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Umbilical Cord Blood Gas Analysis at Delivery:
A Time for Quality Data

Jennifer A. Westgate, Jonathan M. Garibaldi, Keith R. Greene

ABSTRACT

Objectives To address the practical problems of routine umbilical cord blood sampling, to determine
the ranges for pH, pCO2 and Base Deficit and to examine the relationships of these pa-
rameters between cord vessels.

Design An observational study of umbilical cord artery and vein blood gas results.

Setting A large district general hospital in the UK.

Subjects One thousand nine hundred and forty-two cord results from 2013 consecutive pregnancies
of 34 weeks or more gestation, monitored by fetal scalp electrode during labour.

Results Only 1448 (74.6%) of the 1942 supposedly paired samples had validated pH and pCO2

data both from an artery and the vein; 54 (2.8%) had only one blood sample available, 90
(4.6%) had an error in the pH or pCO2 of one vessel and in 350 (18%) pairs the differences
between vessels indicated that they were not sampled from artery and vein as intended.
Only 60% of the cases with an arterial pH less than 7.05 had evidence of a metabolic
acidosis (base deficit in the extracellular fluid 10 mmol/l or more). Of all the cases, 2.5%
had a venous-arterial pH difference greater than 0.22 units.

Conclusions Both artery and vein cord samples must be taken and the results screened to ensure sep-
arate vessels have been sampled. Interpretation of the results requires the examination of
pCO2 and base deficit of the extracellular fluid from each vessel as well as the pH. Con-
fusion about the value of cord gas measurements may be due to the use of erroneous data
and inadequate definitions of acidosis which do not differentiate between respiratory and
metabolic components.

Introduction

The 26th Royal College of Obstetricians and Gynaecolo-
gists’ Study Group on Intrapartum Fetal Surveillance (1993)
has recommended measurement of the acid-base status of the
umbilical artery and vein cord blood after delivery as “a mea-
sure of the fetal response to labour”. The cord vein carries
oxygenated blood to the fetus whilst the two smaller arter-
ies carry deoxygenated blood from the fetus to the placenta.
Cord arterial blood normally reflects fetal acid-base balance,
hence has a lower pH and pO2 and a higher pCO2 than the
venous blood which reflects a combination of maternal acid-
base status and placental function. Despite the College rec-
ommendation and the relative ease of the procedure, its value
is still debated. Although cord acid-base assessment pro-
vides an objective measure of neonatal condition at delivery
(Sykes et al. 1982, 1983; Low 1988; Goldaber & Gilstrap
1993), there is a lack of correlation with other measures
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of neonatal condition (Apgar scores, resuscitation, neonatal
morbidity) and long-term outcome in some studies (Dijx-
hoorn et al. 1985; Ruth & Raivio 1988; Dennis et al. 1989)
but not in others (Low 1988; Gilstrap et al. 1989; Goldaber
et al. 1991).

In addition, there is no consensus definition of ‘acidosis’
and the values of pH proposed to define acidosis range from
7.20 (Wible et al. 1982; Page et al. 1986) down to 7.00
(American Academy of Pediatrics 1986). Most studies re-
fer to arterial pH values but some have used venous val-
ues because of reported difficulty in obtaining samples from
the artery (Huisjes & Aarnoudse 1979), while others did not
specify which vessel was used (Halligan et al. 1992). In
addition, only a few studies have attempted to separate res-
piratory and metabolic causes of acidosis (Low et al. 1978;
Sykes et al. 1982), despite the important and different patho-
physiological implications of each.

The purpose of this paper is to resolve some of this confu-
sion by reporting a detailed study of blood gas data collected
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from 1942 labours. The aims of this paper are firstly, to ad-
dress the specific practical problems related to routine umbil-
ical cord sampling and to assess the reliability of the results,
secondly, to determine the ranges for pH, pCO2 and base
deficit, and thirdly, to examine the relationships between pH
and base deficit and between arterial and venous blood gas
values.

