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Background: Therapeutic hypothermia (TH) has become 
standard treatment for severe and moderate hypoxic–ischemic 
neonatal encephalopathy (HIE). Our group has developed an 
optically based, noninvasive concept of assessing the capac-
ity for oxygen delivery from the microcirculation to the cells of 
a tissue under investigation. The hypothesis was that mecha-
nisms of reduced oxygen delivery due to reduced metabolism 
in cooled asphyxiated neonates could be characterized with 
this concept.
Methods: The skin of 28 asphyxiated newborn infants 
was studied on days 1 and 3 during TH and on day 4 follow-
ing rewarming with laser Doppler perfusion measurements 
(LDPM), computer-assisted video microscopy (CAVM), and dif-
fuse reflectance spectroscopy (DRS). Twenty-five healthy neo-
nates served as a control group.
results: The LDPM decreased during cooling (P < 0.01). 
Functional capillary density was higher both during and fol-
lowing TH compared with control infants (P < 0.01). Capillary 
flow velocities were reduced during TH (P < 0.05). The hetero-
geneity of the flow velocities was larger in the HIE infants than 
in the control infants. Tissue oxygen extraction was higher dur-
ing TH (P < 0.01).
conclusion: This study indicates that assessments of skin 
microvascular density, capillary flow velocity, and oxygen 
extraction can be used to characterize reduced oxygen deliv-
ery to cells during TH.

therapeutic hypothermia (TH) has become the standard 
treatment for severe and moderate hypoxic–ischemic neo-

natal encephalopathy (HIE), as a means of reducing mortal-
ity and cerebral morbidity (1–4). TH decreases the metabolic 
rate by 6–10% per degree celsius (°C) drop in core temperature 
(5,6).

In critically ill infants, hemodynamic disturbances and shock 
may develop. One definition of shock is the inability of the cir-
culatory system to deliver sufficient oxygen to sustain cellu-
lar metabolism and organ function (7). Although the oxygen 

delivery takes place at the capillary level, few studies regarding 
microvascular function in infants have been published, most 
likely due to the complexity of the microvasculature and the 
lack of appropriate technology for the noninvasive bedside 
examinations of easy accessible organs such as the skin, eyes, 
and oral cavity.

In adult skin, the microvessels are arranged into a superfi-
cial papillary nutritive layer fulfilling the metabolic demand of 
epithelial proliferation and a deep and a superficial horizontal 
plexus serving body thermoregulation. In newborns, the vas-
cular architecture is not fully differentiated and consists of a 
disordered network with horizontal microvessels (8). Laser 
Doppler perfusion measurement (LDPM) allows for the quan-
tification of blood cell flux in tissue volumes of approximately 
1 mm3. This technique has been commercially available for 
more than 30 y but is rarely used routinely in any clinical dis-
cipline due to its inability to differentiate between the skin’s 
superficial nutritive- and deep thermoregulatory perfusion. 
LDPM may be more valuable in the skin of neonates because 
of the less differentiated vascular structures (8,9).

Our group has developed an optically based, noninvasive 
concept for assessing the capacity of oxygen delivery from 
the microcirculation to cells of a tissue under investigation. 
Data are collected using computer-assisted video micros-
copy (CAVM) and diffuse reflectance spectroscopy (DRS). 
Analyzing recorded data files, parameters related to capillary 
density, capillary flow velocities, and microvascular oxygen 
saturation may be extracted. These parameters can be used to 
assess the capacity for oxygen delivery from the microcircula-
tion to the cells in the tissue under investigation. In a previ-
ous paper, we demonstrated that this concept may be used to 
obtain reproducible data in healthy newborn infants (8).

The hypothesis for this study was that reduced oxygen 
delivery due to reduced metabolism in cooled asphyxiated 
neonates can be detected and characterized with a combina-
tion of LDPM, CAVM, and DRS. Furthermore, we wanted to 
describe the changes in microvascular morphology and func-
tion caused by cooling.
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RESULTS
Twenty-eight asphyxiated newborn infants were included in 
the present study (Table 1). The survival rate was high (93%). 
One infant died within the first 24 h of life due to multiorgan 
failure, and another infant died at day 27 of life after redirec-
tion of care due to severe clinical and cerebral MRI pathol-
ogy. Six infants exhibited severe MRI pathology, and 13 infants 
minor MRI pathology on day 11. Seven infants had completely 
normal MRI findings. During cooling, 10 infants developed 
either sepsis or symptoms of infection (35.7%).

