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Supplementary Information 

A. Hyperspectral wide-field single-pixel TD-MFLI system  

A detailed description of the system implementation is provided here. Fig. S1a shows a diagram of the system con-

figuration without the light source (Mai Tai HP, Spectral Physics, CA) while Fig. S1b shows the corresponding 

physical implementation of the system. The Ti:Sapphire laser is capable of generating 80 MHz excitation light puls-

es from 690 nm to 1040 nm with ~100 fs pulse width and up to 3 Watts of power at 800 nm (~0.9 Watt at 695 nm). 

The excitation light power is controlled and monitored by a variable attenuator (CCVA-TL-KT, Newport Corpora-

tion, CA) before injection into a multimode fibre (P400-10-VIS-NIR, NA= 0.22, Ocean Optics Inc., FL). The input 

can be switched between transmission and reflectance geometries by coupling into either DMD I or DMD II. In 

transmission geometry, the incoming laser light is first collimated by a fibre collimator C1 (F810SMA-780, 

Thorlabs Inc, NJ) and is then focused using a f= 25.4 mm lens L1 (LB1761-B, Thorlabs Inc, NJ) into the integrator 

rod of the DMD I optics (D4110 plus S2+ VIS optics module, f/2.6~2.9, with a 9-mm spacer ring added to the pro-

jection lens to increase focus range of the optical module, Digital Light Innovations, TX). In the reflectance geome-

try, the incoming light is collimated using collimator C2 (F220SMA-B, Thorlabs Inc, NJ) and then coupled into 

DMD II (Pico Projector PK101, Optoma USA, CA) (LED and coupling lens removed). It is possible to achieve up 

to ~10 mW/cm2 illumination power density within the FOV. On the detection side, the emitted signal collected by 

DMD III (D4110 plus S2+ NIR optics module, f/2.6~2.9, with an 8.6-mm spacer ring added to the objective to 

increase focus range, Digital Light Innovations, TX) is then focused into a light guide (11 mm fibre bundle, 200 µm 

core diameter of single fibre, NA= 0.22) with lens group I (from left to right in Fig. S1a, L2, L3: f= 30.0 mm, 

AC254-030-B, Thorlabs; L4: f= 40.0 mm, #48-769, Edmund Optics), lens group II (replacing the original relay 

lenses, from left to right in Fig. S1a, L5: f= 30 mm, LB1757-B, Thorlabs Inc, NJ; L6, L7: f= 25.4 mm, LB1761-B, 

Thorlabs Inc, NJ), and a light-homogenizing transmission integrator rod (#63-086 Hexagonal Light Pipe, Edmund 

Optics, NJ) between them. A long-pass filter (FF01-715/LP-25, Semrock, NY) is used to block the excitation light. 

Overall, ROIs on the imaging plate are demagnified ~16.5 (for in vitro studies) or ~18.9 (for in vivo studies) times 

by the detection optics. Finally, the light guide converts a 3-mm-diameter circular aperture to a 1mm×7mm linear 

aperture for input to a time-resolved spectrophotometer (MW-FLIM, f/3.7, Becker & Hickl GmbH, Germany). The 

spectrophotometer employs a 1200 lines/mm blazed grating G (#77412, 750 nm blaze, Newport Optics, CA) and 

two concave mirrors (M2 and M3) to achieve ~5.2 nm/mm dispersion. Data acquisition of the multi-anode PMT 

detector (PML-16-C, Becker & Hickl GmbH, Germany) is achieved with SPC-150, DCC-100 control modules 

(Becker & Hickl GmbH, Germany) based on the time-correlated single photon counting (TCSPC) technique and 4 

channel bits are applied in the detector to encode 16 wavelength channels.  

Compressive hyperspectral time-resolved wide-field fluorescence lifetime imaging

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

SUPPLEMENTARY INFORMATION
DOI: 10.1038/NPHOTON.2017.82

NATURE PHOTONICS | www.nature.com/naturephotonics  1

http://dx.doi.org/10.1038/nphoton.2017.82


2 
 

 

Figure S1 | Diagram and picture of the imaging system setup. a, A detailed diagram of the system configuration (Mai Tai laser not shown here). 
b, A picture of the physical implementation of the imaging platform. Lenses: L1 (f= 25.4 mm), L2 (f= 30.0 mm), L3 (f= 30.0 mm), L4 (f= 40.0 mm), 
L5 (f= 30.0 mm), L6 (f= 25.4 mm), L7 (f= 25.4 mm); Fibre collimators: C1 and C2; Grating: G (1200 lines/mm, 750 nm blaze); Mirrors: M1, M2 and 
M3.  
B. Data processing 

