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Abstract

Purpose: To improve the accuracy of quantitative susceptibility mapping plus quantitative blood
oxygen level-dependent magnitude (QSM+gBOLD or QQ) based mapping of the oxygen
extraction fraction (OEF) and cerebral metabolic rate of oxygen (CMRO2) using cluster analysis
of time evolution (CAT).

Methods: 3D multi-echo gradient echo and arterial spin labeling images were acquired in 11
healthy subjects and 5 ischemic stroke patients. Diffusion Weighted Imaging (DWI) was also
performed in patients. CAT was developed for analyzing signal evolution over echo time. QQ-
based OEF and CMRO2 were reconstructed with and without CAT, and results were compared
using ROI analysis and a paired t-test.

Results: Simulations demonstrated that CAT substantially reduced noise error in QQ-based OEF.
In healthy subjects, QQ-based OEF appeared less noisy and more uniform with CAT than without
CAT,; average OEF with and without CAT in cortical gray matter was 32.7 + 4.0 and 37.9 £ 4.5 %,
with corresponding CMRO?2 of 148.4 + 23.8 and 171.4 + 22.4 umol/100g/min, respectively. In
patients, regions of low OEF were confined within the ischemic lesions defined on DWI when
using CAT, which was not observed without CAT.

Conclusion: The cluster analysis of time evolution (CAT) significantly improves the robustness
of QQ-based OEF against noise.
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yiwang@med.cornell.edu.
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INTRODUCTION

THEORY

The cerebral metabolic rate of oxygen (CMRO2) and oxygen extraction fraction (OEF) are
important markers of brain tissue viability and function, such as in stroke (1-3), and their
mapping using MRI has received great interest (4). Quantitative models have been proposed
to investigate the effect of deoxyhemoglobin in blood, a strong paramagnetic source, on the
MRI signal, including 1) magnitude signal modeling methods such as quantitative imaging
of extraction of oxygen and tissue consumption (QUIXOTIC) (5), calibrated fMRI (6-9),
and quantitative BOLD (gBOLD) (10-12), and 2) phase signal modeling methods for a
value of the whole brain CMRO2 (13-16) and a voxel-wise quantitative susceptibility
mapping (QSM)-based CMRO2 methods (17-19).

Recently, QSM and gBOLD (QSM+gBOLD=QQ) have been combined to model the effect
of OEF on the magnitude and phase of multi-echo gradient echo (MGRE) data (20). This
QQ approach enables OEF and CMRO2 mapping without vascular challenges that are
difficult to administer in clinic practice. However, QQ remains challenging, because gBOLD
with a strong coupling between venous oxygenation ( Y) and venous blood volume (v) is
very difficult to invert (11). The gBOLD inversion is highly sensitive to noise, susceptible to
substantial errors in OEF at typical signal-to-noise (SNR) levels (11,21).

We introduce here a cluster analysis of time evolution (CAT) method to overcome the noise
sensitivity of QQ-based OEF by improving the effective SNR. The basic idea of the CAT
method is that voxels with a similar mGRE signal evolution have similar model parameter
values and that the number of clusters as determined by machine learning is much smaller
than the number of voxels. Consequently, averaging over a cluster can substantially increase
SNR for a cluster-wise inverse solution that can be used as a robust initial guess for voxel-
wise QQ optimization. In this study, QQ-based OEF and CMRO2 with and without CAT
(20) were compared in simulations, healthy subjects and ischemic stroke patients.

CMRO, (umol/100g/min) and OEF (%) can be expressed as

CMRO, = CBF - OEF - [H], 1]
Y
OEF = 1=+~ 2]

a

where CBFis the cerebral blood flow (ml1/100g/min), [H],=7.377umol/ml is the oxygenated
heme molar concentration in the arteriole based on a hematocrit of Hct=0.357 (18), Y'the
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venous oxygenation (dimensionless), and Y= 0.98 the arterial oxygenation, ¥, = [H]%H]

where [H] is 7.53 pmol/ml is the heme molar concentration with Hct=0.357 (17). The
gBOLD method models the mGRE magnitude in a voxel as (20):

R2 -t
“ForpYsvs Ay 1) - G() 3]

SesoLp® =Sy - e
where G(?) is the macroscopic field effect at time ¢(20), Fgo; p is the deoxygenated blood
effect inside the voxel: Fgor (Y, v, xnp O = expl-v- f{6w - 9] (11), where f;is the signal
decay by the blood vessel network (12), and Sw is the characteristic frequency due to the
susceptibility difference between deoxygenated blood and the surrounding tissue (20):

1
S (Y. x,p)=75 v+ By [Het - A g (1 = ¥)+ 24, = 2] [4

with y=267.513MHz/T the gyromagnetic ratio, By the main magnetic field, Dyo=4mx
0.27 ppm the susceptibility difference between fully oxygenated and fully deoxygenated red
blood cells (22), yp,= —108.3 ppb the susceptibility of fully oxygenated blood, using the
assumed Hct above (19), and y s the susceptibility of non-blood materials in tissue.

