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Abstract: We implement wave front sensor-less adaptive optics in a struc-
tured illumination microscope. We investigate how the image formation
process in this type of microscope is affected by aberrations. It is found that
aberrations can be classified into two groups, those that affect imaging of
the illumination pattern and those that have no influence on this pattern. We
derive a set of aberration modes ideally suited to this application and use
these modes as the basis for an efficient aberration correction scheme. Each
mode is corrected independently through the sequential optimisation of an
image quality metric. Aberration corrected imaging is demonstrated using
fixed fluorescent specimens. Images are further improved using differential
aberration imaging for reduction of background fluorescence.
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OCIS codes:(010.1080) Adaptive Optics; (010.7350) Wave-front sensing; (180.2520) Fluo-
rescence microscopy;(180.6900) Three-dimensional microscopy.
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1. Introduction

Optical sectioning microscopy is widely used to provide three-dimensional fluorescence images
of biological specimens. A common way of obtaining this sectioning ability is through point
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scanning methods such as confocal or multiphoton microscopy [1, 2]. An alternative is to use a
wide-field technique such as structured illumination (SI) microscopy, which retains the section-
ing ability of confocal microscopy, but can be implemented in a conventional microscope using
an incoherent light source, and without the need for scanning [3]. In this technique, the image
of a grid is projected on the specimen so as to produce a one-dimensional sinusoidal excitation
pattern in the focal plane of the objective lens. The resulting fluorescence image, consisting of
both in-focus and out-of-focus fluorescence emission, is acquired by a camera. Several images
are taken, each corresponding to a different grid position. As the grid pattern appears only in the
focal plane, it is possible to extract an optical section from the spatially modulated component
of the images via a simple calculation.

As with all microscopes, aberrations also detrimentally affect imaging in SI microscopy,
leading to lower image intensity and reduced resolution. Image quality can be restored using the
techniques of adaptive optics, where an adaptive element, such as a deformable mirror (DM), is
used to correct the aberrations [4]. Traditional adaptive optics systems use a wavefront sensor
to measure aberrations. An alternative approach is to use model-based, wavefront sensor-less
schemes, in which the aberration correction is indirectly optimised through the application of a
short sequence of trial aberrations. By using an appropriate combination of optimisation metric,
modal aberration expansion and aberration estimator algorithm, correction can be achieved
with a minimal number of measurements. The use of these efficient correction schemes is of
particular interest in biological imaging, where the reduced number of measurements minimises
photobleaching and damage on the sample. Such schemes have been demonstrated in confocal
microscopy [5] and more recently in incoherent transmission imaging [6].

In this paper we describe wavefront sensorless adaptive optics implemented in a SI micro-
scope. In Section 2, we study the image formation process in the SI microscope and investigate
the effects of aberrations on imaging performance. It is shown that the final image quality de-
pends predominantly on the imaging efficiency of the illumination pattern’s spatial frequency.
This imaging efficiency is affected much more by some aberration modes than by others. Conse-
quently, different aberration modes can have significantly different effects on the final sectioned
image. We therefore present in Section 3 a general method that provides an optimum modal ex-
pansion of the aberration and suggests an efficient aberration correction scheme. In Sections 4
to 6, we apply this method to the SI microscope and show how an optimum set of aberration
modes can be derived theoretically and confirmed experimentally. In the subsequent sections,
we describe how the adaptive optics scheme was implemented and applied to the correction of
aberrations in biological specimens. We discuss how the general scheme presented in this paper
can be applied to other adaptive optics systems.

2. Image formation in a structured illumination microscope

A structured illumination fluorescence microscope can be modelled as a two stage incoherent
imaging system. In such a system, the imageI(n) is formed as the convolution of the object
function f (n) and the intensity point spread function in the focal planeh(n):

I(n) = h(n)∗ f (n) , (1)

wheren is the coordinate vector in the plane perpendicular to the optical axis, and∗ is the
convolution operation. Alternatively, we can consider the imaging process in the frequency
domain and write:

I(n) = FT−1 [H(m)F(m)] , (2)

where FT is the Fourier transform operation,m is the two-dimensional spatial frequency co-
ordinate vector,H(m) is the optical transfer function (OTF), which is equivalent to the two-
dimensional FT ofh(n), andF(m) is the FT off (n). For simplicity, we present here expressions
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that describe the imaging of two-dimensional objects, but this approach is readily extendable to
three-dimensional imaging. The OTF can be calculated as the autocorrelation of the effective
pupil function,P(r):

H(m) = P(r)⊗P∗(r) =
1
A

∫∫

D(m)

P(r −m)P∗(r)dA , (3)

where⊗ is the correlation operation,A is the pupil area,r is the position vector,P ∗ is the
complex conjugate ofP andD(m) is the region of overlap of the offset pupils. We assume a
circular pupil with unity radius, soD(m) is defined by|r | ≤ 1 and|r −m| ≤ 1 (see Fig. 1, part
b1). If there is no amplitude variation across the pupil, then we can expressP(r) = exp[ jΦ(r)],
whereΦ(r) is the phase aberration andj =

√
−1. The OTF becomes

H(m) =
1
π

∫∫

D(m)

exp[ jΔΦ(m, r)]dr (4)

with
ΔΦ(m, r) = Φ(r −m)−Φ(r) . (5)

The aberration difference functionΔΦ(m, r), rather than the aberrationΦ(r), is therefore the
important quantity when considering the effect of aberrations in the incoherent imaging of a
particular spatial frequencym [7].

