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Introduction

Complex tissue defect reconstruction via free-flap surgery is safe and 
reliable [1]. Owing to technical progress and microsurgical expertise, 
the success rate has continually increased to approximately 95% [2]. 
Despite these advances, ischemia-related complications can still occur 
after pedicelled or free-tissue transfer, resulting in partial or complete 
flap loss. Therefore, microsurgical management aims to continually 
reduce ischemia-related morbidity and facilitate safe reconstruction 
[3]. Generally, reconstructive surgery clinics rely on the clinical assess-
ment of visual perfusion control (that is, a recapilarization time of 3 s 
within the first 72 h) [4]. Different technical devices have been intro-
duced; however, they have several requirements (such as wide availa-
bility, neutral cost and personal resources, easy data interpretation, 
independence from the surgical method, and reliability) [4]. 
Hyperspectral imaging (HSI) was first used in human medicine approx-
imately 10 years ago, and subsequently, it has been applied in several 
scientific areas [5, 6]. To date, five different studies have been pub-
lished on the clinical use of HSI for flap monitoring in tissue reconstruc-
tive surgery [7]. Recent studies suggested a decreased oxygenation as 
an indication of flap malperfusion. However, different thresholds were 
postulated [8, 9]. In head and neck surgery, superficial or deep tissue 
oxygenation thresholds were hypothesized to be the optimal param-
eters for operative revisions in different kinds of impaired flap perfu-
sion (arterial occlusion or venous congestion). Other parameters like 
hemoglobin or water concentrations in the tissue were not mentioned 
[9]. Furthermore, distributions between the different kinds of malper-
fusion were not considered. Our own working group prospectively 

examined a smaller group of patients with respect to normal and 
pathological perfusion after microsurgical defect repair. Among other 
things, it was concluded that a tissue hemoglobin index (THI) of over 
53% indicates venous congestion [10]. Therefore, this study aimed to 
assess the perfusion of free flaps postoperatively, compare our inter-
nal analysis software algorithm with the clinical findings of surgeons, 
and describe the accuracy of HSI using a contingency table. The aim 
was to proof our hypothesis based on a former study that a THI detects 
a venous malperfusion with an adequate diagnostical accuracy. 
Therefore, we hypothesized that a THI of ≥53% can accurately indicate 
venous congestion.

Material and methods

Patients

In this retrospective, non-randomized study, patients who required 
free flap reconstruction of the trunk and extremities were included. 
This study was performed using an internal HSI database. From 
January 2017 to October 2019, datasets of 31 men and nine women 
(median age: 55 ± 15.7 [26–92] years) who underwent free-flap sur-
gery were recorded. Only those with free flaps were included, whereas 
those with buried flaps and invalid datasets were excluded. Clinical 
and instrumental examinations were performed by physicians. Defect 
etiology, comorbidities, and flap recipient site data were recorded.

The primary outcomes were divided into two: regular flap healing 
and postoperative flap necrosis (Figure 1(a)). Microvascular free-flap 

ABSTRACT
Microsurgical free-tissue transfer has been a safe option for tissue reconstruction. This study aimed to analyze 
the diagnostic accuracy of hyperspectral imaging (HSI) after free-tissue transfer surgery.
From January 2017 to October 2019, 42 consecutive free-flap surgeries were performed, and their outcomes 
were analyzed via HSI. Clinical examination of free-flap perfusion was initially performed. Clinical examination 
findings were subsequently compared with those of HSI. Potential venous congestion with subsequent necro-
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raising was performed according to standard procedures. After 
microsurgical anastomoses, tissue perfusion was initially assessed by 
standard clinical examinations (capillary blanching and refill, skin 
color, and dermal bleeding). Thereafter, tissue perfusion was 
evaluated by HSI. Hypo- or malperfused flaps were marked after HSI 
assessment and compared with clinical findings. Based on the 
measurements’ temporal nature, three groups were classified as 
follows: measurements ≤24 h (t1), measurements between 24 and 48 
h (t2), and measurements between 48 and 72 h (t3). Arterial occlusion 
was defined as a sudden pale color, prolonged or absent capillary 
refill time, and no bleeding, whereas venous congestion was defined 
as a blue color, immediate capillary refill, deep red bleeding on 
puncture, and subsequent flap necrosis. For this purpose, a marker 
was placed over the central parts of the free flaps using the 
manufacturer’s software, and the corresponding values were 
recorded. Data on clinical assessment and HSI findings were entered 
into our departmental database. Due to the study’s retrospective 
nature, the final decision to reexplore was made based on clinical 
evaluation.

