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general intrOductiOn

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 



16

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]. 







Outline Of the thesis





21

O
U

TLIN
E O

F TH
E TH

ESIS

Outline Of the thesis

The research presented in this thesis has been conducted as part of a 
collaboration of the Department of Translational Physiology of the Academic 
Medical Center of the University of Amsterdam and the Department of Intensive 
Care of the Erasmus Medical Center of the University of Rotterdam. The aim 
of this collaboration is to ‘translate’ clinical scenarios into (patho)physiological 
concepts (and vice versa) and to develop therapeutic strategies based on insights 
obtained in the clinic and in the lab. As the microcirculation has an important 
role in both health and disease, the main emphasis of our research is on this key 
physiological compartment. Our clinical research line is focused on investigating 
the sublingual microcirculation in surgical and critically ill patients and to test the 
effects of therapeutic strategies aimed at improving the microcirculation. Our 
animal research line is focused on investigating the renal microcirculation and 
renal function in several clinically-relevant models of renal ischemia/reperfusion 
injury, hemorrhagic shock, and endotoxemic shock. The purpose of the work 
described in this thesis is to support the clinical and experimental research at our 
department by developing and validating new and available technologies that 
aid the assessment of microvascular perfusion and oxygenation in patient and 
animal studies. 

Part I of this thesis is on the assessment of microvascular perfusion: Chapter 1 
introduces and validates sidestream dark field (SDF) imaging for clinical assessment 
of the microcirculation; Chapter 2 improves SDF image acquisition with an 
image acquisition stabilizer; Chapter 3 improves SDF image analysis with rapid 
and fully automatic methods for microvascular density and perfusion assessment; 
Chapter 4 validates laser speckle imaging (LSI) for assessment of microvascular 
perfusion by quantitative comparison to SDF imaging; and Chapter 5 evaluates 
the use of LSI for the assessment of renal microvascular perfusion histograms. 

Part II of this thesis is on the assessment of renal microvascular oxygenation 
during endotoxemia; Chapter 6 employs multi-level phosphorimetry for studying 
microvascular and interstitial oxygen tensions in the renal cortex and medulla 
during endotoxemia; Chapter 7 validates phosphorimetry for the recovery of 
microvascular oxygenation histograms using multi-exponential curve fitting 
analysis; and Chapter 8 combines microvascular perfusion histograms as obtained 
with LSI (Chapter 5) with microvascular oxygenation histograms as obtained with 
phosphorimetry (Chapter 7) to gain more insight into the role of microcirculatory 
dysfunction in endotoxemia-induced acute kidney injury.
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FOR CLINICAL ASSESSMENT OF THE  
MICROCIRCULATION
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aBstract

The introduction of Orthogonal Polarization Spectral (OPS) imaging and its 
implementation into a clinically-applicable hand-held microscope opened 
the field of studying the human microcirculation in exposed organ and tissue 
surfaces. Driven by the success of OPS imaging and the drawbacks it has, we 
developed a novel imaging modality for the microcirculation, which we have 
termed sidestream dark field (SDF) imaging. In this study, we first validated SDF 
imaging by comparison of SDF-mediated measurements of capillary diameters 
and red blood cell velocities in the human nailfold microcirculation to OPS-
mediated measurements. Secondly, we compared OPS and SDF image quality, 
in terms of contrast and sharpness. For this purpose, OPS and SDF images of 
exactly the same microcirculatory areas were obtained sublingually. We found 
that SDF imaging provides superior venular and capillary contrast compared to 
OPS imaging. Thirdly, we explored the SDF imaging capabilities with respect to 
imaging individual red and white blood cells and the glycocalyx in the sublingual 
microcirculation. In conclusion, the present study has introduced SDF imaging as 
a novel imaging modality, incorporated in a hand-held clinically-applicable device 
and validated it by quantitative comparison to OPS imaging. It is anticipated that 
SDF imaging will serve as a novel and improved imaging modality to contribute 
to the clinical assessment of the microcirculation in various clinical scenarios and, 
additionally, allow more reliable application of computer-aided image processing 
and analysis software for quantification of microcirculatory alterations associated 
with disease and therapy.
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intrOductiOn

Up to one decade ago, direct intravital observation of the microcirculation in 
humans was limited to the use of bulky capillary microscopes, mainly applied 
to the nailfold capillary bed, thus severely limiting microcirculatory investigation 
under clinical conditions. The introduction of Orthogonal Polarization Spectral 
(OPS) imaging by Slaaf et al. and its implementation into a clinically-applicable 
hand-held microscope opened the field of studying the human microcirculation 
in exposed organ and tissue surfaces [Slaaf et al., 1987; Groner et al., 1999]. 
Since then, numerous studies have been undertaken in various clinical scenarios 
where cardiovascular function is at risk [Mathura et al., 2001a;Cerný et al., 
2007]. 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 
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].

In addition to the assessment of microvascular morphology and perfusion, 
OPS imaging can be used for identification and measurement of the capillary 
glycocalyx, a physiological compartment important for endothelial function 
and maintaining a barrier function between the circulation and the tissue cells 
[Nieuwdorp et al., 2005]. The endothelial glycocalyx, a negatively charged 
gel-like layer, composed of proteoglycans, glycosaminoglycans, glycoproteins and 
glycolipids, is considered to protect the vascular wall by prevention of direct contact 
with flowing blood. Hence, the glycocalyx contributes to vascular homeostasis by 
maintaining the vascular permeability barrier, regulating the shear stress-induced 
release of nitric oxide (NO) and by inhibition of white blood cell and thrombocyte 
adhesion to the vascular wall [Henry and Duling, 1999; Weinbaum et al., 
2003; Mochizuki et al., 2003; Florian et al., 2003; Thi et al., 2004]. Impaired or 
damaged glycocalyx is accompanied by a number vascular wall alterations known 
as the earliest characteristics of atherogenesis, a major cause of cardiovascular 
diseases [Libby, 2002; Van den Berg et al., 2006; Contantinescu et al., 2003]. 
Therefore, glycocalyx measurements may hold a promise as a diagnostic tool to 
estimate cardiovascular risk as well as to evaluate the impact of cardiovascular 
risk-lowering or even glycocalyx-restoring therapeutic interventions [Gouveneur 
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et al., 2006]. Recent investigations using OPS imaging have identified glycocalyx 
shedding associated with diabetes type 1 and endotoxin infusion in healthy 
volunteers [Nieuwdorp et al., 2008; Broekhuizen et al., 2009].

Despite the major contribution OPS imaging has made in the field of intravital 
microcirculatory imaging, several shortcomings were still present [Lindert et al., 
2002; Cerný et al., 2007]. These include suboptimal imaging of the capillaries 
due to motion-induced image blurring by movement of the OPS device, the 
tissue, and/or flowing red blood cells. This introduces difficulties in measuring 
blood flow velocities in these vessels. Driven by the success of OPS imaging 
and the drawbacks it has, we developed a novel imaging modality for the 
microcirculation, which we have termed sidestream dark field (SDF) imaging 
[Goedhart et al., 2007]. 

In this study, the first aim was to validate SDF imaging by comparison of SDF-
mediated measurements of capillary diameters and red blood cell velocities in the 
human nailfold microcirculation to OPS-mediated measurements. The second aim 
of this study was to compare OPS and SDF image quality, in terms of contrast and 
sharpness. For this purpose, OPS and SDF images of exactly the same sublingual 
microcirculatory areas were obtained. The third aim was to explore the SDF 
imaging capabilities with respect to imaging individual red and white blood cells 
and assessment of the endothelial glycocalyx in the sublingual microcirculation.

Ops and sdf imaging technology

For OPS imaging, a Cytocan-II backfocus type device (Cytometrics, Philadelphia, 
PA) was used [Groner et al., 1999] and for SDF imaging, a MicroScan Video 
Microscope (MicroVision Medical, Amsterdam, The Netherlands) was employed. 

In OPS imaging, the tissue embedding the microcirculation is illuminated 
with polarized green light [Slaaf et al., 1987, Groner et al., 1999] (Figure 1A). 
Backscattered (and thus depolarized) light is projected onto a CCD camera 
after it passes an analyzer, i.e., a polarizer orthogonally-oriented with respect 
to the incident polarization. The light reflected by the tissue surface, which is 
undepolarized, is blocked by this analyzer. By elimination of the reflected light 
and imaging of only the backscattered light, subsurface structures, such as the 
microcirculation, can be observed. The use of green light ensures sufficient 
optical absorption by the (de)oxyhemoglobin-containing red blood cells (red 
blood cells) with respect to the lack of absorption by the tissue embedding the 
microcirculation, creating contrast (i.e., red blood cells are visualized black and 
tissue is visualized white/grayish). 

In SDF imaging, illumination is provided by surrounding a central light guide 
by concentrically placed light emitting diodes (LEDs) to provide sidestream 
dark field illumination (Figure 1B). The lens system in the core of the light 
guide is optically isolated from the illuminating outer ring thus preventing the 
microcirculatory image from contamination by tissue surface reflections. Light 
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from the illuminating outer core of the SDF probe, which penetrates the tissue 
illuminates the tissue-embedded microcirculation by scattering. The LEDs emit 
at a central wavelength of 530 nm, chosen to correspond to an isosbestic point 
in the absorption spectra of deoxy- and oxyhemoglobin to ensure optimal 
optical absorption by the hemoglobin in the red blood cells, independent of its 
oxygenation state. This leads to images similar to OPS images, where red blood 
cells are imaged as dark moving globules against a white/grayish background. To 
improve the imaging of moving structures such as flowing red blood cells, the  
LEDs provide pulsed illumination in synchrony with the CCD frame rate to perform 
intravital stroboscopy. This stroboscopic imaging, (partially) prevents smearing of 
moving features, such as flowing red blood cells, and motion-induced blurring of 
capillaries due to the short illumination intervals. 

Both the OPS and the SDF devices are fitted with a 5× objective lens system. 
Illumination intensity and image focus were modulated during imaging to obtain 
visually optimized images for both techniques. Covered by a sterile disposable 
cap, the probes can be placed on organ and tissue surfaces to investigate 
microcirculatory morphology and perfusion under different clinical conditions. To 
prevent microcirculatory perfusion alterations by applying pressure on the imaged 
area, the probes were placed onto the tissue and then gently pulled back until 
contact was lost [Trzeciak et al., 2007; De Backer et al., 2007]. Then the probes 
were advanced again slowly to the point at which contact was regained and the 
microcirculation was in focus of the lens systems contained in both probes.

figure 1. A) The OPS imaging device. The green, polarized light is reflected by a half pass 
mirror to provide dark field illumination. The reflected and backscattered light travel through the 
hole in the mirror to the second analyzer, termed the analyzer, with orthogonal orientation to 
the first polarizer. B) The SDF imaging device. Light emitting diodes (LEDs) provide stroboscopic 
sidestream dark field illumination at 530 nm.
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Compared to OPS imaging, SDF imaging has the advantage of low-power 

LED illumination, which allows battery and/or (portable) computer operation 
and thereby improved clinical applicability. For OPS imaging, relatively strong 
light sources and thus mains power supply are required, since a large portion 
of the illumination light is blocked by the first polarizer and another substantial 
amount of light is reflected by the tissue surface, which do not contribute to the 
image formation. These high power light sources limit the portability and clinical 
applicability of OPS imaging. Since SDF employs low-power LEDs for illumination, 
no isolation transformers between the device and mains power supply are 
required to protect current leakage in operating rooms, intensive care units, 
and emergency rooms. Furthermore, battery operation allows microcirculatory 
measurements recordings to be made in conditions such as ambulances, and 
emergency and combat medicine, where mains power is not always available.  

validation of sdf imaging

For the validation of SDF imaging by comparison to OPS imaging, twenty subjects 
were screened for a nailfold microcirculation that was clearly visible when 
applying OPS imaging. Eventually, nine healthy non-smoking male volunteers and 
one healthy non-smoking female volunteer (mean±SD age was 20±2 year) were 
selected for this validation study. None of these subjects used any medication and 
all refrained from drinking coffee at least two hours before the measurements to 
ensure a stable and uninfluenced nailfold microcirculation.

The OPS device and the SDF device were mounted in a specially engineered 
universal holder (Department of Instrumentation, Academic Medical Center, 
University of Amsterdam) for accurate positioning and stabilization of both 
probes and to enable quick and easy interchanging of the devices. Video output 
was visualized on a monitor and connected to a computer via a signal converter 
(Canopus, ADVC110) to directly and digitally record images onto a hard drive 
as DV-AVI files to enable off-line analysis of the images for capillary diameters 
and red blood cell velocities using AVA software (Automated Vascular Analysis, 
Academic Medical Center, University of Amsterdam) [Dobbe et al., 2008]. 

Validation of SDF imaging was performed in analogy to our previously 
published protocol, where OPS imaging was compared to intravital capillaroscopy 
(i.e., the gold standard for microcirculatory imaging prior to the introduction 
of OPS imaging) [Mathura et al., 2001c]. Briefly, the subjects were seated in 
a comfortable and stable position with their arms slightly bent at heart level. 
The fingers of the non-dominating hand were stabilized by pushing them 
gently into a clay bed. Room temperature was kept between 19  and 22 oC. 
By random selection, it was decided which device (OPS or SDF) was to be used 
first. Paraffin oil was applied to make the highly scattering nailfold skin more 
translucent. The devices were adjusted for optimal focus and contrast. Images 
were recorded during rest, 2-min venous occlusion, and 2-min arterial occlusion 
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(starting 2 min after release of the venous occlusion) to investigate the response 
of microcirculatory blood vessel diameter and red blood cell flow to occlusion 
and release. A cuff, which was inflated in < 5 seconds, was used for venous 
(cuff pressure = 50 mmHg) and arterial (cuff pressure = 180 mmHg) occlusion. 
OPS and SDF images were acquired sequentially during each of the physiological 
stimuli.

From the nailfold microcirculation, four capillaries were arbitrarily selected 
for further off-line analysis (Figure 2). After stabilization (to eliminate movement 
artifacts) of isolated video sequences, AVA software was used to analyze 
microcirculatory blood vessel diameters and red blood cell kinetics. Regression 
analysis for capillary diameters obtained with SDF imaging and the capillary 
diameters obtained with OPS imaging showed that the magnification ratio 
OPS:SDF equals 0.9:1.0 (slope = 0.90, R2 = 0.88). During further analysis, the 
scaling factor ×0.9 is applied for the SDF-mediated measurements to correct for 
the magnification difference and to allow comparison of capillary diameters and 
red blood cell velocities obtained with OPS and SDF imaging. 

At rest, mean±SD capillary diameters measured using OPS and SDF imaging 
were 15.8±4.9 and 16.1±4.2 µm (p=0.71), respectively. During venous occlusion, 
capillary diameters measured using OPS and SDF imaging were 17.4±4.6 and 
18.0±4.1 µm (p=0.51), respectively. During arterial occlusion, capillary diameters 
measured using OPS and SDF imaging were 16.1±4.7 and 16.0±3.8 µm (p=0.93), 
respectively. Furthermore, Bland-Altman analysis showed an average measurement 
bias of only 1.3±2.3 µm between OPS and SDF imaging (plot not shown).

OPS imaging allowed the measurement of red blood cell velocities by the 
use of space-time diagrams [Dobbe et al., 2008] in 36 out of the 40 capillaries 
and SDF imaging allowed these measurements in 39 out the 40 capillaries. 
The capillaries in which the red blood cell velocity could not be determined 
were hyperperfused resulting in velocities beyond the detection of the frame 
rate of the CCD camera. At rest, mean±SD capillary red blood cell velocities 
measured using OPS and SDF imaging were 277±94 and 270±96 µm/s (p=0.60), 
respectively. During venous occlusion, red blood cell velocities measured using 
OPS and SDF imaging were 83±37 and 89±38 µm/s (p=0.19), respectively. The 
red blood cell velocities during venous occlusion were significantly lower than 
during rest for both OPS and SDF imaging (p<0.01). Microcirculatory perfusion 
completely stopped during arterial occlusion as observed by both OPS as SDF 
imaging. Furthermore, Bland-Altman analysis showed an average measurement 
bias of only 14±72 µm/s between OPS and SDF imaging during rest and 3±52 
µm/s during venous occlusion (plots not shown).

Hence, SDF and OPS imaging provide similar quantitative data on capillary 
diameters and red blood cell velocities, validating the use of SDF imaging for 
studying the microcirculation. 
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Ops and sdf image quality comparison 

To compare image quality for OPS and SDF imaging, sublingual images were 
obtained in two subjects that were trained in OPS and SDF imaging and were 
able to locate the same sublingual microcirculatory areas on command. To ease 
location of the sublingual microcirculatory areas, OPS video frames were saved 
and printed to serve as guides. During the sublingual recordings, images were 
optimized by illumination and focus modulation. No off-line image enhancement 
was performed for both image analysis and publication. 

After recording the sublingual microcirculation by OPS and SDF imaging, 
three microcirculatory areas were selected for image quality analysis in terms 
of contrast and sharpness. In these three areas, one video frame was isolated 
for both OPS and SDF. Since the functional information in microcirculatory 
images lies in the capillaries and the venules, image quality was determined for 
each of these vessel types. Therefore, in each of the sublingual microcirculatory 
video frames, six capillaries and five venules were chosen to perform capillary 
and venular quality analysis. To determine capillary and venular contrast and 
sharpness, cross-sectional grayscale profiles (grayscale value 0 corresponds to 
black and 255 corresponds to white) were obtained using ImageJ (developed at 
the US National Institutes of Health, www.nih.gov). The contrast was defined as 
the absolute difference between the minimum value within the vessel and the 
maximum value (average of two sides of the vessel). The sharpness was defined 
as the angle of the grayscale profile at the vessel wall (average of two sides of 
the vessel). 

For OPS and SDF imaging, similar capillary (77±7 and 79±6; p=0.37) and 
venular sharpness (74±8 and 72±7; p=0.23) were found. Capillary (14±8 and 
23±12; p<0.01) and venular (47±23 and 56±25; p=0.05) contrast, however, 
were found to be higher in SDF images compared to in OPS images. In Figures 3A 
and 3B, the capillary and venular quality for OPS and SDF imaging are illustrated. 
Figure 3A clearly shows that capillaries have higher contrast when using SDF 
imaging compared to when using OPS imaging. Venular contrast and sharpness 

figure 2.  OPS (A) and SDF (B) image of the same nailfold capillary bed. Four capillaries were 
selected for further off-line analysis of capillary diameters and red blood cell velocities. 
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is approximately equal for both techniques as shown in Figure 3B. Additionally, 
the Figures depict the magnification difference between the OPS and SDF device 
(scale bars Figures 3A and 3B).  

figure 3. A) Capillary contrast and sharpness. B) Venular contrast and sharpness. The scale 
bars indicate the magnification difference between the OPS and SDF device.

imaging individual red and white blood cells

Using SDF imaging, individual red and white blood cells can be observed. This 
is exemplified in Figures 4 and 5. Figure 4 shows individual red blood cells, 
separated by plasma gaps, flowing trough a capillary loop. In Figure 5, most 
white blood cells travel from the vertical capillary via the T-junction to the right 
capillary (Figure 5B, 5C, and 5D). As the capillary increases in diameter, the white 
blood cells start rolling till they reach the capillary-venule junction. Once arrived 
in the venule some white blood cells remain rolling against the venular wall and 
others are taken up by the blood flow and slowly flow down-stream. 

imaging the endothelial glycocalyx

Provided that white blood cells are sufficiently stiff to (temporarily) damage the 
endothelial glycocalyx during their passage in small capillaries (i.e., < 10 µm), 
while the glycocalyx in turn is stiff enough to deform red blood cells, the red 
blood cell column width in before and after white blood cell passage can be used 
to estimate glycocalyx thickness. Hence, using SDF imaging of the sublingual 
microcirculation, estimations of individual capillary glycocalyx dimensions could 
be obtained. 

For glycocalyx measurements, it is first important to distinct white blood cells 
from plasma gaps, which can be done by following the white blood cell/plasma 
gap to a capillary-venule junction (Figures 6A-6D). At this junction, white blood 
cells will tend to roll against the venular wall, while plasma gaps will dissolve 
in the larger blood stream (Figure 6D). Once an image is captured from before 
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and after the white blood cell passage, an estimation of the glycocalyx thickness 
can be made, by subtracting the initial red blood cell column diameter from the 
diameter after white blood cell passage (Figures 6E and 6F).

discussiOn and cOnclusiOns

This study introduced a novel optical technique for clinical observation and 
assessment of the microcirculation, termed sidestream dark field (SDF) imaging, 
and validated it by quantitative comparison to OPS imaging. Results showed 
that OPS and SDF imaging provided similar values for capillary diameters and red 

figure 4. Individual red blood cells (numbered from 1 to 7) and plasma gaps flowing through 
a capillary can be observed in normal view (A) and in the zoomed view (B).

figure 5. SDF imaging enables white blood cell visualization in normal view (A) and in zoomed 
view (B, C, and D). The red arrows indicate a rolling white blood cell at t=0 ms (A and B), t=400 
ms (C), and t=800 ms (D).
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blood cell velocities in the human nailfold microcirculation. These basic findings 
validate the use of SDF imaging for clinical measurement of microcirculatory vessel 
diameters and red blood cell velocity measurements. SDF imaging, moreover, 
provided significantly higher image quality with more detail and higher capillary 
and venular contrast and enabled imaging of individual red and white blood cells 
and measurement of the endothelial glycocalyx thickness. 

Increased microvascular quality and observability of granular structures 
probably originates from the stroboscopic illumination, which prevents smearing 
of moving features such as red blood cell columns in capillaries and venules. 
Stroboscopic imaging also reduces image blurring due to movement of the 
device and/or the tissue. An additional contributing factor to the superior quality 
of SDF imaging is the shallower focusing depth of the SDF device with respect to 

figure 6. A) Sublingually-acquired microcirculatory image using SDF imaging. The white 
square indicates the region of interest, which is enlarged in the following panels. B and C) 
White blood cell flowing through a capillary (indicated with arrows). D) Same white blood 
cell, rolling against venular wall. E) Enlarged view of the capillary without (left side) and with 
(right side) the white blood cell. F) Same as panel (E), with enhanced contrast for more clear 
observation of the widening of the red blood cell column after the white blood cell passage 
(indicated with arrows).
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the focus of the OPS device. In OPS imaging, underlying vascular (and thus light 
absorbing) structures (partially) darken the image, lowering image contrast and 
quality. In SDF imaging however, these underlying structures do not interfere, 
due to the shallow imaging depth of the SDF device, and therefore provide clear 
images of the superficial microcirculatory network.

However, although SDF imaging was shown to be superior to OPS imaging, 
it still suffers from some shortcomings. In the current SDF device, the detectable 
red blood cell velocity is physically limited (at approximately 1 mm/s) by the 
length of the observed vessels in combination with the 25 fps (PAL) or 30 fps 
(NTSC) acquisition rates. Hence, future improvement of microcirculatory imaging 
will be made by incorporation of more advanced camera technology in terms of 
resolution and frame rate, which will enable red blood cell velocity measurements 
in high flow vessels and more accurate vessel geometry determination. This, in 
conjunction with completely automated software, with (new) microcirculatory 
scoring systems implemented, will lead to faster and more exact determination 
of microcirculatory functioning in clinical and experimental settings.

Another point of concern with SDF imaging is the pressure-induced 
microcirculatory alterations by application of the SDF probe onto organ and tissue 
surfaces. These pressure-induced effects occur with other surface flow/perfusion 
measurements, such as OPS imaging and laser Doppler velocimetry, as well and 
might lead to false interpretation of the actual microcirculatory perfusion. To prevent 
the microcirculatory measurements from this pressure artifact during OPS imaging, 
Lindert et al. engineered an extending click-on ring, which was placed around the 
OPS probe. By applying suction via holes in the ring using a vacuum pump, the tissue 
in the center, that was imaged through the OPS probe, was inhibited from moving 
and the pressure on the imaged vasculature was reduced [Lindert et al., 2002]. 
However, in order to objectify the assessment of the microcirculatory perfusion, 
the pressure artifact should be characterized, i.e., the distortion of microcirculatory 
perfusion should be measured as a function of the applied pressure.  

In conclusion, the present study has introduced SDF imaging as a novel imaging 
modality, incorporated in a hand-held clinically-applicable device. SDF imaging 
was validated by quantitative comparison to OPS imaging. It is anticipated that 
SDF imaging will serve as a novel and improved imaging modality to contribute 
to the clinical assessment of the microcirculation in various clinical scenarios and, 
additionally, allow more reliable application of computer-aided image processing 
and analysis software for quantification of microcirculatory alterations associated 
with disease and therapy.







IMPROVEMENT OF  
SIDESTREAM DARK FIELD  
IMAGING WITH AN IMAGE  
ACqUISITION STABILIZER

Adapted from

G.M. Balestra*, R. Bezemer*, E.C. Boerma, Z. Yong,  
K.D. Sjauw, A.E. Engstrom, M. Koopmans, C. Ince 

BMC Medical Imaging 2010;10:15 
*Equal contribution

2



40

2

aBstract

In the present study we developed, evaluated in volunteers, and clinically validated 
an image acquisition stabilizer (IAS) for sidestream dark field (SDF) imaging. The 
IAS is a stainless steel sterilizable ring which fits around the SDF probe tip. The 
IAS creates adhesion to the imaged tissue by application of negative pressure. 
The effects of the IAS on the sublingual microcirculatory flow velocities, the 
force required to induce pressure artifacts, the time to acquire a stable image, 
and the duration of stable imaging were assessed in healthy volunteers. To 
demonstrate the clinical applicability of the SDF setup in combination with the 
IAS, simultaneous bilateral sublingual imaging of the microcirculation were 
performed during a lung recruitment maneuver (LRM) in mechanically ventilated 
critically ill patients. One SDF device was operated handheld; the second was 
fitted with the IAS and held in position by a mechanic arm. Lateral drift, number 
of losses of image stability and duration of stable imaging of the two methods 
were compared. Five healthy volunteers were studied. The IAS did not affect 
microcirculatory flow velocities. A significantly greater force had to applied onto 
the tissue to induced pressure artifacts with compared to without IAS (0.25±0.15 
N without vs. 0.62±0.05 N with the IAS, p<0.001). The IAS ensured an increased 
duration of a stable image sequence (8±2 s without vs. 42±8 s with the IAS, 
p<0.001). The time required to obtain a stable image sequence was similar with 
and without the IAS. In eight mechanically ventilated patients undergoing a LRM 
the use of the IAS resulted in a significantly reduced image drifting and enabled 
the acquisition of significantly longer stable image sequences (24±5 s without vs. 
67±14 s with the IAS, p=0.006). The present study has validated the use of an 
IAS for improvement of SDF imaging by demonstrating that the IAS did not affect 
microcirculatory perfusion in the microscopic field of view. The IAS improved 
both axial and lateral SDF image stability and thereby increased the critical force 
required to induce pressure artifacts. The IAS ensured a significantly increased 
duration of maintaining a stable image sequence.
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intrOductiOn

Orthogonal Polarization Spectral (OPS) imaging and its successor sidestream dark 
field (SDF) imaging are optical techniques allowing microscopic assessment of 
microcirculatory density and perfusion in clinical settings [Groner et al., 1999; 
Goedhart et al., 2007]. These non-invasive intravital imaging modalities have been 
used in studies for monitoring the severity of shock and efficacy of resuscitation 
in various patient groups [De Backer et al., 2002; Boerma et al., 2007; Trzeciak et 
al., 2008]. However, as both OPS and SDF imaging technologies are incorporated 
into hand-held microscopes some operational issues arise in terms of axial and 
lateral instability of the microscope probes, potentially causing pressure artifacts 
and image drifting, respectively.

Reductions in sublingual microcirculatory density and perfusion have been 
associated with patient morbidity and mortality [Trzeciak et al., 2008]. Correcting 
these microcirculatory parameters has become the focus of new clinical studies 
aiming at resuscitating the microcirculation rather than the macrocirculation, 
using vasoactive agents such as nitroglycerin [Den Uil et al., 2009a; Boerma et al., 
2010]. Hence, microcirculatory images are gaining a more prominent role in clinical 
monitoring and their accurate interpretation is essential and relies heavily on the 
quality of the images. In this light, the current microcirculatory image acquisition 
guidelines dictate a minimal recording time of 20 s to allow adequate analysis of 
microcirculatory density and perfusion [De Backer et al., 2007]. Image drifting, 
due to the difficulty in holding the tip of the device in one place however, makes 
this particularly difficult both in sedated and in awake patients. Furthermore, 
pressure artifacts caused by the physical contact and pressure of the microscope 
probe to the mucosal tissue can alter mucosal capillary blood flow thereby limit 
the use of the captured images for determination of microcirculatory perfusion.

Lindert et al. addressed these technical issues associated with hand-held 
microscopy before by developing an image acquisition stabilizer (IAS) for the OPS 
imaging device [Lindert et al., 2002]. Their IAS consisted of a ring placed around 
the tip of the OPS probe through which negative pressure was applied securing 
the IAS onto the mucosal tissue. The negative pressure appeared not to influence 
flow patterns of the microcirculation within the microscopic field. However, 
whether the IAS minimized image drift or induction of pressure artifacts was not 
evaluated. In addition their IAS was not validated in terms of clinical applicability 
and utility, including the ease with which the device could be sterilized and 
cleaned for multiple uses as well as fitting piping of vacuum sources available at 
the bed-side.

In the present study we developed, evaluated, and validated an IAS for the 
SDF device. In a study by Goedhart et al., the SDF imaging device was shown 
to provide microcirculatory images of superior quality with respect to the OPS 
device [Goedhart et al., 2007]. In combination with an IAS, this microcirculatory 
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imaging setup should provide high quality microcirculatory images of sufficient 
duration and stability. The IAS was designed and fabricated to adhere to clinical 
requirements. The application of the IAS was validated by measuring 1) the effects 
of application of peripheral negative pressure on microcirculatory perfusion, 
2) the force required for induction of pressure artifacts with and without the 
IAS, 3) the time required to attain a stable image, and 4) the time that a stable 
image could be maintained. Then, to demonstrate the clinical applicability of 
the SDF setup with the IAS, simultaneous bilateral sublingual SDF measurements 
were conducted in critically ill patients undergoing a standard lung recruitment 
maneuver with one hand-held SDF device and one SDF device mounted in a 
mechanical arm and equipped with the IAS whereby stability of acquired images 
was evaluated.

materials and methOds

The study protocol was approved by the local medical ethics committee of the 
Medical Center of Leeuwarden. Written informed consent was obtained from 
all studied subjects respectively their closest relatives. The study was done in 
compliance with the principles established in the Helsinki Declaration.

sidestream dark field image acquisition and analysis

Sublingual microcirculatory density and perfusion were monitored using an SDF 
imaging device (Microvision Medical BV, Amsterdam, the Netherlands). A detailed 
description of the SDF technology is provided elsewhere [Goedhart et al., 2007]. 
Briefly, in SDF imaging, the tissue is illuminated with green light emitting diodes 
(LEDs) concentrically placed around the central microscopy objective to provide 

sublingual SDF measurements were conducted in critically ill patients undergoing a 
standard lung recruitment maneuver with one hand-held SDF device and one SDF 
device mounted in a mechanical arm and equipped with the IAS whereby stability of 
acquired images was evaluated.

Materials and methods

The study protocol was approved by the local medical ethics committee of the 
Medical Center of Leeuwarden. Written informed consent was obtained from all 
studied subjects respectively their closest relatives. The study was done in compliance 
with the principles established in the Helsinki Declaration.

Sidestream dark field image acquisition and analysis

Sublingual microcirculatory density and perfusion were monitored using an SDF 
imaging device (Microvision Medical BV, Amsterdam, the Netherlands). A detailed 
description of the SDF technology is provided elsewhere [Goedhart et al., 2007]. 
Briefly, in SDF imaging, the tissue is illuminated with green light emitting diodes 
(LEDs) concentrically placed around the central microscopy objective to provide SDF 
illumination. The lens system in the core of the objective is optically isolated from the 
illuminating outer ring thus preventing the microcirculatory image from 
contamination by tissue surface reflections. To further improve the imaging of 
flowing erythrocytes, the SDF device provides pulsed illumination in synchrony with 
the camera frame rate. This stroboscopic imaging, (partially) prevents smearing of 
flowing erythrocytes and motion-induced blurring of capillaries due to the short 
illumination intervals.

The obtained microcirculatory images (one per time point) were stored on DVI tape 
and saved onto a computer in DV-AVI file format. The microvessels in the SDF 
images were analyzed blinded for microvascular diameters and blood flow velocity 
using a computer software package, MAS (Microvascular Analysis Software, 
Microvision Medical BV) [Dobbe et al., 2008]. Furthermore, image drifting was 
measured as the translation (in pixels) of an image with respect to the first image of a 
video sequence as depicted in Figure 1. Image drift of 40 pixels, in either x- or y-
direction, was arbitrarily chosen as a cut off for a stable video sequence.

figure 1. Assessment of image stability: Image drifting was measured as the translation (in 
pixels) of an image with respect to the first image of a video sequence. Image drift of 40 pixels, 
in either x- or y-direction, was arbitrarily chosen as a cut off for a stable video sequence.
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SDF illumination. The lens system in the core of the objective is optically isolated 
from the illuminating outer ring thus preventing the microcirculatory image from 
contamination by tissue surface reflections. To further improve the imaging of 
flowing erythrocytes, the SDF device provides pulsed illumination in synchrony 
with the camera frame rate. This stroboscopic imaging, (partially) prevents 
smearing of flowing erythrocytes and motion-induced blurring of capillaries due 
to the short illumination intervals.

The obtained microcirculatory images (one per time point) were stored on 
DVI tape and saved onto a computer in DV-AVI file format. The microvessels in 
the SDF images were analyzed blinded for microvascular diameters and blood 
flow velocity using a computer software package, MAS (Microvascular Analysis 
Software, Microvision Medical BV) [Dobbe et al., 2008]. Furthermore, image 
drifting was measured as the translation (in pixels) of an image with respect to 
the first image of a video sequence as depicted in Figure 1. Image drift of 40 
pixels, in either x- or y-direction, was arbitrarily chosen as a cut off for a stable 
video sequence.

Figure 1. Assessment of image stability: Image drifting was measured as the 
translation (in pixels) of an image with respect to the first image of a video sequence. 
Image drift of 40 pixels, in either x- or y-direction, was arbitrarily chosen as a cut off 
for a stable video sequence.

