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The influence of the optical
properties on the determination
of capillary diameters
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Various clinically applicable scores and indices are available to help identify the state of a
microcirculatory disorder in a patient. Several of these methods, however, leave room for
interpretation and only provide clues for diagnosis. Thus, a measurement method that allows a
reliable detection of impending or manifest circulatory malfunctions would be of great value. In this
context, the optical and non-invasive method of shifted position-diffuse reflectance imaging (SP-DRI)
was developed. It allows to determine the capillary diameter and thus to assess the state of the
microcirculation. The aim of the present study is to investigate how the quantification of capillary
diameters by SP-DRI behaves in different individuals, i.e. for a wide range of optical properties.

For this, within Monte-Carlo simulations all optical properties (seven skin layers, hemoglobin)

were randomly varied following a Gaussian distribution. An important finding from the present
investigation is that SP-DRI works when the optical properties are chosen randomly. Furthermore, it
is shown that appropriate data analysis allows calibration-free absolute quantification of the capillary
diameter across individuals using SP-DRI. This underpins the potential of SP-DRI to serve as an early
alert system for the onset of microcirculatory associated diseases.

An individual’s microcirculation is responsible for the basic nutrient supply of its tissues and for maintaining the
blood circulation even when central changes in the blood pressure are occuring. Physiologically, it includes the
capillary bed, the arterioles and the venules'. On the outer skin, changes in microcirculation can be observed
by the unaided eye. In doing so, clinical signs such as capillary refill time, marbling of the skin (mottling score)
or its temperature can be employed?. These skin signs can help in identifying pathological conditions, but they
need to be supplemented by further examination techniques and by considering the overall patient.

In the case of a hemorrhagic shock, for example, the primary effect on the level of microcirculation is a
mobilization of volume out of the capillary bed and a reactive increase in peripheral resistance. The aim of this
is to maintain central blood flow on the expense of peripheral blood flow (centralization). Initially, this results in
intense vasoconstriction of the arteries and arterioles in skeletal muscle and skin, culminating in a breakdown of
perfusion in the corresponding tissues. After about one minute, reperfusion follows with an alternating vasodila-
tion of the arterioles and venules, respectively>*.

The clinical example above clearly demonstrates the relationship between the microcirculation (i.e., more pre-
cisely, between its constriction and dilation) and a pathological state of perfusion. The challenging part, however,
is the following: Even in the case of pathological processes, the adaptation of the capillary perfusion can lead to
the clinical appearence of a healthy patient for a long time; the clinical signs mentioned in the above paragraph
will fail. Decompensation will only occur when the adaptation mechanisms are exhausted. Thus, by detecting the
body’s early adaptation reactions at the level of the capillary bed and the microcirculation, non-physiological local
and systemic circulatory conditions can be detected as early as possible, i.e. before they reach systemic relevance.

Various clinically applicable scores as well as instrumental, invasive and laboratory testings and easy-to-survey
indices are available to help identify the impending or manifest state of a microcirculatory disorder in a patient.
In the case of a clinical shock, the applicable tools range from the easily and quickly ascertainable shock index
to pulse oximetry, sublingual pCO, tonometry and the assessment of central venous pressure via a vena cava
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Figure 1. (a) Top view of the simulation volume. The two possible positions of the light source are shown as
a circled cross, the legs of the superficial vascular plexus as dashed lines and the capillary loops as solid lines.
The depth of the elements is not displayed in this illustration. Compare this setup also to Fig. 2a. (b) Side view
of the simulation volume with the different skin layers and their names and thicknesses (note: the bottom
layer of subcutaneous tissue is trimmed according to the z dimension of the simulation volume; its actual
thickness would be 6000 px). The two branches of the superficial vascular plexus can be seen in the upper part
of the image, and the depth dimension of the capillary loops is also shown (visible or not, depending on the y
coordinate of the chosen cross-sectional plane).

catheter or esophageal doppler monitors®™'". It is critical to note that several of these methods leave room for
interpretation and only provide indicators towards a diagnosis®.

For monitoring critically ill patients as in the clinical example above, a stand-alone measurement method
that allows a reliable detection of impending or manifest local or systemic circulatory malfunctions would be of
great value. In this context, shifted position-diffuse reflectance imaging (SP-DRI) offers a promising approach.
It is an optical and thus non-invasive method based on the diffuse reflected light. SP-DRI can meet exactly the
aforementioned requirements. The method is quite easy to be implemented in practice and has the potential to
serve as a stand-alone method'>"3.

The SP-DRI based detection of capillary loops within human skin was demonstrated in a prior publication
by the authors'. Furthermore, it could be proven that the corresponding signal contains information not only
on the location of the capillary, but also on its diameter'®, all with adequate imaging depth and lateral resolution.
This implies a broad clinical field of applications, ranging from pure patient monitoring to the early detection of
pathological circulatory conditions as well as specialized questions on the circulation situation of defined skin
areas (e.g. in plastic surgery).

