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Abstract

Resonance Raman spectroscopy offers a mechanism for the non-invasive measurement of in vivo
and in situ hemoglobin oxygen saturation (HbO,Sat) in living tissue. Clinically informative signals
can be provided by resonance enhancement with deep violet excitation. It is notable that fluorescence
does not significantly degrade the quality of the signals. During the controlled hemorrhage and
resuscitation of rats, signal intensity ratios of oxy- vs deoxyhemoglobin from sublingual mucosa
correlated with co-oximetry values of blood withdrawn from a central venous catheter. The
spectroscopic application described here has potential as a non-invasive method for the diagnosis of
clinical shock and guidance of its therapy.

INTRODUCTION

Hemoglobin (Hb) oxygen saturation percentages (HbO,Sat) of mixed and central venous blood
are important clinical indices of the health of individual organs, and of the adequacy of whole
body oxygenation. Durin 2g clinical shock, oxygen delivery is insufficient to support oxygen
consumption of tissuels 2. Measurements of HbO,Sat should ideally reflect oxygen delivery
at the cellular level, both for the clinical diagnosis of shock per se, and to assess the adequacy
of its treatment?:

Within clinical settings the non-invasive determination of HbO,Sat of venous blood being
returned from critical organ systems remains a challenge. Optical detection can be obscured
by competing background signals, such as from myoglobin in muscle tissue, or other absorbing
chromophores4‘6. The now common procedure known as pulse oximetry is in fact able to
discriminate against background absorptions, and is widely employed for the non-invasive
determination of the fractional oxygen saturation of arterial blood’: 8 However, arterial
HbO5sat does not reflect tissue oxygen utilization in the microcirculation”. Arterial HbO,sat
levels of a victim of injury or sepsis can be normal despite severe oxygen deficits elsewhere
within the deeper vasculature®.
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Raman spectroscopy has demonstrated promise for the analysis of vascularized tissues in
situl0. The mterference from fluorescence that generally arises with laser excitation at visual
Wavelengths has prompted the development of mstrumentatlon utilizing CCD and Fourier
transform detectors with red and near-infrared sensmwtylz‘ . The 830-850 nm wavelength
region has been suggested as an optimal excitation wavelength region, serving as a compromlse
between long wavelength fluorescence suppression and instrumental eff|C|ency . It has been
demonstrated that oxy- and deoxyhemoglobin can be differentiated by Raman spectroscopy
with 860 nm excitation1®. However, we have observed that the diminished resonance
enhancement afforded by near-infrared excitation results in weak signals that must still contend
with the background noise levels of even the quietest photometric detectors. Moreover,
substantial incident laser power, 100 mW or more, appears to be required for the detection of
hemoglobin signals in the near infrared1 /=19, The still higher laser power requirements for
the longer wavelength 1064 nm Nd:Y AG fundamental have been noted to cause problems with
sample degradationzo. In contrast, we find that clinically informative Raman signals can be
obtained via resonance enhancement with low-intensity excitation wavelengths in the deep
violet.

EXPERIMENTAL SECTION

Resonance Raman spectra were obtained with a krypton ion laser at 406.7 nm (Spectra-Physics,
model 171-01; Mountain View CA), or an external cavity line-narrowed 405 nm diode laser
(Sacher Lasertechnik, model TEC 100; Marburg, Germany). Raman excitation of samples was
performed by obligue focusing of the laser beam to form a 2 mm oval that conformed to the
linear disposition of the spectrometer slit. Incident laser intensities at the sample interrogation
point were <5 mW. The detection system consisted of a liquid-N, cooled 400 x 1340 CCD
detector (Princeton Instruments, Roper Scientific, Trenton NJ), and a 0.5 m spectrograph (Spex
model 1870; Horiba/Jobin-Yvon, Edison NJ) set to 100-um slit width and fitted with an 1800
or 2400 I/mm holographic grating (Jobin-Yvon). lon laser plasma lines were removed by
dispersion of the laser emission with a borosilicate glass prism (Melles Griot, Carlsbad CA),
followed by selection of the laser line with a 100-um slit placed at a focal point in the optical
train. Raman scattered light was collected by an f/0.95 50 mm Canon lens. Reflective scattering
of incident laser light from the sample was attenuated when necessary with interference
(Omega Optical, Brattleboro VVT) or holographic (Kaiser Optical, Ann Arbor MI) filters.
Signals were accumulated from the target by summing six scans of 5 sec each, allowing for
continuous real-time monitoring of signals over a 30 sec interval.

