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CHAPTER I

INTRODUCTION

Determination of the arterial blood-gas composition
(blood-gas analysis) is essential to the assessment of
both cardiopulmonary function and acid-base status in the
eritically 111 patient. Clinically, bloocd-gas analysis is
most often used to measure arterial pH, pCOs and pOs.

Arterial blood has traditionally been used in blood-
gas analysis for two reasons: 1) its composition is
generally uniform throughout the body, and 2) its oxygen
content reflects the efficacy of pulmonary exchange
(Slonim & Hamilton, 1976).

Venous blood is generally not used for blood-gas
analysis. The primary reason for not using venous blood
is that the blood-gas composition varies from one venous
sampling site to another. At least two important factors
contribute to this variance: 1) metabolic activity varies
from one tissue to the next, and 2) blood flow also varies
in different tissues and organs. This variance in metabolic
activity and blood flow may be more pronounced in tissues
with metabolic disorders or with damage to the vascular
supply (Goldschmidt & Light, 1925; Harrison & Galloon,
1965; Paine, Boutwell & Soloff, 1961).

Cardiopulmonary and acid-base status of the critically

i1l patient may change very rapidly. Thus, repeated
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sampling of arterial blood is frequently necessary in
these cases. However, arterial samples may be difficult
to obtain, particularly in infants, young children and
those patients with extensive burns (Gambino, 1961;
Hofford, Dowling & Pell, 1973; Lilienthal & Riley, 1944;
McIntyre, Norman & Smith, 1968). 1In addition, adult
patients who have previously undergone multiple arterial
punctt es may develop thromboses, further complicating
the collection of arterial blood (Gambino, 1961;
Nicholls, 1964). Such patients may have acute or chronic
oxygenation abnormalities as occurs in severe asthma,
obstructive pulmonary disease and congestive heart
failure. Patients with chronic metabolic diseases, such
as uncontrolled diabetes mellitus, and those with acute
metabolic disorders, such as acidosis due to salicylate
overdose, may also require repeated arterial punctures.

Complications of Arterial Puncture

Arterial puncture may lead to a variety of compli-
cations, depending upon the age of the individual, the
site of sampling and the number of samples obtained.

The collection of arterial blood is often guite painful,
and may cause arterial spasm or damage to the vessel wall
(Goldschmidt, 1925; Neviaser, 1976; Stern, Kaplan &

Furman, 1973). Ecchymosis and hematoma formation may
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occur due to extravasation of blood, particularly with
repeated sampling (Cole & Lumley, 1966). Collection of
arterial blood from infants may cause excessive blood
loss (Hofford, 1973).

Various types of nerve injury have been reported as
a result of arterial puncture. According to Pape (19783,
brachial artery puncture in both children and adults may
lead to median nerve damage. This damage was also
observed in low birth-weight infants subjected to repeated
brachial artery sampling. Two ins ances of carpal tunnel
syndrome secondary to radial artery puncture in neonates
were also documented. Carpal tunnel syndrome is evidenced
by nocturnal paresthesias and pain in the fingers, wrist
and forearm. It may progress to weakness and complete
sensory loss in the affected areas (Wintrobe, M. W.;
Thorne, G. W.; Adams, R. D.; Braunwald, E.; Isselbacher,
ki J. & Poterasdort, B: §.,, 1974Y%.

Patients receiving anticoagulant therapy appear to
be at high risk of complications to arterial puncture.
Macon & Futrell (1973) reported median nerve neuropathy
secondary to spontaneous hemorrhage following brachial
artery puncture, Neuropathies of the femoral, obturator
and sciatic nerves have also been documented in anti-
coagulated patients (Macon & Futrell, 1973; Neviaser,

19%6). 1In a study by Neviaser in 1976, brachial and
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femoral artery puncture in patients receiving heparin pro-
duced hematomas which eventually caused skin sloughing or
infection. Incision and drainage, or decompression of
infected hematomas may be necessary in such cases.
Neviaser also described ischemic contracture and necrosis
of the forearm following brachial artery puncture in
patients receiving heparin.

Thus, collection of arterial blood for blood-gas
analysis may lead to a number of undesirable complications,
particularly when repeated sampling is necessary.

In contrast to arterial blood, venous blood is
generally easier to obtain, and in some cases, may even be
ave lable from a previously placed intravenous catheter.
Additionally, fewer hazards and complications are associa-
ted with venipuncture as opposed to arterial puncture.

It appears that the use of venous blood for blood-
gas analysis in certain patients may prove to be safer
than the use of arterial blood. The basis underlying the
substitution of venous blood for arterial blood is
illustrated by the following model.

Model

The relationship between arterial and venous blood,
as well as the direction of blood flow in each case, may
be demonstrated by the following model.

It can be seen from Figure 1 that arterial blood
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G
and venous blood flow in opposite directions in the body.
Arterial blood represents an input flow to the organs and
tissues from the pulmonary circulation. The organs and
tissues can be considered to be parallel circuits within
the systemic circulation. Hence, arterial blood flows
from the pulmonary circulation to the systemic circula-
tion. In the model, head, hands and ears represent
parallel circuits in the systemic circulation.

Venous blood is seen as an output flow from systemic
tissues to the lungs, or pulmonary circulation. Arterial
blood and venous blood differ in terms of blood-gas
composition. In the lungs, O2 and CO2 are exchanged.

Upon leaving the lungs, arterial blood has received 02,

and had CO, removed. As the arterial blood flows through

2
the parallel circuits of the systemic circulation, 02
is taken up by the organs and tissues and CO2 is added to
the blood. Thus, venous blood flowing back to the lungs
generally has a pO2 lower than, and a pCO2 higher than
that of arterial blood.

