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Effect of Erythrocyte Aggregation on Hematocrit
Measurement Using Spectral-Domain Optical

Coherence Tomography
Xiangqun Xu∗, Lingfeng Yu, and Zhongping Chen

Abstract—Optical coherence tomography (OCT) has the poten-
tial to be a noninvasive method for hematocrit (HCT) measure-
ment. This study shows the effect of erythrocyte aggregation at
the level seen in healthy humans and pathological states on HCT
measurement based on monitoring the slope changes in OCT depth
reflectivity profile using spectral-domain optical coherence tomog-
raphy (SDOCT). Our measurement indicates that the HCT esti-
mated by SDOCT depends on the erythrocyte aggregation state and
the flow rate. Measured HCT in blood samples with 0.6% and 2%
dextran 500 is underestimated by 4.5%–10.5% and 17.1%–19.5%
for HCT from 35%–55% at a flow rate of 4.7 mm/s. Underestima-
tion is smaller at a high flow rate as compared to a low flow rate,
indicating erythrocyte aggregation is an important factor that will
affect accurate HCT measurement using SDOCT.

Index Terms—Erythrocyte aggregation, hematocrit (HCT),
spectral-domain optical coherence tomography (SDOCT).

I. INTRODUCTION

NONINVASIVE monitoring of hematocrit (HCT) is impor-
tant for many clinical applications, such as daily mon-

itoring of blood hematocrit for patients with blood disorders,
during dialysis, in an emergency room environment, and during
surgery. HCT is defined as the ratio of the volume of packed
red blood cells (RBCs) to the volume of whole blood. Var-
ious noninvasive methods, which differ not only in principle
but also in the significance of their results, can be used to
study HCT: ultrasound-based continuous HCT measurement [1]
and near-infrared optical imaging [2]. Measurement of HCT
has been widely studied with ultrasound, such as ultrasound-
velocity-based measurements and ultrasound-wave-attenuation-
based measurements from the Doppler power spectrum [3], [4].
Recently, feasibility of noninvasive HCT measurement using
spectral-domain low coherence interferometry/optical coher-
ence tomography (LCI/OCT) has been demonstrated by Iftimia
et al. [5]. They determined the value of HCT by monitoring

Manuscript received December 18, 2007; revised February 28, 2008. First
published July 15, 2008; current version published December 17, 2008. This
work was supported in part by the National Institutes of Health under the
Research Grant EB-00293, Grant CA-91717, and Grant RR-01192, in part by
the Air Force Office of Scientific Research under Grant FA9550-0401-0101, in
part by the Beckman Laser Institute Endowment, in part by the National Natural
Science Foundation of China under Grant 30470426, and in part by Zhejiang
Provincial Natural Science Foundation under Grant X206958. Asterisk indicates
corresponding author.

∗X. Xu is with the School of Science, Zhejiang Sci-Tech University, Hangzhou
310018, China (e-mail: xuxiangqun@zstu.edu.cn).

L. Yu and Z. Chen are with Beckman Laser Institute, University of California,
Irvine, CA 92612 USA (e-mail: yulingfeng@gmail.com; z2chen@uci.edu).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TBME.2008.2002134

changes of the slope of the LCI depth reflectivity profile as a
function of RBCs by directly accessing small vessels of the
retina. OCT in combination with retina tracking, using a rela-
tively simple theoretical model to extract the HCT level from the
depth reflectivity profile, does not require a complicated system
and algorithm employed by multigate Doppler ultrasound.

It is well known that aggregation and disaggregation of RBCs
are two important phenomena in the rheology of blood. For nor-
mal blood, rouleaux (2-D aggregates) are easily decomposed
into their individual cell constituents as the blood flow increases.
In some pathological cases, however, the capillary circulation is
seriously affected because nonseparable rouleaux are formed.
Cerebrovascular accidents, acute myocardial infarctions, and
diabetes are closely related to excessive RBC aggregation. Re-
cently, RBC aggregation has been reported to have a significant
effect on OCT signals in our and other studies [6]–[10]. In these
studies, dextrans have been used to increase the refractive index
of plasma and induce RBC aggregation that led to significant
improvement in light penetration through circulating or steady-
state blood measured by OCT. The results indicated that RBC
aggregation can reduce OCT measured attenuation (scattering)
of human blood at rest and in flow. As HCT is determined
as a function of attenuation in blood, whereas the attenuation
coefficient is calculated from the slope of the LCI/OCT depth
reflectivity profile, a better understanding of the effect of blood
aggregation on HCT measurement is essential for developing
LCI/OCT methods as diagnostic tools for in vitro as well as
in vivo blood analysis.

