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Hypoxia is closely related to many diseases and often leads to death. Early detection and
identi¯cation of the hypoxia causes may help to promptly determine the right rescue plan and
reduce the mortality. We proposed a new multiparametric monitoring method employing
mitochondrial reduced nicotinamide adenine dinucleotide (NADH) °uorescence, regional re°ec-
tance, regional cerebral blood °ow (CBF), electrocardiography (ECG), and respiration under six
kinds of acute hypoxia in four categories to investigate a correlation between the parameter
variances and the hypoxia causes. The variation patterns of the parameters were discussed, and
the combination of NADH and CBF may contribute to the identi¯cation of the causes of hypoxia.

Keywords: Nicotinamide adenine dinucleotide °uorescence; acute hypoxia; early detection; cer-
ebral blood °ow.

1. Introduction

Hypoxia is a common pathological phenomenon,
accompanying with many diseases, such as neuro-
logic complications,1 ischemic heart disease,2 acute
renal failure,3 intestinal ischemia,4 pulmonary dis-
ease,5 carbon monoxide poisoning,6 traumatic brain

injury,7 perinatal asphyxia,8 sudden cardiac death,9

etc. Severe hypoxia often leads to death. Rapid and

accurate diagnosis in the early stage of hypoxia

plays an important role in the treatment and pre-

vention of severe disease development, and also

determines a patient's prognosis.
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Current clinically utilized ¯nger pulse oximetry
measures arterial oxygen saturation and pulse
rate.10 Heart rate (HR) variability, arterial blood
gases and blood pressure11 are systemic blood oxy-
gen indices, and unable to indicate the regional
hypoxia condition in speci¯c organs or tissue.
Computed tomography (CT), Electroencephalo-
gram (EEG) and Magnetic resonance imaging
(MRI) provide evaluation of the pathological level
of the whole brain. Cerebral microdialysis7 measures
lactate and the lactate-pyruvate index (LPI) which
are related to oxygen but the measurement is non-
real-time and time consuming. Tissue oxygen
monitoring12 provides tissue oxygen tension (PtO2),
for example, brain tissue oxygen tension, together
with intracranial pressure, bene¯ting patient out-
comes in intensive care of severe traumatic brain
injury.13 However, the electrode is inserted into the
brain tissue and may cause damage.

In 1962, Dr. Britton Chance pioneered a new
monitoring technique which employed reduced
nicotinamide adenine dinucleotide (NADH) °uor-
escence as a sensitive oxygen indicator in the mito-
chondrial level, and applied the monitoring in brain,
kidney, liver, intestine and other organs in small
animals. The advantages of NADHmeasurement are
not only real time and minimally invasive, but
re°ects the oxygen metabolism in mitochondrial
level, where the partial oxygen tension is below
1mmHg, and much lower than 23mmHg in tissue
level.14,15 We have provided experimental evidence
that NADH °uorescence can respond to hypoxia
several seconds earlier than regional re°ectance,
cerebral blood °ow (CBF), electrocardiography
(ECG) and respiration do in most hypoxia cases,
dependingon theway to induce hypoxia.16Moreover,
NADH can alarm death crisis earlier than other
parameters do, ranging from several seconds to over
10min. And if proper and prompt judgment for the
hypoxia cause was made, and right and rapid rescue
was conducted, the body could be prevented from
death. Therefore, the early identi¯cation of hypoxia
type is crucial in clinic.

As we learned from the textbook,17 oxygen
transporting to tissue goes through four steps, (1)
breathed in with air, (2) combined with hemo-
globin, (3) circulated with blood and (4) released
from hemoglobin and utilized by tissue. Any dis-
turbance in any step may induce hypoxia, and
therefore hypoxia can be categorized into four
types, called hypoxic, hypemic, circulatory and

histogenous hypoxia, respectively. The monitored
parameters we utilized were NADH °uorescence to
represent the mitochondrial oxygenation, re°ec-
tance to indicate the blood oxygenation and
cerebral blood volume (CBV), CBF to present the
regional microcirculation, ECG to demonstrate
the systemic circulation and respiration to re°ect
the systemic pulmonary ventilation. This paper is
to ¯nd corresponding relationship between acute
hypoxia causes and the monitored parameters,
and suggest an early identi¯cation of acute hypoxia
causes.