It is the aim of the present study to investigate how the quantification of capillary diameters by SP-DRI behaves
in different individuals, i.e. for different optical properties of the skin. Since such research questions can be
answered best in a simulative manner, Monte-Carlo (MC) simulations were performed. The optical properties of
all skin layers as well as those of blood were randomly varied following a Gaussian distribution. A huge number
of simulations were calculated in order to have a broad data pool for the analysis. The knowledge gained from
this research will allow the SP-DRI signal to be calibrated for broad application.

Materials and methods

MC simulation model and optical properties. The simulations to obtain the raw data were conducted
with MCXLAB V2020™ on machines with MATLAB R2019a. The general procedure with the MC simulations
is in accordance with the approach described in our previous publications. The simulated skin model consists
of seven layers (stratum corneum, epidermis, papillary dermis, upper blood net dermis, reticular dermis, deep
blood net dermis, subcutaneous tissue) together with structures filled with blood (capillary loops connected by
the superficial vascular plexus)!'?'®. Details on the skin model can be obtained from Fig. 1.

The simulation volume is 950 x 950 x 2000 voxels in size, the length of one voxel is1 pwm. Within the simula-
tion volume, six capillary loops were located and their diameter was varied from @cap = 4 wm to Deap = 14 um
(in increments of 2 pm) to represent different states of the microcirculation (per simulation run, the diameter
was kept the same, so the diameters were changed across the individual simulation runs). The diameter of the
superficial vascular plexus was @gyp = 30 wm. Exemplarily, the results presented in this study refer to the middle
capillary loop of the left superficial vascular plexus (compare Fig. 1a).

The illumination was implemented as a fiber with core diameter @ore = 50 m and a numerical aperture
An = 0.45 as with these values the best SP-DRI signal can be achieved'? it was located on the —z boundary
pointing in +z direction. Again, on the —z boundary the incident photon packets were detected. For the detec-
tion, a fiber bundle was assumed, where AN = 0.66 for a single fiber. The diffuse reflection is computed applying
Beer’s law during post-processing of the detector data (path lengths per photon packet and medium are known).

In depth, all six capillary loops extended from z = 150 px to z = 300 px and the superficial vascular plexus
is at z = 300 px. The lateral positions and dimensions, respectively, of the capillary loops and the light source
are given in Table 1. A graphical illustration can be found in Fig. 1.
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Element (alyn) [px] | (xaly2) [px]
Capillary loop 1 (550[250) | (550]295)
Capillary loop 2 (550[450) (550]495)
Capillary loop 3 (550]650) (550]695)
Capillary loop 4 (700]250) (700]295)
Capillary loop 5 (700[450) (700]495)
Capillary loop 6 (700]650) (700]695)
Superficial vascular plexus,leg 1 | (550|0) (550]950)
Superficial vascular plexus, leg 2 (700]0) (700[950)
Light source (250]250) (250]365)

Table 1. Lateral positions and dimensions of the capillary loops, the legs of the superficial vascular plexus and
the light source. In the case of the light source, the two coordinates define the shift of the light source.

According to the previous results, the initial illumination wavelengths was 2 = 424 nm (local maximum of
the absorption curve of oxyhaemoglobin'®); for the optical properties values, refer to Appendix Table 1 (the 11,
value of hemoglobin given in that table belongs to a concentration of hemoglobin of 15 gdl™!). Around this
central wavelength, the optical properties were randomly varied following a Gaussian distribution. The standard
deviation of 11, and ps was set to 0 = 30% of the values at 4 = 424 nm while it was set to 0 = 3% for gand n
(Matlab command: normrnd). Thus, the simulated optical properties fluctuate over a relatively wide spectral
range to reflect the range of possible optical properties values reported in the literature for different skin types
and by different research groups!®.

The random Gaussian distribution was applied to each element of the optical properties separately to obtain
the final set of optical properties for the simulation (i.e. each element has its unique deviation instead of one
deviation per data set). In a post-processing step, s and g were combined as ji} to reduce the complexity of the
system.

The russian roulette approach was used (at less than 1% of the initial photon packet weight) and for each
simulation run, the seed was randomly set to a value between 0 and 23! (limits excluded). 10'° photon packets
were launched at each simulation run. A total of 236 different sets of optical properties have been simulated.
For each of these sets of optical properties, six different diameters of the capillary loops and for each diameter
two illumination positions were simulated (for the latter, compare the working principle of SP-DRI explained in
“SP-DRI and modulation parameter K,,.,”). This results in 236 - 6 - 2 = 2832 single simulation runs.

