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PHANTOMS = Proficiency evaluation materials — Controlled
property (e.g. homogeneous) material or artifact that is used
to test and evaluate the measurement performance of
different measuring systems for specific tasks.

Phantoms serve to...
Test physical models
Test system designs

Verify device performance functions (SNR,
CNR, etc.): “device constructed correctly?”

Validate device capabilities for routine QC
and clinical proficiency

Inter-laboratory comparison and
standardization

Validate new techniques

U 0O 0O 000

This talk will focus on:
|. Diffuse optical imaging (DOI)
Il. Optical coherence tomography (OCT)
lll. Photoacoustic imaging (PAI)



‘Type I: Standards for

diffuse optical ima

O DOI devices, diffuse optical tomography and spatial frequency domain
imager, are useful for deep tissue imaging. \
O Biomarkers for broadband tissue diagnosis: o :

» Absorption and reduced scattering coefficient spectra: z,(A) and
1A
» Young’s modulus

» Refractive index, birefringence, etc. Tissue-simulating mechanical
properties

L NIST has developed phantoms for the range from visible to NIR for DOI
applications.

» Base material is polydimethylsiloxane (PDMS) polymer.
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> 1,(A) and 1’(A) are independently adjusted by carbon black
particles (CBPs) and titanium dioxide particles (TDPs).

» Independent control has been challenging since absorber
particles scatter light too and vice versa.

» Characterized by a NIST (wavelength-traceable) integrating
sphere with the broadband adding double algorithm.
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1.* (A) = a-(A/500) >

Fit Parameter b
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In summary, the spectral shape of £ '(A)
and x,(A) can be tuned to mimic various
types of human tissues by adjusting
particle size and concentration. And
tabulation with the 4 parameters provides
a simple way to check the tissue-mimicking
properties of the phantoms.

Raw tissue data from S. L. Jacques, “Optical properties of biological tissues: a review,”
Physics in Medicine and Biology 58(14), 5007-5008 (2013).



Type Il: Standards for

optical coherence tomograph

» OCT provides retina diagnosis by imaging

layered tissue structures.
Mean foveal

» Sull et al reported that the intersystem ] Thickness
comparison with different OCT devices for the Device (hm)
same patient has shown variations in the Stratus OCT 214+11
results (>25% variation). Cirrus 267+14

» Calibration of each OCT device is needed for RTVue, scan mode 1 249+13
results with a good measurement confidence. RTVue, scan mode 2 238+12

» NIST has developed OCT phantom as standard 3D OCT-1000, scan mode 1 200+26
reference material (SRM) for thickness and 3D OCT-1000, scan mode 2 208124
refraCtive indeX Calibration Of OCT Sull et al, Comparison of Spectral Domain Optical Coherence Tomography Models

for Assessment of Normal Macular Thickness, ARVO meeting, April 2008

Iftimia et al, Optics Express 14(26), 2006



OCT SRM Fabrication Process

» A NIST OCT SRM consists of a triple,
scattering/non-scattering/scattering, layer OO, =100 pm : blade coating
with controlled dimensional/optical POMSonly —+» | =~ 10-15 um: spin coating

.. 2 I % 100 pm : blade coating
characteristics.

»  Uniform thicknesses of the layers are
achieved by blade coating and spin coating of

) i SD OCT tomography of a 3-layer
the PDMS material with known p, and p.’ phantom

spectra.

»  Thickness of each layer is measured by a Blade coating: 100 um
NIST’s spectral Domain (SD)-OCT with 0.9 um
axial resolution.

»  For the SRM, a NIST certification for each
SRM is provided with layer thickness
information and their uncertainties.

Blade coating: 100 pm

Spin coating: -

10-15 um
AN

1)
i dispense
<i> rotate/spread
I dry/cure




A few measurement challenges in OCT measurement

NST

standards

> In OCT, the effective path length increases due to the oo S
higher refractive index (RI) of the material in the path - 4096
Iength, l == nCAt. I‘ /plitter N

reference

. spectrometer
mirror

» To correct the Rl factor, Rl of the layered samples was
measured by NIST’s spectroscopic ellipsometry.

rotational
" stage

» For Sl-traceability, a confocal backscatter microscopy and
NIST-traceable thickness standard were used to validate
the OCT results.

Refractive index of PDMS

Confocal analysis of a triple layer
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OCT aberrations (curvature) and tilt corrected

» An SRM, a 3-layer sample is on a slide with 2
mm x 2 mm grids in the back labeled to locate
ROls.

» During OCT image acquisition, sample is tilted
to mitigate specular reflectance, but this tilt
effect was corrected in thickness calculation Layer tissue-simulating phantom with tunable

. . . . layer thicknesses and refractive indices
algorithm for true thickness information.

» Aberrations (curvature in the image) are caused
by non-linearity of scanning galvo mirrors and
focusing. This artifact was also corrected.
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ap Dete Or " . .
S Polynomial Fitting

Interfacial gaps are detected by
a spatial operator “running”
over the entire tomograph.

Polynomial fitting and the quadratic
equation for the curved/tilted plane is

=

a; X%+ a, Y2+ ag xy

Raw tomograph Resolved interfacial gaps Defined interfacial planes in 3D

solved to find the interfacial planes in 3D.

