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a b s t r a c t 

Background: Hand-Held Vital Microscopy (HVM) has been utilized in clinical investigations to measure micro- 
circulation, providing valuable insights into the pathophysiology of critical illness and its treatment. However, 
its clinical implementation has been hampered by several shortcomings. These included the need for automatic 
analysis software, for instant image stabilization, and for information regarding microcirculatory oxygenation. 
The aim of this study is to describe an HVM which has realized these research objectives. 

Methods: This preclinical study introduces the OxyCam, a novel HVM device. OxyCam stabilizes images dur- 
ing recording and subsequently provides essential microcirculatory functional parameters through automatic 
analysis. Green and blue illuminated images, sequentially recorded and ratio imaged, allow calculation of the 
hemoglobin (Hb) oxygen saturation (μHbO2 sat) of RBCs and are presented in pseudo color images. We validated 
the OxyCam on the hindlimb muscle of 9 male Wistar albino rats, mechanically ventilated at different levels of 
inspired oxygen (FiO2 ). Comparison was made between OxyCam-green and blue images and to its predecessor 
the Cytocam. OxyCam-generated μHbO2 sat values were compared to HbO2 sat fiber spectrophotometry (O2C). 

Results: Green and blue illumination from the OxyCam yielded higher total vessel density (OxyCam green 
[31.4 ± 4.3] mm/mm2 ; OxyCam blue [32.5 ± 4.2] mm/mm2 , Cytocam [28.5 ± 3.6] mm/mm2 ) and functional capil- 
lary density (OxyCam green [25.4 ± 6.4] mm/mm2 ; OxyCam blue [26.2 ± 7.9] mm/mm2 ; Cytocam [23.0 ± 4.5] 
mm/mm2 ) than the Cytocam images OxyCam-blue gave higher tissue RBC perfusion values (OxyCam green 
[55.3 ± 18.0] μm/min; OxyCam blue [69.5 ± 25.5] μm/min; Cytocam [58.3 ± 15.3] μm/min) than the OxyCam- 
green or Cytocam images. OxyCam-blue and green images gave better image quality than the Cytocam images. 
μHbO2 sat imaging with the OxyCam was validated by demonstrating expected changes in μHbsat during differ- 
ent FiO2 levels (100%, 60%, 21%, 0%). Furthermore, a correlation between the mean μHbO2 sat of images and 
independently measured μHbsat by tissue spectrophotometry during different levels of FiO2 was found. Finally, 
μHbO2 sat images in pseudo-color (red to blue) are shown for the individual microvessels at different FiO2 levels. 

Conclusions: The OxyCam has been validated for measuring tissue perfusion and oxygenation and can be consid- 
ered for point-of-care diagnosis of the microcirculation at the bedside. 
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Shock is defined as circulatory failure, resulting in the inabil-
ty of the circulation to provide adequate tissue perfusion and
xygenation to meet the metabolic needs of tissue cells for their
urvival and to support organ function. This definition, dates
ack to 1920[ 1 ] and persists to date in the current consensus
n shock definition.[ 2 , 3 ] Indeed, many resuscitation procedures,
uch as fluid therapy, blood transfusion and vasoactive therapy
efine the restoration of tissue perfusion as the ultimate goal of
herapy.[ 4–6 ] 

Despite general agreement on the importance of tissue and
icrocirculatory perfusion and oxygenation in critical care
edicine, no validated clinical bedside technique exists to quan-

itatively and automatically characterize microcirculatory tis-
ue perfusion and oxygenation at the bedside. Instead, surro-
ate markers, such as lactate, arterial-venous carbon dioxide
ifference, peripheral temperature, near infrared spectroscopy
NIRS), and capillary refill time, are used.[ 7 ] 

Alterations in sublingual microcirculation using various gen-
rations of hand-held vital microscopes (HVM) has been used
ver the past decades for direct observation of red blood
ells (RBC) perfusion of the microcirculation in disease and
herapy.[ 8 ] HVM observations provide quantitative information
bout RBC perfusion and allows a distinction to be made be-
ween the diffusive and convective properties of microcircula-
ory perfusion.[ 9 , 10 ] Although sublingual HVM has been widely
sed to gain insight into the identification of a loss of hemody-
amic coherence between the macro and microcirculation,[ 11 ] 

he nature of sepsis shock and resuscitation, and as a sensitive
ndicator of outcome,[ 12–15 ] it has not gained wide acceptance
s a routine point of care bedside clinical tool.[ 16 ] 