Due to the non-linear nature of Eq. 3, gBOLD based OEF estimates are highly dependent on
initialization and SNR (21). To increase the effective SNR, we propose a novel Cluster
Analysis of Time evolution (CAT) method for QSM+gBOLD (“QQ with CAT” hereafter).
This method is based on the following insights. Voxels with similar signal time-course
SqaoL (9 G(9) have similar tissue parameters (¥, 1, /). Many voxels have very similar
signal time-courses and form a cluster for an effective signal averaging or SNR improvement
(23). K-means clustering can be used to identify these clusters (24). The QQ problem is
solved first with a cluster-wise optimization by assuming parameters Y, v, and /2, to be
constant within each cluster while Sy and y, are allowed to vary from voxel to voxel, since
the magnitude and phase signals depend predominantly on S and y , respectively. Next, a
voxel-wise optimization is performed by using the solution from the cluster-wise
optimization as the initial guess.

QQ is formulated as:

5 % ok ek argmin 5
Y v Ry, S My = Y V’R2’SO’)(nb{W”FQSM(Y’v’){nb) —x||; -
[ = S 1501580 ¥ Vs Rys 2 || + MOEF(Y)-OFF,, )’}

where wis the weighting on the QSM term, and

1-(l-a)-7,

a

Y+

Xba
Fosu:vsdtup) = | =07 *Vmp A Xup-

“Xnb
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with y the measured susceptibility, yp2= ¥rp " xorn+ (1 = wHp) - xpthe fully oxygenated
blood susceptibility (19), a = 0.77 the ratio between the venous and total blood volume
V/CBV (25), yp = 0.0909 the hemoglobin volume fraction assuming Hct =0.357 (18,26-
28), yp=—37.7 ppb the blood plasma susceptibility (29), A, 1 = 12522 the susceptibility
difference between deoxy- and oxyhemoglobin (17,29). The third term in Eq. 5 used the
physiological constraint that the OEF averaged over the brain, OEF(Y), should be similar to
OEF 5, the brain OEF value estimated from the main draining vein, the straight sinus:
OEF,»= Hct;- OEFgwhere Hcet,= 0.759 is the hematocrit ratio between large vessels

(26) and brain tissue, and OEF =1 - Yss/ya with v estimated from the average

susceptibility in the straight sinus with ;= 0.1197 (20,27,28), v=1and y,, =0 in Eq. 6.
In Eq. 5, &9 is the measured mMGRE data, and A the regularization strength.

METHODS

Numerical Simulation 1

To investigate the relationship between SNR and the dependency of OEF on the initial
guess, we performed a simulation. The mGRE and susceptibility values were simulated
using Egs. 3 and 6, respectively. The input (ground truth) was Y= 60%, y,,=-0.1 ppm, S
=1000 au, and R, = 20 Hz. For the vinput, two vvalues were used: 3% (Case 1) and 1%
(Case 2). The same echo times are used as in the healthy subjects (TE{/ATE/TE; =
2.3/3.9/25.8 ms). Gaussian noise was added to the mGRE signals and the QSM values to
obtain SNR oo (no noise), 1000, 100, and 50. For each SNR, the optimization was
subsequently performed to estimate Y with different initial guesses for
¥(0.15,0.3,0.45,0.6,0.75,0.9) and v(0.01,0.03,0.05,0.07). The ground truth was used for the
initial guesses of Sy, ypand A». This was repeated for 500 times for each SNR. w=5 x 1073

W osutt = ¥ truel

lYtruel

and A = 0. A relative error was computed as

Numerical Simulation 2

To compare the accuracy of QQ with and without CAT (20), we performed a simulation.
First, the mGRE signals and the QSM values for each brain voxel were simulated using Egs.
3 and 6, respectively, using the same echo times as in the stroke patients (see below). The
input (ground truth) was the result from QQ with CAT method in one stroke patient, who
was imaged 6 days post onset (see below). The average OEF and vacross the brain was 29%
and 0.97%, respectively. Gaussian noise was added to the mGRE signals and the QSM
values to obtain SNR ©o (no noise), 1000, 100, and 50. For each SNR, the simulated data
was processed in two ways: 1) QQ without CAT, with a constant OEF initial guess for the
whole brain (20) and 2) QQ with CAT. The same optimization, including w=5 x 1073 and
A =103, was performed as in experimental data (see below). OEF,,, was set to the average
ground truth OEF across the brain (29 %). Root-mean-square error (RMSE) was calculated
to measure accuracy.
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Data Acquisition