2. Materials and Methods

2.1. Experimental protocols

The protocol was approved by the Institutional
Animal Care and Use Committee of the Huazhong
University of Science and Technology. Wistar male
rats, weighing 230� 20 g, were divided into 6
groups, with 8 rats in each. Anesthesia was per-
formed by intraperitoneal injection of 10% urethane
and 2% chloral hydrate (0.9mL/100 g body
weight), and sustained by additional injection of
1/6 of the initial dosage when the rat appeared
regaining consciousness.

The monitoring platform is the same as described
in our previous paper.16 Brie°y summarized, a
direct current (DC) °uorometer/re°ectometer
combined with a laser Doppler perfusion monitor
was utilized to monitor cerebral °uorescence in
450 nm, re°ectance in 366 nm and CBF. A corrected
NADH signal was retrieved by subtracting detected
intensity of 366 nm re°ectance from that of 450 nm
°uorescence, according to the routinely utilized
calibration method introduced and consisted by
Drs. Mayevsky and Chance for over 30 years.18 The
excitation and emission light was transferred by a
¯ber probe which was ¯xed on the somatosensory
cortex with a diameter of 3mm avoiding big vessels
(>100�m). Simultaneously, a multichannel phys-
iological data acquisition and analysis system
(RM6240, Chengdu Instrument Factory, Chengdu,
China) was employed to detect the systemic par-
ameters such as ECG and respiration. To achieve
the simultaneous measurement, a control was con-
ducted through a script run in LabView (National
Instruments, Austin, Texas) to add markers on both
output curves at the same time. Since the time con-
stant of the integrated DC °uorometer/re°ectometer
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and laser Doppler perfusion monitor is 3 s, while the
time constant of ECG recorder is only 0.2 s, the
recorded °uorescence, re°ectance, corrected NADH
and CBF signals were removed 3 s at the beginning
of the time line, and the ECG was removed 0.2 s,
respectively.

Considering the four steps of oxygen transport to
tissues, four kinds of hypoxia were produced by the
disruption to each step. In brief, hypoxic hypoxia
was demonstrated by giving only nitrogen instead of
air to the rats to reduce the inhaled oxygen tension;
hypemic hypoxia was developed by injection of
sodium nitrate to destroy the oxygen carrying ca-
pacity; circulatory hypoxia was obtained by redu-
cing the blood circulation to the brain; and
histogenous hypoxia was induced by injection of
drugs that can break the mitochondrial respiratory
chain, in our case which is Chlorpromazine (CPZ).
Since we have demonstrated four hypoxia death
models in the previous paper,16 in this paper, to
further analyze the relationship of monitored par-
ameters with di®erent causes of hypoxia, we added
two acute hypoxia models in which the rats were
rescued after induced acute hypoxia. Treatments to
the six models were summarized in Table 1.

2.2. Data process and statistics

The monitored data of °uorescence, re°ectance,
corrected NADH, CBF, respiration and ECG were
collected simultaneously through LabVIEW and
processed to ¯gures by MATLAB (Mathworks,

Natick, Massachusetts). The baseline of each curve
was calculated as the mean value of 60 s before
inducing hypoxia, at which time was de¯ned as time
point 0. The baselines of °uorescence, re°ectance,
corrected NADH and CBF were set to 100%.
Empirical approach was used in order to calibrate
the signal in relative units. The re°ectance and
°uorescence signals obtained from the photo-
multipliers (RCA 931B) were calibrated to a stan-
dard signal (0.5V), as described in detail,18,19 by
variation of photomultiplier dynode voltage
obtained from a high-voltage power supply. The
changes in the °uorescence and re°ectance signals
were calculated relative to the calibrated signals
under normoxic conditions. This type of calibration
is not absolute, but provides reliable and repro-
ducible results from various animals and also among
various laboratories using this approach.

