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Two important features of three-dimensional structured illu-
mination microscopy (3D-SIM) are its optical sectioning
(OS) and super-resolution (SR) capabilities. Previous works
on 3D-SIM systems show that these features are coupled. We
demonstrate that a 3D-SIM system using a Fresnel biprism
illuminated by multiple linear incoherent sources provides a
structured illumination pattern whose lateral and axial modu-
lation frequencies can be tuned separately. Therefore, the
compact support of the synthetic optical transfer function
(OTF) can be engineered to achieve the highest OS and SR
capabilities for a particular imaging application. Theoretical
performance of our engineered system based on the OTF sup-
port is compared to that achieved by other well-known SIM
systems. © 2019 Optical Society of America
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Three-dimensional structured illumination microscopy (3D-
SIM), in which the structured illumination (SI) pattern varies
laterally and axially, has become one of the most effective op-
tical imaging modalities used in biological investigations
because of its optical sectioning (OS) and super-resolution
(SR) capabilities. The SI pattern in a 3D-SIM system has been
traditionally implemented by interfering three coherent waves
(3W-SIM) [1] and recently using a tunable-frequency incoher-
ent illumination based on a Fresnel biprism (tunable-SIM) [2].
It has been demonstrated experimentally that 3W-SIM can
double both the lateral and axial resolution limits while provid-
ing OS capability [1]. As expected, the choice of the lateral
modulation frequency of the SI pattern in 3W-SIM determines
the final performance (i.e., achieved lateral and axial SR and OS
capabilities) because in 3W-SIM, the axial and lateral modu-
lation frequencies are coupled. Therefore, the system’s perfor-
mance would be compromised if the highest lateral modulation
frequency cannot be used (e.g., when an optically thick sample
is imaged, the contrast of the SI pattern can be severely reduced,
necessitating the use of a lower modulation frequency [3,4]).
We have recently shown that the 3W-SIM and the tunable-
SIM systems have comparable performance at the highest pos-
sible modulation frequency by noisy simulation of a particular
numerical object used in this study [2]. However, the lateral
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and axial modulation frequencies of the tunable-frequency 3D
pattern can be controlled separately by system parameters, which
is not the case in the 3W-SIM system. This unique property al-
lows us to engineer the synthetic optical transfer function (OTF)
of the tunable-SIM system for a desired imaging application.
In this Letter, we investigate the performance of our novel
tunable-SIM system [2] based on the achieved extension of the
compact support of its synthetic OTF, which is controlled by
system parameters. These parameters can be chosen to design
the pattern and thereby engineer the synthetic OTF. To our
knowledge, this is the first 3D-SIM setup that enables indepen-
dent control of the achieved OS and SR capabilities. The analy-
sis of the system’s performance is evaluated through its synthetic
OTF. Based on the approach previously used to derive the 2D-
SIM synthetic OTF [5], we formulate the synthetic OTF of a
3D-SIM system, H g (u, w), when the 3D SI pattern is sepa-
rable into a transverse and axial function (as it is the case for the

3W-SIM and tunable-SIM systems), as
Hgp(w, w) = H(u, w) ®; 1(w, w), (1)

where u = (#,v) and w are, respectively, the lateral and axial
spatial frequency coordinates, H(u,w) is the conventional
OTF, and /(u, w) is the Fourier transform (FT) of the 3D SI
pattern. In our tunable-SIM system, axially localized high-
contrast sinusoidal patterns are generated by incoherent over-
lapping of axially extended interference patterns produced by a
set of equidistant parallel incoherent linear sources (slits) and a
Fresnel biprism [2]. This incoherent superposition produces a
3D SI pattern that is axially periodic. The 3D SI pattern in the
sample volume is given by [2]

i(x,2) ~ 1 + V(z) cosQru,,x + @), (2)
where x = (x, ) and z denote the lateral and axial coordinates,
respectively; ¢ is the phase of the illumination pattern shifted
by laterally translating the Fresnel biprism [2]; and

sin(2rNw,,z)
V(z) = ————,
(=) N sin(Qrrw,,z)
defined as the visibility function [2], depends on the number
of slits V, and on the lateral and axial modulation  frequencies,

thy, = [2n(np - 1) tan 8]/[A f;, Miy], and w,, =[xg,,]/[2 1, M ],
respectively, determined by the system (Fig. 1 in Ref. [2]):
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excitation wavelength (1), biprism position (1), focal length of
the first converging lens (f7,), lateral magnification of the
illumination system (Ay,), biprism refingence angle (6) and re-
fractive index (72r), and the distance between two neighboring
slits (xg). Although Eq. (2) shows the lateral modulation only in
one direction, modulation in other lateral directions can be
achieved by rotating the 3D SI pattern laterally [2].

