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Investigation on the influence 
of the skin tone on hyperspectral 
imaging for free flap surgery
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Veronika Volgger 3, Alexander Buchner 2, Adrian Rühm 1,2 & Ronald Sroka 1,2

Hyperspectral imaging (HSI) is a new emerging modality useful for the noncontact assessment of free 
flap perfusion. This measurement technique relies on the optical properties within the tissue. Since the 
optical properties of hemoglobin (Hb) and melanin overlap, the results of the perfusion assessment 
and other tissue-specific parameters are likely to be distorted by the melanin, especially at higher 
melanin concentrations. Many spectroscopic devices have been shown to struggle with a melanin 
related bias, which results in a clinical need to improve non-invasive perfusion assessment, especially 
for a more pigmented population. This study investigated the influence of skin tones on tissue indices 
measurements using HSI. In addition, other factors that might affect HSI, such as age, body mass 
index (BMI), sex or smoking habits, were also considered. Therefore, a prospective feasibility study 
was conducted, including 101 volunteers from whom tissue indices measurements were performed 
on 16 different body sites. Skin tone classification was performed using the Fitzpatrick skin type 
classification questionnaire, and the individual typology angle (ITA) acquired from the RGB images 
was calculated simultaneously with the measurements. Tissue indices provided by the used HSI-
device were correlated to the possible influencing factors. The results show that a dark skin tone and, 
therefore, higher levels of pigmentation influence the HSI-derived tissue indices. In addition, possible 
physiological factors influencing the HSI-measurements were found. In conclusion, the HSI-based 
tissue indices can be used for perfusion assessment for people with lighter skin tone levels but show 
limitations in people with darker skin tones. Furthermore, it could be used for a more individual 
perfusion assessment if different physiological influencing factors are respected.
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Flap surgery is a profound part of head and neck cancer treatment1,2. Since the most common reason for flap loss 
is thrombosis1, it is important to properly monitor the perfusion of local and free flaps since tissue hypoxia can 
lead to tissue damage and necrosis3–5. Early detection of vascular problems with a monitoring device can help 
to intervene in time and save the transplant3–5. The current gold standard for tissue perfusion assessment is the 
clinical evaluation of the skin color, capillary refill time, tissue turgor and temperature of the flap and perform-
ing Doppler sonography6, but observed changes considering flap color and capillary refill can be overshadowed 
by high levels of skin pigmentation7. Since free flap transplant failures tend to happen mostly within 48 h after 
surgery and become rare as soon as the first post-operative week has passed1, a non-contact real-time imaging 
device, which can indicate perfusion correctly in the course of the post-operative time without being influenced 
by melanin would be most advantageous.

There are standard optical techniques in clinical use to determine tissue perfusion. Tissue oximeters working 
with near-infrared spectroscopy (NIRS) are used to detect complications in flap perfusion by measuring the tissue 
oxygen saturation (StO2). Near-infrared light (700–1000 nm) is sent onto the tissue to be absorbed, respectively, 
by hemoglobin (Hb) and melanin8–10, and scattered within the tissue. Unlike pulse oximeters, which only pro-
vide information on arterial oxygen saturation (SpO2)11,12, NIRS obtains perfusion information from additional 
chromophores10,13. Unfortunately, this method has a restricted spatial scanning resolution (1 mm), making it very 
time-consuming to image a complete surface via scanning with the probe attached to the skin13,14. Furthermore, 
additional imaging modalities that provide anatomical information are needed for the correct interpretation and 
analysis of the NIRS measurement, which increases the complexity of this method.

Regarding pigmentation, it has been stated that the Hb-signal derived from NIR light can be diminished by 
melanin10. A current study points out a linear correlation between NIR-fluorescence and low in vitro melanin 
concentration and that NIR fluorescence increases with skin phototype15, emphasizing that the amount of mela-
nin must be considered for these measurement techniques.

Remote photoplethysmography (rPPG) also provides information on tissue perfusion by time-dependent 
imaging of remitted light with a contactless optical sensor16–20. The intensity of the remitted light depends on 
the number of red blood cells and the pulsatile movement of arterial and venous blood within the imaged tissue 
area17. The remitted light is usually recorded by a camera as a sequence of RGB images16,17,19. The time-dependent 
rPPG signals are calculated from the resulting RGB images, and spatially resolved perfusion signal results can 
be directly visualized intraoperatively during surgery16,17,19,20. This method can depict the development of free 
flap perfusion over time and may be used to create blood flow maps18.

However, it has been stated that the utilized visible light signals might not sufficiently penetrate into the 
regime of the pulsatile arterioles for every individual. Thus, the information obtainable about the real vascu-
larization is limited, especially when considering the varying information reported in literature regarding the 
maximal penetration depth for red light ranging from 1.8 to 2.5 mm19. Furthermore, the rPPG method is sensi-
tive to motion and illumination artefacts on the RGB images, which may lead to miscalculation of the rPPG 
signal changes.

Another approach for perfusion assessment includes laser Doppler flowmetry, laser Doppler imaging and 
speckle imaging21–24. All three methods are based on the Doppler effect, which describes a change in the wave-
length of light proportional to the speed of the observed object, e.g. red blood cells21,22. This means that informa-
tion on blood flow is provided but not on oxygen saturation or other chromophores. The influence of pigmenta-
tion or melanin content on the overlaying skin has not been described so far.

Perfusion measurement was also done using infrared thermography, which is usually performed to measure 
skin temperature. Since skin temperature correlates with the perfusion of the flap, it can be used to estimate 
the blood flow within the tissue7. However, the sensitivity of the measurement results of this method is highly 
influenced by the amount of subcutaneous fat at the measured body site25.

In comparison to the previously mentioned methods, hyperspectral imaging (HSI) allows perfusion meas-
urement within a few seconds, without skin contact and over a larger area6,26. A spatially resolved image with 
the individual measured spectral information for each pixel in the image can be recorded27. This provides more 
detailed information on the tissue properties and early changes in its optical characteristics27. Depending on the 
device, HSI records up to hundreds of narrow spectral bands ranging from ultraviolet (UV) to NIR-light, which 
highly increases the detected signal information compared to multi-spectral applications27–29. HSI has already 
been shown to be a reliable method for controlling blood perfusion in free flaps6,30,31.

HSI uses the principle of diffuse remission spectroscopy, which means it is also dependent on the optical 
properties of the tissue and especially on the content of the different tissue chromophores32. When looking at the 
absorption spectra of the most profound chromophores (Fig. 1)33,34, oxygenized Hb (Oxy-Hb) has characteristic 
absorption maxima at 415 nm, 542 nm and 577 nm35. In contrast, deoxygenized Hb (Deoxy-Hb) has its absorp-
tion maxima at 430 nm, 555 nm and 756 nm9,35.

