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Abstract: Resolution in a confocal microscope is limited by the diffraction limit. Structured modulation has
been proven to be able to achieve super-resolution in confocal microscopy, however, its limited speed in im-
age acquisition limits its applicability in practical applications. In order to improve its imaging speed, we in-
troduce a method that can achieve rapid super-resolution confocal microscopy by combining line-scanning
and structured detection. A cylindrical lens is used to focus the light into a line, and a digital mask with a si-
nusoidal function is used to modulate the descanned image in the light detection arm. Unlike the virtual struc-
tured method, there is no need for a subsequent frequency shift process. In order to improve the isotropic res-
olution of the system, a scanning angle of 0 © and 90 ° is achieved by rotating the sample. Simulation and ex-
periment results indicate that the spectrum width of coherent transfer function expands and the resolution is
1.4 times as large as that of a conventional confocal microscope. This method increases the system’s imaging
acquisition speed 104-fold when compared with a confocal structured modulation microscope that uses spot-

scanning.
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1 Introduction

Due to the diffraction effect of light wave, the
resolution of a traditional optical microscope is
limited"?. Laser-Scanning Confocal Microscopy
(LSCM) has a higher resolution than wide-field mi-
croscopy because it uses a tightly focused excita-
tion beam and pinhole detection to suppress the de-
focusing background light®*, However, due to the
limitation of pinhole size, the resolution of a con-
focal microscope with smaller pinhole is achieved at
the price of SNR reduction. To achieve their bal-
ance, the pinhole size is generally large, resulting in
a lateral resolution lower than the ideal result but
still within the diffraction limit®®. In the past two
decades, many super-resolution optical microscopy
methods such as Stimulated Emission Depletion
(STED) microscopy'”’ and Structured Illumination
Microscopy (SIM)® have been applied. These meth-
ods follow two main principles, namely, decreasing
the size of Point Spread Function (PSF) and increas-
ing the bandwidth of Optical Transfer Function
(OTF)¥.. In addition, Stochastic Optical Reconstruc-
tion Microscopy (STORM)"” and Photo-Activated

Localization Microscopy (PALM)"! can achieve su-

doi: 10.37188/C0.2020-0120

per-resolution by using an optically switched fluor-
escent probe to locate a single molecule. These
methods have made breakthroughs in fluorescence-
labeled imaging resolution. However, each of them
also has some limitations. PALM and STORM have
long been limited by their imaging speed. In the
STED microscopy, the excitation and emission
spectra are required to match the given excitation
wavelength and depletion wavelength. SIM can only
image optical thin samples!'?.

The structural detection microscope is derived
from the principle of structured illumination and its
resolution enhancement concept is similar to Moire
fringe. By acquiring images through optical masks
at different scanning locations, the OTF bandwidth
is doubled compared with a traditional micros-
copet’’l. However, wide-field space structure illu-
mination is not suitable for a scanning microscope,
due to the need for a patterned mask (such as a grat-
ing) at the illumination end. With the proposing of
Scanning Patterned Illumination (SPIN) micro-
scopy and Scanning Patterned Detection (SPADE)
microscopy, super-resolution laser scanning micro-
scope has been realized. These methods have
achieved the same effect as SIM in the point scan-

ning system by using the time and space modula-
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tion"". SPADE, also known as Virtual Structure De-
tection (VSD), has been proven correct. However,
since the spot image of each scanning point is
needed, the imaging speed in VSD is severely lim-
ited!".

To overcome the above shortcomings, virtual
structured modulation has been applied to large-
aperture confocal microscope by means of Line-
scanning confocal microscopy with Virtually Struc-
tured Modulation (LVSM) microscopy!'®, thus im-
proving the speed and resolution of confocal micro-
scopic imaging. Its difference from VSD is that no
subsequent frequency shift is required. At the same
time, thick samples can be imaged due to the unique
slicing ability of confocal microscope. Different
from most of the other super-resolution imaging
methods, this method can image non-fluorescent
samples with high resolution and fast imaging
speed.

