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Abstract: To maximize signal collection in nonlinear optical microscopy, non-descanned epi-detection is generally adopted for in 
vivo imaging. However, because of severe scattering in biological samples, most of the emitted fluorescence photons go beyond 
the collection angles of objectives and thus cannot be detected. Here, we propose an extended detection scheme to enhance the 
collection of scattered photons in nonlinear fluorescence microscopy using a silicon photomultiplier array ahead of the front 
apertures of objectives. We perform numerical simulations to demonstrate the enhanced fluorescence collection via extended 
epi-detection in the multi-photon fluorescence imaging of human skin and mouse brain through craniotomy windows and intact 
skulls. For example, with red fluorescence emission at a depth of 600 μm in human skin, the increased collection can be as much as 
about 150% with a 10×, 0.6-NA objective. We show that extended epi-detection is a generally applicable, feasible technique for 
use in nonlinear fluorescence microscopy to enhance signal detection. 
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1  Introduction 
 

Fluorescence microscopy has found its niche in 
biomedical studies due to its non-invasive and spe-
cific capability in the observation of biodynamics 
(Lichtman and Conchello, 2005). However, biologi-
cal samples are turbid by nature, with optical proper-
ties characterized by scattering, absorption, and ani-

sotropy factor g (Cheong et al., 1990; Jacques, 2013). 
In one-photon fluorescence imaging, both excitation 
and emission lights suffer from strong scattering and 
blood absorption at visible wavelengths (Oheim et al., 
2001; Wang MR et al., 2019). The scattering reduces 
the penetration depth of the excitation light and in-
troduces cross-talk in the emission light, which fur-
ther reduces the imaging depth. To alleviate scattering, 
laser-scanning multiphoton microscopy (MPM) has 
been proposed, in which longer excitation wave-
lengths are used (Denk et al., 1990). Moreover, ben-
efiting from nonlinear effects, the nonlinear excitation 
is localized in MPM, which ensures that all the 
emitted photons including ballistic and scattered 
photons contribute as useful signals (Denk et al., 1990; 
Jin et al., 2020). Thus, for the maximal signal collec-
tion, non-descanned epi-detection is generally 
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adopted for in vivo multiphoton imaging, with single- 
element detectors such as photomultiplier tubes 
(PMTs) placed close to the back pupil of excitation 
objectives (Denk et al., 1990). Unfortunately, due to 
the limited collection capability of objectives, severe 
scattering leads to the miss-detection of most fluo-
rescence photons; i.e., the current detection schemes 
have low collection efficiency. Several strategies have 
been proposed to collect missed photons that cannot 
pass through the objectives. Combs et al. (2007) used 
a parabolic mirror to reflect missed photons to the 
detector. Dvornikov and Gratton (2016) adopted a 
wide-area PMT to collect the transmitted fluores-
cence signals. However, these methods are used for 
collecting transmitted signals, and thus are not suita-
ble for in vivo imaging of thick, non-transparent 
samples. Engelbrecht et al. (2009) collected addi-
tional fluorescence photons using a ring of optical 
fibers surrounding the front aperture of the objectives, 
but in this method the fiber coupling efficiency could 
be a problem. Extended detection has been demon-
strated to enhance the collection of back-scattered 
pump/probe signals in stimulated Raman imaging, 
where a large-area silicon PiN photodiode with a hole 
in the center is placed before the front aperture of the 
objectives. This scheme enables the first video-rate 
molecule imaging in vivo (Saar et al., 2010) and the 
rapid detection of brain tumors (Ji et al., 2013). 

However, the extended detection of back- 
scattered fluorescence signals has not been demon-
strated in nonlinear fluorescence microscopy, in 
which wide-area, bulky, and expensive PMTs (Denk 
et al., 1990) or hybrid photodetectors (Chen et al., 
2016) are required. Recently, silicon photomultipliers 
(SiPMs) with a large active area have been developed, 
with advantages of low cost and low pulse height 
variability. Placed close to the back pupil of excitation 
objectives, SiPMs have been used in two-photon 
imaging of neural activity (Modi et al., 2019) and 
coherent anti-Stokes Raman scattering imaging of oil 
(Allen et al., 2020). SiPMs have been shown to match 
the signal-to-noise ratio of PMTs at photon rates en-
countered in calcium imaging and outperform PMTs 
at high photon rates, i.e., in high-photon-rate voltage 
imaging (Modi et al., 2019). 