There are two types of melanin that determine human skin pigmentation, eumelanin and pheomelanin, 
with slightly different absorption spectra (Fig. 1)33,34,36,37. Even though it has been assumed for a long time that 
the ratio of eu- to pheomelanin is highly on the side of eumelanin with around 90%38,39, recent studies show 
that the ratio of the melanin types is around 26% for pheomelanin and around 74% for eumelanin39–41. It is 
claimed otherwise that the amount of melanin highly varies among different individuals, even when coming 
from the same regional background34. The absolute amount of melanin is dependent on the ethnic origin and 
the resulting individual genetic setup as well as on the exposure to UV light39,42–44. The absorption coefficient of 
both melanin types is higher for almost all wavelengths compared to the absorption spectrum of Oxy-Hb and 
Deoxy-Hb (Fig. 1)33,34,36,37,45. The overlap of the absorption coefficient of melanin and Hb has been reported to 
be the reason for misestimating a high melanin concentration as a high amount of Hb, possibly leading to wrong 
perfusion assessment45.
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Due to the optical properties of melanin, wrong estimations of the perfusion of flaps with HSI in a more 
pigmented population cannot be excluded. This aims in a clinical request to provide objective and valid perfu-
sion assessment in free flaps independent of pigmentation. Therefore, the present investigation will focus on the 
question of whether skin pigmentation has an influence on tissue indices determined using a medically approved 
hyperspectral imaging system.

In order to find variations caused by different skin properties of different body sites, a total of 16 body sites 
of varying skin structure were measured by HSI. Since one of the commonly used flaps for oro-maxillofacial 
reconstruction is the radial and ulnar forearm flap30,46–48, this study is going to focus on the results of the meas-
urements of the volar forearm. To highlight the influence of melanin on the measurements, the forearm results 
will be compared to those of a less pigmented body side. Furthermore, other factors that might be responsible 
for measurement variation, such as age, sex, BMI, and smoking, will be evaluated.

Material and methods
In this work, an observational diagnostic clinical study was performed. The investigation complies with the 
principles of the Declaration of Helsinki and was approved by the Ethical Review Board of the Ludwig-Maxi-
milians-University, Munich, Germany (no. 21-0865). Every participant was of legal age, and informed consent 
was signed before participation.

Hyperspectral imaging device
Data acquisition was performed using an HSI-device (TIVITA® Tissue, Diaspective Vision GmbH, Am Salzhaff/
Pepelow, Germany) that emits light from six halogen lamps49 and detects remitted light in the wavelength range 
of 500–1000 nm9,26. The dispersive element within the device splits the remitted light into 100 spectral bands of 
5 nm increments9,26. This system generates spectral images using a modified9 pushbroom method27. The spectral 
and spatial information are acquired by scanning via a slit along the first coordinate axis, with the second axis 
being fully mapped for each slit position21,22,27. Each image created by the HSI-device has a size of 480 × 640 
pixels, forming the three-dimensional datacube with the size 480 × 640 × 100 (X × Y × wavelength)26. The HSI-
device is calibrated in the factory by the manufacturer and does not need further calibration before usage, as the 
calibration data is stored within the system.

As the main evaluation procedure, the system’s internal software (TIVITA® Suite 1.5, Diaspective Vision 
GmbH, Am Salzhaff/Pepelow, Germany) analyses the spectral data to derive four tissue-specific indices49. These 
include tissue oxygen saturation (StO2) given in percent, the Near-Infrared-Perfusion-Index (NIR-index), which 
describes perfusion in the deeper layers of the tissue, the Tissue-Water-Index (TWI), and the Tissue-Hemo-
globin-Index (THI) all given in arbitrary units (a.u.) ranging from 0 to 100 where 0 is equivalent to low parameter 
content and 100 to high parameter content26,49. Figure 2 shows the result of an HSI measurement, the RGB image 
and the four false color images of the indices as the system presents them.

The light penetration depth of tissue regarding different wavelengths ranges from 0.8 mm at λ = 500 nm 
to 2.6 mm at λ = 1000 nm9. The measured remission spectra are converted into absorbance spectra A by the 
HSI-software for the calculation of the tissue indices. To calculate the NIR-index, the mean absorbance of two 
wavelength ranges in the near-infrared at λ = (655–735) nm and at λ = (825–925) nm are put in a ratio (Eq. 1)9. 

Figure 1.   The absorption spectra of melanin, the hemoglobin (Hb) species and water, adapted from33,34,36,37.
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As one of the characteristic absorbance maxima of water is located at λ = 970 nm, the TWI is calculated as shown 
in Eq. (2) by putting the mean absorbance in the wavelength range of λ = (880–900) nm in relation to that in the 
range of λ = (955–980) nm9,50,51. The THI is generated similarly using the mean absorbance in the wavelength 
ranges from λ = (530–590) nm and λ = (785–825) nm (Eq. 3)9.

The StO2 value is calculated by comparing the minima of the second derivation of the calculated absorbance 
at characteristic wavelength ranges of hemoglobin, see Eq. (4)9. Since light in this wavelength range does not 
penetrate deep into the tissue, only superficial oxygen saturation can be derived.

s1, s2 in Eqs. (1–3) and r1, r2 in Eq. (4) are additional scaling and calibration factors that are under disclosure by 
the developers. In the end, the tissue indices are presented as spatially resolved false color images simultaneously 
with an RGB image49. The displayed RGB image serves as a spatial reference image for the false color images and 
is automatically generated by the system’s internal software using an external calibration by the manufacturer 
included in the system. It should be noted that these tissue indices do not describe the absolute amount of, e.g. 
water or Hb, but can be used as a reference to detect a change in perfusion when reassessing the perfusion of 
the tissue9,26,49. The acquisition of one datacube, including the display of an RGB and false color images for the 
calculated tissue indices, takes about 6 s26.

Skin type classification
Skin type classification was performed by means of the Fitzpatrick Skin Type questionnaire for pigmentation 
classification using the version contributed by Prof. Bhupendra C. K. Patel MD, FRCS52. The classification into 
Fitzpatrick classes (F-Classes) is based on a scoring system regarding skin and hair color as well as burning and 
tanning tendencies52. Since all people classified as F-Class V or VI scored > 32 points in the questionnaire, these 
participants were grouped in the current study.

