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Noninvasive in vivo monitoring of methemoglobin formation and reduction
with broadband diffuse optical spectroscopy

Jangwoen Lee,1 Naglaa El-Abaddi,2 Andrew Duke,2

Albert E. Cerussi,1 Matthew Brenner,1,2 and Bruce J. Tromberg1

1Laser Microbeam and Medical Program, Beckman Laser Institute and 2Division of
Pulmonary Medicine, Department of Medicine, University of California, Irvine, California

Lee, Jangwoen, Naglaa El-Abaddi, Andrew Duke, Albert
E. Cerussi, Matthew Brenner, and Bruce J. Tromberg. Nonin-
vasive in vivo monitoring of methemoglobin formation and
reduction with broadband diffuse optical spectroscopy. J Appl
Physiol 100: 615– 622, 2006. First published October 13, 2005;
doi:10.1152/japplphysiol.00424.2004.—We present noninvasive,
quantitative in vivo measurements of methemoglobin formation and
reduction in a rabbit model using broadband diffuse optical spectros-
copy (DOS). Broadband DOS combines multifrequency frequency-
domain photon migration (FDPM) with time-independent near infra-
red (NIR) spectroscopy to quantitatively measure bulk tissue absorp-
tion and scattering spectra between 600 nm and 1,000 nm. Tissue
concentrations (denoted by brackets) of methemoglobin ([MetHb]),
deoxyhemoglobin ([Hb-R]), and oxyhemoglobin ([HbO2]) were de-
termined from absorption spectra acquired in “real time” during nitrite
infusions in nine pathogen-free New Zealand White rabbits. As little
as 30 nM [MetHb] changes were detected for levels of [MetHb] that
ranged from 0.80 to 5.72 �M, representing 2.2 to 14.9% of the total
hemoglobin content (%MetHb). These values agreed well with on-site
ex vivo cooximetry data (r2 � 0.902, P � 0.0001, n � 4). The
reduction of MetHb to functional hemoglobins was also carried out
with intravenous injections of methylene blue (MB). As little as 10
nM changes in [MB] were detectable at levels of up to 150 nM in
tissue. Our results demonstrate, for the first time, the ability of
broadband DOS to noninvasively quantify real-time changes in
[MetHb] and four additional chromophore concentrations ([Hb-R],
[HbO2], [H2O], and [MB]) despite significant overlapping spectral
features. These techniques are expected to be useful in evaluating
dynamics of drug delivery and therapeutic efficacy in blood chemis-
try, human, and preclinical animal models.

methemoglobinemia; quantitative; rate kinetics; therapeutic mon-
itoring

METHEMOGLOBINEMIA IS AN ALTERED hemoglobin condition re-
sulting from the oxidation of the ferrous moiety within the
hemoglobin molecule. This conversion leads to abnormal ox-
ygen affinity, reduced oxygen-carrying capacity, and tissue
hypoxia. Methemoglobinemia can be induced by multiple
pharmacological and chemical exposures, including nitrites.
Fatalities from recreational usages of amyl nitrite (AN) as well
as nitrite contamination of well water have been described (5,
6, 36, 37). Significantly elevated levels of methemoglobin have
been reported in patients with sepsis (26, 28), infants who
develop severe metabolic acidosis (blue baby syndrome), and
individuals with rare congenital metabolic anomalies such as
glucose phosphate dehydrogenase deficiency (9, 41). In addi-
tion, there have been case reports of topical anesthesia, includ-

ing lidocaine and benzocaine, inducing methemoglobinemia
(21, 38, 40). Severe untreated methemoglobinemia can lead to
delirium and death. Complaints can be vague, and typical
diagnostic testing can be misleading. Therapeutic implications
can range from observation to admission into the intensive care
unit for further management.

