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Hematocrit Measurement with R2* and Quantitative
Susceptibility Mapping in Postmortem Brain

ABSTRACT

AJ. Walsh, “/H. Sun, ““D.J. Emery, and ¥ AH. Wilman
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BACKGROUND AND PURPOSE: Noninvasive venous oxygenation quantification with MR imaging will improve the neurophysiologic
investigation and the understanding of the pathophysiology in neurologic diseases. Available MR imaging methods are limited by sensi-
tivity to flow and often require assumptions of the hematocrit level. In situ postmortem imaging enables evaluation of methods in a fully
deoxygenated environment without flow artifacts, allowing direct calculation of hematocrit. This study compares 2 venous oxygenation
quantification methods in in situ postmortem subjects.

MATERIALS AND METHODS: Transverse relaxation (R2*) mapping and quantitative susceptibility mapping were performed on a whole-
body 4.7T MR imaging system. Intravenous measurements in major draining intracranial veins were compared between the 2 methods in
3 postmortem subjects. The quantitative susceptibility mapping technique was also applied in 10 healthy control subjects and compared
with reference venous oxygenation values.

RESULTS: In 2 early postmortem subjects, R2* mapping and quantitative susceptibility mapping measurements within intracranial veins
had a significant and strong correlation (R* = 0.805, P = .004 and R? = 0.836, P = .02). Higher R2* and susceptibility values were consistently
demonstrated within gravitationally dependent venous segments during the early postmortem period. Hematocrit ranged from 0.102 to
0.580 in postmortem subjects, with R2* and susceptibility as large as 291 seconds ' and 1.75 ppm, respectively.

CONCLUSIONS: Measurements of R2* and quantitative susceptibility mapping within large intracranial draining veins have a high corre-
lation in early postmortem subjects. This study supports the use of quantitative susceptibility mapping for evaluation of in vivo venous
oxygenation and postmortem hematocrit concentrations.

ABBREVIATIONS: QSM = quantitative susceptibility mapping; R2* = transverse relaxation rate; RESHARP = regularization enabled sophisticated harmonic artifact

reduction for phase data; SvO, = venous oxygen saturation

Determination of regional brain oxygen use is important for
improved understanding of the pathophysiology of neuro-
logic disease such as stroke,' malignancy,” and demyelinating
conditions.” MR imaging methods, which are noninvasive, can be
used to calculate the oxygen extraction fraction to infer cellular
oxygen use. Gradient-echo methods are advantageous because
they have relatively fast imaging times for volume coverage. Sev-
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eral gradient-echo methods have been proposed, including sin-
gle-vessel-decay modeling,* phase-signal difference analysis,” and
quantitative susceptibility mapping (QSM).® QSM is a novel tech-
nique that extrapolates volumetric susceptibility values from gra-
dient-echo phase images. QSM is promising for this application
because unlike phase images, QSM venous oxygen saturation
(SvO,) measurements are not dependent on vessel orientation to
the main magnetic field.

Several studies have shown that venous oxygen saturation cal-
culations with a QSM approach yield close to expected average
values in healthy controls.®” However, these studies had no crite-
rion standard comparison, and to determine SvO,, they required
exact knowledge of the local hematocrit level. Furthermore, flow-
ing blood may introduce additional phase artifacts. In a postmor-
tem environment, all blood vessels are 100% deoxygenated and
blood is stationary, which enables direct noninvasive measure-
ment of hematocrit.

In situ postmortem intravascular changes have been previ-
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ously evaluated with CT® however, they have not been studied
with iron-sensitive MR imaging methods. Several physiologic
changes occur in the early postmortem period, including a shift
from oxy- to deoxyhemoglobin, cellular lysis and hemoglobin
diffusion,” and a settling (or hematocrit) effect as demonstrated
with CT.®'®!"! Transverse relaxation rate (R2* = 1/T2*) and sus-
ceptibility mapping are robust methods for evaluating intracra-
nial brain matter iron concentration but can be sensitive to mo-
tion artifacts from whole-head motion and from intravascular
flow. Postmortem analysis allows accurate comparison of ad-
vanced iron-sensitive quantitative MR imaging methods, includ-
ing R2* mapping and QSM imaging of veins, without the con-
founder of motion and flow artifacts.

