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Summary these translucent specimens. With fixed specimens contrast
] ] ] may be created using staining techniques, but @wkwith
1. The optical transparepcof unstained We @Il jive @lis this is usually not possible.oTacilitate the

specimens limits the extent to which information can bggyalization of viable cellular specimens, a number of
reCO/.ered from bright field microscopic images as th‘?s@ifferent forms of phase microsgofave been deised
specimens generally lack visible, amplitude modulatinghere contrast is enhanced by manipulation of the optical
components. Heever, visualization of the phase path |n this reiew the principles underlying these methods
modulation which occurs when light wases these qf gptical phase microscgmand the limitations associated
specimens can provide additional information. . with their implementation are discussed. A recently
2. Optical phase microscgpand dervatives of his  ye/doped nev form of phase microscgp Quantitatie
technique such as Dérential Interference Contrast (DIC) ppase Microscop (QPM), is described. The utility of
and Hofman Modulation Contrast (HMC) ke keen opm, which incorporates qualiteti sspects of established
Wldely used in the study of cgllular matt.arlalianVthes.e phase techniques and alsdea$ the capacity to undertak
techniques enhanced contrast is agtlewhich is useful in guantitatve dructural analysis, isveluated. Finally some

viewing specimens, but does not alloquantitatie  5ppications of the QPM methodology are briefly presented.
information to be &racted from the phase contemtitable

in the images. Light Propagation and Phase Properties of Cellular
3. An innovative mmputational approach to phaseMaterial

microscopy, which prosides mathematically desd ) _
information  about  specimen phase  modulatin When light vaves taverse a stained sample some

characteristics, has recently been described. Known (ﬂ@t_is absorbed by the localised pigment. Thus the
Quantitatie Fhase Microscop(QPM), this method derés amplitude of the light aves emelgen_t from specific ggions
quantitatve phase measurements from images capturéi the specimen are altered relatio the background or

using a bright-field microscope without phase Opnedium.1 This modulation alles visualisation by the
interference contrast optics. human eye, and sensitivity to féifences in amplitude are

4. The phase map generated from the bright fielgerceved as \ariatiqn in brightness and_ co_IoM/hen Iighfc
images by the QPM method can be used to emulate otHéVerses an unstained sample there is little change in the
contrast image modes (including DIC and HMC) fofMmplitude of the I_|ght since fche unplgmgnte_d samplt_a _does
qualitative viewing. QPM achiees improved discrimination N0t hare substantial absorption properties in the visible
of cellular detail, which permits more rigorous imagévavelengths usually employed for microsgopA lack of

analysis procedures to be undeetakvhen compared with amplitude modulating structure renders the sample
corventional optical methods. translucent and morphology fidult to discern. Haever,

5. The phase map contains information about celight propagated_ thr_ough a translucent sample is_ aItered_ SO
thickness and refrasts index and can allv quantitation of ~that the phase is displaced with respect to the light which
cellular morphology underxperimental conditions. As an Nas passed through the surrounding medium. dhlgh a
example, the proliferatie roperties of smooth muscle celisdisplacement is term_ed phase retardation or phasé sh_|ft.
hae been eauated using QPM to track growth and The ‘phase shift effect’ produced by a sample simply
conflueny of cell cultures. QPM has also been used to'€flects the xent to which light vave propagtion is

investigate erythrocyte cell alume and morphology in Sloved down by passage through the sampleaves/
different osmotic environments. passing through a thick sample will bevedal to a greater

