
1D theorems:
center of gravity, 331
convolution, 331
correlation, 331
differentiation properties, 331
first moments, 331
modulation, 331
Parseval’s, 331
second moments, 332
shift, 330
similarity, 330

2D convolution, 329
2D Fourier transform, 327–329
2D functions, rotation theorem,  

329–330
3D, imaging cells in, 271–272
3D Fourier pairs, 337–338
3D Fourier transform. See also Fourier 

transforms
circular symmetry, 336
cylindrical coordinates, 335–336
cylindrical symmetry, 336
definition, 335

3D imaging versus QPI, 4–6
3D space, refractive index distribution, 

23

A
Abbe, Ernst, 1–2
Abbe’s theory of imaging, 65–71, 292. 

See also light microscopy
absorption cross section, 30
absorption spectroscopy, 277
active membrane fluctuations,  

288–292
active stabilization, 134–135
AFM (atomic-force microscopy),  

230–232
analytic signals:

complex, 323–326
Fourier transform, 324
Hermitian Fourier transform, 323
inverse Fourier transform, 324

angular scattering, 249–252, 301–302
anisocytosis, 312
Anopheles mosquito, 212–213
QPI image, surface plot representation, 

6
artwork:

blood smear, 349
cell cycle, 349
chromosomes, 347
dendritic structure, 346
discocyte, 344
echinocyte, 344
eosinophil marching by RBC, 345
fibroblasts, 347
glial cell, 341
HeLa cells, 341
malaria-infected cell, 343
neuron acquired by SLIM, 340, 342, 

345
neuron network, 343
neuron with nucleolus, 346
prostate biopsy with blood vessel, 

348
RBC squished by macrophage, 342
RBCs (red blood cells), 339
RBCs acquired by SLIM, 348
RBCs and putative macrophage, 340
spherocyte, 344

atomic-force microscopy (AFM),  
230–232

ATP, effects on RBC membranes,  
288–290

B
backprojection algorithm, 273
backscattering cross section:

scattering by single particles, 29
scattering cross-section, 29

ball function, using with spherical 
particles, 30–31

band-pass filtering, 62
bead, light scattered from, 204–205
Bessel function, 34, 333–334

Index

351
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biological samples, studying, 246
biopsies, detecting cancer in, 316–317
blood, characterizing, 309
blood analyzers, 309
blood cells. See RBCs (red blood cells)
blood screening, 310–313

anisocytosis, 312
Coulter counter, 311
DPC (diffraction-phase cytometry), 

310, 312–313
MCD (minimum cylindrical 

diameter), 311
MCHC (mean cellular hemoglobin 

concentration), 311
MCV (mean corpuscular volumes), 

311–312
RDW measurement, 312
refractive index, 312–313

blood smear, QPI artwork, 349
Boltzmann constant/factor, 195–196, 

206, 214–215
Born approximation:

inhomogeneous media, 24–25
particles under, 30–34
scattering from ensembles of 

particles, 35–36
breast calcification, reporting on,  

314
breast tissues, SLIM imaging 

signatures, 315
Brownian regime, 196

C
camera tube, use with digital 

holograms, 88
cancerous prostate tissue slices, 316
CCD plane, iSLIM (instantaneous 

SLIM), 283
CCDs (charged coupled devices), 141, 

143–145
FPM (Fourier Phase Microscopy), 

186–187
FTLS (Fourier transform light 

scattering), 253
OQM (optical quadrature 

microscopy), 176
cell cycle, QPI artwork, 349
cell cytoskeleton fluctuations,  

262–266
cell displacements, 173
cell dynamics. See also intracellular 

mass transport
active membrane fluctuations,  

288–292
background and motivation,  

287–288
dispersion relationship, 288
fluctuation-dissipation theorem, 291

cell dynamics (Cont.):
intracellular mass transport,  

292–297
RBC membrane cortex, 288

cell growth, 149–150
background and motivation,  

297–300
cell cycle-resolved, 299–300
culture of microglia, 298
DHM (digital holographic 

microscopy), 149–150
dry mass density, 298–300
Escherichia coli, 298
fluorescence signals, 299
FPM (Fourier Phase Microscopy), 

191–194
SLIM (Spatial Light Interference 

Microscopy), 238–240, 298–300
trends in applications, 297–300

cell imaging, 148–149
cell-margin fluctuations, 173
cell refractometry, 156–157
cell types, differentiating, 259
cells:

counting in embryos, 176–177
imaging in 3D, 271–272
non-invasive imaging of, 276
studying nanoscale motions in, 291

character recognition, 87
chick fibroblast cultures, 171–172
chromosomes, QPI artwork, 347
circular symmetry, 336–337
clinical applications:

background and motivation,  
308–310

blood screening, 310–313
histopathology, 308–309
label-free methods, 309
label-free tissue diagnosis, 313–317
spectroscopy methods, 309

