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A new Fourier transform magnetohvdro-dyvnamic
aconstic-resonance  near-IR - (FT-MAReNIR)
microspectrometer on a chip utifizes independent
physical phenomena fo mudel changes in analytes
and inferferences  found in susceptible  plagues
nondestructivelv.  resulting in reduced  prediction
error. Near-IR spectrometric determination of minor
constituents of susceptible atherosclerotic plagues s
complicated by the fact that near-IR spectra of these
materials vary in different chemical and phvsical
chvironments. In such cases, chemometric fechnigues
such as PIS and PCR (that weight cach wavelength
in calibration) produce excess crror because they
prust atiempt to model complex interference-driven
varigiions  in major  consrituents  and  natural

variations in the minor analvte. The noniinearity of
acoustic spectromerry calls for a novel method of

component identification and quantification.  and
such a method (hased upon multivariate quantiles) is
introduced

INTRODUCTION

Epidemiological studics and studies using statin
drugs have shown that reduction of blood cholesterol
levels decrcases the risk of atherosclerosis, ischemia,
and mvocardial infarction. It has been shown that a
1% reduction in plasma cholesterol leads to a 2%
reduction in cardiac cvents for individuals at risk for
heart diseasc.! A target level for total blood cholesterol
of 183-200 me/dl has been established for healthy
individuals. This target level is below the national
average scrum cholesterol concentration. With many
Americans at  risk  for cardiovascular diseasc,
widespread screening of the population could be
instrumcntal in  lowering c¢scalating  medical
cxpenditures in the United States. However, the tests
currentlv available for cholestcrol have sevcral
disadvantages. The tests arc invasive and cause
discomiort to the paticnt, which usually decreases

willingness to submit to regular cholesterol screcning,
Manv tests arc also ¢xpensive, and some tests for mass
screening have been shown to be mnaccurate. One study
showed that 47% of 5000 laboratories voluateering for
the study could not get a test result within 5% of the
true cholesterol value of a standard samplc.” This error
15 sigmificant sinee the clinical risk brackets arc only
10% wide.” The development of an accurate
noninvasive assay for cholesterol in all its forms would
be of great benefit in preventive medicine.

High scrum cholesterol levels can promote
development of susceptible plaques. A susceptible
atherosclerotic plaque ts a plague that, in the presence
of an appropnatc trigger. gives ris¢ t0 an acuic
syndrome (such as mvocardial infarction or stroke) via
ulceration, rupture, or erosion, which lead to thrombus
formation. Susceptible plagues arc thought to usually
contain a sizable lipid pool (which contans the
cholesterol and cholestcrol csters) and a thin fibrous
cap. Near-infrared imaging spectrometry appears to be
idcallv suited to mcasuring thc size and chemical
composition of the fibrous cap and the hipid poot.

No existing chinical method reliably dentitics
plaques pronc to rupture. The reduction of coronary
cvents by lipid-lowering agents despitc only modest
luminal changes suggests that these agents have a
plaque-stabilizing effcct.  Surgical or percutancous
revascularization docs not address the basic biology of
coronary athcrosclerosis and therefore may have little
effect on plaque susceptibility, improved understanding
of the biology of athcromatous plaques has led to the
concept of plaquc susceptibiity.  Identification and
stabilization of susceptible plaques are important ncw
dircctions in the treatment of coronarv atherosclerosis.
This information will eventually be used 1n comparing
the relative bencfits of aggresstve medical therapy
aimed at plaque stabilization and revasculanzation n
the management of chronic coronary artery discase.

[t appears possible to develop mummally
imvasive near-IR  cholesterol  assays for usc In
identification of plaques susceptible to rupturc or
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crosion. A fiber-optic near-IR tcchmigue has been
developed to create falsc-color images of cholesterol in
devcloping athcromas in rats ® Near-IR spectroscopy
has been successfully used to determine cholesterol in
screm samples  acquired from  patients.”  The
detcrmination of cholesterol by ncar-IR spectrometry
presents scveral problems. the most important arising
from the fact that the near-IR speetrum of an analvte
1s dependent on the environment of the analvic. Fig. |1
s a quantilc-quantile (QQ) plot of the ordered
residuals from a robust fit line correlating the near-IR
spectra of 162 human serum samplcs to total
cholesterol concentration. The residuals are plotted
against the mverse Gaussian theoretical cumulative
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Figure 1. Q) plot of residuals from a robust fit human
serum cholgsterol calibration.