The percentages of change of °uorescence,
re°ectance and corrected NADH were determined
by the ratio of recorded voltages to 0.5V,19 while
the percentage of CBF change is calculated from the
baseline reading. HR and respiration rate (RR) were
derived from the beats during a 5 s interval.

After discarding the rats that failed during the
experimental procedure, the numbers of rats ana-
lyzed in the paper were also shown in Table 1. IBM
SPSS Statistics (IBM Corp, Armonk, New York)
was utilized to perform the statistics. Results are
presented as the mean� standard error of mean
(SEM). Signi¯cance was tested by t-test and one-
way ANOVA (p < 0:05).

Table 1. Summary of treatments and results of the six acute hypoxia models.

Hypoxic Hypaemic Circulatory Histogenous

Hypoxia models Rescued Died Died Rescued Died Died

Number of rats 8 8 6 7 5 7
Treatment Breathe in

N2 (30 s),
then breathe
in air

Breathe in N2 iv 100mg/kg NaNO2 Block bilateral
common carotid
arteries (30 s),
then release

Cut the right
femoral
artery

iv 125mg/kg
CPZ

NADH Max (%) 141.0 � 2.7 149.3 � 2.1a 126.3 � 2.4 121.7 � 1.1 143.0 � 6.1a 144.5 � 3.9a

Re°ectance Min (%) 57.1 � 2.4b 45.0 � 2.4 59.4 � 2.9b 63.4 � 2.5c 69.0 � 8.1c 81.9 � 1.8

CBF Max (%) 195.5 � 14.9d 180.7 � 14.9d 165.5 � 14.4d 114.7 � 3.3

Notes: The CBF declined in the two circulatory models, and therefore the max values were missed.
a The NADH Max (%) has no statistical signi¯cance between the marked three models.
b The re°ectance Min (%) has no statistical signi¯cance between the marked two models.
c The re°ectance Min (%) has no statistical signi¯cance between the marked two models.
d The CBF Max (%) has no statistical signi¯cance between the marked three models.
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3. Results and Discussion

3.1. Hypoxic hypoxia

NADH change under acute hypoxia followed the
typical time phase as reported before.20 In brief,
after breathing in nitrogen, NADH rose in 3–5 s and
reached a plateau in 15–20 s. For rats rescued by
stopping nitrogen breathing and going back to
normal breathing, the NADH signal dropped down
to the baseline in about 30 s, as shown in Fig. 1(a).
If not, NADH curve kept at the plateau till death. It
was noticed that the NADH curve declined at death
time point shown in Fig. 1(b). This arti¯cial result
was due to the sudden rise of re°ectance at that
point, which was probably caused by cerebral cell
swelling and water movement.19 Therefore, the
NADH trend after the death time point should not
be taken into account.

As stated previously, the moment when breath-
ing ceased is named as anoxia.21 And at anoxia and
death level, NADH is theoretically at the maximum
level.22 However, our results showed that the
maximum of NADH increase was (141.0� 2.7)% in
the rescued group and (149.3� 2.1)% in the died
group, with statistical signi¯cance (p < 0:05). To
explain this di®erence, there are only two possibi-
lities: (1) the tissue is not really anoxic at the
moment ceasing breathing oxygen; or (2) NADH
increases not to the maximum under anoxia. Since
there is no distinction principle in clinic for anoxia
and hypoxia, and our results are only based on

limited number of rats, further investigation is
expected.

