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ABSTRACT

Background: Evaluate imaging photoplethysmography (iPPG) as a novel noninvasive technique to assess flap perfusion in
head and neck free flap reconstructive (FFR) surgeries.

Methods: Intraoperative iPPG was performed in 17 patients undergoing FFR surgery. Imaging consisted of a 30-s video from
which perfusion maps were extracted, providing detailed information about blood flow and pulsatility in the flap micro-
vasculature. During each procedure, iPPG acquisitions were acquired representing distinct perfusion conditions of the flap
(fully perfused/ischemic/reperfused). When possible, postoperative measurements were performed to assess flap recovery
during the critical time period (3 days) and long-term follow-up (30 days).

Results: Perfusion maps, displaying iPPG amplitude and delay times, correlated strongly (p < 0.001) with the perfusion status
of the tissue. One case of postoperative thrombosis, leading to flap failure, was identified with iPPG. After surgical revision in
this case, flap perfusion was restored and confirmed by iPPG. Postoperative follow-up imaging allowed for objective visual-
ization of flap recovery short term (3 days) and up to 30 days after the surgical procedure.

Conclusions: This study shows that iPPG is suitable for objective and noninvasive assessment of flap perfusion in head and
neck FFR surgery. In addition, postoperative monitoring shows potential for assessing flap perfusion in patients with increased
risk of postoperative complications.

1 | Introduction long and complex procedures, reported flap success rates are
well above 90% [1, 2].

In head and neck oncological surgery, free flap

reconstruction (FFR) has become the standard of care for Perfusion is essential for flap recovery and survival. The small

large and composite tissue defects. Even though FFR are risk of partial or complete flap loss due to inadequate perfusion
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remains one of the most serious and feared postoperative
complications, and early detection followed by immediate sur-
gical intervention are required for successful flap salvage [3]. In
case of flap failure, approximately 51% of these cases have signs
of vascular compromise within the first 4h after surgery, 82%
within the first 24 h and 96% within the first 72 h [2]. During
this critical time period, most clinicians apply physical ex-
amination to test flap viability, such as assessment of flap color,
temperature, capillary refill, and turgor. However, these tech-
niques are susceptible for misinterpretations and rely mainly on
surgeons' experience [4]. Other methods, such as (implantable)
Doppler sonography and pinprick are also frequently used for
monitoring flap perfusion [5]. However, these allow only for
local and superficial perfusion assessment.

In the search toward better and objective techniques for post-
operative monitoring, many advances have been made [4, 6-9].
Yet, many studies fail to show evidence for clinical use, lacking
flap salvage and false-positive rates [7]. Near-infrared spec-
troscopy (NIRS) and hyperspectral imaging (HSI) were recently
assessed in detecting flap failure in reconstructive surgery [10].
Both techniques target tissue oxygenation as a measure of tissue
perfusion and proved to be promising monitoring methods.
However, due to the use of different wavelengths and subse-
quent penetration depths, and lack of a generalized system and
algorithms, the interpretation of tissue oxygenation remains
challenging. Hence, defining universal values is necessary
before HSI and NIRS can be used in clinical care.

Imaging photoplethysmography (iPPG) is a promising non-
invasive optical imaging technique. It can detect perfusion by
assessing blood volume changes in the microvasculature tissue
bed beneath the tissue surface [11, 12]. Previous studies have
shown that iPPG can differentiate between arterial and venous
compromise of a flap [7, 13, 14]. Recently, iPPG displayed
promising results in accurately detecting tissue perfusion in the
surgical setting [15]. Perfusion levels were displayed in color-
coded perfusion maps and provided easy and fast assessment.
Despite the increasing popularity and widespread research
interest of iPPG, few studies have investigated the use of iPPG
for tissue perfusion assessments of free flaps in head and neck
reconstructive surgery [4, 7].

The main goal aim of this study is to assess the feasibility of
iPPG for assessing perfusion in free flaps at various intra-
operative stages during head and neck reconstructive sur-
geries. Moreover, when possible, we also aim to assess the
perfusion changes in the transplanted tissue during flap
recovery in the postoperative phase. Based on the results of
the aforementioned earlier studies [15], we hypothesize that
iPPG can accurately detect perfusion changes and differen-
tiate between different perfusion states of free flaps used for
head and neck reconstruction.