The composition of arterial blood is generallyuni-
form throughout the various parallel circuits of the
systemic circulation. In contrast, the composition of

venous blood varies in relation to the metabolic activity

and blood flow to the systemic tissues. This relationship



is illustrated by the following equations taken from

Carveth (1979):

Q [0,1, = Q[0,], + V0, (1) where
6 = flow
VO2 = oxyden consumption,
[02]a = the concentration of oxygen in the arterie-,
and
[02]V = the concentration of oxygen in the veins.
QCfo,1, - [0,],) = vo, (3)
[0,1, - (0,1, = s (4)
Q

Equation 4 shows that as flow (é)increases, the
difference between arterial and venous O2 concentration
will decrease. The 02 uptake is proportional to the meta-
bolic activity of the organ or tissue. It can be seen
that the relationship between flow (Q) and metabolic acti-
vity is an important one. If the venous blood flow is
increased above the metabolic activity of a particular
tissue, then the 02 concentration of the venous blood
leaving that tissue will more closely approximate that
of arterial.

Similarly, this relationship applies to CO, and [H+],



as illustrated by the following equations:

[c0,], - [c0,], = V?Oz (5) where
Q

VCO2 = 602 production,

[C()z]a = the concentration of C02 in the arteries,
and
[COZJV = the concentration of CO2 in the veins
[H+]v s [H+]a = H+ production (6) where
¥
Q
[H+]a = the concentration of acid in the arteries,
and
[H+]v = the concentration of acid in the veins.

It is of interest to note that these same equations
apply when mixed venous instead of peripheral venous
blood is used, In this instance, the flow term, Q, is
cardiac output.

In blood-gas analysis, measures which are proportional
or related mathematically to the concentration of 02, 002
and H+ are generally made. These measurements are the
p02, pCOZ and pH, respectively.

Arterialized Venous Blood

As discussed previously, venous blood is generally
easier to obtain than arterial blood. In addition, the
collection of venous blood has been associated with fewer

hazards and complications. Venous blood may prove to be



9
a safe, relatively reliable substitute for arterial blood
in blood-gas analysis. Some investigators have stated
that venous blood will more closely approximate arterial
blood in terms of blood-gas composition, if the sampling
site 1is "arterialized" prior to collection (Brooks, 1959;
Collis & Neaverson, 1967; Goldschmidt & Light, 1925;
Harrison & Galloon, 1965). Arterialization may bhe
produced by gently warming the tissues surrounding the
venous sampling site. Elevated temperature leads to vaso-
dilation of the vessels, causing increased blood flow (é)
to the area. According to Collis and Neaverson (1967),
the temperature must reach 35-45°% C. in order for arteriali-
zation to occur. The increased flow (é) in relation to
the metabolic activity of the tissue will cause the venous
blood composition to be more similar to that of arterial
blood.

The first reference regarding the use of arterialized
venous blood occurred in 1920 when Meakin and Davies
employed the use of a 45° C. water bath to produce arteriali-
zation. Similarly, other researchers have also used a water
bath, ranging in temperature from 46-47° C.(Collis &
Neaverson, 1967; Gambino, 1961; Goldschmidt & Light, 1925;
Paine, Boutwell & Soloff, 1961). The hand to be used in
sampling was placed into the water bath for approximately

5 to 20 minutes, depending upon the length of time required



10
to raise the temperature of the site to 35-45° ¢C.

Three other methods have also been described in the
literature as a means of producing arterialization of the
venous sampling site: 1) Warming the hand or extremity
with a hot towel (Paine, Boutwell & Soloff, 1961).

2) Heating the surrounding tissues with a hot water bottle
(Hofford,Dowling & Pell, 1973). 3) Wrapping the extremity
in an electric heating pad set at 40 to 60° C.

In the following study, I compared the blood-gas
composition of free-flowing peripheral venous blood, both
arterialized and non-arterialized, to that of arterial
blood in acute respiratory acid-base disturbances. Since
the equations in the model described above apply to mixed
venous blood (when cardiac output is substituted for é),
I have chosen to also compare the blood-gas composition of
mixed venous blood to arterialized and non-arterialized

peripheral venous blood.
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CHAPTER II

REVIEW OF THE LITERATURE

Arterialized Venous Blood

Meakin and Davies (1920) examined the oxXygen (0)2
saturation of hemoglobin in the arterial and venous blood
of one patient. Of particular importance in their study
was the effect of varying the temperature of the tissues
at the sampling site. Paired arterial and venous samples
were collected from the forearm under five different
temperature conditions: 1) exposed to room air, 2) exposed
to cool atmosphere, 3) exposed to cold atmosphere, 4) arm
immersed in water bath at 45° C. for 10 minutes prior to
sampling, and 5) arm immersed in water bath at 45° C for
20 minutes prior to sampling. It should be noted that
neither method of cooling nor the skin temperature at the
time of sampling were specified.

Results of this study indicated that arterial O2
saturation remained relatively constant at about 96.1 per
cent, despite changes in local temperature. In contrast,
venous 02 saturation varied substantially in response to
temperature changes. When the sampling site was exposed
to room air, venous 02 saturation was found to be 56.4 per
cent. However, upon exposure to progressively decreasing
temperatures of tissues supplying blood to the sampling

site, the venous O2 saturation declined initially to



12

34.9 per cent, and then to 0.0 per cent. Warming of the
sampling site for 10 and 20 minute intervals produced a
venous 02 saturation of 94.2 per cent. Meakin and Davies
(1920) concluded that the 02 saturation of venous blood
does not accurately indicate that of arterial blood when
the temperature of tissues at the sampling site are lower-
ed. Interestingly, they did not comment on the fact that
warming the sampling site of the subject caused the venous
02 saturation to more closely approximate that of arterial.

Goldschmidt and Light (1925) explored the possibility
of using arterialized venous blood rather than arterial
bloodbwhen determining oxygen content (vol. %), oxygen
capacity of hemoglobin (vol. %), 02 saturation and carbon
dioxide content (vol. %). (Terms are those used by
authors).

Arterialization of the venous sampling site was
achieved by placing the hand and wrist in a 45-47° water
bath for 10 minutes. Venous samples were then obtained
from the dorsal surface of the hand. Arterial samples
were drawn from the radial or brachial arteries.

In this experiment, paired samples of arterial and
venous blood from six subjects were compared. Four of the
subjects were considered healthy, while the other two were

hospitalized patients. Oxygen content of the arterial

samples ranged from 14,56 vol. % to 20.33 vol. %.



