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Abstract
Functional MRI (fMRI) brain studies performed in the presence of a steady-state or “blood pool”
contrast agent yields activation maps that are weighted for cerebral blood volume (CBV). Previous
animal experiments suggest significant contrast-to-noise (CNR) improvements, but these studies
have not yet been performed in humans due to the lack of availability of a suitable agent. Here we
report the use of the USPIO ferumoxytol (AMAG Pharmaceuticals, Inc., Cambridge, MA) for
functional brain activation in humans, termed contrast enhanced functional Blood Volume
Imaging (CE-fBVI). Four subjects were scanned during a unilateral finger tapping task with
standard blood-oxygen level dependent (BOLD) imaging before contrast and CE-fBVI after
contrast injection. The CE-fBVI response showed both a fast (5.8±1.3 sec) and a slow (75.3±27.5
sec) component of CBV response to stimuli. A significant CNR gain of approximately 2–3 was
found for CE-fBVI compared to BOLD fMRI. Interestingly, less susceptibility-related signal
dropouts were observed in the inferior frontal and temporal lobes with CE-fBVI. The combination
of higher CNR and better spatial specificity, enabled by CE-fBVI using blood pool USPIO
contrast agent opens the door to higher resolution brain mapping.
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Introduction
Functional MRI using blood oxygenation level dependent (BOLD) has allowed the study of
physiological and neural processes in response to external stimuli (Ogawa et al., 1990;
Ogawa et al., 1993). The BOLD signal depends on complex and dynamic interactions
between cerebral vascular responses to neural activation, including cerebral blood flow
(CBF), cerebral blood volume (CBV), and oxygenation (Buxton et al., 1998; Lin et al.,
2008; Malonek and Grinvald, 1996). Ultrasmall superparamagnetic iron oxide (USPIO)
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agents provide a strong T2* MR contrast mechanism which alters MR signal in relation to
CBV (Boxerman et al., 1995; Weisskoff et al., 1994). Because of its small diameter, USPIO
particles are not rapidly cleared by the reticuloendothelial system and, therefore, have long
blood plasma half-lives (Weinstein et al., 2010). The presence of USPIO causes signal
reduction that is dependent on CBV, which changes during neuronal activation (Belliveau et
al., 1991). Therefore, MR signal changes in the presence of USPIO primarily reflect
dynamics of CBV during neural activity, which overwhelms the signal changes due to
deoxyhemoglobin concentration changes (Leite et al., 2002; Lu et al., 2007; Mandeville et
al., 2004; Mandeville et al., 1998). Such CBV-based methods also facilitate comparison
between subjects and different centers, as signal changes can be directly translated to
changes of physiological parameters (Mandeville et al., 2004). Leite et al (Leite et al., 2002)
used USPIO in macaques and showed dramatically improved activation sensitivity using
USPIO-based fMRI compared to BOLD fMRI. Furthermore, unlike BOLD fMRI which has
relatively low spatial specificity due to sensitivity to large vessels, CBV based fMRI was
found to provide high spatial specificity allowing study of the ocular dominance field in
animal models (Harel et al., 2006; Zhao et al., 2006).

The advantages of high detection sensitivity and spatial specificity make CBV-based fMRI
using USPIO particles as exogenous contrast agents an appealing technique for human
studies. Until now, there has been no human study on the use of USPIO for CBV based
fMRI, or what we term contrast-enhanced functional blood volume imaging (CE-fBVI). In
the current work, we explore the feasibility of CBV based fMRI in humans using
ferumoxytol, an USPIO that is FDA-approved for treatment of iron deficiency anemia in
adult patients with chronic kidney disease. Specifically, we studied the time constants of the
CBV response to neural activity and the contrast-to-noise ratio (CNR) gain of CE-fBVI over
BOLD fMRI. We hypothesized that significantly higher CNR can be obtained for CE-fBVI
compared to BOLD.

