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ABSTRACT
Tissue mimicking phantoms are essential for calibration and clinical translation of biophotonic techniques. Although the inverse 
adding–doubling (IAD) method is widely regarded as a reference standard for determining absorption and reduced scatter-
ing coefficients, significant inter-laboratory variability persists due to differences in integrating-sphere configurations, loss-
compensation strategies, and model assumptions. This PRISMA-guided review (2015–2025) analyzes 10 experimental studies 
and proposes a unified comparison framework based on scattering power-law parameters (a, b) to relate phantom fabrication to 
clinically relevant optical targets. Nonlinear regression of continuous ��

s
(�) spectra shows that selected PVC plastisol formula-

tions reproduce dermal-like scattering slopes and that the power-law model provides consistent spectral descriptions (R2 = 0.98). 
By linking measurement methodology, spectral fitting, and mapping in (a, b) space, this work provides a practical framework to 
interpret variability and guide development of tissue-equivalent phantoms for reliable calibration of biophotonic devices.

1   |   Introduction

Optical techniques have become indispensable in modern bio-
medical research and clinical care. Biophotonic modalities 
span a wide spectral range, extending from the ultraviolet all 
the way to the terahertz domain, and they support diverse di-
agnostic and therapeutic applications [1]. Techniques such as 
hyperspectral imaging (HSI), diffuse reflectance spectroscopy 
(DRS), optical coherence tomography (OCT), and photodynamic 
or laser therapies provide noninvasive access to physiological 
and structural information. However, their quantitative per-
formance is strongly affected by the intrinsic heterogeneity of 
biological tissues, variability among patients, and differences in 
hardware design. These factors make it difficult to standardize 

measurements across laboratories and clinical environments, 
highlighting the need for robust reference materials that repro-
duce the optical behavior of biological tissue [2–6].

Tissue mimicking phantoms have therefore become essential 
tools for calibration, quality assurance, and validation of bio-
photonic systems. By providing stable and repeatable absorp-
tion and scattering conditions, these phantoms help bridge the 
gap between controlled laboratory measurements and their 
eventual use in clinical settings. Their application extends 
across a wide range of diagnostic and therapeutic contexts, 
including burn-depth assessment, tumor-margin delineation, 
studies of laser-tissue interactions, and quantitative oximetry 
[7–10]. In clinical specialties that increasingly rely on image 
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guidance, such as dermatology, oncology, and gastrointestinal 
endoscopy, phantoms enable continuous quality control of in-
struments whose diagnostic performance depends on precise 
optical calibration.

A broad spectrum of materials has been explored for phantom 
fabrication. Solid matrices such as polydimethylsiloxane (PDMS) 
[11–13], polyurethane [14, 15], silicone elastomers [8, 16], and 
PVC plastisol [17, 18] offer mechanical stability and long-term 
optical consistency, facilitating routine calibration in clinical 
and industrial settings. Hydrogels including agar [19–23], gelatin 
[24–26], and polyvinyl alcohol [27–29] better replicate the hydra-
tion and viscoelasticity of soft tissues, making them suitable for 
imaging and laser-therapy simulations. Tunable absorption is 
commonly achieved with India ink [13, 23, 30, 31], carbon black 
[11, 18, 32], hemoglobin [33–35], or nigrosin [19, 36], whereas 
scattering is controlled using titanium dioxide (TiO2) [31, 37, 38], 
polystyrene microspheres [39, 40], or aluminum oxide (Al2O3) 
[9, 23]. More recent approaches employ intrinsic scattering gen-
erated by microcavities or refractive-index inclusions to improve 
homogeneity and reduce particle sedimentation [8].

Phantoms are typically classified as liquid, solid, or dynamic. 
Liquid formulations, often prepared with Intralipid and addi-
tional absorbers, are particularly useful for studies involving 
flow or oximetry [41–45]. Solid phantoms provide the stability 
needed for long term calibration and for standardizing mea-
surements across different instruments [46, 47]. Dynamic and 
microfluidic phantoms can reproduce changes in perfusion, 
oxygenation, or time-dependent variations in scattering, which 
are essential for validating oximetry, perfusion monitoring, and 
laser therapy dosimetry [45, 47, 48].

Quantitative use of these phantoms requires accurate deter-
mination of the absorption coefficient (�a) and the reduced 
scattering coefficient (�′

s). Among the available methods, the 
inverse adding–doubling (IAD) technique has become a refer-
ence standard for homogeneous turbid media, especially when 
implemented with single or double integrating spheres (IS). 
This combined IS-IAD approach is widely used due to its ver-
satility [11, 49, 50]. Complementary approaches, such as spatial 
frequency domain imaging (SFDI) [51–54], time-resolved spec-
troscopy (TRS) [32, 55, 56], parameter retrieval based on OCT 
[57–59], Monte Carlo (MC) modeling [60–63], and inversions 
using diffusion theory [64], have broadened applicability to lay-
ered or heterogeneous tissues.