As mentioned earlier, the lateral and axial modulation frequen-
cies of the 3D SI pattern can be controlled separately. The lateral
modulation frequency (#,,) can be tuned, up to the effective cut-
off frequency of the system (#. .4 = 0.8#,, in which #,_ is the
cutoff frequency of the WFM), by axially changing the position
of the Fresnel biprism (17) with regard to the slits” plane. Although
the axial modulation frequency (w,,) depends on #,,, it can be
tuned independently by selecting x, in the design of the slits
element while keeping #,, constant. The space and frequency rep-
resentations of our tunable 3D pattern [Eq. (2)] are shown in
Figs. 1(a) and 1(c), respectively. The blue profile plotted in
Fig. 1(a) represents the absolute value of the visibility function
[Eq. (3)]. We observe that the fringes’ visibility is a periodic func-
tion that takes its maximum value [V'(z) = 1] at a discrete set of
axial planes, referred to as the resonant planes. The separation
between resonant planes, 7 = 1/w,,, is inversely proportional
to 77 and x; but independent of V [Fig. 1(a)]. On the other hand,
the axial extent of the fringes [A, = 2/(Nw,,)], defined by the
region around the resonant planes in which V' (z) = 0, decreases
with increasing V, x,, and 7. Note that the FT of Eq. (3), V' (w),
is given by

N-1
V(w) = %Z 8w~ 2n-N + 1w, @
n=0

Inserting the FT of Eq. (2) in Eq. (1), the synthetic OTF of the
tunable-SIM system can be expressed by

N-1
Hlutu,,v,w-2n-N+1)w,)]
Hayi(w,w) =Hww)+) N ,

n=0

(5)
which is the sum of the conventional wide-field fluorescence
microscope (WFM) OTF and two new components, each com-
posed by the sum of V axially shifted replicas of the conventional
OTF separated by 2w,, that are shifted laterally by +u,,
[Fig. 1(d)]. Note that the number and the location of the replicas
in the synthetic OTF [Fig. 1(c)] change with the number of slits

f

u

Fig. 1. Relation of the SI design and synthetic OTF of the tunable-
SIM system. (a) xz section of 3D SI pattern and the [V(z)| (blue
curve) of Eq. (3). (b) Schematic of the slit-element image at the back
focal plane of the objective lens. (c) uw section of the 3D pattern’s FT.
(d) ww section of the synthetic MTF for u,, = u_4 = 0.8u,.
OTF compact support for WFM and tunable-SIM shown by black
and white dashed lines, respectively.
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(V), and the distance between two neighboring slits (x), respec-
tively. However, there is still one single lateral modulation fre-
quency (u,,) for all the replicas. Therefore, only three images
per orientation of the SI pattern are needed to reconstruct SR
images with the tunable-SIM system, independent of the number
of slits (V) or other system parameters (x, and #). Taking ad-
vantage of the independent tuning of #,, and w,,, it is possible
to engineer the synthetic OTF’s compact support by selecting
parameters (/V,xg,7) for a specific SI design.