The 2018 International Consensus on the assessment of
ublingual microcirculation identified the requirements for
he future development of HVM to become a routine bed-
ide diagnostic tool.[ 10 ] The first main requirement was the
eed for a clinically validated point-of-care automatic anal-
sis platform.[ 10 ] We recently developed such an automatic
oftware platform called MicroTools and clinically validated
t in a large international database of patients.[ 9 ] The second
ain requirement of the 2018 Consensus was the need to mea-

ure the amount of oxygen being transported by RBC in the
icrocirculation.[ 10 ] This is important since physiology dictates

hat RBC-encapsulated hemoglobin (Hb) is the primary passage
y which oxygen is transported to the tissues to meet their
etabolic requirements.[ 17 ] 

To meet the above requirements, we developed a novel gen-
ration HVM called the OxyCam. To measure the oxygen satu-
ation in the RBCs in the microcirculation we applied the dual
avelength illumination of Hashimoto to image the distribu-

ion of microcirculatory Hb oxygen saturation (μHbO2 sat) in the
essels.[ 18 ] For the purposes of the OxyCam, we developed an
ltered version of MicroTools which we have called OxyTools to
ccommodate dual wavelength oximetry and introduced an in-
tant stabilization algorithm, which allowed rapid access to the
mage for automatic analysis,. In doing so, the functional proper-
ies generated by the embedded OxyTools of the OxyCam fulfil
he requirements of the 2018 Consensus on Sublingual Micro-
irculation for a point-of-care clinical HVM device for bedside
se.[ 10 ] Its validation is described in this paper. 
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escription of the OxyCam 

OxyCam is designed as most HVM systems are, with a com-
uter control image sensor attached to an image guide consist-
ng of a set of lenses covered by a disposable plastic medically
lean cap. The optical system of the lens pipe consists of a set of
pecially designed high-resolution lenses considering the optical
roperties of the different wavelengths needed for dual wave-
ength oximetry in a lens pipe with a magnification factor of
4.4. The tip of the lens pipe is placed on an organ surface, and
mages of the microcirculation under the surface are projected
nto a high-resolution image sensor. The high-resolution digital
mage sensor consists of 2472 × 2064 pixels, with a pixel size
f 2.74 μm2 and is used to record image sequences. To avoid
urface reflections, illuminating 8 light emitting diodes (LED)
re placed around the circumference of the tip of the lens pipe
f which four are green (527 nm) and four are blue (470 nm).
n this way, Incident Dark Field (IDF) illumination is accom-
lished according to Sherman and Cook[ 19 ] as well as direct il-
umination. The tissue surface can be illuminated with either
reen or blue light or in oximetry mode, alternating sequen-
ially between the two wavelengths. The OxyCam is attached
o a clinically certified Linux-based tablet fitted with a graph-
cal user interface (GUI) for control of image acquisition, fo-
us, brightness, the frequency, and duration of the blue and
reen light illumination, or alternatively to a MacBook Pro com-
uter. Acquired images are then processed by OxyTools for au-
omatic quantitative calculation of all the functional microcircu-
atory parameters, as well as the tissue red blood cell perfusion
tRBCp)[ 20 ] and microcirculatory (μHbO2 sat) seen in the FoV.
alculation of the μHbO2 sat in each RBC position in the ves-
els are conducted by ratio imaging of the superimposed two
avelength images and presented as pseudo-colors superim-
osed on the microcirculation images of the flowing RBC in the
oV. 

Focusing is accomplished by movement of the image sensor
y a software-controlled stepper motor with a step size of 20 μm.
his feature allows quantitative depth of focus measurements
f the microcirculation with respect to the tissue surface to be
ade.[ 21 ] We showed that such a measurement can be used for

uantitative measurement of fluid resuscitation-induced tissue
dema in burn patients.[ 22 ] This feature also allows easy sequen-
ial measurements to be made without the need to refocus. 

he OxyTools GUI 

The purpose of the GUI is to control the recording and analy-
is functions of the OxyCam and display them on the computer
creen for interactive communication with the operator. The
UI comprises five phases: (1) the focusing phase, (2) the sta-
ilization and recording phase, (3) segmentation of the vessels,
4) analysis phase providing microcirculatory perfusion and Hb
aturation parameters, and (5) the export function of the images
nd data. Three screenshots of 2–4 associated with the GUI are
hown in Figure 1 . 