In order to assess the degree of pigmentation quantitatively, the individual typology angle (ITA) (Table 1)53 
was determined from the HSI-device generated RGB images. The ITA is based on the CIELAB color space 
system, defined by the Commission International d’Eclairage in 197654. This three-dimensional color space 

(1)NIR − index =

mean(A[825nm...925nm])
mean(A[655nm...735nm])

− s1

s2 − s1

(2)TWI =

mean(A[955nm...980nm])
mean(A[880nm...900nm])

− s1

s2 − s1

(3)THI =

mean(A[785nm...825nm])
mean(A[530nm...590nm])

− s1

s2 − s1

(4)StO2 =
min

(

A′′[570nm . . . 590nm]
)

/r1

min(A′′[570nm . . . 590nm])/r1 +min(A′′[740nm . . . 780nm])/r2

Figure 2.   Results for the false color images of the four tissues indices StO2, NIR-index, THI and TWI with the 
RGB image as shown by the HSI-device.
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(Fig. 3)55 is supposed to describe differences in luminance (L*) independently from color (a* and b*) and is not 
device-dependent54,56. Herein the factors a* and b* relate to Hering’s opponent color theory, and in this regard, 
the a*-axis describes values from the red to the green range, whereas the b*-axis describes values from the blue 
to the yellow range54,56. The ITA is than calculated using Eq. (5)53:

It has to be noted that the ITA values do not correspond directly to the six F-Classes57,58.

Subjects
The collected data was derived from 101 participants with a distribution as even as possible of age (median = 32a 
mean = 38.5a, range: 18a–83a), sex (male n = 51, female n = 50), BMI (median = 24.8 kg/m2, mean = 25.5 kg/m2, 
range 16.8–37.9 kg/m2) and smoking habits (47 current or former smokers vs. 53 non-smokers). To get valuable 
results, people with known blood diseases such as acute or chronic anemia (Hb value < 10 g/dl), polyglobulia 
(Hb value > 16 g/dl for females, > 17 g/dl for males), and porphyria were excluded as well as people who had to 
undergo current or recent radiation therapy or long-term treatment with topical steroids. In total, nine people 
were classified as F-Class I, n = 25 as F-Class II, n = 27 as F-Class III, n = 24 as F-Class IV and n = 16 as F-Class 
V/VI. A total of 16 body sites were measured: left and right dorsi of the hands, palms, volar forearms, dorsum 
of the feet, soles, heels and lumbar back regions and on point at the center of the abdomen and side of the neck.

Study execution
Data collection was conducted at the Department of Otorhinolaryngology, University Hospital, LMU Munich, 
from November 2021 to Mai 2022. Each participant was questioned on their age, sex, weight, height, if they 
were smoking, last time of tanning (more than 3 months ago was considered untanned52), exclusion criteria 

(5)ITA◦
= [arctan(L∗ − 50)/b∗] × 180/π

Table 1.   The ITA regarding skin pigmentation classification, adapted from53.

Figure 3.   The CIELAB color space with L = luminance, a* = red and green values, b* = yellow and blue values, 
hue = angle on the chromaticity axes, chroma = color saturation, adapted from55.
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and if there were any other relevant medical characteristics for the measurements. The Fitzpatrick classification 
questionnaire52 was used for standard skin classification. HSI-measurements were performed in a darkened room, 
where the patients lay flat on an examination table and had 5 min of rest before contemplating the measurements. 
In Fig. 4, the experimental setup is shown. The HSI-camera is positioned in 50 cm distance from the tissue sur-
face. Therefore two guidance LEDs included in the camera head are used. Shadows or other artefacts can distort 
the data acquisition. To avoid shadows caused by natural body curves, the regions chosen for the measurements 
were as even and free from shadows as anatomically possible. Any recordings with visible movement or other 
artefacts were replaced with suitable ones within the session. Altogether, one complete data acquisition session 
took between 30 and 45 min.

Data acquisition
The false color images generated with the HSI-device were transferred into MATLAB (version 2018b The Math-
Works Inc., Natick, Massachusetts, USA) to derive the NIR-index, StO2, THI and TWI tissue indices. For each 
body part, a square region of interest (ROI) of 50 × 50 pixels, corresponding to 15 × 15 mm2 on the skin surface, 
was selected based on a standardized method adapted from a recently published study59. The ROI was defined 
near the center of the image, and no visible blood vessels or shaded areas at the edge of the skin surface were 
included in the analyzed area, as this could influence the results for the calculation of the tissue indices and reduce 
the comparability of the results. The mean and standard deviation for all tissue indices and the RGB values were 
calculated for the area within the ROI. Over all measurements, the median standard deviation for the obtained 
tissue indices was 6% for the NIR-index, 9% for StO2, 17% for THI and 9% for TWI. Based on the RGB values 
of the ROI, the ITA was derived. Therefore, the corresponding LAB color values were calculated using the mean 
RGB. This conversion from RGB to LAB was done by a custom-written program using the MATLAB internal 
function rgb2lab with options WhitePoint d50 and ColorSpace srgb (Supplement 8). Using Eq. (5), the ITA was 
derived from the LAB values. The ITA was assigned for each evaluated body site individually.

Statistical methods
The ITA, the F-Classes, and the possible influencing factors were statistically analyzed concerning the four tissue 
indices with the statistic software SPSS (IBM® SPSS® Statistics Version 27, IBM, Deutschland GmbH, Ehningen, 
Germany). A two-sided H-Test with Bonferroni correction for multiple testing was performed to figure out sta-
tistically significant differences between the tissue indices of the participants after sorting them according to the 
five F-Classes. In addition, the mean values and the standard deviation of the tissue indices sorted according to 
the F-Classes were calculated for the different body sites. To investigate coherency between the ITA, age or BMI 
and the tissue indices, a two-sided Spearman’s Rank correlation test with correlation coefficient r was performed. 
The Mann–Whitney-U-Test was applied to see differences in the measurement results considering the sex or the 
smoking behavior of the participant. The influence of the last tanning time was not further investigated since 
the study occurred in the second winter of the COVID-19 pandemic; therefore, not enough participants had 
relevant recent sun exposure. For all tests, a p-value < 0.05 was considered significant.

Institutional review board statement
The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Ethics 
Committee of Ludwig-Maximilians-University, Munich, Germany (no. 21-0865).

Figure 4.   Setup for a measurement taken with the HSI-device.
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Informed consent and consent for publication
Informed consent was obtained from all participants involved in the study. Consent for publication was obtained 
from all participants within the informed consent.