This study was to determine whether RBC aggregation at lev-
els normally seen in the human and excessive RBC aggregation
in some pathological cases affects HCT measurement based on
the slope of depth reflectivity profile using spectral-domain op-
tical coherence tomography (SDOCT) [11]. Our results indicate
that there is a flow rate dependence on the HCT estimation.

II. MATERIALS AND METHODS

A. Materials

The use of human blood for tests is considered as disadvan-
tageous due to risk of infection, restricted availability, and rela-
tively high cost. Bovine as well as porcine blood are practical due
to sufficient availability and adequate quantities. The properties
of porcine blood are more similar to human blood than those of
bovine blood, particularly in RBC aggregation tendency [12].
For example, human and porcine blood naturally aggregate, but
bovine blood shows little or no natural aggregation [13]. The
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Fig. 1. Schematic of a fiber-based SDOCT system used in the experiments
(FL: focusing lens; DG: diffraction grating; CM: collimator; and LSC: line-scan
camera).

results from blood tests with porcine blood can then be regarded
as a safe estimation for human blood. Thus, porcine blood sam-
ples were used in our studies. Various HCT levels were obtained
by mixing extracted RBCs with porcine plasma using ethylene-
diaminetetraacetic acid (EDTA) as an anticoagulant (Animal
Technologies, Inc., Tyler, TX). Different suspensions of nor-
mal RBCs, artificially aggregated with dextran, were prepared.
RBCs were resuspended in plasma of dextran 500 (Dx500, av-
erage molecular mass 500 kDa; Sigma, USA) at different HCTs
(30% ≤ HCT ≤ 70%). A plasma dextran concentration of 0.6%
[in weight/volume (w/v)] was used to induce the RBC aggre-
gation in the range for healthy humans [14] and 2% to induce
excessive aggregation.

B. SDOCT Measurement

A schematic of the SDOCT system is shown in Fig. 1. A super-
luminescent diode (SLD) with a spectrum centered at 1310 nm
and a full-width at half-maximum bandwidth of 95 nm and a
total delivered power of 8 mW was used. Back-reflected light
from the reference and sample arms was guided into a spec-
trometer and dispersed over a 1×1024 indium gallium arsenide
(InGaAs) detector array at 7.7 kHz. The total wavelength range
spreading on the detector array was 130 nm, corresponding to a
spectral resolution of 0.13 nm and an imaging depth of 3.6 mm
in air. The resulting axial resolution was about 8 µm [15]. The
lateral resolution of the system was about 13.8 µm.

All OCT measurements were performed just after RBC sus-
pensions were prepared and pumped through a round glass
capillary tube with a 300 µm inner diameter (VitroCom, Inc.,
Mountain Lakes, NJ). A programmable syringe pump (Harvard
Apparatus, Holliston, MA) was used to make the blood flow
with an approximately constant speed at a rate of 20 µL/min,
corresponding to an average flow velocity of 4.7 mm/s within
the glass capillary. In some experiments, the speed was at a rate
of 42.5 (∼10 mm/s) or 425 µL/min (∼100 mm/s) for the blood
samples with HCT = 45% (normal HCT in the human male).
The flow rates in these experiments simulate the real values
within major human retinal vessels with diameters >200 µm.
The results would provide basic information for developing a
method of OCT in combination with retinal tracking to achieve
in vivo HCT measurement. After each OCT measurement, a
small drop of blood sample from the other end was collected
and smeared onto a glass slide for microscopy observation to

investigate aggregation of the blood samples. OCT “M-scans”
(a single A-line repeatedly acquired in time without transverse
scanning) were performed. Two thousand OCT depth reflectiv-
ity profiles (A-lines) were averaged for each dataset. According
to the single-scattering model, the attenuation coefficient (µt)
of the sample can be obtained theoretically from the reflectance
measurements at two different depths, z1 and z2 [7], [16]:

µt =
1

2(∆z)
ln

(
R(z1)
R(z2)

)
(1)

where ∆z = |z1 − z2 |. R(z1) and R(z2) represent the re-
flectance at depths z1 and z2 , respectively. In this paper, the
data of µt were obtained by linear fitting of the slope of the
average profile to minimize noise. A single-scattering model is
valid in this study because we limited our linear fitting to within
100 µm from the blood surface, which is much smaller than the
mean reduced scattering length of the blood. Slope changes in
(1) are a direct measure of the scattering coefficient µs-OCT ,
which depends upon the volume fraction of RBCs (i.e., HCT)
provided, the influence of µa can be regarded as an approxi-
mately constant factor at around 1310 nm [17]. The decrease in
attenuation by the addition of dextran was calculated according
to

∆µt =
µtcontrol − µtdextran

µtcontrol
× 100% (2)

where the subscripts control and dextran refer to the samples
without and with dextran, respectively. Triplicate samples were
prepared and measured for each HCT. All final results of at-
tenuation were means of triplicate experiments. A paired t-test
statistical analysis was applied for the differences in attenua-
tion between the control group (without dextran) and the treated
group (with dextran). For all tests, a level of 0.05 was chosen as
a significant level.

III. RESULTS AND DISCUSSION

A. Correlation Between HCT and Slope

First, we evaluated the SDOCT system’s capability to dis-
criminate between different HCT levels. OCT signals of the
porcine blood samples with various HCT levels of 30%–70%
without dextran at a flow rate of 4.7 mm/s were taken, and the
slope (attenuation) of the OCT signal was computed. Represen-
tative OCT structure images and profiles for three different HCT
values are shown in Fig. 2(a) and (b). It can be seen that the slope
of the OCT signal increases as the HCT increases [Fig. 2(b)]. A
higher HCT level means a higher scattering coefficient, and as
a result, a bigger OCT slope.

In Fig. 3, attenuation (half of the slope) in the porcine blood
is plotted against HCT. Discrete points are the measured data
denoted by a “diamond”; a solid line represents the outcome of
regression analysis of the first six data points; a dashed line is
for fitting all the data points. As shown in Fig. 3, attenuation
increases linearly with increasing HCT up to 55% according to
the relationship:

µt = 1.09 × HCT − 25.33. (3)
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Fig. 2. OCT structure images and depth reflectivity profiles for porcine blood
samples with three different HCT values at a flow rate of 4.7 mm/s. The ax-
ial axis represents scan depth (0–3.6 mm) and the horizontal axis represents
2000 A-lines in OCT structure images.

Fig. 3. Attenuation in porcine blood measured against HCT.

The value of attenuation was averaged from triplicate samples
(n = 3); the corresponding correlation coefficient for the linear
fitting was calculated as R2 = 0.992. From (3), the HCT for
porcine blood is calculated as

HCT = 0.92 × µt + 23.30. (4)

Contrary to the linear increase at lower HCT, for a higher
HCT value of 0.7, the attenuation appears to decrease. A sim-
ilar behavior has been described by Iftimia [5], where at very
high concentrations of RBC, the scattering coefficient starts
to saturate or even decrease. The slope change is smaller in
Fig. 3 than the result in [3]. The inconsistency may be caused
by different kinds of RBC and the light source wavelength
used.

Fig. 4. Attenuation in porcine blood with dextran measured against HCT.

Fig. 5. Comparison of the results calculated from SDOCT measurement and
real HCT for porcine blood with dextran.

B. Dextran Effects

We investigated the effect of dextran by measuring the at-
tenuation values of HCT ranging from 35% to 55% with 0.6%
or 2% Dx500 (Fig. 4). For comparison, attenuation values of
blood samples without dextran are also included. It can be seen
that the attenuation decreases with the addition of dextran in
plasma, and 2% dextran results in more decrease in attenua-
tion than 0.6% dextran. The differences are between 22.7% and
9.9% for blood with 0.6% dextran (t-test, P < 0.01) and 55.5%
and 31.2% for blood with 2% dextran (t-test, P < 0.01) with
HCT in an increasing order. The estimated HCT calculated from
the measured attenuation according to (4) against real HCT is
plotted in Fig. 5. There is an underestimation of 4.5%–10.5%
for the blood samples with 0.6% Dx500 and an underestimation
of 17.1%–19.5% for blood samples with 2% Dx500.