As with other potentially life-threatening illnesses, early
recognition of methemoglobinemia is crucial, as is monitoring
the effects of therapy. Traditional diagnostic modalities for
hypoxemic patients include pulse oximetry, arterial blood-gas
analysis, and cooximetry. Pulse oximetry is unreliable in the
presence of methemoglobinemia because methemoglobin
(MetHb) absorbs light equally well at wavelengths (typically
660 and 940 nm) used to determine oxygen saturation (1, 2, 10,
24). Arterial blood-gas analysis can also be misleading in
methemoglobinemia because it will show normal PO2, even in
the presence of high MetHb concentration and inaccurate
oxygen saturation if values were calculated from the pH and
arterial PO2. Cooximetry is generally the preferred laboratory
technique for diagnosis of methemoglobinemia, but, because it
relies on the absorption spectra of a few wavelengths for the
calculation of MetHb concentration, false positive readings can
result from the presence of other pigments, such as methylene
blue (MB) or sulfhemoglobin, which have high absorption at
the methemoglobin absorption peak of 630 nm (11, 32). In
addition, cooximetry requires intermittent blood drawing and
fresh specimens for analysis because methemoglobin levels
can rise with storage (25).

Once formed, methemoglobin can be reduced back to he-
moglobin either enzymatically or nonenzymatically via a num-
ber of pathways. For drug-induced methemoglobinemia, MB is
a standard treatment modality because MB serves as an exog-
enous electron acceptor and works as a cofactor for NADPH
(reduced nicotinamide adenine nucleotide phosphate) reduc-
tase to reduce hemoglobin back to the original ferrous state.
However, large doses of MB can result in hemolysis and,
paradoxically, methemoglobinemia in patients with glucose
phosphate dehydrogenase deficiency (17, 34, 41).

Most chemical reactions involving the heme group cause
detectable changes in hemoglobin’s visible absorption spec-
trum. The oxidation of hemoglobin results in a marked increase
of absorption in the red region of the visible spectrum (600–
650 nm). As shown in Fig. 1, methemoglobin has a strong
absorption peak at 630 nm (42). This change of absorption
spectra due to the formation and reduction of methemoglobin
presents an optimal diagnostic platform for broadband diffuse
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optical spectroscopy (DOS) (4, 20, 39). Broadband DOS com-
bines multifrequency frequency-domain (FD) photon migra-
tion (FDPM) with time-independent near infrared (NIR) spec-
troscopy to quantitatively measure bulk tissue absorption and
scattering spectra between 600 and 1,000 nm. As a result,
broadband DOS can rapidly quantify the in vivo concentrations
of multiple tissue chromophores and exogenous dyes such as
MB noninvasively (8). Because of the quantitative description
of tissue composition, broadband DOS can overcome the
shortcomings of existing methemoglobinemia diagnostic mo-
dalities while providing additional valuable physiological in-
formation.

Previous studies have demonstrated that FDPM can readily
detect methemoglobin in tissue phantoms (16) and MB in vivo
(8). However, there is little research demonstrating the quan-
titative evaluation of methemoglobinemia using noninvasive
spectrophotometric techniques. Moreover, no quantitative studies
have simultaneously monitored the concentration of five chro-
mophores (four endogenous chromophores and MB) in vivo
during methemoglobinemia and its response to treatment with
MB. The first objective of this feasibility study was to show
that a stable in vivo animal model can be created with signif-
icant amounts of methemoglobin produced. The second objec-
tive was to show that broadband DOS can be used to detect and
monitor the formation and resolution of methemoglobinemia.
The purpose of this study is to demonstrate that broadband
DOS is capable of dynamic monitoring of multiple in vivo
tissue chromophores noninvasively with sensitivities necessary
for effective therapeutic monitoring.

