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Abstract
Background: Free flap reconstruction is a standard procedure in surgery, yet vascular thrombo-
sis occurs in 3%–5% of cases. Early detection within the first few hours is essential for successful
salvage, as the success rate of surgical re-exploration decreases over time. Since current clinical
assessment remains subjective and depends on experience, objective and continuous monitoring
is required. Photoplethysmography (PPG), which monitors blood volume changes non-invasively,
is a candidate for this application. However, the influence of specific waveform changes during
early haemodynamic shifts is not fully understood. Methods: This study evaluated the diagnostic
capacity of PPG for detecting early vascular changes using a custom silicone phantom. Synthetic
vessels mimicking human arterial and venous mechanics were embedded at depths of 3, 9, 15, and
21 mm. A perfusion system simulated normal, early ischaemic, and early congested states. Signal
quality was assessed using the signal-to-noise ratio (SNR), and only signals with SNR> 15 dB
were used for morphological analysis. Over 50 parameters, including time, area, and slope, were
extracted from the waveforms to identify those that characteristically respond to each haemody-
namic state. Results: The custom-made free flap phantom was successfully validated. Signal qual-
ity assessments limited morphological evaluation to depths up to 15 mm. Analysis showed that
Intensity and Area-based parameters were the most effective indicators at all depths. At shallow
positions, Time-related features showed clear changes during ischaemia, while Slope and Second
Derivative (SDPPG) features emerged as key indicators at depth. Red light was useful for superfi-
cial monitoring at 3 mm, whereas Infrared was necessary for assessing deeper states. Conclusion:
A custom phantom capable of replicating early haemodynamic compromise was developed.
Identifying specific feature variations across depths provides a framework for objective, contin-
uous monitoring. These findings suggest that combining multiple morphological features can
improve the reliability of flap assessment.

1. Introduction

Free flaps are tissue units transferred from a donor to a recipient site while maintaining their original
blood supply via microvascular anastomosis (connection between two blood vessels). Free flap recon-
struction represents a cornerstone method for managing large and complex defects, offering supe-
rior functional and aesthetic outcomes in diverse anatomical locations, including the head and neck
(Nakatsuka et al 2003), breast (Harashina et al 1980), and extremities (Taylor et al 1975). The procedure’s
growing importance is evidenced by national data; for example, a 2020 report from the United States
indicated that the number of free flap procedures performed for breast reconstruction reached 23 324,
representing a 75% increase over the preceding two decades (American Society of Plastic Surgeons 2020).
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Despite the substantial benefits of microvascular tissue transplantation, blood flow deficits remain a
significant concern, occurring in approximately 3%–5% of cases (Nakatsuka et al 2003, Caine et al 2023).
Vascular thrombosis is the principal risk factor, typically manifesting within the first 48 h post-surgery
(Kroll et al 1996, Bui et al 2007, Tran et al 2007), A severe consequence of delayed diagnosis is a signif-
icantly reduced probability of free flap salvage. Furthermore, the need for a second flap to address fail-
ure is reported to incur an additional cost of $174 000 (Mericli et al 2017). Crucially, historical studies
report that prompt salvage surgeries initiated within the first 24 h of vascular compromise successfully
save 70%–80% of affected flaps (Disa et al 1999, Chen et al 2007, Al-dam et al 2014, Caine et al 2023).

The traditional method of clinical assessment remains the established standard for evaluating free
flaps and achieving early detection of compromise. This evaluation includes measurements of skin
colour, capillary refill time, tissue fullness (turgor) caused by fluid build-up, perceptible by the physi-
cal examination of how hard or soft the tissue is, temperature, and pinprick response. However, these
observations are labour-intensive, as they must be performed manually and frequently (Patel et al 2017).
Furthermore, these characteristics are qualitatively and subjectively monitored, largely depending on the
expertise of the individual physician or nurse. Because different personnel often monitor the flap, incon-
sistencies may arise in these observations, risking the oversight of subtle changes (Patel et al 2017).

Various monitoring devices are currently available on the market. Pinpoint measurement, devices
such as near-infrared spectroscopy (NIRS) (Kagaya and Miyamoto 2018), laser Doppler flowmetry
(Kodama et al 2025), implantable Doppler probes (Wu et al 2023), flow couplers (Colakoglu et al
2020), and microdialysis (Hwang 2023) are utilised. For image-based assessment, techniques such as
Indocyanine Green Fluorescence Angiography (Burnier et al 2017) and thermography Hudson et al
(2023) are available. Each of these technologies possesses inherent strengths and limitations, and a uni-
versal consensus regarding their optimal clinical use does not currently exist (Kwasnicki et al 2021).