The SI microscope relies upon the projection of a physical grid pattern into the focal plane
of the specimen. We assume that the grid object is a sinusoidal transmission mask with unity
modulation depth and spatial frequency vectorg, of the form 1+cos(ψ +g.n). The variableψ
is the spatial phase shift of the pattern that depends on the grid displacement along the direction
of g. Using equation 2, the excitation pattern formed by its image in the specimen can thus be
written as:

Iexc(n) = Hexc(0)+ Hexc(g)
e( jψ+ jg.n)

2
+ Hexc(-g)

e−( jψ+ jg.n)

2
, (6)

whereHexc(m) is the FT ofhexc(r), the intensity PSF of the excitation path imaging system.
This illumination pattern excites fluorescence in the specimen, whose fluorophore distribution
is described by the object functionf (n). The generated fluorescence is therefore given by the
product f (n)Iexc(n). If we now consider the imageIi(n) of this fluorescence obtained on the
camera for a positioni of the grid corresponding toψ = ψ i, we can write

Ii(n) = [ f (n)Iexc,i(n)]∗ hem(n) , (7)

wherehem(n) is the intensity PSF of the emission path of the microscope. For simplicity, we
assume from here on that the excitation and emission wavelengths are close and that the aber-
rations are equal for the excitation and the emission pathways. Henceh exc(n) = hem(n) = h(n)
and equivalentlyHexc(m) = Hem(m) = H(m).

The sectioned image is retrieved from the three imagesI i(n) corresponding to grid positions
ψi = 0, 2π

3 and 4π
3 respectively, using the formula [3]:

Isect(n) =
√

∑
i�= j

(Ii − I j)2 . (8)

It can be shown that this image, when expressed in terms of spatial frequencies, is given by [8]:

Isect(n) =
3
2

∣

∣H(g)FT−1 [F(m)H(g+m)]
∣

∣ . (9)
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Fig. 1. Illustration of the effects of grid modes and non-grid modes: (a1-3) the pupil func-
tion P(r) showing zero phase aberration, an example grid mode, and an example non-grid
mode, respectively. The latter two aberrations have a rms phase of 1 rad. (b1) the geometry
used for calculating the OTF, showing the two pupil functions offset by the grid frequency
g; in (b2) the overlap region showsΔΦ �= 0 for the grid mode; in (b3) the overlap region
showsΔΦ = 0 for the non-grid mode. (c1-3) show the corresponding OTFs;g is indicated
by the green dots. (d1-3) simulated images of a checkerboard pattern for one grid position.
(e1-3) corresponding sectioned images derived using Eq. ( 8).

It is clear from this expression that the imaging efficiency of the grid’s spatial frequency, rep-
resented byH(g), dominates the overall intensity of the sectioned image. The firstH(g) term
is due to the imaging of the grid pattern onto the specimen on the illumination side. The term
H(g+ m) appears because the object spectrum is modulated by the grid frequency when im-
aged onto the camera. Hence, those aberrations that affect the grid frequency have the most
significant effect on the SI microscope.

By inspection of Eqs. ( 4) and ( 5), it can be seen thatH(g) is unaffected by aberrations for
which ΔΦ(g, r) is a constant. Conversely,H(g) is strongly affected by aberrations for which
ΔΦ(g, r) has a large variance. It is therefore useful to separate aberration modes into two groups:
those that affect the grid frequency (referred to hereon as “grid modes”) and those that have no
influence on this frequency (“non-grid modes”). The effects of these modes are illustrated in
Fig. 1. It is clear that grid modes have a significant influence on the intensity of the sectioned
image, whereas non-grid modes have comparatively little effect. The non-grid modes do how-
ever affect the resolution.

3. Derivation of a general optimisation scheme

The specification of a modal aberration correction scheme requires the choice of three com-
ponents: the aberration representation (the mathematical functions used to describe the aber-
rations), the optimisation metric (a quantity representing the image quality) and the estimator
(the algorithm for estimating the correction aberration). In order to obtain an optimum scheme
in which the number of required measurements is minimised, it is useful to consider these
three components as linked. We would like to choose a metric functionM whose maximum
corresponds to the highest quality image. For convenience, we will assume that this maximum
occurs for zero aberration,Φ = 0. One way to achieve efficient optimisation is to find an aber-
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ration expansion for which the modes act independently on the metric. This would allow the
independent optimisation of each mode. This can be achieved if the metric is of the form

M = M0−∑
i

x2
i , (10)

whereM0 is the value of the metric for zero aberration and the coefficientsx i represent aberra-
tion mode amplitudes. WhenM is expressed in this form, it is clear that independent maximisa-
tion with respect to eachxi is possible. Furthermore, as the function is quadratic, the maximum
can be found directly from three measurements ofM corresponding to three different values
of xi [6]. In practice, these measurements would be taken with three different trial aberrations
introduced by the correction element. However,M only takes the form shown in Eq. ( 10) if
the aberration representation is appropriately chosen. In this section we explain a generally
applicable process that facilitates this choice.

