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Abstract

The objective of this study is to establish a cyanide toxicity animal model and to
investigate the ability of broadband diffuse optical spectroscopy (DOS) to non-
invasively monitor physiological changes that occur during the development of
cyanide toxicity in a rabbit model. Broadband DOS combines multi-frequency
frequency-domain photon migration (FDPM) with time-independent near-
infrared spectroscopy (NIRS) to quantitatively measure bulk tissue absorption
and scattering spectra between 600 nm and 1000 nm. Serum cyanide
concentration and arterial and venous blood gas analysis at pre- and post-
cyanide infusion were presented. To investigate the ability of DOS to non-
invasively monitor physiologic changes occurring during development of CN
toxicity, tissue concentrations of deoxyhemoglobin [Hb-R], oxyhemoglobin
[Hb-O,], cytochrome c oxidase oxidized state [CcO_Ox] and reduced state
[CcO_Re] were determined from absorption spectra acquired in ‘real time’
during cyanide infusions (NaCN 6 mg/60 ml normal saline) in six pathogen-
free New Zealand white rabbits. During cyanide infusion, in vivo tissue oxygen
saturation increased (~10%). In addition, broadband DOS was able to detect
a concurrent increase in [CcO_Re] and decrease in [CcO_Ox]. Changes in
tissue scattering properties in all six animals were detected during these events,
confirming the need for DOS-based methods over traditional NIR spectroscopy
to obtain accurate results.
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Abbreviations

DOS diffuse optical spectroscopy

FD frequency domain

SS steady state

CcO_Ox cytochrome c oxidase, oxidized state
CcO_Re cytochrome c oxidase, reduced state
NIR near infrared

sCN serum cyanide concentration

1. Introduction

Cyanide- (CN) based derivatives have been sought out as poisons and chemical weapons
(Bokan 2003). CN still constitutes a potential chemical threat to civilians and military
personnel. There are numerous sources of potential chemical cyanide exposure (Hall and
Rumack 1986). In addition, carbon monoxide, aldehydes and soot are components of
traditional fires and plastics such as acrylics and acrylonitriles are the sources of cyanide
combustion in modern residential and commercial fires. Tissue hypoxia from cyanide is a
major cause of combustion-related fatalities. Studies of victims of residential fires have found
higher blood CN concentrations in the deceased than in the survivors, suggesting CN toxicity
may predominate over carbon monoxide poisoning (Barillo et al 1994, Baud et al 1991,
Riddle 2004, Strickland ef al 1992). CN impairs the tissue’s ability to utilize oxygen. Cyanide
has a high binding affinity for the active site on cytochrome c¢ oxidase. When bound, the
electron transport chain is arrested in its reduced form, preventing the donation of an electron.
Progressive cytotoxic tissue hypoxia develops. Non-specific symptoms such as pulmonary
edema and lactic acidosis are resultant (Graham et al 1977, Way et al 1988). Currently there is
no rapid method to measure blood cyanide levels; the only available method to detect cyanide
exposure is through blood CN level tests (Clark et al 1981). However, interpretation of blood
cyanide levels is difficult due to potential degradation in the blood sample, and the time of
sampling and the conditions of blood storage are critical to accurate cyanide concentration
levels (Brierley et al 1976, Groff et al 1985).

The need for rapid identification and ability to continuously monitor patients exposed to
cyanide, in a hospital or on the battlefield, is critical. This need is heightened by the potentially
large number of people with significant chance of severe injury in catastrophic exposure events
and the requirement for a method for effective triage. To address these needs, tissue oxygen
hemoglobin saturation (Beilman ez al 1999, Chaisson et al 2003, Crookes et al 2004, Boushel
and Piantadosi 2000) and cytochrome oxidation monitoring with near-infrared spectroscopy
(NIRS) has long been proposed as a possible alternative to invasive monitoring (Noriuki
et al 1997, Piantadosi et al 1983). The optical extinction coefficients of Hb-R, Hb-O,,
CcO_Ox and CcO_Re have unique properties that can be used to distinguish amongst them in
the NIR region between 600 and 1000 nm (figure 1). NIRS devices exploit light absorption
properties of tissue chromophores at characteristic wavelengths in an attempt to detect changes
in tissue concentrations and oxidation states. However, previously reported studies have been
limited by the ability to measure only light absorption and have not simultaneously accounted
for the light scatter that occurs in the tissue (Matcher et al 1994). Since blood is a substantial
scatterer, changes in tissue perfusion are associated with major changes in both scattering and
absorption during cyanide toxicity as well with other changes in hemodynamic state. This
inability to measure and account for scattering results in significant limitations on accurately
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Figure 1. Molar extinction coefficient spectra of deoxyhemoglobin (Hb-R), oxyhemoglobin
(Hb-0O,), cytochrome c oxidase reduced state (CcO_Re) and oxidized state (CcO_Ox).

