
003 1-3998/86/2005-0407$02.00/0 
PEDIATRIC RESEARCH 
Copyright O 1986 International Pediatric Research Foundation, Inc 

Vol. 20, No. 5, 1986 
Printed in U.S.A. 

Red Blood Cell Flow in the Fetal Scalp during 
Hypoxemia in the Chronic Sheep Experiment: A 

Laser Doppler Flow Study 

T. M. SMITS, J. G. AARNOUDSE, AND W. G. ZIJLSTRA 

Department of Obstetrics and Gynecology, University Hospital, Groningen [T.M.S., J.G.A.] and Department of 
Physiology, University of Groningen, Groningen, The Netherlands [W.G.Z.] 

ABSTRACT. Reliable monitoring of arterial blood gas 
values in the fetal scalp microcirculation requires an un- 
impaired local skin blood flow. Previous studies have 
shown that in the fetus blood flow to "nonvital" organs and 
tissues is reduced during hypoxemia. However, data on 
fetal scalp blood flow during hypoxemia have not been 
reported. Therefore, the influence of hypoxemia on scalp 
blood flow was studied in four chronically catheterized 
fetal lambs of 125-135 days of gestation. Red blood cell 
flow in the fetal scalp was continuously measured by the 
laser Doppler method during nine experiments. Reducing 
the oxygen saturation of fetal carotid arterial blood from 
an average control value of 52 to 21% for 20 min resulted 
in an average decrease of the laser Doppler flow index of 
7%. In vitro studies revealed that more than half of the 
observed decrease in laser Doppler flow index could be 
attributed to enhanced absorption of light from the HeNe- 
laser caused by the deoxygenation of oxyhemoglobin itself. 
In the first 20 min after hypoxia, fetal scalp blood flow 
remained below the prehypoxic value. It is concluded that 
moderate hypoxemia causes only a small decrease in fetal 
scalp blood flow, certainly when compared to the dramatic 
fall in scalp blood flow that has been observed when local 
or circular pressure is exerted onto the fetal scalp. (Pediatr 
Res 20: 407-410,1986) 

Abbreviations 

LDF, laser Doppler flow 
Po2, oxygen tension 
So2, oxygen saturation 
EMG, electromyogram 

Previous studies in the chronically catheterized fetal lamb have 
shown that hypoxemia causes a redistribution of blood flow to 
various organs (1-3). Blood flow to "vital" organs such as the 
brain, the adrenals, and the heart is increased, whereas a marked 
reduction is found in blood flow to the carcass (muscle, bone, 
and skin tissue). Data on fetal scalp blood flow during hypoxemia 
in the chronic sheep experiment have not been reported so far. 
This lack of information on fetal scalp blood flow is surprising, 
as the microvascular bed of the fetal scalp is widely used for 
blood gas measurement in the human fetus during labor. If 
hypoxemia really causes a significant reduction in scalp blood 
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flow, as it does in the carcass as a whole, then local skin 
metabolism will have a profound effect on blood gas values in 
the microvasculature of the fetal scalp, resulting in a discrepancy 
between the carotid arterial and scalp blood gas values under 
these circumstances (4). 

In most studies on tissue or organ blood flow in the fetus, 
radiolabeled microspheres have been used. The advantages and 
limitations of the microsphere method have been extensively 
reviewed (3, 5, 6). Two of the most obvious limitations are that 
it gives flow data on a single point in time only and that the 
method cannot be used in the human. 

These restrictions do not apply to a recently developed method 
for microvascular blood flow measurement, the laser Doppler 
technique (7-12). With this technique, the Doppler shift of 
monochromatic laser light scattered back by moving red blood 
cells in the microvascular bed of a tissue is used to determine an 
index of flow. This flow index is a relative but linear measure of 
tissue blood flow (7, 9, 12-15). 

In previous studies we have shown that the laser Doppler 
method can be used to measure changes in fetal scalp blood flow 
in the human during labor (9) and in the acute fetal sheep 
experiment (16). The aim of the present study was to investigate 
the changes in red blood cell flow in the microvascular bed of 
the fetal scalp during hypoxemia in the chronically catheterized 
sheep fetus, using the laser Doppler technique. 

