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Because they routinely experience respiratory 
distress and require mechanical ventilation, 
critically ill patients in intensive care units 
(ICUs) require the frequent analysis of arte
rial blood gases (ABGs). One of the most 
frequently requested and urgently needed 
tests performed for these patients, ABG 
analysis, measures hydrogen ion concentra

tion (pH) and the partial pressures of carbon dioxide 
(PaCO2) and oxygen (PaO2) 
in arterial blood. These 
measured values are then 
used to calculate additional 
parameters (see Table 1), in
cluding bicarbonate (HCO-

3), 
base excess (BE), and oxy
gen saturation (SaO2). 

Proper acid-base bal
ance is essential for sus
taining life. ABGs are heav
ily relied upon by critical 
care clinicians because they 
are the front-line indica
tors of a patient's ability to 
maintain acid-base bal
ance. The human respira
tory system is the primary 
regulator of acid-base bal
ance, which is maintained 
through the elimination of 
CO 2 from the body by the 
lungs. The kidneys also 
play an important role in 
maintaining the body's 
internal equilibrium by 
absorbing and excreting 
bicarbonate (HCO-

3). 
In addition, an ABG gives essential information re

garding the patient's ability to provide oxygen to the 
body's tissues. The PaO2 measures the level of oxygen 
in the arterial blood, translating to the patient's ability 
to absorb and use oxygen. 

ABG results are used to make decisions regarding the 
management of a patient's ventilator, as well as the 
administration of certain drugs. 

Traditional ABG analysis 
Most critically ill patients have arterial lines that are 
used to continuously monitor their blood pressure. A 
convenient means for obtaining an ABG sample, an 

arterial line consists of a small plastic tube placed 
directly into the patient's artery. It is typically attached 
to a length of tubing, pressure transducer, and a bag of 
saline solution. Traditionally, measurement of an ABG 
has required a clinician to remove a blood sample from 
the patient's arterial line or, if no arterial line exists, to 
insert a needle into the patient's artery and draw a 
sample. The blood sample, collected in a heparinized 
syringe, requires special care and handling. First the 

critical care clinician 
must be careful to re
move all air bubbles from 
the syringe so that the 
ABG results are not cont
aminated by the effects of 
room air, and if there will 
be a delay in the analysis 
of the sample, it must be 
placed on ice. The sample 
is then transported to the 
clinical chemistry labora
tory, which may be a sig
nificant distance from the 
ICU. The sample poten
tially exposes clinicians 
to blood that might har
bor potentially infectious 
organisms, such as HIV 
or hepatitis B. Once the 
sample has arrived in the 
laboratory, ABG analysis 
is performed by a special
ly trained clinical chemist 
on an electrochemical 
analyzer. The results are 
then reported to the clin
ician, usually 20 minutes 

after the sample was obtained from the patient. But 
because ABG results can change significantly in a 
short period of time, delayed results may be of little 
value to the clinician in determining appropriate 
patient therapy. 

The electrochemical analyzers first used in clinical 
chemistry labs for. ABG analyses were developed in the 
1960s, at the same time ICUs were coming into vogue.1 

Today's blood gas analyzers incorporate the same basic 
technology developed over 35 years ago. These electro
chemical analyzers require regular care and maintenance 
and must be calibrated frequently because their electrodes 
are inherently prone to drift. A two-point calibration is 

Fiber optic 
technology allows 
the measurement 
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from the clinical 
laboratory to the 
patient's bedside 
and eliminates the 
need for permanently 
removing a blood 
sample from 
the patient. 
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typically performed every two hours and a one-point cali
bration every 30 minutes. Routine maintenance necessi
tates care, cleaning, and replacement of the electrodes and 
other components of the electrochemical analyzer. 

Optical measurement of ABGs 
Shortcomings of traditional electrochemical analyzers 
have led to the development of new methods to measure 
ABGs based on fiber optic technology. The traditional 
blood gas analyzer 
combines three elec
trochemical sensors, 
or electrodes, to 
measure pH, PaCO2, 
and PaO2. Fiber op
tic technology com
bines three optical 
sensors, or optodes, 
to make these same 
measurements. These 
sensors can be minia
turized to allow in
sertion directly into 
the patient's existing 
arterial line or incor
poration into the 
arterial line tubing 
setup (see Fig. 1, 
page 30). Thus, fiber 
optic technology al
lows the measure
ment of ABGs to 
move from the clini
cal laboratory to the 
patient's bedside 
and eliminates the 
need for permanent
ly removing a blood 
sample from the 
patient. 