6. QPM is a waluable ne non-destructie, non- degree than those passing through a thin sample. Theist ef
intenentional  experimental tool for structural andj's illustrated in Figure llncident light vaves ae initially

functional cellular inestigations. ‘in phase’, and as sample regions of different thickness and
different composition (relate © the medium) influence the
Introduction passage of the light, a variablegdee of phase retardation

is induced. The extent to which the egent light vaves

~ One of the major diiculties in visualizing and gre ‘out of phase’ with each other is termed the ralati
imaging cellular material is the lack of contrast inherent in
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phase shift and is measured in rad@hglnlike anplitude Differential Interference Contrast (DIC)

variations, differences in phase cannot be peeceby the _ o _
eye or by fhotographic film. Differential interference contrast microsgopvas

invented in the 195@ by he French optics theoretician,
Geoge NomarskP. DIC is based on modification of the
Wollaston prism which is used for detecting optical
gradients in specimens and wering them into intensity
differences’ The equipment needed for DIC microsgop
includes a polarizera keam-splitting modified \Wlaston
prism belov the condenseranother prism abee the
OutofPhase  ghjective, and an analyzer abe the upper pris® The
prisms allov for splitting of the incident light in the optical
path before reaching the specimen and re-combination of
Figure 1. Schematic representation of the phase retardathe split beams lyend the specimen. As a result the paths
tion of light as it passes through a sample. of the parallel beams are of unequal length and when re-
Light waves & ‘in phase’ befae passing though the spec- combined allav differences in intensity to be discerriéd.
imen, but a@ ‘out of phase’ emerging from cekgons of Under DIC conditions one side of the specimen appears
non-uniform thikness due to the effects of phastanda- bright while the other side appears dark, conferring a three-
tion. dimensional ‘shade relief’ appearanc. An aesthetic
colour effect may also be achié with DIC when there is
a further phase shift produced by awe plate inserted in
the light path. A major adntage of DIC is that it mak
full use of the numerical aperture of the system and permits
focus in a thin plane section of a thick specimen, with
reduced contributions from specimen regions vabar
belonv the plane of focus. Thus DIC provides superior

Light Wave

In Phase

Optical Phase Microscopy

The optical phase microscope wasdleped to allev
visualisation of the phase properties of unstained cellul

material and works by cwearting phase properties to ) . .
amplitude differences that can be detected by eyéerBift resolution to Zernik phase contrast microscopid and when

forms of optical phase microsopptilise various optical couPled with other equipment allows optical sectiorihg.
devices that change theay light is refracted and reflectedP!C has the additional advantage that the ‘halo’ edge
and these he ened for may years as useful tools for €f€Cts produced by standard phase microgawp lagely
qualitatve examination of unstained i@ lls. An absent® Unfortunately DIC is epensie © set up due to
ovaview of the major types of phase microsyojs the cost of the accessory optical components, requires

provided belev, and the advantages and disadvantages gf3nificant increases in incident lightvéis and is not
each are briefly considered. conducve © imaging with plastic culture dishes (which

mix the phase retardation fefts with birefringence).
Zernike Phase Microscopy Implementation of DIC can also be physically restretes
the condenser positionver the stage of an werted

The ‘standard’ (Zernike) phase microscopegied microscope can obstruct access for placement of

in the 19305 by he Dutch pisicist Fritz Zemile uses a experimental tools (ie recording electrodes, solution
phase plate to alter the passage of light passing direcilyritzers).

through a sample by a specifiedwdength fraction. This
method results in destrueti interference of light and Hoffman Modulation Contrast (HMC)
allows details of the normally transparent cellular specimen

to appear relately dark against a light background. That is
the phase differences are werted into amplitude

Hoffman Modulation Contrast, wented by Robert
Hoffman in 1975314 is similar to DIC, but works by the

differences and obsed as intensity contrast. The extent Ofomer§|()lr;80f optical gradients into variations in light
phase shift induced is determined by a combination of tHg€NSity->*The components of the HMC system comprise
refractive index and thickness of a specimen atygwint? an amplitude spatial filter (the ‘modulator’) placed at the

