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Abstract

Rationale: Carbon monoxide (CO) exposure is a leading
cause of poison-related mortality. CO binds to Hb, forming
carboxyhemoglobin (COHb), and produces tissue damage.
Treatment of CO poisoning requires rapid removal of CO and
restoration of oxygen delivery. Visible light is known to effectively
dissociate CO from Hb, with a single photon dissociating one
CO molecule.

Objectives: To determine whether illumination of the lungs of
CO-poisoned mice causes dissociation of COHb from blood
transiting the lungs, releasing CO into alveoli and thereby enhancing
the rate of CO elimination.

Methods:We developed a model of CO poisoning in anesthetized
and mechanically ventilated mice to assess the effects of direct
lung illumination (phototherapy) on the CO elimination rate.
Light at wavelengths between 532 and 690 nm was tested. The

effect of lung phototherapy administered during CO poisoning
was also studied. To avoid a thoracotomy, we assessed the effect of
lung phototherapy delivered to murine lungs via an optical fiber
placed in the esophagus.

Measurements and Main Results: In CO-poisoned mice,
phototherapy of exposed lungs at 532, 570, 592, and 628 nm
dissociated CO from Hb and doubled the CO elimination rate.
Phototherapy administered during severe CO poisoning limited the
blood COHb increase and improved the survival rate. Noninvasive
transesophageal phototherapy delivered to murine lungs via an optical
fiber increased the rate ofCOeliminationwhile avoiding a thoracotomy.

Conclusions: Future development and scaling up of lung
phototherapy for patients with CO exposure may provide a
significant advance for treating and preventing CO poisoning.

Keywords: carbon monoxide; poisoning; carboxyhemoglobin;
phototherapy

Acute carbon monoxide (CO) poisoning
is one of the most common causes of poison-
related death worldwide. In theUnited States,
CO inhalation causes approximately 50,000
emergency room visits and more than
400 deaths each year (1). Even when it is
not lethal, CO intoxication is associated with
significant morbidity, including memory,
attention, and affect disorders (2–5).

CO impairs tissue oxygenation by
avidly bindingHb to form carboxyhemoglobin
(COHb), which cannot transport oxygen
(6). CO also causes direct tissue damage by
binding to other heme-containing proteins.
Binding of CO to cytochrome-c oxidase
in the brain subverts oxidative metabolism
and leads to the generation of reactive
oxygen species (7–10). In the heart, binding

of CO to myoglobin reduces oxygen
availability, leading to arrhythmias and
cardiac dysfunction (11–13).

According to current guidelines
(14), the successful treatment of CO
poisoning involves rapid removal of CO
and restoration of oxygen delivery. No
specific therapy to prevent or treat the
tissue injury caused by CO is available.
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The COHb half-life (COHb-t1/2; the time
to eliminate 50% of the blood concentration
of COHb) reflects the efficacy of a
treatment in removing CO. Breathing air,
the COHb-t1/2 in humans is approximately
4–5 hours (15). Breathing normobaric
oxygen (100% O2) reduces COHb-t1/2 to
1.5–2 hours (16). Hyperbaric oxygen (HBO)
therapy can further reduce COHb-t1/2 to
approximately 30 minutes (17). Inducing
hyperventilation is as effective as HBO in
reducing COHb-t1/2 (18–20). HBO and
isocapnic hyperventilation, although
relatively efficient in removing CO, have
had limited therapeutic application. HBO is
often not readily available and transporting
patients to specialized hyperbaric units may
result in long delays before commencing
HBO therapy. HBO also has potential side
effects, including barotrauma, oxygen
toxicity, seizures, and pulmonary edema
(21, 22). Isocapnic hyperventilation requires

a large increase in minute ventilation, which
may induce discomfort in awake patients.

In 1896, John Haldane observed that
visible light irradiation efficiently dissociates
CO from COHb (quantum yield � 0.5–1)
(23). In contrast, photodissociation of oxygen
from oxygenated Hb is far less efficient
(quantum yield � 0.05–0.1) (24–26).

Smyczynski (27) suggested that
light irradiation can be used to treat
CO-poisoned patients by photodissociating
COHb in blood passing through an
extracorporeal oxygenator. We hypothesized
that direct illumination of the lungs of
CO-poisoned mice would cause COHb
dissociation with rapid release of CO directly
into the alveolus, thereby increasing the
quantity of exhaled CO and the rate of CO
elimination. We report the development
of a murine model of CO poisoning and
demonstrate the efficacy of lung
phototherapy in both treating and
preventing CO poisoning. Some of the
results of these studies have been previously
reported in the form of an abstract (28).

