = 15, and an
acquired matrix = 76 (frequency) x 76 (phase). Partial Fourier encoding and SENSE
(acceleration factors 0.73 and 2.0, respectively) were used to obtain acceptable echo times.
Gadopentetate dimeglumine (Magnevist; Bayer AG., Germany) was administered at 0.1
mmol/kg (a standard dose), using a power injector at a rate of 4 ml/s. The injection occurred
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60 seconds after the start of the DSC scan, and the total length of the scan was 7.5 minutes
long. Lastly, 3D T1-weighted spoiled gradient echo images were acquired (TR/TE = 8.9/4.6
ms, flip angle = 9 degrees, FOV = 25.6 x 25.6 x 17.0 cm?, acquired resolution=1x 1 x 1
mm3) after the perfusion scan to delineate enhancing tumor and NAWM region-of-interests
(ROIS).

Post Processing for Optimal TE calculation

The T1-weighted, anatomical data were co-registered to the DSC perfusion data using rigid
registration with FMRIB Software Library (FSL).15 The DSC perfusion data were analyzed
using MATLAB (Mathworks, Natick, Massachusetts).

From both the dual-echo spiral and SAGE DSC sequence, Ry*(t) was calculated voxel-by-
voxel by assuming a mono-exponential decay in To*16:

e 1 STEl(t)
Ry O=Tm T ™ (Sm (t)> (Eq. 7)

With this information the optimal TE was calculated by numerically solving Eq. 6 over the
first-pass of CA. In order to determine the temporal duration of the first-pass, the mean
whole brain (WB) AR,*(2) was first calculated to determine the mean peak time point. The
slope of the WB AR,*(#) was then calculated. A positive slope indicated wash-in of CA,
whereas a negative slope indicated wash-out, and a slope of 0 no change in CA. Starting at
the peak time point, the time point in which the slope equaled 0 was identified and set as the
end of the first passage. The first passage of CA was approximately 22.5 seconds from the
time of injection across all subjects (see Fig. 1 for an illustrative example of the first-pass
integration limits).

Three ROIs were used for analysis: tumor, NAWM, and voxels selected for AIF estimation.
The tumor and NAWM ROI were selected using k-means clustering with data partitioned
into four clusters using the T1-weighted, anatomical data (Supplementary Figure 1). The
largest centroid value (brightest signal intensities) consisted of the enhancing tumor along
with other unwanted regions such as fat around the skull and eyes. The enhancing tumor was
manually selected slice by slice to separate it from the unwanted regions. The NAWM mask
was determined by the second largest centroid value. Finally, voxels with the selected ROIs
exhibiting a signal drop of at least 5 standard deviations from the baseline pre-contrast signal
were used for analysis to ensure sufficient contrast-to-noise for the time curves. The AlIF
was identified on the DSC perfusion dataset using previously established automated
algorithms.17:18 This automatic AIF algorithm typically selects AIF pixels in the internal
carotid artery, vertebral artery, and middle cerebral artery. All ROI selections were approved
by an investigator with over 15 years of experience in brain tumor imaging (C.C.Q).

In addition to the above measurements and calculations, we calculated T,* 6 minutes after
the CA injection from the second cohort of subjects. The percent difference in To* (1/R,*)
between pre-contrast To* (t = 0) and post-contrast (t = 6 minutes) was calculated to
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determine the potential effect of a standard dose (0.1 mmol/kg) preload on the measured
baseline To* values in a DSC scan. The estimated optimal TE with a preload was then
calculated by scaling the calculated optimal TE without a preload by the percent difference
in To*.

Statistical Analysis

Results

Mean optimal TE values were compared across tumor, NAWM, and AlIF ROIs using a
multivariate approach to a repeated measures analysis of variance (ANOVA) with post-hoc
pairwise comparisons using paired t-tests. With 11 subjects, this study had an 80% power to
detect a 0.94 standard deviation difference between a pair of ROIs with a two-side alpha =
0.05 paired t-test. To test for mean differences in the minimum T,* of the two cohorts of
subjects imaged, a Student's unpaired t-test was performed. Statistical significance was
detected for a p-value < 0.05.