Results
Measurements
The measurements were tolerated well by the 101 participants despite a few exceptions. One measurement for 
the left and right lower back were not acquired for one volunteer of F-Class V/VI as the participant did not allow 
to be photographed there. One participant from F-Class V/VI did not allow any measurements on the feet. One 
measurement of the right sole of the foot in F-Class IV and one measurement of the right dorsum of the foot in 
F-Class III could not be conducted appropriately. Overall, this results in 99 participants for the dorsum and the 
sole of the right foot and in 100 participants for the lumbar back regions, the sole and dorsum of the left foot 
and both heels.

Comparison of Fitzpatrick class and ITA to the tissue indices
Comparison of the evaluated F-Class of every participant to the ITA shows for the single F-Classes that the ITA 
angle differs most for the F-Class V/VI between the different body sites, especially when comparing physiologi-
cally pigmented to unpigmented body side (unpigmented body sites: palms of the hands, soles of the feet, heels). 
For pigmented sites, F-Class V/VI ranges from ITA 60 to − 80, for unpigmented from 80 to 30 (Fig. 5). Similar 
trend can be seen for F-Class IV. On the unpigmented body sites, the overall ITA range is 80–30, while at pig-
mented a range from 88 to − 80 is observed. The comparison between ITA and all body sites can be found in the 
supplementary material (Supplement 1, Supplementary Fig. S1). Overall, for almost all sides and comparisons 
a significant difference was observed when comparing the ITA values of F-Class V/VI and IV to those of other 
classes. Exception where both heels, and the soles of both feet, here F-Class V/VI did not have any significant 
difference to I and IV had only partial a significant difference to lower classes. Between the F-Classes III II and 
I no significant difference was found for all sites, except between F-Class I and II at both heels. (See Supplement 
2 for all results).

In the following sections, the HSI-derived tissue indices are shown compared to F-Class and ITA for the volar 
left forearm as example for a pigmented body, also the most common site for skin flap extraction, and for the 
sole of the right foot as unpigmented site.

The tissue indices compared to Fitzpatrick Classes
The values of all four tissue indices were not evenly spread over the F-Classes. This difference was apparent for 
all generally more pigmented body parts (the volar forearms left and right, the dorsum of the hands and feet left 
and right, the lumbar back region left and right, the abdomen and the neck). Yet, the difference between a tis-
sue index values was only significant (p < 0.05) between some F-Classes. In Fig. 6, the distribution of the tissue 
indices over the F-Classes calculated for the volar left forearm is shown.

The most striking tendency is that the tissue indices of the higher-numbered F-Classes differ significantly 
from those of the lower-numbered F-Classes, especially F-Class V/VI. E.g., at the left forearm, the NIR-index, 

Figure 5.   Variation of the ITA in relation to the individual Fitzpatrick Classes (F-Classes).
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StO2 and TWI decrease, with the F-Class number having the lowest values at F-Class V/VI. The THI values 
show an opposite, increasing trend with the highest values for F-Class V/VI. This trend is visible for all more 
pigmented body parts.

In contrast, hardly any significant differences can be observed between the values of the tissue indices of the 
directly following lower-numbered F-Classes. All significant differences between the tissue indices of the differ-
ent F-Classes at the body sites are listed in the supplementary content (Supplement 3). An overview of the mean 
tissue index values sorted into F-Classes I–V/VI for all pigmented body sites under investigation can be found 
in the supplementary content (Supplement 4).

In contrast to pigmented body sites, for the generally less pigmented ones (palms, heels and soles of the feet), 
the amount of significant differences between the tissue index values sorted according to their F-Classification 
is not as striking as for pigmented body parts. When looking, e.g. at the sole of the right foot (Fig. 7), only the 
THI values differ significantly between F-Class V/VI and III, F-Class V/VI and II and between F-Class IV and 
II. When comparing the NIR-index, StO2 and TWI, the values do not show significant differences among the 
F-Classes.

An overview of all significant differences between tissue indices for the F-Classes for less pigmented sites is 
shown in Supplement 5. The mean tissue index values for the 6 generally less pigmented body sites are shown 
in Supplement 6.

The tissue indices compared to ITA
The correlation of the tissue indices to the ITA are significant, e.g., for the left volar forearm, where ITA shows a 
correlation to NIR-index (r = 0.626), StO2 (r = 0.283), THI (r = − 0.839) and TWI (r = 0.525). The relations between 
the ITA and the tissue indices for the volar left forearm are shown in Fig. 8.

Figure 6.   Tissue indices distribution regarding the Fitzpatrick Classes, volar left forearm.
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In contrast, for the sole of the right foot, there is only a significant correlation between ITA and StO2 
(r = − 0.344) and between ITA and THI (r = − 0.830). The relations between the ITA values and the tissue index 
values are exemplary shown for the sole of the right foot in Fig. 9. For the sole of the left foot, only a signifi-
cant correlation between ITA and THI (r = − 0.866) could be observed. For the palms, a significant correlation 
between ITA and NIR-index (r = 0.364 left palm, r = 0.358 right palm), as well as ITA and THI (r = − 0.838 left 
palm, r = − 0.801 right palm), could be found. For the heels, a significant correlation between ITA and NIR-index 
(r = − 0.347 left heel, r = − 0,387 right heel), ITA and StO2 (r = − 0.416 left heel, r = − 0.611 right heel) as well as 
ITA and THI (r = − 0.818 left heel, r = − 0.886 right heel).

Overall, the correlation between ITA and THI is strong for all body parts. The correlation between ITA and 
NIR-index is strong for all generally more pigmented body parts, moderate for the heels and palms and insig-
nificant for the soles of the feet. For TWI and StO2, in general, the more pigmented body sites show strong to 
moderate correlations with ITA. The less pigmented sites show no or only weak correlation with these two tissue 
indices. When comparing the four tissue parameters with the ITA across all 16 body sites, no significant correla-
tion was found in only 10 comparisons (10/160), all for non-pigmented body sites. An overview presenting all 
correlation results between ITA and the tissue indices for all body sites is given in Supplement 7.

Investigations of further possible influencing factors on tissue indices
Next to melanin also age, BMI, sex, or smoking could possibly influence the tissue indices. But, as melanin 
appears to have a considerably high impact on the HSI-derived tissue indices, the effect of other influencing 
factors could be masked by the melanin. Therefore, the other influencing factors were investigated by correlating 
only the tissue index values of body parts with an ITA > 55°, defined as the lightest skin hue53.