Image Acquisition Stabilizer (IAS)

The basis of the IAS is a hollow stainless steel cylinder which fits snugly around the 
tip of the disposable sterile cap of the SDF probe (Figure 2). The outer cylinder of the 
IAS can be unscrewed from the inner cylinder to allow cleaning and sterilization of 
the IAS. Furthermore, the IAS is designed such that it leaves a 100 µm space between 
the tip of the SDF probe cover and the tissue and thereby relieves the imaged tissue 
area from pressure without losing image focus. Negative pressure can be applied by 
use of a readily available bed side vacuum source and a pressure regulator (Digital 
Vacuum Regulator, Amvex, Richmond Hill, Canada) and applied to the tissue via 20 
concave channels. To prevent fluid from reaching the vacuum regulator, a fluid trap 
(Argyle Lukens Specimen Container; Kendall/Tyco Healthcare/Covidien; Wollerau; 
Switzerland) is interposed between the IAS and the vacuum regulator. In accordance 
to previous published values [Lindert et al., 2002], we found the best fit for efficacy of 
image stabilization and subject’s tolerance to lie within 100±20 mmHg of negative 
pressure (data not shown). The design of the IAS was conceived in collaboration with 
the Sterilization Department of the Academic Medical Center to adhere to clinical 
standards for a device which could be re-used. The main requirement for adequate 
cleaning and sterilization was the possibility to disassemble the device which 
represents a major difference to the design of Lindert et al. [Lindert et al., 2002]. This 
requirement was implemented in the design as can be seen in Figure 2.

figure 2. Image Acquisition Stabilizer: The 
sterile sidestream dark field (SDF) imaging 
cover with the image acquisition stabilizer (IAS) 
in exploded view (left), attached view (upper 
right), cross-sectional view (middle right), and 
bottom view (lower right).
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image acquisition stabilizer (ias)

The basis of the IAS is a hollow stainless steel cylinder which fits snugly around the 
tip of the disposable sterile cap of the SDF probe (Figure 2). The outer cylinder of 
the IAS can be unscrewed from the inner cylinder to allow cleaning and sterilization 
of the IAS. Furthermore, the IAS is designed such that it leaves a 100 µm space 
between the tip of the SDF probe cover and the tissue and thereby relieves the 
imaged tissue area from pressure without losing image focus. Negative pressure 
can be applied by use of a readily available bed side vacuum source and a pressure 
regulator (Digital Vacuum Regulator, Amvex, Richmond Hill, Canada) and applied 
to the tissue via 20 concave channels. To prevent fluid from reaching the vacuum 
regulator, a fluid trap (Argyle Lukens Specimen Container; Kendall/Tyco Healthcare/
Covidien; Wollerau; Switzerland) is interposed between the IAS and the vacuum 
regulator. In accordance to previous published values [Lindert et al., 2002], we 
found the best fit for efficacy of image stabilization and subject’s tolerance to 
lie within 100±20 mmHg of negative pressure (data not shown). The design of 
the IAS was conceived in collaboration with the Sterilization Department of the 
Academic Medical Center to adhere to clinical standards for a device which could 
be re-used. The main requirement for adequate cleaning and sterilization was the 
possibility to disassemble the device which represents a major difference to the 
design of Lindert et al. [Lindert et al., 2002]. This requirement was implemented 
in the design as can be seen in Figure 2.

validation protocol

For the validation part of the study, five experienced SDF imaging operators 
(i.e., >1 year of SDF imaging training in supervision of the Department of 
Translational Physiology, Academic Medical Center, Amsterdam) measured 
sublingual microvascular perfusion in five healthy awake volunteers (n=5). In case 
of secretions, the recording was stopped and the awake subjects were asked to 
swallow. Then, the probe was repositioned and recording was started again. No 
wipes or cotton sticks were used to absorb saliva as this can cause microscopic 
bleeding and significantly alter the measurements. 

First, the effects of applying peripheral negative pressure on the microcirculatory 
blood flow velocities [µm/s] were evaluated by switching the negative pressure 
source on and off during a single video sequence while the SDF device was 
hand-held. Second, the SDF imaging device was mounted in a force-measuring 
mechanical arm (Pesola AG, Baar, Switzerland) and the force [N] required to 
induce pressure artifacts (i.e., stopped or slowed venular flow) was determined 
with and without the IAS by systematically increasing the force applied by the 
SDF probe onto the sublingual tissue. Third, the time [s] required for obtaining 
a stable image sequence and, fourth, the duration [s] of maintaining that stable 
image sequence were measured.



45

SD
F IM

A
G

E A
C

q
U

ISITIO
N

 STA
BILIZER

2

clinical protocol

To demonstrate the clinical applicability of the SDF setup with the IAS, simultaneous 
bilateral sublingual SDF measurements were conducted in eight intensive care 
patients undergoing a standard lung recruitment maneuver with one hand-held 
SDF device and one SDF device mounted in a mechanical arm and equipped with 
the IAS. This procedure, with a stepwise increment of tidal volume, was chosen 
in order to create extensive movement artifacts in the sublingual imaged areas. 
When both SDF devices were acquiring stable images, without pressure artifacts, 
continuous recording of the video image was started. The lung recruitment 
maneuver was performed by increasing the inspiratory pressure level to a target 
of 40 cmH2O, followed by gradually reducing the pressure until the baseline 
ventilator settings were regained. The fraction of inspired oxygen and positive 
end-expiratory pressure were maintained at 40% and 12 cmH2O, respectively, 
throughout the procedure.

SDF images were recorded non-stop from 1 min before till 1 min after the 
recruitment maneuver and the recorded SDF video sequences were randomized 
and analyzed off-line for lateral image drift [µm], drifting velocity [µm/s], and 
number of loss of image stability (i.e., image drift of >40 pixels, Figure 1), the 
duration [s] that a stable image could be maintained.

statistical analysis

Statistical analysis was performed using GraphPad Prism version 5.0 for Windows 
(GraphPad Software, San Diego, CA, USA). To test data sets for (non-)parametric 
distributions a D’Agostino-Pearson omnibus normality test was applied. 
Comparative analysis between data sets was performed with the unpaired 
Student’s t-test or the Mann-Whitney U test and comparative analysis between 
time points was performed with the paired Student’s t-test or the Wilcoxon signed 
rank test, as appropriate. Differences with a p-value of <0.05 were considered 
statistically significant. Results are reported as mean ±SEM.

results

validation protocol

The application of peripheral negative pressure thought the IAS did not affect 
the blood flow velocity in small (<25 µm), medium (25-50 µm), and large (>50 
µm) microvessels (Figure 3). The force applied by the SDF imaging probe onto 
the mucosal tissue required to induce pressure artifacts (i.e., stopped or slowed 
venular flow) was significantly (p<0.001) higher with the IAS (0.62±0.05 N) 
compared to without the IAS (0.25±0.15 N). The time required to obtain a stable 
SDF image sequence was similar (p>0.05) with (99±20 s) and without the IAS 
(150±25 s). The duration of maintaining that stable image was approximately 
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five times longer with the IAS: 8±2 s without the IAS and 42±8 s with the IAS 
(p<0.001).

clinical protocol

In the eight patients undergoing a lung recruitment maneuver (four male and 
four female), aged 66±5 years, the APACHE II, APACHE IV, SOFA scores were 
19±2, 75±10, and 8±1 points respectively. Four patients were diagnosed with 
abdominal sepsis, one with coma after cardiac arrest, two had undergone 
cardiovascular surgery, and one head and neck surgery.

During the lung recruitment maneuver, inspiratory pressure level was increased 
from 11.4±0.8 cmH2O to 43±2 cmH2O (p<0.001). Tidal volume rose accordingly 
from 423±23 ml (baseline) to 1208±90 ml (p<0.001) during the lung recruitment 
maneuver and returned to 477±30 ml after the maneuver (p=0.017 vs. baseline).

Continuous recording of the SDF video image was started prior to the lung 
recruitment maneuver when both SDF devices were acquiring stable images, 
without pressure artifacts. During the procedure, image drift in x- and y-direction 
was 8.9±2.6 and 10.1±2.0 mm respectively without the IAS, while the drift 
was reduced to 3.4±0.9 (p=0.066) and 3.8±1.3 mm (p=0.018) with the IAS. 
Drift velocity in x- and y-direction was 15.5±3.9 and 18.4±3.3 µm/s respectively 
without the IAS, which was reduced to 5.4±1.5 (p=0.032) and 5.6±1.7 µm/s 
(p=0.004) with the IAS. Image drift of >20 pixels within one video sequence 
occurred 50±13 times without the IAS and 8±3 times (p<0.001) with the IAS. 
The maximum duration of stable imaging during the lung recruitment maneuver 
was 24±5 s without the IAS and 66±14 s (p=0.006) with the IAS.

distributions a D’Agostino-Pearson omnibus normality test was applied. Comparative 
analysis between data sets was performed with the unpaired Student’s t-test or the 
Mann-Whitney U test and comparative analysis between time points was performed 
with the paired Student’s t-test or the Wilcoxon signed rank test, as appropriate. 
Differences with a p-value of <0.05 were considered statistically significant. Results 
are reported as mean ± SEM.

Results

Validation protocol

The application of peripheral negative pressure thought the IAS did not affect the 
blood flow velocity in small (<25 µm), medium (25-50 µm), and large (>50 µm) 
microvessels (Figure 3). The force applied by the SDF imaging probe onto the 
mucosal tissue required to induce pressure artifacts (i.e., stopped or slowed venular 
flow) was significantly (p<0.001) higher with the IAS (0.62±0.05 N) compared to 
without the IAS (0.25±0.15 N). The time required to obtain a stable SDF image 
sequence was similar (p>0.05) with (99±20 s) and without the IAS (150±25 s). The 
duration of maintaining that stable image was approximately five times longer with 
the IAS: 8±2 s without the IAS and 42±8 s with the IAS (p<0.001).

Figure 3. Influence on microcirculatory flow velocities: The flow velocity [µm/s] in 
small (<25 µm), medium (25-50 µm), and large (>50 µm) microvessels measured in 
sidestream dark field (SDF) video sequences of 5 healthy volunteers while the 
negative pressure source of the image acquisition stabilizer (IAS) was switched on 
and off. In all microvessels p=ns for negative pressure source on versus off.

Clinical protocol

In the eight patients undergoing a lung recruitment maneuver (four male and four
female), aged 66±5 years, the APACHE II, APACHE IV, SOFA scores were 19±2, 
75±10, and 8±1 points respectively. Four patients were diagnosed with abdominal 
sepsis, one with coma after cardiac arrest, two had undergone cardiovascular surgery, 
and one head and neck surgery.
  
During the lung recruitment maneuver, inspiratory pressure level was increased from 
11.4±0.8 cmH2O to 43±2 cmH2O (p<0.001). Tidal volume rose accordingly from 
423±23 ml (baseline) to 1208±90 ml (p<0.001) during the lung recruitment 
maneuver and returned to 477±30 ml after the maneuver (p=0.017 vs. baseline).

figure 3. Influence on microcirculatory flow velocities: The flow velocity [µm/s] in small 
(<25 µm), medium (25-50 µm), and large (>50 µm) microvessels measured in sidestream dark 
field (SDF) video sequences of 5 healthy volunteers while the negative pressure source of the 
image acquisition stabilizer (IAS) was switched on and off. In all microvessels p=ns for negative 
pressure source on versus off.
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discussiOn and cOnclusiOns

In the present study we developed, evaluated, and validated an IAS for the SDF 
device. The IAS was based on creating adherence of the SDF probe to the sublingual 
tissue by applying negative pressure to the periphery of the microscopic field of 
view. The main findings were that: 1) the IAS did not affect microcirculatory 
perfusion in the SDF imaging field of view; 2) the IAS prevented pressure artifacts 
up to a significantly greater force applied by the SDF probe onto the tissue; 
3) the time required to obtain a stable image sequence was similar with and 
without the IAS; and 4) the duration of maintaining that stable image sequence 
was significantly increased with the IAS. Ultimately, to demonstrate the clinical 
applicability of the SDF setup with the IAS, simultaneous bilateral sublingual SDF 
measurements were conducted in intensive care patients undergoing a standard 
lung recruitment maneuver with one hand-held SDF device and one SDF device 
mounted in a mechanical arm and equipped with the IAS. It was shown that 
the IAS significantly reduced image drifting and enabled the acquisition of 
significantly longer image sequences. A final and important finding is also that 
we showed, in proof of concept, that with the IAS it is possible to perform a 
measurement without the need for an operator by mounting the device on a 
mechanical arm, leaving the operator free to perform a clinical maneuver.

The design of the IAS presented here is based on an IAS developed by Lindert 
et al. for OPS imaging, including the negative pressure level of ≈100 mmHg 
[Lindert et al., 2002]. To show that application of peripheral negative pressure 
did not affect microcirculatory perfusion in the SDF imaging field of view Lindert 
et al. measured blood flow velocities in venules and arterioles. They found that 
the velocities did not change after switching the negative pressure source on. 
In the present study, for validation purposes, we investigated the effects on 
blood flow velocities in small, medium, and large microvessels in five healthy 
volunteers and provided evidence that indeed microcirculatory perfusion is not 
affected by application of negative pressure though the IAS. These experiments 
demonstrated that the IAS is a valid method for SDF image stabilization, not 
affecting microcirculatory perfusion in the microscopic field of view.

It has been well established that pressure artifacts are easily induced and 
diminish the reliability of SDF measurements of microcirculatory perfusion 
[De Backer et al., 2007; Trzeciak et al., 2008]. This appreciation known from 
daily application of SDF imaging is confirmed and highlighted by the low force 
level required to induce pressure artifacts found in the present study. The SDF 
imaging device has a mass of approximately 360 g. The critical force onto the 
sublingual tissue without the IAS, at which pressure artifacts are induced, was 
found to amount approximately 1/6 of the mass of the SDF device. Hence, 
physical feedback is impossible for SDF operators and visual feedback in the 
microcirculatory images is necessary to avoid excessive pressure. In fact, most SDF 
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operators use visual feedback to gauge the pressure exerted by the SDF probe on 
the imaged microcirculation as exemplified in a recent publication [Trzeciak et al., 
2008]. De Backer et al., defined the critical pressure inducing perfusion artifacts 
at the point where venular flow either stopped or significantly slowed down [De 
Backer et al., 2007]. Using a similar cut-off in the present study we were able 
to show that the larger surface contact area created by the presence of the IAS 
resulted in an approximately five times greater force required for the induction of 
pressure artifacts. This significantly improved SDF image acquisition.

Another important advantage of using an IAS for SDF imaging is that it allows 
acquisition of longer and more stable SDF image sequences. Previous studies 
reported that SDF measurements have low intra- and inter-observer variability [De 
Backer et al., 2002] and that microcirculatory density and perfusion vary highly 
per site and in time [Hubble et al., 2009]. Hence, studying the microcirculation 
under pathophysiological conditions requires multiple measurements per time 
point in order to eliminate this site- and time-dependency of the obtained 
results. The current microcirculatory image acquisition guidelines dictate that 
microcirculatory density and perfusion should be measured in 3-5 sites per time 
point to allow adequate interpretation of the results [De Backer et al., 2007]. 
Furthermore, according to these guidelines, the length of each SDF image 
sequence should be >20 s. This was proven to be rather difficult without the IAS 
and fairly easy with the IAS. An alternative for multiple measurements to determine 
the microcirculatory state at a certain time point, continuous measurements of 
microcirculatory perfusion and density during a clinical maneuver or intervention 
(e.g., nitroglycerin administration) would allow direct assessment of their effects 
on the microcirculation. The presented IAS would potentially enable such studies. 

Non-invasive intravital imaging modalities, such as OPS and SDF imaging, 
have been used in studies for monitoring the severity of shock and efficacy of 
resuscitation and alterations in sublingual microcirculatory density and perfusion 
have been associated with patient morbidity and mortality [De Backer et al., 2002; 
Sakr et al., 2004; Trzeciak et al., 2008]. ‘Normalizing’ microcirculatory density and 
perfusion has become focus of new clinical studies and microcirculatory images 
are gaining a more prominent role in clinical monitoring. Adequate interpretation 
of microcirculatory images is essential and relies heavily on the quality of the 
images, in terms of axial and lateral stability. In the present study we showed that 
the IAS improves both axial and lateral stability of the acquired microcirculatory 
images and significantly reduced pressure artifacts and image drifting.

In conclusion, the present study has validated the use of an IAS for 
improvement of SDF imaging by demonstrating that the application of peripheral 
negative pressure though the IAS does not affect microcirculatory perfusion 
in the microscopic field of view. Furthermore, the IAS was shown to improve 
both axial and lateral SDF image stability and thereby increased the critical force 
required to induce microcirculatory pressure artifacts and increased the duration 
of stable image acquisition.
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aBstract

The purpose of the present study was to develop a rapid and fully automatic 
method for the assessment of microvascular density and perfusion in sidestream 
dark field (SDF) images. To this end, we modified algorithms previously developed 
by our group for microvascular density assessment and introduced a new 
method for microvascular perfusion assessment. To validate the new algorithm 
for microvascular density assessment, we reanalyzed a selection of SDF video 
clips (n=325) of a study in intensive care patients and compared the results to 
(semi-)manually found microvascular densities. The method for microvascular 
perfusion assessment was tested in several video simulations and in one high 
quality SDF video clip where the microcirculation was imaged (on one spot) 
before and during circulatory arrest in a cardiac surgery patient. The new method 
for microvascular density assessment was very rapid (<30 seconds/clip) and 
correlated excellently with (semi-)manually measured microvascular density. The 
new method for microvascular perfusion assessment was shown to be limited 
by high cell densities and velocities, which severely impedes the applicability 
of this method in real SDF images. However, in high quality SDF video clips, 
the tSICA method is able to discriminate between perfused and non-perfused 
microvasculature. In conclusion, here we present a validated method for rapid 
and fully automatic assessment of microvascular density in SDF images. The new 
method was shown to be approximately 60 times faster than the conventional 
(semi-)manual method. Due to current SDF imaging hardware limitations, we 
were not able to automatically detect microvascular perfusion.
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intrOductiOn

Orthogonal polarization spectral (OPS) imaging and sidestream dark field (SDF) 
imaging are microscopic techniques embedded in hand held microscopes that 
allow the assessment of microvascular density and perfusion in various clinical 
settings at the bed side [Groner et al., 1999; Goedhart et al., 2007]. Using 
sublingual SDF imaging it has been revealed that microcirculatory alterations 
are key in the development of (multiple) organ failure in critically ill patients, 
especially in sepsis and shock [Ince, 2005]. Normalizing the microcirculation has 
therefore become the focus of new clinical trials and therapeutic strategies and 
consequently, microcirculatory imaging is gaining a more prominent role in clinical 
research [Boerma et al., 2010]. For evaluation of the effects of interventions and 
(drug) therapy, SDF images are analyzed to assess (alterations in) microvascular 
density and perfusion [De Backer et al., 2007; Trzeciak et al., 2007; Spronk et al., 
2002; De Backer et al., 2002, 2007; Boerma et al., 2005; Den Uil et al., 2009b]. 

To reduce the time required for SDF image analysis of microvascular density and 
perfusion, Dobbe et al. have developed a method that has been commercialized 
into a software package called Automated Vascular Analysis (AVA) [Dobbe et 
al., 2008]. This method automatically determines vessel center lines in straight 
and curved vessel segments, which are validated as being actual vessels based 
on their automatically assigned focus score. AVA has been validated using video 
simulations of vessels with known lengths, diameters, and RBC velocities [Dobbe 
et al., 2008] and has been used in several clinical studies [e.g., Den Uil et al., 
2009b; Dubin et al., 2009a]. While the method was successful in detecting vessel 
center lines in video simulations, in real SDF video clips this was shown to be more 
difficult in case of suboptimal image focus (vessel validation is based on focus). 
Therefore, the user is allowed to manually add falsely excluded vessels and delete 
falsely included vessels. When all vessel segments are identified, microcirculatory 
density can be quantified and red blood cell (RBC) velocities can be determined 
in individual vessels using space-time diagrams. However, detection of RBC 
velocities is limited by the SDF imaging hardware where a relatively low imaging 
rate of 25 Hz compared to the RBC velocities causes blurring of RBC patterns 
within vessels. To address the latter, semi-quantitative scoring methods have 
been developed to characterize microcirculatory flow as ‘stopped’, ‘intermitted’, 
‘slow’, and ‘normal’ [Boerma et al., 2005]. Manually assigning a flow score to 
each detected vessel center line allows the calculation of total and perfused 
vessel density (TVD and PVD, respectively) and the portion of perfused vessels 
(PPV) [De Backer et al., 2007]. 

Although the AVA software enables the semi-automated assessment of 
TVD, PVD, and PPV, this is still a time consuming venture (>30 min) requiring a 
significant amount of user interaction. The primary aim of the present study was 
therefore to improve the microvascular density assessment, by modifying the 
vessel recognition/validation algorithm, to allow rapid (<30 seconds) and fully 
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automatic (no user input) determination of the TVD. The secondary aim was to 
develop a binary perfusion detection method for SDF images based on temporal 
pixel intensity fluctuations, which we termed temporal SDF image contrast analysis 
(tSICA). To validate the algorithm for rapid and fully automatic detection of TVD, 
we reanalyzed a selection of SDF video clips that were already analyzed using AVA 
software for a study published elsewhere [Boerma et al., 2010] and compared 
the results to (semi-)manually found microvascular densities. Subsequently, 
we tested the performance of the tSICA method for the binary detection of 
perfusion in several video simulations similar to those used previously [Dobbe et 
al., 2008] and characterized the effects of cell velocity, cell density, and the SDF 
imaging rate on the ability of tSICA to detect perfusion. Finally, the use of tSICA 
was demonstrated in one high quality SDF video clip where the microcirculation 
was imaged (on one spot) before and during circulatory arrest in cardiac surgery 
patients [Elbers et al., 2010].  

materials and methOds

sdf imaging

The sublingual microcirculation was monitored using an SDF imaging device 
(Microvision Medical BV, Amsterdam, the Netherlands) [Boerma et al., 2010; Elbers 
et al., 2010]. A detailed description of the SDF imaging technology is provided 
elsewhere [Goedhart et al., 2007; Dobbe et al., 2008]. In short, an imaging 
objective with a 5x optical magnification results in microcirculatory images with 
a resolution of 1.5x1.4 µm/pixel [Dobbe et al., 2008]. Microcirculatory images 
are acquired at a rate of 25 Hz with a size of 720x576 pixels. The images are 
stored on DVI tape and saved onto a computer in DV-AVI file format for further 
offline analysis. The SDF images were analyzed using AVA software (Microvision 
Medical BV, Amsterdam, the Netherlands), which has been developed and 
commercialized by our group and described in detail elsewhere [Dobbe et al., 
2008]. The microcirculation was scored for total vessel density (TVD in mm 
vessel/mm2 imaged area [mm/mm2]), perfused vessel density (PVD [mm/mm2]) 
[De Backer et al., 2002], the portion of perfused vessels (PPV=PVD/TVD [AU]), 
and microcirculatory flow index (MFI [AU]) [Boerma et al., 2005], in accordance 
to the guidelines for microcirculatory image acquisition and analysis [De Backer 
et al., 2007].

microvascular density assessment

The new method for rapid and fully automatic detection of TVD is based on the 
abovementioned AVA software [Dobbe et al., 2008]. A diagram schematically 
presenting the analysis steps required for microvascular density and perfusion 
assessment is depicted in Figure 1. First, a specified image sequence is stabilized 



55

A
U

TO
M

A
TIC

 SD
F IM

A
G

E A
N

A
LY

SIS

3

using 2D cross correlation and time-averaged to fill up RBC interruptions caused 
by plasma gaps and white blood cells. For microvascular density assessment, the 
number of images per sequence ranged from 5 to 25 images, depending on 
image stability; i.e., within an image sequence, the maximum allowed translation 
was arbitrarily set to 25 pixels with respect to the first image. Second, centerline 
pixels are detected based on a method described by Steger [Steger, 1998] and 
grouped into line segments as described by Staal et al. [Staal et al., 2004]. 

In the AVA software, the vessel wall is detected at each centerline pixel 
and is marked by the point where the cross-sectional intensity profile has its 
maximum steepness. The average ‘maximum steepness’ of all edge points, 
normalized to the mean background intensity (200x200 pixels), is defined as 
the vessel focus score [Dobbe et al., 2002; Dobbe et al., 2008]. This focus score 
is used to validate detected centerlines as being actual vessel segments and to 

Figure 1. A diagram schematically depicting the analysis steps required for microvascular 
density and perfusion assessment. First an image sequence is stabilized and converted to 
a 3D array. From the 3D array, two images are generated: 1) a time-averaged (MEAN) 
image; and 2) an image representing the temporal pixel intensity fluctuations, quantified 
as the standard deviation of intensities in time (SDt). Subsequently, the MEAN image is 
used to detect vessel centerlines and validate the centerlines based on contrast 
thresholding. Then, the SDt image can be used to classify a validated centerline as being 
perfused or not.

In the AVA software, the vessel wall is detected at each centerline pixel and is marked by 
the point where the cross-sectional intensity profile has its maximum steepness. The 
average ‘maximum steepness’ of all edge points, normalized to the mean background 
intensity (200x200 pixels), is defined as the vessel focus score [Dobbe et al., 2002; 
Dobbe et al., 2008]. This focus score is used to validate detected centerlines as being 
actual vessel segments and to exclude noise. However, this focus score thresholding fails 
in case of suboptimal image focus and therefore, the user is required to manually add 
falsely excluded vessels and deleted falsely included vessels. Thus, the semi-automatic 

figure 1. A diagram schematically depicting the analysis steps required for microvascular 
density and perfusion assessment. First an image sequence is stabilized and converted to a 3D 
array. From the 3D array, two images are generated: 1) a time-averaged (MEAN) image; and 
2) an image representing the temporal pixel intensity fluctuations, quantified as the standard 
deviation of intensities in time (SDt). Subsequently, the MEAN image is used to detect vessel 
centerlines and validate the centerlines based on contrast thresholding. Then, the SDt image 
can be used to classify a validated centerline as being perfused or not.
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exclude noise. However, this focus score thresholding fails in case of suboptimal 
image focus and therefore, the user is required to manually add falsely excluded 
vessels and deleted falsely included vessels. Thus, the semi-automatic assessment 
of TVD using the AVA software is still a time consuming venture (30-60 min) 
requiring a significant amount of user interaction. The new method for vessel 
validation is not based on focus score thresholding but rather on contrast score 
thresholding. Several methods for scoring centerline contrast have been explored 
and the following was selected as it yielded the best results. The contrast at each 
centerline pixel was calculated as the standard deviation divided by the mean of 
intensity values in a 40x40 pixels area centered on the centerline pixel, multiplied 
by 100 [Peli, 1990]. The average centerline pixel contrast was defined as the 
centerline contrast score. In the present study, vessel segments with a contrast 
score above a fixed, pragmatically determined, threshold of 2.00 were included 
in the TVD assessment. 

To validate the algorithm for rapid and fully automatic detection of TVD, we 
reanalyzed a selection of SDF video clips that were already analyzed using AVA 
software for a study published elsewhere [Boerma et al., 2010] and compared 
the results to (semi-)manually found microvascular densities. In this study, 
Boerma et al. demonstrated that the sublingual microcirculation in septic patients 
is significantly disturbed and investigated whether this could be improved by 
nitroglycerin administration. Since the data set of this study has a wide spread 
of (semi-)manually measured (i.e., using AVA software) TVD scores, this set is 
optimal for the validation of the fully automatic (i.e., using the new method) 
TVD assessment. The clips were selected according to the flow characteristics: 
in the first set of clips (n=253), all visible microcirculation was normally perfused 
(PPV=1); and in the second set of clips (n=72), some of the visible microcirculation 
was not perfused (PPV<1). Clips were only excluded if the presence of blood, 
saliva, air bubbles, or other factors contaminated the microcirculatory image. 
Clips were not excluded based on low image focus or contrast. As the alterations 
in ‘small vessel’ density are considered most relevant under pathophysiological 
conditions [De Backer et al., 2002; Boerma et al., 2010], we focused on vessels 
with a diameter <25 µm according to the guidelines for microcirculatory image 
acquisition and analysis [De Backer et al., 2007].     

microvascular perfusion assessment

The perfusion detection method we present here, tSICA, is inspired by tLASCA 
[Briers, 2001; Bezemer et al., 2010a; Cheng et al., 2003; Choi et al., 2004; Wang 
et al., 2007]. In tLASCA, tissue is illuminated with a highly coherent light source 
such as a laser or laser diode, which results in an interference pattern (or speckle 
pattern) on a CCD camera [Briers, 2001; Cheng et al., 2003; Choi et al., 2004; 
Wang et al., 2007]. Movement of scattering particles within the illuminated 
tissue volume, such as flowing RBCs, influence the speckle pattern in time and 
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quantification of the consequent pixel intensity fluctuations allows assessment of 
tissue perfusion. Similarly in SDF images, flowing RBCs also result in pixel intensity 
fluctuations in time that can be quantified to assess microvascular perfusion. For 
tSICA, as for the tLASCA methodology, the temporal pixel intensity fluctuations 
consequent to RBC passage are quantified as the standard deviation of intensities 
(SDt) of a pixel in a number of video frames, normalized to the mean background 
intensity in a 200x200 pixel area. For testing the tSICA method, the number of 
frames was fixed at 25.        

First, we tested the performance of the tSICA method for the binary detection 
of perfusion in several video simulations similar to those described previously 
[Dobbe et al., 2008] and characterized the effects of cell velocity, cell density, 
and the SDF imaging rate on SDt. The simulation videos show a simulated vessel 
containing circular blobs with a Gaussian cross-sectional intensity profile with 
a standard deviation of 3 pixels, representing RBCs. Background intensity was 
set to 100 AU and the intensity of the center of the cells was set at 50 AU. 
Gaussian noise was added to each frame to simulate camera noise. The cells 
were randomly drawn within the boundaries of a virtual vessel of 10 µm wide 
that extends to the edges of each video frame. The density of cells was set to 2 or 
4 cells per 100 µm2 (=10x10 µm) and the velocity was varied from 0 to 800 µm/s. 
Additionally, two imaging rates were simulated: 25 Hz, similarly to SDF imaging 
rate, and 100 Hz to investigate the SDF hardware-related limitations of the tSICA 
method. SDt [AU] was measured at the centerline of the simulated vessels.
   Finally, the use of tSICA was demonstrated in one high quality SDF video clip 
where the microcirculation was imaged in a patient undergoing on-pump cardiac 
surgery [Elbers et al., 2010].  The SDF video clips of this study are characterized 
by normal microvascular density and perfusion followed by circulatory arrest, 
which forms a unique scenario to test the performance of the tSICA method for 
binary perfusion detection. One SDF movie clip was selected based on its superior 
(subjectively determined) image quality in terms of stability, focus, illumination, 
and contrast and was analyzed before and during circulatory arrest using the 
new method. SDt images were generated before and during circulatory arrest 
to visualize the feasibility of tSICA in real SDF video clips. Furthermore, SDt 
histograms were generated before and during circulatory arrest to test whether 
tSICA is able to separate flow from no flow.   

data analysis

Data analysis and plotting was performed using GraphPad Prism version 5.0 
for Windows (GraphPad Method, San Diego, CA, USA). For validation of the 
algorithm for rapid and fully automatic assessment of TVD, the automatically 
determined TVD scores (new method) were plotted versus the (semi-)manually 
obtained TVD scores (AVA software). Correlation, linear regression, and Bland-
Altman [Bland and Altman, 1986] analyses were performed for comparison 
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of the two methods. To test whether the tSICA method can be used for the 
binary detection of microvascular perfusion, SDt images and corresponding SDt 
histograms of the same microcirculatory area before and during circulatory arrest 
were generated and compared.

results

microvascular density

The new method for the fully automatic analysis of TVD was very rapid and 
analyzed SDF movie clips within 30 seconds, while analysis using the AVA 
software took 30 to 60 minutes. Besides the large difference in analysis time, 
both methods showed good agreement with respect to TVD assessment (Figure 
2). For the movies clips in which PPV=1 (n=253), Pearson’s r=0.91 and r2=0.82 
(p<0.01); and for the movies clips in which PPV<1 (n=72), Pearson’s r=0.89 and 
r2=0.79 (p<0.01). Furthermore, the Bland-Altman plots show an absolute bias of 
which PPV<1 (n=72), Pearson’s r=0.89 and r2=0.79 (p<0.01). Furthermore, the Bland-
Altman plots show an absolute bias of less than 0.5 mm/mm2 in both scenarios (i.e., 
3.33 % of an average TVD of 15 mm/mm2) (Figure 2). Hence, the new method 
adequately recovers TVD rapidly (<30 seconds) and automatically and is insensitive to 
vessel perfusion (i.e., good agreement for clips in which PPV=1 and PPV<1).      

Figure 2. Correlation, linear regression (left panels), and Bland-Altman (right panels) 
analysis of manually determined total vessel length (TVD) versus fully automatically 
determined TVD in sidestream darkfield (SDF) video clips where the proportion of 
perfused vessels (PPV) was 1 (upper panels) and less than 1 (lower panels). The Bland-
Altman plots show the TVD difference (i.e., the manually determined TVD minus the 
automatically determined TVD) versus the average TVD. The new method adequately 
recovers TVD and is insensitive to vessel perfusion (i.e., good agreement for clips with 
PPV=1 and PPV<1).      

Microvascular perfusion

Figure 3 shows some examples of simulated ‘SDF images’ with different cell densities 
and velocities and the corresponding SDt images for 25 Hz and 100 Hz imaging rate. 
These examples demonstrate that high cell density in combination with high cell velocity 
limits the detection of variations in pixel intensities (SDt) consequent to RBC passages 
(Figure 3, middle right image) and that this would be improved by increasing the 
imaging rate (Figure 3, lower right image). 

figure 2. Correlation, linear regression (left panels), and Bland-Altman (right panels) analysis 
of manually determined total vessel length (TVD) versus fully automatically determined TVD 
in sidestream darkfield (SDF) video clips where the proportion of perfused vessels (PPV) was 1 
(upper panels) and less than 1 (lower panels). The Bland-Altman plots show the TVD difference 
(i.e., the manually determined TVD minus the automatically determined TVD) versus the average 
TVD. The new method adequately recovers TVD and is insensitive to vessel perfusion (i.e., good 
agreement for clips with PPV=1 and PPV<1).    
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less than 0.5 mm/mm2 in both scenarios (i.e., 3.33 % of an average TVD of 15 
mm/mm2) (Figure 2). Hence, the new method adequately recovers TVD rapidly 
(<30 seconds) and automatically and is insensitive to vessel perfusion (i.e., good 
agreement for clips in which PPV=1 and PPV<1).      

microvascular perfusion

Figure 3 shows some examples of simulated ‘SDF images’ with different cell 
densities and velocities and the corresponding SDt images for 25 Hz and 100 Hz 
imaging rate. These examples demonstrate that high cell density in combination 
with high cell velocity limits the detection of variations in pixel intensities (SDt) 
consequent to RBC passages (Figure 3, middle right image) and that this would 
be improved by increasing the imaging rate (Figure 3, lower right image). 

Figure 3. Simulated vessels in ‘sidestream dark field (SDF) images’ (left column) and 
corresponding SDt images (right column) for different cell velocities (0 and 800 µm/s), 
cell densities (2 and 4 cells/100 µm2) and imaging rates (25 and 100 Hz). High cell 
density in combination with high cell velocity limits the detection of variations in pixel 
intensities (SDt) consequent to RBC passages, which might be improved by increasing 
the imaging rate.