13

Arterialized venous values of O2 content were similar to
those of arterial blood, ranging from 16.03 vol. % to
20.08 vol. %, respectively. It is of interest to note
that in one subject, arterialized venous blood was found
to have a higher 02 content than arterial blood. The
reason given by the investigators for this finding was
that the patient had a pulmonary stenosis with a patent
ductus arteriosus. In addition, it was observed that

the patient was exceedingly disturbed and held her breath
at the time of arterial sampliing.

Arterialized venous values of C02 content also
closely resembled those of arterial blood, ranging from
29.7 vol. % to 46.7 vol. %. Arterial CO, content ranged
from 31.4 vol. % to 47.5 vol. %. Goldschmidt and Light
(1925) similarly found the 02 capacity of hemoglobin and
O2 saturation to be virtually the same as that of arterial
blood.

Brooks and Wynn (1959) studied the pH and pCO, of

2
arterial and venous blood in respiratory failure and
during anesthesia. Both arterialized (warmed) and non-
arterialized (unwarmed) venous samples were collected for
comparison. Arterialization in this study was performed
by loosely wrapping the hand and arm in two heating pads

for 15 minutes. When the skin temperature reached between

35%nd 38° C., venous blood was collected from the dorsum
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of the hand or wrist. Arterial samples were obtained by
brachial or femoral artery puncture.

These investigators studied three different groups
of subjects: ambulatory patients, patients confined to
bed and anesthetized patients. The ambulatory group
consisted of five patients. Results of blood-gas analysis
for pH and pCO2 in the ambulatory group revealed small
differences in pH and pCO2 between arterialized venous
blood and arterial blood. The mean arteriovenous differ-
ence for pli was 0.018 pH units, while the mean difference
for pC02 was 3.5 mm Hg. (Standard deviations were not
reported in this study,; insufficient data were available
for this computation). Greater arteriovenous differences
were found between non-arterialized venous blood and
arterial blood. These differences for pH and pCO2 were
0.061 pH units and 9.6 mm Hg, respectively.

The second group included nine patients, all of whom
had been confined to bed prior to the test. Arteriovenous
differences were found to be even less in this group. A
comparison of arterialized venous blood and arterial blood
showed a mean pH difference of 0.002 pH units and a mean
pCO2 difference of 0.8 mm Hg. Mean arteriovenous differ-
ences between non-arterialized venous blood and arterial
blood were 0.045 pH units and 6.7 mm Hg pCOZ.

The anesthetized patients undergoing surgical pro-



cedures comprised the third group. General anesthesia
commonly produces vasodilatation and an increase in peri-
pheral blood flow. Hence, the warming procedure to
promote arterialization of the venous sampling site was
not employed in this group. Skin temperature remained
above 35° C. due to spontaneous arterialization. Mean
arteriovenous differences for pH and pCO2 were again
negligible: 0.002 pH units and 1.1 mm Hg pCOz.

Brooks and Wynn (1959) also compared the p02 and O2
saturation of venous blood (arterialized and non-arterial-
ized) to that of arterial blood in 20 of the patients.
They reported that significant differences in pOz and 02
saturation were found, although the exact values were
not documented. From their findings, these researchers
postulated that if the temperature used to produce
arterialization were higher, the arteriovenous p02 and 02
saturation difference would be less.

These researchers concluded that under certain condi-
tions, peripheral venous blood may be a reliable substitute
for arterial blood in terms of pH and pCOZ. The required
conditiomns included a skin temperature over the venous
sampling site of at least 35° C. and a recumbent subject.

Paine, Boutwell and Soloff (1961) also investigated
the use of arterialized venous blood in lieu of arterial

blood for measurement of pH and pCOz. Venous blood was
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arterialized by wrapping the dorsum of the hand in a
hot towel or placing it in a container of hot water for
15 to 20 minutes prior to sampling. Temperatures of
the water bath and the skin at the sampling site were
not reported. All subjects had been recumbent for
approximately one and one-half hours before the blood
was collected. Arterial blood was drawn as a control
at the same time the arterialized venous samples were
obtained. Twenty-nine hospitalized patients were used
in this study. Three different techniques for sampling
were employed. 1) In six subjects, a tourniquet was
placed above the elbow and the blood was collected into
a 10-ml vacuum tube. 2) In nine of the subjects, a
tourniquet was again placed above the elbow prior to
sampling, but the blood was collected into heparinized
syringes. 3) In the remaining 14 subjects, a tourniquet
was applied at the wrist. Venesection was performed to
obtain venous samples on half of these subjects. The
other half were encouraged to flex their fingers prior to
collection of venous blood. Arterial samples were all
collected into heparinized syringes.

The following results were reported: 1) The use of
vacuum tubes for collection of arterialized venous blood
yielded the greatest arteriovenous differences in pH and

pCO The mean arteriovenous difference for pH using this

9"
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method was 0.050 pH units and the mean pCO2 difference

was 4.9 mm Hg. (Standard deviations were not reported in
this study; insufficient data were available for this
computation). 2) The second group in which a tourniquet
was placed above the elbow and heparinized syringes were
used showed mean arteriovenous differences in pH of

0.038 pH units and in pCO2 of 8.5 mm Hg. 3) The last
group with constriction at the wrist and use of heparinized
syringes revealed the least mean arteriovenous pH and

pCO,, differences. These mean differences were 0.022 pH

2
units and 2.86 mm Hg pCOz.
Paine, Boutwell and Soloff (1961) drew two major con-
clusions from their investigation.
1) Arterialized venous blood as an estimate of
arterial pH may be best obtained by: warming
the dorsum of the hand for 20 minutes, placing
a tourniquet at the wrist and requesting the
subject to flex the fingers. Samples of arterial-
ized venous blood obtained by this method are a
reliable estimate of arterial pH.
2) Arterialized venous blood obtained by the method
previously described has, on the average, a pH

reading 0.022 pH units and pCO2 reading 2.86 mm

Hg lower than that of arterial blood.