METHODS 

Animal preparation. Four pregnant healthy white ewes (Texel 
breed) with a gestational age of 120 to 125 days at the day of 
surgery were used for this study. The surgical procedure was 
carried out under general anesthesia with ketamine (0.1 mg/kg/ 
min), while the ewe was ventilated through an endotracheal tube 
with a N20/02 gas mixture to which 0.5% fluothane was added. 
A maternal femoral artery and vein were cannulated to obtain 
blood samples during the surgical procedure and during the 
experiments. After laparotomy the fetal head was delivered by a 
small uterine incision. Catheters (Norton S.A.; Tygon tubing, 
outer diameter: 1.9 mm, internal diameter: 1.0 mm) were placed 
in the right carotid artery and jugular vein and in the trachea of 
the fetus. Teflon-insulated stainless steel wires (Cooner Wire 
Company; AS 633) were placed around one of the eyes, in the 
long nuchal muscles, on the thorax and in the uterine wall to 
record the electrooculogram, nuchal EMG, fetal heart rate, and 
uterine EMG, respectively. The LDF probe, a small plastic disk, 
was glued to the shaved skin of the fetal scalp with cyanoacrylate 
adhesive (Loctite 4 16). 

After repositioning the fetal head, the lost amount of amniotic 
fluid was replaced by a warm isotonic saline solution and a 
catheter was left in the amniotic cavity to measure intrauterine 
pressure. The uterine and abdominal walls were carefully closed 
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and the catheters, electrode wires, and optical fibers of the LDF 
probe were led through a subcutaneous tunnel to the maternal 
flank, where they emerged from a small skin incision. The ewe 
was allowed to recover for at least 3 days. Catheters were contin- 
uously flushed with a heparinized isotonic saline solution by 
means of infusion pumps. Antibiotics (Cefuroxim and Amika- 
cine) were given for 5 days, beginning on the day of surgery. 

The laser Doppler instrument. Monochromatic light ( A  = 632.8 
nm) from a Helium Neon laser (Spectra Physics Inc; S105) is 
transported to the scalp by a monofilament optical fiber (Quartz 
& Silice; QSF 300). The light scattered back from the fetal scalp 
is guided to a low noise silicon photodiode (EG&G Electro- 
Optics; HUV 1100 BQ) by a second optical fiber. The resulting 
electrical signal is fed into an analog processor which calculates 
a flow index as previously described (9). The flow index is a 
relative measure of microvascular red blood cell flow. The inci- 
dent laser light is randomly scattered in skin tissue, thus elimi- 
nating the direction sensitivity of the Doppler method (7). The 
flow dependent signal is derived from a depth of approximately 
1 to 1.5 mm in skin tissue (7, 13, 14). 

It is important that the same part of the microvascular bed is 
illuminated throughout the whole experiment. For this reason a 
relatively large flow probe was designed to fix the optic fibers to 
the fetal scalp. The flow probe, which has a diameter of 25 mm 
and a height of 5 mm, is constructed in such a way that the 
distance between the fibers at the skin surface is approximatel) 
0.5 mm. To prevent local pressure of the flow probe on the 
underlying skin, the relatively stiff glass fibers emerge from the 
flow probe parallel to the scalp surface in the direction of the 
fetal back. 

Before each experiment, the noise compensation of the laser 
Doppler instrument was adjusted by means of a static scatterer 
which yielded the same reflected light intensity as the fetal scalp 
under study. The direct influence of changes in hemoglobin 
oxygen saturation on the laser Doppler signal was studied by 
application of the flow probe to a microcirculatory model con- 
sisting of 15 channels of 100 pm diameter in opaque material. 
With an infusion pump, red blood cells were aspirated from a 
tonometer cuvette (Instrumentation Laboratory; IL 237) at con- 
stant flow rate. Reducing the oxygen saturation of the hemoglo- 
bin from 50 to 20% resulted in an average decrease in the laser 
Doppler flow index of 4.8%. 

Experimental procedure. For 1 wk before the surgical proce- 
dure, the ewe was trained daily to accept the face mask necessary 
for the administration of the hypoxic gas mixture. The experi- 
ments were camed out 3 to 11 days after the surgical procedure. 
Fetal electrical activities (electrooculogram, nuchal EMG, uterine 
EMG, fetal heart rate), LDF, intrauterine pressure, and tracheal 
pressure were recorded on a polygraph (Hewlett Packard; HP 
7758A) at a paper speed of 5 mm/min. 