The recording phase of the GUI follows placement of the tip
f the OxyCam on the tissue surface to obtain a well-focused
Health and Social Security de ClinicalKey.es por Elsevier en agosto 11, 
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mage of the microcirculation, making sure a mix of capil-
ary and venule vessels are observed in the FoV when used
ublingually.[ 23 ] Focus is accomplished by movement of the
tepper motor till sharp images of moving RBC in the capil-
aries in the FoV are seen. A default recording time of 4 s is
ade although longer recording times is possible by change of

he configuration settings. The GUI is fitted with an instant sta-
ilization module which stabilizes the image during recording
n the acquisition phase of the image ( Figure 1 A). This instant
tabilization option is an important advance on previous HVM
evices, which required stabilization of the image offline and,
f not successful, required repeated measurements on the pa-
ient until a suitable stable image was made. These features,
hereby OxyCam acquires a stabilized image and allows instant
nalysis, substantially reduces the measurement time and anal-
sis time needed for obtaining point-of-care information regard-
ng the functional state of the microcirculation in the FoV from
ome 30 min using conventional HVM to several seconds in the
resent GUI. 

The OxyTools software incorporated in the OxyCam consists
f the MicroTools clinically validated automatic software anal-
sis, for instant analysis of microcirculatory image sequences
or providing quantitative parameters related to the functional
ctivity of the microcirculation in the FoV, plus the dual wave-
ength oximetry software to calculate and present graphically
HbO2 sat colors superimposed on the micro vessels. Segmenta-
ion of the acquired images for identification of the blood vessels
s achieved by MicroTools routines.[ 24 ] The quantitative func-
ional parameters of the microcirculation related to the diffusive
igure 1. Examples of the graphic user interface. A: The acquisition is started by pre
e followed by the movement of the cursor on the vertical stabilization (shown by t
eached the bottom of the stabilization bar. B: The analysis phase is initiated by seg
: followed by calculation of the microcirculatory and oxygenation parameters acqu
reen illumination, or the calculated hemoglobin satturation image drawn in pseudo
mplified section of the microcirculatory μHbO2 sat images of a field of view. Note th
reas, a red capillary (vessel 189) can be seen flowing into an intermediate venule (
s colored blue. In the data sheet associated with this image, μHbO2 sat value is give
xygen extraction can be calculated for each individual vessel. μHbO2 sat: Hemoglobi
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omponent of the microcirculation include total vessel density
TVD) and the functional capillary density (FCD).[ 9 , 10 ] In addi-
ion to these functional parameters, an important new functional
arameter combining the diffusive and convective components
f microcirculation called tRBCp is included.[ 20 ] The tRBCp is
 quantitative parameter (μm/min) which describes the oxygen
elivery capacity of the RBC in the microcirculation to the tis-
ues. 

Analysis of the green and blue images allows calculation of
he μHbO2 sat. OxyTools measures the luminosity of each pixel
nd calculates the optical density within and outside the length
f each micro vessel from which the μHbO2 sat is calculated.[ 18 ] 

xyTools and the GUI present the microcirculatory moving im-
ges of the flowing red and white blood cells[ 25 ] together with
 compiled microcirculatory image superimposed on the mi-
ro vessels in pseudo colors ranging from red (well saturated
HbO2 sat) to blue saturated (de saturated μHbO2 sat). Leuco-
ytes do not effect to the calculation of μHbO2 sat because they
o not contain Hb. 

alidation of microcirculatory (μHbO2 sat) imaging 

Validation of the change in microcirculatory Hb saturation
as accomplished by comparison the mean μHbO2 sat measured
y fibre spectrophotometry (O2C, Lea Medizintechnik GmbH,
ermany). The O2C device is a spectrophotometry device that

s connected to a fibre whose tip is placed on tissue surfaces. The
bre consists of a light guide with concentric illumination of the
ssing the record button, and the automatic stabilization is initiated, which can 
he arrows). Stabilization is completed when the stabilization of the cursor has 
mentation of the vessels (software recognition of the contours of the vessels) 
isition. In this phase, the recorded image sequence can be observed in blue or 
colors (red well saturated, blue poorly saturated red blood cells). D: shows an 
at each vessel is identified by a number which can be identified. In the circled 
vessel 41), which flows downstream in the terminal venule (vessel 17), which 
n of the beginning of a vessel and the value at its distal, from which the tissue 
n oxygen saturation. 
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issue surface with white light. The O2C device analyses the re-
ected light by a spectrophotometer, producing a spectrum of
he reflected light. This reflected spectrum, from 400 nm light
o 600 nm, is then computer-analysed to calculate the micro-
irculatory Hb saturation of the microcirculation under view.
e have previously validated the O2C device in hemodiluted

igs by comparing the O2C microcirculatory μHbO2 sat signal
o quantitative microcirculatory oxygen pressure measurements
sing palladium porphyrin quenching of phosphorescence[ 26 , 27 ] 

nd have applied the technique in clinical sublingual oxime-
ry studies.[ 5 , 28 ] In the present study, the mean μHbO2 sat value
easured by the O2C device was used as a gold standard for

omparison to the mean μHbO2 sat of the images obtained from
he OxyCam. The catchment area of the O2C fibre is similar to
hat of the FoV of the HVM device. Different values of inspired
xygen (FiO2 ) were then applied to the ventilator to generate
iffering values of μHbO2 sat of the hind limb muscle. OxyCam
easurements were alternated with O2C measurements. 