Heart rate decreased by 25% during TH, the only central 
hemodynamic parameter with a significant change (Table 2). 
Serum lactate was initially high, but improved rapidly during 
TH. Following rewarming, oxygen saturation decreased from 
97% to approximately 94% (Table 2).

Microcirculatory Assessments
In all subjects, it was possible to obtain the microvascular data 
on day 1 (d1) and day 3 (d3) during cooling and on day 4 (d4) 
following rewarming. The examinations were performed over 
30–45 min without interfering with ongoing therapy.

LDPM. LDPM decreased significantly during cooling com-
pared with rewarming (Figure 1). There was no difference in 
LDPM in asphyxiated newborns following rewarming com-
pared to the healthy controls. The heterogeneity of LDPM per-
fusion among seven nearby repeated measurements, expressed 
as a coefficient of variation (CoV), did not differ between con-
trols and asphyxiated infants, or within the patient group from 
d1 to d4 (patients d1: 18.8% (7.7–63.2), d3: 22.4% (9.0–52.7), 
d4: 27.3% (6.0–45.7), and controls: 21.8% (6.6–54.1)).

CAVM. Mean functional capillary density (FCD) was sig-
nificantly higher both during cooling and after rewarming in 
the asphyxiated infants compared with the healthy controls 
(Figure  2). The heterogeneity of FCD among five repeated 
measurements, expressed as CoV, did not change within or 
among groups (patients d1: 12.0% (4.6–17.6), d3: 11.6% (3.2–
19.4), d4: 9.6% (5.3–20.4), and controls: 13.0% (4.0–24)).

The control group had capillary flow velocities predomi-
nantly in category three and four (continuous low and high 
flow) (Figure  3). Rewarmed asphyxiated infants had similar 
findings with the exception of a 15% reduction in category 

table 1. Data of the asphyxiated study population

Values median (range) or number (percentage)
Total population 

(n = 28)

Gestational age, week 39.7 (36.0–41.9)

Birth weight, g 3,486 (2,117–5,200)

Inborn, n (%) 15 (53.6)

Cesarean section, n (%) 11 (39.3)

  5-min Apgar Score 3 (0–7)

  10-min Apgar Score 5 (0–9)

Sex, male, n (%) 17 (60.7)

pH in umbilical artery 6.92 (6.59–7.19)

Lactate in umbilical artery, mmol/l 15.5 (5.0–29.0)

Base deficit in umbilical artery, mmol/l 13.7 (4.5–24.0)

Respiratory support (n (%)) 25 (89.3)

Inotropes, n (%) 16 (57.1)

Sarnat 3 at start, n (%) 22 (78.6)

Clinical seizures, n (%) 12 (44.4)

table 2. Data from the asphyxiated infants during (day 1 and 3) and 
after (day 4) hypothermia treatment

Values (mean (SD) Day 1 Day 3 Day 4

MAP, mmHg 45.1 (5.7) 45.5 (5.3) 45.7 (6.6)

Saturation, % 96.7 (2.7) 97.1 (2.4) 94.3 (2.6)

Pulse, beats/min 96.5 (12.0) 96.5 (15.1) 129.6 (12.9)*

Lactate, mmol/l 14.2 (5.9) 1.5 (1.0)* 1.5 (1.2)*

Core temperature, °C 33.5 (0.1) 33.5 (0.1) 36.6 (0.5)

Skin temperature, °C 31.9 (0.4) 31.9 (0.5) 34.9 (0.6)

MAP, mean arterial blood pressure.
*P < 0.001.

Figure 1.  laser doppler perfusion. Asphyxiated newborn infants 
(n = 28); during hypothermia day 1 = black circle; during hypothermia day 
3 = gray circle; after rewarming day 4 = white circle. Healthy normother-
mic controls (n = 25) = black route. *P < 0.01.
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Figure 2. Functional capillary density. Asphyxiated newborn infants 
(n = 28); during hypothermia day 1 = black circle; during hypothermia day 
3 = gray circle; after rewarming day 4 = white circle. Healthy normother-
mic controls (n = 25) = black route. *P < 0.01.
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four velocities and a corresponding increase in category five 
velocities (brisk flow). There was no difference in mean capil-
lary flow-categorical velocity (MFCV) between the two groups 
(controls: 3.49 (0.37) vs. patients d4: 3.64 (0.68)). Cooled 
patients on the other hand had marked changes in velocities 
(Figure  3). MFCV was significantly reduced during cooling 
compared with after rewarming (d1: 3.34 (0.67) vs. d4: 3.64 
(0.68), P < 0.05).