measuring oxygenated tissue hemoglobin (Hb-O,), deoxygenated tissue hemoglobin (Hb-R)
and total tissue hemoglobin (THC, [Hb-O;] + [Hb-R]). The ability to obtain accurate tissue
hemoglobin and perfusion state information, as well as cytochrome redox states would be
of great value in detection and monitoring of cyanide toxicity. Since broadband DOS can
accurately determine scattering and therefore, absorption, these spectral features of oxidized
and reduced states of cytochrome ¢ oxidase together with quantification of endogenous tissue
chromophores, including Hb-R and Hb-O, can be used to optically monitor the progression
of cyanide toxicity.

In this study we evaluate the potential for DOS technology to non-invasively monitor and
identify cyanide-induced changes and concurrent physiological effects in a rabbit model. The
preliminary results to demonstrate the feasibility of DOS technology to non-invasively detect
and monitor the physiologic changes associated with CN toxicity.

2. Material and methods

Six pathogen-free New Zealand white rabbits (Western Oregon Rabbit Company, Philomath,
OR), weighing 4.17 + 0.21 kg, were used. Animals were housed in an animal facility and
were given a commercial basal diet and water ad libitum. The study was approved by the
Institutional Laboratory Animal Care and Use Committee, University of California, Irvine
(ARC protocol No. 2000-2218).

2.1. Broadband diffuse optical spectroscopy

A prototype multi-wavelength, frequency-domain instrument (FDPM) that we designed
and constructed in our laboratory was combined with a steady-state near-infrared (NIR)
spectrometer to create the broadband DOS device for the non-invasive in vivo assessment of
tissue chromophore content (Bevilacqua et al 2000, Tromberg et al 2000). The broadband
DOS system employs six laser diodes (661, 681, 783, 810, 823 and 850 nm) and a fiber-
coupled avalanche photodiode (APD) detector (Hamamatsu high-speed APD module C5658).
The APD detects the intensity-modulated diffuse reflectance signal at modulation frequencies
between 50 and 300 MHz after propagation through the tissue. The absorption and reduced
scattering coefficients (u, and pu, respectively) are measured directly at each of the six
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laser diode wavelengths using the frequency-dependent phase and amplitude data (Bevilacqua
et al 2000, Tromberg et al 2000, Pham et al 2000). p. describes the diffusion of photons in
a random walk of step size of 1/u, (cm) where each step involves isotropic scattering. The
reduced scattering coefficient is calculated as a function of wavelength throughout the NIR by
fitting a power law to these six reduced scattering coefficients (x/ (1) = constant x AS?, where
SP is the scattering power) (Graaff et al 1992, Mourant et al 1997, Schmitt and Kumar 1998).
The steady-state acquisition is a broadband reflectance measurement from 600 nm to 1000 nm
using a tungsten—halogen light source (Ocean Optics HL-2000) and a spectrometer (Oriel
MS 1271, InstraSpec IV CCD) after the FD measurements are completed. The intensity of the
steady-state (SS) reflectance measurements are calibrated to the FD values of absorption and
scattering to establish the absolute reflectance intensity. Finally, the tissue concentrations of
Hb-O,, Hb-R, H,0 and cytochrome c oxidase reduced and oxidized states are calculated by
a linear least squares fit of the wavelength-dependent extinction coefficient spectra of each
chromophore. We used Hb-O,, and Hb-R absorption spectra reported by Zijlstra et al (2000)
and CcO_Ox and CcO_Re absorption spectra reported by Moody et al (Rich and Moody 1996)
for the subsequent fitting and analysis (figure 1).

