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Lipid bilayer array for simultaneous recording of ion channel activities
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This paper describes an array of stable and reduced-solvent bilayer lipid membranes (BLMs)
formed in microfabricated silicon chips. BLMs were first vertically formed simultaneously and
then turned 90° in order to realize a horizontal BLM array. Since the present BLMs are
mechanically stable and robust, the BLMs survive this relatively tough process. Typically, a ~60%
yield in simultaneous BLM formation over 9 sites was obtained. Parallel recordings of gramicidin
channel activities from different BLMs were demonstrated. The present system has great potential
as a platform of BLM-based high throughput drug screening for ion channel proteins. © 2012
American Institute of Physics. [ntp://dx.doi.org/10.1063/1.4736263]

Inn-channcl proteins regulate the ion flow across cell
membranes’ and are major targets for drug design.” Record-
ing ion-channel currents is central to the investigation of the
channel function as well as to drug screening applications.
Development of high-throughput recording systems for
ion-channel proteins is of great importance to improve the
experimental efficiency. Several platforms that are capable
of simultanecous recordings of ion-channel currcms have
been proposed, including p'\mh clnmp arrays® and bilayer
lipid membrane (BLM) arrays.*~ Although the patch-clamp
method is a golden standard, reconstitution of ion channels
in BLMs has an advantage that the researcher can precisely
control the composition of the lipid environment, which is
not easily manipulated with the patch-clamp method.

Several techniques have been reported as a platform for
BLM arrays, such as microftuidic arrays™” and droplet inter-
face bilayer arrays.® Each platform offers advantages and dis-
advantages: for instance, microfluidic arrays allow for easy
formation of multiple BLMs, but high surface to volume ratio
of the microfluidic systems may be prone 1o false-negative due
to adsorption of test drugs to the walls of hannels.* In

The instability of the membranes is the main drawback
of BLMs. While various microfabricated devices have been
devoted to stabilize bilayers,’5 these devices do not show
increased stability except for prolonged lifetimes. Recently,
we have reported on mechanically stable BLMs with mini-
mized amount of solvent through the combination of silicon
(Si) microfabrication and BLM formation.'® The BLMs
showed tolerance to high applied voltage (+1V) and me-
chanical shocks during repetitive solution exchanges, to-
gether with long lifetime over 40h. The key feature that
stabilized BLMs is a tapered shape of the aperture edge with
a nanometer-scale smoothness, which allows reduction of
the stress on the bilayer at the contact with the chip, leading
to stable BLMs without using large amount of solvents. In
the present study, we have extended this stable BLM device
to a 9-site horizontal array format. Simultaneous recording
of channel current activitics from the multiple BLMs was
demonstrated by using a peptidic channel gramicidin. Such
BLM array system could find wide-spread applications
including drug discovery and development of sophisticated
biosensor:

addition, these approaches are commonly based on BLMs pre-
pared from lipid solutions in unvolatile organic solvents, which
are often criticized that some amount of the solvent remains in
the central hydrophobic area of the BLMs' and likely dena-
tures ion-channel functions. For example, reconstitution of
N-methy! -D-aspartate receptor channel in droplet interface
bilayers*! resulted in smaller single channel conductance than
that reported for solvent-frec bilayers™ in a similar solution
condition. In addition, Montal ef al. recorded activities of ace-
tylcholine receptor channels only when they avoided the use of
organic solvents.”® 1t is desirable 10 minimize organic solvent
in membranes, though reduction of organic solvent may cause
Iess stable BLMs than solvent-containing BLMs.™*
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Microapertures with a diameter of 20-60 ym were fabri-
cated in Si chips according to the procedure described in
Ref. 16. The fabricated Si chip was silanized by treating with
2% (v/v) cyanopropyldimethyichlorosilane (CPDS) in aceto-
nitrile. BLMs were prepared by the monolayer folding
method (Fig. ]).'7 Nine Si chips were set in the middle of a
Teflon chamber (Fig. 2). The system was assembled by
stacking the bottom component, the Si chips, a perfluoroal-
koxy polymer (PFA) sheet, and the top component. Both
sides of the chips were precoated with n-hexadecanc by
dropping a 10-p aliquot of 0.5% n-hexadecane in chloro-
form. A ~13-ml portion of 2.0M KCI solution containing
10mM HEPES/KOH (pH 7.4) was added to each compart-
ment of the chamber. The water level in both compartments
was set below the lowest apertures. A 75-100-u1 portion of a
lipid solution (7 mg/ml] L-a-phosphatidylcholine (PC): L-a-
phosphatidylethanolamine (PE): cholesterol =7:1:2 (w/w)
dissolved in chloroform/n-hexane (1:1, v/v)) was spread on
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FIG. 1. Procedures for si BLM ion and of
the BLMs into a horizontal array format.

the aqueous solutions. After evaporation of the solvent, the
water level was gradually raised over apertures to form
BLMs at the flow rate of 10 ml/min using a KDS-260 syringe
pump (KD Scientific). Incorporation of gramicidin channels
into the BLMs was made by adding gramicidin A (Sigma) to
the solutions in the both compartments and stirring for 1h.
Relatively, long stirring time was necessary to incorporate
gramicidin, as it was more difficult to incorporate gramicidin
into the present stable BLMs than into classical folded
BLMs.'* Then, both Ag/AgCl electrodes were plugged off
and the opening of the botfom component was covered with
a Teflon lid (Fig. 1). A Perfluoro O-ring was used for sealing
between the chamber and the lid. Then, the solution in the
top component was discarded and the chamber was placed in
order that the BLMs were aligned horizontally. Current
recordings and capacitance measurements were performed
with a sixteen-channel patch-clamp amplifier (Triton®,
Tecella). The signal was low-pass filtered at 1kHz, digitized
at 10kHz, and stored on-line. The data were analyzed using
pcLamp 10.2 software.

In the present system, all the BLMs were formed simul-
taneously and vertically by the folding method. The amount
of an organic solvent required to form the BLMs is much
less compared with the painting method,” microfluidic sys-
tems,™* and droplet interface bilayers.*** This is a great
advantage when we consider the application to drug screen-

(a) clamp

Si chip

clalmp

bolto/m

FIG. 2. (a) Drawing of the components of the present system, with the nine
BLM sites placed in the Si chips. (b) Photograph of the experimental cham-
ber in the final arrangement.
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ings for jon-channel proteins, since fragile ion-channel pro-
teins could hardly tolerate a direct exposure fo an organic
solvent.'® On the other hand, the vertical configuration of the
BLMs is rather difficult to realize high throughput array sys-
tems. As horizontal formats are commonly used for micro-
fluidic BLM arrays,™* a horizontal BLM array is more
compatible with high throughput applications. We have
designed an experimental setup, where the folded BLMs
were first vertically formed and then turned 90° in order to
realize a horizontal array of folded BLMs. The volume of
each well was ~100 pl, which is suitable for solution han-
dlings and minimizing potential problems associated with
drug adsorption to the well surfaces.”

Fig. | shows our experimental protocol. After simulta-
neous formation of the BLMs, Ag/AgCl electrodes were
plugged off and an aqueous solution in the top compartment
was discarded. The BLMs were then Jaid horizontally and
nine Ag/AgCl electrodes were inserted into respective wells.
From four 1o seven BLMs were usually formed with the
membrane resistance ranging from 1 to >100 GQ. The over-
all probability of keeping BLMs in the horizontal array for-
mat, defined as the number of retained BLMs out of total
well number examined (=9 X trial number), was found to
61% (60/99) out of 11 trials. Although we did not control
possible pressure changes acting on the BLMs during sealing
the bottom chamber with a Teflon lid (Fig. {), which may
cause BLM rupture, the observed yield is still higher than
that (50%) reported for a microfiuidic BLM array.* Since the
present BLMs were mechanically stable and robust, the
BLMs survived such relatively tough process with a moder-
ate yield. The BLMs in the horizontal array format withstood
an applied voltage of =1V, even when the applied potential
was repealedly switched (Fig. 3), demonstrating that the
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FIG. 3. An example of simull ly recorded b currents (1)

from cight BLMs when the applied potential (V,,) was repeatedly switched
stepwise 0V — 41V = 0V = -1V =0V,
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FIG. 4. Simultaneous current recording {rom three different BLMs. The box
in the trace for Ch. 2 highlights the region shown in detail in the top trace.

arrayed BLMs still showed similar stability to those in the
previous single BLM device." This voltage (*1 V) is higher
than the breakdown voltage (~300—400mV) reported for
BLMs prepared in plastic septa.'™*"

Fig. 4 shows an example of simultaneous current record-
ings from three BLMs with and without incorporated grami-
cidin channels, Gramicidin forms a channel that is
permeable to monovalent cations, when gramicidin mono-
mers form a membrane-spanning dimer. At the BLM formed
in Ch. 8, distinct stepwise currents were seen with the single-
channel conductance of ~19 pS. This level is similar to
reported values (19-25 pS in 2.0M KCl,':21-3 confirming
the functionality of the present BLMs. With a BLM contain-
ing multi channels (Ch. 2), much larger currents with multi-
ple constant steps were observed. The conductance for each
step was 24 pS, which is in agreement with gramicidin
single-channel conductance. Since more channels were em-
bedded in the BLM in Ch. 2, more frequent open « close
transitions were observed with shorter dwell time for each
conductance level. No detectable current change was
observed for Ch. 9, where no channel was incorporated into
the BLM, demonstrating that no interference or crosstalk
was detectable among simultaneously recorded BLMs.

In summary, we have succeeded in parallel formation of
stable BLMs with minimized amount of solvents in a hori-
zontal array format. All the BLMs were formed simultane-
ously by the folding method and then rotated 90° to be
aligned horizontally. The yield of BLMs in the horizontal
array is currently ~60%, but this could be significantly
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improved by optimizing the rotation process; the water level
in the bottom compartment before placing the lid could be
more accurately controlled by using automated injection,
which will minimize the possible pressure change acting on
the BLMs. Simultancous recording of gramicidin channel
activities demonstrates great potential of the present system
as a platform of BLM-based high throughput drug screening
systems. Although the present study used a 9-site array in
order to provide a proof of principle for horizontal array of
folded BLMs, in future work, we aim to improve the
throughput by increasing the number of BLMs after chang-
ing the upper compartment to a detachable one. Combination
with automation will also improve the experimental through-
put. As the most critical folding process was already auto-
mated by using a syringe pump in the present study, we
believe that our system can be fully automated including
bilayer formation and current recordings.
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The clostridial collagenases G and H are multidomain proteins. For collagen digestion, the domain arrangement is likely to
play an important role in collagen binding and hydrelysis. In this study, the full-length collagenase H protein from Clos-
tridium histolyticum was expressed in Escherichia coli and purified. The N-terminal amino acid of the purified protein was
Ala31. The expressed protein showed enzymatic activity against azocoll as a substrate. To investigate the role of Ca®* in
providing structural stability to the full-length collagenase H, biophysical measurements were conducted using the recom-
binant protein. Size exclusion chromatography revealed that the Ca?* chelation by EGTA induced interdomain conforma-
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tional changes. Dynamic light scattering measurements showed an increase in the percent polydispersity as the Ca** was
chelated, suggesting an increase in protein flexibility. In addition to these conformational changes, differential scanning
fluorimetry measurements revealed that the thermostability was decreased by Ca®* chelation, in comparison with the ther-
mal melting point (T,,). The melting point changed from 54 to 49°C by the Ca** chelation, and it was restored to 54°C by
the addition of excess Ca®*, These results indicated that the interdomain flexibility and the domain arrangement of full-

length collagenase H are reversibly regulated by Ca**.