This study compared QSM and R2* measurements within ma-
jor intracranial draining veins in postmortem subjects. By means
of QSM, variations in hematocrit with spatial location were ex-
amined. Susceptibility measurements were additionally per-
formed with healthy in vivo subjects, and calculated SvO, values
were compared between different intracranial venous vascular

segments and previously reported values.'*'?

MATERIALS AND METHODS

Venous Oxygenation and Magnetic Susceptibility

The susceptibility shift between water and venous blood has been
described as

1) A)(vein*water = (1 - SVOZ) X AXdo X Het +

AXoxy*water X HCt’

where SvO, is the percentage oxygen saturation of venous blood,
Het is the hematocrit, Ax,, is the susceptibility shift per unit he-
matocrit between fully oxygenated and fully deoxygenated red
blood cells, and Ax,,—ater i the susceptibility shift between
oxygenated red blood cells and water.'*'> Ay, is assumed to be
0.27 ppm'® in centimeters-grams-second units. AXoxy— water 1 a8~
signed —0.03 ppm,'* and hematocrit (Hct) is set to 40% for in
vivo subjects.

For postmortem subjects, this equation is simplified because
the blood is fully deoxygenated; therefore, SvO, is set to zero. The
hematocrit can therefore be calculated as

2) Het = AXveinfwater / (AXdo + AXoxyfwaier)-

MR Imaging Acquisition
MR imaging data were acquired using a 4.7T whole-body imaging
system (Unity Inova; Varian Medical Systems, Palo Alto, Califor-
nia). Ten healthy control subjects (age range, 2454 years; aver-
age, 32 years) and 3 postmortem subjects were imaged after insti-
tutional review board approval. The 3 postmortem subjects were
in a palliative state before death and were imaged in situ 7, 6, and
28 hours after death, respectively, for postmortem subjects 1, 2,
and 3. These patients had been previously studied for deep gray
matter tissue iron.'””'® The postmortem subjects had a relatively
unchanged supine flat body and head position during the post-
mortem period. Hematocrit values from the most recent clinical
laboratory tests were obtained, retrospectively, from the clinical
charts.

The MR imaging protocol for each patient consisted of 2
axial MR imaging methods: multiecho gradient-echo R2*

mapping (8.9 minutes) and single-echo gradient-echo QSM
imaging (6.6 minutes). The healthy control subjects and post-
mortem subject 2 did not undergo imaging with the R2* map-
ping sequence.

Images were acquired with a standard birdcage head coil for
transmission and a tight-fitting 4-element array coil for signal
reception. Due to size limitations, the birdcage coil was used for
reception and transmission in postmortem subject 3.

Axial 3D R2* mapping was acquired with full-brain coverage
(160 mm) and parameters as follows: TR, 44 ms; 10 echoes with
4.0-4.2 ms echo spacing; first echo, 2.9-3.2 ms; flip angle, 11°
FOV, 256 X 128-160 X 160 mm; matrix, 256 X 160 X 80; voxel
size, 1 X 0.8—1 X 2 mm.

Axial QSM imaging and magnitude gradient-echo imaging
used a 2D single gradient-echo with first-order flow compensa-
tion acquired with parameters as follows: TR, 1540 ms; TE, 7-15
ms; 50 contiguous sections; section thickness, 2 mm; flip angle,
70°% FOV, 214-256 X 3 X 163—192 mm; matrix, 512 X 256-392;
voxel size, 0.42—0.5 X 0.42—0.5 X 2 mm.