By this means, structures of unstained living cells, n&}ack focal plane of an objeeti and an off-centre slit
evident using bright field microscyp can be visualised partially covered by a po!arlzer located at the front plane of
using optical phase microsgopA major disadvantage of € condensertoffman images h& a tree-dimensional
Zemnike phase microscapis the appearance of light halos@PPearance arising from the directiondéef of the optlcal
at the edges of specimen components where the phase &fifdients. Lik DIC, a major advantage of HMC is that
gradient is most steep, resulting in poor boundalf)'r'"er use of the numerical aperture results wtedlent

localisation. These boundary haldeets are particularly 'esolution of detail together with good specimen contrast
problematic if quantification of cell size and/or structure i&"d Visibility HMC can be used for imaging through plastic
requiredt6-8 culture vare, and it is for this application that the technique

is most widely utilised. Although the Hoffman ‘view’ &k
on a three-dimensional appearance, localisation of image
detail at a particular depth within the sample is rediti
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Figure 2. Example of the ability of QPM to highlight cellular morphology by creating of phase maps.

All bright field imayes presented in kgures wee acquired using a blac and white 1300« 1030 pixel Coolsnap FX CCD
camen (Roper Scientific) mounted on a Zeiss A&t 100M inverted miascope The defocus imges were dotained using
a piezoelectric positioning device (PiFoc, Physik Instrumeltelsruhe Germany) for objective translation. Bright field
images were processed to generate phase maps using QPm sefwiad IATIA Ltd, Australia).

A:. Bright field image d human buccal epithelial cell (Achroplar40, NA 0.60).

B: Phase map of cell shown in A, showing prominent phase-dense (darker) nucleus.

C: Bright field imaye d mouse erythrocyte (Achroplar63, NA 0.80).

D: Phase map of erythrocyte shown in C, with biconcavity depicted as a darkened annulus of increased phase.

imprecisé and this can makgatial naigation through a images. The mathematical processeslired hae hkeen
specimen visually difcult. As with DIC, HMC also described in detail elsewhere, but essentially the procedure
involves a number of ancillary optical components and &ntails calculation of the rate of change of light intensity

relatively expensie o implement. between the three images in order to determine the phase
o ) shift induced by the speciménThe de-focus images may
Quantitative Phase Microscopy be obtained either by positioning a mirror at specified

apoints in the optical path or by translating the obyectd
microscopy techniques discussed alepwhilst very useful posmons.abwe and b,e'.“,” the designated plgne of focus.
in mary different observational and imaging situationsBo'[h the image ach|§|t|on and the computa.tlonal'processes
generally only provide qualita® information about for QPM can be directed by commerciallwaisable
cellular morphology An innovative cmputational h?‘rd‘”are and spftware (QPm software, TIA Ltd, Box
approach to phase microsgpp which proides Hill Nth, Australia).
mathematically devied information about specimen phaseUsing QPM for Qualitative Evaluation of Cell
modulating characteristics, has recently been desctigéd. Morphology
Known as Quantitate Fhase Microscop (QPM), this
method combines the useful qualwati dtributes of QPM is particularly aluable for examining cellular
previous phase imaging approaches with the additionatorphology especially when visualising phase dense
adwantage of quantitate representation of specimen phaseomponents of cellular structures such as the nucleus,
parameters. With QPM, a phase-based analysis of cetbanelles or intracellular inclusions. Figure 2A slsoan
structure, morphology and composition is possible usingexample of a typical bright field image of adzal epithelial
relatively simple wide field microscope. In optical phasecell, from which little evidence of detailed intracellular
microscopy the amplitude and phase image components asgucture can be gleaned. When a phase map is generated
inextricably embedded in the image generated, whererem bright field images using QPM methods (Figure 2B),
with QPM it is possible to separate these specimen qualitib®e phase information within the cell becomes apparent
in the images produced. with visualisation of the intracellular ganelles, including
The implementation of QPM wolves the calculation the very obvious phase dense (dark) nucleds.a further
of a ‘phase map’ from a triplicate set of images captureskample, Figure 2C shows a bright field image of an
under standard bright field microsgopA computational erythrogte ehibiting a characteristic biconea dsk-like
algorithm is applied to the analysis of an in-focus imagghape. The calculation of the phase map using QPM (Figure
and a pair of equidistant posii and neaive de-focus 2D) allovs more detailed representation of the cell

It is important to emphasise that the optic

Proceedings of the Australian Physiological and Pharmacological Society (2804) 123



Quantitative phase microscopy

150 um

Figure 3. lllustration of the diferent simulated imaging modalities generated using QPM applied to smooth muscle
cells in culture (Achroplanx10, NA 0.30).