Because it is desired to operate at the highest lateral SR per-
formance, the #-parameter should be fixed to provide SI fringes
with the highest lateral modulation frequency u,, = .4 =
0.8, (this is also the highest frequency usable for 3W-SIM
as demonstrated in [6]). This is because at this frequency,
the fringes’ contrast is attenuated by a factor of 0.1 due to
the incoherent detection OTF for fluorescence imaging [7].
Figure 1(d) shows the #w-section image of the synthetic modu-
lation transfer function (MTF), absolute modulus of the OTF,
of our tunable-SIM system, for the general case of NV slits (sep-
arated by a distance x). From this figure, one realizes that both
lateral and axial OTF compact support (white dashed line) have
been extended compared to the compact support of the con-
ventional OTF (black dashed line). Note that the lateral and
axial resolution limits [pink arrows in Fig. 1(d)] have been in-
creased by a factor of 1 + (#,,/#,) and 1 + [(V - 1)(w,,/w,)],
respectively, where #, = 2NA/Aand w, = NA?/(2n1) are the
lateral and axial cutoff frequencies of the WFM system, respec-
tively. Note that NA is the lens’ numerical aperture, and 7 is the
refractive index of the lens’ immersion medium. In addition to
the lateral and axial extension of the OTF, Fig. 1(d) shows that
the upper portion of the missing cone of frequencies in the
conventional OTF is filled by N /2 axially shifted WFM OTF
replicas, with axial separation between two neighboring replicas
equal to 2w,,. Therefore, the amount of the missing cone that
has been filled is quantified by Nw,, This means that (1) the
higher the number of slits and/or (2) the larger the separation
between two neighboring OTF replicas (i.e., larger w,,), the
better the OS capability of the system. Because w,, is propor-
tional to x, the product Vx; can be used as a metric in syn-
thetic SIM-OTF engineering. It is worth realizing that this
metric, Ny, is related to A, in the reciprocal space; a smaller
A, allows greater discrimination of out-of-focus information.

Although increasing the number of slits (V) provides higher
axial SR and better OS capability there is a limit in a realistic
experiment. There is an upper limit for the /V value determined
by the pupil’s diameter (#,) of the objective lens used, given by

u f L1 d}% - L2
P
u f12%o
where L is the slits’ length at the pupil plane and needs to fit
entirely within the aperture stop of the objective lens [Fig. 1(b)]
to avoid clipping of the slits’ image and, consequently, fringes
with reduced contrast [2]. For example, the maximum number
of slits for a 20 x /0.5 NA dry objective lens is N, = 9, as-
suming xog = 100 pm, #,, = 0.8#,, and a lateral magnification
between the slits and pupil planes of M = -f,,/f,;, = -2.5.
Figures 2(a) and 2(b) show the synthetic MTF for two dif-
ferent numbers of slits, where the image intensities are normal-
ized and mapped to the same color scale (a similar intensity
normalization is used in Figs. 3 and 4). From these panels,

Nm:l+<1-

c
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one realizes that the lateral cutoff frequency of the synthetic
OTF is invariant with the NV value and always remains at the
maximum value of 2#, .. On the other hand, the axial cutoff
frequency increases with the number of slits. Particularly, the
axial resolution increases by a factor of 1.5x when the number
of slits is increased from N = 3 [Fig. 2(a)] to 9 [Fig. 2(b)].
The OS capability is investigated through the integrated in-
tensity function [Fig. 2(d)], which forms a Fourier pair [5] with
the axial OTF, H(u = 0, w), in any imaging system. Because
the first term in the right-hand side of Eq. (5) is the WEM OTF
and it lacks OS capability, in what follows, we compute the in-
tegrated intensity profiles by neglecting this term. In addition,
the axial distance is normalized by 4k sin’[sin"!(NA/7)/2],
where £ = 27 /A, is the wave vector in the lens’ immersion
medium of refractive index 7. As expected, the system using nine
slits provides better OS capability (narrower integrated intensity)
compared to the systems with N = 3. This is quantified by
measuring the half width at half-maximum (HWHM) of the
integrated intensity profiles [Fig. 2(d)], found to be equal to
6.84 and 3.95 for N = 3 and NV =9, respectively. The theo-
retical OS performance of the tunable-SIM system with N = 9
slits is validated experimentally and numerically. Figure 2(d)
shows the integrated intensity of the experimental (gray dashed
line) and numerical (orange dashed line) demodulated SIM im-
ages from an axially thin fluorescent layer [2]. The OS perfor-
mance can be further improved by applying deconvolution to the
demodulated image [Fig. 2(d), gray and orange solid lines].
Although we have demonstrated that both the axial SR and
the OS capability improve by increasing the number of slits, it is
interesting to point out that similar OS performance can be
achieved with a lower number of slits by increasing x; so that
the product Nx; is kept constant. Figures 2(b) and 2(c) show the
synthetic OTF’s compact support and the integrated intensity
for two different cases in which Nx; = 900 pm. Note that
although Nx is fixed, the axial modulation frequency w,, is dif-
ferent for each case providing a different axial SR. Although the
difference in the HWHM values of the integrated intensity pro-
files for these two cases is negligible (<4%), some difference in
the secondary lobes of the integrated intensity curves is evident
[Fig. 2(d)], and it is quantified by the normalized second-order
moment (0,), which classically it has been used to assess the
global width of a function [8]. Considering both the HWHM
and 0, metrics, then the system with the best OS performance is
the one with a slit element of N =9 and x, = 100 um
[Fig. 2(d)]. Another difference is the attenuation of the frequen-
cies located at the border of the synthetic OTF [regions indicated

