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Gradient-echo (GRE) blood oxygen level-dependent (BOLD) ef-
fects have both intra- and extravascular contributions. To bet-
ter understand the intravascular contribution in quantitative
terms, the spin-echo (SE) and GRE transverse relaxation rates,
R2 and R*2, of isolated blood were measured as a function of
oxygenation in a perfusion system. Over the normal oxygen-
ation saturation range of blood between veins, capillaries, and
arteries, the difference between these rates, R�2 � R*2 � R2,
ranged from 1.5 to 2.1 Hz at 1.5 T and from 26 to 36 Hz at 4.7 T.
The blood data were used to calculate the expected intravas-
cular BOLD effects for physiological oxygenation changes that
are typical during visual activation. This modeling showed that
intravascular �R*2 is caused mainly by R2 relaxation changes,
namely 85% and 78% at 1.5T and 4.7T, respectively. The simu-
lations also show that at longer TEs (>70 ms), the intravascular
contribution to the percentual BOLD change is smaller at high
field than at low field, especially for GRE experiments. At
shorter TE values, the opposite is the case. For pure paren-
chyma, the intravascular BOLD signal changes originate pre-
dominantly from venules for all TEs at low field and for short
TEs at high field. At longer TEs at high field, the capillary
contribution dominates. The possible influence of partial vol-
ume contributions with large vessels was also simulated, show-
ing large (two- to threefold) increases in the total intravascular
BOLD effect for both GRE and SE. Magn Reson Med 49:47–60,
2003. © 2003 Wiley-Liss, Inc.
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Most BOLD-fMRI studies employ R*2 contrast changes,
which, compared to R2 changes, are larger and take place
both inside the vasculature and in the tissue surrounding
the vessels (1,2). Hoogenraad et al. (3) recently provided an
overview of these BOLD R*2 relaxation processes and their
roles in different types of experiments and brain regions.
Intravascular contributions consist of intrinsic blood R*2
relaxation, as well as additional dephasing due to suscep-

tibility differences between blood and tissue, or changes in
local blood velocity. Extravascular vessel-size-dependent
effects due to vessel-tissue susceptibility differences are
expected around both capillaries and larger vessels. Sus-
ceptibility-based dephasing mechanisms have been mod-
eled (4–6), and based on these theoretical predictions,
most in vivo BOLD quantification approaches focus on
extravascular R*2 effects. However, experiments at low and
intermediate field strengths have shown that the intravas-
cular contribution of large vessels to the fMRI signal is
dominant (2,7–10). When motional weighting with mag-
netic field gradients is employed (2,11), approximately
60–70% of the R*2 effect can be removed. Based on flow
and diffusion considerations, such experiments remove
most signals originating from inside large vessels and from
arterioles and venules above 10–20 �m. The total BOLD
R*2 effect is also expected to have a substantial intravascu-
lar contribution from venules and capillaries, because R2

effects in pure blood are very large (12–14). To better
understand the origin of the R*2 BOLD effect, it is impor-
tant to determine what part of the fMRI changes is of
intravascular origin, and how this fraction behaves as a
function of oxygen saturation (Y) and hematocrit fraction
(Hct). One recent study reported spin-echo (SE) and gra-
dient-echo (GRE) BOLD results as a function of blood
oxygenation at 1.5 T (14). In these experiments, R*2 was
derived from the free induction decay (FID) of a multi-SE
sequence. The results were surprisingly different from
those of multi-GRE in vivo imaging and phantom studies
(Table 1) in that they showed a non-Lorentzian behavior
instead of a simple exponential decay. The present work
reports exponentially decaying multi-GRE measurements
in a blood perfusion system, where oxygenation, Hct, and
temperature can be controlled and physiological condi-
tions maintained. In addition, SE contributions were mea-
sured to assess the relationship between intravascular SE
and GRE BOLD changes inside large vessels at two field
strengths.

SE and GRE transverse relaxation rates in blood have
been studied in detail under many different conditions
(12,15–22), and several theories have been proposed for
their interpretation. In order to avoid assumption-specific
interpretations and to keep the equations as general as
possible, we compare only simple features common to all
of these experiments. Data have shown that both blood
relaxation parameters follow a parabolic behavior as a
function of oxygenation saturation fraction Y:

R2 � A � B�1 � Y� � C�1 � Y�2 [1a]

R*2 � A* � B*�1 � Y� � C*�1 � Y�2 [1b]

1Department of Radiology, Johns Hopkins University School of Medicine,
Baltimore, Maryland.
2Department of Biophysics, Johns Hopkins University School of Medicine,
Baltimore, Maryland.
3F.M. Kirby Research Center for Functional Brain Imaging, Kennedy Krieger
Institute, Baltimore, Maryland.
4A.I. Virtanen Institute for Molecular Sciences, University of Kuopio, Kuopio,
Finland.
Grant sponsor: NIH; Grant number: NS37664; Grant sponsor: NIH/NINDS;
Grant number: 31490; Grant sponsor: National Center for Research Re-
sources; Grant number: RR15241; Grant sponsors: Academy of Finland;
Maud Kuistila’s Memorial Foundation; Finnish Cultural Foundation; Northern
Savo Fund; Sigrid Juselius Foundation.
*Correspondence to: Peter C.M. van Zijl, Johns Hopkins University School of
Medicine, Dept. of Radiology, 217 Traylor Bldg., 720 Rutland Ave., Baltimore,
MD 21205. E-mail: pvanzijl@mri.jhu.edu
Received 29 April 2002; revised 13 August 2002; accepted 21 August 2002.
DOI 10.1002/mrm.10355
Published online in Wiley InterScience (www.interscience.wiley.com).