Clinically, phantoms translate optical principles into practice 
through models such as layered skin phantoms for laser param-
eter optimization or PDMS standards for assessing burn severity 
via OCT. Across these applications, the precise determination of 
�a(�), ��

s(�), anisotropy g(�), and refractive index n(�) is a pre-
requisite for translating optical data into reliable diagnostic and 
therapeutic guidance. However, a critical challenge remains in 
the lack of inter-laboratory reproducibility when using the IAD 
method. Despite its theoretical status as a gold standard, dis-
crepancies in experimental configurations, such as sphere ge-
ometry, port-to-sphere area ratios, loss-compensation strategies, 
and assumptions regarding g, often result in inconsistent find-
ings for similar materials. These variations hinder the global 
standardization of biophotonic devices and underscore the need 

for structured comparative frameworks that enable objective 
cross-study analysis.

Within this context, this systematic review critically synthesizes 
advancements made between 2015 and 2025 in IAD-based char-
acterization of tissue mimicking phantoms. Following PRISMA 
2020 guidelines [65], we evaluate methodological variability and 
introduce a unified comparison framework based on power-law 
fitting of continuous reduced scattering spectra. This approach 
enables direct mapping of phantom-derived scattering parameters 
onto tissue optical databases. Our analysis indicates that while 
scattering amplitude primarily depends on particle concentration, 
certain matrices-particularly PVC plastisol-exhibit spectral slopes 
(b) comparable to those of dermal tissues, suggesting a practical 
pathway for the development of tissue-specific optical standards.

2   |   Methods

This systematic review was conducted in accordance with the 
PRISMA 2020 guidelines [65]. Its objective was to identify and 
synthesize experimental studies published between 2015 and 
2025 that used the IAD method to determine the �a and �′

s of 
tissue-mimicking phantoms.

2.1   |   Information Sources and Search Strategy

A comprehensive literature search was conducted on March 6, 
2025 across six databases: PubMed, Scopus, Web of Science, IEEE 
Xplore, SPIE Digital Library, and OPTICA. The search strategy 
focused on high-level terms: “tissue phantom” OR “tissue mim-
icking phantom” AND “optical properties.” Specifically, keywords 
such as “integrating sphere” and “inverse adding doubling” were 
not used as mandatory Boolean constraints during the initial 
search to maintain high sensitivity. This approach prevented the 
exclusion of relevant studies that emphasize phantom fabrication 
or clinical applications in their titles and abstracts while describ-
ing the IAD characterization exclusively within the methodology.

Due to export restrictions in the SPIE Digital Library, those re-
cords were manually collected by two independent reviewers to 
ensure completeness. All search results were exported in RIS 
format, merged, and de-duplicated using bibliographic software. 
The full search strings and Boolean operators for each database 
are provided in the Supporting Information.

2.2   |   Eligibility Criteria

Studies were included if they met all the following criteria:

1.	 published in peer-reviewed journals between 2015 and 
2025;

2.	 written in English;

3.	 reported fabrication or optical characterization of tissue 
mimicking phantoms for biomedical or biophotonic appli-
cations; and

4.	 explicitly determined both �a and �′
s using the IAD method.
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The following types of publications were excluded: reviews, con-
ference abstracts, theses, patents, preprints, non-English papers, 
and studies that characterized phantoms using methods other 
than IAD (e.g., SFDI, TRS, or Monte Carlo) without providing 
IAD-derived optical coefficients.

Eligible studies were grouped into four thematic domains to 
guide synthesis: (1) fabrication methods and materials, (2) mea-
surement and analysis techniques, (3) reported optical proper-
ties, and (4) applications and objectives.

2.3   |   Selection Process

Four reviewers independently screened all records in two stages: 
(1) title and abstract screening, followed by (2) full-text assess-
ment for eligibility. Disagreements were resolved through con-
sensus meetings. No automated screening tools or AI-based 
classifiers were used.

The complete PRISMA selection process, including identifica-
tion, screening, eligibility assessment, and final inclusion, is 
summarized in Figure 1.

2.4   |   Data Collection and Synthesis

Data extraction was performed by one reviewer and inde-
pendently verified by three others. Extracted variables included:

1.	 phantom matrix composition (e.g., PDMS, agar, polyure-
thane, and PVC plastisol);

2.	 absorbing and scattering additives (e.g., carbon black, TiO2 , 
hemoglobin, and nigrosin);

3.	 fabrication protocol (mixing, degassing, curing, molding, 
or 3D printing);

4.	 measurement configuration (single or double integrating 
spheres, wavelength range, light source);

5.	 IAD analysis parameters (assumed or measured g, refrac-
tive index n, uncertainty analysis); and

6.	 reported optical coefficients (�a, �′
s, g) as functions of 

wavelength.

Optical coefficients were extracted directly from tables or text 
when available. When values were presented only in figures, 
numerical data were digitized using WebPlotDigitizer, and such 
points are noted as visually derived. Digitized values were used 
exclusively to reconstruct continuous ��

s(�) spectra; studies 
reporting only discrete �′

s points were not interpolated nor in-
cluded in power-law fitting. All data were converted to consis-
tent units (cm−1) for comparison across studies.