CNR (contrast-to-noise ratio), 59–60
coherence volume, 39–42

ensemble averages, 40
field statistical similarities, 39
monochromatic plane wave, 39
optical coherence, 39
spatial sinusoid, 40
spatiotemporal correlation function, 

41
statistical optical field, 39
temporal and spatial power spectra, 

40
coherent illumination, 47
coherent imaging, 122
common-path methods, 135, 138

DPM (Diffraction Phase 
Microscopy), 196–216

FPM (Fourier Phase Microscopy), 
183–196
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complex analytic signals, 323–326
complex degree of spatial correlation, 

43
complex transmission function, 72
computed tomography (CT) using 

DHM, 271–275. See also DHM 
(digital holographic microscopy)

backprojection algorithm, 273
Feld group, 274
Fourier slice theorem, 272–273
HeLa cell, 275
holographic microscope, 273

confocal microscopy, 106, 155,  
201–202

contrast:
endogenous and exogenous, 1
generating, 2
increasing optically, 72–73
and resolution, 1

contrast-to-noise ratio (CNR), 59–60
convolution operation, 329
correlation theorem, inhomogeneous 

media, 26
Coulter counter, 311
cross-correlation function, measuring, 

102–103
cross-spectral density, 42
CT (computed tomography) using 

DHM, 271–275. See also DHM 
(digital holographic microscopy)

backprojection algorithm, 273
Feld group, 274
Fourier slice theorem, 272–273
HeLa cell, 275
holographic microscope, 273

cubical particles, scattering by, 33–34
cylindrical coordinates, 335
cylindrical particles, scattering by, 34
cylindrical symmetry, 336

D
dark field microscopy, 73
deep-tissue imaging, problem of, 1–2
dendrites:

QPI image of, 4
scattering map from, 4

dendritic structure, QPI artwork, 346
Depeursinge group, 141–142
DHM (digital holographic 

microscopy). See also CT using 
DHM; HPM (Hilbert phase 
microscopy)

biological applications, 147–150
CCDs (charged coupled devices), 

141, 143–145
cell growth, 149–150
cell imaging, 148–149
deconvolution, 144–145

DHM (digital holographic microscopy)
(Cont.):

Depeursinge group, 141–142
developments, 146–147
Fresnel propagation, 144–145
Gabor’s (in-line), 147
hologram reconstruction, 145
Indebetouw and Klysubun, 147
label-free cell imaging, 147
Nyquist theorem, 145
overview, 141
phase shifting, 146–147
principle, 141–146
sample arm, 143
spatial filtering, 144
spatiotemporal modulation,  

147
Wax group, 147

DIC (Differential Interference 
Contrast), 3, 47–48, 188. See also 
microscopy

dielectric susceptibility, 278
differential cross-section, scattering by 

single particles, 28–29
differential measurement, 135
differential phase-contrast OCT,  

106–107
Diffraction-phase and Fluorescence 

Microscopy (DPF), 199–201
Diffraction Phase Microscopy (DPM). 

See DPM (Diffraction Phase 
Microscopy)

diffraction tomography (DT) and 
SLIM, 275–276

diffusing-wave spectroscopy,  
246

digital hologram, 146
reading, 88–89
writing, 85–88

digital holographic microscopy. See 
DHM (digital holographic 
microscopy)

digital holography, 85
digitally recorded interference 

microscopy. See DRIMAPS phase-
shifting method

Dirac delta function, 9
discocyte, QPI artwork, 344
dispersion effects, 95–98
DLS (dynamic light scattering),  

245–246, 260–265
of cell membrane fluctuations,  

260–262
of cytoskeleton fluctuations, 262–265

DMEM (Dulbecco’s modified Eagle 
medium), 187–188

Doppler velocity, 174
DPC (diffraction-phase cytometry), 

310, 312–313
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DPF (Diffraction-phase and 
Fluorescence Microscopy), 199–201

DPM (Diffraction Phase Microscopy), 
191, 196–216, 232

biological applications, 202–206
Boltzmann constant, 206, 214–215
CCD acquisition rate, 198
CCD plane, 197
cDPM (confocal diffraction-phase 

microscopy), 201–202
developments, 199–202
DPF (Diffraction-phase and 

Fluorescence Microscopy),  
199–201

experimental setup, 196–197
fluctuation-dissipation theorem, 

208–209
FPT (Fresnel particle tracking),  

202–206
FTLS (Fourier transform light 

scattering), 247
height-height correlation, 209
hemozoin, 213
Legendre polynomial, 209
Levine group, 208
Mach-Zender interferometer, 197
malaria-infected RBCs, 212–216
nanoscale QPI, 216
Pf-RBCs, 213–215
principle, 196–199
quantitative QPI, 216
RBC mechanics, 206–212
RBC topography, 210
shear modulus results, 211–212
Stokes-Einstein equation, 206
study of live cells, 198–199
VPS (virtual source point), 197