{"‘" ollagens are an important component of animal tissues, which
sare composed of many different cell types. Collagenases spe-
cifically break down collagen, which has a tight triple helical struc-
ture and is resistant to most proteases. Clostridium histolyticum
collagenases G and H (ColG and ColH) can easily digest collagens,
regardless of their types and sizes (27). Therefore, they are used
extensively as a clinical tool in the nonsurgical treatment of Du-
puytren’s disease (1, 13) and in the isolation of cells from tissues
and organs, such as in the preparation of pancreatic islet cells for
transplantation (3, 6, 15).

ColG and ColH require the presence of Ca*" for their collag-
enolytic activity (2~4). The putative cleavage sites of ColG and
ColH are the end portions and central portion of collagen, respec-
tively (12, 20). The different cleavage sites may arise from the
distinct domain architectures, that is, the different numbers of
collagen binding domains (CBD) and polycystic kidney discase-
Like (PKD-like) domains. ColG and ColH consist of a collagenase
module containing two domains, one or two copies of PKD-like
domain, and one or two copies of CBD. A schematic diagram of
the domain architectures of ColG and ColH is shown in Fig. 1. The
percent sequence identity between these collagenases, calculated
by ClustalW (26), is 41% for the entire sequences. The identities
compared among individnal domain types are 48% for the colla-
genase modules, 40 to 50% for the PKD-like domains, and 29 to
34% for the CBDs. The sequential alignments for the individual
domains are shown in Fig. 2.

Structure determinations have been performed for the individ-
ual domains over the past few years. The crystal structures of the
CBDs were solved as the apo- and holo-forms for ColG (29) and
the holo-form for ColH (Protein Data Bank [PDB] entries 3JQX
and 3JQW). The CBD structures revealed that two Ca®* jons bind
to the N-terminal linker region of the CBD and provide confor-
mational stability to the CBD. Ca®* binding is considered to have
a critical role in enhancing interactions with collagen (29). Fur-
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thermore, the collagen triple-helix binding mode was proposed by
a nuclear magnetic resonance titration and small-angle X-ray scat-
tering study (22). Recently, the structures of the collagenase mod-
ule and PKD-like domain of ColG have been reported (9, 14)). The
collagenase module adopted a unique architecture, and a collag-
enolysis mechanism was proposed based on the structural infor-
mation for the individual domains of ColG. In the PKD-like do-
main, Ca®>" was expected to bind to the N-terminal region of the
domain as well as the CBD (9).

The cloning of the colG and colH genes facilitated the develop-
ment of collagenase expression systems. The Bacillus subtilis ex-
pression system produced ColH as the secreted form, but the
transformation efficiency was low (17). The C. perfringens expres-
sion system alleviated the translational problems and expressed
ColH as the secreted form (23). The Escherichia coli expression
system by Ducka et al. provided the effective production of the
mature and various truncated forms of ColG, ColH, and ColT
(from Clpstridiumn tetani) (8).

Rapid progress has been made in clarifying the molecular
mechanisms of the individual domains for both the function and
structure. However, no structural studies of the entire collagenase
molecule, as a multidomain protein, have been performed. Un-
derstanding the interplay of the domains is important, and struc-
tural information about the full-length protein should provide
valuable insight about its function. Here, we report the biophysi-
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FIG 1 Schematic diagram of the domain architectures of ColG and ColHL. Pre, signal peptide; Pro, putative prodomain; PKD, polycystic kidney discase-like
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cal characterization of full-length ColH, expressed in E. coli. In the
presence and absence of Ca*, ColH underwent reversible confor-
mational changes. The Ca?*-binding form of ColH was thermally
more stable, suggesting that Ca®* plays an important role in struc-
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tural stability, rather than just the binding of the CBD to collagen.
The binding of Ca*" reduced the flexibility of the full-length
ColH, implying that Ca*" regulates the structural stability among
the five domains in solution. Hydrophobic interactions also con-
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tribute to the interdomain interactions, This is the first investiga-
tion of the structural characteristics of full-length ColH.

MATERIALS AND METHODS

Expression vector preparation. C. histolyticum genomic DNA was pre-
pared as described by Yoshihara et al. (30). The open reading frame (ORF)
encoding Coll (GenBank accession sumber D29981.1) in the genomic
DNA was amplified with the primers ColliN-Ndel (5'-GGGGGAAGAC
aTATGAAAAGGAACTG-3'; the lowercasc letter shows an inserted base,
and the underline shows the Ndel site) and ColHC-Xbal (5'-AAAATAT
TAIMAGATACTGAACCTTC-3"; lowercase letters show  substituted
bases, and the underline shows the Xbal site). The obtained PCR fragment
was digested with Ndel and EcoRl or with EcoRI and Xbal., The Ndel-
EcoRI fragment (1,605 bp) and the EcoRI-Xbal fragment (1,464 bp) were
recovered as insert DNAs. The DNA fragments were inserted into
pCold3_DNA (TaKaRa, Japan) digested with Ndel and Xbal. Further-
more, to introduce the His tag for the protein purification process, two
phosphorylated oligonucleotides, 5’ -pCTAGACATCATCATCATCATC
ATTAG-3’ and 5’ -pCTAGACTAATGATGATGATGATGATGT-3', were
mixed, denatured at 95°C for 5 min, and then left at room temperature.
The anncaled DNA fragment was inscrted into the Xbal site of the plasmid
described above. As the result of the insertion, the C-terminal amino acid
sequence of ColH was changed from **'*SVGR* to ***SVSRHHHHHH*.
The constructed plasmid vector was designated pCold3-ColH-His.

Enzymatic activity assay. £ coli strain BLR, transformed with
pCold3-ColH-His by chemically induced transformation, was cultured at
37°C in LB broth containing 50 pg/ml ampicillin to an optical density at
660 nm (ODg,) of 0.5. Isopropyl-B-p-thiogalactopyranoside (IPTG)
(Nacalai Tesque, Japan) was then added to the broth (1 mM final concen-
tration), and the E. coli culture was grown at 15°C for 24 h, The culture was
centrifuged al 8,000 X g for 5 min at 4°C. The supernatanl was used as a
crade enzyme solution, The collagenase assay was performed by the im-
proved method of Chavira et al. (7). A 200-pl aliquot of 0.5 M Tris-HCI
(pH 7.0) and 200 ! of a 10-mg/ml azocoll suspension were mixed on ice.
A 200-pl portion of the culture supernatant was added, and the mixture
was immediately incubated at 36°C. After precisely 30 min, the mixture
was cooled to 0°C on ice and centrifuged at 4°C for 10 min. The Az, of the
supernatant was then measured, The culture broth of E, coli transformed
with pCold3 was used as a blank. One unit of collagenase was defined as
the difference in absorbance at 518 nm of the soluble chremogenic pep-
tides released for 1 min,

Protein expression and purification, A 3-liter LB culture of E. coli
strain BL21(DE3) harboring the expression plasmid was incubated at
37°C and induced by the addition of IPTG to a final concentration of 1
mM. After induction, the culture was incubated at 20°C for 24 h. The
supernatant of the culture was obtained by centrifugation at 6,000 X g for
20 min at 4°C and then applied to a Ni-nitrilotriacetic acid (Ni-NTA)
Superflow column (Qiagen, Germany) preequilibrated with 20 mM
HEPES (pI1 8.0), 1 M NaCl, and 1 mM CaCl,. The sample was eluted with
abuffer containing 500 mM imidazole and concentraled by an ultraliltra-
tion membrane. The concentrated sample was diluted and then applied 1o
an ion-exchange column (MonoQ; GE Healthcare, United Kingdom).
The peak fractions were pooled and applied to a size exclusion chroma-
tography column (Superdex 200; GE Healthcare) preequilibrated with 20
mM HEPES (pH 8.0), 100 mM NaCl, and 1 mM CaCl,. The protein was
concentrated to the final concentration of 10 mg/ml. Protein concentra-
tions were determined by the bicinchoninic acid (BCA) method (24),
using a BCA protein assay kit (Thermo Fisher Scientific Inc., MA) and
bovine serum albumin as a standard. The N-terminal sequence of the
protein was analyzed by a protein PPSQ-33A (Shimmadazu, Ja-
pan).

Size exclusion chromatography analysis. Size exclusion chromatog-
raphy was performed on a Superdex 200 column (10/300GL; GE Health-
care) at a flow rate of 0.5 ml/min at 25°C. The column was equilibrated
with buffers composed of 20 mM HEPES (pH 8.0), 100 mM NaCl, 1 mM
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CaCl,, and various concentrations (0, 0.25, 0.5, 0.75, 1, 5,and 10 mM) of
EGTA. ColH (5 mg/ml) was prepared in the same bufter before applica~
tion to the column, To estimate the molecular size, a gel filtration calibra-
tion kit (GE Healthcare) was used for molecular mass standards: ferritin,
440.0 kDa; aldolase, 158.0 kDa; conalbumin, 75.0 kDa; ovalbumin, 43.0
kDa; carbonic anhydrase, 29.0 kDa; RNase A, 13.7 kDa; and aprotinin,
6.5 kDa,

CD and DLS mcasurements. Circular dichroism (CD) specira were
measured using a J-805 spectrometer (Jasen, Japan) in the far-UV region
(200 to 250 nm) with a 1-mm path length cuvette. The hydrodynamic
radius and size distributions of ColH were measured using a Zetasizer
NanoZ justrument {Malvern Instruments, United Kingdom), based on
dynaimic light scattering (DLS) al 20°C. DLS measurements were con-
ducted in triplicate for each sample. The data were analyzed by the algo-
rithms included in the Zetasizer Nano software. The percent polydisper-
sity was calculated by the following equation: [SIVD(H)] X 100, where SD
is the standard deviation of the distribution and D(H) is the mean hydro-
dynamic diameter from the DLS measurement. Both measurements were
performed in the buffer (20 mM HEPES [pH 8.0}, 106 mM NaCl, and 1
mM CaCl,) with 2 mM EGTA or without EGTA. The protein sample
concentrations were adjusted to 0.1 my/ml (for CD) or 0.5 mg/ml (for
DLS).

Differential scanning fluorimetry, The thermal stability of ColB was

igated by thermal d tion in the presence of $YPRO orange
(Invitrogen, CA), using a 7300 real-time PCR system (Apphied Biosys-
tems, CA). Measurements were performed in a 96-well plate in 50 pl
containing ColH (2 uM), 20 mM HEPES (pH 8.0), 100 mM NaCl, 1 mM
CaCl,, and freshly diluted SYPRO orange (1:1,000, vol/vol), in the pres-
ence of 1 mM BGTA or CaCl, (0 to 10 mM). The fluorescence intensity
was monitored by increasing the temperature in 1°C increments from 20
t099°C. The thermal melting point (T,,) was identified from the midpoint
of each melting curve.

Fluerescence measurements. Fluorescent probe experiments were
performed using a Hitachi F-2500 spectrofluorometer (Hitachi, Japan) at
25°C. Fluorescence spectra were measured using an excitation wavelength
of 492 pm, with emission from 500 nm to 650 nm. The excitation and
emission bandwidths were both set at 10 nm. ColH (2 M) was dissolved
in 20 mM HEPES (pH 8.0), 100 mM NaCl, I mM CaCl,, and freshly
diluted SYPRO orange (1:1,000, vol/vol), in the presence of EGTA or
CaCl, (0 to 10 mM), The measurements were performed in triplicate.