In this study, we investigate the feasibility and 
robustness of extended epi-detection in nonlinear 
fluorescence microscopy via numerical simulations. 

A large-area detector is modeled by mosaicking 
commercial SiPMs (S13360-6075PE, Hamamatsu), 
with dimensions of 6 mm×6 mm×1.45 mm and 
quantum efficiency of about 48% at 525 nm (close to, 
or higher than the quantum efficiency of the selected 
GaAsP PMTs). We investigate the enhanced collec-
tion efficiency of extended epi-detection in the multi- 
photon fluorescence imaging of a human skin model, 
a mouse brain model, and a hybrid model of skull- 
brain, with different fluorescent proteins. 

 
 

2  Extended epi-detection scheme and sim-
ulation model 
 

In Figs. 1a and 1b, we show the scheme of ex-
tended epi-detection, in which we attach an SiPM 
array ahead of the front aperture of the objective. To 
block the back-scattered excitation light, a filter is 
placed between the sample and the SiPM array. In this 
setup, back-scattered fluorescence signals can be 
collected by the excitation objective and SiPM array, 
which has a hole drilled in the center. 

We used the Henyey-Greenstein distribution 
(Toublanc, 1996) to model the bio-sample scattering, 
Zemax (OpticStudio) to simulate the photon propa-
gation, and custom MATLAB scripts for statistical 
analysis. To simulate the incoherent emission of flu-
orescence in multiphoton fluorescence microscopy, 
we first generated a large number of rays (105) from a 
point in the simulated bio-samples, and then calcu-
lated the spatial distribution of emitted light in the 
plane of the SiPM surface. Specifically, the collection 
numerical aperture (NA) of the objective was simu-
lated by limiting the acceptance angle. 

In the extended detection scheme, a hole is 
drilled in the center of the SiPM array, whose size is 
critical for the collection of scattered photons. As 
shown in Fig. 1b, the hole radius (r) is determined by 
the thicknesses of the filter (df) and SiPM (ds), the 
penetration depth (dp), the one-half angular aperture 
of the objective (θ), and the effective field-of-view 
(FOV). Specifically, there is a trade-off between the 
effective FOV and signal enhancement benefiting 
from extended detection; i.e., drilling smaller holes 
ensures higher signal collection efficiency, but lowers 
the effective FOV. To make a compromise, we set the 
effective FOV as 1/3 of the maximal FOV supported 
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by the objectives. Based on the practical needs of 
bio-imaging in a large FOV and at a high resolution, 
we chose a low magnification, high NA objective 
(10×, 0.6-NA, XLPLN10XSVMP, Olympus) for the 
simulations, unless specified. Accordingly, we set the 
radii of the drilled holes based on the maximum im-
aging depths in different models with θ about 26°48′, 
effective FOV about 600 μm, df about 0.5 mm, and ds 
about 1.45 mm. The immersion medium was water. 
We set the size of the SiPM array (with radius R) 
according to the practical sizes of the optical  
windows. 

As an example, we simulated photon propaga-
tion at a depth of 200 μm in human skin (refraction 
index=1.41) (Lister et al., 2012). Figs. 1a and 1e show 
the walk trajectory of the emitted fluorescence 
(emission wavelength=630 nm) inside the bio-sample 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

and the distribution of scattering clouds at the detector 
surface (radius=12 mm), respectively. In Fig. 1a, the 
emission photons are classified into three types: the 
back-scattered fluorescence (in green) that can be 
collected by extended epi-detection, the transmitted 
fluorescence (in blue) that can pass through the 
bio-sample, and the absorbed fluorescence (in red) 
that can be absorbed. As shown in Fig. 1e, only about 
13.44% of the fluorescence photons fall in the ac-
ceptance angle of the objective, even though about 
19.77% of the fluorescence photons fall in the front 
aperture of the objective. However, an additional 
about 13.23% of the fluorescence photons can be 
detected by the SiPM; i.e., about 26.67% of the flu-
orescence photons in total can be collected in the 
combined collection mode (including photons col-
lected by the objective and SiPM). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1  Extended epi-detection model, tissue optical properties, and an example of fluorescence photon distribution 
(a) Extended epi-detection scheme; (b) An add-on strategy of an extended detector (θ is the one-half angular aperture of the 
objective, and eFOV indicates the effective field-of-view); (c) Scattering coefficient µs for human skin, mouse brain grey matter, 
and mouse skull; (d) Absorption coefficient µa for human skin, mouse brain grey matter, and mouse skull; (e) An example of 
fluorescence photon (emission wavelength=630 nm) distribution at the SiPM surface, emitting from a depth of 200 μm in human 
skin (the black dotted circle shows the collection area of the objective). References to color refer to the online version of this 
figure 
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3  Simulation results of enhanced collection 
via extended epi-detection 