Extracted data were synthesized into four comparative tables 
summarizing:

•	 fabrication methods and materials (Table 1);

•	 measurement and analysis methods (Table 2);

•	 reported optical properties (Table 3); and

•	 intended biomedical applications (Table 5).

For the subset of studies reporting continuous reduced scat-
tering spectra ��

s(�) [8, 11, 42, 67, 68], only these were eligible 
for power-law fitting. Other IAD-based studies either reported 
only discrete �′

s values, did not report �′
s at all, or provided nor-

malized spectra that were unsuitable for wavelength dependent 
regression.

For eligible spectra, ��
s(�) was fitted to the power-law model

using nonlinear least squares. Standard errors for a and b were 
obtained from the diagonal elements of the covariance matrix, 
and the coefficient of determination (R2) was recorded for each 
fit. Fitted parameters and uncertainties are summarized in 
Table 4. Where applicable, phantom-derived (a, b) values were 
compared with literature-based tissue spectra, including epider-
mis and dermis from Kim et al. [67] and the broad tissue atlas of 
Jacques [69], as shown in Figure 2.

2.5   |   Risk of Bias and Certainty Assessment

As this review synthesizes physical measurements rather than 
clinical outcomes, traditional clinical risk-of-bias tools were 
not applicable. Instead, methodological consistency, transpar-
ency of reporting, and completeness of optical characterization 

(1)��

s(�) = a
(

�

500 nm

)−b

,

FIGURE 1    |    PRISMA 2020 flow diagram summarizing the study 
identification and selection process. A total of 738 records were iden-
tified across six databases; 300 duplicates were removed, 438 titles and 
abstracts were screened, 11 full-text articles were evaluated, and 10 
studies were included. Adapted from Page et al. [65] under CC BY 4.0.
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were assessed qualitatively following PRISMA 2020 recom-
mendations [65]. Certainty of evidence was not graded, as the 
included studies focused on material properties rather than 
patient-level data.

3   |   Results

3.1   |   Study Selection

The initial database search yielded 738 records. After the removal 
of 300 duplicates, 438 unique records were screened by title and 
abstract. Of these, 223 were excluded for being published out-
side the inclusion period (before 2015) and 204 because they did 
not employ the IAD method for optical characterization. Eleven 
full-text articles were reviewed in detail; one was excluded for 
being a narrative review [70], resulting in 10 experimental stud-
ies for the final synthesis. The complete PRISMA 2020 flow di-
agram summarizing the identification, screening, and inclusion 
stages is shown in Figure 1.

3.2   |   Study Characteristics

All 10 included studies (2015–2025) experimentally determined 
optical properties of tissue mimicking phantoms using the IAD 

method. The works covered solid, hydrogel, and liquid phan-
toms designed for calibration of optical devices, validation of 
imaging systems, and support of phototherapy and oximetry 
research. Fabrication protocols, measurement approaches, re-
ported optical coefficients, and intended biomedical uses are 
summarized in Tables 1–5.

Across studies, reported optical windows spanned absorption 
coefficients of approximately �a ≈ 0.01 − 4 cm−1 and reduced 
scattering coefficients ��

s ≈ 0.1 − 86 cm−1, with anisotropy fac-
tors g between 0.4 and 0.975. These ranges overlap with the opti-
cal regimes of skin, muscle, and mucosal tissues, supporting the 
use of these phantoms as tissue-relevant standards for diagnos-
tic and therapeutic biophotonics.

3.3   |   Fabrication Methods and Materials

The 10 studies employed a variety of matrices and additives to 
tailor absorption and scattering (Table 1). PDMS was the most 
frequently used matrix (four studies), chosen for its transpar-
ency, mechanical stability, and ease of molding. Goldfain et al. 
[11] independently tuned �a and �′

s using carbon black and TiO2 
particles (0.3–1 μm), enabling systematic coverage of tissue-like 
optical regimes. Saager et  al. [9] used aluminum-oxide grit of 
different sizes (400–1200) to control both the magnitude and 

TABLE 2    |    Experimental configurations, IAD implementations, and correction or uncertainty procedures reported across the included studies.