RESULTS

Protein preparation and assay. The protein sample was prepared
from E. coli as the secreted form. The typical yield of protein pu-
rified from a 1-liter culture was 2 mg. The ColH protein was pu-
rified to homogeneity, as determined by an SDS-PAGE analysis
(Fig. 3). The N-terminal amino acid sequence of the purified
protein was analyzed. The first five residues were found to be
AVDKN, consislent with sequence numbers 31 to 35 of ColH.
This N-terminal sequence js identical to those obtained in the
previously reported expression systems, in which E. coli DH50,
Bacillus subtilis DB104, and Clostridium perfringens were used as
hosts (17, 25). The enzymatic activity of the culture broth of E. coli
bearing pCold3-ColH-His was 16 U/liter.

Overall conformational change induced by calcium ions, To
examine the effect of Ca** on full-length ColH, the apparent mo-
lecular mass of the protein was determined by size exclusion chro-
matography in the presence of various EGTA concentrations. The
elution peak position shified to faster positions at EGTA concen-
trations higher than 1 mM (Fig. ). The apparent molecular mass
was approximately 82 kDa without EGTA. In the presence of
EGTA (>1 mM), the apparent molecular mass increased to 119
kDa. The calculated molecular mass is 114 kDa as a monomer. The
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FIG 3 SDS-PAGE of purified Coll (0.8 pg). M, molecular mass markers.

apparent molecular mass of 82 kDa is significantly smaller than
expected.

The hydrodynamic radius was measured in the presence and
the absence of EGTA by dynamic light scattering (DLS). The esti-
mated molecular masses and the percent polydispersity were 108
kDa and 31.6% (without EGTA) and 116 kDa and 38.4% (with
EGTA), respectively (Table 1), These results showed that ColH
exists as a monomer in solution and that the particle size distribu-
tion increases by the addition of EGTA.

We further investigated the structural conservation of Colt by
far-UV CD measurements in the presence and absence of 2 mM
EGTA. The two CD spectra were essentially identical. Thus, the
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FIG 4 Size exclusion chromalography analysis of ColH with various concen-
trations of EGTA. The insct shows the size chromatography. The dashed line
indicates the theoretical molecular mass of ColH (114 kDa).
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TABLE 1 Hydrodynamic radius, estimated molecular mass, and percent
polydispersity

Hydrodynamic Molecular Y%
EGTA radius (nm) mass (kDa) Polydispersity
- 4.40 (£0.02) 108 316
+ 4.54 (£0.04) 116 384

secondary-structure elements and their arrangement in ColH
were basically maintained in the presence and absence of Ca®",

Enhancement of thermostability by calcium ions, Philomi-
nathan et al. showed that Ca** contributes to the thermostability
of the CBD of ColG, by differential scanning calorimetry (DSC)
(23). In this study, the thermostabilizing effect of Ca>" toward
ColH was measured by differential scanning fuorimetry (DSF)
(11,21, 28). Fluorescent dyes, including SYPRO orange and 1-ani-
linonaphthalene-8-sulfonic acid (ANS), bind to hydrophobic re-
gions of proteins and show intense fluorescence. During the ther-
mal unfolding process, hydrophobic regions of the protein are
exposed to the solvent, resulting in the stimulation of dye binding
and an increase in the fluorescence intensity.

The thermostability was evaluated from the change in the T,
(¥ig. 5, The T,,, of ColH with calcium was 54°C. In the presence of
>] mM EGTA, the T,, decreased to 49°C, suggesting destabiliza-
tion. Subsequently, the protein solution was mixed with 1 mM
EGTA before the DSF measurement, and then Ca®* was added to
the solution. As a result, the T, was observed to recover from 49 to
54°C, as the Ca?' concentration in the solution was increased.
Hence, the addition of >1 mM Ca®* led to the full recovery of the
T, This result indicated that the presence of Ca®* reversibly con-
tributes to the thermostability of ColH. .

As mentioned above, fluorescent dyes, such as SYPRO orange,
are a useful tool to probe the existence of hydrophobic regions
exposed to the solvent. In this study, a fluorescence analysis was
conducted to assess the contribution of the hydrophobic interac-
tions to the protein stability. Calmodulin, a known Ca® *_binding
protein, exposes its hydrophobic surfaces upon Ca** binding to
stabilize protein-protein interactions (16, 18). We evaluated
whether ColH also undergoes such a transition in the presence of
Ca®'. The fluorescence intensities of ColH were very weak at
EGTA concentrations of less than 1 mM. However, the fluores-
cence intensity dramatically increased at EGTA concentrations of
>1mM (Fig. 6). These results indicated that hydrophobic regions
of CoH are exposed by calcium chelation,

DISCUSSION

The structures of the CBDs have been solved for both ColG and
ColH, and they harbor two calcium binding sites (29). The PKD-
like domain structure has been reported for ColG (9). Although
calcium binding was not observed in the crystal structure, a puta-
tive calcium binding site was proposed to exist near the N-termi-
nal region of the domain, ColH contains a collagenase module
(activator and peptidase domains), two PKD-like domains, and
one CBD. Therefore, at least four calcium binding sites are ex-
pected to be present in this protein. All four binding sites are
located near linker regions between domains, According to previ-
ous reports (4, 20), ColH can accept approximately five Ca®".Itis
possible that ColH has an additional Ca®* binding sitc, perhaps in
the linker regions for which structural data are missing.
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by the addition of CaCl,.

The size exclusion chromatography of full-length ColH re-
vealed that the apparent molecular mass (82 kDa) was ~30%
smaller than the calculated value (114 kDa). In the presence of
EGTA (>1 mM), the apparent molecular mass was determined to
be 119 kDa, which is comparable to the calculated value, The DLS
measurements indicated that the percent polydispersity increased
as EGTA was added, indicating an enhancement in the flexibility
of the protein. No significant difference in the secondary struc-
tures was observed for the protein in the presence and absence of
EGTA, according to the CD data. These results, therefore, suggest
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FIG 6 Fluorescence analyses of Coll with various concentrations of EGTA.
The fluorescence intensity of ColH (2 uM) was measured after the addition of
EGTA (0 to 10 mM) (circles). The fluorescence intensity recovery point fol-
lowing the addition of 1 mM CaCl, is indicated by the triangle, The inset shows
the fluorescence spectra of the sample solutions with 0 mM EGTA, 1 mM
EGTA, and 1 mM EGTA plus 1 mM CaCl,.
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that Ca?* influences the interdomain conformation. The domain
linker between the second PKD-like domain and CBD possesses
two calcium binding sites (29). For the CBD of ColG, significant
changes in the apparent molecular mass by Ca®* chelation were
observed in size exclusion chromatography and DLS (19, 29).
However, no significant change in the hydrodynamic radivs of
ColH was observed in the DLS measurements. The conforma-
tional changes of ColH by calcium chelation may reduce the
number of interactions with the matrix in the size exclusion chro-
matography column. Spectrometric measurements with the fluo-
rescent dye indicated that hydrophobic interactions also contrib-
ute to the interdomain conformation of ColH. Remarkable
conformational changes have been suggested for the N-terminal
region of the CBD of ColG; however, the ANS fluorescence inten-
sity in the presence and absence of Ca?™ did not change (23).
Although the regions participating in the hydrophobic interac-
tions have not been identified so far, they may be different from
the linker region at the N terminus of the CBD.

Calcium ions were also found to influence the thermostability
of full-length ColH. DSF measurements demonstrated that the
T,,s decreased following calcium chelation. The difference in the
T,,5 was 5°C between the stabilized (with Ca**, 54°C) and desta-
bilized (with EGTA, 49°C) states. The higher T, was reversibly
restored by the addition of excess Ca®". Among the domains in
ColG and ColH, the thermostability of the second CBD of ColG
was previously evaluated by DSC (23). The T, of the CBD apo-
form and a holo-form were determined to be 74 and 93°C, respec-
tively. DSF and DSC ate known to yield equivalent values as T,
estimations (14). Considering the sequence conservation between
Coltt and ColG, it can be assumed that the CBD of ColH also has
relatively high T,,s. Consequently, the heat destabilization process
in the initial stages of protein unfolding does not occur within the
CBD of ColH. Although it is challenging to identify the initial
region that is thermally destabilized, the peptidase domain and the
following linker region are considered likely possibilities. The
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structure of the PKD-like domain could not be exactly located in
the crystal structure of ColG (Tyr119-Asn880) (19), and thus the
collagenase module and the PKD-like domain may be flexibly
linked.

In this study, we focused on full-length Coll as a mullidomain
structure and discussed the influence of interdomain flexibility on
the arrangement of these individual domains. The results showed
that the interdomain flexibility is predominantly and reversibly
maintained by Ca?'. The locations of the calcium binding sites are
not known, except for the CBD. Nevertheless, the results pre-
sented herein indicate that the control of domain linker flexibility
by Ca?" plays an important structural role, and particular domain
arrangement control mechanisms by Ca®* may be commonly ad-
opted by other collagenases, such as ColG.
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Properties of N-Butyl Cyanoacrylate-iodized Oil
Mixtures for Arterial Embolization: In Vitro and In

Vivo Experiments

Chiaki Takasawa, MD, PhD, Kazumasa Seiji, MD, PhD,
Kenichi Matsunaga, MD, PhD, Toshio Matsuhashi, MD, PhD,
Makoto Chta, PhD, Shuya Shida, Kei Takase, MD, PhD, and
Shoki Takahashi, MD, PhD

N-butyl cyanoacrylate (NBCA) (Histoacryl; B. Braun Mel-
sungen AG, Melsungen, Germany) is a liquid, permanent
embolic material used for transcatheter arterial emboliza-
tion that polymerizes in the presence of anions, Because the
embolization mechanism of NBCA does not depend on
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clotting function, it still has a marked embolic effect when
clotting function is impaired (1,2). For embolization, NBCA is
mixed with iodized oil (Lipiodol [Lip]); Terumo, Tokyo, Ja-
pan) in a ratio between 1:1 and 1:9. This mixing is done for
two reasons; (a) to produce a radiopaque material because
NBCA is radiolucent and is not observed on fluoroscopy and
(b) to adjust the time for polymerization from injection (po-
lymerization time) and the time for completion of emboliza-
tion by changing the density of NBCA,; this allows the material
to reach successfully, but not pass through, target blood ves-
sels, possibly with an arteriovenous shunt.

Regarding the mixture ratio, there are two conflicting
opinions. One opinion is that the lower the NBCA density,
the more peripherally the embolic material reaches because
the polymerization time is prolonged. Alternatively, it has
been suggested that the lower the NBCA density, the more
proximally the embolic material ceases to flow because the
viscosity of NBCA/Lip is increased owing to a high Lip
density. Clinically, the NBCA/Lip ratio is empirically de-
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a.

b,

Figure 1. Digital subtraction angiogram of renal artery obtained before and after embolization. {a) Left renal artery angiogram
obtained before embolization. {b) Left renal artery angiogram obtained after embolization with NBCA-Lip {1:1). The arteries indicated

by arrowheads underwent embolization.

cided by a physician performing transcatheter arterial em-
bolization after considering the blood vessel diameter and
blood velocity. However, the exact relationship between the
NBCA/Lip ratio and intravascular polymerization factors is
unknown.

