
Abstract. Measurements performed with an Airyscan laser
phase microscope showed the possibility of localisation of
structural elements of a surface with a large gradient of the
proéle height and linear dimensions as small as 25 ë 40 nm,
which is 10 ë 15 times lower than the Rayleigh criterion. The
width of the structural elements was estimated from the
extent of a region of the enhanced intensity of phase êuc-
tuations. A metallised CD substrate with the known surface
structure was used as a test object. Fluctuations of the optical
path difference, whose intensity increased at steep proéle
slopes, were measured by periodically scanning the surface
proéle. It is shown that the extent of the region of enhanced
intensity of phase êuctuations is close to the measured width
of the steep proéle slope. The intensity of êuctuations
increased proportionally to the square of the height gradient,
while their spatial extent decreased noticeably with increasing
the objective aperture. These measurements explain a high
sensitivity of the dynamic phase microscopy to êuctuations of
the optical path difference in the regions of high gradient of
the refractive index. The increase in the intensity at the slopes
of the phase height proéle and the spatial ë temporal cor-
relation of êuctuations were observed in mitochondria and
other biological objects.

Keywords: optical path difference êuctuations, method of dynamic
phase microscopy, intracellular dynamics, superresolution.

1. Introduction

Points in the phase of interference images in the vicinity of
which the amplitude of a signal tends to zero and its phase
becomes ambiguous are called singularities. These singula-
rities can appear in experiments in the regions of the object
surface with a high steepness of the proéle height and can
be manifested as the wave-front dislocations or an increase
in the intensity of phase êuctuations.

Recent interest in the living cell microscopy and the
dynamics of macromolecules [1] stimulated the development
and application of new optical methods featuring the high

spatial and time resolution. Indeed, it seems that almost all
intracellular processes are accompanied by local variations
in the refractive index. For this reason, the interference
methods, which are highly sensitive to variations in the
optical path difference (OPD), proved to be useful for
obtaining new information [2, 3].

The method of dynamic phase microscopy (DPM) [2, 3]
allows the measurement of OPD êuctuations h(x, y, t),
which can be related in transparent media to the projection
of the refractive index n(x, y, z, t) on the image plane or to
the movement of the object as a whole. The OPD êuctua-
tions can be caused by the singularities and internal struc-
ture of the éeld, as well as by various external noises.

Several methods were proposed in paper [2] for ana-
lysing a change in the object state represented by its dynamic
image h(x, y, t). For example, track diagrams h(x, t) could be
obtained for the scan line chosen in the two-dimensional
phase image of the object, which contained information
required for calculating spatial ë temporal correlation func-
tions, spectral patterns, Fourier spectra, wavelets, etc.

Phase images have a number of unusual properties. For
example, measurements of test objects with an Airyscan
laser phase microscope [2 ë 4] have demonstrated the pos-
sibility of increasing the spatial resolution by a factor of 3 ë
5. The resolving power of a phase microscope depended not
only on the numerical aperture An of the objective but also
on the object structure, in particular, on the local OPD
gradient. At singularities of phase images, the dislocations
of the wave front can be also observed [7, 8], which are
caused by the phase ambiguity in the vicinity of zeroes of the
interference-éeld intensity. The proéle slope dh=dx in this
vicinity in the cross section of the phase image can be greater
than the real `geometrical' slope dH=dx. The characteristic
feature of singularities is a large phase (or OPD) gradient
dh=dx, which appears, as a rule, near a structural inhomo-
geneity of the object. In transparent media, singularities can
be also caused by a large gradient of the refractive index.

The sensitivity to êuctuations of the object parameters
and to the inêuence of external factors drastically increases
in the vicinity of singularities. A similar increase in the
intensity of êuctuations near the stability boundaries is well
known in many éelds of physics, for example, in the theory
of oscillations and in the physics of phase transitions.

In the case of a surface with the submicron structure
considered below, we assumed that the extent D of the
region of high-intensity OPD êuctuations I (x) is close to the
width of dx of the proéle part with a large height gradient.
Because the values of I (x) and D are averaged over a
comparatively long time of measurements, the width D is
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statistically more reliable than one of the measurements of
the proéle width dx.

It is natural that the width D depends on the origin of the
êuctuation source (it can be a characteristic of a particular
microscope), the numerical aperture of the microscope
objective, and the spatial resolution used in the measure-
ment of dynamic processes. The corresponding resolution
criterion for D, which can be adopted by one or another
reasoning, can substantially differ from the Rayleigh crite-
rion R � 0:61l=An [9, 10] established for a model of two
identical incoherent point sources. For functional images,
including phase images, there are no generally accepted
resolution criteria. We will use in this paper the super-
resolution parameter in the form S � R=D4 1, which takes
into account both factors: the locality of the dynamic
process and the numerical aperture of the objective.