DRIMAPS phase-shifting method:
applications, 171–174
cell displacements, 173
cell-margin fluctuations, 173
chick fibroblast cultures, 171–172
developments, 170–171
dry mass content, 171–172
Horn microscope, 170
Jamin-Lebedeff microscope,  

170–171
Mach-Zender interferometer, 169
principle, 169–170

dry mass content, 171–172, 191–194
DT (diffraction tomography) and 

SLIM, 275–276
Dulbecco’s modified Eagle medium 

(DMEM), 187–188
dynamic light scattering (DLS),  

245–246, 260–265
of cell membrane fluctuations,  

260–262
of cytoskeleton fluctuations, 262–265

E
E. coli cells, growth of, 239–240
echinocyte, QPI artwork, 344
edge detection, 62
ELS (elastic light scattering), 23,  

245–246
of cells, 258–260
of tissues, 254–258

embryos, counting cells in, 176–177
endogenous contrast, 1
ensemble averages, 40
entrance pupil, 69–70
eosinophil marching by RBC, QPI 

artwork, 345
Ewald scattering sphere, 

inhomogeneous media, 26–28
exit pupil, 69–70
exogenous contrast, 1

F
far-field imaging, limit for, 1
FCS (fetal calf serum), 187–188
FDTD (finite difference time domain), 

255
Feld group, 274
fiber optic, time domain OCT, 99
fibroblasts, QPI artwork, 347
field statistical similarities, 39
field superposition, describing, 326
filtering, defined, 60
FLIC (fluorescence interference 

contrast), 159
fluctuation-dissipation theorem,  

208–209
fluorescence microscopy, 1, 198–199
form function, using with particles,  

36
forward scattering particles, 32
Fourier domain, 102–106

polar representation, 332
swept source OCT, 102–106

Fourier hologram, digital recording of, 
88

Fourier optics, 9–14
Fourier Phase Microscopy (FPM). See 

FPM (Fourier Phase Microscopy)
Fourier slice theorem, 272–273
Fourier transforms, 45, 311. See also 3D 

Fourier transform
2D, 327–329
3D, 335–336
of ball function, 31
differentiation theorem, 10
inhomogeneous media, 24
for plane waves, 9–10
properties, 16–18
spherical coordinates, 336–338
of spherical wave, 12
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Fourier transform infrared 
spectroscopy (FTIR), 245

Fourier transform light scattering 
(FTLS). See FTLS (Fourier 
transform light scattering)

FPM (Fourier Phase Microscopy),  
183–196

biological applications, 190–196
Boltzmann factor, 195–196
Brownian regime, 196
CCDs (charged coupled devices), 

186–187
cell growth, 191–194
cell motility, 194–196
developments, 186–189
DIC (differential interference 

contrast), 188
DMEM (Dulbecco’s modified Eagle 

medium), 187–188
DPM (Diffraction Phase 

Microscopy), 191
dry mass content, 191–194
experimental setup, 184
FCS (fetal calf serum), 187–188
f-FPM, 186–189
fluctuations in RBC membranes, 

190–191
generalized thermodynamic theory, 

194
Gibbs formalism, 194–195
HeLa cells, 187–189, 193
IP (image plane), 184
ITO (indium tin oxide), 186
lens L2, 186–187
light transmission, 186
MATLAB program, 193
optical interferometry, 191
PCF (phase-contrast filter), 186
phase accuracy, 185
phase image retrieval rate, 185
phase stability, 185
power-law function, 196
PPM, 184–185
principle, 184–186
SLD (superluminescent diode), 184
super-diffusion, 194
Tsallis formalism, 196

FPT (Fresnel particle tracking),  
202–206. See also particles

Fraunhofer approximation, 24
free space, 16–18
Fresnel holograms, 80
Fresnel propagation, 15, 144–145
FTIR (Fourier transform infrared 

spectroscopy), 245
FTLS (Fourier transform light 

scattering), 4
angular scattering, 249–252
anisotropy factor, 255

FTLS (Fourier transform light 
scattering) (Cont.):

biological applications, 254–265
Brownian motion, 246
CCDs (charged coupled devices), 