Magnetic Resonance in Medicine 49:47–60 (2003)

© 2003 Wiley-Liss, Inc. 47



in which the rate constants A, B, and C for the constant,
linear, and quadratic oxygenation dependence of R2 and
R*2 are labeled without and with an asterisk, respectively.
For R2, these A, B, and C values have been related to
magnetic susceptibilities, as well as to erythrocyte and
plasma relaxation rates (23,24). For R*2 no such theoretical
interpretation of the constants A*, B*, and C* has been
made to date. The goal of this work is to compare these
constants, rather than to interpret them, as a function of
oxygenation at several hematocrit values, thereby provid-
ing baseline data for the understanding of intravascular
BOLD changes for SE and GRE experiments.

METHODS

Sample Preparation

Bovine blood containing 20 mM sodium citrate, at various
hematocrit fractions, were prepared by mixing plasma and
cells. Samples of 200 ml were circulated in a gas exchange
system (18,20) and through the magnet at 37°C (for details
see Ref. 24). Blood oxygenation was manipulated using
mixtures of N2 and O2, each containing 5% CO2. Blood
gases and oxygenation were monitored using a blood gas
analyzer (ABL 700; Radiometer Medical, Brønshøj, Den-
mark). Samples were drawn three times—at the start, mid-
dle, and end of a particular oxygenation. The average Y
over these three data points was used. No decaying trends
due to possible oxygen consumption by blood cells was
found. To avoid erythrocyte precipitation, blood was cir-
culated at all times. During measurements, flow was
slowed to 3.1 ml/min (6.2 mm/min). Hemoglobin (Hb,
Fe�2 center) and metHb (oxidized form of Hb, Fe�3 center
that can not bind oxygen) levels were analyzed; MetHb
was never higher than 2.0%.

MRI and MRS

At 1.5 T (Philips ACS-NT), a standard body coil transmit-
ter and surface coil receiver were used. At 4.7 T (GE
Omega), a solenoid coil was used as both transmitter and
receiver. The sample tube (� 12.5 mm) was positioned
vertically in both setups. The surface coil was taped on the
side of the tube at 1.5 T, and the tube was inside the
solenoid at 4.7 T. Tests with this large-diameter tube par-
allel and perpendicular to the field showed no difference
in the results.

Shimming was performed on the fully oxygenated sam-
ple and settings not adjusted at different oxygenations to
avoid potentially different shimming contributions to the
R*2 measurements. The reason is that we need to measure
the susceptibility effect, but not the background gradients
as the sample is not moved when oxygenation is changed.
Line widths at half peak height were about 1–3 Hz and
10–20 Hz for oxygenated blood at 1.5 T and 4.7 T, respec-
tively. Because shimming remains constant, it only con-
tributes to A* in Eq. [1b] and is not oxygenation-depen-
dent. A* depends on spatial position (GRE experiments
can be used for field mapping) and is expected to contrib-
ute more in vivo (local susceptibility effects at tissue in-
terfaces) than in vitro. R2 values were measured using
single-echo spectroscopy (TE range at 1.5 T: 20–200 ms; at
4.7 T: 10–200 ms for oxygenated blood and 10–100 ms for
deoxygenated samples). Voxels were selected using outer
volume suppression above and below the middle of the
tube. At 1.5 T, R*2 was measured from the integral across
the tube of the GRE profiles for a 10-mm-thick slice (TE �
10–80 ms). To compare measurements using spectroscopy
and imaging (profile), R2 data from some samples at 1.5 T
were acquired using both spectroscopic and profile acqui-
sition. As anticipated, the results indicated that the use of

Table 1
Overview of the Experimental Conditions of R2 and R2* Experiments in the Literature

Temp, °C Sequence Tube Voxel

Chien et al.
(19)

Human,
in vitro

37 Imaging (single GRE), TE 9–80 ms 10 ml glass
tubes

FOV 250 mm,
1 mm slice

Barth and
Moser (40)

Human,
in vitro

23 Imaging, multiecho GRE
TE 4–500 ms, variable echo delays
TR as short as possible

13 mm
diameter

1.5 � 1.5 mm2

Li et al. (22) Human,
in vitro

Not
available

Imaging, multiecho GRE
TE 9–175 ms, delay 11 ms
TR 188 ms

0.63�4 mm3

Li et al. (22) Human,
in vivo

In vivo Imaging, multiecho GRE
TE 8.6, 30, 50, 70 (art.), 8.6,30,40,50

(veins)
TR from cardiac cycle (art.), veins not

reported

Femoral
artery, vena
cava

0.8 � 0.6 � 4
mm3

(arteries)
1.6 � 1.3 � 4

mm3 (veins)
Li et al. (22) Pig, in

vivo
In vivo Imaging, multiecho GRE

TE 8.6, 30, 50, 70
TR from cardiac cycle (art.), veins not

reported

Descending
aorta, vena
cava

0.8 � 0.6 � 4
mm3

(arteries)

Spees et al.
(14)

Human,
in vitro

37 Spectroscopic, 5 mm slice across the
tube. R2* analyzed from an FID
after CPMG train

5 mm NMR
tube

10 mm3

TR not reported
Wright et al.