Methods

Animals
All animal studies were approved by the
Subcommittee on Research Animal Care
of the Massachusetts General Hospital,
Boston, Massachusetts. We studied
anesthetized and mechanically ventilated
mice. Volume-controlled ventilation was
provided at a respiratory rate of 90 breaths $
min21, a tidal volume of 10 ml $ kg21,
and a positive end-expiratory pressure of
1 cm H2O. To directly illuminate the lungs,
mice underwent a median thoracotomy
(direct lung phototherapy). Mice were
poisoned by breathing CO at 400 or
2,000 ppm in air for 1 hour, and subsequently
treated by breathing either 100% oxygen or
air with or without lung phototherapy.

In some experiments, mice were serially
poisoned with 400 ppm CO for 5 minutes
followed by 25 minutes of treatment with
100% O2, either alone or together with
phototherapy at various wavelengths (l),
energy levels, and pulse durations.

Measurements and Calculations
During the poisoning and the treatment
periods, inhaled and exhaled CO
concentrations were measured and the areas
under the curves (AUC) were calculated.
Because the minute ventilation per kilogram

body weight was known and fixed, the
quantity of CO inhaled and exhaled over a
period of time (ml/kg) was calculated as
AUC (ppm $min) $ 1026 $ 900 (ml/kg/min).
The quantity of CO absorbed by the mouse
during the poisoning was calculated as the
difference between the quantity of CO
inhaled and exhaled. The percentage of
COHb in arterial blood was measured
during and after CO poisoning and COHb
half-life was calculated. In the experiments
involving serial CO poisoning episodes in
the same mouse, the CO elimination rate
was determined by calculating the time
necessary to eliminate 90% of the CO
absorbed during the poisoning period
(T90%CO).

Phototherapy
Laser devices were used to generate light at
532, 570, 592, 628, and 690 nm. The power
of the light reaching the lung surface was
measured with a power meter. The light
irradiance and the radiant exposure were
calculated according to standard formulae.

Transesophageal Lung Phototherapy
A 1-mmdiameter optical fiber with a 1.2-cm-
long diffusing tip, which emits light at
360 degrees, was placed via the oropharynx
into the esophagus of themouse. Intermittent
phototherapy with light at 532 nmwas tested.
The power was set to 1.5 W and light was
pulsed at 1 Hz with a 200-ms pulse width.

Statistical Analysis
Statistical analysis was performed using
Sigma Plot 12.5 (SPPS, Inc., Chicago, IL).
Data were analyzed using Student’s t test
and a one-way analysis of variance with
post hoc Bonferroni test (two-tailed).
Two-way analysis of variance for repeated
measurements was used to compare
variables over time among groups. For
survival analyses, Kaplan-Meier estimates
were generated and compared using the log-
rank test. Statistical significance was defined
as a P value of less than 0.05. All data are
expressed as mean6 SD unless specified
otherwise. Additional details can be found
in the online supplement METHODS.

Results

Development of a Murine Model of
CO Poisoning
To investigate whether visible light might be
used to dissociate CO from Hb in vivo, we

At a Glance Commentary

Scientific Knowledge on the
Subject: Carbon monoxide (CO)
binds to Hb with an affinity 200 times
greater than oxygen, reducing the
blood oxygen-carrying capacity and
impairing oxygen delivery. Treatment
of CO poisoning involves breathing
100% oxygen to rapidly remove CO.
Hyperbaric oxygen therapy further
increases the rate of CO elimination
but is often unavailable. Visible light is
known to dissociate CO from Hb
in vitro, with a single photon
dissociating one CO molecule.