DRS. Microvascular oxygen extraction was significantly 
increased on d1 as compared with d3, and on d1 compared 
with d4 (Figure  4). There was no difference between the 
asphyxiated infants on d3 or d4 and the healthy controls. No 
differences in the heterogeneity of the repeated DRS measure-
ments (microvascular oxygen saturation) from twelve nearby 
measuring volumes, expressed as CoV, was found (patients d1: 
10.7% (4.9–30.0), d3: 10.7% (4.1–23.7), d4: 7.3% (1.9–26.3), 
and controls: 12.0% (2.2–26.0)).

DISCUSSION
Previously, we have demonstrated that the combination of 
LDPM, CAVM, and DRS may be used to achieve reproducible 
microvascular data from the skin of healthy newborns (8). The 
present study showed significant increases in skin functional 
capillary density and oxygen extraction, as well as reductions 
in capillary flow velocities and laser Doppler perfusion, during 
TH.

During cooling, the infant´s mean core temperature was 
reduced to 33.5 °C, causing a reduction in metabolic rate of 
approximately 20–30% (6). The approximately 30% reduction 
found in LDPM perfusion during cooling is in accordance with 
the expected reduction in the metabolic demand (Figure 1). 
It is well recognized that skin LDPM in adults does not reflect 
skin nutritional perfusion (papillary capillary perfusion), 
because the larger part of the signal originates from deep skin 
thermoregulatory plexus perfusion (9). In newborns, the vas-
cular architecture is not fully differentiated, and the epithelium 
is thinner. The LDPM values may therefore better reflect the 
metabolic rate of the skin.

In the year 1919, August Krogh (Nobel prize in Medicine, 
1920) postulated that all cells must be located within a critical 
distance (Krogh diameter) of a perfused capillary to receive a 
sufficient oxygen supply (10). The oxygen diffusion capacity is 
reduced with lower temperatures (11). This change in diffu-
sion capacity leads to a reduction in the Krogh diameter, and 
explains the observed increase in FCD (Figure 2). The high 
FCD during TH was maintained following rewarming. The 
reason can be that the initial hypoxic–ischemic event has dis-
turbed the physiological mechanisms regulating microvascu-
lar flow distribution. Another possibility is that one third of 
the patients were developing sepsis, known to affect peripheral 
blood flow distribution (12).

Delivery of oxygen from a single capillary is dependent on 
capillary flow velocity and oxygen extraction. The healthy ref-
erence population had 62% of capillaries with flow category 
four and 36% in category three, similar to other healthy groups 
examined by our laboratory (13,14). This velocity distribution 
in healthy individuals represents the optimal velocities for oxy-
gen delivery. Low velocities give a long erythrocyte capillary 
passage time, resulting in a high extraction. In spite of high 
extraction, the oxygen delivery will suffer because of the limited 
number of erythrocytes passing through the capillary. On the 
other hand, in a capillary with high flow velocity the number of 
passing erythrocytes is high, but the passage time may be too 
short for loading off oxygen. The capillary may be transformed 
to a physiological shunt with suboptimal oxygen delivery (15).

During TH, asphyxiated patients had marked changes in 
the capillary flow velocity distribution. Twenty-five percent of 
the capillaries were in category 1, 2, or 5 with limited capac-
ity for oxygen delivery. We believe that the velocity changes 
found in this study reflect the reduced metabolism during TH. 
Rewarmed patients had on d4 12% of the capillaries in flow 
category 5, a flow category never seen in reference populations 
of healthy individuals (8,13,14). This finding may be explained 
by disturbed microvascular regulation secondary to the initial 
hypoxic–ischemic event or that one third of the patients was 
developing sepsis during TH (12).

Figure 3. Fraction of capillaries for different flow categories. 
Asphyxiated newborn infants (n = 28); during hypothermia day 1 = white 
bar; after rewarming day 4 = gray bar. Healthy normothermic controls 
(n = 8) = black bar.
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Figure 4. Microvascular oxygen extraction. Asphyxiated newborn 
infants (n = 28); during hypothermia day 1= black circle; during hypo-
thermia day 3 = gray circle; after rewarming day 4 = white circle. Healthy 
normothermic controls (n = 20) = black route. **P < 0.001, *P < 0.01.
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On d1 asphyxiated patients had increased lactate levels caused 

by the initial hypoxic–ischemic event, and on d3 lactate was 
normalized (Table 2). The microvascular data shows the mech-
anism behind the pay back of this oxygen debt; the increased 
erythrocyte capillary passage time (reduced MFCV) on d1 gives 
time for increased oxygen extraction, and the DRS data shows 
increased microvascular oxygen extraction on d1 (Figure 4).