253
developments, 252–254
differentiating cell types, 259
diffusing-wave spectroscopy,  

246
DLS (dynamic light scattering),  

245–246
DPM (Diffraction Phase 

Microscopy), 247
dynamic light scattering,  

260–265
ELS (elastic light scattering),  

245–246
ELS of cells, 258–260
ELS of tissues, 254–258
experimental setup, 247
FDTD (finite difference time 

domain), 255
versus FTIR, 245
GK (Gegenbauer Kernel) phase 

function, 257
HG (Henyey-Greenstein) phase 

function, 257
Hilbert transform, 248
microrheology, 246
MSD (mean squared displacement), 

263
near-field scattering, 246
PCA (principle component analysis), 

259–260
phase-sensitive methods, 247
principle, 245–251
RBCs (red blood cells), 254
relevance, 245–247
and SLIM, 252–253

full-field QPI. See also QPI 
(quantitative phase imaging)

figures of merit, 127, 137–138
interferometric imaging,  

121–122
off-axis inteferometry, 124–126
phase-shifting inteferometry,  

122–124
phase unwrapping, 126–127
spatial phase modulation,  

124–126
spatial sampling, 129–130
spatial uniformity, 135–137
temporal phase modulation,  

122–124
temporal sampling, 128–129
temporal stability, 131–135
white light illumination, 138

fundamental equation, 11
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G
Gabor’s (in-line) holography, 79–81, 

147
Gaussian autocorrelation function,  

51
Gaussian statistics, 304
Gegenbauer Kernel phase function, 

302
generalized thermodynamic theory, 

194
GFP (green fluorescent protein), 1, 

199–200
GFP technology, 199–200
Gibbs formalism, 194–195
GK (Gegenbauer Kernel) phase 

function, 257
glial cell:

before and after Cyto-D treatment, 
264

QPI artwork, 341
green fluorescent protein (GFP), 1, 

199–200
Green’s function, 9–11, 24
GVD (group velocity dispersion),  

96–98, 100

H
H&E stained slices, 313–314
Hankel transform, 332–335

Bessel functions, 333–334
central ordinate theorem, 334
circular symmetry, 333
convolution theorem, 334
Laplacian, 334
Parseval’s theorem, 334
rotation theorem, 333
second moment, 335
shift theorem, 334
similarity theorem, 334

Hb concentration, measuring,  
283

Hb refractive index, 280–281
height-height correlation, 209
HeLa cells, 157–158

CT using DHM, 275
FPM (Fourier Phase Microscopy), 

187–189, 193
QPI artwork, 341

Helmholtz equation, 9, 23
hemoglobin concentration, 279–281, 

313
hemozoin, 213
He-Ne laser in OQM, 175
Henyey-Greenstein distribution,  

306
Hermitian Fourier transform, 323
HG (Henyey-Greenstein) phase 

function, 257
high-pass filtering, 62–64

Hilbert phase microscopy (HPM). See 
HPM (Hilbert phase microscopy)

Hilbert transform, 124–125, 248
histopathology, 308–309
hologram reconstruction, 145
holograms, reading, 80–81
holographic microscope, 273
holography:

digital, 85–89
Gabor’s (in-line), 79–81
Leith and Upatnieks’s, 81–84
nonlinear (real time), 84–85
off-axis, 81–84
phase conjugation, 84–85
process of, 79

Horn microscope, 169–170. See also 
microscopes

HPM (Hilbert phase microscopy),  
150–151. See also DHM (digital 
holographic microscopy)

biological applications, 155
cell refractometry, 156–157
confocal reflectance microscopy, 155
developments, 153
experimental setup, 152
HeLa cells, 157–158
principle, 151–153
PZT (piezo-electric transducer),  

153–154
red blood cell membrane 

fluctuations, 157–161
red blood cell morphology, 155–156
s-HPM, 153–155
time evolutions, 151
tissue refractometry, 161–162

Huygens’ principle, 14

I
image field, generating, 122
image filtering, 60–61

band-pass, 62
high-pass, 62–64
low-pass, 61, 67–68

imaging. See also QPI (quantitative 
phase imaging)

Abbe’s theory of, 65–71
CNR (contrast-to-noise ratio),  

59–60
entrance and exit pupils, 70
as linear operation, 55–56
overview, 55
of phase objects, 72–73
PSF (point spread function),  

