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ABSTRACT. Lactate concentration and oxygen content 
were measured in 21 normal (AGA) and 34 intrauterine 
growth-retarded (IUGR) infants at the time of elective 
cesarean section. Maternal lactate and umbilical arterial 
and venous lactate concentrations were significantly higher 
in IUGR infants compared with AGA infants. However, 
when IUGR patients were subdivided according to pulsa- 
tility index (PI) measurements of the umbilical artery, no 
differences were detected between AGA and IUGR patients 
with PI <4 SD, whereas IUGR patients with PI >4 SD 
had higher lactate concentrations in maternal arterial blood 
and umbilical arterial and venous blood from both other 
groups. There was a significant inverse linear relationship 
between umbilical arterial lactate concentration and um- 
bilical venoarterial differences for both lactate concentra- 
tions and for 1actateJoxygen quotients. These relationships 
were significantly different in IUGR fetuses with PI  >4 
SD compared with AGA and IUGR fetuses with PI <4 
SD. AGA and IUGR fetuses with PI  <4 SD have arterial 
lactate concentrations <2 mM even at low oxygen concen- 
trations ( 0 2  content <2 mM, O2 saturations ~ 2 0 % ) .  At 
comparable levels of oxygenation, IUGR fetuses with PI  
>4 SD have a marked lactacidemia. The data suggest that 
coupling Doppler assessment of flow velocimetry with bio- 
chemical analyses of fetal blood can be useful in identifying 
a subset of IUGR human fetuses at risk of intrauterine 
hypoxia. (Pediatr Res 28: 652-656, 1990) 

Abbreviations 

AGA, appropriate for gestational age 
AV, arteriovenous 
IUGR, intrauterine growth retardation 
MA, maternal arterial blood 
PI, pulsatility index 
ua, umbilical arterial blood 
uv, umbilical venous blood 

The subject of fetal lactate metabolism has been of considera- 
ble interest for many years both in clinical obstetrics and in 
perinatal physiology (1-4). At delivery, lactate concentrations 
have been measured in cord blood to determine the presence 
and the degree of fetal metabolic acidosis after intrapartum 
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asphyxia. Thus, clinical studies have focused on the stressed fetus 
and have attempted to correlate lactate concentration with the 
length of labor (3) and/or the presence of late decelerations (5). 

More recently, studies in animals have shown that lactate is 
produced by the placenta (6-10) under aerobic conditions and 
that the fetus is a net lactate consumer. Lactate production under 
aerobic conditions has also been demonstrated for the perfused 
human placenta (1 1-13). In contrast to the data obtained in 
chronically catheterized animals, most clinical studies have 
found the umbilical arterial concentration to be higher than the 
umbilical venous concentrations (3, 4, 14). Whether this is a 
reflection of the fact that these data were collected at the time of 
cesarean section or whether a net lactate production by the fetus 
is a normal characteristic of fetal development cannot be an- 
swered at this time. 

Recently, this topic has received renewed interest with the 
advent of techniques for the sampling of fetal blood during 
pregnancy (1 5) and for the evaluation of Doppler waveforms on 
fetal vessels (16). The correlation of biophysical indices of vas- 
cular impedance in the umbilical circulation with measurements 
of fetal biochemical parameters in pregnancies complicated by 
IUGR has shown that as velocimetry data suggest an increase in 
umbilical vascular impedance, the biochemical indices of lactate 
concentration and acid-base balance become suggestive of a fetal 
metabolic acidosis (1 7, 18). However, with percutaneous umbil- 
ical blood sampling, data from only one umbilical vessel is 
obtained. It is not possible to measure AV concentration differ- 
ences as it is at the time of delivery. 

The purposes of our study were 2-fold: I )  to determine whether 
differences in lactate concentration relationships exist between 
AGA and IUGR fetuses reflecting differences in placental clear- 
ance and fetal lactate metabolism, and 2) to determine whether 
combining Doppler velocimetry and fetal lactate concentration 
measurements can identify a subset of IUGR fetuses at increased 
risk for hypoxia. 