2 Principle of line-scanning confocal
virtual structure modulation

The reflective confocal coherent imaging sys-

tem is shown in Fig. 1.

ho fa

__.____?eam split Sample

Point sources -

Detection plane

Fig. 1 Schematic of reflective confocal microscope system
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Suppose the illumination intensity and the sys-
tem amplification factor are 1. In the case of unscan-
ning, the phase factor is ignored after the interac-
tion between the illumination light field and the
sample. Then the amplitude distribution on the

sample surface will be:

A (x,y,x,y) = h(x,y) X s(x, —x,y,—-y) , (1)

where A, (x,y) is the two-dimensional amplitude PSF
of the illumination path, s is the amplitude distribu-
tion of the sample, and (x,,y,) is the location of the
sample. After passing through the detection light
path, the contribution of the light field amplitude
distribution A,(x,y,x,,y,) obtained after the interac-
tion between the sample and the illumination light
field to the amplitude of a point (x,,y,) on the image

plane can be expressed as:

Ay (X, Y, X1, V15 %5, ) = (X, )X
s(x, = x5, —y) X he (6, — X, y,—y) 2
where h.(x,y) is the two-dimensional amplitude
PSF of the detection path, and A,(x,y, x;, ¥, X,,¥,) 18
the contribution of the amplitude distribution ob-
tained after the interaction between the sample point
(x,,y,) and the illumination light field to the point
(x,,y,) on the image plane. The superposition of the
contributions of all the sample points to the amp-
litude at that point is just the amplitude detected on
the image plane. The amplitude distribution on the

whole image plane is:

AB(-xbylvi’j) =
H ha(x,y)s(x, — X,y = Wha (i = x, j—y)dxdy
(3)
where A;(x,,y,,1, j) is the amplitude distribution on
the image plane. If the detection function is D(i, j),
then:
A(x;,y) =
] e 1506 = %3 = 9)huli = x, j = Y)dxdyDG, jdidj
D)
where A(x,,y,) is the amplitude image finally detec-
ted by the detector. Both A,(x,y) and h,(x,y) are
even functions. The definition of convolution is ap-
plied to obtain:
A(xu,yl) =
[ 500 =x 3 = 9huey) [ [ hue=i,y = HDG, jdid jdxdy =

{06 = %3 = 9 () © DO, ) 1 xdy =

8(x1,y0) @ {h(x1, y) e (x1, ) ® D(x, y)1} s)
5

It can be seen from Eq. (5) that the final amp-
litude image is the superposition of the amplitudes

at different positions of the sample. This is a coher-
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ent imaging process. The imaging characteristics of ten into!"*);
the system depend on the amplitude PSF: W[ 2sin (@x)
h(x,y) =exp [=(Py) — || ——| » (D
4 Dx,

APSF(xlayl) = hu(xl,yl)x [hAe(xn_))l)®D(x1,y1)](6>

Then the Coherent Transfer Function (CTF) of
the system can be expressed as the Fourier trans-
form of APSF:

CTF(fus f) =Hi(fors ) ©AH(fos fi)X
F[D(x,y)]} (7

where H,(f., f,) and H,(f.,f,) are the CTFs at the

illumination end and detection end respectively, ®

represents two-dimensional convolution, and ¥ is

the symbol of Fourier transform. According to Eq.

(6), the Intensity Point Spread Function (IPSF) of

the system can be expressed as!'”:

IPS F(x,,y,) = |hy(x,,y,) X [hde(xl,yl)®D(x1,y,)]l(28)

Since the imaging performance of the system is
ultimately limited by lens, lighting mode and detec-
tion function, the forms of system amplitude PSF
under different conditions will be discussed separ-
ately.

The scanning mode in which the lighting mode
is point lighting and D(x,,y,) is a virtual pinhole is
point-scanning mode. The amplitude PSFs for illu-
mination path and detection path can be derived
from the Fourier transform of the lens aperture. The
effective detection PSF is the convolution of the de-
tection PSF and the aperture function D(x,,y,).

The scanning mode in which the lighting mode
is line lighting and D(x,,y,) is a virtual slit is line-
scanning mode. Compared with point scanning, the
amplitude PSF of the detection path remains un-
changed. Since a cylindrical lens is introduced to fo-
cus the spot on the illumination path, the amplitude
PSF of the illumination path will change into Gaus-
sian distribution in one direction and constant distri-
bution in the other direction. Suppose the scanning
direction is along the X axis, that is, the illumina-
tion PSF is a constant distribution in the Y axis dir-
ection. Then under the paraxial approximation, the

amplitude PSF of the illumination path can be writ-

where @ =2aNA/A, w < 1. Therefore, the first term
in Eq. (9) can be ignored. This means that the amp-
litude PSF of the illumination path has a constant
excitation along the linear direction.