What This Study Adds to the
Field: We demonstrated in vivo that
direct lung illumination and
noninvasive transesophageal lung
illumination photodissociated CO
from Hb in blood transiting the lungs
of CO-poisoned mice. Phototherapy
increased the amount of exhaled CO
and enhanced the CO elimination
when administered after CO exposure.
When phototherapy was administered
during CO breathing, illumination
decreased the degree of CO
intoxication. Here we describe the
basic principles of in vivo
phototherapy as an innovative
therapeutic strategy for CO poisoning.
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developed a murine model of CO
poisoning. Mice were poisoned by inhaling
400 ppm CO for 1 hour and subsequently
treated by breathing either air or 100%
O2. The exhaled CO concentration and the
AUC of exhaled CO concentration during
the first 15 minutes of breathing 100% O2

were significantly greater than during the
first 15 minutes of breathing air, indicating
that a larger amount of CO was eliminated
during this period (3.216 0.22 vs. 1.576
0.09 ml/kg; P, 0.001 values differ)
(Figure 1A). In contrast, after approximately
20 minutes of treatment, the exhaled CO
concentration was significantly higher in air-
breathing mice, demonstrating the presence
of a larger amount of CO remaining to be
eliminated. At the end of the poisoning
period, 28.06 0.6% of circulating Hb was
saturated with CO. Treatment by ventilation
with 100% O2 decreased COHb
concentration faster than treatment with air
(COHb-t1/2: 8.26 1.2 vs. 31.56 3.1 min;
P, 0.001) (Figure 1B). In this murine
model, both the exhaled CO concentration
and arterial COHb levels reflect the

advantage of breathing 100% O2 over
breathing air after CO poisoning.

Phototherapy Increases the Rate of
CO Elimination
To evaluate the effect of direct illumination
of the lungs on the CO elimination rate,
mice were subjected to a median sternotomy
to expose both lungs. After breathing
400 ppm CO for 1 hour, the mice were
treated by ventilation with either air or 100%
O2, with or without phototherapy (see
Figure E1B in the online supplement).
Pulmonary phototherapy added to 100%
O2 breathing induced an increase of
exhaled CO concentration during the first
5 minutes of treatment, indicating a greater
CO elimination (2.496 0.19 vs. 1.716
0.10 ml/kg; P, 0.001) (Figure 2A).
Commencing at 8 minutes of treatment,
exhaled CO levels were significantly higher
in mice treated with 100% O2 alone
as compared with light and 100% O2,
demonstrating the presence of a larger
amount of CO remaining to be eliminated.
The reduction of blood COHb concentration

during treatment with 100% O2 and
phototherapy was greater than treatment
with 100% O2 alone, and the COHb-t1/2 was
significantly shorter (3.86 0.5 vs. 8.26
1.2 min; P, 0.001) (Figure 2B).

To evaluate the efficacy of phototherapy
with a lower concentration of inspired O2, we
tested whether lung phototherapy could
increase the CO elimination rate while mice
were breathing air. Phototherapy added
to air breathing was associated with an
increased quantity of CO eliminated
during the first 25 minutes of treatment
as compared with air breathing
without phototherapy (3.116 0.16 vs.
2.126 0.12 ml/kg; P, 0.001) (Figure 2C)
and COHb-t1/2 was significantly shorter
(19.26 1.3 vs. 31.56 3.1 min; P, 0.001)
(Figure 2D). There was no difference in
systemic arterial pressure, heart rate, or rectal
or lung surface temperature between mice
treated with or without phototherapy (see
Figures E2 and E3). These results show that
after CO poisoning, direct lung phototherapy
increased the rate of CO elimination in mice
breathing either 100% O2 or air.
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Figure 1. Murine model of carbon monoxide (CO) poisoning. (A) Inhaled and exhaled CO concentrations during poisoning (0–60 min) with 400 ppm CO and
treatment (60–160 min) by breathing either air or 100% O2 (n = 5 per group). The red shaded area between the inhaled and exhaled CO curves (differential
areas under the curves) during the poisoning period reflects the quantity of absorbed CO. The green and blue shaded regions beneath the exhaled CO
concentration curves (areas under the curves) during the treatment period reflect the amount of CO eliminated while breathing either air or 100% O2, respectively.
(A, inset) In the first 15 minutes of the treatment period, the quantity (ml/kg) of exhaled CO of mice breathing 100% O2 was significantly greater as compared with
mice breathing air (*P, 0.001; Student’s t test). (B) Arterial blood carboxyhemoglobin (COHb) levels during poisoning with 400 ppm CO (0–60 min) and during
treatment by breathing either air or 100% O2. Treatment with 100% O2 induced a more rapid decrease in arterial COHb levels as compared with air breathing and
(B, inset) COHb half-life (COHb-t1/2) was significantly shorter (*P, 0.001; Student’s t test). All data represent mean6 SD.
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Effect of Light at Various Wavelengths
on the In Vivo CO Elimination Rate
Light with a wide range of wavelengths
(280–620 nm) photodissociates COHb
in vitro (24). To test whether visible light
at different wavelengths could dissociate
COHb in vivo, mice were poisoned

with CO and treated with direct lung
phototherapy at 532, 570 (green), 592
(yellow), or 628 (red) nm. To exclude
nonspecific effects of lung illumination on
the CO elimination rate, light at 690 nm
(infrared), which does not dissociate COHb
in vitro, was also tested. Phototherapy at