(17)
Human,

in vitro
37 Imaging, CPMG SE, 1–4 � pulses,

�CPMG � 6–48 ms, TE � 1.8–2 s,
spiral acquisition, no slice selection

5 ml glass
tubes

?
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spectroscopy for R2 is comparable to the use of profile
integration. At 4.7 T, a 2-mm slice was used for the relax-
ation studies, but even for such a thin slice the quality of
the GRE profiles at lower oxygenations was insufficient for
using the integral of the complete profile, and only the
center part of the tube was used. Due to this problem of
very short R*2, only Y-values 	 0.45 and TE � 10–40 ms
were used for GRE experiments at 4.7 T. Notice that, when
spectroscopy is used instead of imaging, this inhomogene-
ity effect over even small voxels can lead to higher relax-
ation rates. When imaging is used, the rates are determined
per voxel, and relatively homogeneous regions can be in-
tegrated. This may be one reason why investigators using
FIDs for R*2 determination often find much higher rates
and sometimes non-Lorentzian behavior.

Simulation of Intravascular BOLD Effects in Parenchyma
and Large Vessels

Knowledge of relaxation rates of blood as a function of Y
and Hct allows one to estimate the intravascular BOLD
contributions in vivo, if the oxygenations of different vas-
cular compartments are known. Venous oxygenation at
baseline activity and during visual stimulation can be
calculated from typical values for the oxygen extraction
ratio (OER) using �1 � Yv� � 1 � Ya � OER � Ya (23),
in which the subscripts “a” and “v” denote arterial and
venous, respectively. Using Ya � 0.98 and OER values of
0.38 (25) and 0.25 at baseline and during activation, re-
spectively, the corresponding venous fractions are 0.61 at
baseline and 0.73 during activation. The capillary oxygen-
ation fraction is a function of position between the arte-
rioles and venules, and, as an approximation, we assumed
an exponential decay in oxygen saturation to determine
average capillary oxygenation fractions Yc � 0.77 and
0.85 during baseline and activation, respectively. To ob-
tain data for the same Hct at both fields, we determined all
rates at a common physiological Hct (� 0.41) using linear
extrapolation between the measured rates at normal and
low Hct. To take into account that the microvascular Hct is
approximately 85% of that for large vessels (26), we used
similar extrapolation to determine rates at Hct � 0.35.

The normalized fMRI signal intensity in an MRI voxel
consists of signal contributions from parenchyma (pure
tissue plus microvessels, i.e., about 200 �m or less), some
larger vessels, and cerebrospinal fluid (CSF). The extravas-
cular effect of vessels on the BOLD signal in tissue and
CSF is not the topic here. The intravascular effect of larger
vessels (arteries and veins) enters in the calculations
through partial voluming with the parenchyma. Thus, ig-
noring partial volume contribution by CSF, the effect of
which is small (27), we have the total signal

Svoxel � �I/I0�voxel � xparSpar � xveinSvein � xarterySartery , [2]

in which the sum over the voxel components, xpar � xvein

� xartery � 1. In a typical GRE experiment, the large-vessel
signal contributions can be written as (28):

Sj �
1 � exp(
TR/T1,j)

1 � cos�FA�exp(
TR/T1,j)
sin�FA�exp(
TE/T*2,j)

j � artery or vein , [3a]

in which FA is the flip angle. SE signals follow a similar
equation with T2 instead of T*2. For parenchyma we have
four contributions (k � tissue, arteriole, capillary, venule):

Spar

� �
k

xk
1 � exp(
TR/T1,k)

1 � cos�FA�exp(
TR/T1,k)
sin�FA�exp(
TE/T2,k

�*� ) .

[3b]

As always, the fractional sum �kxk � 1. When evaluating
xk, it is important to keep in mind that MR reflects water
volume and not tissue volume. Thus, the water contents
(C) of gray matter and blood should first be calculated in
units of ml water/ml tissue. Using the fact that 1 g water is
1 ml, C is related to the density d (g tissue/ml tissue) and
the water content w in (g water/g tissue) via:

CGM � dGM � wGM � 1.047 � 0.847

� 0.89 (ml water/ml gray matter) [4a]

Cblood � Hct � dery � wery � �1 � Hct�dplas � wplas

� 0.95 � 0.22Hct (ml water/ml blood) . [4b]

The latter equation is based on data of Tagaki et al. (29),
Herscovitch and Raichle (30), and references therein, giv-
ing dery � 1.10 g/ml, dplas � 1.03 g/ml, wery � 0.66 g/g, and
wplas � 0.92 g/g. The water fractions for the pure tissue and
the microvascular compartments are:

xtissue � �CGM � Cblood
micro � CBVGM�/CGM [5a]

xi
micro � xblood,i

micro � Cblood
micro � CBVGM/CGM [5b]

in which i relates to the particular microvessel (arterioles,
capillaries, and venules), and in which it is assumed that
the total water content of gray matter, as reported in the
literature (29), includes the microvascular cerebral blood
volume (CBV).

To estimate the microvascular BOLD contributions, we
employ a parenchymal model outlined previously (23,31)
in which the microvessels, consisting of arterioles
�xblood,a

micro � 0.21�, capillaries �xblood,c
micro � 0.33�, and venules

�xblood,v
micro � 0.46� constitute CBV. When Eq. [5b] was used

to determine blood contents, it was taken into account that
microvascular Hct is 85% of that for large vessels (26). The
CBV values during baseline and functional activity were
0.047 and 0.059 ml blood/ml GM. The baseline CBV value
was taken from Leenders et al. (25) and the activation
value was calculated from the CBF change corresponding
to a typical OER change from 0.38 during baseline to
0.25 during activation (13). When a 5% increase in oxygen
metabolism (32) is used, this corresponds to an increase of
57.5% in CBF, from which CBV is calculated using the
square-root dependence for cylinders (13). This is within
experimental error of the CBV/CBF data reported by Grubb
et al. (33). When the blood volume is changed, we assume
that the total water content of the voxel does not change.
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We also calculated the effects for a 25% increase in oxygen
metabolic rate.