Let us assume that the aberrations are represented by an expansion over a complete (but
as yet undefined) set of modes{Xi} with a set of coefficients{ai} so thatΦ = ∑i aiXi. It is
also convenient to represent this aberration as a vectora, whose elements are the coefficients
{ai}. In general, for sufficiently small aberrations,M would be approximated by a quadratic
polynomial:

M ≈ M0−∑
i

∑
j

αi jaia j = M0−aT Aa , (11)

where the constantsαi j are the elements of the matrixA. In this form, the combination of the
metric and the aberration expansion is not ideal for efficient optimisation as the coefficients
do not act independently. As this expression represents a maximum ofM, the matrixA must
be positive semi-definite, i.e.aTAa ≥ 0 for all a �= 0. Furthermore, any positive semi-definite
matrix can be converted into a diagonal matrix by:

A = VBVT , (12)

whereB is a diagonal matrix with elementsB ii = βi and where the columns of the orthogonal
matrixV are the eigenvectors ofA. Naturally, the diagonal elements ofB are also the eigenval-
ues ofA. The optimisation metric then becomes

M ≈ M0−aT VBVT a = M0−bT Bb = M0−∑
i

βib
2
i , (13)

with b = VTa. Eq. ( 13) has the desired form shown in Eq. ( 10). The process of converting
Eq. ( 11) into the form of Eq. ( 13) is equivalent to obtaining an alternative expansion of the
aberration function in terms of a new set of modes{Yi} so thatΦ = ∑i biYi, where the new
modes can be calculated asYi = ∑ j Vi jX j.

We now outline the procedure for obtaining the matrixA. As this is a positive semi-definite
matrix, it must also be equivalent to a Gram matrix (the matrix of inner products of a particular
set of basis functions) [9]. It follows thatA can be calculated if one has an appropriate definition
for the inner product,α i j =

〈

Xi,X j
〉

. This can sometimes be obtained from an expansion of the
metricM in terms of the aberration coefficientsa i. This process is illustrated in the following
sections. Alternatively,A can be determined empirically, by measuring the behaviour ofM in
the vicinity of the maximum. This process is demonstrated in Section 6.

We note that the metricM may be insensitive to certain aberration modes and therefore the
maximum value may also occur for other values ofΦ �= 0 (as an example, measurements in most
microscopes would be insensitive to a constant phase offset). Equivalently, the inner product
would be degenerate, meaning that〈Yi,Yi〉 = 0 for certaini. This property is useful as it enables
the separation of the set of aberration modes into those that affect the chosen metric and those
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that have no influence. In the latter case, the expression in Eq. ( 13) would contain zero values
for eachβi corresponding to a modeYi that did not influence the metric. Clearly, it would not
be desirable to include these modes in any correction scheme.

4. Optimisation metric for structured illumination microscopy

A commonly used function that satisfies the required properties of an optimisation metric is the
image sharpness, defined as:

M =
∫∫ +∞

−∞
I2
sect(n)dn . (14)

With the help of Eq. ( 9) and using Parseval’s theorem, it becomes

M =

∫∫

S
|F(m)|2 |H(g)H(g+m)|2dm , (15)

where we have neglected the premultiplying constant. The region of integrationS is the circular
region of support of the offset OTFH(g+m). If we assume that the sample frequency spectrum
takes significant values only for small values of|m| (an approximation valid for many practical
samples), we obtain using a Taylor expansion (see Appendix B):

M =

(

∫∫

S
|F(m)|2dm

)

|H(g)|4 +
1
2

(

∫∫

S
|F(m)|2 m2 dm

)

|H(g)|2 ∇2
(

|H(g)|2
)

, (16)

where∇2 is the Laplacian operator and where we take∇2t(g) to mean[∇2
m′t(m′)]m′=g. In each

term of this equation, the effects of aberrations are separated from the object properties. This
enables us to design a correction scheme that is mostly independent of the object structure. For
a given object, the integral terms in parentheses are constants and Eq. ( 16) can be written as

M = F0 |H(g)|4 + F1 |H(g)|2 ∇2
(

|H(g)|2
)

, (17)

whereF0 andF1 are constants. This equation suggests a two stage scheme for aberration cor-
rection in the SI microscope, firstly correcting grid modes and thereafter non-grid modes.

For grid modes, the variation ofM is dominated by the first term of Eq. ( 17); non-grid modes
by definition have no effect on this term. Hence, following the scheme presented in Section 3,
we can determine the appropriate inner product usingM ∼ F0 |H(g)|4 and thus derive the set of
grid modes. The first stage of optimisation is performed using this subset of aberrations.