The distance between the two crossing
points defined by the normal line and
upper/lower bound planes is calculated
for the thickness measurements.

1
E\/lpp_x(xl —x2)% + by (21 — 23)%c0s0

11



Instrumental uncertainty of NIST’s OCT

» Theoretical axial resolution of SD-OCT: Az =

3D rendered OCT image of a
single 40 nm diameter gold
nanoparticle in PDMS
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Intensity profiles crossing the center,
lateral (gray) and axial (black) lines, and

corresponding Gaussian fits in blue and
red, respectively. 12

= 3 um (at 840 nm, 95 nm BW)

Our measurement uncertainty,
based on NIST analysis algorithm,
provided with the SRM is 1 um



Final uncertainties for certified values

The layer thickness uncertainties are computed from the following 3 factors:

(;’f. National Institute of Standards & Technology
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Accuracy inthe  OCT point spread

conversion from function & OCT image 0.015um/1 um:
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Measurement Standard deviation of
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NIST SRM 2196.
https://www.nist.qov/news-



https://www.nist.gov/news-events/news/2023/04/srm-verification-3d-optical-medical-imaging-devices
https://www.nist.gov/news-events/news/2023/04/srm-verification-3d-optical-medical-imaging-devices
https://www.nist.gov/news-events/news/2023/04/srm-verification-3d-optical-medical-imaging-devices

Type Ill: Standards for photoacoustic imaging (PAl)  NIST

1 PAI takes advantage of low scattering of the

ultrasound signal generated by pulsed photo Absorption of Pulsed light

excitation to enable label-free deep tissue us
imaging. P =1, et @ O
O For quantitative PAl, the measurement Local Heating ‘e 4
standards are needed for: § AT= ly
» Absorption coefficient of the target CppV

> Local photon fluence through a scattering Thermoelastic Expansion *

and absorbing medium & V=V,BAT)
» Wavelength dependent PA signal
calibration Relaxation anc

Ultrasound Pressure

» Transducer calibration (voltage vs P)

— (2
O NIST has developed 2D and 3D PAIl phantoms P = (pvs) (BAT)
for PA microscopy and PA tomography.

14



PDMS as base material for PAl phantoms

We used PDMS as base material as PDMS has: p—| 'AS
»The largest thermoelasticity (5 /C,)) as so0f ;
shown in the plot comparing Griineisen _ _ Plastic & polymes >
parameters of different polymers § = cy_ @
» Tunable tissue-mimicking mechanical L a0l | wromide
properties ST “Parylene
»Transparent or tunable ¢/, and u, with o
additives of & luwater | | |
> Low cost (<$10 per phantom) 0 200 400 600 800 1000

Thermal expansion coefficient (3) [10 %/

The Griineisen parameter scaled by the speed of
sound. (T. Lee, PhD. Thesis, U of Michigan Library)
https://deepblue.lib.umich.edu

15



Carbon nanotubes (CNTs) as a light
absorber to imbed them into PDMS.
CNTs are vertically grown on a silicon
substrate by a CVD method and
transferred to the PDMS.

The VACNTs show a very high absorption
spectra, and a flat p,(A) over a wide
wavelength range, VIS to MIR.

Not tissue-mimicking, but these
properties allow for high SNR and non-
destructive PAl measurements even at
high fluence.

The PAl signal from CNTs imbedded in a
PDMS with known optical properties
allows for the calibration of local fluence
through the medium.

AccV SpotMagn Det WD |——— 20 um

Tomlin et al, CARBON, 74 329-332 (2014)

]
@ @ 9 g g ® 0 o o o
400 4 @ @ g
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T T T T T T
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= T
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+ plasma treatment: 200 W, 15 s
o plasma treatment: 200 W, 60 s
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Total reflectance (%)
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Christopher Young and John Lehmian



SEM of VACNT patterns on silicon NIST

» CVD growth of CNTs provides CNT length control so
that p,(A) can be adjusted.

» SEMs of VACNT patterns show LWR <200 nm,
enabling precise patterning for resolution targets.

e, B
‘ =T 4 | 20 um

LN
AccV SpotMagn Det WD Exp | 20
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| =y 100 pm
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qumd PDMS
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PDMS (clear)

i — ‘ PDMS (clear)
PDMS (with TiO2) —— o —

Lithographical patterns are
well transferred to PDMS so
the PA images from well-
define patters evaluate the
spatial resolution of PAI
devices.

OR-PAM image of VACNTs/PDMS
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For 3D targets, we stack multiple 2D targets into a layer structure

The scattering and absorption coefficients of the PDMS base material
can be tuned to control the local photon fluence in 3D.

In this picture, a 3D multilayer phantom is shown as an example: each
layer contains a pattern of lines with 8 um width, and they are designed
not to block photon fluence as photons propagate through multilayers
As we know the absorption coefficient of the patterned lines and
scattering and absorption coefficient spectra of the base matrix
material, local photon fluence map in 3D can be measured from the PA
tomography data.

The movie is a reconstructed tomograph from the PAl signals from the
CNT patterns in multiple layers.

5mm
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