To study intravascular polymerization factors on the
side of the embolic material, we evaluated the viscosity,
diffusing capacity, and polymerization time of NBCA/Lip
according to their ratio in vitro. Additionally, we examined
the effect of the NBCA/Lip ratio on arterial embolization in
vivo; various ratios of NBCA-Lip were injected into the
renal arteries of adult beagles, after which the embolization
effect was quantitatively investigated using computed to-
mography (CT) volumetry and histopathologically. Finally,
we assessed how the polymerization time and viscosity of
the NBCA/Lip ratio affected arterial embolization.

MATERIALS AND METHODS

This study was approved by the local animal experiment
committee.

In Vitro Studies

Viscosity of NBCA/Lip Mixture. The viscosity of the
NBCA/Lip mixture was determined using a tuning fork—
type viscometer (SV-10; A&D Company, Tokyo, Ja-
pan).We measured the viscosity of samples at eight differ-
ent NBCA/Lip ratios (NBCA:Lip = 1:1 [NBCA density
50%), 1:2 [33%], 1:3 [25%], 1:4 [20%], 1:5 [16.7%], 1:6
[14.3%], 1:7 [12.5%], 1:8 [11.1%], 1:9 [10%]) at a temper-
ature of 37°C.We used Win CT-Viscosity software (A&D
Company) to analyze the measurement results,

Diffusing Capacity of NBCA/Lip. When mixed with
blood, NBCA/Lip is polymerized to generate a polymer.

The diffusing capacity of NBCA/Lip was evaluated by
measuring the area of the generated polymer in blood after
its mixing with blood. NBCA/Lip (0.5 mL) was dropped on
whole blood (I mL) from an adult beagle on a Petri dish
and shaken with a shaker 100 times per minute, Next, the
area of the polymer was measured using Scion image
sofiware (National Institutes of Health, Bethesda, Mary-
land).

Polymerization Time. To determine the polymerization
time, NBCA/Lip was dropped on blood, and we recorded
the state of polymerization by video (EXILIM EX-FH25;
Casio, Tokyo, Japan) at a frame rate of 240 frames/s and
observed the morphologic changes in the polymer. The
completion of polymerization was defined as the time point
when the morphologic changes ceased.

In Vivo Studies

Twelve adult beagles were used for the in vivo experiment
(mean body weight, 14.9 kg; range, 13.8~15.8 kg). The
dogs were hetized with an i r injection of
ketamine (40 mg/kg of body weight) and atropine sulfate
(0.1 mg). Sodium pentobarbital (Nembutal, 25 mgke;
Dainippon Sumitomo Pharma, Osaka, Japan) was used as a
supplemental anesthetic.

Tr heter Arterial Embolization. For tr h-
eter arterial embolization, an 8-F introducer sheath (Medikit,
Tokyo, Japan) was inserted into the carotid artery. A bascline
angiogram of the abdominal aorta was obtained using a 5-F
Cobra catheter (Cook, Inc, Bloomington, Indiana), and then
the renal artery was catheterized (Fig 1). A 2-F microcatheter
(Renegade; Boston Scientific, Natick, Massachusctts) was
placed coaxially through the 5-F catheter and positioned dis-
tally in the ventral or dorsal branch. Selective embolizations
with NBCA/Lip were performed by the same radiologist.
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Figure 2, CT volume rendering image and volumetry of the kidney after embolization with NBCA-Lip (1:8). (a) CT volume rendering
image of the kidney. (b} CT volume rendering image of the region with a CT value > 500 HU. CT volumetry of this region evaluates
the total vascular bed in which the embolic material was distributed. (¢} By removing the medullary vessels on source images,

holi

ion was

volumetry of the vascufar bed in which

lished only in the cortex was achieved. To consider individual

differences in the vascular bed of the kidney, the cortex/total kidney ratio was evaluated. This was considered to be the index of the
distal embolization effect. {d) Maximum intensity projection of the kidney. (e} CT axial image of the position of the line on image (d}.
For pathologic preparation, a region with a high level of NBCA-Lip on CT similar to this was chosen.

The embolization technique was performed as fol-
lows: NBCA was mixed with Lip at a ratio of 1:1, 1:3, or
1:9 manually. Before injecting NBCA/Lip, the micro-
catheter was flushed with 5% dextrose to prevent prema-
ture polymerization of the NBCA/Lip triggered by an-
ions from residual blood or saline. NBCA/Lip was
injected carefully under fluoroscopic monitoring using a
2.5-mL syringe. Injection speed was decided by the
operator to prevent blood stasis, The endpoint of embo-
lization was decided by the operator at the time of flow
arrest of NBCA/Lip at fluoroscopy.

Tmmediately after injection, the microcatheter was re-
tracted to prevent the catheter tip from adhering to the
vessel wall, Next, the inner lumen of the guiding catheter
was aspirated, and the contralateral embolization procedure
was performed using a new microcatheter. The injected

volume was measured by subtracting microcatheter luminal
volume (0.67 mL) from the injected volume. Embolization
was performed in eight kidneys using each NBCA/Lip
ratio.

CT Volumetry. Immediately after embolization, the dog
was killed with an overdose of sodium pentobarbital; ex-
sanguination was performed, and the kidneys were re-
moved. A CT scan of the specimen was obtained, and the
intravascular distribution of Lip was confirmed using 64-
slice multidetector CT (Aquilion 64; Toshiba, Tokyo, Ja-
pan). Using CT volume-rendering images of the kidney
with a threshold CT value > 500 HU, CT volumetry of the
vascular bed after embolization was performed at a work-
station (Ziostation version 1.2.0.2.; AMIN, Inc, Tokyo,
Japan) (Fig 2). We measured the volume of cortical vessels
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that underwent embolization after removing the medullary
vessels on source images and evaluated the vascular bed in
which embolization was achieved only in the periphery, not
including the medullary part of the kidney. For the index of
the distal embolization effect, we did not use the absolute
value of the cortical vessels that underwent embolization
but rather the ratio of vessels of the cortex that underwent
embolization and those of the entire kidney (V-cortex/V-
kidney) to exclude the variation effect of different volumes
of the renovascular bed among different subjects.

Histopathologic Evaluation. The specimen was fixed
in 10% neutral buffered formalin solution for I to 2
weeks and then was subjected to alcoho!l dehydration.
Additionally, a region with a high level of NBCA/Lip on
CT was chosen for pathologic preparation. This tissue
was embedded in paraffin and stained with hematoxylin
and eosin and Elastica-Masson. After a preliminary ex-
periment of renal artery embolization with NBCA alone,
NBCA/Lip, and Lip alone, embolic material was patho-
logically identified as amorphous structures that stained
with either hematoxylin and eosin or Elastica-Masson
within vessels that underwent embolization; these amor-
phous structures were never seen in control vessels that
did not undergo embolization.

In each kidney, 40 random fields were observed at
400X magnification. A histopathologic evaluation deter-
mined the following two points to evaluate how far the
NBCA/Lip traveled in the artery: (a) point 1, the smallest
minor axis of the arteriole containing embolic material in
the lumen was measured in each kidney; (b) point 2, the
number of arterioles with a minor axis = 40 um containing
embolic material in the lumen was counted. A sampling
error secondary to specimen preparation may affect point 1,
$0 point 2 was used as another index of the distal embolism
effect, which could be regarded as quantitative evaluation
of the distal embolism effect.

Statistical Analysis

Statistical analysis was performed using the SPSS software
package (version 15.0; SPSS Inc, Chicago, Illinois). Histo-
pathologic evaluations were compared using analysis of
variance (ANOVA) with the Tukey-Kramer post hoc test. A
P value < 05 was considered statistically significant.

RESULTS

In Vitro Studies

With the increased amount of Lip, both the viscosity of
NBCA/Lip and the area of the polymer increased (Figs 3
and 4). The polymerization time also increased with the Lip
volume (Fig 5).

In Vivo Studies
Transcatheter arferial embolization of the renal artery suc-
ceeded in all cases. On average, 0.43 mL (range, 0.3~0.6

viscosity {(mPars)

20 40 a0 80 100

Lipiodol volume %%

Figure 3. Viscosity of NBCA-Lip. The viscosity of NBCA-Lip
increased exponentially with the volume of Lip.
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Figure 4. Diffusing capacity of NBCA-Lip. As an index of the
diffusing capacity of the NBCA-Lip polymer in blood, we mea-
sured the area of the polymer on a Petri dish. The area of the
polymer increased exponentially with the volume of Lip.
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Figure 5. Polymerization time of NBCA-Lip. The polymeriza-
tion time increased with the Lip volume. The time was similar
between ratios 1:1 and 1:2 and between ratios 1:3 and 1:5 and
increased exponentially in ratios 1:6-1:9.

mL) of NBCA/Lip was required to achieve embolization in
all kidneys. No significant difference was noted in the
quantity injected among the three groups.
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Embolic material

Figure 6. Photomicrograph of renal dulla obtained immedi

after embolization with NBCA-Lip. (Elastica-Masson; original

magnification, x400.) {a) Section of arteriole of renal medulla. The amorphous material in the artery is embolic material. {b) The
smallest minor axis of the arteriole containing embolic material in the lumen was measured in each kidney.

‘The cortical vascular bed in which embolization was
achieved increased as the Lip volume increased. The cor-
tical vascular bed in which embolization was achieved was
significantly greater with NBCA/Lip ratios of 1:3 and 1:9
than with NBCA/Lip ratio of 1:1; no significant difference
was observed between NBCA/Lip ratios of 1:3 and 1:9 (Fig
K1 {available online at www, jvir.orgl).

Regarding evaluation point 1 (Fig 6 and Fig £2 [avail-
able online at www,jvir.org]), the minimum minor axis of
an arteriole that contained embolic material in the lumen
was 3.4 um, 2.2 pm, and 2.3 pm with NBCA/Lip ratios of
1:1, 113, and 1:9. With ratios of 1:3 and 1:9, the embolic
material was found in significantly narrower arterioles than
with a ratio of 1:1.

Regarding evaluation point 2 (Fig E3 [available online
at wwwjvir.org]), the average number of arterioles in which
embolization was accomplished in 40 fields was 1.1, 5.6,
and 6.3 with ratios of 1:1, 1:3, and 1:9. At a Jow NBCA
density, embolization was achieved in narrow arterioles,
and the peripheral distribution of the embolic material
tended to be wider. Embolization was achieved in more
arterioles at a 1:9 ratio than at a I:1 ratio; no significant
difference was found between 1:1 and 1:3 ratios and be-
tween 1:3 and 1:9 ratios.

DISCUSSION

When performing transcatheter arterial embolization,
reaching as close to the farget as possible with embolization
of only the target artery is critical. When embolization

occurs prematurely or much proximal to the target, only a
temporary embolization effect may result because recana-
lization via collateral circulation would develop. Emboli-
zation immediately proximal to the target (ie, distal embo-
lization) is needed to obtain a permanent embolization
effect on the target. However, selective insertion of the
microcatheter is often difficult because of increased tortu-
osity or small size of the target artery. When some distance
consequently remains between the microcatheter fip and the
target, distal embolization that would be desirable may
become unachievable.

