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STELLINGEN 

1. De veronderstelling, dat de zogenaamde "capillary refill" iets zegt over de vul
ling van het capillaire vaatbed, is onjuist. 

2. Door de complexiteit van de microcirculatie in de huid en de verstrooiings
eigenschappen van licht is bepaling van het exacte meetvolume bij de laser 
Doppler methode onmogeiijk. 

3. Het meten van de huiddoorbloeding met de laser Doppler techniek is een goede 
methode voor vroege shockdetectie. 

4. De regel, dat onderzoek meer vragen oproept dan beantwoordt, is ook van 
toepassing op het laser Doppler onderzoek van de huiddoorbloeding. 

5. De laser Doppler flowmeter kan, mits geappliceerd op de juiste meetplaats, 
gebruikt worden als leugendetector. 

6. De biologische stimulatie van weefsel met behulp van zogenaamde "softlasers" 
heeft slechts �en financieel effect. 

7. Vernieuwend onderzoek wordt slechts erkend, indien men oude, gebaande paden 
bewandelt. 

8. Een belangrijk voordeei van de demissionaire status is, dat ongebreidelde 
dadendrang van politici op die rnanier effectief kan worden bestreden. 

9. Het voorschrijven van regelmatig lichamelijke inspanning, al of niet in 
groepsverband, is in de huisartsenpraktijk een onderschatte behandelmethode 
om psycho-somatische klachten te verhelpen. 

10. Het verdient aanbeveling, om de gepropageerde toetsing van artsen niet alleen 
intercollegiaal te laten plaatsvinden, doch uit te breiden met een toetsing door 
patienten. 

11. Bij de kosten-baten analyse van sportblessures in de gezondheidszorg wordt te 
weinig aandacht besteed aan de lange termijn effecten van sportbeoefening op 
gezondheid. 

12. Het aantal uren lichamelijke opvoeding op lagere en middelbare schc:ilen dient, 
in het belang van de lichameiijke en geestelijke volksgezondheid, te worden 
uitgebreid. 

.. 



13. Het grote aantal rituele handelingen van volleyballers tijdens het spel, vertoont 
overeenkomst met het steunzoekend gedrag in een apenkolonie. 

14. De burokratie in Nederland is een zeer doeltreffend middel om "frustratie 
tolerant" te worden. 

15. Topsport is ongezond en dient derhalve onder strikte medische begeleiding 

plaats te vinden. 

16. Leef vandaag, wacht niet tot morgen. 
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1. INTRODUCTION 

The flow of blood through small vessels, such as capillaries, arterioles, venules, 
arterio-venous anastomoses and small arteries and veins, can be referred to as the 
microcirculation (1). The microcirculation is the main determinant of tissue perfusion 
and its status is of major importance in many medical disciplines, for example, 
- in newborns, temperature regulation and transepidermal water loss are directly 
related to the microcircL1latory skin blood flow (2); 
- the detection of shock during intensive care medicine often makes use of 
peripheral microcirculatory parameters (3); 
- plastic surgeons can distinguish between well-perfused and ischaemic skin flaps 
after reconstructive surgery (4, 5); 
- in diabetic patients, the severity of autonomic neuropathy can be determined by 
evaluating the microcirculation of the skin (6); 
- patients with Raynaud's phenomenon suffer from acute ischaemic pain when 
exposed to cold stimulus due to periods of reduced microcirculatory blood flow in 
the fingers or toes (7, 8). 

Due to the lack of simple and reliable methods, the continuous monitoring of 
microcirculatory perfusion has been difficult to achieve in clinical practice. For this 
reason, Laser Doppler flowmetry (LDF) was developed, which is a simple and 
attractive method to employ in clinical practice. It is a noninvasive, optical 
technique in which the Doppler shift of back-scattered laser light is used to 
estimate the velocity of moving particles, e.g red blood cells, in a small tissue 
volume. This technique, first applied in 1972 by Riva et al (9), has proved to be a 
valuable clinical tool for judging microcirculatory blood flow changes. LDF provides 
a continuous, nonintruding, qualitative measurement of the microcirculation in a 
small tissue volume with a fast, almost instantaneous response time. It has been 
used on the surface of a variety of accessible tissue, including skin ( 1 0, 11, 12, 1 3), 
muscle (14, 1 5), brain (16), kidney ( 1 7 ), bone (18), tooth (19) and intestinal mucosa 
(2 0,21). 

Most conventional laser Doppler flowmeters incorporate a large and rather 
expensive He-Ne gas laser and optical fibers to conduct light on to the tissue. The 
optical fibers are also needed to guide the light scattered from the tissue, back to 
the detector. One of the disadvantages of using optical fibers is that movement of 
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the fibers introduces phase and amplitude changes In the conducted light. For 
example, when the conventional laser Doppler flowmeter is used on the fetal head 
during labour ( 2 2), the movement artifacts caused by motion of the light
conducting fibers intermittently hampers the interpretation of the flow 
measurements. 

Therefore a collaborative project was initiated in cooperation with the 
University of Twente, with the primary goal of developing a laser Doppler flowmeter 
without optical fibers. This collaboration resulted in the development of a small 
diode laser Doppler flowmeter ( 2 3). The design comprised a small flow sensor, with 
the laser diode, two photodetectors, preamplifiers and a temperature stabilizing 
element mounted on a small printed circuit board, which excluded the need for 
light-conducting fibers and a large He-Ne gas laser. 

This diode laser Doppler flowmeter, which is not sensitive to disturbing 
movement artifacts caused by motion of the light-conducting fibers, is pre-eminently 
suitable in clinical situations involving intensive nursing or lively patients, 
particularly infants. 

Despite several years of development and clinical use, some fundamental 
problems of the LDF technique remain unsolved: 
1) At present, only relative changes in the microcirculatory blood flow can be 

determined. 
2) The measuring depth, e.g. the volume of tissue sampled by LDF, cannot be 

determined accurately. This is mainly due to the nature of light scattering and 
propagation in tissue. Although the exact value is unknown, the measuring 
depth is estimated to be between 1 and 2 mm ( 1 3, 1 7, 2 1, 2 2), which implies that 
LDF measures flow in superficial capillaries and in vessels deeper in the skin. 

3) LDF cannot distinguish between blood flow through capillaries (nutritional 
flow) and blood flow through venules or arterioles (thermoregulatory flow). 

4) Inherent to the nature of the technique and the sensitivity of the laser 
Doppler flowmeter to movements on a microscopic scale, more than just moving 
blood cells will be measured. Movements of blood vessel walls, volume changes 
due to the influx of blood, non-cellular elements, such as chylomicrons and 
even Brownian mobility, will all affect the output of the laser Doppler flow 
meter. 
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lnterindividual comparisons are difficult due to large spatial and temporal 
variability in the baseline flow. It has been suggested that the reproducibility of the 
laser Doppler flow method can be enhanced by using a variety of provocations. 
Standardized provocation tests, such as postocclusive reactive hyperaemia and 
temperature changes, have been used to study skin blood flow (24,2 5). Investigations 
on the reactive vasomotor dynamics of the microcirculatory blood flow using these 
provocation tests will facilitate the comparison of interindividual blood flow 
parameters. 

Most of the validation studies on the LDF technique have been performed by 
comparing it to established blood flow measurement methods, such as xenon 
clearance (26), plethysmographic methods (27,2 8,29, 1 0), thermographic methods (3 0) 
and in vitro fluid models ( 1 1, 12,3 1). 

This thesis deals with the methodological problems, comparative evaluation and 
clinical application of laser Doppler flowmetry in newborn infants. 

In Chapter 2, an outline is given of the basic principles of the laser Doppler 
flow method and the newly developed diode laser Doppler instrument is described. 
The methodological problems involved in the determination of the measurement 
volume and the amount of spatial and temporal variation of skin blood flow are 
described in sections 2. 1 and 2.2. Our diode laser Doppler flowmeter was validated 
in a clinical study on healthy volunteers (Chapter 2, section 3.1) and on patients 
with Raynaud's phenomenon (Chapter 2, section 3.2.) 

In Chapter 3, the typical microvascular architecture of the adult and newborn 
skin is described. 

Chapter 4 reviews postocclusive reactive hyperaemia in preterm newborns. The 
behavioural state of the newborn infant affects autonomically regulated parameters, 
such as heart rate and respiration (32). 

In Chapter 5 we studied the effect of behavioural state on autonomically 
regulated skin blood flow. 

The effect of apnoea and bradycardia on skin blood flow in preterm infants is 
described in Cl1apter 6. 

In Chapter 7, we investigated the effect of 'aging' on the newborns skin blood 
flow in the first week of life, because morphological (33,34) and functional changes 
in the microcirculation of the newborn have been described in that period (3 5,36,2). 

Finally, the relationship between forehead skin blood flow measured by LDF 



and cerebral blood flow velocity waveform patterns in preterm infants during 
suctioning is described in Chapter 8. 
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2. LASER DOPPLER FLOW METHOD 

Nowadays, the laser Doppler flow method is a well-established, noninvasive optical 
technique which enables us to perform continuous, easy and reproducible 
microcirculatory blood flow measurements in a small tissue volume in a variety of 
tissues (1,2, 3,4, 5,6, 7). 

On the outside, the laser Doppler flowmeter looks fairly simple; a small sensor 
applied to a tissue surface gives an output in Volts and a reading on a strip chart 
recorder via a signal processor. However, when interpreting LDF as a measurement 
of tissue blood flow, one has to consider the biological and technical limitations of 
the technique. 

The laser Doppler technique is based on the measurement of the Doppler 
frequency shift of monochromatic coherent light, which is back-scattered by moving 
particles. Yeh and Cummins ( 8), who first used the technique to determine velocity 
profiles in a colloidal suspension in a large diameter tube, were able to resolve 
velocities up to 0.007 cm/s. Riva et al (9) first applied the technique to biological 
tissue by measuring blood flow in the retinal artery of a rabbit. Stern ( 1 0) first 
described the feasibility of using the technique to measure the cutaneous 
microcirculation. 

Principle 

As light enters the tissue, photons are scattered and absorbed in a random fashion 
by moving red blood cells and, to a larger extent, by stationary tissue. Most of the 
photons are scattered several times before leaving the tissue. Light which interacts 
with moving red blood cells is scattered and undergoes a shift in frequency (Doppler 
effect), whereas light which interacts with stationary tissue is only scattered. A 
proportion of the back-scattered light with shifted and unshifted frequencies, is 
detected by a photodetector. It is thought that very little (< 0.1%) of the back
scattered light consists of photons scattered by moving red blood cells (11). 
The interference of photons with shifted and unshifted frequencies on the surface 
of the photodetector results in an electrical signal whith a low frequency. 
Measuring light which has been scattered by red blood cells moving at different 
velocities in almost random directions, through a large number of blood vessels, 
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with illumination from random directions, does not result in a single frequency shift 
but in a broad Doppler frequency spectrum. This spectral broadening of the Doppler 
frequencies causes intensity fluctuations on the surface of the photodetector. These 
intensity fluctuations have frequencies related to the velocities of the red blood 
cells. 

It is obvious that the laser Doppler method not only produces a quantitative 
blood flow value, but also a signal consisting of the integrated mean velocities of 
all moving red blood cells measured under the sensor. LDF is only suitable for 
characterizing relative changes in blood flow, owing to the complexity of the 
microvasculature of the tissue, its great variability over the human body, its various 
regulatory mechanisms and the complex nature of light scattering in tissue. Attempts 
to derive an absolute, quantitative index of flow always imply gross generalizations 
about tissue and light propagating parameters and the results are of limited use. 

Calibration 

The LDF signal obtained on the skin of the forearm after a blood pressure cuff has 
been applied and inflated to above systolic pressure, is not zero. The sensitivity of 
the laser Doppler flow meter to movements on a microscopic scale causes 'biological 
noise·. Vessel wall movements, residual movements of red blood cells and noncellular 
elements, such as chylomicrons, will all effect the output of the laser Doppler 
flowmeter. This minimal 'flow· can also be seen in freshly excised tissue ( 12). Even 
Brownian mobility affects the output of the laser Doppler flowmeter. The coefficient 
of variation in repeated measurements of Brownian mobility in a stable emulsion 
(milk) was found to be about 6% (12). The LDF output shows a steady and highly 
reproducible baseline level after arterial occlusion, independent of the type of 
individual or skin region (12). Therefore, it is necessary to determine this zero flow 
level during each measurement and to subtract this 'biological noise' from the LDF 
signal. 

Signal processing 

It is difficult to make a theoretical description of the determination of blood flow 
parameters from intensity fluctuations, due to multiple scattering in a medium which 
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has a very complicated optical structure. Bonner and Nossal ( 1 1 ) developed a theory 
which related laser Doppler light scattering to blood flow in the microvasculature of 
tissue. They showed a linear relationship between the first moment F of the 
spectral power density S(v) at intensity fluctuations with frequency v and the root 
mean square of velocities of moving red blood cells in case of low red blood cell 

00 

concentrations (up to 6%). F = / v S(v) dv 
By relating the average cell velocity to the weighted first moment <v>s of the 
spectral power density, it is possible to eliminate the dependency on concentration 
of red blood cells ( 13). 

00 

/ V S(v) dv 
<v>s = -------

/ S(v) dv 
The linear relationship is not valid for moving red blood cell concentrations of more 
than 6%. Nilsson ( 14) developed an empirical correction method for the multiple 
frequency shifts of photons in higher concentrations of moving red blood cells. 
Jentink (15) used the Monte Carlo method to simulate light propagation in tissue. 
Valid experimental results were obtained using a flow model consisting of layered 
glass flow cells containing polystyrene spheres of 1 µm diameter suspended in water. 
It became evident that for low concentrations of moving particles, there is a linear 
relationship between the first moment of the spectral power density and the mean 
velocity of the moving particles and the number of moving particles in the 
measurement volume. Therefore, assuming a stable geometry of the 
microvasculature, tissue perfusion measured by LDF can be defined as the mean 
velocity of blood cells times the number of moving cells in the sample volume. 

Diode laser doppler flowmeter 

The apparatus used in our studies was the Diodopp (Applied Laser Technology, the 
Netherlands). As mentioned above , this LDF meter incorporates a small flow sensor 
(Fig. 1) instead of light-conducting fibers, so that the laser diode and the detectors 
are attached directly to the skin (Fig. 2). 
The small flow sensor ( 1 7  mm diameter x 13 mm height), weighing 6 g, contains a 5 
rrlN diode laser (Hitachi HL 7801 G) with a wavelength of 79 0 nm and two (1 mm by 
2 mm) photodiodes (Philips BPX40) placed symmetrically around the diode laser at a 
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SIDE VIEW Pel t ier  effect  e lement 

heat conduct ing epoxy 

photod iodes 

5 mm 

FRONT VIEW 
capacitor 
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d u a l  ampl i f ier  

FIG. 1 Drawing of the flowsensor, side view (A) and front view (B) 
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FIG. 2 LDF sensor attached directly to the skin. Note the different scales 
used in the two parts of the figure. 

distance of 2.5 mm. A dual amplifier chip, small resistors and capacitors are 
mounted on a printed circuit board. This circuit converts the current passing 
through the photodiodes into voltage and conducts the signal to the signal processor 
via thin, flexible wires, without introducing any extra electrical noise. A Peltier 
effect element (Melcor FCO6- 18-06L) stabilizes the temperature of the diode laser. 
Heat is conducted to the back of the probe, which is made of heat-conducting 
epoxy (Stycast 285 0  FT). The other side of the probe is made of PVC and glass and 
prevents heat conduction to the tissues. 
Signal processing of the power spectra using a frequency interval of 3 0  Hz to 3 0  
kHz, converts the intensity fluctuations into a real-time flow parameter. 

30<Hz 
F = / V S(v) dv 

3a-iz 

30<Hz 
/ v S(v) dv 

3a-iz 
and< v >s 3=0<-H_z _____ _ 

/ S(v) dv 
3a-iz 
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Fig. 3 shows two power spectra of intensity fluctuations obtained with the sensor 
attached to the middle finger of a healthy volunteer. Spectrum A was measured 
during arterial occlusion: spectrum B during normal perfusion. 

Laser Doppler flow meters are usually evaluated according to the degree of 
linear response achieved when exposed to changes in particle velocity and the 
concentration of moving particles. A large number of reports have shown that 
during the measurement of blood flow in several types of tissue, LDF demonstrates 
a linear relationship with various independent flow methods which are available to 
verify the performance of laser Doppler flowmetry ( 2,4, 1 3, 16, 1 7, 18, 19, 2 0). 

The linearity of the diode laser Doppler flowmeter used in this study was 
evaluated a silicon model containing small channels with a diameter of 0. 1 mm. 
This model was covered with human epidermis and perfused by a heparinized 
physiological saline solution containing red blood cells. The red blood cell 
concentrations varied from 0.5 to 3% and the velocities ranged from 0. 5 to 5 
mm/sec. In this model the output of the laser Doppler flowmeter showed a linear 
response when the velocity or the red blood cell concentration was increased. 
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Amplitude spectra of intensity fluctuations on a detector while the 
flowsensor is attached to the skin of the third finger of a healthy 
volunteer. ( A) is recorded during arterial occlusion of the upper arm 
and (B) is recorded when skin blood flow was not disturbed. 
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2. 1 MEASUREMENT DEPTH AND SAMPLE VOLUME 

One of the major fundamental problems associated with the LDF method, is 

determining the size of the effective measurement volume. Due to the variability 

and complexity of the microvascular bed and the nature of light propagation in 

tissue, the measurement volume cannot be determined accurately. Nevertheless an 

approximation of the effective measurement volume must be made because it is 

often desirable to measure blood flow selectively in different skin layers. For 

example, studies on tissue viability (2 1 ,22) aim at obtaining information about the 

superficial capillary nutritional blood flow, whereas studies on Raynaud's 

phenomenon (23) aim at obtaining information about the thermoregulatory shunt 

flow in deeper layers of the skin. 

To overcome the problem of measuring flow in different layers at different 

depths, Dutueil et al (24) developed a double wavelength laser Doppler system. 

They incorporated red light from a helium neon laser (632.8 nm) which penetrates 

deeply into the dermis and even reaches the subcutaneous fat (25,26) with blue light 

(wavelength 457 nm) which is more strongly absorbed and scattered in the upper 

layers of the skin and only exposes the superficial capillaries and superficial plexus 

(25). It is  assumed that the Doppler signal derived from the superficial capillaries 

(where red blood cell velocities and concentrations are low) will be much weaker 

than that coming from the deeper dermal layers, where there is more blood flow 

(27). During in vivo measurements of skin blood flow with the double wavelength 

laser Doppler system, Dutueil et al (24) measured significant differences between the 

blue and red l ight Doppler spectra, which could be attributed to different 

measurement volumes. 

Gush et al (28) found that the depth of tissue probed by a laser Doppler 

flowmeter depends on the distance between the light source and the detector. The 

effective depth of the probe volume can be varied and extended to deeper layers, 

by increasing the distance between the il luminating beam at the tissue surface and 

the position of the detector on the tissue. If the distance between the light source 

(wavelength 632.8 nm) and the detector is less than 2 mm, LDF probably measures 

blood flow in the superficial papillary loops and the most superficial venous plexus 

of the dermis. LDF signals obtained using a distance of greater than 3 mm are 

thought to be related to blood flow in the deeper dermal tissues. Jentink has also 
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demonstrated that the depth of the laser Doppler flow measurements are dependent 
on the distance between the light source and the detector ( 14). 
It was possible to demonstrate depth-dependent LDF using a two layered flow 
model. Monte Carlo simulations revealed effective depth measurements varying from 
2 to 7 mm, depending on the distance between the light source and the detector, 
which was varied from 1 to 1 0  mm. (The effective depth was defined as the depth 
at which the number of scattering events per volume was 1/e2 of the maximum sum 
of scattering events per layer). The Monte Carlo simulations corresponded with the 
experimental results using tissue. 

The diode laser Doppler probe used in this study probably had an effective 
measuring depth of between 1.5 and 2.0 mm due to its geometry and the wavelength 
used. 

In each of the cases described above, the complicating effects of variable skin 
parameters, such as epidermal and dermal thickness, skin colour, the amount of 
melanin, the number of arterio-venous anastomoses and regulatory mechanisms, such 
as vasomotion, were not taken into consideration. 



2.2 SPATIAL AND TEMPORAL VARIABILITY OF 
CUTANEOUS BLOOD FLOW MEASURED BY A DIODE 
LASER DOPPLER FLOW METER IN HUMAN SKIN. 

Introduction 

2 0  

Blushing of the face, a well known signal in human behavioral interaction, is a local 
transient increase in skin blood flow caused by nervous stimulation. Due to 
morphological and regulatory differences, considerable variations in skin blood flow 
between different skin regions and large alterations from one study to another can 
be seen, even under standardized environmental conditions (29). Regional 
differences in basal skin blood flow were studied by Tur et al ( 3 0), using LDF and 
Photoplethysmography. Skin blood flow in fingers, cheek and forehead was 5 to 1 0  
fold higher compared t o  skin blood flow in the forearm, trunk or legs. The effect 
of ambient temperature was demonstrated by Burton ( 3 1). He showed that the 
minimal flow value in fingers during cold exposure is about 0.5- 1 ml/min/ 100 ml 
tissue, and that the maximum flow value during vasodilatation can be more than 100 
times greater. 

The centrally originating nervous regulation of skin blood flow via the 
sympathetic nervous system maintains a fluctuating sympathetic vasoconstrictor 
tone of the skin blood vessels. These fluctuations are partly responsible for skin 
blood flow variations of 2 0  % or more, several times a minute ( 32, 3 3). 

Due to a considerable spatial and temporal variability of the baseline flow, 
interindividually comparisons are difficult. Therefore, it has been suggested to use 
standardized provocation tests, such as postocclusive reactive hyperaemia and 
temperature induced changes. ( 34, 3 5, 36). By using these provocation tests the 
reactive vasomotor dynamics of microcirculatory blood flow can be investigated and 
blood flow parameters can be better compared interindividually. 