The experiment started with the ewe breathing room air by 
means of the face mask. After a control period of 20 min, the 
room air was replaced by a gas mixture containing 10% O2 and 
4% C02. Carbon-dioxide was added to the inspiratory gas mix- 
ture to antagonize the Pco2 decrease in the maternal arterial 
blood resulting from the maternal hypoxic ventilatory drive. 
Hypoxia was maintained for 20 min, after which the ewe was 
allowed to breathe room air again by means of the face mask for 
20 min. 

Arterial blood samples from fetus and mother were taken at 
10-min intervals from 20 min before to 20 min after the experi- 
mental procedure. The blood samples were immediately meas- 
ured on an automatic blood gas analyzer (Radiometer; ABL-2) 
and an oximeter also providing the total hemoglobin concentra- 
tion (Radiometer; OSM-2). 

On each animal at least two experiments were done and one 
animal was used three times. For these experiments, only animals 
with resting fetal arterial pH and So2 values exceeding 7.25 and 
40%, respectively, were included. After every experiment the ewe 
was allowed to rest for at least 24 h. In three experiments, fetal 

arterial Po2 and So2 were measured continuously: a small exter- 
nal flow-through cuvette was connected to the catheters in the 
carotid artery and jugular vein and the measurements were 
camed out by means of a Clark type oxygen electrode (AVG 
Messtechnik) and a fiber optic oximeter (Schwartzer; IVH3) as 
previously described (4). Fetal arterial blood pressure was meas- 
ured continuously in three experiments. 

Afterward, the laser Doppler tracings were sampled at a rate 
of 5/min and the data was fed into a microcomputer (Apple 
Comp. Inc; Apple Europlus) to calculate the mean and SDs of 
the LDF index for each period of 20 min. The variability of the 
LDF signal occurring during the various phases of the experiment 
was determined. To this end we calculated the square root of the 
mean of the squared differences between the original LDF signal 
and the averaged signal, obtained by using a moving window of 
84 s. This value was then expressed as a percentage of the mean 
LDF value (Table 1, LDF variability). For statistical analysis, 
Student's t test for paired and unpaired samples was used. As a 
level of significance, a p value of 0.05 was chosen. 

RESULTS 

For this study the results of nine experiments on four healthy 
fetal lambs at 125- 135 days of gestation were used. In Table 1 
the effects of maternal hypoxia on fetal carotid arterial blood pH 
and gas tensions are shown. Fetal So2 fell from an average of 52 
to 21% when the breath intake of the ewe was changed from 
room air to the hypoxic gas mixture. Po2 decreased from an 
average of 20 to 11 mm Hg, whereas Pco2 and pH showed no 
significant change. During hypoxia, an average increase in hemo- 
globin concentration of 1.2 g/dl was observed. Maternal hypoxia 
resulted in an increase in fetal mean arterial blood pressure and 
pulse pressure, ranging from 6 to 15 mm Hg and 18 to 20 mm 
Hg, respectively. Fetal heart rate decreased with 30 to 100 bpm, 
to values ranging from 80 to 140 bpm. 

Figure 1 shows an example of an experiment where fetal scalp 
blood flow and fetal carotid arterial Po2 and So2 were measured 
continuously, before, during, and after hypoxemia. In all exper- 
iments, the decrease in LDF index was small in comparison to 
the spontaneous variations in fetal scalp blood flow. 

The effect of hypoxemia on the LDF index in all nine experi- 
ments is summarized in Table 1. In all experiments there was a 
statistically significant reduction of the LDF index during hy- 
poxia, on average 6.9% (range 2.9 to 10.4%) in comparison with 
the period prior to hypoxia. The time course of the changes in 
LDF shortly after the beginning of hypoxia was analyzed by 
calculating the mean value of the LDF index in subsequent 
periods of 5 min for each experiment. It appeared that in six 
experiments there was a more or less continuous decrease in the 
LDF index during hypoxia, whereas in the remaining three 
experiments the LDF index fell rapidly after the onset of hypoxia, 
whereafter it tended to stabilize. The reduction in LDF index 
during hypoxia is partly due to attenuation of the LDF signal 
caused by the increased absorptivity of deoxygenated hemoglobin 
at the wavelength of the light produced by the Helium Neon 
laser (632.8 nm) as described above. No systematic difference 
was observed between the results of the first and second experi- 
ment in the same animal. 