The minimum percentage of re°ectance was
(57.1� 2.4)% in the rescued group, and
(45.0� 2.4)% in the died group, also with statistical
signi¯cance (p < 0:05). The re°ectance is inverse to
the absorbance of the excitation and emission light,
thus depends on the amount of hemoglobin and the
transition of di®erent types of hemoglobin which
change the absorbance coe±cient at the detected
wavelength.19 Due to the same cause of hypoxic
hypoxia, the hemoglobin transition is almost the
same, e.g., almost all the oxyhemoglobin transit to
deoxyhemoglobin. Therefore, the signi¯cant di®er-
ence was probably due to the entire employment of
vessels dilution and capillary recruitment in the
autoregulation of cerebral microcirculation, and
indicated the more increase of CBV in died group
than in rescued group.

The maximum CBF was (195.5� 14.9)% in the
rescued group and (180.7� 14.9)% in the died
group, respectively, but without a statistical sig-
ni¯cance (p > 0:05). This phenomenon suggested
that the increase of CBF were similar between two
groups. It was also noted that CBF trend was
consistent with the HR at most time.

3.2. Hypemic hypoxia

The iv injected sodium nitrite can oxidize the nor-
mal hemoglobin to methemoglobin, which loses the

(a) (b)

Fig. 1. Typical demonstrations of multiparametric monitoring during the procedure of hypoxic hypoxia in (a) a rescued rat and (b)
a rat died in the end. The horizontal axis represents time (seconds). The rat breathed in nitrogen at the time point 0, and the
baselines, shown as horizontal dashes, was calculated as the mean values of each parameter during the 60 s before breathing in
nitrogen. The vertical dashes tell the time when starting breathing in nitrogen (in black) and brain death (in red). Monitored
parameters are listed from top to bottom as heart rate (HR), respiration rate (RR), re°ectance change (R), °uorescence change (F),
corrected NADH change (NADH) and cerebral blood °ow change (CBF).
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oxygen carrying capacity and reduces the oxygen
transported to tissue. As shown in Fig. 2, we found
that NADH signal began to rise slowly in 12–33 s.
Since methemoglobin can be reduced back to nor-
mal hemoglobin by NADH in the presence of
NADH-methemoglobin reductase,23 when NADH-
methemoglobin reductase was su±cient, NADH
was actively involved in the reduction reaction of
methemoglobin, representing a slight and slow rise
during the induction of hypemic hypoxia and no
obvious plateau was achieved. The maximum value
of NADH was only (126.3� 2.4)%. Similarly, the
NADH reduced after reaching its maximum was
also due to the sudden increase of re°ectance, which
was caused by cell swelling or some other events,
and therefore went out of the calibration limit and
should be discarded.

The minimum percentage of the re°ectance was
(59.4� 2.9)%. Because the molar extinction coe±-
cient of methemoglobin is much smaller than those
of either deoxyhemoglobin or oxyhemoglobin,24 the
monitored re°ectance reduced not that much as it
did in hypoxic died group if supposing micro-
circulation autoregulation was similar. This infer-
ence was supported by the signi¯cance between the
re°ectance minimums of the two groups (p < 0:05).

The maximum that CBF reached in hypemic
hypoxia group is (165.5� 14.4)%, but this value has
no signi¯cance with (180.7� 14.9)%, recorded in
the hypoxic died group.

3.3. Circulatory hypoxia

Two acute circulatory hypoxia models were estab-
lished. The rescued model was reproduced by
blocking the bilateral common carotid arteries for
30 s, which prevented most of the blood supply to
the brain, then releasing the arteries. While the died
model was designed by cutting the right femoral
artery and letting the rat bleed to death.

From Fig. 3, we can see the similarity between
the period from carotid arteries occlusion and
release in the rescued rat and the corresponding
period in the died rat. Since there are still vertebral
arteries to supply some blood to the brain, the
NADH increase in the rescued group was only
(121.7� 1.1)%, much lower than (143.0� 6.1)%,
that recorded in the died group (p < 0:05). The
latter value also showed no signi¯cant di®erence
with it in the hypoxic died group. For similar
reason, the decrease of NADH after reaching its
maximum should be discarded. We noticed that this

(a) (b)

Fig. 3. Typical demonstrations of multiparametric monitoring during the procedure of circulatory hypoxia in (a) a rescued rat and
(b) a rat died in the end.