The possibility of superresolution in the above sense is
by no means obvious. The aim of the measurements pre-
sented below is to demonstrate the superresolution and to
determine the conditions of its realisation in a model
experiment with a surface with a submicron structure
reêecting light. These results allow us to explain êuctuations
in biological objects, where an increase in the intensity and
the appearance of characteristic metabolic signals were
observed in sites with the large OPD gradient [11, 12].

2. Results of measurements

The fabrication of an artiécial object with a submicron
dynamic proéle is rather problematic, whereas natural
biological objects (cells and organelles) are either unstable
or some of their optical properties are unknown. For this
reason, we used a structured metal CD substrate, assuming
a priori that the more intense OPD êuctuations related to
the intrinsic noise of a microscope will be observed at steep
slopes of the surface proéle.

The position of the scan line perpendicular to the tracks
was éxed on the phase image of the substrate. Then, the
track chart h (x, t) was obtained by repeated scanning the
proéle h(x) for 30 s and the intensity êuctuation distribution
I (x) was calculated. The measurements were performed with
an Airyscan laser phase microscope [2 ë 4] with 30�=0:65,
50�=0:75, and 100�=0:95 objectives. The apparent proéle
slope dh/dx at the track boundary can be changed by
rotating an object table. To detect steep parts of the proéle
h(x), the focusing error should be no worse than 20 nm.

One can see from the track structure proéle shown in
Fig. 1a that the structure step was 1.6 mm, the width of the
track was 800 nm, and the proéle height was 120 nm. The
change in the intensity I(x) of êuctuations along the scan
line is shown in Fig. 1b. The position of the intensity maxi-
ma coincided with the steep slopes of the proéle, while their
width D was close to the extent dx of the steep part of the
slope. The width dx of steep slopes, the extent D of êuc-
tuations, and the proéle symmetry were measured by
rotating the object table with a sample relative to the
optical axis.

One of such asymmetric proéles measured using the
100�=0:95 objective is shown in Fig. 2a. Figs 2b and 2c
show the dependences of the intensity I and the slope dh=dx
on x, which conérm the coincidence of their maxima. One
can see that the widths of the maxima in this case were the
same within the measurement error (�20%) and equal to
dx ' D � 25� 5 nm, which is substantially lower than the

nominal resolution of the objective 400 nm. Similar results
were obtained in measurements with other objectives. As the
numerical aperture was decreased, the minimum width of
the proéle increased, while the intensity of êuctuations
decreased. The results of measurements performed with
the 50�=0:75 objective are presented in Figs 2d ë f.

The approximately linear dependence dx ' D in a broad
range of the slope variation follows from Figs 3 and 4. A
large dispersion of the data is probably explained by the
inêuence of various uncontrolled factors (acoustic noise,
interferometer drift, etc.). The maximum intensity proved to
be proportional to the square of the slope dh=dx: Imax �
C(dh=dx)2 (Fig. 4). Fig. 5 shows that the spectral density of
êuctuations decreases monotonically with the frequency and
the contrast components are absent.
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Figure 1. Proéle h (x) of a CD surface measured along a scan line, which
demonstrates the characteristic structure of a track (a) and the intensity
I (x) of OPD êuctuations calculated from the track chart obtained upon
the repeated scan of the proéle h (x, t) (b).
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Figure 2. Asymmetric proéles h (x) (a, d) and dependences of the OPD
êuctuation intensity I (b, e) and the proéle slope dh=dx (c, f ) on x for
measurements with the 100�/0.95 (a ë c) and 50�/0.75 (d ë f) objectives.
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3. Discussion and conclusions

The increase in the intensity of êuctuations at steep proéle
slopes can be simply explained, and the random nature of
êuctuations is conérmed by a monotonic decrease of their
spectral density with the frequency. The dependence I (x)
could be interpreted as the image of the time-averaged
intensity distribution of êuctuations detected in the vicinity

of a randomly moving surface element with the coordinate
x0 and the linear size dx.

However, in the case under study an object was immo-
bile, and the lateral movement was simulated by the intrinsic
noise of the instrument. We can estimate the root-mean-
square amplitude dx0 of êuctuations of lateral displacements
taking into account the quadratic dependence of the inten-
sity of OPD êuctuations on the proéle slope: Imax �
C(dh=dx)2. For the dispersion h(dx0)2i � 30ÿ 40 nm2

(for Imax ' 900 nm2 and dh=dx ' 5:5 from Figs 2b and
2c), we obtain the root-mean-square amplitude of the
displacement of the point x0 of the object dx0 ' 6 nm
and estimate the width of the distribution function as
� 12 nm. The width D � 20 nm measured directly proved
to be close to this value.

Such an agreement was absent in the case of measure-
ments with a 50� objective, which can be explained by a
lower resolving power. The effect of the numerical aperture
on the slope of the phase height is quite natural if we take
into account the fact that the structure elements are smaller
than the wavelength of light. However, a very strong
dependence of the superresolution on the numerical aperture
(S � 1:5 for An � 0:65, S � 10 for An � 0:75 and S � 16 for
An � 0:95) proved to be unexpected. To explain this
dependence, additional studies are required.