Healthy subjects: This study was approved by the local Institutional Review Board.
Healthy volunteers were recruited (n=11; 10 males, 1 female, mean age 34 + 12 years) for
brain MRI on a 3T scanner (HDxt, GE Healthcare) using an 8-channel brain receiver coil.
After obtaining consent, all subjects were instructed to avoid caffeine or alcohol intake 24
hours prior to the MRI. MRI was performed in the resting state (15) using a 3D fast spin
echo (FSE) arterial spin labeling (ASL) sequence (31-33), a 3D spoiled mGRE sequence
(13,34,35), and an inversion prepared T1w SPGR sequence (BRAVO) (36). The 3D FSE
ASL sequence parameters were: 20 cm FOV, 1.56 mm in-plane resolution, 3.5 mm slice
thickness, 1500 ms labeling period, 1525 ms post-label delay, 976.6 Hz/pixel bandwidth,
spiral sampling of 8 interleaves with 512 readout points per leaf, 35 axial slices, TE=10.1
ms, TR=4533 ms, and 3 signal averages. The 3D mGRE sequence parameters were: 0.78
mm in-plane resolution, 1.2 mm slice thickness, volume coverage identical to the 3D FSE
ASL sequence, 7 equally spaced echoes: TE{/ATE/TE; = 2.3/3.9/25.8 ms, TR=30.5 ms,
bandwidth 488.3 Hz/pixel and flip angle 15°. The pulse sequence was flow-compensated in
all three directions (34). The inversion prepared T1w SPGR sequence parameters were: 0.78
mm in-plane resolution, 1.2 mm slice thickness, volume coverage identical to the 3D FSE
ASL sequence, TE=2.92ms, TR=7.69 ms, 450 ms prep time, bandwidth 195.2 Hz/pixel, and
flip angle 15° (Supporting Information Table S1a).

Stroke patients: MRI was performed in 5 ischemic stroke patients using 3D ASL, 3D
MGRE, and DWI on a clinical 3T scanner (GE MR Discovery 750) using a 32-channel brain
receiver coil. The time interval between stroke onset and MRI examination ranged between
6 hours and 12 days. All lesions were located in unilateral cerebral artery territory. The 3D
FSE ASL sequence parameters were: 24 cm FOV, 1.9 mm in-plane resolution, 2.0mm slice
thickness, 1500 ms labeling period, 1525 ms post-label delay, 976.6 Hz/pixel bandwidth, 68
axial slices, TE=14.6 ms, TR=4787 ms, and 3 signal averages. The 3D mGRE sequence
parameters were: 0.47mm in-plane resolution, 2mm slice thickness, volume coverage
identical to the 3D FSE ASL sequence, 8 equally spaced echoes: TE{/ATE/TEg = 4.5/5/39.5
ms, TR=42.8 ms, bandwidth=244.1 Hz/pixel, and flip angle 20°. DWI sequence parameters
were: 24 cm FOV, 0.94 mm in-plane resolution, 3.2 mm slice thickness, 1953.1 Hz/pixel
bandwidth, 0, 1000 s/mm? b-values, TE=71 ms, TR=3000 ms, and 4 signal averages
(Supporting Information Table S1b).

Image Processing

Healthy subjects: QSM reconstruction was performed as follows: first, an adaptive
quadratic-fit of the mGRE phase was performed to estimate the total field (30). Second, the
Projection onto dipole fields (PDF) method was used to obtain the local field (31). Finally,
the Morphology Enabled Dipole Inversion with automatic uniform cerebrospinal fluid zero
reference (MEDI+0) algorithm was used to compute susceptibility (32—-35). CBF maps (ml/
100g/min) were generated from the ASL data using FuncTool (GE Healthcare, Waukesha,
WI, USA). All images were co-registered and interpolated to the resolution of the QSM
maps using the FSL FLIRT algorithm (36,37).
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Stroke patients: QSM and CBF processing was the same as in the healthy subjects,
except a linear-fit of the mGRE phase was used to estimate the total field as 3D flow-
compensation was not available on the scanner used in the patient studies.

Clustering

The mGRE magnitude signal S(#) was used for clustering after the macroscopic field
inhomogeneity contribution, G was removed (See appendix of (38)). For the purpose of
clustering, the mGRE signal for each voxel was normalized by the average signal across
echoes. The K-means clustering algorithm using the squared Euclidean distance (39-42)
was then applied to cluster voxels with similar normalized signal evolution across echoes.
Conventional K-means clustering requires an a priori choice of the number of clusters,
denoted by K. Here, we used the X-means method (43) that automatically selects K. In this
method, two operations are repeated iteratively. In Step 1, a conventional K-means clustering
with a given initial number of clusters is performed and the Bayesian Information Criterion
(BIC) measure is computed (44), which is the sum of the clustering log-likelihood and a
penalty on K. As K increases, goodness of fitting (log-likelihood) increases, but the
possibility of overfitting also increases. The penalty term on K reduces this possibility. In
Step 2, the centroid (the center of mass) for each cluster is replaced by two child centroids,
and a local K-means (K = 2) is performed within that cluster using those child centroids as
initial guesses. In order to decide whether each cluster should be replaced by the two
obtained child clusters, the BIC is computed for this cluster: a larger BIC indicates a
replacement is desired, otherwise the ‘parent’ centroid is kept. Steps 1 and 2 are repeated
until the overall BIC stops increasing or until K reaches an a priori set maximum. In this
study, 1 and 50 was used for the initial and maximum number of clusters, respectively.