Fig. 2. Typical demonstrations of multiparametric monitoring
during the procedure of hypemic hypoxia. The rat was iv
injected 100mg/kg sodium nitrate at the time point 0.
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moment happened about 5min before brain death,
indicating that cell swelling happened much earlier
than brain death. It was reasonable because cer-
ebral edema is often induced by shock.25

Comparing the decrease percentage of re°ectance
in the two circulatory models, the minimums were
(63.4� 2.5)% and (69.0� 8.1)%, respectively, with
no signi¯cant di®erence. Due to the loss of the blood,
the absorbance reduced, and the re°ectance rose at
the beginning. Then we can see that more blood was
supplied to the brain, the vital organ, controlled by
the autoregulation, then re°ectance appeared
reduced again. The scheme presented in Fig. 3(a) is
consistent with that was reported previously.20

Regarding CBF results, it was obvious in Fig. 3(a)
that the CBF dropped to (31.3� 2.8)%, and recov-
ered slowly due to the autoregulation. On the other
hand, the group that died in the end mimicked the
hemorrhagic shock procedure. As shown in Fig. 3(b),
the decline of CBF contains two phases: (1) a sudden
drop to (38.1� 7.1)% in 68.0� 7.3 s, and (2) a slow
and smooth decline to 10% (regarded as brain
death16) in 899.0� 90.5 s. The latter phase indicated
that the autoregulation was launched to maintain
the blood supply to brain tissue. We found that the
(31.3� 2.8)% had no signi¯cant di®erence with
(38.1� 7.1)%, suggesting that the capacity of auto-
regulation was still sustained when CBF was reduced
to about 30% of normal level.

3.4. Histogenous hypoxia

CPZ can easily penetrate through the blood-brain
barrier, accumulate in the brain tissue and damage
the respiratory chain in cerebral mitochondria.26

After a high dose iv injection, CPZ moved into
cardiac and pulmonary circulation ¯rst, damaged
the respiratory chain in the mitochondria of the
heart and lung, representing the disorder of respir-
ation and ECG responded before CBF and
NADH.16 Therefore, the hypoxia to brain tissue was
a mixture of circulatory and histogenous types.

NADH started to rise in 53.4� 2.7 s, and reached
to a level of (118.4� 2.4)% in 16.0� 1.3 s, then
dropped back to (109.8� 1.7)% in 16.3� 2.1 s,
and began to rise slowly again. From Fig. 4, we can
¯nd the close correlation between NADH, CBF and
HR, suggesting that the causality existed in sys-
temic circulation, regional cerebral circulation and
regional NADH. NADH reached its maximum per-
centage (144.5� 3.9)% before brain death, and this

maximum value was not signi¯cantly di®erent from
the maximum value in hypoxic died group and cir-
culatory died group. We noticed that the arti¯cial
decrease of NADH signal appeared about 2min after
brain death, which was mainly because CPZ can
prevent cerebral edema e®ectively.27

The changes of re°ectance and CBF both
appeared small (shown in Table 1) due to the
damage of the heart and the systemic circulation.

3.5. Correlation between monitored
parameters and causes of hypoxia

The six acute hypoxia models we presented nearly
covered the majority causes of hypoxia since each of
them re°ected a disturbance in one of the four
major steps that oxygen transported to tissue.
Monitored results were presented based on single
animals in Figs. 1–4, while the statistics of the
maximum of NADH, minimum of re°ectance and
maximum of CBF during hypoxia based on 5–8
animals were summarized in Table 1.