distnibution function. I cholesterol concentration
were the major factor influencing the spectra used to
devetop the robust model, the residuals should be
randomly distributed. giving a straight line in the QQ
plot”.  However, three distinct linear segments arc
visible 1n the QQ plot, indicating three separate
distributions 1 the spectra with different means and
standard deviations. The three distributions suggest
that three different robust models should be used to
determine cholesterol spectrometrically. T-tests were
performed to detcrming the probabality of the groups
indicated in Fig. | having the same level of certain
background constituents. The results of these t-tests
ar¢ shown in Tablc . The most prominent feature in
Tablc 1 1s that the level of sodium differs greatly
between the residual groups. The levels of albumin.
proteimn, glucose, and triglvcertdes also differ among
the cholesterol residual groups, but none to the extent
of sodium. Therefore. wvarving sodium ion
concentration constitutcs a major source of error in the
near-iIR determuination of cholesterol. which in turn is a
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Table I. Probabilitv* PldalajHo: pni=p2| for cholesicrol
groups and various background constituents

major componcnt of the hipid reservoir in plaques
susceptible to rupture,

If the levels of all background constitucnts
were known, a far morc accurate near-1R determination
of cholesterol could be made. It is possible to determine
sodium, proten, trniglyveertdes, albumin, and glucose
through nvasive and time consuming procedures, but
thc goal 15 a rapid nondestructive analvsis. The
development of the FT-Magnetohvdrodynamic
Acoustic  Resonmance Near-Infrared (MARCNIR)
microspectrometer chip is an important step in the
direction of ncar-IR mmaging and identification of
susceptible plaques.

The FT- MAReNIR spectromceter collects three
spectra simultancously: a near-IR (NIR) spectrum. an
acoustic-resonance (AR) spectrum. and a
magnactohvdrodvnamic (MHD) spcctrum. In
combination these three spectra give information about
specific chemical interactions. bulk propertics, and
wonic  propertics  of a  sampic. FT-MAReNIR
spectrometry allows the simultaneous determination of
cholcsterol and the background constitucnts that cause
interferences in a simple near-IR calibration”.

Principal component analvsis of typical near-
IR spectra shows that onlv the first 15 to 20 factors
contain uschul information. Bevond 20 factors a Wald-
Wolfowitz nonparametric runs test apphed to the
loading vectors shows that the components usually
model merely random noisc. The 20 useful factors
correspond to the 20 largest sources of spectral
variation in the sample, which often anse from the 20
components of the sample present 1 highest
concentration. Many of the important constituents of
susceptible plaques  {(including  cholesterol  and
lipoproteins) are not m the list of the twenty largest
sources of speetral vartation. FT-MAReNIR anaivsis
can be used to remove somc large sources of near-IR
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spectral vanation from the samples by allowing
different calibration models to be created for difterent
levels of a major sample constitucnt, such as aqucous
sodium 1on. The levels of the major compenent {¢.g..
Na+) arc determined from the AR and MHD spectra
obtained simultaneously from the sample. Inside cach
calibration sct subclass. one or more major constitucnt
concentrations arc hcld constant. freemg some factors
to model components of greater iterest, and by that
process producing a more accurate overall model.

The nonhnecarity of acoustic spectrometry in
general suggests the need for novel methods of
component 1dentification and  quantification.
Quantiles of umvarnate data arc often used in the
formation of descriptive statistics hke the median, the
interquarttle range, and various measurcs of skewness
and kurtosis bascd on percentiles’. Quantiles arc also
potentially cffective i robust cstimation ot location
(c.g.. m the formation of L estimates)®. Regression
quantiles, which are generalizations of quantiles in a
rcgression procedure with a umvarnate responsc, have
been used in robust estimation of paramcters in hinear
models.  Scveral possible technmigues for ordering
multivariatc observations have been descnbed in the
literature™”’. The absence of an objective reason for
ordering multivaniate obscrvations 1s a major problem
m ¢xtending the notion of gquantiics in multiple
dimenstons.