MATERIALS AND METHODS

Broadband diffuse optical spectroscopy. A broadband DOS instru-
ment was used for the noninvasive in vivo assessment of MetHb
formation and reduction. Figure 2 shows a simple schematic diagram
of the broadband DOS instrument that combines steady-state (SS) and
FD photon migration techniques. The technique for combining multi-
wavelength FD data with time-independent steady-state (SS) spec-
troscopy for quantitatively determining absorption (�a) and reduced
scattering (�s�) coefficients over a broad spectral bandwidth has been
previously described (4, 20, 39). In brief, broadband DOS employs six

laser diodes (661, 681, 783, 823, 850, and 910 nm) and a fiber-coupled
avalanche photo diode (APD) detector (Hamamatsu high-speed APD
module C5658). The APD detects the intensity-modulated diffuse
reflectance signal at modulation frequencies between 50 and 550 MHz
after propagating through the tissue. The absorption and reduced
scattering coefficients are measured directly at each of the six laser
diode wavelengths by using the frequency-dependent phase and am-
plitude data (4, 20, 30, 39). The reduced scattering coefficient is
calculated throughout the NIR by fitting a power law to these six
reduced scattering coefficients (18, 27, 35). The power-law fit allows
the interpolation of scattering coefficients throughout the NIR. The SS
acquisition is a broadband reflectance measurement from 600 to 1,000
nm that follows the FD measurements using a tungsten-halogen light
source (FiberLite or Ocean Optics HL-2000) and a spectrometer
(Ocean Optics USB2000 or Oriel MS127i, InstraSpec IV CCD). The
intensity of the SS reflectance measurements are calibrated to the FD
values of absorption and scattering to establish the absolute reflec-
tance intensity. Absorption spectra were extracted from the absolute
SS reflectance spectra by subtracting the scattering contribution across
the spectral range of interest using a power-law fit of FD scattering
coefficient measurements. Finally, the tissue concentrations of oxy-
hemoglobin (HbO2), deoxyhemoglobin (Hb-R), MetHb, H2O, and
MB are calculated by a linear least squares fit of the wavelength-
dependent extinction coefficient spectra of each chromophore. We
used HbO2, Hb-R, and MetHb extinction spectra reported by Zijlstra
et al. (42) for the subsequent fitting and analysis.

Animal model. Pathogen-free New Zealand White rabbits (Myrtle
Rabbitry, Thompson Station, TN), weighing �3.5–4.1 kg, were used.
Animals were housed in a pathogen-free 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 Com-
mittee, University of California, Irvine (ARC protocol no. 2000-
2218).

Measurement procedures. The animals were initially sedated by an
intramuscular injection of the mixture of ketamine HCl (100 mg/ml,
Ketaject, Phoenix Pharmaceutical, St. Joseph, MI) and xylazine (20
mg/ml, Anased, Lloyd Laboratories, Shenandoah, IA) at a dose of
0.75 ml/kg. The animals’ body weight and temperature were assessed
after sedation. A 22-gauge catheter was then placed and secured into
the animals’ marginal ear veins for the subsequent intravenous anes-
thesia injection. The animals were then immediately intubated with a
3.0 cuffed endotracheal tube and placed on mechanical ventilation
(dual-phase-control respirator, model 32A4BEPM-5R, Harvard Ap-
paratus, Chicago, IL) with the following settings: tidal volume 50 ml,
respiratory rate 25 breaths/min, and 100% oxygen fraction. Blunt
dissection was performed to isolate the femoral artery on the left thigh
slightly distal to the inguinal ligament, and a 20-gauge catheter was
secured within the femoral artery for systemic blood pressure mea-
surements and arterial sampling. Pressure measurements were ob-
tained with a calibrated pressure transducer (TSD104A Transducer
and MP100 WSW System, Biopac Systems, Santa Barbara, CA).

A plastic probe incorporating the source and detector fibers was
placed on the medial surface of the right hind thigh for the broadband

Fig. 2. Schematic diagram of broadband diffuse optical spectroscopy (DOS).
FDPM, frequency domain photon migration; APD, avalanche photo diode.