MATERIALS AND METHODS 

We studied 55 patients undergoing elective cesarean section: 
the clinical indications for cesarean section are given in Table 1. 
Twenty-one had uneventful pregnancies and delivered infants 
whose birth weights were AGA, that is, within the 10th and 90th 
percentiles referenced to Italian birth weight-gestational age 
standards (19). In the remaining 34 cases, pregnancy was com- 
plicated by IUGR. The diagnosis was assessed before delivery 
from the gestational age estimated from the last menstrual period 
and serial ultrasound examinations begun before 20 wk of preg- 
nancy. In all cases, fetal growth retardation was confirmed at 
birth (19). No chromosomal abnormalities and/or malforma- 
tions were present. All birth weights were below the 10th per- 
centile (five between the 10th and 5th percentiles, nine between 
the 5th and 2nd percentiles, and 20 below the 2nd percentile). 
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Table 1. Indications for cesarean section 
Gestational 

age 
n (wk) 

Normally grown fetuses 
Breech presentation 4 37-39 
Previous cesarean section 16 37-39 
Breast cancer 1 3 5 

IUGR fetuses 
IUGR + fetal distress 15 28-37 
IUGR as sole indication 19 34-39 

Thus, 29 of the 34 patients were <2 SD below the mean birth 
weight for their gestational ages. In all pregnancies, a Doppler 
examination of flow velocity waveforms in the umbilical vessels 
was performed within 2 d of delivery and the PI of the umbilical 
artery measured (Ultramark 5, ATL/Kontron, Milano, Italy); 
Doppler filters were settled at 50 Hz. The PI was calculated 
according to the geometrical Gosling formula (20; see Appendix). 
It reflects changes in pulsatility and peripheral resistance and 
thus provides an indirect assessment of vascular impedance. As 
reference values, we have used those obtained in our laboratory 
on a cross-sectional study of 440 normal pregnancies (2 1). Figure 
1 presents the PI measurements in all cases plotted with the 
mean *SD of the normal population. All AGA fetuses showed 
PI values within the normal range for their gestational age. In 
IUGR fetuses, 10 fetuses showed normal PI values, eight showed 
moderately increased PI values (2-4 SD above the mean value), 
and in 16 pregnancies the PI was markedly increased (>4 SD 
above the mean value). 

In all cases, the cesarean section was performed under general 
anesthesia; none of the mothers had entered labor. The surgical 
procedure was performed under general anesthesia and the pa- 
tients were ventilated with nitrous oxide with a concentration of 
60% nitrous oxide and 40% oxygen. Maternal blood pressure 
was carefully monitored and no significant hypotensive episodes 
were recorded. Immediately after fetal extraction, the umbilical 
cord was doubly clamped and blood was withdrawn from the 
umbilical artery and vein. Maternal radial arterial blood was 
collected simultaneously. 

Fetal and maternal blood were collected into heparinized 
syringes that were immediately sealed and stored on ice. Lactate 
concentration was measured in duplicate on a Yellow Springs 
analyzer (Yellow Springs Instrument Co., Yellow Springs, OH; 
model 23 L) within 5 min of cord sampling; respiratory gases 
were determined on a Radiometer ABL 330 analyzer (Radiome- 
ter America, Inc., Westlake, OH). Hb concentration and oxygen 
saturation were measured in duplicate on a Radiometer OSM-3 

A IUGR 1 
V IUGR 2 
A IUGR 3 

+4 SDs 
+2 SDs 
MEAN 

-2  SDs 

GESTATIONAL AGE (WEEKS) 

Fig. 1. PI of the umbilical artery in IUGR fetuses according to 
gestational age (A: normal PI; V: PI>2<4 SD; A: PI >4 SD). The mean 
and t 2  SD and 4 SD are presented for 440 normal pregnancies presented 
in a previous study of this population (2 1). 

oximeter; oxygen content was calculated from these values ac- 
cording to the formula: 

Oxygen content (mM) 

= Hb (g/L) x oxygen saturation x 0.05982 

All biochemical analyses were completed in 10 min. 
To quantitate fetal net utilization of lactate relative to oxygen 

uptake, lactate/oxygen quotients (LOQ) were calculated as fol- 
lows: 

LOQ = Lactate AV difference (mM) 

x 3 / oxygen AV difference (mM) 

Metabolic quotients represent a ratio of two AV differences; 
that of the substrate, lactate, divided by that of 02. The lactate 
differences are multiplied by the number of mol of 0 2  required 
to completely oxidize 1 mol of lactate. The algebraic sum of the 
metabolic quotients for all relevant substrates across an organ 
would be equal to one in the absence of any net carbon accretion. 
For any single substance including lactate, the metabolic quotient 
may be positive or negative depending upon whether the AV 
difference across the organ is positive or negative. 