Figure 4 characterizes the effects of cell density, cell velocity, and imaging rate on the 
ability of the tSICA method to detect perfusion. At 25 Hz imaging rate, a cell density of 2 
cells/100 µm2 allowed perfusion detection above image noise baseline up to moderate 
cell velocities and a density of 4 cells/100 µm2 only allowed the detection of perfusion at 
very low velocities. Increasing the imaging rate to 100 Hz significantly improved the 
ability of the tSICA method to detect perfusion, but at high cell densities, this was still 
limited. Figure 4 furthermore shows that the SDt is low at zero flow, highest at low flow, 
and then decreases with increasing flow.

figure 3. Simulated vessels in ‘sidestream dark field (SDF) images’ (left column) and 
corresponding SDt images (right column) for different cell velocities (0 and 800 µm/s), cell 
densities (2 and 4 cells/100 µm2) and imaging rates (25 and 100 Hz). High cell density in 
combination with high cell velocity limits the detection of variations in pixel intensities (SDt) 
consequent to RBC passages, which might be improved by increasing the imaging rate.
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Figure 4. Characterization of SDt as a function of cell velocity (0 – 800 µm/s), cell 
density (2 and 4 cells/100 µm2) and imaging rate (25 and 100 Hz; panel A and B, 
respectively). The SDt is low at zero flow, highest at low flow, and then decreases with 
increasing flow. *p<0.05 versus cell velocity=0 µm/s (i.e., no perfusion).

As shown with the video simulations, the detection of flow using the tSICA method is 
limited by high cell densities and velocities at 25 Hz imaging rate, which severely limits 
the applicability of this method in real SDF images. Further factors limiting the tSICA 
method are suboptimal image focus and contrast, reducing the pixel intensity 
fluctuations consequent to RBC passage (not shown). However, in some high quality 
SDF images with moderate cell densities and velocities, the tSICA may be applied for 
perfusion detection. To illustrate this, tSICA was used in one SDF video clip where the 
microcirculation was imaged before and during circulatory arrest [Elbers et al., 2010]. 
SDt images (Figure 5) and corresponding SDt histograms (Figure 6) were generated of 
the same microcirculatory area at normal and stopped flow. Figure 5 shows that indeed 
the SDt image at normal flow is clearly brighter (indicating flow) than the SDt image at 
stopped flow. Furthermore, it can be seen that one vessel in the SDt image is brighter 
during than before circulatory arrest, which indicates low (but non-zero) flow. Figure 6 
depicts the SDt histograms corresponding to the SDt images before and during 
circulatory arrest. The area under the histograms can be divided in three parts: first, the 
tissue (background) which was present both with and without perfusion; second, the 
perfused vessels which were only detected before cardiac arrest; and third, the non-
perfused vessels which were only detected during circulatory arrest. Thus, tSICA is able 
to discriminate between perfused and non-perfused microvasculature in high quality 
SDF video clips.

figure 4. Characterization of SDt as a function of cell velocity (0 – 800 µm/s), cell density (2 
and 4 cells/100 µm2) and imaging rate (25 and 100 Hz; panel A and B, respectively). The SDt is 
low at zero flow, highest at low flow, and then decreases with increasing flow. *p<0.05 versus 
cell velocity=0 µm/s (i.e., no perfusion).

Figure 4 characterizes the effects of cell density, cell velocity, and imaging 
rate on the ability of the tSICA method to detect perfusion. At 25 Hz imaging 
rate, a cell density of 2 cells/100 µm2 allowed perfusion detection above image 
noise baseline up to moderate cell velocities and a density of 4 cells/100 µm2 only 
allowed the detection of perfusion at very low velocities. Increasing the imaging 
rate to 100 Hz significantly improved the ability of the tSICA method to detect 
perfusion, but at high cell densities, this was still limited. Figure 4 furthermore 
shows that the SDt is low at zero flow, highest at low flow, and then decreases 
with increasing flow.

As shown with the video simulations, the detection of flow using the tSICA 
method is limited by high cell densities and velocities at 25 Hz imaging rate, which 
severely limits the applicability of this method in real SDF images. Further factors 
limiting the tSICA method are suboptimal image focus and contrast, reducing the 
pixel intensity fluctuations consequent to RBC passage (not shown). However, 
in some high quality SDF images with moderate cell densities and velocities, the 
tSICA may be applied for perfusion detection. To illustrate this, tSICA was used 
in one SDF video clip where the microcirculation was imaged before and during 
circulatory arrest [Elbers et al., 2010]. SDt images (Figure 5) and corresponding 
SDt histograms (Figure 6) were generated of the same microcirculatory area at 
normal and stopped flow. Figure 5 shows that indeed the SDt image at normal 
flow is clearly brighter (indicating flow) than the SDt image at stopped flow. 
Furthermore, it can be seen that one vessel in the SDt image is brighter during 
than before circulatory arrest, which indicates low (but non-zero) flow. Figure 6 
depicts the SDt histograms corresponding to the SDt images before and during 
circulatory arrest. The area under the histograms can be divided in three parts: 
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Figure 5. Sidestream dark field (SDF) images before (A) and during (C) circulatory arrest 
and the corresponding SDt images (B and D, respectively). The SDt image at before 
circulatory arrest is clearly brighter (indicating flow) than the SDt image at stopped flow. 

Figure 6. SDt histograms before (black line) and during (gray line) circulatory arrest. 
The area under the histograms can be divided in three parts: first, the tissue 
(background) which was present both with and without perfusion; second, the perfused 
vessels which were only detected before cardiac arrest; and third, the non-perfused 
vessels which were only detected during circulatory arrest.  

Figure 5. Sidestream dark field (SDF) images before (A) and during (C) circulatory arrest 
and the corresponding SDt images (B and D, respectively). The SDt image at before 
circulatory arrest is clearly brighter (indicating flow) than the SDt image at stopped flow. 

Figure 6. SDt histograms before (black line) and during (gray line) circulatory arrest. 
The area under the histograms can be divided in three parts: first, the tissue 
(background) which was present both with and without perfusion; second, the perfused 
vessels which were only detected before cardiac arrest; and third, the non-perfused 
vessels which were only detected during circulatory arrest.  

figure 6. SDt histograms before (black line) and during (gray line) circulatory arrest. The 
area under the histograms can be divided in three parts: first, the tissue (background) which 
was present both with and without perfusion; second, the perfused vessels which were only 
detected before cardiac arrest; and third, the non-perfused vessels which were only detected 
during circulatory arrest.  

figure 5. Sidestream dark field (SDF) images before (A) and during (C) circulatory arrest and 
the corresponding SDt images (B and D, respectively). The SDt image at before circulatory arrest 
is clearly brighter (indicating flow) than the SDt image at stopped flow. 
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first, the tissue (background) which was present both with and without perfusion; 
second, the perfused vessels which were only detected before cardiac arrest; 
and third, the non-perfused vessels which were only detected during circulatory 
arrest. Thus, tSICA is able to discriminate between perfused and non-perfused 
microvasculature in high quality SDF video clips.

discussiOn and cOnclusiOns

Sublingual SDF imaging is gaining a more prominent role in clinical research. 
However, the offline analysis of the SDF images is still a time consuming venture 
(>30 min) requiring a significant amount of user interaction. In the present study we 
therefore aimed to develop a rapid and fully automatic method for the assessment 
of microvascular density and perfusion in SDF images. To this end, we improved 
the algorithms for microvascular density assessment previously developed and 
commercialized by our group (AVA software) and introduced a new method for 
microvascular perfusion assessment, tSICA. For the validation of the new algorithm 
for microvascular density assessment, we reanalyzed a selection of SDF video 
clips of a study in intensive care patients [Boerma et al., 2010] and compared the 
results to (semi-)manually found microvascular densities. We showed that the new 
method was very rapid (<30 seconds) and adequately recovered TVD regardless of 
vessel perfusion (i.e., good agreement for clips in which PPV=1 and PPV<1). The 
performance of the tSICA method for microvascular perfusion assessment was 
tested in several video simulations similar to those used previously [Dobbe et al., 
2008] and in one high quality SDF video clip where the microcirculation was imaged 
(on one spot) before and during circulatory arrest in a cardiac surgery patient 
[Elbers et al., 2010]. With the video simulations we showed that the detection of 
flow using the tSICA method is limited by high cell densities and velocities at 25 
Hz imaging rate, which severely impedes the applicability of this method in real 
SDF images. However, in high quality SDF video clips, the tSICA method is able to 
discriminate between perfused and non-perfused microvasculature.    

The new method for automatic TVD assessment we present here, where 
vessel recognition is based on contrast rather than on focus, correlates excellently 
with (semi-)manual TVD assessment (AVA software), with an absolute bias of less 
than 0.5 mm/mm2 (i.e., 3.33 % of an average TVD of 15 mm/mm2). As the new 
method is less sensitive to image focus, it is better applicable in SDF video clips 
with low focus. In this light, it is important to note is that the selection of clips 
for the validation was only based on flow characteristics and not on image focus 
and contrast. Hence, the automatic TVD assessment was not only successful in 
‘high quality’ SDF images, but also in ‘low quality’ images.       

According to the guidelines for microcirculatory image acquisition and 
analysis, 3 to 5 sublingual sites should be imaged per time point per patient to 
adequately address the heterogeneity of the microcirculation, especially during 
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sepsis and shock [Ince, 2005; Trzeciak et al., 2007; De Backer et al., 2007]. Using 
the commercially available AVA software, this typically takes 2 to 4 hours, but 
with the new method it takes less than 5 minutes. In addition, as the new method 
is fully automatic it has perfect reproducibility. Thus, with significantly reduced 
analysis time, more sites can be included to more comprehensively assess the 
heterogeneity of the microcirculation.

In the present study we focused on measuring the density of vessels with 
diameter <25 µm, which are considered ‘small vessels’ and most relevant under 
pathophysiological conditions according to the guidelines for microcirculatory 
image acquisition and analysis [De Backer et al., 2007]. However, we did not 
consider the vessel focus score, while Dobbe et al. [Dobbe et al., 2008] have 
shown that low vessel focus might lead to over-estimation of the vessel diameter 
and thereby false exclusion from the TVD assessment. This might explain the 
small negative mean bias observed in the Bland-Altman plots, which reflects a 
small underestimation of the TVD by the new method [Bland and Altman, 1986]. 
Even so, the automatic TVD assessment still has an excellent correlation with the 
manual TVD assessment and is approximately 60 times faster.  

With the video simulations, we showed that the detection of perfusion using 
the tSICA method is possible, but is limited at high cell densities and velocities at 
a 25 Hz imaging rate. A fundamental limitation of tLASCA and tSICA is that high 
cell velocities will result in complete blurring of the laser speckle or RBC images, 
respectively, and will thereby reduce the pixel intensity fluctuations to the camera 
noise level. In SDF images, furthermore, perfusion detection in vessels with a 
diameter larger than that of one RBC will be limited due to high cell densities 
and consequent overlapping RBCs. This, by definition, limits the quantitative 
measurement of RBC velocity using tSICA, but potentially allows the binary detection 
of perfusion (flow versus no flow). Other factors limiting the tSICA method are 
suboptimal image focus and contrast, which reduce the pixel intensity fluctuations 
consequent to RBC passages. This restricts the applicability of this method to real 
SDF images. However, with the video simulations we also showed that increasing 
the image rate would significantly improve the applicability of tSICA. Hence, the 
limitations of the tSICA method are mainly hardware-related and can be overcome 
by implementing more advanced camera technology in SDF imaging.  

In conclusion, here we present a validated method for rapid and fully 
automatic assessment of microvascular density. For future SDF imaging research, 
the automatic microvascular density assessment can be combined with manually 
assigning a flow score to each quadrant of the image as proposed by Boerma 
et al. [Boerma et al., 2007], validated by others [Dubin et al., 2009a; Arnold et 
al., 2009], and included in the standard operating procedures as dictated by 
a consensus on microcirculatory image acquisition and analysis [De Backer et 
al., 2007]. Although this introduces some user interaction, it allows analysis of 
microvascular density and perfusion in SDF video clips within a few minutes. 





Adapted from
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4VALIDATION OF LASER SPECKLE IMAGING  
FOR ASSESSING MICROVASCULAR  
(RE)PERFUSION BY COMPARISON TO  
SIDESTREAM DARK FIELD IMAGING
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aBstract

The present study was conducted to compare laser speckle imaging (LSI) with 
sidestream dark field (SDF) imaging (i.e., capillary microscopy) so as to validate 
the use of LSI for assessing microvascular (re)perfusion. For this purpose, LSI 
and SDF measurements were performed on the human nail fold during gradual 
occlusion of the upperarm circulation to modify nail fold perfusion under 
controlled circumstances. Additionally, a vascular occlusion test was performed 
to test the ability of LSI to detect rapid changes in tissue perfusion during 
reactive hyperemia and a hyperthermic challenge was performed to measure LSI 
perfusion at maximum functional capillary density. Normalized LSI measurements 
(i.e., normalized to baseline is 100%) were shown to correlate positively with 
normalized SDF measurements (Pearson’s r=0.92). This was supported by linear 
regression analysis (slope of 1.01, R2=0.85, p<0.001). During the vascular occlusion 
test, LSI perfusion decreased from 307±90 AU (baseline) to 42±8 AU (ischemia). 
Peak perfusion during reperfusion was 651±93 AU (212% of baseline), which 
had returned to baseline after 2 minutes. Hyperthermia increased LSI perfusion 
from 332±90 AU to 1067±256 AU (321% of baseline). The main finding was that 
changes in perfusion as measured by LSI correlated well with changes in capillary 
red blood cell velocities as measured by SDF imaging during controlled reduction 
of the (micro)vascular perfusion. It was further shown that LSI is capable of 
measuring tissue perfusion at high temporal and spatial resolution. In conclusion, 
LSI can be employed to accurately quantify microvascular reactivity following 
ischemic and hyperthermic challenges.
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intrOductiOn

Microvascular function is considered an important parameter in many clinical 
scenarios ranging from vascular surgery to critical care medicine [e.g., Klijn et al., 
2008; Den Uil et al., 2008; Le Dorze et al., 2009]. A typical test for assessment 
of microvascular function, defined as the ability to increase microvascular flow 
after an ischemic challenge, is the vascular occlusion test, where the arterial 
and venous flow are transiently stopped and post-ischemic reactive hyperemia 
is monitored. Other tests for assessing microvascular function include thermal 
challenges, as applied in patients with systemic sclerosis and primary Raynaud’s 
phenomenon [Murray et al., 2009], and fluid and vasoactive drug challenges, as 
applied in intensive care patients [Büchele et al., 2007]. To monitor the effects 
of these tests several techniques can be used such as sidestream dark field (SDF) 
imaging [Goedhart et al., 2007], laser Doppler velocimetry (LDV) [O’Doherty et 
al., 2009], near-infrared spectroscopy (NIRS) [Skarda et al., 2007; Doerschug et 
al., 2007; Bezemer et al., 2009], and thermography [Hassan and Togowa, 2001]. 
However, each of these measurement techniques has specific shortcomings, 
such as low spatial and/or temporal resolution, required tissue contact, and small 
sampling area/volume, limiting their clinical applicability.  

A technique potentially overcoming these shortcomings is laser speckle 
imaging (LSI) [O’Doherty et al., 2009; Briers, 2001]. The main advantage of LSI 
with respect to clinical applicability is the ability to measure tissue perfusion 
in large areas (e.g., skin grafts, burn wounds, complete organ surfaces) in a 
non-contact and thus non-perturbing manner at high spatial and temporal 
resolution using a relatively simple setup including a laser diode for illumination 
and a grayscale CCD camera for imaging [Briers, 2001, Wang et al., 2007]. An 
additional advantage of using a conventional CCD camera for imaging is that it 
allows a normal video mode for morphological identification of organ surfaces 
at high resolution, complementing the quantitative LSI data with anatomical and 
morphological detail.

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., Steward et al., 2005; Dusch et al., 2007; 
O’Doherty et al., 2009], which is unfortunate inasmuch as LSI may circumvent 
the shortcomings associated with the currently used techniques [O’Doherty 
et al., 2009]. However, whether LSI is indeed sensitive to changes in capillary 
perfusion has not been validated before. Although percentual flow changes 
determined by LSI have been compared to the changes measured by LDV, LSI 
has never been juxtaposed to a quantitative technique capable of measuring 
tissue perfusion at the capillary level [Goedhart et al., 2007]. In this respect, 
intravital capillary microscopy constitutes a suitable quantitative technique for 
the assessment of the cutaneous microcirculation under resting conditions and 
after different provocation tests [Park et al., 2008; Wasik et al., 2009]. Hence, 
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validation of LSI by intravital capillary microscopy would provide strong support 
for the employment of LSI in settings that require information on (changes in) 
microcirculatory perfusion. 

Sidestream dark field (SDF) imaging is a validated intravital microscopic imaging 
technique for imaging capillaries on organ surfaces and for measuring red blood 
cell velocities in individual capillaries [Goedhart et al., 2007]. In contrast to LDV, 
SDF therefore constitutes a useful tool for validating LSI responses to alterations 
in capillary perfusion. Consequently, the present study was conducted to compare 
LSI to SDF imaging so as to validate the use of LSI for assessing microvascular 
(re)perfusion. For this purpose, LSI and SDF measurements were performed on 
the human nail fold during gradual occlusion of the upperarm circulation to 
modify nail fold perfusion under controlled conditions. To determine the ability 
of LSI to detect rapid changes in tissue perfusion during reactive hyperemia a 
vascular occlusion test was performed. Additionally, a hyperthermic challenge 
was applied to measure tissue perfusion using LSI under conditions of maximal 
functional capillary density.

methOds

subjects

The study was approved by the medical ethics research board and informed 
consent was obtained for each subject. Ten healthy, non-smoking, male subjects 
receiving no medication voluntarily participated in the validation experiments. 
The subject population had a mean±SD age of 24±3 years and weight of 73±5 
kg. Heart rate was 65±6 beats/min and systolic and diastolic blood pressures 
were 118±5 and 65±7 mmHg, respectively. 

laser speckle imaging setup

For LSI measurements, a commercially available system was used (Moor 
Instruments, Devon, UK). A 785-nm class 1 laser diode was employed for 
illumination of the tissue up to a depth of approximately 1 mm. Directly reflected 
light by the tissue surface was blocked by a tunable polarization filter placed in 
front of the lens system since it was not scattered by flowing red blood cells and 
therefore contained no information on tissue perfusion. Laser speckle images 
were acquired using a 576×768-pixel grayscale CCD camera at a frame rate of 
25 Hz (exposure time of 4 ms) and converted to pseudo-color images, where the 
level of perfusion was scaled from blue (low perfusion) to red (high perfusion) 
[Cheng et al., 2003; Choi et al., 2004]. The lens system allowed a variable zoom, 
ranging from 0.6×0.8 cm (corresponding to 10 µm/pixel) to 9×12 cm at a working 
distance of 15-45 cm, and focus optimization. Using a 5×5 pixel window to 
calculate speckle contrast, the maximal image resolution was 50 µm/pixel.  
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sidestream dark field imaging setup

For SDF imaging, a MicroScan video microscope (MicroVision Medical, Amsterdam, 
the Netherlands) was employed, which was fitted with a 5× magnifying objective 
lens system. The illumination intensity was optimized during imaging to obtain 
clear microcirculatory images. Focusing was achieved by axial translation of a 
576×768-pixel grayscale CCD camera (frame rate of 25 Hz) with respect to the 
fixed lens system in the tip of the SDF probe. Image resolution was ~1.4 µm/
pixel. The device was mounted in a specially engineered holder (Department 
of Instrumentation, Academic Medical Center, University of Amsterdam, the 
Netherlands) for accurate positioning and stabilization of the probe. Video 
output was visualized on a monitor and connected to a computer via a signal 
converter (ADVC110, Canopus Corporation, Kobe, Japan) for digital recording of 
the images onto a hard drive. From the SDF images, all in-focus capillaries were 
selected for further off-line analysis. Image analysis software developed for the 
SDF video images (Automated Vascular Analysis, MicroVision Medical) was used to 
generate space-time diagrams of single capillaries for quantitative measurement 
of red blood cell velocities [Goedhart et al., 2007; Dobbe et al., 2008]. The use of 
space time diagrams to determine red blood cell velocities is described extensively 
elsewhere [Dobbe et al., 2008]. In brief, a space time diagram is generated by 
plotting a selected capillary center line in time. Moving cells and plasma gaps in 
the selected capillary cause a pattern to appear in the space-time diagram and 
the orientation of this pattern is indicative for the capillary red blood cell velocity 
and is converted to an actual velocity value (velocity = distance / ∆time). 

validation protocol

The nail fold microcirculation was selected as the site for validation of LSI since 
it is easily accessible for both techniques and its perfusion can be systematically 
reduced using a pneumatic cuff placed around the upper arm. The cuff was 
inflated to 30, 60, 90, 120, 150, and 180 mmHg. Between each measurement, 
the cuff was deflated for >5 minutes to allow stabilization of the nail fold 
microcirculatory perfusion. 

vascular occlusion test and hyperthermic challenge

Following the validation protocol, a 3-minute VOT was performed with an occlusion 
pressure of 210 mmHg for 3 minutes. Subsequently, the occlusion pressure was 
released and reperfusion was recorded until the LSI perfusion value had restored 
to baseline. Five minutes after return to baseline, local hyperthermia was created 
by flowing heated air onto the hand. Skin temperature was measured using a skin 
temperature sensor (Smiths Medical ASD, Rockland, MA) and kept between 41 
and 43°C by adjusting the distance between the heat source and the hand.     
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statistical analysis

All data was analyzed using GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA). 
All data are presented as mean±SD. Comparison of LSI with SDF imaging was done 
by linear regression analysis and Pearson’s correlation analysis. For the SDF and LSI 
measurements, the inter-individual coefficient of variability (CV) was calculated as 
CV = SD/mean. Comparative analysis of tissue perfusion measured with LSI during 
normothermia and hyperthermia was performed using a paired Student’s t-test. 
Differences were considered statistically significant at p<0.05 and denoted with (*).  

results

LSI perfusion maps for each step of occlusion pressure and the corresponding 
video image of the nail fold are shown in Figure 1. 

validation of laser speckle imaging

Perfusion measurements by LSI and SDF imaging for each occlusion pressure 
are shown in Figure 2. Baseline LSI perfusion was 321±186 AU (CV=0.58) and 
baseline capillary red blood cell velocity as measured by SDF imaging was 791±332 
μm/s (CV=0.42). The reduction in perfusion following gradual occlusion of the 
upperarm circulation was similarly measured by LSI and SDF imaging as shown 
in Figure 2. Furthermore, Figure 2 shows that there is considerable spread in the 
absolute velocity values measured by SDF imaging, which reflects the normal 
physiological variability between the subjects. 

Results

LSI perfusion maps for each step of occlusion pressure and the corresponding video 
image of the nail fold are shown in Figure 1. 

Figure 1: Representative laser speckle imaging perfusion maps for 0 (baseline), 30, 60, 
90, 120, 150, and 180 mmHg occlusion pressure and the corresponding video image. 
Blue indicates low perfusion and red indicates high perfusion. 

Validation of laser speckle imaging

Perfusion measurements by LSI and SDF imaging for each occlusion pressure are shown 
in Figure 2. Baseline LSI perfusion was 321±186 AU (CV=0.58) and baseline capillary 
red blood cell velocity as measured by SDF imaging was 791±332 μm/s (CV=0.42). The 
reduction in perfusion following gradual occlusion of the upperarm circulation was 
similarly measured by LSI and SDF imaging as shown in Figure 2. Furthermore, Figure 2 
shows that there is considerable spread in the absolute velocity values measured by SDF 
imaging, which reflects the normal physiological variability between the subjects. 

figure 1: Representative laser speckle imaging perfusion maps for 0 (baseline), 30, 60, 90, 
120, 150, and 180 mmHg occlusion pressure and the corresponding video image. Blue indicates 
low perfusion and red indicates high perfusion.
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Overall, normalized LSI measurements (i.e., normalized to baseline equals 
100%) were shown to correlate positively with normalized SDF measurements 
(Pearson’s r=0 .92). This was supported by linear regression analysis as shown in 
Figure 3 (slope of 1.01, R2=0.85, p<0.001). 

vascular occlusion test and hyperthermic challenge

A typical LSI trace during the VOT is presented in the left panel of Figure 4. In the 
right panel of Figure 4 it is shown that baseline (BSLN) LSI perfusion was 307±90 
AU (CV=0.29) which was reduced to 42±8 AU (CV=0.19) during ischemia (ISCH). 
Peak perfusion (PEAK) during reperfusion after 3 minutes of ischemia was 651±93 

Figure 2: Perfusion data for the laser speckle imaging (LSI) and sidestream dark field 
(SDF) measurements for each occlusion pressure (0-180 mmHg). LSI data are plotted 
against the left y-axis and SDF data are plotted against the right y-axis allowing optimal 
visual comparison of the perfusion data obtained using each technique as a function of 
occlusion pressure.

Overall, normalized LSI measurements (i.e., normalized to baseline equals 100%) were 
shown to correlate positively with normalized SDF measurements (Pearson’s r=0 .92). 
This was supported by linear regression analysis as shown in Figure 3 (slope of 1.01, 
R2=0.85, p<0.001). 

Figure 3: Linear regression analysis on normalized laser speckle imaging (LSI) data 
versus normalized sidestream dark field (SDF) imaging data. Data were normalized so 
that baseline = no occlusion pressure = 100%. Pearson’s r = 0.92, slope = 1.01, R2 = 0.85, 
p < 0.001.

Vascular occlusion test and hyperthermic challenge

A typical LSI trace during the VOT is presented in the left panel of Figure 4. In the right 
panel of Figure 4 it is shown that baseline (BSLN) LSI perfusion was 307±90 AU 
(CV=0.29) which was reduced to 42±8 AU (CV=0.19) during ischemia (ISCH). Peak 
perfusion (PEAK) during reperfusion after 3 minutes of ischemia was 651±93 AU 
(CV=0.14) (212% of baseline) which decreased to 422±107 AU (CV=0.25) after 1 minute 
of reperfusion (1 min) and was fully restored to baseline level, 309±92 AU (CV=0.30), 
after 2 minutes of reperfusion (2 min).  

figure 2: Perfusion data for the laser speckle imaging (LSI) and sidestream dark field (SDF) 
measurements for each occlusion pressure (0-180 mmHg). LSI data are plotted against the left 
y-axis and SDF data are plotted against the right y-axis allowing optimal visual comparison of 
the perfusion data obtained using each technique as a function of occlusion pressure.

Figure 2: Perfusion data for the laser speckle imaging (LSI) and sidestream dark field 
(SDF) measurements for each occlusion pressure (0-180 mmHg). LSI data are plotted 
against the left y-axis and SDF data are plotted against the right y-axis allowing optimal 
visual comparison of the perfusion data obtained using each technique as a function of 
occlusion pressure.

Overall, normalized LSI measurements (i.e., normalized to baseline equals 100%) were 
shown to correlate positively with normalized SDF measurements (Pearson’s r=0 .92). 
This was supported by linear regression analysis as shown in Figure 3 (slope of 1.01, 
R2=0.85, p<0.001). 

Figure 3: Linear regression analysis on normalized laser speckle imaging (LSI) data 
versus normalized sidestream dark field (SDF) imaging data. Data were normalized so 
that baseline = no occlusion pressure = 100%. Pearson’s r = 0.92, slope = 1.01, R2 = 0.85, 
p < 0.001.

Vascular occlusion test and hyperthermic challenge

A typical LSI trace during the VOT is presented in the left panel of Figure 4. In the right 
panel of Figure 4 it is shown that baseline (BSLN) LSI perfusion was 307±90 AU 
(CV=0.29) which was reduced to 42±8 AU (CV=0.19) during ischemia (ISCH). Peak 
perfusion (PEAK) during reperfusion after 3 minutes of ischemia was 651±93 AU 
(CV=0.14) (212% of baseline) which decreased to 422±107 AU (CV=0.25) after 1 minute 
of reperfusion (1 min) and was fully restored to baseline level, 309±92 AU (CV=0.30), 
after 2 minutes of reperfusion (2 min).  

figure 3: Linear regression analysis on normalized laser speckle imaging (LSI) data versus 
normalized sidestream dark field (SDF) imaging data. Data were normalized so that baseline = 
no occlusion pressure = 100%. Pearson’s r = 0.92, slope = 1.01, R2 = 0.85, p < 0.001.
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AU (CV=0.14) (212% of baseline) which decreased to 422±107 AU (CV=0.25) 
after 1 minute of reperfusion (1 min) and was fully restored to baseline level, 
309±92 AU (CV=0.30), after 2 minutes of reperfusion (2 min).  

A typical LSI trace during increasing skin temperature is presented in the left 
panel of Figure 5. In the right panel of Figure 5 it is shown that tissue perfusion as 
measured using LSI increased from 332±90 AU (CV = 0.27) during normothermia 
to 1067±256 AU (CV = 0.24) (321 % of baseline) during hyperthermia. The LSI 
perfusion during hyperthermia is significantly higher than the LSI peak perfusion 
during reactive hyperemia (p<0.05). No statistical differences were identified for 
the baseline LSI perfusion during the validation experiment, the vascular occlusion 
test, and the hyperthermic challenge (p>0.05).   

figure 4: Left: typical laser speckle imaging (LSI) perfusion trace during the vascular occlusion 
test. Right: perfusion changes as measured using laser speckle imaging (LSI) during the vascular 
occlusion test. BSLN = baseline, ISCH = ischemia, PEAK = peak, 1 min = 1 minute of reperfusion, 
2 min = 2 minutes of reperfusion. *p<0.05 vs. BSLN and †p<0.05 vs. previous time point.

Figure 4: Left: typical laser speckle imaging (LSI) perfusion trace during the vascular 
occlusion test. Right: perfusion changes as measured using laser speckle imaging (LSI) 
during the vascular occlusion test. BSLN = baseline, ISCH = ischemia, PEAK = peak, 1 
min = 1 minute of reperfusion, 2 min = 2 minutes of reperfusion. *p<0.05 vs. BSLN and 
†p<0.05 vs. previous time point.

A typical LSI trace during increasing skin temperature is presented in the left panel of 
Figure 5. In the right panel of Figure 5 it is shown that tissue perfusion as measured 
using LSI increased from 332±90 AU (CV = 0.27) during normothermia to 1067±256 AU 
(CV = 0.24) (321 % of baseline) during hyperthermia. The LSI perfusion during 
hyperthermia is significantly higher than the LSI peak perfusion during reactive 
hyperemia (p<0.05). No statistical differences were identified for the baseline LSI 
perfusion during the validation experiment, the vascular occlusion test, and the 
hyperthermic challenge (p>0.05).   

Figure 5: Left: typical laser speckle imaging (LSI) perfusion trace during heating of the 
skin, starting at 30 s. Right: perfusion changes as measured using laser speckle imaging 
(LSI) during heating of the skin. *p<0.05 vs. normothermia.

Figure 4: Left: typical laser speckle imaging (LSI) perfusion trace during the vascular 
occlusion test. Right: perfusion changes as measured using laser speckle imaging (LSI) 
during the vascular occlusion test. BSLN = baseline, ISCH = ischemia, PEAK = peak, 1 
min = 1 minute of reperfusion, 2 min = 2 minutes of reperfusion. *p<0.05 vs. BSLN and 
†p<0.05 vs. previous time point.

A typical LSI trace during increasing skin temperature is presented in the left panel of 
Figure 5. In the right panel of Figure 5 it is shown that tissue perfusion as measured 
using LSI increased from 332±90 AU (CV = 0.27) during normothermia to 1067±256 AU 
(CV = 0.24) (321 % of baseline) during hyperthermia. The LSI perfusion during 
hyperthermia is significantly higher than the LSI peak perfusion during reactive 
hyperemia (p<0.05). No statistical differences were identified for the baseline LSI 
perfusion during the validation experiment, the vascular occlusion test, and the 
hyperthermic challenge (p>0.05).   

Figure 5: Left: typical laser speckle imaging (LSI) perfusion trace during heating of the 
skin, starting at 30 s. Right: perfusion changes as measured using laser speckle imaging 
(LSI) during heating of the skin. *p<0.05 vs. normothermia.

figure 5: Left: typical laser speckle imaging (LSI) perfusion trace during heating of the skin, 
starting at 30 s. Right: perfusion changes as measured using laser speckle imaging (LSI) during 
heating of the skin. *p<0.05 vs. normothermia.
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discussiOn and cOnclusiOns

The aim of the study was to validate near-infrared LSI for assessing microvascular 
(re)perfusion by comparison to a technique capable of quantitatively measuring 
capillary red blood cell velocities, i.e., SDF imaging. The main finding was that 
changes in perfusion as measured using LSI correlated well with changes in 
capillary red blood cell velocities as measured using SDF imaging during controlled 
reduction of the (micro)vascular perfusion. We have furthermore shown that LSI 
is capable of measuring tissue perfusion in high temporal and spatial resolution 
and that this technology can be used to assess microvascular reactivity to ischemic 
and hyperthermic challenges.

This is the first study to validate the use of LSI for the assessment of tissue 
perfusion at the microcirculatory level by comparison to capillary red blood cell 
velocities measured quantitatively with SDF imaging. Since SDF imaging allows 
direct visual observation of red blood cells flowing through individual capillaries, 
this technique serves as a gold standard for measuring microcirculatory perfusion. 
Hence, in contrast to LDV, comparison of LSI to SDF measurements constitutes 
a reliable means to validate LSI responses to alterations in capillary perfusion. 
During controlled gradual reduction of the nail fold capillary perfusion, LSI 
and SDF imaging were shown to be in good agreement (correlation and linear 
regression analysis), indicating that LSI perfusion is a sensitive parameter for the 
detection of changes in tissue perfusion at the microcirculatory level.     

In the validation protocol, the SDF measurements demonstrated a large 
variability in baseline capillary red blood cell velocities between each volunteer 
(CV=0.42), which may have been caused by the native perfusion variability 
between the individuals. Contrastingly, baseline variability in LSI measurements 
(CV=0.58), although of similar extent as to the variability in SDF-derived velocities 
(Figure 2), is difficult to interpret due to the fact that LSI measures movement of 
cells in tissue irrespective of the direction in which they move. The measurement 
is, among other factors, influenced by the position of the camera with respect to 
the target tissue. Hence, application of LSI is more appropriate for intra-individual 
comparison of perfusion (e.g., perfusion at different time points) rather than 
inter-individual comparison (e.g., perfusion in different patient groups). 

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].