at hindlimb muscle validation experiments 

This study was approved by the National Committee of An-
mal Experimentation (PPL2317333) and the Animal Welfare
ody of Erasmus Medical Center, Rotterdam (SP2300253). Nine
ale Wistar albino rats with bodyweight of (416 ± 21) g were
sed (Charles River, The Netherlands). The number of animals
sed for the study was determined by the power analysis of
ifferences between two dependent means (matched pair) (G
ower, HHU, Germany) with a TVD mean 1 of 30 mm/mm2 

nd a standard deviation of 4, and an estimated mean 2 of
3 mm/mm2 , a standard deviation of 3. The effect size, alpha
rror, and power were calculated as 0.554, 0.050, and 0.500,
espectively. A total of 36 pair comparisons were needed, cor-
esponding to 9 animals with 4 time points. Care and handling
ere performed in accordance with the institutional and Animal
esearch: Reporting of In Vivo Experiments (ARRIVE) guide-

ines. 
Rats were instrumented, anesthetized and mechanically ven-

ilated as described previously.[ 29 ] The biceps femoris muscle
as exposed, and the tip of the lens pipe of the Cytocam, as

he predicate hand-held vital microscope (Cytocam, Braedius,
he Netherlands), followed by OxyCam, was gently placed on
he exposed biceps femoris muscle. Care was taken to place the
ip of the devices on the same location on the muscle surface.
oth devices were optimally focused to achieve good visualiza-
ion of the flowing single red and white blood cells in the cap-
llaries of the muscle microcirculation. Using the Cytocam and
he OxyCam in this manner, several time points were measured
hereby each time point consisted of three image sequences,
 Cytocam (green illumination) measurement and an OxyCam
reen and blue illumination measurement. Each experiment was
 terminal experiment for the animal and lasted approximately
 h. A total of 9 rats were examined with four different FiO2 

evels (100%, 60%, 21%, and 0%). Eight of those were included
or the evaluation of microcirculatory parameters of green and
lue illuminated OxyCam and green illuminated Cytocam im-
ges (giving a total of 32 images, which were analyzed). Four
ats were used for analysis of 𝜇HbO2 sat measurements using the
xyCam and O2C at 4 different FiO2 levels (100%, 60%, 21%
nd 0%) achieved by cessation of ventilation (giving a total of
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enous 1 mL/kg Euthasol (20% pentobarbital) infusion. 

rotocol 

After 30 min of stabilization of the rats, the Cytocam tip of
he light guide was gently placed on the muscle surface, and a
-s image clip was recorded at 100 frames per second during
ach FiO2 level. Then the tip of the OxyCam was placed on the
uscle, and frames of green light illumination were recorded,

nd next a similar clip of blue light illumination was recorded.
mages were analyzed by OxyTools, providing the microcircu-
atory parameters listed above. Oximetry values calculated in-
lude μHbO2 sat expressed as oxygen saturation in each of the
ndividual vessels (presented in pseudo-color and available as%
bO2 sat) as well as the mean μHbO2 sat values of the whole field
f view. 

uality of images 

To compare the quality of microcirculatory images obtained
y the green illumination of Cytocam and the green and blue
llumination of the OxyCam, a Python script was written us-
ng OpenCV and NumPy to compute the Laplacian variance for
harpness, the standard deviation for contrast and the mean for
rightness of the whole image seen in the field of view as de-
cribed elsewhere.[ 30 ] The vessel quality of the entire image was
efined as the multiplication of the normalized contrast and the
ormalized sharpness, as was described previously by Goedhart
t al.[ 31 ] 

tatistics analysis 

We analyzed microcirculatory values repeatedly in the same
nimal under three modalities (OxyCam Green, OxyCam Blue,
ytocam). For analysis, the primary model used was a linear
ixed-effects model (LMM) with a fixed effect for HVM and a

andom intercept for subject to account for within-subject cor-
elation. 

