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microvascular perfusion

In 1688, Van Leeuwenhoek was first to observe individual red blood cells flowing 
through capillaries in vivo using a self-made microscope [Van Leeuwenhoek, 
1688; Dobell, 1932]. In his life, Van Leeuwenhoek fabricated more than 250 
microscopes [Van Leeuwenhoek, 1689; Hartling, 1850], each consisting of a 
very small double convex glass lens fixed in between two metal plates pierced 
with a small hole [Folkes, 1724]. Using these microscopes, he discovered and 
studied “animalcules” (i.e., micro-organisms), spermatozoa, red blood cells, and 
many other biological preparations. Although he had discovered numerous new 
things, Van Leeuwenhoek did not wish to publish his observations as he was 
often accused of seeing more with his imagination than with his magnifying 
glasses [Uffenbach, 1754]. Indeed, his credibility has been questioned and his 
observations were met with skepticism as previously the existence of single-
celled organisms was entirely unknown. Eventually, due to Van Leeuwenhoek’s 
insistence a team of respected jurists and doctors came to Delft to validate his 
findings. Van Leeuwenhoek is said to have discovered more kinds of invisible 
animals than the world before him knew visible ones [Uffenbach, 1754].

Van Leeuwenhoek had a very good idea of the actual sizes and physical 
properties of the studied samples [Hartling, 1850; Dobell, 1920]. For the diameter 
of a red blood cell, which he could not express exactly in terms of micrometers, 
he estimated that 100 diameters of a red blood cell was somewhat less than 
that of a coarse grain of sand (which he had just assessed at 1/30 inch) [Van 
Leeuwenhoek, 1684]. Consequently, he imagined the diameter of a red blood 
cell to be around 1/3000 inch (i.e., ~8 µm), an astonishingly good estimate. 
Furthermore, Van Leeuwenhoek took notice that when he was severely ill, the 
globules of his blood appeared hard and stiff but grew softer and more pliable as 
his health returned [Baker, 1740]. 

Van Leeuwenhoek perfected his microscopes to light and portable devices so 
that he could apply them to the object “as easily as his own eyes” [Crose, 1693]. 
He left no account of his particular procedure in making and mounting lenses 
and kept his “particular manner of observing very small creatures” to himself 
and never divulged his secret [Crommelin, 1929]. Van Leeuwenhoek not only 
knew how to make lenses of adequate magnifying power and resolution, and 
sufficiently free from spherical and chromatic aberrations, but he also understood 
how to obtain the necessary visibility [Dobell, 1932]. He was able, in some way, 
to get the indispensable contrast between the object and its background which 
we now obtain by means of central stops, iris diaphragms, or staining. Dobell 
suspects, based on writings of Van Leeuwenhoek, that the “particular manner of 
observing” was some system of dark field illumination used in combination with 
his self-made microscopes [Dobell, 1932]. However, whether this is indeed Van 
Leeuwenhoek’s secret remains unknown to date [Crommelin, 1929]. 
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After Van Leeuwenhoek’s introduction of microcirculatory microscopy in 
1688, this technique was long limited to semi-transparant tissue that could 
be transilluminated to avoid image contamination by tissue surface reflections 
and thereby obtain sufficient image contrast [Hall, 1925; Irwin, 1954; Krahl, 
1962]. Later, use has been made of incident light directed at an oblique angle 
to the studied tissue [Krahl, 1964]. Such a setup, however, required very careful 
alignment of the light source and the microscopic lens system and still suffered 
from tissue surface reflections. It was not until 1971 that Sherman et al. introduced 
a new method for studying the microcirculation: incident dark field illumination 
microscopy [Sherman et al., 1971]. In their setup, dark field illumination was 
provided through a circular prismatic lens surrounding the objective lens which 
created a halo of light around and beyond the objective focal point. This type of 
illumination gave “an unusual depth of field and a three-dimensional quality to 
the tissue observed” and permitted visualization of microcirculatory structures 
beneath the surface of organs as dark red blood cell columns on a bright 
background. The authors visualized and photographed the circulation of the cat 
brain, lung, kidney, liver, mesentery, and intestine successfully. 