2.2. Experimental procedures

The animals were initially sedated by an intramuscular injection of a mixture of ketamine
HCI (100 mg ml~!, Ketaject, Phoenix Pharmaceutical Inc., St Joseph, MI) and xylazine
(20 mg ml~!, Anased, Lloyd Laboratories, Shenandoah, IA) at a dose of 0.75 cc kg~!. The
animal’s body weight and temperature were assessed after sedation. A 22-gauge catheter was
secured in the animal’s marginal ear vein for subsequent intravenous anesthesia injections. The
maintenance anesthetic was dosed at 0.3 cc of a 1:1 mixture of ketamine:zylazine (ketamine
100 mg ml~':xylazine 20 mg ml~') and administered accordingly. The animals were
incubated with a 3.0 cuffed endotracheal tube and placed on mechanical ventilation (dual
phase control respirator, model 32A4BEPM-5R, Harvard Apparatus, Chicago, IL) with the
following settings: tidal volume, 50 cc, respiratory rate 25 breaths min~!, and 100% oxygen.
Blunt dissection was performed to isolate the femoral artery and vein on the left thigh slightly
distal to the inguinal ligament and 20-gauge catheters were secured within the femoral artery
and vein for the systemic blood pressure measurements, and arterial and venous blood gas
sampling. Blood pressure measurements were obtained with a calibrated pressure transducer
(TSD104A Transducer and MP100 WSW System, Biopac Systems, Inc., Santa Barbara, CA,
USA). A plastic probe containing the source and detector optical fibers (separation distance of
10 mm) was placed on the medial surface of the right thigh anteriorly for the broadband DOS
measurements.

Cyanide dosage was determined based upon previous literatures (NaCN 6 mg/60 ml
normal saline) to provide non-lethal cyanide toxicity (Vick et al 2000, Rumack 1983) and
NaCN solution was infused at a rate of 1 ml min~'. Blood was drawn twice, prior the cyanide
infusion and immediately after the completion of cyanide infusion. Blood samples were
obtained from the femoral artery and vein and were analyzed for pH, pO,, pCO, and% O,
saturation (IRMA series 2000 Blood Analysis System, Diametrics Medical Inc.). Animals
that developed distress during the study and all surviving animals were euthanized by standard
procedures (Eutha-6, intravenous injection).

2.3. Statistical analysis

For the statistical analysis, Wilcoxon matched-pairs signed rank sum test was used to evaluate
significant changes in blood gas and broadband DOS parameters between pre- and post-
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Table 1. Serum cyanide concentration (sCN), mean arterial pressure (mAP) and arterial and venous
blood gas measurements (PCO,, partial pressure of COy; PO,, partial pressure of O,; BE, base
excess; SO, oxygen saturation in blood) at baseline and immediately after the completion of CN
infusion. The subscripts, a and v, designate arterial and venous values, respectively. Data are
presented as mean == SEM. (bpm) indicates beats per minute of the heart rate.

Baseline Post CN injection  p-value
SCN (ug di7h <5 111.3£12.2 0.028*
mAP (mmHg) 58.0 4.0 35.6 £2.3 0.066
Heart rate (bpm)  160.0 &+ 3.9 171.0 £ 4.1 0.068
pHa 7.48 +0.01 7.43 +0.04 0.5
P,CO, (mmHg) 465+ 34 39.3+3.5 0.116
P,O; (mmHg) 4934 + 14.8 597.22 £23.2 0.028*
BE, (mM) 947 £ 1.15 2.08 + 1.68 0.028*
Sa02 (%) 99.9 £+ 0.00 99.9 + 0.00
pHy 7.42 +0.01 7.29 +£0.04 0.027*
P,CO; (mmHg) 563 £33 58.8+3.9 0.5
P,O; (mmHg) 39.24+3.0 482+ 1.6 0.028*
BE, (mM) 10.07 £ 1.33 0.60 +1.93 0.043*
SvOs (%) 70.0 £ 2.2 777+ 1.7 0.043*

# Statistical significance with P < 0.05.

cyanide infusion. Two-sided p-values using normal approximation were reported. All
data are shown as means =+ standard error of mean (SEM) and a difference p < 0.05 was
considered significant. The statistical analysis was carried out using the interactive website
(http://www.fon.hum.uva.nl/Service/Statistics/Signed_Rank _Test.html).

3. Results

Table 1 summarizes the results of arterial and venous blood gas analysis and serum cyanide
(sCN) concentrations from the toxicology laboratory. After 6 mg of CN infusion (in 60 ml
normal saline, NS), the sCN levels rose to 111.3 + 12.2 ug dl~!. From blood gas analysis data,
notable changes are observed after CN infusion in mean arterial and venous partial pressure
of oxygen (PO,), arterial and venous base excess values (BE), venous pH and venous oxygen
saturation (SyO;). Mean arterial pressure (mAP) decreased post-CN infusion even though
the change was not statistically significant (p = 0.066). The changes in these parameters
are indicative of cyanide toxic effects. Despite an increase in post-CN venous PO, (22%),
concurrent increases in arterial PO, during cyanide toxicity led to variable degrees of change
in arterial-venous oxygen difference in this animal model. However, an overall decrease in
arteriovenous oxygen saturation difference was observed due to the increase in the venous
oxygen saturation values. The decreases found in both arterial and venous base excess (BE)
were expected as a result of increased anaerobic metabolism due to tissue hypoxia from
mitochondrial dysfunction in the setting of cyanide poisoning.