Image Processing

QSM. From the 2D single gradient-echo sequence, phase images
from the 4 receiver channels were first optimally combined using
the adaptive filter method.'® (This step was not needed in post-
mortem subject 3 due to the single birdcage receiver.) A binary
brain volume mask was extracted from the magnitude images
using the FSL Brain Extraction Tool (http://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/BET).*° The fractional intensity threshold was set to 0.2,
and the smoothness factor was set to 2 for the Brain Extraction
Tool. Combined phase images were unwrapped in 3D using the
Phase Region Expanding Labeller for Unwrapping Discrete
Estimates/FMRIB  Software Library (PRELUDE; https://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/FUGUE/Guide#PRELUDE_.28phase_
unwrapping.29) method. The residual phase offset from the
receiver channel combination was removed using a 3D second-
order polynomial fit. The large macroscopic background phase
from the air-tissue susceptibility interface was removed using
the regularization enabled sophisticated harmonic artifact re-
duction for phase data (RESHARP) method,”' resulting in a
local phase map of the brain. The RESHARP spheric kernel was
set to 3 mm, and the Tikhonov regularization parameter was set to
5 X 10™* Due to the implementation of the RESHARP method, a
3-mm brain edge was discarded. A local field map with units of parts-
per-million was generated by normalizing the local phase with TE
and field strength. A dipole field inversion was performed on thelocal
field map using the total variation regularization method,** with the
regularization parameter set to 5 X 10~ *. Susceptibility values were
calculated in Systeéme International d’Unités units.

R2* Map. R2* maps were produced from the 3D multiecho
gradient-echo sequence using a weighted least-squares mono-
exponential fit of the 10 echoes.”’ Before fitting, a linear field-
gradient correction algorithm was applied to recover signal
losses from air-tissue interfaces.”* Composite magnitude T2*-
weighted images were created from the susceptibility-cor-
rected images.>®
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FIG 1. Axial QSM (A-E) and single-echo gradient-echo magnitude (F-J) images from 1 in vivo subject demonstrating representative venous
segments from which we obtained ROl measurements: superior aspect of the superior sagittal sinus (arrow, A), inferior aspect of the superior
sagittal sinus (arrow, B) and inferior sagittal sinus (arrowhead, B), anterior aspect of the straight sinus (arrow, C), inferior aspect of the superior
sagittal sinus (arrow, D) and posterior aspect of the straight sinus (arrowhead, D), right transverse sinus (arrow, E), and left transverse sinus

(arrowhead, E).

Table 1: Comparison among R2*, susceptibility measurements, and calculated hematocrit values in intracranial veins in 3 postmortem

subjects
Subject 1 Subject 2 Subject 3
Susceptibility R2*  Susceptibility Susceptibility R2*
Venous Segment (ppm) Hematocrit (1/s) (ppm) Hematocrit (ppm) Hematocrit (1/s)
Superior aspect of superior 0.963 0.319 141 0.677 0.225 0.927 0.308 155
sagittal sinus
Inferior aspect of superior NA NA NA 0.782 0.259 0.985 0.327 164
sagittal sinus
Left transverse sinus 1749 0.580 291 0.780 0.259 1142 0.379 176
Right transverse sinus 1135 0.377 277 1.045 0.347 0.785 0.260 161
Anterior aspect of straight sinus 0.661 0.219 94 0.643 0.213 0.681 0.226 104
Posterior aspect of straight sinus 0.972 0.322 182 0.841 0.279 0.939 0312 177
Inferior sagittal sinus 0.523 0.174 90 0.307 0.102 0.447 0.148 76
Note:—NA indicates not available.
Venous Susceptibility Measurements RESULTS

ROI measurements from multiple venous segments were ac-
quired from axial QSM and R2* images using the composite mag-
nitude T2*-weighted gradient-echo images from both acquisi-
tions, to identify venous anatomy. Image]*° (National Institutes
of Health, Bethesda, Maryland) was used to obtain ROI measure-
ments from 2 to 8 axial images of each venous segment, depend-
ing on the length and orientation (Fig 1). In each subject, mea-
surements were obtained from the following venous segments:
superior sagittal sinus (posterior superior aspect), superior sagit-
tal sinus (posterior inferior aspect), posterior right transverse si-
nus near the confluence, posterior left transverse sinus near the
confluence, anterior aspect of the straight sinus, posterior aspect
of the straight sinus, and inferior sagittal sinus.