The maximum increase of NADH has no signi¯-
cant di®erence between the hypoxic, circulatory and
histogenous died groups. Taking that NADH reaches
itsmaximum (100%, state 5) in death condition,22 we
supposed the range of readings 136.9–151.4% was
corresponding to thatmaximum (100%, state 5), and
therefore the normal level was limited in the range of
66.1–73.0%, between state 3 and 4. This result sup-
ported the previous inference that normal state is
between state 3 and 4.22

As we discussed, NADH correction can be inter-
fered by cell swelling which usually accompanies

Fig. 4. Typical demonstrations of multiparametric monitoring
during the procedure of histogenous hypoxia. The rat was iv
injected 125mg/kg CPZ at the time point 0.
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with brain death. Therefore, the sudden re°ectance
increases should be regarded as \false" signals and
the corrected NADH curve after that time point
should not be taken into account. In the four death
models, NADH reached the maximal level before the
time at which the re°ectance increase happened. The
time periods ahead of the re°ectance increase were
137.6 s in hypoxic model, 325.7 s in hypemic model,
596.0 s in circulatory model and 108.1 s in histogen-
ous model, respectively. Thus, the maximum values
of NADH listed in Table 1 were trustable.

The two rescued models have proved two points:
(1) The change patterns of monitored parameters
were similar in the same type of hypoxia, and the
di®erent cause would a®ect the variation. (2) If
proper treatment to the speci¯c hypoxia was con-
ducted in time, the life can be rescued.

To establish the relationship between all mon-
itored parameters and the causes of acute hypoxia,
we summarized the temporal phases of NADH,
re°ectance and CBF in Table 2 for the four death
models of hypoxia. For RR and HR, the patterns
were complex and were excluded. The combination
of NADH and CBF could provide su±cient judg-
ment to the identi¯cation of acute hypoxia causes,
as demonstrated in Fig. 5.

4. Conclusion

We have established six acute hypoxia models,
covering each major obstruction of oxygen trans-
port steps. By monitoring the regional mitochon-
drial NADH °uorescence, regional microcirculatory
CBF and re°ectance, systemic ECG and systemic
respiration, we summarized the variation patterns
under di®erent acute hypoxia, and suggested a
possible early identi¯cation of hypoxia cause by
combining NADH and CBF indices. Since we have
demonstrated that with accurate and prompt
judgment of hypoxia cause and right treatment, the
life can be saved,16 this identi¯cation will help to
promote the clinical application of the multi-
parametric monitoring method.

Moreover, the measurement can be applied to other
organs or tissues with an adapted ¯ber probe. Dem-
onstration of some application were reported,28 but
further investigation on the corresponding identi¯-
cation judgment should be carried on in the future.
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Fig. 5. The combination of the change of NADH and CBF helps in the identi¯cation of acute hypoxia causes. The change patterns
of NADH and CBF were characterized from the four groups of animals.

Table 2. Temporal change of NADH, re°ectance and CBF under di®erent hypoxia conditions during the time course from
inducing hypoxia to death.

Hypoxic Hypemic Circulatory Histogenous

NADH Prompt rise! plateau Slow rise Prompt rise! plateau Slight rise! drop! slow
rise! prompt rise

Re°ectance Decline Decline Decline! rise back Decline! rise back
CBF Rise! decline! rise

! stable! decline
Slow rise! decline Prompt decline! slow decline Decline! rise back! slow

decline! prompt decline

Early identi¯cation of acute hypoxia

1450033-7

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

01
4.

07
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 1

03
.2

40
.1

26
.9

 o
n 

10
/2

1/
18

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.



technique. And hope he will be happy to see NADH
measurement has been inherited in Britton Chance
Center for Biomedical Photonics. Prof. Avraham
Mayevsky is on leave from The Mina & Everard
Goodman Faculty of Life Sciences, Bar-Ilan Univer-
sity, 52900 Ramat Gan, Israel, and is supported by
the 111 Project of China (B07038). This work is also
supported by the Ph.D. Programs Foundation of the
Ministry of Education of China (Grant No.
20110142130006) and the Director Fund of Wuhan
National Laboratory for Optoelectronics (WNLO,
2009, Z.H. ZHANG).
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