Figures 2(a) and (b) show the changes in absorption and scattering spectra at the baseline
and post-cyanide injection in a single rabbit to illustrate the importance of the need to separate
tissue scattering and absorption components in the reflectance signal. The infusion of cyanide
and resultant physiologic responses to cyanide toxicity led to changes in tissue u, and
resulting scattering power (SP). Figure 2(b) demonstrates the ability of DOS to measure
in vivo tissue absorption spectra in order to quantify the tissue concentrations of Hb-O,,
Hb-R and cytochrome ¢ oxidase redox states. Without separating scattering and absorption
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Figure 2. (a) Changes in the reduced scattering coefficient (1)) from frequency-domain
measurements at discrete wavelengths (FDPM) and broadband w1, spectra (Broadband) between
baseline (_pre) and the end of CN infusion (_post). Formulae inside the figure represent the
power-law fit of u at six discrete FDPM wavelengths (u;(1) = constant x 5P where SP is the
scattering power). Data are from a single animal. (b) Changes in the absorption coefficient (t5)
from frequency-domain measurements at discrete wavelengths (FDPM) and broadband p, spectra
(broadband) between baseline (-pre) and the end of CN infusion (-post). Data are from a single
animal.

Table 2. Tissue hemoglobin concentrations (THC), tissue oxygen saturation (StO»), scattering
power (SP), and the changes in cytochrome c oxidase redox states (ACcO_Ox and ACcO_Re)
measured by broadband DOS at baseline and post-CN injection. Data are presented as mean £

SEM.

Baseline Post CN injection  p-values
Hb-R (uM) 10.55 £+ 1.47 6.51 +1.03 0.0313*
Hb-O, (uM) 38.60 £5.94  38.55+3.69 0.687
THC (uM) 49.154+6.62 45424421 0.313
S10, (%) 78.00 =293  85.46 £ 2.24 0.0313*
SP —0.77 £0.07 —1.00 & 0.07 0.0313*
ACcOOx (uM) 0 —1.10+ 043 <0.001%
ACcORe (uM) 0 0.82+0.35 <0.001%

# Statistical significance with P < 0.05.

signal from the reflectance measurement as in conventional NIRS measurements, this kind
of quantification of tissue chromophore concentrations would not be possible. For instance,
overall decrease in tissue absorption spectrum was observed post-cyanide and changes in
hemoglobin and cytochrome c¢ oxidase redox state concentrations were quantified as a
result.

Figures 3(a) and (b) illustrate the changes in [Hb-O,], [Hb-R] (figure 3(a)) and
corresponding changes in tissue oxygen saturation (SO, = [Hb-O,]/THC x 100%),
[CcO_Ox], and [CcO_Re] (figure 3(b)) during cyanide infusion (6 mg total) in a single rabbit.
It shows the increase in [Hb-O,] and decrease in [Hb-R] resulting in the increase in StO,.
Table 2 summarizes tissue hemoglobin concentrations, StO,, and scattering power measured
by broadband DOS at baseline and post-CN injection. In all six animals, we observed a
slight decrease in THC (~—8%), which was confirmed by total hemoglobin concentration
measured with cooximetry from blood sample (—6.8%). [Hb-R] decreased by 38% while
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Figure 3. (a) Progression of total tissue hemoglobin concentration (THC) and oxy- and
deoxyhemoglobin concentrations ([Hb-O,] and [Hb-R], respectively) during the cyanide infusion
(6 mg total) in a single rabbit. (b) Progression of tissue oxygen saturation (StO;) and oxidized
and reduced states of cytochrome c oxidase ([CcO-Ox] and [CcO_Re], respectively) during the
cyanide infusion (6 mg total) in the same rabbit.

[Hb-O,] remained nearly constant. The decrease in the [Hb-R] is expected because oxygen
consumption at the cellular level is inhibited, and the tissues cannot extract oxygen from the
blood. Similar to the S,0; results from the venous blood gas analysis (+6.7%), the venous
oxygen saturation values from the cooximetry increased from a baseline of 70% to post-CN
levels of 77%, while the arterial oxygen saturation remained at 99% due to maintenance of
the animals on 100% oxygen throughout the studies. This increase in the venous oxygen
saturation accounts for the increase in StO, values, which were measured using broadband
DOS shown in table 2. Figure 3(b) also shows the changes in cytochrome ¢ oxidase redox
states with increasing cyanide toxicity. In six animals, the changes in [CcO_Ox] and [CcO_Re]
were —1.10 4= 0.43 and 0.82 £ 0.35 uM, respectively.