Little is known regarding the polymerization time of
NBCA/Lip after injection, and a risk exists of excessive or
incomplete embolization or adhesion of the catheter tip to
the vascular wall. The ratio is empirically decided by an
interventional radiologist considering the blood vessel di-
ameter, blood velocity, and distance from the microcatheter
tip to the target. Successful embolization has been reported
at the following ratios for different target arteries: bronchial
artery, 1:7 (3); gastrointestinal organs, 1:1-1:7; splenic
artery, 1:3-1:4; lower dorsal branch of the renal artery, L4
(2); lumbar artery, 1:1; inferior epigastric artery, 1:7; and
iliac artery, 1:5. However, the optimal ratio may not be
constant for each artery and may differ in different cases
depending on circumstances such as the blood vessel diam-~
eter, blood velocity, and distance from the microcatheter tip
to the target.

Experimental examination of the embolization effect
of NBCA has been reported. Performing embolization of
rat renal arteries with different ratios of NBCA/Lip (1:1
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and 1:4), Sadato et al (4) evaluated the histopathology at
several time intervals after embolization, Their results
showed no tecanalization of the vessels in which embo-
lization was achieved, although it was not disclosed how
far distally the embolic material traveled. Other studies
reported the relationship between the number of arteries
in which embolization was achicved and the ischemic
changes in the intestinal tract wall according to different
ratios of NBCA/Lip (5,6). However, no study had quan-
tified the relationship between the NBCA/Lip ratio and
the degree of the embolic effect or how far distally the
embolic material reached.

We conducted the present study 1o examine quantita-
tively the relationship of property in vitro (viscosity, dif-
fusing capacity, and polymerization time) and embolization
effect in vivo of various ratios of NBCA/Lip. In the in vitro
study, which used a more modem and precise method with
a high-speed camera, we confirmed more objectively that
the polymerization time increased with the Lip volume,
which was indicated in previous experimental studies using
traditional methods (7-9). The difference in the polymer-
ization time according to the differential ratio might have
resulted because it occurred only where the NBCA/Lip
came into contact with blood but not in the remaining part
where it was separate from the blood. Lip could have
inhibited the contact between NBCA and blood and polym-
erization. We presume that the actual polymerization time
during transcatheter arterial embolization might be shorter
than the results in our in vitro study because of more likely
contact between NBCA/Lip and blood.

in the in vivo experiment with histopathologic mea-
surement of number and axis of arterioles, embolization
occurred more distally at a 1:3 ratio than at a 1:] ratio.
However, no significant difference was found between 1:3
and 1:9 ratios in vivo, where polymerization time and
viscosity greatly changed in vitro. The exact reason for this
finding is unclear, but there might have been some inferac-
tion of the peripheral arterial embolization effect with vis-
cosity within an extremely narrowed lumen; increased vis-
cosity owing to a high ratio of Lip may disproportionately
reduce blood flow within small arterioles or capillaries,
resulting in a relatively limited degree of peripheral embo-
lization. This aspect was not investigated in our in vitro
study. The kinetics of NBCA/Lip may be modified by not
only polymerization time and viscosity but also other fac-
tors, including blood vessel diameter, blood velocity, and
blood pressure and their combination, which remain to be
evalualed.

Similar to histopathologic measurement, the cortical
vascular bed that underwent embolization (not including
the medullary part of the kidney) measured by CT volu-
metry was significantly greater with NBCA/Lip ratios of
1:3 and 1:9 than a ratio of I:1, although quantity of
NBCA/Lip injected was not significantly different
among the three groups. This finding may indicate that
the medullary (not cortical) vascular bed that underwent

embolization was greater at the mixture ratio of 1:1 than
the ratios of 1:3 and 1:9.

1t was presumed from the in vitro results on viscosity
and diffusing capacity that NBCA/Lip likely flows more
peripherally in blood vessels in vivo when the NBCA
density is decreased. In our in vivo study, although no
significant dilference was found between 1:3 and 1:9 ratios,
both the number of arteries in which embolization was
achieved on pathologic examination (Fig E3 [available
online at www.jvir.org]) and the vascular bed in which
embolization was achieved on CT volumetry (Fig EX
{available online at www,jvir.orgl) were larger with the
ratio of 1:9 than with 1:3. These results may contradict
the opinion that NBCA/Lip does not easily reach periph-
eral arteries when the Lip density is increased. Based on
the in vitro results of polymerization time and in vivo
results, we suggest uging the ratio of less dense NBCA
(closer to 1:9) when there remains some distance be-
tween the microcatheter tip and the target to avoid pre-
mature or too proximal embolization. Information ac-
quired in this study on the relationship between the
NBCA/Lip ratio and intravascular polymerization factors
would help decide the ratio in individual cases in terms
of safe and effective embolization.

The limitations of this study include our examinations
only of NBCA/Lip ratios of 1:1-1:9, as these are frequently
clinically used. We were able to determine the selationships
of the viscosity, the polymerization time, and the embolism
effect in this range. However, we did not confirm whether
similar relationships are maintained with a different range
of ratios.

In conclusion, we quantitatively examined the relation-
ship of properties of NBCA/Lip in vitro and embolization
effects in vivo of various ratios of NBCA/Lip and com-
pared the data. The results of this study are useful for safe
and effective embolization.
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Figure E1. The embolized cortical vascular bed was increased
as the Lip volume increased. The vascular bed was significantly
greater with NBCA/Lip ratios of 1:3 and 1:9 than with an NBCA/
Lip ratio of 1:1, whereas no significant difference was observed
between NBCA/Lip ratios of 1:3 and 1:9.
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Figure E2. The minimum minor diameter of the arteriole con-
taining embolic material in the lumen was measured in each
kidney. With ratios of 1:3 and 1:8, the embolic material was
found in significantly narrower arterioles than at a 1:1 ratio,
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Figure E3. The number of arterioles with a minor diameter
< 40 pm containing embolic material in the lumen was counted.
At a low NBCA density, narrow arterioles were embolized, and
the peripheral distribution of the embolic material tended to be
broad. More arterioles were embolized at a 1:9 ratio than sig-
nificantly at 1:1.
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Reorientation of a Nenspherical Capsule in Creeping Shear Flow
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The dynamics of a capsule and a biological cell is of great interest in chemical engineering and
bioengineering. Although the dynamics of a rigid spheroid is well understood by Jeffery’s theory, that of a
spheroidal capsule remains unclear. In this Letier, the motion of a spheroidal capsule or a red blood cell in
creeping shear flow is investigated. The results show that the orientation of a nonspherical capsule is
variant under time reversal, though that of a rigid spheroid is invariant. Surprisingly, the alignment of a
nonspherical capsule over a long time duration shows a transition depending on the shear rate, which can
be utilized for a particle-alignment teehnigne. These findings form a fundamental basis of the suspension

mechanics of capsules and biological cells.

DOL 10 1103/PhysRevEett. 108.138102

About a century ago, Jeffery analytically derived the
motion of a nonspherical object in creeping linear back-
ground flow [1}. Since then, Jeffery’s theory has been used
to describe the alignment of rods and ellipsoids, such as
bacleria, platelets, etc. The theory states that the trajectory
of a non-Brownian rigid ellipsoid in Stokes flow is invari-
ant under time reversal and that reorientation over a long
time duration does not occur under simple shear flow
conditions. The time reversibility can be destroyed by
introducing inertia effects {2] or viscoelastic properties of
the surrounding fluid [3], because the motion is no longer
independent of time in these cases. However, the effect of
particle deformability on the time reversibility is not well
clarified. This study investigates this question by using a
capsule as a model deformable object.

A capsule is a liquid drop enclosed by a deformable
membrane, which is of great interest in the chemical
engineering, bicengineering, and food industries. Many
capsules in realistic sitvations are not perfect spheres be-
cause of the inhomogeneity of the membrane properties or
folding due to unbalanced osmotic pressure. If one places a
nonspherical capsule in creeping shear flow, how does the
orientation change relative to the flow field over a long
time duration? Jeffery speculated that an ellipsoid may
alter its orientation so that the viscous energy dissipation
of the system becomes minimal [1]. However, this may not
be true for a capsule with a large deformation. Although
many former studies have examined the dynamics of a
nonspherical capsule [4-8], none of them can answer this
question.

In this Letter, the motion of a non-Brownian spheroidal
capsule or a red blood cell (RBC) in creeping shear flow is
investigated numerically. The results show that the orien-
tation of a nonspherical capsule is variant under time
reversal, although the orientation of a rigid ellipsoid is
invariant. Surprisingly, the alignment of a nonspherical
capsule over a long time duration shows a tramsition

0031-9007/ 12/108(13)/138102(5) 138102-1
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depending on the shear rate. The transition cannot be
explained by the minimum energy dissipation, as specu-
Tated by Jeffery; the full fluid and solid mechanics are
necessary to understand this phenomenon. The obtained
results can be utilized for particle-alignment techniques in
engineering applications and shed light on the complex
dynamics of capsules and biological cells.

A capsule is assumed to be filled with an incompressible
Newtonian fluid of viscosity Ax and freely suspended in
another fluid with the same density but viscosity p. When
the thickness of the capsule wall is small compared to its
size and radius of curvature, the membrane can be modeled
as a 2D hyperelastic surface without bending rigidity. In
this study, we use two kinds of constitutive laws for the
membrane: the neo-Hookean (NH) law [9] and the Skalak
(SK) law [10]. The NH law describes isotropic volume-
incompressible rubberlike material properties, whereas the
Skalak law expresses the area incompressibility of a bio-
logical membrane.

To calculate capsule deformation accurately, fuid-
structure interactions between the motion of the internal
and external fluids and that of the capsule membrane have
to be solved precisely. We assume that the flow is
Stokesian, i.e., inertia~-free, and the flow field is solved by
a boundary element method. A finite element method is
employed to solve the membrane mechanics. The govern-
ing equations and numerical methods are the same as in
Refs. [6,11], and the derails are explained in Ref. [12}. The
reference shape of the capsule is assumed to be spheroid or
biconcave, in the same manner as in Refs. [5,6]. The aspect
ratio between the principal axes of the spheroid is repre-
sented by «. A linear triangular mesh with 5120 clements
is used to discretize the membrane. The validation of the
numerical methods is presented in Ref. [12].

In a Cartesian reference frame with the capsule center as
the origin, the undisturbed linear background fow v™ can
be described as ¥v* = (E + ) - x, where B and Q are the
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rate of strain and rotation tensors, respectively. In this
study, we use two types of background flow: (a) a simple
shear flow given by E,, = E,, = §,, = —{,, =% (all
the other components = 0), as shown in Fig. 1(a), and
(b) an oscillatory planar elongational flow given by E,, =
Ey = %coswt (all the other components = 0), as shown
in Fig. 1{b). Here, ¥ is the shear rate or the elongational
rate, t is the time, and  is the angular velocity of the flow,
which is correlated to the oscillation period 7" as T =
27/ w. The capillary number Ca represents the ratio of
the viscous force to the elastic force and is given by Ca =
uly/G,, where G, is the membrane shear modulus and £
is the radius of a sphere that has the same volume as the
cllipsoid or the biconcave capsule.

We first investigate the motion of a spheroidal oblate
capsule in simple shear flow and compare the results with
those of a rigid spheroid. To examine the capsule orienta-
tion efficiently, we define the orientation veclor e as a unit
vector extending from the center of gravity and pointing to
material point P located at the revolution axis of the
unstressed spheroidal capsule. ¢ is defined as the angle
between € and the z axis, as shown in Fig. 1(c). At time
t = (), the oblate capsule without prestress is placed at an
initial angle 8y of 7/4. The deformation ai time ¢ > 0 due
to the background shear is calculated until the steady
periodic motion is achieved.

