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Measuring mouse bone quality
Sensing organelle size distributions

Sensing blood activity in the brain
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Near infrared photons

phineasandferb.wikia.com/wiki/Where%27s_My_Perry

NIR photon biomedical spy
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The near-infrared “window”
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Optical Penetration Depth vs. Wavelength
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“Optical-Thermal Response of Laser-
Irradiated Tissue” (1995),
Welch and van Gemert (eds)

Figure 2,11, Penetration depth o
Penetration depth is defined as 1)
B + (1 — g, \

| tizsue as a function of wavelength,
duced atenuation coefficient w,. =
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Going below the surface
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Hemoglobin
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Chemical sensing: Raman scattering
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Size-dependent elastic scattering

20, UNIVERSITY+»ROCHESTER

resonant
wavelengths
“‘tunnel
through”
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Size-dependent elastic scattering

tilting changes the
“resonant wavelength”
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Size-dependent elastic scattering

sphere: angle-dependent
resonance
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Sensitivity to organelle size

http://biosci.ucdavis.edu/faculty spotlight/starr.html
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Photon diffusion

photons in

- mean free path photon out

zfmm

-20 -10 0 10 20
& mim

HAJIM SCHOOL OF ENGINEERING & APPLIED SCIENCES

UNIVERSITY ¥ ROCHESTER







The biomedical optics “banana”!
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Summary of NIR interactions

inelastic scattering:

MISTRY
\ / angle-dependent
. . elastic scattering:
biological SIZE
sample
\L - wavelength-dependent
| e absorption:
diffusive propagation:
DEPTH
The Institute of w
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Welcome to the near-infrared
Measuring mouse bone quality
Sensing organelle size distributions

Sensing blood activity in the brain
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Motivation

control
inflammation

glucocorticoid
treatment

Rheumatoid arthritis
(late stage) 4w
“ 3 &
"l' o
Boutonniere g
deformity

of thumb

Ulnar deviation of extended
metacarpophalangeal
Jalnts exposure
Swan-neck deformity ===,
of fingers N 7 FADAM,
http://www.nlm.nih.gov/medlineplus/e H
ncy/images/ency/fullsize/17130.jpg vl Bt s Ottt O Ste 0 p 0 ro S I S

treatment
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http://www.carrollarthritis.com/dxa.html

http://www.southwestfloridaspineinstitute.com/
clientuploads/osteoporosis3.jpg
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Bone mineral density (BMD)

e Prior to pathologic fracture, BMD test to
diagnose osteoporosis

— Dual e

* most wi
vali BMD aloneis a
fractu poor predictor of

fracture risk

P — ] http://www.carrollarthritis.com/dxa.html
— Quantitative aphy
e more expensive, l /her raNliation dose, but provides

Need better “bone quality” assessment:
both structure and chemical composition
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Did somebody say “chemical”??

laser irradiation
Raman spectrum

o

bone specimen

“bone quality” estimate
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Raman spectrum of bone

mineral-to-matrix ratio
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Ei- Organic Matrix Components
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diseased vs. control
correlations

biomechanical tests
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Trends in the Raman spectra

more mineral

oA WILD TYPE +
| PLACEBO

WILD TYPE +
STEROID

RHEUMATOID +
PLACEBO

Raman intensity / a.u.

Amide Il

RHEUMATOID +
STEROID
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1
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Raman shift / cm™
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Bone-by-bone: Raman predicts bone strength

ultimate torque / (N-mm)
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But how about this....

Raman spectrum of
laser irradiation

\ / soft tissue + bone

L

intact limb

same analysis as before?
(bone quality estimate)
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Spectral similarity of bone and soft tissue

"
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Transcutaneous spectrum: ambiguous

intensity / a.u.

PO
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27

through-skin measurement
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Vary distance to vary depth sensing

 ——— Y

[llumination

Collection

Soft Tissue

Bone
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Summary of NIR interactions

inelastic scattering:
MISTRY

angle-dependent
elastic scattering:
SIZE

i .~ wavelength-dependent
sss = absorption:
b BLOOD

diffusive propagation:
DEPTH
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Putting diffusion to work!

» Offset
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Layered model of soft tissue and bone
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http://www.npuap.org/NPUAP-Normal.jpg

Type | collagen is main component of both
dermal tissue and organic bone matrix!
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Simultaneous, overconstrained, library-
based decomposition (SOLD)

bone 1, bone 2, ... tissue 1, tissue 2, ...
(N=21x5) (N=160)

sof issue spectrum

optimize
2 basis spectra to
describe all

N measurements
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Raman spectroscopy system

N
=
@)
Z
-
@)
(7))
(]
A
-
el
el
<
3
(&)
z
e~
=
=
z
@)
Z
=
8]
@)
=
@)
@)
ap,
@)
(7))
=
<
ar
g

o
A
7
=
s
@)
S
=
2
n
%
-
4
5




Spatially offset Raman spectroscopy (SORS)

deduce bone spectrum

— » Offset via SOLD
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Estimating the correct bone spectrum

Raman intensity / a.u.

aman intensity / a.u.