(a) N =3, x, =100 pm, w,,= 0.013,] 1

— (a) N=9,x,=100 pm

... NUM-dem — num-dec
..... exp-dem — exp-dec
N,x, |HWHM | o,
3,100 6.84 25.96
3,300 4.07 14.85
9, 100 3.95 12.71

Integrated Intensity (a.u.)

Moo e, .

8 10 12 14 16 18 20
Normalized Z

a
&
-

Fig. 2. Impact of slits’ parameters (V and x;) on the synthetic OTF’s
compact support and OS capability of the tunable-SIM system. (a)—(c) #w
section of the synthetic MTF for different designs. (d) Integrated intensity
profiles of (a)—(c), experimental (exp) and numerical (num) results.
Legends, “dem” and “dec” stand for demodulated and deconvolved, re-
spectively. For this study we used #,, = #,.g = 0.8%,.
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by red arrows in Figs. 2(b) and 2(c)], which is less for the design
with N = 3 and x; = 300 pm. This attenuation is related to
the 1/N factor in Eq. (5), and it potentially renders the system
more sensitive to noise at high frequencies for higher /V values.
Thus, there is a trade-off between the optimal slit-element design
(N and x;) and the system’s robustness to noise.

Theoretical predictions of the SR and OS capabilities of the
tunable-SIM system are compared with the ones achieved by
other well-established systems: the 3W-SIM [1], the incoher-
ent grid-projection OS-SIM  [9], and the confocal microscope
[10]. For the case of the OS-SIM system, we have considered
the highest theoretical lateral modulation frequency u,, =
0.5, that can be used [9]. Regarding the confocal scanning
system, we assumed an ideal pinhole and that the Stokes shift is
0.8 [5]. To provide an extensive comparison between the 3W-
SIM and the tunable-SIM systems, we considered two different
lateral modulation frequencies (z,, = 0.5#, and #,, = 0.8u,),
because when imaging optically thick samples, there is a need to
reduce the lateral modulation frequency to modulate the sam-
ple’s information [3,4]. In 3W-SIM systems, this reduction has
been alleviated by either line scanning the sample laterally [11]
or by combining a Bessel beam to the SIM system [12].

The uw-section images of the synthetic OTF for the tun-
able-SIM and 3W-SIM systems are shown in Figs. 3(a)-3(e).
From these images, one can realize that both systems provide
the same lateral SR improvement for the same lateral modula-
tion frequency of the SI pattern. However, the axial SR and
OS capabilities are different depending on the lateral modula-
tion frequency. Note that for each chosen slit element design of
the tunable-SIM system, we determine the maximum distance
between two neighboring slits (x) for a specific N and #,, us-
ing Eq. (6). For #,, = 0.8x,, the synthetic OTFs of both 3D-
SIM systems [Figs. 3(a) and 3(b)] have the same axial extension,
and, thereby, both systems provide the same SR improvement
along the lateral and axial directions. Notwithstanding, the
OS capability is slightly different as one realized from the in-
tegrated intensity curves [Fig. 3(f)]. Depending on the metric
used, the HWHM and the normalized second-order moment
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Confocal 498 25.75
OS-SIM 4.39 15.03
Tunable-SIM (a) 395 12.71
3W-SIM (b) 2.54 15.92
Tunable-SIM (c) 2.14 16.49
Tunable-SIM (d) 2.64 6.72
o) 3W-SIM (e) 3.91 19.35