Among these continuous monitoring technologies, NIRS and Photoplethysmography (PPG) provide
non-invasive optical assessments. NIRS is a well-established and mature technology that utilises mul-
tiple near-infrared wavelengths to estimate the concentration changes of oxygenated and deoxygenated
haemoglobin, thereby directly evaluating the tissue oxygen supply-demand balance even in deeper layers
(Kagaya and Miyamoto 2018). Conversely, PPG operates on a different principle as a volumetric mea-
surement technique that captures variations in light intensity caused by pulsatile blood volume changes
(Kyriacou 2022). The inherent strength of PPG lies in its high temporal resolution and exceptional sen-
sitivity to dynamic arterial blood flow, making it highly suitable for beat-to-beat morphological wave-
form analysis. Furthermore, the compact nature and low power consumption of PPG sensors offer a
high affinity for integration into wearable devices, facilitating long-term, continuous bedside monitoring
(Charlton et al 2023). Such pulse wave morphological evaluation via PPG is increasingly gaining traction
in various cardiovascular monitoring applications.

However, direct evidence regarding PPG’s diagnostic performance and the specific alterations in pulse
wave morphology during the early stages of free flap vascular compromise remains scarce (Kyriacou et al
2020, Zaman et al 2011). Therefore, the core objective of this study is to focus on the morphological
features of PPG pulse waves in flap perfusion. Evaluating PPG’s diagnostic capacity and morphological
analysis is essential for advancing objective, continuous flap monitoring technology.

This study aims to determine measurement depth limits and validate PPG’s performance for early
free-flap blood flow changes using an in vitro vascular system. Identifying various pulse wave characteris-
tics provides insights for future monitoring strategies.

2. Methods

2.1. Phantom creation and experimental setup
The experimental system was built using established Zen PPG hardware (Budidha et al 2018). To sim-
ulate free flap vasculature, custom-made silicone vessels were fabricated according to previous methods
(Karimpour et al 2024, Ferizoli et al 2024) accurately mimicking the ∆CSA (Change in Cross-Sectional
Area) and compliance reported in the literature (Cappelletti et al 2022). The general experimental cir-
cuit for PPG validation was modified to specifically model flap circulation, incorporating the fabricated
vessels at varying depths within a tissue phantom. Intravascular pressure was precisely controlled to sim-
ulate the small artery and vein under specific conditions, including normal flow, early ischaemia, and
early congestion. This setup allowed for an in vitro assessment by creating precise and reproducible flow
abnormalities.
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Figure 1. (a) Details of the fabricated phantom and experimental conditions. (b) Schematic diagram of the cardiovascular sys-
tem. A PPG sensor is applied to a tissue phantom containing an artery connected to a pump and a vein connected to a closed
circuit.

2.1.1. Phantom creation
The phantom creation was designed to replicate the flap pedicle within subcutaneous tissue, building on
previous research conducted in our laboratory (Nomoni et al 2020, Karimpour et al 2024, Ferizoli et al
2024) The mechanical properties of the vessels were reproduced by mixing equal parts of Gel-00 (Polytek
Development Corp., Easton, PA, USA) Part A and Part B with appropriate ratios of deadener (D) and
hardener (H). The mixture was degassed in a vacuum chamber, and phantom vessels were fabricated by
dipping a flexible shaft into the silicone blend and withdrawing it at a constant rate. The wall thickness
(d) and outer diameter (OD) of the fabricated vessels were measured. Based on the degree of expansion
in response to the appropriate internal pressure, ∆CSA and compliance were calculated to determine the
optimal blend ratio for mimicking human vessels.

To simulate the surrounding tissue, a silicone matrix was prepared using PlatSil Gel-00 with a dead-
ener ratio of 1, resulting in a Shore OO 25 hardness. This formulation was chosen to match the elas-
tic properties of human thigh adipose tissue (Karimpour et al 2024), ensuring a physiologically relevant
mechanical environment. Regarding optical properties, the silicone matrix was maintained in its trans-
parent state without additional scattering agents. Four separate phantoms were cast with the artery and
vein embedded at depths of 3, 9, 15, and 21 mm (figure 1(a)).

2.1.2. In vitro cardiovascular system configuration
The fabricated tissue phantom was incorporated into an in vitro vascular system, replicating the systemic
circulation system of the human body. The phantom was positioned within a dedicated sensor casing to
provide light shielding and to limit vibrations or movement caused by pulsation. A reflectance PPG sen-
sor, featuring Red (660 nm) and Infrared (940 nm) LEDs, was placed on the underside of the phantom.

3
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This sensor was connected to a custom dual-channel PPG acquisition system, developed by the Research
Centre for Biomedical Engineering (RCBE) group at City St George’s, University of London (Ferizoli
et al 2023, Chan et al 2019) which operates at a sampling rate of 2000 Hz. The signals were displayed
and recorded using LabVIEW (version 2023 Q1, National Instruments, Austin, Texas). The ambient light
and temperature were intentionally maintained at a constant level to isolate pure pressure-induced mor-
phological changes.