Unfortunately, these investigators failed to draw any
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conclusions on the usefulness of arterialized venous blood
as an indication of arterial pCOZ‘ However, their findings
do indicate that arterialized venous blood, when collected
with constriction at the wrist, is a reasonable estimate

of arterial blood in terms of pCOz.

Harrison and Galloon (1965) investigated the use of
venous blood as an alternative to arterial blood for the
measurement of pCOz. The pH and p02 were not addressed
in this study. Careful examination of the previous in-
vestigation conducted by Paine, Boutwell and Soloff (1961)
led them to believe that causing venous obstruction (by
applying a tcurniquet prior to venous sampling) might
profoundly be affecting the results obtained. Harrison
and Galloon studied 13 patients, 12 of whom were undergoing
surgery and one patient who was being artifically ventila-
ted.

Venous blood samples were obtained from an indwelling
cannula placed on the dorsum of the hand. Arterial samples
were drawn from the same extremity within 30 seconds of
when the venous samples were drawn. Arterialization of
the venous sampling site was accomplished by wrapping the
hand in an electric heating pad. This pad had a maximum
temperature cf 60° C. Venous samples were obtained under
the following conditions:

1) Non-arterialized at the beginning of anesthesia:
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(a) with venous obstruction and (b) without venous

obstruction.

29 Non-~arterialized during anesthesia: (a) with venous
obstruction and (b) without venous obstruction.
3) Arterialized during anesthesia (with the hand at

body temperature): (a) with venous obstruction and

(b) without venous obstruction.

Arterial samples were drawn concurrently for comparison.
One hundred and forty-six pairs of venous and arterial
samples were drawn from the 13 patients,.

Results of their study surprisingly showed the smallest
arteriovenous differences in p002 to occur in those samples
collected at the beginning of anesthesia, without arteriali-
zation of the venous sampling site. Venous obstruction
was present when these samples were taken., The pCO2 values
of these samples were not reported. These investigators
presumed that the small arteriovenous differences in pCO2
found in this group of samples was caused by a spontaneous
arterialization from peripheral vasodilatation accompanying
the induction of anesthesia,

Harrison and Galloon (1965) reported the results ob-
tained on 51 pairs of samples collected from 11 of the
patients. The venous samples in this group were drawn
from a warm hand (temperature was not stated), and venous

obstruction was not present. The mean arteriovenous differ-
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ence for pCOz was 0.5 mm Hg (at 40 mm Hg pC02) with a
standard deviation of 0,7 mm Hg (at 40 mm Hg pCOZ)' It

should be noted that there was no arteriovenous p002

difference greater than 2 mm Hg. From their study, these
investigators concluded that venous blood obtained under

specified '"ideal'" conditions will have a pCO2 identical
to or very similar to that of arterial blood. These
"ideal" conditions include: 1) the venous blood must be
drawn from the dorsum of the hand, 2) the venous blood
must be arterialized by warming the hand to at least body
temperature, and 3) there must be no venous obstruction
before or during the sampling procedure. When these
conditions were met in their study, the arteriovenous
difference for pCO2 did not exceed 2 mm Hg.

Collis and Neaverson (1967) determined the differences
in pH, pC02 and O2 saturation between arterialized venous
blood and arterial blood. Venous sampling sites were
arterialized by placing the subject's hand in a 45° c.
water bath for 5 minutes. Arterialized venous samples
were then obtained from a vein on the dorsum of the hand.
Venous obstruction was not present. Arterial samples
were then taken from the radial artery. All samples were
collected anerobically into heparinized syringes and
analyzed immediately. Twenty-three conscious, mainly
ambulatory patients were studied. Samples were obtained
successively; in 10 subjects, the arterialized venous

sample was drawn first and in 13 subjects the arterial
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sample was drawn first. Hence, a total of 23 pairs of
samples were obtained for analysis. Results showed the
mean arteriovenous difference in pH to be 0.0052 pH units
(SD 0.0075), while the mean difference for pCO2 was 0,76
mm Hg (SD 0.81). Upon completion of their investigation,
Collis and Neaverson compared the two groups in which the
order of sampling had been reversed. No significant
difference was observed between the two groups. When the
23 pairs of samples were analyzed for p02 and O2 satura-
tion, substantial arteriovenous differences were noted.
The mean arteriovenous difference for 02 saturation was

2.53% (SD 1.88). Precise values obtained for pO. were not

2
available. However, it was mentioned that some samples
differed in p02 by as much as 40 mm Hg. At arterial p02
values above 60 mm Hg., the arterialized venous p02 was
of no value in estimating arterial pOz.

On the basis of their results, these authors decided
that arterialized venous blood may be a useful estimete of

the pH and pCO, in arterial blood. They also concluded

2
that arterialized venous blood was not a reliable indicator
of arterial p02 or 02 saturation.

Forster, Dempsey, Thomson, Vidruk and DoPico (1972)
compared the pH, pCOz, p02 and lactate values of arterialQ
ized venous blood and arterial blood from human subjects.

Venous samples were obtained from an indwelling "butterfly"
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needle inserted into one of the superficial dorsal hand
veins. Prior to venous sampling, the entire hand was
warmed by an electric heating pad for 10 minutes. Skin
temperature varied from 41-43° C. as determined via
monitoring the skin temperature. A tourniquet was not
used, thus all venous samples were collected from a free—
flowing vein. Arterial samples were drawn from an in-
dwelling Teflon catheter placed in a brachial artery.

All samples were collected anaerobically into heparinized
Syringes.

Thirteen male subjects were used in this study. These
were composed of five healthy young adults and eight middle-
aged patients displaying symptoms of exertional dyspnea.
Comparison of arterialized venous blood and arterial blood
pH, pCOZ, pO2 and lactate were made under four different
conditions: 1) normal resting state, 2) submaximal and
maximal work, 3) C02 breathing, and 4) several levels of
hypoxia. Work was performed by exercising on a motor-
driven treadmill. Thus, samples were obtained when the
subject was at rest and during exercise while: 1) breath-
ing room air; 2) breathing a COZ-enriched gas mixture,
and 3) breathing a variety of hypoxic gas mixtures. The
precise COz—enriched gas mixture and hypoxic gas mixtures
employed were not specified. Arterialized venous and

arterial samples were drawn simultaneously and immediately
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cooled to approximately 1° ¢. Each pair of samples were
analyzed in random order within two hours following col-
lection.