Spectral baseline leveling was performed by a 51 order polynomial routine contained within
the GRAMS/AI version 7.0 software package (Thermo Electron, Waltham MA). Bandshapes
were deconvoluted via mathematical peak flttlng 1 within GRAMS/AI or the peak fitting
module of Origin Pro version 7.5 (Origin Lab, Northampton MA). No data smoothing was
performed.

Animal experiments were approved in advance by the Virginia Commonwealth Unlver5|ty
Institutional Animal Care and Use Committee, and have been described previously 22,23
Sprague-Dawley rats were instrumented for measurement of arterial and central venous blood
gases by cannulation of the right femoral artery, femoral vein, and jugular vein under sterile
conditions. Controlled hemorrhagic shock was induced by sequential removal of blood in
increments of 5% total blood volume until 50% of total blood volume was removed or the
central venous blood saturation became less than 50%. Animals were hemorrhaged at a rate of
1 ml/min, then resuscitated with equal volumes of 0.9% NaCl solution infused at 1 ml/min,
followed by all shed blood, infused at 0.5 ml/min. Raman measurements were obtained in
situ at the sublingual surface of the tongue. Simultaneous with Raman measurements,
HbO,Sat, as well as total Hb and metHb levels, were determined by sampling of 100-uL
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aliquots of arterial and central venous blood via co-oximetry (ABL 725, Radiometer America,
Westlake, OH).

Human whole blood samples were acquired from a member of our investigative team. Baseline
samples (1 ml) were drawn from the radial artery and the antecubital vein, respectively. To
assess the effects of progressive tissue deoxygenation on the relative concentrations of oxyHb
and deoxyHb in whole blood in real time, blood flow through the brachial artery was restricted
briefly by inflating an arm cuff to 150 torr. Venous blood samples were drawn at 1 min. intervals
over 5 min. Blood samples were placed in capillary tubes and immediately sealed for analysis
by co-oximetry (OSM3; Radiometer Copenhagen, Denmark). For Raman measurements the
tubes were gently oscillated longitudinally to preclude local photo-induced effects.

Equine hemoglobin and horse heart myoglobin in the crystalline met-form were obtained from
Sigma (St. Louis, MO). Samples were dissolved in 1.0 ml of 0.02 M Tris buffer (pH 7.4, Sigma)
ata concentration of 100 pM, and contained in a septum-sealed 3 ml cylindrical quartz spinning
Raman cell of our own construction. To form deoxyHb, a solution of metHb was gently swirled
under N for a few minutes, followed by the addition of a few crystals of sodium dithionite
while maintaining a nitrogen atmosphere. OxyHb samples were formed bygently swirling
freshly prepared deoxyHb under O,. Resonance Raman band assignments2 + 25 for the OXy-,
deoxy, and met forms of equine Hb are listed in a table contained within the Supporting
Information.

RESULTS AND DISCUSSION

We explored the potential of many external tissue surfaces as monitoring sites for ultimate
clinical use. Partially exposed vasculature not covered by a stratum corneum layer can be found
in the oral cavit¥, and has been explored as a promising site for surface capnometry and video
microscopyl"” 6-31 A readily accessible oral mucosal surface in small animals such as rats
is the sublingual surface of the tongue.