For postmortem subjects, hematocrit values were calculated
on the basis of Equation 2. SvO, values were calculated for in vivo
subjects on the basis of Equation 1, assuming a hematocrit of 40%.

Linear regression analysis was performed using SPSS software
(Version 24.0 for Macintosh; IBM, Armonk, New York) between
R2* and QSM ROI measurements in the 2 postmortem subjects in
whom both methods were implemented.
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In the 3 postmortem subjects, intravenous susceptibility mea-
surements and calculated hematocrit values were higher in more
gravitationally dependent venous segments across all 3 subjects
(Tables 1 and 2). Susceptibility in the superior aspect of the supe-
rior sagittal sinus was lower than in the inferior aspect of the
superior sagittal sinus in the 2 subjects in whom it was compared,
while subject 1 had artifacts within the inferior aspect of the su-
perior sagittal sinus, precluding measurement. Susceptibility in
the anterior aspect of the straight sinus was lower than in the
posterior aspect in all 3 subjects. Although the postmortem sub-
jects were imaged in the supine position, some had minor left/
right rotation (Fig 2). Sagittal images in Fig 2 were first rotated in
the axial plane to obtain a midsagittal projection.

R2* values had a strong and significant correlation (subject 1:
R? = 0.805, P = .004; subject 3: R* = 0.836, P = .02) to suscepti-
bility measurements within the 2 subjects in whom measurements
were compared (Fig 3 and Table 1). The 2 regressions had a sim-
ilar linear regression line slope (Fig 3). Visual comparison of axial

images of the same territory demonstrates hyperintensity of veins



Table 2: Percentage decrease in hematocrit between contiguous venous segments in postmortem subjects

Venous Segments Compared Subject 1° Subject 2° Subject 3¢
Superior aspect of superior sagittal sinus/inferior aspect of superior sagittal sinus NA 13.4 5.8
Anterior aspect of straight sinus/posterior aspect of straight sinus 32.0 235 274

Note:—NA indicates not available.

2 Subject 1, imaged 7 hours after death.
b Subject 2, imaged 6 hours after death.
€ Subject 3, imaged 28 hours after death.
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FIG 2. Axial T2*-weighted images and isotropically interpolated sagittal reformats using the single-echo gradient-echo sequence. Postmortem
subjects 1(A and D), 2 (B and E), and 3 (C and F) demonstrate head positioning in these planes (axial and sagittal, respectively).
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FIG 3. Scatterplot with linear regression of 2 postmortem subjects comparing QSM and R2* ROl measurements within venous segments. A,

Subject 1. B, Subject 3.

on R2* maps and corresponding susceptibility maps in postmor-
tem subjects (Fig 4). Calculated hematocrit values in the 3 post-
mortem subjects ranged from 0.102 to 0.580 (Table 1). This is
comparable with the hematocrit values obtained before death
(subject 1 = 0.40, acquired 5 days before death; subject 2 = 0.38,
acquired 4 weeks before death; and subject 3 = 0.49, acquired 4
months before death).

Susceptibility values within the venous segments evaluated
from in vivo subjects did not follow the same gravity-dependent

distribution compared with postmortem subjects (Table 3) in
the contiguous venous segments of the superior saggital sinus
and the straight sinus. SvO, measurements in Table 4 were
calculated using Equation 1.

DISCUSSION
This study is the first to evaluate and compare QSM and R2*
mapping in postmortem intracranial venous vasculature.