2 | Methods
2.1 | Study Population

In this prospective cohort study, patients scheduled for an
ablative head and neck surgical procedure followed by an FFR

between June 2020 and June 2022 in the Antoni van
Leeuwenhoek—Netherlands Cancer Institute (AVL-NKI) hos-
pital were included. Patients with either flap receptor locations
inaccessible for adequate iPPG acquisition or flaps that did not
include a cutaneous component were excluded. The study was
approved by the Institutional Review Board (IRB) of the AVL-
NKI and registered with the number IRBd19-155. Written in-
formed consent for participation was provided by all patients
included in the study. Data were acquired according to the IRB
guidelines of the AVL-NKI. The study was performed in com-
pliance with the Declaration of Helsinki.

2.2 | Data Collection

An iPPG setup was used, which is described in detail in our
previous work [15]. In short, an off-the-shelf 2.8-Megapixels
RGB camera (Manta G283B, Allied Vision Technologies GmbH,
Germany) with a 52-mm objective, and an LED ring in the
visible range (Falcon Eyes Macro ring-light MRC-80FV, Benél
BV, the Netherlands) equipped with a cross-polarized light filter
(Edmund Optics, Visible linear polarizer) was used. Images at
20 frames per second and 12-bit color depth were acquired with
the camera. For the optimal field of view, the camera was
mounted on a tripod and positioned approximately 50 cm from
the target tissue (Figure 1a). All lights in the operating room,
including headlights of the surgeons, were switched off during
the acquisition to minimize external light interferences and the
flap was cleaned from excess blood. For each acquisition, the
iPPG setup came in the surgical field for approximately 1 min,
including positioning of the camera and acquisition. Videos of
30 s each were acquired intraoperatively for each patient at four
different stages during the procedure, displaying different per-
fusion conditions. Before the procedure started, a region of
interest was marked and imaged at the cutaneous component of
the flap in situ at the donor site before initiation of harvest
(baseline). Second, the flap was imaged when freely dissected
and mobilized and only connected to the main vascular pedicle
before ligation (mobilized). Third, when the blood vessels of the
main vascular pedicle were ligated and ischemia time had
started (ischemic), and lastly, the flap was imaged after resto-
ration of the perfusion by microsurgical anastomosis at the
receptor site (reperfused). When possible, postoperative mon-
itoring was performed to assess flap recovery during the critical
time period (3 days) and during long-term follow-up (30 days)
after surgery (postoperatively). To not influence -clinical
decision-making, the surgeon was blinded for the results of
acquisition. As standard clinical practice, flap perfusion was
assessed by the surgeons via golden standard (pinprick and
clinical assessment of flap color, temperature, capillary refill,
and turgor).

2.3 | Data Analysis

The primary end goal of the study was to demonstrate the
ability of iPPG to differentiate between perfusion levels in dif-
ferent perfusion states (baseline/mobilized/ischemic/re-
perfused) of free tissue transfers used for head and neck
reconstruction. Therefore, data was processed offline in Matlab
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FIGURE1 | (a) Schematic representation of the iPPG setup during surgery. For optimal acquisition, the camera is positioned approximately

50 cm from the target tissue. (b) Perfusion maps extracted after acquisition. Perfused tissues are characterized with high iPPG amplitude, charac-
terized with yellow and red color (0.4 x 10™) and a uniformly distributed signal delay (0.12's, green box), whereas ischemic tissues display low iPPG
amplitude, characterized with blue color (0.0 x 10™%), and a signal delay randomly distributed with high delay times variations (0.67 s, red box). iPPG

amplitude and delay times are expressed as median values.

(R2021b, the Mathworks Inc., Massachusetts, United States)
using a custom build script [15]. This software calculates per-
fusion maps of manually selected regions of interest (ROIs) of
the imaged tissue, which can be generated within 1 min after
the acquisition. Subsequently, the information from each pixel
in the image is extracted using the Plane-Orthogonal-to-Skin
(POS) algorithm, which exploits the fact that green light is ab-
sorbed much more by the hemoglobin in the blood rather than
red and blue light. PPG signals from the red, green, and blue
channels of the video were extracted, and the pulsatile com-
ponent Alternating Coupling (AC) of the signal of each pixel
was normalized for its baseline color component Direct Cou-
pling (DC). This resulting amplitude of the PPG signal reflects a
percentage and compensates for the parameters that affect both
pulsation and baseline color level components, such as the
intensity of the light or tissue color. The principle of iPPG is
explained in more detail in Lai et al. [15].