To simulate blood flow, a liquid composed of deionised water and methylene blue powder (Thermo
Fisher Scientific, UK) (Cwalinski et al 2020, Ferizoli et al 2024) was circulated throughout the system
using a pulsating pump (PD-1100, BDC Laboratories, Wheat Ridge, CO) operating at 60–65 bpm. The
phantom vein was assumed to have minimal pulsation and was therefore connected to a closed circuit
with adjustable internal pressure (figure 1(b)).

As there is a lack of published quantitative evidence on the specific internal pressure thresholds for
the early stages of ischaemia and congestion in free flaps, these parameters were determined through
direct consultation with (Saiga et al 2022). Based on his extensive clinical experience of conducting con-
tinuous internal pressure monitoring in more than 200 free flap feeding vessels, the appropriate internal
pressure thresholds were established. Consequently, the arterial internal pressure was set to 40–80 mmHg
for the normal and congested state and 25–50 mmHg for the ischaemic state, adjusted using a clamp
within the circuit. The venous internal pressure was set to 10 mmHg for the normal and ischaemic
states and 30 mmHg for the congested state, adjusted by injecting fluid through a valve using a syringe
(figure 1(b)).

2.2. Signal processing and statistical analysis
For the acquired signals, the SNR was calculated from the raw data before preprocessing, and waveforms
at depths and wavelengths where the SNR was at least 15 dB (Charlton et al 2025) in each state were
selected (table 2). The signal quality was further evaluated using the Perfusion Index (AC/DC Ratio),
using the AC component after preprocessing and the DC component before preprocessing.

PPG signal preprocessing was performed following a standard signal processing pipeline consisting of
four sequential stages: (1) bandpass filtering, (2) artefact detection, (3) artefact removal, and (4) baseline
correction.

To preserve the primary physiological components of PPG signals (cardiac-related frequency compo-
nents) while removing high-frequency noise and low-frequency drift, a bandpass filter with cutoff fre-
quencies of 0.5–10 Hz was applied (Goda et al 2024). A 4th-order Chebyshev Type II filter was employed
for filter design (Liang et al 2018). The stopband attenuation was set to 40 dB, and zero-phase filtering
(forward–backward filtering) was implemented to avoid phase distortion (Oppenheim and Schafer 2010).

Following filtering, artefacts were detected using the MAD (Median Absolute Deviation) method, a
statistical outlier detection technique (Leys et al 2013). The modified Z-score was calculated as follows…

ModifiedZ− score= 0.6745× (Xi−median)

MAD
. (1)

where MAD = median (|Xi—median|), and 0.6745 is the conversion factor from MAD to standard
deviation under the assumption of normal distribution. Data points with an absolute modified Z-score
exceeding 3.5 were identified as artefacts (Miller 1991).

Detected artefact points were replaced using linear interpolation (Ram et al 2012). Specifically, values
at artefact positions were estimated by linear interpolation using valid signal points that were not identi-
fied as artefacts.

In this study, baseline estimation and correction were performed using the cubic spline interpola-
tion method (Wang et al 2007, Jang et al 2014). First, the baseline component was estimated as the lower
envelope of the signal using a moving minimum filter with a window size corresponding to approxi-
mately one cardiac cycle (0.8 s, 1600 sample points). Next, a cubic spline function was fitted to the esti-
mated baseline points with a smoothing parameter of s = 0.01 × N (where N is the number of sample
points) to obtain a smoothed baseline curve. Finally, the baseline-corrected PPG signal was obtained by
subtracting this baseline curve from the original signal.

Through these preprocessing steps, high-quality signals with reduced noise and baseline variations
were obtained for both Red and IR channel PPG signals.

PPG features were extracted from the pulse waves (figure 2, table 1) (Millasseau et al 2006).
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Figure 2. Example of PPG morphological features.

The diagnostic performance for differentiating the Normal, early Ischaemic, and early Congested
states was evaluated using a comprehensive feature set. Receiver operating characteristic (ROC) analysis
was performed for each pairwise comparison, wavelength, and depth to complement group-level p-values
with a measure of diagnostic performance. Diagnostic accuracy was quantified by generating these ROC
curves based on sensitivity and false-positive rates, with the area under the curve (AUC) serving as the
final performance metric to quantify how well the normalised amplitude could distinguish between
two states. To ensure the robustness of the AUC estimates, 95% confidence intervals (CIs) were derived
using a bootstrap resampling method (N = 1000 resamplings). The distribution of AUC values across all
depths and features was comprehensively evaluated to identify key parameters that exhibited characteris-
tic responses to each haemodynamic state.

All statistical analyses and visualisations were performed in Python 3.13.0.