The LVSM method proposed in this paper is
just the superposition of cosine mask and line scan-
ning (line lighting, and D(x,,y,)=rectangular slit). In
this method, the amplitude PSFs for illumination
path and detection path are the same as those in line-
scanning mode, but the detection function D(x,,y,)

changes into:

D(x,,y,) =

{ 1+cos [2nf;(x, cos @+y,sin O) +¢], |x,| < §,|y1I <2

2
0, others

10

where p is the slit width; s is the length of line spot
on the CCD, and is infinitely small when being ana-
lyzed in the above line-scanning PSF model. Based
on the line-scanning mode, this paper mainly stud-
ies the characteristics of coherent imaging in the
system when the detection function is as shown in
Eq. (10). Since only the super-resolution informa-
tion in the current scanning direction can be extrac-
ted under the single-line-scanning condition, the
Eq. (5) can be rewritten into (when only one dimen-

sion, namely x-axis, is considered):
A(x)) = s(x) @ {hy(x)[h(x) @ D(x)]} . (1D
By substituting the Eq. (10) into Eq. (11), the
Fourier transform of Eq. (11) will be

A(f) =5(FH(f.) ® [H, () X D)1}

:g(fn)Hil(fxl)® {Hde(fvl)x

1 1 Qnpf,
{[5(ﬁl)+§6(f\.—ﬁ)e”+§5(ﬁ.+ﬁ.)e“]®—J @np}, )}}

fa
12

Since there are three unknowns in the high spa-
tial-frequency component, three amplitude images

with virtual structure modulation and three given

phases (0, g,n) are needed:
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2
A(f) 11 1 U(f)
Az(ﬂl) =1 i —i Ul(f;'l) >
A(f) I -1 -1l U(f)
(13)
- JQnpf.)
U(F) S(ﬁ.)H,(ﬁn)(@(Hue(ﬁ])—ﬁ] )
| J1Qup(fa + 1)
Ul(frl) = S(ﬁl)Hll(ﬁl)®(Hdc(ﬁl)T) )
v ) s(.ﬂl)fl.,(ﬁo@(ﬂde(ﬁ.)W) _
14

where U.(f,) is low frequency component, and
U(f.) and U,(f,) are high frequency components.
They can be easily determined from Eq. (13).

3 Computational simulation

The laser wavelength A of the simulated light-

ing is 488 nm, the numerical aperture of the object-
ive lens is 0.4, the cosine function modulation fre-
quency f; is 0.9NA/A, and both 6 and ¢ are 0. The
scanning direction is X direction, i.e., 0° direction.
The extreme case is assumed, i.e. the slit width s is
infinitely small. The IPSF simulating the normal
line-scanning confocal imaging in accordance with
Eq. (8) is shown in Fig. 2 (Color online). According
to Fig. 2(c), the Full Width at Half Maximum
(FWHM) in the X direction decreases to 0.71 times
of the FWHM in the Y direction, because of the con-
focal imaging in the X direction and the wide-field
imaging in the Y direction. It can also be seen from
the OTF in Fig. 2(b) that the cut-off frequency in the
X direction is higher than that in the Y direction, so
the ability to transmit high-frequency information is

enhanced.

©) = Line x
— Liney

o
o0

e
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T

<
~
T
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¢
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Fig. 2 Theoretical simulation results of IPSF. (a) IPSF of traditional line-scanning confocal microscope; (b) Fourier transform

of IPSF; (c) normalized intensity distributions of (a) in the X and Y directions respectively
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The simulation system CTF based on Eq. (7) is
shown in Fig. 3 (Color online), where the slit width
is equal to an Airy disk. It can be seen from Fig. 3(c)
that, compared with Wide-field Microscopy (WM),
the cut-off frequencies of CLSM and LVSM in the
direction of image scanning are both twice that of
WM, indicating higher resolution in the correspond-
ing spatial domain. Given the same cut-off fre-
quency, the percentage of high-frequency informa-
tion in LVSM is significantly higher than that in
CLSM. This indicates that LVSM has a stronger

capability of high-frequency information transfer.
This is attributed to the modulation of cosine func-
tion, which increases the high-frequency ratio.