Subjects and methods

During an 18 month period (June 1990 to December 1991)
umbilical cord artery and vein blood samples were taken
from all pregnancies of 34 weeks or more gestation who were
monitored with a fetal scalp electrode. In the initial stages
samples were collected by research personnel but after 100
cases had been collected samples were taken by midwives
and nursing auxiliaries. The clinical staff were trained by
researchers before the study and the training was regularly
maintained for new personnel. All data analysis was per-
formed after the completion of the trial.

A segment of cord (minimum recommended length 10 cm)
was double clamped immediately after delivery and before
the first breath, excised, placed into a kidney dish and passed
out of the delivery room for sampling. Blood was taken first
from the artery and then from the vein using preheparinised
syringes. The syringes were identified by always taking a
larger quantity of blood from the vein and the samples then
placed through the analyser; artery first, then vein. Sampling
within 10 minutes of birth was recommended. If this was not
possible the cord was placed on an ice pack until the samples
could be withdrawn. Analysis was usually achieved within
30 minutes of delivery; in no case was the delay longer than
40 minutes. Prior to the study, a serial analysis of 25 paired
cord specimens, sampled over a 60 minute period, estab-
lished that no significant changes in cord blood gas parame-
ters occurred during this time.

Blood will not clot in the cord, but will in the syringe or
analyser unless heparinised. Therefore syringes were pre-
heparinised on-site by adding one drop of liquid heparin
(1:5000 units) from a 1 ml tuberculin syringe into a 2 ml plas-
tic syringe, moving the plunger up and down and expelling
any residual heparin before capping with a 21 gauge needle.
All syringes were prepared by research personnel who were
careful not to use more than one drop of heparin, as changes
in pCO2 and pH can occur if heparin makes up more than
10% of the volume of any blood gas sample (Duerbeck et
al. 1992). Results from non-heparinised and heparinised sy-
ringes were compared in 30 cases before the study and no
difference in results was found.

A Corning 178 Blood Gas Analyser (Ciba Corning Diag-
nostics, Ltd) was used throughout the study. The machine is
self calibrating (one point calibrations every 30 minutes and
two point calibrations every two hours). During analysis, a
reading is taken from each electrode (pH, pO2 and pCO2)
twice a second for a maximum of 2 1

2 minutes, or until 30 con-
secutive stable readings have been obtained. If stable read-
ings cannot be obtained, two asterisks (**) are printed beside

the value to indicate an unreliable result (Ciba Corning Diag-
nostics Corporation 1981). The analyser was serviced daily
by Medical Physics Department technicians. The analyser
measurement error was checked by analysing 110 pairs of
samples, drawn from 35 cords, and noting the difference in
the two readings in each case. The standard deviations of
errors of the pH, pCO2 and pO2 were consistent with the
measurement errors reported in the CIBA Corning manual;
pH 0.002 units, pCO2 0.08 kPa, pO2 0.05 kPa.

The Corning Analyser provided base deficit values cal-
culated from the blood compartment (BDblood). It is more
correct to use the base deficit calculated from the whole
extracellular fluid compartment (BDecf) in the perinatal pe-
riod as this value is less susceptible to the influence of high
pCO2 levels (Siggaard-Andersen 1971; Rooth 1988; Rosén
& Murphy 1991). During the trial BDecf was calculated man-
ually from pH and pCO2 using a Siggaard-Andersen Acid
Base Chart (Siggaard-Andersen 1971) but once the results
were entered into a database, a formula was used to au-
tomatically calculate BDecf from pH and pCO2 (Siggaard-
Andersen 1976):

BDecf =−(1−0.023Hb)

(HCO−3 −24.1+(2.30Hb+7.7)(pH−7.40))

where:

HCO−3 = 0.23pCO2 log−1(pH−6.10)mmol/l

and:
Hb = 3.7mmol/1

Results

Cord blood gas results were taken from 1942 of 2013 de-
liveries (96.5%) during the study period, with staff forget-
ting or being unable to obtain samples in the remaining 71
(3.5%). A single blood sample only was obtained in 54 cases
(2.7%) and in another 73 cases (3.6%) an unreliable pH (as
indicated by the Blood Gas Analyser) was obtained from one
or both vessels. This left 1815 paired results with a reli-
able pH in each sample. Of these, the blood gas analyser
identified 17 unreliable pCO2 readings (0.9%), leaving 1798
pairs of results with apparently accurate pH and pCO2 val-
ues. Similarly there were 64 unreliable pO2 readings (3.5%),
leaving 1751 pairs of results with apparently accurate pH and
pO2 values.

The venous-arterial differences for pH and pO2 and the
arterial-venous difference for pCO2 for these results were ex-
amined in the frequency histograms shown in Fig. 1, 2 and
3. There were a number of paired samples in which the dif-
ferences were zero, very small, or opposite to the expected
values (i.e. arterial pH/pO2 higher than venous pH/pO2, ar-
terial pCO2 lower than venous pCO2). These results cannot
be explained physiologically and the most likely causes were
thought to be:

1) inadvertent sampling from the same vessel twice (i.e.
artery-artery or vein-vein instead of artery-vein), or
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Fig. 1. Frequency distribution of venous − arterial pH differences in 1815 paired samples
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Fig. 2. Frequency distribution of arterial − venous pCO2 differences in 1798 paired samples
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Fig. 3. Frequency distribution of venous − arterial pO2 differences in 1751 paired samples
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2013 study entries

1815 paired pH results

1798 paired pH & pCO2 results

1448 validated paired samples
for final analysis

71 missed cord sampling

54 single vessel only sampled

73 error in pH results

17 error in pCO2

122 pH difference < 0.00
(unphysiological)

87 pH difference < 0.02
(unreliable: lowest 5%)

47 pCO2 difference < 0 kPa
(unphysiological)

94 pCO2 difference < 0.5 kPa
(unreliable: lowest 10%)

Fig. 5. A summary of the exclusions made to identify reliable paired arterial and venous cord samples

2) transposing the vessels either when taking the samples
or on introduction into the analyser (i.e. vein-artery
instead of artery-vein).

The former would have caused a Normal distribution of
differences centred at zero (with a width governed by the size
of errors of the parameter) and the latter would have caused
a mirror-image of the real arterial-venous distribution, re-
flected about zero. If, as seems probable, both occurred in
some small proportion during the study, three distributions
would result as illustrated in Fig. 4 which, summated, would
form the actual distributions of Figs. 1-3. It is not possible,
retrospectively, to separate each parameter’s distribution into
its three component parts and so rather than include possibly
erroneous data, we sought to exclude such results from the
further analysis. All results with negative pH or pCO2 dif-
ferences were deemed ‘unphysiological’ (due to transposi-
tion) and rejected. Results with pH differences below the 5th

centile (less than 0.02) or pCO2 differences below the 10th
centile (less than 0.5 kPa) were also excluded. The inten-
tion was to remove the results sampled from the same vessel,
allowing for possible experimental error. The pCO2 cut off
was higher because its measurement was less precise. Only
the pH and pCO2 differences were examined for exclusion
purposes, as only these affect the BDecf.

Of the 1798 samples with paired pH and pCO2 results,
209 (11.6%) had a venous-arterial pH difference less than
0.02 and 141 (7.8%) had a pH difference of 0.02 or more
but a pCO2 difference less than 0.5 kPa. These were there-
fore excluded from further analysis leaving 1448 validated
pairs of results. A summary of the exclusions made is shown
in Fig. 5. The frequency distributions for pH, pCO2 and
BDecf in the 1448 validated sample pairs are shown in Fig.
6-8. These frequency distributions are skewed and therefore
statistical description of the results of the raw and validated
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data was made using median and centile values (Tables 1 and
2). The venous-arterial pH difference ranged from 0.02 to
0.49 units with a median of 0.09, the median arterial-venous
pCO2 difference was 1.9 kPa (range 0.5 to 9.9 kPa) and the
median arterial-venous BDecf difference was −0.8 mmol/l
(range −11.8 to 9.7 mmol/l).