3. Results

3.1. Phantom fabrication andmechanical characterisation
The change in ∆CSA and compliance were calculated as shown in figure 3(a). The blend ratio for
the arterial phantom was adjusted to approximate a ∆CSA range of 23.5%–25.9% and a compliance
range of 1.3–3.52 × 10−4 cm−2 mmHg−1 across pressure changes of 40–80 mmHg and 60–120 mmHg
(Cappelletti et al 2022). The final ratio of the Hardener was determined to be 0.6, resulting in an ini-
tial internal diameter (ID0) of 2.72 mm (figures 3(b) and (c)). Similarly, the blend ratio for the venous
phantom was adjusted to approximate a ∆CSA range of 27.2%–41.8% and a compliance range of 5.6–
17.4 × 10−4 cm2 mmHg−2 across pressure changes of 10–30 mmHg (Cappelletti et al 2022). The final
ratio of the Deadener (D) was determined to be 0.4, resulting in an initial ID0 of 3.19 mm (figures 3(d)
and (e)). These artery and vein phantoms were then embedded 3, 9, 15, 21 mm deep within a subcu-
taneous tissue phantom (ratio of D was 1) created based on a previous report (Karimpour et al 2024,
Falanga and Bucalo 1993 and Ferizoli et al 2024).

3.2. Signal acquisition
Across each wavelength, depth, and condition, the appropriate internal pressures were successfully repli-
cated, and stable waveforms were acquired (figure 4). The waveforms were visualised with high quality.

3.3. Signal quality assessment
To assess signal quality, SNR was calculated for both raw and preprocessed data. Previous reports indi-
cate that a high-quality signal typically has an SNR between 10 and 20 dB (Charlton et al 2025); the
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Table 1. Table of 47 PPG features.

Category Abbreviation Definition

Combined (Red & IR)) PI_Ratio Red PI divided by IR PI

Amplitude_Ratio Red amplitude divided by IR amplitude

Delta_A_Ratio Red absorbance change divided by IR absorbance change

Intensity Amplitude Peak-to-trough PPG amplitude

PI AC divided by DC, expressed as percentage

Max_Start_Datum_Diff Maximum vertical distance from onset to peak

Max_End_Datum_Diff Maximum vertical distance from end baseline to trough

Median_Start_Datum_Diff Median vertical distance from onset baseline to signal

Median_End_Datum_Diff Median vertical distance from end baseline to signal

Area AUC Total area under PPG curve per cycle

S_AUC Area from onset to dicrotic notch

D_AUC Area from dicrotic notch to next onset

Start_Datum_Area Area from onset baseline to systolic peak

End_Datum_Area Area from dicrotic notch baseline to pulse end

Time Rise_Time Duration from onset to systolic peak

Decay_Time Duration from systolic peak to next onset

Pulse_Width Total duration from onset to next onset

PW50 Duration at 50% of peak amplitude

Delta_T Interval between vascular pulsatile noise (VPG) zero-crossings

Systolic_Width Duration from onset to dicrotic notch

Diastolic_Width Duration from dicrotic notch to next onset

Rise_Decay_Time_Ratio Rise time divided by decay time

Slope Upslope Maximum positive gradient during systolic rise

Downslope Maximum negative gradient during diastolic fall

Onset_End_Slope Average gradient from onset to next onset

Upslope_Length Arc length of systolic upstroke curve

Downslope_Length Arc length of diastolic downstroke curve

Slope_Ratio Upslope divided by downslope magnitude

Length_Height_Ratio Total arc length divided by pulse amplitude

Slope_Length_Ratio Upslope length divided by downslope length

Upslope_Length_Ratio Upslope arc length divided by total length

Downslope_Length_Ratio Downslope arc length divided by total length

SDPPG

(Second Derivative PPG)

SDPPG_b_a Early systolic negative peak divided by positive peak

SDPPG_c_a Late systolic re-increasing peak divided by early positive peak

SDPPG_d_a Late systolic re-decreasing peak divided by early positive peak

SDPPG_e_a Early diastolic positive peak divided by early systolic peak

DNP Dicrotic notch depth in second derivative

Shape & Stats AUC_Ratio Systolic area divided by diastolic area

Datum_Area_Ratio Start datum area divided by end datum area

Width_Ratio Systolic width divided by diastolic width

Skewness Third statistical moment quantifying asymmetry

Kurtosis Fourth statistical moment quantifying peakedness

Variance Second statistical moment quantifying variability

Relative wave intensity (RWI) Diastolic peak divided by systolic peak

Inflection point area ratio

(IPAR)

Area ratio at inflection point

Zero crossing rate (ZCR) Zero-crossing rate of first derivative

Photoplethysmogram

intensity ratio (PIR)