The motions of an oblate capsule with Ca == 0.3 and 1.0
are shown in Fig. 2(a) and 2(b), respectively (« = 0.6,

shown in Fig. 2(¢) for 30 periods of rotation. The resuits of
arigid spheroidal with the same o [1] are also plotted in the
figure for comparison. Because of the nonspherical refer-
ence shape of the capsule membrane, 6 oscillates twice
during one rotation. In addition to the short-time oscilla-
tion, # tends to approach towards 0 or 77/2, depending on
Ca, over a long time duration. The reorientation of the
capsules is also clear in observing Figs. 2(a) and 2(b),
because the material point P, which is indicated as a blue
dot in the figures, moves towards z = 0 when Ca = 0.3,

note that the final orientation is independent of the initial
orientation; this was confirmed numerically by changing

FIG. 1. Schematic illustration of a capsule in (a) simple shear
flow and (b) oscillating planar elongational flow, (¢) Orientation
vector e is defined as a unit vector extending from the center of
gravity and pointing to material point £. 6 is defined as the angle
between e and the z axis.

the initial orientation randomly, Such reorientation did not
happen for a rigid spheroid, as shown in Fig. 2(c). These
results clearly illustrate that a deformable capsole becomes
reoriented, even in simple shear flow, and the time revers-
ibility of Jelfery’s orbit can be destroyed by introducing
particle deformability.

The results of Fig. 2 raise another important question
about why the reorientation ditection shows a transition
with increasing Ca. We calculated the viscous energy dis-
sipation due to the capsule motion to determine whether
the transition occurred to minimize the dissipation energy.
However, we did not observe a one-to-one correlation
between the capsule reorientation and the minimum energy
dissipation. Thus, the full fluid and solid mechanics must
be examined (o apswer this question.

To understand the basic mechanism of the transition, we
further simplify the background flow field by deleting the
rotational contribution from the shear flow. When an oblate
capsule with an arbitrary injtial orientation is subjected to
steady planar elongational flow, the orientation is finally
directed towards the compressing direction in all cases.
Given that the reorientation transition does not appear in
steady planar elongational flow, the unsteadiness in the
flow field likely plays an important role in the transition.

Next, we apply oscillatory planar elongational flow,
given by Fig. 1(b), to an oblate capsule. In this flow ficld,
the elongational rate and changing frequency of the elon-
gational direction can be independently controlled. At
t =0, the oblate capsule without prestress is placed at
0y = w/d. The capsule motions for the second period of
oscillation with w/(yr) = 0.08 and Ca == 0.3 and 1.0 are
shown in Figs. 3(a) and 3(b) (¢ = 0.6, A =1, and NH
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FIG. 2 (color). Oblale capsule in a simple shear (fow with
(a) Ca =03 and (b) 1.0 (& = 0.6, A = 1, and NH membrane).
Blue and red dots are material points on the membrane and are
plotied as tracers. {¢) Time change of 8, where the result of a
rigid spheroid with same « [1] is also plotted for comparison.
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FIG. 3 (color). Motion of an oblate capsule in oscillating
planar  elongational flow  with  w/(37) =0.08 and
() Ca= 03 or (b) Ca= 1.0 (a =06, A = 1, and NH mem-
brane). A black dot is placed at P as a tracer. (¢) Time change of
@, where the result of o rigid spheroid with the same o [1] is
plotied for comparison. (d) Dimensionless drift time in the small
Ca regime.

membrane). Color contours show the distribution of 7,
where 7; is the in-plain principal elastic tension and 7y =
7. The time history of ¢ is also shown in Fig. 3(c) for 30
periods of oscillation. When Ca == 0.3, 8 approaches to
7/2 after a sufficient time duration, whereas when Ca =
1.0. # approaches to 0. For Ca == 0.3, the capsule deforma-
tion is small at t/7 = 1.25 and 1.75, when there is no
background flow, and the 7, distributions at #/T = 1.0 and
1.5 are similar. For Ca = 1.0, however, large deformations
remain at £/7 = 1.25 and 1.75, resulting in a strong asym-
metry in the 7y distribution between ¢/7 = 1.0 and 1.5.
Thus, the deformation is strongly affected by the time
history in the high Ca regime, whereas it is quasisteady
in the low Ca regime. This qualitative difference in the
tension distribution likely causes the reorientation transi-
tion. When Ca is very small, the capsule should behave like
a rigid body. In order to confirm the convergence, we
caleulate drifl time T, required for drifting from € =
/4 to w/2 and plot it in Fig. 3(d). We see that 37,
increases rapidly as Ca is decreased, indicating conver-
gence to the rigid body motion.

To clarify the reorientation phenomena in more detail,
we plot a phase diagram of the final orientation as a
function of Ca and w/y. The oblate capsule is again
subjected to the oscillatory planar elongational flow with
0y = /4. The computation is carried out for N periods of
oscillation, and N is set to 30, as in Fig. 3(c). The con-
vergence of the final angle is determined by the following
equation: |6a — 6] = e, where 83 is the average orien-
tation vectot of the 30th rotation, and 07 = 0, 7/2, or fy.
The threshold vatlue of ¢ == 0.05 js used in this study,
because the results with € = 0.1 and 0.05 are almost the

same. When the convergence criteria is not satisfied, we
determined that the reorientation is in the transit regime.

The results of the phase diagram are shown in Fig. 4. The
red region (83 == 6y) indicates the rigid body motion or
high frequency oscillation. When w is very large, the
capsule has little time to deform, which results in no
obvious reorientation. When Ca — 0, the capsule motion
converges to the rigid body motion. Figure 3(d) indicates
that the red region also appears in the Ca < 0.00! regime
when @/ = 0.08, though the diagram in this small Ca
region is not plotied due to extremely high computational
load. The green region (4, = m/2) indicates the guasis-
teady deformation. This region appears when o is small,
including the steady planar elongation (w == 0). The ma-
genta region indicates infinite stretching. This region
appears only when the membrane is strain-softening,
such as NH membrane. A strain-hardening membrane
can avoid this problem [13]. The black region (84, = 0)
indicates large unsteady deformation. This region appears
only when the capsule is subjected to the large elongation
with the moderate oscillating frequency. The phase dia-
gram may be slightly affected by the selection of N. Since
N is limited in terms of the computational cost, we cannot
technically increase N — co. These results clearly illus-
trate that the convergence of ¢ — 0 appears only when the
large deformation is affected by the time history.

In the case of shear flow, the elongational direction
relative to the material point on the membrane oscillates
with the angular velocity of the membrane motion, Thus,
one may assume  as the average rotational velocity of a
capsule in shear flow and draw the curve shown in Fig. 4.
The results of an oblate capsule in shear flow, shown in
Fig. 2, are plotted in Fig. 4 by circles. A curve with small
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FIG. 4 (color). Phase diagram of the oblate capsule in oscillat-
ing elongational flow (o = 0.6, A = 1. and NH membrane). The
circles in the figure indicate the converted resulis of the shear
flow case.
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FIG. 5 (color). (a) Motion of a RBC in shear flow (Ca == 2.0,

== 1,0). Blue and black dots are material points on the mem-
brane and are plotied as tracers. (b) Effects of A on the critical Ca
number of oblate capsules and a RBC. The solid lines in the
figure indicate Cap, and the broken lines indicate Cagp.
Experimental conditions of Refs. [7,8] are plotted by gray and
magenta regions, respectively.

Ca exists in the § — /2 region, whereas a curve with
large Ca exists in the 8 — 0 region. These results indicate
that the reorientation transition found in the shear flow can
also be explained by using Fig, 4.

Finally, we investigate the reorientation of a RBC in
shear flow. The RBC membrane is modeled by the SK law
with C = 10, where C is the ratio of area dilation to the
shear modulus, Here we also investigate the effect of the
viscosity ratio A. Initially, the RBC s set to 8, = 7/4. The
results of Ca=2 and A =1 are shown in Fig. 5(a).
Material point P, indicated as a blue dot in the figure,
shifts to the z axis, i.e., 8 ~— 0, for Jarge Ca. When Ca
was small, on the other hand, we confirmed that 8 — /2
in the same manner as the spheroidal capsule (data not
shown), When 6 == 0, the RBC membrane has a pure tank-
treading motion, and the membrane no longer oscillates
during the rotation. When 6 5 0, on the other hand, the
RBC shows a swinging motion, and the membrane oscil-
lates during the rotation.

To elfectively discuss the effect of A and the constitutive
law on the reorientation fransition in shear flow, we define
ciitical values of Ca: Cayp indicates the maximum Ca
value to show @y~ 7r/2 convergence, and Cag indicates
the minimum Ca value to show 03 =~ 0 convergence. The
results of a RBC as well as spheroidal capsules with
a == (.4 and 0.6 and with two types of membrane constit-
utive laws are shown in Fig. 5 as a function of A. Ca, s and

Cay tend to decrease as A increased. This is because the
time history of deformation remains for a longer time as
the inside viscosity increased, which leads to the transition
in the smaller Ca conditions. The figure also indicates that
the effect of the constitutive law is considerable. A capsule
with the SK membrane tends to have a larger critical Cag
than that with the NH membrane. This is because the SK.
law shows the strain-hardening property, whereas NH law
shows the strain-softening, so Jarge deformations are sup-
pressed by the SK membrane. Thus, the reorientation
transition can be understood by considering the fluid and
solid mechanics of capsule deformation.

In Fig. 5, experimental conditions of Refs. [7,8] are
plotted by gray and magenta regions, respectively, by
assuming g = 11-59 mPa s, 7 = 800 57! for Ref. [7]
or 22-47 mPa - s and 7 =1 for Ref. (8], and G
4 uN/m and { = 2.82 pm for both cases. We see the
experimental conditions of Ref. [7] are above Cay, where
our model shows the pure tank-treading motion as in
Ref. [7]. The experimental conditions of Ref. [§] are below
Cay . where our model shows the swinging motion as in
Ref. [8]. Thus, the present results can nicely explain the
difference of two former experimental obscrvations by
Refs. [7,8], even without introducing any inertial effect.
We also note that the phase transition during reorientation
is observed for a prolate spheroidal capsule, although the
results are not included here. Thus, the reorientation tran-
sition is robust regardiess of the reference shape of the
capsule.

The results obtained in this study illustrate that the
reorientation transition appears in a wide variety of artifi-
cial and biological capsules. Given that the transition can
be controlled by adjusting the background flow strength as
well as the unsteadiness in the background flow direction,
the results obtained here can be utilized for particle-
alignment techniques in engineering applications, such as
counting nonspherical pagticles by light scattering, making
anisotropic materials, etc. These findings form a funda-
mental basis for the suspension mechanics of capsules and
biological cells.