The relationship between respiratory and metabolic com-
ponents of acidosis were examined in a scatter diagram of
arterial pH and BDecf (Fig. 5). The 2.5th centile for pH
(7.05) and the 97.5th centile for BDecf (10 mmol/l) from Ta-
ble 2 are indicated. It can be seen that 40% (14 of 35) of the
cases with a pH less than 7.05 had a base deficit less than 10
mmol/l — a level associated with a mainly respiratory rather
than metabolic acidosis.

The majority of cases with a BDecf of 10 mmol/l or more
also had a pH less than 7.05 but not exclusively so. Nine
cases had normal arterial pH (between 7.12 and 7.22), but
had high BDecf values (10.0 to 14.1 mmol/l). A possible
explanation for these results is the simultaneous occurrence
of maternal hyperventilation (producing hypocarbia) and fe-
tal hypoxia (producing a metabolic acidosis). Knowledge of
maternal acid-base status at delivery would have been helpful
in these cases but maternal blood was not taken. However,
there was some evidence for fetal hypoxaemia; five cases had
operative deliveries for an abnormal fetal heart rate pattern,
three had a persistent bradycardia of 8 to 10 minutes duration
prior to delivery and in one case the fetal heart rate was not
recorded for the last 15 minutes before delivery.

Discussion

This paper highlights several important aspects of cord
blood gas analysis. The most critical is the necessity to take
samples from BOTH the artery and vein AND to screen the
results to ensure that separate vessels have been sampled.
When this was done approximately 25% of all paired sam-
ples in this study were rejected. Few studies have reported
error checking their results and those that did reported similar
percentages of samples rejected (Huisjes & Aarnoudse 1979;
Eskes et al. 1983; Yudkin et al. 1987). Many studies involv-
ing cord acid-base measures only report collecting arterial
blood, which would have made error checking impossible
(e.g. Steer et al. 1989; Ruth & Raivio 1989; Goldaber et al.
1991). Neither midwifery staff nor doctors were very good
at noticing sampling errors in our hospital, although this was
the first time that cord sampling had been performed and er-
ror rates have decreased to 15% since then. Others have re-
ported 10% error rates with routine sampling by midwives
(Riley & Johnson 1993). We are investigating ways of im-
proving this still further. The importance of adequate Blood
Gas Analyser maintenance in obtaining accurate results also
needs to be emphasised.

There is very little information on the normal range of
differences between vessels. The minimum venous-arterial
pH difference used by Rooth (1988) in his review of four
studies was 0.04. Huisjes & Aarnoudse (1979) chose 0.03
units as a minimum allowable pH difference while Eskes et

TABLE I
THE MEDIAN WITH 2.5TH TO 97.5TH CENTILE RANGE IN

PARENTHESES FOR CORD ARTERY AND VEIN PH, pCO2 (KPA) AND

BDECF (MMOL/L): FOR RAW DATA

Artery (n = 1798) Vein (n = 1798)

pH 7.27 (7.06 to 7.41) 7.35 (7.14 to 7.47)

pCO2 7.1 (4.2 to 10.6) 5.4 (3.6 to 8.9)

BDecf 2.7 (−2.4 to 11.0) 3.0 (−1.3 to 9.0)

TABLE II
THE MEDIAN WITH 2.5TH TO 97.5TH CENTILE RANGE IN

PARENTHESES FOR CORD ARTERY AND VEIN PH, pCO2 (KPA) AND

BDECF (MMOL/L): AFTER EXCLUSIONS AS DESCRIBED

Artery (n = 1448) Vein (n = 1448)

pH 7.26 (7.05 to 7.38) 7.35 (7.17 to 7.48)

pCO2 7.3 (4.9 to 10.7) 5.3 (3.5 to 7.9)