Fig. 1. Extinction coefficient spectra of hemoglobin species in near-infrared
wavelengths between 600 and 1,000 nm. Methemoglobin (MetHb) has an
absorption peak around 630 nm. HbO2, oxyhemoglobin; Hb-R, deoxyhemo-
globin; MB, methylene blue.
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DOS measurements. A source and detector separation of 10 mm was
used for both FD and SS acquisitions. The reduced scattering coeffi-
cients were acquired from FD measurements at the discrete diode
laser wavelengths and fit before NaNO2 (or AN) bolus injection. To
optimize the measurement speed, we first established that the changes
in scattering coefficients at FD wavelengths and the scattering slopes
were within 5% of the baseline values during the entire procedure.
Therefore, we assumed that the long-term changes in tissue that could
affect scattering were minimal compared with nitrite- and MB-in-
duced variations in absorption spectra (which can be up to 60%
changes from baseline). SS measurements were performed every 750
ms during the entire measurement sequence.

After various levels of NaNO2 doses were tried, the optimal
NaNO2 (500 mg/60 ml normal saline) dosage was determined exper-
imentally and administrated at a rate of 2.6 ml/min to allow for blood
draws and titration of fluids and vasopressors for hemodynamic
support. Arterial blood samples were obtained every 5–10 min until
the blood obtained appeared visibly darker. At that point MB solution

[15 mg/60 ml normal saline (NS)] were then infused five times over
�1.27 min each time, at a rate of 7.9 ml/min. After each 10-ml
infusion, arterial blood sampling was collected and MB infusion
resumed. Both MB and NaNO2 were infused using an automated
infuser. Norepinephrine (4 mg/500 ml NS) was titrated to maintain
systolic blood pressure above 80 mmHg. Animals that developed
distress or survived the induction and reversal of methemoglobinemia
were euthanized by standard procedures at the end of studies (pento-
barbital sodium, Eutha-6, intravenous injection).

Currently, cooximetry is considered the gold standard in monitor-
ing methemoglobinemia. To validate the clinical use of broadband
DOS, %MetHb results from broadband DOS need to be evaluated in
the context of cooximetry. The on-site cooximetry measurements
(AVOXimeter 4000, AVOX Systems, San Antonio, TX) were con-
ducted on four rabbits during different stages of MetHb induction to
avoid possible discrepancy due to continued blood oxidation. Because
there is spectral overlap between MetHb and MB, these cooximetry
measurements were done only during induction stages to ensure
accuracy of cooximetry results.

Drug kinetics. Indirect oxidation of hemoglobin involves a process
of cooxidation in which AN or sodium nitrite is cooxidized with hemeFig. 3. Formation of MetHb with 0.1 ml amyl nitrite bolus into the right ear

vein of the rabbit; the oxidation of HbO2 to MetHb is apparent from the plot,
whereas the concentration of Hb-R increased less than 1%. Brackets denote
concentration.

Fig. 4. Induction of MetHb with sodium nitrite. First two segments are with
NaNO2 concentration of 80 mg/60 ml each, and the last segment is with the
concentration of 320 mg/60 ml.

Fig. 5. Calibrated reflectance (A) and absorption spectra (�a; B) of rabbit 1;
straight line represents spectra at the baseline, dash dotted line at the maximum
[MetHb], and dotted line at the end of MB treatment.
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iron by HbO2. The mechanism of nitrite-induced oxidation has been
studied extensively, because nitrites are an important cause of toxic
methemoglobinemia. The oxidation of hemoglobin is recognized as an
autocatalytic process by nitrites. Because nitrite is a univalent reduc-
tant of O2, the overall pathway generally involves the reduction of
oxygen to superoxide (O2

��) and hydrogen peroxide (H2O2).
For cases of methemoglobinemia resulting from drug exposure,

MB is infused as the treatment, whose action depends on the availability
of reduced nicotinamide adenine nucleotide phosphate (NADPH) within
the red blood cell. NADPH reductase reduces MB to leukomethylene
blue (LMB), which acts as an electron donor, and MetHb is reduced
back to hemoglobin.

