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Hemoglobin contrast in magnetomotive optical
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We introduce a novel contrast mechanism for imaging blood flow by use of magnetomotive optical Doppler
tomography (MM-ODT), which combines an externally applied temporally oscillating high-strength mag-
netic field with ODT to detect erythrocytes moving according to the field gradient. Hemoglobin contrast was
demonstrated in a capillary tube filled with moving blood by imaging the Doppler frequency shift, which was
observed independently of blood flow rate and direction. Results suggest that MM-ODT may be a promising

technique with which to image blood flow. © 2006 Optical Society of America
OCIS codes: 170.4500, 170.3880, 160.3820, 290.5850.

Optical coherence tomography (OCT) uses the short
temporal coherence properties of broadband light to
extract structural information from heterogeneous
samples such as biological tissue. The ability to lo-
cate the microvasculature precisely is important for
diagnostics and treatments that require character-
ization of blood flow. Recently several efforts to intro-
duce novel blood flow contrast mechanisms, including
protein microspheres incorporating nanoparticles
into their shells,’ plasmon-resonant gold nanoshells,?
and use of magnetically susceptible micrometer-sized
particles with an externally applied magnetic field,?
have been reported.

A high iron content, which is due to the presence of
four atoms in each hemoglobin molecule, and the
high concentration of hemoglobin in human red blood
cells (RBCs) make this molecule a useful test case for
investigating magnetomotive effects on endogenous
magnetically susceptible particles in biologic tissue.*
A RBC suspended in plasma and placed in a mag-
netic field gradient experiences forces and torques
that tend to position and align it with respect to the
field’s direction. The magnetic force, in the direction
of probing light z, is given by

AxV B
F,= B—, (1)
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where V is the particle volume, ug is the permeability
of free space, B is the magnitude of the magnetic flux
density along the z axis, and Ay is the difference be-
tween the susceptibilities of the RBC and of the sur-
rounding plasma to the force, which gives a dynamic
RBC displacement [z(¢)] that can be included in the
analytic OCT fringe expression, Iz
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where Ip and Ig are the backscattered intensities
from the reference and the sample arms, respectively,
fo is the fringe carrier frequency, \, is the light
source’s center wavelength, n is the medium’s refrac-
tive index, and z(¢) is the dynamic RBC displace-
ment.

We present a novel extension of magnetomotive
OCT that is analogous to the features of functional
MRI to image hemoglobin in blood erythrocytes. The
contrast of optical Doppler tomography (ODT) images
can be enhanced by activation of iron-containing he-
moglobin molecules in blood with an externally ap-
plied high-strength magnetic field gradient. Impor-
tantly, our approach requires no exogenous contrast
agent to detect blood flow and location.

Herein, we describe magnetomotive optical Dop-
pler tomography (MM-ODT) imaging of the Doppler
shift of hemoglobin by applying an oscillating mag-
netic field to moving blood. The ODT light source con-
sisted of a superluminescent diode (Model BWC-
SLD-1C, B&W TEK, Inc., Newark, Deleware)
centered at 1.3 um. A rapid-scanning optical delay
line was used in the reference arm and was aligned
such that no phase modulation was generated when
the group phase delay was scanned at 4 kHz. The
phase modulation was generated by an electro-optic
waveguide phase modulator that produced a single
carrier frequency (1 MHz). A hardware in-phase and
in-quadrature demodulator with high-bandpass fil-
ters was constructed to improve imaging speed. Dop-
pler information was calculated with the Kasai auto-
correlation velocity estimator” A 750 um inner-
diameter glass capillary tube was placed
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Fig. 1. (Color online) Schematic diagram of the probe
beam, the flow sample, and the solenoid coil.
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Fig. 2. (Color online) (a), (b) OCT and ODT M-mode im-
ages, respectively, without an external magnetic field. (c),
(d) OCT and ODT images, respectively, with a 50 Hz mag-
netic field. White vertical bar, 200 um; white horizontal
bar, 20 ms.

perpendicularly to the probing beam. Fluids used for
flow studies were injected through the tube at a con-
stant flow rate controlled by a dual-syringe pump
(Harvard Apparatus 11 Plus, Holliston, Mass.). A so-
lenoid coil (Ledex 4EF) with a cone-shaped ferrite
core at the center (Fig. 1) and driven by a current am-
plifier supplying as much as 960 W of power was
placed underneath the sample during MM-ODT im-
aging. The combination of the core and solenoid by
high-power operation dramatically increased the
magnetic field strength (B,,,,=0.7 T) at the tip of the
core and also focused the magnetic force on the tar-
geted samples. The magnetic force applied to the cap-
illary tube was varied by the sinusoidal current to in-
duce RBC movement.

To demonstrate the MM-ODT approach we re-
corded M-mode OCT-ODT images of a capillary glass
tube filled with a stationary low-susceptibility turbid
solution with and without an external magnetic field
as a control sample. The low-susceptibility turbid so-
lution was a mixture of deionized water and 0.5 um
latex microspheres (u;=5 mm™!). The magnetic flux
density and its frequency were approximately 0.7 T
and 50 Hz, respectively. The field gradient (4B/dz) in
the optical measurement zone was measured
(220 T/m) with a magnetometer over a 1 mm line
segment extending from the tip along the axis of the
ferrite core. M-mode OCT-ODT images were ac-
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quired at a rate of 100 ms per frame. Figures 2(a)
and 2(b) show M-mode OCT and ODT images with-
out any external magnetic field. The ODT image [Fig.
2(b)] contains small random phase fluctuations that
are due to ambient vibration through the optical
path. Figures 2(c) and 2(d) show M-mode OCT-ODT
images with a 50 Hz externally applied magnetic
field. No distinguishable Doppler shift could be ob-
served in the ODT image [Fig. 2(d)], indicating no in-
teraction between the external magnetic field and the
moving latex microspheres.