An intensity threshold was applied to the hyperspectral time-resolved reconstructed images to select the regions of 

interest (ROIs). Each TPSF curve was first processed with the Anscombe transform to stabilize Poisson noise vari-

ance, then denoised with a Gaussian filter and normalized to its peak before bi-exponential lifetime fitting. The 

model used for bi-exponential lifetime fittings is: 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 𝐼𝐼𝐼𝐼𝑇𝑇 ∗ [𝐴𝐴1exp(−𝑡𝑡/𝜏𝜏1) + 𝐴𝐴2exp(−𝑡𝑡/𝜏𝜏2)], (𝐴𝐴1 + 𝐴𝐴2 = 1), 
where 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 is temporal point spread function, 𝐼𝐼𝐼𝐼𝑇𝑇 is instrumental response function, 𝜏𝜏1 and 𝜏𝜏2 are short and long 

lifetime components, 𝐴𝐴1 and 𝐴𝐴2 are the corresponding fractions of these two components. The symbol ‘∗’ repre-

sents convolution here. When retrieving the mean lifetimes, fitting ranges for  𝜏𝜏1 and 𝜏𝜏2 were set to 0.40 ± 0.20 ns 

and 0.80 ± 0.30 ns.  In terms of estimating FRETing donor fraction (FD%), the fitting ranges for short (FRETing 

donor) and long lifetime (non-FRETing donor) components were set as 0.25 ± 0.03 ns, 1.05 ± 0 ns respectively for 

both in vitro and in vivo studies based on calibration. An example of bi-exponential fitting of an experimental TPSF 

is shown in Fig. S2. 

 

Figure S2 | Examples of bi-exponential lifetime fitting. The fitting result and residual of a pixel in the mouse liver using the bi-exponential 
fitting method (725 nm channel) in order to retrieve FD%.  

(d)

MW-FLIM 
Detector

Light Guide

NIR CCD 

DMD I 

Input Fiber

Mirror

Imaging
Plate

Relay Optics and Filter DMD III 

DMD II 

NIR CCD 

MW-FLIM
Detector

Light Guide

DMD II

DMD III

DMD I
L1

C1

100 mm

105 mm

43 mm

40 mm

Filter

8 mm

5 mmL2~L4

L5~L7

C2

Imaging 
Plate

119 mm

M1
G

M3

M2

Integrator Rod

22.4 

a b 

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

NATURE PHOTONICS | www.nature.com/naturephotonics 2

SUPPLEMENTARY INFORMATIONDOI: 10.1038/NPHOTON.2017.82

http://dx.doi.org/10.1038/nphoton.2017.82


3 
 

C. The comparison between spatial multiplexing single-pixel method and ICCD-based method 

In this paper, we reported a novel approach to perform multi-spectral macroscopic fluorescence lifetime imaging 

and benchmarked it with our well-established gated ICCD system that has been used extensively for in vitro and in 

vivo FRET studies1–3. The quantitative comparison was performed in the context of lifetime-based parameter estima-

tion with special focus on the FD% as it is one of the most challenging parameters to obtain robustly and accurately 

in FRET applications4,5. It is important to note that our single-pixel imaging platform is still not yet optimized in 

terms of acquisition speed and we expect significant acquisition speed-up improvements in the near future by using 

appropriate data reduction techniques and a new generation of time-resolved detectors with enhanced sensitivity. 

Additionally, the performances of the single-pixel and the gated-ICCD systems are affected by several key factors 

such as temporal resolution (~150 ps for the single-pixel MFLI system and 300 ps for the ICCD-based system if 

calculated as full width at half maximum of IRF), temporal gating (32.6 ps temporal channel width for the single-

pixel MFLI system and 300 ps gate width for the ICCD-based system), f-number of collecting optics (f-number> 3.7 

for the single-pixel MFLI system and f-number= ~1.8 for the ICCD-based system), photocathode quantum efficien-

cy at the NIR wavelength range,  field of view (FOV) and spatial resolution.  

D. The comparison between spatial multiplexing single-pixel method and raster scanning method 

Considering the difficulty to concurrently implement raster scanning based on galvo-mirrors in the proposed system, 

we employed scan-mimicking point scan patterns (scanning point size was the same as the minimum element size of 

Hadamard patterns) to compare the Hadamard pattern-based single-pixel MFLI and the raster scanning method. This 

experimental study was performed as follows: unconjugated Alexa Fluor 750 (A33085, Thermo Fisher Scientific, 

MA) buffered by PBS was filled in 9 wells of a 96-well plate (2.08 µM concentration, 250 µL volume for each well). 