Theory
The presence of USPIO causes a linear R2* change as a function of concentration
(Boxerman et al., 1995; Mandeville et al., 1998).

[1]

where K is a function of the concentration of contrast agent. Following the derivation of
(Mandeville et al., 1998) and (Lu et al., 2007), the relaxation coefficient R2*, post at resting
state after the contrast injection is

[2]

where R2
*, pre is the relaxation coefficient at resting state before contrast injection, and

CBV0 is the cerebral blood volume at resting state. The signal intensity at resting state after
contrast injection is

[3]

The signal intensity during neural activation is:

[4]
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And the change in signal intensity with respect to resting state is then:

[5]

The approximation in the second derivation gives close estimate when the change is small,
and the error is about 4% for a true change of 25%.

Here, S0 is signal intensity at TE=0. R2 *, pre and R2 *, post are transverse relaxation constant
before and after contrast injection respectively; ΔCBV(t) change in CBV; ΔR2*, BOLD,
change in transverse due to BOLD effect.

When TE is fixed, the maximum signal change is achieved at a contrast concentration when

[6]

When the contrast concentration, i.e. K is fixed, the maximum signal change is achieved
when:

[7]

For subjects scanned with the same with same TE for both BOLD and CE-fBVI, the
percentage CBV change during task can be calculated as:

[7]

where Spre, act and Spost, act are signal intensities during BOLD and CE-fBVI task
respectively, and Spre, base and Spost, base are signal intensities at resting state before and after
contrast injection respectively.

It is important to notice that the detection sensitivity also depends on noise, and the temporal

noise in fMRI data include three components (Kruger and Glover, 2001): ,
where σ0 is the thermal and system noise that is independent of signal and is expected to be
unchanged before and after contrast injection. σB and σNB represent physiological noises
that arise from baseline fluctuations in cerebral blood flow, cerebral blood volume and
cerebral blood oxygenation level as well as cardiac and respiratory functions. σB represents

the component that results in fluctuation in . This component is closed related to
spontaneous brain activity at resting state through the same mechanism of tasked induced
responses as well as cardiac and respiratory functions. This component is proportional to
contrast changes in BOLD experiments. σNB represents physiological noise that is
independent of TE but is proportional to the signal intensity.
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Methods
Subjects

Four healthy right-handed male volunteers were recruited for the study (24 years to 53 years
old). This research was approved by the institutional review board and informed consent
was obtained from each volunteer.

Data Acquisition
MR imaging was performed at 3T with an 8-channel head coil (MR750, GE Healthcare,
Waukesha, WI). Subjects were scanned with the following protocol: A 3D T1-weighted
inversion recovery spoiled gradient echo (IR-SPGR) sequence covering the entire brain was
acquired (TR/TE/TI = 9.2/3.7/400ms, Matrix = 256×206, in-plane resolution = 0.94 × 0.94
mm, slice thickness = 1.2mm, 120–130 slices depending on head size). BOLD fMRI and
CE-fBVI were performed using a 2D gradient echo EPI sequence before and after the slow
injection (1ml/s) of ferumoxytol (510 mg Fe [approx 7 mg Fe/kg], AMAG Pharmaceuticals,
Cambridge, MA) respectively (FOV=22cm, Matrix = 64×64, slice thickness = 4 mm,
number of slices = 36, TR=2s). The subjects performed 4 epochs of 48s of right hand finger
tapping and 48s of rest in response to auditory cues. The echo time (TE) was 35ms for pre-
contrast BOLD. To experimentally validate the optimal TE for CE-fBVI, one subject
underwent CE-fBVI scans with both 20ms and 35ms, another one with TE of 20ms, and the
other two subjects with TE of 35ms. A 3D multi-echo gradient echo sequence was acquired
for T2* mapping before and after contrast injection (16 echoes with a smallest TE of 3.3ms
and an echospacing of 4ms, Matrix = 256×232, in-plane resolution = 0.86 × 0.86mm, 10
slices of 1mm thick).