3.1  Extended epi-detection in the human skin 
model 

We quantitatively analyzed the effect of ex-
tended epi-detection in the imaging of human skin. 
The factor g was set as 0.8 (Cheong et al., 1990; 
Jacques, 2013), and the size of the human skin model 
was set as 2.4 cm×2.4 cm×4 mm. The radius of the 
SiPM array was set as R=6 mm. We set the radius of 
the hole as 1.55 mm for an imaging depth of <600 μm 
and effective FOV=600 μm. Fig. 2a shows the col-
lection efficiency of auto-fluorescence at 525 nm 
(abbreviated as GAF). The extended epi-detection 
boosts the collection efficiency at each imaging depth  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

within the whole effective FOV. In particular, for 
fluorescence sources either in the center or at the edge 
of the effective FOV, the collection efficiency of the 
objective remains nearly constant. In comparison, 
using SiPM, the collection efficiency of fluorescence 
sources at the edge of the effective FOV would be 
higher as scattered photons are more likely to hit the 
extended detector. Thus, the combined collection 
efficiency for fluorescence sources at the edge of the 
effective FOV will be higher, as expected. For ex-
ample, at an imaging depth of 600 μm, the collection 
efficiency (expressed as mean±SD with n=5) varies 
from (4.73±0.01)% in the objective collection mode 
to (6.83±0.12)% in the combined collection mode for 
GAF sources in the center of the FOV (magenta curve 
in Fig. 2a) and from (4.46±0.03)% (objective  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2  Enhanced collection via extended epi-detection in the human skin model 
Collection efficiency versus detection radius at different imaging depths for GAF (a) and RAF (b) (The dotted gray lines show the 
radius of the drilled hole in the center of the extended detector, “center” and “edge” refer to the fluorescent sources in the center 
and at the edge of the FOV respectively, and d represents the imaging depth); (c) Collection efficiency versus imaging depth in the 
objective collection mode and combined collection mode; (d) Collection efficiency ratio of the RAF and GAF at different im-
aging depths in the objective collection mode and combined collection mode (left vertical axis), and the increased collection of 
GAF and RAF as a function of the imaging depth (right vertical axis) (The dotted lines correspond to the left vertical axis, and the 
solid lines correspond to the right vertical axis). References to color refer to the online version of this figure 
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collection only) to (7.83±0.08)% (combined collec-
tion) for GAF sources at the edge of the FOV (deep 
yellow curve in Fig. 2a). 

The same trends can be seen for auto- 
fluorescence emission at 630 nm (abbreviated as RAF) 
in Fig. 2b. For example, at a depth of 200 μm, the 
collection efficiency of RAF varies from (13.44± 
0.02)% (objective collection only) to (26.67±0.06)% 
(combined collection) for fluorescence sources in the 
center of the FOV (red curve in Fig. 2b) and from 
(13.34±0.04)% (objective collection only) to (29.76± 
0.11)% (combined collection) for fluorescence 
sources at the edge of the FOV (green curve in 
Fig. 2b). Comparing Figs. 2a and 2b, we know that at 
the same imaging depth and with the same extended 
detection radius, the collection efficiency of RAF is 
higher than that of GAF due to the smaller scattering 
and absorption coefficients of RAF. 

Fig. 2c shows the collection efficiency versus 
imaging depth. As discussed above, in the objective 
collection mode, the collection efficiency remains 
nearly constant across the FOV for GAF (magenta 
and red lines in Fig. 2c) and RAF (black and blue lines 
in Fig. 2c). In the combined collection mode, the 
collection efficiency in the edge of the FOV is higher 
than that at the center of the FOV, for GAF (deep 
yellow and green lines in Fig. 2c) and RAF (light 
yellow and cyan lines in Fig. 2c). The collection ef-
ficiency drops when the imaging depth increases due 
to the scattering and absorption. For example, the 
collection efficiency of RAF signals at the edge of the 
FOV (the light yellow line) varies from (30.9±0.1)% 
(d=0 μm) to (25.17±0.21)% (d=600 μm) in the com-
bined collection mode. 