For speed, the X-means algorithm to obtain the optimal number of clusters K'was carried out
on 10% of the total voxels, randomly selected. This process was repeated 10 times and the K
with the largest BIC value among the 10 trials was selected. The corresponding centroids
were then used as the initial centroids for the final K-means on all voxels.

Optimization
The QSM+gBOLD (QQ) optimization (Eq.5) was solved by iteratively solving the following
subproblems: 1) updating Sy based on gBOLD (Eq. 7); 2) updating y ,, based on QQ
optimization (Eqg. 8) y, and 3) updating the ¥, v; /> values based on QQ optimization (Eq.
9). Concretely, in the Ath step, the subproblems are:

P argmin Kok ook k

SO = SO S(t)—SqBOLD(SO,Y,v,Rz,)(nb) ) [71
f 1 _ remin k & 2 k+1 vk k pk
A= 2 = W Fasu ) = 2]y + 150 = S pornSh T L YA RS, .
k 2
an)”z]
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TS SRRy b gsu v ks D = ]y + 50 = S ygors

2 —_
(S5* 1Yo, Ry, 24 D[, + ATOEF) - OFF,, )

Eq. 7 was solved using closed form expressions, while Egs. 8 and 9 were solved iteratively.
First, ¥, v, R, were initialized as follows: Y was estimated from OEF,;in Eq. 5. The
straight sinus mask was obtained automatically using global and regional thresholding on
QSM combined with positional (inferior, posterior brain) and geometrical (straightness of
the vein) constraints. For initial guesses for v (1), the whole brain was roughly segmented
into three parts, gray matter (GM), white matter (WM), and cerebral spinal fluid (CSF) with
either T1w (11 healthy subjects and 4 stroke patients) or T2-FLAIR image (1 stroke patient
without T1w image) via FSL FAST (45). 1y was set to 3/1.5/1% for GM/WM/CSF,
respectively based on literature (10,11). y 50 Was set to satisfy Eq. 6 with Y and vp. The
initial guess Sp o and /> o were obtained by solving Eq. 3, and using Yy, v and y 0. The
resulting mono-exponential fit was performed using ARLO (46). Before fitting, 3D Gaussian
smoothing (standard deviation of 0.5 of the diagonal length of the voxel) was performed on
Sand Gto improve SNR. Voxels with /2 >100 Hz or /7, < 2.5 Hz were considered as
outliers and removed from all subsequent processing.

Second, using the resultant clusters obtained in the Clustering section, a cluster-based
optimization was performed, in which the unknowns Y, v, R, were assumed to be constant
within each cluster. The average of the Yy, vy, /2, o across each cluster was used as the initial
value for that cluster. To improve convergence behavior during non-linear fitting, the

unknows Y, v, y s Ro were scaled to have roughly the same order of magnitude: x — %

where x is the unknown in the original scale, c s the scaling factor: 0.5, 0.05, |y 50!,
avg(Ry0) + 4. SD(Ry o) for Y, v, xnp R, respectively. avg(R, o) and SR, o) denote the
average and standard deviation of A, q in the cluster, respectively. Lower and upper bounds
were set to 0.0 and 0.98 for Y (before scaling), 0.4 and 21, for v (before scaling), 0.5 and
1.5 for R, (after scaling). For y, the lower and upper bounds were set to the value y
calculated from Eq. 6 with ¥71/=0.98/0.1 and 0.0/0.1, respectively. The optimization was
performed on all clusters jointly. To compensate for the scale of the input MRI data, the

qBOLD term in Eq. 8 and 9 was normalized by ISTE)I” - N, .., - Nz Where IS(TE )1 is the

average of the magnitude of the first echo across the whole brain, N,y the number of
voxels, and NVrzthe number of echoes. The QSM term in Eq. 8 and 9 was also normalized
by ||;(||§ The regularization weighting factor (1) and the weighting on the QSM () were
chosen by performing L-curve analysis (47): A was first chosen with w= 0, then wwas

chosen with the previously decided A. The limited-memory Broyden-Fletcher-Goldfarb-
Shanno-Bound (L-BFGS-B) algorithm was used for the constrained optimization (48,49).
E, —E
The optimization was stopped when the relative residual r, n@% with £ ,the
T R |
energy of the Ath iteration at the Ath step, was smaller than 107° for Egs. 8 and 9. For the Ath
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E -E

k.,n
E

k—1,n, _ .
k=1 1073 with g the

step, the optimization was stopped when p, def
- k—1,n

-1
number of L-BFGS-B iterations at step k after convergence. To prevent L-BFGS-B from not
updating the Hessian when the residual falls below a preset threshold, the cost function was

multiplied by a factor of 104 before L-BFGS-B was started.