T2* calculation
Images were processed using SPM8 (Wellcome Trust Center of Neuroimaging, UCL, UK)
and custom MATLAB (Mathwork, Natick MA) scripts. T2* maps were generated by fitting
the following formula using Levenberg-Marquardt algorithm

[8]

where S(TE) is the signal at echo time of TE, σ is the noise level which was measured in the
image at a region of air. The noise term σ was added to the model because at long echo time
after contrast injection the signal approaches noise floor. The 3D T1-weighted image was
segmented using SPM8 and re-sliced to the space of the T2* map. A gray matter mask was
then created and used to calculate the mean T2* value of the gray matter before and after
contrast injection.

fMRI Image Analysis
The 2D gradient EPI images from both BOLD and CE-fBVI experiments were first co-
registered to correct for motion and then smoothed with a Gaussian kernel with a full-width
half height of 7mm. A general linear model was used for the detection of activated region,
where a hemo-response function (HRF) was convolved with the paradigm as a regressor.
For BOLD fMRI, the canonical HRF from SPM8 was used, while for CE-fBVI the HRF was
generated with the bi-exponential model fit described below. The activated region in the
motor area was identified from BOLD fMRI and a region of 3×3×3 voxels from the
unsmoothed images was exacted. The mean value in this area was used to estimate the time
constants of both BOLD and CBV responses by fitting mono- or bi-exponential model with
the following equation using Levenberg-Marquardt algorithm:
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[9]

where n = 1 for mono-exponential model, and n= 2 for bi-exponential model; Tci
characterizes the response speed of the BOLD or CE-fBVI to external stimuli; ai specifies
the relative weighting the of the two exponential terms in the bi-exponential model and
a1+a2 = 1.

The relative sensitivity of BOLD fMRI and CE-fBVI were compared using CNR ratio and
Student’s T statistics. We define the contrast to noise ratio (CNR) to be the ratio between the
standard deviation of fitted signal time course and σ0, It is defined against σ0 instead of σ so
that CNR does not depends on image resolution, which affects signal intensity and hence σ.
The standard deviation of the fitted signal time course quantifies the amount of variance in
the data that is explained by the fit, which is consistent with the definition of commonly
used F statistics in linear regression. To quantify the number of voxels activated in the
primary motor cortex, a mask image of the primary motor cortex was generated in the MNI
(Montreal Neurological Institute) space and then dilated by 2cm to account for subject
variability. The MNI T1 weighted image was then registered to the mean EPI image of each
subject, and the transformation derived was then applied to the dilated primary motor cortex
mask to create masks in image space of individual subjects. The peak t value (Tpeak),
average t value in the commonly activated region (Tcn), and average t value of the 50 most
activated voxels in the respective method (T50) were quantified for both BOLD and CE-
fBVI.

To quantify the temporal noise of BOLD and CE-fBVI, the mean and temporal standard
deviation of first 24 time points (48s) when the subject was resting for both BOLD and CE-
fBVI. The T1 weighted image was segmented using SPM and a gray matter mask was
created and registered to the image space of BOLD and CE-fBVI. Then mask was then used
to calculate the mean signal intensity (SGM) and mean temporal standard deviation in gray
matter (SDGM) for BOLD and CE-fBVI.

Analysis of Signal Dropout
We also compared the level of signal dropout between BOLD and CE-fBVI in the frontal
region due to susceptibility difference at the air-tissue interface. A region of interest (ROI)
was placed in the frontal region where signal dropout was observed, and a control ROI was
placed in a posterior region of the brain. Signal dropout ratio was calculated as the ratio of
the mean signal intensities between the two regions.

Results
Figure 1 shows T2*-weighted and T2* maps acquired before and 5–10 minutes after
contrast injection. Significant signal decreases after contrast injection were observed due to
the strong T2* effect of ferumoxytol, more so in gray matter than in white matter. The
mean(SD) T2* value of the gray matter was 50.8(2.0) ms and 23.2(1.9) ms before and after
contrast injection respectively (Table 1).