RESULTS

MetHb was successfully induced with a 0.1 ml AN bolus.
Figure 3 shows the concentration changes of HbO2, Hb-R, and
MetHb after AN injection. The mean [MetHb] before AN
injection was 1.42 � 0.02 �M, which represents the baseline
endogenous [MetHb] (where brackets denote concentration).
The maximum increase in [Hb-R] was less than 1%, whereas
the [MetHb] increased from baseline to 3.17 �M. It represents
2.2 and 4.85% of the total hemoglobin concentration, respec-
tively. There was a concurrent decrease in [HbO2] (�1.75 �M)
during the MetHb formation. The sensitivity of the measure-
ment was established by fitting the [MetHb] vs. time plot in
Fig. 3 with a Boltzmann function (R2 � 0.995) and calculating

the standard deviation of measurement data points from the
fitting function (SD � 29.4 nM). As a result, it was determined
that broadband DOS was able to detect as little as 30 nM
[MetHb] changes in tissue.

Figure 4 illustrates the induction of MetHb utilizing two
different concentrations of sodium nitrite (NaNO2) solution.
During the initial part of the study, 80 mg (in 60 ml, NS) was
administrated twice intravenously over the same time duration.
Broadband DOS detected ferric oxidation at a rate of 35 and 33
�M/min, respectively. Quadrupling the dose (320 mg/60 ml
NS) while administering NaNO2 over a similar time duration
resulted in a corresponding formation rate increase at 167
�M/min. To maintain mean arterial blood pressure against the
relaxation of small vessels by NaNO2, Levophed (noreopi-
nephrine bitartrate) had to be titrated between 4 and 16 �g/min
to keep blood pressure above 80 mmHg.

After establishing a stable MetHb induction model using
NaNO2, we attempted the reduction of MetHb with 15 mg of
MB (60 ml NS) after the intravenous administration of 500 mg
NaNO2 (60 ml NS) in three rabbits. Changes in the absolute
reflectance and absorption coefficient, �a, at the baseline
(straight line), at the maximum MetHb concentration (dash-
dotted line), and after MB treatment (dotted line) are shown in
Fig. 5. Most significant spectral changes in both reflectance
(Fig. 5A) and �a (Fig. 5B) occurred at the MetHb absorption

Fig. 6. Comparison between extracted �a spectrum and broadband DOS �a fit of individual chromophores at the maximum [MetHb] shown in Fig. 5. The average
values of absolute residuals, ��res��, are listed in each figure. A: HbO2. B: Hb-R. C: water. D: MetHb.
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peak of 630 nm. At the peak MetHb concentration, reflectance
value at 630 nm decreased 37.3% from baseline value and
returned within 10% of baseline after MB treatment. Likewise,
the absorption coefficient increased 58.1% from baseline at the
peak MetHb concentration, returning to within 7% of baseline
post MB treatment at 630 nm. Figure 6 shows the extracted �a

spectrum, broadband DOS �a fit, and fitting residual of indi-
vidual chromophores at the maximum [MetHb]. The �a spec-
trum was extracted by subtracting absorption contributions of
other chromophores from the measured absorption spectrum
shown in Fig. 5B. The broadband DOS �a fit of each chro-
mophore is the product of the extinction coefficient shown in
Fig. 1 and the respective tissue concentrations. The average
values of absolute residuals, ��res��, were used to compare
the quality of the �a fit. They are 0.000619, 0.000607,
0.000522, and 0.000547 mm�1 for HbO2, Hb-R, H2O, and
MetHb, respectively. Figure 7 shows the in vivo time course
concentration changes in MetHb, Hb-R, and HbO2 measured
by broadband DOS. Figure 7A clearly shows the increase in
MetHb concentration during NaNO2 administration and the
subsequent decrease during MB treatment. These changes are
consistent with the changes in absolute reflectance and �a

shown in Fig. 5. The total hemoglobin concentration (THC;
sum of Hb-R, HbO2, and MetHb) is also shown in Fig. 7A. In
Fig. 7B, [HbO2] decreased once the NaNO2 injection started as
the conversion from HbO2 to MetHb took place.