Parenchymal T2 and T*2 values for gray matter were
taken from the literature: 81 ms (34) and 69.4 ms (8) at
1.5 T, respectively; 54.6 ms (from cat (23,35)) and 22.6 ms
at 4.7 T, respectively. Assuming similar parenchymal and
tissue T1 values, the baseline tissue T1 values were taken
as 1.0 s at 1.5 T (28) and 1.5 s at 4.7 T (36). The baseline
blood T1 was taken from our phantom study at 1.5 T
(1400 ms (27)), and the same blood/tissue T1 difference
(400 ms) was assumed at 4.7 T, leading to a blood T1 of
1900 ms. Our phantom measurement showed negligible
(about 50 ms) oxygenation dependence of T1 over the
oxygen saturation range of interest, in agreement with
previous studies (36). When estimating the effect of partial
voluming of large veins at shorter TR, inflow effects will
play a role in the BOLD effect. In a recent study (27), we
determined that such inflow effects in arteries and veins
can be described by assigning an apparent T1 value to such
vessels rather than the true T1. For 1.5 T, this was found to
be about 600 ms at baseline and 450 ms during activation.
We used these for the partial voluming estimates for large
vessels.

RESULTS

Experiments

Figure 1 shows slice profiles (a, c, e, and g) and corre-
sponding relaxation rate profiles (b, d, f, and h) of the GRE
and SE signals at 1.5 T at two different oxygen saturations.
Although a slice thickness of 10 mm was used, the profiles
are of excellent quality for both sequences. When studying
relaxation-rate profiles, it should noted that rates mea-
sured in a spectroscopy experiment are based on an expo-
nential fit of the integrals of the signal in the SE profiles.
Thus, the deviating values seen at the edge of the tube in
the R2 and R*2 profiles in Figs. 1 and 2 do not contribute
significantly in the resulting overall rates. Figure 2 shows
slice profiles (a, c, e, and g) and corresponding relaxation
rates (b, d, f, and h) at 4.7 T. Despite the use of a 2-mm
slice, over which good homogeneity can easily be
achieved, the profiles are worse than at 1.5 T, especially
for the GRE signal. This is still true at full oxygenation.
Data from a sample tube with an additional narrow tube
with flowing blood inside (i–l) show even more deteriorat-
ing GRE profiles, but still quite clean SE profiles. Thus R*2
measurements at 4.7 T have a much larger standard devi-
ation than the R2 data, even in the more signal-rich, well-
shimmed center of the homogeneous measurement tube
(Fig. 2a, b, e, and f).

Contrary to results of Spees et al. (14), both SE and GRE
data could always be fitted exponentially as a function of
TE to determine the relaxation rates. These R2 and R*2
values were subsequently fitted as a parabolic function of
Y (Eqs. [1a] and [1b]). Figure 3 and Table 2 show R2, R*2,
and R�2 � R*2 � R2 for three different Hct values at 1.5 T
(Fig. 3a–c) and 4.7 T (Fig. 3d–f). As indicated by Wright et
al. (23), the B and C constants in such parabolic fits may
compensate each other, leading to meaningless variations
in B and C. We therefore also fitted all data with only two
constants: a non-oxygenation-dependent (A) and a qua-

dratic (C) one (Table 2). This two-parameter approach also
provided excellent fits, well within experimental error of
the data (R2-value higher than 0.95 for all fits at 1.5 T, and
0.81–0.99 for fits at 4.7 T). In general, R2-values for low
hematocrit data were better than for high Hct. The R2 of AC
fits was at least 85% (Hct 0.75, SE at 4.7 T), but in most
cases over 99% of R2 for ABC fits. Finally, R*2 data were

FIG. 1. Slice profiles (a, c, e, and g) and corresponding transverse
relaxation rate profiles (b, d, f, and h) for two oxygenations (a–d and
e–h) at 1.5 T. The four slice profiles per graph correspond to four
TEs. Data were acquired from a 10-mm slice. Note that R2 mea-
sured in a spectroscopy experiment will be reflected by the R2

profile weighted by the signal contributions as a function of position
in the tube. Thus, the deviating values at the edge of the tube,
because of low SNR due to little signal at the edges, do not con-
tribute significantly to the data in the tables.
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also fitted using the B- and C-values for the R2 curve, to test
whether, within experimental error, the changes in R2 and
R*2 upon oxygenation have an equivalent origin. These fits,
however, were only satisfactory for the lowest Hct-values
and thus were not included here. We also calculated �R2

and �R*2 values at baseline activity and during visual
stimulation using the parabolic constants from the two-
parameter fit. The resulting numbers (Table 2) show that
the blood BOLD changes as a function of oxygenation at
4.7T are dominated (about 80%) by the R2 contributions
for the physiological range in vivo both at 1.5 and 4.7 T.