Spatial and temporal variations in human skin blood flow have been studied 
by Tenland et al ( 12), using a conventional laser Doppler flowmeter, with an 
estimated measuring depth of 1 mm. Tenland demonstrated spatial variation in skin 
blood flow of seemingly uniform forearm skin in resting man with a median 
coefficient of variation of 2 5%. The temporal variation reached a coefficient of 
variation of 1 9%. The different geometry of the recently developed diode laser 
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Doppler flow sensor and the different wavelength of its laser light (1 3), results in 
different spatial and temporal variability. 

Therefore a study was undertaken with the aim: 1. To determine the spatial 
variability in forearm skin blood flow and the temporal variability in forearm and 
forehead skin blood flow measured by the diode laser Doppler flow meter. 2. To 
determine the variability in blood flow parameters during reactive hyperaemia. 3. To 
compare the spatial and temporal variability measured by two Laser Doppler 
Flowmeters (Diodopp and Periflux), with different wavelengths and probe geometries. 

Methods and Subjects 

Three types of experiments were done, to determine the spatial and temporal 
variability and the variability in reactive hyperaemia parameters of human skin 
blood flow. The variability is expressed by the coefficient of variation, the 
SD/mean x 1 00% (CV). During the experiments the time constant of the signal 
processing and the gain of the amplifiers of both laser Doppler flowmeters were 
comparable and always the same. 
Experiment 1, determination of the spatial variability. 

Dorsal forearm skin blood flow was studied in one female and five male, 
healthy adult volunteers. Their ages ranged from 26 to 3 8  years. All subjects were 
measured in supine position, and recordings were made after a stabilizing period of 
15 min. Measurements were performed at a stable environmental temperature of 2 0°-
220c and a stable relative humidity. To determine the zero flow level arterial 

occlusion at the upper arm was performed by insufflating a blood pressure cuff to a 
pressure of 2 00 mm Hg before and after the measurement. This zero flow level 
determination is necessary because of the '"biological noise" that has to be 
subtracted in analyzing the data. 

We used a rectangular probeholder made of perspex with a row of 6 round 
holes situated in line, with a distance of 2 cm, where both flow sensors could be 
attached. Forearm skin blood flow recordings were made sequentially in the six 
positions during 3 0  s. The Diodopp recording sequence moved from 1 to 6, the 
Periflux recording sequence moved at the same time from 6 to 1. These cycles were 
repeated 1 0  times, giving 6 0  values from each LDF meter in each subject. Periflux 
recordings with disturbances due to movement of the optical fibers were excluded. 
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The mean values, SD and coefficient of variation (CV) were calculated. 

Experiment 2, determination of the temporal variability. 

Dorsal forearm and forehead skin blood flow were recorded in the same 

subjects, with the same experimental conditions as described above. In both skin 

regions skin blood flow recordings were made simultaneously by both LDF meters at 

a distance of 2 cm over a 20-min period, changing places after 10 min. The average 

blood flow value during successive 30-sec intervals was calculated for each LDF 

meter in each subject. The mean values, SD and CV were calculated. 

Experiment 3, determination of blood flow parameters during reactive hyperaemia. 

Dorsal forearm and forehead skin blood flow were recorded after a 1 min 

arterial occlusion in the same subjects under the same experimental conditions. On 

forearm and forehead both flow sensors were placed at a distance of 2 cm. Arterial 

occlusion in the forearm was performed by insufflating a cuff at the upper arm to a 

pressure of 200 mm Hg, arterial occlusion in the forehead was done by pressing the 

flow sensor against the skul l .  The occlusion was repeated six times, each time after 

skin blood flow had decreased to the preocclusive level. Reactive hyperaemia was 

described by the following parameters (fig 1): the maximum blood flow after 

occlusion (Vmaxl, and the time taken in seconds to reach the maximum response 

(T maxl• Maximum flow and T max were calculated for each reactive hyperaemia and 

presented as mean values, SD and CV. 

For statistical analysis the Wilcoxon test for matched pairs was used. A p 

value of less than 0.05 was accepted as level of significance. 

Results 

Spatial variability 

Mean forearm skin blood flow (± SD) and CV of each of the six subjects measured 

by the two different LDF meters in 6 different positions are shown in table 1. The 

CV of the Diodopp laser Doppler signal ranged from 13.35 % to 32.64 % and was 

significantly lower compared to the CV of the Perif lux, (range 25.69 % to 38.7 %), 

(fig 1). 
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TABLE 1 Data concerning spatial variability of forearm skin blood flow in 6 
subjects, measured by 2 LDF meters. Laser Doppler skin blood flow 
values are presented in arbitrary units (mean and SD), the variability 
is expressed in percentage as the coefficient of variation (CV). 

Spat i al Var i ab i l i ty i n  forearm s k i n  b l ood fl ow 

D i odopp 

subj Mean SD 

1 52 . 0  1 2 . 6  
2 51 . 0  1 6 . 6  
3 25 .5  6 . 3  
4 25 . 4  3 . 3  
5 1 5 . 6  2 . 7  
6 20 . 6  5 . 5  

mean 31 . 7  

Coef f ic ient o f  Va r iat ion (%)  
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1 0  
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0 
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loreo r m  forearm rorchend 
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CV Mean SD CV 

24 . 2  4 1 . 0  1 4 . 5  3 5 . 4  
32 . 6  55 .3  1 7 . 6  31 . 7  
24 . 8  5 1 . 5  1 4 . 2  27 . 6  
1 3 . 3  1 9  . 3  6 . 7  34 . 8  
1 7 . 6  1 0 . 1  2 . 6  2 5 . 6  
2 6 . 9  1 1 . 2  4 . 3  3 8 . 7  

23 . 2  3 1 . 4  32 . 3 
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FIG. 1 Differences in spatial variability of ·forearm skin blood flow, temporal 
variability of forearm and forehead skin blood flow and reactive 
hyperaemia parameters Vmax and Tmax of forearm and forehead skin 
blood flow between the two LDF meters. 
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Temporal variability. 
The mean forearm skin blood flow, SD and CV in 6 subjects measured by the 2 
L.DF meters during 2 x 1 0  min are shown in table 2a, whereas the mean forehead 
skin blood flow, SD and CV during 2 x 1 0  min are shown in table 2b. The CV's of 
the forearm skin blood flow measured by the Diodopp are, compared to the Periflux, 
in general higher, however, the difference was not statistically significant (fig 2). 
There is no difference in forehead skin blood flow variability measured by Diodopp 
or Periflux (fig 1). The CV of forehead skin blood flow, however, is much lower 
compared to the CV of forearm skin blood flow, for both LDF meters. 

TABLE 28 Data concerning temporal variability of forearm skin blood flow in 6 
subjects,measured by 2 LDF meters. Laser Doppler skin blood flow 
values are presented in arbitrary units (mean and SD), the variability 
is expressed in percentage as the coefficient of variation (CV) 

Temporal Var i ab i l i ty i n  forearm s k i n  b l ood f l ow 

Di odopp Peri f l ux 

subj Hean SD CV Mean SD CV 

1 34 . 5  5 . 6  16 . 3  1 7 . 0  1 . 5  9 . 2  
2 48 . 3  8 . 1  16 . 8  59 . 2  2 . 5  4 . 3 
3 38 . 2  7 . 6  19 . 9  22 . 4  3 . 6  1 7 .  2 
4 40 . 0  5 . 5  13 . 9  12 . 1  1 . 9  1 6 .  2 
5 24 . 0  6 . 6  2 7 . 4  7 . 5  1 . 6  2 2 . 3  
6 31 . 4  8 . 5 27 . 2  8 . 3  2 . 2  2 7 . 2  

mean 3 6 . 1  2 0 . 3  21 . 1  1 6 . 1  
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TABLE iJ Data concerning temporal variability of forehead skin blood flow in 
6 subjects, measured by 2 LDF meters. Laser Doppler skin blood 
flow values are presented in arbitrary units (mean and SD), the 
variability is expressed in percentage as the coefficient of variation 
(CV) 

r 
Temporal Vari abi l i ty i n  forehead s k i n  b l ood f l ow 

Di odopp Peri f l ux 

subj M ean SD CV Mean SD CV 

1 6 2 . 4  1 0 . 0  1 6 . 1  1 7 . 7  2 . 9  1 6 . 4  
2 8 8 . 5  6 . 7  7 . 5  7 6 . 6  4 . 6  6 . 0  
3 33 . 5  4 . 3  1 3 . 0  2 2 . 2  1 . 7  7 . 7  
4 6 2 . 8  9 . 1  1 4 . 5  44 . 6  4 . 0  9 . 0  
5 60 . 2  8 . 3  1 3 . 8  37 . 9  6 . 5  1 7 . 3  
6 37 . 2  1 . 2 3 . 2  1 0 . 6  1 . 2  1 2 . 0  

mean 57 . 4  1 1 . 4  34 . 9  1 1 . 4 

TABLE 3 Data concerning reactive hyperaemia parameters of forearm skin 
blood flow in 6 subjects, measured by 2 LDF meters. V max is 
presented in arbitrary units (mean and SD), Tmax is presented in 
seconds. The variability is expressed in percentage as the coefficient 
of variation (CV) 

no 

1 
2 
3 
4 
5 
6 

m 

Var i ab i l i ty of Forearm React i ve Hyperaemi a  parameters Vmax and Tmax 

Di odopp Peri f l ux 

Vmax Tmax Vmax Tmax 

mean SD CV mean SD CV mean SD CV mean SD 

1 21 . 6  1 3 . 7  1 1 . 3  3 . 2  0 . 4  1 5 . 0  49 . 6  3 . 5  7 . 1  3 . 5  0 . 3 
64 . 2  6 . 1  9 . 5  3 . 2 0 . 6  1 8 . 8  38 . 1  5 . 2  1 3 . 6  2 . 9  0 . 5  
49 . 8  1 2 . 1  24 . 2  4 . 2  0 . 4  1 0 . 6  55 . 5  1 3 . 4  24 . 2  3 . 7  0 . 7  
23 . 6  1 . 6  6 . 7  3 . 9  0 . 7  1 9 . 8  2 8 . 3  3 . 4  1 2 . 0  3 . 4  0 . 8  
4 8 . 3  1 . 2 2 . 6  2 . 7  0 . 4  1 6 . 7  35 . 1  3 . 4  9 . 3  3 . 0  0 . 2 
51 . 0  4 . 1  8 . 0  2 . 7  0 . 1  4 . 8  1 4 .  1 . 2  8 . 6  1 . 0  0 . 1  

59 . 8  1 0 . 4  3 . 3  14 . 3  3 6 . 8  1 2 . 5  2 . 9  

CV 

1 0 . 1  
1 8 . 8  
1 9 . 0  
24 . 3  
9 . 0  
6 . 0  

1 4 . 5  
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Reactive hyperaemia parameters. 

The mean values, SD and CV of Vmax and Tmax, measured by the 2 LDF meters 

on the forearm and the forehead are shown in table 3 and 4, respectively. No 

significant differences could be found in any of the reactive hyperaemia parameters 

between both LDF meters.The variability of Vmax in forehead reactive hyperaemia is 

significantly lower compared to the variability of the Vmax of forearm reactive 

hyperaemia. The average CV of the Vmax and T max of forearm and forehead 

reactive hyperaemia are all lower compared to the average CV of the mean forearm 

and forehead skin blood flow values measured during experiments 1 and 2. 

TABLE 4 Data concerning reactive hyperaemia parameters of forehead skin 
blood flow in 6 subjects, measured by 2 LDF meters. V max is 
presented in arbitrary units (mean and SD), Tmax is presented in 
seconds. The variability is expressed in percentage as the coefficient 
of variation (CV) 

no 

1 
2 
3 
4 
5 
6 

m 

Vari abi l i ty of Forehead Reacti ve Hyperaemi a  parameters Vmax and Tmax 

Di odopp Peri fl ux 

Vmax Tmax Vmax Tmax 

mean SD CV mean SD CV mean SD CV mean SD CV 

6 1 . 5  1 . 1  1 . 8 6 . 9  0 . 3  5 . 2  27 . 8  0 . 6  2 . 4  6 . 3  1 . 1  1 8 . 1  
106 6 . 2  5 . 5  7 . 7  1 . 2  16 . 2  81 . 4  3 . 5  4 . 4  1 6 . 7  2 . 0  1 2  . 4  

81 . 6  3 . 0 3 . 7  6 . 6  0 . 8  12 . 3  1 8 . 0  4 . 2  23 .5  5 . 8  0 . 7  1 0 . 0  
44 . 5  1 . 5 3 . 3  7 . 0  1 . 1 1 6 . 5  31 . 1  3 . 4  1 1 . 0  6 . 4  1 . 0  1 6 . 4  
51 . 1  0 . 9  1 . 7  5 . 5  0 . 5  1 0 . 5  38 . 0  0 . 8  2 . 1  5 . 0  0 . 8  1 6 . 3  
60 . 0  2 . 3  3 . 8  6 . 1  0 . 4 7 . 2  35 . 1  2 . 1  6 . 0  5 . 8  0 . 4  7 . 5  

6 7 . 5  3 . 3  6 . 6  1 1 . 3  38 . 6  8 . 2  7 . 7  1 3 . 4  

Discussion 

The results of this study indicate, that variability of skin blood flow shows 

considerable differences, depending on measuring site and type of laser Doppler 



2 7  
device. 

The lower spatial variability of the forearm flow measured by the Diodopp 
compared to the Periflux (fig. 1 )  can be explained by differences in geometry of the 
sensors. The light source - detector distance of the Periflux is within 2 mm, 
whereas the Diodopp probe separation is 5 mm. This implicates, besides an increased 
measuring depth ( 15,28), an increased measuring tissue volume for the Diodopp. As 
the Diodopp sensor integrates a larger microvascular bed, the influence of local 
fluctuations in perfusion and spatial inhomogenities of the tissue will be reduced. 

The results of the present study are in agreement with the findings of Salerud 
( 3 7), who demonstrated a significant decrease in spatial variability when using an 
integrating probe compared with a normal Periflux probe. 

The higher temporal variability of forearm skin blood flow measured by the 
Diodopp in all subjects except one (table 2a) also confirms the results of Salerud 
and Nillson ( 3 7). They suggest that the increased temporal variability might be the 
effect of summing up a number of small Doppler shifted signals from small tissue 
volumes to an increased Doppler shifted signal. Another explanation might be a 

different measuring depth of both LDF meters, due to the different wavelength of 
the laser light and the difference in light source-detector distance (28). The light of 
the Diodopp laser (wavelength 790 nm) penetrates deeper into the skin compared to 
the light from the Perifiux laser (wavelength 6 32.4 nm). Apart from the wavelength 
dependant penetration depth, hemoglobin and oxyhemoglobin absorption at 6 32.4 nm 
is much greater compared to the absorption at 790 nm . The local and central 
regulating mechanisms, which cause the temporal variability probably have a 

different effect in the various layers of the skin. Regulation of skin blood flow in 
deeper layers of the skin has probably more effect on the LDF signal. An increased 
temporal variability measured by the Diodopp therefore, can be the consequence of 
a different measuring depth. 

The temporal v�riability of the forehead skin blood flow was not different for 
both LDF meters. The significantly higher skin blood flow values measured in the 
forehead without significant differences in the SD (table 2a and 2b) might obscure a 

possible difference between CV in both LDF meters. 
Although not statistically significant, the generally lower variability of reactive 

hyperaemia parameters compared to the variability of undisturbed skin blood flow 
indicates, that the reproducebility of LDF measurements of the skin can be 
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improved by using provocation tests. From the reactive hyperaemia parameters, the 
Vmax of the forehead skin seems the most suitable parameter for interindividual 
comparative measurements because its lower variability compared to the T max· This 
is in agreement with the findings of Sundberg ( 3 8), who found the lowest CV ( 2 0-
2 1% )  in forehead skin blood flow, measured by LDF (Periflux). 

We conclude that, due to its probe geometry and wavelength, the diode laser 
Doppler flow meter lowers the spatial variability and emphasises the temporal 
variability. The maximum blood flow after occlusion (Vmaxl of the forehead skin 
blood flow seems the most suitable parameter for inter-individual comparative LDF 
measurements. 
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Skin blood flow can be measured in several ways. Most of the methods commonly 
used are techniques, based on the measurement of a physical property of the skin, 
that is related to blood flow, such as temperature, colour, volume changes, thermal 
conductance, oxygen or carbondioxide diffusion, radioactive isotope clearance and 
labeled microsphere techniques. Each technique has its limitations in terms of 
applicability and interpretation of skin blood flow. Preferable techniques should be 
direct, absolute , continuous, non invasive, reproducible and patient and nurse 
friendly. 

Laser Doppler flowmetry fulfils most of these conditions. However, LDF is, 
when measuring tissue perfusion, a relative method. Validation of the LDF technique 
has been done by comparison with established techniques for measuring blood flow. 
Stern et al (4 ) and Holloway and Watkins (2 0 )  used the 1 3 3xenon clearance 
technique for comparison with the laser Doppler technique and found a linear 
relationship between blood flow measured by LDF and blood flow measured by 
Xenon clearance with a correlation coefficient of 0. 89. However, in non of both 
methods the sample volume is clearly defined. Salerud and Oberg ( 3 9 )  compared local 
blood flow of the gastrocnemius muscle of the hind leg in a experimental pig model 
measured by LDF with the femoral blood flow measured by an electromagnetic 
flowmeter. Linear regression analysis showed a correlation coefficient of 0.88 (n= 36, 
p< 0. 00 1 ). The quantitative direct method of dynamic capillaroscopy has been used 

by several authors to compare red blood cell perfusion (2 ) and red blood cell 
velocity (4 0,4 1 )  with blood flow measured by LDF. Tyml and Ellis (2 ) demonstrated 
in the sartorius muscle of anesthetized frogs correlation coefficients of 0.91 and 
0.45 for temporal and spatial variations, respectively. The influence of blood flow at 
a depth of more than 0. 3- 0.4 mm evidently disturbed the relationship between both 
methods. However, when penetration of laser light was limited to 0.3- 0.4 mm in 
order to make the sample volumes for both methods more comparable, the 
correlation coefficient for spatial variations increased from 0.45 to 0.86 (2 ) .  Pulse 
Plethysmography and LDF were compared in several studies (2 3, 3 0,42,4 3,44,45 ), but 
the results are not unambiguous and, dep·ending on measuring site, vary between an 
approximately linear relationship with a correlation coefficient of 0.87 (44 ) and 
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random correlations ( 3 0). Venous Occlusion Plethysmography (VOP) is a peripheral 
measuring technique which measures peripheral blood flow in ml per minute per 100 
ml tissue and is therefore, often used as a standard method for peripheral blood 
flow. Comparative studies with LDF (46,4 7) revealed varying results, from a 
nonlinear relationship (4 7) to linear correlation coefficients of 0. 94 (46). 

To validate the laser Doppler flowmeter used in this study, we compared the 
LDF with Photoelectrical Plethysmography (PhEP) and VOP (Strain Gauge method). 
During pilot studies, where the 3 measuring methods were compared during 
pharmacological trials in patients with Raynaud's phenomenon, we noticed equivalent 
reactions of the two plethysmographic methods and LDF. (fig 1) 
We did two comparative studies, the first with healthy volunteers (chapter 2. 3. 1) and 
the second with patients suffering from Raynaud's phenomenon. (chapter 2. 3.2) 

LASER OOPPlfR FLOWMETRY {fourth UngK} 

VENOUS OCQ.USION Pl..ETHYSJ.IOGRAPHY {fourth llngt1) 

PHOTO ELECTRICAL PLETHYSUOQRAPHY (IKOnd fin;.,, 

FIG. 1 Increase in finger skin blood flow measured with Laser Doppler 
Flowmetry, Venous Occlusion Plethysmography and Photoelectrical 
Plethysmography after intra:-venous injection with lsoxsuprine in a female 
patient with Raynaud's phenomenon. 
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Introduction. 

Tissue or skin blood flow in human subjects can be measured in many different 

ways. Comparisons between the different methods are described in the previous 

chapter (2.4). The skin of the finger is, due to a large amount of arterio-venous 

anastomoses (48) a unique tissue. The extraordinary range of blood flow in the 

fingers, permitting a hundred fold increase between minimum and maximum values, 

(31) makes comparative measurements more difficult. Comparative measurements of 

finger skin blood flow require very carefully standardization of factors as 

environmental temperature and humidity, hormonal changes, breathing, posture and 

bladder distension. Any stressing event should be avoided. The effect of someone 

entering the room somewhere about the time of blood removal by puncture, during a 

pilot study of finger blood flow measurements, can result in fluctuations in the 

recording of more than 30%, as il lustrated in figure 1. 

Only few studies have been undertaken to compare the currently used methods 

for measuring finger skin blood flow. Coffman and Cohen (49), using VOP and 

isotope clearance to measure the effect of medication on finger blood flow in 

Raynaud's phenomenon, found no significant differences between both methods. 

Fagrell (40), who compared dynamic microcapil laroscopy with the laser Doppler 

method in measuring finger blood flow found rather diverging results, especially in 

patients with various degrees of peripheral arterial insufficiency. Engelhart et al 

(50), compared Laser Doppler Flowmetry and 133-Xe clearance in measuring finger 

blood flow in Raynaud's phenomenon during cooling and found good correlations. 
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To our knowledge no studies have been undertaken to compare the quantitative 

method of Venous Occlusion Plethysmography with the relative methods of 
Photoelectric plethysmography and Laser Doppler Flowmetry on finger blood flow. 
Therefore, a study was undertaken to compare these noninvasive methods to measure 
finger blood flow in healthy volunteers. 