In the structure detection method based on line-
scanning confocal imaging, the structure detection
function D(x,y) directly acts on the unscanned im-
age of the detector plane and doesn’t need to be con-
jugated with the sample, and the detection function
image remains unchanged. The difference between
this method and VSD super-resolution method is
that, in the VSD method, the structure detection
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function acts on non-unscanned images, but the ima-
ging system itself is unscanned, so the structure
function images need to be conjugated with the
sample in order to achieve the effect of non-unscan-
ning modulation and obtain the image data similar
to wide-field SIM. In VSD, the reconstruction al-
gorithm identical with wide-field SIM is used to
move high-frequency information to the right place,
in order to achieve the super-resolution effect.
However, in the above method, the unscanned im-
ages under line-scanning confocal condition are dir-
ectly modulated by the detection function, and the
cut-off frequency of the system CTF is extended
without frequency shift. Even without subsequent
image processing, the image resolution is still im-
proved. However, the problem of low transmittance
of high-frequency information, as shown in the red
curve in Fig. 3(c), still exists, so the improvement
effect is not obvious. As shown in Fig. 4, we can
change the phases of the modulation function, estab-
lish an equation like Eq. (13), calculate the fre-
quency components along these directions, use the
Wiener filtering algorithm to reduce noise, and then
apply the generalized Wiener filter to perform
weighted superposition recovery of the processed
frequency domain information in order to enhance
the high frequency components. When the general-
ized Wiener filter is used for weighted superposi-
tion, the weight factor of each frequency compon-
ent mainly depends on its SNR, which can be estim-
ated with the method in Ref. [19]. After the fre-
quency domain image weighted and superimposed
enters the spatial domain through inverse Fourier
transform, the finally reconstructed amplitude im-
age can be obtained. Then through square operation,
the intensity image can be obtained.

Since line-scanning confocal imaging is work-
ing only in one direction, the specific detection
function can only expand the cut-off frequency of
CTF in a single direction of the system. In order to
illustrate the feasibility of isotropic resolution im-

provement, the image field needs to be rotated to

obtain the line-scanning data in different directions
for virtual modulation. The more the modulation
directions are, the more obvious the isotropic resolu-
tion improvement will be. Meanwhile, the imaging
speed rate will be reduced, but still much higher
than that in the point-scanning mode. An appropri-
ate modulation direction can be selected according
to the actual situation. The line spot image obtained
in each scanning position is modulated by the struc-
ture detection function, and the integral of the im-
ages within the linear spot in one direction is calcu-
lated to obtain a series of values representing the
current scanning positions. These values and their
positions represent the structurally modulated im-
age and are used in the subsequent reconstruction
process. Because the modulation mode is virtual
modulation and the direction and phase of the digit-
al mask can be accurately known, the estimated er-

ror of modulation mode and phase will not exist.

6 10 [} 6
Z 5 5

4
3 0 3
2 -5 J 2
1 , 1
o 10 X 0

-10-5 0 5 10

1.0
(c) —WM
—CLSM
. —LVSM
= 0.5
&)
O L

§7-6-5-4-3-2-10 123 4567 8
Normalized frequency
Fig.3 System CTF simulation. (a) CTF of traditional con-
focal line scanning microscopy (for CLSM); (b) CTF
of line-scanning confocal microscopy with struc-
ture modulation (for LVSM); (c) black curve is the
normalized frequency distribution along the Y direc-
tion in (a) (for WM), and blue and red curves are the
normalized frequency distributions along the X dir-
ection in (a) and (b), respectively (for CLSM and
LVSM)
K3 AL CTF K. (a) FEHLAHILRE (CLSM) 1Y
CTF, (b) ZeH13t &5 4 ) i 3L 3R £ (LVSM) B9 CTF,
() BEINLN () P Y I7 [ H— A (WMD),
WML AL 514 (a). (b) X J5 10 3 —
H3 A (CLSM, LVSM)
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Line-spot image acquisition
by sCMOS
Square rooting
Line-spot amplitude
image
Structure function modulation,
superposition and fourier
LVSM frequency domain| transform
image
Multiple modulations for
different phases based on
Eq. (13) [ Different frequency
components