The underestimation for HCT measurement using SDOCT by
the addition of dextran may first be explained by the refractive in-
dex matching effect [18]. The predominant source of scattering
in blood is the difference in refractive index between the cyto-
plasm of RBCs (nbc) and plasma (nbp ). According to a scatter-
ing model for blood described by Twersky [19], the attenuation



2756 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 55, NO. 12, DECEMBER 2008

Fig. 6. OCT images (left) and smear microscopy images (×40) (right) for
blood at 45% HCT at a flow rate of 4.7 mm/s. A: control; B: with 0.6% Dx500;
and C: with 2% Dx500. The axial axis represents scan depth (0–3.6 mm) and
the horizontal axis represents 2000 A-lines in OCT structure images.

coefficient is directly proportional to the difference in refrac-
tive index between the hemoglobin and suspending medium.
Mie theory approximation also demonstrates that the reduced
scattering coefficient is related to the ratio of nbc/nbp [18].
The scattering (attenuation) in blood can be reduced when the
refractive index of plasma is increased with the addition of dex-
tran [8]. The refractive indexes of porcine plasma (control) with
0.6% Dx and 2% Dx are 1.345, 1.350, and 1.357, respectively,
measured by the SDOCT. Note that the refractive index of the
porcine plasma increased by 0.37% and 0.9% with 0.6% and
2% dextran, corresponding to the more pronounced decrease in
attenuation caused by 2% dextran. Refractive index matching
effect also explains the greater decrease in attenuation at the
smaller HCT for both dextran-treated samples.

Our previous studies have demonstrated that refractive in-
dex matching is not the only factor affecting blood scatter-
ing properties. Erythrocyte aggregation is more important in
changing blood scattering property than refractive index match-
ing [8]. In this study, RBC aggregate micrographs were taken
with phase contrast microscopy with a 35-mm camera (Nikon
microscope, ×40) after each OCT measurement. Fig. 6 shows
the representative aggregation states among the control and the
blood samples with 0.6% and 2% Dx500 (HCT = 45%) at a
flow rate of 4.7 mm/s presented by the blood smear microscopy
image. The control blood shows little or no aggregation phe-
nomenon [Fig. 6(a)]; 0.6% Dx500 induces slight blood aggre-
gation with short rouleaux [Fig. 6(b)]. Rouleaux and network
aggregates are visualized in the blood with 2% Dx500, as de-
picted in Fig. 6(c). It corresponds well to other studies where
dextran efficiency in producing aggregation increases with con-
centration up to a critical point. It is well known that the ery-
throcyte aggregation increases intensity of the transmitted light.
It might be related to the decrease of the backscattered signal

Fig. 7. OCT images (left) and smear microscopy images (×80) (right) for
blood at 45% HCT at a flow rate of 100 mm/s. A: control; B: with 0.6% Dx500;
and C: with 2% Dx500. The axial axis represents scan depth (0–3.6 mm) and
the horizontal axis represents 2000 A-lines in OCT structure images.

caused by a decrease in diffusing surfaces because of aggre-
gation [20], [21]. Greater light transmission originating from
decreased attenuation by the addition of dextran is observed
from the OCT images in Fig. 6 (left).

In order to further demonstrate that erythrocyte aggregation
contributes to discrepancies when measuring HCT using the
OCT depth reflectivity profile, attenuation in the blood samples
at a higher flow rate (100 mm/s) was investigated. For normal
blood, rouleaux are easily decomposed to their individual cell
constituents as the blood flow (shear) increases. As expected,
RBC aggregation is shear rate-dependent (Fig. 7, right). The
levels of aggregation induced by both concentrations of dex-
tran are lower at a higher flow rate of 100 mm/s than those at
4.7 mm/s (Fig. 6, right). The different aggregation phenomenon
can also be seen by comparing the OCT structure images
(Fig. 7, left).