Simulations

We used the experimental data to calculate R2 and R*2 at
both fields for Hct � 0.41 (large vessels) and Hct �
0.35 (microvessels). Using the relaxation times for gray
matter in vivo, it is then possible to estimate intravascular
BOLD changes for pure parenchyma (tissue � microves-
sels) and for parenchyma with large vessel contamination.
As these predictions depend on the chosen experimental
parameters, especially the partial volume fractions for the
different voxel compartments, the results can vary
strongly. Because most investigators are interested in rel-
ative changes, we calculated (Fig. 4) the intravascular per-
centual BOLD changes for pure veins, pure parenchyma,
and parenchyma with minor partial voluming with large
veins (2%) and arteries (0.8%). Table 3 lists the results for
frequently-used TE and TR values in vivo (FA � 90°). At
1.5 T, for the TE range shown, the relative BOLD changes
for both SE and GRE keep increasing monotonously as a
function of TE for parenchyma and parenchyma slightly
contaminated by large vessels. In contrast, at 4.7 T, the
relative BOLD changes level off for parenchyma, after
which they decrease again. This leveling off occurs at
shorter TE and the postleveling decrease happens at higher
rate for parenchyma that is contaminated with veins. For
SE, the maximum is at about TE � T2 � 55 ms; for GRE it
is around 40–50 ms, which is at TE 	 T*2par (� 23 ms).
Another interesting observation is that at 1.5 T, relative
intravascular GRE-BOLD is larger than SE-BOLD, while at
4.7 T the relation is inverted. The effects for a 25% in-
crease in oxygen metabolism together with the 57.5%
change in CBF are also given in Table 3. Notice that a
lesser mismatch between oxygen metabolism and CBF re-
duces the BOLD effect, as BOLD changes are only possible
because of this mismatch (23). However, the shape of the

FIG. 2. Slice profiles (a, c, e, and g) and corresponding transverse
relaxation rate profiles (b, d, f, and h) for two oxygenations (a–d and
e–h) at 4.7 T. The four slice profiles per graph correspond to four
TEs. Data were acquired from a 2-mm slice through the homoge-
neous sample tube used to acquire the data in Fig. 3. i–l: Data from
a 2-mm slice through a sample tube with a narrow tube inside it
show deteriorating GRE profiles, but quite clean SE profiles. As
explained in the legend of Fig. 1, the R2 values measured at the tube
edges are due to the low signal at the edge of the tubes and do not
reflect measurement accuracy for the data in the tables, as they do
not contribute significantly to the integral over the curve, which is
weighted by the amount of signal.
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TE dependence did not change much, except for a small
shift of the maximum response at high field to lower TE.

To better understand the contributions of the individual
microvessels to the parenchymal changes, we plotted
these in Fig. 5. It can be seen that at 1.5 T the venous
contribution is larger than the capillary one, which is
again larger than the arterial one. At 4.7 T, this same
behavior is seen at short TE, but changes drastically at
longer TE, where the capillary contribution dominates the
BOLD signal change. The reason for this reduced venous
contribution to the BOLD effect is not the magnitude of the
venous BOLD effect (very large at high field), but the short
transverse venous relaxation rate, which reduces the sig-
nal contribution. Figure 6 shows the relative signal contri-
bution of the individual microvascular compartments and
the total microvasculature response, normalized to the
parenchymal signal at each TE. Note that the intravascular
venous contribution to the total signal increases with TE at

low field and reduces with TE at high field, where the
arterial signal contribution becomes dominant due to its
smaller R2 and R*2.

DISCUSSION

Several conclusions can directly be drawn from the data in
Figs. 1–4. First of all, quantification of the BOLD R*2 effect
becomes much more difficult at higher magnetic field
strength. The origin of this effect could be based on cellu-
lar susceptibility as well as sample tube susceptibility
considerations. At higher field, the effect of the suscepti-
bility change from blood to tube walls and air increases.
However, distortions in the profiles do not concentrate on
the edges of the tube, but rather produce humps in the
overall profile. The effects of shimming are expected to be
visible in R*2 profiles, but these should not increase with
deoxygenation, because shimming was kept unchanged.

FIG. 3. Transverse relaxation rates R2 (di-
amonds), R*2 (circles), and R2

� (no markers)
at 1.5 Tesla (a–c) and 4.7 T (d–f) as a
function of oxygenation fraction (Y) for
three different Hct values. Fits of the data
are with a second-order polynomial, the
constants of which are given in Table 2.
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However, the spatial quality of GRE data at low oxygen-
ation, especially at 4.7 T, is poorer than for the SE data,
rendering their interpretation more difficult. This behavior
is probably even more pronounced in vivo, where many

macroscopic and microscopic susceptibility differences
complicate shimming. To illustrate such effects, we in-
cluded data from a sample tube with an additional narrow
tube with flowing blood inside it (Fig. 2i–l), which dem-

FIG. 4. Estimated SE (solid line)
and GRE (dashed line) intravascu-
lar relative BOLD signal changes
during activation as a function of
TE for (a and b) parenchyma and
(c and d) veins. In a and b lines
without symbols denote pure pa-
renchyma, while lines with cross
symbols describe parenchyma
with partial volume contributions
of 2% veins and 0.8% arteries.
Data are given for 1.5 T and 4.7 T
using TR � 1 s and FA � 90.