iPPG-derived perfusion parameters (amplitude map and delay
map) were subsequently extracted from the perfusion maps,
allowing for differentiation between perfused and non-perfused
regions (Figure 1b). The iPPG amplitude displays blood flow
within the skin flap, and is expressed as the median due to the
lack of a normal distribution in the amplitude map. The iPPG

delay map identifies the iPPG signal arrival time within the
tissue of interest. In well-perfused tissues, the pulsatility arrives
almost simultaneously throughout the imaged tissue, and is
expressed as a uniform color that indicates a delay that is close
to 0s. On the other hand, ischemic tissues display large varia-
tions within the pulsatility arrival time, leading to a random
distribution in the delay map. The delay map is expressed as an
interquartile range (IQR) due to its characteristic to show the
spread within the delay, eliminating extreme outliers caused by
inherent noise. The secondary end goal of the study was to
assess the postoperative perfusion changes imaged by iPPG that
occurred during short-term (Days 0-3 postoperatively) and
long-term (Days 0-30 postoperatively) follow-up.

2.4 | Statistical Analysis

Statistical analysis was performed using IBM SPSS statistics v27
(SPSS Inc., Chicago, United States) and Matlab (R2021b, the
Mathworks Inc., Massachusetts, United States). Quantitative
data is presented as means and standard deviations, whereas
qualitative data is presented as numbers and percentages.
Normal distribution was assessed with the Shapiro-Wilk test.
Statistical analysis was performed using a two-way ANOVA
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followed by post-hoc pairwise comparison with Bonferroni
correction for normally distributed data, the Wilcoxon signed-
rank test was performed for non-normally distributed data.
A p-value <0.05 was considered statistically significant.

3 | Results
3.1 | Population

In total 17 patients undergoing an ablative head and neck
surgical procedure followed by FFR were included. Patient
demographics, clinicopathologic, and reconstructive character-
istics are shown in Table 1. Patients were predominantly treated
for a squamous cell carcinoma of the upper aerodigestive tract
(58.8%). Reconstruction was performed using either a fascio-
cutaneous radial forearm flap (FRFF, 58.8%), fasciocutaneous
anterolateral thigh flap (ALT, 17.6%), or osteomyocutaneous
fibula free flap (FFF, 23.5%). For the arterial anastomosis the
facial artery was most commonly used (76.5%). The internal
jugular vein was the most preferred vein for venous anasto-
mosis (end-to-side; 100%). When a second vein was available,
a second venous anastomosis was created (end-to-end; 82.4%).

3.2 | Intraoperative Flap Assessment

Flap perfusion was assessed at different stages during the sur-
gical procedure (Figure 2). The IQR of the delay map was dis-
tributed normally (p > 0.05), whereas the iPPG signal amplitude
was not distributed normally (p <0.05). iPPG amplitude was
correlated with perfusion, being high in perfused tissues and
low in ischemic tissues. After revascularization of the flap, an
increase in iPPG amplitude was observed compared to the
preoperative situation (Figure 2a). The delay time of arrival of
the iPPG signal was inversely correlated with the perfusion
condition, being high in ischemic tissues and low in perfused
tissues (Figure 2b).

3.3 | Postoperative Flap Assessment

Postoperative monitoring of the skin flap was conducted when
the location of the flap allowed for iPPG acquisitions, and
comfort for the patient could be guaranteed. In total, six pa-
tients (35%) were eligible for postoperative follow-up. To assess
flap recovery, short-term (3 days) and long-term (1 month)
monitoring were conducted in two patients.