Pulse interval regularity measure

preprocessed signals in this study were consistent with this range. Because morphological analysis of the
waveform requires higher signal integrity, only waveforms with a preprocessed SNR of 15 dB or higher
across all states were selected for the analysis. These consisted of Red at 3 mm, and IR at 3 mm, 9 mm,
and 15 mm. Furthermore, the calculated Perfusion Index (PI: AC/DC Ratio) was 0.13%–0.43% (table 2),
which falls within the previously reported range of 0.12%–0.76% (Charlton et al 2025).
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Figure 3. (a) Calculation of the mechanical properties of the created vascular phantom. (d): wall thickness, OD: outer
diameter, ID: inner diameter, CSA: cross-sectional area, (c): compliance. (b) At hardener (H)= 0.6, the∆CSA was
6.62–8.09 mm−2 (+22.5%) at 40–80 mmHg and 7.34–9.14 mm2 (+24.4%) at 60–120 mmHg. (c) At H = 0.6, C was
3.71× 10−4 cm−2 mmHg−1 at 40–80 mmHg and 2.99× 10−4 cm−2 mmHg−1 at 60–120 mmHg. (d) At Deadener (d)= 0.4,
∆CSA was 9.36–12.5 mm−2 (+33.6%). (e) At D= 0.4, C was 15.7× 10-4 cm−2 mmHg−1 at 10–30 mmHg.

3.4. Diagnostic ability of each features
A total of 30 cardiac cycles were extracted and analysed per state (Normal, Ischaemia, and Congestion)
at each depth and wavelength condition. The diagnostic performance of each feature was evaluated
by calculating AUC for each depth and state, with the top 10 features presented in figure 5. Features
exhibiting identical AUC values were grouped by category, with their specific components detailed in
the legend below the plots. Red light was effective only for ischaemia at 3 mm, and the combination of
Red and IR was useful for congestion at the same depth. In all other conditions, only IR was an effective
wavelength. At 3 mm, a wide range of categories showed utility, with Intensity and Area being consis-
tently useful. At 3 mm and 9 mm, Time-based features were also effective alongside Intensity and Area.
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Figure 4. PPG waveforms for each wavelength and depth under normal, ischaemic, and congested conditions are presented.
Among these, waveforms that maintained SNR exceeding 15 dB across all states (Red 3 mm, IR 3 mm, IR 9 mm, and IR 15 mm)
were selected for the morphological analysis.

In contrast, at 15 mm, derivative features such as Slope and SDPPG showed the supplementary diagnos-
tic value.

Furthermore, for the key features identified in figure 5, their relative changes across each depth
and state were quantified. Figure 6 illustrates these variations as a ratio relative to the normal state
(Normal = 1.0), providing a comparison of how each feature responds to different haemodynamic
conditions. Values for features in the Intensity and Area categories were consistently ranked as Normal
≧ Congestion > Ischaemia. Indicators related to Time, Width, and Slope showed the most significant
changes during ischaemia.

8
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Table 2. Signal-to-noise ratio (SNR) and perfusion index (PI) at each depth.

Depth State Channel SNR_Raw (dB) SNR_Processed (dB) PI (%)

3 Normal Red 15.33 20.73 0.35

IR 18.78 21.46 0.43

Ischaemia Red 11.26 17.3 0.22

IR 17.36 20.62 0.39

Congestion Red 15.15 20.51 0.43

IR 19.59 22.76 0.38

9 Normal Red 6.7 15.04 0.17

IR 17.93 21.43 0.21

Ischaemia Red 3.71 13.02 0.14

IR 14.92 19.71 0.16

Congestion Red 7.91 15.93 0.18

IR 17.96 21.56 0.22

15 Normal Red 4.36 12.97 0.16

IR 15.44 20.96 0.16

Ischaemia Red 1.33 10.71 0.15

IR 11 18.74 0.13

Congestion Red 1.51 9.87 0.16

IR 14.71 20.66 0.17

21 Normal Red 3.42 12.78 0.18

IR 11.17 19.99 0.16

Ischaemia Red 1.78 11.91 0.17

IR 6.01 14.19 0.18

Congestion Red 3.2 11.97 0.19

IR 12.75 20.9 0.14

4. Discussion

The required frequency for free flap assessment, with frequency as high as every hour to every 30 min
(British Association of Plastic, Reconstructive and Aesthetic Surgeons et al 2012), has historically placed
a substantial burden on healthcare systems, primarily relying on in-house resident physicians (Patel et al
2017). In the current environment, which prioritises strict limitations on working hours, this manual
monitoring approach is reaching its practical limit (Patel et al 2017), creating a strong desire for reliable
monitoring devices. Despite this, a culture of reliance on manual clinical checks persists.

