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Abstract. Due to the various causes of methemoglobinemia and its potential to be confused with other diseases,
in vivo measurements of methemoglobin have significant applications in the clinic. Using photoacoustic micros-
copy (PAM), we quantified the average and the distributed percentage of methemoglobin both in vitro and in vivo.
Based on the absorption spectra of methemoglobin, oxyhemoglobin, and deoxyhemoglobin, three wavelengths
were chosen to differentiate methemoglobin from the others. Themethemoglobin concentrations calculated from
the photoacoustic signals agreed well with the preset concentrations. Then we imaged the methemoglobin
percentage in microtubes that mimicked blood vessels. Average percentages calculated for five samples
with different methemoglobin concentrations also agreed well with the preset values. Finally, we demonstrated
the ability of PAM to detect methemoglobin in vivo in a mouse ear. Our results show that PAM can quantitatively
image methemoglobin distribution in vivo. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.20.3

.036007]
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1 Introduction
Methemoglobin is an abnormal type of hemoglobin that con-
tains oxidized iron atoms in the ferric state and is incapable
of transporting oxygen to body tissues.1,2 Elevated methemoglo-
bin levels (methemoglobinemia) can cause tachycardia, stupor,
and impaired respiration due to tissue hypoxia. Death may occur
in humans when the methemoglobin level in the blood stream is
>70%.3 More common than the congenital form, acquired
methemoglobinemia may be induced by a wide range of chem-
icals and drugs. Local anesthetics, such as topical benzocaine,
antibiotics such as dapsone, and nitrites in well water or addi-
tives to preserve meat, can all lead to methemoglobinemia.4–6

Thus, measuring the methemoglobin level has extensive clinical
applications. In addition to measuring the average concentra-
tion, measuring the spatial distribution of methemoglobin pro-
vides important information for the diagnosis and treatment of
diseases. Methemoglobinemia secondary to topical anesthetics
has been reported in many clinical contexts and is potentially
lethal.7,8 Usually used as a treatment for methemoglobinemia,
methylene blue can worsen the condition in individuals with
endogenous glucose-6-phosphate dehydrogenase deficiency.9,10

In this case, fast measurement of the spatial distribution of met-
hemoglobin around the area where anesthetics are applied ena-
bles surgeons to react quickly by revealing the concentration
change of methemoglobin following the treatment. Moreover,
measuring methemoglobin’s spatial distribution provides addi-
tional information for differential diagnoses in patients with
mechanical airway obstruction, pulmonary embolus, or circula-
tory shock,4 and in infants with cyanotic congenital heart
diseases or sepsis.5 Finally, spatial distribution measurements

can potentially provide opportunities to study the role of met-
hemoglobin in inflammation and atherosclerotic diseases.9

Current techniques for methemoglobin detection, including
arterial blood gas analysis, pulse oximetry, and co-oximetry, are
limited in various ways. Arterial blood gas analysis will show a
normal partial pressure of oxygen even when the methemoglo-
bin concentration is high because it measures only the dissolved
oxygen, not the actual amount of oxygen bound to hemoglobin
in blood.5,11 Pulse oximetry measures arterial blood oxygenation
using two light sources of different wavelengths (typically 660
and 940 nm), which works well when only oxyhemoglobin
and deoxyhemoglobin are present. However, methemoglobin
absorbs light equally well at these two wavelengths, which
drives the value of red-to-infrared ratio to one.12,13 Based on
the algorism of pulse oximetry, a ratio of one corresponds to
an oxygen saturation of 85%,11,13 which is an unreliable result
at high levels of methemoglobin. In addition, at 660 nm, met-
hemoglobin has a molar absorption coefficient similar to that of
deoxyhemoglobin, which could also confound the measure-
ment.11 Co-oximetry is a generally accurate method for meas-
urement of methemoglobin, but the readings can also be falsely
positive in the presence of methylene blue, which is commonly
used for treatment.11,14 Furthermore, all of these conventional
diagnostic modalities measure only the average concentration,
not the spatial distribution, of methemoglobin. We still lack a
technique that can spatially image the concentrations of met-
hemoglobin quantitatively in vivo.