BDecf 2.4 (−2.5 to 9.7) 3.0 (−1.0 to 8.9)

al. (1983) used 0.02 units, but neither group provided sup-
port for the levels chosen. One group even accepted negative
venous-arterial pH differences (Egan et al. 1992). It has been
a surprise to find that values for minimum differences have
not yet been established and the most recent review of cord
sampling managed to discuss sample collection and analy-
sis without addressing this problem (Riley & Johnson 1993).
The exclusion of results with small or negative differences
had a minimal effect on the population statistics of Tables 1
and 2 because of the large study numbers. Despite this, such
results should be excluded as, in the individual case, they are
improbable physiologically and are most likely due to errors
in sampling.

It is important to realise that very large arterial-venous
differences can exist and that a normal venous result does
not exclude the possibility of a significant arterial acidosis.
Large arterial-venous BDecf differences are usually the result
of cord entanglement (Johnson et al. 1990; Rosén & Mur-
phy, 1991) or a stasis of umbilical cord flow secondary to
cardiac failure (Brar et al. 1988). The most notable example
in our study had severe variable decelerations followed by a
prolonged terminal bradycardia in the second stage as a re-
sult of a tight nuchal cord and unfortunately died (artery pH
6.88, BDecf 16 mmol/l, vein pH 7.38, BDecf 4 mmol/l). The
relationship between cord gas values and outcome would not
have been very obvious if only a venous sample been ob-
tained.

Most cases of fetal acidosis during labour are acute in on-
set (Johnson et al. 1990). With acute fetal hypoxaemia, there
may not be enough time for fetal and placental blood to equi-
librate before delivery and acids produced by the fetus may
not be removed across the placenta. This will be particularly
so for non-volatile acids like lactic acid, for their placental
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Fig. 6. Frequency of cord artery and vein pH in 1448 validated paired samples

Fig. 7. Frequency of cord artery and vein pCO2 in 1448 validated paired samples
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Fig. 8. Frequency of cord artery and vein BDecf in 1448 validated paired samples

Fig. 9. Scatter diagram of cord artery pH and BDecf in 1448 validated paired samples
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TABLE III
AN EXAMPLE OF TWO CASES WITH SIMILAR ARTERIAL BUT DIFFERENT

VENOUS VALUES. CASE A REQUIRED RESUSCITATION AT BIRTH, WAS

VENTILATED FOR 48H AND HAS CEREBRAL PALSY AT ONE YEAR OF

AGE. CASE B HAD A 5-MIN APGAR SCORE OF 8 WITH NO NEONATAL

PROBLEMS.

Case A Case B

Artery Vein Artery Vein

pH 7.03 7.10 7.04 7.32

pCO2 (kPa) 8.4 6.6 8.9 5.1

pO2 (kPa) 0.9 2.6 1.8 4.5

BDecf (mmol/l) 12.5 12.6 11.2 5.5

transfer is much slower than for the volatile carbonic acid.
As a result it will take some time for the placental extracel-
lular fluid compartment to become saturated with lactic acid
from the fetus. It is probable that large arterial-venous BDecf

differences (high arterial BDecf, low venous BDecf) reflect an
acute onset of fetal metabolic acidosis. In contrast, if both
the artery and vein have a high BDecf, the fetal acid load
has saturated placental buffering capacity and equilibration
has occurred so the acidosis is not acute. Examples of two
cases which illustrate the importance of these differences are
shown in Table 3.

The duration of metabolic acidosis is an important prog-
nostic indicator (Low 1988). Differences in pH and BDecf

can provide information about the time course of an aci-
dosis and could more accurately identify babies at risk of
neonatal complications. The cases shown in Table 3 illus-
trate the problem of using arterial results alone to predict out-
come. As a result of discussions from this analysis of cord
gas data, James Low has reworked his extensive database
of paired cord blood samples and found that neonates with
metabolic acidosis and narrow arterial-venous buffer base
differences had a significantly poorer neonatal outcome than
those with metabolic acidosis and large arterial-venous dif-
ferences (Low et al. 1993). It is possible that analysis of a
maternal venous or capillary blood sample at delivery may
further aid interpretation of cord results in certain situations.