532, 570, 592, or 628 nm, when added to
100% O2 treatment, significantly decreased
the T90%CO when compared with 100% O2

alone (respectively, 8.76 1.2, 7.26 0.2,
8.86 2.2, 10.26 2.7 vs. 21.86 2.4 min;
each comparison P, 0.005) (Figure 3A).
In contrast, phototherapy at 690 nm did
not decrease the T90%CO when compared
with 100% O2 breathing alone (19.46 1.5
vs. 21.86 2.4 min; P = 0.892) (Figure 3A).
These results show that phototherapy at
wavelengths between 532 and 628 nm
increases the rate of CO elimination in
CO-poisoned mice.

Effect of Irradiance and Radiant
Exposure on the CO Elimination Rate
To investigate the relationship between the
light energy and the COHb
photodissociation efficiency, mice were
poisoned with CO and treated with 100%O2

combined with continuous direct lung
phototherapy at 628 nm using either a
low, medium, or high power. Each of
these three energy levels decreased blood
COHb-t1/2 as compared with mice treated
by breathing 100% O2 alone (4.86 0.5,
3.86 0.5, 3.16 0.2 vs. 8.26 1.2 min; each
comparison P, 0.001) (Figure 3B). The
results show that continuous phototherapy
with an irradiance as low as 24 mW $ cm22

effectively increased the rate of CO
elimination. Moreover, the reduction of
COHb-t1/2 obtained with phototherapy
was enhanced with an increase of the
energy of incident light.

Heat produced by continuous
irradiation might damage the lung. One
approach to reducing tissue heating is
to administer the light intermittently.
To investigate the effect of intermittent
phototherapy on the CO elimination rate,
we tested light at three energy levels and
three different pulse widths at a constant
frequency of 1 Hz. When using light at
low energy and with a short pulse width,
T90%CO was not decreased when compared
with breathing 100% O2 alone (Figure 3C).
At each energy level, the longer the pulse
the greater was the reduction in T90%CO.
At each pulse width tested, T90%CO was
reduced when the irradiance was increased
from 80 to 160 mW $ cm22. There was
no further reduction when the irradiance
was increased to 250 mW $ cm22. These
results show that intermittent phototherapy
can also increase the rate of CO
elimination, although the effect is less
than continuous phototherapy.
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Figure 2. Phototherapy increases the rate of carbon monoxide (CO) elimination in mice treated by
breathing either 100% O2 or air. Effect of treatment by breathing 100% O2 and phototherapy at 628 nm
and 54 mW $ cm22 irradiance on (A) inhaled and exhaled CO concentrations and (B) arterial
carboxyhemoglobin (COHb) levels (n = 5 per group). (A, inset) The quantity (ml/kg) of CO exhaled during the
first 5 minutes of treatment was higher in mice treated with 100% O2 and phototherapy as compared with
mice breathing 100% O2 alone (*P, 0.001; Student’s t test). (B, inset) COHb half-life (COHb-t1/2) was
significantly shorter in mice treated by breathing 100% O2 and phototherapy as compared with mice
breathing 100% O2 alone (*P, 0.001; Student’s t test). Effect of treatment by breathing air and
phototherapy on (C) inhaled and exhaled CO concentrations and (D) arterial COHb levels (n = 5 per group).
(C, inset) The quantity (ml/kg) of CO exhaled during the first 25 minutes of treatment was higher in mice
treated with air and phototherapy as compared with mice breathing air alone (*P, 0.001; Student’s t test).
(D, inset) COHb-t1/2 was significantly shorter in mice treated with phototherapy as compared with mice
breathing air alone. (*P, 0.001; Student’s t test). All data represent mean6 SD.
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To evaluate the combined effects of
pulse width and light irradiance on the
CO elimination rate, we calculated the
radiant exposure for each treatment. The
relationship between the CO elimination
rate and the radiant exposure is described
by an exponential decay curve

(Y = (Y02Plateau) $ exp(2K $ X)1 Plateau,
R2 = 0.93) (Figure 3D): when the radiant
exposure is greater than 0.08 J $ cm22,
a plateau is reached (Plateau = 7.06 0.6 min),
and a further increase of the radiant exposure
(the product of irradiance and pulse duration)
does not increase the CO elimination rate.