Since it was first introduced in 2005, three-dimensional
photoacoustic microscopy (PAM) has demonstrated its potential
in structural and functional imaging.15–20 In PAM, a short-pulsed
laser is used to irradiate the object. When the light is absorbed
by the object, the resulting temperature rise leads to an initial
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pressure rise in proportion to the local energy deposition. The
initial pressure rise then propagates as photoacoustic waves
which can be detected by a focused ultrasonic transducer.21

Excitation at multiple optical wavelengths in PAM can provide
spectral information concerning the optical absorption.22 So far,
PAM has successfully detected a number of endogenous optical
absorbers in vivo, such as oxyhemoglobin, deoxyhemoglobin,
carboxyhemoglobin, bilirubin, and melanin.23–25

The motivation of this work is to quantitatively image met-
hemoglobin distribution with PAM. We first demonstrated that
our PAM system was able to differentiate methemoglobin from
oxyhemoglobin and deoxyhemoglobin in bovine blood. A 3.1%
root mean square error of prediction (RMSEP), which defines
the accuracy of the measurement, was achieved for the measure-
ments of methemoglobin in vitro. In addition, methemoglobin
distributions were successfully detected in vessel-mimicking
phantoms. Finally, the methemoglobin distribution in a mouse
ear was imaged in vivo during a period of induction and recovery
of methemoglobin. We showed for the first time that PAM can
quantitatively image the spatial distribution of methemoglobin
both in vitro and in vivo.

2 Material and Methods

2.1 Experimental System

An optical-resolution PAM system26,27 was used to measure
methemoglobin distribution, as shown in Fig. 1. The light source
was a tunable dye laser (CBR-D, Sirah GmbH) pumped by an
Nd:YLF laser (INNOSAB, Edgewave GmbH) at a 1 kHz pulse
repetition rate with pulse width around 5 ns. 4-dicyanomethy-
lene-2-methyl-6-p-dimethylaminostyryl-4H-pyran dissolved in
ethanol was used to generate a laser beam with a wavelength
tunable from 595 to 665 nm. The laser beam was focused by
a lens, filtered by a pinhole, and reflected by a mirror toward
an objective lens to be focused into the object. An acoustic-opti-
cal beam combiner containing two prisms with a layer of
silicone oil in between provided the acoustic optical coaxial
alignment. Then a wideband ultrasonic transducer (V214-BC,
Panametrics-NDT Inc.) with a center frequency around
50 MHz (70% two-way bandwidth) detected the acoustic sig-
nals. A spherically focused acoustic lens, with a focal distance

around 6 mm, was placed confocally with the optical objective
lens. A depth-resolved one-dimensional (1-D) photoacoustic
A-line signal was obtained from each laser pulse. The Hilbert
transformation was applied to the 1-D photoacoustic signals
for envelope extraction. By raster scanning the object in two
dimensions and performing maximum amplitude projections
(MAP) of the A-line signals, a two-dimensional MAP PAM
image of the sample was obtained.

2.2 Phantom Preparations

Sodium nitrite (237213-500G, Sigma-Aldrich) powder was
mixed with lysed bovine blood (905, Quad-Five) to induce met-
hemoglobin formation in the samples. To induce a level of 100%
methemoglobin, 24.3 g sodium nitrite powder was added to
50 ml of bovine blood. Then blood samples with methemoglo-
bin concentrations of 20, 40, 60, and 80% were obtained by
mixing 2, 4, 6, and 8 ml of the 100% methemoglobin blood
with 8, 6, 4, and 2 ml of pure bovine blood, respectively.
The mixtures were then separately injected into microtubes
(60985–700, VWR) made of platinum-cured silicone, with
300 μm inner diameters and 600 μm outer diameters, to
mimic blood with different methemoglobin concentrations in
blood vessels.

2.3 In Vivo Methemoglobin Induction in
a Mouse Model

To induce methemoglobin formation in a mouse model, 60 μl of
the well-mixed sodium nitrite solution (10 mg sodium nitrite∕
1 ml de-ionizedwater) was injected through the jugular vein
of a mouse. The volume and concentration were calculated
based on the Kohn’s model.28 Subsequently, the blood vessels
of the mouse ear were imaged by the PAM system at multiple
optical wavelengths.