In 1987, Slaaf et al. developed an alternative way of eliminating tissue surface 
reflections for imaging subsurface microcirculatory networks that was inspired 
by fluorescence microscopy [Slaaf et al., 1987]. In fluorescence microscopy, 
image contrast is created by spectral separation of the reflected illumination light 
and the imaging light by application of an excitation and an emission filter in 
combination with a dichroic mirror. Similarly, Slaaf et al. proposed to separate the 
reflected illumination light from the imaging light by application of a polarizer 
and an analyzer (i.e., a polarizer oriented orthogonally to the orientation of the 
polarizer) in combination with a fifty percent reflection mirror. Due to its orthogonal 
orientation with respect to the polarized illumination light, the analyzer blocked 
directly reflected (undepolarized) light and allowed backscattered (depolarized) 
light to pass. This setting provided images of the microcirculation at sufficient 
contrast, similar to those obtained using dark field imaging. 

Several years later, Groner et al., combined the methods developed by 
Sherman et al. and Slaaf et al. and added a spectral component for further 
optimization of image contrast. In 1999, they introduced orthogonal polarization 
spectral (OPS) imaging, incorporated into a hand-held, clinically-applicable 
device [Groner et al., 1999]. Using OPS imaging, Groner et al. were the first to 
image the human brain microcirculation during surgery. Since then, numerous 
studies have been undertaken in various clinical scenarios where cardiovascular 
function is at risk. Studies have focused on the microcirculation during disease 
and therapy in surgery, emergency medicine, and intensive care medicine [Spronk 
et al., 2002; Sakr et al., 2004, 2007; Ince, 2005] as well as during such diverse 
conditions as cancer [Mathura et al., 2001b], wound healing [Lindeboom et al., 
2007], and infectious diseases [Dondorp et al., 2007]. OPS imaging has had an 
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important clinical impact by observation of the sublingual microcirculation during 
sepsis, shock, and resuscitation [Sakr et al., 2004; De Backer et al., 2002, 2004; 
Boerma et al., 2005]. Results from several medical centers have shown that OPS 
observation of sublingual microcirculatory alterations provided more sensitive 
information about patient outcome from sepsis and shock than conventional 
clinical parameters do. These microcirculatory alterations were shown to be 
especially present in the capillaries, making their study of particular importance 
[Goedhart et al., 2007; Dobbe et al., 2007; De Backer et al., 2007].

Parallel to the development of intravital microcirculatory microscopy, a whole 
other area of microvascular monitoring was arising, based on the invention 
of a new light source: the laser (light amplification by stimulated emission of 
radiation). In 1958, Townes and Schawlow theorized and published papers about 
the laser based on theories postulated by Einstein in 1917, termed “stimulated 
emission” [Einstein, 1917]. However, they did not proceed with this research at 
the time. In 1960, Maiman built the first successful laser: a ruby laser emitting 
deep red light [Maiman, 1960]. Although many historians claim that Maiman 
invented the first laser, there is some controversy arguing that Gould, a doctoral 
student under Townes, was first [Gould, 1959]. 

Only four years after the invention of the laser, in 1964, Yeh and Cummins 
published that lasers could be used to assess fluid flow by measuring the 
frequency shift of backscattered laser light [Yeh and Cummins, 1964]. As this 
technique was based on fundamentals first described by Doppler in 1842 (albeit 
for sound waves) and later theorized by Einstein in 1905 [Einstein, 1905], it 
was termed laser Doppler velocimetry. Riva et al. in 1972, applied laser Doppler 
velocimetry for the measurement of retinal microcirculatory perfusion [Riva et al., 
1972]. Later, Stern and colleagues found that “it can be used to monitor flow 
in the outer cortex of the kidney in the rat during a variety of pharmacologic 
interventions.” [Stern et al., 1977]. 

Stern recognized that the speckle pattern, that arises when a tissue surface is 
illuminated with a laser as described by Rigden and Gordon [Rigden and Gordon, 
1962], fluctuates as a result of blood flow within the tissue [Stern, 1975]. That 
same year, Briers observed that these fluctuations lead to a reduction in laser 
speckle contrast [Briers, 1975]. Six years later, in 1981, Briers and Fercher realized 
that this phenomenon could be used to map tissue perfusion and developed 
single-exposure speckle photography, a technique based on quantifying the 
contrast of laser speckles in single photographs [Fercher and Briers, 1981]. One 
year later, Briers and Fercher applied this method successfully to map retinal 
blood flow for the first time [Briers and Fercher, 1982]. 