References Experimental setup Analysis method Corrections and uncertainty

Goldfain et al. [11] Single integrating sphere; 
supercontinuum 400–

700 nm; USB2000

IAD (fixed g = 0.5

), iterative
Repeatability (5×), thickness, SRM 

reflectance, n(�) propagated

Jang et al. [66] Dual-beam spectrophotometer 
with integrating sphere; 

VIS+NIR windows

Beer–Lambert (VIS �t); 
IAD for �a (NIR only)

Long-term stability (9–18 weeks) 
for oxy/deoxy Hb; no �′

s retrieved

Kim et al. [67] Double integrating spheres; 
halogen; OCT thickness

IAD (650–900 nm) Colorimetrya (400–700 nm); 
human-skin comparison

Kim et al. [19] Single sphere; supercontinuum 
+ AOTF (FWHM 10 nm); 

500 nm reference

IAD at 550 nm Reflectance/transmittance 
normalization; non-scattered 
channel; saturation control

Lemaillet et al. (Appl. 
Opt.) [14]

Double spheres (UMBK-190); 
He–Ne 543.5/632.8 nm

IAD with calibrated 
sphere model

Full uncertainty budgetb; 
n = 1.521, g = 0.621 from INO

Lemaillet et al. (JBO) [7] Double spheres; polarization 
channel; reference detectors

IAD (modified); AD/
IAD cross-check

Expanded uncertainty (k = 2) 
for �a, �′

s; polarization test

Saager et al. [9] Custom sphere; white-
light 450–1000 nm

IAD with assumed 
g = 0.8 − 0.9

Multiple spatial positions; thickness 
control; g sensitivity low at d ~ 1 mm

Vincely and Vishwanath 
[42]

Single sphere (15.24 cm); 
halogen vs. supercontinuum

IAD + MC-correction/
substitutionc

Geometry MC; error maps; MAE 
0.018 cm−1 (�a), 0.36 cm−1 (�′

s)

Wróbel et al. [68] OL-750 with spheres; 
collimated Tc channel

IAD with R, T, Tc OCT thickness; profilometry; 
RI fits n(�)

Wróbel et al. [8] OL-750; OCT; Abbe 
refractometry

IAD; retrieve �a, �′
s, g Two-week repeatability; g from 

IAD (caveats discussed)
aHuman skin comparison via colorimetry and OCT-derived thickness (bilayer epidermis/dermis).
bUncertainty budgets include geometry, standards calibration, n, g, and alignment.
cMC-based correction or substitution used to compensate sphere losses; not applied simultaneously.
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spectral slope of scattering. Wróbel et al. [8] introduced glycerol-
filled microcavities into PDMS to achieve highly forward-
directed scattering (g ≈ 0.975) without added particles.

Polyurethane-based phantoms [7, 14] provided mechanically 
robust slabs intended as reference standards for diffuse optics. 
Hydrogels based on agar or gelatin [19, 67] reproduced soft-tissue 
hydration and viscoelasticity and were used to construct layered 
skin-like models and gastrointestinal mimicking phantoms. 

PVC plastisol formulations [68] offered a low-cost, stable me-
dium for OCT calibration. Liquid hemoglobin phantoms [42] en-
abled controlled studies of oximetry and flow, combining bovine 
hemoglobin with polystyrene spheres to provide physiologically 
relevant absorption and scattering.

Across all matrices, fabrication protocols typically involved 
homogenization of components, vacuum degassing to remove 
bubbles, casting into molds or cuvettes, and curing at room 

TABLE 4    |    Power-law parameters of the reduced scattering coefficient obtained from all continuous ��
s
(�) spectra included in the analysis.