Fig. 3. Comparison of different systems’ performance. (a—¢) uw
section of the synthetic MTF for tunable-SIM and 3W-SIM systems
at different designs. (f) Integrated intensity profiles obtained from the
MTF of the systems (a)—(e), OS-SIM (#,, = 0.5u,), confocal micro-
scope, and WFM. (g) HWHM and o, values computed from inte-
grated intensity curve.
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(0,) of the integrated intensity, one could conclude that either
the 3W-SIM system or our 3D-SIM system provides the high-
est OS capability. Nonetheless, overall, the OS capability of
both systems operating at #, = 0.8u%, is quite comparable
and as expected higher than the one provided by the confocal
and incoherent grid-projection SIM [Fig. 3(f)]. However, we
believe that our proposed system could have a significant im-
pact when low and medium lateral modulation frequencies are
needed. Figure 3 shows that the tunable-SIM system (with ei-
ther SI design) operating at #,, = 0.5#%, presents the highest
axial SR (axial OTF extension of w, + 0.144#,) and OS capa-
bilities among all investigated systems. Therefore, designing the
slit element, we can engineer the frequency response of our sys-
tem to always operate at the highest performance for a given
imaging application.

Finally, we study how noise affects both 3D-SIM systems, as
their synthetic OTFs have a different strength. In fluorescent
imaging, shot noise is the dominant noise source, and it is con-
sidered to be Poisson distributed [13]. For this study, the image
of a subresolved bead, which represents the WFM point spread
function (PSF), was scaled to mimic a specific photon count,
and it was used to generate Poisson noise. Since this model for
the noise is spatially variant, the global noise level, as quantified
by the signal-to-noise ratio (SNR), is computed by taking the
average over the whole PSF. According to Poisson statistics, this
value corresponds to the mean of the squared root of the in-
tensity at each pixel in the 3D image. A noisy WFM MTF was
generated by taking the absolute value of the FT of the noisy
WEM PSE. The noisy synthetic SIM MTF was then generated
from the noisy WFM MTF using Eq. (5) for the tunable-SIM
case, while for the 3W-SIM case Eq. (1), with the correspond-
ing SI pattern was used instead. Figures 4(a)—4(d) show the
noisy synthetic MTFs (the average of a 100-realizations ensem-
ble) of two designs of the tunable-SIM and the 3W-SIM sys-
tems for two modulation frequencies and at two different SNR
levels. The noise effect is quantified by determining the effec-
tive lateral and axial cutoff frequencies as the limiting frequen-
cies at which the noiseless synthetic MTF value falls below
a threshold. The threshold value was set equal to the back-
ground mean value of the noisy synthetic MTF beyond the
noiseless axial and lateral cutoff frequencies. As shown in

N

; "“\
= >
3" N
SNR =20 dB |5} S
= = 2 1N —o— Tunable-SIM (1,-0.81,) \
(b) 3W-SIM (,, = 0.8,) 2 TR - 3WSIM (1,081 !
£ os | 4 Tunable-SIM (u,-0.5u,)
S © - 3W-SIM (u,-0.51,)

= a ” e = & o3

SNR =20 dB [N

(c) Tunable-SIM (u,, = 0.5 ?: 05 —
2
; £ Fm - —tm e — e N0
-~ ~
g \¥
SNR = 15 dB [EEHEEEISY 3
(d) 3W-SIM (u,, = 0.5u,) g WEM w,
& > @ 0 -
w T 45 40 35 30 25 20 15 10 5

SNR (dB)

T—)ll SNR =15 dB

Fig. 4. Performance of two 3D-SIM systems under noisy conditions.
uw section of the synthetic MTF for tunable-SIM and 3W-SIM systems
for (a—b) SNR = 20 dB and (c—d) SNR = 15 dB. Effective (e) lateral and
(f) axial cutoff frequencies for different SNR levels.
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Figs. 4(e) and 4(f), although both systems perform equally well
for a high SNR (>20 dB for #,, = 0.8, and >15 dB for
u,, = 0.5u,), their performances are different at low SNR val-
ues. For SNR = 10 dB and #,, = 0.8#,, there is a 12% and
20% reduction in the effective axial cutoff frequency in the
3W-SIM and tunable-SIM, respectively [Fig. 4(f)], while the
reduction in the effective lateral cutoff frequency is less in the
tunable-SIM [e.g., 13% and 17% reduction for tunable-SIM
and 3W-SIM, respectively, in Fig. 4(e)]. This is because the
different arrangements of the WEM OTF replicas results in
a different synthetic OTF value in each system. On the other
hand, for #,, = 0.5u4,, although the 3W-SIM system performs
slightly better laterally for SNR < 10 dB, (e.g., 36% and 45%
reduction in the effective lateral frequency for 3W-SIM and
tunable-SIM, respectively, when SNR = 5 dB), the tunable-
SIM system outperforms 3W-SIM at all SNR levels with axial
resolution improvement by a factor of 2.2x compared to the
1.6x improvement achieved by the 3W-SIM system.