SP-DRI and modulation parameter Kyorm.  SP-DRI is a normalization method that is, amongst others,
capable of reconstructing the capillary structure from diffuse reflectance data. This method is already described
thoroughly in the literature, so details can be looked up there. The basic principle (for the case of simulative data)
is as follows'>"3.

1. Two diffuse reflectance data sets (matrix 1 and matrix 2) are created with a slightly shifted position of the
light source in x or y direction. All other simulation parameters remain identical.

2. Both matrices are shifted against each other in a way that the relative positions of the light source are equal
in both matrices. Thus, the capillary structures show a relative shift to each other.

3. The first intensity matrix is divided pixel by pixel by the second one.

In the present study, a filtering with a two-dimensional Gaussian smoothing kernel with o = 10 (px) is following
the described process. An exemplary outcome of this can be found in Fig. 2a. Cross-sections through this two-
dimensional data set are further filtered by a Savitzky-Golay filter (polynomial order: 5; frame length: 251 px).
For an exemplary data set, this can be seen in Fig. 2b.

As just mentioned, the SP-DRI modulation can be obtained from cross-sections through the two-dimensional
data set (in the present study, the cross-section at x = 610 px is considered). Furthermore, quantification of
this modulation is possible with the help of the parameter Kyorm. This parameter considers the area enclosed
by the SP-DRI signal curve between a local maximum and the subsequent local minimum and thus depends on
the amplitude of the SP-DRI signal. A graphical illustration of Kporm can be found in a previous publication?.

As it has already been shown that Kyorm increases linearly with an increase in the capillary diameter (Fcap),
a linear regression is used to reduce the set of Kyorm values for each set of optical properties to only two para-
meters: intercept (Bo) and slope (B) of the regression curve; an example for this can be found in Fig. 2¢ (three
capillary loops, i.e. three intercepts and three slopes, are shown there). For the following considerations, these
two parameters will be taken into account. A graphical visualization of the methodological procedure described
so far is shown as flowchart in Fig. 2d.

Hypothesis. The following hypothesis emerges from this: in a later application, only Kyorm is to be used to
quantify the condition of human capillaries as By and B will not be known—they are only known when data
is simulated as in the present paper, but not when doing measurements in reality. However, according to the
relationship"?
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Figure 2. Exemplary illustration of the data processing procedure. As described, in the last step of the SP-DRI
method two diffuse reflectance data sets are divided one by another pixel by pixel. The result of this division is
shown for one set of optical properties and one capillary diameter value (here: @c,p = 14 um) in (a). For the
remaining capillary diameter values, such a data set is also existing. These data sets are then intersected parallelly
to the y axis at x = 610 px, resulting in the graph shown in (b). Per capillary diameter, the three capillary

loops (each located at the inflection point between a local maximum and the subsequent local minimum of

the SP-DRI signal curve) at this x position are visible. A Knorm value can be calculated per capillary diameter
and loop; these are finally plotted (solid lines and markers) in (c) together with the fitting curves of the linear
regressions (dashed lines). For each regression, there is one parameter set 8 (intercept) and g (slope). The data
set belonging to the third capillary loop exhibits two missing values. In (d), a flowchart of this data handling is
provided together with the hypothesis resulting from this.

Knorm - /30
/31 > (1)

reliable information on the capillary diameter of a person (across different individuals) can only be obtained
if it is possible to either determine By and B (for a particular person) or to keep both parameters constant. For
this reason, it is necessary to study the relationship between these two parameters and the optical properties of
the human skin in more detail to possibly allow for their prediction. For this purpose, the optical properties are
randomly varied in the present study (more on this in “MC simulation model and optical properties”) and their
influence on By and B; is investigated. The latter is done by a random forest (RF) approach.

Qcap =

Random Forest approach and further analysis. RF is an ensemble learning technique which can be
used for regression. During training, a multitude of decision trees is generated that allow to specify the impor-
tance of variables in a regression and to predict the regression response based on a given input. In the present
study, these calculations were performed on a computer with MATLAB R2021b. The two parameters Sy and f;
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Figure 3. Flowchart of the RF approach and the further analysis. Details on all the steps can be found in
“Random Forest approach and further analysis”

were analyzed separately from each other as responses of the RE. The procedure is illustrated as flowchart in
Fig. 3 and described in detail in the following.

Initially, to determine the importance of the prediction parameters, all 24 optical properties values (14, i1/
and n for each of the seven skin layers and for hemoglobin) were included as predictors into a RF regression
ensemble model with Sy or B, respectively, as response. This was done in Matlab via fit rensemble. The
ensemble aggregation method for this investigation was set to be bagging and it was defined that all predictors
should be included into the decision trees. This procedure allowed a valid estimation of the importance of each
predictor (out-of-bag permuted predictor importance).