Using LSI in clinical research would overcome some limitations of other 
commonly used techniques used to measure microcirculatory (re)perfusion, such 
as SDF imaging, LDV, NIRS, and thermography. Although LSI and SDF imaging 
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were shown to correlate well during controlled reduction of capillary blood 
flow velocity during the validation protocol, SDF imaging could not be used to 
quantitatively determine red blood cell velocities during post-occlusive reactive 
hyperemia. High red blood cell velocities will result in a vertically rather than 
diagonally oriented pattern in the space-time diagrams, making it impossible 
to determine red blood cell velocities (velocity = distance / ∆time). On the other 
hand, LDV as a fiber-based modality is able to measure (micro)vascular perfusion 
at high speed, but only in a small volume of tissue and is therefore very sensitive 
to measurement site. As an imaging modality (i.e., scanning LDV), LDV overcomes 
this shortcoming. However, LDV imaging is a relatively slow technique (typically 
10-60 s/image) and therefore not able to detect the rapid perfusion changes during 
reactive hyperemia [O’Doherty et al., 2009]. NIRS is a spectroscopic technique for 
measuring microcirculatory oxygenation and supra-baseline levels of oxygenation 
following a period of ischemia (i.e., reactive hyperemia) [Bezemer et al., 2009]. 
However, since NIRS is measuring oxygenation, this technique provides only 
limited information on the actual microvascular flow alterations. Thermography, 
in contrast, is indeed capable of generating images of tissue perfusion at a high 
frame rate. However, thermography is based on changes in tissue temperature 
following changes in tissue perfusion and is therefore integrative in both the 
time- and space-domain. Due to the thermal capacity of the tissue, rapid changes 
in tissue perfusion do not immediately induce rapid changes in tissue temperature 
and, furthermore, thermal diffusion limits the spatial resolution of the technique. 
In this paper we have shown that LSI overcomes these issues and that it is capable 
of measuring tissue perfusion at both high spatial and temporal resolution at rest 
and during different provocation tests. 

To date, LSI has been applied scarcely in a clinical setting [e.g., Stewart et al., 
2005; Murray et al., 2009; Dusch et al., 2007]. In a surgical setting a macroscopic, 
non-contact technique such as LSI would be preferable over SDF imaging and 
LDV because the latter techniques are limited by the small measuring surfaces 
and require physical contact with the tissue surface. Compared to the available 
macroscopic non-contact imaging techniques such as video thermography and 
scanning laser Doppler flowmetry, LSI has a better spatial and temporal resolution 
[Murray et al., 2009; O’Doherty et al., 2009]. The high spatial resolution allows 
for the matching of local perfusion to anatomical characteristics, making it a 
potentially useful technique for e.g., neuro-, vascular-, and transplantation 
surgery. Furthermore the high temporal resolution enables the possibility to 
study responses of the microvasculature to pharmacological interventions during 
intensive care and surgery. 

In conclusion, we have shown that LSI responds linearly to changes in red 
blood cell velocity in the nail fold of healthy volunteers during gradual occlusion. 
Therefore LSI is a valid modality for measuring microcirculatory perfusion both 
at rest and during different provocation tests. Additionally, LSI is a macroscopic 
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non-contact imaging technique with a high spatial and temporal resolution, 
rendering it especially suitable for clinical and experimental scenarios where 
surface contact is undesirable and microcirculatory perfusion in large areas (e.g., 
skin grafts, burn wounds, organs) requires online monitoring. 





Adapted from

R. Bezemer*, M. Legrand*, E. Klijn, M. Heger,  
I.C. Post, T.M. van Gulik, D. Payen, C. Ince

Optics Express 2010;18(14):15054-61
*Equal contribution

5LASER SPECKLE IMAGING FOR REAL-TIME 
ASSESSMENT OF RENAL MICROVASCULAR 
PERFUSION HETEROGENEITIES
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AbstrACt 

Ischemia/reperfusion (I/R) injury is a leading cause of acute kidney injury (AKI) 
and occurs during various conditions in surgical and critically ill patients. A 
major contributing factor to the lack of significant progress in the prevention 
and management of AKI has been attributed to the lack of insight into the 
pathophysiological mechanisms underlying the progress to AKI due to the 
unavailability of suitable technologies for studying the heterogeneous nature of 
renal microvascular perfusion disorders. It has been shown that laser speckle 
imaging (LSI) is capable of measuring tissue perfusion at high temporal and spatial 
resolution and that LSI can be employed to accurately quantify microvascular 
reactivity following ischemic and hyperthermic challenges. The aim of the present 
study was to evaluate the use of LSI for mapping renal cortical microvascular 
perfusion and to demonstrate the capability of LSI to assess renal perfusion 
heterogeneities. The main findings were that: 1) full-field LSI measurements of 
renal microvascular perfusion were highly correlated to single-point laser Doppler 
velocimetry measurements; 2) LSI is able to detect differences in reperfusion 
dynamics following different durations of ischemia; and 3) renal microvascular 
perfusion heterogeneities can be quantitatively assessed by recovering LSI 
perfusion histograms. Hence, LSI is able to provide full-field perfusion maps of 
the renal cortex and allows quantification of the average LSI perfusion within 
an arbitrarily set region of interest and the recovery of LSI perfusion histograms 
within this region.
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intrOductiOn

Ischemia/reperfusion (I/R) injury is a leading cause of acute kidney injury (AKI) and 
occurs during various conditions in surgical and critically ill patients [McLaren et 
al., 1999; Myers et al., 2005; Lameire et al., 2005]. The pathophysiology of I/R-
induced AKI involves a complex interplay between renal hemodynamics, tubular 
injury, and inflammatory processes. Several experimental studies have shown that 
I/R-induced microcirculatory dysfunction is a central player in the development 
of AKI, depressing tissue perfusion and oxygenation [e.g., Legrand et al., 2008, 
2009]. Various studies using direct observation of the tubular capillaries as well 
as direct observation of glomerular microcirculation have shown microcirculatory 
obstruction precedes renal dysfunction [Wu et al., 2007; Yamamote et al., 
2002]. I/R-induced renal microvascular and parenchymal disorders are distributed 
heterogeneously within the kidney and develop in time [Bonventre et al., 2003]. 
A major contributing factor to the lack of significant progress in the prevention 
and management of AKI has been attributed to the lack of insight into the 
pathophysiological mechanisms underlying the progress to AKI due to the 
unavailability of suitable technologies for studying the heterogeneous nature of 
renal microvascular perfusion disorders [Bellomo et al., 2004; O’Connor, 2006; 
Rosenberger et al., 2006]. 

Several techniques can be used for the assessment of the renal cortical 
microvascular perfusion heterogeneities, e.g., scanning laser Doppler velocimetry 
(LDV) [O’Doherty et al., 2009], thermography or infrared imaging [Gorbach et 
al., 2008], and nicotinamide adenine dinucleotide dehydrogenase (NADH) 
autofluorescence imaging [Coremans et al., 2000; Fitzgerald et al., 2004; 
Raman et al., 2009]. However, each of these measurement techniques has 
specific shortcomings that limit their ability to map renal cortical perfusion 
heterogeneities, as discussed in more detail in the Discussion and conclusions 
section. A technique potentially overcoming these shortcomings is laser speckle 
imaging (LSI) [Briers, 2001; Bezemer et al., 2010a]. The main advantage of LSI 
with respect to clinical and experimental applicability is the capability to directly 
measure tissue perfusion in large areas (e.g., complete organ surfaces) in a non-
contact manner at high spatial and temporal resolution using a simple setup 
including a laser diode for illumination and a grayscale CCD camera. An additional 
advantage of using a conventional CCD camera is that it allows a normal video 
mode for identification of organ surfaces, complementing the quantitative LSI 
data with morphological detail.

It has been shown that LSI is capable of measuring tissue perfusion at high 
temporal and spatial resolution and that LSI can be employed to accurately 
quantify microvascular reactivity following ischemic and hyperthermic challenges 
[Bezemer et al., 2010a]. LSI could provide full-field perfusion maps of the renal 
cortex and could allow quantification of the average LSI perfusion within an 
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arbitrarily set region of interest and the recovery of LSI perfusion histograms 
within this region. The aim of the present study was to evaluate the use of 
LSI for mapping renal cortical microvascular perfusion and to demonstrate the 
capability of LSI to assess renal perfusion heterogeneities. For this purpose, LSI 
was employed in two models of renal I/R experiments: 1) complete renal I/R 
and 2) heterogeneous renal I/R. In addition, complete renal I/R experiments were 
performed with 1, 10, and 45 min of ischemia to show differences in reperfusion 
dynamics following different durations of ischemia. In the 1 min complete 
renal I/R experiments, moreover, linear regression and correlation analysis was 
performed on full-field LSI measurements of renal microvascular perfusion versus 
single-point LDV measurements.

materials and methOds

animal preparation

Twenty male Wistar rats (311-348 g) were used for this study. The animal protocol 
was approved by the animal ethics committee of the Academic Medical Center 
at the University of Amsterdam. Animal care and handling were performed 
in accordance with the guidelines for institutional and animal care and use 
committees. 

The rats were anesthetized with an intraperitoneal injection of 90 mg/kg 
ketamine, 0.25 mg/kg medetomidine, and 0.05 mg/kg atropine-sulfate. Ketamine 
(50 mg/kg/h) was infused intravenously to maintain anesthesia. The animals 
were mechanically ventilated with a fraction of inspired oxygen of 0.4. Body 
temperature was maintained at 37±0.5°C by external warming. The ventilator 
settings were adjusted to maintain an arterial partial pressure of CO2 between 
35 and 40 mmHg. A catheter was placed in the right carotid artery to monitor 
systolic and diastolic arterial blood pressure (SBP and DBP [mmHg], respectively) 
and heart rate. Mean arterial blood pressure (MAP [mmHg]) was calculated as 
MAP=DBP+(SBP-DBP)/3. The right jugular vein was cannulated for continuous 
infusion of Ringer’s lactate. The left kidney was exposed via an incision of the 
left flank and immobilized in a Lucite kidney cup (K. Effenberger, Pfaffingen, 
Germany). A perivascular ultrasonic transient time flow probe (Transonic Systems, 
Ithaca, NY) was placed around the left renal artery and connected to a flow 
meter (model T206, Transonic Systems) for continuous measurement of renal 
blood flow (RBF [ml/min]). 

renal i/r experiments

Two types of renal I/R experiments were performed: complete I/R (n=15) and 
heterogeneous I/R (n=5). Complete renal I/R was achieved by suprarenal aortic 
occlusion, where the durations of the ischemic episodes were 1 min (n=5), 10 
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min (n=5), and 45 min (n=5). In the 1 min I/R experiments, LSI was performed in 
combination with LDV and in the 10 and 45 min I/R experiments, only LSI was 
performed. As a heterogeneous model of renal I/R, air bubble-enriched isotonic 
saline was infused via a catheter in the right carotid artery (n=5), resulting in a 
random obstruction of microcirculatory branches.

laser speckle imaging

LSI is based on the formation of an interference pattern (or speckle pattern) on 
a CCD camera when a diffuse surface (e.g., biological tissue) is illuminated with 
highly coherent light such as that from a laser or laser diode [Briers et al., 2001; 
Bezemer et al., 2010a]. Movement of scattering particles (e.g., red blood cells 
within the illuminated tissue volume) will influence the speckle pattern in time. 
Hence, tissue perfusion in the field of view results in fluctuations in a dynamic 
speckle pattern. By integrating these fluctuations over the CCD 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. 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. The speckle contrast, defined as the ratio of the standard deviation 
to the mean grayscale intensity in a small pixel window (i.e., 5×5 pixels), is 
related to the average velocity of the moving particles, which is expressed in flux 
as described elsewhere [Briers et al., 2001; Bezemer et al., 2010a]. 

laser speckle imaging setup

For LSI measurements, a commercially available system was used (Moor 
Instruments, Devon, UK). A 785-nm class 1 laser diode was employed for 
illumination of the tissue to a depth of approximately 1 mm. Directly reflected 
light by the tissue surface was blocked by a tunable polarization filter placed 
in front of the lens system since it was not scattered by flowing red blood cells 
and therefore contained no information on tissue perfusion. Laser speckle images 
were acquired using a 576×768 pixels grayscale CCD camera at a frame rate of 
25 Hz (exposure time of 4 ms) and converted to pseudo-color images where the 
contrast (thus the level of perfusion) was scaled from blue (low perfusion) to red 
(high perfusion). The lens system allowed a variable zoom, ranging from 0.6×0.8 
cm (corresponding to 10 µm/pixel) to 9×12 cm at a working distance of 15-45 
cm, and focus optimization. For LSI of the rat kidney, the field of view was set 
to ~1.8×2.4 cm (corresponding to ~30 µm/pixel). Using a 5×5 pixel window to 
calculate speckle contrast, the maximal image resolution was ~150 µm/pixel area.  
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laser speckle image analysis

LSI provides full-field perfusion maps of the renal cortex and allows quantification 
of the average LSI perfusion within an arbitrarily set region of interest and the 
recovery of LSI perfusion histograms within this region. For the complete renal 
I/R experiments, the average LSI perfusion value was determined per image (25 
images/s) for the entire renal cortex in the field of view. For the heterogeneous 
renal I/R experiments, LSI perfusion histograms were recovered from each image 
(25 images/s) for the entire renal cortex in the field of view. The histograms were 
fitted with a Gaussian fit and analyzed for mean±SD LSI perfusion. The SD of 
the Gaussian fit of the LSI perfusion histograms was interpreted as a measure of 
perfusion heterogeneity.         

laser doppler velocimetry setup

LDV was performed using the O2C system (Oxygen to See; LEA Medizintechnik, 
Giessen, Germany). Since the LDV device employs a similar light source (i.e., 
785-nm class 1 laser diode) as the LSI device, measurement depth within the 
kidney was approximately equal for both techniques (i.e., limited to the renal 
cortex). LDV-measured perfusion was expressed as flux, similarly to the LSI-
measured perfusion. The LDV system has been validated by comparison to 
perfusion measurements using colored microspheres in the pig brain [Walter et 
al., 2002]. 

statistical analysis

Data were analyzed using GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA) 
and presented as mean±SD. Comparison of LSI with LDV was done by linear 
regression analysis and Pearson’s correlation analysis. Comparative analysis of 
tissue perfusion measured with LSI at different time points was performed using 
ANOVA. Differences were considered statistically significant at p<0.05.

results

complete renal i/r experiments

RBF, MAP, LSI, and LDV measurements during the complete renal I/R experiments, 
with ischemic episodes of 1 min (n=5), 10 min (n=5), and 45 min (n=5), are 
presented in Figure 1. Panels A-C of Figure 1 depict the results for the 1 min I/R 
experiment and panel D depicts the reperfusion phase of the 1, 10, and 45 min 
I/R experiments. 

Suprarenal aortic occlusion led to stopped RBF and microvascular perfusion 
(measured using LSI and LDV) and an increased MAP (Figures 1A and B). In 
the 1 min I/R experiments, LSI was performed in combination with LDV and 
the techniques exhibited a strong correlation (Pearson r = 0.968) and linear 
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relation (R2=0.936, p<0.001) (Figure 1C). However, the ‘background flux’ (i.e., 
the measured flux at zero perfusion) was approximately 25 % higher with LDV 
compared to with LSI. Figure 1D shows that LSI is able to detect differences in 
reperfusion dynamics following different durations of ischemia. Furthermore, LSI 
evinced that renal cortical microvascular reperfusion is depressed following 45 
min of ischemia early in the reperfusion phase.

heterogeneous i/r experiment

To demonstrate the ability of LSI to image highly heterogeneous microvascular 
perfusion in the kidney, air bubble-enriched isotonic saline was infused, randomly 
obstructing microcirculatory branches. A typical experiment is shown in Figure 2. 
Infusion of air bubble-enriched isotonic saline first led to complete obstruction 
of the renal cortical artery (Figure 2B, 7 s post-infusion) after which the bubbles 
gradually dissolved (maximal heterogeneity; Figure 2C, 14 s post-infusion) until 
normal renal cortical perfusion was restored (Figure 2D, 21 s post-infusion). As 
the kidney is somewhat spherical rather than flat, one region on the kidney 
surface has the exact angle with respect to the light source and the CCD camera 
such that it directly reflects the illumination light onto the camera. In this region, 
therefore, the camera is overexposed and the LSI perfusion calculation fails as 
shown in Figure 2.

figure 1. A: Mean arterial pressure (MAP) and renal blood flow (RBF) during the 1 min ischemia/
reperfusion (I/R) experiments. B: Laser speckle imaging (LSI) and laser Doppler velocimetry (LDV) 
measurements during the 1 min I/R experiments. C: Correlation and linear regression analysis 
of the LSI and LDV measurements during the 1 min I/R experiments. D: LSI perfusion during the 
reperfusion phase of the 1, 10, and 45 min I/R experiments. *p<0.05 for 1 min I/R versus 10 
min I/R and †p<0.05 for 45 min I/R versus 1 min I/R and 10 min I/R.

LDV system has been validated by comparison to perfusion measurements using colored 
microspheres in the pig brain [Walter et al., 2002]. 

Statistical analysis

Data were analyzed using GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA) and 
presented as mean±SD. Comparison of LSI with LDV was done by linear regression 
analysis and Pearson’s correlation analysis. Comparative analysis of tissue perfusion 
measured with LSI at different time points was performed using ANOVA. Differences 
were considered statistically significant at p<0.05.

Results

Complete renal I/R experiments

RBF, MAP, LSI, and LDV measurements during the complete renal I/R experiments, 
with ischemic episodes of 1 min (n=5), 10 min (n=5), and 45 min (n=5), are presented in 
Figure 1. Panels A-C of Figure 1 depict the results for the 1 min I/R experiment and panel 
D depicts the reperfusion phase of the 1, 10, and 45 min I/R experiments. 

Figure 1. A: Mean arterial pressure (MAP) and renal blood flow (RBF) during the 1 min 
ischemia/reperfusion (I/R) experiments. B: Laser speckle imaging (LSI) and laser
Doppler velocimetry (LDV) measurements during the 1 min I/R experiments. C: 
Correlation and linear regression analysis of the LSI and LDV measurements during the 
1 min I/R experiments. D: LSI perfusion during the reperfusion phase of the 1, 10, and 
45 min I/R experiments. *p<0.05 for 1 min I/R versus 10 min I/R and †p<0.05 for 45 
min I/R versus 1 min I/R and 10 min I/R.

Suprarenal aortic occlusion led to stopped RBF and microvascular perfusion (measured 
using LSI and LDV) and an increased MAP (Figures 1A and B). In the 1 min I/R 
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Figure 3A shows that the average native LSI perfusion heterogeneity (i.e., 
the SD of the Gaussian fit of the LSI perfusion histogram) in the kidney was 
approximately 190 flux. The maximum perfusion heterogeneity following infusion 
of the air bubble-enriched isotonic saline was approximately 60 flux (i.e., ~30%) 
higher than the native perfusion heterogeneity as shown in Figure 3B.

experiments, LSI was performed in combination with LDV and the techniques exhibited 
a strong correlation (Pearson r = 0.968) and linear relation (R2=0.936, p<0.001) (Figure 
1C). However, the ‘background flux’ (i.e., the measured flux at zero perfusion) was 
approximately 25 % higher with LDV compared to with LSI. Figure 1D shows that LSI is 
able to detect differences in reperfusion dynamics following different durations of 
ischemia. Furthermore, LSI evinced that renal cortical microvascular reperfusion is 
depressed following 45 min of ischemia early in the reperfusion phase.

Heterogeneous I/R experiment

To demonstrate the ability of LSI to image highly heterogeneous microvascular 
perfusion in the kidney, air bubble-enriched isotonic saline was infused, randomly 
obstructing microcirculatory branches. A typical experiment is shown in Figure 2. 
Infusion of air bubble-enriched isotonic saline first led to complete obstruction of the 
renal cortical artery (Figure 2B, 7 s post-infusion) after which the bubbles gradually 
dissolved (maximal heterogeneity; Figure 2C, 14 s post-infusion) until normal renal 
cortical perfusion was restored (Figure 2D, 21 s post-infusion). As the kidney is 
somewhat spherical rather than flat, one region on the kidney surface has the exact angle 
with respect to the light source and the CCD camera such that it directly reflects the 
illumination light onto the camera. In this region, therefore, the camera is overexposed 
and the LSI perfusion calculation fails as shown in Figure 2.

Figure 2. Laser speckle imaging (LSI) perfusion maps before (A) and after (B-D) infusion 
of air bubble-enriched isotonic saline. The air bubbles first led to complete obstruction 
of the renal cortical artery (B, 7 s post-infusion) after which the bubbles gradually 
dissolved (C, 14 s post-infusion) until normal renal cortical perfusion was restored (D, 21 
s post-infusion). 

figure 2. Laser speckle imaging (LSI) perfusion maps before (A) and after (B-D) infusion of air 
bubble-enriched isotonic saline. The air bubbles first led to complete obstruction of the renal 
cortical artery (B, 7 s post-infusion) after which the bubbles gradually dissolved (C, 14 s post-
infusion) until normal renal cortical perfusion was restored (D, 21 s post-infusion).

figure 3. Laser speckle imaging (LSI) perfusion histograms before (A) and after (B) infusion of 
air bubble-enriched isotonic saline. The histograms were fitted with a Gaussian fit to determine 
the mean±SD of the LSI perfusion histograms. The SD of the Gaussian fit of the LSI perfusion 
histograms was interpreted as a measure of perfusion heterogeneity.

Figure 3A shows that the average native LSI perfusion heterogeneity (i.e., the SD of the 
Gaussian fit of the LSI perfusion histogram) in the kidney was approximately 190 flux. 
The maximum perfusion heterogeneity following infusion of the air bubble-enriched 
isotonic saline was approximately 60 flux (i.e., ~30%) higher than the native perfusion 
heterogeneity as shown in Figure 3B.

Figure 3. Laser speckle imaging (LSI) perfusion histograms before (A) and after (B) 
infusion of air bubble-enriched isotonic saline. The histograms were fitted with a 
Gaussian fit to determine the mean±SD of the LSI perfusion histograms. The SD of the 
Gaussian fit of the LSI perfusion histograms was interpreted as a measure of perfusion 
heterogeneity.

Discussion and conclusions

This is the first study to employ LSI for assessing renal cortical microvascular perfusion 
heterogeneities. We have used two types of LSI image analysis yielding either a single 
LSI perfusion value for the entire renal cortex or an LSI perfusion histogram, describing 
the perfusion heterogeneity in the renal cortex. The main findings were that: 1) full-field 
LSI measurements of renal microvascular perfusion were highly correlated to single-
point LDV measurements; 2) LSI is able to detect differences in reperfusion dynamics 
following different durations of ischemia; and 3) renal microvascular perfusion 
heterogeneities can be quantitatively assessed by recovering LSI perfusion histograms.

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]. Although both LSI and LDV are based on optical scattering by 
flowing cells and express the measured ‘velocity’ in units of flux, the flux-values provided 
by these techniques have a different physical and technical background as described
elsewhere [Briers et al., 2001]. When comparing LSI and LDV during I/R (Figure 1B), we 
found that LDV has a higher ‘background flux’, which is probably a technological rather 
than a physical issue as the LDV device employed here is a fiber-based system that 
possibly introduces additional background noise due to internal reflections in the fiber. 
The LSI device, being a non-contact system, does not have this problem. Overall, 
however, LSI and LDV showed good agreement during the I/R experiments. Several 
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discussiOn and cOnclusiOns

This is the first study to employ LSI for assessing renal cortical microvascular 
perfusion heterogeneities. We have used two types of LSI image analysis yielding 
either a single LSI perfusion value for the entire renal cortex or an LSI perfusion 
histogram, describing the perfusion heterogeneity in the renal cortex. The main 
findings were that: 1) full-field LSI measurements of renal microvascular perfusion 
were highly correlated to single-point LDV measurements; 2) LSI is able to detect 
differences in reperfusion dynamics following different durations of ischemia; and 
3) renal microvascular perfusion heterogeneities can be quantitatively assessed 
by recovering LSI perfusion histograms.

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]. Although both 
LSI and LDV are based on optical scattering by flowing cells and express the 
measured ‘velocity’ in units of flux, the flux-values provided by these techniques 
have a different physical and technical background as described elsewhere [Briers 
et al., 2001]. When comparing LSI and LDV during I/R (Figure 1B), we found that 
LDV has a higher ‘background flux’, which is probably a technological rather 
than a physical issue as the LDV device employed here is a fiber-based system 
that possibly introduces additional background noise due to internal reflections 
in the fiber. The LSI device, being a non-contact system, does not have this 
problem. Overall, however, LSI and LDV showed good agreement during the I/R 
experiments. Several other studies have shown good agreement between LSI and 
LDV measurements. Dunn et al. demonstrated that LSI and LDV measurements 
of cerebral blood flow were linearly related (R2 = 0.98) during focal ischemia 
and cortical spreading depression in rats [Dunn et al., 2001]. Moreover, Forrester 
et al. showed that LSI and LDV measurements respond similarly to perfusion 
alterations in the human skin and rabbit muscle during I/R and thermal stress 
[Forrester et al., 2002]. In addition, Stewart et al. have shown that a linear 
relation (R2 = 0.86) between LSI and LDV measurements also exists in skin burn 
scars [Stewart et al., 2005]. However, none of these studies were performed on 
the kidney in which microvascular perfusion heterogeneities are considered a 
major complication underlying AKI. The present study therefore serves as a frame 
of reference for future investigations focusing on renal microvascular perfusion 
heterogeneities under (patho)physiological conditions.

Furthermore, two types of image analysis were used, illustrating the wide 
range of experimental (and clinical) LSI applications for the detection of 
microvascular perfusion alterations. Using LSI we were able to detect differences 
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in reperfusion dynamics following different durations of ischemia and it could 
be shown that renal cortical microvascular reperfusion is depressed following 45 
min of ischemia early in the reperfusion phase. Additionally, the generation of LSI 
perfusion histograms provides a quantitative method for scoring microvascular 
perfusion heterogeneities in time.

In previous studies investigating renal oxygenation distributions in a rat model 
of endotoxemia [Johannes et al., 2009a,b,c], the width of the oxygenation 
histograms was considered a measure of oxygenation heterogeneities and was 
shown to be related to renal dysfunction. Here, we applied a Gaussian function 
(providing a mean±SD) to characterize the shape, and thereby the width 
(reflected by the SD), of the LSI perfusion distributions. Although in this model 
of heterogeneous I/R, the LSI perfusion distributions were well-described by a 
mean- and SD-value. In other scenarios, however, a different descriptor, such as 
a medium and interquartile range, might be used.

Alternative techniques for imaging organ perfusion heterogeneities are 
scanning LDV [O’Doherty et al., 2009], thermography or infrared imaging 
[Gorbach et al., 2003, 2008], and NADH autofluorescence imaging [Fitzgerald 
et al., 2004; Raman et al., 2009; O’Doherty et al., 2009]. Scanning LDV is a 
relatively slow technique (typically 10-60 s/image) and therefore very sensitive to 
movement artifacts and not capable of measuring rapid perfusion changes under 
I/R conditions [O’Doherty et al., 2009]. Thermography, in contrast, is capable of 
generating images of tissue perfusion at a high frame rate [Gorbach et al., 2003]. 
However, thermography is based on changes in tissue temperature following 
changes in tissue perfusion and is therefore integrative in both the time- and 
space-domain. Due to the thermal capacity of the tissue, rapid changes in tissue 
perfusion do not immediately induce rapid changes in tissue temperature and, 
furthermore, thermal diffusion limits the spatial resolution of the technique. 
Moreover, the temperature distribution visualized by the infrared camera is 
determined by a number of factors, including convection, heat generation by 
metabolic processes, and heat dissipation at the organ surface, and hence does 
not solely reflect organ perfusion [Gorbach et al., 2008]. Similar arguments hold 
for NADH autofluorescence imaging, where the NADH level depends on both 
oxygen delivery by microvascular blood flow and oxygen utilization by metabolic 
processes [Coremans et al., 2000; Fitzgerald et al., 2004; Rosenberger et al., 
2006]. An increase of the NADH level indicates that the balance of oxygen 
delivery and utilization is disturbed and that microvascular perfusion is insufficient 
in oxygenating the organ. NADH autofluorescence imaging is therefore able to 
identify hypoxic tissue areas, but does not directly reflect tissue microvascular 
perfusion. Hence, both thermography and NADH autofluorescence imaging 
are indirect measures of renal microvascular perfusion, while the LSI signal is 
directly and linearly related to microvascular red blood cell velocity [Briers, 2001; 
Bezemer et al., 2010a]. Furthermore, the 25 Hz LSI image acquisition rate allows 
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the detection of rapid changes (Figure 1B) and spatial variations (Figure 2) in 
perfusion in the entire field of view.   

LSI has, however, some technical limitations. First, as the technique is based 
integration of fluctuations in the laser speckle pattern, it is sensitive to movement 
artifacts. However, the sensitivity of LSI to movement artifacts is much lower 
compared to that of scanning LDV due to the much shorter image acquisition 
time of LSI (i.e., ~4 ms for LSI versus 10-60 s for scanning LDV). Nevertheless, 
movement artifacts, for example caused by animal respiration, are an important 
issue possibly leading to misinterpretation of (falsely) measured LSI perfusion. In 
the present study, we prevented kidney movement by stabilizing it in a kidney 
cup. Second, LSI equipped with a 780-nm laser diode for illumination has an 
imaging depth of approximately 300-600 µm and is therefore limited to the 
organ surface [O’Doherty et al., 2009]. In case of renal imaging, this is not per se 
a shortcoming of the technique, as renal microcirculatory heterogeneities have 
been shown to be more prominent in the renal cortex as opposed to the renal 
medulla [Legrand et al., 2008, 2009; Johannes et al., 2009a,b]. Hence, focusing 
on the renal cortex rather than the cortex and medulla might prove to be more 
sensitive to the pathophysiological conditions underlying AKI.

In conclusion, in the present study we have evaluated the use of LSI for 
mapping renal cortical microvascular perfusion heterogeneities. We found that 
LSI and LDV measurements were in good agreement and that LSI is able to detect 
differences in reperfusion dynamics following different durations of ischemia. 
We have furthermore shown that LSI enables simultaneous assessment of renal 
microvascular perfusion in different regions of the renal cortex at high temporal 
and spatial resolution and that the generation of LSI perfusion histograms 
provides a quantitative method for scoring renal microvascular perfusion 
heterogeneity in time. 
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aBstract

The pathophysiology of sepsis-induced acute kidney injury remains poorly 
understood. As changes in renal perfusion and oxygenation have been shown, 
we aimed to study the short-term effects of endotoxemia on microvascular and 
interstitial oxygenation in the cortex and medulla, in conjunction with global 
and renal hemodynamics. To this end, in a 4-hour rat model of endotoxemia, we 
simultaneously assessed renal artery blood flow and microvascular and interstitial 
oxygen tensions (µPO2 and tPO2, respectively) in the renal cortex and medulla 
using ultrasonic flowmetry, dual wavelength phosphorimetry, and tissue oxygen 
tension monitoring, respectively. We found that medullary microvascular and 
interstitial oxygen tensions decreased promptly in line with macrovascular blood 
flow and that changes in cortical oxygenation were only seen later on. During 
the entire experimental protocol, the gradient between µPO2 and tPO2 remained 
unchanged in both cortex and outer medulla. At study end, urine output was 
significantly decreased despite a maintained oxygen consumption rate. Hence, 
in this 4-hour rat model of endotoxemia, total renal oxygen consumption and 
the gradient between µPO2 and tPO2 remained unaltered, despite falls in renal 
perfusion and oxygen delivery and urine output. 
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intrOductiOn

During endotoxemia, the balance between renal microcirculatory oxygen delivery 
and cellular oxygen consumption is significantly disturbed. Although oxygen 
diffusion, which relies on radial oxygen gradients between the microvasculature 
and tissue, represents a crucial step in cellular oxygen delivery, no studies have 
simultaneously assessed renal microvascular and interstitial oxygen tensions 
under endotoxemic conditions. The kidney is a high metabolic rate organ with 
a complex microvascular structure that is particularly prone to injury from sepsis 
and other inflammatory insults [Uchino et al., 2005]. Although early recognition 
of renal hypoperfusion and prompt resuscitation ameliorates the degree of renal 
dysfunction, the lack of significant progress in its prevention and management can 
be attributed to a still incomplete insight into the underlying pathophysiological 
mechanisms. Of note, glomerular filtration rate is often reduced in resuscitated 
animals, despite restored systemic hemodynamics and renal blood flow [Thijs and 
Thijs, 1998]. 

We previously reported that short-term endotoxemia had a variable effect on 
tissue oxygenation in different organ systems [Dyson et al., 2007]. While bladder 
tissue oxygenation rose and liver tissue oxygenation fell, there was no change in 
resting skeletal muscle or renal cortex. We also showed that renal microvascular 
oxygenation is highly sensitive to endotoxemia [Johannes et al., 2006; 2009a]. 
These and other conflicting results [Linder et al., 1974; Gullichsen, 1991; James 
et al., 1996], leave the role of oxygen (or lack thereof) in endotoxemia-induced 
acute renal failure uncertain. 

Consequently, we aimed to study the complex changes associated with 
endotoxemia that occur in different compartments of the kidney (cortex and 
medulla) and at different levels of cellular oxygen delivery (microvasculature 
and interstitium) in relation to global and renal hemodynamics. To this end, we 
simultaneously assessed renal artery blood flow and microvascular and interstitial 
oxygen tensions in the renal cortex and medulla using ultrasonic flowmetry, dual 
wavelength phosphorimetry, and tissue oxygen tension monitoring, respectively, 
in a 4-hour endotoxic rat model. We hypothesized there would be a discrepancy 
between the effects of endotoxemia at the microvascular and interstitial levels, 
which would be reflected by changed oxygen tension gradients.

materials and methOds

in vitro comparison

An in vitro comparison was made between oxygen tensions measured by a custom-
made dual-wavelength phosphorimeter (Academic Medical Center, Amsterdam, 
The Netherlands) and large area sensor [LAS™] probes connected to an Oxylite™ 
monitoring system (Oxford Optronix, Oxford, UK). This was performed at normal 
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physiological pH (7.4) and temperature (37 °C) in an open flask containing water 
with 2% bovine serum albumin (Sigma-Aldrich, St Louis, MO) and 10 μM Oxyphor 
G2 (Oxygen Enterprises, Philadelphia, PA). The oxygen tension was decreased 
from 160 (ambient) to 0 mmHg in continuous fashion by blending pure N2 and 
O2. Twenty five measurements were made within this range.

in vivo study

Male Wistar rats (Harlan, Horst, The Netherlands) of approximately 300 g body 
weight were used in all experiments. Prior to use, animals were housed in cages of 
six on an alternating 12 hour light–dark cycle with free access to food and water. 
All experiments were reviewed and approved by the Animal Research Committee, 
Academic Medical Center, University of Amsterdam. Care and handling of the 
animals was in accordance with the guidelines of the Institutional Animal Care 
and Use Committees (IACUC). Anesthesia was induced by intraperitoneal (i.p.) 
administration of sodium pentobarbital (60 mg/kg; ASTfarma, Oudewater, The 
Netherlands). The abdomen, chest and neck were depilated and sulfentanil (20 
μg/kg; Janssen-Cilag, Tilburg, The Netherlands) was administered i.p. prior to 
surgery. Animals were placed on a heated mat to maintain core body temperature 
at 37°C, assessed using a rectal thermometer inserted. 