55–57
resolution, 56–57
SNR (signal-to-noise ratio),  

57–59
TF (transfer function), 56

impulse response, 69–70
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inhomogeneous media, 22–28
bandwidth, 26
Born approximation, 24–25
correlation theorem, 26
elastic light scattering, 23
Ewald scattering sphere, 26–28
far-zone approximation, 24
Fourier transform, 24
frequency range, 26
Green’s function, 24
inverse scattering problem, 25
light scattering, 23
momentum transfer, 25–26
retrieving scattering potential, 26
scattering amplitude, 24
scattering inverse problem, 23
scattering potential, 23
scattering wave vector, 25
weakly scattering media, 23

in-line holography, 79–81
interference microscopy, 171
interferogram, 43
interferometric imaging, 121–122. See 

also off-axis inteferometry; phase-
shifting inteferometry

interferometric phase-dispersion 
microscopy, 107–110

intracellular mass transport. See also 
cell dynamics

advective, 293
Brownian systems, 295–296
diffusive, 293
dispersion relationship, 294–295
dynamic structure function, 294
glial cell, 297
live cells, 296–297
overview, 292–293
path-length fluctuation, 292–293
phase image acquisition rate, 293
principle, 293–295
spatial convolution, 293

intrinsic contrast imaging, 2
intrinsic contrast microscopy, 47
inverse Fourier transform, 324
iSLIM (instantaneous SLIM),  

281–284
CCD plane, 283
Mach-Zender interferometer, 282
RGB camera, 283
telepathology, 283

isotropic Rayleigh-Gans particles, 32

J
Jamin-Lebedeff microscope, 170–171. 

See also microscopes

K
kidney cell, phase image, 202
Kramers-Kronig relationship, 278

L
label-free methods, clinical 

applications, 309
label-free optical sectioning, 239
label-free tissue diagnosis, 313–317
Lambert-Beer’s law, 302
Laplacian:

Hankel transform, 334
taking for image, 63

LCI (low-coherence interferometry), 
91–94

Legendre polynomial, 209
Leith and Upatnieks’s holography,  

81–84
lens transmission function, 20
lenses. See also thin lens

capacity for Fourier transforms,  
16–18

sinusoidal transmission grating, 22
Levine group, 208
light, propagating in free space, 9–14
light microscopy, 1–2. See also Abbe’s 

theory of imaging; microscopy
complex transmission function, 72
dark field microscopy, 73
frequency cut-off, 68
imaging of phase objects, 72–73
numerical aperture, 71
Zernike’s PCM (phase contrast 

microscopy), 74–78
zero-contrast image, 72

light scattering, 245–247
experiments, 23–28
generating data, 4
from tissues, 301

light-tissue interaction, modeling,  
301

low-coherence interferometry (LCI), 
91–94

low-pass filtering, 61, 67–68

M
Mach-Zender interferometer, 43, 142, 

169, 282
DPM (Diffraction Phase 

Microscopy), 197
OQM (optical quadrature 

microscopy), 175
spectroscopic DPM, 280

malaria-infected RBCs, imaging,  
212–216, 343

mammogram, 314
matched filters:

recording optically, 85–86
writing digitally, 86

MATLAB program, 125, 127, 193
Maxwell’s equations, 36
MCD (minimum cylindrical diameter), 

311
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MCHC (mean cellular hemoglobin 
concentration), 311

MCV (mean corpuscular volumes), 
311–312

mean squared displacement (MSD), 
263

membrane fluctuations:
“flickering,” 158, 288
probing, 290
RMS (root mean squared) 

displacement, 290–291
Michelson interferometry, 46, 49,  

91–92
microrheology, 246
microscopes. See also Horn microscope; 

Jamin-Lebedeff microscope
bright field, 221–222
commercial, 223
computer-controlled, 247–248
confocal, 155
holographic, 273
inverted, 151, 184, 196–197, 200, 203, 

282
Jamin-Lebedeff, 170–171
phase contrast, 76
stabilized Hilbert phase, 154
transmission electron, 223

microscopic images, properties of, 1
microscopy, 169. See also DIC 

(Differential Interference 
Contrast); light microscopy; OCM 
(optical coherence microscopy); 
OQM (optical quadrature 
microscopy); PCM (phase-contrast 
microscopy)

coherent illumination, 47
confocal, 106, 155, 201–202
dark field, 73
interferometric phase-dispersion, 

107–110
intrinsic contrast, 47
phenomena in, 16
PSF (point spread function), 55
quantities of interest, 55
spatial coherence, 48
spatial correlations of fields, 45–46