References Sample/formulation a (cm−1) aerr b berr R2

Goldfain et al. [11] 0.05–0.0025 6.684 0.0739 2.6267 0.0498 0.974

0.05–0.0056 5.300 0.0832 3.0192 0.0815 0.958

0.05–0.0200 5.805 0.0825 2.9300 0.0681 0.963

0.10–0.0055 19.196 0.1561 1.7672 0.0316 0.975

0.10–0.0201 19.492 0.1339 1.6745 0.0266 0.980

0.11–0.0025 20.080 0.1452 1.7345 0.0306 0.979

0.15–0.0025 29.870 0.2040 1.5451 0.0283 0.980

0.15–0.0047 29.707 0.1927 1.6056 0.0251 0.980

0.15–0.0125 30.463 0.1783 1.4864 0.0220 0.982

0.15–0.0203 33.036 0.1796 1.4947 0.0203 0.985

0.15–0.04 28.728 0.1513 1.4983 0.0200 0.985

0.20–0.0201 46.263 0.2050 1.4244 0.0168 0.988

Kim et al. [67] Epidermis phantom 39.800 0.9799 2.2327 0.0641 0.982

Epidermis tissue 35.823 0.6425 1.9176 0.0458 0.987

Dermis phantom 40.296 0.5242 1.9631 0.0333 0.993

Dermis tissue 48.742 0.3756 2.1338 0.0199 0.998

Vincely and Vishwanath [42] Corrected MC (HL) 17.788 0.0522 0.6573 0.0114 0.980

Corrected MC (SC) 19.006 0.0390 0.5903 0.0076 0.985

Wróbel et al. [68] A (200 μm) 3.654 0.0163 1.5290 0.0160 0.989

B (200 μm) 30.184 0.0951 1.3956 0.0105 0.994

A (500 μm) 4.178 0.0342 1.8090 0.0358 0.966

B (500 μm) 3.934 0.0248 1.6242 0.0245 0.976

A (1 mm) 4.486 0.0737 2.0356 0.0856 0.861

B (1 mm) 3.405 0.0073 1.1432 0.0063 0.997

A (1 mm) 3.215 0.0114 1.1339 0.0107 0.990

B (1 mm) 4.486 0.0504 1.7246 0.0491 0.926

Wróbel et al. [8] 0.5 (v/v) 3.159 0.0329 1.1151 0.0250 0.987

2 (v/v) 1.483 0.0083 0.7556 0.0133 0.991

4 (v/v) 2.313 0.0077 0.5191 0.0074 0.994

5 (v/v) 3.445 0.0092 0.3692 0.0059 0.993

10 (v/v) 4.370 0.0097 0.4639 0.0049 0.997

Note: For each sample, the table reports the fitted amplitude a, spectral slope b, their standard errors, and the coefficient of determination R2. Sample labels follow the 
notation of the original studies; for Goldfain et al. [11], “x–y” denotes TiO2 and carbon-black concentrations (both in % w/w). Labels in Wróbel et al. [8, 68] (A/B and the 
thickness in parentheses) distinguish the phantom variants as reported by the authors.
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8 of 14 Journal of Biophotonics, 2026

temperature or up to 80°C. The main materials, absorbers, 
scatterers, and preparation steps for each study are listed in 
Table 1.

3.4   |   Measurement and Analysis Techniques

All 10 studies employed integrating sphere measurements com-
bined with IAD analysis (Table 2). Single-sphere configurations 
were most common (six studies), while double-sphere setups 
[7, 14, 67] enabled simultaneous acquisition of reflectance and 
transmittance for improved accuracy. Light sources included 
broadband halogen lamps, He-Ne lasers, and supercontinuum 
sources, covering spectral ranges from approximately 400–
1100 nm across the included studies.

MC or substitution-based corrections for sphere losses were 
explicitly implemented only in the single-sphere work of 
Vincely and Vishwanath [42], who reported reduced errors in 
both �a and �′

s. The most detailed uncertainty analyses were 
provided in the NIST double-sphere studies [7, 14], where 
slab thickness, calibration standards, and sphere geometry 
were shown to dominate the error budget. Across all stud-
ies, anisotropy factors were either measured or assumed in 
the range g = 0.5 − 0.975, consistent with the microstructure 
of the scattering media (e.g., particle suspensions or glycerol 
microcavities).

3.5   |   Reported Optical Properties

Across the 10 studies, IAD-derived optical coefficients cov-
ered the visible and near infrared windows between approx-
imately 400 and 1100 nm. Absorption coefficients typically 
ranged from �a ≈ 0.1 − 4 cm−1, whereas reduced scattering 
coefficients spanned ��

s ≈ 0.1 − 86 cm−1. Reported anisotropy 

FIGURE 2    |    Scatter plot of the power-law scattering parameters a 
and b for phantoms with continuous ��

s
(�) spectra (five studies), shown 

together with reference tissue values from Jacques [69]. Phantoms clus-
ter within tissue-like ranges of a and b, and the epidermis/dermis spec-
tra from Kim et al. [67] appear in the expected region relative to other 
tissues.

TABLE 5    |    Intended applications of the phantoms and design features relevant to their specific biomedical or calibration uses.

References Intended use Design features tailored to application

Goldfain et al. [11] Calibration of biomedical optical 
devices (HSI, DRS, NIRS, OCT)

Independent control of �a (carbon black) and �′
s 

(TiO2/PS); linear tunability vs. concentration

Jang et al. [66] Oximetry, NIRS/HSI validation, 
PA imaging references

Oxy/deoxy Hb spectra embedded in PDMS; 
long-term stability; encapsulated geometry

Kim et al. [67] Laser tattoo treatment planning; 
skin-tone emulation

Double-layer (epidermis/dermis); coffee as 
melanin surrogate; OCT-matched thickness

Kim et al. [19] Technical evaluation of biomedical 
HSI; GI-like optical ranges at 550 nm

Agar + Intralipid + nigrosin; mandatory 
non-scattered channel for robust IAD

Lemaillet et al. (Appl. Opt.) 
[14]

Reference standards (NIST-
traceable) for diffuse optics

Double-sphere with full uncertainty 
budget; stable polyurethane matrix

Lemaillet et al. (JBO) [7] Measurement standards and 
inter-lab comparability

Polarization-insensitive DIS; validated 
AD/IAD; explicit n, g, �

Saager et al. [9] Instrument evaluation; pathology 
surrogates (burns/fibrosis)

Grit-controlled Al2O3 tunes �′
s and 

spectral slope b; low-cost sheets

Vincely and Vishwanath [42] Validation of single-sphere IAD; 
flow/oximetry phantoms

MC or substitution corrections; liquid 
Hb + PS at known g (Mie)

Wróbel et al. [68] OCT calibration; skin-like optical window PVC plastisol + ZnO + ink; controlled 
thickness, surface topography, and n(�)

Wróbel et al. [8] Optical clearing/porous-tissue 
emulation; flexible standards

PDMS-glycerol microcavities for 
intrinsic scattering; high g (∼ 0.975)
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factors varied between g ≈ 0.4 and 0.975, and refractive indices 
between n ≈ 1.33 (aqueous media) and n ≈ 1.52 (polyurethane). 
These global ranges match those observed for skin, muscle, mu-
cosa, and other soft tissues in the wavelength range relevant for 
biophotonic diagnosis and therapy.