The definition of ‘acidosis’ needs standardisation. Statisti-
cally low (or high) levels should be defined by centile values
rather than mean and standard deviation because the data are
not Normally distributed, but only Eskes et al. (1983) have
done this. It does not necessarily follow that these statisti-
cally ‘abnormal’ levels are physiologically significant. It is
important to appreciate that the relationship between pH and
[H+] is logarithmic and not linear. A 0.10 unit decrease in
pH from 7.30 to 7.20 is associated with a rise in [H+] of 13
nmol/l, but a similar fall in pH from 7.00 to 6.90 increases
[H+] twofold by 26 nmol/l. As it the hydrogen ions that are
an important mechanism of tissue damage, there is a danger
of failing to appreciate the physiological implications of low
pH. It is clear that the level of pH chosen to indicate acidosis

in many studies was too high (Winkler et al. 1991) so, as
might be expected, no strong relationship has been found be-
tween pH and neonatal outcome. However, it is also impor-
tant to consider the aetiology of the acidosis. A respiratory
acidosis caused by CO2 accumulation is far less significant
for the fetus and neonate than a metabolic acidosis which is
caused by hypoxia during labour (Rooth 1988). In our study
40% of the cases with a low arterial pH (below 7.05) had a
respiratory acidosis and would not be expected to have long-
term sequelae unless hypoxia ensued in the neonatal period.
Unless this distinction is made, the relationship between aci-
dosis and outcome will also be blurred. There is increasing
evidence from larger studies that acidosis is not significant
until levels of pH below 7.05 and BDecf of 12 mmol/l or more
are reached (Low et al. 1984; Gilstrap et al. 1989; Goldaber
et al. 1991). These figures are close to those determined in
this study on statistical grounds.

Paired cord blood gas analysis provides an objective mea-
sure of neonatal condition at delivery which can be used as
an objective measure for the audit of intrapartum care (Es-
kes et al. 1983; Yudkin et al. 1987; Richards & Johnson
1993). It should encourage a physiological approach to the
interpretation of cardiotocographs and fetal blood sampling,
which is useful in training and education and may also pro-
tect against allegations of intrapartum asphyxia (Thorp et al.
1989; Gregg & Weiner 1993; Goldaber & Gilstrap 1993).
But should cord sampling be routine (Thorp et al. 1989) or
selective (Page et al. 1986; Duerbeck et al. 1992)? In our
study, 27 (56%) of the 48 babies born with an arterial pH
less than 7.05 had neither a fetal blood sample nor an oper-
ative delivery and would not have been detected by selective
sampling. If full value is to be obtained from cord blood gas
analysis, sampling will have to be performed for all deliver-
ies and checked to be from both vessels. Furthermore pCO2

must also be measured to derive the base deficit of the extra-
cellular fluid. We have had no difficulty in introducing this
as routine clinical practice.

We support the RCOG recommendations for cord artery
and vein acid-base assessment, but our study shows that this
will only be valuable if the samples are correctly taken, cor-
rectly measured and the results correctly interpreted. Much
of the previous work, especially on cord blood gases and out-
come, needs to be repeated with a validated database of cord
blood gas values, or at least re-evaluated using only studies
where appropriate methodology has been used.

Acknowledgements

We would like to thank all the consultants for allowing
their patients to enter this study, the midwives and auxilliary
nurses for taking the cord samples, Sarah Beckley for dou-
ble checking the database entries, Dave Wright for statisti-
cal advice and Professor Karl Rosén for advice on acid-base
balance. JW was supported by a grant from the South West-
ern Regional Health Authority Locally Organised Research
Scheme.



WESTGATE ET AL.: UMBILICAL CORD GAS ANALYSIS AT DELIVERY 1063

REFERENCES

[1] American Academy of Pediatrics. Use and abuse of the Apgar score.
Pediatrics, 78:1148–1149, 1986.

