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Abstract
High field (≥ 7 T) MRI studies based on signal phase have been used to improve visualization of the
fine structure of the brain, most notably the major white matter fiber bundles, the gray-white matter
subdivision, and the laminar cortical architecture. The observed contrast has been attributed in part
to local variations in magnetic susceptibility arising from iron in storage proteins and tissue lipid.
Another contribution could come from the paramagnetic blood constituent deoxy-hemoglobin, the
tissue concentration of which may vary through local variations in vascular density. To investigate
this possibility, we examined phase contrast between gray and white matter in rats after intravenous
administration of a superparamagnetic contrast agent at various dosages. At the maximum dosage
(3 mg Fe/kg), which resulted in an estimated paramagnetic susceptibility shift 4–8 times larger than
deoxy-hemoglobin, we observed a negligible increase in phase contrast between gray and white
matter. This result suggests that endogenous deoxy-hemoglobin has no significant contribution to
phase contrast between gray and white matter.
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Introduction
Despite the fact that the MR signal provides both amplitude and phase information, the latter
is generally discarded in the final steps of the image reconstruction process. Exceptions are in
applications such as phase-contrast angiography (Moran, 1982), MR temperature mapping
(Ishihara et al., 1995), venography (Reichenbach et al., 1997) and fMRI (Lee et al., 2007;
Buracas et al., 2008) in which phase has been demonstrated to provide valuable information.

Recent studies at high magnetic field (≥ 7 T) have indicated that the phase of images acquired
with GRE techniques might also provide useful contrast for the study of brain anatomy
(Abduljalil et al., 2003; Duyn et al., 2007). For example, in some brain regions, phase provides
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improved contrast-to-noise ratio (relative to magnitude images) for the separation of gray and
white matter and has improved visualization of cortical laminar structure (Duyn et al., 2007).

Several sources have been suggested to contribute to the phase contrast in GRE images. A
resonance frequency shift and the accompanying image phase accumulation could result from
locally altered magnetic susceptibilities originating from compounds such as iron (Ogg et al.,
1999; Haacke et al., 2005; Duyn et al., 2007), myelin (Ogg et al., 1999; Duyn et al., 2007), and
deoxy-hemoglobin (Haacke et al., 2004). This shift depends on the geometry of the
susceptibility distribution and its orientation relative to the main magnetic field (Bo) (Shmueli
et al., 2009). Additional phase accumulation might originate from the exchange of water
protons with macromolecules that experience resonance frequency shift (Zhong et al., 2008).

However, the relative contribution of each of these sources is not yet well understood. For
example, the paramagnetic frequency shift (i.e. a shift to higher frequencies relative to that of
pure water) in cortical segments parallel to Bo as observed in Fig. 1 (Duyn et al.,
2007;Hammond et al., 2008) can be explained by a higher concentration of paramagnetic iron
compound in gray matter, a higher concentration of diamagnetic myelin in white matter
(O'Brien and Sampson, 1965), or a higher macromolecular concentration in gray matter (Zhong
et al., 2008). Alternatively, significantly larger capillary density in gray matter compared to
white matter (Dudley, 1982;Reina-De La Torre et al., 1998; Cavaglia et al., 2001) may also
contribute to the paramagnetic phase shift in gray matter due to paramagnetic deoxy-
hemoglobin in the capillary bed and intracortical venules. More likely, a combination of
multiple of these contrast sources, in addition to other possible contributors, may be responsible
for the observed gray and white matter phase contrast. In order to fully understand the origins
of phase contrast and to interpret current findings, it is of great interest to investigate the
contribution of each of these sources.