In case the outcome of the preceding step is not sufficient, the importance of the predictors could furthermore
be examined with a neighborhood component analysis for regression. Also this algorithm is typically used to
select features as part of data preprocessing. The predictor and response variables were identical to those used
in the previous step. This was done in Matlab via fsrnca.

Based on the previous findings, only the most important predictor(s) was/were included in the further RF
regression ensemble model. Twenty percent of the data was withheld as test data while the rest of the data was
used for training. This procedure was repeated 20 times with the data being randomly assigned to the training
and test set, the results were averaged afterwards.

For this run, within fit rensemb1le the automated optimization of the RF hyperparameters was enabled to
find hyperparameters that minimize the five-fold cross-validation loss. Thus, the algorithm sought the optimal
values for the ensemble aggregation method (Bag or LSBoost), the number of ensemble learning cycles, the
learning rate for shrinkage and the number of observations per leaf.

In a next step, the influence of the most important predictor(s) was further investigated. The aim was to assess
whether it is possible to find an analytical expression for their influence on the respective response; this would
help to better understand any functional interrelationship and to find reasons for its presence. Furthermore,
an analytical function like this can help to overcome or at least reduce a possible overfitting inherent in the RF
approach.

For this purpose, within the boundaries of the value range of each predictor (more precisely: in the interval
between 20% and 80% of this range, to exclude outliers from the analysis) 200 equidistant values were generated
and the RF response was queried. Afterwards, an analytical expression was fitted to the data; it didn’t stem from
theory, but was intended to describe the effect as accurately as possible.

Lastly, the possibility of predicting the capillary diameter according to Eq. (1) using the parameters Knorm, o
and B; was investigated, whereby the two latter parameters should be predicted based on the methods introduced
in the previous steps (RF and analytical expression). This analysis is performed using the test data that was also
used in the previous steps. Thus, for each set of test data, six capillary diameters can be estimated based on the
six Knorm Values (one per capillary diameter) and the prediction of 8y and B based on the optical properties.
Again, this analysis is performed 20 times for a different combination of training and test data.

To be able to compare the performance against non-predicted values, B and B, were calculated for an ideal
simulation (i.e. without varying the optical properties so that they corresponded to 4 = 424 nm) and assumed
as fixed values for calculating the diameters.

The performance of this approach was evaluated by the coefficient of variation (CV), a standardized measure
of dispersion of, amongst others, frequency distributions. It is defined as the proportion of standard deviation
and mean value and is useful when comparing data sets with different units or means.

Results

B1.  According to the procedure explained in “Random Forest approach and further analysis’, all 24 opti-
cal properties values (uq, i, and n for each of the seven skin layers and for hemoglobin) were included into a
RF model to determine the importance of the prediction parameters. The response was 8. It was found that
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Figure 4. (a) Out-of-bag permuted predictor importance of the 24 optical properties values when taken as
prediction parameters for the response f; in a RF approach. (b) Graphical representation of data sets for 11}
of stratum corneum (dots) and the exponential function fitted thereto (curve). The equation is as follows:

y = 0.5979 - exp(—0.3524 - /,L;SE) + 0.02854.

R%,, = 0.9261. The result on the importance of the predictors within this regression model is shown in Fig. 4a;
this result is sufficient with respect to the clearness and the model fit, so the determination of the importance
was not repeated with a second model.

According to the results on the importance, ) of the top skin layer (stratum corneum) was included as
sole predictor in the subsequent model. The 20 calculated models (compare “Random Forest approach and
further analysis”) use LSBoost as ensemble aggregation method with ~ 11 ensemble learning cycles, a learning
rate for shrinkage of &~ 0.37 and at least 1 observation per leaf. It was found that the mean R2, ;, = 0.9826 and
RZ, = 0.9461.

It was possible to find an analytical expression for this relationship with a very high model fit (R? = 0.9703).
An exponential function of the form

y=f(1l,) = 0.5979 - exp(—0.3524 - ! ) + 0.02854 )
could be fitted to the data. Graphically, this is illustrated in Fig. 4b.

Ig was also investigated to what extent this analytical function fits the test data described above. This resulted
in R = 0.9569.

Bo. For the investigation of the intercept parameter By, the procedure was similar to the one described in the
previous section. The result on the importance of the predictors is not shown graphically due to its high similar-
ity to Fig. 4a. It was found that R2 , = 0.5075. As this result is not sufficient with respect to the model fit, also
the second algorithm introduced in “Random Forest approach and further analysis” was applied. Its estimation
of the importance of the predictors is not given as a figure, the feature weight is very close to 0 for all predictors
except for /1) of stratum corneum (feature weight: 1.5344) and p, of hemoglobin (feature weight: 0.2960).