Mie scattering, 36–37
momentum transfer, inhomogeneous 

media, 25
monochromatic light:

cross-spectral density, 42–48
smoothness, 46
spatial correlations, 42–48
spatial filtering, 48
spatial power spectrum, 44–48
spatial shift, 42–43

monochromatic plane wave, 39
MSD (mean squared displacement), 

263

N
nanoscale motions, studying in live 

cells, 291
nanoscale QPI, 4–6, 216
NEP (noise equivalent power), 133
neuron:

low-contrast image of, 73
QPI image of, 3

neuron acquired by SLIM, QPI 
artwork, 340, 342, 345

neuron network, QPI artwork, 343
neuron with nucleolus, QPI artwork,  

346
neuronal processes, QPI image of, 5
noise equivalent power (NEP), 133
Nomarski microscope, 47, 114, 194
normalization constant, 133
numerical aperture, 71
Nyquist theorem, 128, 145

O
OCM (optical coherence microscopy), 

106. See also microscopy
OCT (optical coherence tomography), 

98–102
contrast, 101–102
depth-resolution, 99–101
differential phase-contrast, 106–107
swept source, 102–106

off-axis full-field methods. See DHM 
(digital holographic microscopy); 
HPM (Hilbert phase microscopy)

off-axis holography, 81–84
off-axis interferometry, 124–126, 138. 

See also interferometric imaging
optical coherence, coherence volume, 

39
optical coherence tomography (OCT), 

98–102
contrast, 101–102
depth-resolution, 99–101
differential phase-contrast, 106–107
swept source, 102–106

optical fields:
second-order statistics, 42
statistical behavior, 41

optical power spectrum, 50–51
optical solutions, 1
optical systems, circular symmetry,  

332
OQM (optical quadrature microscopy). 

See also microscopy
applications, 176–177
CCDs (charged coupled devices), 176
developments, 175–176
He-Ne laser, 175
Mach-Zender interferometer, 175
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OQM (optical quadrature microscopy) 
(Cont.):

optical layout, 175
principle, 174–175
PSM (phase subtraction method), 

176–177
quarter waveplate (QWP), 176

organelle to organ scales, 306–308

P
Parseval’s theorem, 305, 331
particles. See also FPT (Fresnel particle 

tracking)
ball function, 30–31
under Born approximation, 30–34
defined, 28
forward scattering, 32
scattering from ensembles of,  

35–36
side scattering, 32

passive stabilization, 134
patient blood, characterizing, 309
PCA (principle component analysis), 

259–260
PCM (phase-contrast microscopy), 2, 

46–47, 52, 74–78, 159. See also 
microscopy

perpendicular theorem, 19
perturbed spherical wave, scattering 

by single particles, 28
Pf-RBCs, 213–215
phase change, detecting, 131
phase conjugation holography, 84–85
phase contrast filter, 75–76
phase-contrast microscopy (PCM), 2, 

46–47, 52, 74–78, 159
phase images, time-series of, 132
phase objects, imaging, 2, 72–73
phase-referenced interferometry,  

110–112
phase shifting, 121, 146–147
phase-shifting inteferometry, 122–124, 

138. See also interferometric 
imaging

phase-shifting methods:
DRIMAPS, 169–174
OQM (optical quadrature 

microscopy), 174–177
phase stability, assessing, 131
phase subtraction method (PSM),  

176–177
phase transformation, 16
phase unwrapping, 126–127
piezo-electric transducer (PZT),  

153–154
plane-wave incident on live cell, 289
plane waves:

amplitude of, 11
coherence length, 51

plane waves (Cont.):
coherence time, 50
Gaussian autocorrelation function, 

51
Green’s function, 9–11
optical power spectrum, 50–51
propagation of, 12
quantitative phase image, 52
spectral filtering, 51–52
temporal correlations, 48–52

Plasmodium parasite, 212–213
point-scanning methods:

developments, 115–116
dispersion effects, 95–98
Fourier domain, 102–106
LCI (low-coherence interferometry), 

91–94
OCT (optical coherence 

tomography), 98–102
qualitative phase-sensitive,  

106–110
quantitative, 110–115
swept source OCT, 102–106

point spread function (PSF), role in 
imaging, 55–57

pollen grain, CT using DHM,  
272–275

power spectrum density, 133–134
principle component analysis (PCA), 

259–260
prostate biopsy with blood vessel, QPI 

artwork, 348
prostate tissue slices, 314–315
PSF (point spread function), role in 

imaging, 55–57
PSM (phase subtraction method),  

176–177
pupils, entrance and exit, 69–70
PZT (piezo-electric transducer),  

153–154

Q
QPI (quantitative phase imaging),  

2–3, 52, 216. See also full-field QPI; 
imaging

versus 3D imaging, 5
and multimodal investigation, 3–4
of neuronal processes, 5
spectral-domain, 112–115