2.4 Quantification of Methemoglobin,
Oxyhemoglobin, and Deoxyhemoglobin
Concentrations

The absorbance (A) of the sample measured by a spectropho-
tometer can be expressed as

Fig. 1 Schematic of photoacoustic microscopy (PAM) system. AT, attenuator; BS, beam splitter; CorL,
correction lens; EP, eyepiece; OL, objective lens; PD, photodiode; PH, pinhole; RAP, right-angle prism;
RhP, rhomboid prism; SOL, silicone oil layer; UT, ultrasonic transducer; WT, water tank.
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A ¼ ln 10 × ½coxyεoxyðλÞ þ cdeoxyεdeoxyðλÞ þ cmetεmetðλÞ�;
(1)

where coxy, cdeoxy, and cmet are the concentrations of oxyhemo-
globin, deoxyhemoglobin, and methemoglobin, respectively;
εoxyðλÞ, εdeoxyðλÞ, and εmetðλÞ are the wavelength-dependent
molar absorption coefficients of oxyhemoglobin, deoxyhemo-
globin, and methemoglobin, respectively. In theory, three wave-
lengths are enough to calculate the concentrations of all three
forms of hemoglobin. The methemoglobin percentage can be
calculated by cmet∕cHb, where CHb is the total hemoglobin
concentration.

The photoacoustic amplitude ½φðλÞ� can be described as

φðλÞ ¼ k½coxyεoxyðλÞ þ cdeoxyεdeoxyðλÞ þ cmetεmetðλÞ�; (2)

where k is a sample-independent constant factor, including the
Grueneisen parameter, heat conversion percentage, and other
minor contributors.29 Similar to how the methemoglobin
percentage is calculated with the spectrophotometric measure-
ments, the methemoglobin percentage can be calculated with
photoacoustic measurements acquired at three wavelengths.

Given both the systematic and random errors, we can define
the measurement accuracy by RMSEP.23

RMSEP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e2s þ e2r

q
; (3)

where es represents the systematic error and er represents the
random error:

es ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i¼1

ðMi − CiÞ2
n

s
; (4)

er ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i¼1

δM2
i

n

s
; (5)

where Ci, Mi, and δMi are the preset concentration, average
measured concentration, and the standard deviation of the
i’th sample, respectively, and n is the total number of samples.

3 Results

3.1 Photoacoustic Spectra and Measurement
Accuracy

As shown by the molar extinction spectra30,31 in Fig. 2(a),
methemoglobin has stronger absorption than oxyhemoglobin
and deoxyhemoglobin, from 610 to 630 nm. Four phantoms
with different methemoglobin concentrations (20, 40, 60, and
80%) were first measured by a spectrophotometer (Cary 50
Bio UV/Visible, VARIAN). The measured absorption coeffi-
cient shows an increasing trend in the chosen range (610 to
630 nm) as the methemoglobin level increases [Fig. 2(b)].
Then the four samples were measured by the PAM system.
As expected, the intensity of the photoacoustic signals increased
from the 20% methemoglobin to the 80% methemoglobin
[Fig. 2(c)]. The trends of the photoacoustic signals from 610
to 630 nm for each concentration also agree with the results
from the spectrophotometer. Additionally, the percentage of
methemoglobin and oxyhemoglobin measured by the PAM sys-
tem all fit the preset concentrations well [Fig. 2(d)]. The 3.1%

Fig. 2 (a) Molar extinction coefficients of oxyhemoglobin (OxyHb), deoxyhemoglobin (DeoxyHb), and
methemoglobin (MetHb) versus optical wavelength. (b) Absorption coefficient of blood samples that
are further diluted 20 times measured with spectrophotometry. 20, 40, 60, and 80% refer to the methemo-
globin percentage of the total hemoglobin. (c) Photoacoustic signals of blood samples measured at three
optical wavelengths: 610, 620, and 630 nm. (d) Methemoglobin percentage of each sample measured
using PAM versus the preset value. Circles: photoacoustically measured methemoglobin percentages.
Line: ideal fit if the photoacoustically measured and preset methemoglobin percentages were identical.
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RMSEP of the concentration also validated that our in vitromea-
surements were relatively accurate.