Creech and Miller (Creech and Miller 1975) outlined the essential criteria for an effective flap per-
fusion monitoring system, requiring it to be accurate, reliable, applicable to all free flaps, easy for med-
ical personnel to use, safe for both the patient and the flap, and capable of early detection. (Swartz et al
1988) further argued that an ideal monitoring method should provide continuous record patency and
flow at the anastomosis, distinguish between arterial and venous compromise, and be applicable to both
cutaneous and buried flaps.

A consistent feature across all free flap procedures, regardless of the presence of a skin paddle (the
portion of skin included with the flap from the donor site), is the subcutaneous location of the pedicle
(the nourishing vessels) and the relatively limited variation in its vessel calibre (Geoffrey Hallock 2009)
(diameter of blood vessel). Our experimental design focused on developing a system that non-invasively
accesses this pedicle, allowing for continuous measurement, discrimination between arterial and venous
issues, and usability in buried flaps (transferred without a skin paddle, such as a muscle or bone flap,
which is then covered by the native skin and is not visible on the surface).

The distinctive temporal window of blood flow compromise, with 80% of thrombosis occurring
within two days post-surgery, 90% of arterial thrombosis within 24 h (Kroll et al 1996), and salvage rates
dropping significantly after five hours (Bui et al 2007), is rarely seen in other disease groups. Developing
a dedicated device focused solely on these tight parameters is commercially challenging due to the small

9
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Figure 5. Diagnostic performance ranking based on AUC values across measurement depths and haemodynamic states. The
top 10 features with the highest AUC values are presented for each depth (3, 9, and 15 mm) and condition (Ischaemia and
Congestion). Features exhibiting identical AUC values are grouped into functional categories, with detailed breakdowns provided
below each plot.

market size, thereby stifling innovation. Consequently, achieving ‘commercially available’ necessitates the
application of established technological principles. In this context, PPG represents one of the most suit-
able technologies.

In this study, silicone vascular phantoms were first fabricated. To evaluate their mechanical proper-
ties, Young’s modulus measurement and internal pressure testing were commonly considered. Internal
pressure testing was chosen because it directly assessed compliance and the pressure–diameter relation-
ship under conditions similar to physiological blood flow (Macrae et al 2016). In the internal pressure
testing performed in this study, circumferential compliance was calculated, while longitudinal strain was
not considered. This was because preliminary tests showed that when an internal pressure of 30 mmHg
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Figure 6. Relative changes in key diagnostic features compared to the normal state (N: Normal, I: Ischaemia, C: Congestion). The
variations of the primary features identified in figure 5 are presented as ratios relative to the baseline (Normal= 1.0). Data are
categorised by tissue depth (3, 9, and 15 mm) and haemodynamic state (Ischaemia and Congestion).

was applied to a soft silicone tube with a deadener ratio of 0.6, the axial elongation was only approx-
imately 1%. The relationship between circumferential strain (εθ) and longitudinal strain (εz) can be
expressed using Poisson’s ratio (ν) as follows Pajic-lijakovic et al (2025):

εθ = εz · 2 · 1− v/2

1− 2v
. (2)
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Since ν is approximately 0.49 for soft silicone, εθ was calculated to be about 76 times greater than εz.
Therefore, longitudinal strain was considered negligible.

The study also focused on whether the mechanical properties modulated by pneumatic pressure
could be reliably reproduced within a tissue phantom with a softness equivalent to that of human adi-
pose tissue. Assuming the Young’s modulus (E) of the tissue phantom, adjusted to match human sub-
cutaneous tissue, is equivalent to the reported value of 1.6 kPa (Alkhouli et al 2013), the resistive back-
pressure against this internal pressure gradient is calculated using the following equation:

Pext ≈
E

3

(
1−

( r0
r

)2
)

(3)

where r0 and r are the initial and expanded radii, respectively, and E/3 represents the shear modulus,
assuming ν of approximately 0.49. The resulting value of less than approximately 2–3 mmHg at this
scale allows for the assumption that vessel expansion in the phantom is nearly identical to measurements
in air.

The pressure range of 40–80 mmHg was set to simulate the internal thoracic artery, and 60–
120 mmHg was used to simulate the radial artery. As expected, increasing the deadener ratio increased
both ∆CSA and compliance, whereas increasing the hardener ratio had the opposite effect. The arterial
model showed the best agreement with physiological artery behaviour at a hardener ratio of H = 0.6,
where ∆CSA was 6.62–8.09 mm−2 (+22.5%) at 40–80 mmHg and 7.34–9.14 mm−2 (+24.4%) at 60–
120 mmHg, which falls within reported values for the radial artery (3.4–4.2 mm−2, + 23.5%) and
brachial artery (8.1–10.2 mm−2, + 25.9%) (Cappelletti et al 2022). The compliance of the arterial
model (2.99 × 10−4 cm−2 mmHg−1) was also comparable to reported physiological values for the radial
(1.3 × 10−4 cm−2 mmHg−1) and brachial arteries (3.52 × 10−4 cm−2 mmHg−1) (Cappelletti et al
2022). In terms of scale, the cross-sectional area also matched the reported range for the deep inferior
epigastric artery (3.14–9.62 mm−2) (Ayhan et al 2009). Similarly, the venous model best reproduced
physiological venous mechanics at a deadener ratio of D = 0.4, where ∆CSA was 9.36–12.5 mm−2