Changing from 10% O2 to room air resulted in far less con- 
sistent changes in laser Doppler blood flow. As compared to the 
period of hypoxia, the LDF index increased in four experiments, 
decreased in three, and in one experiment no statistically signif- 
icant change occurred. In the first 20 min after hypoxia, the LDF 
signal was still 7.5% (range 0.7 to 19.3%) below the prehypoxic 
value. Also during the second 20-min period the LDF index had 
not yet returned to the prehypoxic value, while the oxygen 
saturation had largely recovered but the pH had a tendency to 
decrease. In five experiments the LDF value was still below the 
prehypoxic value, whereas in one experiment an increase in LDF 
index was observed, only in one experiment the LDF value had 
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Table 1. Arterial pH and blood gas values and laser Doppler scalp bloodflow of nine experiments in four fetal lambs 
LDF 

Period Pco2 PO2 so2 cHb* LDFt  variability $ 
(20 min each) pH (mm Hg) (mm Hg) 6) (g/dl) (%) (%) 

Before hypoxia 
Mean 7.33 41.4 20.1 52.1 8.0 100 6.2 
SEM 0.01 1.7 I .O 3.1 0.2 0.9 
Range 7.26-7.38 38.5-5 1.2 15.8-24.5 40.7-67.0 7.2-9.1 2.2-10.1 

During hypoxia 
Mean 7.31 41.0 1 1.39 2 1.29 9.29 93.15 4.39 
SEM 0.02 3.0 0.3 1.2 0.3 0.7 0.4 
Range 7.22-7.42 3 1.7-56.6 10.4-12.6 16.3-25.3 7.7-10.2 89.6-97.1 2.3-8.9 

First 20 min after hypoxia 
Mean 7.289 41.9 19.2 44.99 8.59 92.59 5.5 
SEM 0.02 1.7 0.9 2.4 0.2 1.8 0.8 
Range 7.1 7-7.34 36.7-48.7 15.5-24.6 34.6-54.1 7.2-9.5 80.7-99.3 2.4-8.1 

Second 20 min after 
hypoxia 

Mean 7.33 38.6 18.1§ 46.3s 7.8 96.9 5.5 
SEM 0.0 1 2.4 0.8 2.4 0.3 1.5 0.6 
Range 7.28-7.39 33.3-5 1 .O 14.0-20.0 36.0-55.7 7.1-9.1 88.3-104.6 3.7-9.3 

* Hemoglobin concentration. 
t The LDF index is presented as % of the LDF value in the period before hypoxia. 
$ LDF variability is the RMS value of the difference between the original LDF signal and the averaged signal, obtained by using a moving window 

of 84 s. 
9 Significantly different from control value before hypoxemia (p  < 0.05). 
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Fig. 1. Example of the course of fetal scalp blood flow (LDF) during 
hypoxemia as measured by the laser Doppler technique. Fetal carotid 
Po2 and So2 were continuously measured in an external flow-through 
cuvette. 

returned to the prehypoxic value. Thus, the LDF index recovered 
only in one experiment in the first and in three experiments in 
the second 20-min period after hypoxemia. 

As shown in Table I (LDF variability), the spontaneous vari- 
ations in the LDF signal decreased during hypoxia. However, in 
two experiments in two different animals there was an increase 
in the variability of the LDF signal during hypoxia. 

Nonlabor uterine contractions, recorded by uterine EMG and/ 
or by intrauterine pressure, were present during the experimental 
procedure in all animals studied. No significant differences could 
be demonstrated between the control period prior to hypoxia, 
the period of hypoxia, and the posthypoxic recovery period 
regarding the fraction of time spent during contractions in every 
period. 

DISCUSSION 

The results of the present study indicate that red blood cell 
flow in scalp tissue, as measured by the laser Doppler technique, 
is slightly but consistently reduced during moderate hypoxemia 
in fetal lambs of 125 to 135 days of gestation. The observed 
average decrease in scalp LDF index of 6.9% can partly be 
ascribed to the direct influence of the fall in oxygen saturation 
on the absorptivity of hemoglobin during hypoxemia. A remark- 
able finding was the slow recovery of fetal scalp blood flow in 
the 40 min after hypoxemia. 