The remaining aberration then consists solely of non-grid modes, for which we can consider
H(g) to be constant. For this second stage of optimisation, the metric therefore varies asM ∼
∇2

(

|H(g)|2
)

. This expression can be used to obtain a different inner product from which the

non-grid modes can be derived. We then perform optimisation based upon these modes. In the
next section we derive these two inner products explicitly.

5. Explicit expression of the metric as a function of modal coefficients

For small amplitudes ofΔΦ, the exponential term in Eq. ( 4) can be expanded as a Taylor series,
giving

H(m) =
1
π

∫∫

D(m)

dr +
j
π

∫∫

D(m)

ΔΦ(m, r)dr − 1
2π

∫∫

D(m)

[ΔΦ(m, r)]2dr . (18)
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If M is dominated by the first term in Eq. ( 17), we can write

M =F0

∣

∣

∣

∣

∣

∣

∣

H0(g)+
j
π

∫∫

D(g)

ΔΦ(g, r)dr − 1
2π

∫∫

D(g)

ΔΦ2(g, r)dr

∣

∣

∣

∣

∣

∣

∣

4

, (19)

whereH0(g) is the OTF in the absence of aberrations. For a fixed grid frequency, this is a
constant, so will be referred to simply asH0. Considering only terms up to the second order,
Eq. ( 19) can be written:

M = F0

{

H4
0 −2H2

0

[

H0

π

∫∫

D(g)

[ΔΦ(g, r)]2dr −
(

1
π

∫∫

D(g)

ΔΦ(g, r)dr
)2]}

(20)

Let the pupil phase be represented by the modal expansionΦ = ∑i aiXi. We define correspond-
ing aberration difference modes asΔX i(g, r) = Xi(r −g)− Xi(r) so thatΔΦ = ∑i aiΔXi. Eq.
( 20) then becomes

M = F0

{

H4
0 −2H2

0 ∑
i

∑
j

aia j

[

H0

π

∫∫

D(g)

ΔXiΔX jdr − 1
π2

∫∫

D(g)

ΔXidr
∫∫

D(g)

ΔX jdr
]}

, (21)

where for brevity we have omitted the arguments of theΔX i(g, r) terms. Comparison of Eqs.
( 11) and ( 21) shows that the expression in square brackets represents the inner product required
to determine the coefficientsαi j. The metric is therefore

M = M0−∑
i

∑
j

aia j
〈

Xi,X j
〉

, (22)

whereM0 = F0H4
0 and where the (degenerate) inner product is defined by

〈

Xi,X j
〉

grid = 2F0H2
0

⎡

⎢

⎣

H0

π

∫∫

D(g)

ΔXiΔX jdr − 1
π2

∫∫

D(g)

ΔXidr
∫∫

D(g)

ΔX jdr

⎤

⎥

⎦
. (23)

This inner product is used to derive the grid modes when the specimen is a thin object located
in the focal plane. However in the case of a more realistic sample with finite thickness, the axial
extent of the specimen should also be taken into account. Following the same principles, an
expression for such an inner product is derived in Appendix A.

As the inner product〈 , 〉grid is degenerate for non-grid modes, for the second stage of cor-
rection we need another inner product that is derived using the second term of Eq. ( 17). The
grid pattern in the specimen is unaffected by non-grid modes. It follows that the axial sectioning
strength of the microscope does not vary with the amplitude of these aberrations and, hence,
we only need consider the planez = 0 in the following analysis. It is shown in Appendix B that
the new inner product is defined, to the lowest order inm, as

〈

Xi,X j
〉

non−grid = F1

⎡

⎢

⎣

H0

π

∫∫

D(g)

∇X ′
i ∇X ′

jdr − 1
π2

∫∫

D(g)

∇X ′
i dr

∫∫

D(g)

∇X ′
jdr

⎤

⎥

⎦
, (24)

where∇ is the gradient operator andX ′
i representsXi(r −g).
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Fig. 2. Experimental determination of aberration modes. (a), the metricM is plotted as a
function of the aberrated phaseΦ(r) for a number of basis modes (here 3 Zernike modes:
coma (z=7) and trefoil (z=9 and z=10)), and the resulting curves are fitted to a multidimen-
sional ellipsoid. (b), the fitting parameters are used to construct the experimentalA matrix
and determine the new set of modes{Yi(r)}. (c), a similar plot of the metricM, derived
using the new set of modes. The main axes of the fitted ellipsoid now correspond to pure
{Yi(r)} modes. (d), the experimentalA matrix for the new modes is diagonal, confirming
that the cross-talk between the modes has been cancelled. Although only three modes are
shown here, this principle can be extended to an arbitrary number.