HSI and technical details

Postoperative HSI was performed using TIVITA© Tissue (Figure 1(b–h)) 
via Diaspective Vision GmbH (Strandstrasse 15, D-182333 Am Salzhaff, 
Germany). The system comprises a lighting unit of two 120-W halo-
gen lamps, an imaging spectrometer, and a complementary met-
al-oxide-semiconductor camera of 640 × 480 pixels resolution for 
image recording. HSI can measure tissue perfusion discontinuously 
and is noninvasive, recordable, and easy to use; a single measure-
ment lasts for 5 s. The distance between the camera and tissue was 
set at 50 cm. A standardized area of 30 × 30 cm can be assessed using 
HSI. Light reduction (such as sunlight and room lighting) was recom-
mended for optimal data quality. The underlying principle of HSI was 
based on spectroscopic remission measurements in the visible and 
near-infrared spectral range of 500–995 nm. The target was illumi-
nated, and the altered light reflected from the tissue was displayed. 
Hemoglobin is the predominant optical component of the tissues, 
and oxygenated and reduced hemoglobin level varies between vital 
and ischemic tissues. Visible light tissue penetration depth of 

approximately 0.5 mm and a near-infrared spectral range of 3–5 mm 
influence upper tissue layer (microcirculation) and blood flow param-
eters at a deeper depth [6]. The four parameters measured using the 
software were the hemoglobin oxygenation at the superficial skin 
(StO2), hemoglobin concentration at the superficial level (THI), 
near-infrared spectroscopy (NIR), and the tissue water index (TWI) 
[6,  11]. A THI of ≥53%, NIR of ≤25%, and TWI of ≤43% indicated a 
locally impaired perfusion, and a THI of ≥53% in the center of the flap 
indicated venous congestion [10]. Images were assessed using TIVITA 
Suite© (Diaspective Vision, Germany). The study was conducted 
according to principles of the Declaration of Helsinki (updated in 
2008) and approved by the ethics committee of the Ärztekammer 
Sachsen-Anhalt, Germany (Approval 35-17).

Free flap skin paddles were examined. First, the flap was inspected 
clinically for malperfusion signs. A marker of maximum size was 
placed in the center of the flap without touching the soft tissue or 
suture material. Venous congestion with subsequent necrosis was 
defined as a THI of ≥53%. After image acquisition, the four parameters 
of the marked areas were calculated using the analysis software 
provided by the manufacturer.

Statistical analysis

All statistical analyses were performed using Xlstat© (version 2020.3.1, 
Addinsoft, New York, USA). Means with standard deviations or num-
bers with percentages were used for descriptive statistics. To compare 
two sets of data, a student’s t-test was used. To assess the diagnostic 
reliability of postoperative clinical findings or HSI assessments, sensi-
tivity and specificity were calculated and presented in a contingency 
table. A p-value of <0.05 was considered statistically significant.

Results

Overall, data on 42 free-flap surgeries were analyzed. The mean age 
was 56.7 ± 15.4 years. Table 1 summarizes the characteristics of patients 
and clinical data. The free flaps included 25 anterolateral thigh (ALT), 10 
latissimus dorsi muscle (LDM), five deep inferior epigastric perforator 
(DIEP) flaps, one parascapular (PSC), and one rectus abdominis flap. The 
reason for reconstruction included traumatic injuries (n = 32, 76.2%), 