(+33.6%) at 10–30 mmHg, which lies between reported values for the cephalic vein (5.5–7.8 mm−2,
+ 41.8%) and Basilic vein (16.9–21.5 mm−2, + 27.2%) (Cappelletti et al 2022). The compliance of
the venous model (15.7 × 10−4 cm−2 mmHg−1) was also consistent with reported venous values for
the cephalic (5.6 × 10−4 cm−2 mmHg−1) and Basilic veins (17.4 × 10−4 cm−2 mmHg−1) (Cappelletti
et al 2022). In terms of scale, the cross-sectional area was consistent with the reported range for the deep
inferior epigastric vein (0.20–14.50 mm−2) (Ayhan et al 2009).

The calculated SNR values (10–20 dB) indicated consistent signal quality (Charlton et al 2025).
While no formal minimum SNR exists for PPG morphology, pulsatile peaks remained distinct. Although
dicrotic notches appeared less defined visually, computational analysis identified them at stable positions.
This obscuration is typical in elderly patients and peripheral vasculature, representing common profiles
in free flap monitoring where morphological analysis remains documented as acceptable (Elgendi 2016).

ROC confirmed that PPG features effectively distinguish vascular states, demonstrating their capacity
to identify flap compromise through specific morphological characteristics.

Depth-specific performance revealed wavelength trends: Red light features were effective only in
3 mm ischaemia, consistent with its 3 mm penetration depth (Park et al 2021). For 3 mm congestion,
while combined Red and IR indices also proved useful, IR features remained the primary markers for
identifying haemodynamic changes across most other conditions. Nevertheless, these findings do not
suggest that IR alone is sufficient for comprehensive monitoring. Since PPG signals are influenced by the
subpapillary vascular plexus, superficial perfusion data obtained via Red remains essential, particularly
when sensors are positioned on the skin paddle of a flap.

Intensity and area parameters performed well across all depths. At 3 mm, diverse categories showed
potential. At 9 mm, time-based features were effective secondary markers. At 15 mm, amplitude atten-
uation favoured derivative parameters (slope, SDPPG), which offer higher sensitivity than time-based
features.

The specific changes in feature values shown in figure 6 reveal a clear hierarchy of
Normal ⩾ Congestion > Ischaemia for intensity and area-based parameters. This trend aligns with
the expected physiological blood volume in each state. The variations in time-based features can be
explained by changes in afterload. In ischaemia, reduced stroke volume leads to rapid completion of the
systolic phase, followed by prolonged diastolic duration due to reduced tissue perfusion. In congestion,
elevated venous pressure increases effective afterload, resulting in a prolonged anacrotic phase and short-
ened diastolic period. Furthermore, the significant changes observed in the SDPPG e/a and d/a ratios are
consistent with their function as indices of peripheral vascular resistance (Park et al 2021).
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Morphological PPG analysis provides an effective method for identifying early vascular complications
in free flaps. This study characterises specific features and their variations that distinguish ischaemic and
congested states, demonstrating PPG’s capacity to differentiate arterial pump failure from venous outflow
obstruction. Rather than clinical trials, phantom experiments were employed to validate PPG’s diagnostic
accuracy for early-stage changes. This approach is justified as human vascular compromise is rare and
ethically difficult to induce, while animal models often present scale mismatches.

Several limitations remain in this study. First, the current phantom focuses on the main pedicle ves-
sel, and the complexity of the subpapillary vascular plexus and capillary network was not replicated. In
vivo PPG signals, including at red wavelengths (660 nm), arise from multiple vascular compartments.
However, videocapillaroscopy studies suggest that individual capillaries exhibit limited cyclic diameter
change in response to arterial pressure, and that the dominant contributors to the pulsatile (AC) compo-
nent are pressure- and volume-induced changes in the deeper arteriolar and arterial vasculature (Volkov
et al 2017). Nevertheless, the absence of a capillary network may influence specific waveform character-
istics. For instance, the dicrotic notch, shaped by wave reflection and peripheral resistance throughout
the distal arterial and arteriolar tree, may be attenuated or simplified in the phantom because termi-
nal capillary bed resistance is not represented (Politi et al 2016). Furthermore, during venous congestion
in vivo, progressive capillary engorgement produces a rising DC component and baseline drift that are
unlikely to be fully reproduced by single-vessel occlusion alone. Future phantom designs incorporating
a microvascular network analogue—such as arrays of micro-channels embedded in a scattering silicone
matrix—would allow a more complete representation of in vivo PPG morphology across the vascular
hierarchy.