Third, voxel-wise QQ optimization was performed using L-BFGS-B, allowing Y, v, and ”,
to vary from voxel to voxel. The cluster-based result was used as initial guess. The scaling

was the same as the cluster-wise optimization. The lower and upper bounds were set to 0.7
and 1.3 of the initial guesses. The optimization was stopped when 7y , < 2 X 1074 for Egs 8
and 9, and px< 1072,

For Numerical Simulation 1, the same optimization settings were used as for experimental
data, except for the fixed lower and upper bounds for v, 0.01 and 0.1 before scaling.

QQ with CAT method was compared with QQ without CAT, which uses a constant initial
guess OEF for the whole brain (20). For QQ without CAT, we followed the optimization
described in (20). The weight on QSM (w) was set to 100 for healthy subjects and stroke
patients based on L-curve analysis. The optimization was stopped when the relative residual
was smaller than 0.005 for healthy subjects and 0.001 for the stroke patients.

All algorithms were implemented in Matlab R2016a (Mathworks Inc., Natick, MA). All the
clustering and optimization were carried out with an Intel Core i7-6900K 3.2 GHz
processor. The computation time of the clustering, cluster-wise and voxel-wise optimization
were 2.7 £ 0.7 mins, 3.3 £ 0.7 mins, and 4.6 £ 1.1 mins respectively for the 11 healthy
subjects (10° voxels and 7 echoes), and 8.8 + 2.5 mins, 8.8 + 1.6 mins, 7.6 + 1.2 mins
respectively for the 5 stroke patients (1.8x108 voxels and 8 echoes). The code used for the
experiments in this work, upon this paper publication, will become available for download
from https://med.cornell.edu/mri.

Statistical Analysis

RESULTS

ROI analyses (mean and standard deviation) and paired t-tests were performed to compare
CMRO2 and OEF values between QQ with and without CAT. For the ROIs in the healthy
subjects, cortical gray matter (CGM) masks were constructed based on T1-weighted images
by an experienced neuroradiologist (S.Z. 7 years of experience). For the stroke patients,
ROIs for the lesion and its corresponding contralateral side were drawn based on DWI by
the same neuroradiologist. To investigate the dependency on the number of clusters,
conventional K-means was performed with K=1,5,10,15, 20, and the X-means result. QQ
with CAT was subsequently performed for each K. The same optimization scheme was used
as in experimental data including w/A = 5 x 1073/103. To investigate the OEF difference
among different K values, a repeated measures ANOVA was performed.

In the optimal number of clusters determined by X-means, the difference between the 10%
sub-sampling scheme and 100% sampling was on average <1 in 11 healthy subjects and 5
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stroke patients (N=16). The 10% sub-sampling scheme (including the 10 trials) was 5~10
times faster than 100% sampling. The optimal number of clusters by the X-means method
was 10 £ 2 in healthy subjects (N=11) and 16 + 0 in stroke patients (N=5).

In the L-curve analysis, the corners for 4 randomly chosen subjects (2 healthy subjects and 2
stroke patients) were located at A = 103 and w=5 x 1073. Figure 1 shows the influence of
SNR on the sensitivity of the estimated Y on the initial guess (Numerical Simulation 1).
Without noise, the relative error was low, but as SNR decreased from 1000 to 50, the relative
error tended to increase when the initial guess deviated from the ground truth. For instance,
at SNR 50 in Case 1, the relative error was 7.5% when Yy = 0.6 and 14 0.03, but it was

29.1 % when Yy =0.15and 1 =0.03.

Figure 2 shows the comparison of the OEF maps obtained using QQ with and without CAT
in the simulated stroke brain (Numerical Simulation 2). QQ with CAT provided a more
accurate OEF map than that without CAT, especially at low SNRs. For instance, at SNR 50,
QQ with CAT captured the low OEF region, whereas QQ without CAT did not accurately
depict low OEF values. QQ with CAT provided lower RMSE than QQ without CAT for all
SNRs.

Figure 3 shows a comparison between QQ with and without CAT in a healthy subject. The
OEF with CAT appeared less noisy and more uniform, whereas OEF without CAT was noisy
and had extreme values, for example >80% in deep gray matters. QQ with CAT showed a
good CMRO?2 contrast between CGM and WM without extreme values seen in QQ without
CAT. vshowed CGM/WM contrast and generally had lower values than QQ without CAT.

Figure 4 shows the OEF, CMRO?2, v, R, and y, , maps in one stroke patient (6 days post
stroke onset) using QQ with and without CAT. In the OEF and CMRO2 maps, the lesion was
distinguished more clearly using QQ with CAT than without. A low OEF region was clearly
contained within the lesion as defined on DWI. However, QQ without CAT did not show a
clearly localized low OEF region, neither within nor outside of the DWI-defined lesion. QQ
with CAT generally showed low vregions specific to the DWI defined lesion, while QQ
without CAT showed similar vcontrast to that of CBF. QQ with CAT generally had higher
Ry and ypp.