Table 3 summarizes the reported �a and �′
s values, anisotropy 

factors, spectral ranges, and stability or validation checks for 
each study. In several cases, optical coefficients were not tabu-
lated and were therefore reconstructed from published figures; 
these instances are indicated as visually estimated.

Beyond pointwise optical coefficients, five of the 10 studies re-
ported continuous reduced-scattering spectra ��

s(�) suitable for 
power-law fitting [8, 11, 42, 67, 68]. Within this subset, the fitted 
amplitude a ranged approximately from 3 to 50 cm−1 and the 
spectral slope b from about 0.4–3 (Table 4). Most phantom for-
mulations fell within scattering regimes characteristic of mus-
cle, mucosa, and fibrous or dermal tissues.

Comparison with the tissue database compiled by Jacques [69] 
shows that several phantoms reproduce both tissue-like scat-
tering slopes (b ≈ 1 − 1.7) and amplitudes a for specific tissue 
classes. This is particularly evident for the epidermis/dermis 
phantoms of Kim et  al. [67] and for selected PDMS and PVC 
plastisol formulations, which cluster near dermal and epithelial 
tissue classes in the (a, b) parameter space (Figure 2). The fitted 
power-law parameters and associated uncertainties are summa-
rized in Table 4.

3.6   |   Descriptive Analysis of Power-Law 
Parameters

To examine internal consistency within the extracted datasets, 
a descriptive statistical analysis was performed on the power-
law parameters reported in Table  4. The scattering amplitude 
a showed substantial dispersion across formulations, reflecting 
differences in particle concentration, matrix composition, and 
intended optical targets.

In contrast, the spectral slope b exhibited matrix-dependent 
clustering. PVC plastisol phantoms showed a mean slope of 
b = 1.55 ± 0.32, closely corresponding to literature-reported 
dermal scattering slopes (b = 1.49 ± 0.59). Similarly, PDMS and 
gelatin–agar matrices yielded higher slopes (b = 1.90 ± 0.59 and 
b = 2.06 ± 0.15, respectively), consistent with more strongly 
wavelength-dependent scattering regimes reported for muscle 
and brain tissues.

Conversely, liquid hemoglobin phantoms and PDMS–glycerol 
formulations exhibited lower slopes (b ≈ 0.64), corresponding 
to weakly wavelength-dependent scattering typically associated 
with adipose or vascular-rich tissues.

The goodness-of-fit of the power-law model was assessed using 
the coefficient of determination. Approximately 90% of the con-
tinuous spectra yielded R2 > 0.95, with a global mean of R2 = 0.98. 
Importantly, R2 quantifies only the agreement between the fitted 
model and the extracted ��

s(�) data. It does not represent me-
trological accuracy of the underlying integrating-sphere IAD 

measurements, which may still be affected by systematic biases 
related to sphere losses, port geometry, or assumed values of g 
and n.

3.7   |   Applications and Objectives

The 10 studies addressed calibration, imaging, and therapeutic 
applications of tissue mimicking phantoms (Table 5). Lemaillet 
et  al. [7, 14] reported polyurethane slabs characterized with 
double integrating spheres as reference standards for diffuse 
optics, supporting inter-laboratory comparability. Goldfain et al. 
[11] developed PDMS phantoms with independently tunable �a 
and �′

s for general calibration of HSI, DRS, near-infrared spec-
troscopy (NIRS), and OCT systems. Kim et al. [19, 67] designed 
layered agar-gelatin or agar phantoms to emulate skin and gas-
trointestinal tissues, targeting laser-therapy optimization and 
HSI validation.

Jang et al. [66] introduced long-term stable hemoglobin phan-
toms for oximetry, NIRS, and photoacoustic imaging calibra-
tion. Vincely and Vishwanath [42] developed liquid phantoms 
with controlled flow and oxygenation, incorporating MC- or 
substitution-based corrections to validate single-sphere IAD 
implementations. Saager et al. [9] used grit-controlled scatter-
ing in PDMS to mimic changes in tissue microstructure asso-
ciated with burns and fibrosis. Wróbel et al. [8, 68] provided 
PVC plastisol and PDMS-based standards for OCT calibration, 
skin-like optical windows, and studies of optical clearing in 
porous media.

Together, these applications highlight the translational value 
of optically characterized phantoms as a bridge between labo-
ratory calibration and clinical practice. By providing reproduc-
ible, tissue-like optical conditions for skin, mucosa, vascular, 
and parenchymal tissues, IAD-based phantoms support the 
validation of diagnostic imaging systems, the optimization of 
laser-therapy dosimetry, and the quantitative assessment of 
optical biomarkers in oncology, dermatology, and other clin-
ically relevant fields.