Second, limitations exist regarding the fluid and optical properties of the in vitro model. The circu-
lating fluid (deionised water mixed with methylene blue) is a Newtonian fluid, which does not replicate
the complex non-Newtonian, shear-thinning behaviour of real blood resulting from erythrocyte aggre-
gation and deformation. Although the lack of non-Newtonian properties may cause minor deviations in
local haemodynamics, particularly in regions with low wall shear stress (Javid Mahmoudzadeh Akherat
et al 2017), existing haemodynamic studies have demonstrated that the differences between Newtonian
and non-Newtonian fluid models in macroscopic flow fields and overall pressure distributions are largely
insignificant. Because the macroscopic pressure and volume fluctuations are the primary determinants
of the overall PPG waveform features, the overall impact of using a Newtonian fluid is expected to be
limited. However, potential deviations in specific waveform features due to the lack of non-Newtonian
properties cannot be entirely ruled out (Liu et al 2021). Nonetheless, this gap from clinical reality should
be acknowledged when directly extrapolating our in vitro haemodynamic responses to complex in vivo
physiological conditions. Regarding optical properties, while the phantom mimics the softness of adipose
tissue, the silicone remains transparent and does not account for the optical scattering of real skin or the
light absorption of actual blood. Consequently, the light attenuation and effective sensing depth in this
model may differ from those in vascularised human tissue. The 15 mm depth demonstrated here defines
the potential theoretical limit of PPG rather than a direct clinical threshold. Incorporating scattering
agents, such as titanium dioxide, or utilising artificial skin models is necessary for future validation to
bridge this gap towards clinical applicability.

Third, structural and mechanical factors must be considered. The mechanical properties of the ves-
sels were adjusted in air, which may differ from their behaviour when embedded in the silicone matrix,
potentially suppressing vasodilation within the phantom. Longitudinal vessel strain was also treated as
negligible. Crucially, the phantom is a complete composite block with no tissue interface space, failing
to replicate postoperative complications such as haematoma accumulation that can compress the pedicle
and compromise flap integrity. Additionally, in actual clinical scenarios, the acute postoperative inflam-
matory response causes fluid to shift into the third space, leading to local tissue oedema. Haematoma
and oedema can compress the vascular pedicle (Ahmad et al 2015), potentially attenuating signal ampli-
tude by restricting arterial expansion and decreasing the DC component baseline by impeding venous
distension. Future research should evaluate models incorporating stepwise haematoma and oedema
simulations.

Fourth, temperature variations in the clinical environment pose a significant challenge for PPG mor-
phological analysis. In practice, patients are often cold initially and are subsequently warmed by exter-
nal devices. Given that a temperature rise from 22 ◦C to 40 ◦C significantly elevates the AC component
in 75% of subjects (Jeong et al 2014), this introduces the possibility that artificial heating could induce
physiological vasodilation that elevates the AC component, potentially masking the early morphological
changes or amplitude reductions typically associated with vascular compromise. To minimise the risk of
overlooking delayed vascular thrombosis, future monitoring systems should consider integrating local
temperature sensors and temperature-compensation algorithms to account for these variations.
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Finally, the pressure thresholds for early haemodynamic compromise were established based on clin-
ical experience due to a lack of published quantitative standards. The clinical influence of external fac-
tors, such as different skin colours, sensor contact pressure, and ambient light, also needs further study.
Despite these limitations, this study holds considerable value as a foundational prototype and one of
the few investigations specifically addressing a free flap phantom. By isolating the pure morphological
changes caused by internal pressure-driven vasodilation and identifying the limits of measurable PPG
depth under controlled conditions, these findings serve as a crucial reference point. Understanding how
each isolated factor directly affects the PPG signal provides a vital framework for decoding more com-
plex physiological signals, guiding the future development of highly reproducible models for clinical
translation.

5. Conclusion

In light of recent advancements in PPG technology, an in vitro setting capable of simulating normal,
ischaemic, and congested states serves as a valuable tool for research in free flap monitoring. The objec-
tives of this study were twofold: (1) to develop a custom-made silicone phantom that simulates a free
flap with reproducible ischaemic and congested states, and (2) to verify the diagnostic capability of PPG
through morphological analysis at each depth.

PPG signals obtained from this model were recorded and analysed to identify specific morphological
features and their characteristic value variations associated with early flap disorder. These findings sug-
gest that incorporating morphological analysis can improve the accuracy of conventional optical sensor-
based flap monitoring, providing a more reliable approach to detecting blood flow impairment.
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