One way to investigate the contribution of deoxy-hemoglobin to phase contrast is to vary its
concentration. Recently, oxygen challenge studies in humans (Sedlacik et al., 2008) and rodents
(Marques et al., 2009) have demonstrated a relatively small or negligible contribution of deoxy-
hemoglobin to gray and white matter phase contrast. However, the quantitative results of these
two experiments do not agree and the precision of the experiments was limited due to the
modest contrast modulation produced by the oxygen challenge (Sedlacik et al., 2008). In
addition, blood volume changes associated with the challenge may have affected the results.
Therefore, these studies may have not fully eliminated intravascular deoxy-hemoglobin as a
potential significant contributor to the gray and white matter phase contrast.

In the present study, we attempted to estimate the contribution of deoxy-hemoglobin to phase
contrast between gray and white matter by strongly altering the intravascular susceptibility
shift. By administering a paramagnetic intravascular contrast agent to anesthetized rats, we
were able to increase the susceptibility shift by an estimate of 8-fold relative to that of deoxy-
hemoglobin. This allowed us to precisely estimate the dependence of phase contrast on deoxy-
hemoglobin variations related to vascular density differences in cortex (gray matter) and corpus
callosum (white matter).

Methods
Paramagnetic susceptibility shifts were induced by intravascular injection of ultrasmall iron
oxide particles in solution (USPIO, Molday ION, BioPAL, Worcester, MA, USA). Prior to the
in vivo experiments in rats, the effect of the contrast agent on magnetic susceptibility was
quantified by measuring the induced frequency shifts in cylindrical tubes parallel to Bo. The
main purpose of this was to measure the effect size relative to deoxy-hemoglobin. Four tubes
(length = 70 mm, and diameter = 5 mm) with various concentrations of USPIO in 0.9% saline

Lee et al. Page 2

Neuroimage. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



were placed in a large cylindrical container (0.9% saline filled, length = 115 mm, and diameter
= 26 mm) also parallel to Bo. The USPIO concentrations were 0 µg Fe/ml, 14.6 µg Fe/ml, 29.2
µg Fe/ml, and 43.7 µg Fe/ml; This corresponded to 0 mg Fe, 1 mg Fe, 2 mg Fe, and 3 mg Fe
per kg of rat body weight respectively (assuming blood volume of 68.6 ml per kg of the animal
weight (Probst et al., 2006)). A single axial slice through the phantom was scanned using a 2D
multi-echo GRE sequence with FOV = 12.8 × 12.8 mm2, resolution = 100 × 100 µm2, slice
thickness = 2 mm, acquisition bandwidth = ± 26 kHz, flip angle = 60°, TR = 1 sec, and TE =
5 / 10 msec. The frequency was estimated from the phase difference between the two echoes.
The background field variation was removed by fitting 8th order polynomials to the outside
area of the four cylinders within the phantom.

After these calibration measurements, a 1 mg Fe/ml USPIO solution in 0.9% saline was injected
intravenously in five male Sprague-Dawley rats (314 ± 12 g). All animal experiments were
performed under the guidance of National Institutes of Health Guide for the Care and Use of
Laboratory Animals, and approved by the NINDS/NIDCD Animal Care and Use Committee.
The rats were anesthetized with isoflurane (5% induction, 2% maintenance) and a 23 gauge
butterfly needle attached to a 50 cm long infusion PE-50 line was inserted to the lateral tail
vein to allow contrast agent administration. Before the cannulation of the vein, the total inner
volume (typically less than 0.3 ml) of the injection line and the needle was measured using a
heparinized saline solution. For one rat, the infusion line was inserted into the femoral vein.
Once prepared for the scan, animals were secured to an MRI compatible head holder by means
of a tooth bar and ear bars. During the scan, animals were breathing a 7:3 mixture of medical
air and oxygen gas containing 2% isoflurane. The rectal temperature was monitored and
maintained at 37 °C using an electrical body heater (Rapid Biomedical, GmbH, Rimpar,
Germany). Other physiological parameters such as respiration rate, end-tidal CO2, heart rate
and SPO2, were also monitored throughout the scan.