A: Bright field imaye d human airway smooth muscle cells.

B: Phase map produced using bright field gean Panel A.

C: Differential Interference Contrast (DIC) irga @lculated from phase map.

D: Hoffman Modulation Contrast (HMC) irga @lculated from phase map.

geometry with the biconcuity appearing as a well defined applications hee dready been deloped!®!® These

annulus of increased cell ‘phase’ thickness. include the tracking of culture conflugnand grawth?°to
The phase information which ixteacted from wide investigate cell proliferatie poperties, and the

field cell imaging by QPM analysis may also be utilized tdevelopment of cell volume measurement technidtiés

simulate optical phase and to reproducdediint imaging evduate variations in erythrocyte morphology.

modalities. Br example in Figure 3A, a bright field image i

of a smooth muscle cell culture is sig notable for the Tracking Cell Cultue Gonfluency and Growth

lack of contrast and definition. In Figure 3B the phase map

calculated from the triplicate set of bright field images Ozgchi

the same cell fieldxibits considerably enhanced contrasf,

and cellular delineation. Based on the information withi resholding manipulations. This feature of QPM has been
the phase map, mathematical procedures can be applie }Bloited to deelop nev tools for the quantitate

aI.Iow caI.cuIa'tion gnd Crea“?’.‘ of images usua”y.aSSOCiat%Q/auation of cell gravth in culture, using repeated imaging
with optical 'maging modalities SfUCh as DIC (Flgure 3C)of cultures to assess the progressiowatds conflueng
Hoffman Modulation Contrast (Figure 3D), Zeraikhase over designated periods of tinf€. It is important to

C):ntrqst a?tharI;NIT |eld.| Th's IS a u;.eful tzng;?i:t appreciate that methodologies yioeisly established for the
extension o the Q analysis approach, as thesere measurement of cell gngh in culture are either destrugi
image modes are all deed from the same initial bright or extremely laborious. These include cell size

field image set without gnspecialized optical equipment. easurement with fluorescence watgd cell sorting

Comparltla d \.Nithl other t gchniqlees,bQPhh:I f'isl dopt.ically an ACS, which requires remval of cells from their substrate
practically simple, requiring only a bright fie MICTOSCOPg, trypsinization), cell protein synthesis estimation (using
and a CCD camera to generate a range of magn&é

. " ) . . iated leucine upta®) or manual cell counting by
modalities. An additional caenience is that with QPM, haemocytometr§?25 The ability of QPM to praide

the bright field imagi'n'g conditions do not req.uire that auantitati/e information rgading the gravth of cellsin
cqndenser be p05|t|ongd close 'm)o he inverted situ in culture preides a significant advance on these
microscope stage, and this a¥® for improved access of techniques
other equipment such as electrodes and pipettes. The first step in the processing of QPM-dediphase
maps to quantify the amount of cellular materialolaes
Using QPM for Quantitatie Assessment of Cellular the generation of a p&k |n_tenS|ty _hlstogram to ddrentiate
Morphology the phase values associated with cellular and non-cellular
regions of the culture dish. From this histogram a threshold
The use of QPM for quantitaé asessment of cell grey levd is dditained at which segmentation of cellular
attributes has considerable potential, and a number of sucbm non-cellular material can be acked to produce a

The relatvely high deyree of contrast which is
eved in phase maps generated by QPM analysisemak
e images especially amenable to segmentation and
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Figure 4. Demonstration of the segmentation process usgdagsessing confluency of human airway smooth muscle
cell cultures (Achroplanx10, NA 0.3).