Models were fit by restricted maximum likelihood; denomi-
ator degrees of freedom were obtained via Satterthwaite ap-
roximation. Model assumptions were assessed by inspection
f residual diagnostics. We estimated marginal means for each
easurement. All pairwise differences among HVM levels were

eported with Tukey adjustment. A two-sided 𝛼= 0.05 was used
or hypothesis tests. All analyses were performed with R Soft-
are (version 4.4.1. R Foundation for Statistical Computing, Vi-

nna, Austria). 

esults 

UI 

The GUI, which controls the OxyCam, is visualized on the
creen and can be controlled by the operator. The tip of the
xyCam is placed on a tissue surface where a suitable mix of
apillaries and venules are observed. Care is taken not to ex-
rt excessive pressure on the tissue surface as indicated by ob-
tructed venular RBC flow as stated by the European Society
Health and Social Security de ClinicalKey.es por Elsevier en agosto 11, 
ación. Copyright ©2026. Elsevier Inc. Todos los derechos reservados.
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f Intensive Care Medicine (ESICM) guidelines on sublingual
icrocirculatory.[ 10 ] Prior to the image being recorded, focus is

chieved by GUI control of the stepper motor till single flowing
BC can be seen sharply in the capillaries. Then, the recording is

nitiated by pressing the record button, and the automatic stabi-
ization is initiated, which can be followed by the movement of
he cursor on the vertical stabilization bar. Stabilization is com-
leted within seconds if the operator is suitably trained and is
ndicated by the cursor reaching the bottom of the stabilization
ar ( Figure 1 A). This concludes the acquisition phase, and the
ecorded clip is ready for analysis. The recording phase includes
he segmentation of the vessels (software recognition of the con-
ours of the vessels) ( Figure 1 B) and then calculation of the
icrocirculatory and oxygenation parameters of the observed
icrocirculation in the FoV. In this phase the recorded image

equence can be played back for inspection in blue or green
lluminated images, or the calculated μHbO2 sat image can be
bserved with drawn in pseudo colors (red well saturated blue
oorly saturated RBC) in the various micro vessels ( Figure 1 C).
s can be seen in a detail of a μHbO2 sat image ( Figure 1 D) each
essel is numbered, and upstream capillaries are redder than the
arger distal venules as would be expected as oxygen leaves the
asculature into the tissues. Figure 1 D also shows how a redder
apillary can be seen flowing into an intermediate venule flow-
ng downstream in the terminal venule which is colored blue.
ach vessel is identified by a number which can be identified
 Figure 1 D) in a data sheet where all the functional parame-
ers related to the perfusion and oxygenation of each individual
essel can be found and outputted as a data file. Regarding the
HbO2 sat measurements, the value can be obtained at the be-
inning of a vessel and at its distal end from which the tissue
xygen extraction can be calculated per vessel Figure 2 . 

mage quality 

The quality of the three different modalities were compared
o each other for resolution, sharpness, and quality of image
 Table 1 ). The results showed that OxyCam outperformed Cyto-
am in terms of the quality of image, both in green and blue. 
igure 2. Examples of the rat hindlimb muscle microcirculation taken with the 
ytocam (A: green illumination), OxyCam (B: green illumination), and OxyCam 

C: blue illumination). 

able 1 

uality of image score based on the measurement of sharpness, contrast, and 
rightness. The OxyCam, both in green and blue, provides a better quality of 
mage than the Cytocam. 

Modality Sharpness Contrast Brightness Quality 

OxyCam green 0.29 ± 0.08 0.12 ± 0.03 0.72 ± 0.07 0.040 ± 0.020 
Cytocam 0.03 ± 0.01 0.08 ± 0.03 0.36 ± 0.12 0.003 ± 0.000 
OxyCam blue 0.13 ± 0.04 0.09 ± 0.03 0.53 ± 0.07 0.010 ± 0.000 
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omparison of microcirculatory parameters 

OxyCam can generate both green and blue illuminated im-
ges. In this way, a comparison was made between the micro-
irculatory parameters calculated from the green and blue il-
uminated OxyCam images and, compared to the microcircula-
ory parameters calculated from the Cytocam (green illumina-
ion) images ( Table 2 ). The TVD of the Cytocam was compared
o that of the OxyCam green illuminated images in 8 rats. Re-
ults showed that the two systems gave comparative values of
VD ( Figure 3 A) calculated by the validated automatic Micro-
ools software embedded in the OxyCam. Results, as shown in
igure 3 , indicated that the TVD calculated from OxyCam im-
ges illuminated with green and blue light yielded a higher TVD
han that calculated from the green-illuminated Cytocam im-
ges ( P = 0.013 and P < 0.001, respectively). The green and blue
lluminated OxyCam images provided equivalent values of TVD
 Figure 3 A) ( P = 0.102). 