How it works 
A fiber optic blood gas monitoring system typically consists 
of an instrument and a disposable sensor connected to each 
other via a fiber optic cable. Optical fibers transport light 
from the instrument down an optical cable to the dispos
able sensor. Chemical indicator dyes are located on the tips 
of the optical fibers in the sensor. Each chemical indicator is 
chosen for its ability to change the light sent from the 
instrument in a way that is proportional to the amount of 

the analyte being measured, such as hydrogen ions for pH 
as well as PaCO2 and PaO2. The light interacts with the 
dye and produces a new or changed light that is transmit
ted back to the instrument via the optical fibers. 

Glass or plastic fibers are used to transmit light from 
the instrument to the individual optical sensors located 
on the tips of the fibers. The optical fiber consists of two 
parts. The inner material is called the core and the outer 
material is called the clad. The core and clad have a dif

ferent refractive in
dex. This difference 
forms an optical 
guide that efficient
ly transfers light 
launched into the 
core of the fiber 
from the instru
ment, to the sensor, 
and back again (see 
Fig. 2, page 30). 

Different optical 
fiber configurations 
may be used to 
transmit light be
tween the instru
ment and sensor. 
Some systems use 
two fibers per sen
sor, with one fiber 
used to deliver light 
to the sensor and 
the second used to 
return light to the 
instrument. Other 
systems use a sin
gle fiber per sensor, 
with light moving 
in both directions 
along the fiber. Sen
sor configurations 

can also vary. The chemical indicator dye can be placed on 
the tip of the fiber or on the side of the fiber near the tip. 

Analyte measurement 
Optical sensors rely on a chemical interaction between 
the analyte being measured and the chemical indicator 
dye. The chemical indicator dye is either fixed within a 
polymer or is separated from the blood by a membrane. 
When the sensors are exposed to blood, the hydrogen 
ions, CO 2 , or oxygen gas diffuse from the patient's blood 

ABG Value Description Normal Adult 
Values 

PH Reflection of the hydrogen ion 
concentration of the body's 
extracellular fluid. Primary 
indicator of how well the body is 
regulating acid-base balance. 

7.35 to 7.45 pH 
units 

PaCO2 Partial pressure of dissolved CO 2 

in the arterial blood. Measures 
how well the lungs are regulating 
acid-base balance by removing CO2 

from the body. 

35 to 45 mmHg 

PaO2 Partial pressure of dissolved 
oxygen in arterial blood. Reflects the 
adequacy of oxygen in the patient's 
blood. 

80 to 95 mmHg 

HCO-

3 Along with pH, bicarbonate indicates 
how well the body is regulating 
acid-base balance. 

22 to 26 mEq/L 

SaO2 Indicates the oxygen saturation of 
hemoglobin in arterial blood. 

95 to 100% 

BE Base excess indicates the deviation 
from the body's normal total 
buffering capacity. This buffering 
capacity allows for significant 
changes in acid content in the body 
without causing a significant change 
in hydrogen ion concentration or pH. 

± 2 mEq/L 

Table 1. Parameters obtained via an arterial blood gas analysis. 
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into the sensor. The concentration of the analyte within 
the sensor reaches the same concentration of the analyte 
in the blood. 

When an optical measurement is made, the instru
ment sends a specific wavelength of light down the 
fiber to the sensor. This light excites the chemical indi
cator and a new wavelength of light is produced. The 
fiber optic sensors used to measure ABGs may use 

either fluorescence or absorption properties of optical 
dyes. For fluorescence-based systems, the excitation 
light delivered by the instrument is a different color 
(wavelength) than the light emitted by the sensor. 
Excitation light is often blue or violet, although other 
colors have been used. Light emitted by the sensor has 
a longer wavelength; emission colors are typically 
green or red. Optical filters are used to separate the 
emission or fluorescent light from any stray excitation 
light. For absorption based systems, some of the exci
tation light is absorbed by the sensor. The absorption 
of light is monitored by the instrument. In either fluo
rescent or absorbent based systems, the instrument 
monitors the light emitted from the sensors and con
verts it to a numeric readout, displayed on a bedside 
monitor. 

A specific chemical indicator dye is chosen for the 
particular analyte to be measured. Chemical indicator 
dyes for measuring pH often use the effect of the sen
sor absorption spectrum being modulated by the 
change in hydrogen ion concentration, which, in the 
case for fluorescence sensing, results in modulation of 
the emitted light. Sensors for measuring oxygen use 
the quenching of the fluorescent emission spectrum 
caused by collision of oxygen molecules with the fluo
rescent dye. CO 2 sensors may use a pH sensitive dye 
placed in a buffer medium and encapsulated by a 
membrane permeable to CO 2 . The system measures 
the resulting pH change caused by CO 2 crossing the 
membrane and altering the buffer pH. 