3.4 | Short-Term Monitoring

During the surgical procedure, the skin flap was subjected to a
period of ischemia before microscopic revascularization in the
new recipient site, displayed by a drastic drop in iPPG ampli-
tude, and increase in delay time. A perfusion rebound was
observed during the postoperative monitoring period
(Figure 3a). After restoring the vascularization of the flap, a
large increase in amplitude levels were observed, increasing
within the first 3 days postoperatively. iPPG delay time

TABLE 1 | Patient demographics.

n (%)
Total 17 (100)
Gender
Male 11 (64.7)
Female 6 (35.3)
Age, years (range) 68 51-88
Smoking
Yes 5 (29.4)
Former smoker 6 (35.3)
No 6 (35.3)
Type of surgery
Fasciocutaneous radial forearm 10 (58.8)
flap (FRFF)
Fasciocutaneous anterolateral thigh 3 (17.6)
flap (ALT)
Osteomyocutaneous fibula free 4 (17.6)
flap (FFF)
American Society of Anesthesiologists
(ASA) score
2 13 (76.5)
3 4 (23.5)
Ischemia time during surgery, min, 123 (22)
mean (SD)
Tumor type
Mucosal squamous cell carcinoma 10 (58.8)
Recurrent adenoid cystoid carcinoma 1 (5.9)
Salivary duct carcinoma 1 (5.9
Adenocarcinoma base of tongue 1 (5.9)
Cutaneous squamous cell 1 (5.9
carcinoma
Osteoradionecrosis (ORN) 3 (17.6)
Tumor location
Oral cavity 14 (82.4)
Oropharynx 1 (5.9)
Salivary duct parotid gland 1 (5.9)
Skin 1 (5.9)
Anastomosis type
Arterial 17
Facial artery 13 (76.5)
Superior thyroid artery 2 (11.8)
Lingual artery 1 (5.9
Internal carotid artery 1 (5.9)
Venous 1 17
Internal jugular vein 17 (100)
Venous 2 14
Facial vein 13 (76.5)
External jugular vein 1 (5.9
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FIGURE 2 | iPPG-derived perfusion parameters. (a) iPPG amplitude is correlated with perfusion of the tissue. (b) On the other hand, delay time
is inversely correlated with perfusion. (a) Values are expressed as lower/upper quartiles and min/max, (b) values are expressed as mean + standard

deviation median; *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001.

displayed an inverse trend, increasing during ischemia time
before returning to baseline levels after 3 days. iPPG amplitude
levels experienced almost a threefold increase after 66 h com-
pared to the preoperative levels, whereas delay times were
similar to preoperative values (Figure 3b).

3.5 | Long-Term Monitoring

Additionally, long-term monitoring was performed to identify
flap recovery over a longer period. Here, perfusion rebounds
directly after revascularization of the flap, up to threefold the
preoperative levels, and gradually decreases over time
(Figure 4a). After 2 weeks, a new perfusion baseline is reached
that is maintained for the remainder of the follow-up period
(Figure 4b).

3.6 | Postoperative Complications

Two patients developed postoperative flap-related complica-
tions (Table 2). One patient suffered an arterial failure of the
flap within 3 h after the surgical procedure (Grade IIIb com-
plication [16]), and had to be taken back to the operating the-
ater for exploratory surgery (Figure 5a). The surgery resulted in
mechanical removal of the thrombus and thrombolytic therapy
with the administration of urokinase to successfully dissolve
distal microthrombi, saving the flap. After flap failure was
confirmed with clinical testing, iPPG acquisitions were made.
The amplitude map showed very low signal amplitude in the
flap compared with the surrounding tissues (Figure 5b). After
surgery, increased iPPG amplitude was observed, indicating
sufficient flap perfusion (Figure 5c¢,d). A second patient suffered
flap dehiscence after 9 days. Unfortunately, this patient was not
included for the postoperative follow-up. Additionally, two

patients developed general complications that did not lead to
flap-related complications.

3.7 | Discussion

In the present study, free flap perfusion during and after head
and neck reconstruction was for the first time assessed using
noninvasive iPPG acquisitions. These iPPG acquisitions dem-
onstrated the ability to identify variations in flap perfusion
during the different perfusion conditions at specific stages
during the surgical procedure. The acquisitions allowed to
display perfusion in perfusion maps and enabled an easy
assessment of tissue of interest. iPPG-derived parameters (iPPG
amplitude and delay time) provided numerical identification of
perfusion values and displayed correlation with the perfusion
status of the tissue. Additionally, postoperative follow-up
imaging allowed for objective visualization of flap recovery up
to 30 days after the surgical procedure.