[2] H.S. Brar, M.K. Wong, T.H. Kirschbaum, and R.H. Paul. Umbili-
cal cord acid base changes associated with perinatal cardiac failure.
American Journal Obstetrics Gynecology, 158:511–518, 1988.

[3] J. Dennis, A. Johnson, L. Mutch, P. Yudkin, and P. Johnson. Acid-base
atatus at birth and neurodevelopmental outcome at four and one-half
years. American Journal Obstetrics Gynecology, 161:213–220, 1989.

[4] M.J. Dijxhoorn, G.H.A. Visser, H.J. Huisjes, V. Fidler, and B.C.L.
Touwen. The relationship between umbilical pH values and neona-
tal neurological morbidity in full term appropriate-for-dates infants.
Early Human Development, 11:33–42, 1985.

[5] N.B. Duerbeck, D.G. Chaffin, and J.W. Seeds. A practical approach
to umbilical artery pH and blood gas determinations. Obstetrics Gy-
necology, 79:959–962, 1992.

[6] J.F.X. Egan, A.M. Vintzileos, W.A. Campbell, J.F. Rodis, D.A.
McLean, A.D. Fleming, and W.E. Scorza. Arteriovenous cord blood
pH discordancy in a high risk population and its clinical significance.
Journal Maternal-Fetal Medicine, 1:39–44, 1992.

[7] T.K. Eskes, H.W. Jongsma, and P.C. Houx. Percentiles for gas values
in human umbilical cord blood. European Journal Obstetrics Gyne-
cology Reproductive Biology, 14:341–346, 1983.

[8] L.C. Gilstrap, K.J. Leveno, J. Burris, M.L. Williams, and B.B. Little.
Diagnosis of birth asphyxia on the basis of fetal pH, Apgar score, and
newborn cerebral dysfunction. American Journal Obstetrics Gynecol-
ogy, 161:825–830, 1989.

[9] K.G. Goldaber and L.C. Gilstrap. Correlations between clinical events
and umbilical cord blood acid-base and blood gas values. Clinics Ob-
stetrics Gynecology, 36:47–59, 1993.

[10] K.G. Goldaber, L.C. Gilstrap, K.J. Leveno, J.S. Dax, and D.D. McIn-
tyre. Pathologic fetal acidemia. Obstetrics Gynecology, 78:1103–
1107, 1991.

[11] A.R. Gregg and C.P. Weiner. Normal umbilical arterial and ve-
nous acid-base and blood gas values. Clinics Obstetrics Gynecology,
36:24–32, 1993.

[12] A. Halligan, M. Connolly, T. Clarke, R.P. Gleeson, M. Holohan,
T. Matthews, M. King, and M.R.N. Darling. Intrapartum asphyxia in
term and post term infants. Irish Medical Journal, 85:97–100, 1992.

[13] H.J. Huisjes and J.G. Aarnoudse. Arterial or venous umbilical pH as
a measure of neonatal morbidity? Early Human Development, 3:155–
161, 1979.

[14] J.W.C. Johnson, D.S. Richards, and R.A. Wagaman. The case for rou-
tine umbilical blood acid-base studies at delivery. American Journal
Obstetrics Gynecology, 162:621–625, 1990.

[15] J.A. Low. The role of blood gas and acid-base assessment in the di-
agnosis of intrapartum fetal asphyxia. American Journal Obstetrics
Gynecology, 159:1235–1240, 1988.

[16] J.A. Low, R.S. Galbraith, D.W. Muir, H.L. Killen, J. Karchmar, and
D. Campbell. Intrapartum fetal asphyxia: A preliminary report in re-
gard to long term morbidity. American Journal Obstetrics Gynecol-
ogy, 130:525–533, 1978.

[17] J.A. Low, R.S. Galbraith, D.W. Muir, H.L. Killen, E.A. Pater, and
E.J. Karchmar. Factors associated with motor and cognitive deficits in
children after intrapartum fetal hypoxia. American Journal Obstetrics
Gynecology, 148:533–538, 1984.