Comparison of the diffusive component of the microcircula-
ion, the FCD, since no difference was found between the Oxy-
am green and Cytocam green illumination ( P = 0.159), Oxy-
am blue images gave higher FCD values than both OxyCam
reen and Cytocam green image values ( Figure 3 B) ( P = 0.022
nd P < 0.001, respectively). The convective component of the
icrocirculation, tRBCp, showed no significant differences be-

ween the OxyCam green and Cytocam green ( P = 0.673), but it
howed a higher value for the OxyCam blue images than either
he OxyCam green or the Cytocam green images ( P < 0.001 and
 = 0.002, respectively) ( Figure 3 C). 

icrocirculatory HbO2 sat measurements 

To demonstrate the ability of the OxyCam to measure
HbO2 sat, we applied the ratio imaging methodology described
y Hashimoto to calculate μHbO2 sat on the green and blue im-
ges of the OxyCam.[ 18 ] The mean value of μHbO2 sat of the
hole FoV was calculated at various levels of FiO2 . Figure 4 A

hows the dependency of the mean muscle tissue μHbO2 sat on
nspired FiO2 levels in a predictable manner. 

To further validate the dual wave ratio imaging methodology
mbedded in the OxyCam, the calculated mean μHbO2 sat in im-
ges of all the vessels in the FoV using OxyTools at different
iO2 levels were compared to those independently measured by
2C spectrophotometry fibre measurements. Results showed a
ood correlation between the OxyCam-generated ratio imaging-
alculated μHbO2 sat and the O2C-measured μHbO2 sat ( r = 0.79
nd P = 0.0002) ( Figure 4 B). 
able 2 

omparison of microcirculatory parameters obtained with OxyCam (green and 
lue illumination) and Cytocam. 

Parameter OxyCam (Green) OxyCam (Blue) Cytocam 

TVD (mm/mm2 ) 31.4 ± 4.3 32.5 ± 4.2 28.5 ± 3.6 
FCD (mm/mm2 ) 25.4 ± 6.4 26.2 ± 7.9 23.0 ± 4.5 
Tissue RBC perfusion 
(μm/min) 

55.3 ± 18.0 69.5 ± 25.5 58.3 ± 15.3 

ata are presented as mean ± standard deviation. 
CD: Functional capillary density; RBC: Red blood cell; TVD: Total vessel den- 
ity. 
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Figure 3. OxyTools-based automatic analysis and comparison of microcirculatory images acquired by OxyCam under green illumination, OxyCam under blue 
illumination, and the reference Cytocam device across eight rats. A: total vessel density (TVD), B: functional capillary density (FCD), C: tissue red blood cell perfusion 
(tRBCp). Numbers indicating between-group comparisons correspond to P values. 
FCD: Functional capillary densit; tRBCp: Tissue red blood cell perfusion; TVD: Total vessel density. 

Figure 4. Validation of OxyCam microcirculatory μHbO2 sat imaging dependency on inspired oxygen fraction (FiO2 ) against controlled oxygenation and a 
comparative O2C method in a ventilated rat hind limb model ( n = 4). 
A: Validation of OxyCam response to systemic oxygenation changes. The mean μHbO2 sat measured by OxyCam imaging increased predictably with elevated inspired 
oxygen fraction (FiO2 ) in the mechanically ventilated rat hind limb model ( n = 4). B: Correlation between OxyCam imaging and fiber spectrophotometry (O2C). 
μHbO2 sat was measured simultaneously on the same muscle using OxyCam and O2C. Individual data points (symbols coded by FiO2 level) are plotted alongside 
the linear regression (dark line; shaded area represents confidence interval). The cross indicates the overall mean ± standard error of the mean. Deviation of the 
regression line from the identity line suggests that the O2C signal, limited by its lower sensitivity and signal-to-noise ratio in low-flow states, may not fully capture 
saturation in the smallest vessels detected by OxyCam. The data also reflect the challenge of achieving complete muscle deoxygenation via hypoxic ventilation alone. 
Despite this, a strong correlation exists between the two techniques. 
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Figure 5 shows examples of the images at the various levels of
iO2 . The drawn in color scheme goes from blue (low saturation)
o red (high oxygen saturation). As can be seen in the images in
igure 5 A at 21% FiO2 , a mix of red and blue vessels are seen.
he smaller capillary vessels are upstream and, as expected, are
edder associated with a higher saturation than the downstream
arger venules, which are, also as expected, blue. Increasing the
nspired oxygen to 100% results in almost all vessels becoming
ed and fully oxygen saturated ( Figure 5 B), whereas reducing
he FiO2 to 60% results in vessels becoming less saturated, es-
ecially the downstream venules ( Figure 5 C). Note the inter-
ediate purple vessels between the capillaries and the large

enule. Secession of the ventilation results in the muscle be-
oming hypoxic with all the vessels becoming blue ( Figure 5 D).
ogether these results show that the ratio imaging methodol-
gy using green and blue illumination works. They can measure
issue μHbO2 sat using the OxyCam reliably both at a morpho-
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ogical level and as mean μHbO2 sat values taken over the whole
oV. 