Mne spectrum estimate
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Diagnostically-sensitive transcutaneous measurements

e |Intact mice measured at mid-
shaft of tibia

e Wild-type (WT) mice and
mouse models of osteogenesis
imperfecta (Ol) and

rheumatoid arthritis (N = 21
tOtaI mlce) (msinaral | matrix} e,

PLESR-S0LD eatlimabe i &.u.

e Mineral/matrix ratio estimated
by SOLD completely separates
WT and Ol mice

exposed PLSR-50LD
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Most robust measurement of mineral to matrix ratio

unprocessed spectra
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SOLD processing

3 ol ;, e
§ o Opt. 18 (7), 077001 (July 01, | .orctraint
acf 2013)

i8

-
=
L]

.G

04 06 08 1 1.2 14
(mineral | matrix) ) &,

other methods also
fail to separate Ol
from WT mice T

imineral | matrix) {a.u,

L
L

PLER=-BTEM astimate | d.ia.
L]

I

P
o

i

L
=

@@ HAJIM SCHOOL OF ENGINEERING & APPLIED SCIENCES

UNIVERSITY ¥ ROCHESTER



Summary: bone work
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Dustin Shipp

Welcome to the near-infrared '
Measuring mouse bone quality
Sensing organelle size distributions

Sensing blood activity in the brain
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Motivation: study T-cell activation

Antigen
Presenting

Cell
Raman

scatter

Cell in resting state

.~ — DNA transcription

New surface CD69 elastic
markers — Scatter
Granule « Cytokine
oroduction CD137 og ° production
Cell in activated state
HAJIM SCHOOL OF ENGINEERING & APPLIED SCIENCES e ettt of (M
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Motivation: studying cells without labeling

 Single cell versus time
to tq to t3

€ IOI.I

Chemical
Changes

Morphological
Changes

ﬂ%‘mﬂ UNIVERSITY ROCHESTER The Institute of (DM

OPTICS



Starting point: Raman spectum of immune cell
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Raman Microscope

Laser L
Sample e
@ O =
— — <
e
o .
c L1 o multimode
O> fiber
Inverted
microscope
CCD
Spectrograph
The Institute of m
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At the Dichroic Beamsplitter

1 Photon
Raman Only

Hmmmmm....
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Recording the angular pattern

Fourier Angle Mapped to Position
plane
Relay
> lens
1(0,¢)
D ' ope
Obiject e
TTT 9777 plane I(x,y) in Fourier
plane = 1(0,p) 1n
object plane
The Institute of w
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Summary of NIR interactions

inelastic scattering:
MISTRY

angle-dependent
elastic scattering:

A
x - wavelength-dependent
| e absorption:

e BLOOD

J83, UNIVERSITY»ROCHESTER The nstitute or (S

OPTICS

biological
sample

diffusive propagation:
DEPTH




Combining two scattering modalities

target (e.g. cell)

microscope lens

> 61
. elastic
beamsplitter > 0, scattergram
uartz plate
(9 plate) > 0,
grating A Raman
2 spectrum
As
HAJIM SCHOOL OF ENGINEERING & APPLIED SCIENCES The Institute of —
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Scattergrams specify size

.' _.r"-'-ld_

Automated comparison with theory
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Sensing of slight size changes

All this,
and Raman, too!

WM

600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700

relative wavenumbers (cm“1}

Intensity (a. u.)

The Insﬁtuiée of h
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But organelles are not spheres!

Backward
scattering highly
sensitive to shape
and orientation

Forward scattering
Insensitive to shape
and orientation

““' UNIVERSITY« ROCHESTER e st or Em—
OPTICS




System test: sizing a single bead

excitation

settled on slide

G— 7 microns

The Institute of M
OPTICS

429, UNIVERSITY~ROCHESTER



Forward vs. backward (epi) mode

Experiment

epi-mode

140 160 180 200 220
)

forward

-40  -20 0 20 40

The Institute of k
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N

Lamp

cCDh

Raman N i
I\

mirror

N CV

scattering
brightfield

aon

Integrated system

SPEC

Smith and Berger,
Review of Scientific
Instruments 80 (4),
044302 (2009)
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Single populations sized accurately