The sample was excited at 740 nm and the emission light was detected after a band-pass emission filter (FF01-

780/12-25, Semrock, NY) in both methods. The signals from 777.4 nm (emission peak channel) were analyzed. The 

ROI areas for both techniques were 35 × 35 mm2. For the spatial multiplexing MFLI method, the sample was im-

aged using 1024 Hadamard patterns (32 × 32 resolution, 1.09 × 1.09 mm2 pixel size on the imaging plate) in total 

with 1 s exposure time per pattern and ~1.85 mJ/cm2 illumination energy density per measurement (948.74 mJ/cm2 

energy density over the whole imaging process considering the 50% fill factor of Hadamard patterns). Time-

resolved fluorescence intensity distribution of the sample fHad (x, y, t) (x, y are spatial domain coordinates: x, y = 1, 

2…32; t is the time domain coordinate) was recovered by solving the inverse problem mentioned in the main text. 

For the raster scanning method, the scanning point was set to the same size as in the Hadamard pattern-based meth-

od (1.09 × 1.09 mm2) in order to maintain spatial resolution for comparison. Scanning was simulated with the illu-

mination DMD by turning micro-mirrors within one ‘pixel’ (1.09 × 1.09 mm2 projection size on the imaging plate) 

into the “ON” state at a time and time-resolved fluorescence intensity distribution fScan (x, y, t) (x, y = 1, 2…32; t is 

the time domain coordinate) was generated after 1024 scans. Different illumination energy densities per measure-

ment range from ~1.85 mJ/cm2 to 27.80 mJ/cm2 were applied in the scanning technique by tuning the laser power 

and exposure time (see Tab. S1 for illumination energy density and exposure time settings for each imaging experi-

ment). Both methods provided time-resolved fluorescent images of 1024 pixels (32 × 32 resolution).  

All signals from one well based on the raster scanning method (Scan 4 in Tab. S1) were added together to form a 
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ground truth, and MSE (mean square error) for the TPSF of each pixel (1.09 × 1.09 mm2) and average MSE across 

the whole ROI were calculated according to this ground truth for every imaging condition (see Fig. S3 a-f and Fig. 

S4 a). In addition, reconstructed fHad and fScan were filtered (filter size and standard deviation were kept constant for 

all conditions) and fitted to a mono-exponential decay model (initial lifetime for fitting: 0.45 ns, lifetime fitting 

range: ±0.1 ns) to retrieve the mean and standard deviation values of fluorescence lifetime under each imaging con-

dition (see Fig. S4 b). The comparison shows the improvements in SNR (signal-to-noise ratio) and quantification 

accuracy of lifetime estimation induced by the implementation of Hadamard patterns in single-pixel MFLI. This is 

expected as Hadamard multiplexing is suppressing additive noise and background stray light, as reported by L. 

Streeter et. al6. The overall illumination energy dose deposited on the sample for Hadamard multiplexing could be 

further reduced by compressive sensing7 methodologies aiming at decreasing the required measurement number.  

Table S1 | Illumination energy density (per measurement) settings for different experiments   

 Had Scan1 Scan2 Scan3 Scan4 

Power Density  (mW/cm2) 1.85 1.85 5.56 5.56 5.56 

Exposure time (s) 1 1 2 3 5 

Energy Density (mJ/cm2) 1.85 1.85 11.12 16.68 27.80 

 

 
Figure S3 | TPSFs for the same pixel that were obtained with five different imaging conditions and their MSEs calculated for each case com-
pared to the ground truth (channel center wavelength: 777.4 nm).  TPSFs and their MSEs obtained with a, ‘Had’; b, ‘Scan1’; c, ‘Scan2’; d, 
‘Scan3’ and e, ‘Scan4’ methods described in Tab. S1.  f, The ground  truth used to calculate the MSEs (obtained by averaging TPSFs within the 
same well using method ‘Scan4’).  

a b c 
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Figure S4 | Quantification study results calculated within the ROIs of each imaging condition. a, The average MSEs of all TPSFs calculated 
within the ROI of each imaging condition. b, The mean and standard deviation values of fluorescence lifetime calculated within the ROI of each 
imaging condition. The mean and standard deviation values of lifetime obtained from the five conditions are: 0.450±0.045 ns, 0.395±0.058 ns, 
0.426±0.041 ns, 0.453±0.046 ns, 0.453±0.032 ns. 
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