Wiener filtering

High and low frequency
components after filtering

Generalized Wiener filtering
Frequency domain image after the weighted
stacking of different components

Inverse fourier transform to
spatial domain, and square

operation ;
P Reconstructed image

Fig.4 Flow chart of image reconstruction
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To demonstrate the effectiveness of the above
method, the imaging results of LVSM were simu-
lated, as shown in Fig. 5 (Color online). The scan-
ning directions of each sample were 0° and 90°. It
can be seen from Fig. 5(e) and Fig. 5(f) that part of
the high-frequency information is cut off, and the
detail information of the sample is lost. After the
LVSM reconstruction, the high-frequency informa-
tion in the corresponding direction is moved into the
frequency domain passband of the system and put in
the right place, and the frequency spectrum in the
scanning direction is expanded. It can be seen from
the comparison between Fig. 5(b) and Fig. 5(c) that,
after an image in the frequency domain is moved in-

to the spatial domain through transformation, its res-

olution is significantly improved.

Fig. 5 Simulation of line-scanning confocal microscopy with virtual structure modulation (for LVSM). (a) Spoke-like sample

for simulation; (b) image of conventional confocal microscopy; (c) image reconstructed with the structure detection

functions in the two scanning directions of 0° and 90°; (d), (e) and (f) are the Fourier transforms i.e. frequency domain

images of (a), (b) and (c), respectively

K5 AR BB UEAIHT T E(LVSM) o (a) D5 EEHIBARACIRER G . (b) EEILRAEEIR . (c) B 0°, 90° W14
T, 5 EXERT 1 L AR R RS R . (). (e (D) 23R (a). (b). (c) AL A e, RV D (A el {5

4 Experiments and results

4.1 Experimental system

The LVSM based on laser line-scanning struc-

ture detection is shown in Fig.6. In the LVSM, a

single-mode He-Ne laser with a wavelength of
633 nm is used to generate the polarized laser, and

an optical attenuation is used to reduce the light in-
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tensity. The cylindrical lens CL (f = 180 mm) has
the focusing characteristic only in one direction, fo-
cusing the attenuated laser into a line of light that
will be incident to a uniaxial scanning galvanomet-
er (Mode 6215 CTI). The scanning galvanometer vi-
brates in the scanning direction to guide the focus-
ing line through the homemade scanning lens, tube
lens (TTL 180-A Olympus) and objective lens until
the line moves along the specified direction on the
sample. To reduce the vignetting effect, the center
of the galvanometer is controlled to conjugate with
the pupil plane of the objective lens. The light re-
flected from the sample is unscanned by one-dimen-
sional scanning system and relayed to the image
plane via the intermediate optical system. The de-
tector collects the line spot images from the current
scanning position. As the scanning galvanometer
swings, the position of the unscanned image on the
detector plane remains unchanged but the image in-
formation is constantly updated. 512 line-spot im-
ages are continuously collected from different scan-
ning positions to obtain a two-dimensional image.
sCMOS

Collection lens
Optical attenuator CL

A

. WP
'—--‘ b | | n
PBS Scanning
He-Ne laser Beam expander SL e mirrors
—X Lo
oL
A T = ) Objective lens
¥ J Sample
Stage

Fig. 6 Schematic diagram of experiment setup
K6 I RGRER

sCMOS, a two-dimensional image acquisition
device, is used to acquire a single line-spot image
(ORCA Flash4.0 V2, Hamamatsu). Compared with
EMCCD, the sCMOS has higher quantum effi-
ciency and lower noise output. When the ROI of
line-spot image is set as 512 pixelx64 pixel, the the-
oretical image acquisition rate in a single direction
can reach 3206 fps. In the actual experiment, con-
sidering the response time of the device and the
delay of the program, the image acquisition rate will

decrease, and the image acquisition time in a single

direction will be about 0.25s. The width of virtual
slit is assumed to be the diameter of Airy disk and is
used to detect and process the collected images.

A 4x flat-field semiapochromat (Olympus)
with a numerical aperture of 0.13 is used. The ex-
perimental sample is a target with standard optical
resolution (USAF 1951 1%, Edmund). To verify the
enhancement of final isotropic resolution, an elec-
tric rotary translation stage with the maximum rota-
tion rate of 50°/s is driven by a stepper motor to ro-
tate the sample. The directions of image acquisition
are 0° and 90°, and the time for the whole image ro-
tation process is about 2s.