500 nm
300 nm /
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Two-population mixtures

manufacturer specified
— — — extracted population 1
— — extracted population 2

cross—section scaled number density

T ||I . 1
manufacturer specified
I'| = — — extracted population 1
' —  —  extracted population 2

cross—section scaled number density

manufacturer specified
extracted population 1
— = extracted population 2

(=]

1.5 2
diameter (microns)

Population 1

Population 2

cross—section scaled number density

mixed mean standard mean standard
¢ population®  diameter (nm) deviation (nm) diameter (nm) deviation (nm)
330/820 nm 276 G 838 0
4 lel[]_..f":_’?'[] 1 465 9 836 28
0 500/1000 nm 615 § 998 11

diame..i~

A s
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Approximating distributions in a cell

P. Brederoo, J. van der Meulen, and A. M. Mommaas-Kienhuis,
“Development of the granule population in neutrophil granulocytes
from human bone marrow,” Cell and Tissue Research 234, 469 — 496

(1983).
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Lymphocytes vs. Granulocytes

Specific
Granules

Secretory é

Lysosomes % X

Lymph.

lymphocytes
granulocytes

Key information:

* mean size

| © % contribution to
total light scattering

Mitochondria

cross-section scaled number density

Gran. AT

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
diameter (microns)

-60 -30 0 30 60
0
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CD8* T-cell Activation

Experimental
Measurements

Bright Field

Stimulated
Cohort

Raman

Elastic

FLOW
MEASUREMENT

Fluorescent Tag 1

Fluorescent Tag 2

Unstimulated
Cohort
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Unstimulated

Stimulated SEB: some should activate
i.




T-Cell Activation (Raman)

I L L [
— unstimulated

— stimulated (unresponsive)
— stimulated (responsive)

intensityILa{.)

[ [ [ [
800 1000 1200 1400 1600
relative wavenumbers (cm'1)




T-Cell Activation (Elastic)

—— Stimulated Cohort
— Unstimulated Cohort

2
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Secretory
Lysosomes

% —>
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o

g Mitochondria
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[ \L r [ [ L L
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SEB T-Cell Activation (IRAM Index)

Unstimulated Stimulated
5[- 5 =
4+ 4
3 3 -
|
X x
S S
C [
o 2r o 2 [ ]
L L
1+ 1 .
L ® | —
° ®
0f- ° 4 0 -
®e i =
)
1 B .r 1 r .
-0.5 0 0.5 1 -0.5 0 0.5 1
Raman Index Raman Index
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Flow cytometry comparison...

Flow cytometry IRAM analysis

10°
26% activated

—_—
=
-

<APC-A»  CD137
2

o 10° 10° 10t 10°
<PE&: CDEY
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Guess the activated cells

Stimulated

Yy HAJIM SCHOOL OF ENGINEERING & APPLIED SCIENCES
Y0 J The Institute of _
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Unstimulated

Stimulated ‘ PMA: most should activate




Unstimulated Stimulated

s [0 0.075) s [1= aMe
107 4 107
Flow
hm‘- -
% 2 cytometry
: : (gold standard)
e A
o 1w0? 10° w04 10°
<PE A> CDOD <PEA>: CD6S
151 1 1.5 =
§ 0.5- ¢ g 0.5 —
SSoe 0 e e ] | | Smith et al., J. Biomed.
. 2 Opt., 15(3), 036021
osk o - 051 . | (June 2010).
01 o o1 02 03 01 0 01 02 03
Raman Index Raman Index
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Speckle from single immune cells

133 162 192 222 133 162 192 222

The Institute of M
OPTICS

429, UNIVERSITY~ROCHESTER



Current challenges: speckle

cancer cell static beads

6 (degrees)
f (degrees)

=50 0 50 -50 0 50
f (degrees) 0 (degrees)

28] UNIVERSITY»ROCHESTER Ihe Institute of (UM
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Speckle reduction

raw data

> holographic processing

7 (degrees)
| = ] | o

The Institute of w
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Summary: single-cell organelle sizing

multimodal with
Raman spectroscopy

:

.
!