The results presented above illustrate the features of
phase distortions and the possibilities of DPM, and show
that the criterion of resolution of phase images should be
reéned.

The problem of superresolution has been studied in
many papers, however, the resolution of functional images
has not been adequately analysed. The measurements of
submicron structured by phase methods involve inevitable
systematic and random errors [6, 7] caused by high require-
ments to the focusing accuracy, the inêuence of polarisation
and diffraction distortions, and by other technical factors.
The correspondence between the phase images and a real
object assumes knowledge of the optical parameters of the
latter, so that the interpretation of the results of measure-
ments is not always unambiguous.

Despite these limitations, the phase methods énd wide
applications in scientiéc instrument making due to their
high sensitivity. One of the promising applications of phase
microscopy, in particular DPM, is the measurement of
intracellular dynamic processes.

In measurements of the surfaces of mitochondria and
other organelles by the DPM method [2, 3, 11], an increase
in the intensity of êuctuations was always observed at steep
proéles of the phase height. In addition, high-contrast
spectral components were present in the OPD êuctuation
spectra. The linear size of the êuctuation region (50 ë
100 nm) was sometimes close to the pixel size. When the
size of isolated organelles was small, for example, in a
suspension of mitochondria with diameter less than micro-
meter, along with endogenous biophysical processes related
to the fermentative activity, the Brownian motion of orga-
nelles made a noticeable contribution to êuctuations.

In spectral patterns, low-frequency components corre-
sponded to this motion, the extent of these components
along a scan line being close to the mitochondrion diameter.
The spectral density of êuctuations in these cases rapidly
decreased with frequency. The endogenous processes related
to the fermentative activity corresponded to less extended
scan lines with contrast spectral components.
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Figure 3. Dependence of the width D of regions of high-intensity OPD
êuctuations on the width dx of the corresponding slopes with a large
height gradient.
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Figure 4. Dependence of the maximum intensity of OPD êuctuations for
different parts of the proéle on the corresponding slope dh=dx.

r
�
nm2 Hzÿ1

0 0.2 0.4 0.6 0.8 F
�
Hz

50

100

150

Figure 5. Dependence of the spectral density r of êuctuations on the
frequency F (high-contrast components are absent).
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In the general case, an immobile biological object in a
buffer solution with the refractive index n0 can be treated as
an optical inhomogeneity n (x, y, z, t) with the geometrical
axial thickness H (x, y, t). In a rather crude geometrical
optics approximation, the phase image of the object can be
represented in the form dh=dx � Hdn=dx��(nÿ n0)dH=dx�.
The OPD gradient dh=dx � Hdn=dx� (nÿ n0)dH=dx in
such a transparent medium depends both on variations
in the refractive index n (x, y, z, t) and on the geometrical
thickness H. The intensity of êuctuations can increase at
steep proéle slopes and the spectral components with
frequencies that are typical for H(x, y, t) and n (x, y, z, t)
can appear. The separation of contributions from these two
factors and the identiécation of signals are not trivial in the
general case. However, when a priori information on the
object structure is available, signals h (x, y, t) can be inter-
preted quite reliably from the biophysical point of view.

As an example, we present in Fig. 6 the results of
measurements of êuctuations in a mitochondrion [2, 11].
The phase height proéle averaged for the measurement time
of 30 s (Fig. 6a) does not reêect a complex internal structure
of the mitochondrion. The mitochondrion diameter meas-
ured at the half-height was equal to 0.5 mm. The intensity
distribution I (x) of phase êuctuations in Fig. 6b is not
smooth and has a maximum near the left steep part of the
proéle. One can see from the spectral pattern shown in
Fig. 6c that the extension of low-frequency components
(F < 1:2 Hz) is greater than the transverse size of the
mitochondrion, while that of the higher-frequency is
smaller.

The spectral density of components with frequencies 1.7
and 7.3 Hz is shown in Fig. 6d. The maxima of the com-
ponent intensity are located near the steep slopes of the
height proéle. The spectral density changed noticeably at the
segments of the scan line dxm � 50ÿ 80 nm, which were
substantially smaller than the slope width Dxm � 200 nm.
The êuctuation spectrum at the point x � 0:8 mm in Fig. 6e
exhibits the high-contrast component with F � 1:7 Hz and
the width of about 0.1 Hz. The extent of this component,
which is comparable with the mitochondrion diameter,
suggests that synchronous oscillations occurred at this
frequency in a great part of the mitochondrion, which
can be caused, for example, by regular variations in the
membrane potential. The presence of more localised com-
ponents can be explained by the activity of some groups of
enzymes. Assuming that the total axial thickness of the
mitochondrion membranes is H ' 100 nm, we can obtain
from the intensity of the main component Imax � 10 nm2 a
rather realistic estimate of the change in the refractive index
dn � I 1=2

max=H � 0:03.
Thus, an enhanced superresolution can be obtained at

singularities of the phase images, and in particular, of
dynamic specimens.
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