A 3 cm vertical incision was made in the neck with the salivary glands 
separated by careful blunt dissection. A tracheostomy was rapidly sited using 
2.08 mm external diameter polythene tubing (Dräger Medical Inc, Telford, 
PA), and connected to a neonatal ventilator (Dräger Medical Inc), adjusted to 
maintain end-tidal PCO2 at 35-40 mmHg. The left common carotid artery and 
right internal jugular vein were located, isolated and cannulated using 0.96 mm 
outside diameter PVC tubing (Biocorp Ltd, Huntingdale, Australia). Both vascular 
lines were flushed with 0.1 ml heparinized saline (Baxter Healthcare, Utrecht, 
The Netherlands) and a small quantity of blood drawn back to ensure correct 
placement and patency of the lines. The arterial line was connected to a pressure 
transducer and anesthesia subsequently maintained by continuous i.v. infusion of 
propofol (10 μg/kg/h; Fresenius Kabi, Utrecht, The Netherlands) and sulfentanil 
(7.5 μg/kg/h). A continuous i.v. fluid infusion of Ringer’s lactate solution (Baxter 
Healthcare, Utrecht, The Netherlands) was administered at a rate of 20 ml/
kg/h for the duration of the experiment to ensure adequate filling throughout 
(determined from pilot studies).

The bladder was cannulated through a midline laparotomy using 1.57 mm 
external diameter polythene tubing (Portex Ltd, Hythe, UK) inserted through a 
small incision at the apex. To allow access to the renal vasculature, the cecum and 
small intestine were wrapped in cling film and placed outside the abdominal cavity. 
The left kidney was carefully isolated from surrounding fatty tissue, decapsulated 
and immobilized in a Lucite kidney cup (K. Effenberger, Pfaffingen, Germany). 
A perivascular ultrasonic flow probe (1 mm diameter; Transonic Systems, Ithaca, 
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NY) was coated in a water-soluble lubricant and placed around the left renal 
artery to measure renal macrovascular blood flow. This probe has been validated 
for use in anesthetized small animal models [Welch et al., 1995]. Blood flow is 
measured using two acoustic signals; the difference between the upstream and 
downstream transit times reflect the rate of blood flow [Tabrizchi et al., 2000].

Following instrumentation, 6 mg/kg Oxyphor G2 dissolved in Ringer’s lactate 
was administered at a rate of 20 ml/kg/h over ten minutes with the background 
fluid infusion temporarily suspended. Animals were allowed to settle for 30 
minutes to achieve stable baseline variables (Figure 1b), and then randomly 
divided into two groups; sham-operated controls (n=5) and endotoxemia (n=6). 
Endotoxemia was induced by intravenous infusion of 2.5 mg/kg endotoxin (E.coli 
lipopolysaccharide, serotype 0127:B8, Sigma, Zwijndrecht, The Netherlands) 
given over 15 minutes. Both groups were monitored for a further four hours 
prior to sacrifice. An additional bolus of Oxyphor G2 (2 mg/kg in 0.3 ml Ringer’s 
lactate) was administered halfway through each experiment (i.e., at 120 min, 
Figure 1b).

carefully isolated from surrounding fatty tissue, decapsulated and immobilized in a 
Lucite kidney cup (K. Effenberger, Pfaffingen, Germany). A perivascular ultrasonic flow 
probe (1 mm diameter; Transonic Systems, Ithaca, NY) was coated in a water-soluble 
lubricant and placed around the left renal artery to measure renal macrovascular blood 
flow. This probe has been validated for use in anesthetized small animal models [Welch 
et al., 1995]. Blood flow is measured using two acoustic signals; the difference between 
the upstream and downstream transit times reflect the rate of blood flow [Tabrizchi et 
al., 2000]. 

Following instrumentation, 6 mg/kg Oxyphor G2 dissolved in Ringer’s lactate was 
administered at a rate of 20 ml/kg/h over ten minutes with the background fluid 
infusion temporarily suspended. Animals were allowed to settle for 30 minutes to 
achieve stable baseline variables (Figure 1b), and then randomly divided into two 
groups; sham-operated controls (n=5) and endotoxemia (n=6). Endotoxemia was 
induced by intravenous infusion of 2.5 mg/kg endotoxin (E.coli lipopolysaccharide, 
serotype 0127:B8, Sigma, Zwijndrecht, The Netherlands) given over 15 minutes. Both 
groups were monitored for a further four hours prior to sacrifice. An additional bolus of 
Oxyphor G2 (2 mg/kg in 0.3 ml Ringer’s lactate) was administered halfway through each 
experiment (i.e., at 120 min, Figure 1b).

Figure 1. Surgical set-up (a) and experimental protocol (b). Pre-experiment Oxyphor G2 
infusion; 6 mg/kg, mid-experiment Oxyphor G2 bolus; 2 mg/kg. Endotoxin was infused 
over a 15 minute period.

figure 1. Surgical set-up (a) and experimental protocol (b). Pre-experiment Oxyphor G2 
infusion; 6 mg/kg, mid-experiment Oxyphor G2 bolus; 2 mg/kg. Endotoxin was infused over a 
15 minute period.
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microvascular oxygen tension

Two fiber-optic light guides encased in a common bundle of 5.5 mm diameter 
were fixed 1 mm above the surface of the kidney and connected to a custom-
made phosphorimeter for measurement of microvascular PO2 (μPO2) [Johannes 
et al., 2006]. The phosphor compound used in this study (Oxyphor G2; Oxygen 
Enterprises, Philadelphia, PA) readily binds to macromolecules such as albumin, 
thus ensuring oxygen measured by the phosphorimetry technique is confined 
to the microvascular compartment. Using two distinct excitatory wavelengths 
of light allows the measurement of microvascular oxygen tensions within the 
kidney at two depths. Using anatomically reconstructed kidney slices, we have 
previously shown penetration to depths of 0.5 and 4 mm with 440 and 632 
nm light wavelengths, respectively. These depths correspond to the renal cortex 
and outer medulla. The principles of dual-wavelength phosphorimetry are 
fundamentally identical to those for the tissue oxygen sensors described below; 
lifetimes of emitted light (around 800 nm) are inversely proportional to the local 
microvascular PO2, according to the Stern-Volmer equation: (t0/t1)=1+(kqxt0x[O2]), 
where t0 is the decay time at zero oxygen, t1 is the decay time at a specific 
oxygen concentration [O2] and kq is a quenching rate constant that denotes the 
probability of a photoluminescent molecule and oxygen molecule colliding [Stern 
and Volmer, 1919]. As luminescence decay is longer at a lower PO2, accurate 
measurements can be made within the physiologic range (0-80 mmHg)..

tissue oxygen tension

Large area sensor (LAS™) oxygen optodes (0.7 mm in diameter) connected 
to an Oxylite™ tissue monitoring system were inserted into the left kidney 
to depths of 1-2 mm and 3-4 mm, and later withdrawn to 0-1 mm and 2-3 
mm to prevent anomalous measurements resulting from local hematoma. This 
allowed continuous tissue oxygen tension (tPO2) monitoring in the renal cortex 
and outer medulla, respectively [Whitehouse et al., 2006]. The sensor works 
by sending pulses of light (475 nm) along a fiber-optic cable to a platinum-
complex photoluminophore situated at the tip of the probe. Upon excitation, 
the luminophore emits light (600 nm) back to the detection unit, the lifetime of 
which is inversely proportional to the local PO2, according to the Stern-Volmer 
equation [Stern and Volmer, 1919].

data analysis

Mean arterial pressure, macrovascular renal blood flow and microvascular oxygen 
tensions were continuously recorded using custom-made software programmed 
in LabView 6.1 (National Instruments, Austin, Tx). Tissue oxygen tensions were 
recorded at 15 minute intervals. Urine output was measured in the last 30 minutes 
of each experiment. At the end of each experiment, carotid arterial and renal 
venous hemoglobin, oxyhemoglobin saturation and PO2 were measured using 
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a blood gas analyzer (ABL-505 Analyzer, Radiometer, Copenhagen, Denmark) 
allowing a number of oxygen-derived parameters to be calculated. Arterial 
oxygen content was calculated as CaO2 [ml/l]=(HbxSaO2x1.39)+(PaO2x0.003). 
Renal venous oxygen content was calculated as CrvO2 [ml/l]=(HbxSrvO2x1.39)+(P
rvO2x0.003). Renal oxygen delivery was calculated as DO2ren [ml/min]=CaO2xRBF. 
Renal oxygen consumption was calculated as VO2ren [ml/min]=(CaO2-CrvO2)
xRBF. Renal oxygen extraction ratio was calculated as O2ER [%]=(CrvO2/CaO2)
x100. Here, RBF is renal blood flow [ml/min], Hb is the hemoglobin level [g/dl], 
PaO2 is the arterial partial pressure of oxygen [mmHg], PrvO2 is the renal venous 
partial pressure of oxygen [mmHg], SaO2 is the arterial hemoglobin saturation 
[%], SrvO2 is the renal venous hemoglobin saturation [%].

All raw and calculated data are expressed as median [range] and analyzed 
using Prism 5.0 (GraphPad Software, San Diego, CA). In vitro calibration data 
were analyzed using linear regression analysis and Bland-Altman tests. Temporal 
hemodynamic and renal oxygenation measurements were analyzed using the 
Friedman test (non-parametric, repeated measures) followed by Dunn’s test for 
post-hoc comparisons. All other data were analyzed using the non-parametric 
Mann-Whitney test.

results

in vitro comparison

A tight correlation was found between the OxyliteTM and phosphorimeter-derived 
oxygen measurements (r2=0.99; p<0.001; plot not shown). Bland-Altman testing 
also showed the two methods to be comparable (bias of -6.6 mmHg with limits 
of agreement of -15.8 and 2.6 mmHg; plot not shown). As photoluminescence/
phosphorescence decay is shorter at high PO2 values, oxygen measurements 
became less accurate. However, a bias of -6.6 mmHg corresponds to <10% over 
the range 0-80 mmHg.

in vivo study

All animals survived for the duration of the experiment (240 minutes). All 
hemodynamic and renal oxygenation measurements in sham-operated control 
animals remained constant throughout the experiment (p>0.05 compared 
to baseline; not shown). Induction of endotoxemia caused the characteristic 
biphasic drop in blood pressure and renal blood flow with an immediate decrease 
in blood pressure (from 95 [77–121] mmHg at baseline to 46 [22–66] mmHg 
at 15 minutes) followed by partial recovery within an hour. The second drop in 
blood pressure was more protracted but similar in magnitude to the first (34 
[33–51] mmHg at 240 minutes). A similar pattern was observed for renal artery 
blood flow (Figure 2). Oxygen tensions were higher in the microvasculature in 
both anatomical compartments measured (Figure 2). Oxygen measurements 
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were also higher in the renal cortex compared to the outer medulla. Differences 
were seen in the cortical and medullary PO2 responses to endotoxin. Whereas 
oxygen tensions in the outer medulla were affected by the immediate drop in 
blood pressure and renal blood flow, cortical oxygen tensions remained stable. 
In line with improvements in blood pressure and renal blood flow, medullary 
oxygenation recovered to baseline level within 30 min. During the later phase 
of the experiment, medullary and cortical oxygenation both decreased in line 
with the secondary decline in blood pressure and renal blood flow. After three 
hours, cortical and medullary oxygenation were both significantly decreased 

with respect to baseline. During the entire experimental protocol, the gradient between 
µPO2 and tPO2 remained unchanged in both the cortex and the outer medulla (Figure 2). 

Figure 2. Effects of endotoxemia on global and renal hemodynamics and renal 
oxygenation. *p<0.05 vs baseline. μPO2; microvascular oxygen tension, tPO2; tissue 
oxygen tension.

At study end (4 hours), carotid arterial and renal venous blood gas analyses were 
performed, allowing a number of oxygen-derived parameters to be calculated (Figure 3, 
Table 1). Arterial PO2, hemoglobin levels, saturation, and oxygen content were similar in 
sham-operated and LPS-treated animals. By contrast, a reduction in renal venous PO2, 
oxyhemoglobin saturation, and oxygen content was observed, albeit not significantly 
(p=0.06; Table 1). Whereas calculated renal oxygen delivery decreased by 65% (3.6 [2.6–
6.2] ml/min vs 1.1 [0.5–2.5] ml/min for sham-operated and endotoxin-treated animals, 

figure 2. Effects of endotoxemia on global and renal hemodynamics and renal oxygenation. 
*p<0.05 vs baseline. μPO2; microvascular oxygen tension, tPO2; tissue oxygen tension.
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with respect to baseline. During the entire experimental protocol, the gradient 
between µPO2 and tPO2 remained unchanged in both the cortex and the outer 
medulla (Figure 2). 

At study end (4 hours), carotid arterial and renal venous blood gas analyses were 
performed, allowing a number of oxygen-derived parameters to be calculated 
(Figure 3, Table 1). Arterial PO2, hemoglobin levels, saturation, and oxygen 
content were similar in sham-operated and LPS-treated animals. By contrast, a 
reduction in renal venous PO2, oxyhemoglobin saturation, and oxygen content 
was observed, albeit not significantly (p=0.06; Table 1). Whereas calculated renal 
oxygen delivery decreased by 65% (3.6 [2.6–6.2] ml/min vs 1.1 [0.5–2.5] ml/min 
for sham-operated and endotoxin-treated animals, respectively; p<0.05), renal 
oxygen consumption was similar in sham- (0.6 [0.3–1.1] ml/min) and endotoxin-
treated (0.5 [0.3–0.6] ml/min) animals (p=0.41; Figure 3). Oxygen extraction was 
significantly higher (48 [25–62]% vs 16 [5–29]%) in endotoxemic animals (Figure 
3), thus oxygen consumption was maintained despite the concurrent decrease in 
renal oxygen delivery. Urine output in endotoxin-treated animals was significantly 
depressed in endotoxin-treated animals, (500 [360–740] ml/min vs 80 [0–470] 
ml/min; p<0.01; Figure 3). Endotoxemic animals also became acidemic with 
higher arterial base deficit values at study end compared with sham-operated 
controls (p<0.05; Table 1).

respectively; p<0.05), renal oxygen consumption was similar in sham- (0.6 [0.3–1.1] 
ml/min) and endotoxin-treated (0.5 [0.3–0.6] ml/min) animals (p=0.41; Figure 3). 
Oxygen extraction was significantly higher (48 [25–62]% vs 16 [5–29]%) in endotoxemic 
animals (Figure 3), thus oxygen consumption was maintained despite the concurrent 
decrease in renal oxygen delivery. Urine output in endotoxin-treated animals was 
significantly depressed in endotoxin-treated animals, (500 [360–740] ml/min vs 80 [0–
470] ml/min; p<0.01; Figure 3). Endotoxemic animals also became acidemic with higher 
arterial base deficit values at study end compared with sham-operated controls (p<0.05; 
Table 1).

Figure 3. Effects of endotoxemia on renal oxygen-derived variables and urine output at 
the end of each experiment. *p<0.05 vs sham. 

figure 3. Effects of endotoxemia on renal oxygen-derived variables and urine output at the 
end of each experiment. *p<0.05 vs sham.
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discussiOn and cOnclusiOns

In  the present study we aimed to investigate the complex changes associated 
with endotoxemia that occur in different compartments of the kidney (cortex 
and medulla) and at different levels of cellular oxygen delivery (microvasculature 
and interstitium) in relation to global and renal hemodynamics. To this end, we 
simultaneously assessed renal artery blood flow and microvascular and interstitial 
oxygen tensions in the renal cortex and medulla using ultrasonic flowmetry, dual 
wavelength phosphorimetry, and tissue oxygen tension monitoring, respectively, 
in a 4-hour endotoxic rat model. We found that in the first, immediate phase of 
endotoxemia, renal medullary oxygen tensions decreased and then recovered in 
line with renal blood flow, whereas cortical oxygen tensions remained stable. 
By contrast, in a second phase occurring after a few hours, both medullary and 
cortical oxygenation decreased in line with renal blood flow. Even though renal 
blood flow and oxygen delivery were markedly decreased and urine output fell, 
overall renal oxygen consumption was maintained as was the gradient between 
microvascular and interstitial PO2 in both cortex and outer medulla. 

While we have previously shown in a well-fluid resuscitated model that short-
term (3-hour) endotoxemia did not affect renal cortical tissue oxygenation [Dyson 
et al., 2007], microvascular oxygenation in this region was highly sensitive to 
endotoxemia [Johannes et al., 2006, 2009a]. Hence, we hypothesized that there 
would be a discrepancy between the effects of endotoxemia at the microvascular 

table 1. Effects of endotoxemia on arterial and renal venous blood gas parameters and 
oxygen derived-variables.

sham endotoxin p value

Arterial oxygenation
Hemoglobin [g/dl] 15.0 (14.3 – 16.0) 15.9 (14.6 – 18.2) 0.33

PaO2 [mmHg] 257 (188 – 280) 251 (191 – 258) 0.56

SaO2 [%] 96 (94 – 98) 96 (94 – 97) 0.90

CaO2 [ml/l] 194 (185 – 203) 205 (189 – 231) 0.39

Renal venous oxygenation
PrvO2 [mmHg] 63 (40 – 97) 32 (10 – 55) 0.06

SrvO2 [%] 79 (68 – 91) 50 (32 – 55) 0.06

CrvO2 [ml/l] 161 (141 – 175) 100 (78 – 158) 0.06

Other
Arterial base deficit [mmol/l] 4.1 (1 – 5.2) 10.6 (7.7 – 16.4) 0.02

Arterial Na+ [mmol/l] 140 (137 – 147) 140 (129 – 144) 0.54

Arterial K+ [mmol/l] 4.0 (3.7 – 5.0) 5.8 (4.9 – 7.6) 0.03

CaO2; arterial oxygen content, CrvO2; renal venous oxygen content, PaO2; arterial partial 
pressure of oxygen, PrvO2; renal venous partial pressure of oxygen, SaO2; arterial hemoglobin 
saturation, SrvO2; renal venous hemoglobin saturation.
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level compared to those at the interstitial level, which would be reflected by 
changed oxygen tension gradients. However, in contrast, we found that the 
gradient between µPO2 and tPO2 remained unchanged in both cortex and 
outer medulla, indicating that the microvascular and interstitial oxygen tensions 
remained matched and that renal oxygen consumption rate could be maintained 
in both renal compartments by increasing oxygen extraction, at least in the 
short-term. Hence, in our model, renal oxygen uptake was not limited by the 
diffusion driving pressure as the gradient between microvascular and interstitial 
PO2 was maintained, even under conditions of depressed renal oxygen delivery 
and potential edema and inflammation associated with endotoxemia.

The maintained level of renal oxygen consumption is in agreement with 
that found in another rodent endotoxic study [Heemskerk et al., 1997]. By 
contrast, oxygen consumption during hemorrhage decreased in line with oxygen 
delivery, thereby maintaining tissue oxygen tension [Schlichtig et al., 1991]. 
Although, activated neutrophils consume oxygen to generate free radicals, the 
inflammatory cell infiltrate into the kidney is not large and thus unlikely to explain 
the maintained level of oxygen consumption. Heemskerk et al. postulated that 
the proximal tubular epithelium may become more leaky as a result of vascular 
inflammation which, theoretically, could result in more back-flux of sodium 
and an increased workload required for reabsorption [Heemskerk et al., 1997]. 
Furthermore, Weber et al. demonstrated that the quantity of sodium reabsorbed 
to oxygen consumed decreases during endotoxemia, thus implying increased 
energy expenditure for tubular transport and/or renal synthetic activities [Weber 
et al., 1992]. Taken in conjunction with the decrease in urine output and a 
worsening in plasma biochemistry, our results could represent either a functional 
renal impairment or, arguably, an adaptive response [Thurau and Boylan, 1976]. 
By decreasing glomerular filtration rate in response to a diminished renal blood 
flow, less energy would need to be expended by the tubules to reabsorb large 
volumes of salt and water, especially in the presence of increased vascular leak, 
thereby protecting the kidney from irreversible or, at least, long lasting damage. 
The oliguria could thus be viewed as a protective response to prevent uncontrolled 
urine loss due to a failure to reabsorb sufficient fluid. 

It could be alternatively hypothesized that a functional renal impairment 
(falling urine) in combination with sufficient microvascular oxygenation (i.e., 
a non-compromised oxygen tension gradient between microvasculature and 
interstitium) could be related to occult hypoxic areas that are not detected by the 
applied techniques [Johannes et al., 2009a,b,c; Bezemer et al., 2010c]. Previously, 
phosphorescence lifetime deconvolution, a method allowing the retrieval of the 
PO2 histograms that make up the average PO2 value as measured in the present 
study, revealed that the acute drop in mean medullary µPO2 following endotoxin 
administration was due to a homogenously low µPO2 [Johannes et al., 2006, 
2009a]. Conversely, the cortical μPO2 was highly heterogeneous with a large 
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fraction of low µPO2 values that did not exist prior to endotoxemia. This increase 
in cortical heterogeneity however did not overly affect the average µPO2 value, as 
also reflected in the current study during the early phase of endotoxemia.

Interpretation of the results presented here should be done with great care as 
several methodological considerations exist. First, Bland-Altman analysis revealed 
a small bias between the Oxyphor- and Oxylite-mediated PO2 measurements; i.e., 
Oxyphor-mediated (microvascular) measurements were slightly, but consistently, 
7 mmHg higher than the Oxylite-mediated (interstitial) measurements. Second, 
the dual-wavelength phosphorimeter used in this study measures a mixture 
of arteriolar, capillary, and venular microcirculatory oxygen tensions. While 
longitudinal gradients between each of these vessel types clearly exist, a 
consistently higher PO2 was observed (significantly higher than the measurement 
bias revealed by Bland-Altman analysis) in the microvasculature compared to that 
in the interstitium. Third, a matter of potential concern when using albumin-
bound Oxyphor for microvascular oxygen tension measurements is for albumin 
leakage into the extravascular space, especially under endotoxemic conditions. 
If the albumin-bound Oxyphor would leak into the extravascular space, the 
gradient between the measured Oxyphor-derived ‘microvascular’ oxygen tension 
and the Oxylite-derived interstitial oxygen tension should become smaller over 
time. In the lower two panels of Figure 2 the gradient does not significantly differ 
in both the sham and endotoxin groups. Hence, this indicates that while some 
Oxyphor did leak into the extravascular space, this did not significantly affect our 
measurements and conclusions (at least for the time span of the present study). 
Fourth, There may also be issues with potential artefacts caused by local damage 
related to optode insertion. However, the responsiveness and consistent direction 
of the tissue oxygen measurements to changes in the macrocirculation in this and 
other studies [Dyson et al., 2007, 2009] do suggest reliability. The large surface 
area (up to 8 mm2 in tissue contact) of the optodes used in this study provide an 
averaged result within the tissue bed rather than a ‘pinpoint’ reading that may 
be proximal or distal to a nutrient vessel. 

Furthermore, this study has some limitations. Bolus administration of 
endotoxin to a rat model causes an overwhelming innate immune response that 
has similarities, though many disparities, to human and large-mammal sepsis 
[Langenberg et al., 2006, 2007; Chvojka et al., 2008]. Secondly, our findings are 
only applicable to this short-term rat model of acute endotoxemia associated with 
an initial marked hypotension and hypoperfusion. We did not address changes 
in flow and oxygen supply-demand balance that may occur later in the course 
of endotoxemia. The present study does not allow delineation between those 
effects directly related to hemodynamic alterations and those related to a direct 
inflammatory response. Next, the microvascular anatomy of the rat significantly 
differs from that of higher order species. Thus, observed distributive effects of 
endotoxemia on renal oxygenation may differ in humans and should not be 
directly translated to clinical scenarios. For example, the elongated medulla 
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of rat kidneys may have a different tolerance to ischemia than the medulla of 
human kidneys. Finally, in the present study, the renal microcirculation is broadly 
divided into two compartments: medulla and cortical. The renal microcirculation, 
however, is actually far more complex and the methodology applied does not 
allow us focus upon specific functional anatomical structures (e.g., glomerular, 
peritubular, outer versus inner medulla).

In conclusion, by simultaneous assessment of renal artery blood flow and 
microvascular and interstitial oxygen tensions in the renal cortex and medulla 
in a 4-hour rat model of endotoxemia, we found distinctive temporal changes 
in the different regions. While the gradient between µPO2 and tPO2 was higher 
than that reported in metabolically less active organs, this did not significantly 
change during a short-term endotoxemic insult. Despite the maintained oxygen 
consumption (reflected by both the oxygen tension gradient between the 
microvasculature and the interstitium and direct computation from blood gas 
analysis and renal blood flow), urine output was significantly decreased. This 
study provides integrative insight of the complex changes associated with 
endotoxemia that occur in different compartments of the kidney (i.e., cortex and 
medulla) and at different levels of cellular oxygen delivery (i.e., microvasculature 
and interstitium) in relation to global and renal hemodynamics.





Adapted from

R. Bezemer, D.J. Faber, E. Almac, J. Kalkman, M. Legrand, M. Heger, C. Ince
Medical and Biological Engineering and Computing 2010; 48(12):1233-42

7VALIDATION OF PHOSPHORIMETRY FOR  
THE ASSESSMENT OF MICROVASCULAR 
OxYGEN TENSION HETEROGENEITIES
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aBstract

Although it is generally accepted that oxygen-quenched phosphorescence 
decay traces can be analyzed using the exponential series method (ESM), its 
application until now has been limited to a few (patho)physiological studies, 
probably because the reliability of the recovered oxygen tension (pO2) histograms 
has never been extensively evaluated and lacks documentation. The aim of 
the present study was therefore to evaluate the use of the ESM to adequately 
determine pO2 histograms from phosphorescence decay traces. For this purpose 
we simulated decay traces corresponding to uni- and bimodal pO2 distributions 
and recovered the pO2 histograms at different signal-to-noise ratios (SNRs). 
Ultimately, we recovered microvascular pO2 histograms measured in the rat 
kidney in a model of endotoxemic shock and fluid resuscitation and showed 
that the mean microvascular oxygen tension, <pO2>, decreased after induction 
of endotoxemia and that after 2 h of fluid resuscitation, <pO2> remained low, 
but the hypoxic peak that had arisen during endotoxemia was reduced. This 
finding illustrates the importance of recovering pO2 histograms under (patho)
physiological conditions. In conclusion, the present study has characterized how 
noise affects the recovery of pO2 histograms using the ESM and documented 
the reliability of the ESM for recovering both low- and high-pO2 distributions for 
SNRs typically found in experiments. This study might therefore serve as a frame 
of reference for investigations focused on oxygen (re)distribution during health 
and disease and encourage researchers to (re-)analyze data obtained in (earlier) 
studies possibly revealing new insights into complex disease states and treatment 
strategies.
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intrOductiOn

Molecular oxygen (O2) 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 cell and organ function [Leverve, 2007]. The 
primary site of oxygen delivery from blood to organ cells is the microcirculation. 
Therefore, microcirculatory oxygenation is considered a parameter of key (patho)
physiological importance [Tsai et al., 2003; Van Bommel et al., 2008]. Hence, 
monitoring microcirculatory oxygenation under (patho)physiological conditions 
has been the focus of many studies, for example, to assess the severity of organ 
hypoxia during shock and to guide treatment strategies aimed at improving organ 
oxygenation [Ince and Sinaasappel, 1994]. Methods for quantitative assessment 
of microcirculatory oxygen tension (pO2) include invasive techniques, such as 
oxygen electrodes [Clark et al., 1953; Whalen et al., 1973], and non-invasive 
techniques, such as phosphorimetry [Vanderkooi and Wilson, 1986; Vanderkooi 
et al., 1987; Buerk et al., 1998; Poole et al., 2004; Ziemer et al., 2005; Springett 
and Swartz, 2007]. 

Phosphorimetry is a non-invasive optical method for measuring oxygen tension 
quantitatively in vivo, based on oxygen-dependent quenching of phosphorescence 
of metallo-porphyrins, such as palladium porphyrin [Vanderkooi and Wilson, 
1986; Vanderkooi et al., 1987; Dunphy et al., 2002]. The phosphorescence decay 
trace is measured and fitted using a mono-exponential curve. The pO2 is calculated 
using the Stern-Volmer relationship, which directly relates the phosphorescence 
decay rate (or lifetime) [Stern and Volmer, 1919]. Under (patho)physiological 
conditions, however, it has been well established that microvascular oxygenation 
could be spatially heterogeneously rather than homogenously distributed 
within the phosphorimetric measurement volume and that, within one organ, 
hypoxic tissue could co-exist with normoxic tissue [Ince and Sinaasappel, 1994; 
Zuurbier et al., 1999]. These hypoxic tissue fractions could potentially lead to 
organ dysfunction and therefore their detection is essential. Instead of mono-
exponential curve fitting of the phosphorescence decay trace, providing a single 
pO2 value for the phosphorimetric measurement volume, multi-exponential 
curve fitting could be used for the analysis of the decay traces, which provides a 
distribution (or histogram) of pO2 values [Johannes et al., 2009a,b,c]. 

The fundamental method for multi-exponential curve fitting analysis of 
fluorescent and phosphorescent decay traces for recovering pO2 distributions is 
the Exponential Series Method (ESM) [James and Ware, 1986]. An alternative 
analytical approach, the Maximum Entropy Method (MEM) [Livesey and Brochon, 
1987], was compared to the ESM and both methods were shown to be equally 
powerful in resolving underlying distributions, but since the ESM was significantly 
faster than the more complex MEM, ESM has been suggested as the method of 
choice [Siemiarczuk et al., 1990]. Furthermore, the MEM was recently questioned 
as recovered pO2 distributions sometimes contained nonphysiologically high 
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pO2 values. This was later attributed to the reduced accuracy of the MEM for 
high pO2 values due to noise [Wilson et al., 2006; Tsai et al., 2007]. Vinogradov 
and Wilson have reported a deconvolution method that used similar algebraic 
methodology as in the ESM, but where function minimization was approached 
though the application of quadratic programming principles [Vinogradov and 
Wilson, 1994]. This method provided results similar to the ESM in a significantly 
reduced computation time. Refinement of the ESM was proposed by Golub et 
al. by transforming the measured decay traces using a heterogeneity factor, as 
introduced by Zheng et al., which accounts for the difference between decay 
traces obtained from continuous quencher concentration distributions (i.e., the 
measured decay trace) and the equivalent discrete distributions (i.e., the decay 
trace obtained from the pO2 histogram as described by the ESM) [Zheng et al., 
1996; Golub et al., 1997]. 

Although it is generally accepted that the oxygen-quenched phosphorescence 
and delayed fluorescence decay traces can be analyzed using multi-exponential 
curve fitting, its application until now has been limited to a few (patho)physiological 
studies, probably because the reliability of the recovered pO2 histograms has never 
been extensively evaluated and lacks documentation. The aim of the present 
study is to extensively evaluate the ability of multi-exponential fitting analysis to 
adequately determine pO2 histograms from simulated decay traces at different 
signal-to-noise ratios (SNRs). In the first part of the study we tested whether 
the application of the heterogeneity factor as proposed by Golub et al. actually 
improves the recovery of pO2 histograms as this has never been shown; how noise 
affects the recovery of pO2 histograms; and whether the effects of noise could be 
suppressed by application of a median filter. However, the adverse effect of the 
heterogeneity factor is an amplification of both the signal and the noise at the 
end of the decay trace. Therefore, rather than transforming the phosphorescence 
decay trace using the heterogeneity factor and thereby amplifying the noise in 
the latter part of the trace, here we included the heterogeneity factor in the fit 
model as a modified version of the method developed by Golub and Zheng et al. 
and applied by Mik and Johannes et al. [Zheng et al., 1996; Golub et al., 1997; 
Johannes et al., 2006, 2009a,b,c; Mik et al., 2008, 2009]. In the second part 
of the study we applied multi-exponential curve fitting analysis for the recovery 
of bimodal pO2 distributions, with a hypoxic and a normoxic mode, at several 
SNRs and tested the ability of the analysis procedure to detect hypoxia. In the 
third part of the study, we applied multi-exponential curve fitting analysis for the 
recovery of microvascular pO2 histograms measured in the rat kidney in a model 
of endotoxemic shock and fluid resuscitation.
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materials and methOds

generation of decay traces

Analysis software for the simulation of pO2 distributions, conversion to decay 
traces, multi-exponential curve fitting analysis, and recovery pO2 histograms was 
written in LabView (version 8.6, National Instruments, Austin, Tx). 

The continuous input pO2 [mmHg] distributions simulated for this study 
were described by a single or double Gaussian function f(pO2), where f(pO2)≥0 
and ∑f(pO2)=1. The simulated pO2 distributions were subsequently converted 
to continuous decay rate (k [μs-1]) distributions via the Stern-Volmer equation: 
k(pO2)=k0+kq×pO2 [Stern and Volmer, 1919]. Here, k0 [μs-1] and kq [μs-1 mmHg-1] 
are the phosphor-dependent decay rate at pO2=0 mmHg and quenching 
constant, respectively. Decay traces P(t) were obtained by substitution of the pO2 
distributions into:   

( ) ( ) ( )∫ ⋅⋅+−= 22
20 dpOepOftP tpOkk q (1) 

To the decay traces, having an amplitude of 1 at t=0 as described by the Gaussian 
function, variable uniform white noise (representing mainly thermal noise) was added to 
set the SNR (defined as the maximum phosphorescence amplitude/peak-to-peak noise) 
from 100 to 10, representing SNRs typically found in experiments (a typical decay trace 
is presented in Figure 1B and 5A).

Multi-exponential curve fitting

The generated decay traces, corresponding to continuous pO2 distributions, were 
analyzed by multi-exponential curve fitting using a constrained Levenberg-Marquardt 
procedure, a procedure which minimizes the weighted sum of the squared residuals (i.e., 
data-fit) χ2. Multi-exponential fitting was performed by standard fitting of a sum of 
exponentials to the decay trace (i.e., the ESM) [James and Ware, 1986].  