SOMEONE ENTER/NO ROOM BLOOD PUNCTURE 

'. I I i i !  
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FIG. 1 Sudden decrease in finger skin blood flow, measured with LDF, preceding 
a stressing event (blood puncture). 

Subjects and methods 

We studied changes in finger blood flow with 3 measuring techniques in 1 2  healthy 
volunteers, 9 males and 3 females. All subjects were non-smokers with a mean age 
of 36. 7 ± 8. 8 years. Each volunteer relaxed in a supine position for at least 3 0  
minutes before recordings were made. 
During the experiment volunteers were lying in supine position on bed, with their 
left or right hand placed above heart level in a supported, comfortable position. 
Finger blood flow was measured on the volar side of the second and fourth finger. 
(fig. 2) . All experiments were performed in a quiet, half dark room with a constant 
environmental temperature (2 3

°C ± 1
°
C) and stable humidity. 
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Venous occlusion plethysmography measures quantitatively peripheral blood flow in 
the fingers, giving absolute flow values in ml/100 ml tissue/min. During venous 
occlusion of the finger the arterial flow is maintained, and the volume changes 
caused by the increase of the blood volume of the venous bed, together with the 
heart-synchronous pulsewaves are measured by the strain gauge technique (5 1). The 
mercury in silastic strain gauges were placed on the third phalanges of the second 
and fourth finger. Miniature cuffs for arterial and venous occlusion were applied at 
the proximal part of the second and fourth finger. Arterial occlusion pressure was 
set at 200 mm Hg and venous occlusion pressure was set at 3 0  mm Hg. Venous 
occlusion was applied during 5 successive heartbeats, alternating with 8 heartbeats 
of releasing the cuff. Both periods were triggered by the ECG signal. To provide a 
large venous capacity, the measured fingers were placed above heart level. 

The Photo Electrical Plethysmograph with lightsource (800- 94 0 nm) and 
lightdetector was placed on the distal part of the third phalanx of the second 
finger (reflection mode, Lameris, Holland). The method is based on detection of 
intensity fluctuations of backscattered light, caused by arterial pulsations and 
influenced by the optical properties of the skin, the amount of (venous) blood and 
the vesselwall properties (52). Changes in peak-to-peak amplitude of the signal are 
related to flow changes (5 3). 

The laser Doppler flow method has been described by several authors 
( 10, 14,42). Coherent laser light illuminating the skin is scattered by static skin 
structures and moving particles (red blood cells). Scattering from moving particles 
causes a frequency shift, according to the Doppler principle. The backscattered 
frequency shifted and unshifted light are mixed on a photodetector surface and 
produce a frequency spectrum of beat notes, which is dependent on red blood cell 
velocities and number of moving red cells. The laser Doppler flow value represents 
not a quantitative flow signal but a value consisting of the integrated velocities of 
all red blood cells measured under the sensor. Processing of the frequency spectra 
between 3 0  Hz and 3 0  kHz provides an output in volts proportional to blood flow. 
We used a previously described (54), newly developed and low cost diode laser 
Doppler flowmeter (Diodopp, ALT). The light source (Hitachi laserdiode, 5 rrW, 
wavelength 790 nm), 2 detectors (Philips BPX4 0 photodiodes) and a Peltier effect 
element (Melcer), which keeps the sensor's· temperature constant, are integrated 
into the sensor. The laser Doppler flow sensor was attached to the most distal part 
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of the fourth finger (fig 2). Laser Doppler flow signals are given in arbitrary units 
above zero "flow·· level. This level was determinated by arterial occlusion via the 
miniature finger cuff. 

STRAIN GAUGE 

PhEP SENSOR 

LDF SENSOR 

STRAIN GAUGE 

MINIATURE CUFF 

FIG.3 Schematic drawing, showing the hand with miniature cuffs, 2 VOP strain 
gauges, PhEP sensor and LDF flow sensor attached to the volar side of 
the second and fourth finger of a supported hand above heart level. 

Skin blood flow was measured in rest during 15 minutes including a one minute 
arterial occlusion of the upper arm after 10 minutes. The PhEP and LDF signals 
were recorded continuously. The VOP signals were recorded semi continuously, 
during 5 heartbeats of venous occlusion, alternating with 8 heartbeats of releasing 
the cuff. This resulted in 6 0  - 90 values in each subject. 

Data analysis: We compared the 4 signals using Pearson's cross correlation and 
the Wilcoxon test. Sampling of LDF and PhEP data occurred a-synchronous; to 
prevent a possible influence of the venous occlusions on the PHEP and LDF 
measurements, both signals were recorded just prior to each venous occlusion. A p 

value of 0.0 5  was taken as level of significance. 

Results 

A graphic display of the skin blood flow values as sampled from one subject is 
shown in figure 2. 
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FIG.2 Graphic display of skin blood flow values, sampled during a recording, 
from VOP, LDF and PhEP measured on the second and fourth finger in 
subject no 2. 

In resting conditions, the mean skin blood flow of the second and fourth finger 
measured by VOP ranged from 2. 0 to 6 0  ml/ 100 ml tissue/min. The mean skin blood 
flow of the fourth finger measured by LDF ranged from 12.05 to 3 0.12 arbitrary 
units, the mean skin blood flow of the second finger measured by PhEP ranges from 
8. 3 3  to 3 1 . 16 arbitrary units. (table 1 )  

When measured simultaneously by VOP, skin blood flow in the second and fourth 
finger was highly correlated, with correlation coefficients ranging from 0.66 to 0. 98. 
When both fingers were measured by 2 different methods, LDF and PhEP, lower 
correlation coefficients were found in 1 0  of the 12 subjects (range - 0. 54 to 0. 92). 
The relationship between VOP and LDF measured in the fourth finger was not 
consistent. Correlation coefficients ranged from - 0. 54 to 0.82 and were not 
significant in 4 subjects. The relationship between VOP and PhEP, measured in the 
second finger was also not consistent. Correlation coefficients ranged from 0. 1 2  to 
0.84 , being not significant in 3 subjects. 
The correlation coefficients of all subjects are shown in table 2. 
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TABLE 1 Skin blood flow values measured by 3 methods in the second and 
fourth finger of 12 healthy volunteers. LDF and PhEP values are 
given in arbitrary units, VOP is given in ml/100 ml tissue/minute. 

LDF VOP 
subj 2nd fi nger 2nd fi nger 
no i n  arb . un i ts ml /lOOml /mi n 

(mean ± SD) (mean ± SD) 

1 1 2 . 5  ± 5 . 4  8 . 3  ± 3 . 3  
2 21 . 4  ± 7 . 2  2 7 . 4  ± 1 1 . 1  
3 1 4 . 2  ± 1 . 6  39 . 1  ± 6 . 7  
4 8 . 5  ± 1 . 6  38 . 5  ± 12 . 7  
5 1 0 . 6  ± 2 . 4  60 . 0  ± 1 1 . 2  
6 1 1 . 7  ± 5 . 9  2 . 2  ± 0 . 5  
7 1 7 . 5  ± 4 . 0  19 . 9  ± 4 . 0  
8 3 0 . 1  ± 9 . 2  1 2 . 8  ± 6 . 0  
9 1 7 . 6  ± 7 . 0  1 2 . 9  ± 4 . 4 
10 2 1 . 0  ± 7 . 9  2 . 0  ± 1 . 2  

1 1  1 2  . 0  ± 4 . 3  5 . 4  ± 2 . 7  
1 2  1 6 . 1  ± 5 . 4  1 0 . 5  ± 5 . 0  

VOP 
4th f i nger 

m l /100ml /m in  
(mean ± SD) 

8 . 1  ± 3 . 5  
25 . 8  ± 9 . 8  
44 . 3  ± 5 . 6  
4 1 . 5  ± 1 3 . 1  
39 . 3  ± 9 . 2  
2 . 8  ± 0 . 9  

1 3 . 4  ± 4 . 5  
20 . 6  ± 1 1 . 9  
19 . 4  ± 6 . 2  
3 . 8  ± 2 . 7  
4 . 6  ± 1 . 2  

1 5 . 2  ± 7 . 3  

PhEP 
4th fi nger 

i n  arb . un i ts 
(mean ± SD) 

1 8 . 4  ± 6 . 2  
2 7 . 6  ± 7 . 1  
1 6 . 1  ± 1 . 5  

1 1 . 4 ± 2 . 5  
2 7 . 2  ± 8 . 4  
2 6 . 3  ± 5 . 9  
8 . 3  ± 2 . 4  

31 . 1  ± 1 1 . 1  
2 8 . 2  ± 1 1 . 1  
3 6 . 8  ± 1 3 . 8  
1 7 . 0  ± 2 . 4  
2 2 . 2  ± 9 . 6  

TABLE 2 Correlation coefficients of skin blood flow changes measured by 
VOP, LDF and PhEP in the second and fourth finger of 12 healthy 
volunteers. 

subj . 
no 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10  
1 1  
12  

corr . coeff 
LDF-VOP 

4th f i nger 

0 . 51* 
0 . 82 
0 . 57 

- 0 . 01* 
0 . 53 
0 . 60 

- 0 . 54* 
0 . 22* 
0 . 61 
0 . 6 7  
0 . 82 
0 . 80 

* = not s i gn i fi cant 

corr . coeff corr . coeff cor r .  coeff 
VOP-VOP VOP- PhEP LDF- PhEP 

2nd and 4th 2nd f inger 2nd and 4th 
fi nger f i nger 

0 . 82 0 . 12* 0 . 92 
0 . 91 0 . 75 0 . 88 
0 , 92 0 . 65 0 . 74 
0 . 87 o . 50* 0 . 22* 
0 . 85 0 . 58 0 . 85 
0 . 66 0 . 84 0 . 81 
0 . 86 0 . 84 - 0 . 54* 
0 . 7 2  0 . 44* 0 . 37* 
0 . 90 0 . 55 0 . 82 
0 . 90 0 . 72 0 . 6 1  
0 . 76 0 . 66 0 . 66 
0 . 98 0 . 65 0 . 75 
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Discussion 

The results of the present study indicate, that in normal resting conditions, the 
finger skin blood flow of the second and fourth finger is very well comparable, 
when measured by VOP. The range of finger blood flow values in the subjects is 
for both fingers in the same order, and not significantly different from each other 
M'ilcoxon test). This indicates, that in resting conditions the blood flow in the 
second and fourth finger is about the same height and fluctuates in the same way. 

The mean finger blood flow values, measured by VOP ranged from 2 to 6 0  
ml/ 100 ml/min. This is well within the maximal range of 1 to 90 ml/ 100 ml/min, as 
shown by Burton ( 3 1). 

A wider range of correlation coefficients between LDF and VOP in the fourth 
finger and between PhEP and VOP in the second finger is mainly found in 4 
subjects, no 1, 4, 7 and 8. These subjects did not differ significantly concerning 
mean skin blood flow (VOP values), variability in skin blood flow, age or sex. The 
wider range of correlation coefficients can be explained by the different measuring 
volumes of the 3 methods. VOP measures the volume increase due to arterial inflow 
of blood in the whole distal phalanx. PhEP measures the changes in volume due to 
the same inflow of arterial blood, and, moreover, in a smaller part of the skin. LDF 
measures the flow of arterial and venous blood, also in a small part of the skin. 
This might be a disturbing factor in comparing LDF and PhEP with VOP. It seems 
evident, that due to the different natures and the different measuring volumes of 
the 3 methods high correlations cannot be expected. 

The linear relationship and high correlation coefficients between LDF and VOP, 
found by Johnson et al (46), who compared LDF and VOP in the forearm during 
heat stress seem to contradict our results. The skin blood flow of the fingers, 
however, is much higher and more variable compared to forearm skin blood flow. 
Therefore, the discrepancy between the results of Johnson and our results, is 
probably due to the different measuring site. 

The correlation coefficients between LDF and PhEP measured on the fourth 
and second finger ranged from - 0.54 to 0. 92. Almond et al (44) found a more 
consistent relationship with a correlation coefficient of 0.87 when measuring 6 
subjects. He used a probe were LDF and PhEP were incorporated and therewith 
measured both signals from the same measuring volume. We measured LDF and PhEP 
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in two different fingers, which is likely t o  increase the spatial variability and, 
therefore, lowers the correlation coefficient. 

We conclude, that there is no difference in finger skin blood flow in the 
second and fourth finger when measured by VOP. Comparative measurements of 
finger blood flow between VOP and LDF and VOP and PhEP shows that the results 
can well be compared. LDF and PhEP seem to be more sensitive to local skin blood 
flow changes, due to their smaller measuring volume. 
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Summary 

The effects of cooling of a hand on lateral and contralateral digital skin blood 
flow were investigated in 1 8  patients with primary or secondary Raynaud's 
phenomenon. The aim of the study was to compare Photoelectrical Plethysmography 
(PhEP) and Laser Doppler Flowmetry (LDF). PhEP and LDF were used simultaneously 
for skin blood flow measurements of the third finger of both hands. One hand was 
cooled in water from 33° to 3° C in steps of 3° C, each step lasting 4 min. It was 
followed by a recovery period of 1 0  min. in room air of 24° C. During stepwise 
cooling from 33° to 9° C the relative PhEP and LDF values, measured on the cooled 
hand, decreased to 6.2% ± 3.2% and 1 0% ± 1.2% respectively. The correlation 
coefficients between LDF and PhEP varied between 0. 79 and 0. 99. In the 
contralateral hand the relative PhEP and LDF values decreased to 38% ± 3. 0% and 
64% ± 7.9% respectively. The correlation coefficients between LDF and PhEP values 
were lower on the contralateral hand and ranged from 0.26 to 0.95. By calculating 
the LDF/PhEP ratio's during cooling and recovery, more specific the changes in red 
blood cell velocities during cooling were studied. Increasing LDF/PhEP ratio's 
suggest increasing red blood cell velocities during cooling at 9° C. and a difference 
in both measuring methods. For testing the severity of Raynaud's phenomenon and 
the effect of treatment the results of both methods show consistent and well 
comparable results when measured on the cooled hand. The effect of indirect 
cooling on the contralateral hand, however, is less consistent. 
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Introduction 

Patients with Raynaud's phenomenon (RP) show a typical reaction of the fingers 

during cold provocation. Initially there are white, "dead" fingers, which afterwards 

become blue and then, during recovery a red, reactive, hyperemic colour appears. 

The phenomenon is primary if no underlying cause is present (55,56). The 

phenomenon is secondary if a systemic disease as underlying cause is present. 

To objectivate the severity of RP and the effect of treatment, a variety of 

methods have been used (57,58). Appropriate comparison of studies on RP is only 

possible if the objective methods of examination show comparable results (49,50,56). 

The Photo Electrical Plethysmography (PhEP) and Laser Doppler Flowmetry (LDF) 

measure changes in the microvascular bed of a small, comparable part of the skin. 

Cold provocation is a common method of testing the severity of RP. In this 

test, measurements are usually done at the cooled hand, although some authors 

describe similar reaction patterns, measured at the contralateral hand 

(55,59,60,61,62). In our department we investigated blood flow of the 5 fingers of 

the cooled hand with PhEP. It was found that all fingers of the cooled hand showed 

the same reaction pattern on cooling. The lowest blood flow was found at 9°. 

During proceeding of cooling down to 3° C we observed a transient recovery of 

blood flow in normal subjects and patients with mild symptoms of RP, the so called 

hunting reaction (57,63). 

In the present study skin blood flow in the third finger of both hands was 

measured simultaneously by PhEP and LDF during local cooling of one hand in 

patients with RP. The aim of the study was 1) to compare 2 noninvasive methods, 

Photoelectrical Plethysmography and Laser Doppler Flowmetry and 2) to investigate 

differences in digital skin blood flow between the cooled and the contralateral hand. 

Patients and methods 

Eighteen patients, suffering from primary RP (n= 13) and suspected secondary RP 

(n=5) were studied. Underlying diseases as a possible cause for Raynaud's 

phenomenon were diagnosed by means of physical examination and laboratory data. 

The group of patients consisted of 14 women with an age of 32 ± 9 years (mean ± 

SD) and 4 men with an age of 39 ± 15 years. 
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The Photo Electrical Plethysmograph with lightsource (800-- 94 0  nm) and lightdetector 
is placed on the skin (reflection mode, Lameris, Holland). The method is based on 
detection of intensity fluctuations of backscattered light, caused by arterial 
pulsations and influenced by the optical properties of the skin, the amount of 
(venous) blood and the vesselwall properties ( 52). Changes in peak-to-peak 
amplitude of the signal are related to flow changes ( 5 3) . 

The laser Doppler flow method has been described by several authors 
(14,42,64). Coherent laser light illuminating the skin is scattered by static skin 
structures and moving particles (erythrocytes) . Scattering from moving particles 
causes a frequency shift, the Doppler principle. The backscattered frequency shifted 
and unshifted light are mixed on a photodetector surface and produce a frequency 
spectrum of beat notes, which is dependant on red blood cell velocities and number 
of moving red cells. The laser Doppler flow value represents not a quantitative flow 
signal but a value consisting of the average over the velocities of all red blood 
cells measured under the sensor. Processing of the frequency spectra provides an 
output in volts proportional to blood flow. A previously described ( 54), newly 
developed and low cost diode laser Doppler flowmeter (Diodopp, ALT,) was used. The 
light source (Hitachi laserdiode, 5 rrlN, wavelength 7 90 nm), 2 detectors (Philips 
BPX4 0 photodiodes) and a Peltier effect element (Melcor), which keeps the sensor's 
temperature constant, are integrated into the sensor. LDF signals are given in 
arbitrary units above zero flow level. The zero LDF signal was obtained by arterial 
occlusion. 

Before measurements, patients were allowed to acclimatize for half an hour in 
a quiet, half dark room with a stable temperature of 24°C. PhEP was applicated on 
the fingertip of the third finger of the cooled hand and the LDF probe was placed 
just proximal of the PhEP. On the contralateral third finger PhEP and LDF probes 
were applicated in the same way. The cold provocated hand was cooled down 
stepwise per 3 degrees in a waterbath from 3 3° to 3°C, each step lasting 4 minutes. 
After cooling down, the hand was recovered in environmental air (temp 24° C) 
during 1 0  min ( 3) .  During the whole procedure, both hands were placed above heart 
level and the signals were continuously measured. During cooling the LDF voltage 
and PhEP peak-to-peak amplitude were sampled at the end of each step and, during 
recovery each minute. 

The laser Doppler flow signal is dependent on red blood cell velocities and 
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number of moving red blood cells and therefore contains a velocity part as well as 
a volume part. The PhEP signal is dependent on volume changes and therefore 
contains a volume part only. Therefore, by calculating the LDF/PhEP ratio, the red 
blood cell velocity component becomes more evident. Moreover, the LDF/PhEP ratio 
can be used to compare both methods during cooling. 

The PhEP and LDF values were fed into a microcomputer, The relationship 
between these two signals was then investigated using the Pearson's product moment 
correlation. LDF/PhEP ratio's were calculated. A p value of less than 0. 05 was 
considered to be significant. 

Results 

During the stepwise cooling both LDF and PhEP signals from the cooled hand 
decreased, the minimum flow values being 6.2 ± 3.2% and 1 0  ± 1.2% (mean ± SD) 
respectively, compared to the initial values. During cooling, the LDF signal showed 
transient increases in flow in contrast with the PhEP signal, which steadily 
decreased (fig 1). 
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FIG. 1 Mean values (± SD) of LDF and PhEP of all patients for the cooled hand 
during cooling and recovery. Temperature is given in degrees Cetoos. 
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In the contralateral hand the LDF and PhEP signals also decreased, the minimum 
flow values being 3 8  ± 3.0% and 64 ± 7. 9% (mean ± SD) respectively, compared to 
the initial value. The relative changes (mean ± SD) in PhEP and LDF values of the 
cooled and of the contralateral hand during cooling and recovery are shown in fig.1 
and fig.2. 
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FIG.2 Mean values (± SD) of LDF and PhEP of all patients for the contralateral 
hand during cooling and recovery. Temperature is given in degrees 
Celsius. 

The relationship between LDF and PhEP signals was investigated by calculating 
linear correlations for each subject. During stepwise cooling from 3 3° to 9°C the 
correlation coefficients between the LDF and PhEP values in the cooled hand varied 
between 0. 79 and 0.99, as shown in table t If cooling to 3° C and recovery period 
were included in the data analysis, slightly lower correlation coefficients were found 
(table 1). 
In the contralateral hand the correlation coefficients between LDF and PhEP values 
were found to be lower, with r values ranging from 0.62 to 0.95. However, in all 
but four, the correlations were still significant (table 1). If the data during cooling 
to 3° C and recovery were induded in the analysis, the range of correlation 
coefficients became wider (table 1). 



TABLE 1 Correlation coefficients between PhEP and LDF of all patients 
during cooling and recovery in both hands 

CORRELAT ION COEF .  BETWEEN PhEP AND LDF FLOW VALUES 

Raynaud COOLED HAND CONTRALATERAL HAND 
type 

cool i n g  cool i ng cool i n g  cool i ng 
l=pr i m  and and 
2=sec recovery recovery 

1 0 . 88 0 . 79 0 . 26 * 0 . 44 * 
1 0 . 94 0 . 93 0 . 72 0 . 85 
1 0 . 97 0 . 91 0 . 91 0 . 91 
1 0 . 96 0 . 92 0 . 79 0 . 83 
2 0 . 84 0 . 76 0 . 56 * 0 . 57 * 
1 0 . 93 0 . 82 0 . 95 0 . 74 
2 0 . 94 0 . 91 
2 0 . 99 0 . 84 0 . 95 0 . 89 
1 0 . 93 0 . 92 0 . 77 0 . 62 
1 0 . 94 0 . 89 0 . 52 * 0 . 3 1  * 
2 0 . 93 0 . 92 0 . 64 0 . 56 
1 0 . 53 - 0 . 14 * 
2 0 . 95 0 . 91 0 . 59 0 . 43 * 
1 0 . 96 0 . 92 0 . 8 1 0 . 40 * 
1 0 . 79 0 . 68 0 . 59 0 . 63 
1 0 . 96 0 . 94 0 . 50 * 0 . 46 * 
1 0 . 93 0 . 88 0 . 68 0 . 59 
1 0 . 91 0 . 83 0 . 75 0 . 69 

* not s i gni fi cant 
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During cooling, the LDF/PhEP ratio's, an index that represents more specifically 
changes in red blood cell velocities, showed maximum values at 9° C. (fig 3). This 
was the result of a considerable increase of the LDF/PhEP ratio's in some patients. 