QPI approaches, summary, 137–138
QPI artwork:

blood smear, 349
cell cycle, 349
chromosomes, 347
dendritic structure, 346
discocyte, 344
echinocyte, 344
eosinophil marching by RBC, 345
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QPI artwork (Cont.):
fibroblasts, 347
glial cell, 341
HeLa cells, 341
malaria-infected cell, 343
neuron acquired by SLIM, 340, 342, 

345
neuron network, 343
neuron with nucleolus, 346
prostate biopsy with blood vessel, 

348
RBC squished by macrophate, 342
RBCs (red blood cells), 339
RBCs acquired by SLIM, 348
RBCs and putative macrophage,  

340
spherocyte, 344

QPI images:
of dendrites, 4
of neuron, 3
as surface plots, 5

QPM phase map generation, 225
qualitative phase-sensitive methods, 

106–110
quantitative methods, 110–115
quantitative phase imaging (QPI), 2–3, 

52, 216. See also full-field QPI; 
imaging

versus 3D imaging, 5
and multimodal investigation, 3–4
of neuronal processes, 5
spectral-domain, 112–115

quarter waveplate (QWP), 106, 176

R
radiative transport equation, 301
rat erythrocyte morphology, 225
Rayleigh criterion, applying to 

resolution, 70–72
Rayleigh-Gans particles, 31–32
RBC dynamics, studying, 159
RBC membrane cortex, ATP 

concentration, 288–289
RBC squished by macrophate, QPI 

artwork, 342
RBC topography, 210
RBCs (red blood cells):

characterizing, 310
hemoglobin concentration in,  

279–281
membrane fluctuations, 157–161
morphology, 155–156
path-length displacements, 261
QPI artwork, 339

RBCs acquired by SLIM, QPI artwork, 
348

RBCs and putative macrophage, QPI 
artwork, 340

RDW (red cell distribution width), 312
real field:

to complex analytic signal, 324
denoting, 325
irradiance calculation, 326

real time holography, 84–85
red blood cell membrane fluctuations, 

157–161
red blood cell morphology, 155–156
red cell distribution width (RDW), 312
reflection interference contrast 

microscopy (RICM), 159
refractive index, 312–314
resolution:

and contrast, 1
Rayleigh criterion, 70–72

RICM (reflection interference contrast 
microscopy), 159

S
scattering:

by cubical particles, 33–34
by cylindrical particles, 34
from ensembles of particles, 35–36
Mie, 36–37
process of, 22–23

scattering amplitude, 28
scattering by single particles, 28–30

absorption cross section, 30
backscattering cross section, 29
differential cross-section, 28–29
perturbed spherical wave, 28
scattering amplitude, 28

scattering cross-section, backscattering 
cross section, 29

scattering inverse problem, solving, 23
scattering mean free path, 303
scattering-phase theorem, 305–306
scattering potential, 23
Schnitzcell software, 239
Scientific Revolution, 1
SDPM (spectral-domain phase 

microscopy), 113
second-order statistics, 42
shift theorem, digital holography, 87
sHPM (stabilized HPM), 153–155
sHPM images of discocyte, 160
side scattering, particles, 32
signal-to-noise ratio (SNR), 57–60
SLIM (Spatial Light Interference 

Microscopy), 313–314
AFM (atomic-force microscopy), 

230–232
biological applications, 236–240
cell dynamics, 236–238
cell growth, 238–240
computational imaging, 235–236
developments, 234–236
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SLIM (Spatial Light Interference 
Microscopy)(Cont.):

DIC shadow artifact, 236
DPM (Diffraction Phase 

Microscopy), 232
and DT (diffraction tomography), 

275–276
and FTLS, 252–253
Gabor’s (in-line) holography, 229
glial cell membrane fluctuations,  

238
grouped processing, 232
growth of E. coli cells, 239–240
label-free optical sectioning, 239
Laplacian, 236
LCPM refresh rate, 226–227, 232
measuring cell growth, 238–239
nanoscale accuracy, 232
neuronal structure, 252
phase accuracy of, 230–231
principle, 226–233
quantitative-phase image, 228
refractive index information, 314
schematic setup, 227
Schnitzcell software, 239
SLIT (spatial light interference 

tomography), 239
spatial-phase sensitivity, 233
tissue optics, 306
topography of graphene, 233
transverse resolution, 232