In the ESM, the decay trace is fitted by a sum of N exponentials with fixed, uniformly 
spaced decay rates, ki(pO2), and variable pre-exponential fraction coefficients, fi(pO2), 
which are to be recovered. The histogram bins have a width of 2δ mmHg and are 
centered on pO2=δ+2iδ mmHg, where i=0, 1,…N-1: 
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Eq. 2 does not take into account the difference between decay traces obtained from 
continuous quencher concentration distributions (i.e., the measured decay trace eq. 1) 
and the equivalent discrete distributions (i.e., the decay trace obtained from the pO2

histogram as described by the ESM). To correct for this issue, Golub and Zheng et al. 
proposed to multiply the decay traces with a time-dependent heterogeneity factor 
[Zheng et al., 1996; Golub et al., 1997]:
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However, the heterogeneity factor amplifiies both the signal and the noise at the end of 
the decay trace and therefore, in the present study, rather than transforming the 
phosphorescence decay trace using the heterogeneity factor we included the 
heterogeneity factor in the fit model and thereby prevented amplification of the noise in 
the latter part of the trace (Figure 1). The fit model is then described by: 
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To the decay traces, having an amplitude of 1 at t=0 as described by the 
Gaussian function, variable uniform white noise (representing mainly thermal 
noise) was added to set the SNR (defined as the maximum phosphorescence 
amplitude/peak-to-peak noise) from 100 to 10, representing SNRs typically found 
in experiments (a typical decay trace is presented in Figure 1B and 5A).

multi-exponential curve fitting

The generated decay traces, corresponding to continuous pO2 distributions, 
were analyzed by multi-exponential curve fitting using a constrained Levenberg-
Marquardt procedure, a procedure which minimizes the weighted sum of the 
squared residuals (i.e., data-fit) χ2. Multi-exponential fitting was performed by 
standard fitting of a sum of exponentials to the decay trace (i.e., the ESM) [James 
and Ware, 1986].  

In the ESM, the decay trace is fitted by a sum of N exponentials with fixed, 
uniformly spaced decay rates, ki(pO2), and variable pre-exponential fraction 
coefficients, fi(pO2), which are to be recovered. The histogram bins have a width 
of 2δ mmHg and are centered on pO2=δ+2iδ mmHg, where i=0, 1,…N-1: 
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To the decay traces, having an amplitude of 1 at t=0 as described by the Gaussian 
function, variable uniform white noise (representing mainly thermal noise) was added to 
set the SNR (defined as the maximum phosphorescence amplitude/peak-to-peak noise) 
from 100 to 10, representing SNRs typically found in experiments (a typical decay trace 
is presented in Figure 1B and 5A).

Multi-exponential curve fitting
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analyzed by multi-exponential curve fitting using a constrained Levenberg-Marquardt 
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data-fit) χ2. Multi-exponential fitting was performed by standard fitting of a sum of 
exponentials to the decay trace (i.e., the ESM) [James and Ware, 1986].  

In the ESM, the decay trace is fitted by a sum of N exponentials with fixed, uniformly 
spaced decay rates, ki(pO2), and variable pre-exponential fraction coefficients, fi(pO2), 
which are to be recovered. The histogram bins have a width of 2δ mmHg and are 
centered on pO2=δ+2iδ mmHg, where i=0, 1,…N-1: 
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Eq. 2 does not take into account the difference between decay traces obtained from 
continuous quencher concentration distributions (i.e., the measured decay trace eq. 1) 
and the equivalent discrete distributions (i.e., the decay trace obtained from the pO2

histogram as described by the ESM). To correct for this issue, Golub and Zheng et al. 
proposed to multiply the decay traces with a time-dependent heterogeneity factor 
[Zheng et al., 1996; Golub et al., 1997]:
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However, the heterogeneity factor amplifiies both the signal and the noise at the end of 
the decay trace and therefore, in the present study, rather than transforming the 
phosphorescence decay trace using the heterogeneity factor we included the 
heterogeneity factor in the fit model and thereby prevented amplification of the noise in 
the latter part of the trace (Figure 1). The fit model is then described by: 
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Eq. 2 does not take into account the difference between decay traces obtained 
from continuous quencher concentration distributions (i.e., the measured decay 
trace eq. 1) and the equivalent discrete distributions (i.e., the decay trace obtained 
from the pO2 histogram as described by the ESM). To correct for this issue, Golub 
and Zheng et al. proposed to multiply the decay traces with a time-dependent 
heterogeneity factor [Zheng et al., 1996; Golub et al., 1997]:
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To the decay traces, having an amplitude of 1 at t=0 as described by the Gaussian 
function, variable uniform white noise (representing mainly thermal noise) was added to 
set the SNR (defined as the maximum phosphorescence amplitude/peak-to-peak noise) 
from 100 to 10, representing SNRs typically found in experiments (a typical decay trace 
is presented in Figure 1B and 5A).

Multi-exponential curve fitting

The generated decay traces, corresponding to continuous pO2 distributions, were 
analyzed by multi-exponential curve fitting using a constrained Levenberg-Marquardt 
procedure, a procedure which minimizes the weighted sum of the squared residuals (i.e., 
data-fit) χ2. Multi-exponential fitting was performed by standard fitting of a sum of 
exponentials to the decay trace (i.e., the ESM) [James and Ware, 1986].  

In the ESM, the decay trace is fitted by a sum of N exponentials with fixed, uniformly 
spaced decay rates, ki(pO2), and variable pre-exponential fraction coefficients, fi(pO2), 
which are to be recovered. The histogram bins have a width of 2δ mmHg and are 
centered on pO2=δ+2iδ mmHg, where i=0, 1,…N-1: 
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Eq. 2 does not take into account the difference between decay traces obtained from 
continuous quencher concentration distributions (i.e., the measured decay trace eq. 1) 
and the equivalent discrete distributions (i.e., the decay trace obtained from the pO2

histogram as described by the ESM). To correct for this issue, Golub and Zheng et al. 
proposed to multiply the decay traces with a time-dependent heterogeneity factor 
[Zheng et al., 1996; Golub et al., 1997]:
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However, the heterogeneity factor amplifiies both the signal and the noise at the end of 
the decay trace and therefore, in the present study, rather than transforming the 
phosphorescence decay trace using the heterogeneity factor we included the 
heterogeneity factor in the fit model and thereby prevented amplification of the noise in 
the latter part of the trace (Figure 1). The fit model is then described by: 
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However, the heterogeneity factor amplifiies both the signal and the noise 
at the end of the decay trace and therefore, in the present study, rather than 
transforming the phosphorescence decay trace using the heterogeneity factor 
we included the heterogeneity factor in the fit model and thereby prevented 
amplification of the noise in the latter part of the trace (Figure 1). The fit model 
is then described by: 
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To the decay traces, having an amplitude of 1 at t=0 as described by the Gaussian 
function, variable uniform white noise (representing mainly thermal noise) was added to 
set the SNR (defined as the maximum phosphorescence amplitude/peak-to-peak noise) 
from 100 to 10, representing SNRs typically found in experiments (a typical decay trace 
is presented in Figure 1B and 5A).

Multi-exponential curve fitting

The generated decay traces, corresponding to continuous pO2 distributions, were 
analyzed by multi-exponential curve fitting using a constrained Levenberg-Marquardt 
procedure, a procedure which minimizes the weighted sum of the squared residuals (i.e., 
data-fit) χ2. Multi-exponential fitting was performed by standard fitting of a sum of 
exponentials to the decay trace (i.e., the ESM) [James and Ware, 1986].  

In the ESM, the decay trace is fitted by a sum of N exponentials with fixed, uniformly 
spaced decay rates, ki(pO2), and variable pre-exponential fraction coefficients, fi(pO2), 
which are to be recovered. The histogram bins have a width of 2δ mmHg and are 
centered on pO2=δ+2iδ mmHg, where i=0, 1,…N-1: 
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Eq. 2 does not take into account the difference between decay traces obtained from 
continuous quencher concentration distributions (i.e., the measured decay trace eq. 1) 
and the equivalent discrete distributions (i.e., the decay trace obtained from the pO2

histogram as described by the ESM). To correct for this issue, Golub and Zheng et al. 
proposed to multiply the decay traces with a time-dependent heterogeneity factor 
[Zheng et al., 1996; Golub et al., 1997]:
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However, the heterogeneity factor amplifiies both the signal and the noise at the end of 
the decay trace and therefore, in the present study, rather than transforming the 
phosphorescence decay trace using the heterogeneity factor we included the 
heterogeneity factor in the fit model and thereby prevented amplification of the noise in 
the latter part of the trace (Figure 1). The fit model is then described by: 
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Figure 1. (A) The heterogeneity factor as described by Golub et al. (5) for transformation 
of the measured decay trace. (B) A typically measured decay trace (black), having a 
signal-to-noise ratio (SNR) of ~20, and the corresponding transformed decay trace 
(gray).

Simulations

In the present study, the decay trace according to equation 1 is simulated with a pO2 
range from 0 to 300 mmHg with a resolution of 1 mmHg. Simulated sampling rate was 
set to 1 MHz (1 sample/μs). k0 and kq were 1/251 μs-1 and 273 μs-1 mmHg-1, respectively. 
Measurement time was set to 2/k0, i.e., 502 µs. These values correspond to values 
previously found for the applied phosphorimeter and phosphorescent dye as described 
below.

Tolerance for χ2 for the fit optimization was 10-3. The initial fit coefficients were set at 
fi=1/N, where N is the number of bins in the pO2 histogram, so that the sum of all 
fraction coefficients equals 1. As a constraint, the fraction coefficients were not allowed 
to be scaled below 0. The histogram bin width was set to 10 mmHg (δ=5) and the 
histogram pO2 range was set from 0 to 150 mmHg (N=15).

In the first set of simulations we tested whether the application of a noise-reducing 
median filter or the heterogeneity factor to the ESM would actually improve the recovery 
of pO2 histograms from (noisy) decay traces, having an SNR of 100 and 10. In the second 
set of simulations we applied the ESM for the recovery of bimodal pO2 distributions, 
with a hypoxic and a normoxic mode at different ratios, at several SNRs and tested the 
ability of the analysis procedure to detect hypoxia. 

Data analysis

Data plotting was performed in GraphPad Prism (GraphPad Software, La Jolla, CA). To 
allow clear visual comparison of pO2 distributions recovered using the different 
analytical approaches, the mean+SD values in the pO2 distributions (n=50 runs per 
simulation) were plotted and connected with lines. In the first set of simulations, the 
recovered pO2 histograms were compared to the input distributions using the 
Kolmogorov-Smirnov test, similarly to Golub et al. [Golub et al., 1997]. The D-value 

figure 1. (A) The heterogeneity factor as described by Golub et al. (5) for transformation of 
the measured decay trace. (B) A typically measured decay trace (black), having a signal-to-noise 
ratio (SNR) of ~20, and the corresponding transformed decay trace (gray).

simulations

In the present study, the decay trace according to equation 1 is simulated with 
a pO2 range from 0 to 300 mmHg with a resolution of 1 mmHg. Simulated 
sampling rate was set to 1 MHz (1 sample/μs). k0 and kq were 1/251 μs-1 and 273 
μs-1 mmHg-1, respectively. Measurement time was set to 2/k0, i.e., 502 µs. These 
values correspond to values previously found for the applied phosphorimeter and 
phosphorescent dye as described below.

Tolerance for χ2 for the fit optimization was 10-3. The initial fit coefficients 
were set at fi=1/N, where N is the number of bins in the pO2 histogram, so 
that the sum of all fraction coefficients equals 1. As a constraint, the fraction 
coefficients were not allowed to be scaled below 0. The histogram bin width 
was set to 10 mmHg (δ=5) and the histogram pO2 range was set from 0 to 150 
mmHg (N=15).
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In the first set of simulations we tested whether the application of a noise-
reducing median filter or the heterogeneity factor to the ESM would actually 
improve the recovery of pO2 histograms from (noisy) decay traces, having an 
SNR of 100 and 10. In the second set of simulations we applied the ESM for the 
recovery of bimodal pO2 distributions, with a hypoxic and a normoxic mode at 
different ratios, at several SNRs and tested the ability of the analysis procedure 
to detect hypoxia. 

data analysis

Data plotting was performed in GraphPad Prism (GraphPad Software, La Jolla, 
CA). To allow clear visual comparison of pO2 distributions recovered using the 
different analytical approaches, the mean+SD values in the pO2 distributions 
(n=50 runs per simulation) were plotted and connected with lines. In the first 
set of simulations, the recovered pO2 histograms were compared to the input 
distributions using the Kolmogorov-Smirnov test, similarly to Golub et al. 
[Golub et al., 1997]. The D-value provided by this test was used to lookup a 
corresponding p-value (also depending on the number of histogram bins), where 
p>0.05 indicates that the input and recovered histograms are not significantly 
different (i.e., are similar). In the second set of simulations, the fraction of the 
first bin of the recovered pO2 histograms was plotted versus the simulated degree 
of hypoxia and analyzed using linear regression analysis to evaluate the adequacy 
of the detection of hypoxia in bimodal pO2 distributions.

in vivo experiment

To demonstrate the (patho)physiological relevance of multi-exponential curve 
fitting analysis of in vivo obtained phosphorescence decay traces for recovering 
microvascular pO2 histograms, measurements were performed in the rat kidney 
(n=5) at baseline, during endotoxemic shock, and after fluid resuscitation. The 
protocol for this experiment has been approved by the animal ethics committee 
of the Academic Medical Center at the University of Amsterdam and has been 
described elsewhere [Johannes et al., 2009a].

 Rats were anesthetized with an intraperitoneal injection of 90 mg/kg ketamine 
(Nimatek®; Eurovet, Bladel, the Netherlands), 0.25 mg/kg medetomidine (Domitor; 
Pfizer, New York, NY) and 0.05 mg/kg atropine-sulfate (Centrafarm, Etten-Leur, 
the Netherlands). After tracheotomy the animals were mechanically ventilated 
with a FiO2 of 0.4. Body temperature was maintained at 37.0±0.5°C by external 
warming. The ventilator settings were adjusted to maintain an arterial pCO2 
between 35 and 40 mmHg. A polyethylene catheter (outer diameter=0.9 mm; 
Braun, Melsungen, Germany) was placed in the right carotid artery to monitor 
arterial blood pressure and heart rate. 

The left kidney was decapsulated and immobilized in a Lucite kidney cup 
(K. Effenberger, Pfaffingen, Germany) via a ~4 cm incision of the left flank. The 
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phosphorescent dye (Oxyphor G2, λexcitation=~440 nm, λemission=~800 nm; Oxygen 
Enterprises, Philadelphia, PA) was subsequently infused (6 mg/kg) intravenously 
for 5 minutes, followed by 30 minutes stabilization time [Dunphy et al., 2002]. 
The blue (~440 nm) excitation of Oxyphor G2 allows assessment of microvascular 
pO2 in the renal cortex, in which it has been shown that hypoxic areas might arise 
during endotoxemia [Johannes et al., 2009a].

The applied phosphorimeter and phosphorescent dye have been described 
elsewhere [Dunphy et al., 2002; Johannes et al., 2006]. Briefly, phosphorimetric 
sampling rate was set to 1 MHz (1 sample/μs). k0 and kq were 1/251 μs-1 and 273 
μs-1 mmHg-1, respectively, corresponding to the constants previously found for 
Oxyphor G2 [Johannes et al., 2006]. Phosphorimetric measurement time was set 
to 2/k0, i.e., 502 µs. 

Endotoxemic shock was induced by infusion of a bolus of lipopolysaccharide 
(LPS, 10 mg/kg, serotype 0127:B8, Sigma-Aldrich, St. Louis, MO). When mean 
arterial pressure decreased to 40 mmHg, fluid resuscitation was started using 
a hydroxyethyl starch (HES) solution (5 mL/kg followed by 5 mL/kg/h; Voluven, 
6% HES 130/0.4; Fresenius Kabi, Schelle, Belgium). During the entire protocol, 
heart rate, mean arterial pressure, end-tidal pCO2, and rectal temperature were 
monitored continuously. Microvascular pO2 was assessed every 10 s in the same 
renal phosphorimetric measurement volume (thus no spatial information) and 
microvascular pO2 histograms were recovered at baseline, during endotoxemic 
shock (LPS), and after 2 h of fluid resuscitation (LPS+HES).

results

In the first set of simulations we tested whether the application of a median 
filter or heterogeneity factor to the ESM would improve the recovery of pO2 
histograms from noisy decay traces, having an SNR of 100 and 10. Simulated 
decay traces and corresponding histograms at a mean±SD pO2 of 30±15 mmHg 
and 90±15 mmHg at SNRs of 100 and 10 are shown in Figure 2-4. Noise does not 
affect the recovery of pO2 histograms with a low mean pO2 and widens the pO2 
histograms with a high mean pO2, which could not be prevented with a median 
filter. All three methods adequately recover the input pO2 distributions both at 
high and low SNRs, i.e., input and recovered histograms are not significantly 
different (p>0.05) as shown in Table 1. 

Overall, application of a median filter or heterogeneity factor to the ESM 
(Figure 2) does not seem to improve the recovery of the histograms (histograms 
not shown). Therefore, for future histogram analysis, no filter or heterogeneity 
factor will be applied.

In the second set of simulations we applied the ESM for the recovery of bimodal 
pO2 distributions, with a hypoxic and a normoxic mode at different ratios, at 
several SNRs and tested the ability of the analysis procedure to detect the extent 
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of hypoxia. In Figure 3 it is shown that, at high SNRs, the multi-exponential curve 
fitting analysis procedure adequately recovers bimodal distributions. As the noise 
level increases, the distinction between the two modes diminishes. However, 
the fraction of the first histogram bin remains linearly related to the degree of 
hypoxia (Figure 3D), even at low SNRs. 

table 1. Kolmogorov-Smirnov test results (D-values) comparing input and recovered oxygen 
tension (pO2) histograms. For 15-bin histograms, p>0.05 if D<0.3040. pO2 = oxygen tension, 
SNR = signal-to-noise ratio, ESM = Exponential Series Method, FLTR = ESM with median filter, 
HET = ESM with heterogeneity factor.

pO2 30±15 mmhg 90±15 mmhg

SNR 100 10 100 10

ESM 0.2545 0.2727 0.2035 0.2468

FLTR 0.2593 0.2765 0.2507 0.2391

HET 0.2532 0.2729 0.2632 0.2161

figure 2. Decay traces and corresponding histograms at a mean±SD oxygen tension (pO2) 
of 30±15 mmHg and 90±15 mmHg at SNRs of 100 and 10. The input pO2 distributions are 
depicted by the black dashed line. The histograms are recovered using the exponential series 
method.

Figure 2. Decay traces and corresponding histograms at a mean±SD oxygen tension 
(pO2) of 30±15 mmHg and 90±15 mmHg at SNRs of 100 and 10. The input pO2

distributions are depicted by the black dashed line. The histograms are recovered using 
the exponential series method.

In the second set of simulations we applied the ESM for the recovery of bimodal pO2

distributions, with a hypoxic and a normoxic mode at different ratios, at several SNRs 
and tested the ability of the analysis procedure to detect the extent of hypoxia. In Figure 
3 it is shown that, at high SNRs, the multi-exponential curve fitting analysis procedure 
adequately recovers bimodal distributions. As the noise level increases, the distinction 
between the two modes diminishes. However, the fraction of the first histogram bin 
remains linearly related to the degree of hypoxia (Figure 3D), even at low SNRs. 
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To demonstrate the (patho)physiological relevance of multi-exponential curve 
fitting analysis of in vivo obtained phosphorescence decay traces for recovering 
microvascular pO2 histograms, measurements were performed in the rat kidney 
before and during endotoxemia. A typical baseline decay trace, having a SNR of 
18 (=1/0.056), is depicted in Figure 4A and the microvascular pO2 histograms at 
baseline, after induction of endotoxemia (LPS), and 2 h after the start of fluid 
resuscitation (LPS+HES) are shown in Figure 4B. Mean microvascular oxygen 
tension, <pO2>, obtained from the histograms was 93±14 mmHg at baseline 
and decreased to 67±13 mmHg after induction of endotoxemia. After 2 h of 
fluid resuscitation, <pO2> remained low at 64±13 mmHg, but the hypoxic peak 
that had arisen during endotoxemia was reduced. Using mono-exponential curve 
fitting analysis the following values were obtained for microvascular pO2: 82±19 
mmHg at baseline, 46±17 mmHg after induction of endotoxemia, and 47±8 after 
2 h of fluid resuscitation. Figure 4B, in combination with the results obtained by 
mono-exponential curve fitting analysis, illustrates the importance of recovering 
pO2 histograms under (patho)physiological conditions.

Figure 3. Bimodal histograms with a hypoxic (0±15 mmHg) and a normoxic (60±15 
mmHg) mode (A-C). The contribution of the hypoxic mode was 10%, 30%, or 50% with 
signal-to-noise ratios (SNRs) of 50 (A), 20 (B), or 10 (C). In panel (D) it is shown that 
the fraction of the first histogram bin is linearly related to the degree of hypoxia.   

To demonstrate the (patho)physiological relevance of multi-exponential curve fitting 
analysis of in vivo obtained phosphorescence decay traces for recovering microvascular 
pO2 histograms, measurements were performed in the rat kidney before and during 
endotoxemia. A typical baseline decay trace, having a SNR of 18 (=1/0.056), is depicted 
in Figure 4A and the microvascular pO2 histograms at baseline, after induction of 
endotoxemia (LPS), and 2 h after the start of fluid resuscitation (LPS+HES) are shown 
in Figure 4B. Mean microvascular oxygen tension, <pO2>, obtained from the histograms 
was 93±14 mmHg at baseline and decreased to 67±13 mmHg after induction of 
endotoxemia. After 2 h of fluid resuscitation, <pO2> remained low at 64±13 mmHg, but 
the hypoxic peak that had arisen during endotoxemia was reduced. Using mono-
exponential curve fitting analysis the following values were obtained for microvascular 
pO2: 82±19 mmHg at baseline, 46±17 mmHg after induction of endotoxemia, and 47±8 
after 2 h of fluid resuscitation. Figure 6B, in combination with the results obtained by 
mono-exponential curve fitting analysis, illustrates the importance of recovering pO2

histograms under (patho)physiological conditions. The redistribution of oxygen by the 
treatment of endotoxemia with fluid resuscitation can be monitored and potentially 
provides insight into the nature of the renal insult caused by endotoxemia and the 
efficacy of its treatment with fluid resuscitation.

figure 3. Bimodal histograms with a hypoxic (0±15 mmHg) and a normoxic (60±15 mmHg) 
mode (A-C). The contribution of the hypoxic mode was 10%, 30%, or 50% with signal-to-
noise ratios (SNRs) of 50 (A), 20 (B), or 10 (C). In panel (D) it is shown that the fraction of the 
first histogram bin is linearly related to the degree of hypoxia.
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7
Figure 4. (A) A typical baseline decay trace, having a signal-to-noise ratio of 18 
(=1/0.056). (B) Microvascular oxygen tension histograms at baseline, after induction of 
endotoxemia (LPS), and 2 h after the start of fluid resuscitation (LPS+HES). Mean 
microvascular oxygen tension, <pO2>, was 93±14 mmHg at baseline and decreased to 
67±13 mmHg after induction of endotoxemia. After 2 h of fluid resuscitation, <pO2>
remained low at 64±13 mmHg, but the hypoxic peak that had arisen during endotoxemia 
was reduced. 

Discussion and conclusions

The aim of the present study was to extensively evaluate the ability of multi-exponential 
fitting analysis to adequately determine pO2 histograms from phosphorescence decay 
traces at different SNRs. For this purpose we simulated decay traces representing uni- 
and bimodal pO2 distributions and recovered the pO2 histograms using 1) the ESM, 2) 
the ESM with filtered decay trace, and 3) the ESM with heterogeneity factor at several 
SNRs. Application of a median filter or heterogeneity factor to the ESM did not improve 
the recovery of the pO2 histograms. Ultimately, we applied the ESM for the recovery of 
microvascular pO2 histograms measured in the rat kidney in a model of endotoxemic 
shock and fluid resuscitation to demonstrate the (patho)physiological relevance of multi-
exponential curve fitting analysis of in vivo obtained phosphorescence decay traces. We 
showed that the mean microvascular oxygen tension, <pO2>, decreased after induction 
of endotoxemia and that after 2 h of fluid resuscitation, <pO2> remained low, but the 
hypoxic peak that had arisen during endotoxemia was reduced. This finding illustrates 
the importance of recovering pO2 histograms under (patho)physiological conditions as 
the redistribution of oxygen by the treatment of endotoxemia with fluid resuscitation can 
be monitored and potentially provides insight into the nature of the renal insult caused 
by endotoxemia and the efficacy of its treatment with fluid resuscitation [Johannes et al., 
2006, 2009a,b,c].

The (patho)physiological relevance of tissue pO2 heterogeneities has been appreciated 
for over a decade [Ince and Sinaasappel, 1999; Zuurbier et al., 1999]. Oxygen electrodes 
have been extensively used to measure tissue pO2 at different sites and depths within 
organs to recover pO2 profiles [Baumgärtl et al., 1972; Schurek et al., 1990; Lübbers and 

figure 4. (A) A typical baseline decay trace, having a signal-to-noise ratio of 18 (=1/0.056). (B) 
Microvascular oxygen tension histograms at baseline, after induction of endotoxemia (LPS), and 
2 h after the start of fluid resuscitation (LPS+HES). Mean microvascular oxygen tension, <pO2>, 
was 93±14 mmHg at baseline and decreased to 67±13 mmHg after induction of endotoxemia. 
After 2 h of fluid resuscitation, <pO2> remained low at 64±13 mmHg, but the hypoxic peak 
that had arisen during endotoxemia was reduced.

discussiOn and cOnclusiOns

The aim of the present study was to extensively evaluate the ability of multi-
exponential fitting analysis to adequately determine pO2 histograms from 
phosphorescence decay traces at different SNRs. For this purpose we simulated 
decay traces representing uni- and bimodal pO2 distributions and recovered the 
pO2 histograms using 1) the ESM, 2) the ESM with filtered decay trace, and 3) 
the ESM with heterogeneity factor at several SNRs. Application of a median filter 
or heterogeneity factor to the ESM did not improve the recovery of the pO2 
histograms. Ultimately, we applied the ESM for the recovery of microvascular 
pO2 histograms measured in the rat kidney in a model of endotoxemic shock 
and fluid resuscitation to demonstrate the (patho)physiological relevance of 
multi-exponential curve fitting analysis of in vivo obtained phosphorescence 
decay traces. We showed that the mean microvascular oxygen tension, 
<pO2>, decreased after induction of endotoxemia and that after 2 h of fluid 
resuscitation, <pO2> remained low, but the hypoxic peak that had arisen during 
endotoxemia was reduced. This finding illustrates the importance of recovering 
pO2 histograms under (patho)physiological conditions as the redistribution 
of oxygen by the treatment of endotoxemia with fluid resuscitation can be 
monitored and potentially provides insight into the nature of the renal insult 
caused by endotoxemia and the efficacy of its treatment with fluid resuscitation 
[Johannes et al., 2006, 2009a,b,c].

The (patho)physiological relevance of tissue pO2 heterogeneities has been 
appreciated for over a decade  [Ince and Sinaasappel, 1999; Zuurbier et al., 1999]. 
Oxygen electrodes have been extensively used to measure tissue pO2 at different 
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sites and depths within organs to recover pO2 profiles [Baumgärtl et al., 1972; 
Schurek et al., 1990; Lübbers and Baumgärtl, 1997; Luger-Hamer et al., 2009]. 
However, since oxygen electrode measurements are confined to a small tissue 
volume, only very superficial tissue oxygenation can be assessed noninvasively 
[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 severely limits the applicability of this technique. The introduction of 
phosphorimetry [Vanderkooi and Wilson, 1986; Vanderkooi et al., 1987], 
in contrast, has opened the field of non-invasive and online monitoring of 
microcirculatory oxygenation and has initiated numerous studies investigating 
the (patho)physiological mechanisms underlying several types of shock [Ince et 
al., 1994] and the effects of different treatment strategies [e.g., Johannes et al., 
2009a,b,c].

It is well-established that endotoxemia-induced microvascular oxygenation 
heterogeneities have a key role in the development of numerous clinical 
complications, including renal failure [Ince and Sinaasappel, 1999; Johannes et al., 
2009a,b,c]. However, although it is generally accepted that the oxygen-quenched 
phosphorescence and delayed fluorescence decay traces can be analyzed using 
multi-exponential curve fitting, only a few (patho)physiological studies have 
applied this methodology for the assessment of these critical oxygenation 
heterogeneities. This is probably because the reliability of the recovered pO2 
histograms had never been extensively evaluated and lacked documentation. As 
the golden standard for measuring pO2 in vivo (i.e., the oxygen electrode) is 
unable to measure the pO2 heterogeneity, proper validation of multi-exponential 
curve fitting analysis, by comparison to this golden standard, is impossible. Hence, 
evaluating the reliability of this method can only be done using simulations. 

With the introduction of the heterogeneity factor for the recovery of pO2 
histograms by Golub et al., the method was applied for recovering one Gaussian 
pO2 distribution at several SNRs [Golub et al., 1997]. However, the ability of 
the ESM (with and without the heterogeneity factor) to recover pO2 histograms 
under noisy conditions depends on the pO2 distribution; low-pO2 distributions 
can be recovered adequately even under low SNRs, but high-pO2 distributions 
require relatively high SNRs. As the phosphorescence decay rate constant k [μs-1] 
is linearly related to the pO2, the number of data points above noise level, and 
thus fitting residuals, is inversely related to the pO2 and since the Levenberg-
Marquardt procedure minimizes the sum of the squared residuals χ2 over the 
total extent of the decay trace. Thus, the relative contribution of the higher pO2 
values to the fit is less than that of the lower pO2 values and therefore, noise 
affects the recovery of high pO2 values more than that of low pO2 values. A more 
extensive evaluation of this method, with both low and high pO2 distributions, 
was therefore required for determining its reliability.
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Mik et al., have performed such an evaluation of the ESM with heterogeneity 
factor and found that this method is indeed capable of recovering uni- and 
bimodal pO2 distributions for several SNRs [Mik et al., 2008]. However, in that 
study the authors applied the heterogeneity factor as described by Golub et 
al. and thereby amplified the noise at the end of the decay traces [Golub et 
al., 1997]. Here, we present a modified version of the heterogeneity correction 
as developed by Golub and Zheng et al. and applied by Mik and Johannes et 
al. [Zheng et al., 1996; Golub et al., 1997; Johannes et al., 2006, 2009a,b,c; 
Mik et al., 2008, 2009]. Rather than transforming the phosphorescence decay 
trace using the heterogeneity factor, amplifying the noise in the latter part of 
the trace, we included the heterogeneity factor in the fit model. However, even 
though the noise was not amplified, in practice, the heterogeneity correction did 
not improve the recovery of pO2 histograms and was therefore omitted in the 
subsequent analyses. Furthermore, in attempt to reduce the influence of noise on 
the recovery of pO2 histograms, a median filter was applied. It should be noted, 
though, that application of a mean or median filter on noisy non-linear decay 
traces slightly ‘stretches’ the traces and thereby lowers the corresponding decay 
rates and thus pO2 values. As this ‘stretching’ property is stronger for the mean 
filter than for the median filter, we applied the latter (although this type of filter 
is usually applied to reduce the influence of outliers). However, application the 
median filter did not improve nor affect the recovery of pO2 histograms. 

Some alternative methods are available for the recovery of pO2 histograms 
from phosphorescence and delayed fluorescence decay traces, each having 
specific advantages and disadvantages. The MEM, for instance, allows the 
recovery of very detailed histograms (typically 200 bins), but requires very high 
SNRs for stable operation (typically >100) [Livesey and Brochon, 1987]. In our 
phosphorimetry setup, however, the measured phosphorescence decay traces 
typically have a SNR of ~20. Both the study of Golub et al. and that of Mik 
et al., have shown that the ESM operates stable at modest SNRs (i.e., ~20), 
but at the expense of reduced histogram detail [Golub et al., 1997; Mik et al., 
2008]. Recently, the MEM was questioned by Tsai et al. since the recovered pO2 
distributions contained nonphysiologically high pO2 values, but this was later 
attributed to the reduced accuracy of the MEM for high pO2 values due to noise 
[Wilson et al., 2006; Tsai et al., 2007]. Furthermore, in a study by Siemiarczuk 
et al., the ESM was compared to the MEM and was found to be significantly 
faster than the MEM [Siemiarczuk et al., 1990]. The high temporal resolution 
of the ESM (in the order of seconds) is clearly advantageous as it allows rapid 
assessment of pO2 histograms online. 

Recently, multi-exponential curve fitting analysis of oxygen-quenched 
phosphorescence decay traces, in combination with the Stern-Volmer equation, 
has been applied in several studies investigating microvascular and interstitial pO2 
distributions in healthy and diseased tissue. Johannes et al. were able to identify 
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the presence of ‘occult’ hypoxic microvascular areas during shock that would 
not have been detected when applying mono-exponential curve fitting analysis 
[Johannes et al., 2006, 2009a,b,c]. The present study supports these findings by 
showing that the detection of hypoxia with the ESM is highly adequate, even for 
very low SNRs. Golub and Pittman, moreover, studied cross-sectional pO2 profiles 
in microvasculature and found a bimodal distribution that was interpreted to 
arise from two separate physiological compartments within the phosphorimetric 
measurement volume, i.e., the intra- and extravascular space [Golub and Pittman, 
2002]. Using similar methodology, Mik et al. have explored pO2 heterogeneities 
in liver and heart mitochondria using multi-exponential curve fitting analysis of 
oxygen-quenched delayed fluorescence of intramitochondrial protoporphyrin 
Ix [Mik et al., 2008, 2009]. These studies underscore the (patho)physiological 
relevance of pO2 histograms and support their use in future research. 