All the results are expressed as mean 5 SEM. The paired t test 
was used to calculate the significance of the differences between 
maternal and fetal lactate concentrations. The significances of 
the difference between AGA and IUGR as well as between the 
three subsets of IUGR patients were calculated with an unpaired 
t test. Regression analyses were carried out by the least squares 
method. Differences between slopes were tested using a multiple 
linear regression analysis. 

RESULTS 

Lactate concentrations. The mean umbilical arterial and ve- 
nous lactate concentrations, oxygen contents, umbilical venoar- 
terial lactate and oxygen concentration differences, and lactate/ 
oxygen quotients (and coefficients of 0 2  extraction) in AGA and 
IUGR infants are reported in Table 2. There is a range of 
gestational age among these pregnancies. However, we have 
previously demonstrated that lactate concentration and oxygen 
content do not vary from 20 wk until term (22). Table 2 also 
presents the mean lactate concentrations in MA and the umbil- 
ical arterial-maternal arterial lactate concentration differences. 
Maternal arterial lactate concentration was significantly higher 
( p  < 0.01) in growth-retarded compared with normally grown 
fetuses. Lactate concentration was significantly higher in uv and 
ua than in MA (for AGA pregnancies: uv versus MA, p < 0.001 ; 
ua versus MA, p < 0.00 1; for IUGR pregnancies: uv versus MA, 
p < 0.001; ua versus MA, p < 0.00 1). The mean umbilical arterial 
and venous lactate concentrations were significantly higher in 
IUGR compared with AGA pregnancies. No differences were 
detected between the two groups with regard to the umbilical 
venoarterial difference, the lactate/oxygen quotient and the um- 
bilical arterial-maternal arterial lactate concentration differences. 

Umbilical venous lactate concentration was higher than arte- 
rial in six of 21 AGA and 12 of 34 IUGR fetuses. 

PI and lactate concentrations. Figure 2 presents the same 
variables presented in Table 2 but subdivides IUGR fetuses into 
two groups according to their PI measurements (> or <4 SD) 
from the mean value. The data on AGA fetuses are also shown 
for comparison. Figure 2 illustrates that when IUGR pregnancies 
were subdivided based upon velocimetry data, they were also 
distinguishable based upon the presence or absence of fetal 
lactacidemia. It is clear that the umbilical arterial and venous 
lactate concentrations and the umbilical arterial-maternal arterial 
concentration differences were significantly higher in growth- 
retarded fetuses with PI >4 SD compared with both IUGR 
infants with PI <4 SD and AGA infants. It is worth noting that 
no significant differences were detected between IUGR fetuses 
with PI <4 SD and AGA fetuses. There was also a significant 



Table 2. Lactate concentrations and oxygen contents in AGA and IUGR fetuses 
Lactate concentration (mM) Oxygen content (mM) 

AG A P IUGR AG A P IUGR 

Maternal artery (mM) 0.68 + 0.07 0.01 0.91 + 0.05 
Umbilical vein (mM) 0.99 + 0.05 0.001 1.71 + 0.16 5.43 + 0.24 0.03 4.65 + 0.23 
Umbilical artery (mM) 1.15 + 0.08 0.005 1.85 + 0.19 2.20 k 0.25 NS 1.84 + 0.24 
Umbilical difference (mM) -0.16 k 0.05 NS -0.13 + 0.04 3.24 + 0.16 NS 2.81 + 0.12 
Umbilical lactate/oxygen quotient -0.16 + 0.05 NS -0.14 + 0.05 
Umbilical artery-maternal artery (mM) 0.44 + 0.07 NS 0.90 + 0.20 
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Fig. 2. Comparison of maternal and fetal lactate concentrations in 
AGA and IUGR fetuses with PI of the umbilical artery within and >4 
SD. 

UMBILICAL ARTERIAL LACTATE CONC. (mM) 

Fig. 3. Umbilical venoarterial lactate concentration difference vs um- 
bilical arterial lactate concentration in normally grown fetuses and in 
growth-retarded fetuses with PI within 4 SD and >4 SD. Because no 
differences were detected between AGA and IUGR PI <4 SD in this 
relationship, a common regression line was calculated. AGA + IUGR 
(PI < 4 SD): v-a = 0.42-0.46, a, r = 0.72, p < 0.001; and IUGR (PI > 4 
SD): v-a = 0.08-0.13 a, r = 0.80, p < 0.001 where v-a = umbilical 
venoarterial lactate concentration difference (mM) and a = umbilical 
arterial lactate concentration (mM). 

and progressive increase of the maternal arterial lactate concen- 
tration, which was higher in IUGR fetuses with PI <4 SD and 
highest in IUGR fetuses with PI >4 SD, compared with AGA 
pregnancies. 