Three injections, each with 1 mg Fe per kg body weight, were administrated sequentially at 25
minute intervals. MRI scanning was performed prior to injection and four minutes after each
injection. The final dosage reached approximately 3 mg Fe/kg since the half-life of the USPIO
was much longer (> 10 hr, unpublished result) than the scan time after the first injection (75
min). After each USPIO injection, a predetermined amount of saline (< 0.7 ml) was applied to
flush the infusion line and to ensure full delivery of the USPIO solution to the animals.

All scans were performed in a 7 Tesla / 30 cm USR (Bruker BioSpin, Ettlingen, Germany)
animal MRI system equipped with a 15 cm gradient set (Resonance Research Inc., Billerica,
MA, USA) capable of delivering 450 mT/m within 130 µs rise time. A 12 cm linear home-
built birdcage coil was used for excitation, and a four-element phased-array coil (Bruker
Biospin, Ettlingen, Germany) was used for signal reception. The scan sequence for the phase
images consisted of a 2D multi-echo GRE sequence with the following parameters: FOV =
25.6 × 25.6 mm2, in-plane resolution = 67 ×67 µm2, slice thickness = 500 µm, slice gap = 250
µm, acquisition bandwidth = ± 26 kHz, flip angle = 50°, TR = 800 msec, TE = 7 / 16 / 25 msec,
number of averages = 4, number of slices = 8 (axial), and total scan time = 20 min. Region of
interest based shimming (MAPSHIM, Bruker) was targeted to the brain area under study to
minimize large scale Bo inhomogeneity.

The magnitude images were reconstructed from the root sum of squares of the individual coil
magnitude images. All images were spatially realigned to the pre-injection images to remove
scanner-induced image shifts. Then, a mask was manually selected to separate brain area from
surrounding tissues. A slightly tight mask was chosen to reduce the phase variations from pial
(surface) veins. After that, the phase images for the mask (i.e. brain) area were reconstructed
as follows: first, the individual coil data were complex summed after correcting for the
individual coil phase offsets that were calculated from the center voxels of the images (de Zwart
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et al., 2002). After coil-combining, phase images within the mask were unwrapped (Jenkinson,
2003) in 3D mode. Large scale phase variations were removed by a 2nd order polynomial fitting
in the slice direction and a 2D Gaussian high-pass filter (FWHM = 26 voxels) in the in-plane
direction. The frequency images were calculated from the unfiltered phase images using a least-
squares estimation weighted by the magnitude image. Then, the background phase variation
was removed using the procedure described above. The R2 * values were also calculated from
the magnitude of the multi-echo data.

Results
The USPIO induced frequency shift measured in the phantom amounted to 2.42 Hz/µg Fe/ml
(Fig. 2). This corresponds to a 35.3 Hz frequency shift for 1 mg Fe/kg dosage used in the animal
experiments. The linear fit for the 14.6 to 43.7 µg Fe/ml dosage data yielded a very high R2

value (= 0.996). When compared to the blood induced frequency shift in the infinite cylindrical
model parallel to the Bo field (Chu et al., 1990;Boxerman et al., 1995), the 43.7 µg Fe/ml (3
mg Fe/kg dosage) causes a 3.9 times larger susceptibility shift (from saline) compared to blood
with a fractional hematocrit (Hct) of 0.4, and oxygen saturation level (Y) = 0.7. This assumes
a susceptibility difference between pure water and fully deoxygenated blood of 0.18 ppm in
CGS units (Weisskoff and Kiihne, 1992). The difference increases to 7.8 times for blood with
the values of Hct = 0.3 (Sakai et al., 1985) and Y = 0.8, which more closely resemble the
conditions of the capillary bed.

An example of the dose-dependent phase contrast in rats is shown in Fig. 3. Two important
observations can be made from this data: First, the large intracortical vessels become more
conspicuous with increasing dosages (a–d), suggesting a strong vascular susceptibility shift;
Second, there is a substantial contrast between gray (cortex) and white matter (corpus callosum)
that appears independent of dosage despite the significantly higher capillary volume in cortex
compared to corpus callosum (Cavaglia et al., 2001). This phenomenon is further analyzed in
Fig. 4. The subtraction of pre- and post injection data suggests that there is a strong effect in
the largest intracortical vessels in the absence of a diffuse gray-white matter effect.