Fluorescence from the complex constituents of blood and tissue has been considered to be a
major impediment to applications of resonance Raman with laser excitation at visible
wavelengthslo. Nonetheless, we have found that deep violet excitation of externally accessible
rat mucosal tissue affords strong enhancement of signals from hemoglobin that can surmount
fluorescence, without the need for potentially toxic reporter compounds. A modest
fluorescence background, rising to longer wavelength, was evident in resonance Raman spectra
obtained from the rat sublingual surface (Fig. 1a). Subtraction of the sloping spectral baseline
shows that the 5 fluorescence background did not substantially impact the quality of the Raman
signals (Fig. 1b). To avoid interference from specular reflection of incident laser light in low
light level applications, resonance Raman spectra of heme proteins are obtained preferentially
from aqueous solution32. But due to the intense absorption of heme at Soret absorption
wavelengths, we found that the moist irregular surfaces of mucosal tissue diminish much stray
scattered laser light, resulting in a substantial reduction of dependence on extensive light
filtration by tandem coupled spectrometers or optical filters.

A sequence of resonance Raman spectra obtained with 406.7 nm excitation from the sublingual
surface of a rat tongue upon controlled hemorrhage is shown in Figure 2. Among other readily
identifiable characteristics, the most prominent are systematic changes in the relative intensities
of the bands designated as v4, known to be sensitive to heme oxygenation24' 25 These appear
at 1357 cm™1 for deoxyHb and 1375 cm~2 for oxyHb (Figures. 2a through 2e). Resuscitation
by reinfusion of withdrawn blood resulted in recovery of the intensity of the oxyHb signal at
1375 cm 1 relative to that of deoxyHb at 1357 cm™2 (Fig. 2f).
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Initial calibration was obtained from resonance Raman spectra of human whole blood (Figure
3) at levels of oxygenation determined by co-oximetry. Maximal relative intensity of the oxyHb
v4 band at 1378 cm ™ occurs for human arterial blood with HbO,Sat of 98.6% (Fig. 3a). Venous
blood with declining HbO,Sat levels exhibited a progressive increase of the deoxyHb v, band
at 1358 cm™ L relative to 1378 cm L. Values for HbO,Sat determined by Raman were obtained
by utilizing the expression:

ony

HbO,Sat=—————
Loxy+@1geoxy [1]

where loxy and lgeoxy are the deconvoluted (vide infra) peak intensities of the respective v4
bands, and o was an empirically derived parameter that accommodated for differences in
scattering intensities of oxy- and deoxyHb at a single excitation wavelength.

Although the peak positions of the strong v4 bands of deoxy- and oxyHb are comparatively
well separated and resolved, it is clear that observed peak intensities result from the summation
of band envelopes in the immediate vicinity. To extract operative HbO,Sat values we
deconvoluted the Raman bandshapes by peak fitting procedures. Simulation of the bandshapes
as Lorentzians provided deconvoluted bands whose re-summation closely corresponded to the
original data points (Fig. 4). From Fig. 4 it is evident that the deconvoluted peak intensities of
the respective v4 bands can vary significantly from direct readings of intensity values at local
intensity maxima.

For the in vitro human blood samples (Fig 3) there was a strong positive linear association
between HbO,Sat calculated from eqgn. [1] using Raman intensities, and via oximetry. The
correlation coefficient, r, was 0.99. For in vivo measurements at rat sublingual surfaces, such
as in Fig. 2, the correlation, r, corrected for multiple subjects, was 0.7923. A reason for the
lower correlations can at least in part be attributed to catheter placement and a resulting bias
in the relative oxygenation levels of blood from discrepancies in sampling site. With a catheter
tip placed close to the superior vena cava, the blood sampled at this site will be returning from
the brain and will exhibit higher HbO,Sat than if blood is sampled in closer proximity to the
inferior vena cava, which will be more representative of central venous saturations. The most
appropriate sampling site would have been the lingual vein, but sampling from this vessel in
a small animal such as a rat would have compromised the local tissue integrity.