[18] J.A. Low, C. Panagiotopoulos, and E.J. Derrick. Prediction of neona-
tal complications after severe intrapartum asphyxia. In Proceedings
of 20th Meeting of the Society for the Study of Fetal Physiology. Ply-
mouth, UK, 1993.

[19] F.O. Page, J.N. Martin, S.N. Palmer, R.W. Martin, J.A. Lucas, G.R.
Meeks, E.T. Bucovaz, and J.C. Morrison. Correlation of neonatal acid-
base status with Apgar scores and fetal heart rate tracings. American
Journal Obstetrics Gynecology, 154(6):1306–1311, 1986.

[20] D.S. Richards and J.W.C. Johnson. The practical implications of cord
acid-base studies. Clinics Obstetrics Gynecology, 36:91–98, 1993.

[21] R.J. Riley and J.W.C. Johnson. Collecting and analysing cord blood
gases. Clinics Obstetrics Gynecology, 36:13–23, 1993.

[22] G. Rooth. Perinatal Acid-Base Balance. Studentlitteratur, Lund, Swe-
den, 1988.

[23] K.G. Rosén and K.W. Murphy. How to assess fetal metabolic acidosis
from cord samples. Journal Perinatal Medicine, 19:221–226, 1991.

[24] Royal College of Obstetricians and Gynaecologists. Recommenda-
tions Arising from the 26th RCOG Study Group. In J.A.D. Spencer
and R.H.T. Ward, editors, Intrapartum Fetal Surveillance, page 392.
RCOG Press, London, 1993.

[25] V.J. Ruth and K.O. Raivio. Perinatal brain damage: Predictive value
of metabolic acidosis and the Apgar score. British Medical Journal,
297:24–27, 1988.

[26] O. Siggaard-Andersen. An acid-base chart for arterial blood with nor-
mal and pathophysiological reference areas. Scandanavian Journal
Clinical Laboratory Investigation, 27:239–245, 1971.

[27] O. Siggaard-Andersen. The Acid-Base Status of the Blood (4th edn).
Munksgaard, Copenhagen, 1976.

[28] P.J. Steer, F. Eigbe, T.J. Lissauer, and R.W. Beard. Interrelationships
among abnormal cardiotocograms in labor, meconium staining of the
amniotic fluid, arterial cord blood pH, and Apgar scores. Obstetrics
Gynecology, 74:715–721, 1989.

[29] G.S. Sykes, P. Johnson, F. Ashworth, P.M. Molloy, W. Gu, G.M. Stir-
rat, and A.C. Turnbull. Do Apgar scores indicate asphyxia? Lancet,
i:494–496, 1982.

[30] G.S. Sykes, P.M. Molloy, P. Johnson, G.M. Stirrat, and A.C. Turnbull.
Fetal distress and the condition of newborn infants. British Medical
Journal, 287:943–945, 1983.

[31] J.A. Thorp, J.E. Sampson, V.M. Parisi, and R.K. Creasy. Routine um-
bilical cord blood gas determinations? American Journal Obstetrics
Gynecology, 161:600–605, 1989.

[32] J.L. Wible, R.H. Petrie, A. Koons, and A. Perez. The clinical use of
umbilical acid-base determinations in perinatal surveillance and man-
agement. Clinics Perinatology, 9(2):387–397, 1982.

[33] C.L. Winkler, J.C. Hauth, J.M. Tucker, J. Owen, and C.G. Brumfield.
Neonatal complications at term as related to the degree of umbilical
artery acidemia. American Journal Obstetrics Gynecology, 164:637–
641, 1991.

[34] P.L. Yudkin, P. Johnson, and C.W.G. Redman. Obstetric factors associ-
ated with cord blood gas values at birth. European Journal Obstetrics
Gynecology Reproductive Biology, 24:167–176, 1987.