To quantitatively compare the frequency difference between gray and white matter, regions-
of-interest (ROI) for cortex and corpus callosum were carefully drawn excluding the cortical
surface areas to avoid surface veins (Fig. 3e). These regions were chosen in structures that had
substantial extent in the Bo direction, mimicking the situation in published human studies
(Abduljalil et al., 2003;Duyn et al., 2007) and ensuring a substantial effect from bulk
susceptibility shifts on the image phase. The measured frequency shifts in cortex relative to
corpus callosum were 1.08 ± 0.05, 1.27 ± 0.07, 1.46 ± 0.06, 1.59 ± 0.14 at each dosage
respectively demonstrating a linear increase with increasing dosages (Fig. 5, dashed line).
When the large vessels and surrounding areas were masked out of the ROI (Fig. 3f), the relative
frequency shifts reduced to 1.04 ± 0.07, 1.10 ± 0.10, 1.16 ± 0.08, and 1.19 ± 0.10 Hz in each
dosage respectively (Fig 5, solid line). Hence, after removing the large vessel effects, the slope
of the contrast change decreases significantly. This drop in the slope indicates that most of the
contrast increase originates from the larger intracortical vessels, leaving only 0.15 Hz
difference between the maximum dosage and pre-injection result for smaller size vessels. Note
that a certain portion of this increase might originate from venules that were not identified
during the masking procedure due to the limited resolution used in the study. Hence the contrast
increase originating from the capillary bed may be even smaller.

Potential regional variations in vascular contrast were investigated by subdividing the original
gray and white matter ROIs into three sub-regions. The results of this analysis (Fig. 6) showed
similar phase contrast increases with the increasing USPIO dosages in all three sub-ROIs. Note
that small differences in the phase contrast in each sub-ROI were observed. These differences
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might originate from myelin density and/or iron content variation and possibly from
microstructural orientation differences of the fibers. Further research will be required to
determine the source of this variation.

To quantify the effect of the contrast agent from the in vivo data, the phase shifts in large
intracortical veins (on average seven veins in each dataset with mean 116 voxels) relative to
white matter (whose frequency shift is relatively close to CSF and water (Duyn et al., 2007))
were measured from the image phase at the first echo (Fig. 7). At the highest dose, the
susceptibility in these veins increased by a factor of 3.89 ± 0.56 compared to that of the pre-
injection veins. This susceptibility increase matches with the estimation value (3.9) in the
phantom experiment when Y = 0.7 and Hct = 0.4. Considering the higher deoxy-hemoglobin
content (assuming Y = 0.7) and hematocrit (0.4) of intracortical veins compared to capillary
parameters (assuming Y = 0.8 and Hct = 0.3 (Sakai et al., 1985)), the contrast agent induced
susceptibility in the capillary bed could reach up to 7.8 times that of the deoxy-hemoglobin
induced susceptibility shift (both relative to water). Despite this large increase in intravascular
susceptibility, the phase contrast between gray and white matter shows only a 0.15 Hz increase
(or 0.51 Hz when including large vessels). This suggests that the maximum contribution of
deoxy-hemoglobin, at a 7.8 times lower susceptibility shift, would contribute only 0.02 Hz (or
0.11 Hz when the large vessels portion was adjusted by a factor of 3.9) to gray-white matter
contrast. Hence, the contribution of deoxy-hemoglobin is practically negligible relative to the
much larger gray-white matter phase contrast of around 1 Hz in rats and up to 5 Hz in humans
(Duyn et al., 2007; Hammond et al., 2008).