Figure 1. a–h. Study protocol and case number 39. ALT flap for a right hand defect covering. a. Study protocol. b. The TIVITA Tissue hyperspectral camera sys-
tem. c. The underlying flap was illuminated by a white light source. d. An image was captured, and a marker was placed over the region of interest. e. Average 
oxygenation of the tissue (StO2) with a marker showing oxygen concentrations in the viable flap area. f. Tissue hemoglobin index (THI). g. Near-infrared (NIR) 
perfusion index. h. Tissue water index (TWI).
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wound infections (n = 6, 14.2%), oncologic defects (n = 3, 7.2%), and 
peripheral occlusive diseases (n = 1, 2.4%). The lower extremity was the 
most common recipient site (n = 30, 71.4%), followed by the upper 
extremity (n = 8, 19.0%), chest (n = 2, 4.8%), head (n = 1, 2.4%), and 
abdomen (n = 1, 2.4%). A total of 35 patients underwent successful 
reconstruction. Hence, the overall flap success rate was 84%. However, 
16% of the reconstructive cases resulted in flap failure, requiring fur-
ther surgical intervention. The mean length of hospital stay was 34 ± 26 
(range: 12–124) days. The hyperspectral datasets of each patient were 
recorded based on perfusion status and time. Arterial occlusion malp-
erfusion was not observed.

HSI data

The corresponding HSI data of each patient were recorded. In total, 
124 records were prepared, and 101 measurements were made on 
the viable flap areas. Moreover, 19 free flap datasets with venous con-
gestion were analyzed. The average StO2 was 44.5 ± 15.2% [3–80], NIR, 
41.0 ± 11% [7–72], THI, 27.2 ± 20.1% [0–93], and TWI, 50.5 ± 8.4% 
[34–74] for viable flaps on the first day (Figure 2(a–d)). Free flaps with 
impaired perfusion in the form of venous congestion were character-
ized by decreased StO2 (35.5%), NIR (26.3%), and TWI (47,3%) and 
increased THI (approximately 64.3%) after 3 days. Student’s t-test was 
used to compare each parameter between the groups. No significant 
differences were observed for StO2 between viable free flaps and flaps 
with malperfusion caused by venous congestion at each time point. 
However, regarding NIR, THI, and TWI, statistically significant differ-
ences were observed.

Subgroup t1: Within the first 24 h, case 31 developed venous 
congestion malperfusion during clinical and instrumental assessments. 
Operative revision was required. Intraoperatively, the venous 
anastomoses were thrombosed; therefore, the flap was directly removed. 
Further measurements could not be performed. Cases 20, 2, and 10 
demonstrated a regular clinical appearance and were not revised. 
However, the HSI camera indicated early venous congestion. The clinical 
situation was rated as unremarkable. However, venous congestion 
further deteriorated in period t3 such that an operative revision was 
finally initiated, and the suspicion was confirmed intraoperatively as a 
thrombosed vein. The cases were rated as true positive.

Cases 9 and 33 had clinically viable flaps. However, there was a 
discrepancy between clinical findings, indicating overall good flap 
perfusion, and HSI, suggesting venous congestion. Postoperative 
healing was uneventful, and a revision did not occur. The cases were 
marked as false positives. The HSI measurements showed a sensitivity 
of 57%, a specificity of 94%, a positive predictive value of 67%, and a 
negative predictive value of 91%. The clinical examination results, 
which can be viewed from the files, showed a sensitivity of 28%, a 
specificity of 100%, a positive predictive value of 100%, and a negative 
predictive value of 87% (Figure 3(a)).

Subgroup t2: Between 24 and 48 h, cases 2 and 10 presented with 
further progressive venous congestion during clinical and 
instrumental assessments. In case 31, measurements could no longer 
be taken. Every case was marked as true positive. Case 33 was 
indicated for major revision based on HSI findings. However, there 
were no clinical data regarding the signs of malperfusion or necrosis. 
Therefore, case 33 was marked as false positive. In contrast, case 9 was 
no longer indicated for revision based on HSI findings after 24 h and 
was marked as true positive. In the second subgroup, HSI 
measurements showed a sensitivity of 50%, a specificity of 97%, a 
positive predictive value of 75%, and a negative predictive value of 
91%. The clinical investigations showed a comparable sensitivity of 
66%, a specificity of 100%, a positive predictive value of 100%, and a 
negative predictive value of 94% (Figure 3(b)).