SLIM-fluorescence multimodal 
capability, 234–235, 299

SLIT (spatial light interference 
tomography), 239

SNR (signal-to-noise ratio), 57–60
spatial and temporal power spectrum, 

137
spatial correlations, 43
spatial filtering, 47–48

plane waves, 51–52
via 4f system, 47

Spatial Light Interference Microscopy 
(SLIM). See SLIM (Spatial Light 
Interference Microscopy)

spatial phase modulation, 124–126
spatial phase sensitivity, 135–137
spatial power spectrum, 44–48
spatial sampling, transverse 

resolution, 129–130
spatial sinusoid, coherence volume,  

40
spatial uniformity, 135–137
spatially averaged irradiance, 41
spatiotemporal complex degree of 

correlation, 41
spatiotemporal correlation function, 

39–42
spatiotemporal modulation, 147

specimens, magnifying images of, 121
spectral-domain phase microscopy 

(SDPM), 113
spectral-domain QPI, 112–115
spectral filtering, 51–52
spectroscopic DPM, 279–281

Hb refractive index, 280–281
Mach-Zender interferometer, 280

spectroscopic measurement, 51
spectroscopic QPI, 277–284

absorption spectroscopy, 277
complex analytic signals, 278
dielectric susceptibility, 278
dispersion relationship, 277–278
Kramers-Kronig relationship, 278
tensor quality, 278

spectroscopy methods, 309
spherical coordinates:

3D Fourier pairs, 337–338
circular symmetry, 337
spherical symmetry, 337

spherical particles, 30–33, 36–37
spherical symmetry, 337
spherical waves:

approximations of, 14–16
complex analytic signal, 13
Green’s function, 11–14
Huygens’ principle, 14
propagation of, 13

spherocyte, QPI artwork, 344
stability of QPI systems:

active stabilization, 134–135
common path inteferometry, 135
differential measurement, 135
improving, 134–135
passive stabilization, 134

stabilized Hilbert phase microscope, 
154

stabilized HPM (sHPM), 153–155
stars, angle subtended by, 46
statistical optical field, coherence 

volume, 39
Stokes-Einstein equation, 206
structure function, using with 

particles, 35–36
superresolution optical imaging, 1
swept source OCT, 102–106

T
telecentric, defined, 65
telepathology, 283
temporal and spatial power spectra, 40
temporal autocorrelation function,  

48–50
temporal correlations, 48–52
temporal phase modulation,  

122–124
temporal-phase sensitivity, 131–135
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temporal sampling, acquisition rate, 
128–129

temporal stability, 131–135
tensor quality, 278
TF (transfer function), role in imaging, 

56
thin lens, focal distance of, 20. See also 

lenses
tissue diagnosis:

H&E stained slices, 313–314
label-free, 313–317
SLIM (Spatial Light Interference 

Microscopy), 313–314
tissue optics:

angular scattering, 301–302
background and motivation, 301
differentiation theorem, 305
error estimation, 307
Gaussian statistics, 304
Gegenbauer Kernel phase function, 

302
Henyey-Greenstein distribution, 306
Lambert-Beer’s law, 302
momentum transfer, 304
normal distribution of phase shifts, 

303
organelle to organ scales, 301,  

306–308
Parseval’s theorem, 305
phase gradient distribution, 302
radiative transport equation, 301
scattering mean free path, 303
scattering-phase theorem,  

301–306
SLIM (Spatial Light Interference 

Microscopy), 306
tissue-scattering properties,  

306–308
tissue slices from rat organs, 307

tissue refractometry, 161–162
tomography, 5–6, 277
tomography via QPI, 271–272

CT using DHM, 272–275
DT via SLIM, 275–276

transfer function (TF), role in imaging, 
56

transmission imaging, DHM 
schematic, 142

transport of intensity equation,  
221–225

biological applications, 224–226
developments, 223
Laplacian, 222–223

transport of intensity equation,  
(Cont.):

principle, 222–223
QPM phase map generation, 225
quasi-monochromatic fields, 223
rat erythrocyte morphology, 225
X-rays before light, 223

transverse magnification, 65
trends in applications:

cell dynamics, 287–297
cell growth, 297–300
clinical, 308–317
tissue optics, 301–308

trends in methods:
spectroscopic QPI, 277–284
tomography via QPI, 271–277

Tsallis formalism, 196

V
Van Cittert-Zernike theorem, 46–47
vidicon, use with digital holograms, 88
visualization modalities, obtaining, 3

W
wave, propagation in free space,  

9–14
wave equation, plane wave solution of, 

11
wave propagation, Fresnel 

approximation, 14–16
Wax group, 147
weakly scattering media, 23
white light, spectrum of, 230
white light illumination, 138
white light methods:

SLIM (Spatial Light Interference 
Microscopy), 226–240

transport of intensity equation,  
221–225

white noise, 132

Y
YFP-PCNA cells, imaging, 299
Young interferometer, 42

Z
Zernike’s PCM (phase contrast 

microscopy), 2, 46–47, 52, 74–78, 
159. See also microscopy

zero-contrast image, 72
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