4. Discussion

We developed a reliable rabbit model to investigate the feasibility of broadband DOS for
non-invasive in vivo cyanide toxicity monitoring. The development of a rabbit model was
chosen due to its economy, availability and the relative ease of handling versus larger animals
with comparable physiologic responses of a human. We were not able to find a reliable
rabbit CN toxicity model described in the recent literature. Attempts at bolus injections of
cyanide during our early animal model development investigations induced seizures and fatal
cardiovascular collapse. Subsequently, we utilized a continuous infusion of cyanide in place
of the bolus injection with improved stability and reproducibility. The level of [sCN] was
significant enough to induce clinical physiologic changes, without resulting in coma or death.
Our results were consistent with reported relevant laboratory findings during cyanide toxicity,
including an early decreased arteriovenous difference in the partial pressure of oxygen (PO;)
with increased venous PO, and an increase in base deficit (Rumack 1983). In addition, this
animal model allowed continuous quantification of the dose response of broadband DOS
measurements of in vivo [HbO,], [Hb-R], StO,, [CcO_Ox] and [CcO_Re].

We have demonstrated that broadband DOS can be used to dynamically monitor in vivo
concentrations of multiple chromophores in tissue non-invasively. Particular emphasis is
placed on DOS sensitivity to concurrent physiologic changes due to cyanide toxicity. Near-
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infrared spectroscopy has been widely employed for this purpose. However, conventional
methods generally do not separate light absorption from scattering, and as a result, do not
report absolute biochemical concentrations in tissue. Advances in time- and frequency-domain
NIR measurements have resulted in the development of quantitative approaches. However,
these methods typically rely on a limited number of optical wavelengths and therefore have
reduced sensitivity to multiple analytes over a broad range of concentrations. Broadband
DOS is an ideal diagnostic platform for cyanide toxicity determination because it quantifies
tissue hemoglobin concentrations and cytochrome ¢ oxidase redox states non-invasively in real
time. Because cyanide binds directly to cytochrome c oxidase and induces progressive tissue
hypoxia, the evaluation of hemoglobin concentrations and the oxygen saturation at the tissue
level would be indicative of the toxic effects of cyanide. In addition, we demonstrate that
broadband DOS-detected respective changes in [CcO_Ox] and [CcO_Re] due to the inhibition
of the electron transfer chain in mitochondria, findings consistent with reports from previous
researchers (Noriuki er al 1997, Piantadosi ef al 1983).

While these findings are encouraging, the definitive analysis of cytochrome c oxidase
and proper interpretation of the optical signal originating from the redox changes have
been difficult, especially due to the effects of tissue scattering, other potentially interfering
chromophores and influence of hematocrit (Sakamoto et a/ 2001). Broadband DOS overcomes
some of these problems by directly measuring the scattering properties of tissue. As
a result, the changes in optical path length during measurements are taken into account.
Also, the combined broadband measurement component of the DOS methodology provides
significantly more wavelengths than major chromophores and allows us to more fully utilize
the characteristic spectral features of individual chromophores. In theory, concentrations
of virtually any NIR absorbing chromophore could be included in the analytical approach.
However, there are a number of limitations to this initial study. Our study was limited to an
isolated cyanide toxicity, in order to establish the animal model for the cyanide toxicity and
demonstrate the feasibility of non-invasive DOS measurements. The cyanide poisonings with
co-exposure such as methemoglobin and carbon monoxide were not discussed in this study.
However, the feasibility of non-invasive in vivo DOS monitoring of methemoglobin has been
demonstrated (Lee er al 2006) and future studies include the treatment of cyanide toxicity
with the therapeutically induced methemoglobinemia and hydroxocobalamin and the study on
DOS monitoring of the smoke inhalation.

5. Conclusion

The findings of this study illustrate the feasibility and potential value of broadband DOS as a
non-invasive platform for in vivo monitoring of cyanide toxicity in an animal model. Future
investigations will be needed to validate such potential applications. Ultimately this approach
could be used in the clinical setting to gain insight on therapeutic efficacy, particularly in
the cases of cyanide toxicity treatment. Additionally, broadband DOS has the theoretical
capability for detecting and monitoring a range of processes associated with NIR absorbing
solutes in vivo.
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