6. Experimental determination of aberration modes

In order to verify the theoretical derivation, we developed a complementary empirical method
for ascertaining the optimal set of modes for aberration correction. The method relies on the
principle outlined in Fig. 2: for any pair(i, j) of initial modes withi �= j, the value ofM is
measured for a number of aberrated pupil phasesΦ(r ,θ ) obtained by combining the basis
modesXi(r) andX j(r) with constant amplitudeγ :

Φ(r ,θ ) = γ cosθ Xi(r)+ γ sinθ X j(r) , (25)

whereθ varies between 0 and 2π . In the vicinity of its maximum, the contours ofM as a
function of the coefficients

{

ai j
}

are ellipsoidal. Therefore, the resulting curves were simulta-
neously fitted to a multidimensional ellipsoid defined as

∑
i, j

αi jaia j = c (26)

wherec is a constant. This fitting provides us with the coefficientsα i j and hence the matrix
A. This matrix is identical to that derived in Section 5, but is obtained without recourse to the
inner product calculation. The same approach can be used as before to derive the new set of
basis modes{Yi}. An example of this orthogonalisation process is presented in Fig. 2. These
results were obtained using the experimental set-up described in the next section and the value
of the metricM was calculated from images of a thin inhomogeneous fluorescent sheet located
in the focal plane of the focussing objective, for various values ofΦ(r ,θ ). In order to test the
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of the grid. All the modes have a root mean square (rms) phase amplitude of 1 rad. (b), In-
fluence of the modes on the metricM, determined theoretically using the mode eigenvalues,
and experimentally as the FWHM of the curve ofM as a function of aberration amplitude
in a single mode. The last two modes influence only the sample frequency spectrum, and
hence their eigenvalues depend on the sample and cannot be determined theoretically.

validity of this method, the same process was repeated with the newly determined modes . We
obtained a diagonal matrix, confirming that the new set of modes does not exhibit cross-talk
and can be used for sequential correction of the aberrations.

The comparison between the experimentally determined modes and their theoretically de-
termined counterparts is presented in Fig. 3. The two sets were obtained using eleven Zernike
modes (z = 5 to z = 15 using the indexing scheme of Reference [10]) as the basis functions
{Xi}. We note that piston, tip, tilt and defocus were not used as basis functions as they should
not be included in correction schemes for three dimensional imaging to avoid changing the
imaged region in the sample. Good agreement was found between the two approaches. The ob-
served discrepancies were attributed to the residual error in the control of the aberrated phase in
the pupil plane. It should be noted here that since the derivation was independent of the object
structure, this characterization was only performed once, and the same set of modes was used
for all the following experiments.

We measured the variation ofM as a function of aberration amplitude for each of the{Y i}
modes. These curves were accurately described by Gaussian functions; the full width at half
maximum (FWHM) for each of the curves is displayed in Fig. 3b. In the case of grid modes,
the obtained values can be related to the eigenvaluesβ i and show a good agreement with the
calculated values. It should be noted that the width of each curve also determines the domain
of validity of the quadratic approximation used in section 3, which is approximately the same
as the FWHM. For greater aberration amplitudes, we found experimentally that correction of
each mode could still be performed independently with good accuracy by taking into account
the Gaussian shape of the curves in the correction algorithm. The range of the correction was
thus only limited by the aberration amplitude accessible to our DM.

7. Results

We demonstrated the aberration correction scheme in a structured illumination microscope
based around a modified IX70 inverted microscope (Olympus), incorporating a deformable
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Fig. 4. Schematic of the structured illumination microscope with aberration correction.
WLS, white light source. DM, deformable mirror. DBS, dichroic beamsplitter. BSC, beam-
splitter cube. S, sample. The blue rays mark the illumination path; the detection path is
shown in yellow. The green path represents the Mach Zehnder interferometer used to char-
acterise the deformable mirror – this is not used during the imaging experiments.

mirror (DM – Boston Micromachines Corp., Multi-DM), a 60x, 1.2NA water objective lens
with coverslip correction (Olympus) and a 30-µm period grid (Optigrid, Thalès) (see Fig. 4).
With the magnification of our system, the spatial frequency of the grid in the pupil plane was
about 4 times smaller than the incoherent frequency cutoff, corresponding to a theoretical axial
resolution of 0.46µm [8]. The grid was illuminated by a white-light source with a narrowband
excitation filter centered on 488 nm (Chroma) and imaged in the focal plane of the objective
after being reflected off the DM, which was conjugated to the pupil plane of the objective. The
fluorescence was then detected on a CCD camera through a broadband emission filter and a
dichroic beamsplitter (both Chroma), after reflection off the DM. In order to precisely control
the aberrations induced by the DM, an interferometer was added to the set-up, incorporating a
532nm laser and a CCD camera conjugated with both the pupil plane of the objective and the
DM. By placing a mirror in the focal plane of the objective, this permitted us to measure the
aberrated phase in the pupil plane and hence to determine the combinations of control signals
sent to the mirror that would produce a given aberration mode [11]. The control signals were
restricted to ensure that the DM operated in a linear range; this range was found to cover ap-
proximately 85% of the full deflection of the DM. As the relative position of the mirror and the
objective were fixed, the characterisation was performed only once, and the same control ma-
trix was then used in the rest of the experiments. As a final step, we used an appropriate control
signal offset to ensure the initial flatness of the mirror lay within the measurement uncertainty
of our set-up (rms phase≤ 0.02 rad).