Results of the experiments were reported only in
terms of identity plotis comparing values from arterialized
venous blood (abscissa) and arterial blood (ordinate)
during rest and work. Hence, no separate analysis of
data could be made. However, the authors did state that
the findings during rest and work, while subjects breathed
various gas mixtures, showed the same tendencies. Over a
25 mm Hg range of values for pCO2 (paCO;\« 30-55 mm Hg),
arterialized venous pO2 averaged approximately 1.0 mm Hg
higher than arferial pCOz. Table 1 summarizes the results
of this study.

The pO2 of arterialized venous blood at rest and
during work was invariably lower than that of arterial
blood. Due to the shape of the oxyhemoglobin dissociation
0, values above 70 mm Hg, a large proportion
of the 02 conéumed is from that physically dissolved in

curve, at pa

solution. Thus, a large arteriovenous difference in pO2
results. However, at pa02 values below 70 mm Hg, or under
hypoxic conditions, a greater portion of the O2 consumed
is obtained from that combined with hemoglobin. Hence

removing oxygen from hemoglobin at values of p02 less than

70 torr (steep portion of oxyhemoglobin dissociation curve)
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Summary of Results Reported by Forster, et al.

Parameter n Pearson's r Slope Intercept
pH 82 0.98 0.86 1.041
pCO2 84 0.95 1.01 -1.27
pO, > 70 torr 33 0.66

< 70 torr 41 0.92
Lactate mg/100 ml 42 0.92 0,05 0.01
(Note: Values for pO, slope and intercept were not

available).

2



will cause a smaller change in pa02 than when oxygen is
removed at values of pOZ greater tﬁan 70 torr (flatter
portion of oxyhemoglobin dissociation curve). Finally,
the investigators recognized that at all levels of OXy—
genation in these experiments, the arteriovenous differ-
ence and variation from the regression line were of such
magnitude that accurate correction of venous to arterial
pOZ was not possible. They concluded that arterial pO2
may not be reliably predicted from arterialized venous
blood. 1In contrast, arterialized venous pH, pCO2 and
lactate may provide an accurate estimate of arterial

values.

Summary of Research Using Arterialized Venous Blood

In the studies reviewed involving the use of arterial-
ized venous blood, venous samples were obtained from the
forearm or dorsum of the hand. The majority of researchers
studied pH and pCO2 (or COZ content) under varying physio-
logical conditions. The arterial pH range studied varied
from 1.267 to 1.484. Arteriovenous differences in pH
and pCO2 were found to be small and not clinically signi-
ficant. Therefore, it was concluded by all investigators
that arterialized venous blood may be used in lieu of
arterial blood for measurement of pH and pCOz.

Several investigators examined the use of arterialized

venous blood for determination of 02 saturation and pO2.
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Meakin and Davies (1920) and Goldschmidt and Light (1925)
found the O2 saturation of arterialized venous and arterial
blood to be virtually identical. In contrast, Collis and
Neaverson (1967) reported large arteriovenous differences
in O2 saturation. Collis and Neaverson (1967) and Forster,
Dempsey, Thomson, Vidruk and DoPico (1972) reported sub-
stantial differences in p02 between arterialized venous
and arterial blood. These differences were particularly
great when the pO2 exceeded 70 mm Hg, due to the shape of
the oxyhemoglobin dissociation curve. Hence, it was
decided that arterial pO2 may not be accurately predicted
from arterialized venous blood. A summary of all in-

vestigators reviewed above is found in Table 2.

Problem Statement

Previous studies employing the use of arterialized
venous blood were performed within a relatively narrow pH
range (i.e., 7.267 to 7.484). 1In this study, I investigated
the relationship between the blood-gas compositions of
arterial and venous blood in respiratory acid -base dis-
orders over a much wider range. As outlined below, healthy
dogs instead of human subjects were used. 1In order to
produce respiratory acid-base disturbances, ventilation
rate was controlled via a mechanical ventilator.

Up to this point, this study has dealt only with the

use of peripheral venous blood. However, mixed venous
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blood drawn from the pulmonary artery is sometimes used

to assist in the assessment of cardiopulmonary status of
critically ill patients. A Swan-Ganz flow directed
catheter must be placed in order to obtain mixed venous
blood samples. This is an invasive and, in some cases,
dangerous procedure. Many of the hazards and complications
associated with arterial puncture pertain to the collection
of mixed venous blood. A Swan-Ganz flow directed catheter
was placed in the pulmonary artery of each of the experi-
mental animals used in this study. Data obtained from
mixed venous blocod samples drawn from this catheter was
also used in a different study by another investigator.
Information derived from an analysis of this blood can be
compared with that obtained from peripheral venous blood.
Therefore, I investigated the relationship between the
blood-gas composition of peripheral venous and mixed venous
blood. Specifically, the possibility of substituting peri-
pheral venous for mixed venous blood in blood-gas analysis
was explored.

This investigator could find no research literature
comparing peripheral venous to mixed venous blood. While
there has been much interest in comparing arterial to mixed
venous blood, this literature does not relate to the present

study, and was not reviewed.
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In this investigation, the following questions were

explored:

1) How does the blood-gas composition of arterial
and arterialized peripheral venous blood compare
in the extreme pH ranges of respiratory acid-base
disorders?

2) What is the difference between mixed venous
and arterialized peripheral venous blood-gas
composition in respiratory acid-base disorders?

3) How does the blood-gas composition of non-
arterialized peripheral venous blood compare to
mixed venous and arterial blood in respiratory
acid-base disturbances?