When analyzing the influence of age on the tissue indices, it can be seen that age and THI values correlate 
negatively at both heels and soles of the feet (e.g. r = − 0.455, heel left). On contrary, a positive correlation 

Figure 7.   Tissue indices regarding the F-Classes, sole of the right foot.
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becomes apparent with THI and the other body sites (e.g. r = 0.258 volar forearm left) except for the abdomen 
and the dorsum of the feet, where no significant correlation is observed. A negative correlation between age 
and ITA can be seen for these same body sites, except for the sole of the right foot, where no correlation is seen. 
Additionally, age positively correlates with TWI at the neck, palms, lumbar back regions, and the sole of the left 
foot (e.g. r = 0.311 lumbar back left). NIR-index correlates negatively at the left forearm (r = − 0.245), and StO2 
correlates negatively at the heels, dorsum of the right foot, and dorsum of the left hand (e.g. r = − 0.418 back of 
the left hand). An overview of all the significant correlations is provided in Table 2

Regarding BMI, observations similar to the ones above can be made when analyzing THI (e.g. r = 0.534 
left palm) and ITA (e.g. r = − 0.528 left palm) measurements at the palms. At the neck, BMI and THI correlate 
positively.

BMI correlates positively with the NIR-index at the soles of the feet (e.g. r = 0.227 right sole) but negatively 
at the neck (r = − 0.366). BMI correlates positively with StO2 at the soles of the feet (e.g. r = 0.245 sole of the right 
foot) but negatively at the dorsum of the right hand. At the lumbar back regions, BMI also correlates positively 
with TWI but negatively with the dorsum of the right hand (e.g., r = 0.337 at the right lumbar back region).

Significant correlations between all body sites and BMI are provided in Table 3
Regarding sex, women have lower mean StO2 values than men at the forearms, lumbar back regions, abdomen, 

neck, right palm and dorsum of the hand. Women have mean StO2 values ranging between 40% at the abdomen 
to 46% at the volar left forearm and 64% at the right palm. Men had mean StO2 values ranging between 46% 
at the abdomen, 54% at the left forearm and 69% at the right palm. Depending on the body site, the saturation 
differences between the sexes vary from 5% at the right palm and back of the hand to 8% at the forearms and 
11% at the lumbar back region and neck.

TWI values are slightly higher for women than men at the abdomen (48 for women vs. 46 for men) and the 
left palm (49 for women vs 47 for men). The mean index values of all significant body parts are listed in Table 4

No significant differences concerning the tissue indices could be found between smokers and non-smokers.

Figure 8.   Tissue indices distribution regarding ITA° and ITA skin classification (upper x-axis), volar forearm 
left; (im: intermediate).
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Discussion
From the results of this study, it is apparent that HSI-derived tissue indices are not necessarily robust against 
skin tone influences. This is an important result to be considered in clinical examinations relying on HSI-derived 
tissue indices, in order to avoid wrong conclusions about the physiological state of a tissue region for patients 
with different skin tones. In detail, correlations between four HSI-derived tissue indices (NIR-index, StO2, THI, 
TWI) and two established skin tone classifiers (F-Class and ITA) were investigated for different body sites. The 
two skin tone classifiers contain some but very different information about the physiological state of a tissue 
region. F-Class is not body-site-specific and only relevant for the characterization of pigmented body sites. As 
expected, the ITA seems to be better suited than the F-Class to correct a skin-tone-related bias of tissue indices 
at a particular body site.

When analyzing the relationships between the HSI-derived tissue indices and ITA, BMI, age and sex, the 
ITA showed the largest number of significant relationships. This means that skin tone, and thus melanin, is the 
main influencing factor for the tissue indices calculated by the HSI-system. This and other possible influencing 
factors and their relationship with the tissue indices are discussed in more detail in “Melanin derived bias”. “Age 
derived bias”, “BMI derived bias”, “Sex derived bias”, “Smoking derived bias”. Subsequently, future perspectives 
and limitations will be discussed in "The importance of the findings for future research" and "Limiting factors".

Melanin derived bias
Indications and explanations for a melanin influence on HSI tissue indices
The results for the tissue indices, especially compared to ITA, strongly indicate that melanin affects Hb-related 
measurements, as reported for other non-invasive measurement techniques60–67. The software potentially indi-
cates falsely low NIR-index, StO2, as well as falsely high TWI values. This phenomenon can be explained by 
comparing the absorption spectra of the different melanin and hemoglobin species and water (see Fig. 1) within 
the wavelength ranges used to calculate the tissue indices shown in Eqs. (1–4).

The explanations are not impaired by the fact that the calibrations and scaling factors in these equations are 
not disclosed by the manufacturer.

Figure 9.   Tissue indices distribution regarding ITA° and ITA skin classification (upper x-axis), sole of the right 
foot.
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According to our results for the NIR-index and TWI, both tissue indices decrease with decreasing ITA or 
for higher F-Class at generally more pigmented body sites. For the calculation of NIR-index Eq. (1) and TWI 
Eq. (2) the absorbance at the shorter wavelength is used in the denominator. The corresponding absorbance 
ratios of eumelanin are AEumelanin[825nm...925nm]

AEumelanin[655nm...735nm]
∼ 0.42 for the NIR-index and AEumelanin[955nm...980nm]

AEumelanin[880nm...900nm]
∼ 0.75 for 

the TWI, respectively (see Fig. 1)34,36,37. In case of low melanin content, the absorbance ratios of tissue (with its 
typical volume fraction of the main absorbing chromophores blood and water) are above 136. Therefore, with 
increasing melanin concentration, the two absorbance ratios and so the NIR-index and TWI reduce compared 
to tissue with very low melanin content. As the absorbance ratio of eumelanin is even smaller for the NIR-index 
than for the TWI (0.42 vs. 0.75), the NIR-index is affected more strongly by the presence of eumelanin and even 
becomes 0 at low ITA.

Concerning the THI, increasing values were observed with decreasing ITA. For compared wavelength ranges 
of the THI (Eq. 3), oxy- and deoxyhemoglobin have an absorbance ratio of AOxy/Deoxyhemoglobin[785nm...825nm]

AOxy/Deoxyhemoglobin[530nm...590nm]
∼ 0.016

33. The corresponding absorbance ratio of melanin is AEumelanin[785nm...825nm]

AEumelanin[530nm...590nm]
∼ 0.334,36. Therefore, with increasing 

melanin content, the absorbance ratio A[785nm...825nm]

A[530nm...590nm]
 increases leading to higher values of the THI.