Subgroup t3: Between 48 and 72 h after free-flap surgery, cases 4 
and 26 had prolonged recapilarization caused by venous congestion. 
Clinical and hyperspectral data indicated and confirmed venous 
congestion caused by venous thrombosis between 48 and 72 h 
postoperation. The decision to discard the flap in both cases was 
validated with multiple thromboses. Both flaps required surgical 
debridement and either flap advancement or additional tissue 
reconstruction via a second free flap. Cases 2, 10, 20, and 41 presented 
with progressive necrosis of the whole flap caused by secondary 
venous thrombosis. HSI measurements demonstrated a sensitivity of 
83%, a specificity of 97%, a positive predictive value of 83%, and a 
negative predictive value of 97% in the last subgroup, whereas the 
clinical examination of free flaps demonstrated a sensitivity of 100%, 
a specificity of 100%, a positive predictive value of 100%, and a 
negative predictive value of 100% (Figure 3(c)).

In summary, 124 records were made during the study period. Of 
these 124 measurements, HSI showed poor flap perfusion in 16 
records within 72 h. Seven flaps were lost during the study period. 
HSI accurately identified venous congestion in 12 of 19 assessments 
of free flaps. Four assessments were marked as false positive (cases 
9  and 33), and seven assessments were marked as false negative 
(Figure 3). Based on these data, the sensitivity and specificity of HSI 
were 63 and 96%, respectively (p < 0.001), within the first 72 h. 
Regarding the clinical examinations, 124 examination results were 
evaluated within the first 72 h. Of these, 12 examinations were rated 
as true positive, zero as false positive, seven as false negative, and 105 
as true negative. This resulted in a sensitivity of 63% and a specificity 
of 100% (Figure 3(d)).

Discussion

A previous study showed that the microvascular free-tissue transfer 
success rate was >90% [12]. Despite the good outcomes of head 
and neck surgery, the outcomes of older individuals and those with 
obesity and atherosclerosis are challenging to manage. If a 

Figure 2. StO2, THI, NIR, and TWI based on different perfusion status. a. Decreasing StO2 values of both groups. b. Reduced NIR indicating venous congestion, 
requiring major revisions. c. Increasing THI between venous congestion and viable free flaps. d. Increasing TWI between viable free flaps and venous congestion.
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malperfusion of a free flap occurs, prompt reintervention improves 
flap salvage [13].

The technically noninvasive monitoring methods include NIR [14], 
laser Doppler flowmetry/tissue spectrophotometry [15], and HSI [10] 
(Table 2). NIR has been used clinically since 1995 [16] with several 

advantages. In a retrospective trial of 900 microsurgical breast 
reconstructions, NIR significantly decreased the flap loss rate and 
improved the flap salvage rate [17]. In another retrospective study of 
1050 patients who underwent microsurgical tissue reconstruction, 
the flap salvage rate increased to 96.6%, the number of complete flap 

Figure 3. A direct comparison between the diagnostical accuracy of HSI and clinical examination using a contingency table. a. Comparison between clinical 
examination and HSI for detecting flap malperfusion within 24 h. b. Comparison between clinical examination and HSI for detecting flap malperfusion between 
24 and 48 h. c. Comparison between clinical examination and HSI for detecting flap malperfusion between 48 and 72 h. d. Summary and comparison of both 
monitoring modalities characterized by contingency tables within the first 72 h.
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losses decreased, and the rate of reintervention decreased over time 
[18]. In a systematic review, the overall flap success rate was 99.5%, 
and the flap salvage rate was 91.1% [14]. However, compared with 
laser flowmetry, NIR cannot predict wound complications, including 
fat necrosis [19], or provide information on blood flow [20].