Table 2
Parabolic Constants (in s
1) of Fits of the Relaxation Rates R2 and R*2 as a Function of Oxygenation Fraction Using Eqs. [1a], [1b]†

A B C A* B* C*

1.5 Tesla
Hct 0.28 3.4 6.1 15 4.8 5.1 20
Hct 0.44 4.8 1.7 19 6.9 
3.7 30
Hct 0.64 6.2 
1.5 27 8.6 
1.6 35

4.7 Tesla
Hct 0.21 9.7 23 164 38 18 171
Hct 0.40 15 4 246 42 
17 350
Hct 0.75 18 
23 278 44 
11 317

A B � 0 C A* B* � 0 C* �R2 (act) s
1 �R*2 (act) s
1

1.5 Tesla
Hct 0.28 4.0 0 23 5.4 0 26 
1.8 
2.1
Hct 0.44 5.0 0 21 6.5 0 25 
1.7 
2.0
Hct 0.64 5.9 0 25 8.4 0 33 
2.0 
2.6

4.7 Tesla
Hct 0.21 11 0 210 38 0 206 
17 
16
Hct 0.40 15 0 254 41 0 319 
17 
27
Hct 0.75 17 0 228 44 0 293 
18 
27

†See Figs. 3, 4. Changes in venous rates (s
1) during activation are also calculated for Y changing from 0.61 to 0.73.
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onstrated badly deteriorated GRE profiles. Relaxation time
profiles confirm these data, showing large fluctuations in
R*2 even in the homogeneous part of the tube that contrib-
utes the bulk of the water spins. On the other hand, R2 data
provide a consistently well-shaped profile as a function of
position, even under the more severe conditions with two
tubes. We therefore conclude that the accuracy of the R*2
quantification is compromised at higher fields, and that
BOLD quantification efforts at such field strengths should
probably focus on R2 determinations. Although total SE-
BOLD effects are smaller by about a factor of 3 than R*2
effects, use of SEs instead of GREs should be well possible
at higher fields due to the more-than-linear field depen-
dence of BOLD in venous blood (see �R*2 and �R2 in Table
2). Such a use of SEs at high field was recently demon-
strated (37). SE-BOLD is also more simple from a modeling
point of view, as a large fraction of the effect can be
assumed to be intravascular (1,23). However, care has to be
taken with such modeling, because the extravascular R2

contribution will increase at higher fields (38).
A second important conclusion is that the oxygenation

dependence of the BOLD effect in the physiological range
(0 � (1 – Y) � 0.4) is very similar for R2 and R*2 at both
1.5 T and 4.7 T. At the normal Hct of 0.4, values of R2� �
R*2 – R2 increased only slightly with reduced oxygenation
at both fields (Fig. 3). The calculated intravascular BOLD
activation effects (Table 2) for a typical venous oxygen-
ation change (Yv � 0.61–0.73) show that BOLD R*2 changes
are dominated by the R2 contributions at both field
strengths. This is in good agreement with data on human
activation measured inside venous vessels (10) at 1.5 T,
where changes in R*2 upon visual activation are on the
order of magnitude of those measured for R2 (13,24).

Experimental Considerations

To better judge the validity of our results, we compared the
measured venous relaxation rates with available in vitro
and in vivo data from the literature (Table 4, Fig. 7). The
data in Table 4 show great variation due to various exper-
imental conditions and setups (Table 1). The results for R2

at physiological Hct compare quite favorably, the mea-
sured single-echo rate being somewhat larger than values
reported for Carr-Purcell-Meiboom-Gill (CPMG) experi-
ments. CPMG data agree well with the data of Golay et al.
(24) and Wright et al. (17). These data also support the
notion that interspecies (bovine (24) and human (17)) vari-
ance between large mammals is not a significant factor in
blood relaxation. The 1.5 T R*2 data in the literature (Fig. 7)
range from 5 to 12 s–1 for physiological Y-values, except
for the study by Spees et al. (14), who found twofold
greater value as calculated from the parabolic constants for
single exponential decay of the FID. Note that the venous
R*2 value of about 10 s–1 at 1.5 T is slower than the tissue
relaxation rate, a situation that inverts at 4.7 T. The data in
Fig. 7 show an increased range of possible R*2 values at
venous oxygenation, which is not unexpected in view of
the inherent nature of this parameter. It is sensitive to
global field inhomogeneities, which are determined by the
particular shim settings and construction details in vitro
and by local field variations in tissue, especially at tissue
interfaces (CSF, veins, and parenchyma). In addition, in
studies of isolated blood, experimental details such as
temperature, pulse sequence (spectroscopic vs. imaging,
resolution, range of TE values, use of single or multiple
echoes) and cell precipitation in the sample during the
experiment may have an effect on R*2. Hematocrit has been

Table 3
Estimated Intravascular Relative BOLD Signal Changes (Hct � 0.41) at Commonly Used Echo Times for Parenchyma, Veins, and
Parenchyma With Partial Volume Contributions of Veins (2%) and Arteries (0.8%) at 1.5T and 4.7 T.*

5%/57.5%
Parenchyma Vein

Parenchyma � partial
volume

TR � 1s TR � 3s TR � 1s TR � 3s TR � 1s TR � 3s

1.5 Tesla
TE � 50ms GRE 0.50% 0.75% 11% 11% 1.3% 1.0%

SE 0.43% 0.66% 9.1% 9.1% 1.2% 0.89%
TE � 80ms SE 0.96% 1.3% 15% 15% 2.0% 1.7%

4.7 Tesla
TE � 20ms GRE 0.36% 0.50% 70% 70% 1.7% 1.2%

SE 0.33% 0.47% 52% 52% 1.6% 1.1%
TE � 50ms SE 0.57% 0.73% 180% 180% 1.9% 1.5%

25%/57.5%
Parenchyma Vein

Parenchyma � partial
volume

TR � 1s TR � 3s TR � 1s TR � 3s TR � 1s TR � 3s

1.5 Tesla
TE � 50ms GRE 0.37% 0.60% 7.0% 7.0% 1.1% 0.78%

SE 0.32% 0.54% 5.9% 5.9% 0.96% 0.69%
TE � 80ms SE 0.75% 1.00% 9.7% 9.7% 1.6% 1.3%