Figure 1 illustrates a typical To* time curve for a single patient in the tumor, NAWM, and
AIF. Figure 2 summarizes the baseline and minimum T,* along with the corresponding
optimal TE across all 11 subjects from the first cohort of subjects. Mean optimal TE values
(mean £ 1 standard deviation) were 30.0 + 7.4 ms for tumor, 36.3 £ 4.6 ms for NAWM, and
11.8 £ 1.4 ms for AIF (repeated measures ANOVA p<0.001; post-hoc paired t-tests: tumor
vs. NAWM p=0.005, tumor vs. AlF p<0.001, NAWM vs. AlF p<0.001). Tumor ROIs
exhibited a wide range of optimal TE values as compared to healthy tissue. In all ROIs mean
optimal TE values were closer to the minimum T,* than the baseline values.

Results from the second cohort of subjects indicate that the mean tumor T,* was 35% lower
than baseline 6 minutes after the CA injection. Additionally, the mean NAWM and AIF T,*
were 15% and 10%, respectively, lower than baseline. Assuming each regions' respective
percent decrease in To* 6 minutes after CA injection and the optimal TE results from the
first cohort of subjects presented above, the estimated mean optimal TE values with a
standard preload dose were 19.5 + 4.8 ms for tumor, 30.8 £ 3.9 ms for NAWM, and 10.6

+ 1.3 ms for AlF.

In order to apply the results of the second to the first cohort of subjects, the concentration of
gadolinium between the populations must be similar. Since concentration of gadolinium is
proportional to AR,* we estimated the similarity between cohorts by comparing the peak
ARy* change. The mean peak AR,* for the first vs. second cohort of subjects was 22.9
+12.9 msvs. 23.7 + 10.8 ms for tumor (p-value = 0.90), 14.3 £ 4.2 ms vs. 12.9 + 5.8 ms for
the NAWM (p-value = 0.65), and 94.5 + 18.3 ms vs. 103.2 £ 30.6 ms for the AIF (p-value =
0.40).

Discussion

This study determined the optimal TE for a typical single-echo DSC-MRI acquisition by
minimizing the variance in CBV. Using error analysis, we determined that the optimal TE is
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a weighted-average of T,* values that occur before and after the CA passage and was found
to be dependent upon ROI type.

For an imaging protocol employing no preload dose and a standard injection dose at 3T, the
optimal TE in brain tumor is 30.0 + 7.4 ms. The larger range of optimal TEs in the tumor
regions is expected given the greater variability of blood volume values and CA-induced
T2* leakage effects both within and across subjects.1® The optimal TEs for NAWM is
roughly 20% longer (optimal TE = 36.3 £ 4.6 ms) than that found in the tumor. The optimal
TE for the AIF is roughly 300% shorter (optimal TE = 11.8 + 1.4 ms) than that found in
tumor. For an imaging protocol employing both a standard preload and injection dose at 3T,
we estimated the optimal TE in brain tumor to be 19.5 + 4.8 ms. The estimated optimal TE
for NAWM is roughly 65% longer (optimal TE = 30.8 + 3.9 ms) than that found in the
tumor. The optimal TE for the AIF is roughly 200% shorter (optimal TE = 10.6 + 1.3 ms)
than that found in tumor. Since a statistically significant difference was detected between the
optimal TEs for each of the three regions for both imaging options (no preload and preload),
multi-echo acquisitions are warranted for quantitative DSC-MRI studies requiring use of the
AIF supporting previously hypothesizes in the literature.20

To quantify T,* values throughout the passage of CA in the selected ROIs, we analyzed data
from dual-echo spiral acquisition. The dual-echo data is advantageous because the influence
of CA-induced T4 changes that may be present in blood or in situations in which the blood
brain barrier has been compromised are removed.16 Additionally, the calculation of T,*
based on dual-echo data is computationally simple. While more echo times could potentially
improve the To* quantification, Stokes et al. have shown that To* measurements derived
from two echoes is consistent with those derived from a five echo acquisition.?! Our
reported quantitative To* values for NAWM (47.5 £ 6.8 ms) are within the range previously
reported in literature: 48.4 ms?l, 49 ms22, 50 + 8 ms23, and 67.6 + 11.0 ms20. However,
comparison of the quantitative T,* values for the AIF in this study with those in literature
(e.g. bulk arterial blood T»*) is difficult because the voxels used to estimate the AIF likely
contain brain tissue and arteries due to partial volume effects. Nevertheless, our results
indicate that a much shorter optimal echo time is needed for AIF estimation which is
consistent with previously published observations.29