Figure 5 shows an OEF histogram in the lesion and in its contralateral region for both QQ
with and without CAT in a second stroke patient (12 days post stroke onset). The OEF with
CAT was distributed differently in the lesion as compared to the contralateral side. The
lesion showed 8 peaks with the strongest two peaks at 0 and 17.5%, while the contralateral
side had 6 peaks with dominant peaks at 35 ~ 45%. However, QQ without CAT did not have
a distribution specific to low OEF values in the lesion, but there were bell-shaped
distributions for both the lesion and contralateral side (broader in the contralateral side) with
peaks at 47% and 49%, respectively.

Figure 6 shows the segmentations and resulting OEF maps for a range of cluster numbers in
the third stroke patient (4 days post stroke onset). The resultant OEF maps had a similar
appearance for all K'larger than 5, and were not significantly different: p=0.9999, F(5,
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8520050)=0.0164 (repeated measures ANOVA). The X-means selected K= 17. The same
pattern was observed in a healthy subject (Supporting Information Figure S1)

Figure 7 shows the X-means clusering result (K= 17) and the average signal evolution for
each clusters in the third stroke patient (4 days post stroke onset). The lesion and the
contralateral side had distintively different dominant clusters: green clusters in the lesion and
blue and pink clusters in the contralateral side. The corresponding average signal evolution
was also different between the lesion and contralateral side.

Figure 8 shows the ROI analysis in the CGM of healthy subjects using QQ with and without
CAT. QQ with CAT showed smaller OEF, CMRO2 and vthan QQ without CAT (N=11,):
OEF was 32.7 + 4.0 % and 37.9 £ 3.1 % (p<0.01), CMRO2 was 148.4 + 23.8 and 171.4

+ 22.4 umol/100g/min (p<0.01), vwas 1.00 = 0.2 % and 4.45 + 0.39 % (p<0.01).
Meanwhile, QQ with CAT showed higher /2, and y 5 values than QQ without CAT: R, was
16.5+ 0.5 Hz and 13.1 £ 0.7 Hz (p<0.01), ypis —20.2 + 8.1 ppb and —33.8 = 9.0 ppb
(p<0.021).

DISCUSSION

Our results indicate that the cluster analysis of time evolution (CAT) substantially improves
the robustness against noise of QSM+qBOLD (QQ) based mapping of OEF and CMRO2.
Compared to QQ without CAT, the denoised OEF map demonstrates greater accuracy in
simulations, appears more uniform in healthy subjects, and depicts a spatial pattern of low
values within the DWI-defined ischemic lesions in stroke patients. Therefore, the CAT
enables robust QQ-based OEF mapping from mGRE data alone without vascular challenges.

Clustering is an effective tool for dealing with noise in time-series data, as demonstrated in
fMRI where the signal change is a very small percentage and very noisy (50,51). The echo-
time series data of mGRE is stronger than fMRI time series. However, the QQ model is
fundamentally relying on the separation of deoxyheme in cylindrical geometries from other
susceptibility sources diffusely distributed in tissue. Use of two field strengths may also help
separation of superparamagnetic ferritin from paramagnetic deoxyheme (52), but this is
impractical in a clinical setting. The difference between echo time-series of random
cylinders and diffuse distribution in qBOLD is about 10% (12,53), which is stronger than the
signal change in fMRI but fundamentally makes QQ inversion sensitive to noise. Clustering
as in CAT promises to allow robust QQ-based OEF and CMRO2 mapping in clinical
practice.

Compared to QQ without CAT, OEF maps obtained using the proposed CAT method are
more uniform and have less extreme values in healthy subjects (Figure 3), in agreement with
previous PET studies (54,55). The suppressed noise is likely due to the use of cluster-wise
optimization. Unknowns are assumed to be constant throughout the cluster, thereby creating
an effective signal averaging. The simulations suggest that the resulting higher SNR makes
the estimated parameters less sensitive to measurement noise. The overall noise reduction in
Y'and valso propagates into y,,and /2, maps with noise reduction benefits, compared to
QQ without CAT (Figure 3).
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QQ with CAT shows smaller OEF values (Figure 3 and 8), e.g. 32.7 + 4.0 % and 37.9

+ 3.1 % (p<0.01) in CGM for QQ with and without CAT, respectively. The smaller OEF
values in QQ with CAT are accompanied by higher A, as compared to the one without CAT
(16.5 £ 0.5 Hz vs.13.1 + 0.7 Hz). This can be explained by that for the same measured
magnitude signal decay, OEF decreases if /2, increases (Eq. 3 and 4). Both OEF values with
and without CAT fall within the range previously reported for OEF obtained using PET: 35
+ 7 % (56) and 40 = 9 % (55), and with other MRI based techniques: 26 + 2 % (5), 31.7
+6.1% (57), 35+ 4 % (7), and 38 + 14% (6).