Discussion 

The results of the present study indicate that, in patients with RP, digital blood 
flow decreases during cooling. The decrease is more pronounced in the cooled hand 
compared to the contralateral hand. The LDF and PhEP blood flow values measured 
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during cooling showed good correlations in the cooled hand. This correlations were 
less pronounced in the contralateral hand. 
Changes in digital blood flow, measured with PhEP or LDF , are described by 
several authors (2 3, 3 0,44,4 5,6 0,6 1,62 ,6 5 ,66). However only few studies comparing 
LDF and PhEP have been reported. Reaid and Seem (2 3) described "a well 
corresponding recovery time" between both methods after cold provocation in 
patients with Raynaud's phenomenon. Almond et al (44), investigating the digital 
circulation in healthy men , found good correlations ( 0. 87) between both methods , 
only when the venous return from the finger was unimpeded. Tur et al ( 3 0) ,  who 
compared both methods in healthy subjects in several body sites, observed good 
correlations in skin areas with ··tow skin blood flow perfusion". 

The good correlations between LDF and PhEP values measured in the cooled 
hand indicates , that both methods, despite its differences , are well comparable 
during cooling down until 9° C. When cooling down is continued until 3° C digital 
blood flow sometimes increases. An increase in digital blood flow during cooling 
down is sometimes seen, the so called hunting reaction ( 57,6 3). During the recovery 
period in room air the digital blood flow increases again and becomes more variable 
(fig.1). The more variable digital blood flow during recovery and the unpredictable 
appearance of a hunting reaction is a possible explanation for the lower 
correlations when this period is included (table 1). 

On the contralateral hand the same tendency, although less pronounced , was 
found. Good correlation coefficients were found between the 2 methods during 
cooling down until 9° C, afterwards lower correlations were found. 

In comparing the reaction of skin blood flow in both hands during cooling of 
one hand, the reaction in the cooled hand is much more pronounced than in the 
contralateral hand. Some authors ( 5 5 , 59,6 0,6 1 ,62) have suggested , that the decrease 
in skin blood flow in the contralateral hand during cooling can be used as a 
possible assessment for the severity of the RP. Using two different optical methods 
we could not confirm their findings during our provocation test. Only the skin blood 
flow decrease during the first 3 steps of cooling showed similarity in both hands , 
indicating that the initial reaction on cooling might be a central mediated reflex 
mechanism. 

By using two different optical methods we studied the changes in digital blood 
flow during cooling. LDF uses the scattering of light on moving red blood cells to 
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determine the skin blood flow, which is dependent on red blood cell velocities and 
the number of moving red blood cells. The laser Doppler signal therefore contains a 
velocity part and a volume part. PhEP detects intensity fluctuations of 
backscattered light, dependant on volume changes. There is no influence of oxygen 
saturation in comparing both signals, given the wavelengths of 790 and 800- 900 nm 
for LDF and PhEP respectively, since these wavelengths fall within the isobestic 
region of the Hemoglobin and Oxyhemoglobin spectra. We suggest that by calculating 
the LDF/PhEP ratio it is possible to get a more specific indication of changes in 
red blood cell velocities. 
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FIG.3 Mean LDFI PhEP ratio (± SD) of all patients for both hands showing 
peak values at fJ'. Temperature is given in degrees Celsius. 

The changes in LDF/PhEP ratio (fig 3) indicates in both hands an increase in red 
blood cell velocities during the last part of cooling until 9° C and a sharp decrease 
in velocities at 9° C. We cannot explain this phenomenon, but the sudden increase 
in red blood cell velocities suggests involvement of arterio-venous anastomoses, 
which act as "open - shut" valves (6 7). Moreover, the peak value at 9° C indicates 
a difference between both measuring methods, especially during cooling at lower 
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temperatures. The transient increases in the LDF signal at lower temperatures in 
the cooled hand (fig 1) also indicate a difference in both measuring methods. 
Presumably the laser Doppler flow method offers extra information about the 
microcirculatory red blood cell velocities. 

The results of this study indicate, that both LDF and PhEP are very well 
comparable when measured on the cooled hand in RP patients. The effect of indirect 
cooling on the contralateral hand, however, is less consistent. 
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Cutaneous circulation 
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Skin, the interface between human body and the environment is not merely a 

protective cover against mechanical or physical damage but an organ containing 

highly selective regulatory mechanisms (1). The adult skin, which accounts for 10 to 

16% of the total body mass has a surface of approximately 1.8 square meters. In 

normal adult persons the blood flow of the skin is greatly in excess of its metabolic 

needs and is  mainly determined by the demands for temperature regulation. In 

normal newborns this excess is even higher (2) due to a more unfavorable 

surface/weight ratio. 

General architecture 

Two distinct skin layers, the dermis and epidermis can be identified. The dermis, 

the innermost layer, mainly consisting of connective tissue, contains sweatglands, 

sensory bodies and a complex network of small blood vessels. In adults its thickness 

varies between 1 and 4 mm, dependent on the region of the body. The epidermis, a 

stratified epithelial tissue, contains reproductive cells producing pigment and 

keratin. Its thickness is relatively uniform, between 60 and 100 µm, except in palms 

and soles, where the epidermis thickness mostly exceeds the thickness of the 

dermis. In newborns both layers seem to be thinner (3,4). Smits determined in fetal 

scalp skin a thickness of ± 600 µm and ± 25 µm for dermis and epidermis, 

respectively. It should be emphasized, that the structure of the skin differs in the 

various body regions. Whether these morphological differences are due to 

adaptations to certain needs, or are already present at birth, is unknown. 

Microvascular architecture 

The largest arteries of the skin are found· in a plexus at the border of the deep 

dermis and the subcutis, generally parallel to the epidermal surface and located at 
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varying depth (6). Since Spalteholz in 1927 (6) determined 2 arterial and 4 venous 

plexuses the number and location of the various vascular networks in the skin has 

been subject of debate. Winkelman et al (7) and Saunders (8) considered the skin's 

microvasculature as a continuous arterio-venous network with meshes of different 

sizes and with various spatial relationships, without specific plexuses. Hsieh (9) 

distinguished a deep dermal and a subpapillary arterial plexus, a capillary network, a 

superficial venous network and another two venous networks with veins of 

increasing size. Higgins and Eady (10) considered the skin's microvascular bed in a 

segmental way and distinguished nine consecutive segments: ascending arteriole (50-

100 µm), arteriole of superficial plexus (50-70 µm),terminal arteriole (<50 µm), 

arterial and venous side of the capillary loop (4- 10 µm), postcapillary venule, venule 

of superficial plexus (upper and deep components interconnected by vertical shunts) 

and descending collecting venule. 

Arterio-Venous-Anastomose (AVA) 

The mechanism that enables blood to pass directly from arteries to veins, without 

passage through capil laries, is called shunting. Whether this shunting takes place in 

morphological well defined structures such as glomus type AVA's ( 1 1 , 12), or has to 

be considered in a more functional way (10), is not clear. Shunting through 

morphological or functional AVA's mostly occurs in nailbed, finger and toe tips, 

ears, nose and l ips (9, 13, 14) The level of shunting is not only between arteriole and 

vein in the middle and deep dermis but also in the superficial dermis, between 

arterioles and venules and between terminal arterioles and adjacent venules (15). 

The major role of AVA's is obviously in temperature regulation. 

The microvasculature of the newborn infant differs from that of the adult. 

Schwalm (16) distinguished differences in the anatomy of the skin's microvasculature 

between younger and elder newborn infants, between premature and fullterm infants 

and also between small and appropriate for gestational age newborn infants. 

Differences were seen in the capillary loops; in younger, premature and small for 

gestational age newborn infants, the localization of the capillary loops is more 

irregular whereas the diameter shows less variability. Perera et al (17) found a 

disorderly capillary network with no papillary loops in almost all areas at birth, 

with a gradual development to an orderly subpapillary network and a papillary 
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capillary network by the 14th to r7th week of life. By the end of the first week 
papillary loops begin to appear as small superficial dilatations or buds. A delayed 
development was seen In areas of creases, whereas In palms, soles and nallfolds an 
earlier development of capillary loops was seen. Cold exposure might effect the 
development of papillary vessels, as shown· by Heroux and St Pierre in the skin of 
rat ears (18). Probably the formation of arterio-venous anastomoses, which seem to 
be not present at birth ( 5, 19), is also the effect of cold exposure ( 17). Arajarvi 
(2 0), who studied the conjunctiva! blood vessels of full term and premature 
newborns also found a development from a confusing disorderly network to a more 
regular one. The thicker and thinner criss-crossed placed capillaries changed into 
thinner, more regular capillaries with increased length. These changes were more 
pronounced during the first 6 to 9 weeks, continuing more slowly afterwards. After 
6 to 8 months the conjunctiva! vessel network appeared completely similar to that 
of the adults. Inoue (21), studying Resin casts of the microvasculature of human 
digits in infants and adults demonstrated beautifully the difference between the 
thin, tall and rotated capillary loops in the palmar skin of adults, whereas the child 
showed undeveloped, sprouting capillaries (fig 1). 

FIG. 1 Closer vieuw of terminal loops of the palmar skin 
A: Undeveloped loops in child (x200). B: Coiled loops in adult (x200). 
After Inoue H. The Hand 10, 145, 1978. 

Regulation of skin blood flow In adults. 

Considering the metabolic need of the skin related to its perfusion it seems evident 
that there is a large overperfusion ( 8), in greater part of thermoregulatory nature. 
The minimal flow value in fingers .during cold exposure is about 0. 5- 1 ml/min/100 ml 
tissue (22) The mean flow value is 2 0-3 0 times greater, the maximum flow value 
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during vasodilatatlon can exceed to 100 ml/min/ 100 ml tissue. The total skin blood 
flow cannot be determined accurately. Published values vary from 23 0  ml/m2/minute 
to about 200 0  ml/m2/minute ( 8) and are dependent on the thermal status of the 
measured subject. 

Besides nutritional needs and thermoregulatlon, other mechanisms seize upon 
the microcirculation of the skin. Mental stress (23,24), humeral disturbances (25), 
bladder distension (26), deep inspiration (27,2 8), hyperventilation (2 9), posture (3 0), 
and smoking (3 1 )  all influence skin blood flow. 

The skin blood flow regulatory mechanisms are of central (nervous and 
humeral) and local origin and depend on innervation and type of vessels involved 
(32). The skin blood flow regulation by the sympathetic nervous system is mainly 
due to noradrenergic vasoconstrictor activity, which maintains skin blood vessels in 
a partially constricted state, the sympathetic tone. The activity of the vasocon
strictor nerves is, under normal conditions, rather fluctuating. It causes skin blood 
flow variations of 2 0 % or more, several times a minute (33) and is not correlated 
to pulse or blood pressure fluctuations {34). The underlying bursts of the 
vasoconstrictor nerves on the arterioles is one of the pathways in the origin of 
vasomotion (35). Thermal stimuli, mental stress, posture, Valsalva's maneuver and 
hyperventilation are all working more or less on the sympathetic outflow e.g. 
vasoconstriction of the skin blood vessels. 
It should be emphasized, that the regulation of skin blood flow in the various 
regions can be very different. Coffman (36) reported a minor influence of 
vasoconstrictive sympathetic nerves on the forehead skin blood flow, in favour of 
vasodilator sympathetic nerves. In general, the influence of vasoconstrictive nerves 
increases towards the acra, and decreases towards the more proximal areas, with in 
between several transitional forms (37). 

The central humeral regulation of skin blood flow is quantitatively of minor 
importance and can be completely dominated by neural control. Hormones such as 
vasopressin and oxytocin can cause vasoconstriction and vasodilatation, respectively 
(37). Adrenalin and noradrenalin are known vasoconstrictor agents on skin blood 
vessels whereas histamine has a dilator effect. These vasoactive agents all work 
probably on a more local level. The possible role of bradykinin and prostaglandins in 
active vasodilatation of skin vessels is not yet clear (3 8,39). 

Several local regulating factors are influencing the skin blood flow. Local 
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mechanical factors, sometimes resulting in a triple response as already described by 
Lewis in 1 93 0  (40) is probably caused by local release of vasoactive agents. Local 
chemical factors, products of metabolism, for Instance CO 2, in general are 
vasodilator agents. Besides a vasodilator effect CO 2 also affects vasomotion, as 
shown by Smits et al ( 5) and Schnizer et al ( 2 9). Local regulating factors have 
probably a major influence on cutaneous reactive hyperaemia after arterial occlusion. 

Two major theories concerning the mechanism of reactive hyperaemia are 
related to metabolic or myogenic causes. The release of vasoactive metabolites such 
as CO 2 during ischemic occlusion causes vasodilatation, the metabolite theory (4 1). 
Due to a decreased pressure the stretch dependent smooth muscle cells in the vessel 
wall relax, causing vasodilatation, the myogenic theory (42,4 3). Complicating factors 
are the possible influence of metabolites on the myogenic reaction. Garlson and 
Wennmalm (44) suggested that during postocclusive blood flow in the forearm the 
local release of arachidon acid, which leads to the formation of vasodilator 
prostaglandins is one of the main factors causing the vascular smooth muscle 
relaxation in response to arterial occlusion. The viscoelastic factors of the vessel 
wall also play an important role in the reactive hyperaemia, as demonstrated by 
Wilkin (4 5). 

Regulation of skin blood flow in newborn infants. 

Although skin blood flow of the newborn infant differs in some way from that in 
the adult, the regulation of skin blood flow in newborn infants will be principally 
the same. In newborns the peripheral perfusion per kg body weight is almost twice 
as much as in adults ( 2,46). Due to a more unfavorable surface/weight ratio, the 
newborn infant is more sensitive to changes in ambient temperature ( 3 7). During the 
first hours of life a thermolability as described by Bruck (4 7) is associated with 
large changes in skin blood flow. Norman et al (48) studied capillary blood cell 
velocity (CBV) in the newborn and the effect of mean arterial blood pressure and 
hematocrit. They concluded that the mean CBV during the first week of life was 
not significantly different from the capillary velocity reported in adults. The lower 
mean arterial blood pressure compared to adults did not significantly influence the 
CBV. The hematocrit, however, which significantly decreased in the first week of 
life, correlated inversely with the CBV. Hence, these results suggests an important 



5 8  
role of the hematocrit as a flow resistance factor in newborn skin capillaries. The 
Influence of the larger size of neonatal erythrocytes might, although equally 
deformable (49), attribute to the effect of increasing flow resistance in capillaries. 
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Summary. 
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Changes in forehead skin blood flow during active and quiet sleep were determined 

in 16 healthy neonates using a recently  developed semi-conductor laser Doppler flow 

meter without light conducting fibres. Measurements were carried out at a postnatal 

age varying from 5 hours to 7 days. The two sleep states could be distinguished in 

17 recordings. The mean skin blood flow values during active sleep were 

significantly higher ( p<0.01) than those during quiet sleep, the mean increase 

being 28. 1%. The variability of the flow signal, expressed as the coefficient of 

variation, changed significantly from 23. 1% during active sleep to 18.2% during quiet 

sleep. 

Keywords: skin blood flow, laser Doppler, neonate, sleep state. 

Introduction. 

Data on the skin blood flow in the undisturbed neonate is scarce. This is obviously 

due to the lack of reliable non-invasive methods. Until now skin blood flow 

measurements in  newborns were mostly performed using thermal (1 ,2) or 

plethysmografic techniques (3,4). The recently introduced laser Doppler flowmetry 

offers non invasive, continuous measurement of the skin blood flow in a small tissue 

volume. The technique has an excellent response time and requires no heating of 

the skin. Laser Doppler measurements are, however, easily disturbed by movement of 

the optical fibres which connect the laser source and the detector to the skin. 

Recently we described a laser Doppler flow meter where the source, a small diode 

laser, and the detector are integrated in the probe.(5) This laser Doppler flow meter 
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is less sensitive to movement artefacts and is, therefore, more suitable for 
measuring skin blood flow in active neonates. To date, no studies on changes In 
skin blood flow related to sleep states have been reported. 

As many physiological phenomena change with behavioral state (6, 7, 8, 9, 1 0, 11), 
a study was undertaken to measure skin blood flow during active and quiet sleep in 
healthy full term neonates. Preliminary observations on the effects of aging on skin 
blood flow are also presented. 

Infants and methods 

Sixteen healthy fullterm infants were studied. They were born at a mean 
gestational age of 39.2 weeks (range 3 8  to 42 weeks) with a mean birthweight of 
353 0 g (range 2 76 0  to 4380 g). All had Apgar scores of a minimal of 6 after one 
minute and 8 after three minutes. Measurements of skin blood flow were carried 
out at a postnatal age varying from 5 hours to 7 days. Four neonates were 
measured twice with an interval of 3 to 5 days. None of the infants were receiving 
any medication and none of them had any clinical disturbances. 

All measurements were performed at an environmental temperature of 2 8° 
± 

0.5°C and a relative humidity of 6 0%. Measurements were made half an hour after a 
feed, with the infants lying clothed in their cots. The recordings lasted at least 5 0  
minutes, after a stabilisation period of 1 0  to 15 minutes. The environmental and skin 
temperature were measured continuously (Hewlett Packard 78214-A and Yellow 
Springs thermistor probes 4098� Skin temperature was measured behind the left or 
right ear-lobe and environmental temperature within a distance of 5 0  cm from the 
infant. Skin temperature changes did not exceed 0.3

° C during the measurements. 
Two different sleep states could be distinguished by observation using the 

criteria of Prechtl ( 10), state 1 (quiet or non-Rapid Eye Movement (N-REM) sleep), 
eyes closed, no movements apart from occasional startle reactions and a relatively 
regular respiration, and state 2 (active or REM sleep) eyes closed, frequent small 
body movements, rapid eye movements, ·smiling·, few mouth movements and a 
relatively irregular respiration. In analysing the data, movement artefacts, doubtful 
sleep state periods and sleep state periods lasting less than 3 minutes were not 
included. Periods of active and quiet sleep were observed in 1 7  of the 2 0  recordings. 
Quiet sleep was not observed in the other 3. The total duration of quiet sleep time 
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analysed for the flow measurements was 192 min. and it was 284 min. for active 

sleep. 
Skin blood flow was measured according to the laser Doppler method 

described by others ( 12, 13, 14). In short, this method is based on the following 
principle. Coherent laser light, i l luminating the skin is scattered by static skin 
structures and moving particles e.g. red blood cells. Scattered light from a moving 
particle, however, undergoes a frequency shift (Doppler principle). Backscattered 

Doppler shifted and unshifted light, mixed on a photodetector surface produce a 

frequency spectrum of beat notes, which is dependant on both the red blood cell 

velocity and the number of red blood cells. A differential detector system is used, 

and signal processing between 30 Hz and 30 kHz provides an output in Volts, 
proportional to blood flow in vitro. We investigated this in a silicon model 
containing small channels with a diameter of 0.2 mm, which was perfused by a 
solution with red blood cells. 

In the present study an aluminum probe was used (fig. 1 ) with a diameter of 

22 mm and a height of 20 mm with a laser diode (RCA, 5 mN output at a 

wavelength of 832 nm) and two photodiodes (BPX-40) integrated in the probe. The 
temperature increase of the skin caused by thermal effects of the diode laser 
Doppler probe was measured by placing a thermistor probe between laser diode and 
the skin. The increase in thermistor temperature did not exceed 0.2

° C, and 

therefore thermal effects from the diode laser Doppler on the skin were neglected. 
The flow-probe was positioned, in a plastic ring, on the skin. The total weight of 

the probe was 18 g. Placed on a skin surface of 7.00 cm2, this means a local 

pressure of approximately 1.8 mm Hg. on the skin underneath. This local pressure 

is very small in comparison with the intravascular blood pressure in the 
microvascular bed and therefore is unlikely to affect local blood flow. Skin blood 

flow was measured on the neonate's forehead, just below the hair implant. This 
place was chosen mainly for practical reasons, namely, that the forehead is an 

easily accessible area when neonates are lying under a blanket and it has a 

reasonably flat surface. 
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In the present study the time constant of the instrument was set at 1.275 sec to 

eliminate the short term fluctuations caused by the pulse waves. The laser Doppler 

signal and temperature signals were recorded on a 3 channel strip chart recorder 

(Linear 595) and on a taperecorder (Teac MR-30). The data were fed into a 

microcomputer for analysis, (Apple II) at a sample frequency of 0.5 Hz. The zero 

level of the flow signal was determined by local occlusion of the vascular bed which 

was achieved by pushing the probe against the skull. This procedure was carried out 

at least 4 times during a recording, at the beginning, at the end and during active 

and quiet sleep, and did not arouse the infant. 

Flow values are presented in arbitrary units. For statistical analysis the t-test 

for paired and unpaired samples was used. Variation coefficient was chosen as an 

index of variability. 
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Results 

A representative recording of skin blood flow during active and quiet sleep is 
shown in Fig.2. 
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T IME 

Representative recording of skin blood flow during active and quiet 
sleep and a reactive hyperaemia after 1 min of arterial occusion. 