All of these studics represent worthwhike
contributions toward multivariate gencralization of
univariate guantiles.  Howcever, httle attention has
been grven 1n the existing literature to comprehensive
development of the statistical propertics of samplc
multivariate quantiles that arc pertinent while using
them to analvzc data and to make statistical inference
about population quantiles. As a result, stratcgics arc
limited to finite-dimensional spaccs and do not have
any natural gencralization for infimte-dimensional
spaces. This studyv investigatcs a notion of quantiles
bascd on the geometric configuration of multivarate
data clusters. These geometric quantiles arisc as
natural generalizations of the multivariate spatial
mecdian  {the 03 quantilc in finite~dimensional
Euclidean-spaces)''. Geometric  quantiles  in
muitidimensional spaces are used o analvzing data
from the FT-MAReNIR spectrometric svstem and
demonstrate simultaneous determimation of cholcstcrol
and the background constituents that causc
interferences in an ordinary - multivariate  near-IR
calibration.

THEORY OF ANALYSIS

Givenanvasuchthat O <g < landu=2a- |,
the sum X" {|X; - Q| + u{X, - Q)} 18 munimized when
Q = the sample o quantile established on the
real-valued obscrvations X's. The loss function ®(x. 1)
= |f| + ut 18 a surrogate for the squared crror loss to
estimatc the o rcercssion quantile in a linear
regression  procedure. The case o = 172 (or
cquivalently, # = () compares to samplc median, and
tor this casc the definition of the function (0. -) can be
citlarged for a vector-valued second argument. For t €
RY.f we define ®(0, t) = {7|. then we obtain the loss
function emploved in defiming the multivanate spatial
median. If there are data points X, X., .. X, in R%
where o > 2, the task 15 to extend the definition of the
function @(-, *) to lcad to a multivariate generalization
of quantiles. A multivariatc quantilc can havc a
dircction in addition to a magmtude. Note that the
factor ¥ = 2a - 1 that appears in the second term n the
definition of ®{u. £) ts a lincar transformation of « € (0,
1) that maps the open unit interval (0, 1) onto the open
mterval (-1. 1} in a onc-to-onc fashion, and the o's
comciding with extremce guantiles are mapped to valucs
closc to +1 or -i. while those coinciding with central
quantiles arc mapped to valucs closc to zero. This
mapping suggesis the indexing of  d-dimensional
multivaratce quantilcs by clements of the open unit ball
B = {ulue R" |u| <1} Foranyvue B and t ¢ RY,
we define @(u, t) = |t] + <u. t>. where <. -> denotes
the Euclidean inner product. In this case the geometric
quantile Q. (u)} corrcsponding to u and based on
d-dimensional data pomts X, X, .. X, 15 defined as

QcRd £

Qn(u) = AI'f 1N Zﬂb{ll,}{, - Q.

Note that at this point a u for which |u| 1s
closc to | comcides with an extreme quantile, though a
u for which |u| 15 close to zero corresponds to a central
quanttle. In the past the spatial median (which is just
Q.(0)) has bcen considered as a solution to a
transportation problem mm which X, X., ..., X ar¢ the
planar coordinates of # customers scrved by a
corporation that wants to find an optimal position for a
warchouse. If the transportation cxpensc 1s proportional
to distance, and all customers are egually important to
the busmess. the warchousc should bc positioned as
close to the spatial median of the X/'s as possible, so
that the average (or the total) transportation expense 1s
minmized. On the other hand, for a nonzero u, the
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magnitude |u| measures the extent of difference of the
quantile from the center of the data cluster formed by
the X,'s. As the vector u has a direction in addition to
a magnitude, this instantly introduces a concept of
directional outlyingness of a point with respect to the
center of a cluster of observations established on the
geometry of the cluster.

Interestingly, the preceding definition of
multidimensional quantiles advances naturally when
the observations lie in a Hilbert space of infinite
dimension. Any Hilbert space is furnished with an
inner product, and the open unit ball around the ongin
is a well-defined concept there. Consequently, the
definition of @(-, ) extends to data in a Hilbert space,
where the quantiles continue to be indexed by vectors
having norms smaller than 1. The second term in the
definition of ®(u. t) can be considered as a real-valued
linear functional with norm = |u| < 1. In a Banach
space, it is intuitive to replace the second term, which
is currently defined as an inner product, by a
real-valued linear functional with norm (ie.,
functional norm) smaller than 1. Geometric quantiles
in a Banach space will be indexed by the elements of
the open unit ball around the origin in the dual Banach
space of real-valued linear functionals. This yields a
generalization of the median into a notion of quantiles
in Banach spaces. In elementary functional analysis
the dual of a Hilbert space is isometrically isomorphic
to the space itself. Thus geometric quantiles in a
Hilbert space are indexed by the elements of the open
unit ball around the origin in the space itself.