4.2 Experimental results

Some of the acquired line-spot images and the

final image reconstruction results are shown in

Fig. 7 (Color online).

n=
HIm)s
—1 || ¥
1 | |
=1 e
= ”l;a

Fig. 7 Implementation of line-scanning confocal virtual
structure modulation imaging on the resolution test
target. (a) The 20th, 205th, 360th and 490th line
spot images collected in the 0° scanning direction;
(b) the 20th, 205th, 360th and 490th line spot im-
ages collected in the 90° scanning direction; (c) the
image of resolution test target obtained by conven-
tional line-scanning confocal method in the 90°
scanning direction; (d) reconstructed super-resolu-
tion image by LVSM

P74 L 2T 0L e 5

Bo (@) FHIT 1 0°lF, SRAEHIH 20, 205, 360,
490 ZRERFEIRG . (b) 3877 171 90°H, SRAE M55
20, 205, 360, 490 L BE K4 . (c) 14 7 11 K
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The areas marked by blue line segments are the
No.8.2~8.6 line pairs in the Y direction of the resol-
ution test board, the area marked by yellow line seg-
ment is the No.8.5 line pair in the X direction, and
the area marked by green line segment is the No.8.6
line pair. It can be seen from Fig. 8(a) (Color online)
that in the Y direction, a conventional line-scanning
confocal microscope can distinguish the No.8.2
group but cannot distinguish the No.8.3 group. The
number of line pairs in the No.8.2 group is
287 lp/mm, and the corresponding spatial period is

3.48 um. The LVSM microscope can distinguish the

is 406 lp/mm, and the corresponding spatial period
is 2.46 um. The resolution of LVSM microscope is
higher than that of a line-scanning confocal micro-
scope with the same slit size. As seen from Fig. 8(b)
(Color online) and Fig. 8(c) (Color online), in the X
direction, the line-scanning confocal microscope
cannot distinguish both the No.8.5 and No.8.6
groups. In comparison, the LVSM can distinguish
the No.8.5 group but cannot distinguish the No.8.6
group. Therefore, the resolutions of LVSM in both
the X and Y directions are improved to 2.46 um, 1.4

times that of traditional line-scanning confocal mi-

No.8.5 group but cannot distinguish the No.8.6 croscope.
group. The number of line pairs in the No.8.5 group
(@ 1.0
i
z
g
E
B 05}
X
=
B
S ¥ ——CLSM
——1LVSM
0 1 I I 1 )
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Fig. 8 Normalized intensity curves of conventional line-scanning confocal microscope and line-scanning confocal micro-

scope with virtual structure modulation in specified areas. Comparison between the normalized intensities of the area

marked by (a) blue curve, (b) yellow curve and (c) green curve in Fig. 7(c) and Fig. 7(d)

P8 MRS L SR AR LA 40 R DL A 91 o I SR SR X I — AR BRI 2 151 7(c) 7(d) HF () W Rk B Amic
DXBK (b) B EZBARIC XU (c) SR BIARIC XY 1 — 65 BE 3 A1 % LY

The above experiment demonstrates that the
LVSM can break the diffraction limit during high-
speed imaging. This theory shows that the LVSM

can improve the lateral resolution and imaging
speed by using the modulation factors in two direc-

tions. The experiment with standard resolution tar-
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get confirms that in addition to performing the line
scanning based on high-speed imaging, the LVSM
microscope can show the detailed target structure
that can’t be detected by conventional confocal mi-

croscopy.

5 Conclusion

In this paper, a line-scanning confocal micro-
scopic imaging method based on structural modula-
tion is presented. The related theories and recon-

struction methods are deduced and verified by ex-
—— 3O R ——

1 351 &
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periment. The results of simulation and experiment
show that the system CTF is enlarged and the ima-
ging resolution is 1.4 times that of traditional con-
focal microscope. Compared with the point-scan-
ning spot imaging with virtual structure modulation,
the imaging rate of the system can be greatly im-
proved in this method. This method needs 2.5 s to
scan the image with 512 pixelx512 pixel in two dir-
ections, 104 times faster than the former method,
which needs about 260 s to complete the image ac-

quisition under the image field of the same size.
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