Discussion and Conclusions
Our results demonstrate both qualitatively and quantitatively that in GRE phase imaging, the
contrast between the gray (cortex) and white matter (corpus callosum) in rats is minimally
affected by the strong increases in the intravascular susceptibility induced by a USPIO contrast
agent. This indicates that much smaller susceptibility shifts caused by deoxy-hemoglobin in
the cerebral vasculature do not significantly contribute to the gray-white matter phase contrast.
This suggests that the gray-white matter phase shifts encountered in human studies are not due
to variations in vascular density, as cortical vascular architecture is similar across mammalian
species. Even when effects of the larger intracortical vessels were included, a situation typical
for human studies, the estimated frequency shifts due to intravascular deoxyhemoglobin were
only a small fraction of the observed gray-white matter frequency shifts.

To further quantify the relative effect of the USPIO used in our study, the R2 * values were
analyzed in individual dosages. The R2 * in gray matter increased sequentially (23.4 ± 0.7, 30.0
± 1.4, 37.6 ± 2.4, 44.3 ± 2.6 s−1) with the increasing dosages. These values are much larger
than those present during physiologic variations in deoxy-hemoglobin content. For example,
based on a 4.3% fMRI signal change measured in layer IV at a 16 msec echo time (Yang et
al., 1996), and a baseline R2 * of 23.4 s−1 measured in our experiment, activation induced
reductions in deoxy-hemoglobin lead to a R2 * change (ΔR2 *) of 2.7 s−1.

This change is 7.7 times smaller than the ΔR2 * between the pre-contrast data and the highest
dosage of our USPIO experiment. Similarly, when the signal change of 5.7% measured at layer
IV-V at 11.7 T at 10 msec TE (Silva and Koretsky, 2002) is scaled for 7 T, the ΔR2 * is estimated
to be 2.1 to 3.5 s−1 depending on the assumed dependence (linear or quadratic) on field strength.
This R2 * change is also 6 – 10 times smaller than ΔR2 * change observed in our experiment.
Since the R2 * change has been suggested to linearly correlate with susceptibility change
(Thulborn et al., 1982; Yao et al., 2009), the effect of the contrast agent in our experiment is
approximately 6 to 10 times larger than what would be observed in fMRI.
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In our analysis, the oxygen saturation fraction (Y) for the large intracortical veins was assumed
to be 0.7. This value is a midpoint between the Y value (= 0.61) measured in human venous
blood (Silvennoinen et al., 2003) and the Y value (= 0.80) measured in rats (Lee et al., 1999).
For the capillary bed, Y = 0.8 was used, which is close to 0.77 suggested in (Silvennoinen et
al., 2003) but the value must be lower than what it was in the rat experiments (Lee et al.,
1999) since the capillary oxygenation saturation level is generally higher than that of the vein.
When the capillary oxygenation saturation level is assumed as a mean value of the arterial and
venous oxygenation in (Lee et al., 1999), it becomes 0.89. Despite these variations, the upper
bound for the deoxy-hemoglobin effect in the gray and white matter phase contrast still remains
below 0.03 Hz when the Y value is assumed from the human data or further reduces to 0.01
Hz when the Y values is assumed from the rat data. This upper bound for the deoxy-hemoglobin
effect in the gray and white matter phase contrast is much stricter than what has been previously
suggested (Duyn et al., 2007; Zhong et al., 2007; Sedlacik et al., 2008). One possible
explanation is the complicated structure of the capillary bed cancels out large portions of its
own phase shift, resulting in much reduced effects (Menon, 2002).