QQ with CAT shows smaller vvalues in healthy subjects than QQ without CAT: 1.00

+0.2 % vs 4.45 £ 0.39 (p<0.01) in CGM. Compared to PET and other MR techniques, the v
from QQ with and without CAT is a bit smaller and larger, respectively: the vvalues
obtained using PET, e.g. 1.9 + 0.5 % (58) and 2.0 £ 0.2 % (59), and other MR techniques:
1.75 £ 0.13 % (10), 1.9 + 0.5 2.46 + 0.28 (25), 2.68 + 0.47 % (60), 3.6 + 0.4% (61). Further
studies are needed to investigate the cause of the lower vfrom QQ with CAT than literature,
e.g. performing an experiment that the vtruth is known. It is because the ground truth vhas
not been measured directly and different vestimation methods have their own assumptions
to be verified (62). For instance, qBOLD methods set the non-blood tissue susceptibility
(np) to be uniform in the whole brain with the fully oxygenated blood susceptibility equal
to —108 ppb (10,60), however tissue iron and myelin would cause regional y 5 variation.
The gray matter y ,, value in this study, —20.2 ppb, was higher than the y,, value assumed
in gBOLD. The inclusion of QSM in QQ with the greater y,, value may lead to smaller v
value to obtain the same QSM value (Eg. 6). Calibrated BOLD methods using gas-inhalation
assumes that CBF and CMRO2 remain constant during hyperoxia (63,64). However, CBF
may decrease and/or CMRO2 may increase during hyperoxia, which leads an v
overestimation (62,63). The vvalues from the PET methods are the difference the between
the total and arterial blood volume (58,59), which includes both venous and capillary blood.
This may lead to larger vthan the one in this study. The R/, for CGM estimated with CAT,
16.5 £ 0.5 Hz, is greater than that without CAT, 13.1 + 0.7 Hz; and both values agree with
the values calculated from other MR techniques, 14.9 + 0.2 Hz (10), 15.1 £ 0.6 Hz (12), 17.1
+ 2 Hz (65).

In ischemic stroke patients, low OEF regions obtained by QQ with CAT are largely
contained within the ischemic lesions defined by DWI (Figures 4 and 5). However, the OEF
maps without CAT did not show the DWI lesion spatial pattern. The low vregion with CAT
generally agrees with the DWI lesion spatial pattern; this observation is consistent with the
blood volume decrease in ischemic stroke lesions (66). In contrast, QQ without CAT utilized
a constant OEF initial guess, and the vmap contrast was similar to that of the CBF map
(Figure 4). This indicates that the vresult without CAT did not change much from the initial
guess, which is based on the CBF through a phenomenological relationship (17-19).

In a patient imaged 12 days post stroke onset, QQ with CAT shows a distinctly different
lesion OEF histogram compared to the contralateral region (Figure 5), including the
strongest two peaks OEF at 0% and 17.5%, in addition to several peaks of high OEF at
35~45% that were similar to the contralateral normal OEF. The low OEF region may
indicate dead tissue (OEF < 10%), while the high OEF region may represent salvageable

Magn Reson Med. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Choetal.

Page 12

tissue (35~45%). QQ without CAT did not show such low OEF values in the lesion. These
results suggest that the use of CAT allows QQ to capture the low OEF values expected in
stroke lesions.

While this work focuses on OEF and touches v, QQ also outputs R2 and y,» non-blood
susceptibility maps that may provide additional biomedical values. The R2 value is reduced
in ischemic regions, which is consistent with literature of elevated T2 values but is not clear
in its clinical implication (67). On the other hand, y,, may be examined in QSM brain
applications (68), though y,,, may be difficult to interpret in white matter (69). Particularly
in studies dominated by tissue iron, including multiple sclerosis (70,71), cerebral cavernous
malformation (72), and Parkinson’s disease (73), it may be interesting to investigate disease
effects on OEF (deoxyheme iron in blood) and non-blood (presumably dominated by tissue
iron) separately.

There are limitations on using the proposed QQ with CAT. The proper number of clusters
was chosen automatically by the X-means method. This is based on a well-known metric,
BIC. However, the optimal number of clusters might be different when using a different
metric such as the Akaike information criterion, or when using a different clustering method,
such as hierarchical clustering (41,74). This might affect the resulting OEF map. However,
in our study, the OEF map was not sensitive to the number of clusters (Figure 6) chosen for
K-means clustering. Furthermore, the voxel-wise optimization was performed after the
cluster-wise optimization, which may alleviate the consequences of the imperfect clustering.
As this CAT QQ technique translates to applications in sick patients, motion compensation
such as by navigators (75-77) may be employed for robustness. To improve CMRO2
estimation accuracy, CBF measurement accuracy should be increased as well. The ASL-
measured CBF used in this study has low spatial resolution and may not be accurate in WM
(78). The robustness of the OEF estimation is further improved by a short first echo time and
a small echo spacing since the deviation from mono-exponential decay of extravascular MRI
signal predominantly occurs in short TE range (Supporting Information Figures S2, S3, and
S4). OEF and vestimations in large veins might be inaccurate as they were treated in the
same way as normal brain tissue, which could be mitigated by using v=1 for large veins.
This may be implemented by segmenting large veins, for example by thresholding the
susceptibility map (79,80), similar to the segmentation of the straight sinus. QQ with CAT
optimization is still non-linear, which means that convergence may be affected by the solver
implementation, parameter scaling, and stopping criterion. No ground truth or reference
measurement was available. An O1° PET study on a PET-MR scanner would allow
measuring accuracy in vivo.