For the StO2, dropping values are observed for decreasing ITA or at higher F-Class at pigmented body sites, 
respectively. In the calculation, second derivatives of the absorbance are used instead of the absorbance spectra, 
as seen in Eq. (4)9. Within the wavelength range of the nominator and the first addend of the denominator, the 

Table 2.   Significant correlations between age and tissue indices at different body sites for skin areas with 
ITA > 55°.

Indices Body site n r-value p-value

ITA

Heel left 65 0.405  < 0.001

Heel right 62 0.339 0.007

Sole of foot left 83 0.274 0.012

Dorsum of hand left 70 − 0.363 0.002

Dorsum of hand right 66 − 0.367 0.002

Forearm left 83 − 0.23 0.036

Forearm right 82 − 0.408  < 0.001

Palm left 70 − 0.409  < 0.001

Palm right 71 − 0.367 0.002

Neck 62 − 0.384 0.002

Lumbar back left 78 − 0.355 0.001

Lumbar back right 78 − 0.309 0.006

NIR-index Forearm left 83 − 0.245 0.025

StO2

Heel left 65 − 0.319 0.01

Heel right 62 − 0.283 0.026

Dorsum of foot right 61 − 0.392 0.002

Dorsum of hand left 70 − 0.418  < 0.001

THI

Heel left 65 − 0.455  < 0.001

Heel right 62 − 0.318 0.012

Sole left 83 − 0.326 0.003

Sole right 86 − 0.215 0.047

Dorsum of hand left 70 0.335 0.005

Dorsum of hand right 66 0.34 0.005

Forearm left 83 0.258 0.018

Forearm right 82 0.36  < 0.001

Palm left 70 0.297 0.013

Palm right 71 0.31 0.009

Neck 62 0.377 0.003

Lumbar back left 78 0.401  < 0.001

Lumbar back right 78 0.269 0.017

TWI

Sole left 83 0.233 0.034

Palm left 70 0.356 0.002

Palm right 71 0.309 0.009

Neck 62 0.262 0.039

Lumbar back left 78 0.311 0.006

Lumbar back right 78 0.243 0.032
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characteristic maximum of oxygenated hemoglobin is located at 757 nm, leading to a large negative value of 
the second derivative. Melanin has a monotone exponential decreasing absorption, which means the second 
derivative is positive. Combining oxygenated hemoglobin with increasing melanin content would increase the 
second derivative at around 577 nm. The denominator also includes in its second addend the wavelength range 
of λ = (740–780) nm. For oxyhemoglobin, a turning point is located in this area, associated with a second deriva-
tive of 0. Overall, both the nominator and denominator of the StO2 would rise with increasing melanin, but the 
rise in the denominator would be higher due to the sum of two wavelength ranges. This leads to decreased StO2 
values with increasing skin pigmentation (decreasing ITA), even though this decrease is less prominent than 
for the NIR-index or TWI.

Clinical impact of the melanin influence
From the clinical perspective, it can be dangerous to miss out changes in flap perfusion occurring after surgery. In 
most cases, it takes at least four days until neovascularization happens between the flap and the recipient bed, so 
the pedicle vessel stays attached to ensure a sufficient blood flow1. Using the HSI-technology, it should be possible 
to detect a change in the tissue blood flow, e.g. directly after surgery and at several times afterwards. However, 
for more pigmented skin, it cannot be ensured that a malfunction of the pedicle vessel would become apparent 
since the HSI-evaluation procedure does not consider the influence of melanin content. In this regard, people 

Table 3.   Significant correlations between BMI, ITA and tissue indices at different body sites for skin areas with 
ITA > 55°.

Indices Body site n r-value p-value

ITA
Palm left 70 − 0.528 < 0.001

Palm right 71 − 0.354 0.002

NIR-index

Sole left 83 0.255 0.02

Sole right 86 0.227 0.035

Neck 62 − 0.366 0.003

StO2

Sole left 83 0.295 0.007

Sole right 86 0.245 0.023

Dorsum of hand right 66 − 0.245 0.047

THI

Palm left 70 0.534 < 0.001

Palm right 71 0.317 0.007

Neck 62 0.398 0.001

TWI

Lumbar back left 78 0.332 0.003

Lumbar back right 78 0.337 0.003

Dorsum of hand right 66 − 0.248 0.044

Table 4.   Significant correlations between sex and tissue indices at different body sites for skin areas with 
ITA > 55°.

Indices Body site N male Mean tissue index male N female Mean tissue index female p-value

NIR-index [a.u.]

Forearm left 39 49 44 46 0.042

Forearm right 37 50 45 44 0.001

Dorsum of hand right 30 60 41 54 < 0.001

Palm left 29 57 41 54 0.017

Palm right 30 58 41 52 < 0.001

Heel right 34 57 28 60 0.032

StO2 [%]

Forearm left 39 54 44 46 < 0.001

Forearm right 37 55 45 47 < 0.001

Dorsum of hand right 30 60 41 54 0.033

Palm right 30 69 41 64 0.033

Neck 23 69 39 58 < 0.001

Lumbar back left 37 56 41 45 < 0.001

Lumbar back right 34 55 44 44 < 0.001

Abdomen 38 46 46 40 0.001

Heel right 34 63 28 70 0.009

TWI [a.u.]
Palm left 29 47 41 49 0.016

Abdomen 38 46 46 48 0.03
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with pigmented skin might be at higher risk for undetected tissue hypoxemia. In case the neovascularization 
was successful, a vascular channel should have developed at around day 7 after surgery, so the vascular pedicle 
can be cut between week 1 and 3 after surgery1. In case of unsuccessful neovascularization, the visualization 
of this malfunction might also be affected by the pigmentation and undetected so the flap might get necrotic. 
Flap failure after day 7 is quite rare1,68. Still, it has been shown that the most common reason for late flap failure 
are vascular problems, which were not detectable in Doppler examination68. Although this problem might be 
avoided when using HSI-measurements in a fairer-skinned population, people with pigmented skin are still at 
risk of unrecognized malperfusion.

Alternatives and perspectives for melanin assessment
The problem of melanin influencing perfusion measurement has also been shown in studies in which the degree 
of hypoxemia was incorrectly estimated due to incorrect SpO2 measurements60–62. Other studies have used opti-
cal methods to differentiate between Hb and melanin effects by comparing chromophore content in nevi and 
melanomas with unsuspected skin, but the majority of participants belonged to fair skin types45,64,66. A study 
on the possible use of different color spaces for heart rate measurement with video PPG showed that HSV is 
the most suitable18,69. It was possible to determine the pulse rate correctly, but a large part of the raw data was 
influenced by motion or illumination artefacts69. Currently, research is going on to differentiate Hb and melanin 
effects using HSI-systems on different skin types or using simulated and calculated models regarding light-tissue 
interaction45,64,70. Even though these in-vivo based models show promising results, they cannot fully depict the 
complexity of human skin35,67.