EXPERIMENTAL

The near-IR monochromator used in the FT-
MAReNIR spectrometer was based on a concave
holographic diffraction grating (American
Holographic, Fitchburg, MA). The acoustic-resonance
spectrometer and the means for recording a
magnetohydrodynamic spectrum were also constructed
in the laboratory. Acoustic-resonance spectrometry 1S
primarily sensitive to the bulk properties of a sample
(for example, density, viscosity, and major
constituents that affect such bulk properties). ARS 1s
based on the measurement of changes in ultrasonic
wave velocity and ultrasonic wave absorbance In
samples'>. ARS has been used to differentiate among
intact tablets of varying types and to predict the
dissolution rate of carbamazepine tablets.”” ARS has
also been used to quantify oil and gas mixtures.'* The
magnetohydrodynamic effect is the generation of a

MHD

" Si02 substrate

Fluid channel

Figure 2. Diagram of the FT-MAReNIR microspectro-
meter chip.

current as ions in solution or plasma move in a
magnetic field. The magnitude of the MHD electrical
signal is a function of the ion concentration.

The FT-MAReNIR microspectrometer chip is
shown in Fig. 2. A Windows-based Pentium computer
(Dell, Round Rock, TX) and A/D-D/A converter
(DATAQ, Akron, OH) drives a pulse generator
(Stanford Research Systems, Sunnyvale, CA). The
electrical pulse created by the generator is converted
into a sonic pulse by a piezoelectric transducer
(Atochem Sensors, Norristown, PA). The ultrasonic
pulse is propagated along a quartz waveguide and
interacts with a sample placed in a contact channel 1n
the waveguide. The ultrasonic energy passes into the
sample and back into the waveguide and can interfere
with the original ultrasonic pulse. Resonance 1s
achieved where ever a standing wave is established in
this waveguide-sample system. The resonance condition
of the system is detected as ultrasonic intensity by
another piezoelectric transducer, which converts the
ultrasonic energy to electrical energy. The resulting
voltage is amplified and returned to the A/D where 1t is
collected on the computer for analysis.

When the input ultrasonic frequency 1s
monitored from 20 KHz to 1 MHz an acoustic-
resonance spectrum is obtained.  As the mput
ultrasonic wave interacts with a liquid sample located
in the quartz waveguide, the ultrasonic wave causes the
ions in the solution to oscillate at the frequency of the
ultrasonic wave. The movement of the ions mn a
magnetic field causes current flow in the leads of
clectrodes placed in the fluid channel. The MHD eftect
is used to find the ionic strength of the sample, which 1s
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Figure 3. Principal component scores of the multi-
dimensional spectra of the cholesterol solution samples.
+=0 mg/ml Na" group, O=0.875 mg/ml Na' group, x=1.75
mg/ml Na’

valuable becausc 1ons in solution perturb the water
bands of the near-IR spectrum through their effect on
hydrogen bonding. Fig. 3 shows the principal
component scores of the multidimensional spectra of
the cholesterol solution samples. The inability of
simple near-IR spectrometry to model simultaneously
changes in large numbers of these effects creates
errors in the near-IR determination of cholesterol, a
major constituent of the lipid pool in plaques
susceptible to rupture.