/ i

. fit angular scatter pattern
to 2-size distribution

4/10 activated

detect differences
or changes in | ,
cellular response T s =

TI'IEI |I-'!E'H1‘.UtE of m
OPTICS
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James Goodwin

Welcome to the near-infrared

Measuring mouse bone quality

Sensing organelle size distributions

Sensing blood activity in the brain
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hearing

vision






Infant cerebral studies

unstimulated

stimulated



Diffuse reflectance geometry
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The basic geometry

light in

l detector







Summary of NIR interactions

inelastic scattering:

MISTRY
\ / angle-dependent
. . elastic scattering:
biological SIZE
sample
\L - wavelength-dependent
| e absorption:
diffusive propagation:
DEPTH
The Institute of w
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Hemoglobin sanity check: Pressure cuff data

raw
data

Hb
changes
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0.4
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Noninvasive monitoring of hemodynamics

Valsalva Maneuver -- 06/03/04

6.5

optical power
measurements

Volts

3 L ' L L 3
o] 3 10 15 20 25 30
Time{s)

E‘z.s“m{ ; - : : :
s | [—m iIncreased blood supply
L=l T oxy and deoxy
S 1) heartbeat | .
© L | hemoglobin
el 1} .
8 os| concentration
5 & changes
(&)
<03 5 10 15 20 2 30




Typical measurements
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Why especially for infants?

small scale
thin-skulled

twitchy
uncommunicative
lots of developmental
questions to ask
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Single subject countdown timecourse
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Single subject, block average
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Typical headpiece for adults

optical fiber bundles

First Nearest Neighbors 1.3 cm

Second Nearest Neighbors 3 cm



Visual Stimulation Protocol

e 6 stimulus periods of
pattern reversal at 10 Hz

based upon code by Brian White
and Joseph Culver, Washington
University
(St. Louis)
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Example of a Stimulus




Hemodynamic response to stimulus




Problem: not all blood is in the brain!
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The optical geometry

A real head A physicist’s head




Problem: not all blood is in the brain!
Saager et al., Neurolmage
55(4), 16791685 (April 2011)  TNIRS measurement
sensitive to both
j e COrtical and superficial
T hemodynamics

Want to isolate brain-
specific trends

[®@®| HAJIM SCHOOL OF ENGINEERING & APPLIED SCIENCES

- UNIVERSITY # ROCHESTER



Summary of NIR interactions

inelastic scattering:
MISTRY

angle-dependent
elastic scattering:
SIZE

x\ = wavelength-dependent

e
\ - ——— absorption:
-‘:E - Mo Ir:l'wﬂl'l" ':'1- - :Illlr-:l.I m o BLOOD
UNIVERSITY ¥ ROCHESTER

DEPTH




Explicit superficial monitoring

10° Residual

— AHb
— AHbO2

second
detector detector

— — 10

30 40 610 &
Time (sec)

e |east-squares residual
e uncorrelated with “near” trend
e C-NIRS, or

“Corrected — NIRS”

@@ HAJIM SCHOOL OF ENGINEERING & APPLIED SCIENCES -

UNIVERSITY ¥ ROCHESTER



Improving signal-to-noise by subtracting “scalp” signal

1 25 — NIRE 5
— CNIRS
}/ | -_
| | W ':
e i ERERNE S SRR

MIRES near _ 5t
CNIRS
] A7
27
28]
15 20 25 30 346
20 40 B0 &0 100 120 140 160

time/sec



contrast and noise amplitudes

DATA FITS
", ‘w‘ ________________________ A____
": ““ contrast
:' |"u‘ﬂ“
fit: skewed Gaussian + e
(4 parameters) l (+/- 20)
Saager et al., Neurolmage =W N M WM
55(4), 1679--1685 (April 2011) -~ =---- M’\\,,L _________
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6 mm correction vs. no correction

40

35t

C'NIL. 6 mm correction

0

25}

20F

161

10

-6 mm: 270

a0 #2 ,: /
#2 * /

-¢-1 "'B

0 ] 10 15 20 25 30 35 40

CNR. no correction
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Comparing two “near” distances

e ’
P ’

A 4 y
=
e "a‘

13 mm: 115

C'NE. 6 mm correction

C'NE. 13 mm correction

I. HAJIM SCHOOL OF ENGINEERING & APPLIED SCIENCES
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Ongoing work: babies!

!

[@®®] HAJIM SCHOOL OF ENGINEERING & APPLIED SCIENCES
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Conclusion

inelastic scattering:
MISTRY

angle-dependent
elastic scattering:

i\(m

x\ = wavelength-dependent

\ We=a=—ae absorption:

~ HAJIM SCHOOL OF ENGINEERING & APPLIED SCIENCES
- UNIVERSITY # ROCHESTER

biological
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To learn more

Tuesdays in January (7.1, 14.1, 21.1, 28.1), 2:00 pm, IPHT Sitzungssaal

Lecture 2 - Turbid tissue optics I: Introduction

Lecture 3 - Turbid tissue optics II: Instrumentation and
measurements

Lecture 4 - Turbid tissue optics lll: Applications

Lecture 5 - A different view of turbidity: elastic scattering analysis

Support from: National Institutes of Health, National Science
Foundation, UR Provost’s Multidisciplinary Fund

)@ HAJIM SCHOOL OF ENGINEERING & APPLIED SCIENCES
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