It could be promising to test if using different spectral wavelength ranges would be more robust concerning 
the influence of melanin or if a combination of several applications and approaches would overcome this obstacle. 
For example, a study using rPPG for intra- and post-operative flap perfusion monitoring used an unaffected skin 
area as a reference to compare the perfusion development of the newly implemented flap16. In an additional study, 
an algorithm for heart rate measurement using RGB information from rPPG was developed, which was robust 
to the skin tone18,19. These approaches could be transferred to HSI or combined with HSI-analysis to increase 
the quality of the calculated tissue indices. Thus, there is still a need for non-invasive and contact-free perfu-
sion analysis methods regarding pigmentation. This might be achieved by signalling the device operator that 
the perfusion measurements cannot be plausible at a certain degree of pigmentation by, e.g. implementing ITA 
measurements and an ITA-based cut-off value. The ITA may also be used to assess the melanin concentration 
in the skin, as was done in another study35. In this, a relationship between melanin concentration and ITA was 
established based on a simplified model, whereby, for example, an ITA of 30° corresponded to a melanin concen-
tration of 30 × 10–7 mmol/dl (± 50%). Estimated melanin concentrations can be helpful for data interpretation and 
establishment of future more accurate models, as melanin highly influences all of the tissue indices, especially 
the THI- and NIR-index. At the moment, data interpretation must be performed with caution, especially for 
persons with a higher degree of pigmentation.

Age derived bias
Atherosclerosis of the flap pedicle vessel, in particular, can negatively influence the flap outcome. A study con-
cluded that age-related arteriosclerotic changes were significant for the peroneal and radial arteries71. Other 
histopathological vessel changes were not significantly related to age but to different body sites60. In addition, it 
has been stated that flap complication rates increase with age72. This may be due to impaired healing after flap 
surgery or an impaired suitability of flaps in elder people. Regarding the second potential explanation, the influ-
ence of age on the tissue indices at multiple body sites was further investigated.

For many pigmented body sites with an ITA ≥ 55°, age showed a positive correlation with THI and a negative 
correlation with ITA. The THI correlated negatively with ITA.

When considering the physiology of skin aging, intrinsic and extrinsic mechanisms have to be distinguished. 
Intrinsic ageing is especially dependent on the decay of the levels of sexual hormones throughout the years, result-
ing in epidermal atrophy and less elasticity73. Extrinsic aging mainly depends on UV light exposure, causing tissue 
damage on a molecular level, resulting in, e.g. collagen loss73. In addition, the blood vessel size in sun-exposed 
skin decreases73, and the balance between vasodilatation and vasoconstriction of the vessels within the skin shifts 
on behalf of vasoconstriction74. A negative correlation between age and THI would be expected in this regard.

Melanin production decreases with age, and tanning capacities decrease at body sites without general sun 
exposure75. In contrast, in body sites with high general sun exposure, the pigmentation pattern of skin becomes 
irregular, and photo-aged skin appears to have more dopa-positive melanocytes, resulting in increased local 
pigmentation75. Furthermore, people classified as Fitzpatrick Type III and IV appear to have irreversible hyper-
pigmentation all over the chronically exposed area, whereas Type I and II do not73. These skin pigmentation 
alterations might explain the observed negative correlation of age with ITA, indicating more pigmentation at 
sun-exposed body sites with increasing age. This ITA trend might induce a bias for the THI values, causing 
Hb content to be overestimated with increasing age, which would be consistent with our observations. In this 
regard, it would be interesting to know if there is a difference between elderly participants who had chronic sun 
exposure throughout their lives, e.g. by working outdoors and those who tended to spend more time indoors.

At the heels and soles of the feet, age showed a negative correlation with THI and a positive correlation with 
ITA. The negative correlation between ITA and THI was already reported in "Melanin derived bias". The cor-
relation of THI and ITA with age might be explained by the more frequent occurrence of hyperkeratosis at the 
heels of some older participants. Since keratosis appears white, the ITA values are higher and corresponding THI 
values are lower. In that regard, the StO2 measurements at the heels might also be distorted due to hyperkeratosis.
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TWI correlates positively with age at different body sites. The amount of blood and therefore, fluid within the 
skin depends on the blood flow within the vessel systems. As stated before, the vessels are more constricted in 
elder people74, so a contrary finding would be expected. A reason why TWI correlates positively with age might 
lie in the data analysis procedure of the HSI-device software and the physiological fat deposition regardless of age. 
The absorption coefficient of water at λ = 970 nm lies close to the one of fat at λ = 930 nm9,50,51. In addition, when 
looking at the distribution of subcutaneous fat, one of the main regions where subcutaneous fat can be found is 
around the waist76. Combining this information, it can be assumed that the subcutaneous fat content within the 
skin of the lumbar back region, which is close to the waist, causes a bias for the TWI values. The reason for the 
other significant correlations between age and tissue indices listed in Table 2 are yet unclear.

BMI derived bias
BMI has also been stated to be associated with a higher risk for venous thromboembolism after tissue transfer 
in head and neck surgery77. In addition, a higher BMI is associated with type 2 diabetes78, which can lead to 
vascular diseases such as atherosclerosis79,80, and so affect the tissue indices.

THI correlates positively with BMI at the palms, while ITA correlates negatively. Obesity correlates with heat 
production, while subcutaneous fat tissue prevents the heat from dissipating. Therefore, other mechanisms are 
necessary for heat release81. Within the dermis, arteriovenous anastomoses are located, which are responsible 
for thermoregulation by increasing dermal perfusion and so spreading excess heat81. Interestingly, these vessels 
can be found in the dermis of the palms and the feet but not in the forearms or calves81,82. This indicates that 
BMI-related elevated THI values might be due to increased perfusion resulting in heat loss. Furthermore, the 
Hb amount in the blood is higher in overweight subjects compared to their non-obese counterparts83.

The positive correlation between the NIR-index at the soles of the feet might be caused by thermoregulation 
as well since vessels open in warmer body parts84, e.g. after more pressure on the soles of the feet in overweight 
people. The same explanation might be valid for the positive correlation between BMI and StO2 at the soles of 
the feet. Still, it is yet unclear why not each of the THI, StO2 and NIR-index values correlated positively at both 
the palms and soles.