Laser Doppler flowmetry, similar to the O2C device, can determine 
blood flow (flow), velocity, hemoglobin oxygenation, and relative 
hemoglobin concentrations [15]. Furthermore, the O2C device can 
provide data on intracapillary hemoglobin oxygenation in correlation 
with intracapillary hemoglobin saturation and the local blood flow 
rate [15]. Vessel occlusion was detected in five of five patients who 
underwent free-flap breast reconstruction. Thus, O2C may improve 
flap survival rates at an early stage [15]. The disadvantage of the O2C 
device is its cost and cautious placement of sensor as shearing 
motions and excessive pressure can lead to false measurements [15]. 
HSI and NIR are both optical devices for measuring tissue perfusion in 
different electromagnetic ranges. In contrast to O2C or NIR, HSI can 
facilitate a contact-free, noninvasive imaging analysis. In a recent 
systematic review, the most frequently reported limitations of clinical 
monitoring were the need for expert interpretation (25% of related 
papers), unsuitability of buried flaps (21%), and a lack of quantitative/
objective values (19%) [23]. To provide sufficient quantitative data 
and reduce the need for expert interpretation, different diagnostical 
studies were published to establish quantitative thresholds for HSI in 
microsurgical tissue reconstruction in recent years [8–10, 24, 25]. The 
studies were prospective in nature, had small sample sizes, and had a 
reexploration rate based on clinical assessments. Furthermore, the 
studies postulated that malperfusion goes hand in hand with reduced 
oxygen saturation in form of a decreased StO2 and NIR. Due to the low 
number of cases and different kinds of flap surgeries, different 
thresholds were postulated (Table 3). However, a distinction between 
arterial occlusion and venous congestion was not made in every trial. 
Therefore, the role of other parameters, such as the THI or TWI, 
remains unclear.

For the first time, our study has attempted to introduce the role of 
THI into clinical focus and derive a therapeutic outcome from it. In our 
study, HSI predicted poor tissue perfusion in all seven patients with 
total flap necrosis and confirmed adequate tissue perfusion in 105 of 
125 measurements (specificity: nearly 84%). Only four measurements 
were documented as false negative. In the case of venous congestion, 
a decrease in StO2 and NIR was observed in subgroups t1, t2, and t3. 
However, statistical significance was observed only for NIR, which is in 
contrast to the previous publications (Table 3). However, THI was 
statistically significant in subgroup A in differentiating between vital 
and non-vital flaps as a dichotomous target variable. This diagnostic 
study showed that in the case of venous congestion of free flaps, THI 
plays an essential role as the StO2 or NIR. A THI ≥53% seems to indicate 
venous stasis. A simultaneous decrease in NIR and StO2 suggests 
venous congestion or arterial occlusion [10]. The false positive results 

in cases 9 and 33 may be due to postoperative reactive hyperemia of 
both flaps. In both cases, the intraoperative anastomosis of a second 
vein was not considered. As a result, the venous flow may have 
increased compared with free flaps with two anastomosed veins, and 
a higher proportion of hemoglobin may have accumulated. The false 
negative assessments in cases 4, 26, and 41 may be because the 
assessments were performed between 48 and 72 h. Previously, there 
had been a prolonged malperfusion of these flaps that could explain 
the final drop in THI as an expression of necrosis of the superficial skin 
tissue that had already begun.

The major role of HSI was the early pre-clinical identification of 
flap compromises. Thiem et al. in a previous publication stated that 
HSI defects perfusion compromises significantly earlier than clinical 
monitoring based on decreased StO2 or NIR [9]. The same would have 
to be investigated regarding THI. In cases 2 and 10, HSI could report 
an indication for a revision within the first 24 h (t1). However, clinical 
decision was taken on the following days. In this case, based on the 
HSI data, an earlier operational revision could have been initiated. 
Within the first 24 h, HSI showed a higher sensitivity in detecting 
venous congestion in comparison to clinical examination. However, 
in the other periods, no diagnostic superiority of HSI over the clinical 
examination was observed. Nevertheless, no higher sensitivity or 
specificity was demonstrated within the first 72 h following a direct 
comparison between clinical examination and the use of HSI. A 
possible explanation may be the use of a threshold ≥53% for this 
analysis. This threshold was validated in a smaller patient cohort [10]. 
Another possible explanation would be the fact that the investigators 
were physicians with many years of clinical practice and are 
particularly experienced in assessing free flaps. The comparison 
between the use of HSI and the clinical examination of nurses may be 
different, among other things. However, due to the study’s 
retrospective nature, this cannot be directly implemented, and 
further prospective studies are necessary.