Unlike the induction with AN in Fig. 3, the decreasing trend
in the THC was much more noticeable with NaNO2 injections.
Hemodilution from fluid resuscitation and large NaNO2 diluent
volume is the most likely origin of this decrease in THC. Using
the hemoglobin concentration data (g/dl) obtained from
cooximetry, estimated initial blood volume (�50 ml/kg), and
the amount of saline infused, it was estimated that THC would
decrease approximately by 15.16, 9.33, and 12.50%, respec-
tively for rabbits 1, 2, and 3. Table 1 summarizes the compa-
rable decreases in THC (sum of Hb-R, HbO2, and MetHb
concentration) at 15.65, 11.49, and 8.68% from broadband
DOS measurements, respectively.

Figure 8 shows the time-course change of MB concentration
during the reduction of MetHb. The concentration plot clearly
shows the five discrete injection points of MB and the extrav-
asation. MB uptake and extravasation rates were extracted by
linearly fitting each segment after MB bolus injections. Also, to
estimate the utilization of each MB injection and kinetic rates
of [MetHb] reduction, [MetHb] plots during five MB extrava-
sation segments were fitted to a first-order exponential decay.
Calculated decay constants, 	 for MetHb decay and rates of
MB uptake and extravasation are summarized in Table 2.
Uptake rates of MB decreased from 210 to 64 nM/min after

Fig. 7. In vivo time course concentration changes in total hemoglobin con-
centration (THC), MetHb (A), Hb-R, and HbO2 (B) NaNO2 and MB interven-
tion in rabbit 1.

Fig. 8. Time-course concentration plots of MetHb and MB during reduction
phase after MB bolus.

Table 1. Concentrations of Hb-R, HbO2, and MetHb
measured by broadband DOS

Weight,
kg

NaNO2,
mg

MB,
mg

HbO2,
�M

Hb-R,
�M

MetHb,
�M

Rabbit 1 4.1 300 15 Base 27.45 19.85 0.00*
Max 18.04 17.65 4.22
End 15.60 19.06 0.30

Rabbit 2 3.5 150 12.5 Base 35.36 18.99 0.00*
Max 26.40 17.67 4.03
End 17.88 19.88 0.00

Rabbit 3 4.2 250 15 Base 31.27 22.04 0.00*
Max 26.22 18.09 4.38
End 18.96 22.00 0.00*

Base, the baseline measurement prior to NaNO2 injection; Max, measure-
ment point where methemoglobin concentration ([MetHb]) is the highest; End,
after methylene blue (MB) treatment. Dosages of both NaNO2 and MB noted
here are the total amounts injected to the particular rabbits. Hb-R, deoxy
hemoglobin; HbO2, oxyhemoglobin; DOS, diffuse optical spectroscopy. Data
were analyzed with the positive constraint on the chromophore concentrations.
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each injection, and extravasation rates of MB also followed the
same trend. [MetHb] decay constants of five segments also
decreased from 20.6 min to 8.3 min, suggesting [MetHb]
reduction rates are related to available [MetHb].

Overall MetHb decay kinetics of three rabbits were also
calculated by fitting the broadband DOS decay plots in Fig. 9,
employing a first-order exponential decay function {[chro-
mophore] �exp(�t/	)}. Respective decay constants, 	, and
correlation coefficients, r2, are noted in Fig. 10. The intra-
subject variation in physiological response ranged from 	 �
15.0 and 21.6 min (rabbits 1 and 3) to 	 � 45.2 min in rabbit
2. These decay constants appeared to be related to MB dose
and rabbit size.