In a previous paper where the skin microcirculation in 
healthy newborn infants also was examined by LDPM, CAVM 
and DRS, we found increased FCD, increased oxygen extrac-
tion and reduced LDPM perfusion at the dorsum of the left 
hand compared with values at the chest (8). In this previous 
study, the hand skin temperature was approximately 3 °C lower 
than the chest temperature, and represented a model of local 
hypothermia, while the present study is a model of systemic 
hypothermia. The lower temperature in both models might 
have induced a similar reduction in the metabolic rate, and 
shows that the present set of microvascular parameters are 
able to describe the microvascular mechanisms resulting in 
reduced oxygen delivery.

Conclusion
The present study demonstrated that bedside microcirculatory 
assessments of the skin can be performed in asphyxiated new-
borns without interfering with ongoing therapy. The results 
indicate that a set of microvascular parameters describing 
functional capillary density, capillary flow velocities, and oxy-
gen extraction may be used to characterize oxygen delivery to 
the cells in the tissue under investigation. The velocity changes 
on d1 and d3 reflect reduced metabolism and the correspond-
ing decrease in oxygen delivery during cooling.

METHODS
Study Population
This single-center prospective study was performed between January 
2010 and December 2011 in a tertiary neonatal intensive care unit 
at Oslo University Hospital, Ullevål, Norway. During this period, 50 
infants fulfilled the Norwegian National Guidelines (16) for TH and 
received whole-body cooling as standard care in our department. The 
inclusion criteria for TH were modified from the TOBY study proto-
col (17). Criterion A was gestational age ≥36 wk, with at least one of 
the following: (i) an Apgar score ≤5 at 10 min; (ii) a need for respira-
tory support at 10 min following birth, and (iii) either a pH ≤7.00 or a 
base deficit ≥16 mmol/l obtained via either umbilical arterial blood or 
any blood samples taken within 60 min of birth. Criterion B was mod-
erate to severe HIE, which was determined according to the national 
guidelines, which is a modification from the classification established 
by Sarnat & Sarnat (16,18).

Twenty-eight of the 50 neonates were included in the present study 
(Tables  1 and 2). Inclusion was consecutive when the investigator 
(S.F.) was available for performing the measurements.

Reference Population
During a 6-mo period in 2009, 25 healthy term newborns delivered 
after uncomplicated pregnancies were enrolled in a study assessing 
skin microcirculation on days 1, 2, and 3 of life, using the same tech-
nologies as in the present study (8). In the absence of a noncooled 
control group with perinatal asphyxia, the results from day 3 of this 
study were used as reference data.

Treatment Protocol
The infants were cooled using a servo-controlled water circulated 
jacket (CritiCool, MTRE, Yavne, Israel) to a target rectal temperature 

of 33.5 °C for 72 h before being slowly rewarmed to 37.0 °C (0.5 °C 
per hour) (16). Pulse oximetry saturation (SaO2) (Masimo Set, 
Rad-5v, Irvine, CA) and intra-arterial blood pressure measurement 
were obtained continuously (HP MI008B, Hewlett-Packard, Palo 
Alto, CA). Skin temperature was measured using a surface tempera-
ture scanner (Omega Medical, Model no. STS-101-C, Stanford, CA) 
attached to the chest immediately before the measurements.

During TH, all infants received continuous morphine infusion. 
Sixteen infants (57%) required inotropic medication (dopamine, 
dobutamine, and/or epinephrine) to maintain a mean arterial blood 
pressure of 40–50 mmHg. Twenty-five infants were mechanically ven-
tilated to maintain an oxygen saturation >90% (Table 1).

Microvascular Examinations

LDPM.
Microvascular skin perfusion was assessed using a Moor Blood Flow 
Monitor (MBF 3D) with Moorsoft (Moor instruments, Axminster, 
Devon, England). Seven 10-s sequences with no or limited movement 
artifacts were recorded and analyzed. The output was expressed in 
a semiquantitative scale of flux (arbitrary unit, AU), defined as the 
product of the number of moving blood cells and their mean velocity 
in the measured volume of around 1 mm3.