Correspondingly, a decrease in attenuation [∆µt calculated
according to (2)] caused by the addition of dextran at a flow rate
of 100 mm/s is much smaller than at a rate of 4.7 mm/s. ∆µt

values (HCT = 45%) at three flow rates are presented in Table I.
The differences in ∆µt between the blood samples at the two
flow rates of 4.7 and 100 mm/s result from the lower levels of
aggregation because flow rate only changes the blood aggrega-
tion. In addition, when the flow rate was only raised to 10 mm/s,
there were no significant differences in ∆µt for both 0.6% and
2% dextran-treated samples compared to the samples at a rate of
4.7 mm/s (Table I), corresponding to similar blood aggregation
levels between the samples at these two flow rates. These ex-
periments further support the suggestion that blood aggregation
would affect accurate HCT measurement using SDOCT.

We noticed that there are some regions near the center of the
tube with reduced scattering signals in the OCT images shown
in Fig. 7(b) and (c). This may be due to the motion-induced



XU et al.: EFFECT OF ERYTHROCYTE AGGREGATION ON HEMATOCRIT MEASUREMENT USING SDOCT 2757

TABLE I
DECREASE IN ATTENUATION (∆µt ,%) CAUSED BY DEXTRANS AT VARIOUS

FLOW RATES

signal fading at the center of a parabolic flow. It is well known
that SDOCT systems suffer from inherent motion-induced ar-
tifacts, such as SNR reduction and fringe washout [22]. Axial
motion causes fringe washout and decays the signal intensity
by a factor of sinc2(k0v‖τ/π), where k0 is the center wave
number, v‖ is the axial flow velocity, and τ is the camera ex-
posure time. For example, a 24.4 µs camera exposure time, 1.3
µm center wavelength, and an 86◦ Doppler angle induce about
1.0 dB (axial-motion-caused) SNR reduction for a 100 mm/s
flow in our experiment. However, the maximum flow velocity
at the center reaches 200 mm/s and causes ∼4.3 dB SNR reduc-
tion. The SNR reduction caused by transverse flow motion is
approximately −5 log(1 + 2v2

⊥τ 2/∆x2), where v⊥ is the trans-
verse flow velocity and ∆x is the transverse resolution of the
system. The transverse-flow-induced SNR reduction is 0.48 dB
for a peak flow of 200 mm/s in our system. The overall motion-
induced SNR reductions caused a slightly reduced scattering
band near the center of the tube, as shown in Fig. 7. The op-
timization of the experiment was possible by fine adjustment
of the capillary tube to make the Doppler angle close to 90◦

so that the axial-motion-induced fringe washout and SNR re-
duction could be avoided, and the total motion-induced artifacts
minimized. However, the motion-induced effects must be taken
into consideration if much higher flow rates are studied. In addi-
tion, for large blood vessels, we may need to confine the linear
fitting to a region near the vessel wall where the flow velocity is
relatively low.

It should be pointed out that no significant fluctuations in
hemoglobin concentration between the sample with dextran
and the control were observed with the measurements of a
B-hemoglobin photometer in our previous studies [7], [8]. Al-
though the B-hemoglobin photometer is based on the principle
of absorption characteristic of blood in an 800 nm band, the
hemoglobin absorption occurring in the wavelength region used
in this study (1310 nm) may have a negligible effect on the
results because of its low absorption at 1310 nm. Changes in at-
tenuation of blood with dextran may be attributed to the decrease
in scattering by the addition of dextran.

IV. CONCLUSION

The principal finding of this study is that RBC aggregation
and refractive index change in plasma cause a significant under-
estimation of HCT using OCT measurement. In order to develop
a novel instrument based on OCT/LCI for in vivo measurements
of the real value of blood HCT, compensation for the discrep-
ancy caused by RBC aggregation is necessary since increased
RBC aggregation has been observed in various pathological
states. Developing methods such as Doppler OCT [23] that al-
lows simultaneous measurements of RBC aggregation and HCT

are essential for accurate determination of HCT. Alternatively,
a calibration method to retrieve accurate values of HCT from
underestimated ones may be a way to resolve the problem.
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