Previous work with the laser Doppler method in acute exper- 
iments in fetal lambs (16) showed a considerable decrease in fetal 
scalp blood flow during hypoxemia, amounting to more than 
60%. This much more pronounced effect on scalp blood flow in 
the acute experiment might be partly explained by the influence 
of anesthesia on the fetal circulation. This seems the more likely 
because of the almost complete lack of spontaneous fluctuations 
in fetal scalp blood flow in those experiments. As shown in 
Figure 1 considerable spontaneous fluctuations in laser Doppler 
blood flow were measured in the scalp of the chronically cathe- 
terized sheep fetus. Similar fluctuations have been described in 
microcirculatory red blood cell flow in the skin of humans and 
in the rat mesentery (1 7- 19). This phenomenon of spontaneous 
fluctuations in tissue blood flow is presumably caused by vaso- 
motion, which is an intrinsic activity of the vascular smooth 
muscle, modulated by local chemical factors, changes in blood 
pressure, and changes in autonomous nervous system activity 
(1 7). 

comparison of our findings with data from the literature is 
difficult for two reasons. First, no data on fetal scalp blood flow 
during hypoxemia have been reported so far and second, to our 
knowledge, this is the first report on the application of the laser 
Doppler method in a chronic experiment in the fetal lamb. Most 
studies on tissue blood flow in the fetus have been carried out 
with microspheres. Cohn et al. (I), using the microsphere tech- 
nique, reported a 30% decrease in fetal carcass blood flow (skin, 
muscle, and bone tissue) at a level of hypoxemia comparable to 
that in our study. In that study carcass blood flow was reduced 
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by 70% when a concomitant acidemia occurred. Others, also 
using microspheres, have reported a sharp decrease in fetal 
carcass blood flow when the arterial oxygen content was less than 
2.5 mmol/liter, which corresponds with an oxygen saturation of 
approximately 40% (2). 

With the usual diameter of the microspheres of 15 pm used in 
those studies, mainly capillary blood flow is measured. The laser 
Doppler method provides essentially different information, be- 
cause the recorded signal depends on the velocity as well as the 
number of moving red blood cells in a tissue sample of approx- 
imately 1 mm3 (7, 1 1, 15). Consequently, the measurement of 
red blood cell flow using the laser Doppler technique is not 
restricted to the capillaries, but also includes pre- and postcapil- 
lary vessels and, if present, arteriovenous anastomoses in the 
tissue sample. 

Theoretically, the influence of the increased hematocrit on the 
LDF index is quite complex. The increase in the number of red 
blood cells in the microvascular bed of the fetal scalp will result 
in an increase in the laser Doppler signal. On the other hand, 
the raised hematocrit will also result in an increased whole blood 
viscosity, thereby decreasing red blood cell velocities. However, 
no data are available on the actual influence of changes in 
hematocrit on the LDF index, in vivo. 

There have been a few studies comparing the LDF method 
with other tissue blood flow measuring techniques in adult 
humans and animals. Stern et a/. (20), comparing the LDF 
method with the method using radiolabeled microspheres in the 
rat kidney, found proportionality between the results of the two 
methods during aortic constriction. Using Xenon clearance in 
another study, Stern et al. (1 5) reported a linear relation between 
LDF and Xenon clearance (r = 0.88). Others have compared the 
laser Doppler technique with the Xenon clearance technique and 
with venous occlusion plethysmography in the human forearm 
(13, 21). They too have reported linear relations (r = 0.88 and 
>0.9, respectively). 

A recent clinical study during labor (9) has demonstrated a 
dramatic reduction in fetal scalp blood flow, measured by the 
laser Doppler technique, presumably caused by mechanical fac- 
tors such as local pressure and the "tonsure effect" (22). In that 
study, an average decrease in fetal scalp LDF index of more than 
50% was found toward the end of the first stage of labor. 

A previous study on the effect of mechanical pressure on the 
fetal scalp in the acute sheep experiment showed that a ring-like 
pressure, simulating the "tonsure effect," could reduce skin blood 
flow in the scalp surrounded by this ring considerably (23). In 
that study, scalp blood flow as measured with the Xenon clear- 
ance technique, was reduced by more than 50% when a rubber 
ring was applied to the skin with a pressure of 20-30 mm Hg. 

The results of the present investigation indicate that the influ- 
ence of moderate hypoxemia on fetal scalp red blood cell flow 
as measured by the laser Doppler technique is small, certainly 
when compared to the considerable reduction in fetal scalp blood 
flow caused by increased pressure on the fetal scalp. 
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