3.2 Quantitative Methemoglobin Imaging in
Phantoms

Methemoglobin distributions were imaged by PAM in tissue-
mimicking phantoms. Samples with different induced methemo-
globin levels were prepared with the method described above.
Five microtubes filled with bovine blood having average met-
hemoglobin concentrations of 23, 41, 58, 76, and 89% were
used to mimic blood vessels with blood of different methemo-
globin levels. The same wavelengths were selected for PAM
imaging, with a scanning area of 4 mm by 2 mm. The normal-
ized PAM images obtained at each wavelength are shown in
Fig. 3(a). The methemoglobin distribution is calculated for
each pixel in the coregistered multiwavelength images. To
reduce the impact of noise, we only analyzed those pixels
with signal-to-noise ratio higher than five. Based on these multi-
wavelength images, the calculated distributions of methemoglo-
bin concentrations are shown in Fig. 3(b). We showed that the
PAM results averaged within each tube accorded well with the
preset concentrations, as shown in Fig. 3(c). The results in Fig. 3
demonstrate that PAM is capable of imaging the concentration
and distribution of methemoglobin in blood.

3.3 Methemoglobin Imaging In Vivo in a Mouse Ear

Finally, to demonstrate PAM imaging of methemoglobin
in vivo, methemoglobin formation was induced in a mouse with
sodium nitrite solution.28 The mouse ear was imaged by PAM

consecutively for ∼105 min to include both the methemoglo-
bin-induction activity and the recovery activity of the mouse’s
self-reductive systems. An area of 4 mm by 4 mm was first
scanned to show the blood vessels on the mouse’s ear [Fig. 4(a)]
with a wavelength of 610 nm; then a 1 mm by 0.6 mm area was
imaged at the three wavelengths (610, 620, and 630 nm) once
every 4 min, to monitor the change in methemoglobin level
over the 105 min [the rectangular area in Fig. 4(a)]. As shown
in Fig. 4(b1), methemoglobin percentage was low in the blood
before the injection of sodium nitrite solution. We observed an
increase of methemoglobin percentage due to the injection of
sodium nitrite solution [Fig. 4(b2)] followed by a decrease of
the methemoglobin percentage due to the self-reductive mecha-
nism [Figs. 4(b3) and 4(b4)]. The time course of the average met-
hemoglobin and oxyhemoglobin percentages measured by PAM
[Fig. 4(c)] were in accordance with the prediction of the Kohn
model.28

4 Discussions and Conclusions
Within the chosen range of wavelengths in this work (from 610
to 630 nm), the absorption in blood vessels mainly originates
from oxyhemoglobin, deoxyhemoglobin, and methemoglobin.
For the three absorbers in this experiment, three optical wave-
lengths are enough to differentiate methemoglobin from oxyhemo-
globin and deoxyhemoglobin. While using more wavelengths can
provide additional data for a more accurate least squares fit, the
measurement would take longer. The choice between accuracy
and speed depends on the application of the technique.

In healthy humans, the level of methemoglobin is very low,
so the oxyhemoglobin and deoxyhemoglobin absorb most of the

Fig. 3 (a) Maximum-amplitude projection (MAP) PAM images of tubes filled with different concentrations
of methemoglobin in lysed bovine blood at 610, 620, and 630 nm. (b) Methemoglobin distribution image
calculated from the multiwavelength PAM images. The average methemoglobin percentages from top to
bottom are 23, 41, 58, 76, and 89%. (c) The photoacoustically measured methemoglobin and oxyhemo-
globin percentage averaged within each tube versus the preset value. The preset percentages were
measured with a spectrophotometer. Circles: photoacoustically versus spectrophotometrically measured
methemoglobin percentages. Line: ideal fit if the photoacoustically measured and preset methemoglobin
percentages were identical. Data are presented as the mean� standard error (based on four
measurements).
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optical energy. In this case, PAM alone may not be able to pro-
vide accurate absolute quantification. However, it can comple-
ment other traditional measuring techniques to image the spatial
distribution of methemoglobin.

To the best of our knowledge, this is the first study to use
PAM to quantitatively image the methemoglobin in vivo. The
methemoglobin concentration and distribution were imaged
by PAM in tissue-mimicking phantoms at multiple wavelengths.
In the phantom study, the RMSEP of the concentration was
calculated to be 3.1%. We also measured the methemoglobin
concentration change in vivo after induction of methemoglobi-
nemia in a mouse. After intravenous injection of sodium nitrite
solution, the methemoglobin level measured in the blood vessels
of the mouse ear increased from 5 to 10% and peaked ∼45 min
after injection. The methemoglobin concentration gradually
decreased to the normal level by the end of the measurement.
This finding is in accordance with the prediction of the Kohn
model.28 Our study demonstrated PAM’s capability to quantify
methemoglobin levels in vivo, with potential clinical applications.
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