No differences were detected between ACA and IUGR fetuses 
with PI <4 SD in the relationships between umbilical lactate 
concentration differences and lactate/oxygen quotients versus 
umbilical arterial lactate concentrations (Figures 3 and 4). On 
the contrary, the regression analysis for the lactate/oxygen quo- 

0 AGA 
A IUGR PI ( 4 SOs 
A IUGR PI > 4 SDs 

UMBILICAL ARTERIAL LACTATE CONC. (mM) 

Fig. 4. Umbilical lactate/oxygen quotient vs umbilical arterial lactate 
concentration in normally grown and growth-retarded fetuses. AGA + 
IUGR (PI < 4 SD): L/O2 = 0.46-0.50 a, r = 0.66, p < 0.001; and IUGR 
(PI > 4 SD): L/Oz = 0.02-0.13 a, r = 0.77, p < 0.002 where L/02 = 
umbilical lactate/02 quotient a = umbilical arterial lactate concentration 
(mM). 

tient versus lactate concentration for IUGR fetuses with PI >4 
SD was significantly different from both other groups, both in 
elevation ( p  < 0.008) and in slope ( p  < 0.001). 

If one pools the data for AGA fetuses and IUGR fetuses with 
PI less than 4 SD to compare this group to the IUGR fetuses 
with PI greater than 4 SD, the following equations are obtained. 
For umbilical lactate arterial venous differences (v-a): Pooled 
group, (v-a) = 0.42-0.461 (a); and IUGR (>4), (v-a) = 0.08- 
0.128 (a) where (a) is umbilical arterial lactate concentration. 
For umbilical lactate quotient: Pooled: quotient = 0.46-0.50 (a) 
IUGR (>4): quotient = 0.02-0.13 (a). 

The differences between slopes for the pooled versus IUGR 
fetuses are highly significant (p < 0.00 1 for both comparisons). 

Oxygen concentrations and lactate concentrations. Figures 5A 
and B presents the relationship between umbilical arterial lactate 
concentration on the one hand and umbilical arterial oxygen 
content (Fig. 5A) and umbilical arterial oxygen saturation (Fig. 
5B) in AGA and IUGR fetuses. There is a significant relationship 
between lactate concentration and either arterial oxygen content 
or oxygen saturation: as oxygenation decreases, lactate concen- 
tration increases. However, in growth-retarded fetuses with PI 
>4 SD, this relationship is characterized by much higher lactate 
concentrations at the same level of fetal oxygenation, whereas in 
AGA fetuses and in IUGR fetuses with PI <4 SD, there is a 
linear relationship with little increase in lactate concentration 
over a wide range of oxygen contents and saturation. In AGA 
and IUGR fetuses with PI <4 SD, even at arterial oxygen content 
lower than 2 mM, umbilical arterial lactate concentration did 
not exceed 2 mM. 

DISCUSSION 

The first aim of our study was to determine whether differences 
in lactate concentrations in umbilical vessels exist between nor- 
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Fig. 5. A,  Umbilical arterial lactate concentration vs umbilical arterial 
oxygen content in normally grown fetuses and growth-retarded fetuses. 
AGA + IUGR (PI < 4 SD): a lactate = 1.43-0.13 a Oz r = 0.41, p < 
0.001; and IUGR (PI > 4 SD): a lactate = 5.78-4.56 (1  - e-' I9"O2) where 
a02 = umbilical arterial Oz content (mM) and a lactate = umbilical 
arterial lactate concentration. B, Umbilical arterial lactate concentration 
vs umbilical arterial oxygen saturation in normally grown fetuses and 
growth-retarded fetuses. AGA + IUGR (PI < 4 SD): a lactate = 1.41- 
0.0 1 (a Sat), r = 0.4 1, p < 0.00 1; and IUGR (PI > 4 SD): a lactate = 

5.45-4.25 ( 1  - e-O1aSa') where a lactate = umbilical arterial lactate 
concentration and a Sat = umbilical arterial 0 2  saturation (%). 