CAVM.
A hand-held digital CAVM (Optilia, D1, Sundbyberg, Sweden) with 
a 250× magnification lens, resolution 640 × 480 pixels and frame rate 
15 per second were used to obtain five film-sequences of 10 s. The 
films were stored on a computer for processing (Macbook Air with 
software Quick Time Player, version 7.6.6, Apple, Cupertino, CA). 
A high-quality single frame from each film sequence was used for 
analysis of the FCD. Because the microvessels in newborns exist as a 
horizontal disorderly network, the FCD-assessments were defined as 
the number of microvessels crossing a grid of lines per mm line (c/
mm) (19). Xscope software (Iconfactory, Greensboro, NC) was used 
to create the grids as described previously (8).

Films from 28 infants, in total 168 films, were randomly selected 
for off-line analysis of the capillary flow velocities. The analyzer was 
blinded to clinical data. The flow velocity within each capillary was 
scored using a semiquantitative six-category scale modified from 
a previously published five-category scale (8) (Table  3). The data 
were expressed as the fraction of capillaries in each flow category. 
MFCV was subsequently calculated using the following formula: Fr 
(1) × 1+Fr (2) × 2+Fr (3) × 3+Fr (4) × 4+Fr (5) × 5 (14).

DRS.
A spectrometer operating within the visible wavelength region 
(AvaSpec-2048-2, Apeldoorn, The Netherlands) and a tungsten halo-
gen light source (AvaLight-HAL, Apeldoorn, The Netherlands) with an 
effective spectral range of 450–800 nm were used for the microvascu-
lar oxygen saturation measurements. A custom-built fiber optic probe 
with a fiber composition of three adjacent illuminating fibers (fiber 
diameter 400 μm) and one receiving fiber (fiber diameter 400 μm) 

table 3. Flow categories with descriptions

Flow category Description of flow

0-No flow Erythrocytes visible, no movement

1-Sluggish flow Slow cell movement, sometimes 
backward flow

2-Continuous very low flow Continuous forward movement, 
extremely slow

3-Continuous low flow Continuous forward movement, 
mostly slow

4-Continuous high flow Continuous forward movement, 
mostly rapid

5-Brisk flow Rapidly moving cells throughout 
the entire film sequence
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resulting in an emitting-receiving distance for the probe of approxi-
mately 800 μm, were used for the measurements (20). A white polytet-
rafluoretylene tile (WS-2, Avantes, The Netherlands) enclosed in a 
black plastic housing was used as reference (8). Twelve spectra were 
collected from each examination in each neonate on all 3 d. Analyses 
of the spectra were performed by adapting a tissue model based on 
a diffusion approximation as implemented by Steven Jacques (21,22). 
Oxy- and deoxy-hemoglobin were then estimated, and microvascular 
oxygen extraction was calculated as the difference between the arterial 
and the microvascular oxygen saturation (SaO2 − SmvO2).

Study Protocol
The microvascular assessments were performed using the skin of the 
chest, at the midline between the supra-sternal notch and left nipple, 
within 24 h following the initiation of TH (d1), the last day of TH (d3) 
and within 24 h of rewarming (d4). The examinations were performed 
in the neonatal intensive care unit in a room with a stable tempera-
ture of approximately 21 °C and dimmed lightning. Each infant was 
placed in an open incubator and was typically intubated and sedated 
with morphine. CAVM was recorded first, followed by LDPM and 
DRS. Baby oil (Natusan) was used as immersion oil for the video-
microscope. All equipment was gently applied on the skin surface.

Statistical Analysis
The demographic data and the coefficient of variation (CoV) are pre-
sented as medians with ranges. All other variables are expressed as the 
means with standard deviations. For the variables measured at differ-
ent time points within the same group of patients, the paired t-test was 
conducted to compare means. To compare variables between different 
groups, the independent samples t-test was used. P value ≤0.05 was 
considered statistically significant. The heterogeneity of the microvas-
cular data was expressed as the CoV (SD/mean) of repeated measure-
ments. The statistical analyses were performed using SPSS for Windows 
(Statistical Package for the Social Sciences, version 21.0 SPSS, Chicago, 
IL).

Ethics
Written parental consent was provided by each patient´s parents. 
The study was approved by the Regional Committee for Medical and 
Health Research Ethics, South-Eastern Norway, and the Institutional 
Review Board of Oslo University Hospital.
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