In conclusion, the present study has characterized how noise affects the 
recovery of pO2 histograms using the ESM and documented the reliability of 
the ESM for recovering both low- and high-pO2 distributions for SNRs typically 
found in the experimental setting. This study might therefore serve as a frame 
of reference for investigations focused on oxygen (re)distribution during health 
and disease and encourage researchers to (re-)analyze data obtained in (earlier) 
studies possibly revealing new insights into complex disease states and treatment 
strategies. Moreover, now that the reliability of the ESM has been documented, 
new investigations focused on studying pO2 distributions under numerous (patho)
physiological conditions could be initiated.
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COMBINED LASER SPECKLE IMAGING 
AND PHOSPHORIMETRY FOR STUDYING 
THE ROLE OF RENAL HYPOPERFUSION 
IN THE DEVELOPMENT OF RENAL 
MICROCIRCULATORY DYSFUNCTION IN 
ENDOTOxEMIC RATS
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aBstract

The purpose of this study was to investigate the role of renal hypoperfusion in the 
development of microcirculatory dysfunction in endotoxemic rats. To this end, rats 
were randomized into 4 groups: a sham group (n=6); a lipopolysaccharide (LPS) 
group (n=6); a group in which LPS administration was followed by immediate 
fluid resuscitation which prevented the drop of renal blood flow (EARLY group) 
(n=6); and a group in which LPS administration was followed by delayed (i.e., 
a two-hour delay) fluid resuscitation (LATE group) (n=6). Renal blood flow was 
measured using a transit-time ultrasound flow probe. Microvascular perfusion and 
oxygenation distributions in the renal cortex were assessed using laser speckle 
imaging and phosphorimetry, respectively. IL-6, IL-10 and TNF-α were measured as 
markers of systemic inflammation. Furthermore, renal tissue samples were stained 
for leukocyte infiltration and iNOS expression in the kidney. We found that LPS 
infusion worsened both microvascular perfusion and oxygenation distributions. 
Fluid resuscitation improved the perfusion histograms but not the oxygenation 
histograms. Improvement of microvascular perfusion was more pronounced in 
the EARLY group compared to the LATE group. Serum cytokine levels decreased 
in the resuscitated groups with no difference between the EARLY and LATE 
groups. However, iNOS expression and leukocyte infiltration in the glomeruli 
were lower in the EARLY group compared to the LATE group. In conclusion, 
the prevention of endotoxemia-induced systemic hypotension by immediate fluid 
resuscitation (EARLY group) did not prevent systemic inflammatory activation 
(IL-6, IL-10, TNF- α) but did reduce renal inflammation (iNOS expression and 
glomerular leukocyte infiltration). However, it could not prevent reduced renal 
microvascular oxygenation.
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intrOductiOn

Acute kidney injury (AKI) is a common complication in septic patients [Uchino 
et al., 2005; Bagshaw et al., 2007]. The primary resuscitation strategy for these 
patients is fluid resuscitation, which is aimed at improving organ perfusion 
and oxygenation and thereby prevent (multiple) organ failure. For the kidney, 
however, the actual contribution of hypoperfusion to the pathogenesis of AKI 
has recently been challenged [Langenberg et al., 2005, 2007; Saotome et al., 
2010]. In a model of hyperdynamic sepsis in sheep [Langenberg et al., 2007], 
AKI was associated with renal vasodilation and renal hyperemia and recovery of 
renal function was associated with relative vasoconstriction and decrease in renal 
blood flow. These findings contradict the widely accepted concept that renal 
hypoperfusion is the underlying cause for the development of sepsis-induced 
AKI. Contrastingly, in animal models with lipopolysaccharide (LPS) as a key 
mediator of gram-negative bacterial endotoxemia, it has been reported that LPS-
induced endotoxemia is associated with renal hypoperfusion and microvascular 
hypoxia [Johannes et al., 2006, 2009a]. In addition, the hypotensive conditions 
associated with endotoxemia were also suggested to participate in the activation 
of the systemic inflammatory response and consequent depression of renal 
perfusion and oxygenation [Nelson et al., 1988; Humer et al., 1996]. In this 
line, it is possible that even a brief period of renal hypoperfusion prior to the 
start of fluid resuscitation could result in an ischemia-reperfusion insult that 
injures the renal microcirculation and potentially leads to microvascular perfusion 
and oxygenation heterogeneities and ultimately to AKI [Le Dorze et al., 2009; 
Jang et al., 2009]. However, insight into the renal microvascular perfusion and 
oxygenation heterogeneity during endotoxemia and resuscitation is still lacking 
and the contribution of the systemic hypotension and renal hypoperfusion during 
endotoxemia to renal microcirculatory dysfunction and renal failure remains to 
be elucidated.

Endotoxemia has also been associated with an impaired ability to increase 
oxygen extraction, even in the presence of normal or elevated cardiac output 
and systemic oxygen delivery [Schumacker and Samsel, 1989; Bredle et al., 1989; 
Walley, 1996; Goldman et al., 2004]. This finding has led to the concept that 
oxygen consumption/supply dependency in sepsis is a direct result of regional 
rather than global oxygen delivery insufficiencies due to heterogeneity in 
microvascular perfusion and oxygenation. This may explain why organ failure 
continues to progress even after blood pressure and cardiac output are restored 
[Gattinoni et al., 1995; Dubin et al., 2009b].

Hence, while it has been shown that fluid resuscitation decreases mortality in 
septic shock [Rivers et al., 2001], controversy exists regarding the role of renal 
hypoperfusion (and thus the therapeutic value of fluid resuscitation) in sepsis-
induced renal microcirculatory dysfunction. The purpose of the present study 
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was therefore to investigate the role of renal hypoperfusion in the development 
of microcirculatory dysfunction in endotoxemic rats. We hypothesized that 
prevention of endotoxemia-induced hypotension by immediate fluid resuscitation 
would prevent the development of renal microcirculatory dysfunction. To this 
end, we studied the efficacy of immediate fluid resuscitation to prevent the 
endotoxemia-induced systemic hypotension and renal hypoperfusion (compared 
to that of delayed fluid resuscitation) with respect to the protection of the renal 
microcirculation in a rat model of LPS-induced endotoxemia. Microvascular 
perfusion histograms in the renal cortex were assessed using laser speckle 
imaging (LSI), and microvascular oxygen tension histograms were assessed using 
phosphorimetry. Furthermore, IL-6, IL-10 and TNF-α were measured as markers 
of systemic inflammation and renal tissue samples were stained for leukocyte 
infiltration and iNOS expression in the kidney.

methOds

animals

All experiments in this study were reviewed and approved by the Animal Research 
Committee of the Academic Medical Center at the University of Amsterdam, The 
Netherlands. Care and handling of the animals was performed in accordance with 
the guidelines of the Institutional Animal Care and Use Committees. Experiments 
were performed on 24 male Wistar rats (Harlan, Horst, the Netherlands) with a 
mean±SEM body weight of 351±27 g.

surgical preparation

The rats were anesthetized with an intraperitoneal injection of 90 mg/kg ketamine 
(Nimatek®; Eurovet, Bladel, The Netherlands), 0.25 mg/kg medetomidine 
(Domitor®; Pfizer, New York, NY, USA) and 0.05 mg/kg atropine sulfate 
(Centrafarm, Etten-Leur, The Netherlands). After tracheotomy, the animals were 
mechanically ventilated with an FiO2 of 0.4. Body temperature was maintained 
at 37±0.5 °C by external warming. The ventilator settings were adjusted to 
maintain an arterial pCO2 between 35 and 40 mmHg. A polyethylene catheter 
was placed in the right carotid artery to monitor arterial blood pressure and heart 
rate. The right jugular vein was cannulated for continuous infusion of Ringer’s 
lactate (Baxter, Utrecht, The Netherlands) at a rate of 15 ml/kg/hour. 

The left kidney was decapsulated and immobilized via a ~4-cm incision in 
the left flank. One perivascular transit-time flow probe (type 0.7 RB; Transonic 
Systems Inc., Ithaca, NY) was placed around the left renal artery and another 
flow probe was placed around the aorta just above the renal artery; both probes 
were connected to a flow meter (T206; Transonic Systems Inc., Ithaca, NY) for 
continuous measurement of renal blood flow (RBF) and aortic blood flow (AoBF), 
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respectively. Renal vascular resistance (RVR; dynes sec cm-5) was calculated as 
MAP/RBF×80. The left ureter was cannulated with a polyethylene catheter for 
urine collection. 

After the surgical protocol was completed, one phosphorimetric fiber was 
placed 1 mm above the surface of the kidney for microvascular PO2 measurements. 
The LSI device was placed approximately 40 cm above the surface of the kidney for 
the assessment of cortical microvascular perfusion as described below. Oxyphor 
G2 (Oxygen Enterprises, Ltd) was subsequently infused (6 mg/kg) intravenously 
for 5 minutes, followed by 30 minutes of stabilization. 

experimental protocol 

The rats were randomized into four groups: 1) a sham operation group (SHAM, 
n=5); 2) an LPS control group (LPS, n=5); 3) an LPS group with immediate fluid 
resuscitation (EARLY, n=7); and 4) an LPS group with delayed fluid resuscitation 
(LATE, n=7). 

Endotoxemia was induced by a 30-minute infusion of LPS (2.5 mg/kg, serotype 
0127:B8, Sigma, The Netherlands). Immediate fluid resuscitation was started 
simultaneously with the LPS infusion by infusing a colloid solution (Voluven®, 
6% HES 130/0.4; Fresenius Kabi Nederland, Schelle, Belgium) at a rate of 20 ml/
kg/h in the first hour followed by 5 ml/kg/h for the remainder of the experimental 
protocol. This regimen was based on pilot experiments that demonstrated that 
this regime could prevent a drop in the mean arterial pressure and renal blood 
flow during LPS infusion. Delayed fluid resuscitation, in contrast, was started 120 
min after the LPS infusion; the fluids and infusion rates were identical to that 
used in the immediate resuscitation regimen. 

The experiments were terminated by infusing 1 ml of 3 M potassium chloride. 
Subsequently, the kidney was removed, weighed, placed in formalin, and fixed in 
paraffin blocks for immunohistochemical analysis.

Blood gas measurements

Arterial blood samples (0.5 ml) were drawn at three time points (ABL505 blood 
gas analyzer; Radiometer, Copenhagen, Denmark). The time points were 1) 
before infusion of LPS (baseline); 2) 120 min after infusion of LPS; and 3) 300 
min after infusion of LPS. The withdrawn blood samples were replaced by the 
same volume of HES130/0.4 (Voluven®). 

microvascular perfusion in the renal cortex 

LSI is a laser-based, full-field perfusion monitoring technique that provides 
pseudo-color images of a macroscopic field of view. The technique is based on the 
formation of an interference pattern (or speckle pattern) on a CCD camera when 
a diffuse surface (e.g., biological tissue) is imaged using highly coherent light (i.e., 
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a laser or laser diode) for illumination. Movement of scattering particles (e.g., red 
blood cells within the penetration depth of the illumination light) will influence 
the speckle pattern over time. Hence, tissue perfusion in the field of view results 
in fluctuations in the speckle pattern; by integrating these fluctuations over the 
CCD camera exposure time, pixel areas with a high level of perfusion will have 
lower contrast, and pixel areas with a low level of perfusion will have higher 
contrast. The speckle contrast, defined as the ratio of the standard deviation 
to the mean grayscale intensity in a small window (5x5 pixels), is related to the 
mean velocity of the red blood cells in this window. Therefore, LSI is capable of 
producing real-time images of tissue microvascular perfusion, as we validated in 
a recent study [Bezemer et al., 2010b]. 

For LSI measurements, a commercially available system was used (Moor 
Instruments, Devon, UK). A 785-nm class 1 laser diode was employed for 
illumination of the tissue to a depth of approximately 1 mm. Directly reflected 
light by the tissue surface was blocked by a tunable polarization filter placed in 
front of the lens system since it was not scattered by flowing red blood cells and 
therefore contained no information on tissue perfusion. Laser speckle images 
were acquired using a 576×768 pixels grayscale CCD camera at a frame rate of 
25 Hz (exposure time of 4 ms) and converted to pseudo-color images where the 
contrast (thus the level of perfusion) was scaled from blue (low perfusion) to red 
(high perfusion) (Figure 1). The distribution of cortical flow velocities are depicted 
in LSI perfusion histograms [Bezemer et al., 2010b]. The lens system allowed 
a variable zoom, ranging from 0.6×0.8 cm (corresponding to 10 µm/pixel) to 
9×12 cm at a working distance of 15-45 cm, and focus optimization. For LSI of 
the rat kidney, the field of view was set to ~1.8×2.4 cm (corresponding to ~30 
µm/pixel). Using a 5×5 pixel window to calculate speckle contrast, the maximal 
image resolution was ~150 µm/pixel area.

microvascular oxygenation in the renal cortex

Renal cortical microvascular PO2 (µPO2) was measured by phosphorimetry. 
Phosphorimetry is based on oxygen-dependent quenching of the phosphorescence 
of the phosphorescent dye Oxyphor G2 (a two-layer glutamate dendrimer of 

a depth of approximately 1 mm. Directly reflected light by the tissue surface was blocked 
by a tunable polarization filter placed in front of the lens system since it was not 
scattered by flowing red blood cells and therefore contained no information on tissue 
perfusion. Laser speckle images were acquired using a 576×768 pixels grayscale CCD 
camera at a frame rate of 25 Hz (exposure time of 4 ms) and converted to pseudo-color 
images where the contrast (thus the level of perfusion) was scaled from blue (low 
perfusion) to red (high perfusion) (Figure 1). The distribution of cortical flow velocities 
are depicted in LSI perfusion histograms [Bezemer et al., 2010b]. The lens system 
allowed a variable zoom, ranging from 0.6×0.8 cm (corresponding to 10 µm/pixel) to 
9×12 cm at a working distance of 15-45 cm, and focus optimization. For LSI of the rat 
kidney, the field of view was set to ~1.8×2.4 cm (corresponding to ~30 µm/pixel). Using 
a 5×5 pixel window to calculate speckle contrast, the maximal image resolution was ~150 
µm/pixel area.

Figure 1. Typical laser speckle imaging perfusion maps; perfusion is displayed on a 16-
level color palette scaled from blue (low perfusion) to red (high perfusion) in a rat 
receiving an LPS infusion (t=30 min) followed by delayed fluid resuscitation (t=300 
min).

Microvascular oxygenation in the renal cortex

Renal cortical microvascular PO2 (µPO2) was measured by phosphorimetry. 
Phosphorimetry is based on oxygen-dependent quenching of the phosphorescence of the 
phosphorescent dye Oxyphor G2 (a two-layer glutamate dendrimer of tetra-(4-carboxy-
phenyl) benzoporphyrin) (Oxygen Enterprises, Philadelphia, PA). The lifetime of the 
phosphorescence decay trace is inversely related to the µPO2 by the Stern-Volmer 
relation; thus, recovering the phosphorescence lifetime distribution allows for the 
quantitative measurement of µPO2 histograms. The limited optical penetration depth at 
the excitation wavelength of Oxyphor G2 (440 nm) allows for phosphorimetric 
measurements in the microcirculation of the renal cortex. Details of the technique have 
previously been published elsewhere [Lo et al., 1997; Johannes et al., 2006; Bezemer et 
al., 2010c]. 

Renal function

As an indicator of renal function, creatinine clearance (Clearcrea [(ml/min])) was assessed 
as an index of the glomerular filtration rate. Calculations of the clearance were done 
using the standard formula: Clearcrea=(Ucrea×V)/Pcrea . The concentrations of creatinine 
in urine and plasma were determined by colorimetric methods. 

Systemic inflammation 

figure 1. Typical laser speckle imaging perfusion maps; perfusion is displayed on a 16-level 
color palette scaled from blue (low perfusion) to red (high perfusion) in a rat receiving an LPS 
infusion (t=30 min) followed by delayed fluid resuscitation (t=300 min).
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tetra-(4-carboxy-phenyl) benzoporphyrin) (Oxygen Enterprises, Philadelphia, PA). 
The lifetime of the phosphorescence decay trace is inversely related to the µPO2 
by the Stern-Volmer relation; thus, recovering the phosphorescence lifetime 
distribution allows for the quantitative measurement of µPO2 histograms. The 
limited optical penetration depth at the excitation wavelength of Oxyphor G2 
(440 nm) allows for phosphorimetric measurements in the microcirculation of the 
renal cortex. Details of the technique have previously been published elsewhere 
[Lo et al., 1997; Johannes et al., 2006; Bezemer et al., 2010c].

renal function

As an indicator of renal function, creatinine clearance (Clearcrea [(ml/min])) was 
assessed as an index of the glomerular filtration rate. Calculations of the clearance 
were done using the standard formula: Clearcrea=(Ucrea×V)/Pcrea. The concentrations 
of creatinine in urine and plasma were determined by colorimetric methods. 

systemic inflammation 

Plasma concentrations of interleukins (IL)-6 and -10 and tumor necrosis factor 
(TNF)-α were determined using rat singleplex bead kits (Invitrogen, Breda, The 
Netherlands) and read with a BioRad Bioplex 100 (BioRad, Hercules, CA). 

renal inflammation 

Induction of inducible nitric oxide synthase (iNOS) and infiltration of leukocytes 
into the kidney are considered major events in the development of septic AKI. 
Therefore, iNOS immunostaining and anti-myeloperoxidase (MPO) staining were 
performed.

For this study, the kidney tissues were fixed in 4% formalin, embedded in 
paraffin, and prepared as described previously [Legrand et al., 2009]. Both 
the intensity and the distribution of specific iNOS staining were scored using 
the HSCORE [(HSCORE = S Pi (i+1), where i is the intensity score and Pi is the 
corresponding percentage of the cells]). We evaluated the MPO reaction in the 
glomerular and peritubular areas from renal samples (randomized and blinded 
to the analyst) from which 315 glomerular and peritubular areas were selected 
under a light microscope at a magnification of 400x. If no leukocytes could be 
seen in the glomeruli, the sample was assigned a score of 0; if leukocytes could 
be seen in the glomeruli, the sample was assigned a score of 1. 

statistical analysis

All data are presented as the mean±SEM, The phosphorescence decay curves 
were analyzed using software programmed in Labview 6.1 (National Instruments, 
Austin, Tx, USA). Statistical analysis was performed using GraphPad Prism, version 
5.0 for Windows (GraphPad Software, San Diego, CA, USA). The assumption of 
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normality was checked using the Kolmogorov-Smirnov normality test. Analysis 
of variance (ANOVA) with Bonferroni post-hoc testing was used for inter-group 
comparisons (Figures 5, 6, 7, and 8) and repeated measures ANOVA with 
Bonferroni post-hoc testing was used for intra-group comparisons (Figure 2). The 
recovered microcirculatory perfusion and oxygenation histograms were compared 
using Kolmogorov-Smirnov’s test (Figure 3 and 4). This test converts each 
histogram into a cumulative histogram and then finds the maximum difference 
(D) between a set of cumulative histograms. For a given number of histogram 
bins, the D-values correspond to p-values, where p<0.05 indicates that the two 
histograms are significantly shifted with respect to one another. For the 16-bin 
perfusion histograms, p<0.05 if D>0.2947; for the 21-bin pO2 histograms, p<0.05 
if D>0.2586. For all analyses, p<0.05 was considered statistically significant.

results

All groups received 15 ml/kg/hour Ringer’s lactate solution during the entire 
protocol. In addition, the EARLY group and the LATE group received 20 ml/kg/
hour of HES solution in the first hour of resuscitation, followed by 5 ml/kg/hour 
the remaining duration of the protocol. Hence, in total, the rats in the EARLY 
group received 40 ml/kg in 300 min and the rats in the LATE group received 30 
ml/kg in 300 min.

systemic hemodynamic parameters 

Arterial blood gas values are reported in Table 1. The systemic hemodynamic 
parameters are shown in Figure 2. Infusion of LPS induced a biphasic reduction 
in MAP in which MAP initially decreased to ~65% of the baseline (first 30 min), 
then increased to approximately baseline level (next 3 hours), and ultimately 
decreased to ~55% of baseline at the end of the protocol (LPS group and LATE 
group). In the EARLY group, fluid resuscitation prevented the initial decrease 
in MAP in the first phase, but in the second phase, MAP decreased to ~80% 
of baseline. Delayed fluid resuscitation in the LATE group improved MAP from 
~55% (LPS group) to ~70% of baseline at the end of the protocol. 

Infusion of LPS induced an immediate reduction in AoBF to ~40% of baseline in 
the LPS group and the LATE group. In the EARLY group, fluid resuscitation resulted in 
a ~30% elevated AoBF. Delayed fluid resuscitation in the LATE group first increased 
AoBF to above baseline after which it decreased to approximately baseline level. 

renal blood flow 

RVR increased rapidly in the LPS and the LATE groups, while it remained stable in 
the SHAM and the EARLY groups. Late resuscitation was able to restore RVR back 
to its baseline level. RBF followed an inverted pattern and decreased sharply after 
the infusion of LPS to reach ~20% of baseline at the end of the protocol. The 
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fall in RBF was prevented in the EARLY group, in which RBF first increased above 
its baseline level and then slightly decreased to ~85% of baseline at the end of 
the protocol. In the LATE group, fluid resuscitation temporarily restored RBF to its 
baseline level, after which it decreased to ~70% of baseline.

renal microcirculatory parameters

Renal microvascular perfusion and oxygenation histograms in the renal cortex as 
measured using LSI and phosphorimetry before and after 30-min infusion of LPS 
and after fluid resuscitation are depicted in Figures 3 and 4, respectively.

Renal microvascular perfusion
LPS infusion induced a left shift in the perfusion histogram in the LPS group 
(D=0.7588, p<0.05) and the LATE group (D=0.7682, p<0.05). Immediate fluid 
resuscitation prevented this left shift (D=0.0929, p>0.05). At the end of the 
protocol, the perfusion histograms in the EARLY group (D=0.6920, p<0.05) and the 
LATE group (D=0.4720, p<0.05) were right-shifted with respect to the histogram 
in the LPS group. Additionally, the perfusion histograms were significantly more 
right-shifted in the EARLY group than in the LATE group (D=0.4444, p<0.05).  

table 1. Arterial blood gas values at t=0 min (baseline) and 
t=300 min (end of protocol). Sp<0.05 vs SHAM, Lp<0.05 vs LPS, 
Ep<0.05 vs EARLY. 

t=0 min t=300 min

PaO2 
(mmHg)

SHAM 235±16 235±11 

LPS 219±7 222±10

EARLY 248±8 200±22

LATE 225±21 233±12

PaCO2 
(mmHg)

SHAM 34±3 34±2

LPS 37±3 30±6

EARLY 35±3 37±5

LATE 33±2 31±2

pH SHAM 7.36±0.03 7.29±0.02

LPS 7.31±0.01 7.02±0.03 S

EARLY 7.36±0.02 7.20±0.05 SL

LATE 7.37±0.02 7.15±0.02 SL

HCO3
- 

(mmol/L)
SHAM 18.0±1.1 16.2±0.2

LPS 20.2±0.56 12.4±4.4

EARLY 19.1±0.7 13.8±1.7

LATE 18.8±0.5 10.4±0.6 S

Base deficit 
(mmol/L)

SHAM 6.0±1.1 8.8±0.7

LPS 4.8±0.6 18.6±3.6 S

EARLY 4.7±0.6 13.3±1.4 S

LATE 4.7±0.5 17.3±0.9 SE
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Figure 2. Mean arterial pressure (MAP, panel A), aortic blood flow (AoBF, panel B), 
renal blood flow (RBF, panel C), and renal vascular resistance (RVR, Panel D) during 
LPS infusion (t=0-30 min) and fluid resuscitation. The LPS group received no fluid 
resuscitation. In the EARLY group, fluid resuscitation was started simultaneously with 
LPS infusion. In the LATE group, fluid resuscitation was started with a 2-hour delay. 
*p<0.05, LPS vs. LATE; #p<0.05, LATE vs. EARLY; ¤p<0.05, LPS vs. EARLY.

figure 2. Mean arterial pressure (MAP, panel A), aortic blood flow (AoBF, panel B), renal 
blood flow (RBF, panel C), and renal vascular resistance (RVR, Panel D) during LPS infusion 
(t=0-30 min) and fluid resuscitation. The LPS group received no fluid resuscitation. In the 
EARLY group, fluid resuscitation was started simultaneously with LPS infusion. In the LATE 
group, fluid resuscitation was started with a 2-hour delay. *p<0.05, LPS vs. LATE; #p<0.05, 
LATE vs. EARLY; ¤p<0.05, LPS vs. EARLY.
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Renal microvascular oxygenation 
In contrast to its effect on microvascular perfusion histograms, LPS infusion 
did not immediately affect the microvascular PO2 histograms in the LPS group 
(D=0.1918, p>0.05), the EARLY group (D=0.1908, p>0.05), or the LATE group 
(D=0.1798, p>0.05). At the end of the protocol, however, the PO2 histograms 
were all left-shifted with respect to baseline: D=0.4461 and p<0.05 in the LPS 
group, D=0.3898 and p<0.05 in the EARLY group, and D=0.2764 and p<0.05 in 
the LATE group. No significant differences in oxygenation histograms were found 
at the end of the protocol between the LPS group, the EARLY group, or the LATE 
group (D<0.1438, p>0.05). 

figure 3. Microvascular perfusion histograms in the renal cortex as measured using laser 
speckle imaging before (baseline) and after a 30-min infusion of LPS (t=30 min) and after 
fluid resuscitation (t=300 min). The LPS group received no fluid resuscitation. In the EARLY 
group, fluid resuscitation was started simultaneously with LPS infusion. In the LATE group, 
fluid resuscitation was started with a 2-hour delay. At the end of the protocol the perfusion 
histograms in the EARLY group and the LATE group were right-shifted with respect to the 
histogram in the LPS group. Additionally, the perfusion histograms were significantly more 
right-shifted in the EARLY group than in the LATE group.

Renal microcirculatory parameters

Renal microvascular perfusion

LPS infusion induced a left shift in the perfusion histogram in the LPS group (D=0.7588, 
p<0.05) and the LATE group (D=0.7682, p<0.05). Immediate fluid resuscitation 
prevented this left shift (D=0.0929, p>0.05). At the end of the protocol, the perfusion 
histograms in the EARLY group (D=0.6920, p<0.05) and the LATE group (D=0.4720, 
p<0.05) were right-shifted with respect to the histogram in the LPS group. Additionally, 
the perfusion histograms were significantly more right-shifted in the EARLY group than 
in the LATE group (D=0.4444, p<0.05).   

Figure 3. Microvascular perfusion histograms in the renal cortex as measured using laser 
speckle imaging before (baseline) and after a 30-min infusion of LPS (t=30 min) and 
after fluid resuscitation (t=300 min). The LPS group received no fluid resuscitation. In 
the EARLY group, fluid resuscitation was started simultaneously with LPS infusion. In 
the LATE group, fluid resuscitation was started with a 2-hour delay. At the end of the 
protocol the perfusion histograms in the EARLY group and the LATE group were right-
shifted with respect to the histogram in the LPS group. Additionally, the perfusion 
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renal function 

While all rats in the LPS group suffered from AKI as reflected by anuria, fluid 
resuscitation only partially prevented AKI. Creatinine clearance rates in the EARLY 
and LATE groups did not differ but were statistically lower compared to the 
rates in the SHAM group (respectively 0.96±0.10 and 0.72±0.09 ml/min versus 
1.93±0.47 ml/min, p<0.01). 

systemic inflammation

Infusion of LPS induced a marked increase in IL-6, IL-10 and TNF-α plasma levels 
(Figure 5). Fluid resuscitation partially prevented the increase in IL-6, IL-10 and 
TNF-α plasma levels. The efficacy of fluid resuscitation in reducing plasma levels 

histograms were significantly more right-shifted in the EARLY group than in the LATE 
group.

Renal microvascular oxygenation 

In contrast to its effect on microvascular perfusion histograms, LPS infusion did not 
immediately affect the microvascular PO2 histograms in the LPS group (D=0.1918, 
p>0.05), the EARLY group (D=0.1908, p>0.05), or the LATE group (D=0.1798, 
p>0.05). At the end of the protocol, however, the PO2 histograms were all left-shifted 
with respect to baseline: D=0.4461 and p<0.05 in the LPS group, D=0.3898 and p<0.05 
in the EARLY group, and D=0.2764 and p<0.05 in the LATE group. No significant 
differences in oxygenation histograms were found at the end of the protocol between the 
LPS group, the EARLY group, or the LATE group (D<0.1438, p>0.05). 

Figure 4. Microvascular oxygen tension (µPO2) histograms in the renal cortex as 
measured using phosphorimetry before (baseline) and after a 30-min infusion of LPS 
(t=30 min) and after fluid resuscitation (t=300 min). The LPS group received no fluid 
resuscitation. In the EARLY group, fluid resuscitation was started simultaneously with 
LPS infusion. In the LATE group, fluid resuscitation was started with a 2-hour delay. At 
the end of the protocol, the µPO2 histograms were all left-shifted with respect to baseline 

figure 4. Microvascular oxygen tension (µPO2) histograms in the renal cortex as measured 
using phosphorimetry before (baseline) and after a 30-min infusion of LPS (t=30 min) and 
after fluid resuscitation (t=300 min). The LPS group received no fluid resuscitation. In the 
EARLY group, fluid resuscitation was started simultaneously with LPS infusion. In the LATE 
group, fluid resuscitation was started with a 2-hour delay. At the end of the protocol, the 
µPO2 histograms were all left-shifted with respect to baseline in the LPS, LATE, and EARLY 
groups. No significant differences in perfusion histograms were found at the end of the 
protocol between the LPS, EARLY and LATE group.
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of these pro-inflammatory cytokines, however, was not dependent on its timing 
(i.e., no statistically significant differences the EARLY group and the LATE group).

renal inflammation

LPS infusion induced leukocyte infiltration in both peritubular and glomerular 
areas (Figure 6) and iNOS expression (Figure 7) as shown by MPO and iNOS 
staining, respectively. While delayed fluid resuscitation was not effective in 

in the LPS, LATE, and EARLY groups. No significant differences in perfusion histograms 
were found at the end of the protocol between the LPS, EARLY and LATE group.

Renal function 

While all rats in the LPS group suffered from AKI as reflected by anuria, fluid 
resuscitation only partially prevented AKI. Creatinine clearance rates in the EARLY and 
LATE groups did not differ but were statistically lower compared to the rates in the 
SHAM group (respectively 0.96±0.10 and 0.72±0.09 ml/min versus 1.93±0.47 ml/min, 
p<0.01). 

Systemic inflammation

Infusion of LPS induced a marked increase in IL-6, IL-10 and TNF-α plasma levels
(Figure 5). Fluid resuscitation partially prevented the increase in IL-6, IL-10 and TNF-α 
plasma levels. The efficacy of fluid resuscitation in reducing plasma levels of these pro-
inflammatory cytokines, however, was not dependent on its timing (i.e., no statistically 
significant differences the EARLY group and the LATE group).

Figure 5. Plasma IL-6, IL-10 and TNF-α level in the four experimental groups at the end 
of the protocol. The LPS group received no fluid resuscitation. In the EARLY group, fluid 
resuscitation was started simultaneously with LPS infusion. In the LATE group, fluid 
resuscitation was started with a 2-hour delay. LPS induced an increase in IL-6, IL-10, 
and TNF-α while immediate and delayed fluid resuscitation reduced their concentration 
to a similar extent.

Renal inflammation

LPS infusion induced leukocyte infiltration in both peritubular and glomerular areas 
(Figure 6) and iNOS expression (Figure 7) as shown by MPO and iNOS staining, 
respectively. While delayed fluid resuscitation was not effective in reducing leukocyte 
infiltration and iNOS expression, these parameters were significantly improved by 
preventing the endotoxemia-induced hypotension and renal hypoperfusion with 
immediate fluid resuscitation.

figure 5. Plasma IL-6, IL-10 and TNF-α level in the four experimental groups at the end of the 
protocol. The LPS group received no fluid resuscitation. In the EARLY group, fluid resuscitation 
was started simultaneously with LPS infusion. In the LATE group, fluid resuscitation was started 
with a 2-hour delay. LPS induced an increase in IL-6, IL-10, and TNF-α while immediate and 
delayed fluid resuscitation reduced their concentration to a similar extent.

Figure 6. MPO-stained leukocytes in the peritubular areas and glomeruli in the four 
experimental groups. Immediate and delayed fluid resuscitation could partially prevent 
leukocyte infiltration in the peritubular areas and, additionally, immediate fluid 
resuscitation could partially prevent leukocyte infiltration in the glomeruli after LPS 
infusion. 

Figure 7. iNOS expression in the four experimental groups. Immediate fluid 
resuscitation partially prevented excessive iNOS expression after LPS infusion.

Discussion and conclusions

The purpose of the present study was to investigate the role of renal hypoperfusion in 
the development of microcirculatory dysfunction in endotoxemic rats and to test the 
hypothesis that prevention of endotoxemia-induced hypotension by immediate fluid 
resuscitation would prevent the development of renal microcirculatory dysfunction. To 
this end, we developed an animal model in which the initial endotoxemia-induced 
reduction in renal blood flow was prevented by applying an immediate fluid 
resuscitation regimen in an LPS-induced rat model of endotoxemic shock. We have 
shown that prevention of renal macrovascular hypoperfusion could not fully protect 
renal microcirculatory dysfunction. This indicates that endotoxemia-induced renal 
microcirculatory dysfunction can exist under conditions of maintained macrovascular 
perfusion. We have furthermore shown that prevention of hypotension by immediate 
fluid resuscitation could reduce renal inflammatory activation, but not systemic 
inflammatory activation, suggesting that endotoxemia-induced hypotension prior to 
fluid resuscitation leads to an ischemia-reperfusion insult that potentially leads to the 
activation of renal inflammation. 

The role of renal hypoperfusion in the development of AKI in septic patients remains a 
matter of debate. The question whether to give these patients large fluid volume is of 

Figure 6. MPO-stained leukocytes in the peritubular areas and glomeruli in the four 
experimental groups. Immediate and delayed fluid resuscitation could partially prevent 
leukocyte infiltration in the peritubular areas and, additionally, immediate fluid 
resuscitation could partially prevent leukocyte infiltration in the glomeruli after LPS 
infusion. 

Figure 7. iNOS expression in the four experimental groups. Immediate fluid 
resuscitation partially prevented excessive iNOS expression after LPS infusion.

Discussion and conclusions

The purpose of the present study was to investigate the role of renal hypoperfusion in 
the development of microcirculatory dysfunction in endotoxemic rats and to test the 
hypothesis that prevention of endotoxemia-induced hypotension by immediate fluid 
resuscitation would prevent the development of renal microcirculatory dysfunction. To 
this end, we developed an animal model in which the initial endotoxemia-induced 
reduction in renal blood flow was prevented by applying an immediate fluid 
resuscitation regimen in an LPS-induced rat model of endotoxemic shock. We have 
shown that prevention of renal macrovascular hypoperfusion could not fully protect 
renal microcirculatory dysfunction. This indicates that endotoxemia-induced renal 
microcirculatory dysfunction can exist under conditions of maintained macrovascular 
perfusion. We have furthermore shown that prevention of hypotension by immediate 
fluid resuscitation could reduce renal inflammatory activation, but not systemic 
inflammatory activation, suggesting that endotoxemia-induced hypotension prior to 
fluid resuscitation leads to an ischemia-reperfusion insult that potentially leads to the 
activation of renal inflammation. 

The role of renal hypoperfusion in the development of AKI in septic patients remains a 
matter of debate. The question whether to give these patients large fluid volume is of 

figure 6. MPO-stained leukocytes in the peritubular areas and glomeruli in the four experimental 
groups. Immediate and delayed fluid resuscitation could partially prevent leukocyte infiltration 
in the peritubular areas and, additionally, immediate fluid resuscitation could partially prevent 
leukocyte infiltration in the glomeruli after LPS infusion.

figure 7. iNOS expression in the four experimental groups. Immediate fluid resuscitation 
partially prevented excessive iNOS expression after LPS infusion.
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reducing leukocyte infiltration and iNOS expression, these parameters were 
significantly improved by preventing the endotoxemia-induced hypotension and 
renal hypoperfusion with immediate fluid resuscitation.

discussiOn and cOnclusiOns

The purpose of the present study was to investigate the role of renal hypoperfusion 
in the development of microcirculatory dysfunction in endotoxemic rats and 
to test the hypothesis that prevention of endotoxemia-induced hypotension 
by immediate fluid resuscitation would prevent the development of renal 
microcirculatory dysfunction. To this end, we developed an animal model in which 
the initial endotoxemia-induced reduction in renal blood flow was prevented by 
applying an immediate fluid resuscitation regimen in an LPS-induced rat model 
of endotoxemic shock. We have shown that prevention of renal macrovascular 
hypoperfusion could not fully protect renal microcirculatory dysfunction. This 
indicates that endotoxemia-induced renal microcirculatory dysfunction can exist 
under conditions of maintained macrovascular perfusion. We have furthermore 
shown that prevention of hypotension by immediate fluid resuscitation could 
reduce renal inflammatory activation, but not systemic inflammatory activation, 
suggesting that endotoxemia-induced hypotension prior to fluid resuscitation 
leads to an ischemia-reperfusion insult that potentially leads to the activation of 
renal inflammation. 