To ensure clarity and better control of massive amount of data, 
artificial intelligence could be a suitable alternative for predicting 
malperfusion. A large number of studies have been published in 
which diagnostic statements were made based on the data 
generated by HSI. For example, different types of mouth tissue 
could be classified by their HS-signature using a deep learning 
approach [26]. In addition, an algorithm for brain cancer 
classification [27] or the differentiation between skin complications 
in diabetes mellitus and healthy volunteers using HSI was 
demonstrated [28]. Further investigation of flap perfusion by 
artificial intelligence may be required. The lack of quantitative 
values and necessary interpretation for noninvasive flap monitoring 

Table 2. Different types of noninvasive monitoring devices.
Method HSI [6, 21] NIR [14, 22] Laser Doppler 

flowmetry/tissue 
spectrophotometry 
[15]

Device/
company

Tivita Tissue®/
Diaspective 
Vision, Germany

Tissue Oximeter®/T.
Ox, the USA

O2C®LEA 
Medizintechnik, 
Germany

Range 500–1000 nm 690–850 nm 830 nm/500–800 nm
Modality Noninvasive Noninvasive Noninvasive
Assessment 
frequency

Discontinuous Every 2–4 s Continuous

Monitoring 
modality

Imaging
(30 × 30 cm)

No imaging (probe) No imaging (probe)

Table 3. HSI and its diagnostic value from previous studies.
Author Thiem 

et al. [9]
Thiem 
et al. [24]

Kohler 
et al. [8]

Schulz 
et al. [10]

year 2021 2020 2021 2021
design prospective prospective prospective prospective
cases 63 30 22 19
distinction 
between 
arterial 
occlusion 
and venous 
congestion

none yes none yes

thresholds StO2 ≤ 32% 
StO2∆reference 
> −38%
NRI ≤ 32.9
NRI∆reference ≥ 
−13.4%

StO2 < 40%
NIR < 25%
THI < 40%

NIR ≤ 40 THI ≥ 53 %
NIR ≤ 25 %
TWI ≤ 43%
StO2 ≤ 22%

http://T.Ox
http://T.Ox
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devices could thus be remedied. However, the possible disadvantages 
of artificial intelligence include the large amounts of data that are 
required and the corresponding cost of programming.

A disadvantage of HSI compared to other diagnostic tools is the 
relatively cumbersome handling, the discontinuous measurement 
process, the susceptibility to interference due to external light 
sources, and the fact that only tissue with an intact skin layer can be 
measured. Flaps without a skin island cannot be measured.

This study had several limitations. First, it was retrospective in 
nature. The fact that the THI ≥ 53% was a retrospectively fitted 
threshold could lead to massive overfitting in future research. The 
study would be more relevant if new patients were included in a 
prospective study, and the same threshold is used to differentiate 
between physiological perfusion and stasis. Moreover, because of the 
relatively small sample size, partial flap necrosis information was not 
examined, and there were missing data about flaps with arterial 
occlusion. Second, the measurements did not affect the usual clinical 
care; therefore, the flap salvage rate was not reproducible. The 
diagnostic value of postoperative assessment is, at least, defined by 
the flap salvage rate [17]. Fourth, the occurrence of late-onset 
complications, including wound edge necrosis, was not assessed [19].

Conclusions

HSI can detect impaired flap perfusion caused by venous stasis, which 
is defined as a THI of ≥53%. HSI demonstrated a higher sensitivity 
compared to clinical examination within the first 24 h. THI as a marker 
for the detection of malperfusion requires further assessment.
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