In conclusion, our study demonstrated the feasibility of the cluster analysis of time evolution
(CAT) for QSM+gBOLD (QQ) in healthy subjects and in ischemic stroke patients by
effectively improving SNR. In simulations, the proposed method was more accurate than
QQ without CAT. QQ with CAT provides a less noisy and more uniform OEF in healthy
subjects. In ischemic stroke patients, low OEF regions are contained with the stroke lesions
defined on DWI. QQ with CAT may be readily applied to investigate tissue viability in
various diseases, such as Alzheimer’s disease (81,82), multiple sclerosis (83), tumor (84),
and ischemic stroke (85).
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Figurel.

Influence of SNR on the sensitivity of the estimated Y on the initial guess (Numerical
Simulation 1). Shown is the relative error between the estimated Y and the ground truth
(Y7). Ypand vy are the initial guesses of Yand v, respectively. As SNR decreases, Y
becomes increasingly more sensitive to the initial guess, resulting in larger errors when the
initial guess is away from the ground truth value. This seems more severe in the case with
smaller v: v7=10.03 (Case 1) vs. 0.01 (Case 2). The gray box indicates the ground truth
values (Yrand vy).
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Comparison between the OEF obtained by QQ without and with CAT at different SNRs in
the simulated stroke brain (Numerical Simulation 2). At all SNRs, QQ with CAT captures
low OEF values, whereas QQ without CAT is not sensitive to low OEF values at low SNRs.
The numbers in white indicate the OEF average and standard deviation in the whole brain,
and black represents the root-mean-square error (RMSE).
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Figure 3.
Comparison of OEF, CMRO2, v, R, and y ,, maps between QQ without and with CAT in a

healthy subject. QQ with CAT shows a less noisy and more uniform OEF, and a good
CMRO2 contrast between cortical gray matter and white matter without extreme values. The
corresponding anatomy as depicted on a T1-weighted image, CBF map and susceptibility
map are shown for reference.
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Figure4.
Comparison of OEF, CMRO2, v, R, and y ,, maps between QQ without and with CAT in a

stroke patient imaged 6 days post stroke onset. In the CMRO2 and OEF maps, the lesion can
be distinguished more clearly with QQ with CAT. For QQ with CAT, a low OEF region is
clearly visualized and contained with the lesion region as defined on DWI, but a low OEF
region obtained with QQ without CAT is not as well localized nor contained within the
lesion as defined on DWI. QQ with CAT generally shows lower vin the DWI-defined lesion.
The contrast in vin QQ without CAT result is similar in appearance to that of CBF. QQ with
CAT shows generally higher /7, and y ,, maps.
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The histogram of OEF values in the lesion and its contralateral side in a second stroke
patient imaged 12 days post stroke onset. QQ with CAT shows a different distribution in the
lesion as compared to mirror side. The lesion shows 8 peaks with the strongest two peaks at
0 and 17.5%, while the contralateral side has 6 peaks with dominant peaks at 35 ~ 45%.
However, QQ without CAT does not have a distribution specific to low OEF values in the
lesion, but there are bell-shaped distributions for both the lesion and contralateral side
(broader in the contralateral side) with peaks at 47% and 49%, respectively.
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Figure®6.
The segmentations and resultant OEF maps using a different number of clusters (K=

1,5,10,15,20, as well as the X-means result, 17 indicated in red) in a third stroke patient (4
days post stroke onset). In the segmentations, different colors indicate different clusters. The
resulting OEF appearance is nearly constant for K= 5.
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Figure 7.
X-means clusering (K= 17) and the average signal evolution for each clusters in the third

stroke patient (4 days post stroke onset). Different color indicates different cluster in the
segmentation map. The corresponding average sigal evolution was shown in the same color
as the cluster color. The width of the signal evolution is proportional to the number of voxels
within clusters in the lesion and the contralateral side: The thicker the curve is, the more
voxels the correspoding cluster has. For each voxel, the signal evolution was normalized by
the average signal across echoes after the macroscopic field inhomogeneity contribution, G
was removed. The average of these normalized signal evolutions across each cluster is
shown here in different colors.
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Average and standard deviation of OEF, CMRO2, v, R», and y,» maps between QQ without
and with CAT in cortical gray matter from healthy subjects (N=11). QQ with CAT shows
smaller average CMRO2, OEF and vthan the one without CAT, but QQ with CAT shows

higher average R, and y  values. * p<0.01 (paired t-test).
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