In 1996 they introduced a real-time version of the method using a new digital 
camera technology: laser speckle imaging (LSI) [Briers and Webster, 1996; Briers 
et al., 1999]. LSI is based on the formation of a speckle pattern on a camera 
when biological tissue is illuminated with a laser [Rigden and Gordon, 1962]. 
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Movement of red blood cells within the illuminated tissue volume will influence 
the speckle pattern in time [Stern, 1975]. Hence, tissue perfusion in the field 
of view results in fluctuations in a dynamic speckle pattern. By integrating 
these fluctuations over the camera exposure time, pixel areas with a high level 
of perfusion will have lower contrast whereas pixel areas with a low level of 
perfusion will have higher contrast [Briers, 1975; Fercher and Briers, 1981]. The 
optimal exposure time for the LSI system depends on the red blood cell velocities; 
for measuring high velocities, rapidly blurring the speckle image, short exposure 
times are required and for the detection of low velocities, longer exposure times 
are required [Briers and Webster, 1996; Briers et al., 1999]. The speckle contrast, 
defined as the ratio of the standard deviation to the mean grayscale intensity in 
a small pixel window (e.g., 5×5 pixels), is related to the average velocity of the 
moving particles, which is expressed in arbitrary units or flux [Goodman, 1975]. 
It must be noted that both laser Doppler and laser speckle techniques essentially 
measure average velocity rather than flow or perfusion. As the distribution of 
underlying velocities is unknown, it is safer to use these techniques for relative 
rather than absolute measurements [Briers, 2001; Draijer et al., 2009]. Indeed, 
Cheng and Duong have recently shown that the assumption of a Lorentzian 
velocity distribution is valid for calculating relative blood flow (or perfusion) 
changes rather than absolute values [Cheng and Duong, 2007]. 

As the use of a small pixel window for speckle contrast assessment lowers the 
spatial resolution of LSI, Cheng et al. recently developed a temporal equivalent 
of this method, in which the contrast of each image pixel is determined in time 
(e.g., 25 sequential video frames) rather than in space (e.g., 5x5 pixels) [Cheng et 
al., 2003]. This increases the spatial resolution at the cost of temporal resolution. 
To find a compromise, Forrester et al. developed a method that calculates the 
contrast in a 3x3 pixel window in 3 sequential video frames [Forrester et al., 2002, 
2004]. To date, LSI has been used mainly in experimental research [e.g., Dunn et 
al., 2001; Cheng et al., 2003; Choi et al., 2004; Kharlamov et al., 2004] and only 
scarcely in patients [e.g., Stewart et al., 2005; Dusch et al., 2009; Murray et al., 
2009]. As LSI is a non-contact macroscopic technique mapping tissue perfusion 
in real-time, it may circumvent some shortcomings associated with the currently 
used techniques for microvascular perfusion assessment [Briers, 2001; O’Doherty 
et al., 2009].

microvascular oxygenation

After the discovery of the microcirculation in the late 1600’s, this physiological 
compartment was considered important as being the site of nutrient exchange 
between blood and tissues, but the existence of oxygen and its role in cellular 
respiration was yet unknown. In 1775, Priestley was the first to report on the 
discovery of oxygen as a gas [Priestley, 1775], but also Lavoisier [Lavoisier, 1777] 
and Scheele [Scheele, 1777] have a claim to the discovery. When Priestley first 
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isolated oxygen, not knowing what it was, he tested it on mice who surprised 
him by surviving quite a while trapped with the “air”. Then, Priestley tested it on 
himself and wrote that it was “five or six times better than common air for the 
purpose of respiration, inflammation, and, I believe, every other use of common 
atmospherical air.” In his paper ‘Observations on Respiration and the Use of the 
Blood,’ Priestley was the first to suggest a connection between blood and “air” 
[Priestley, 1776]. A year later, Lavoisier was also discussing respiration and it was 
his work that ultimately led to the establishment of modern chemistry [Lavoisier, 
1777]. Lavoisier showed that respiration was essentially a slow combustion of 
organic material using inhaled “air”. As Lavoisier demonstrated that the “air” 
responsible for combustion was also the source of acidity, he termed this gas 
“oxygen” (Greek for “becoming sharp”) [Lavoisier, 1777, 1778]. Lavoisier also 
described that hydrogen combined with oxygen produces water.