Using the experimentally determined modes shown in Fig. 3, we performed aberration cor-
rection on a fixed mouse intestine sample (FluoCells prepared slide 4, Molecular Probes, USA)
using a multi-dimensional quadratic maximization algorithm: for each aberration mode, the
metricM was measured when adding a given amount of the considered mode, then again when
substracting the same amount. Along with the measured value ofM when no aberration was
added, this allowed us to estimate the initial aberration present in each of the assessed modes
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Fig. 5. Aberration correction in SI microscopy. A fluorescent mouse intestine sample was
imaged before (a) and after (b) aberration correction. The two images are displayed with
the same color table. Insert, phase induced by the mirror in the pupil plane of the objective.
The rms phase after correction is 0.61 rad. (c), profile along the lines drawn on the images.
Both profiles have been normalized so that their mean value is identical. As a result of
the resolution improvement, the contrast of small sample features (blue arrows) are better
defined after (red solid line) rather than before (black dotted line) correction. The imaging
depth was approximately 10µm. The coverslip thickness was 170µm.

and hence to correct these aberrations [6]. After each mode was optimised, images of the sam-
ple were acquired with the full aberration correction applied. These exhibit significant intensity
and resolution improvement compared to the uncorrected image (Fig. 5). Here we want to em-
phasise that the use of the appropriate metric and aberration modes means that the correction
of N modes was performed using only 2N +1 measurements, thereby minimizing the increase
in illumination time of the sample required for the correction. The acquisition time per sec-
tioned image was 300-500ms and the total time required for correction of 11 modes was 7-12s,
depending on the sample.

An additional benefit of aberration correction for structured illumination microscopy is that
the adaptive element can also be used to improve the rejection of the out-of-focus fluorescence,
as recently demonstrated by Leray and Mertz in two-photon microscopy [12]. Indeed, when
imaging a thick specimen, noise fluctuations in the fluorescence signal between the three suc-
cessive widefield images result in a large out-of-focus background in the calculated sectioned
images. As it arises from fluorescence generated outside the focal plane, this background is
weakly sensitive to the presence of aberrations, whereas the in-focus calculated signal de-
pends strongly on the visibility of the grid pattern on the camera, and hence on the amount
of aberration in the grid modes. Therefore, by applying large aberrations in a combination of
grid modes, the grid pattern is suppressed and only the out-of-focus noise can be measured
when reconstructing the sectioned image. By subtracting this aberrated image from the origi-
nal sectioned image, the fluorescent background can be efficiently removed, leading to greatly
improved contrast of the in-focus structures (Fig. 6). This improvement comes however at the
expense of additional exposure of the specimen and slight increase of the noise in the resulting
images. When combined with adaptive aberration correction, this process leads to significant
improvement in image quality.

As the aberrations have been optimised over an axial thickness equal to the one of the images,
the correction can be adapted for different imaging depths in the sample. This permits improve-
ment of the image quality throughout an axially extended sample. Indeed, as the aberrations can
change significantly with depth, using the same correction phase for different depths can result
in a degradation of the image quality compared to the case where no correction is applied, as
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Fig. 6. Aberration correction and out-of-focus fluorescence rejection in SI microscopy. Ax-
ially sectioned images of a pollen grain without (a) and with (b) aberration correction,
and with large induced aberration (c). The phase induced by the mirror is shown as an
insert. In (c), the phase was a combination of the first 4 aberration modes in Fig. 3 with
total rms amplitude of 3 radians. Background-free images were obtained by subtracting
the highly aberrated image (c) from the images obtained before and after aberration cor-
rection, giving (d) and (e) respectively. (f), profiles obtained along the line drawn in (b)
for images (a),(b),(d) and (e): aberration correction increases the intensity of the structures
while background subtraction improves the contrast. The imaging depth was approximately
30µm. The coverslip thickness was 170µm.

demonstrated in Fig. 7.

8. Discussion and conclusion

We have shown that the image formation in SI microscopy is strongly dependent upon aberra-
tion modes that affect the imaging of the grid frequency. These grid modes cause a significant
reduction in the intensity of the sectioned image and lower resolution. Conversely, non-grid
modes have little effect on the final image intensity. It is important to note that both of these
sets of modes would strongly affect the imaging quality in confocal and other sectioning mi-
croscopes. We are therefore led to the conclusion that the SI microscope, in comparison to
other sectioning microscopes, is more susceptible to certain aberrations (grid modes) and more
resilient to others (non-grid modes).