According to the previous results, 1} of stratum corneum is by far the most influential parameter again.
However, also u, of hemoglobin has to be taken into account. With these two predictors, the automated optimi-
zation of the RF leads to 20 models (compare “Random Forest approach and further analysis”) that use Bagging
as ensemble aggregation method with &~ 10 ensemble learning cycles and at least 1 observation per leaf. It was
found that the mean R? . = 0.7848 and RZ, = 0.5215.

The quest for an analytical expression had to take place in the three-dimensional space. With a model fit of
R? = 0.9295, the equation

2= (. Hap) = 1 — 0.9254 - exp(—0.1620 - 11/, ) + 0.0004603 - iy, — 1.127 3)

describes the relationship. Again, the influence of 11} of stratum corneum is assumed to be exponential, while 1,
of hemoglobin has a linear effect on the relationship. An interaction term of the both predictors was introduced to
the equation by way of trial, but it did not lead to an improvement in the model fit and was therefore withdrawn.

Ig was also investigated to what extent this analytical function fits the test data described above. This resulted
in R* = 0.5854.

Prediction of the capillary diameter. As introduced in “Hypothesis’, it is possible to predict the capil-
lary diameter according to Eq. (1) using the parameters Knorm, Bo and f;. There is, however, a certain prediction
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Figure 5. Graphical comparison of the predicted capillary diameters (y axis) and the simulated ground truth
(x axis). Each boxplot shows the 25th and 75th percentiles as well as the median, and the whiskers’ length is 1.5
times the interquartile range. For better visibility, the y axis is clipped at y = 30; predicted values outside this
limit are displayed just on the limit. The numbers for the medians and standard deviations can also be found in
Table 2.

True capillary diameter @ c,p

Bo and B predicted by Indicator 4pm |[6pm (8pm |[10pm |12pm |14 pm
Mean (im) 43115 | 6.1086 |7.8607 |10.0097 |12.0823 |14.3033
Median (um) |4.1665 | 6.0555 |7.8686 |9.9507 12.0297 | 14.2688
SD (um) 0.8462 | 1.1754 | 1.3816 | 1.5546 1.6629 1.9598
CV (%) 19.63 19.24 17.58 15.53 13.76 13.70
Mean (um) 4.4025 |6.2067 |7.9598 |10.1039 |12.1801 |14.3924
Median (um) | 4.2138 | 6.1310 |7.9757 |10.0711 | 12.1403 | 14.3690
SD (um) 0.8346 |1.0171 |1.1556 |1.3185 1.4277 1.5962
CV (%) 18.96 16.39 14.52 13.05 11.72 11.09
Mean (um) 4.7686 |7.1029 |9.2389 | 11.9523 |14.4599 |17.0822
Median (wm) | 4.1275 | 6.0408 |7.8507 |10.0847 | 12.3401 | 14.3548
SD (pwm) 1.9407 | 3.6979 |4.8713 | 6.5813 8.0366 9.3911
CV (%) 40.70 52.06 52.73 55.06 55.58 54.98

RF

Analytical functions

Fixed values (4 = 424 nm)

Table 2. Results from the prediction of the capillary diameters separated by the three prediction methods
investigated. The mean and median values, standard deviations and coefficients of variation (CV) for all
methods and capillary diameters are given. A graphical representation of this data can be found in Fig. 5.

error inherent in this estimation. It depends on the accuracy of the prediction of the parameters Sy and ;. The
following section of the present study aims to investigate the magnitude of this error if these two parameters
are predicted based on the methods introduced in the two previous sections, namely RF and analytical model.
For the methodological framework, please refer to (the last three paragraphs of) “Random Forest approach and
further analysis”.

A graphical representation of the results can be found in Fig. 5 in terms of boxplots. The numerical values
in terms of means, medians and standard deviations as well as the CV over all data can be found in Table 2.

Discussion

When investigating the influence of the optical parameters on the slope 8 of the regression line, in particular
. of the top skin layer (stratum corneum) turned out to be extremely influential. The high model fit, which
results when only this parameter is used for the prediction of the response 8, confirms this. The exponential
relationship, which was demonstrated in the further analysis, allows an interpretation of this result: The stratum
corneum is the outermost layer of the epidermis. This comparatively thin layer consists of dead corneocytes and
functions as a barrier to protect underlying tissue'”. In this manner, the stratum corneum exhibits high values
for p!, especially when compared to the air surrounding the skin'S.
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Also from an optical point of view, this outermost skin layer thus serves as a boundary: on the one hand,
photons emitted to the skin are reflected directly at or in this skin layer and thus do not or barely penetrate the
skin. On the other hand, light that has been diffusely scattered in deeper skin layers and that is on its way back
to the skin surface (i.e. to the detector) is reflected back into the skin by the stratum corneum. This relationship
is exponential: With increasing values for u/ of the stratum corneum, the modulation of the SP-DRI signal and
thus B decrease. According to Beer’s law, this behavior is well in line with expectations.