A: Phase map of human airway smooth muscle cell aultur

B: Sgmented imge d phase map in A,aneated using the threshold value determined by axis interceptgéiP@ Plus
softwae V3.0 Media Cybernetics, USA) See text for method details.

binary image (for a more detailed explanation of eurvmay be established (or is kmp already) it is also possible
fitting and extrapolation procedures see @iral 2004%. to use QPM to measure the thickness of a cell. Thus, the
This image manipulation process is illustrated in Figure vblume of an indiidual cell or of a field of cells may be
which shows a smooth muscle cell culture phase mapeasured by the integration of thicknesdues &tracted
(Figure 4A) calculated from a bright field image, and tht'om designated areas of the phase map. Erytesc
sgmented cell-delineated image produced by thiwhich adopt predictable and well characterized geometric
thresholding process (Figure 4B). The area summation stiapes in different osmotic \@ronments?®3! are a
the segmented cellular material on the culture plagarticularly cowmenient cell type for the demonstration of
provides a measure of the conflugnaf the cell culture, this application of QPM?!
expressed as a percentage of the total field aramieed When exposed to a didiently hypotonic solution,
(in this example calculated to be 17.05% of total field). Therythrogites expand their isotonic biconcavity and &kn
precision of this measurement relies on the threshold grepherical shape.In this condition, the red blood cell
level extrapolated by curve-fitting methods applied to théhickness (depth) may be equated with the width (measured
image pixel intensity histogradh and is entirely in the x-y plane).From a specific cell a certain phasgue
reproducible for a gen image. The extent to which can be correlated with the measured thickness/width. By
histogram distributions ary from image to image will aveaging awer mary cells, a ‘generic’ erythrocyte refraeé
determine the measuremerariability, and this should be index can be determinett. This refractve index can then be
evduated empirically for diferent imaging conditions. As applied to ap similar cell, or fields of cells under
this methodology does not require the cells to bequivaent circumstances to cest the phase alues
manipulated in an fashion (ie by staining or contained in the phase map (such as thawsho Figure
trypsinization), repeated measurements of the same c&) to an estimate of cellulaolume. Erythrocyte ®ume
field may be madever a pecified time period to dee a calculations performed using this methodology compare
grownth curve. The high contrast phase visualizatiofavourably with those previously reported using more
produced by the QPM technique makes these measureméait®rious and destrugg methods3?33 For other cell types
feasible — the contrasvailable in bright field andwen in  with less comenient geometryessentially the same process
corventional optical phase images is generally not adequatan be used to undergkolume measurement, although
to permit reproducible image thresholding and reliable cedomavhat more compbe procedures (ie confocal
delineation. microscoy combined with QPM) may be required to

initially establish a &lue for refractie index when this is

not independently \ailable. As phase shift is simply the
Cellular Volume Measurement product of specimen thickness and refsactindex, ary
grror in the determination of the refragtiindex will be
linearly reflected in the calculatedblume. A refractre
index of 1.59-1.63 is commonly reported for erythytes®
and taking walues at either extreme of this rangeud
produce about a 2.5%asiation in computed volume. In

Cell volume regulation is a fundamental cellula
homeostatic mechanisth.Accurate measurements of cell
volume can preide important information about man
physiological regulatory and growth processest buch

measurements are particularly difficult to undestak L o .
most applications, where the refraeti index is not

situ.12:27 . ;
As the extent of phase shift induced when ”gh?xpected to alter under experimental circumstances for a

passes through a translucent cellular specimen qaven OE_!” type, phase cha_nges can beetako be directly
determined by a combination of the refraetindex and proportional to changes in cell thickness (and therefore

thickness of the cell, it follows that, where refraetindex volume}) for relawe measurements.

Proceedings of the Australian Physiological and Pharmacological Society (2804) 125



Quantitative phase microscopy

As a newly devised microscgpechnique, QPM has 12.
demonstrated application in thevaliation of cellular
structure and morphologyhe full value of QPM as a non-
destructve, non-intenentional e&perimental tool for
functional imaging of ‘real time’ cellular process will 13.
become evident as this technique is more widely
implemented. 14.
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