Robust activation was observed for both BOLD and CE-fBVI, in regions including primary
and supplemental motor regions, and the cerebellum (Figure 2). Generally, at the resolution
acquired in the present study, activated regions overlapped between CE-fBVI and BOLD,
although this overlap was not perfect. For example, in one subject, there was a large
activated region in the occipital lobe with CE-fBVI, which was not seen in the BOLD
activation maps. The overlap between of activated CE-fBVI and BOLD in the primary
motor cortex was 67.6% (3.5%) and 55.0% (21.9%) for subjects with TE=20ms and
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TE=35ms respectively. Figure 3 shows an example of the signal time course during BOLD
and CE-fBVI acquisition. The BOLD effect induced a positive signal change during the task
with respect to resting state, with a relatively short time constant (Table 2); therefore, the
signal plateaued after short period time of task and it returned to the baseline during rest. In
contrast, CE-fBVI induced signal reduction during the task due to increased CBV; the time
constant was longer than BOLD and the signal did not return to baseline during rest. A
mono-exponential model provided a reasonable fit to the BOLD response with time constant
ranging from 3.8s to 8s (Table 2). As the mono-exponential model did not provide a
sufficient fit for the CE-fBVI response, particularly lack of fit for baseline, a bi-exponential
model was explored. The adjusted R2, which penalizes the number of parameter in the
model against goodness of the fit the model, suggested a bi-exponential model was better
than a mono-exponential model for fitting the CE-fBVI signal response. A fast and a slow
component of the CE-fBVI response were observed. The response time for the faster
component ranged from 3.9s to 7.0s, which was close to the response time of BOLD. The
relative weighting of the fast component ranged from 0.83 to 0.92. The response time of the
slower component ranged from 48.2s to 115.2s. For subjects scanned with same TE=35ms
for both BOLD and CE-fBVI, the mean (SD) percentage peak CBV change was found to be
26.1%(8.7%) during task.

The CNR gain of CE-fBVI at TE=20ms was 2.0 and 2.9 for the two subjects evaluated with
these parameters, respectively. For CE-fBVI at TE=35ms, the gain was 1.1, 1.5 and 2.0 for
three of the subjects. Higher t statistics was obtained for CE-fBVI compared to BOLD
(Figure 2). Table 3 shows peak T (Tpeak), average T value in the 50 most significant voxels
in the primary motor cortex (T50), average T value in regions commonly activated in both
BOLD and CE-fBVI, the mean signal intensity of gray matter (SGM) and temporal standard
deviation of signal in gray matter (SDGM). A sensitivity gain of a factor of 1.6 in both Tpeak
and T50 were observed for CE-fBVI with TE=20ms over BOLD, and the factor was 1.4 and
1.3 for Tpeak and T50 respectively for CE-fBVI with TE=35ms. The mean signal intensity of
gray matter, SGM in CE-fBVI was lower than in BOLD, and the temporal variation of signal
as shown by SDGM was smaller though comparable in CE-fBVI compared to BOLD.

Severe signal dropout was observed for BOLD images at the frontal and basal temporal
regions near air-tissue interface, which was significantly alleviated with CE-fBVI (Figure 4).
The dropout ratio, defined as the ratio of signal intensity between ROIs in a frontal region
and a reference region in posterior part of the brain, was calculated. For subjects scanned
with CE-fBVI with TE=20ms, the mean (SD) ratio was 0.11 (0.04) and 0.36 (0.12) for
BOLD and CE-fBVI, respectively. For subjects scanned with CE-fBVI with TE=35ms, the
mean (SD) ratio was 0.10 (0.04) and 0.20 (0.08) for BOLD and CE-fBVI, respectively. The
ratio was higher in all CE-fBVI scans with TE=35ms than their respective BOLD scans.

Discussion
To our knowledge, this is the first study that uses blood pool USPIO for functional brain
activation in humans. We characterized the response time for CBV changes during neural
activation, and CE-fBVI was found to have up to about a factor of 3 sensitivity gain over
BOLD at the dose of 7mg Fe/kg.