Data collection was performed using software
written in BASIC (Microsoft, Redman, WA). Data
analysis was performed using software written in
Speakeasy (Speakeasy Computing, Chicago, IL).
Three sets of cholesterol standards were prepared to
test the hypothesis that the FT-MAReNIR principle
improves near-IR determination of cholesterol. A
cholesterol standard of 5.0 mg/ml in 2-propanol
(Sigma) was diluted with water and 2-propanol to give
0.0, 0.5, 1.0, 1.5, 2.0, 3.0, 4.0 mg/ml solutions of
cholesterol with a consistent ratio of 2-propanol to
water. (Each of these solutions contained 20% water.)
Each cholesterol standard was prepared at three
sodium concentrations; 0.00, 0.8752, 1.75 mg/ml. The
cholesterol concentrations approximated physiological
levels, while the maximum sodium level was only 23%
of the typical physiological concentration (to prevent
the "salting out" of the cholesterol).
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Figure 4. (Upper) QQ plot of 0 mg/ml Na* group and

0.875 mg/ml Na" group, (Lower) QQ plot of 1.75 mg/ml
Na" group and 0.875 mg/ml Na“ group

RESULTS AND DISCUSSION

The standards were all scanned by FT-
MAReNIR spectrometry.  The acoustic-resonance
spectrum showed only slight correlation to cholesterol
concentration. This poor correlation was not unusual
because ARS is sensitive to bulk properties determined
by the 2-propanol and water concentrations, which
were held constant.

The near-IR spectra of the cholesterol samples
were treated with multiplicative scatter correction to
eliminate baseline drift. The spectra obtained at 351
near-IR wavelengths were then projected as points
351-dimensional space. A multidimensional quantile
analysis was performed using the Euclidean distances
between the spectral points to produce Fig. 4. Fig. 4
indicates three major groups that correspond to the
three sodium concentrations. The most important
featurc of Fig. 4 i1s that the QQ analysis shows three
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groups of five spectra, instead of five groups of three
spectra.  This  grouping  indicates that sodium
concentration dominates the clustering of cholesierol
samples, not cholesterol concentration. If cholesterol
concentration werc the dominant force in determining
the clustering 1o the near-IR spectra, then five groups
of three spectra would have been observed. The
quantile analvsis shows that the sodium concentration
must be known to calculatc an accurate near-IR
catibration for cholesterol. The samples were sorted
o catcgorics based on the magnitude of the
magnetolivdrodynamic cffect observed.

To perform lcave-onc-out cross validation,
samples with 0.5, 1.0, 2.0, and 1.5 mg/mli cholesterol
concentrations were added to the calibration set.
Principal component regression (PCR) using the three
components with the highest t-statistics was performed
on all 27 samplc necar-IR spectra (r- = 0.60).

PCR was also used to form thrce models
bascd on the groups determined by the magnitude of
the magnctohydrodynamic effect. PCR wielded higher
r- for the models when the sodium concentration was
more accuratcly known by the MHD signal (r°=0.72
for the low sodium group, r=074 for the middie
sodium group, and r={.75 for the high sodium group
- but all better than the r=0.60 observed when the
MHD signal i1s not used). A decreasing standard error
of cstimatc (SEE) was also observed as the sodium
concentration s more accurately known (SEE=0.76
for the low sodium group. SEE=0.72 for the middle
sodium group, and SEE=0.69Y for the high sodum
group). The lowest errors appear at the highest sodium
concentrations because the MHD signal was noisy in
the first prototvpe microspectrometer. Better cleetrode
shiclding and filtering will improve noise performance.
All four PCR modcls passcd cross validation with an
F-test (p=0.05). demonstrating that thc mmproved
performance is not merely a random effect of the
sample number.

The standard samples were prepared using
cholestecrol  in 2-propanol and water, and the
concentration of sodiim in the sample had to be kept
low to prevent precipitation. In humans cholesicrol 18
found m hpoproteins that arc watcr soluble and the
sodium concentration is approximately 7.7 mg/ml'’,
which should greatly increase the magnitude of the
MHD cffect and improve the resulbts.

CONCLUSIONS

The results show that 1t 1s possible to develop a
near-IR assav for cholesterol, but the levels of
background constituents also must be known for an
accuratc detcrmination. FT-MAReNIR spectrometry
allows the simultancous acquisition of three spectra:
acoustic-resonance, magnctohvdrodvnamic. and ncar-
IR. which allow thc determination of some background
constituents n serum samples.  Work s currently
underway to determine L.DL in vivo by FT-MARcNIR
spectrometry and to sort the samples into albumin
groups as well as sodium groups for calibration and
prediction. Albumin 18 cxpected to have a diffcrent
ultrasonic absorbance than other constitucnts and
should produce an identifiable cffcct in the acoustic-
resonance spectrum.
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