Phototherapy Decreases CO Uptake
during Poisoning
To test whether phototherapy might prevent
CO poisoning during CO exposure, mice
breathed 400 ppm CO with or without
simultaneous direct lung phototherapy. The
exhaled CO concentration was significantly
greater in mice treated with phototherapy
during poisoning (Figure 4A) and the
amount of CO absorbed by these mice was
significantly less than control mice (3.006
0.11 vs. 4.236 0.26 ml/kg; P, 0.001)
(Figure 4B). In mice receiving phototherapy
during CO exposure, arterial blood COHb
levels at 20, 40, and 60 minutes were
significantly lower than in control animals
(13.46 1.1 vs. 16.56 1.9, 16.86 1.1 vs.
24.26 1.2, 18.46 0.6 vs. 28.06 0.6%
respectively; P, 0.001) (Figure 4C). These
results demonstrate that direct lung
illumination during ongoing CO exposure
is associated with reduced CO absorption
and lower arterial COHb levels.

Phototherapy Improves Survival in
Ongoing CO Poisoning
Because phototherapy during CO poisoning
decreased the amount of absorbed CO,
we explored whether phototherapy might
improve the survival rate of mice breathing
high levels of CO. Mice breathed 2,000 ppm
CO with or without simultaneous direct
lung phototherapy. Without phototherapy,
all of the mice died within 30 minutes of
CO exposure. In contrast, five of six mice
breathing CO while receiving phototherapy
survived for 60 minutes (P, 0.001)
(Figure 5A). During CO poisoning, the
blood COHb levels in phototherapy-treated
mice were significantly less than in control
mice (34.16 3.5% vs. 49.96 1.9% at
10 min and 38.56 4.0% vs. 62.06 0.9%
at 20 min, respectively; P, 0.001)
(Figure 5B). In the first 15 minutes of CO
exposure, the systolic arterial pressure
decreased and the heart rate transiently
increased in both groups (Figures 5C and
5D). Thereafter blood pressure and heart
rate dramatically decreased in untreated
mice, whereas they remained constant in
phototherapy-treated mice. During the study
period, blood lactate levels were significantly
lower in phototherapy-treated mice as
compared with untreated mice (3.46 1.0 vs.
4.66 1.0 mmol $ L21 at 10 min, P = 0.05
and 3.76 1.0 vs. 11.06 1.5 mmol $ L21

at 20 min; P, 0.001) (Figure 5E). These
results show that direct lung phototherapy
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improves the survival rate of mice
undergoing CO poisoning. The reduced
degree of CO intoxication was associated
with lower blood COHb and lactate levels.

Esophageal Phototherapy Increases
the Rate of CO Elimination
To evaluate the possibility of delivering
phototherapy to murine lungs without a
thoracotomy, we examined the effect of
phototherapy delivered to the lungs via an
optical fiber placed in the mouse esophagus.
To optimize the position of the esophageal
optical fiber in relation to the lungs, we
obtained a computed tomography scan of a
living, anesthetized, and mechanically
ventilated 25 g mouse (Figure 6A). The
optimal location of the fiber to irradiate the
lower portion of the lungs was reached
when the end of the fiber was 3.9 cm from
the mandibular incisors.

After poisoning, mice were treated
with 100% O2 alone or combined with
transesophageal lung phototherapy. The
quantity of CO eliminated during the first
5 minutes of treatment was significantly
greater in mice treated with esophageal
phototherapy (2.026 0.07 vs1.836
0.08 ml/kg; P = 0.001) (Figure 6B) and
COHb-t1/2 was significantly shorter with
phototherapy than in mice breathing
100% O2 alone (5.76 0.3 vs. 6.86 0.3 min;
P, 0.001) (Figure 6C). These results

demonstrate that esophageal phototherapy
increased the rate of CO elimination when
compared with 100% O2 breathing alone.