CE-fBVI using USPIO primarily reflects CBV changes during neural activation, through its
R2* effect in the presence of a blood pool (persistent) contrast agent. Although it has been
known that gradient echo images are sensitive to large vessels (Boxerman et al., 1995),
previous studies have established that only capillaries, smaller arterioles, and some of the
smallest venules are capable of constriction and dilation (Atkinson et al., 1990; Duelli and
Kuschinsky, 1993; Lu et al., 2003). Therefore, CE-fBVI is more specific to changes in
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microvasculature, hence providing better spatial localization. In contrast, BOLD is more
sensitive to larger vessels since deoxyhemoglobin concentration is also altered in veins
draining the region of neural activation. Animal studies have demonstrated the higher spatial
specificity of CE-fBVI, and have shown that columnar and laminar imaging is feasible with
CE-fBVI (Harel et al., 2006; Lu et al., 2004; Zhao et al., 2006).

The percentage CBV change was found to be 26.1% (8.7%), which is consistent with
previous reports (Belliveau et al., 1991). We also found a fast and a slow component of the
CBV response to stimuli, consistent with previous animal and human studies (Leite et al.,
2002; Lu et al., 2003). It is noteworthy of the relative large inter-subject variation in the
estimated time constant of the slow component of the response, which is likely the
combination of true inter-subject variation and errors in the model fitting. Scanner drifts
may also contribute to errors in the estimation; however signal response of BOLD did not
show the similar cumulative effects of slow component observed in CE-fBVI, suggesting
scanner drift is not a dominant factor in the estimation error. Larger scale studies may
further characterize these variations. The fast components may reflect arteriolar and
capillary components, while the slower component may represent venular contribution,
which is believed to the source of the post-stimulus undershoot in the BOLD signal (Buxton
et al., 1998). In a previous study of non-human primates (Leite et al., 2002), the time
constant of the slower component was found to be around 14.5s and the signal level returned
to baseline after 60s of resting. However, in our study, the estimated time constant of the
slower component ranged from 48.2s to 115.4s, and the significant signal change was still
present after 48s of rest. Shorter time constants have been observed in rodent studies (Lu et
al., 2007). This suggests more prolonged venular responses in humans compared to animals.

We observed a CNR gain of CE-fBVI at 20ms over BOLD with a factor of 2.0 to 2.9. It is
noteworthy that the optimal TE (~50ms) was not used for BOLD experiment. However, the
CNR reduction using TE=35ms with respect to TE=50 is less than 5%. Therefore, the CNR
gain is primarily due to the use of the contrast agent. This CNR gain is translated to higher t-
statistics in the activation map. Comparable noise levels were also observed between CE-
fBVI and BOLD. As the signal intensity is lower in CE-fBVI, it is expected that noise due to
cardiac and respiratory functions and subject motion would decrease (Kruger and Glover,
2001). The finding of comparable noise levels between CE-fBVI and BOLD suggests an
expected increase in noise related to intrinsic fluctuations in neural activity at resting state.
However, whether this increase is proportional to CNR gain of response to external stimuli
is a subject of further study, since the slower response of CBV with respect to BOLD acts as
a different low-pass filter of the resting state neural activity. We observed a T statistics gain
that is not proportional to CNR gain. This may be due to variations in response that is not
captured by exponential model, and a larger cohort would allow the derivation of population
wise canonical CBV response function that is not captured by exponential models. Together,
the increased contrast sensitivity can be efficiently invested in imaging at higher image
resolution.(Kruger and Glover, 2001; Triantafyllou et al., 2005). Combining the improved
spatial specificity and sensitivity of CE-fBVI, it may be feasible for more accurate surgical
planning and high resolution mapping of human brain functions such as orientation column
mapping, which is only currently feasible using spin echo technique at 7T (Yacoub et al.,
2008).