We are grateful for helpful discussions with D. Barthes-
Biesel and A.-V. Salsac of Université de Technologie de
Compiégne.
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High-Frame-Rate Echocardiography
With Reduced Sidelobe Level

Hideyuki Hasegawa and Hiroshi Kanai

Abstraet—Echocardiography has become an indispensable
modality for diagnosis of the heart. It enables nbservation ol
the shape ol the heart and estimation ol global heart [unetion
based on Banode and M-mode imaging. Methods for echocar-
diographic estimation of myecardinl strain and strain rate have
also been developed to evaluate regional heart funetion. Fur-
thermere, it has been recently shown that echocardiographic
measurements of transmural fransition of wyocardial contrace
tion/relaxation and propagation of vibration caused by closure
of the heart valve would be useful for evaluation of myocardial
function and viscoclasticity. However, such measurcments re-
quire a frame rate (typically >200 Hz) much higher than that
achieved by conventional ultrasenic dingnostic equipment. We
have recently roalized a high frame rate of about 8300 Hz with
a full field of view of 90° using diverging transmit beams and
parallel receive beamforming. Although high-frame~cate hnag-
ing was made possible by this method, the side lobe level was
slightly larger than that of the conventional method. To re-
duce the side lobe level, phase coherence imaging has recently
been developed. Using this method, the spatial resolution is
improved and the side lobe level is also red 1. However,
speckle-like echoes, for example, echoes from the inside of the
heart wall, are also suppressed. In the present study, a method
for redncing the side lobe level while preserving speckle-like
echoes was developed. The side lobe level was evaluated us-
ing a wire phantom. The side lobe level of the high-frame-rate
imaging using unfocused diverging beams was improved by
13.3 dB by the proposed method. In in vivo measurements, a
B-mode image of the heart of a 23-year-old healthy male could
be obtained while preserving the speckle pattern in the heart
wall at a frame rate of 316 Hz with a full field of view of 90°,

1. INFRODUCTION

Ecuocmmlom{,n\Pn\‘ is a predominant modality for
diagnosis of the heart because it provides a cross-
sectional image of the heart noninvasively in real time.
Because of the high temporal resolution of ultrasonic di-
agnostic equipment, global heart function, such as ejec-
tion fraction (EF), can be estimated based on B-mode
and M-mode hnaging much more easily than with other
diagnostic modalitics, such as maguetic resonance inaging
(MRI) and computed tomography (CT). It has recently
been shown that ultrasonic measurements of transmural
transition of myocardial contraction/relaxation and its
propagation [1], [2] and propagation of vibration caused
by closure of a heart valve would be useful for evaluation
of myocardial function and viscoelasticity (3], [4]. How-
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ever, such measurements require a frame rate mnch higher
than that achieved by conventional ultrasonic diagnostic
equipment. For example, electrical excitation propagates
in Purkinje fibers and ventricular muscle at typical veloci-
ties of 0.3 to 4 m/s {5}, and the corresponding propagation
velocities of myocardial contraction of 0.5 to 7 /s have
been measured by ultrasound [, [6]. In these studies,
a high frame rate (typically higher than 400 Hz with a
slightly reduced lateral field of view, which is much higher
than that realized by conventional ultrasonic diagnostic
cquipment, usually scoveral tens of hertz) is required to
measure the propagation of this electromechanical wave
and the resulting transient small motion of the heart, wall.

Konofagou et al. [7) and D’hooge ef al. [8] increased the
frame rate to above 200 Hz in the ultrasonic measurement
of the heart function. However, the size of the field of view
and the total number of scan lines in an ultrasonic image
were sighificantly reduced.

To achieve a high frame rate, we used sparse sector
scanning, in which the number of scan lines was decreased
to about 10 (8}, and applied it to various applications (1]~
[4]. Tu this method, the angle intervals between scan lines
are increased to obtain a large lateral field of view with a
small number of scan lines. Therefore, the lateral image
resolution is significantly degraded.

The aforementioned methods are based on conventional
beamforming; therefore, the density of scan lines or field
of view must be sacrificed to achieve a high frame rate.
To overcome this problem, parallel receive beamforming
{10] with a wide transmit beam has been developed to
illuminate a wider region by one transmission to reduce
the muuber of transmissions. Lu and colleagnes proposed
an imaging method nsing an unfocused but nondiverging
transmit. beam, namely, a limited diffraction beam [11]-
[14]. Unfocused beams achieved a wider beam width, and
noncliverging beams used in these cited studies prevented
the insonified energy from being spread to ensure that
the required penetration depth was achieved. However,
the width of a nondiverging beam is limited by the size of
the aperture, which would limit the number of receiving
beams created by one transmission.

High-frame-rate echocardiography at about 300 Hz
with a full field of view of 90° usiug steered diverging
transmit beams and parallel receive beamforming has re-
cently been realized [15]. Diverging waves were produced
using all transducer elements in an ultrasonic array probe
to obtain ultrasonic echoes with a better SNR. [16], [17]
than the spherical wave produced by a single element {18].
Although just the idea of a diverging beam produced from
multiple elements was shown in [17], the feasibility of the
diverging beam had not been examined. The diverging
beam from multiple elements was shown to be feasible
in high-frame-rate echocardiography [15]. Although high-
frame-rate inaging is possible by our method, the side lobe

0885-3010/825.00 © 2012 LEEE
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level is slightly larger than that ol conventional beamform-
ing. To reduce the side lobe level, phase coherence imaging
has recently been developed [19]. This method sensitively
suppresses echoes influenced by the diversity of phases of
echoes received by transducer elements because of various
factors, such as focusing error, ete. Therefore, the spatial
resolution is improved and the side lobe level is suppressed
by this method, but weak speckle-like echoes, which are
gencrated by interference of scattered echoes, are also sig-
nificantly suppressed because the phases of echoes wonld
be influenced by the interference. In the present study,
a method to reduce the side lobe level while preserving
speckle-like echoes was developed. The side lobe level was
evaluated using a wire phantom, and a B-mode image of
a heart of a 23-year-old healthy male was obtained in vivo
by the proposed method.

1L PRINCIPLES

Using an unfocused wide transmit beam increases the
side lobe level compared with conventional beamforming
(focusing both in transmit and receive). Therefore, meth-
ods for reduction of the side lobe level are required.

When receive focusing is performed witl respect to a
spatial point p, the position of the source of an echo does
not always cxactly coincide with p. Let us consider the
difference beiween the time delay applied by a receive
beamlormer and the propagation time delay of the echo.
As shown in Fig. 1(a), the locations of focus and the
source of the echo are defined by (2,2) and (7 + Az, z +
Az), respectively. Under such conditions, distance v from
the ith element to the source and distance r; from the ith
element to the focal point are expressed as

JE =z, + A0 + (z + Az)?, (1)
=@ -) + 2 (2)

whiere u; is the lateral position of the th clement.

Residnal time delay Ar; (focnsing ervor) of the echo
from the source received by the #th element after receive
beamforming (applying time delay Trgy,;) depends on the
difference between r; and 7.

o' -

= Ary(2r; + Ar-)
= (2~ z; + D) + (2 A2)? ~ (T ~ ))* — 2%
(3)
where Aryisr! — 1
By assmning that the focal depth z s sutliciently lavge,
scuares of Az and Az can be neglected:

Avy(2r; 4 Ary) = 204 I'(.L — ;) - 20z - z, (4)

Ary =
()
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where 2r; + A, is approximated by 2r; because Ary is as-
sumed to be sufficiently smaller than 27

For large z distance 7, can be approximated to be (22
+ 28172 because v is limited by the aperture size (z, was
less than 10 mm in the present study). Therefore, residual
time delay Ar; is expressed as

Ary o= An

Cp (6)

~ox; -+ b

where ¢ is the speed of sound, Constants o and b are
given by

™

®

Residual time delay Ar; is also expressed as the residual
phase delay Af;:

X
scatterer

focal

pmm..\~

_____ & Vittual
point saurce

wavefront of
diverging heam

(transinit
wavefront of 3
conventional directlon in conventional
beamforming £ %fmam beamforming

(transmit) (receive)

)
Fig. 1. Hustration ol mismateh between the location of a fucal point
and that of the source of an echo {a) in receive and (b) in transmission.
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AO; = 2f AT, ©)

where fp is the center frequency of ultrasound. In the pres-
ent study, a method was proposed for reduction of the
side lobe level while keeping the shape of the point spread
function similar to those in conventional beamforming and
our proposed method using diverging beams. As shown
in (6), there is a linear relationship between the residual
phase delay A6; and the lateral position z, of an clement
when the location of a focal point is close to that of a
scatterer. This means that the dillerence between residual
phase delays of two neighboring elements is consistent
across the array when the focusing is done near the source
of an echo (when Az and Az are small). This consistency
can be evaluated by the magnitude-squared coherence
function (MSCF) « {20], defined as:

L2 2

]§ :1' .'Jbi' ‘Siwi
. 2 2 v 2?
L.‘::n "Sx‘l Z,’: 'SiH!’

where L is the number of elements. The numerator in (10)
corresponds to the cross-spectrumn between Sy and ;.
averaged across the array. Therefore, the MSCF becomes
1 when the transfer function from S; to S,4 is constant
across the array. On the other hand, the magnitude ol the
numerator decreases because of the incoherent averaging
of the transfer function when the transfer function is not
constant. The phase of the transfer function corresponds
to the phase difference between two neighboring elements.
Therefore, the MSCF would decrease when the phase dif-
ference between two neighboring elements is not constant
{= nonlinear according to the element number (position)].

To obtain the MSCF v, the complex Fourier coeflicient
8} at fy (= 3.756 MHz) of the RF ccho signal st — Trpp,,)
received by the ith transducer element mist be estimated.
To obtain the complex Fourier coefficient &), in the pres-
ent study, the discrete Fourier transform at fy was applied
to s,(t - Trpr,) with a Hann window whose length was
0.53 ps. Under this condition, the first nulls of the power
spectrum of the Hann window were located at 0 and
7.5 MHz, providing the available maximum bandwidth of
the resultant complex signal S; sampled at 30 MHz.

The Fourier transform was applied to the RF echo s(¢
~ Tygy ;) received by the ith transducer element after the
time shift by the receiving beamformer to account for the
differences among propagation time delays of echoes re-
ceived by transducer elements. However, the time delay
Trpy,i is an integral multiple of the sampling interval of
the RF echo. To remove the residual time delay resulting
from the difference between the actual time delay A7; and
Ty S} is multiplied by exp{27 (AT, — Tryes)} to ob-
tain the corrected Fourier coefficient S; in (10). Therefore,
there are no phase differences among corrected Fourier
coefficients {S;} when the location of the source of the echo
exactly coincides with the focal poiut p [the relationship
between residual time delay and an clement’s lateral posi-
tion is linear, but both e and b in (6) are zerof. In this

(10)

ol

caze, the MSCF « is 1. In addition, according to (6) and
(9), there is a linear relationship between the phase delay
Af; = £S; and the lateral position x; of the fransducer
element when the focal point is located very near the
source of the echoes (small Az and Az). In such cast
MSCF « is also close to 1 because the phase difference
between the spectra of the signals received by ith and (i -+
1)th elements is consistent across the array. On the other
hand, the MSCF « decreases when there is a misimatch
between the locations of the source of an echo and the fo-
cal point. (e.g., echoes caused by side lobes) because the
assumption of (4) is not applicable. Therefore, sich unde-
sirable echoes can be suppressed by weighting the beam-
formed RF signal at p using the MSCF ~.

Furthermore, the difference between transmit beams in
conventional and proposed beamforming is considered to
affect the side lobe reduction. In conventional beamform-
ing, the geometrical center (center of the aperture) is same
in both transmit and receive, as illustrated in Fig. 1(b).
Therefore, the time required for the propagation of ultra-
sound from the aperture to a scatterer (in transmit) and
that from the scatterer to the aperture (in reccive) are
same, and an echo from a scatterer, which is located at
the range distance along the side lobe that is same as the
range distance of the focal point, would contribute to the
calculation of the MSCF at the spatial point p = (z, 2).