Implications for Nursing

The profession of nursing has changed profoundly in
the last two decades. Nursing roles, responsibilities
and goals have evolved in conjunction with the advancement
of medical knowledge and technology. Nurses now partici-
prate actively in the assessment and management of critically
ill patients. One of the methods frequently used to assess
such patients involves determination of the arterial blood-
gas composition. Nurses working in critical care areas
are frequently responsible for collecting samples to be
used in blood-gas analysis. In addition, nurses may also

be required to interpret the results of these analyses
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and determine their implications for future patient manage-
ment. The status of critically ill patients may change
very rapidly, particularly respiratory function. Changes
in respiratory status frequently produce changes in acid-
base status which are reflected in blood-gas composition.
Nurses are present and observing such patients 24 hours
a day. Therefore, they are in an excellent position to
assess the acid-base status and intervene appropriately.
The collection of arterial blood for blood-gas analy-
sis is associated with many hazards and complications.
These include such problems as: hemorrhage, thromboses,
hematomas, nerve injury and infection. Additionally,
arterial puncture may be gquite painful to the patient.
Nurses have a responsibility to act as the patient's
advocate and to provide comfort as well as safety.
Critically ill patients often have an indwelling venous
catheter (or heparin lock) placed for administration of
medications and fluids. Some patients may also have a
Swan-Ganz catheter inserted into the pulmonary artery
for sampling mixed venous blood. Peripheral venous blood
may prove to be a reliable substitute for arterial and/or
mixed venous blood in blood-gas analysis. Hence, this
study is of importance in expanding the scientific founda-

tion on which nursing practice is based.
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CHAPTER 111
METHODS

Statement of the Variables

The independent variable was the respiratory acid-
base status of the animal at the time of sampling.
Respiratory acidosis was produced by administering vary-
ing concentrations of COZ‘ Respiratory alkalosis was
induced by hyperventilation.

The dependent variables were pH pCO,, pO, and HCO%
concentrations of arterial, free-flowi: peripheral venous
and mixed venous blood. The arterial blood-gas values
provided control data for the determination of each resp-

iratory acid-base disturbance. See Appendix A for defini-

tions of terms.

Procedures and Controls

In this study, ten healthy mongrel dogs of both
sexes weighing from 10.9 to 29.5 Kg were used as experi-
mental subjects. Each dog was anesthetized ipitially with
sodium pentobarbital 30 mg/Kg intravenously. Anesthesia
was mainta:ned throughout the experiment by the administra-
tion of sodium pentobarbital 30 mg/Kg every 1/2 to 1 hour
as necessary. The trachea was cannulated and each animal
was then placed on a volume respirator (Mode #607).

The right or left femoral vein was catheterized and
used for the infusion of solutions. The right or left-

femoral artery was catheterized and attached to a pressure
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transducer which, in turn, was attached to a polygraph.
Wave forms representing the blood pressure and heart rate
were thus obtained and recorded by the polygranh. Arterial
blood samples were obtained from this femoral artery cathe-
ter. A Swan-Ganz flow-directed catheter was placed in the
pulmonary artery for collection of mixed venous blood
samples.

In order to obtain muscle paralysis, curare 0.5 to
1.0 ml was administered with the maintenance dose of anes-
thesia as needed. Muscle paralysis prevents the animals
from breathing in opposition, or in addition to, the rate
set by the respirator. Curare was never given without
anesthetic. Complete anesthesia of the animals was assumed
by administering maintenance doses of anesthetic at a freg-
uency equal to or greater than that given to animals that
did not receive curare.

A rectal thermometer was placed and a baseline rectal
temperature taken. Rectal temperatures were monitored
throughout the experiment.

One forepaw was selected to be the non-arterialized
(unwarmed) venous site, while the other paw served as the
arterialized (warmed) venous site. A vein in each forepaw
was catheterized to obtain the venous blood samples. The
tip of the catheter was directed distally. Free-flowing

venous samples were desired. Therefore, tourniquets were
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not used. The temperature of each venous sampling site
was obtained from a thermometer placed under the skin of
the forepaw near the tip of the catheter.

Venous blood was arterialized according to the fol-
lowing procedure: approximately five minutes prior to
sampling, a goose neck lamp with a 100 watt bulb was placed
2-3 cm from the forepaw. The bulb was directed toward the
tip of the catheter. Warming in this manner continued
until the temperature reached 38-42° C. When this tempera-
ture range was attained, arterialized venous samples were
drawn.

The samples of arterial, warmed, unwarmed and mixed
venous blood were collected within approximately two min-
utes of each other. Each 1 ml sample was collected anaero-
bically into a 1 ml glass syringe. Prior to the experiment,
the syringes were prepared as follows: 1) Barrels and
plungers of the syringes were lubricated with stopcock
grease. This prevents gas or blood from leaking around the
plungers. 2) Sodium panheparin 1000 units/ml was added
to the syringes as an anticoagulant. 3) A small volume
of mercury was then drawn into each syringe. This mercury
facilitated the mixing of each sample. In addition, the
mercury was pushed up into the hub of the syringe just
prior to sampling, thereby filling the dead space and

removing excess heparin. All samples were drawn at 20 and
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60 minutes following the changes of respiratory status.
Each sample was placed immediately on crushed ice and
analyzed within one hour of collection.

At the beginning of each experiment and preceding
the manipulation of respiratory status, initial or control
samples of arterial, warmed, unwarmed, and mixed venous
blood were drawn. The results from these control samples
served as baseline valueswith which subsequent results
were compared.

In this study, two different respiratory acid-base
disturbances were induced: respiratory acidosis and
respiratory alkalosis. Respiratory acidosis was induced
in half of the experimental animals by varying the con-
centration of CO2 in the inspired gas mixture. Concentra-
and 10%

tions used included: 3% COZ in O 5% CO2 in O

2 27

002 in 02. The gas mixtures were obtained from cylinders
containing gases of known concentration. (Inspired con-
centrations were accurate to % 0.5%). The animal was given
C02 in ascending concentrations as indicated. Arterial,
warmed, unwarmed, and mixed venous samples were collected
at 20 and 60 minutes after beginning the administration of
each gas mixture. After obtaining the 60-minute blood
sample while administering the 10% C02 gas mixture, the frac-

tional concentration of the inspired gas was reduced again

in descending order, i.e. from 10% to 5% to 3% and then
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room air. Hence, each dog was brought back to the control
gas mixture, that of room air. A total of seven sets of
samples were obtained from each of these animals.
Respiratory alkalosis was induced in the remaining
five dogs by gradually increasing the tidal volume by
150 ml increments. Initial tidal volume ranged from 200-
350 ml depending upon the weight of the animal. Arterial,
warmed, unwarmed, and mixed venous samples were again
collected at 20 and 60 minute intervals following each
adjustment in tidal volume. After maximal hyperventilation,
'the tidal volume was returned to the control setting in
150 ml decrements. A total of seven sets of samples were
also collected from each of these animals.