iPPG is a noninvasive imaging technique and able to detect
perfusion changes within the microvasculature tissue bed [11,
12]. In the present study, iPPG was able to detect flap perfusion
during surgical procedures in different perfusion conditions and
during postoperative follow-up. When the flap was freely dis-
sected and mobilized and only connected to the main vascular
pedicle before ligation, the resulting vasoconstriction caused the
iPPG amplitude to decrease (Figure 2a). Immediately after
revascularization, a rebound in flap perfusion was observed
with a threefold increase within the first 4 days postoperatively.
The high demand for proinflammatory cytokines in the wound
healing process [17], and the need to wash out ischemic damage
[18] causes vasodilation in the flap, resulting in an increase in
blood flow within the skin flap. Additionally, the new ana-
tomical location and larger artery size may contribute toward
the increased flow within the skin flap. Within days, this high
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perfusion in the flap normalizes when the dependence of the
anastomosis decreases as a result of neovascularization between
the flap and surrounding tissues. Recent studies showed that
wound healing initiates neovascularization in the wound bed
[19, 20]. This leads to the flap to become independent of the
pedicle blood supply 7-14 days after surgery [21]. In the present
study, a normalization in perfusion was observed between 14
and 30 days postoperatively, indicating adaptation of the flap in
the recipient site. This is in accordance with a recent study that
found that autonomization of the flap is initiated but not yet
completed 2 weeks postoperatively [22].

Two patients developed postoperative flap-related complica-
tions in this study. In one patient, flap dehiscence without
(partial) flap loss occurred 9 days after surgery, requiring
wound debridement and antibiotics. In another patient, after
revascularization of the skin flap, clinical characteristics such as
a negative pinprick and pale skin color indicated flap failure, for
which surgical revision was indicated. In addition, very low

iPPG amplitudes were observed (Figure 5a). This particular
patient suffered a thrombus in the supplying artery of the flap
within 2 h after the procedure, requiring surgical revision of the
arterial anastomosis and thrombolytic treatment. Fortunately,
the flap was salvaged due to immediate intervention after the
detection of the thrombus, and after a secondary iPPG assess-
ment, the flap showed no signs of compromised perfusion.
iPPG-derived parameters of the failing flap displayed values
which were not observed in good surgical outcomes. With these
deviating values, potential indicators for inadequate flap per-
fusion and increased risk of flap loss can be identified, ulti-
mately leading to a threshold for defining adequate and
inadequate flap perfusion. However, based on the high success
rate of FFR [23], a larger case number and control series is
required to identify iPPG-derived parameter values at which
flap loss is likely to occur.

Currently, Indocyanine Green (ICG) is being widely used for
assessing flap perfusion intraoperatively. In the postoperative
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FIGURE 4 | Long-term follow-up until 30 days postoperatively in one patient receiving an FRFF. The flap is imaged at specific conditions during
the surgical procedure, and postoperatively after 1, 4, 14, and 30 days. (a) Perfusion rebounds directly after reconnecting the flap blood supply in the
recipient site and increases up to within the first 24 h after surgery. After 14 days, perfusion achieves a new baseline, which is higher compared to the
preoperative baseline. (b) iPPG amplitude (red) and delay time (blue) plotted over time, corresponding to the maps shown in (a).

TABLE 2 | Postoperative complications.

Complication Grade of complication n (%)
Flap-related postoperative complications
Flap dehiscence 1 1 (5.9)
Arterial thrombus IIIb 1 (5.9)
Other postoperative complications
Hematoma I 1 (5.9)
Pulmonary embolism 11 1 (5.9)
No postoperative complications 13 (76.5)

setting, ICG is not suitable due to the invasive nature of
injecting the fluorescent dye necessary for each acquisition. As
such, different techniques are used for postoperative monitor-
ing, such as physical examination or (implantable) Doppler
devices. However, high costs, lack of quantitative/objective

values, and necessity of implanting a device are currently lim-
iting the potential of implantable Doppler devices [24]. Fur-
thermore, one of the main challenges with perforator-based
flaps is the heterogeneous distribution of perfusion in the flap.
As such, “hot zones,” located in close proximity to the
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FIGURE 5 | Flap failure postoperatively. (a) In this specific case, within 3 h after surgery, flap failure was suspected due to paleness and absence

of pulsations. (b) When imaged with the iPPG camera, the flap displayed extremely low iPPG amplitudes compared to surrounding tissue. During
surgical revision, a thrombus was detected in the flap arterial pedicle, and subsequently treated with urokinase. (c, d) After revision surgery and
restoring blood flow, iPPG amplitudes increased in the flap and no signs of compromised perfusion were detected during postoperative recovery.

perforator, and “cold zones” located distally from the perforator
are described. From this standpoint, point-based, local acqui-
sition of the perfusion can lead to a biased interpretation of the
perfusion status of the complete flap, potentially missing signs
of (partial) flap loss. iPPG-derived perfusion maps provide easy
and complete visual representation of perfusion in the flap,
potentially allowing for the identification of “cold zones” and
potentially aiding in discarding inadequately perfused parts to
avoid dehiscence or flap failure.