TWI correlates positively with BMI at the lumbar back regions. Most subcutaneous fat can be found, e.g. 
around the waist76 or close to the lumbar back area. As BMI correlates with the amount of subcutaneous body 
fat and capillary density as well as water content in the skin decrease with obesity85 Although capillary perfusion 
and water content drop, calculated TWI might be rising to the previously explained possibility that the lipid 
absorption at the used wavelengths gets dominant and overpowers the physiological changes with higher BMI.

Further reasons for other significant correlations between BMI and the tissue indices are still unclear.

Sex derived bias
Another factor that possibly influences the flap’s outcome is the patient’s sex. There is different information on 
the question, whether the female sex is a risk factor for flap failure68. In addition, there are sex-related differences 
in body composition76,85,86, which might influence the tissue indices.

The reduced StO2 in females compared to males in regions like the lumbar back region, the forearms and the 
right palm might be caused by the different proportions of fat and muscle as well as the thicker subcutaneous 
adipose tissue compared to males85,86. Especially premenopausal women have a deposition for subcutaneous fat 
accumulation, while men have more visceral fat depots76. As subcutaneous fat can be found mainly around the 
waist, the subscapular area and in the gluteal and thigh area76, fewer capillaries may be detected at the lumbar 
back region in women by the acquisition of the tissue indices since there is more fat coverage. In addition, women 
seem to have more fat in the extremities and lower lean mass than men86, which might explain the results for 
the palms and forearms.

The NIR-index in the palms and forearms seemed lower in women than men. Generally, women seem to 
have cooler fingers than men87 and have less perfused fingers during the cold season88. These findings are sup-
ported by the research of Cooke et al.89, who concluded that women generally have less prefunded fingers, hands 
and skin than men. This results from a reduced blood flood in the extremities caused by sex-related differences 
regarding the sympathetic tone89, which is a reasonable explanation for the different NIR-index findings between 
the two sexes.

The reason why the StO2 and NIR-index mean values of the two sexes are inversed at the right heel remains 
unclear, as well as the results for the TWI values.

Smoking derived bias
Regarding the other presented influencing factors, it is surprising that smoking did not show any significant influ-
ence on the measurements and so the tissue indices, even though smoking has many different influences on the 
cardiovascular system. For example, tobacco abuse is often correlated with an increased Hb value since smoking 
is associated with increased levels of carbon monoxide, which binds keenly to Hb, blocking its binding sites for 
oxygen. The body adapts to this situation by increasing the red blood cell masses and increasing the hematocrit. 
Another association exists between smoking and type 2 diabetes, increasing the risk of vascular diseases63,79.

The importance of the findings for future research
Even though the influencing factors discussed in the preceding sections have an impact on the results, it should be 
kept in mind that the correlations between body characteristics, ITA and tissue indices in this study are moderate 
and partly weak. This suggests that after excluding melanin as a cause of bias, the tissue indices obtained with 
this HSI-device are quite robust, allowing the HSI-camera to be used on different patient body parts. The results 
also mean that different physiological conditions can explain minor deviations when measuring two different 
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body parts of the same person. The device user could be given a checklist of possible influencing factors and 
rule them out. In order to find out how large the variations are within a person, future research will be made 
to compare the values of the tissue indices of different parts of a person’s body. In addition, future analysis will 
also focus on possibilities of the estimation of the melanin concentration in the skin based on the tissue indices 
or the full, acquired spectra by the HSI-system. Therefore, curve fitting procedures will also be investigated that 
may be able to describe the melanin concentration or ITA dependency of the tissue indices.

Limiting factors
Due to the demographic situation in Germany, the number of participants with a lower ITA was limited. Hence, 
investigations on general influencing factors for this subpopulation still need to be performed. In addition, 
repeating this study with perfusion measurements of each subject in summer and winter would be of great 
interest to estimate the influence of different melanin amounts within the seasons depending on the amount 
of UV light exposure38,44. Regarding pigmentation classification, the Fitzpatrick skin type classification system, 
although commonly used to perform skin type classification62, is prone to inaccuracy due to subjective inter-
pretation of personal burning or tanning tendencies52,90. Furthermore, regarding its history of development for 
psoriasis treatment, it has been stated that the Fitzpatrick Classification system is unsuitable for pigmentation 
classification52,90,91. Other methods for skin pigmentation classification are the dermoscope56 and colorimeter61, 
but using these devices beforehand to decide if HSI can be used for perfusion assessment is complicated for 
clinical implementation.

In comparison, the ITA classification is a more objective classification system since it is merely based on color 
and illumination parameters53,54. Additionally, it is suitable for skin color measurement in other studies35,57. 
Furthermore, the ITA can be obtained directly from the region of interest, thus describing the local pigmenta-
tion in relation to biophotonic measurements and related interpretations. Thus, it shows advantages over the 
more general Fitzpatrick classification of the whole person. In this regard, calculations of the ITA values from 
the RGB images could be implemented into the HSI-evaluation process to signal the operator melanin bias. The 
used HSI-system also has its limitations, as due to the used pushbroom technique, it is sensitive to movement 
artefacts, which can be corrected by immediately making a new image. The pushbroom technique does not 
allow a good time-resolved imaging (6 s imaging time). Therefore, other HSI-devices using snapshot technique 
should be used. In addition, direct surface reflections due to, e.g., water on the tissue surface or shadows during 
illumination will also effect the results.

Conclusion
Free flap reconstruction is a cornerstone in treating head and neck cancer. Thus, it is even more essential to ensure 
proper flap perfusion over the course of time, especially during the first week after surgery. Hyperspectral Imaging 
offers a variety of information about the flap perfusion development both safely and quickly and is easy to apply 
in a clinical setting. However, interpretation must be done with caution when measurements are performed on 
a flap derived from a pigmented body site. Otherwise, the measured HSI-derived tissue indices may be biased, 
and hypoxemia of the flap could thus be missed, which may lead to flap loss. To avoid this, it could be advanta-
geous to improve the evaluation algorithm for HSI or to implement an ITA-based cut-off value. Combining HSI 
with other tissue characterization techniques and evaluation methods, e.g., rPPG may also be advantageous to 
make the obtained results more robust against additional influences. As long as the physiological influences are 
kept in mind, Hyperspectral Imaging can be a valuable aid to monitor flap perfusion development, not only but 
especially for less pigmented people.

Data availability
The raw data generated and analyzed during the study are not publicly available as data sharing was not included 
in the informed consent. Analysis results not included in the supplements can be obtained upon request by 
contacting the corresponding author.
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