4   |   Discussion

This systematic review summarizes experimental work from 
2015 to 2025 on tissue mimicking phantoms characterized using 
the IAD method. Across the 10 included studies, optical phan-
toms were fabricated using diverse matrices and characterized 
primarily in the visible and NIR ranges. The discussion below 
interprets the main findings, evaluates methodological perfor-
mance, and outlines clinical implications.

4.1   |   General Interpretation of Findings

The reviewed studies demonstrate that IAD enables consistent 
retrieval of absorption and reduced scattering coefficients within 
the optical regimes of many clinically relevant tissues. The global 
ranges in Table 3 (�a ≈ 0.01 − 4 cm−1, ��

s ≈ 0.1 − 86 cm−1) are 
compatible with reported values for epidermis, dermis, mus-
cle, and mucosa. Within these ranges, PDMS and polyurethane 
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matrices serve as robust scattering-dominated reference phan-
toms, whereas agar, gelatin, and PVC plastisol more readily 
achieve the higher �a values characteristic of pigmented or 
hemoglobin-rich tissues.

Beyond pointwise coefficients, the power-law analysis of ��
s(�) 

provides a compact description of tissue-like scattering behav-
ior. Comparison with the Jacques atlas [69] clarifies how spe-
cific phantoms map onto biological classes: highly scattering 
PDMS–TiO2 formulations overlap with epithelial tumors, while 
liquid hemoglobin phantoms align with weakly scattering pa-
renchymal tissues. In this sense, the power-law parameters in 
Table 4 provide a quantitative link between phantom design and 
specific biological targets. However, the reliability of this link de-
pends heavily on the precision of the underlying measurements.

4.2   |   Measurement Performance 
and Methodological Heterogeneity

To interpret the variability in reported optical properties, we ex-
amined methodological differences across the included studies. 
A major contributor is the integrating-sphere configuration and 
the strategy used to account for sphere losses. Studies employ-
ing double integrating spheres, such as those by Lemaillet et al. 
[7, 14], reported comparatively lower expanded uncertainties, 
largely due to the simultaneous acquisition of diffuse reflec-
tance and transmittance, which reduces sensitivity to sample 
repositioning and source fluctuations.

In contrast, single-sphere configurations require careful model-
ing of port losses and internal sphere geometry. If not explicitly 
compensated, these effects can introduce systematic underesti-
mation of �a and �′

s. Vincely and Vishwanath [42] demonstrated 
that Monte Carlo-based corrections can substantially reduce 
such biases, achieving mean absolute errors below 5% under 
controlled conditions.

Across the reviewed literature, however, the level of detail pro-
vided regarding sphere geometry, port-to-sphere area ratios, and 
uncertainty propagation varied considerably. These differences 
in reporting and compensation strategies likely contribute to 
the dispersion of optical coefficients summarized in Table  3. 
This observation does not invalidate individual studies; rather, 
it highlights the need for more standardized documentation of 
IS–IAD implementation parameters to improve inter-laboratory 
comparability.

4.3   |   Methodological Limitations and Uncertainty

Beyond measurement geometry, additional variability arises 
from fabrication practices and the assumptions of the power-law 
model. Differences in light sources, curing conditions, and sam-
ple thickness affect the derived coefficients, and incomplete re-
porting of these parameters in some works limits reproducibility.

The power-law analysis itself introduces sensitivity to the cho-
sen wavelength normalization and fitting window. Studies re-
stricted to narrow bands (e.g., 650–900 nm) will yield different 

slopes from those spanning 400–1100 nm. Furthermore, as 
some datasets were digitized from figures, systematic errors 
may exist despite high R2 values. Consequently, the overlap be-
tween phantoms and tissues in Figure 2 should be interpreted as 
semi-quantitative, demonstrating that current phantoms reach 
tissue-like regimes while acknowledging that small discrepan-
cies in slope remain.

4.4   |   Clinical and Biomedical Relevance

The optical-property ranges achieved by the reviewed phantoms 
correspond well to those found in human tissues, making them 
directly applicable to biomedical imaging and therapy valida-
tion. PDMS and polyurethane standards have been used for the 
calibration of integrating sphere systems, diffuse reflectance 
spectroscopy, and OCT, where accurate �a and �′

s are needed to 
interpret tissue structure and pathology.

Our descriptive analysis in Section 3.6 further refines this per-
spective by identifying matrix formulations whose scattering 
slopes (b) closely approximate those reported for specific tissue 
classes (e.g., PVC plastisol for dermal-like scattering behavior). 
This spectral correspondence provides a rational basis for select-
ing phantom compositions according to the intended clinical 
application.