The mean flow value was significantly higher ( p< 0. 01) during active than during 
quiet sleep in all but 1 of the 1 7  recordings (fig. 3), the mean increase being 2 8. 1% 
(range - 1. 3 to + 76. 5) (fig. 3, table 1). The difference between the flow values in 
active and quiet sleep was not influenced by the order in which the two states of 
sleep occurred. 
There was a marked increase in the variability of the flow signal during active 
sleep compared to quiet sleep. The variation coefficient increased significantly 
( p< 0.01)  from 18.2% during quiet sleep to 2 3. 1% during active sleep, the mean 
increase being 1 7.9% (range - 7.4 to + 5 7.3) (table 1). 
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TABLE 1. Summary of the results of skin blood flow measurements of 20 
recordings in 16 newborn infants. Laser Doppler skin blood flow 
values are presented in arbitrary units (mean ± SD), the variability 
is expressed as the coefficient of variation (C. V.). 

NO NAM E  AGE WE IGHT LASER DOPPLER SKIN BLOOD FLOW mcR %!NCR 
h=hour grams MEAN c . v .  
d=day ACTIVE SLEEP QU IET SLEEP BLOOD 

mean ± SD c . v .  mean ± SD c . v .  FLOW 

1 ER 5h 3290 6 . 8  2 . 25 33 . 1  4 . 7  1 . 1 9 25 . 3  30 . 8  23 . 5  
2 DH 7h 3760 6 . 4  1 . 36 21 . 1  3 . 3 0 . 59 1 7 . 9  38 . 9  1 5 . 6  
3 DP 7 h  4190 1 6 . 9  4 . 1 9 24 . 8  1 2 . 7  2 . 34 18 . 6  25 .4  25 . 0  

EP 1 14h 3520 3 7 . 4  4 . 49 1 2 . 0  
4 ON 1 15h 4380 29 . 4  7 . 08 24 . 1  1 4  . 1  1 . 45 1 0 . 3  52 . 4  57 . 3  
5 RD 17h 3405 7 . 8  1 . 90 24 . 3  6 . 3  1 . 62 25 . 7  1 9 . 2  - 5 . 4  
6 EB 1 20h 3380 7 . 9  1 . 49 1 8 . 9  8 . 0  1 . 36 17 . 0  - 1 . 2  1 0 . 0  

NH l d  3755 5 . 7  1 . 1 8 20 . 7  
7 M R  l d  3200 1 1 . 2  3 . 02 2 7 . 0  8 . 8  1 . 24 14 . 1  21 . 4  4 7 .  7 
8 RS 1 l d  3390 43 . 9  4 . 29 9 . 8  37 . 6  3 . 23 8 . 6  1 4 . 4  12 . 2  
9 HK 2d 2750 7 . 8  2 . 39 3 0 . 6  7 . 7  1 . 53 19 . 9  1 . 3  35 . 0  

1 0  R S  2 4d 3235 1 8 . 8  5 . 48 2 9 . 1  1 6 . 4  3 . 62 2 2 . 1  1 2 . 8  24 . 0  
1 1  LV 4d 3330 1 8 . 4  6 . 00 32 . 6  1 3 . 8  3 . 13 22 . 7  25 . 0  30 . 4  
12  EP 2 5d 3130 28 . 8  4 . 6 7  1 6 . 2  1 9  . 4  3 . 39 1 7 . 5  32 . 8  - 7 . 4  
1 3  MS 5d 3975 23 . 8  3 . 72 1 5 .  6 5 . 6  0 . 52 9 . 2  7 6 . 5  1 2 . 4  
14 EB 2 5d 3165 15 . 1  3 . 49 2 6 . 1  8 . 1  1 . 98 24 . 4  47 . 0  1 1 . 2  
15 GP 5d 3050 20 . 4  3 . 90 1 9 . 1  1 2  . 6  2 . 27 1 8 . 0  38 . 2  5 . 4  

N R  6d 2760 2 8 . 7  5 . 1 7  1 8 . 0  
16 ON 2 Gd 4235 44 . 4  1 0 . 4  23 . 4  2 5 . 3  5 . 97 23 . 6  44 . 6  - 0 . 5  
1 7  SB 7d 3270 23 . 7  3 . 9 7  1 6 . 6  2 4 . 0  3 . 59 1 4 . 9  - 1 . 3  7 . 2  

An increase in the difference between the skin blood flow in active and in quiet 
sleep was found in older neonates ( 2  to 7 days old) than in younger ones (up to 2 
days old). This increase was mainly the result of a higher skin blood flow during 
active sleep, which was on average 3 7% higher. The difference however, did not 
reach the level of statistical significance. 
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FIG 3. Histogram showing the differences in skin blood flow during quiet and 
active sleep in 17 recordings. The numbers correspond to the numbers in the 
table. 

Discussion 

The results of the present study indicate that, in normal neonates, forehead skin 

blood flow is higher during active sleep than during quiet sleep and that there is 

an increased variability in skin blood flow In active sleep. 

aianges in skin blood flow associated with different sleep states have, to the 

best of our knowledge, not been described previously. Stromberg et al. ( 15) using a 

conventional fibre-optic laser Doppler flow meter, found an increase in skin blood 

flow with increasing activity. Storrs (16) measured total limb blood flow by venous 

occlusion plethysmography in premature infants and showed an increased variability 

during irregular breathing but could not demonstrate significant blood flow changes 

associated with different sleep states. Bruck et al. ( 1 )  reported quite large changes 

in skin blood flow, during the first hours of life, associated with thermolability. 

aianges in environmental temperature and humidity have a considerable effect 
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on skin blood flow. In this study the changes in environmental temperature and 
humidity were, however, found to be very small and cannot, therefore, explain the 
observed increase in skin blood flow during active sleep. 

It has been shown that there is an increase in metabolism in active sleep as 
compared to quiet sleep. This increase in metabolic activity during active sleep, 
which is also reflected by an Increased oxygen consumption , results in an 
increased heat production ( 1 7). As a result, thermoregulation increases subpapillary 
skin blood flow and this seems the most likely explanation for the higher skin blood 
flow during active sleep. 
Hagbart et al. (18) and Delius et al. ( 19) described the influence of sympathetic 
activity on skin blood flow in adults. This factor as well as thermoregulation 
probably also influences skin blood flow variability in neonates. It seems evident, 
that autonomic controlled functions are much more variable during active than 
during quiet sleep. Respiration rate and respiration volume were found to be more 
variable in active than in quiet sleep (6). Increased respiratory movement is 
associated with a higher sympathetic outflow ( 19). A more irregular respiration 
could therefore result in a more variable skin blood flow during active sleep. It, 
therefore, seems likely that the increased variability of forehead skin blood flow in 
active sleep could, at least partly, be attributed to a more variable autonomic 
activity. The more variable metabolic activity in active sleep, which has also been 
demonstrated by Stothers & Warner (11), probably results in a more variable heat 
production, which might also contribute to the greater variability in skin blood flow. 

The diode laser Doppler instrument used in this study, has advantages over the 
conventional He-Ne laser Doppler instruments. The lack of light conducting fibres 
is of particular importance in neonates because these fibres can easily produce 
movement artefacts in the laser Doppler signal. Theoretically, both the wavelength 
of 79 0 nm and the larger distance between laser beam and photodiodes should result 
in a slightly larger measuring volume, as compared to the Periflux laser Doppler 
flowmeter, using a He-Ne laser (2 0, 2 1 , 22). On the other hand, this effect will be 
compensated by the more diverging laser beam of the laser diode. Despite the 
differences the diode laser Doppler flow meter produces skin blood flow tracings 
comparable to those of the Periflux He-Ne laser Doppler flow meter during 
comparitive measurements. (unpublished results) 

It can, therefore, be concluded from this study that the sleep state of the 



neonate must be taken into account when measuring skin blood flow of the 
forehead skin. 
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Changes in skin blood flow during apneic spells were determined in 18 preterm 

infants using a diode laser Doppler flow meter without light conducting fibres. 

Heart rate, nasal air flow, impedance pneumography, skin and incubator 

temperature and laser Doppler skin blood flow were recorded simultaneously in 

each infant. During 2 1 2  apneic spells with a duration of 1 1.6 ± 7.5 sec. (mean ± sd) 

(range 6.0 to 48.0 sec), the laser Doppler skin blood flow was measured. In all 

children except one the majority of the apneic spells was associated with a decrease 

in skin blood flow. During 155 apneic spells (73%) skin blood flow decreased 

significantly p<0.025), the maximum decrease being 16.7% ± 14.8, 28.5% ± 23.9 and 

18.9% ± 16. 1 (mean ± sd) for central, obstructive and mixed apneic spells, 

respectively. The decrease in skin blood flow started immediately after the 

beginning of apneic spells In 7 1%, the rest started with a mean delay of 3.4 sec. 

(range 0. 1 to 7.0 sec.). No relation was found between the decrease in skin blood 

flow and the duration of the apneic spells. Thirty-four percent of the apneic spells 

were accompanied by bradycardia. In apneic spells accompanied by bradycardia the 

decrease in skin blood flow was not related to the fall in heart rate. 

Key words: skin blood flow, laser Doppler, apnea, apneic spells, bradycardia, 
preterm infant. 

Introduction 

Cardiovascular changes related to apneic spells have been reported by several 

authors. Changes in heart rate (3, 4], blood pressure [4], pulse pressure [4] and 

cerebral flow [9] have been described during apnea in newborns. Little is known, 



73 

however, what happens with peripheral blood flow during apneic spells in the 

newborn. 

Redistribution of blood flow in favour of vital organs such as the brain is 

. likely to influence the circulation in other organs for instance the skin. Storr 

described a decrease in limb blood flow during apneic episodes with bradycardia 

in preterm infants (13). In that study blood flow was measured by venous 

occlusion plethysmography and limb blood flow recordings were only made during 

long lasting apnea. New techniques such as Laser Doppler flowmetry enables us 

now to measure fast, reliable and continuously the newborns skin blood flow. 

Therefore a study was undertaken to investigate: 

1) if changes in skin blood flow do occur during apneic spells in newborn 

infants. 

2) how fast these changes do occur during apneic spells. 

3) if skin blood flow changes were dependent on the origin of apneic spells. 

Infants and  method s. 

We studied changes in skin blood flow during apneic spells in 18 preterm infants. 

Infants were born at a mean gestational age of 30.7 weeks (range 26 to 36 

weeks) with a mean birth weight of 1365 g.(range 720 to 2250 g.) Nine infants 

were small for gestational age (birth weight <P10)- Ultrasound examination 

revealed cerebral hemorrhage In 4 Infants. Respiratory pathologies such as 

hyaline membrane disease (HMD), broncho pulmonary dysplasia (BPD), or 

respiratory distress syndrome (RDS), were present in 9 infants. The clinical data 

of the infants are summarized in table 1. Measurements were performed in 

incubators with all infants in thermoneutral condition. Recordings lasted for a 

minimum of 1 h following a stabilisation period of 10 to 15 min. During 

recordings eye condition and presence and type of general movements were 

observed. The observations and the respiratory pattern were used to determine 

the behavioral state of the infants, according to the criteria of Prechtl ( 10). 

Skin blood flow was measured on the forehead in 15  infants and on the upper 

leg in 3 infants in accordance with the laser Doppler method described by others 

(8, 12, 15). 
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TABLE 1 Summary of cl/nical data of the infants 

no . gest. post- wei ght b i rth SGA* s k i n  resp . cerebr sex number of 
age natal (g) wei ght temp . path . hemorr mal e analysed 
(wks l age (g) +/- (OC) fema l e  apnea 

( days) C 0 m 

1 28 32 1465 965 + 35 . 9  + + m 2 5 2 
2 36 2 1975 2050 + 35 . 7  m 0 8 1 
3 26 2 7  800 925 3 6 . 3  + + f 3 3 2 
4 26 59 1155 925 36 . 6  + + f 5 4 4 
5 28 5 1 060 1 350 3 6 . 1  f 14 0 0 
6 2 7  31 785 890 + 36 . 5  + + f 8 0 6 
7 33 8 1400 1620 3 7 . 0  + m 2 4 4 
8 30 9 720 720 + 37 . 0  f 23 0 5 
9 36 7 1630 1 750 + 35 .5 + f 1 0 5 

10 34 2 1 650 1 650 + 35 .8  f 12  0 4 
1 1  33 2 1670 1 740 36 . 4  m 4 0 5 
1 2  3 0  7 1240 1 450 36 . 7  f 2 3 3 
13 27 5 770 900 3 7 . 0  f 13  2 2 
14 29 6 1255 1415 35 .6 m 2 3 7 
15 35 4 2250 2540 f 1 0 1 
16  30 2 1520 1640 + 36 . 1  + m 6 2 3 
1 7  30 8 1 195 1240 + 3 6 . 1  + f 6 1 2 
18  30 11 1430 1480 3 6 . 8  + m 16  0 1 

* SGA = b i rth wei ght smal l for gestat i onal age ( <P1ol 
c = centra l , o = obstructi ve ,  m = mi xed 

In short, this method Is based on the following principle. Coherent laser light, 

i l luminating the skin, is scattered by static skin structures and moving particles e.g. 

red blood cells. Scattered light from a moving particle, however, undergoes a 

frequency shift (Doppler principle). Backscattered Doppler shifted and unshifted 

light, mixed on a photodetector surface produce a frequency spectrum of beat notes, 

which is dependant on the mean red blood cell velocity and the number of red 

blood cells. A differential detector system is used, and signal processing between 30 

Hz and 30 kHz provides an output in Volts, proportional to blood flow. 

We used a diode laser Doppler flow meter as previously reported [ 14) This laser 

Doppler flow meter has a laser diode (Matsusita, 3rrtN output at a wave lenghth of 

790 nM) and the 2 photodiodes (BPX-40) integrated in the probe. The weight of the 
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probe is 4 g and it is attached to the skin with double-sided adhesive tape. In 
addition to the laser Doppler signal the following data were recorded using a 
multichannel Beckmann strip chart recorder and a Teac MR- 3 0  cassette recorder: 
skin temperature (Yellow Springs thermistor probe 4 09-B), heart rate and respiratory 
wave forms. The latter were obtained via both thoracic impedance and a thermistor 
probe positioned in front of the nose. 

Apneic spell was defined as the cessation of breathing for a minimum of 6 
seconds ( 7). Apneic spells were classified as central, obstructive or mixed apneic 
spells.[5] A total of 5 90 apneic spells were observed, whose origin could be divided 
into 45% central, 34% obstructive and 2 1% mixed apneic spells. A total of 2 12 apneic 
spells were analysed, the others being excluded on account of movement artefacts 
in the laser Doppler tracings or in the impedance pneumography tracings. The 
duration of each apneic spells was measured. (To avoid severe hypoxia 3 apneic 
spells were terminated artificially by tactile stimulation because of their long 
duration.) 

Bradycardia was defined as a decrease in heart rate of more than 5% of the 
mean heart rate, measured for 1 min. prior to the onset of apneic spells. 

Skin blood flow values are given in volts. The zero level of the laser Doppler 
flow signal was determined by local occlusion of the vascular bed. This could be 
achieved by pushing the probe against the skull or occluding the arteria femoralis. 
The skin blood flow changes during apneic spells are expressed as the percentage of 
decrease. This percentage decrease was calculated by comparing the minimum flow 
values for 1 min. prior to and during apneic spells. Skin blood flow changes within 
one standard deviation (S.D) of the flow signal 1 min. prior to apneic spells were 
designated as no change. 

All data recorded on tape were fed into a microcomputer at a sample 
frequency of 1 0  Hz. For statistical analysis the t test for paired samples, Pearson's 
cross correlation test, and the CHI-square test were used. A p value of 0. 05 was 
taken as level of significance. 

Results 

Representative recordings of skin blood flow changes during central, obstructive 
and mixed apneic spells, with a concomitant bradycardia, are given in figure 1. 
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Skin blood flow changes: 

In all children except one the majority of the apneic spells was associated with a 

deCfease In skin blood flow. Skin blood flow decreased significantly in 155 (73%) of 

the 2 12 apneic spells analysed. This decrease In skin blood flow was observed in 68% 

of the infants with central apnelc spells, In 80% with obstructive apneic spells and 

in TT% with apneic spells of mixed origine. The average decrease in skin blood flow 

in these 155 apneic spells was 16.7%, 28.5% and 18.9% for central, obstructive and 

mixed apneic spells, respectively, the differences in decrease between the 3 types of 

apnea being significant (p<0.01). An increase in skin blood flow was seen during 15 

apnelc spells (6.2%) in 9 Infants. 
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FIG. 1 Representative recordings of heart rate, impedance pneumography, nasal 
airflow and skin blood flow during central (2x), obstructive and mixed 
apneic spells. 

The decrease in skin blood flow started simultaneously with the onset of an apneic 

spell In 7 1%. For the remaining apneic spells, the onset of skin blood flow decrease 

was delayed, the mean delay being 3.4 sec (range 0. 1 to 7.6 sec). 

The mean duration of an apneic spell was 10.3, 10.2 and 14.3 sec. for central, 

obstructive and mixed apneic spells, respectively. There was no relation between the 
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duration of apneic spells and the degree of skin blood flow decrease for the 3 
types of apneic spells (table 2). 

TABLE 2 Correlation coefficients in 3 types of apneic spells on maximum % 
flow decrease, % of bradycardia and duration of apneic spells. 

correl ation coeff . between : central obstruct . mi xed 

max % f low decr . - apnea dur . 0 . 22 0 . 16 0 . 32 

max % f low deer . - % bradyc . 0 . 3 1  * 0 . 57 0 . 63 ** 

apnea durat i on - % bradyc . 0 . 65 ** 0 . 51 0 . 56 * 

* p<0 . 05 
** p<0 . 01 

Apnea and bradycardia: 

Seventy-three (34%) of the 2 12 apneic spells analysed were accompanied by a 
bradycardia (table 3). The incidence of reduced skin blood flow during apneic spells 
was higher when bradycardia was present (p<0.01, Chi-square test), although the 
difference was small. The onset of bradycardia started simultaneously with the 
beginning of an apneic period in 22%, and with a mean delay of 5.7 ± 2.3 sec. 
(range 1.0 to 1 2.0 sec.) in 78%. The degree of bradycardia was slightly correlated 
with the maximum percentage of flow decrease for mixed apneic spells (table 2). 

TABLE 3 Number of apneic spells with or without concomitant bradycardiaand 
with or without skin blood flow decrease. 

apne i c  spel l s  w i th f l  ow deer . wi thout fl ow deer . total 

w i th bradycardi a  63 1 0  7 3  

wi thout bradycardi a  92 47 139 

total 155 57 212 

CH I - sqr = 9 . 85 p = 0 . 002 

Behavioral states: 

The behavioral state of the premterm infants could be determined in 55 of the 2 12 
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apneic spells. Twenty-four apneic spells were seen during quiet sleep and 3 1  during 
active sleep. In the others the behavioral state could not be determined. For mixed 
apneic spells during quiet sleep, the mean skin blood flow decrease was 16.8% ± 13. 1 
(mean ± sd), whereas during active sleep it was 30.2% ± 13.8 (mean ± sd), the 
difference being statistically significant (p=0.05). 

Other  factors: 

The amount of skin blood flow decrease during apneic spells was not related to the 

following conditions: small for gestational age, HMO, BPD, RDS and cerebral 

hemorrhage. 

Discussion 

The results of the present study indicate that during the majority of apneic spells 

a considerable decrease in skin blood flow occurs which is independent of the 
presence of bradycardia. To our knowledge, there have not been any previous 

reports on changes in skin blood flow associated with apneic spells. Cardiovascular 

changes associated with apneic episodes in preterm infants have been reported by 
several authors (3, 4, 9, 13). Storrs [ 13), who measured cardiovascular reflex 

responses by means of venous occlusion plethysmography during apnea in preterm 

infants, found a decrease in the blood flow of the peripheral limb in all the apneic 
episodes studied. The average decrease in limb blood flow was 43% ± 20 % (range 
6. 1% to 85%). The drop in limb blood flow was significantly correlated to 
bradycardia (r=0.509). In that study, however, only "apneic episodes lasting long 
enough to produce cardiovascular changes" were analysed. Angel-James and Daly ( 1) 
reported cardiovascular responses resulting in bradycardia and systemic 

vasoconstriction during apnoeic hypoxia in anaesthetized dogs. Their studies have 
shown that the cardiovascular responses during apneic episodes are, at least in part, 

the result of primary reflexes from carotid and aortic body chemoreceptors 

activated by hypoxemia and hypercapnia following apnea. These reflexes include an 
increase in systemic vascular resistance on account of vasoconstriction in non-vital 

tissues and organs. If the cardiac output can be maintained, redistribution of blood 

flow takes place in favor of vital organs, such as the brain. 

Until now it was not clear whether the peripheral vasoconstriction closely 
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follows the apneic spells or  coincides with it. The short ( 0.02 5 sec) response time of 
the laser Doppler system allowed us to accurately determine the changes in skin 
blood flow in relation to apneic spells. It was found that the decrease in skin blood 
flow virtually coincided with the onset of apneic spells in the majority of the 
apneic spells studied. Similar, fast responses in skin blood flow were observed 
during periodical breathing (fig 2) In association with apneic spells I 1 1]. 
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FJG.2 Recording of skin blood flow during periodic breathing. 

These findings suggest either a common cause for apneic spells and skin vasocon
striction or very rapid reflex vasoconstriction. The fact that both the length of 
apneic spells and the degree of bradycardia did not influence the amount of flow 
decrease, supports this idea. 

The variability in the amount of flow decrease and the time delay between the 
onset of apneic spells and the beginning of the flow decrease indicates the 
existance of interfering mechanisms. We have no data on the state of lung inflation 
at the onset of apneic spells, but the more or less inhibitory effect of a pulmonary 
vagal inflation reflex [ 1] might be an explanation for this variability. Another 
possible explanation is the behavioral state of the infant. During active sleep in 
mixed apneic spells, the skin blood flow decrease was found to be significantly 
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greater than during quiet sleep. It has been shown that during active sleep there is 
an increase and more variable sympathetic activity [6]. Due to the predominant role 
of the sympathetic system in the control of skin blood flow, this will result in more 
vasoconstriction in the skin. Our data on the behavioral state during central and 
obstructive apneic spells were not sufficient to establish differences. A remarkable 
finding was the considerably greater reduction in skin blood flow in obstructive 
apneic spells as compared to apneic spells of central origin. Obstructive apneic 
spell is probably a more stressing event than central apneic spell and may 
therefore result in a greater increase in sympathetic activity and the release of 
vasoactive hormones causing increased vasoconstriction. 