Fig. 2d shows the ratio of the collection effi-
ciency of RAF fluorescence and GAF fluorescence 
(FRAF/FGAF, left vertical axis) and the increased col-
lection (right vertical axis) induced by extended 
epi-detection as a function of the imaging depth. We 
define the increased collection as 

 

combined obj

obj

CE CE
Increased collection 100%,

CE
−

= ×  (1) 

 
where CEcombined indicates the collection efficiency in 
the combined collection mode and CEobj represents 
the collection efficiency in the objective collection 
mode. When the imaging depth is increased, the 

benefit of using fluorophores of a larger emission 
wavelength becomes more apparent. For example, 
FRAF/FGAF is 1.748±0.010 at a depth of 0 μm and 
3.215±0.090 at a depth of 600 μm for fluorescent 
sources at the edge of the FOV in the combined col-
lection mode. The increased collection efficiencies 
for RAF and GAF persist at increased imaging depths, 
which is beneficial for deep tissue imaging. For ex-
ample, the increased collection efficiency of RAF 
fluorescence is (153.2±1.8)% (d=600 μm) for fluo-
rescent sources at the edge of the FOV. 

3.2  Extended epi-detection in the mouse brain 
model 

We examined whether such an extended detec-
tion scheme is effective in a mouse brain model. The 
factor g was set as 0.9 (Cheong et al., 1990; Jacques, 
2013). The size of the mouse brain model was set as 
1.3 cm×1 cm×6.5 mm, and the refraction index of the 
mouse brain grey matter was 1.37 (Binding et al., 
2011). To collect as many fluorescence photons as 
possible, we set a large cranial window with 5-mm 
diameter (i.e., R=2.5 mm) covered with a 170-μm- 
thick coverslip (Holtmaat et al., 2009). We set the 
radius of the central hole in the SiPM as 1.83 mm for 
an imaging depth of <1.2 mm. 

Figs. 3a and 3b show the collection efficiencies 
of green fluorescence protein (GFP, emission wave-
length=525 nm) and red fluorescence protein (RFP, 
emission wavelength=630 nm) versus the extended 
detection radius, respectively. As expected, extended 
detection also boosts collection efficiency in the 
mouse brain model. For example, at an imaging depth 
of 200 μm, the collection efficiency of GFP varies 
from (5.90±0.01)% (objective collection only) to 
(9.30±0.05)% (combined collection) for fluorescence 
sources in the center of the FOV and from (6.04± 
0.02)% (objective collection only) to (10.16±0.12)% 
(combined collection) for fluorescence sources at the 
edge of the FOV; the collection efficiency of RFP 
varies from (11.02±0.06)% (objective collection only) 
to (20.47±0.11)% (combined collection) for fluores-
cence sources at the center of the FOV and from 
(10.95±0.05)% (objective collection only) to (22.31± 
0.11)% (combined collection) for fluorescence 
sources at the edge of the FOV. Further analysis is 
shown in Figs. 3c and 3d. Fig. 3c shows the collection 
efficiency versus imaging depth in the objective  
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collection mode and combined collection mode. The 
collection efficiency drops when the imaging depth 
increases. Also, the collection efficiency curves for 
fluorescent sources in the center and at the edge of the 
FOV almost overlap, which suggests that the position 
dependence of fluorescence sources is minor here due 
to the limited extended detector size in the mouse 
brain model. Fig. 3d shows the ratio of the RFP flu-
orescence and GFP fluorescence (FRFP/FGFP, left ver-
tical axis) and the increased collection (right vertical 
axis) induced by extended epi-detection as a function 
of the imaging depth. Similarly, FRFP/FGFP increases 
for deep imaging. For example, FRFP/FGFP varies from 
about 2.041 (d=0 μm) to about 4.359 (d=1200 μm) for 
fluorescent sources in the center of the FOV in the 
combined collection mode. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
We also compared the performance of our 

scheme with that of the supplementary fiber-optic 
light collection method (Engelbrecht et al., 2009), 
with the same simulation parameters. For mouse brain 
imaging at 800-μm depth labeled with GFP, our 
method increased the collection by about 51.4%, 
compared to about 40% using the supplementary  
fiber-optic light collection method (Engelbrecht et al., 
2009). 