iscussion 

In the present study, an HVM, called the OxyCam, designed
o measure quantitatively microcirculatory perfusion and oxy-
enation, was validated in the hind limb muscle of mechani-
ally ventilated rats and compared to its predecessor HVM, the
ytocam. Instant image stabilization, together with the embed-
ed OxyTools, considerably shortens the acquisition and analy-
is time compared its predecessor HVM, which requires offline
rocessing and analysis. Subsequently, the OxyTools is able to
utomatically analyse the microcirculatory perfusion parame-
ers, as well as the oxygen saturation values of the RBCs flowing
n the microvessels, using dual-wavelength ratio imaging oxime-
ry. 
Health and Social Security de ClinicalKey.es por Elsevier en agosto 11, 
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Figure 5. Representative microvascular μHbO2 sat maps obtained by OxyCam 

two-wavelength ratio imaging under varying FiO2 . A: FiO2 21%. The μHbO2 sat 
map exhibits a mixed pattern, with well-saturated capillaries (red) transition- 
ing to lower saturation in distal venules (blue), consistent with expected oxygen 
diffusion along the capillary-venule axis. B: FiO2 100%. The microvascular net- 
work appears predominantly red, indicating uniformly high hemoglobin oxy- 
gen saturation throughout the visualized vessels. C: FiO2 60%. An intermediate 
saturation pattern is observed, featuring a greater proportion of red capillar- 
ies alongside progressively desaturated venules (blue). D: FiO2 0%. The map is 
dominated by blue, reflecting severe hemoglobin desaturation across the entire 
microcirculatory network. 
μHbO2 sat: Hemoglobin oxygen saturation; FiO2 : Inspired oxygen fractions. 
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Previous generations of HVM devices have been devel-
ped, including orthogonal polarization spectral imaging (OPS),
idestream darkfield imaging (SDF), and IDF devices,[ 32 ] and
hese have been validated in various studies.[ 31 , 33 , 34 ] The most
dvanced HVM currently in use is the Cytocam although, due to
ts lack of validated automatic software and absence of oximetry
t has not met the requirements of the 2018 International Con-
ensus on the assessment of sublingual microcirculation for it
o be used as a routine clinical point of care diagnostic tool.[ 10 ] 

evertheless the Cytocam has been shown to be able to detect
0% more vessels than in its previous version, SDF imaging.[ 34 ] 

hich is why we chose the Cytocam as a predicate device to
ompare it to the OxyCam in the present study. 

Comparison was made between the image quality, contrast,
rightness, and sharpness of the green and blue illuminated
xyCam images. Results showed comparable image quality be-

ween OxyCam green illumination and OxyCam blue illumina-
ion, whereas the OxyCam outperformed the Cytocam in terms
f image quality ( Table 1 ). The functional parameters mea-
ured from OxyCam green and blue illuminated images were
ompared to each other and to those obtained by the green
lluminated Cytocam images. Results showed that TVD mea-
ured with the OxyCam provided higher values than those of
he Cytocam, but FCD and tRBCp were comparable between the
xyCam and Cytocam green illumination. Additionally, blue-

lluminated OxyCam images yielded higher TVD, FCD, and tR-
Cp than green-illuminated Cytocam images. These findings are
onsistent with the composite findings that the OxyCam lenses
rovide better image quality ( Table 1 ), in combination with ear-
ier findings that blue illumination provides better image quality
han green illumination.[ 35 ] 
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The ratio-imaging method, introduced by Hashimoto for
HbO2 sat oximetry, was successfully incorporated into the Oxy-
am. Mean μHbO2 sat values followed the levels of inspiratory
xygen as expected. Images of μHbO2 sat produced pseudo color
mages of the μHbO2 sat of the different generation micro vessels
n a similar manner as presented by Hashimoto and colleagues.
ince the method measures the μHbO2 sat at each RBC position
n the vessel, OxyTools makes a measurement of the μHbO2 sat
t the entrance and at the exit of each vessel, making it possible
o measure the amount of oxygen extracted as measured previ-
usly in an experimental setting using trans-illumination in the
at skeletal muscle.[ 36 ] 

An independent correlation was demonstrated between
HbO2 sat measured by fiber spectrophotometry and the mean
HbO2 sat of dual-wavelength OxyCam-generated μHbO2 sat im-
ges. Observation of the μHbO2 sat dependent pseudo colors in
he different generation micro vessels corresponded with the ex-
ected better μHbO2 sat of upstream capillaries compared to the
ownstream venules, which colored blue. 