When predicting the intercept Sy, it is again u, of stratum corneum that seems to be most influential (the
relationship is again exponential)—in this case, however, along with s, of blood. In contrast to the prediction
of B1, a model fit (R2,,) of only about 52% could be achieved. Since, however, Ay is a function of more than one
parameter, it is in line with expectations that even with the RF algorithm its accurate prediction is difficult:
Compared to a one-dimensional problem, a much larger number of data sets is needed to fill the input parameter
space in this multi-dimensional system in a meaningful way. Furthermore, it must be noted that a number of only
10! photon packets were simulated per simulation run as described before. Compared to real measurements,
the data is therefore subjected to a comparatively high level of noise. These two effects imply that a significantly
better estimation of By will be possible when further data sets are included or when measurements on the phan-
tom or on tissues are performed.

Bo also depends on the distance between the illumination and the position of the capillary loop. This distance
is called the source detector separation. Since the presented model is to be understood as a proof of concept that
the assessment of the microcirculation is still highly functional even under varying optical properties—and, thus,
under inter-patient variations and potentially different skin colours—the source detector separation has not been
considered as a parameter so far. This is a to-do for the further development of the technique and will most likely
result in an improvement of the model fit for By. In addition, the positions of the cross-sectional planes serving
as the data basis for the Kyorm algorithm are currently not yet adapted to the individual data sets, but they are
always at x = 610 px. An automated individual determination of the optimal positions would certainly result in
a higher model fit of By (and also B;).

Note: The effect of varying optical properties is the most important effect that had to be studied. If SP-DRI
would not work for different skin properties, there would be no practical application for this technology. There-
fore, this was the first of the remaining outstanding questions to be assessed.

The observation that the stratum corneum forms an optical boundary layer that prevents photons from
entering or leaving the tissue is a key finding that does not only affect SP-DRI, but is likely to impact many other
optical measurement techniques that are applied directly to the surface of the skin. Pulse oximetry, for example,
should be mentioned in this context. When developing future optical technologies, this fact also needs to be
taken into account.

For the different sets of optical properties, the slopes ) and intercepts Sy exhibit high standard deviations.
This makes it nearly impossible (without the knowledge of the optical properties) to infer the diameters of the
capillaries from the measured Kporm values. The knowledge that these both responses are almost exclusively
influenced by one or two parameters, respectively, significantly improves this situation: If the influence of the
stratum corneum can be eliminated when determining the parameters 8y and B, (for example, by applying skin
care cream or skin oil to the site of measurement or by locally scrubbing off this layer of dead cells), their vari-
ation can be significantly reduced. For blood, a concentration of hemoglobin of 15 g dl™! was assumed in this
study; this can drop by a factor of about 2 before blood transfusions are initiated in the clinical setting or by a
factor of about 3 before a life-threatening condition occurs'®. Accordingly, 11, can decrease by a factor of 3 at
most. Hence, possible strategies would be to assume lower values for the concentration (and adapt the analyti-
cal functions accordingly) so that the factor of fluctuation is lower, or to determine the patient’s individual i,
which is possible optically".

Taking together all this evidence, this study finally demonstrated that it is possible to predict the capillary
diameter with a prediction error of about 14% (CV) based on SP-DRI and the Kyorm value. This prediction per-
formed best (taking into account the interquartile ranges and the outliers presented in the boxplots in Fig. 5 and
the CV values given in Table 2) when using the analytical functions that were fitted to the RF data with a high
model fit, suggesting that there was a certain extent of overfitting with the RF approach—when fitting a func-
tion to this data predicted by RE, these kinds of local deviations will finally not be considered. Anyway, since the
analytical approach is less computationally intensive, it is the preferable approach in the long run. A recourse to
fixed values for By and B, in contrast, was not expedient.

With this, and this is the important message from the present paper, it is possible to measure not only rela-
tive changes in the capillary diameter (i.e. to translate a change A Kyorm into a change A@c,p), but to perform an
absolute quantification (i.e. assignment of an absolute capillary diameter x). Thereby, the introduced prediction
error is sufficiently small to allow a meaningful interpretation of the measured values. SP-DRI may then be used
to reliably assess microcirculation and as an early alert system for the onset of associated diseases.

To be able to investigate the influence of the different optical properties on the parameter Knorm, the Knorm
values for the various capillary diameters of a data set first had to be transformed into a pair of intercept 8y and
slope B; by means of a linear regression. In general, a very good model fit was found, resulting in excellent values
for the coefficient of determination. This confirms that the linear relationship between the capillary diameter and
Knorm, which has already been described in the literature for two manually preselected sets of optical properties
for skin and blood!?, is also present when the optical properties are randomly varied to a physiologically mean-
ingful extent. Thus, the importance of Kyorm for quantification of the SP-DRI signal could be proven once again.