3.3  Extended epi-detection in the hybrid model of 
mouse skull and brain 

To avoid artifacts arising from immune re-
sponses after craniotomy, it is highly desirable to 
adopt advanced methods for imaging directly through 
intact skulls (Yang et al., 2010). We have  

Fig. 3  Enhanced collection via extended epi-detection in the mouse brain model 
Collection efficiency versus detection radius at different imaging depths for GFP (a) and RFP (b) (The dotted gray lines show the 
radius of the drilled hole in the center of the extended detector, “center” and “edge” refer to fluorescent sources in the center and 
at the edge of the FOV respectively, and d represents the imaging depth); (c) Collection efficiency versus imaging depth in the 
objective collection mode and combined collection mode; (d) Collection efficiency ratio of the RFP and GFP at different imaging 
depths in the objective collection mode and combined collection mode (left vertical axis), and the increased collection of GFP and 
RFP as a function of the imaging depth (right vertical axis) (The dotted lines correspond to the left vertical axis and the solid lines 
correspond to the right vertical axis). References to color refer to the online version of this figure 



Shi et al. / Front Inform Technol Electron Eng   2021 22(10):1289-1298 1295 

demonstrated that with two-photon microscopy based 
on the iterative multi-photon adaptive compensation 
technique, structures and functional dynamics of 
dendrites under an intact mouse skull can be moni-
tored (Kong and Cui 2014, 2015a, 2015b). It has also 
been shown that three-photon microscopy is capable 
of imaging through intact skulls (Wang TY et al., 
2018). In the literature, the scattering of excitation 
light through skull has been managed while the col-
lection of scattered emission light is untreated. As 
scattering affects signal collection efficiency, we 
examined the performance enhancement of extended 
epi-detection in a hybrid model of mouse skull and 
brain (Fig. 4a). 

Here, we set the thickness of the skull as about 
100 μm (Wang TY et al., 2018) with a refraction index 
of 1.5 (Soleimanzad et al., 2017). The factor g of the 
skull was set as 0.9 (Cheong et al., 1990; Jacques, 
2013). The radius of the central hole in the SiPM 
(R=2.5 mm) was set as 1.27 mm for an imaging depth 
of <400 μm under the dura (i.e., the thickness of the 
skull was not included). Figs. 4b and 4c show the 
collection efficiencies of the GFP fluorescence and 
RFP fluorescence versus the detection radius in the 
hybrid model, respectively. The skull can be consid-
ered an additional scatterer (Fig. 1c) and absorber 
(Fig. 1d). The additional absorption will lower the 
collection efficiency, and additional scattering will 
further randomize the walk trajectory of emitted flu-
orescence. Figs. 4b and 4c show that the extended 
detection is effective in the presence of the skull. For 
example, in Fig. 4c, at a depth of 400 μm, the collec-
tion efficiency of RFP varies from (10.50±0.05)% to 
(18.05±0.06)% for fluorescent sources in the center of 
the FOV (magenta curve) and from (10.70±0.02)% to 
(18.30±0.03)% for fluorescent sources at the edge of 
the FOV (deep yellow curve). Fig. 4d shows the col-
lection efficiency at different imaging depths in the 
objective collection mode and combined collection 
mode. Due to the limited size of the extended detec-
tors in the hybrid skull-brain model, the position de-
pendence of the fluorescence source is minor here, as 
suggested by the overlapping of collection efficiency 
curves for fluorescent sources in the center and at the 
edge of the FOV. Fig. 4e shows the ratio of the RFP 
fluorescence and GFP fluorescence (FRFP/FGFP) as a 
function of the imaging depth. Consistently, as the 
imaging depth increases, FRFP/FGFP increases. Spe-

cifically, FRFP/FGFP changes from about 2.525 
(d=0 μm) to about 2.930 (d=400 μm) for fluorescent 
sources in the center of the FOV in the combined 
collection mode. Fig. 4f shows the increased collec-
tion induced by our proposed scheme as a function of 
the imaging depth. The increased collection is nearly 
constant within a superficial depth of 400 μm. For 
example, for fluorescent sources in the center of the 
FOV, the increased collection varies from (63.67± 
0.30)% (d=0 μm) to (71.12±0.49)% (d=400 μm) for 
RFP and from (26.25±0.67)% (d=0 μm) to (27.09± 
0.94)% (d=400 μm) for GFP. The enhanced perfor-
mance in fluorescence collection will improve the 
signal-to-noise ratio in practical imaging, and thus 
alleviate the critical requirement for high-energy 
ultrashort lasers (Wang TY et al., 2018). 
 