Though the deoxy- and oxyHb v, bands are spaced 20 cm ™1 apart, a form of hemoglobin known
as met-hemoglobin (metHb) exhibits a third v, frequency, at 1371 cm™1, shown in Fig. 5c for
equine hemoglobin, that is comparatively close to the 1378 cm™ frequency for oxyHb (Fig.
5a), and can be difficult to notice when both are present33. Though metHb is normally found
as only a small percentage in blood in vivo, minor heme components have been know to exhibit
resonance enhancement disproportionate to their concentrations, depending on excitation
wavelength32. Furthermore, metHb is formed quickly in drawn blood upon standing.
Nevertheless, resonance Raman spectral markers of metHb allow for its ready identification
(Fig. 5¢). The presence of a metHb component within a sample of predominantly oxyHb is
signaled by increased intensity of a polarized band at 1564 cm™1, which is the v, band of metHb,
along with broadening of the 1378 cm™1 v, band of oxyHb.

A difficulty encountered by differential near-infrared (NIR) absorption methods for the
measurement of HbO,Sat in tissue vasculature has been to discriminate hemoglobin (Hb)
absorptions from those of myoglobin (Mb) in muscle tissue 6,34 Near-infrared (NIR)
wavelengths penetrate tissue, and the NIR absorption properties of oxy- and deoxyMb are
similar to those of hemoglobin. Signals from myoglobin can complicate the assessment of
tissue oxygenation by NIR absorption since the Psg of myoglobin is only 3—4 torr 35, We note
here, that as with the respective NIR absorptions, resonance Raman signals of myoglobin
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(provided in supporting information) are very similar to those of hemoglobin (Fig. 5), and it
may not be practical to differentiate these during a clinical measurement if both were present.

In
su
in

this report we have made use of the fact that active tissue vasculature at certain mucosal
rfaces in the oral cavity is not covered by a stratum corneum layer. Muscle myoglobin lies
a deeper layer 23,34, By utilizing low powered deep violet laser excitation with limited

tissue penetration, interfering resonance Raman signals from myoglobin in deeper tissue are
avoided.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Resonance Raman spectrum at 5 m\W, 406.7 nm excitation from the rat sublingual surface
preliminary to hemorrhage
(@) Unprocessed spectral baseline (intensity is left axis); (b) Spectral baseline leveled by

subtraction of a fitted polynomial (intensity is right axis).
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Figure 2. Resonance Raman spectra (5 mw 406.7 nm excitation, 30 sec accumulation) of a rat
sublingual surface during controlled hemorrhage and resuscitation. Central venous saturations
(ScvO») were determined by co-oximetry. The traces are offset along the vertical intensity scale for
clarity

(a) Pre-hemorrhage baseline. ScvO, = 0.811

(b) - (e) Progressive hemorrhage in terms of increments of total blood volume (TBV): (b) 10%
TBV (2.24 ml), ScvO, = 0.789, (c) 20% TBV (4.48 ml), ScvO, = 0.546, (d) 25 % TBV (5.60
ml), ScvO, = 0.463, €) 30% TBV (6.72 ml), ScvO, = 0.379

(f) Resuscitation with 6.6 ml of previously withdrawn blood, ScvO, = 0.628
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Figure 3. Resonance Raman spectra (5 mW, 406.7 nm excitation) of whole human blood at Hb
saturation levels determined by co-oximetry
Avrterial blood: (a) HbO,Sat = 98.6%.

Venous blood: (b) HbO,Sat = 77.9%, (c) HbO,Sat = 67.6%, and (d) HbO,Sat = 25.8%.
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Figure 4.

Spectral deconvolution of representative resonance Raman traces (data from Figure 2).(a) pre-
hemorrhage (b) 20% blood volume hemorrhage, and (c) 30% blood volume hemorrhage. The
original data points are shown as diamonds 4 Deconvolutions and their summations are
represented by solid lines.
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Figure 5.
Resonance Raman bands of equine (a) oxyhemoglobin, (b) deoxyhemoglobin and (c) met-
hemoglobin, pH 7.4, 5 mw, with 406.7 nm excitation.
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