4.7 Tesla
TE � 20ms GRE 0.04% 0.09% 42% 42% 0.93% 0.55%

SE 0.05% 0.16% 32% 32% 0.93% 0.53%
TE � 50ms SE 0.07% 0.19% 100% 100% 0.91% 0.59%

*The percentage ratio on the top left indicates the assumed changes in oxygen metabolism and CBF.
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shown to affect R2 relaxation (12,24), and the same is true
for R*2 (Table 2). Temperature can affect relaxation through
several mechanisms. First, water diffusion varies with
temperature, altering the time scale of motion inside and
near the cell, in turn affecting the dephasing rate. Second,
cell membrane properties, such as permeability, are tem-
perature-dependent, also affecting water motion (39).
Third, temperature influences the kinetic properties of
macromolecules, affecting relaxation pathways involving
those molecules. Therefore, in Table 4, we compare our
data only with those of in vivo studies and in vitro studies
conducted at 37°.

Simulations

The present experiments do not provide additional
clues about the mechanism of the in vivo BOLD effect.
The increase in relaxation rates at lower oxygenation
and higher field may result from both intra- and ex-
travascular field-gradient related relaxation mechanisms
(2,4,5,12,21), and an exchange-based intravascular
mechanism may contribute as well (23). However, the
data help provide a better understanding of the intravas-
cular contribution to SE and GRE BOLD effects at dif-
ferent field strengths. For instance, the signal contribu-
tions of the different types of vasculature can be evalu-

ated as a function of TE. The simulations in Fig. 4 and
Table 3 show that intravascular relative BOLD signal
changes in parenchyma increase more than linearly as a
function of TE for both R2 and R*2 at 1.5 T. At 4.7 T,
however, a maximum becomes visible at TE � 40 –50 ms
for R*2 and TE � 55 ms for R2. This maximum is around
TE � T2(tissue) for the SE, but at about TE � 2T*2(tissue)
for the GRE. Interestingly, these maxima become more
pronounced and move to lower TE when partial volum-
ing with large vessels is introduced. This partial volume
contribution increases at shorter TR and higher field.
Large-vessel contamination effects are more pronounced
at short TR because inflow effects were taken into ac-
count. The increased partial volume effect at high field
is due to the fact that venous BOLD changes increase
much faster with field than parenchymal changes. This
effect is most pronounced at short TE, where an increase
by a factor of 4 –5 in the relative BOLD effect is pre-
dicted. This increase in partial volume contributions at
reduced TE seems somewhat puzzling in view of the
continuous increase in the relative venous BOLD
changes as a function of TE at both high and low fields
(Fig. 4c and d). However, this relative increase is some-
what misleading, because the high venous R2 and R*2
cause the venous signal contribution to drop off strongly

FIG. 5. Estimated relative
BOLD signal changes during
activation as a function of TE
for the individual microvascu-
lar compartments (venules:
crosses; capillaries: no mark-
ers; arterioles: spheres). Sig-
nal changes were normalized
to the net baseline signal of
parenchyma at each TE. Note
the reduced influence of the
venules and increased contri-
bution of the capillaries at long
TE at high field.
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with TE at high field (Fig. 6c and d), thereby rapidly
increasing �S/S in veins. As the weight of the venular
compartment reduces, the origin of microvascular intra-
vascular BOLD moves toward the capillary area (Fig. 5c
and d).

Another important simulation result is that the intra-
vascular contribution to the total parenchymal signal is
the same at very short TE at both field strengths studied,
while it is about half as large at high field at TE � 100 ms
(Figs. 5 and 6). The reason is that signal is dominated by
spin density at short TE and is weighted by the effect of
transverse relaxation at long TE. Consequently, the in-

travascular contributions to the BOLD effect are still
very large at high field for both SE and GRE at the
commonly used TE values of 20– 40 ms. The reader will
also notice that the total parenchymal BOLD signal
change in Fig. 4 is less than the sum of BOLD signal
changes calculated for the individual microvessels. The
reason is that the tissue volume reduces as the micro-
vascular volume increases (total remains constant).
Thus, under these terms, the tissue contribution is neg-
ative and reduces the BOLD effect. As the intra- and
extravascular BOLD effects are much larger than this
reduction, the BOLD effects remain positive (27).

FIG. 6. Estimated fractional
signal contribution of the indi-
vidual microvascular compart-
ments (venules: crosses; capil-
laries: no markers; arterioles:
spheres) and the total micro-
vasculature (diamonds) to the
total parenchymal signal at
each TE. Baseline activity is
shown in solid lines, and neuro-
nal activation in dashed lines.
Notice that the intravascular
contribution to the total signal
increases with TE at low field
and reduces with TE at high
field, where the signal contribu-
tion of the arteries even be-
comes dominant due to its long
TE.
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To obtain an impression of the validity of these sim-
ulations, we calculated the intravascular BOLD effects
for some studies in the literature (3,9). Gati et al. (9)
measured the absolute signal change (arbitrary units) in
veins and parenchyma as a function of TE. Because
absolute signal depends on the particular experimental
conditions, we can only compare curve shape and rela-
tive vein/parenchyma effects. Simulations at 1.5 T using
Gati et al.’s (9) acquisition parameters (Fig. 8a– d) show
the venous curve (Fig. 8a) flattening off at TE � 80 –120
ms. Their experiments showed a maximum at TE �
50 – 60 ms, which is close to T*2par at this field strength,
indicating some partial voluming with parenchyma. The

shape of the parenchymal curves for our simulations
(Fig. 8c) and Gati et al.’s (9) data is similar, but the
relative change measured for veins versus parenchyma
at TE � 60 ms was smaller by about a factor of 4 than in
our simulations. Because of partial volume effects and
possible extravascular contributions in the in vivo data,
any ratio can occur, and comparison is difficult. Com-
parisons of the data at 4.0 T (9) and 4.7 T (our simula-
tions; Fig. 8b and d) are also not straightforward, espe-
cially because transverse relaxation effects tend to go
with the square of the field (42 � 16 vs. 4.72 � 22). Thus,
the only general conclusion that can be drawn is from
the change in the shape of the curves when going to a

FIG. 7. Comparison of oxygen saturation de-
pendence of R*2 at 1.5 T with data from the
literature. The curves of Li et al. (22) are very
comparable, while the data from Spees et al.
(14) show much larger relaxation rates, indicat-
ing additional field gradient contributions.