IAD-characterized phantoms are critical for calibrating OCT, 
HSI, and NIRS systems, but their practical utility depends on 
transparent documentation. Practitioners should prioritize 
phantoms with publicly available recipes and comprehensive 
uncertainty budgets, ideally traceable to NIST or ISO stan-
dards [7, 14, 49]. Due to the relevance of the tissue optical clear-
ing method [71], and its significance in creating transparency 
for acquiring diagnostic data, the standardization of phantom 
preparation is a significant step forward. This allows for the 
quantification of broadband optical properties in healthy and 
diseased tissues, providing essential knowledge regarding in-
duced transparency prior to clinical use in patients.

The “design map” provides a practical framework for research-
ers. For instance, phantoms clustering near dermal reference 
points are natural candidates for calibrating devices aimed at fi-
brosis staging or burn-depth assessment. Similarly, hemoglobin-
based phantoms developed for oximetry and photoacoustic 
studies reproduce realistic absorption peaks, bridging the gap 
between laboratory standards and clinical diagnostics.

4.5   |   Future Directions

Future work should prioritize the development of standard-
ized measurement and reporting protocols to reduce the inter-
laboratory variability identified in this review. In particular, 
harmonized documentation of integrating-sphere geometry, 
loss compensation strategies, and IAD input parameters would 
substantially improve reproducibility. Although the studies 
summarized in Table 2 primarily addressed the visible and near-
infrared ranges, future investigations should extend phantom 
validation across broader spectral domains.
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As indicated by Martins et al. [1], broadband biophotonics appli-
cations now require the characterization of tissue optical prop-
erties from the UV to the THz domain. Journals and standards 
organizations should encourage permanent, citable repositories 
for fabrication protocols and spectral data to replace “available 
on request” statements.

There is also a clear opportunity to expand the range of dy-
namic and multilayer phantoms that reproduce physiological 
effects such as perfusion, oxygenation, or optical clearing [71]. 
Combining IAD with complementary techniques, including 
spatial frequency domain imaging and time-resolved spectros-
copy, could provide a more robust validation framework for het-
erogeneous samples where traditional diffusion approximations 
may be limited.

Such methodological harmonization and cross-validation 
strategies will reinforce the role of optically characterized 
phantoms as quantitative reference standards, ultimately sup-
porting safer and more reliable clinical translation of biopho-
tonic technologies.

5   |   Conclusions

Tissue mimicking phantoms characterized with the IAD 
method over the past decade effectively reproduce the opti-
cal regimes required for calibration and validation of mod-
ern biomedical imaging and therapeutic systems. Across 
PDMS, polyurethane, agar, and PVC plastisol matrices, in-
dependently tunable absorption and scattering coefficients 
were consistently achieved within physiological ranges of 
�a ≈ 0.01 − 4 cm−1 and ��

s ≈ 0.1 − 86 cm−1. These ranges sup-
port reproducible reference conditions for OCT, HSI, diffuse 
reflectance spectroscopy, and NIRS in clinically relevant 
wavelength bands.

The synthesis of optical windows (Table  3), together with the 
scattering power-law analysis for the subset of studies report-
ing continuous ��

s(�) spectra (Table 4), shows that many IAD-
characterized phantoms fall within the same (a, b) parameter 
space as representative soft tissues from Jacques [69] (Figure 2). 
This overlap indicates that phantom formulations can be se-
lected or tailored not only to match target values of �a and �′

s at 
specific wavelengths, but also to reproduce tissue-like spectral 
slopes. In practical terms, this provides a direct link between 
phantom design, tissue-equivalent optical performance, and in-
tended clinical application.

Our findings indicate that the main barriers to cross-study com-
parability arise from heterogeneity in measurement configu-
rations and the lack of standardized loss compensation, rather 
than fundamental limitations of the IAD method. As discussed 
in Section 4.2, the implementation of double integrating spheres 
or Monte Carlo-based corrections can substantially reduce 
systematic biases and improve agreement between measured 
and reference optical coefficients, in some cases approaching 
uncertainty levels below 5%. Furthermore, the statistical anal-
ysis in Section 3.6 provides a quantitative benchmark for phan-
tom design, demonstrating that specific matrices such as PVC 

plastisol or gelatin–agar can be reliably tailored to match the 
scattering slopes (b) of target tissues such as skin or muscle. 
Improved reporting of fabrication protocols, explicit IAD input 
parameters, and fitted power-law coefficients would further 
strengthen reproducibility and facilitate the placement of new 
phantoms within standardized (a, b) design maps. Integrating 
these analytical refinements will expand the utility of dynamic 
and multilayer phantoms-including those modeling perfusion or 
optical clearing-for quantitative biophotonics and clinical device 
validation.

For clinicians and medical researchers, the present review 
provides a consolidated framework to identify which phan-
tom types and optical parameter ranges are most appropriate 
for specific applications, such as burn-depth assessment by 
OCT, hyperspectral mapping of mucosal lesions, quantitative 
oximetry, or planning and monitoring of laser-based therapies. 
Overall, the evidence reviewed here shows that IAD-based 
optical phantom characterization is mature, robust, and well 
suited to support the growing need for quantitative, tissue-
specific calibration standards in biomedical optics and to foster 
the translation of biophotonic techniques into routine clinical 
practice.
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