From this study it can be concluded that 1) forehead skin blood flow, 
measured by the laser Doppler method, decreases significantly during apneic spells 
in preterm infants. 2) The onset of the decrease in skin blood flow mostly coincides 
with the onset of apnea. 3) The decrease in skin blood flow is not related to 
bradycardia. 

Speculation 

Regarding the predominant role of sympathetic activity on skin blood flow it can be 
assumed that the fall in skin blood flow is due to an increased sympathetic activity. 
The latter might be caused by a reflectory mechanism as described by Cordero [2]. 
Therefore, further research on the relationship between skin blood flow, sympathetic 
activity and apnea is required. 
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Summary 

Reactive hyperaemia, which occurs after a period of arterial occlusion is the result 
of an autoregulatory mechanism, involving local factors and autonomic nerve system 
control. To determine this autoregulatory mechanism in cutaneous blood flow in 
premature newborns we measured the cutaneous reactive hyperaemia response after a 
one-minute occlusion, using a diode laser Doppler flowmeter applied to the skin. 
Twenty-four infants with a gestational age ranging from 25 to 3 7  weeks and a 
postnatal age of 0.3 to 72 days were studied. The reactive hyperaemia response is 
described by the parameters maximal cutaneous blood flow (Vmaxl, the time to 
reach maximal flow (tmaxl, the time taken for blood flow to return to baseline 
following Vmax (tendl and the % increase in cutaneous blood flow above 
preocclusional level (overshoot� A cutaneous reactive hyperaemia response could be 
elicited in all infants. Following occlusion the Vmax was 2640 ± 1050 mV.(mean ± 
sd), the tmax was 7.6 ± 3. 9 sec. (mean ± sd), the tend was 35.6 ± 14.6 sec (mean ± 

sd) and the overshoot was 74.6 ± 34 % (mean ± sd). A negative correlation was 
found between hematocrit and tmax ( r= -0.62, p<0.0 1). No influence of 
postconceptional age, postnatal age, skin and rectal temperature, incubator 
temperature, weight, and transcutaneous oxygen tension on the reactive hyperaemia 
parameters could be found. We conclude that reactive hyperaemia of cutaneous blood 
flow can be elicited in premature newborn infants irrespective of postconceptional 
age, and that the hematocrit is inversely related to the time to reach maximal flow 
after occlusion. 
Key words: Reactive hyperaemia, premature newborn, laser Doppler, cutaneous 

blood flow. 
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Introduction 

Reactive hyperaemia is the increase in blood flow in a part of the body, where 
. circulation is restored after a period of occlusion. ( 1). Following an occlusion, 
vasodilatation occurs, which is probably the result of a combination of physical 
and chemical factors, namely changes in transmural pressure (2) and accumulation 
of a dilator substance ( 3). 
Previous studies on reactive hyperaemia in newborn prematures have shown 
conflicting results. Some authors (4, 5) found a decreased reactive hyperaemia 
response and a lower baseline flow with increasing postconceptional age, whereas 
others (6, 7) reported an increasing reactive hyperaemia response and a higher 
baseline flow with increasing postconceptlonal age. 
Moreover, the earlier studies on reactive hyperaemia in newborn premature 
infants were done with venous occlusion plethysmography of the limbs, which 
reflects the blood flow of both skin and muscles (4,6, 8, 9, 1 0, 1 1). This method does 
not discriminate between cutaneous and muscular blood flow. 
The present study was undertaken to determine if postocclusive reactive 
hyperaemia of cutaneous blood flow is present in premature newborns and if we 
could find changes in this response with increasing gestational, postconceptional 
and postnatal age. Therefore the reactive hyperaemia response of cutaneous blood 
flow of the forearm after a short term occlusion was determined in newborn 
infants of different postconceptional age, using a diode laser Doppler flowmeter 
applied to the skin. 

Patients 

Twenty four newborn infants of different postconceptional age were studied. 
Birthweight and gestational age varied from 0. 80 to 3. 77 kilograms (mean 1. 5 3) 
and from 2 5. 0  to 3 7. 0  weeks (mean 3 0. 5) respectively. Postconceptional age at 
time of the study ranged from 2 8. 0  to 3 7.0 weeks (mean 32. 5). Postnatal age 
varied from 0. 3 to 72 days (mean 14. 9). The infants were studied in incubators at 
their neutral environmental temperature according to Sauer et al ( 12). None of 
the infants had cardiovascular disease. Infants receiving any medication that 
could possibly affect blood vessel tone were not included in the study. All 



infants were on a continuous feeding regimen by gavage and/or parenteral 
nutrition. Behavioral state was determined by observation and by assessment of 
respiration and heart rate according to the criteria of Prechtl & O'Brien ( 13). 
Active sleep was seen during 146 of the 1 5 7  analysed occlusions. 

Methods 

Cutaneous blood flow at the site · of the forearm was continuously measured 
before, during and after occlusion of the upperarm. To obtain occlusion a cuff 
was placed around the upper arm of the baby and insufflated to a pressure of 
100 mm Hg. In each baby, ten consecutive occlusions of the upper arm lasting 

one minute each, with five minute intervals were done. Simultaneously, 
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recordings were made of heart rate, respiratory rate (Hewlett Packard 782 14-A), 
skin temperature on the chest and the forearm and of the rectal temperature 
(Yellow Springs thermistor probe 409 B). Transcutaneous pO2 and pC02 
(Radiometer TCM2) were measured on the same arm. All signals were recorded on 
an 8 channel strip chart recorder (Beckmann). Venous hematocrit of each baby 
was measured on the same day by the coulter counter method (Coulter 
electronics). 
Cutaneous blood flow was measured according to the laser Doppler method, 
described by others ( 14, 1 5). In the present study a recently developed diode 
laser Doppler flowmeter (Diodopp) was applied, which has the lightsource and 
detectors integrated in the sensor ( 16). Optical fibres, sensitive to movement 
artefacts, are thus avoided. The frequency shift of laserlight, caused by the 
moving red blood cells, is used to determine blood flow in a small measuring 
volume of approximately 2-4 mm3 of the skin. The advantage of this method is 
that blood flow can be measured continuously and noninvasively over a long 
period without hardly any disturbance of the infant. The sensor was placed on 
the volar side of the forearm in each infant. After exclusion of the recordings 
disturbed by arm movements, a total of 15 7 measurements were analysed. 
Data analysis. Laser Doppler flow is expressed in mVolts (mV). The 
preocclusional blood flow or baseline flow was defined as the mean cutaneous 
blood flow over one minute prior to occlusion (fig. 1). After occlusion the 
reactive hyperaemia response of the cutaneous blood flow was recorded. We 
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measured the maximal blood flow after occlusion (Vmaxl, and the time in seconds 
to reach the maximal response (tmaxl, Furthermore the time in seconds for blood 
flow to return to baseline after maximal flow (tendl and the percentage increase 
in cutaneous blood flow above preocclusional level (overshoot) ( 1 7) were 
recorded. The mean values of the consecutive measurements in each infant were 
calculated. For statistical analysis the Pearson cross correlation test and multiple 
regression was used. A p value of less than 0.05 was considered to be 
significant. 

Results 

A representative recording of cutaneous blood flow before, during and after one 
minute occlusion of the upperarm is shown in fig. 1. 
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Representative recording of cutaneous blood flow including a 
reactive hyperaemia after 1 min. arterial occlusion. 

We were able to detect a reactive hyperaemia response in every infant studied. 
(fig. 2). There was a large variability in the magnitude of the baseline flow and 
the reactive hyperaemia parameters as shown in table 1. 
The baseline flow was 1 954 ± 934 mV, the Vmax was 264 0 ± 1 05 0  mV and the 
overshoot was 74.6 ± 34 %. The tmax and tend were 3 5.6 ± 14.6 sec and 7.6 ± 4.0 
sec, respectively. All values are mean values ± sd. The tmax was inversely 
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correlated with the hematocrit, � - 0.62, p< 0. 0 1 (fig. 3) . 

TABLE 1 Summary of results 

mean sd range 

base l i ne f l ow (mV) 1954 934 301 - 4214 

Vmax (mV) 2640 1 050 542 - 4525 

overshoot* m 74 . 6  34 . 0  7 . 4  - 138 . 7  

tmax ( s )  7 . 6  4 . 0 3 . 0  - 19 . 1  

tend ( s )  35 . 6  1 4 . 6  4 . 8 - 61 . 0  

* X i ncrease i n  preocc l us i ve cutaneous b l ood f l ow 

There was no significant correlation between baseline flow or any of the other 
reactive hyperaemia parameters and the following variables: postconceptional and 
postnatal age, birthweight and skin, rectal and incubator temperature. 
During each occlusion we found a considerable decrease in transcutaneous oxygen 
tension, the mean decrease being 56.9 % ± 1 3.4% (mean ± sd) of the preocclusive 
level. The transcutaneous carbon dioxide tension increased slightly during occlusion 
with a maximum increase of 1 mm Hg. There was virtually no change in skin 
temperature during the recordings. 

Discussion 

The results of our study show that a reactive hyperaemia response is elicitable in 
infant with a postconceptional age ranging from 28 weeks onwards. This indicates 
that this autoregulatory mechanism of blood supply in the skin exists in premature 
newborns. No influence of postconceptional age could be demonstrated. We found a 
variable baseline flow and variable reactive hyperaemia responses in individual 
infants. The interindividual variability of the cutaneous blood flow and the reactive 
hyperaemia response were even more impressive. Large, sometimes more than 
tenfold, differences were seen. Laser Doppler skin blood flow recordings in adults 
show the same amount of variations in skin blood flow ( 18, 1 9) and in reactive 
hyperaemia parameters ( 1 9). 
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Baseline cutaneous blood flow and increase to maximal postocclusive 
blood flow in all Infants. 

It is known that under resting conditions cutaneous blood flow varies continuously 
( 8,2 0). These variations are due to several mechanisms of central and local origine. 
The central nervous regulation mechanism is most important in the control of the 
vascular tone and, consequently, the cutaneous blood flow. Changing sympathetic 
activity causes vasomotor changes, which are a reflection of variations in the 
smooth muscle tension (2 1 )  and therefore in a variable cutaneous blood flow. 
The locally originated regulation mechanisms such as hypoxia and hypercapnia are 
probably more important during the reactive hyperaemia following occlusion. The 
large variability in reactive hyperaemia can therefore be explained by changes in 
local factors, superimposed on a centrally regulated, variable cutaneous blood flow. 
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FIG 3. Correlation tmax with venous hematocrit. 

The large interindividual variability in our study can not be explained by different 
behavioral states, because 146 of the 157 analysed occlusions were recorded in 
infants during active sleep. 
The reactive hyperaemia and baseline flow seem not to be influenced by 

postconceptional age, postnatal age or birthweight in our study. The literature on 

this subject is rather controversial. Berg & Celander (4) found a higher maximal 
hyperaemia response and a higher baseline flow in premature infants compared to 
term infants. Wu (5) found a decrease in cutaneous blood flow at rest with 
increasing postconceptional age. Riley (7) found a significantly greater blood flow 

in mature infants compared to premature infants, but found no effect of increasing 

maturity on blood flow in premature Infants. The difference between all those 

studies and our study however Is that we measured cutaneous blood flow alone, 

whereas Berg, Wu and Riley measured cutaneous and muscular blood flow together 

using venous occlusion plethysmography. Therefore it is difficult to compare our 

results with data obtained by venous occlusion plethysmography. 

Rather surprising was the finding of a decreased tmax in infants with an increased 

systemic hematocrit (fig 3). 

Although the hematocrit in the microcirculation is only a fraction of the systemic 

hematocrit (22) and does not change in the same proportion as the systemic 

hematocrit (23), the changes in the microcirculatory hematocrit are likely to be in 

the same direction. In theory, the inverse correlation between systemic hematocrit 
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and tmax (r = - 0.62, p- 0.001 ) can be understood from the dynamic behaviour of 
flow in blood vessels. After releasing the cuff the onset of flow starts with an 
acceleration and the maximal flow will be reached sooner when the viscosity is 
Increased, since the maximal flow is lower when viscosity i.e. hematocrit is 
increased. The maximal flow, however, was not related to the hematocrlt In the 
present study and therefore this explanation is unlikely. 
It can also be assumed, that the hematocrit changes with Increasing 
postconceptional age. Multiple regression, however, revealed a negligable influence 
of the postconceptional age on tmax· 
Mirhashemi et al (2 3 )  suggested a specific effect in the skin circulation during 
hemodilution, in which arteriolar vasoconstriction is a compensatory mechanism, 
shifting the blood flow to other organs with higher oxygen demands. A reversed 
reaction, vasodilatation of cutaneous arterioles in case of higher hematocrits, might 
be possible. As the flow in the arterioles is only a small fraction of the flow 
measured by laser Doppler flowmetry and the arteriolar vasodilatation is most likely 
to influence only the first part of the reactive hyperaemia response, this might also 
be an explanation for the decreased tmax at higher hematocrits. 
There is a difference in reactive hyperaemia after short term occlusion - usually 
defined as an occlusion shorter that 2 or 3 minutes - and after long term 
occlusion. It is known, that in long term occlusions, metabolic factors such as 
hypoxia, hypercapnia and acidosis due to tissue lactic acid levels play an important 
role (24 ). The mechanism of reactive hyperaemia after a short term occlusion Is not 
exactly known. One suggestion is that the vasodilatation after a short term 
occlusion is directed by hypoxia. Fairchild et al (2 5 ) experimentally continued the 
hypoxia in dogs after release of the occlusion and found that the state of 
vasodilatation remained. 
We conclude that postocclusive reactive hyperaemia of the cutaneous circulation is 
well developed in premature newborns. An inverse correlation was found between 
hematocrit and time to reach maximal flow after occlusion. We found no change in 
the reactive hyperaemia response with increasing age. The large interindividual 
differences between reactive hyperaemia parameters and baseline flow indicate, 
however, that the transversal study design is less suitable in studying cutaneous 
blood flow. A longitudinal study seems more appropriate. 
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Summary 

Changes in forehead skin blood flow were determined in 17 healthy, term 
newborns, using a fiberless diode laser Doppler flow meter (Diodopp). Measurements 

were carried out 3 times on each infant, at postnatal ages of 16.8 ± 7.4, 58.9 ± 6.2 

and 12 1.5 ± 14.2 (mean ± SD) hours respectively. Skin blood flow, respiration, heart 

rate and skin temperature were recorded simultaneously, while the newborns were 

asleep. During the recordings, the behavioural state of the newborns was observed 

and environmental temperature and humidity were kept constant. Postocclusive 
hyperaemia of the skin blood flow was obtained by pressing the laser Doppler probe 

against the skull for 30 or 60 sec. The following parameters changed significantly 

between the first and third measurements ( t test for paired samples): the basal 

skin blood flow during active and quiet sleep decreased, the average decrease being 

29.4% ( p=0.002) and 25.9% ( p-0.01) respectively; skin blood flow during 
postocclusive hyperaemia also changed: the time taken to reach maximum hyperaemia 

increased from 17.3 to 22.7 sec ( p-0.01), while the half-time recovery increased 

from 46. 1 to 57. 1 sec ( p=0.02). The changes in skin blood flow between the first 

and second measurements and between the second and third measurements did not 
reach the level of statistical significance. 

Keywords: skin blood flow, laser Doppler, reactive hyperaemia, newborn. 

Introduction 

The microcirculation of the skin is subject to considerable changes in the first few 
days of extrauterine life. Morphological changes were already reported in 1934 by 
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Schwalm [ 1 7), who described the formation of an extensive papillary capillary 
network in the newborn's skin in the first weeks after birth. This finding was later 
confirmed by Perera et al [ 1 5), who found that the development of this capillary 
network lasted several weeks. Initially, a disorderly capillary network is present 
without papillary loops or with only a few loops. Between 14 to 1 7  weeks after 
birth, the length and variability of the diameter of the capillaries has been seen to 
increase ( 3, 15, 1 7). 

Functional changes in the skin circulation of the newborn have been described 
by several authors ( 1,6, 2 0]. How far the morphological and functional changes in the 
skin are represented in forehead skin blood flow changes, measured by laser Doppler 
flowmetry, is the subject of this study. 

Infants and methods 

Seventeen healthy newborns were studied. Informed consent was obtained from the 
parents of the infants. The infants were born at a mean gestational age of 3 9. 5  
weeks (range 37. 3 to 4 1. 5  weeks) with a mean birth weight of 3888 g (range 26 5 0  to 
4 840 g). Fifteen infants were delivered spontaneously, and two because of a lack of 
progress by forceps or by Caesarian section. All had Apgar scores of at least 7 
after one minute and 9 after three minutes. None of the infants were receiving any 
medication and none of them had any clinical disturbances. 

All infants were measured three times: on the first day at a mean postnatal 
age of 1 6. 8  h (range 6. 5 to 2 7  h), on the third day, at a mean postnatal age of 
5 8.9 h (range 49 to 6 7. 5  h) and on the fifth day at a mean postnatal age of 1 2 1.6 h 
(range 1 0 2  to 14 5.5 h). Measurements were performed at a stable environmental 
temperature of 2 8° ± 0.5°C and a stable relative humidity of 6 0%. Recordings were 
made 1 to 2 hours after a feed and lasted 3 0  to 4 5  minutes, with the infants still 
sleeping, clothed in their cots. Skin blood flow was measured on the newborn·s 
forehead. This place was chosen for two reasons, 1) in previous studies on 
newborn's skin blood flow we used the same measuring site and 2), more practical, 
the forehead is an easyily accessible area when newborns are laying under a blanket 
and the skull offers the possibility of performing arterial occlusions without 
disturbing the newborn infant. 

Skin blood flow was measured in accordance with the laser Doppler method 
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described by others [3, 19,24]. This method uses the frequency shift of laser light 
scattered by moving particles, e.g. red blood cells, to determine the velocity of the 
particles. Back-scattered Doppler shifted and unshifted light, mixed on a photo

detector surface, produce a frequency spectrum of intensity fluctuations, which is 
dependant on the mean red blood cell velocity and the number of red blood cells. 
The laser Doppler flow value represents not a quantitative flow signal but a value 
consisting of the integrated velocities of all red blood cells measured under the 

sensor. Signal processing provides an output in volts which is proportional to the 

blood flow in vitro. We investigated this in a silicon model containing small 

channels with a diameter of 0. 1 mm. This model was covered with human epidermis 
and perfused by a heparinized physiological saline solution containing red blood 
cells. The red blood cell concentrations varied from 0.5 to 3% and the velocities 

ranged from 0.5 to 5 mm/sec. In this model the laser Doppler flowmeter showed a 

linear response. 

In the present study, a recently developed laser Doppler flowmeter (Diodopp) 

was used. The light source (Hitachi laserdiode, 5 rrW, wavelength 790 nm), 2 

detectors (Philips BPX40 photodiodes), each at a distance from 2.5 mm from the 
light source, and a Peltier effect element (Melcer), which keeps the sensor"s 

temperature constant, are integrated in the sensor [9,21]. Optical fibres, sensitive to 

movement artefacts_, are therefore not used. Signal processing between 30 and 30 

kHz provides an output in volts. The instrument does not use a linearizer, which 

may result in a slight underestimation of the output signal, due to multiple 

scattering. The skin area illuminated by the laser is estimated between 15 and 25 

square mm. The measuring depth of the sensor is, given its wavelength and the 
distance between light source and detector, estimated between 1.5 and 2 mm. 

The site where the laser Doppler sensor was attached was carefully marked 
and was always the same for the 3 consecutive measurements on each infant. To 

determine the zero flow level and to obtain reactive hyperaemia, the vascular bed 

of the forehead was occluded four times, twice for 30 s. and twice for 60 s, during 

each measurement, by pressing the sensor against the skull. The pressure, necessary 

to overcome the arterial blood pressure of the newborn infant can easily be 
achieved. This zero flow level determination is necessary because "biological noise" 

e.g. Brownian molecular movement and vessel wall movement produce a baseline 

signal that has to be subtracted in analysing the data. How far skull bone perfusion 
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increases the zero flow level Is unknown. Given the thickness of the newborn's skin 
and the uncertain measuring depth we cannot be absolutely sure that skull bone 
perfusion does not attribute to an increase in zero flow level. In addition to the 
laser Doppler signal, the following data were recorded using a Teac MR- 3 0  cassette 
recorder: skin temperature of the chest (Yellow Springs thermistor probe 409-B), 
heart rate and thoracic impedance respiratory waveform (Hewlett Packard 78214-A). 

The behavioural state was determined by observing the infants and by 
independently analysing the tracings of respiration and heart rate. Active and quiet 
sleep were distinguished using the criteria of Prechtl ( 12] 
Data analysis: Laser Doppler flow was measured in arbitrary units (au) above zero 
flow level. Reactive hyperaemia was described by the following parameters (fig 1 ): 
the maximum blood flow after occlusion (Vmaxl, the time taken in seconds to reach 
the maximum response (tmaxl and the time taken in seconds to achieve a recovery 
level halfway between the maximum and preocciusive levels (t½l- Furthermore, we 
calculated the percentage increase in skin blood flow above preocclusive level 
(overshoot). 

All data recorded on tape were fed into a personal computer at a sample 
frequency of 1 0  Hz. For statistical analysis the t test for paired samples was used. 
The difference in average flow values were considered significant if the p value was 
less than 0. 05. 