In previous sections, we detailed the development of MetHb
animal model and demonstrated that broadband DOS can
monitor the oxidation of hemoglobin and the reduction of
MetHb quantitatively. Figure 10 shows a very close correlation
in all four rabbit measurements between broadband DOS and
cooximetry values (r2 � 0.902). Error bars on cooximetry
results indicate the standard deviation of the repeated analysis
of the same sample reported by the manufacturer (0.7%). Out
of 21 measurement points, only three measurements resulted in
the differences greater than 3% between broadband DOS and

cooximetry in %MetHb. In addition, using cooximetry as a
reference measurement, further validation of broadband DOS
measurements of MetHb was conducted to test the robustness
of the fitting algorithm when other hemoglobin concentrations
are changed. The validation experiment was carried out by
modulating the fraction of inspired oxygen from 100 to 21%
during different MetHb induction stages. The largest changes
in arterial oxygen saturation, (from cooximetry), [Hb-R], and
[HbO2] were observed during the baseline measurements
(18%, 4.1 �M, and 3.1 �M, respectively), whereas correspond-
ing changes in [MetHb] and %MetHb were 0.06 �M and 0.1%,
respectively. From this experiment, we conclude that changes
in [Hb-R] and [HbO2] do not induce artifacts in [MetHb].

DISCUSSION

In vivo quantitative, noninvasive dynamic monitoring of
biochemical processes is one of the most difficult and impor-
tant challenges in medical diagnostics. Near-infrared spectros-
copy (NIRS) has been widely employed for this purpose.
However, conventional methods generally do not separate light
absorption from scattering and, as a result, do not accurately
report absolute biochemical concentrations in tissue. However,
advances in light transport modeling and technology have
allowed the separation of light scattering and absorption in
tissue and have enabled quantitative approaches (3, 7, 12–15,
22, 23, 29, 31). In this study, we employ a quantitative method
based on broadband DOS that combines multifrequency FDPM
methods with NIRS. We demonstrate that broadband DOS can
be used to dynamically monitor in vivo concentrations of
multiple chromophores in tissue noninvasively. Particular em-
phasis is placed on DOS sensitivity to dynamic changes in
chromophore concentrations and physiological information
that can be used to assess the success of therapeutic interven-
tions.

Broadband DOS is able to detect submicromolar changes in
an exogenous therapeutic agent, MB, as well as HbO2, Hb-R,

Table 2. MB uptake and extravasation rates and MetHb
decay rates during 5 MB injections

MB
Injection

MB Uptake,
nM/min

MB Extravasation,
nM/min

MetHb Decay 	,
min

1 210 �17 20.6
2 96 �11 17.5
3 68 �11 13.7
4 64 �7 8.3
5 71 �9 7.1

Uptake and extravasation rates of MB are calculated by linearly fitting MB
concentration plots and decay time constants 	 of MetHb were obtained with
a single-exponential decay fitting.

Fig. 9. Decay constant comparison of 3 rabbits when [MetHb] plots were fitted
with single-exponential decay; rabbits 1 and 3 were similar weight (4.1 and 4.2
kg) and given similar dosage of NaNO2 and MB, whereas rabbit 2 weighed
less (3.5 kg) and was given lower dosage of NaNO2 (150 mg) and MB (12.5
mg). 	, Decay constant.

Fig. 10. Comparison of % MetHb between broadband DOS and on-site
cooximetry (COOX) values in 4 rabbits. Because there is spectral overlap
between MetHb and MB, these measurements were done only during induction
stages to ensure accuracy of cooximetry results. A dotted line represents the
line of identity. Error bars on cooximetry results indicate the standard deviation
of the repeated analysis of the same sample reported by the manufacturer
(0.7%).
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and MetHb dynamics. For example, during AN injection (Fig.
3), we observed rapid changes in hemoglobin states even at
low concentration (�2.2% MetHb) and the conservation of
THC during the autocatalytic oxidation process from HbO2 to
MetHb by nitrites. Percent MetHb (2.2%) detected by broad-
band DOS before AN injection is similar to the normal MetHb
level (19). Unfortunately, AN caused fatal cardiovascular col-
lapse on multiple occasions, despite yielding significant
amounts of MetHb. Klimmek et al. (25) noted similar findings,
reporting that half-maximum MetHb concentration occurred in
less than 1 min and the natural reduction process started less
than 5 min after the injection. AN with its inherent ability to
rapidly oxidize hemoglobin and cause fatal hemodynamic
shock leads us to the use of sodium nitrite in subsequent
experiments. Nonetheless, with AN injection model, we ob-
tained the maximum sensitivity range of broadband DOS
measurements, owing to its fast reaction rate and the lack of
physiological response by the animal.