Discussion

The development of a model of CO
poisoning in anesthetized and mechanically
ventilated mice allowed us to continuously
monitor the rate of CO uptake and
elimination and assess the efficacy of
therapeutic interventions. Direct irradiation
of murine lungs with visible light at various
wavelengths between 532 and 628 nm
increased the rate of CO elimination after
CO poisoning, even when the light was
administered by intermittent pulses and at
low energy levels. Direct lung phototherapy
administered during CO poisoning
reduced the degree of CO intoxication
and improved the survival rate. Without
performing a thoracotomy, we demonstrated
that noninvasive transesophageal
administration of light to the lungs of
CO-exposed mice using an orally placed
optical fiber significantly increased the
CO elimination rate.

Direct lung phototherapy combined
with breathing either air or 100% O2

markedly reduced the blood COHb-t1/2
by 40 and 55% respectively. The high
efficiency of lung phototherapy suggests

that the pulmonary circulation is an ideal
location to induce COHb
photodissociation. Photodissociation of
COHb in nonpulmonary tissues is
ineffective, because displaced CO either
rebinds to Hb or diffuses into peripheral
tissues, the latter potentially worsening
CO toxicity. In contrast, when CO
photodissociates from COHb in the
pulmonary vasculature, where the alveolar
partial pressure of O2 is much greater than
the pressure of CO, the O2 pressure
gradient drives O2 molecules to bind to
deoxygenated Hb at a far greater rate than
CO (the rate constant of O2 binding to Hb
is 10 times faster than CO binding) (29),
thus CO is photodissociated from COHb,
diffuses into the alveolus, and is eliminated
during exhalation.

Theoretical models have been proposed
for treating CO-poisoned patients by
photodissociating COHb in blood passing
through an extracorporeal oxygenator or
skin (27, 30). Because the rate of CO
elimination depends on the amount of
blood taking part in gas exchange and
because the entire cardiac output passes
through the lungs, the pulmonary
vasculature is an ideal location in which the
largest quantity of blood can be treated per
unit time.

Previous in vitro studies reported that
the photodissociation process is wavelength
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Figure 4. Phototherapy decreases carbon monoxide (CO) uptake during poisoning. Mice breathed 400 ppm CO for 1 hour with (n = 5) or without (n = 6)
simultaneous phototherapy at 628 nm. (A) Inhaled and exhaled CO concentrations during the poisoning. Starting 4 minutes after initiation of CO exposure,
exhaled CO concentration was higher in phototherapy-treated mice as compared with control animals (*P, 0.05 vs. exhaled CO control animals; P
interaction ,0.001; two-way analysis of variance for repeated measurements). The red shaded area between the inhaled and exhaled CO concentration
curves reflects the amount of CO absorbed by mice concomitantly treated with phototherapy. The yellow shaded area reflects the additional amount of CO
absorbed by control mice. (B) Cumulative CO uptake during poisoning calculated from the red and yellow areas in A. *P, 0.001, Student’s t test. (C) Arterial
blood carboxyhemoglobin (COHb) levels at 20, 40, and 60 minutes were significantly lower in phototherapy-treated mice than in control animals (*P, 0.001
vs. control animals; P interaction ,0.001; two-way analysis of variance for repeated measurements). All data represent mean6 SD.
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independent between 280 and 620 nm (31).
Kuz’min and colleagues (32) showed that
the in vitro photodissociation of COHb
has a peak of efficiency at 570 nm. When
treating CO poisoning with phototherapy
in vivo, an additional factor comes into
play: the ability of light to penetrate tissue.
When comparing wavelengths with varying
in vitro efficiency in photodissociating
COHb, the longer wavelengths have greater
tissue penetration (33) and thereby longer
wavelengths are able to photodissociate
CO from Hb in vivo more efficiently than
shorter wavelengths. The great efficacy of
light at 628 nm at increasing the rate of
CO elimination reported in this study
suggests that this wavelength can be more
effective than shorter wavelengths in
treating CO poisoning in vivo, where lung
tissue penetration is required.

In our poisoning model, direct lung
phototherapy administered during severe
CO poisoning prevented death by reducing
the rate of increase and the maximum
level of blood COHb. Moreover,
oxyhemoglobin levels were significantly
higher in CO-poisoned mice receiving
phototherapy as compared with control
animals, whereas blood deoxyhemoglobin
levels were similar in both groups (see
Table E1), demonstrating that pulmonary
phototherapy selectively dissociates CO
from Hb.