The role of renal hypoperfusion in the development of AKI in septic patients 
remains a matter of debate. The question whether to give these patients large 
fluid volume is of paramount importance given the associated increase risk of 
mortality in patients with AKI and a positive fluid balance [Payen et al., 2008; 
Bouchard et al., 2009]. Langenberg et al. have previously reported that AKI could 
develop despite an increase in the renal blood flow of resuscitated septic sheep 
[Langenberg et al., 2007]. The same group has recently shown that temporary 
renal hypoperfusion with a reduction in renal blood flow to 80% of baseline 
for two hours did not result in alterations in renal function or the histological 
features of renal injury [Saotome et al., 2010]. Johannes et al. found that severe 
mechanical reduction of renal blood flow did not lead to renal microcirculatory 
hypoxia. However, they also discovered that an LPS-induced reduction in renal 
blood flow led to hypoxic microcirculatory areas in the renal cortex [Johannes et 
al., 2009a]. Along these lines, the microcirculation of the renal cortex has been 
shown to be the severely injured in animal models of sepsis [Di Giantomasso 
et al., 2003; Johannes et al., 2009a,b,c; Dyson et al., 2011]. However, none 
of these studies was designed to isolate those effects of LPS directly related to 
hemodynamic alterations from thos related to a direct inflammatory response. In 
the present study, in contrast, we could show that endotoxemia-induced renal 
microcirculatory failure can exist while macrovascular perfusion is maintained. 
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Other animal studies have shown that severe sepsis is characterized by 
a reduction in functional capillary density and an increase in blood flow 
heterogeneity. Goldman et al. showed that increased heterogeneity in skeletal 
muscle microcirculation could lead to a mismatch between local oxygen supply 
and demand, which resulted in an increased dependency of tissue oxygen 
utilization on the microcirculatory oxygen supply [Goldman et al., 2004]. 
Therefore, increasing systemic oxygen delivery to normal or supernormal levels 
may not improve tissue oxygenation if the microcirculatory perfusion and oxygen 
supply are not properly distributed in the tissue [Cabrales et al., 2005; Dubin et 
al., 2009b; Le Dorze et al., 2009; Jhanji et al., 2009]. Whether this phenomenon 
of microcirculatory perfusion heterogeneity in sepsis could apply to the kidney 
has not been considered previously. 

We assessed microvascular perfusion distributions in the renal cortex using 
LSI and measured cortical microcirculatory oxygenation distributions using 
phosphorimetry. The advantage of LSI is its ability to provide on-line mapping of 
the cortical microcirculatory perfusion with high spatial and temporal resolution 
and to measure perfusion distribution/re-distribution in time [Bezemer et al., 
2010b]. Using these techniques, we found that immediate fluid resuscitation, 
which was designed to prevent the endotoxemia-induced drop in renal blood 
flow, was not able to completely prevent the occurrence of renal microcirculatory 
hypoperfusion and hypoxia. However, by means of histogram analysis we 
identified that fluid resuscitation did reduce the extent of hypoxia as reflected by 
the reduced fraction of the first histogram bins.  

There is no doubt that fluid resuscitation should be applied as early as possible 
to prevent AKI. However, our results suggest that completely avoiding renal 
macrohemodynamic failure does not prevent the development of microcirculatory 
failure. Hence, the macrohemodynamic increase in renal blood flow should be 
differentiated from the recruitment of downstream microcirculation. Sepsis-
induced microcirculatory dysfunction has been linked to several factors, including 
vasoconstrictor and vasodilator mediator imbalances, red blood cell and platelet 
aggregation, and the activation of local inflammation [Kinsey et al., 2008; Le 
Dorze et al., 2009; Jang et al., 2009]. Hence, sepsis affects several aspects 
required for proper microvascular function, thereby resulting in significant 
disturbances in capillary perfusion. Indeed, the results of our study show that renal 
microcirculatory hypoperfusion and renal hypoxia occur during endotoxemia. In 
addition, this microcirculatory failure appears to be relatively independent from 
systemic and renal macrohemodynamics, but arises from intrarenal mechanisms 
that may be associated with heterogeneity in the microcirculation. 

A mechanism potentially responsible for the disassociation between macro- and 
microcirculatory parameters could be the inadequate resolution of inflammatory 
activation by just improving systemic hemodynamics [Kinsey et al., 2008; Le 
Dorze et al., 2009; Jang et al., 2009]. Despite the prevention of hypoperfusion, 
immediate fluid resuscitation was unable to prevent systemic inflammation. This 
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is possibly combined with a suboptimal fluid composition leading to a disturbed 
plasma ion levels (e.g., hyperchloremia) and reduced oxygen carrying capacity. 
Hence, the hypoperfusion and subsequent reperfusion in the early phase of 
endotoxemia probably contributes to the pathogenesis of endotoxemia-related 
AKI by forming an additional hit besides the endotoxemia-induced inflammation.

In the present study, systemic and renal inflammation responded differently 
to the applied fluid administration protocols. Inflammation in the renal cortex 
appeared to be partially prevented by immediate fluid resuscitation, as evidenced 
by both a decrease in leukocyte infiltration and a decrease in iNOS expression 
in the EARLY group compared to the LATE group. However, neither immediate 
nor delayed fluid resuscitation was able to prevent activation of the systemic 
inflammatory response, as indicated by similar increases in plasma cytokine 
levels (IL-6, IL-10, and TNF-α). The present study, however, does not allow 
differentiation between those effects directly related to microcirculatory perfusion 
and oxygenation deficits and those related to the inflammatory response as 
immediate fluid resuscitation did not translate into an improvement in creatinine 
clearance in this short study protocol.

We are aware that our study suffers from several limitations inherent to the 
use of an animal model of endotoxemia. First, endotoxemic models may not 
reflect all the situations encountered in human sepsis and may lack relevance in 
gram-positive sepsis. However, it is a calibrated and reproducible model of acute 
inflammation that involves similar pathways and thus allows us to study the roles 
of renal hypoperfusion and microcirculatory dysfunction in the pathogenesis of 
endotoxemia-induced AKI. In this model flow histograms slightly narrowed and 
the oxygenation histograms slightly decreased in time as seen in the SHAM group. 
This possibly adds up to the changes associated by LPS and could contribute 
to the lack of full recovery of the flow and oxygenation histograms. However, 
we could still clearly observe the effects of LPS and the differences between 
immediate and delayed fluid resuscitation. Thus, although the model may be 
slightly instable over time, it still allows delineation between those effects of 
LPS directly related to hemodynamic alterations and those related to a direct 
inflammatory response as reflected by the differences between the EARLY and 
the LATE group. Extrapolation of this model to clinical scenarios in terms of 
treatment strategies should be made with utmost caution. Instead, our study 
should be regarded as adding to our understanding of the factors contributing 
to renal microcirculator failure in sepsis. Furthermore, fluid resuscitation here 
was very early in comparison to resuscitation in clinical scenarios. Another point 
of concern is that the immediate fluid resuscitation regimen might have led to 
an altered LPS disposition in the kidney compared to the delayed resuscitation 
regimen. However, the applied resuscitation protocols were required to 
appropriately address the question whether preventing the endotoxemia-induced 
renal hypoperfusion would prevent renal microcirculatory failure and. Although 
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fluid resuscitation restored urine output in both resuscitated groups, creatinine 
clearance remained below baseline level and whether creatinine clearance would 
improve in time in either of the resuscitation groups remains unidentified due 
to the short duration of the study protocol. Therefore, the present study only 
allows assessment of the hemodynamic- and inflammation-related effects of 
LPS in this short-term rat model of acute endotoxemia. Second, hydroxyl ethyl 
starches (HES)-based resuscitation strategies are controversial [Boussekey et al., 
2010] and an effect of the fluid on kidney injury could not be excluded in the 
present study. However, only the old generation of high molecular weight HES 
molecules has been reported to be associated with acute renal failure in a dose-
dependent fashion. There is no evidence for such an association with the 130/0.4 
HES we used in this study. In contrast, low molecular weight HES molecules 
have been shown to have protective effects on microcirculation [Hoffman et al., 
2002; Inan et al., 2009]. However, in the present study fluid resuscitation with 
a (HES)-based solution led to a reduction of the renal microcirculatory failure 
and inflammation compared to the non-resuscitated group. Third, changes in 
creatinine clearance as an index of glomerular filtration should only be regarded 
as a gross indicator of renal function in sepsis, which is an accepted indicator 
of renal function as described by the AKIN and RIFLE criteria. As more sensitive 
markers would be desirable, novel biomarkers are currently under investigation 
(e.g., neutrophil gelatinase-associated lipocalin and fatty acid binding protein), 
but the significance of their detection in the context of endotoxemia is a matter 
of concern [Martensson et al., 2010; Bagshaw et al., 2010]. Fourth, without 
additional data on mitochondrial function or cell viability it is unclear whether the 
observed alterations in the renal microcirculation were a primary or secondary 
cause of renal failure. 

In conclusion, the present study has shown that LPS-induced endotoxemia 
can induce alterations in microvascular perfusion and oxygenation in the renal 
cortex in rats, which appear to be weakly dependent on systemic and renal 
macrohemodynamics. Prevention of endotoxemia-induced hypotension by 
immediate fluid resuscitation did not prevent systemic inflammation activation 
(as indicated by IL-6, IL-10, and TNF-α plasma levels) but did reduce renal 
inflammation (as indicated by iNOS expression and glomerular leukocyte 
infiltration). However, this did not result in improved renal microcirculatory 
function. This microcirculatory failure may partially explain why renal failure 
progresses even after (immediate) correction of endotoxemic hypotension. 
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summary and cOnclusiOns

Technological advancements have always been the driving force behind clinical 
and experimental research. Prior to their employment in research, however, 
new techniques often require optimization, evaluation, and validation. 
After Van Leeuwenhoek’s introduction of microcirculatory microscopy [Van 
Leeuwenhoek, 1688, 1689], for instance, its application was long limited due to 
the unavailability of sophisticated illumination techniques that enable imaging 
of the microcirculation in intact human organ surfaces. It took over 300 years 
before dark field illumination [Sherman et al., 1971] and orthogonal polarization 
imaging [Slaaf et al., 1987] were developed and incorporated into a clinically 
applicable device [Groner et al., 1999]. It was only since then that microcirculatory 
microscopy could be applied in numerous studies in various clinical scenarios 
and, as a result, became an important technique in clinical research [e.g., De 
Backer et al., 2002, 2004, 2007; Boerma et al., 2005, 2007, 2010]. 

Today, our group focuses on the ‘translation’ of clinical scenarios into (patho)
physiological concepts and on the development of therapeutic strategies based 
on insights obtained in the clinic and in the lab. As the microcirculation has 
a key role both in health and disease, the main emphasis of our studies is on 
this important physiological compartment and to support our research lines, the 
purpose of the work described in this thesis was to develop and validate new and 
available technologies for the assessment of microvascular perfusion (Part I) and 
oxygenation (Part II). 

part i – microvascular perfusion assessment

As discussed in the General introduction, orthogonal polarization spectral 
(OPS) imaging imaging has had a major impact on clinical research and greatly 
contributed to the field of intravital microcirculatory microscopy. However, 
several shortcomings were still present, which include suboptimal imaging 
of the capillaries due to motion-induced image blurring by movement of the 
OPS device, the tissue, and/or flowing red blood cells. This led to difficulties in 
measuring blood flow velocities in these vessels. Driven by the success of OPS 
imaging and the drawbacks it has, we developed a novel imaging modality 
for the microcirculation, which we have termed sidestream dark field (SDF) 
imaging. In Chapter 1, we showed that OPS and SDF imaging provided similar 
values for capillary diameters and red blood cell velocities in the human nailfold 
microcirculation, validating the use of SDF imaging for clinical measurement 
of the microcirculation. SDF imaging, moreover, provided significantly higher 
image quality with more detail and higher capillary and venular contrast and 
enabled imaging of individual red and white blood cells and measurement of the 
endothelial glycocalyx thickness.

Since SDF imaging technology is incorporated into a hand-held microscope 
some operational issues arise in terms of axial and lateral instability of the 
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microscope probe, potentially causing pressure artifacts and image drifting, 
respectively. Therefore, in Chapter 2, we developed, evaluated, and validated 
an image acquisition stabilizer (IAS) for the SDF device. The IAS was based on 
creating adherence of the SDF probe to the sublingual tissue by applying negative 
pressure to the periphery of the microscopic field of view. We found that the IAS 
did not affect microcirculatory perfusion in the SDF imaging field of view and 
prevented pressure artifacts up to a significantly greater force applied by the SDF 
probe onto the tissue. Furthermore, we showed that the duration of maintaining 
a stable image sequence was significantly increased with the IAS.

For evaluation of the effects of interventions and (drug) therapy, SDF images 
are analyzed to assess (alterations in) microvascular density and perfusion. 
However, the offline analysis of the SDF images is a time consuming venture 
(>30 min) requiring a significant amount of user interaction. In Chapter 3 we 
therefore developed a rapid and fully automatic method for the assessment of 
microvascular density and perfusion in SDF images. To this end, we improved 
the algorithms for microvascular density assessment previously developed by our 
group and introduced a new method for microvascular perfusion assessment 
that was inspired by laser speckle imaging: temporal SDF image contrast analysis 
(tSICA). For the validation of the new algorithm for microvascular density 
assessment, we reanalyzed 325 SDF video clips of a study in intensive care patients 
and compared the results to (semi-)manually found microvascular densities. We 
showed that the new method was very rapid (<30 seconds) and adequately 
recovered microvascular density. The performance of the tSICA method for 
microvascular perfusion assessment was tested in several video simulations and 
in one high quality SDF video clip where the microcirculation was imaged (on one 
spot) before and during circulatory arrest in a cardiac surgery patient. With the 
video simulations we showed that the detection of flow using the tSICA method 
is limited by high cell densities and velocities at normal imaging rate, which 
severely impedes the applicability of this method in real SDF images. However, in 
high quality SDF video clips, the tSICA method is able to discriminate between 
perfused and non-perfused microvasculature.    

Although sublingual SDF imaging is gaining a more prominent role in clinical 
research, it can only image the microcirculation in a small tissue volume and 
requires physical contact with the tissue surface. Furthermore, measuring red 
blood cell velocities using SDF imaging is only possible for a limited range as 
shown in the previous chapter. Hence, in clinical and experimental settings, a 
macroscopic, non-contact technique with high spatial and temporal resolution 
would be preferable. A technique potentially providing such features is laser 
speckle imaging (LSI). However, whether LSI is indeed sensitive to changes in 
capillary perfusion has not been properly validated. As SDF imaging is a validated 
intravital microscopic technique for measuring red blood cell velocities in individual 
capillaries (albeit for a limited range), in Chapter 4 we used it for validating LSI 
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responses to alterations in capillary perfusion. We found that changes in perfusion 
as measured using LSI correlated well with changes in capillary red blood cell 
velocities as measured using SDF imaging. We have furthermore shown that LSI 
is capable of measuring tissue perfusion in high temporal and spatial resolution 
and that this technology can be used to assess microvascular reactivity to (patho)
physiological challenges.

Subsequently, in Chapter 5, we evaluated the use of LSI for assessing 
microvascular perfusion heterogeneities in the rat renal cortex. For this purpose, 
LSI was employed during complete renal I/R (1, 10, and 45 min of renal artery 
occlusion) and during heterogeneous renal I/R (air embolisms). We have used 
two types of LSI image analysis yielding either a single LSI perfusion value for 
the entire renal cortex or an LSI perfusion histogram, describing the perfusion 
heterogeneity in the renal cortex. We found that LSI is able to detect differences 
in reperfusion dynamics following different durations of complete ischemia and 
that renal microvascular perfusion heterogeneities can be quantitatively assessed 
by recovering LSI perfusion histograms.

part ii – microvascular oxygenation assessment

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. During endotoxemia, however, the balance 
between renal microcirculatory oxygen delivery and cellular oxygen consumption 
is significantly disturbed. Although oxygen diffusion, which relies on radial 
oxygen gradients between the microvasculature and tissue, represents a crucial 
step in cellular oxygen delivery, no studies have simultaneously assessed renal 
microvascular and interstitial oxygen tensions under endotoxemic conditions. 
Therefore, in Chapter 6, we aimed to study the complex changes associated 
with endotoxemia that occur in different compartments of the kidney (cortex 
and medulla) and at different levels of cellular oxygen delivery (microvasculature 
and interstitium) in relation to global and renal hemodynamics. To this end, we 
simultaneously assessed renal artery blood flow and microvascular and interstitial 
oxygen tensions in the renal cortex and medulla using ultrasonic flowmetry, dual 
wavelength phosphorimetry, and tissue oxygen tension monitoring, respectively, 
in an endotoxemic rat model. We found distinctive temporal changes in the 
different regions. While the gradient between microvascular and interstitial 
oxygenation was higher than that reported in metabolically less active organs, 
this did not change during a short-term endotoxemic insult. 

While the previous chapter provides integrative insight of the complex 
changes associated with endotoxemia that occur in different compartments of 
the kidney (cortex and medulla) and at different levels of cellular oxygen delivery 
(microvasculature and interstitium), this study did not account for the underlying 
oxygenation distributions. Under the (patho)physiological conditions associated 
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with endotoxemia, however, it has been shown that hypoxic tissue could co-exist 
with normoxic tissue. These hypoxic tissue fractions could potentially lead to 
organ dysfunction and therefore their detection is essential. Instead of mono-
exponential curve fitting of the phosphorescence decay trace, providing a single 
microvascular oxygen tension value for the phosphorimetric measurement 
volume, multi-exponential curve fitting could be used for the analysis of the 
decay traces, which provides a distribution (or histogram) of microvascular oxygen 
tensions. Although it is known that oxygen-quenched phosphorescence decay 
traces can be analyzed using multi-exponential curve fitting, its application until 
now has been limited to a few (patho)physiological studies, probably because the 
reliability of the recovered oxygen tension histograms has never been extensively 
evaluated and lacks documentation. The aim of Chapter 7 was to extensively 
evaluate the ability of multi-exponential fitting analysis to adequately determine 
oxygen tension histograms from simulated and in vivo-obtained phosphorescence 
decay traces. We characterized how noise affects the recovery of oxygen tension 
histograms and elaborately validated the use of phosphorimetry in combination 
with multi-exponential curve fitting analysis for recovering low, high, and bimodal 
oxygen tension distributions. 

In Chapters 5 and 7 we have established that LSI and phosphorimetry 
can be used to reliably assess renal microvascular perfusion and oxygenation 
histograms, respectively. The purpose of Chapter 8 was to combine these 
modalities to investigate the role of renal hypoperfusion in the development of 
renal microcirculatory dysfunction in endotoxemic rats. We hypothesized that 
prevention of endotoxemia-induced hypotension by immediate fluid resuscitation 
would prevent the development of renal microcirculatory dysfunction. We 
have shown, however, that prevention of renal macrovascular hypoperfusion 
by immediate fluid resuscitation could not fully protect renal microcirculatory 
dysfunction. Furthermore, we demonstrated that prevention of hypotension 
by immediate fluid resuscitation reduced renal inflammatory activation. This 
indicates that in clinical scenarios, the endotoxemia-induced hypotension prior 
to the start of fluid resuscitation leads to an ischemia-reperfusion insult that 
potentially leads to the activation of renal inflammation. Hence, this study shows 
that during endotoxemia, renal microcirculatory dysfunction can exist under 
conditions of maintained macrovascular perfusion that this could be associated 
with renal failure.
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conclusions

This thesis describes the development, evaluation, and validation of key optical 
methods for the in vivo assessment of microvascular perfusion (sidestream dark 
field imaging and laser speckle imaging) and oxygenation (phosphorimetry). It 
thereby supports the research in our group on the ‘translation’ of clinical scenarios 
into (patho)physiological concepts and on the development of therapeutic 
strategies based on insights obtained in the clinic and in the lab. Furthermore, 
this thesis might serve as a frame of reference for investigations focused on 
perfusion and oxygen (re)distribution during disease and therapy and encourage 
researchers to employ the described techniques possibly revealing new insights 
into complex disease states and treatment strategies.
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samenvatting en cOnclusies

Technische ontwikkelingen zijn altijd de drijvende kracht achter medisch en 
experimenteel onderzoek geweest. Technologieën dienen geoptimaliseerd, 
geëvalueerd, en gevalideerd te worden voordat ze in onderzoek toegepast kunnen 
worden. Zo bleef de toepassing van de door Van Leeuwenhoek geïntroduceerde 
microcirculaire microscropie [Van Leeuwenhoek, 1688, 1689] geruime tijd beperkt 
vanwege het ontbreken van geavanceerde belichtingstechnieken die zorgen voor 
de beeldvorming van de oppervlakte van intacte organen. Het duurde meer dan 
300 jaar voordat microcirculaire microscopie toegepast kon worden door de 
ontwikkeling van dark field illuminatie [Sherman et al., 1971] en orthogonale 
polarisatie imaging [Slaaf et al., 1987]. Deze technieken werden geïncorporeerd 
in klinisch-toepasbare apparaten [Groner et al., 1999], waardoor vele klinische 
scenario’s onderzocht konden worden [e.g., De Backer et al., 2002, 2004, 2007; 
Boerma et al., 2005, 2007, 2010]. 

Onze groep focust zich op het ‘vertalen’ van klinische scenario’s naar (patho)
fysiologische concepten en op de ontwikkeling van therapeutische strategieën 
gebaseerd op inzichten vanuit de kliniek en het lab. Aangezien de microcirculatie 
een belangrijke rol speelt in zowel ziekte als gezondheid, ligt de nadruk van 
diverse onderzoeksprojecten op dit fysiologische compartiment. Om deze 
projecten te ondersteunen is het werk beschreven in dit proefschrift gericht op 
het ontwikkelen en valideren van beschik bare en nieuwe technologieën voor het 
meten van microvasculaire perfusie (Deel I) en oxygenatie (Deel II).

deel i – microvasculaire perfusie bepaling

Zoals besproken in de Algemene introductie heeft OPS imaging een grote impact 
op klinisch onderzoek gehad en een aanzienlijke bijdrage aan de ontwikkeling 
van microcirculaire microscopie geleverd. Verschillende tekortkomingen zijn 
echter nog steeds aanwezig, zoals suboptimale weergave van de capillairen 
door bewegingsgeïnduceerde image blurring door beweging van de camera, 
het weefsel, en/of de stromende rode bloedcellen. Dit heeft tot gevolg dat de 
snelheid van de bloeddoorstroming in deze vaten moeilijk te meten is. Gedreven 
door het succes en de bestaande tekortkomingen van OPS imaging hebben wij 
een nieuwe beeldvormende modaliteit ontwikkelend, die we sidestream dark 
field (SDF) imaging genoemd hebben. In Hoofdstuk 1 hebben we laten zien 
dat OPS en SDF imaging dezelfde waarden geven voor capillaire diameters en 
bloedstroomsnelheden in de microcirculatie van de humane nagelriem. Dit valideert 
het gebruik van SDF imaging voor het klinisch meten van de microcirculatie. 
Daarnaast onderscheidt SDF imaging zich door de betere beeldkwaliteit met 
meer detail en een scherper contrast. Dit maakt het mogelijk om individuele 
rode en witte bloedcellen weer te geven en de dikte van de glycocalyx van de 
endotheelcel te bepalen. 



150

Omdat de SDF imaging technologie in een handgeopereerde microscoop 
geïncorporeerd is, kunnen er problemen ontstaan door axiale en laterale 
instabiliteit van de microscoop, wat drukartefacten en beeldverschuiving 
kan veroorzaken. Daarom hebben we een image acquisitie stabilisator (IAS) 
ontwikkeld voor het SDF apparaat, zoals beschreven wordt in Hoofdstuk 2. De 
IAS is gebaseerd op het creëren van hechting aan het sublinguale weefsel door 
middel van het toedienen van negatieve druk op de buitenzijde van de probe van 
de microscoop. We hebben aangetoond dat de negatieve druk de microcirculatie 
in niet verstoorde en dat drukartefacten afkomstig van de SDF probe tot op 
significant hogere drukken voorkomen worden. Daarnaast kan met behulp van 
de IAS significant langer een stabiel beeld behouden worden. 

Voor evaluatie van de effecten van interventies en therapieën moeten SDF 
beelden geanalyseerd worden om (veranderingen in) microvasculaire dichtheid 
en perfusie te meten. Echter, offline analyse van SDF beelden is een tijdrovende 
onderneming (> 30 min) die veel user interactie vereist. In Hoofdstuk 3 hebben 
we daarom een nieuwe methode voor snelle en automatische analyse van 
microvasculaire dichtheid en perfusie in SDF beelden beschreven. Om dit te 
bewerkstelligen hebben we de eerder ontwikkelde algoritmes voor de bepaling 
van microvasculaire dichtheid verbeterd en daarnaast een nieuwe methode 
voor de analyse van microvasculaire perfusie geïntroduceerd, die gebaseerd is 
op laser speckle imaging: temporele SDF image contrast analyse (tSICA). We 
hebben 325 SDF video clips, die reeds eerder met de hand waren geanalyseerd, 
opnieuw geanalyseerd om de microvasculaire dichtheid te bepalen en dit nieuwe 
algoritme te valideren. We hebben laten zien dat de nieuwe methode zeer snel 
(< 30 sec) is en de microvasculaire dichtheid in SDF beelden adequaat bepaalt. 
De werking van de tSICA methode voor de bepaling van microvasculaire perfusie 
is getest in verschillende video simulaties en in een SDF video clip van hoge 
kwaliteit, waarin de microcirculatie was gemonitord op één plaats voor en tijdens 
een hartstilstand in een patiënt tijdens een hartoperatie. Met de video simulaties 
hebben we aangetoond dat de detectie van perfusie beperkt wordt door hoge 
rode bloedceldichtheid en snelheid, wat de toepasbaarheid van deze methode 
in echte SDF beelden aanzienlijk beperkt. Echter, in een SDF video clip van hoge 
kwaliteit is het met behulp van de tSICA methode wel mogelijk om doorbloede 
vaten van niet-doorbloede vaten te onderscheiden. 

Ondanks het feit dat sublinguale SDF imaging een meer prominente rol 
krijgt in klinisch onderzoek, kan deze techniek alleen gebruikt worden om de 
microcirculatie in een klein gebied te monitoren en is weefselcontact een vereiste. 
Bovendien is het meten van de bloedstroomsnelheid alleen mogelijk tot een 
bepaalde snelheid. Gezien deze redenen heeft een macroscopische techniek met 
hoge spatiële en temporele resolutie, gevoelig is voor microcirculaire perfusie en 
die geen weefselcontact vereist in bepaalde klinische en experimentele settings 
de voorkeur boven SDF imaging. Een techniek die aan deze voorwaarden 
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voldoet, is laser speckle imaging (LSI). Het is echter nog nooit vastgesteld of LSI 
daadwerkelijk voldoende sensitief is om perfusieveranderingen op microcirculair 
niveau te detecteren. Aangezien SDF imaging de rode bloedcellen stromend door 
de capillairen kan waarnemen (ondanks de beperkte detectie afhankelijk van de 
snelheid), kan deze techniek uitstekend als gouden standaard fungeren om LSI te 
valideren. In Hoofdstuk 4 hebben we LSI gevalideerd door de capillaire perfusie 
in de nagelriem te meten en de waarden van SDF imaging met de waarden van 
LSI te vergelijken. Hieruit is gebleken dat de metingen van deze twee technieken 
goed overeen komen en dat LSI weefsel perfusie met hoge spatiële en temporele 
resolutie kan meten. Deze technologie kan toegepast worden om microvasculaire 
reactiviteit onder verschillende (patho)fysiologische condities te meten.

Vervolgens hebben we in Hoofdstuk 5 het meten van microvasculaire perfusie 
in de nierschors van de rat met behulp van LSI geëvalueerd. Hiervoor hebben we 
LSI gebruikt tijdens complete renale ischemie/reperfusie (1, 10, 45 min ischemie) 
en tijdens heterogene ischemie/reperfusie (luchtembolieën). We hebben de LSI 
beelden op twee manieren geanalyseerd en bekeken of een perfusiewaarde of 
een perfusiehistogram de perfusieheterogeniteit in de nierschors bepaalt. We 
hebben aangetoond dat LSI verschillen in reperfusiedynamiek na verschillende 
perioden van ischemie kan meten en dat de perfusieheterogeniteit in de 
nierschors gekwantificeerd kan worden door middel van perfusiehistogrammen.

deel ii – microvasculaire oxygenatie bepaling

De afgifte van zuurstof aan weefselcellen vindt voornamelijk plaats in de 
microcirculatie en daarom wordt de microcirculaire zuurstofspanning gezien 
als een belangrijke fysiologische parameter. Tijdens endotoxemie is de 
balans tussen zuurstofafgifte en zuurstofverbruik echter ernstig verstoord. 
Door zijn complexe structuur en hoge zuurstofconsumptie is met name de 
nier gevoelig voor deze pathofysiologische conditie. Ondanks het feit dat 
zuurstofdiffusie van de microcirculatie naar de cellen wordt bepaald door de 
zuurstofspanningsgradiënt, een essentiële stap in de weefseloxygenatie, heeft 
geen enkele studie deze gradiënt tot nu toe onderzocht. Daarom hebben wij in 
Hoofdstuk 6 de complexe veranderingen in de renale zuurstofdistributie tijdens 
endotoxemie met behulp van dual-wavelength phosphorimetry en tissue oxygen 
monitoring bestudeerd in de verschillende compartimenten van de nier (cortex 
en  medulla) en op verschillende niveaus van weefsel oxygenatie (microcirculatie 
en interstitium) in endotoxemische ratten. We hebben gevonden dat de 
verschillende renale compartimenten verschillend reageren op endotoxemie en 
dat de zuurstofspanningsgradiënt in beide compartimenten in dit short-term 
model van endotoxemie niet verandert. 

Waar het vorige hoofdstuk inzicht verschaft in de complexe veranderingen 
tijdens endotoxemie op het gebied van zuurstofdistributie in verschillende 
compartimenten van de nier (cortex en medulla) en op verschillende niveaus van 
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weefsel oxygenatie (microcirculatie en interstitium), zorgt deze studie niet voor 
nieuwe informatie over de onderliggende heterogeniteit van de zuurstofspanning 
op microcirculair niveau. Onder de pathofysiologische condities tijdens 
endotoxemie is echter aangetoond dat hypoxisch weefsel naast normoxisch 
weefsel kan bestaan. Deze hypoxische fracties kunnen in potentie tot nierfalen 
leiden en daarom is de detectie van deze fracties zeer belangrijk. In plaats van 
mono-exponentiële analyse van de phosphorimetrische volume meting, dat slechts 
één microvasculaire zuurstofspanningswaarde in het meetvolume verschaft, kan 
multi-exponentiële analyse worden gebruikt, dat een verdeling (of histogram) 
van de microvasculaire zuurstofspanningen oplevert. Hoewel het bekend is 
dat phosphorimetry met multi-exponentiële analyse kan worden benarderd, 
is de toepassing hiervan tot nu toe beperkt gebleven tot een beperkt aantal 
pathofysiologische studies. Dit wordt waarschijnlijk veroorzaakt vanwege het feit 
dat de betrouwbaarheid van de zuurstofspanningshistogrammen nooit intensief 
geëvalueerd is en verslaglegging mist. Het doel van Hoofdstuk 7 was om de 
mogelijkheid van multi-exponentële analyse in zuurstofspanningshistogrammen 
van gesimuleerde en in vivo phosphorimetry waarden adequaat vast te stellen. 
We hebben bepaald hoezeer ruis de  zuurstofspanningshistogrammen beïnvloedt 
en hebben phosphorimetry uitvoerig gevalideerd met multi-exponentiële analyse 
voor lage, hoge, en bimodale zuurstofspanningsverdelingen.

In de hoofdstukken 5 en 7 hebben we vastgesteld dat LSI en phosphorimetry 
gebruikt kunnen worden om de renale microvasculaire perfusie en oxygenatie 
histogrammen, respectievelijk, te bepalen. Het doel van Hoofdstuk 8 was 
om deze modaliteiten te combineren en de rol van renale hypoperfusie in de 
ontwikkeling van renale microcirculaire dysfunctie in endotoxemische ratten te 
onderzoeken. We onderzochten de hypothese dat onmiddellijke vochtsuppletie 
de endotoxemisch-geïnduceerde hypotensie en renale microcirculaire dysfunctie 
zou kunnen voorkomen. We hebben echter aangetoond dat onmiddellijke 
vochtsuppletie en preventie van renale macrovasculaire hypoperfusie niet 
beschermen tegen renale microcirculaire dysfunctie. Verder hebben we laten 
zien dat het voorkomen van hypotensie (door onmiddellijke vochtsuppletie) 
renale ontstekings-activatoren vermindert. Dit duidt erop dat de endotoxemisch-
geïnduceerde hypotensie voor aanvang van de vochtsuppletie leidt tot schade 
ten gevolge van ischemie-reperfusie, hetgeen mogelijkerwijs leidt tot activatie 
van renale ontsteking. Deze studie laat dus zien dat tijdens endotoxemie renale 
microcirculaire dysfunctie kan bestaan met een volledig gecompenseerde 
macrovasculaire perfusie wat gepaard kan gaan met nierfalen.
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conclusies

Dit proefschrift beschijft de ontwikkeling, evaluatie, en validatie van belangrijke 
optische methoden voor het in vivo meten van microvasculaire perfusie 
(sidestream dark field imaging en laser speckle imaging) en oxygenatie 
(phosphorimetry). Dit ondersteunt het onderzoek in onze groep betreffende 
het ‘vertalen’ van klinische scenario’s naar (patho)fysiologische concepten en de 
ontwikkeling van therapeutische strategieën gebaseerd op inzichten opgedaan 
in de kliniek en het lab. Dit proefschrift kan daarom dienen als een raamwerk 
voor onderzoeken gericht op perfusie- en oxygenatie-(re)distributies in (patho)
fysiologie en moedigt onderzoekers en wetenschappers aan de beschreven 
technieken te gebruiken om zo wellicht verder inzichten in complexe ziekten en 
behandelingen te kunnen krijgen.
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"Just remember, once you are over the hill 
you will begin to pick up speed."

Arthur Schopenhauer