In the postmortem period, intravascular blood undergoes
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several changes, including hypostasis, which can lead to grav-
ity-dependent hemoconcentration; hemolysis, which may de-
pend on the circumstances surrounding death; cell-shape
alteration; thrombosis; and thrombolysis.”*” The relative con-
tribution of each process has been previously studied and can
be variable among individual patients.” Despite these various
changes, there is a strong linear correlation between R2* and
susceptibility measurements, which is predicted by the static
dephasing regime for geometric shapes.”®*? Dependent hemo-
concentration is demonstrated with both R2* and QSM mea-
surements in this study. This effect is seen as early as 6 hours
and persists up to at least 28 hours after death. The supine head
and body position of each subject throughout the postmortem
period led to increased values in the more posterior segments
of contiguous venous segments. The susceptibility measure-
ments in the dependent venous segments are similar to suscep-

R2*

uscpetibility

FIG 4. Axial R2* maps (A-C) and corresponding QSM (D—f) images depicting representative
venous segments (right and left transverse sinus, A and D; inferior aspect of superior sagittal sinus
and anterior aspect of straight sinus. B and E; superior aspect of superior sagittal sinus and inferior
sagittal sinus, C and F) in postmortem subject 3 (A, C, D, F) and subject 2 (B and E). For the R2*
images, values of >500 seconds ' were removed to reduce visual washout from bright R2*

intravenous voxels and from bone/air.

tibility measurements in in vivo intracranial hemorrhage at
least 24 hours in age.””

There was no appreciable difference in the percentage change
in hematocrit within gravity-dependent portions of contiguous
venous segments based on the time since death; however, the few
subjects in this study preclude statistical analysis. This study dif-
fers from studies that directly evaluated hemoconcentration ef-
fects within the appendicular body, which showed that there may
be an ongoing increase in hematocrit in dependent veins for up to
96 hours.””*" This could indicate that intracranial gravity-depen-
dent hemoconcentration occurs relatively early in the postmor-
tem period and persists for at least 28 hours. The initial postmor-
tem hematocrit is unknown in this study; however, it is likely less
than the measured laboratory values when the patients were alive
due to the long time interval between acquisition and death in
subjects 2 and 3. The palliative state of the patients may have
resulted in a decrease in hematocrit dur-
ing the interval. Additionally, Equation
2 may not be entirely valid because fac-
tors such as hemolysis, alteration in cell
shape, and hemoglobin diffusion may
change the susceptibility of deoxygen-
ated hemoglobin. However, cellular lysis
is likely not a major contributor in the
early postmortem period of this study.”
Additionally, these factors could con-
tribute to the calculated hematocrit val-
ues being slightly less than direct labora-
tory measurements in subjects 2 and 3.

In vivo calculated SvO, measure-
ments are slightly higher in this study
compared with other recent studies®’;
however, they follow a similar distribu-
tion within veins, with the straight sinus
and transverse sinuses having the lowest
SvO, and the inferior sagittal sinus hav-
ing the largest SvO,. Several invasive

Table 3: Susceptibility measurements (ppm) from intracranial venous segments in 10 healthy subjects