In conclusion, it can thus be stated that the SP-DRI method works not only for discrete sets of optical prop-
erties, as shown so far, but also when the optical properties are altered randomly. This particularly includes
also such cases which appear to be unfavorable at first sight: High scattering and absorption in the skin layers
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combined with low absorption of blood, to name one example. This conclusion underpins the potential of SP-
DRI as it suggests that cross-individual operation is possible.

Conclusion

As a non-invasive diagnostic technique, SP-DRI is able to provide information on the diameter of capillary loops
within human tissue'®. Accordingly, an assessment of the microcirculation and with this the detection of the
onset of associated diseases is possible by means of SP-DRI.

To be able to perform this assignment between SP-DRI signal (in terms of a Knorm value) and a capillary
diameter, the intercepts By and slopes B, of that system need to be known. A key finding in this context is that
their variation is in particular due to two effects: a variation in 1} of the stratum corneum, the outermost layer
of the epidermis functioning as a barrier to protect underlying tissue, and a variation in u, of blood due to dif-
ferent concentrations of hemoglobin. Accordingly, considering these two parameters finally allows an absolute
quantification of the capillary diameters on the basis of the measured SP-DRI modulation.

Following this, with the present work it has now been possible to show that this technique works not only
for discrete sets of optical properties, as shown so far, but also when the optical properties are chosen randomly.
This underpins the potential of SP-DRI as it suggests that cross-individual operation is possible.

The insight that the stratum corneum forms an optical boundary layer might not only affect SP-DRI, but is
likely to impact many other optical measurement techniques that are applied directly to the surface of the skin.
This fact should be taken into account when developing future optical technologies.

Received: 7 October 2021; Accepted: 21 December 2021
Published online: 07 January 2022

References

1. Jacob, M., Chappell, D. & Becker, B. F. Regulation of blood flow and volume exchange across the microcirculation. Crit. Care (Lond.
Engl.) 20, 319. https://doi.org/10.1186/s13054-016-1485-0 (2016).

2. Lima, A. & Bakker, J. Clinical assessment of peripheral circulation. Curr. Opin. Crit. Care 21, 226-231. https://doi.org/10.1097/
MCC.0000000000000194 (2015).

3. Haljamde, H. Microcirculation and hemorrhagic shock. Am. J. Emerg. Med. 2, 100-107. https://doi.org/10.1016/0735-6757(84)
90117-7 (1984).

4. Drucker, W. R., Chadwick, C. D. & Gann, D. S. Transcapillary refill in hemorrhage and shock. Arch. Surg. (Chicago, Ill.: 1960)
1960(116), 1344-1353. https://doi.org/10.1001/archsurg.1981.01380220088014 (1981).

5. Mackway-Jones, K., Foéx, B. A, Kirkman, E. & Little, R. A. Modification of the cardiovascular response to hemorrhage by somatic
afferent nerve stimulation with special reference to gut and skeletal muscle blood flow. J. Trauma 47, 481-485. https://doi.org/10.
1097/00005373-199909000-00008 (1999).

6. Riddez, L. et al. Central and regional hemodynamics during acute hypovolemia and volume substitution in volunteers. Crit. Care
Med. 25, 635-640. https://doi.org/10.1097/00003246-199704000-00013 (1997).

7. Moore, F. A, McKinley, B. A. & Moore, E. E. The next generation in shock resuscitation. Lancet 363, 1988-1996. https://doi.org/
10.1016/50140-6736(04)16415-5 (2004).

8. Bajwa, E. K., Malhotra, A. & Thompson, B. T. Methods of monitoring shock. Semin. Respir. Crit. Care Med. 25, 629-644. https://
doi.org/10.1055/5-2004-860986 (2004).

9. Dalen, J. E. Is it time to pull the pulmonary artery catheter?. JAMA J. Am. Med. Assoc. 276, 916. https://doi.org/10.1001/jama.1996.
03540110070035 (1996).

10. Ewerlof, M., Larsson, M. & Salerud, E. G. Spatial and temporal skin blood volume and saturation estimation using a multispectral
snapshot imaging camera. SPIE Proc. https://doi.org/10.1117/12.2251928 (2017).

11. Cohn, S. M. et al. Tissue oxygen saturation predicts the development of organ dysfunction during traumatic shock resuscitation.
J. Trauma. 62, 44-54. https://doi.org/10.1097/TA.0b013e31802eb817 (2007). (discussion 54-55).

12. Spidth, M. et al. Towards shifted position-diffuse reflectance imaging of anatomically correctly scaled human microvasculature.
Sci. Rep. https://doi.org/10.1038/s41598-020-74447-5 (2020).