The optimal echo times reported in this study are specific to a field strength of 3T and the
CA dose protocol (no preload and one standard dose of CA). At a different field strength,
such as 1.5T, the optimal TE would be expected to lengthen. A preload of CA is typically
administered prior to the DSC-MRI scan to decrease the CA induced T leakage effects.
Such preloads could potentially decrease baseline T,* values due to residual CA in the
blood and tumor tissue thereby shorting the optimal TE. To estimate the impact of a standard
full-dose of preload, we retrospectively analyzed, in a separate cohort of 5 glioma patients,
multi-echo DSC-MRI data that was acquired for a total of 7.5 minutes. We found that tumor
To* was 35% lower than baseline 6 minutes after the CA injection (additionally, NAWM
was 15% and AIF was 10% lower than baseline). Assuming a 35% decrease in To* with a
preload, the optimal TE will be 35% shorter than a no preload dose scheme or an estimated
19.5 £ 4.8 ms for the tumor.
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There were several limitations to this study. First, our results are specific to 3T and to both a
standard preload and injection dose. Although To* is expected to be longer at 1.5T than at
3T implying that the optimal TE would also increase, we are not able demonstrate this
experimentally. For clinical sites using less than a standard dose for either the preload or
injection dose, our results do not apply. However, our derivations and methodology for
optimal TE can easily be applied to data acquired at any field strength or dosing scheme of
interest. Second, as noted, a statistical difference was found between the optimal echo times
between tumor, NAWM, and AIF. The extent of using a non-optimal echo time on CBV is
unknown. The influence of TE on the accuracy of CBV can be explored both experimentally
and through simulations, and is currently saved for future work. Third, we have calculated
the optimal echo time in a small cohort of patients. However, power statistics did
demonstrate that our sample size had an 80% power to detect a 0.94 standard deviation in
our measurements. It is unlikely that additional patients would substantially (or practically)
shift the calculated optimal TE values. Lastly, the estimation of the optimal TE from two
separate cohorts to understand the effect of a preload on the optimal TE is not ideal.
Calculation of the optimal TE from multi-echo DSC data acquired with a preload would
have been ideal. However, clinically single-echo DSC-MRI is acquired with a preload, and
changes in absolute T,* cannot be obtained from single-echo data for optimal TE
calculation. When a multi-echo DSC acquisition is acquired in the clinic, a preload is
typically not administered because the T; leakage effects are eliminated. Additionally, our
two separate cohorts used a standard dose injection of two different contrast agents.
However, the calculated optimal TE values should not change significantly as the expected
change in T2* due to its relaxation rate is similar2223 across both contrast agents and we
found no significant statistical differences in average gadolinium concentration between the
two cohorts.

The results of this study demonstrate that for conventional single-echo, GRE based DSC-
MRI, the optimal TE for CBV mapping in brain tumors and NAWM is 30-36 ms at 3T if no
preload has been administered. It should be noted that the accuracy of the AIF will be
diminished, to an unknown degree, due to the longer than optimal echo time. In this
situation, CBV should only be calculated in the tumor and the NAWM. If multiple echo
times can be prescribed than a shorter echo time of 10 ms should be prescribed for the AIF
and a longer echo time of 30-36 ms should be prescribed for the brain tissue and tumor.
Given the ASFNR's recommendation that a preload should be used for DSC-MRI studies in
glioma patients, the error analysis and patient data described in this study provide
experimental evidence that CBV estimates may benefit from lower echo times (~20 ms) than
the recommended value of 30 ms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
An example from one patient of the absolute T2* time curves for tumor (solid), NAWM

(dash dash), and the AIF (dash dot) ROI. As described in Eq. 6, the optimal TE is
proportional to the weighted average of absolute T2* values during the first pass (as
indicated by the shaded gray area) of the contrast agent.

AJNR Am J Neuroradiol. Author manuscript; available in PMC 2018 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Bell et al.

Page 12

70 Tumor NAWM AlF

Baseline Optimal Minimum Baseline Optimal Minimum Baseline Optimal Minimum
T2* TE T2* T2* TE T2* T2* TE T2*

Figure2.
Boxplot representation of baseline and minimum T2* values (white boxplots) along with

their respective calculated optimal TE (gray boxplots) in the brain tumor, NAWM, and AIF.
Baseline T2* is defined as the T2* of the ROI before contrast arrival and minimum T2* is
defined as the T2* value at the peak signal drop. Solid lines represent median values
whereas solid dots represent means across subjects in these boxplots.
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