Ease of postoperative monitoring highly depends on the
accessibility of the flap location for acquisition and can bring
extra challenges in assessing flap recovery. A limitation of the
current setup and the main barrier to making this technique
easy to use is that only flaps that are within the field of view of
the camera, which are mainly located in the face or anterior
oral cavity, can be visualized. As a result, flaps located in the
oropharynx are mostly inaccessible and subsequent post-
operative monitoring is extremely difficult. This challenge will
be addressed by introducing iPPG in smaller devices, such as
flexible endoscopes to reach difficult accessible and remote
areas within the oral cavity and oropharynx. This makes an easy
and comfortable assessment of flap perfusion recovery in post-
operative settings possible, without causing discomfort for the
patient. Unfortunately, buried flaps, such as frequently occur-
ring with muscle-only flaps, can only be assessed using this
technique during the intraoperative phase and not during the
postoperative monitoring phase. To further improve the
usability of iPPG in clinical settings, feedback about perfusion

should be displayed in real-time. Currently, image processing is
performed offline after acquisitions. In addition, real-time
feedback will also allow for continuous flap monitoring, sup-
porting immediate intervention when indicated. Moreover,
using iPPG to continuously monitor flap compromise might
also be particularly useful for detecting subtle changes such as
early venous congestion, as iPPG will be able to detect blood
stasis by analysis of the delay time from the perfusion maps. In
addition to iPPG, tissue oximetry devices, such as T-stat, are
already in use for clinical care and display the clinical value of
such devices. While out of the scope of this study to compare
IPPG with other readily available techniques, it is imperative to
do so in future work as it will provide crucial information on
the needs for development and role of iPPG in clinical care.

iPPG brings several advantages in assessing perfusion in free
flaps. iPPG is a software-based technique, providing the
advantage that off-the-shelf cameras can be used for acquisition,
and removing the need for expensive hardware upgrades. As
such, iPPG is a low-cost and easily accessible for medical cen-
ters. iPPG is highly accurate in detecting microvasculature
perfusion in the skin and has proven to detect even small per-
turbations in perfusion levels [11]. iPPG is a noninvasive tech-
nique with an easy-to-use user-interface for people without a
technical background, removing the necessity of a technical
assistant in the operating theaters or the postoperative setting.
As such, residents and nurses will be able to perform iPPG
acquisitions independently, and assess them on the spot. Dur-
ing acquisitions, visualization of the complete flap is possible,
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and smaller ROIs can be selected for more detailed information
from a single video. Acquisitions are fast (< 30s) and provide
almost immediate (< 1 min) feedback about the perfusion status
to the clinician, supporting clinical decision making when
immediate intervention is indicated.

iPPG offers significant advantages over traditional pin prick
methods by providing noninvasive, continuous monitoring of
tissue perfusion, reducing patient discomfort and infection
risks. Its ability to assess blood flow across larger areas makes it
particularly valuable for detecting perfusion issues in complex
flap types, potentially preventing complications like ischemia.
Although not extensively studied yet, iPPG shows promise in
improving patient outcomes through early detection of micro-
circulation problems.

4 | Conclusion

iPPG is a simple and low-cost technique able to accurately
detect microvascular perfusion in FFR surgeries. Together
with the fact that large amounts of information is acquired
from one single acquisition, iPPG is a promising new, non-
invasive imaging technique in FFR surgeries, providing val-
uable intra-operative information about flap perfusion after
revascularization. Although further research is needed, iPPG
may have an additional benefit for flap monitoring in the
postoperative period, providing easy-to-interpret perfusion
maps of the flap, thereby potentially identifying vascular
compromised flaps in an early stage and allowing timely
intervention.
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