Reliability of Measurements

In this study, a Radiometer BGA3 Blood-Gas Analyzer
was used to measure the pH, pCO2 and p02 of arterial,
warmed, unwarmed, and mixed venous blood. This analyzer
produces results which are reproducible to Li 0.005 pH
units, ha 0.1 mm Hg pC02 and & 1.0 mm Hg p02.

The blood-gas analyzer was calibrated prior to the
analysis of each set of samples. Calibration procedure

and methods of measurement appear in Appendix B.
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CHAPTER IV

RESULTS

The pH, pCO

peripheral venous blood,

General Description

2

and pO

2

of arterial blood,

free-flowing

and mixed venous blood were

measured during controlled respiratory acid-base disturb-

ances.

The bicarbonate concentration of each sample was

calculated from the Henderson-Hasselbalch equation

’
(pKa =

§.17-

Ten healthy mongrel dogs of both sexes,

weighing from 10.9 to 29.5 kilograms, were employed as

the experimental animals.

Table 3 shows the ranges of

the blood-gas parameters produced in these experiments.

This is a much wider range than that previously reported

in the literature.

Table 3

Ranges of Results of Blood-Gas Parameters

Source pH pCOomm Hg pOomm Hg ([HCO3]mEq/L
Arterial |7.03-7.74 | 12.3-113.2| 68.3-542.3| 14.9-29.0
Warmed

Venous 7.01-7.68 | 14.3-116.2 | 36.4-430,0} 15.1-28.4
Unwarmed

Venous 7.01-7.67 | 13.8-117.9| 34.1-405.0; 15.1-29.6
Mixed

Venous 7.02-7.69 | 14.7-118.2| 27.0-102.3| 16.4-30.4
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Note: A single set of sample values obtained from
Dog 3 was not included in this table because of a respira-
tor malfunction and subsequent alteration in respiratory

status. The pCO, of this sample was substantially elevated

2
such that it was uncertain whether or not the p002 elec-
trode would respond in a linear fashion.

Body temperature (rectal), warmed venous paw tempera-
ture, and heart rate were monitofed throughout the experi-
ments and at the time of sampling. A summary of these
measurements is shown in Table 4. In addition, unwarmed
venous paw temperature was determined in Dogs 6 to 10.
Body temperature of the animals ranged from 36.0°C to
39.500, with the mean of means being 47 070 4 0.3. Due
to this narrow range of variation in body temperature
during the experiments, correction of the blood-gas
parameters for temperature change was not necessary.
Temperature of the warmed venous paw, or sampling site,
ranged from 38.0°C to 43.OOC; while the temperature of
the unwarmed venous sampling site ranged from 28.0°C to

38.0°C. Heart rate varied between 96 and 180 beats per

minute.
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Table 4

Summary of the Mean of Means and Standard Error of the
Mean for Body Temperature, Warmed Paw Temperature, Un-

warmed Paw Temperature and Heart Rate.

Body Warmed Paw Unwarmed Paw Heart
Temperature Temperature Temperature Rate

Mean of Means 37.0 39.9 34.0 137.0
Standard Error
of the Mean 5.3 5.3 *1.0 4.9

The hematocrit and serum protein concentrations
were measured at the beginning and end of each experiment
to determine if significant changes in blood volume
occurred. No evidence of these changes was found.

Respiratory acidosis was induced in the first five
experimental animals. Frequency of ventilation was ini-
tially set at 12 per minute, with tidal volumes ranging
from 200 to 350 ml, depending upon the animal's weight.
(See Appendix C). Control values for each of the blood-

gas parameters (pH, pCo p0O, and [HCO%]) were obtained

2’
for each animal following a 60-minute stabilization period
at the initial respirator setting. Increasing hypercapnia
was produced sequentially by changing the concentration of

CO, in the inspired gas mixture. Control values for the

2
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blood-gas parameters were obtained again at the end of each
hypercapnia experiment except Dog 3. In this experiment,
insufficient time was available to allow for this last
determination. In addition, it should be noted that the
data obtained from Dog 1 have not been included in this
study. These data were not included because on post
mortem examination, the tip of the Swan-Ganz catheter

was located in the inferior vena cava near the right
atrium, and not in the pulmonary artery.

Respiratory alkalosis was induced in five experiment-
al animals. Control values during these experiments were
obtained with the respiratory frequency set at 12 per
minute, with a tidal volume ranging from 200-350 ml de-
pending upon the weight of the animal. Increasing hypo-
capnia was produced by systematic hyperventilation. Note:
Dog 10 was considerably larger than the other animals,
weighing 29.5 kilograms. Thus, in this animal it was
necessary to increase both tidal volume and respiratory rate
in order to attain a comparable degree of alkalosis.

Table 5 contains a summary of sample values obtained
at the 60-minute sampling time from both acidosis and
alkalosis experiments. A complete summary of all sample
values (20 and 60 minute) for each animal appears in

Appendix C.
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Specific Parameters

The specific results of this study are organized and

discussed under two primary headings:

1. Comparisons between arterial blood (A) and
peripheral venous blood [ warmed (WV) and
unwarmed (UV)].

2. Comparisons between mixed venous blood (MV)
and peripheral venous blood [warmed (WV) and
unwarmed (UV)].

Each individual parameter of pH, pCO p02 and [HCO%] is

2 H
addressed under these two primary headings. Both hyper-
capnia and hyperventilation (hypocapnia) experiments are

included in this discussion of each parameter.