Table 4
Literature Comparison for the Parabolic Constants (in s
1) and Venous Values (at Y � 0.61) of the Relaxation Rates R2

and R*2 at 1.5 Tesla†

A B C R2(v) A* B* C* R*2(v)

Hct  0.3
This study 4 0 23 7.5 5.4 0 26 9.4
Spees et al. (14) 3.9 0 55 12.3 4.1 0 88 17.5

Hct  0.4 (normal)
This study 5 0 21 8.2 6.5 0 25 10.3
Spees et al. (14) 6.5 0 59 15.5 4.9 0 120 23.2
Golay (6 ms, CPMG) 4.6 0 11 6.3
Wright et al. (17) (6 ms, CPMG) 3.8 0 13 5.8
Golay (12 ms, CPMG) 4.8 0 15 7.1
Wright et al. (17) (12 ms, CPMG) 3.9 0 25 7.7
Golay (24 ms, CPMG) 4.8 0 19 7.7
Wright et al. (17) (24 ms, CPMG) 4 0 42 10.4
Li et al. (22), in vitro (human) 7.2 0 35 12.5
Li et al. (22), in vivo (pig) 1.8 0 22 5.1

†Due to sensitivity of the fitting to compensation between B and C constants, a zero B constant was used, as suggested by Wright et al.
(17).
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higher field, which indeed shows a maximum that is
moving to lower TE, in agreement with the calculations.
Figure 8e and f shows GRE simulations for venous blood
and parenchyma with the experimental parameters of
Hoogenraad et al. (3). The shapes of the �S/S(TE � 30
ms) curves compare favorably. They give maximal �S/
S(TE � 30 ms) at TE � 80 ms, whereas our simulations
show it at 100 ms. Our venous �S/S(TE � 30 ms) values
are approximately double the values of Hoogenraad et
al., possibly due to the use of different OER values
(0.46 at baseline and 0.32 upon activation) and the

higher blood R*2 values of Li et al. (22). For parenchyma,
Hoogenraad et al. (3) reported �S/S(TE � 30 ms) of
2– 4%, whereas our estimated intravascular R*2 contri-
bution (Fig. 8f) is about 1%. The difference reflects the
effect of microvascular dephasing in extravascular
space, previously estimated to about 30% of the net
BOLD effect (2,11) and very probably also effects of
partial voluming with small veins and CSF, which is
unavoidable at present fMRI resolutions. Only if resolu-
tion can be improved substantially at high field, and if
extravascular dephasing can be minimized (to avoid

FIG. 8. a–d: Estimated intra-
vascular-based BOLD signal
changes (arbitrary units) dur-
ing activation as a function of
TE, calculated using the pa-
rameters of Gati et al. (9): FA �
20°; TR � 1 s. Data for (a and
b) large veins and (c and d)
parenchyma at 1.5 T and 4.7 T
show shapes similar to Gati et
al.’s (9) data at 1.5 T and 4.0 T.
e and f: Estimated intra-
vascular-based BOLD signal
changes at 1.5 T normalized
with respect to signal at TE �
30 ms, similar to the proce-
dure suggested by Hoogen-
raad et al. (3), and using their
parameters (FA � 90°, TR �
6 s). The data for the paren-
chyma (e) show a shape simi-
lar to that for the veins (f), in-
dicating dominance of the
venular contribution.
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CSF contributions from susceptibility changes in neigh-
boring large veins), will it be possible to better focus on
parenchymal effects. This is more feasible with the use
of SEs than with GREs.

CONCLUSIONS

The SE and GRE transverse relaxation rates, R2 and R*2,
of isolated blood were measured as a function of oxy-
genation, and used to estimate the expected intravascu-
lar BOLD effects for typical oxygenation changes during
visual activation. The overall conclusion is that, at the
field strengths investigated here, quantitative interpre-
tation of the BOLD effects must include the intravascu-
lar contributions. Furthermore, the results show that for
activation, the intravascular �R*2 is mainly caused by R2

relaxation changes. These intravascular contributions to
the BOLD signal changes in microvasculature are dom-
inated by the venules at all TEs at low field and at short
TEs at high field. At longer TEs at high field, the capil-
lary contribution dominates, due to the very short ve-
nous transverse relaxation rates. At TE 	 70 ms, the
intravascular contribution to the relative BOLD change
is smaller at high field than at low field, especially for
GRE experiments. However, at commonly-used shorter
TE values the opposite is the case, which is often not
realized. The data also show that both SE and GRE
high-field experiments are strongly influenced by partial
voluming with veins, raising concerns about the possi-
bility of quantitative interpretation of BOLD effects in
typical low-resolution fMRI experiments. However,
high-field experiments offer the unique opportunity to
increase resolution, thereby allowing partial volume ef-
fects to become less of a factor.
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