 
4  Discussion and conclusions 
 

In this paper, we report the results of a numerical 
study of the enhanced collection of emitted fluores-
cence via an extended epi-detection scheme. Through 
simulations of a human skin model, a mouse brain 
model, and a hybrid model of mouse skull and brain, 
we have shown that such an extended epi-detection 
scheme is effective in deep tissue imaging. Choosing 
fluorescence proteins of larger emission wavelength 
is also beneficial. For example, in the human skin 
model, the increased collection efficiency of RAF 
signals was (153.2±1.8)% (d=600 μm) for fluorescent 
sources at the edge of the FOV. For deep brain im-
aging, the proposed scheme can improve the fluo-
rescence collection, even in the presence of intact 
mouse skull. 

We have performed the simulations above based 
on a 10×, 0.6-NA objective. In practice, different 
objectives are used according to specific imaging 
needs. We have compared the performance en-
hancements based on different objectives using the 
human skin model as an example. We have chosen a 
pair of objectives with the same magnification but 
different NAs (10×, 0.6-NA, XLPLN10XSVMP, 
Olympus, and 10×, 0.5-NA, CFI Plan Apo 10XC 
Glyc, Nikon), and a pair of objectives with the same 
NA but different magnifications (16×, 0.8-NA, CFI75 
LWD 16X W, Nikon, and 40×, 0.8-NA, LUMP-
LFLN40XW, Olympus). The diameter of the effective  

https://www.microscope.healthcare.nikon.com/selectors/objective-comparison/-1947
https://www.microscope.healthcare.nikon.com/selectors/objective-comparison/-1947
https://www.microscope.healthcare.nikon.com/selectors/objective-comparison/-1947


Shi et al. / Front Inform Technol Electron Eng   2021 22(10):1289-1298 1296 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4  Enhanced collection via extended epi-detection in a hybrid model of mouse skull and brain 
(a) A hybrid model of mouse skull and brain; Collection efficiency versus detection radius at different imaging depths (excluding 
the thickness of the mouse skull) for GFP (b) and RFP (c) (The dotted gray lines show the radius of the drilled hole in the center 
of the extended detector, “center” and “edge” refer to the fluorescent sources in the center and at the edge of the FOV respectively, 
and d represents the imaging depth); (d) Collection efficiency at different imaging depths in the objective collection mode and 
combined collection mode; (e) Collection efficiency ratio of the RFP and GFP at different imaging depths in the objective  
collection mode and combined collection mode; (f) Increased collection of GFP and RFP as a function of the imaging depth. 
References to color refer to the online version of this figure 
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FOV for each objective was set as 600, 600, 400, and 
200 μm, corresponding to the radius of the drilled 
hole in the SiPM as 1.28, 1.55, 2.08 and 1.95 mm, 
respectively. Figs. 5a and 5b show the increased col-
lection with different objectives for fluorescent 
sources in the center and at the edge of the FOV, re-
spectively. For objectives of the same magnification 
(same effective FOV), the enhanced performance is 
poorer for those with a higher NA, in which the large 
size of the drilled hole (red and yellow lines in Fig. 5) 
lowers the collection efficiency. For objectives of the 
same NA, the enhanced performance is poorer for 
those with a lower magnification but a larger effective 
FOV (green and blue lines in Fig. 5). This is con-
sistent with the expected trade-off between effective 
FOV and signal enhancement resulting from extended 
detection. 

Although in another report (Engelbrecht et al., 
2009), the enhanced collection efficiency varied a 
little for fluorescent sources across the FOV, our  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

proposed scheme can still be used practically for 
quantitative imaging after calibration. Moreover, in 
the simulations, we have supposed that the tissue 
surface was flat across the size of the extended de-
tector, which fits for most bio-samples. For small 
organs, a curved surface may lower the collection 
efficiency. In this case, however, an extended detector 
of a smaller size would still be effective. 

In summary, we have demonstrated that ex-
tended epi-detection of back-scattered photons is a 
generally applicable technique in nonlinear fluores-
cence microscopy to enhance detection signals. Fu-
ture work could involve implementing the proposed 
method in practical imaging. 
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