Results 

A representative recording of forehead skin blood flow, respiration, heart rate and 
skin temperature, including a postocclusive reactive hyperaemia, is shown in fig. 1. 
The baseline forehead skin blood flow was found to decrease significantly during the 
first 5 days, in active as well as in quiet sleep. During active sleep, the flow 
decreased from 29. 3  ± 1 1.7 au to 1 7.6 ± 7.1 au. During quiet sleep, the flow 
decreased from 2 3 . 5  ± 1 1 . 7  au to 1 3. 9  ± 7. 9 au. The average decrease in skin blood 
flow was 29.4% and 2 5. 9% for active and quiet sleep, respectively (p< 0.01) (fig 2). 
No significant differences could be found between the reactive hyperaemia 
parameters recorded after 3 0  and 6 0  seconds occlusion and therefore the results 
were combined. The time taken to reach maximum flow after occlusion (tmaxl 
increased during the first 5 days from 1 7.3 ± 6.9 seconds to 22.7 ± 7.7 seconds 
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(mean ± sd), the average increase was 24% (fig 2). 
The halftime recovery (t½l increased in the first 5 days from 46. 1 ± 10.2 seconds to 
64.5 ± 1 7.4 seconds (mean ± sd), with an average increase of 29% (fig 2). No 
significant changes could be found in the maximimum flow during hyperaemia 
(Vmaxl· 

All the differences observed between day 1 and day 3 and between day 3 and 
day 5 were too small to reach the level of statistical significance. The variations in 
skin temperature were very small and did not significantly influence the skin blood 
flow. 
The results are summarized In fig 3, where the mean values of reactive hyperaemia 
on day one and on day five are presented. 
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FIG 1. Representative recording of skin blood flow, including reactive 
hyperaemia after 1 min of occlusion. Heart rate, respiration and skin 
temperature are also presented. Vmax a maximum blood flow after 
occlusion, tmax a time taken to reach maximum response and t½ = half
time recovery. 
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Histogram showing the differences in baseline skin blood flow and 
reactive hyperaemia parameters on day 1 and on day 5. Vmax = 

maximum blood flow after occlusion, tmax = time taken to reach 
maximum response and t½ = half-time recovery. 
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most relevant differences in skin blood flow. 
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Discussion 

The results of the present study indicate that changes in forehead skin blood flow 

do occur in the first week after birth. The baseline skin blood flow decreased 

significantly during the first 5 days, the average decrease being 29.4% and 25.9% for 

active and quiet sleep respectively. This can, at least partly, be explained by the 

morphological changes in the microvessels of the skin. Just after birth, the micro

vascular bed of the skin consists primarily of larger vessels and a disorderly 

capillary network with none or very few papillary loops (3, 15, 17]. This provides a 

relatively small vascular exchange area. Therefore, a relatively large flow is 

necessary to meet the needs of nutrition and, since birth, especially thermo

regulation. In the first week after birth, enlargement of the capillary network takes 

place, with an increase in height and rotation of the papillary loops [ 15, 17]. This  

results in an increase in the microvascular exchange area in the skin, in which 

periodic vasodilation and vasoconstriction appears, so-called vasomotion (7). The 

enlargement of the microvascular exchange area and the possibility of a more 

selective perfusion, leads to a more effective and, therefore, lower skin blood flow. 

The differences in skin blood flow, found between active and quiet sleep agree with 

previous findings, where the skin blood flow during active sleep was increased, by 

an average of 28%, compared to skin blood flow during quiet sleep (21]. 

The results of the present study are in agreement with the findings of Ahlsten, who 

used the transcutaneous pO2 method as an indicator of skin blood flow and observed 

a decrease in baseline skin blood flow during the first few days of life ( 1]. 

Stromberg, who used laser Doppler flowmetry [20), also found a decrease in 

baseline skin blood flow during the first few hours of neonatal l ife. Earlier studies 

on this subject using venous occlusion plethysmography showed similar changes in 

total blood flow in the leg (4,23]. Norman et al [ 14] described an increase in 

capillary blood cell velocity, measured with videometric microscopy, which seems to 

contradict our results. Laser Doppler flowmetry, however, measures more than just 

capillary blood flow. The estimated penetration depth of the used laser Doppler flow 

sensor is between 1.5 and 2 mm. This implies a skin blood flow signal derived from 

capillaries and, in greater part, from thermoregulatory microvessels deeper in the 

skin. This thermoregulatory flow might be different and even bypass ( 14) the 

capillary, nutritional flow. 
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During the first week, the reaction of the microvascular bed to occlusion also 
changes (fig 3). The tmax and the t 112 both increased, by 24% and 29%, 
respectively. During occlusion, hypoxia occurs, which induces vasodilatation through 
the accumulation of metabolites [ 8,22]. Because the amount of skin microvessels with 
a relatively large diameter dominates the few or nonexisting capillary loops on the 
first day of life [ 1 5, 1 7], a low resistance followed by a rapid reactive hyperaemia 
with a short tmax· is most likely. On day 5, the newly formed capillaries, with a 
smaller diameter, produce prolonged reactive hyperaemia and an increased recovery 
time, represented by an increased tmax and t 1 /2· 
The maximal flow after occlusion did not change significantly, despite the 
morphological and regulatory changes in the microvascular bed. Short-term occlusion 
( 3 0  or 6 0  seconds) probably only causes partial reactive hyperaemia. Studies on 
adults [ 1 1 ] have revealed that an occlusion of several minutes is required for 
measuring the maximum skin blood flow capacity. The reactive hyperaemia occuring 
after 3 0  or 6 0  seconds of occlusion merely represents the vascular reaction to 
changes in transmural pressure and the reaction to a dilator substance I 1 8]. 
We conclude that changes take place in the basal skin blood flow and in the tmax 
and the t 1/2 of the postocclusive reactive hyperaemia during the first 5 days after 
birth. This is most likely the result of morphological and regulatory changes in the 
microvasculature of the skin. 
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Introduction 

In artificially ventilated premature infants during intensive care, airway suctioning 

is necessary, to prevent airway obstruction. During suctioning, bradycardia is 

frequently seen, probably due to vagal stimulation. Circulatory effects of 

nasotracheal intubation were studied by Kelly and Finer ( 1 ). They found significant 

decreases in transcuteaneous P02 values and heart rate, whereas mean arterial blood 

pressure and intracranial pressure increased significantly during intubation. 

These findings indicate that suctioning, a comparable stimulus, may cause 

considerable cardiovascular changes in the newborn infant. Similar changes have 

been observed during apnea in newborns. In a previous study, using the laser 

Doppler method, we demonstrated a fall in forehead skin blood flow during apnea 

(2). Perlman and Volpe described a fall in cerebral blood flow velocity during 

apnea and bradycardia in premature infants (3). 

This raises the question as to what happens with cerebral blood flow during 

suctioning in premature infants. Kelly and Finer reported an increase in mean 

arterial blood pressure, attributed to an increase in systemic vascular resistance. If 

arterial blood pressure increases, than the cerebral blood flow will increase. This is 

prevented only, when the autoregulation of the cerebral system is functioning 

normally. This is mostly not the case in severely i l l  preterm infants, where 

autoregulation is impaired and cerebral blood flow is pressure passive and dependent 

upon the arterial blood pressure (4). We hypothesized that, in order to maintain an 

adequate cerebral blood flow, the cerebral vascular resistance will decrease when 

arterial blood pressure decreases, the latter being positively related to a decrease in 

peripheral blood flow. 
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To test this hypothesis a study was undertaken in mechanically ventilated 
premature infants, most of them severely ill. Changes in cerebral vascular resistance 
were estimated by Doppler ultrasound measurements of arterial flow velocity 
waveforms. The skin was chosen to study changes in peripheral blood flow by the 
laser Doppler method. Changes in forehead and forefoot cutaneous blood flow were 
simultaneously recorded to investigate possible differences between forehead skin 
and the more "peripherally" located skin of the forefoot. The arterial blood 
pressure, being necessary to relate velocity flow patterns to vascular resistance, was 
simultaneously recorded in a number of infants. 

Infants and methods 

We studied changes in heart rate, arterial blood pressure, cerebral blood flow 
velocity waveforms and forehead skin blood flow at rest and during endotracheal 
suctioning in 14 severely ill, artificially ventilated, preterm infants. Parental 
informed consent was obtained. Infants were born at a mean gestational age of 2 8.6 
± 2. 1 (mean ± SD) weeks with a mean birth weight of 1 07 0  ± 3 00 (mean ± SD ) g. 
Blood samples for pH and blood gas analyses were taken from an umbilical artery 
catheter the measurements. Respiratory problems included respiratory distress 
syndrome (IRDS ) or hyaline membrane disease (HMO) and bronchopulmonary 
dysplasia (BPD). Cerebral hemorrhage was diagnosed in 3 infants. The clinical data 
of the infants are summarized in table 1. 
In a pilot study forehead skin blood, cerebral blood flow velocity waveforms, 
electrocardiogram, heart rate and skin and incubator temperature were measured in 
5 infants. After preliminary analyses of the initial results of the pilot study, we 
included the recording of arterial blood pressure and forefoot skin blood flow in 
another 9 infants. 

Measurements were performed In incubators with all infants at thermoneutral 
condition. Measurements lasted for a minimum of 3 0  min after a stabilisation period 
of 1 0  min. The suctioning procedure was started after approximately 1 0  min of 
undisturbed recording and afterwards the recording was continued for at least 1 0  
min. During measurements the cerebral blood flow velocity waveforms were recorded 
intermittently, the other variables were recorded continuously. 
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TABLE 1 Summary of clinical data of the infants. 

post- gest .  b i rth wght i ncub s k i n  F I02 pH P02 PC02 Hb Hct 
s ubj natal 

* 
wght (g) temp temp 

(
%) (KPa) ( KPa) g/ 1  m age 

age (wks) (g) 
(

OC) 
(
OC) 

(d)  

a 4 29 1 150 1090 3 5 . 2  3 6  40 7 . 37 7 . 9  6 . 1  138 4 1 . 5  
4 34 1800 1610 36 36 . 7  40 7 . 33 9 . 4  4 . 2  145 44 

C 14 26 1 020 990 35 .5  36 . 2  60 7 . 39 6 . 2  5 . 9  1 1 8  37 
d 3 2 6 . 5  980 840 36 . 2  35 . 9  100 7 . 25 1 0  7 . 5  157 38 . 4  
e 28 26 1000 1200 34 . 5  36 . 1  85 7 . 39 7 . 5  6 . 1  124 3 8 . 5  
f 7 29 780 720 35 36 . 4  45  7 .4 11 . 9 5 139 3 9 . 5  
g 33 30 780 850 35 36 . 4  35  7 . 37 7 . 7  6 . 2  124 3 8 . 2  
h 14 29 780 820 34 36 . 4  40 7 . 39 1 0 . 3  6 . 8  155 48 

20 2 8 . 8  1030 1250 33 . 5  3 6 . 9  100 7 . 32 6 . 3  8 . 4  125 3 9 . 2  
j 3 27 850 7 90 3 6 . 5  3 6 . 3  50 7 . 43 5 5 95 29 . 9  
k 13  28 830 810 35 . 2  3 6 . 4  50 7 . 33 1 0 . 7  5 100 30 
l 1 28 . 7  1375 1375 60 7 . 42 7 . 3  3 . 4  1 7 . 3  57 
m 1 6  24 . 9  730 840 36 3 6 . 4  50 7 . 36 7 . 5  5 . 8  151 46 
n 2 30 1070 980 35 . 9  36 . 6  55 98 3 0 . 9  

* at bi rth 

Forehead and foot skin blood flow were measured in accordance with the laser 

Doppler method described by others (5,6,7). In short, this method uses the frequency 

shift of laser light to determine the red blood cell flow in a small tissue volume. 

Laser light il luminating the skin is scattered by static skin structures and moving 

particles e.g. red blood cells. Scattering from moving particles causes a frequency 

shift (the Doppler principle). Back-scattered Doppler shifted and unshifted light, 

mixed on a photodetector surface, produce a frequency spectrum of intensity 

fluctuations, which is dependent on the mean red blood cell velocities and the 

number of red blood cells. Signal processing provides an output in volts which is 

proportional to the blood flow. In the present study, a recently developed laser 

Doppler flowmeter (Diodopp) was used, which has the light source (laserdiode) and 

detectors (photodiodes) integrated into the sensor (2,8). Optical fibres, sensitive to 

movement artefacts, are therefore not used. 
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Cerebral blood flow velocity waveforms were measured in the anterior cerebral 
artery (pericalosal artery), using the transcutaneous Doppler ultrasound technique 
with the anterior fontanel as an acoustic window (9). Examinations were done with 
a two dimensional and Doppler echocardiograpgic system (Hewlett Packard 77 06 5 
AC), using a pulsed 3. 5 MHz Doppler transducer. After accurately locating the 
vessel and positioning the sample volume in a position of maximal frequency shift 
(fig 1a). 
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FIG 1A Schematic representation of the transcutaneous insonation of the 
pericalosal artery using the anterior fontanelle as an acoustic 
window. 
B 

MHz 

TIME 

FIG 1B. Characteristic blood flow velocity waveforms of the pericalosal 
artery, where A represents the peak systolic velocity, B represents 
the end diastolic velocity and C represents the area under the curve 
flow velocity. 
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The Doppler tracings were recorded on a strip chart recorder at a paper speed of 
5 0  mm.s-1  under audiological and visual control. Doppler recordings from the cycles 
were traced by hand with a pen on a computerized digitizing graphics tablet (Apple 
lie). The following Doppler variables were calculated: Peak systolic flow velocity, 
end diastolic flow velocity, area under the curve velocity and pulsatility index (Pl). 
The Pl was defined as peak systolic velocity minus end diastolic velocity divided by 
the area under the curve velocity ( 1 0) (fig 1b). Pl was normalised for a heart rate 
of 12 0 in each infant. Arterial blood pressure was measured through an umbilical 
artery catheter. The catheter was connected to a transducer (A.M.E, AE 840-- 01) and 
the arterial pressure waveform was continuously recorded (Hewlett Packard 7 8834). 
The following data were also recorded: skin temperature of the chest (Yellow 
Springs thermistor probe 409-8), Incubator temperature, heart rate and electro
cardiogram (Hewlett Packard 7 8214-A). 
All data were recorded on a multichannel strip chart recorder (Gould) and on tape
recorder (Teac MR- 3 0). The data recorded on tape were fed into a personal 
computer at a sample frequency of 1 0  Hz. From each child a representative number 
( 3 8 ± 1 5, mean ± SD) of Pl's of single waveforms, arterial blood pressure values, 
heart rate values and forehead and foot skin blood flow values were beat to beat 
analysed. To determine the influence of suctioning the data sampled during 
suctioning were analysed separately. Bradycardia was defined as a decrease in heart 
rate of more than 2 0  % of the mean heart rate, measured for 1 minute prior to the 
onset of the decrease in heart rate. 

For statistical analysis Pearson's cross correlation test or the Wilcoxon test 
was used when appropriate. A p value of less than 0.05 was accepted as level of 
significance. 

Results 

Suctioning was performed in 14 infants. This resulted in bradycardia in 11 of the 14 
infants. Representative recordings of all signals during suctioning are given in fig 2 
and fig 3. During suctioning the heart rate decreased significantly from 158.6 ± 18. 3  
to 1 08. 5  ± 26_ (mean ± SD). The forehead and forefoot skin blood flow decreased 
significantly with 17.9 ± 2 0.7% and 21.3 ± 2 1. 0% (mean ± SD) respectively. 
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2. Representative recording of 
arterial blood pressure, forefoot 
skin blood flaw, forehead skin 
blood flaw, ECG, impedance 
pneumography, heart rate and 
cerebral flow velocity 
waveforms. 

FIG 3. Representative recording of 
arterial blood pressure, 
forefoot skin blood flaw, 
forehead skin blood flaw, 
ECG, impedance 
pneumography and heart 
rate during suctioning. 
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The mean arterial blood pressure (MAP) decreased from 4 7.6 ± 5. 3 to 4 3. 9  ± 5. 3 mm 
Hg (mean ± SD), without reaching the level of statistical significance. During 
suctioning the Pl of the pericalosal artery increased in seven infants from 2. 0 1  ± 
0.58 to 2.4 7 ± 0.5 8. In the remaining seven infants suctioning resulted in a 
decrease in Pl, which fell from 3. 02 ± 0.64 to 2. 3 8  ± 0. 51. All data before and 
during suctioning are summarized in table 2. 

TABLE 2 Summarized data before and during suctioning and the percentage 
decrease. 

LDF forehead LDF forefoot Heart rate MAP Pul s . Index 
before dur i ng before dur i n g  bef .  dur . bef .  dur . bef .  dur . 

deer deer (mm Hg) i ner dee 
subj m m m 

(
% )  

a 21 17 1 9 . 0  32 20 37 . 5  165 120 52 48 1 . 3 1 . 6  23 . 1  
b 21 15 2 8 . 6  21 12 4 2 . 9  165 160 3 . 2  2 . 7  1 4 . 1  
e 15 1 3  1 3 . 3  15 12  20 . 0  170 120  56 56 1 . 9  2 . 2  1 9 . 1  
d 1 1  09 1 8 . 2  21 15 2 8 . 6  120 90 53 47 2 . 4  2 . 2  8 . 3  
e 17  07 58 . 8  22 14 36 . 4  180 50 51 43 2 . 1  3 . 0  42 . 1  
f 22 18  1 8 . 2  19  14  2 6 . 3  176  80 46 46 2 . 7  2 . 9  7 . 5  
g 18 15 1 6 . 7  34 21 38 . 2  152 106 39 41 3 . 7  3 . 1  1 5 . 3  
h 12 10 1 6 . 7  22 22 160 120 51 42 1 . 2 2 . 0  59 . 2  
i 23 22 4 . 3  20 22 -10 . 0  180 132 40 44 2 . 6  2 . 5  6 . 5  
j 28 19 32 . 1  174 90 41 35 4 . 0  2 . 4  4 0 . 7  
k 37 37  18  12  33 . 3  157 100 46 39 . 2 . 4  1 . 4  39 . 6  
l 27 37 -37 . 0  13  1 7  -30 . 8  157 96 46 41 2 . 1  2 . 4  1 3 . 2  
m 16  1 1  31 . 3  1 6  1 1  31 . 3  125 125 53 50 2 . 8  2 . 3  1 7 . 9  
n 13 9 30 . 8  21 16  23 . 8  140 130 45 39 2 . 7  3 . 2  1 7 . 4  

mean 20 17 1 7 . 9  21 16  21 . 3  159 108 48 44 2 . 5  2 . 4  
SD 7 9 6 4 18  26 5 5 0 . 8  0 . 5  

When the data prior to and during suctioning were combined in the analysis, the 
linear cross correlations revealed an inverse relationship between forehead skin 
blood flow and Pl of the pericalosal artery in 6 of the 1 4  infants, whereas the 
linear cross correlations between forefoot skin blood flow and Pl revealed an 
inverse relationship in only 1 out of 8 infants (table 3). In 2 of the 8 infants, 
however, a positive correlation between forefoot skin blood flow and Pl of the 
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pericalosal artery was found. Such a relationship could not be demonstrated for  

forehead skin blood flow and P l  of the pericalosal artery. The MAP and P l  of the 
pericalosal artery were inversely related in 5 out of 8 infants, whereas the MAP 

and forehead skin blood flow had a positive relationship in 3 out of 8 infants 
(table 3). 

TPBLE 3 Correlation coefficients between forehead skin blood flow, forefoot 
skin blood flow, Mean Arterial Pressure (M.AP.)and pulsatility index 
(P.I.) of data sampled before and during suctioning in all infants. 

Forehead s k i n  Forefoot s k i n  M . A . P .  and M . A . P .  and 
b 1 • f l ow and b 1 .  f low and p. I .  forehead s k i n  
p .  I .  p .  I .  b l . f l ow 

a - 0 . 60* - 0 . 68* - 0 . 45* 0 . 47* 
b - 0 . 59* - 0 . 02 - 0 . 52* 0 . 66* 
C - 0 . 37* 0 . 58* - 0 . 69* 0 . 28 
d - 0 . 38* - 0 . 14 0 . 30 - 0 . 01 
e - 0 . 19 0 . 69* -0 . 81*  0 . 1 9 
f - 0 . 04 
g 0 . 07 - 0 . 18 - 0 . 7 9* 0 . 15 
h 0 . 21 - 0 . 10 - 0 . 30 - 0 . 20 
i 0 . 1 8 0 . 1 1 0 . 04 0 . 49* 
j - 0 . 72* 
k - 0 . 39* 
l - 0 . 1 8 
m - 0 . 03 
n - 0 . 01 

* s i gni fi cant ,  p<0 . 05 

Discussion 

The results in the present study indicate, that during suctioning in il l preterm 

infants heart rate and skin blood flow decrease significantly. The pulsatility index 

of the pericalosal artery increases in 50% of the subjects during suctioning. 

The results can, at least partly, be explained by vagal stimulation as a result 

of mechanical endotracheal stimulation. The right branch of the vagus nerve 
descends along the lateral surface of the trachea, spreads 01:Jt in the posterior 
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pulmonary plexus and can be excltated by suctioning. This causes a decrease in 

heart rate. Bradycardia always started rapidly, as expected by a nervous reflex. 

The fall in arterial blood pressure in nine out of thirteen subjects might be 

partly the result of a decreased cardiac output caused by bradycardia. Due to 

immaturity of the myocardium and the lack of sympathetic innervation of the 

ventricles the ability of changing the stroke volume is restricted and cardiac output 

is dependent on heart rate (1� 

The changes in arterial blood pressure in our study contradicts the results of 

Finer and Kelly (1 ), who found a significant increase in arterial blood pressure 

during intubation in preterm infants which was attributed to an increase in systemic 

vascular resistance. It is possible that in the present study the effect of a 

decreased cardiac output due to bradycardia could not be adequately compensated 

for by peripheral vasoconstrictlon In maintaining a sufficient systemic fil l ing blood 

pressure, due to the condition of the infants. The decrease in forehead and forefoot 

skin blood flow that we observed Is then most likely the combined effect of 

peripheral vasoconstriction and the reduction in perfusion pressure. 