Subject
Venous Segment 1 2 3 4 5 6 7 8 9 10  Average = SD
Superior aspect of superior sagittal sinus 0202 0212 0179 0263 0188 0239 0205 0.J72 0234 0227 0.212+0.029
Inferior aspect of superior sagittal sinus ~ 0.270 0238 0.249 0.285 0211 0215 0228 0230 0.261 0251 0.244 = 0.024
Left transverse sinus 0343 0255 0329 0389 0263 0280 0.292 031 0278 0327 0307 = 0.041
Right transverse sinus 0346 0228 0306 0366 0290 0267 0252 0252 0285 0297 0.289 *0.043
Anterior aspect of straight sinus 0393 0286 0369 0329 0287 0287 0290 0326 0325 0272 0316 = 0.040
Posterior aspect of straight sinus 0403 0.280 0286 0334 0184 0.187 0201 0270 0295 0250 0.269 * 0.069
Inferior sagittal sinus 0190 0145 0194 0295 0184 0173 0172 0227 0226 0155  0.196 = 0.044
Table 4: Calculated percentage SvO, for intracranial venous segments in 10 healthy subjects
Subject
Venous Segment 1 2 3 4 5 6 7 8 9 10 Average = SD
Superior aspect of superior sagittal sinus 740 733 757 695 750 73 738 762 77 721 733 £21
Inferior aspect of superior sagittal sinus 69.0 713 706 679 734 73.0 721 719 697 704 709 =18
Left transverse sinus 63.6 701 646 602 695 683 674 660 684 6438 663 *+ 31
Right transverse sinus 634 721 66.4 619 675 692 703 703 679 670 67.6 =32
Anterior aspect of straight sinus 60.0 67.8 617 647 677 677 675 649 650 6838 65.6 £29
Posterior aspect of straight sinus 59.2 683 678 643 753 751 740 690 671 705 69.1*51
Inferior sagittal sinus 749 782 746 671 753 761 762 721 722 775 744+ 32
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studies that measured SvO, within the jugular bulb and conflu-

ence of the sinuses'”?*

suggest that the SvO, in these regions
should exceed 55% in healthy individuals, which was not seen in
some subjects in a recent QSM vein oxygen saturation study.®
This difference may be due to the RESHARP phase-removal
method being more accurate at brain edges.*'

Intravascular QSM and R2* venous oxygen measurements
have benefits compared with intravascular SWI measurements®
or methods of measuring subvoxel vasculature oxygenation with
T2*-weighted methods.* These other methods are dependent on
the angular orientation of the measured vessel to the main mag-
netic field. R2* mapping, however, requires several image acqui-
sitions with varied TEs and therefore may be more sensitive to
global patient motion due to the longer image-acquisition time.
Flow compensation could be used with increased image-acquisi-
tion time. Postmortem imaging allows accurate comparison be-
tween motion-sensitive MR imaging methods. Modifications to
this R2* mapping method can be applied to in vivo subjects with
flow compensation or electrocardiography-gated acquisition®” to
reduce flow artifacts.

There are several limitations to this study. Although the cor-
relation between R2* and susceptibility is strong and significant in
the postmortem subjects, the number of postmortem subjects is
limited. Using a larger number of subjects with varying time in-
tervals of imaging after death could help evaluate measurement
changes in the early postmortem period relative to the time of
death. QSM was not applied to the full cerebral volume, and rel-
atively large voxels were used to reduce image-acquisition times,
to use methods appropriate for in vivo imaging. Laboratory he-
matocrit values from postmortem subjects were not obtained di-
rectly before death due to the patients’ palliative state before im-
aging. As well, laboratory analysis of intravenous blood changes in
the postmortem state were not evaluated and compared with MR
imaging findings, which could be an important future investiga-
tion. This could elucidate the relative contribution of cell lysis,
molecular degradation, cellular swelling, and hematocrit effect to
quantitative MR imaging values. The R2* mapping method in this
study did not use flow compensation to obtain sufficient echoes
for accurate R2* calculations. Therefore, the method could not be
used to evaluate venous oxygenation in in vivo subjects.

In the future, application of SvO, methods using QSM could
be used in neurologic disease to assess altered cellular oxygen
metabolism. Optimal phase removal and QSM methods need to
be determined because several methods currently exist. R2* map-
ping methods and QSM imaging could be compared among in
vivo subjects using flow-compensated R2* mapping techniques.

CONCLUSIONS

Quantitative intracranial venous measurements with MR imag-
ing using R2* mapping and QSM have a high correlation in early
postmortem subjects, and calculated hematocrit values are within
the expected range. Both methods demonstrated a hemoconcen-
tration effect in dependent venous segments in postmortem sub-
jects, which is similar to direct hematocrit measurements and CT
findings from prior postmortem studies.

Disclosures: Andrew J. Walsh—RELATED: Grant: Canadian Institutes of Health Re-
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