Largely overlapping regions were found activated with both CE-fBVI and BOLD. For the
subject showed in Figure 2, CE-fBVI however showed a large activated region in the
occipital lobe, which was not found with BOLD. This finding may be specific to the subject
due to unreported visual related activities. This may also be due to the fact that CE-fBVI and
BOLD have different hemodynamic responses to stimuli and that CE-fBVI has higher
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sensitivity in detecting activation. Future studies with high-resolution fMRI may reveal
differences in activation loci between CE-fBVI and BOLD.

We also observed less signal dropout in the inferior frontal and temporal lobes due to
susceptibility variation at the air-tissue interface. We believe the reason for this is two-fold:
firstly, the optimal TE is smaller with CE-fBVI than BOLD; secondly, the high
susceptibility value of USPIO also partially offsets the diamagnetic effect of the brain
parenchyma, leading to closer magnetic susceptibility value between the post-contrast brain
and the air. The shorter TE used with CE-fBVI also allows higher temporal resolution or
larger volume coverage.

In conclusion, we demonstrated the first use of USPIO for functional blood volume imaging
in humans with a CNR gains of 2–3 fold compared to BOLD fMRI. Both a fast and a slow
component of blood volume response were observed, and optimal CNR gain can be obtained
with long stimuli. Less susceptibility-related signal dropouts were observed in the inferior
frontal and temporal lobes with CE-fBVI. The combination of CE-fBVI using blood pool
contrast agents opens the door for improved human brain mapping.
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Figure 1.
T2*-weighted image at TE = 31.5ms (a) before and (b) after contrast injection, T2* map (c)
before and (d) after contrast injection. The signal drops after contrast injection due to the
strong T2* effect of USPIO, and the signal drop was larger in gray matter than in white
matter, as CBV is higher in gray matter than white matter. See Table 1 for statistics of each
subject.
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Figure 2.
Activation maps of CE-fBVI (a, top panel) and BOLD (b, bottom panel) respectively
overlaid on T1-weighted anatomical images. Activation was observed for both BOLD and
CE-fBVI, in regions including primary and supplemental motor regions, and the cerebellum.
Discrepancy was also found in activated regions between the two methods. For example, a
large activated region was found in the occipital cortex with CE-fBVI but not with BOLD.
Higher student’s t-statistics were found for CE-fBVI compared to BOLD.
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Figure 3.
An example of signal time course during BOLD (TE=35ms) and CE-fBVI (TE=20ms)
acquisition in a 24-year-old right-handed male. The signal change was normalized to the
base line value of BOLD to give a percentage signal change. The paradigm was four epoch
of 48s of resting and 48s of finger tapping. The BOLD effect induces positive signal change,
while CE-fBVI induces negative signal changes due to increases in CBV. The CE-fBVI
response did not completely return to baseline after 48s of resting due to a slower
component of response to stimuli. The contrast to noise ratio gain of CE-fBVI over BOLD
was 2.9 in this subject.
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Figure 4.
T2* weighted EPI images with (a) BOLD at TE=35ms before contrast injection, (b) with
CE-fBVI at TE=20ms after contrast injection and (c) with CE-fBVI at TE=35ms after
contrast injection. The image intensity was scaled with the same window/level. Severe
signal dropout was observed for BOLD images at the inferior frontal and temporal regions
near air-tissue interface (arrows). The dropout was significantly alleviated with CE-fBVI at
TE=20ms due to the use of shorter TE and the higher magnetic susceptibility value of
USPIO. The alleviation of the dropout was smaller though also noticeable with CE-fBVI at
TE=35ms.
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Table 1

Mean and standard deviation of T2* value of the gray matter before and after contrast injection for each
subject

Subject T2* pre (ms) T2* post (ms)

1 48.3 (12.5) 20.6 (8.0)

2 50.8 (8.4) 25.3 (9.4)

3 50.9 (9.1) 23.4 (6.7)

4 53.1(12.1) 23.5 (9.1)
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