In a commentary on the expected role of monitoring
he microcirculation for the future of intensive care,[ 8 ] 

acquet ‑Lagrèze et al.[ 16 ] discussed the drawback and pitfalls
f HVM devices. These included the need for offline manual
mage analysis and the lack of validated automatic software.
he availability of automatic software is an important need for
eing able to make a differential diagnosis as to the origin of
he microcirculatory tissue perfusion alterations.[ 10 , 11 ] The in-
roduction of computer aided analysis software called AVA3.2
edicated to HVM microcirculatory imaging made this possi-
le however these required operator software interaction[ 37 ] 

ubsequently attempts were made to develop automatic mi-
rocirculatory analysis software but these failed in several val-
dation studies.[ 38 , 39 ] The development of clinically validated
icroTools for automatic analysis of microcirculatory imag-

ng software introduced by Hilty and co-workers solved this
roblem,[ 20 , 24 ] although it was not mentioned in their commen-
ary of Jacquet ‑Lagrèze et al.[ 16 ] Integration of MicroTools in
xyTools together with the novel online stabilization algorithm
as resolved the mentioned drawbacks related to analysis of im-
ges. The authors further point out that a drawback of HVM de-
ices is that it does not provide information regarding tissue oxy-
enation, such as NIRS does. The OxyCam, providing μHbO2 sat
mages and validated in the current paper, offers the availability
f perfusion and oxygenation information in each individual mi-
rovessel in images, which represents an important step forward
n tissue perfusion monitoring. Such information about the het-
rogeneity of microcirculatory oxygenation cannot be extracted
rom single-point measurements of perfusion and oxygenation,
uch as plethysmography, Capillary Refill Time, and NIRS. 

There are, however, several limitations of this study which
eed to be considered. The first and foremost limitation of the
tudy was that it was carried out in a rat instead of human sub-
ect (preferably sublingually). It would have been difficult to
mpose hypoxic and hyperoxic steps in humans as we were able
o do in a rat model to validate the Hb saturation measurements,
hich was the most important aim of the study. A further a lim-

tation of the present study was the choice of the muscle as a
easurement site. This location was chosen pragmatically be-

ause it is least prone to movement artifacts caused by mechan-
cal ventilation. The choice of muscle as a measurement site is
Health and Social Security de ClinicalKey.es por Elsevier en agosto 11, 
ación. Copyright ©2026. Elsevier Inc. Todos los derechos reservados.
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lso a limitation due to the presence of myoglobin in the tis-
ue cells. Its spectrum is very similar to that of Hb although its
xygen saturation characteristics are very different (p50 much
ower in myoglobin than in Hb). Our μHbO2 sat imaging method-
logy takes this aspect into consideration by measurement of the
ptical density of the vessel RBC and right next to the vessel and
pplying correction method of Hashimoto of the background tis-
ues allows a focused measurement of the μHbO2 sat. The O2C
easurement, however, cannot make such a distinction between

he oxygen saturation of Hb and that of myoglobin, which can
ntroduce an artifact if one is solely interested 𝜇HbO2 sat. This
istinction makes it plausible that the signal to noise ratio of the
2C measurements are much lower than that of single vessel
b saturation measurement performed by the OxyCam. These

imitations of comparing the O2C measurement to the OxyCam
easurement shown in Figure 4 B could account for the finding

hat comparison of the measurements do not follow the identity
ine. 

onclusions 

It is concluded that this study has validated the OxyCam to re-
iably measure microcirculatory perfusion and oxygenation us-
ng dual wavelength oximetry. 

We envisage the future perspective of the clinical application
f the OxyCam to be manyfold. Now the critical point at which a
icrocirculatory perfusion deficit, as observed in many conven-

ional HVM studies in shock and sepsis, results in a reduction
f 𝜇HbO2 sat can be identified. Such a functional effect on oxy-
en transport in the microcirculation could indicate the need
or resuscitation procedures to be initiated. The 𝜇HbO2 sat mea-
urement could then be used to confirm whether resuscitation
rocedures, such as fluid, vasopressor and blood transfusion in-
eed translate themselves to an improved microcirculatory oxy-
en delivery.[ 8 ] 

We expect the quantitative evaluation of microcirculatory
erfusion and oxygenation at the level of the tissues by the Oxy-
am to provide an important point-of-care bedside clinical tool

or critically ill patients for diagnostic assessment of circulatory
ompromise as well as its therapeutic resolution. 
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