On the other hand, the time required for the propaga-
tion from the aperture to the scatterer and that from the
scatterer to the aperture are different in our beamforming
using diverging beams because the geometrical center of
the transmit beam is the position of a virtual source of a
diverging beam. The time required for the propagation of
a diverging beam frow the aperture to a scatterer can be
cstimated correctly when the scatterer is located at the
focal point. However, there is an arrival-time estimation
error Ar, which reduces the confribution of the echo from
the scatterer to the calculation of the MSCF at the spatial
point p (there is no echo signal in beamforming at p when
Ary is larger than the pulse duration of nltrasound) when
the scatterer is not at the focal point. Such arrival-time
estimation error would also reduce the coherence of the
received signals.

TILI. EVALUATION OF SPATIAL RESOLUTION
AND SIDE LOBE LEVEL USING A WIRE PHANTOM

In the present study, a commercial diagnostic ultra-
sonic system (a-10, Aloka, Tokyo, Japan) was used with
a 3.75-MHz phased array probe. The phased array was
composed of L = 96 elements at intervals of 0.2 mm. The
elevation focal distance was fixed to be 70 am. This sys-
tem was modified so that all of the 96 elements can be
excited simultaneously and RF echoes received by L =
96 individual clements could be acquired at a sawnpling
frequuency of 30 MHz and a 16-bit resolution for off-line
processing (receive beamlorming, compounding, etc.). In
conventional beamforming, receive focusing was done with
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respect 1o each discrete spatial point. The beamforming
procedure in our high-frame-rate imaging is described in
[15]. The Hamn apodization was used for both conven-
tional beamforming and our high-frame-rate imaging. In
the beamforming procedure, a constant speed of sound of
1540 m/s was assumed.

In the basic experiment, fine nylon wires (diameter
=100 pi) placed in water wore used for evaluation of
the spatial resolution. Iigs. 2(a)-2(cl) show B-mode im-
ages ol the wires obtained by conventional beamforming
and parallel beamforming with diverging beams at rp =
100 nun without weighting, with weighting by the MSCF,
and with weighting by the phase coherence factor [19],
respectively, where 7y is the distance between the front
surface of the array and the virtual point source behind
the array for producing a diverging beam. The dynamic
ranges of Figs. 2(a)-2(d) are 60 dB. For diverging beams,
distance 7p wag set at 100 wm. In Fig. 2, there is not much
difterence between the B-mode itage obtained by conven-
tional beamforming [Fig. 2(a)] and those obtained using
diverging beams with [Fig. 2(b)] and withont [Fig. 2(c)]
weighting by the MSCF. The B-mode image oblained us-
ing diverging beams with weighting by the phase coher-
ence factor [Fig. 2(d)] shows a significantly improved spa-
tial resolution compared with the other images. In Fig.
2(d), the phase coherence factor is obtained as max[0,1
— /g [19], where ¢ is the standard deviation of phases
of echoes received by individual elements and ayy = 7 /305
The staudard deviation o was evaluated after applying
time delays by the receiving beawforiner.

Fig. 3 shows the lateral profiles of the images [corre-
sponding to point spread functions (PSF)] at the shallow-
est. wire. The half-full-widihs at. half-maxima of the point
spread functions shown in Fig. 3 are provided in Table L
From the data shown in Fig. 3, the average side lobe levels
were evaluated in the lateral angular ranges, —45° < (lat-
eral angle) < -15° and 15° < (lateral angle) < 45°. The
side lobe level obtained using diverging beams increased
by 8.5 dB compared with conventional beamforming. By
weighting with the MSCF, the side lobe level in the higl-
frawe-rate huaging using diverging beans was reduced by
13.3 dB. Weighting by the phase colicrence factor showed
the best spatial resolntion and the lowest side lobe level in
the phantom experiment.

IV, IN Vivo IMAGING OF A HUMAN HEART

Figs. 4(a)-4(d) show B-mode images of the heart of a
23-year-old healthy male obtained by conventional beam-
forming and parallel beamforming with diverging waves
at 1y = 100 without weighting, with weighting by the
MSCF, and with weighting by the phase coherence fac-
tor, respectively. Fig. 5 shows the intensity profiles along
the scan lines indicated by the white lines in Fig. 4. Note
that the position of the posterior wall in the measure-
ment with conventional beamforming was slightly shal-
lower than that in the measurement with diverging beams.

\2\57 mm

‘\2\5.7 mm

@
Fig. 2. B-mode images of fine wires obtained {a) by conventional sector
scapning, (b) using a diverging beam, (¢} using a diverging beam with
weighting by the magnitude-squared coberence function (MSCF). and
(d) using a diverging beam with phase coberence factor weighting [19].

Using diverging waves [Fig. 4(b)]. a B-mode image of the
hieart could be obtained at a high frame rate of 316 Hz
with a full lateral field of view of 90°. By weighting with
the MSCF [Fig. 4(c)], the image confrast was improved,
and speckle-like echoes, for example, echoes in the heart
wall, were well preserved. It can be also observed in Fig.
5 that the proposed method using the MSCF suppresses
the undesirable echoes in the cardiac lumen while keep-
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TABLE 1. HALF-FULL-WiDTHS AT HALF-MAXIMA OF POINT SFREAD FUNCTIONS SHOWN IN FlG. 3.

Diverging
Conventional Diverging with phase
beamforming Diverging MS&CE coherence
Width of lateral PSF [mm)] 0.66 0.82 0.81 0.43

ing the echoes inside the heart walls. On the other hand,
by weighting with the phase coherence factor [Fig. 4(d)],
speckle-like echoes inside the heart walls were significantly
suppressed, although echoes resulting from specular reflec-
tion, such as an echo from the epicardinm, were signifi-
cantly enhanced. As shown in Fig. 3, although the spatial
resolution is significantly improved by weighting with the
phase coherence factor, this characteristic, i.e., signilicant
suppression of speckle-like echoes, may not be preferable
for avalyzing the heart wall, such as estimation of velocity
anud strain rate of the heart wall.

V. DISCUSSION

Recently, we have developed a method based on paral-
lel beamforming with diverging transmit beams for high-
frame-rate echocardiograply. To realize B-mode imaging
in a sector format based on parallel beamforming, spheri-
cally diverging waves were used in transmigsion. However,
in this wethod, the side lobe level slightly increased cow-
pared with that of conventional beamforming because of
the e of nnlocised transmit beams. In the present study,
a method for reduction of side lobe level was developed to
realize a side lobe level lower than that of conventional

— conventional
diverging

~diverging with MSGF

-=-+ diverging with phase coherence factor
0 : e S

magnitude [dB]

0 R L 2 . L Tt
~-45 -35 -25 -15 -5 5 15 25 35 45
lateral angle []
Fig. 3. Point spread functions in the lateral direction obtained by con-
ventional sector scanning, diverging beam, diverg
ing by the magnitude-squared colierence function (MSCF), and diverging
beam with phase coherence factor weighting [19].

beamforming with a frame rate of over 300 Hz, which is
much higher than that of conventional beamlorming.

To consider small residual time delays of echoes, the
phases ol the echoes were used in the present study. To
obtain the phase information, the Hilbert transform is
nsed in general. However, the Hilbert transform requires
the Fowrier transform of the echo signal and the inverse
Fourier trapsform of the estimated frequency spectrum.
To increase the computational efficiency, in the present
study, the Fourier coetlicient of the echo at only the center
frequency of wWirasound was calenlated. This conter fre-
quency should be the center [reqneney of the received RE
echo. However, in the present, study, the center frequency
of the ultrasound emilted was used because the estima-
tion ol the center frequency of the received echo required
an additional computation. Before calculating the MSCF,
time delays based on conventional focusing were applied
to signals received by individual elements. In this proce-
dure, sub-sample time delays were applied by consider-
ing the phase of the echo signal, as described in Section
II. As expressed in (9), the phase delay coinciding with
the correspouding thne delay is expressed usiug the center
[requency of the received echo. Therefore, there would be
errors in application of time delays. However, such errors
are negligible because the errors are smaller than the sam-
pling interval of 25 ns.

In the results of imaging of wires, it was found that the
sicle lobe reduction by the proposed method was depth-de-
pendent, i.e., the side lobe reduction is smaller in a deeper
region than a shallower region, because the change in the
distance from a scatterer to an element, caused by the lat-
eral position of the elemeut is smaller in a deeper region.
As suggested for the phase coberence factor [19], the side
lobe reduction can be controlled by taking +* (v: MSCF),
where « is a variable coellicient. Therefore, in our luture
work, it may be effective to control the weights by consid-
ering the depth-dependent characteristic of the MSCF .

To suppress the side lobe level, the phase coherence fac-
tor [19] was recently introduced. This method suppresses
a beamformed echo signal whose standard deviation of
phases of echoes received by transducer elements is large.
Using this method, weak speckle-like echoes are also sup-
pressed because the standard deviation of phases of echoes
received by individual elements would be increased by in-
terference of cchoes, which is the source of speckle-like
echoes. In some cases, it is important 10 obsexve speckle
patterns of tissues. Therelore, a method for reduction of
the side lobe level with preservation of speckle-like echoes
was developed in the present study. On the other hand,
the phase coherence factor improves spatial resolution and
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Fig. 4. B-mode images ol the heart of a 23-vear-old healthy male ob-
tained {a) by conventional sector scanning. (b) using a diverging beam,
(c) using a diverging beam with weighting by the magnitude-squared
coherence function (MSCT), and (d) using a diverging beam with phase
coherence factor weighting {18},

also well emphasizes specular echoes, such as echoes from
heart valves in Fig. 4(d). and relatively strong scatfering
echoes. The method based on the phase coherence factor
and the proposcd method are complementary.

In high-frame-rate imaging, it is necessary to use un-
focused transmit. beams. Therefore, the side lobe level
increases in general. Although optimization of transmit
conditions, such as angular beam width, angular intervals

conventional
diverging

— diverging with MSCF
~~~~~~~ - diverging with phase coherence factor

o
koA
©
<
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=)
&
& | echo from
ight ¥ epicardium
v?nmcle' ‘ “posteriorwall 1|

20 40 60 80 100 120
depth [mim}]

Fig. 5. Intensity profiles along the scan lines indicated by the white lines
in Fig. 4.

of transmit beams, estimation of wavefronts of transmit
beams, efc., are necessary to further improve the frame
rate, sucl methods for reducing the side lobe level would
be necessary for high-frame-rate imaging to obtain an im-
age countrast comparable to or better than that obtained
by conventional beamforming.

VI CONCLUSIONS

In this study, a method of suppressing the side lobe
level was developed for high-frame-rate echocardiography
based on parallel beamforming with diverging transmit
beams. To realize suppression of the side lobe level while
prescrving speckle-like echoes, the MSCF between echoes
received by individnal transducer elements was used for
weighting a beamformed RF echo. Using the proposed
method, it was conlirmed by basic experiments using line
wires that the side lobe level could be reduced by 4.8 dB
compared with conventional beamforming. Furthermore,
in in wive measurements, an ulfrasonic image of a heart
with a full field of view of 90° at a frame rate of 316 Hz
could be obtained with an improved image contrast and
preservation of speckle-like echoes.
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