A previous work by Sedlacik et al. in humans (Sedlacik et al., 2008) showed an increase in the
gray and white matter phase contrast with increasing CO2 concentrations (0.62 × 10−3 rad at
1.67% CO2, 1.16 × 10−3 rad at 3.33% CO2, and 1.61 × 10−3 rad at 5.00% CO2). The phase
contrast at 5.00% CO2 corresponds to 0.03 Hz frequency shift when scaled to 7 T. Since the
result was obtained at a larger voxel size (0.5 × 0.75 × 2.0 mm2), it agrees with our result that
shows a phase contrast increase when large vessels were included. A phase contrast increase
with reduced vascular deoxy-hemoglobin content was also observed in an fMRI experiment
(Zhao et al., 2007). In this study, the observed phase change by the BOLD fMRI experiment
is somewhat larger (0.19 Hz when scaled to 7 T) than expected. A possible explanation for this
larger phase contrast is the contribution of surface veins as pointed out in Zhao’s paper. On
the other hand, a recent study by Marques et al. in rats (Marques et al., 2009) suggested no
significant changes in the phase contrast in capillary regions. This result is similar to our results
when large vessels were masked out of ROI. Our experiments provide complementary and
possibly more accurate findings because of the significantly larger susceptibility modulations
induced in the capillary bed as compared to the previous experiments. When measured in
humans, the fractional oxygen saturation level (Y) in large veins changed from 0.76 in pure
oxygen to 0.9 in 5% CO2 (Sedlacik et al., 2008). In capillaries where the deoxy-hemoglobin
induced gray and white matter phase contrast is expected to originate, the fractional
oxygenation saturation change should be even smaller and hematocrit is also smaller than that
of veins. Hence, the amount of susceptibility change is limited in these experiments. Moreover,
other physiological changes including the blood volume increase could confound the
quantitative interpretation of the results. Therefore our data provides further consolidation of
the irrelevance of deoxy-hemoglobin as a significant source of the phase contrast between gray
and white matter.

The exclusion of deoxy-hemoglobin as a possible source for the gray-white matter phase
contrast simplifies the interpretation of phase-based MRI of human brain anatomy.
Nevertheless, multiple other potential contributors remain, and the full understanding of the
phase contrast will require further research aimed at identifying their relative importance.
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Figure 1.
Example of gray-white matter phase shift observed in vivo at 7 T around human central sulcus
(in-plane resolution = 0.22 × 0.22 mm2). A paramagnetic frequency shift of approximately 5
Hz is observed in motor cortex.
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Figure 2.
(a) The phantom with the four different dosages (0 to 43. 7 µg Fe/ml) of USPIO. (b) The
frequency shift measured relative to surrounding saline. Note that 1 mg Fe per kg of body
weight corresponds to 14.6 µg Fe/ml assuming the 68.6 ml of blood volume per kg of the body
weight.
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Figure 3.
(a–d) The estimated frequency images at the four different dosages (0 to 3 mg Fe/kg) of the
same slice. With increasing dosages, the contrast becomes more prominent near the large
intracortical vessels. However, the gray and white matter contrast remains similar. (e) The
regions of interest (ROI) without vessel masking. (f) The ROI after vessel masking.

Lee et al. Page 11

Neuroimage. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
(a) Pre-injection frequency images (b) 3 mg Fe/kg dosage frequency images, and (c) their
difference images (3 mg Fe/kg dosage results minus pre-injection results) at four different
slices. There is almost no hint of the gray and white matter contrast in the difference images.
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Figure 5.
The gray and white matter phase contrast measured in ROI: including vessels (dashed line) vs.
after masking out vessels and surrounding areas (solid line). The slope of the phase contrast
change over the four dosages reduces significantly after masking out the vessel areas. The error
bars indicate ± 1 standard deviation.
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Figure 6.
The sub-regional analysis of the gray and white matter phase contrast. (a) The location of the
sub-ROIs. (b) The gray and white matter frequency difference in each sub-region as a function
of the contrast dose.
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Figure 7.
(a) An example of a large vein location and (b–e) the first echo phase images in each dosage.
Note that only large intracortical veins that were easily identified at the first echo phase images
of the pre-injection data were chosen. The first echo phase (echo time = 7 msec) were used to
avoid any signal drop at higher dosages at later echoes.
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