Deoxygenated blood was extracted from the vein of
a male volunteer’s left arm and diluted with saline.
During preparation, blood was not exposed directly to
air, so the sample remained deoxygenated. To simu-
late flow, we injected blood through the capillary tube
by using a syringe pump at a constant flow rate. As
Fig. 3 shows, the oscillating Doppler frequency shift
that results from RBC movement could be observed
at two flow rates (5 and 30 mm/s). Because the flow
direction was nearly perpendicular to the probe
beam, no significant Doppler frequency shift was dis-
tinguishable at the 5 mm/s flow rate [Fig. 3(a)] with-
out any external magnetic field. In the case of the
30 mm/s high blood flow rate, as shown in Fig. 3(c),
the Doppler frequency shift caused by the flow could
be observed. For maximum contrast enhancement,
the probe beam should be directed parallel to the gra-
dient of the magnetic field’s strength. Application of a
50 Hz magnetic field increased the Doppler contrast
of blood at both slow and fast flow rates, as shown in
Figs. 3(b) and 3(d). Note that in the 30 mm/s high-
flow-rate image, higher contrast is observed than
with the low-flow-rate image but that the Doppler
frequency shift of the former as a function of depth is
less homogeneous than the latter, which is indicative
of perturbation by blood flow. The same blood was di-
luted to 5% hematocrit, but no RBC movement could
be observed below 8% hematocrit. We calculated Dop-
pler frequency shift profiles from the ODT images by
averaging 20 lines indicated by horizontal arrows in
Figs. 3(a) and 3(b). Figure 4(a) indicates no signifi-
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Fig. 3. (Color online) (a), (b) M-mode ODT images of
5 mm/s blood flow without and with a 50 Hz magnetic
field, respectively. (c), (d) M-mode ODT images of 30 mm/s
blood flow without and with a 50 Hz magnetic field, respec-
tively. Black vertical bar, 200 um; black horizontal bar,
20 ms.
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Fig. 4. (Color online) Doppler frequency shift profiles (a)
without an external magnetic field and (b) with a 50 Hz
magnetic field.

cant Doppler frequency shift over a 100 ms observa-
tion period, whereas Fig. 4(b) displays
+200 to 300 Hz Doppler frequency shifts oscillating
20 times over 100 ms (200 Hz).

RBCs under the influence of a strong magnetic-
field gradient tend to travel either toward or away
from the field source, depending on whether their
magnetic  properties are  paramagnetic or
diamagnetic.* RBCs moving toward the probe are col-
ored red (Fig. 3), while blue indicates RBC movement
in the opposite direction. When only a magnetic force
is present (recoil and pressure-gradient forces are ab-
sent or neglected), direct integration of Eq. (1) gives
2(t)=€(t) +z, cos(4mf,,t), where e(t)=ant?, a, and z,
are constants and are dependent on y, V, and B, and
fm 1s the modulation frequency of the magnetic flux
density. Because €(¢) is proportional to time squared,
the displacement is strongly dominant in one direc-
tion in free space, and the RBC oscillation may not be
visible. However, as the local concentration of RBCs
increases in the capillary tube in response to an ex-
ternal magnetic field, osmotic and elastic recoil forces

increase and hinder further RBC movement into the
field. Equivalently, forces driving RBCs find an equi-
librium state at which the magnetic force is balanced
by the sum of the recoil forces. In a confined system
such as a blood vessel, €(¢) becomes negligible at suf-
ficiently long times (in a few seconds) because recoil
and drag forces impede the free-space acceleration of
the RBCs related to €(¢). Once these forces balance,
free-space acceleration of the RBCs approaches zero
and the sinusoidal variation of the magnetic force
dominates RBC displacement. Sinusoidal variation of
the RBC displacement [z(¢) =z cos(47f,,t)] produced
harmonics in the interference fringe intensity (1) ac-
cording to relation (2). Because of the coherent detec-
tion scheme employed in our experiments, the har-
monics remain centered at 0 Hz, even after
demodulation. According to Eq. (1) the magnetic-
force frequency is two times the magnetic field fre-
quency (f,,). In our experiments f,, was set to give a
value of I consisting primarily of the 4f,, harmonic
[Fig. 4(b)], whereas the fundamental frequency (the
magnetic-force frequency) of the RBC displacement is
2f,,- Because the magnetic susceptibility of hemoglo-
bin is dependent on oxygen saturation, RBC displace-
ment in vivo may differ from that reported herein
and will require further study.

In conclusion, we have demonstrated what is be-
lieved to be the first implementation of MM-ODT for
improved Doppler imaging of blood flow by use of an
external oscillating magnetic field. Mechanical move-
ment of RBCs in blood flow was introduced by a tem-
porally oscillating high-strength magnetic field. The
controlled and increased Doppler frequency in MM-
ODT may provide a new investigational tool with
which to study blood transport.
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