Ccompared with the AN injection model, we were able to
establish a stable animal model with NaNO2 injection for the
formation and reduction of MetHb. It should be noted that this
NaNO2 injection model is an “open” system involving multiple
blood samplings, anesthesia injections, and fluid infusions to
sustain animals for the longer time scale measurements. Figure
4 shows that broadband DOS tracks [MetHb] induced by
different doses of NaNO2. We were able to quantify the dose
response of broadband DOS measurements by calculating in
vivo formation rates of MetHb. This kind of in vivo rate
kinetics is not available elsewhere, and it can be useful in the
methemoglobinemia management, especially in assessing ther-
apeutic drug delivery.

The sensitivity of DOS to MetHb formation and reversal
using NaNO2/MB was observed in a series of studies per-
formed in three subjects. In contrast to AN administration (Fig.
3), the NaNO2 injection model is an open system, and THC,
[HbO2], and [Hb-R] were not conserved. This is illustrated by
the gradual decline in THC that is coincident with MetHb
formation (Fig. 7A). In Fig. 7B, an increase in [Hb-R] is noted
after MB treatment. The increase in [Hb-R] is believed to be
mainly due to the reduction of MetHb to Hb-R via an enzy-
matic pathway involving NADPH and LMB. It is possible that
[HbO2] did not rebound after MB treatment because of the
hemodilution effect from further saline infusion associated
with MB injection (60 ml). However, physiological compen-
satory mechanisms could have been compromised severely
owing to various external interventions, including NaNO2,
MB, and norepinephrine infusions. The fact that DOS provides
additional physiological information such as an oxygen-carry-
ing capacity besides quantitative monitoring of [MetHb] dem-
onstrates the benefit of DOS in methemoglobinemia manage-
ment.

The uptake and extravasation rates of MB were determined
from Fig. 8 results by use of a simple linear fitting of concen-
tration plots. A single exponential decay model was used for
[MetHb] reversal in Figs. 8 and 9. These models provide a
simple quantitative framework for comparing time-dependent
changes in MetHb formation and reversal kinetics (Table 2).
Variations in in vivo kinetics appear to be strongly associated
with [MetHb] and its reversal by MB. For example, at the
highest [MetHb], both uptake and extravasation rates of MB

and decay constant, 	, for MetHb decay are the highest, and
they gradually decrease as [MetHb] declines.

Regardless of the precise kinetic model, these findings
underscore the importance of broadband DOS as a potential
platform for investigating in vivo drug utilization kinetics. As
shown in Fig. 10, we have demonstrated the clinical feasiblity
of broadband DOS in methemoglobinemia monitoring and
diagnosis. As broadband DOS technology matures with further
refinements, we expect that ultimately this approach could be
used in a clinical setting to gain insight on therapeutic efficacy,
particularly in the cases of cyanide toxicity treatment with
therapeutically induced MetHb and in neonatal methemoglo-
binema management during inhaled nitric oxide treatment for
hypoxemic respiratory failure.

The current limitation of broadband DOS and NIRS in
general is the inability to distinguish between hemoglobin and
myoglobin contributions. In fact, what is being measured is the
combined concentration of hemoglobin and myoglobin spe-
cies. However, the inability to separate myoglobin from he-
moglobin will affect the absolute values measured, not the
relative ones. The concentration of oxy- and deoxymyoglobin
is not variable in the clinically relevant ranges of tissue PO2;
hence the absorbance due to this chromophore is essentially
constant (33).
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