Whilst the SI microscope relies upon a relatively simple optical principle, the image for-
mation process has a complex mathematical description. Similarly, the derivation of a model-
based, sensorless, adaptive optical scheme is a complex process. However, our results show that
the scheme is effective in correcting specimen-induced and system aberrations and restoring
image quality. For the samples presented here, we found that the aberration mainly consisted of
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Fig. 7. Correction variation with imaging depth. Pollen grain images after background sub-
traction, at the top of the grain (a,b and c) and around the equator 20µm below (d,e and f).
The images were acquired without aberration correction (a and d), with the correction op-
timised for the top of the grain (b and e), and for the equator (c and f). Images in the same
row are displayed with the same color code and the phase induced by the DM is shown
as an insert. The appropriate correction settings for one plane (b and f) clearly deteriorate
the image quality in another plane (c and e). The rms phase after correction is 0.37 rad in
(b) and 0.63 rad in (c). The imaging depth was approximately 30−50µm. The coverslip
thickness was 170µm.

astigmatism, coma and spherical aberration modes. The magnitude of the astigmatism compo-
nent was similar across various samples, suggesting that it arises from our optical system. The
amplitude of coma and spherical aberration, however, varied significantly across different sam-
ples, or at various depth inside the same sample (see Fig. 7), indicating that these aberrations
are induced by the specimens.

The adaptive scheme described here has significant advantages over model-free algorithms in
that the aberration correction can be estimated using a small number of measurements (2N +1
for N aberration modes). Moreover, as the scheme is mostly independent of the object structure,
the appropriate modes have only to be determined once and the same scheme can be used for
any specimen. We have also shown that aberration correction can be effectively combined with
background subtraction to further improve SI microscope images. In the results presented here,
aberration correction was performed as an average over an image frame and therefore would
not correct for any local variations in aberrations. If these variations were found to be signif-
icant, the image could be formed from several sub-images for which independent aberration
correction would be performed.

We have presented a general method that provides an optimal aberration expansion for a
chosen optimisation metric. This relied upon the derivation of an inner product from a mathe-
matical model of the imaging process, followed by an orthogonalisation process applied to a set
of basis functions, such as the Zernike functions. This process reveals a wealth of information
about the effects of different aberration modes on an imaging system – for the SI microscope,
it enabled us to derive the sets of grid modes and non-grid modes. This method could equally
be applied to any sectioning microscope to derive aberration expansions that are best suited to
that application.
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Appendix A: Inner product for grid modes with a three-dimensional specimen

In order to take into account the axial extension of the sample, we introduce the parameterz
as the axial distance between the considered plane and the focal plane. With this notation, the
incoherent OTF can be generalized as:

H(m,z) =
1
π

∫∫

D(g)

exp[ jΔΦ(g, r)+ jΔΦd(g, r ,z)]dr , (27)

with ΔΦd(g, r ,z) = az(|r −g|2− r2)/2 anda = (8πn/λ )sin2 (α/2) and wherensin(α) is the
numerical aperture of the objective lens andλ is the wavelength in vacuum. Using this expres-
sion, the excitation pattern on the sample for each spatial phase shiftψ i is given by:

Iexc,i(n,z) = H(0,z)+ H(g,z)
e( jψi+ jg.n)

2
+ H(−g,z)

e−( jψi+ jg.n)

2
(28)

The image obtained on the camera is then obtained by integrating the intensity corresponding
to different planes in the sample:

Ii(n) =
∫ +∞

−∞

{

H(0,z)FT−1 [F(m,z)H(m,z)]+
e jψi

2
H(g,z)FT−1 [F(m−g,z)H(m,z)]

+
e− jψi

2
H(-g,z)FT−1 [F(m+g,z)H(m,z)]

}

dz ,

(29)

and accordingly the axially sectioned image can be expressed as:

Isect(n) =
3
2

∣

∣

∣

∣

∫ +∞

−∞
H(g,z)FT−1 [F(m,z)H(g+m,z)]dz

∣

∣

∣

∣

. (30)

This can be simplified by assuming that the two-dimensional spatial frequency spectrum of the
sample,F(m,z), varies slowly withz at the scale of the axial resolution of the sectioned image,
such that we can writeF(m,z) ≈ F(m). Under this assumption, Parseval’s theorem yields:

M =

∫∫ +∞

−∞
I2
sect(n)dn ≈

∫∫

S
|F(m)|2

∣

∣

∣

∣

∫ +∞

−∞
H(g,z)H(g+m,z)dz

∣

∣

∣

∣

2

dm . (31)

Here we restrict ourselves to grid modes, and hence consider that the effect of aberrations on
the metric is dominated by the changes in the grid pattern intensity. In this case we can write
H(g+m,z) ≈ H(g,z) and:

M ≈ F0

∣

∣

∣

∣

∫ +∞

−∞
H(g,z)2dz

∣

∣

∣

∣

2

. (32)

For small aberration amplitudes, the optical transfer function can be approximated by a Taylor
expansion, giving:

H(g,z) =
1
π

∫∫

D(g)

ζ (g, r ,z)dr +
j
π

∫∫

D(g)

ΔΦ(g, r)ζ (g, r ,z)dr − 1
2π

∫∫

D(g)

ΔΦ(g, r)2ζ (g, r ,z)dr (33)
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where the defocus termζ is defined as

ζ (g, r ,z) = exp[ jΔΦd(g, r ,z)] (34)

From here on, for notational brevity, we omit the explicit dependence ofΔΦ(g, r) andζ (g, r ,z)
on their arguments. The first term of Eq. ( 33) corresponds to the defocused OTF in the absence
of aberration; this is denoted asH0 in the following expressions. IntroducingH(g,z) into Eq.
( 32) yields:

M ≈F0

∣

∣

∣

∣

∫ +∞

−∞
H2

0dz

∣

∣

∣

∣

2

−F0

{

2
π2

∫ +∞

−∞
H2

0dz
∫ +∞

−∞

[

∫∫

D(g)

ΔΦζdr
]2

dz

+
2
π

∫ +∞

−∞
H2

0dz
∫ +∞

−∞
H0

∫∫

D(g)

ΔΦ2ζdrdz− 4
π2

[

∫ +∞

−∞
H2

0

∫∫

D(g)

ΔΦζdrdz

]2}

,

(35)

As a result, the inner product derived from the metric is defined here as:

〈

Xi,X j
〉

grid z =F0

{

2
π2

∫ +∞

−∞
H2

0dz
∫ +∞

−∞

[

∫∫

D(g)

ΔXiζdr
][

∫∫

D(g)

ΔX jζdr
]

dz

+
2
π

∫ +∞

−∞
H2

0dz
∫ +∞

−∞
H0

∫∫

D(g)

ΔXiΔX jζdrdz

− 4
π2

[

∫ +∞

−∞
H2

0

∫∫

D(g)

ΔXiζdrdz

][

∫ +∞

−∞
H2

0

∫∫

D(g)

ΔX jζdrdz

]}

(36)

Appendix B: Inner product for non-grid modes

Here we consider non-grid modes, which do not affect the grid pattern projected on the sample.
For those aberrations, the sectioning strength is independent of the aberration amplitude, and
hence we only need consider the planez = 0 in the following analysis. Starting with:

M =

∫∫

S
|F(m)|2 |H(g)H(g+m)|2dm , (37)

we assume|F(m)|2 takes significant values only for smallm and expandH(g+m) as a Taylor
series up to the second order term [9]:

M =
∫∫

S
|F(m)|2 |H(g)|2

(

|H(g)|2 +(m.∇) |H(g)|2 +
1
2

[

(m.∇)2 |H(g)|2
])

dm (38)

where we take(m.∇)t(g) to mean[(m.∇m′)t(m′)]m′=g. If we further assume that the object is
real, thenF(-m) = F ∗(m) and hence:

∫∫

S
|F(m)|2 m dm = 0

∫∫

S
|F(m)|2 mxmy dm = 0 (39)

We also assume that the object structure (and hence frequencies) are not predominantly aligned
with one direction, so that

∫∫

S |F(m)|2 m2
x dm ≈ ∫∫

S |F(m)|2 m2
y dm, and we obtain:

M = F0 |H(g)|4 + F1 |H(g)|2 ∇2
(

|H(g)|2
)

, (40)
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where∇2 is the Laplacian operator and:

F1 =
1
2

∫∫

S
|F(m)|2 m2 dm . (41)

Using Eq. ( 18), we find that for small aberration difference amplitudes

|H(g+m)|2 ≈ |H0(g+m)|2− |H0(g+m)|
π

∫∫

D(g+m)

ΔΦ(g+m, r)2dr +
[ 1

π

∫∫

D(g+m)

ΔΦ(g+m, r)dr
]2

(42)

Under the assumption thatm is small, we can write:

ΔΦ(g+m, r) = ΔΦ(g, r)+ Φ(r −g)−Φ(r −g−m)

≈ ΔΦ(g, r)+ (m.∇)Φ(r −g) .
(43)

Since we consider only non-grid modes, for allr within D(g), ΔΦ(g, r) = 0. If we consider
only slowly varying phase functions and for small values ofm, this is also valid for allr within
D(g+m), and therefore:

ΔΦ(g+m, r) ≈ (m.∇)Φ(r −g) . (44)

Equation 42 can be simplified to:

|H(g+m)|2 ≈ |H0(g+m)|2− |H0(g)|
π

∫∫

D(g)

[(m.∇)Φ(r −g)]2dr +
[ 1

π

∫∫

D(g)

(m.∇)Φ(r −g)dr
]2

(45)

Combining this with Eq. ( 40) and noting that for the non-grid modes considered here,H(g) =
H0(g), we obtain:

M = M0 − 2F1

{ |H0(g)|
π

∫∫

D(g)

[∇Φ(r −g)]2dr −
[ 1

π

∫∫

D(g)

∇Φ(r −g)dr
]2

}

, (46)

with:

M0 = F0 |H0(g)|4 + F1 |H0(g)|2 ∇2 |H0(g)|2

(47)

As a result, the inner product for non-grid modes is defined here as:

〈

Xi,X j
〉

non−grid = 2F1

{ |H0(g)|
π

∫∫

D(g)

∇Xi(r −g)∇X j(r −g)dr

− 1
π2

∫∫

D(g)

∇Xi(r −g)dr
∫∫

D(g)

∇X j(r −g)dr
} (48)

It should be noted that this inner product also has some degeneracy, as small regions of the
pupil are not covered byD(g). If further correction were needed, higher order terms from Eq.
( 15) would have to be considered.
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