mally grown and growth-retarded human fetuses at the time of 
cesarean section. If we consider IUGR fetuses as a homogeneous 
population, that is fetuses whose birth weights are below the 10th 
percentile, our data show that indeed lactate concentrations are 
significantly higher in these fetuses. This is not surprising inas- 
much as growth retardation has always been considered a clinical 
situation most likely subject to develop intrauterine hypoxia. 
However, recent studies performed on IUGR fetuses sampled in 
utero by cordocentesis have permitted a more thorough descrip- 
tion of their intrauterine environment: these studies have shown 
that the hematologic and biochemical values of these fetuses do 
not always differ from normal control values (15-23). Thus, 
IUGR itself is not a condition invariably associated with fetal 
hypoxia. Therefore, from a clinical viewpoint, it becomes im- 
portant to distinguish, as early as possible, those IUGR pregnan- 
cies at high risk of developing intrauterine fetal hypoxia. 

The results of our study suggest that the first factor that should 
be taken into account is gestational age. It is clear from our data 
(Fig. 6) that growth retardation severe enough to require delivery 
before 32 wk gestation is frequently associated with abnormal PI 
measurements and that most of these fetuses present lactic 
acidemia. These features are rarely present in fetuses delivered 
after 34 wk of gestation, presumably because IUGR of late onset 
usually represents less disturbance of the intrauterine environ- 
ment. 

IUGR is a diagnosis that encompasses a very heterogeneous 
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Fig. 6. PI measurements vs gestational age for all IUGR fetuses. e, 
IUGR fetuses with umbilical arterial lactate concentration >2 SD of 
AGA fetuses. 0, IUGR fetuses with lactate concentration within +2 SD 
of the mean for AGA fetuses. 

- 

group of patients both in terms of potential causal factors and in 
terms of the nature and severity of the morbidity in the fetus. 
The results of our study clearly demonstrate that IUGR fetuses 
can be subdivided into at least two subgroups according to PI 
measurements upon the umbilical artery. An increase in the PI 
should provide a reliable, albeit indirect, index of increased 
vascular impedance in the umbilical circulation and, thus, an 
indication of reduced placental perfusion. 

IUGR fetuses with PI >4 SD exhibited significantly higher 
lactate concentrations than IUGR fetuses with PI <4 SD. The 
differences in lactate metabolism between IUGR fetuses with PI 
<4 SD and three with PI >4 SD also extends to the analysis of 
both umbilical lactate concentration differences and lactate/ 
oxygen quotients versus umbilical arterial lactate concentrations. 
Despite the presence of significantly higher umbilical arterial 
lactate concentrations, IUGR fetuses with PI >4 SD tend to 
maintain lower umbilical lactate differences and lactate/oxygen 
quotients for any given lactate concentration. 

Velocimetry measurements are still in a stage of clinical eval- 
uation. The subdivision into SD is arbitrary. In this relatively 
small population, one could have identified this subset of patients 
as effectively by selecting a PI value of 1.8. above which all 

+4 SDs 

+2 SDs 
MEAN 
-2 SDs 

IUGR fetusks were foun;d to have a lacticacidemia. However, 
that patients with velocimetry measurements >2 SD but <4 SD 
were not significantly different from normal patients with respect 
to the presence or absence of a lacticacidemia suggests that only 
marked changes in PI are of clinical significance in this regard. 

Similarly, the same subdivision of IUGR fetuses by PI meas- 
urements greater than or less than 4 SD identifies infants who 
differ in the relationships of umbilical arterial lactate concentra- 
tions versus relationships of umbilical arterial lactate concentra- 
tions versus umbilical arterial oxygen content or saturations. 
Among growth-retarded fetuses with PI within 4 SD, arterial 
lactate concentrations increased only slightly even when arterial 
oxygen content was as low as 1 mM. On the contrary, in growth- 
retarded fetuses with PI >4 SD, lactate concentrations were not 
only elevated but increased sharply at comparably low arterial 
oxygen contents. 

A possible explanation for the differences in lactate metabo- 
lism in the two groups of growth-retarded fetuses may be a 
combination of the following. One factor may be a decreased 
placental permeability (24): a number of histologic changes have 
been described in IUGR placentas that could determine a de- 
creased surface area. In addition, a reduction in umbilical blood 
flow may further impact upon the efflux of substrate from the 
umbilical circulation; that is, it may reduce placental lactate 
clearance. Consistent with this hypothesis is the observation of 
significantly higher lactate concentration differences across the 
placenta in IUGR fetuses with PI >4 SD compared with IUGR 
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