In summary, we presented a unique tunable SI system that
can be engineered for use in a 3D-SIM system that provides
40% reduction in data acquisition compared to the 3W-SIM
system [2]. Here we investigated different SI designs in terms
of the OS and SR capabilities of the tunable-SIM system and
showed that the lateral and axial modulation frequencies of this
SI pattern can be controlled separately by system parameters.
This unique property allows us to engineer the synthetic OTF
of the system for a desired imaging application by designing the
slit element, so that our 3D-SIM system operates at the highest
axial SR and OS capabilities even though the lateral SR must be
reduced. We believe that our system will have a high impact in
those biological imaging applications where the highest lateral
modulation frequency cannot be used due to a reduction in the
SI pattern’s contrast.

Funding. National Science Foundation (NSF) (DBI award
1353904, PI: CP); Ministerio de Economfa y Competitividad
(MINECO) (DPI2015-66458-C2-1-R); Generalitat Valenciana
(PROMETEOII/2014/072).

REFERENCES

1. M. G. L. Gustafsson, L. Shao, P. M. Carlton, C. J. R. Wang, I. N.
Golubovskaya, W. Z. Cande, D. A. Agard, and J. W. Sedat,
Biophys. J. 94, 4957 (2008).

2. A. Doblas, H. Shabani, G. Saavedra, and C. Preza, Opt. Express 26,
30476 (2018).

3. M. F. Langgorst, J. Schaffer, and B. Goetze, Biotechnol. J. 4, 858 (2009).

4. D. Débarre, E. J. Botcherby, M. J. Booth, and T. Wilson, Opt. Express
16, 9290 (2008).

5. M. Martinez-Corral and G. Saavedra, in The Resolution Challenge in
3D Optical Microscopy (Elsevier, 2009), Vol. 53, pp. 1-67.

6. C. Karras, M. Smedh, R. Forster, H. Deschout, J. Fernandez-
Rodrigue, and R. Heintzmann, Opt. Commun. 436, 69 (2019).

7. J. W. Goodman, Introduction to Fourier Optics (McGraw-Hill, 1966).

8. . Escobar, E. Sanchez-Ortiga, G. Saavedra, and M. Martinez-Corral,
in Optical Fluorescence Microscopy: From the Spectral to the Nano
Dimension (Springer, 2011), pp. 85-99.

9. M. A. A. Neil, R. Juskaitis, and T. Wilson, Opt. Lett. 22, 1905 (1997).

10. L. H. Schaefer and D. Schuster, “Method and device for reconstruct-
ing images,” U.S. patent 8,041,142 (October18, 2011).

11. O. Mandula, M. Kielhorn, K. Wicker, G. Krampert, |. Kleppe, and R.
Heintzmann, Opt. Express 20, 24167 (2012).

12. N. Hagen, L. Gao, and T. S. Tkaczyk, Opt. Express 20, 5343 (2012).

13. D. L. Snyder, R. L. White, and A. M. Hammoud, J. Opt. Soc. Am. A 10,
1014 (1993).


https://doi.org/10.1529/biophysj.107.120345
https://doi.org/10.1364/OE.26.030476
https://doi.org/10.1364/OE.26.030476
https://doi.org/10.1002/biot.v4:6
https://doi.org/10.1364/OE.16.009290
https://doi.org/10.1364/OE.16.009290
https://doi.org/10.1016/j.optcom.2018.12.005
https://doi.org/10.1364/OL.22.001905
https://doi.org/10.1364/OE.20.024167
https://doi.org/10.1364/OE.20.005343
https://doi.org/10.1364/JOSAA.10.001014
https://doi.org/10.1364/JOSAA.10.001014

	XML ID funding