1. Comparisons between arterial blood (A) and

peripheral venous blood [warmed (WV) and

unwarmed (UV)]

In general, the values for pH, pCO, and [HCOé:

2
of peripheral venous blood (both WV and UV) closely
correlated with those of arterial blood.

pH

The relationship of the pH of warmed and unwarmed
venous blood as a function of the pH of arterial blood is

shown in Figures 2 and 3. Inspection of these figures

shows that most of the values lie close to, and slightly
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below, the identity line. Correlation coefficients
(Pearson's r) for pH were 0.93 or greater for the hyper-
capnia experiments, and 0.98 or greater for the hyper-
ventilation (hypocapnia) experiments, Refer to Table 6
for specific values.

bCOy

Figures 4 and 5 show the identity relationship

between the pCO, of warmed and unwarmed venous blood as

2
a function of the pCOz of arterial blood. In both of
these comparison figures the observed values lie on, or
slightly above the identity line. The r values were
always greater than 0.98 for the hypercapnia group, and
greater than 0.92 in the hyperventilation (hypocapnia)
group. See Table 6 for individual values.

HCO3 |

Comparisons beween the [HCO§] of warmed and un-
warmed venous blood to that of arterial blood are shown
in Figures 8 and 9. The majority of values are found to
lie closely scattered about the identity line. The r
values for the hypercapnia group always exceeded 0.84.
In the hyperventilation experiments, r values were gen-
erally greater than 0.92. However, in one animal (Dog 8)

the r value comparing arterial blood to unwarmed venous

blood was found to be 0.43. Refer to Table 6.



45

It is apparent from visual inspection of Table 7
that there are no significant differences between the
mean slopes and intercepts obtained for pH, pCO2 and
[HCOé] in the hypercapnia and hyperventilation experi-
ments. Note that this statement applies to comparisons
involving both arterial and mixed venous blood with
peripheral venous blood.

PO,

The pO2 values of peripheral warmed and unwarmed
venous blood did not correlate as strongly with those of
arterial blood. These relationships are shown in Figures
6 and 7. It can be seen that at arterial p02 values less
than 150 mm Hg, most points lie close to, and slightly
below the identity line. However, when arterial pO2
exceeded 350 mm Hg, the points scattered widely below the
identity line. Correlation coefficients for the hypercap-
nia experiments were 0.67 or greater. In the hyperventila-
tion group, r values varied from -0.53 to 0.61 (Table 5).
Mean r values for pO2 during hyperventilation appears in
- Table 8.

2. Comparisons between mixed venous blood (MV)

and peripheral venous blood [warmed (WV) and

unwarmed (UV) ]

The values obtained for pH, pCO2 and[HCOg] of

peripheral venous blood (both WV and UV) were also found
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to correlate closely with those of mixed venous blood.

pH

The relationship between the pH of warmed and un-
warmed venous blood as a function of the pH of mixed venous
blood is depicted in Figuresl0 and 11, respectively. 1In
Figure 10, the majority of the points from all nine animals
are distributed very close to, and slightly above the iden-
tity line. In Figure 11, the points appear to be more
equally distributed on either side of the identity line.
The r values for pH in the hypercapnia experiments were all
greater than 0.99, and greater than 0.98 for the hyper-
ventilation (hypocapnia) experiments. Refer to Table 6 for
specific values.

pCO,

Figures 12 and 13 show the identity relationship
between the pCO2 of warmed and unwarmed venous blood as a
function of the pCO2 of mixed venous blood. Except for
two points in Figure 12 (MV vs WV), all of the points fall
slightly below the identity line. In Figure 13 (MV vs UV)
the observed values lie primarily on, or slightly below,
the identity line. The r values for the hypercapnia group
always exceeded 0.98, while those for the hyperventilation
(hypocapnia) group were always greater than 0.97 (Table 6).

[ BCOZ ]

Comparisons between the [HCOé J of warmed and un-
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warmed venous blood to that of mixed venous blood are
shown in Figures 16 and 17. The values from all nine
animals are found to distribute primarily on or below the
identity line in both figures. Correlation coefficients
were 0.73 or greater for the hypercapnia experiments. In
the hyperventilation experiments, the r values generally
exceeded 0.87. However, in Dog 8 the r value comparing
mixed venous blood to unwarmed venous blood was only 0.57.
Refer to Table 6 for a summary of these values.

pO,_

The p02 values of peripheral warmed and unwarmed
venous blood correlated more closely with mixed venous blood
than with arterial blood. It can be seen in Figures 14 and
15 that at mixed venous pO2 values of 50 mm Hg or less,
the points clustered tightly above the identity line. At
mixed venous pO2 values greater than 50 mm Hg, the points
were found to scatter upward above the identity line. It
is of interest to note that in Figure 15 (MV vs UV) these
scattered points fell slightly closer to the identity line
than in Figure 14 (MV vs WV). As shown in Table 6, r values
for the hypercapnia experiments varied from -0.12 to 0.89,
and from 0.07 to 0.94 for the hyperventilation experiments.
Refer to Table 8 for mean r values for pO2 during hyper-

ventilation.
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Table 8

Mean Values for Pearson's r, Slopes and Intercepts

for pO2 During Hyperventilation (Dogs 6-10)

A vs WV A vs UV
¥ 0.38 0.41
slope 0.12 0.10
*sp 0.50 0.35
intercept 53.7 46.9
*sp 41.7 33.7
MV vs WV MV vs UV
r* 0.74 0.79
slope 0.74 0.86
*sp 0.42 0.72
intercept 31.7 19.6
*sp 21.3 28 .4

*The mean value for Pearson's r was calculated using
Fishers Z transformation. (Note: Slopes and intercepts
are repeated here from Table 7 for comparison purposes).

KEY: A
A
MV
MV

vs
vs
vs
vs

wv
uv
wv
ov

L LI T [

Arterial blood versus warmed venous blood
Arterial blood versus unwarmed venous blood
Mixed venous blood versus warmed venous blood
Mixed venous blood versus unwarmed venous blood
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