Optical measurement of ABGs requires the precise 
measurement of changes in the intensity of the light 
generated by the instrument due to the concentration of 
the measured analyte.2 Other factors, such as bends in 
the optical cable, optical connections, or bleaching of 
the chemical indicator dye by light, besides analyte con
centration may affect the light. Ratiometic measure
ments are used by some fiber optic systems to allow 
accurate measurements to be made over extended peri
ods of time. Ratiometic systems use more than one col
or of light, one that is sensitive to the analyte being 
measured and the other insensitive. This results in mea
surements sensitive to the analyte concentration, but 
still insensitive to alterations in the optical path such as 
bends or connections. 

The development of systems for optically measur
ing ABGs has benefited from recent improvements in 
high intensity blue light emitting diodes (LEDs). The 

Figure 1. Optical sensor incorporated into an arterial line tubing 
setup. 

Figure 2. Light travels along the core of the optical fiber and then 
comes in contact with the sensor located at the end of the fiber. 

Glossary 
Hemoglobin: Protein of red blood cells responsible for transporting oxygen from the 
lungs to the tissues. 

Iatrogenic blood loss: Blood loss associated with therapy, blood loss due to labora
tory tests. 

mEq/L: Milliequivalent per liter, a unit of measure. 

mmHg: Millimeters of mercury, a unit of measure. 

Nosocomial infection: Infection relating to the hospital: denoting a new disorder 
(unrelated to the patient's primary condition) associated with being treated in the 
hospital. 

Preanalytic error: Any errors prior to ABG analysis caused by improper sampling, 
labeling, or transport of the sample. 

Ratiometric measurement: Measurement made using two colors of light traveling 
along the same optical path. One color is sensitive to the analyte being measured and 
the other insensitive. 

Therapeutic-turn-around time: The time from when the need for a laboratory test is 
determined to when the sample has been drawn, analyzed, and results are available. 
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development of the bright blue LEDs, combined with 
appropriate filters, allows an excitation light to be gen
erated that meets both color and intensity require
ments of fiber optic sensors. In addition, advances in 
digital signal processors have allowed for compact 
systems with less reliance on analog components.3 

In vivo vs. ex vivo 
Fiber optic blood gas measurement systems have been 
developed for both in vivo and ex vivo applications. In 
vivo systems are placed directly into an arterial catheter 
and regularly update the displayed ABG results. These 
systems have experienced several common problems 
including clotting of the sensors, alteration of the blood 
pressure waveform, inaccuracy of results, and breakage 
of the optical fibers.4 Ex vivo systems use the patient's 
existing arterial line tubing to gain access to the 
patient's blood for blood gas measurement. The ex vivo 
systems digitally display ABG results on a bedside mon
itor in as little as 60 seconds (see Fig. 1). Calibration of 
in vivo sensors can only be performed by comparison 
to a traditional electrochemical analyzer. Ex vivo sen
sors, however, may be recalibrated after being attached 
to the patient's arterial line tubing. This is typically per
formed by measuring one or two levels of liquid cali
brant solution. 

Benefits of optical sensors vs. 
electrochemical analyzers 
Optical sensors are stable over long periods of time 
(days). Electrochemical analyzers are prone to drift 
and must be calibrated several times each day. 
Preanalytical error is decreased. 
Transportation of a blood gas sample to the labo
ratory is eliminated. 
Therapeutic-turn-around time is decreased. 
Patient management decisions are made on real
time results. 
ABG measurements may be made as often as 
desired. 
Exposure of healthcare professionals to blood is 
eliminated. 
Patient blood loss is eliminated. 
Disposal of biohazardous waste is minimized. 
Iatrogenic blood loss is eliminated. 
Risk of nosocomial infections may be decreased. 
No incremental cost associated with each ABG. 

Table 2. Bene f i t s of f iber opt ic b lood g a s moni tor ing s y s t e m s a s 
c o m p a r e d to tradit ional e l e c t r o c h e m i c a l analyzers . 

Optical measurement of ABGs offers many advan
tages over traditional electrochemical analysis to the 
critical care clinician. These advantages are outlined in 
Table 2. 

Conclusion 
The ability to measure ABGs optically allows for real
time data regarding the patient's respiratory and meta
bolic status to be displayed at the patient's bedside. 
This immediate availability of ABG results allows the 
critical care clinician to rapidly initiate therapeutic 
interventions resulting in a potential for improved 
patient care. As blood gas monitoring becomes more 
readily available at the patient's bedside, the dramatic 
impact of this new technology on patient outcomes 
and the care of critically ill patients will be increasingly 
apparent. 
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