Translation of pulmonary
phototherapy to larger animals and
humans will most likely require irradiation
with higher light energy levels. The use
of intermittent light pulses, which we
demonstrated to be effective in improving
CO elimination, and the development of
tissue cooling systems will limit the risk
of heat-induced injury in larger animals.
Laser light delivered to the stomach via an
optical fiber has been used to eradicate
Helicobacter pylori (34, 35), showing that
phototherapy can be delivered in humans
without causing tissue damage. It is possible
that light can be delivered to the lungs via
one or more optical fibers placed in the
respiratory tree through an endotracheal
tube or in the pleural space through a chest
tube. Other approaches of light delivery
could also be developed, such as the
inhalation or injection of light-emitting
microparticles that localize in the lungs.
This study describes and demonstrates
the fundamental principles of in vivo
phototherapy, and provides the basis for
scaling up the development and testing of
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Figure 5. Phototherapy improves survival in ongoing carbon monoxide (CO) poisoning.
(A) Survival rate of mice breathing 2,000 ppm CO in air for 1 hour with or without
simultaneous phototherapy at 532 nm (n = 6 per group). All control mice died within
30 minutes of commencing CO exposure. In contrast, five of six phototherapy-treated
mice breathing 2,000 ppm CO survived for 60 minutes. *P, 0.001, phototherapy versus
control animals, log-rank test. (B) Arterial carboxyhemoglobin (COHb) levels during
poisoning were significantly lower in phototherapy-treated mice compared with control
animals (*P, 0.001; P interaction ,0.001; two-way analysis of variance [ANOVA] for
repeated measurements). (C) Systolic arterial pressure (SAP; mean6 SEM), commencing
at minute 21 of exposure, decreased in control mice, whereas SAP remained constant in
phototherapy-treated mice (*P, 0.001; P interaction ,0.001; two-way ANOVA for
repeated measurements). (D) Heart rate (HR, mean6 SEM), commencing from minute 17,
decreased in control animals but not in phototherapy-treated mice (*P, 0.001; P interaction
,0.001; two-way ANOVA for repeated measurements). (E) Blood lactate levels
during poisoning were significantly lower in mice treated with lung phototherapy compared
with untreated mice (*P, 0.001; †P = 0.05, P interaction ,0.001; two-way ANOVA for
repeated measurements at time 0, 10, and 20 min). All data represent mean6 SD except for
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ORIGINAL ARTICLE

Zazzeron, Liu, Franco, et al.: Phototherapy for CO Poisoning 1197



lung phototherapy in larger animals and
humans.

In clinical practice, HBO once
initiated provides efficient removal of
CO from poisoned patients (36).
Unfortunately, HBO administration is
often not available or delayed, because
it requires transporting patients to
specialized centers. Delays of HBO
initiation may explain why clinical trials
have failed to confirm a benefit of HBO
over breathing normobaric oxygen
(37–40). Developing a strategy of light
delivery that is noninvasive, portable,
readily available in the field, and highly
effective in treating CO-poisoned patients
will provide a critical advance in the
treatment of CO poisoning.

This study has some limitations. First,
we were unable to show an outcome benefit
related to the use of phototherapy after
CO poisoning. In the mouse, severe CO
poisoning was an acute lethal event.
Lactate only increased during the terminal

cardiovascular collapse and in this brief
period we were unable to institute any
effective treatment. Second, the effect of
transesophageal phototherapy on COHb
half-life was smaller than direct lung
phototherapy. To deliver light via an
optical fiber through the esophagus, we
used a KTP laser generating light at
532 nm, which poorly penetrates tissues.
To reduce the heating effect on internal
tissue we used intermittent phototherapy.
These factors may explain why
transesophageal phototherapy, as we
tested it, was less efficient than direct
phototherapy.

In summary, continuous or intermittent
pulmonary phototherapy at wavelengths
between 532 and 628 nm photodissociates
blood COHb passing through the pulmonary
circulation, thereby increasing the CO
elimination rate of CO-poisoned mice.
Photodissociation of COHb was effective in
preventing CO poisoning. Transesophageal
irradiation of the lungs via an orally placed

esophageal optical fiber significantly
increased the rate of CO elimination,
suggesting that noninvasive approaches may
be applicable to larger species including
humans. The successful development and
application of lung phototherapy could
provide a useful therapeutic strategy for
field use in treating patients who have been
exposed to CO and for preventing CO
poisoning in subjects at risk of CO
exposure. n
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