13. Spith, M. et al. Determination of the diameter of simulated human capillaries using shifted position-diffuse reflectance imaging.
J. Biophoton. https://doi.org/10.1002/jbio.202000465 (2021).

14. Fang, Q. & Boas, D. A. Monte Carlo simulation of photon migration in 3d turbid media accelerated by graphics processing units.
Optics Express 17, 20178-20190. https://doi.org/10.1364/OE.17.020178 (2009).

15. Jacques, S. L. Optical properties of biological tissues: A review. Phys. Med. Biol. 58, R37-61. https://doi.org/10.1088/0031-9155/
58/11/R37 (2013).

16. Bashkatov, A. N., Genina, E. A. & Tuchin, V. V. Optical properties of skin, subcutaneous, and muscle tissues: A review. J. Innov.
Opt. Health Sci. 04, 9-38. https://doi.org/10.1142/S1793545811001319 (2011).

17. Elias, P. M. Stratum corneum defensive functions: An integrated view. J. Investig. Dermatol. 125, 183-200. https://doi.org/10.1111/j.
0022-202X.2005.23668.x (2005).

18. Fakhry, S. M. & Fata, P. How low is too low? Cardiac risks with anemia. Crit. Care (Lond., Engl.) 8(Suppl 2), S11-4. https://doi.org/
10.1186/cc2845 (2004).

19. DeMeulenaere, S. Pulse oximetry: Uses and limitations. J. Nurse Practitioners 3, 312-317. https://doi.org/10.1016/j.nurpra.2007.
02.021 (2007).

Author contributions

M.Sp. designed the various simulation runs and its underlying structure, he conducted the simulations and
wrote the Matlab scripts to evaluate the data. He did the data evaluation and interpretation. He prepared the
manuscript and drafted it. D.N. helped to establish the data evaluation methods. M.R., EKn. and ES. helped to
embed the findings in a medical context. M.Sch., EKl. and M.H. guided the general research strategy and gave
a critical revision of this manuscript. All authors read and approved this manuscript.

Scientific Reports |

(2022) 12:270 | https://doi.org/10.1038/s41598-021-04359-5 nature portfolio


https://doi.org/10.1186/s13054-016-1485-0
https://doi.org/10.1097/MCC.0000000000000194
https://doi.org/10.1097/MCC.0000000000000194
https://doi.org/10.1016/0735-6757(84)90117-7
https://doi.org/10.1016/0735-6757(84)90117-7
https://doi.org/10.1001/archsurg.1981.01380220088014
https://doi.org/10.1097/00005373-199909000-00008
https://doi.org/10.1097/00005373-199909000-00008
https://doi.org/10.1097/00003246-199704000-00013
https://doi.org/10.1016/S0140-6736(04)16415-5
https://doi.org/10.1016/S0140-6736(04)16415-5
https://doi.org/10.1055/s-2004-860986
https://doi.org/10.1055/s-2004-860986
https://doi.org/10.1001/jama.1996.03540110070035
https://doi.org/10.1001/jama.1996.03540110070035
https://doi.org/10.1117/12.2251928
https://doi.org/10.1097/TA.0b013e31802eb817
https://doi.org/10.1038/s41598-020-74447-5
https://doi.org/10.1002/jbio.202000465
https://doi.org/10.1364/OE.17.020178
https://doi.org/10.1088/0031-9155/58/11/R37
https://doi.org/10.1088/0031-9155/58/11/R37
https://doi.org/10.1142/S1793545811001319
https://doi.org/10.1111/j.0022-202X.2005.23668.x
https://doi.org/10.1111/j.0022-202X.2005.23668.x
https://doi.org/10.1186/cc2845
https://doi.org/10.1186/cc2845
https://doi.org/10.1016/j.nurpra.2007.02.021
https://doi.org/10.1016/j.nurpra.2007.02.021

www.nature.com/scientificreports/

Funding

Open Access funding enabled and organized by Projekt DEAL. The authors gratefully acknowledge funding of
the Erlangen Graduate School in Advanced Optical Technologies (SAOT) by the Bavarian State Ministry for
Science and Art.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-04359-5.

Correspondence and requests for materials should be addressed to M.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:270 | https://doi.org/10.1038/s41598-021-04359-5 nature portfolio


https://doi.org/10.1038/s41598-021-04359-5
https://doi.org/10.1038/s41598-021-04359-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The influence of the optical properties on the determination of capillary diameters
	Materials and methods
	MC simulation model and optical properties. 
	SP-DRI and modulation parameter . 
	Hypothesis. 
	Random Forest approach and further analysis. 

	Results
	. 
	. 
	Prediction of the capillary diameter. 

	Discussion
	Conclusion
	References