As a result of the bradycardia and the fall in arterial blood pressure in nine 

out of thirteen infants, a decrease in cerebrovascular resistance might be expected, 

when the autoregulation of the cerebral circulation is functioning normally. 

However, we observed an increased Pl in seven infants during suctioning, indicating 

an increase in cerebrovascular resistance (10). This finding_ suggests a decrease in 

cerebral blood flow, because recent studies in human preterm and term newborns 

demonstrated, that the Pulsatility Index (Pl) of the anterior cerebral artery 

correlates well with cerebrovascular resistance ( 1 1 )  and cerebral blood flow (12, 13). 

A decrease in Pl, thus reflecting an increase in cerebral blood flow, is observed in 

the other seven infants, of which two infants showed an increase in arterial blood 

pressure. The increase in cerebrovascular resistance together with a decrease in 

arterial blood pressure in seven infants and t_he decrease in cerebrovascular 

resistance together with an increase_ in arterial blood pressure in two infants 

suggests a lack of autoregulation in 9 out of fourteen infants, as described by Lou 

in distressed infants (4). In our study the dependency of cerebral blood flow on 

arterial blood pressure, represented by an inverse relationship between mean arterial 

pressure and Pl could be found in only 5 out of 1 1  infants (table 3). 

Our suggestion that during suctioning the forehead skin blood flow reacts 
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differently compared t o  the forefoot skin blood flow could not be confirmed, 
forehead and forefoot skin blood flow reacted In a similar way. However, when the 
data sampled before and during suctioning were included, changes in forehead and 

forefoot skin blood flow showed differences. The negative correlation coefficients 
between forehead skin blood flow and Pl of the pericalosal artery (table 3) suggests 
a closer relationship between forehead skin blood flow and cerebral blood flow, as 

compared to skin blood flow of the forefoot. This might be the result of the 

common blood supply of the pericalosal artery and the forehead skin by the carotid 
arteries. These differences however, can also be explained by a more pronounced 

role of the cutaneous circulation of the forefoot skin in thermoregulation. 
We conclude, that suctioning in Ill premature infants results in bradycardia and a 

decrease in skin blood flow. The increase in Pl of the pericalosal artery during 

suctioning in 50% of the infants suggests a decrease in cerebral blood flow with a 

possible deleterious effect on the brain. 
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SUMMARY AND FUTURE DEVELOPMENTS 

This thesis deals with the medical application of laser Doppler flowmetry (LDF). 
LDF is an optical, non-invasive technique, which can be used for the continuous 
measurement of qualitative changes in the microcirculatory blood flow in a small 
tissue volume. Information about the microcirculation, i.e. the main determinant of 
tissue perfusion, is often required in many medical disciplines. 

An outline is given of the laser Doppler method, its methodological problems 
and the design of the sensor used. A comparative evaluation with other flow 
measuring techniques is presented, using the skin as a measuring site. Finally, a 
number of clinical applications in newborn infants are described. 

Due to the sensitivity to movement artifacts caused by the use of light
conducting fibers in most conventional laser Doppler flowmeters, we developed a 
laser Doppler flowmeter without optical fibers, in close collaboration with the 
University of Twente. This diode laser Doppler flowmeter is described in Chapter 2 
and is now commercially available (Diodopp, ALT, The Netherlands). C�apter 2 also 
describes the principle of the laser Doppler method, which makes use of the 
frequency shift of monochromatic light due to moving particles, e.g. red blood cells. 

Determining the size of the effective measuring volume is still a major problem 
and several ways have been proposed to overcome this problem (Chapter 2, section 
1). A promising method is perhaps computer simulation of light propagation by 

Monte Carlo calculations, as described by Jentink. Wavelength and sensor geometry, 
especially the distance between the light source and the detector, are the major 
determinants of the measuring depth. The diode laser Doppler flow sensor used in 
this study probably has an effective measuring depth of 1. 5 to 2 mm. 

The determination of the spatial variability of the skin blood flow is described 
in Chapter 2, section 2. Comparison of the measurements obtained using the diode 
laser Doppler flowmeter (Diodopp) to those obtained using a conventional laser 
Doppler flowmeter (Periflux) revealed lower spatial variability for the Diodopp, 
probably due to the different sensor geometry, resulting in a larger measuring 
volume of the Diodopp. The same study revealed greater temporal variation of the 
Diodopp as compared to the Periflux, which can also be attributed to the larger 
measuring volume of the Diodopp. Furthermore, it was found that the use of 
provocation tests, especially reactive hyperaemia of the forehead skin blood flow 
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after arterial occlusion, improves the reproducibility of LDF measurements. 

Validation of the LDF technique is usually performed by comparing it to 

established methods for measuring blood flow. In Chapter 2 section 3. 1 ,  a 

comparative study is described In which the finger blood flow was measured in 12 

healthy volunteers using LDF, Venous Occlusion Plethysmography (VOP) and Photo 

Electrical Plethysmography (PhEP). In all but four volunteers there was good 

agreement between the LDF and VOP measurements obtained on the same finger, 

with linear correlation coefficients ranging from 0.53 to 0.82, which is a very 

satisfactory result, given the difference in measuring volumes between the two 

methods. The same level of agreement was found between PhEP and VOP measured 

on the same finger and between LDF and PhEP measured on different fingers. 

Comparative measurements between LDF and PhEP in patients with Raynaud's 

phenomenon are described in Chapter 2, section 3.2. Cold provocation was applied to 

one hand and LDF and PhEP signals were measured on the third finger of the 

cooled and the contralateral hand. Both methods showed good agreement in the 

cooled hand, with linear correlation coefficients ranging from 0.79 to 0.97. Although 

the results of both methods were comparable, they suggest that the laser Doppler 

flow method offers extra information about the microcirculatory red blood cell 

velocities. 

In this thesis, all the LDF studies were performed on human skin. The 

morphological and regulatory aspects of the microvasculature of the adult and 

newborn skin were the subject of Chapter 3. From a morphological point of view, 

the microvasculature of the newborn's skin is more disorderly and almost or 

completely lacking papillary loops, whereas the microvasculature of the adult skin 

comprises a regular network with thin capillaries. In principle, the regulation of 

skin blood flow seems to be the same in newborns and adults, however, the 

peripheral perfusion per kg body weight is thought to be twice that of adults. 

The clinical application of the Laser Doppler Flowmeter described in this thesis 

is mainly limited to newborn infants. To gain a deeper understanding of the little

explored microcirculation of the newborn skin, we studied the skin blood flow under 

various physiological conditions. 

In Chapter 4, we described the influence of behavioral states on skin blood 

flow In healthy newborns. The forehead skin blood flow was significantly higher 

during active sleep than during quiet sleep, with a mean difference of 28%. The 
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variability of the forehead skin blood flow during active sleep was also higher than 
during quiet sleep. 

In our next study, we described the influence of apnoeic spells on the 
forehead skin blood flow in preterm infants (Chapter 5). This study showed that the 
forehead skin blood flow decreased significantly in 7 3% of the apnoeic spells, 
probably due to sympathetic activity. The average decrease ranged from 17% to 2 8%, 
depending on the type of apnoeic spell. Bradycardia and the duration of the apnoeic 
spell hardly influenced the amount of skin blood flow decrease. 

To determine the ability of the preterm skin to react to arterial occlusion with 
reactive hyperaemia, we studied 24 preterm infants (Chapter 6). The results of this 
study revealed well-developed reactive hyperaemia, independent of the postnatal age. 
Due to the large interindividual differences, we also concluded that a longitudinal 
study is more appropriate than a transverse study design for measuring skin blood 
flow. 

Postnatal changes in skin blood flow were studied in healthy, term newborns 
during the first week after birth. The results are presented in Chapter 7. We found 
a significant decrease in the basal skin blood flow on day five, with an average 
decrease of 2 9% and 26% for active and quiet sleep, respectively. The effect of 
'aging' on reactive hyperaemia after short-term occlusion resulted in a broadening 
of the hyperaemic reaction. The described effects are probably due to morphological 
and regulatory changes, allowing a more effective skin blood flow. 

In Chapter 8 we described the changes in skin blood flow in relation to 
changes in ultrasound Doppler cerebral blood flow velocity waveforms of the 
pericalosal artery, arterial blood pressure and heart rate during endotracheal 
suctioning in severely ill, artificially ventilated preterm newborns. During suctioning, 
the skin blood flow and heart rate decreased significantly, whereas in 5 0% of the 
newborns the Pl of the pericalosal artery increased, suggesting a decrease in the 
cerebral blood flow. Suctioning, which is necessary to prevent airway obstruction, 
might therefore have a deleterious effect on the brain of severely ill preterm 
newborns. 

FUTURE DEVELOPMENTS 

The exact measurement depth and measurement volume cannot be determined, due to 
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the complex structure of the microvascular bed and the random nature of light 
scattering and propagation in tissue. Besides, the laser Doppler method provides only 
relative measurements of tissue perfusion and cannot be used to measure absolute 
blood flow values. To solve this problem, future investigations should focus on: 
1. Developing more sophisticated models of the microvasculature, with the possibility 

of selectively changing the perfusion at varying depths. 
2. Further development of computer simulations of light propagation by Monte Carlo 
calculations, with an increasing number of variables. 
So far, it has not been possible to differentiate between the nutritional capillary 
flow and the thermoregulatory flow. The introduction of depth-dependent 
measurements of the microcirculatory flow by using a flow sensor wich uses 
different wavelengths and a variable light source - detector distance, will enable 
further clinical applications. Information about the nutritional flow only is especially 
important in skin diseases, such as caused by diabetic microangiopathy or 
atheroscleroses. 

Laser Doppler flowmetry offers new possibilities for clinical application. Besides 
the applications described in this thesis, the method seems especially suitable for 
monitoring changes in peripheral blood flow. During intensive care medicine, the 
laser Doppler flowmetry can be used as early warning system in shock prevention. 
In plastic surgery, the viability of skin flaps can be monitored over several days. 
Blood flow data will allow more precise determination of the correct moment for 
cleaving a pedicled flap when the vascular ingrowth of the flap is sufficient and 
will shorten the period . of hospitalization. Although never studied, it seems possible 
in heart surgery to measure the perfusion of the myocardium before and after 
bypass surgery. Particularly the diode laser Doppler flowmeter, which is not 
sensitive to movement artifacts caused by optical fibers, seems to be suitable for 
use on the myocardium. 
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SAMENVATTING EN TOEKOMSTIGE ONTWIKKELINGEN 

In dit proefschrift worden de medische toepassingen van de laser Doppler methode 

voor het meten van de huiddoorbloeding (LDF) beschreven. LDF is een niet 

invasieve, optische meettechniek, die gebruikt kan worden om kontinu, kwalitatief, 

veranderingen in de microcirculatoire doorbloeding in een klein stukje weefsel te 

meten. In diverse medische vakgebieden is informatie over de microcirculatie, die 

hoofdzakeli jk de weefseldoorstroming bepaalt, van belang. Een overzicht wordt 

gegeven van de laser Doppler methode, de daarbij behorende methodologische 

problemen en het ontwerp van de gebruikte LDF sensor. Er wordt een vergelijkend 

onderzoek beschreven met andere methoden om microcirculatoire doorbloeding te 

meten, waarbij de huid als meetplaats is genomen. Tenslotte wordt een aantal 

klinische toepassingen bij pasgeboren kinderen beschreven. 

De l ichtgeleidende vezels, die gebruikt worden in con_ventionele laser Doppler 

apparaten, zijn erg gevoel ig voor beweging, en een geringe beweging van die vezels 

veroorzaakt onmiddellijk storingen in het meetsignaal. Daarom is, in samenwerking 

met de Universiteit Twente, een laser Doppler sensor ontwikkeld zonder l icht

geleidende vezels. Deze Diode laser Doppler flowmeter wordt beschreven in hoofd

stuk 2 en is inmiddels in productie genomen door een Nederlands bedrijf, Applied 

Laser Technology, te Asten. Het principe van de laser Doppler methode, dat gebruikt 

maakt van de frekwentieverschuiving van het laser licht door bewegende deeltjes, 

wordt ook beschreven in hoofdstuk 2. 

Bepaling van de exacte grootte van het meetvolume, waarin de doorbloeding 

wordt gemeten, is nog steeds een groot probleem, waarbij men op diverse manieren 

tot een oplossing probeert te komen. Veelbelovend lijkt een theoretische benadering 

met de Monte Carlo methode, zoals beschreven door Jentink, waarbij door middel 

van computersimulaties de lichtverstrooiing en -absorptie in weefsel worden na

gebootst. De golflengte van het laserlicht en de afstand tussen l ichtbron en 

lichtdetector li jken de grootste invloed te hebben op de meetdiepte. De effectieve 

meetdiepte van de laser Doppler flowmeter, die gebruikt werd tijdens dit onderzoek, 

wordt geschat op 1½ tot 2 mm. 

Het vaststellen van de variaties in huiddoorbloeding, die het gevolg zijn van 

meten op verschillende plaatsen (spatiele variatie), wordt beschreven in hoofdstuk 

2.2. Uit vergelijkende metingen van de diode laser Doppler flowmeter (Diodopp) met 
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een conventionele laser Doppler flowmeter (Periflux) blijkt, dat de spatiele variatie 
bij de Diodopp kleiner is, waarschijnlijk door het grotere meetvolume, veroorzaakt 
door een ander ontwerp van de sensor. Tijdens hetzelfde onderzoek werd een 
grotere lokale variatie in doorbloeding In de tijd (temporele variatie) gezien, die ook 
toegeschreven kan worden aan het grotere meetvolume van de Diodopp. Tenslotte 
werd aangetoond, dat het gebruik van provocatietests, zoals de reactieve hyperaemie 
volgend op een arteriele afsluiting van het vaatbed, de reproduceerbaarheid van LDF 
metingen kan verbeteren. 

Door de LDF te vergelijken met andere, al langer bestaande technieken om 
doorbloeding te meten, kan men de waarde van de methode bepalen. In hoofdstuk 
2.3. 1 wordt een vergelljkend onderzoek beschreven tussen drie verschillende 
methoden om doorbloeding te meten. Bij gezonde volwassenen werd de doorbloeding 
van de vingers met LDF, Veneuze Occlusie Plethysmografie (VOP) en Fotoelectrische 
Plethysmografie (FEP) gemeten. Tussen LDF en VOP werd in de meerderheid van de 
gevallen een goede relatie gevonden, met lineaire correlatiecoefficienten van 
0.53 tot 0. 82, hetgeen, gezien het verschil in meetvolume tussen beide methoden, een 
goed resultaat is. De vergelijkende metingen tussen LDF en FEP en tussen FEP en 
VOP leverden ongeveer dezelfde resultaten op. 

Vergelijkende metingen tussen LDF en FEP bij patienten met het fenomeen 
van Raynaud zijn beschreven in hoofdstuk 2.3.2. Tijdens een provocatietest waarbij 
een hand wordt afgekoeld in water, blijken beide methoden goed overeen te komen, 
gezien de lineaire correlatiecoefficienten van 0.79 tot 0. 97. Ondanks die overeen
komst lijkt de LDF toch meer informatie te bieden over de microcirculatie dan de 
FEP. 

In dit proefschrift zijn alle LDF onderzoeken gedaan op de menselijke huid, 
daarom worden in hoofdstuk 3 de morfologische en de regulatoire aspecten van de 
microcirculatie van de huid beschreven, zowel bij volwassenen als bij pasgeborenen. 
Morfologisch gezien is het vaatbed in de huid van een pasgeborene nogal wanorde
lijk en bijna of geheel zonder subpapillaire capillaire lussen, zoals die in het 
microvasculaire vaatbed bij volwassenen voorkomen. Daar bestaat een regelmatig 
netwerk met dunne capillaire lussen. Qua regulatie lijken er geen principiele 
verschillen te bestaan, hoewel de perifere doorbloeding per kilogram lichaamsgewicht 
bij pasgeborenen twee keer zo hoog is. 

De klinische toepassingen van de laser Doppler flowmeter, zoals beschreven in 
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dit proefschrift, is hoofdzakelijk beperkt tot pasgeborenen. Om meer inzicht te 
krijgen in de microcirculatie van de huid bij pasgeborenen, werd de huiddoorbloeding 
onder diverse fysiologische omstandigheden onderzocht. 

In hoofdstuk 4 wordt de invloed van gedragsstadia op de huiddoorbloeding van 
het voorhoofd bij gezonde pasgeborenen beschreven. Er bestond een verschil in 
doorbloeding: tijdens aktieve slaap 2 8% hoger dan tijdens rustige slaap en meer 
variabiliteit tijdens aktieve slaap. 

In een volgend onderzoek werd het effect van een periode van ademstilstand 
(apneu) op de hoofdhuiddoorbloeding van prematuur geboren kinderen onderzocht. 
(hoofdstuk 5). In driekwart van het aantal apneus wordt een daling In de 
doorbloeding gezien, met een gemiddelde daling van 1 7  tot 2 8%, afhankelijk van het 
type apneu en waarschijnlijk veroorzaakt door aktiviteit van het sympatische 
zenuwstelsel. De duur van de apneu en het al of niet optreden van een 
hartfrekwentiedaling (bradycardie) waren nauwelijks van invloed. 

De reactie van de huiddoorbloeding op arteriele afsluiting (occlusie) werd 
gemeten bij 24 prematuur geboren kinderen (hoofdstuk 6). Het bleek dat de 
reaktieve hyperaemia als gevolg van arteriele occlusie bij premature kinderen goed 
is ontwikkeld en onafhankelijk Is van de leeftijd na de geboorte. Wei werd duidelijk 
dat, gezien de grote interindividuele verschillen in huiddoorbloeding, een longi
tudinale studie de voorkeur verdient boven een transversale studie. 

De veranderingen, die optreden in de huiddoorbloeding bij gezonde 
pasgeborenen, werden bestudeert in de eerste week na de geboorte (hoofdstuk 7). Er 
werd een significante daling van ongeveer 2 7% in de basale hoofdhuiddoorbloeding 
gevonden tijdens de eerste week na de geboorte. Bij de reaktieve hyperaemia trad 
een verbreding van de hyperaemia curve op. De beschreven effecten worden waar
schijnlijk veroorzaakt door morfologische en regulatoire veranderingen in het 
microcirculatoire vaatbed. 

In hoofdstuk 8 worden de veranderingen in huiddoorbloeding gerelateerd aan de 
veranderingen in cerebrale vaatweerstand, de arteriele bloeddruk, en de 
hartfrekwentie tijdens het uitzuigen van kunstmatig beademde, prematuur geboren 
kinderen. Tijdens dat uitzuigen werd een significante daling van de hartfrekwentie 
en de huiddoorbloeding gezien, terwijl bij 5 0% van de kinderen de vaatweerstand in 
de hersenen toeneemt, hetgeen een daling van de cerebrale doorbloeding suggereert. 
Het uitzuigen, nodig om de luchtweg obstructie te voorkomen, kan dus bij ernstig 
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zieke kinderen een schadelijk effect hebben op de hersenen. 

TOEKOMSTIGE ONlWIKKB.JNGEN 

Het meetvolume en de meetdiepte kunnen niet precies warden bepaald door de 
complexiteit van het microcirculatoire vaatbed en de comploxe manier van 
lichtverstrooiing en absorptie in weefsel. Mede daarom is de laser Doppler methode, 
als er weefseldoorbloeding wordt gemeten, een relatleve meetmethode en kan niet 
worden gebruikt om absolute weefseldoorbloeding te meten. Om dat probleem op te 
lossen, zal toekomstig onderzoek zich moeten richten op: 
t Het ontwikkelen van verfijndere modellen van de microcirculatie, met de 
mogelijkheid om de doorbloeding in verschillende lagen selectief te kunnen 
veranderen. 
2. Computersimulaties betreffende de verstrooiings- en absorptie-eigenschappen van 
licht zullen moeten warden uitgebreid met meer variabelen. 

Tot nu toe kan met de laser Doppler methode geen onderscheid warden 
gemaakt tussen capillaire en thermoregulatoire huiddoorbloeding. De mogelijkheid om 
diepte afhankelijk huiddoorbloeding te meten, door een flowsensor, die gebruik 
maakt van meerdere golflengten en een variabele lichtbron-lichtdetector afstand te 
gebruiken, zal nader moeten worden bestudeerd. Als diepte afhankelijke 
doorbloedingsmetingen mogelijk zijn, kan de laser Doppler techniek van voordeel 
zijn bij het meten van de doorbloeding van een door ziekte aangetaste huid, 
bijvoorbeeld veroorzaakt door diabetische microangiopathie of door atherosclerose. 
Desalniettemin biedt de laser Doppler flowmetry een aantal nieuwe klinische toe
passingsmogelijkheden om microcirculatoire doorbloeding te meten. Behalve de 
toepassingen zoals beschreven in dit proefschrift lijkt d� LDF methode bij uitstek 
geschikt voor bewaking van de microcirculatie. De laser Doppler techniek lijkt goed 
bruikbaar voor vroege shockdetectie. In de plastische chirurgie kan de 
levensvatbaarheid van een huidtransplantaat gedurende een aantal dagen warden 
bewaakt. Het nauwkeuriger kunnen vaststellen van het moment van klieven van een 
gesteeld huidtransplantaat, als ingroei vanuit de randen voldoende is, kan ligdagen 
besparen. Hoewel nooit onderzocht, lijkt het mogelijk om de verandering in door
bloeding van het myocard te meten voor en na een "bypass" operatie. Speciaal de 
diode laser Doppler flow meter, ongevoelig voor beweging, lijkt daarvoor geschikt. 
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