At present, more than 200 years later, it has been identified that oxygen has a 
central role in cellular respiration where it is used in the production of adenosine 
triphosphate (ATP); the main molecule supplying energy to metabolic processes 
for supporting cellular function [Leverve, 2007]. The primary site of oxygen 
delivery from blood to cells is the microcirculation and therefore, microcirculatory 
oxygenation is considered a parameter of key (patho)physiological importance 
[Ince and Sinaasappel, 1999]. Hence, monitoring microcirculatory oxygenation 
under pathophysiological conditions has been focus of many studies to, 
for example, assess the severity of organ hypoxia during shock and to guide 
treatment strategies aimed at improving organ oxygenation [Johannes et al., 
2006, 2009a,b,c].  

Methods for quantitative assessment of microcirculatory oxygen tension 
include invasive techniques, such as oxygen electrodes [Clark et al., 1953; 
Whalen et al., 1973; Severinghaus and Astrup, 1986], and non-invasive 
techniques, such as electron paramagnetic resonance techniques [Swartz and 
Clarckson, 1998], fluorimetry [Knopp and Longmuir, 1972; Benson et al., 1980], 
and phosphorimetry [Vanderkooi et al., 1987; Buerk et al., 1998; Springett and 
Swartz, 2007]. Oxygen electrodes have been extensively used to measure tissue 
oxygen tension at different sites and depths within organs to recover oxygen 
tension profiles. However, since oxygen electrode measurements are confined to a 
small tissue volume, only very superficial tissue oxygenation can be assessed non-
invasively [Whalen et al., 1973]. Mapping tissue oxygenation in depth requires 
insertion of one or more electrodes into the organ, causing cell damage and 
bleeding, which is severely limiting the applicability of this technique [Lübbers 
and Baumgärtl, 1997]. In contrast, electron paramagnetic resonance techniques 
are relatively noninvasive, but are limited to the size of the paramagnetic particles, 
typically one hundred to several hundred micrometers [Swartz and Clarckson, 
1998]. Fluorimetry, in addition, has been employed successfully for intracellular 
oxygen measurements. However, due to the short fluorescence life times, highly 
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specialized equipment is required which has limited its widespread use [Knopp 
and Longmuir, 1972; Benson et al., 1980].  

 The introduction of phosphorimetry by Vanderkooi et al. in 1987 has opened 
the field of non-invasive and online monitoring of microcirculatory oxygenation 
and has initiated numerous studies investigating the pathophysiological 
mechanisms underlying several types of shock [Vanderkooi et al., 1987; Ince 
and Sinaasappel, 1999] and the effects of different treatment strategies [e.g., 
Johannes et al., 2009a,b,c]. Phosphorimetry is a non-invasive method for 
measuring oxygen tension quantitatively in vivo, based on oxygen-dependent 
quenching of phosphorescence of metallo-porphyrins, such as palladium 
porphyrin. Calculation of the oxygen concentration or partial oxygen pressure 
from the phosphorescent decay curve can then be done using the Stern-Volmer 
relationship, which directly relates the decay rate of phosphorescence to the 
partial oxygen pressure [Stern and Volmer, 1919]. 

This method has enabled fiber-based detection of oxygen in the heart 
[Zuurbier et al., 1999; Van Iterson et al., 2003], brain [Wilson et al., 1991], gut 
[Sinaasappel et al., 1999; Van Bommel et al., 2001], and kidney [Norman et al., 
2003] in animals. A relatively new phosphor has recently been developed by the 
group of Wilson; Oxyphor G2, which has two excitation peaks and therefore 
allows dual-depth phosphorimetry [Dunphy et al., 2002; Ziemer et al., 2005; 
Johannes et al., 2006]. Furthermore, multi-exponential curve fitting analysis of 
oxygen-quenched phosphorescent decay traces, in combination with the Stern-
Volmer relation, has been applied to identify the presence of ‘occult’ hypoxic 
microvascular areas during shock that would not have been detected when 
applying mono-exponential curve fitting analysis, underscoring the relevance 
of revealing microvascular oxygenation heterogeneities [Johannes et al., 2006, 
2009a,b,c]. 




