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Abstract

We present a novel fiber-based imaging platform that allows simultaneous fluorescence lifetime 

imaging (FLIm) and optical coherence tomography (OCT) using a double-clad fiber. This 

platform acquires co-registered images showing structural and compositional contrast in unlabeled 

biological samples by scanning the fiber tip across the sam ple surface. In this Letter, we report 

a characterization of each modality and show examples of co-registered FLIm and OCT images 

acquired from a lemon segment and a section of human coronary artery. The close comparison 

between the combined FLIm and OCT images and a co-registered histology section provides 

a qualitative validation of the technique and highlights its potential for minimally invasive, 

multimodal imaging of tissue structure and composition.
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The complexity of the optical tissue response makes it challenging for a single imaging 

modality to accurately characterize tissue structure and function. Multimodal imaging 

platforms that combine two or more modalities in a single apparatus aim to leverage the 

strengths of complementary imaging techniques to sample a larger cross section of the 

optical tissue response [1–4].

Fluorescence lifetime imaging (FLIm) is a functional imaging technique that uses the 

temporal dynamics of fluorescence emission to delineate regions of biochemical contrast on 

the sample surface [5]. Optical coherence tomography (OCT) is an interferometric technique 

that acquires depth-resolved images of a sample microstructure [6]. A combined FLIm and 

OCT platform can be used to acquire an orthogonal dataset that reports both tissue structure 

and function. The benefits of combining FLIm and OCT in a single apparatus have been 

exploited by a few research groups, who realized multimodal imaging platforms that were 

based on a conventional microscope frame [7–9]. However, the use of free-space optics 

prevented these systems from being translated to applications where the imaging geometry is 
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highly restricted such as the intravascular environment, airways, or inside a tissue bioreactor. 

Optical fibers are widely used in biophotonics as a narrow and flexible interface between 

a limited-access region of a sample and the imaging apparatus [10]. Previous efforts to 

combine fluorescence with OCT in single fiber imaging platforms relied on intensity-based 

fluorescence measurements [11–16]. In this Letter, we report what is, to the best of our 

knowledge, the first demonstration of a simultaneous FLIm and OCT imaging platform 

that uses a single fiber optic interface. FLIm is an inherently ratiometric technique that is 

robust against changes in fluorophore concentration and fluorescence excitation or collection 

efficiency that readily occur when imaging in non-ideal environments such as in vivo [17]. 

Such changes may result in imaging artifacts in intensity-based techniques. Furthermore, 

recording the fluorescence dynamics provides an alternative source of contrast that can be 

used to resolve fluorophores with overlapping spectra, a common feature of endogenous 

fluorescence. In addition, FLIm has been used to indirectly measure the metabolic state 

of cells seeded on tissue scaffolds [8]. Finally, time-resolved fluorescence imaging can 

allow background fluorescence from the apparatus to be temporally separated from sample 

autofluorescence, thus mitigating the effect that limited the detection sensitivity of other 

intensity-based fluorescence and OCT imaging systems [13,16]. In this Letter, we present a 

characterization of our fiber-based FLIm and OCT platform, and validate its ability to detect 

features exhibiting structural and compositional contrast in a human coronary artery section 

against a co-registered histology section.

The combination of two modalities in a single optical fiber places stringent requirements 

on the fiber optic interface. OCT requires light to be guided in a single spatial mode, 

whereas FLIm benefits greatly from the increased fluorescence collection cross section 

given by multimode fibers. To accommodate these requirements, 2 m sections of a low-

cost, commercially available double-clad fiber (DCF) were used. The fiber (Nufern, LMA-

GDF-10/400) has a doped silica core and a pure silica inner cladding with diameters of 

11.5 and 400 µm, respectively, the concentric nature of which give rise to the inherent 

co-registration of the FLIm and OCT datasets. The core and cladding numerical apertures 

(NAs) are 0.08 and 0.46, respectively. The large diameter and high NA of the DCF inner 

cladding increases the collection efficiency of the fiber, and the number of modes in 

the inner cladding that have a vanishing overlap with the core [18], thus reducing the 

background fluorescence of the fiber caused by 355 nm of light exciting visible transitions 

in the core dopants. The measured coupling efficiencies for the DCF over the relevant 

wavelengths for this Letter are reported in Table 1. The coupling efficiency for the 380–650 

nm wavelength range was measured using an xenon flash lamp.

A simple fiber probe was realized by mounting a 1.8 mm diameter, 11 mm long, 0.25 pitch, 

lithium ion exchange gradient index (GRIN) lens (NA = 0.2) onto a fiber port, into which 

the DCF distal end was inserted [see Fig. 1(b)]. The transmission of the GRIN lens was 

measured at 78% at 355 nm and 97% at 1310 ± 55 nm, which resulted in average powers in 

the sample plane of 2.27 and 22.5 mW for the 355 and 1310 ± 55 nm light, respectively. The 

layout of the FLIm and OCT platform is shown in Fig. 1(a). A comprehensive description 

of the FLIm system has been reported previously [19]. Briefly, light from a 355 nm laser 

(4 kHz repetition rate, 7.89 mW average power output) is guided to the sample in the 

DCF inner cladding. The same region of the fiber is used to guide backscattered sample 
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autofluorescence to a wavelength selection module that separates the light into four spectral 

bands [see Fig. 1(c)]. Fiber optic delay lines temporally multiplex the four spectral bands 

onto a single photomultiplier tube (PMT). Fluorescence decays are acquired using the pulse 

sampling technique [20], and lifetimes are extracted from the raw decays using a constrained 

least-squares deconvolution with Laguerre expansion [21]. The limited penetration depth of 

ultraviolet light in biological tissue (<250 µm) means that all FLIm datasets in this Letter 

were acquired at the sample surface.

The OCT system uses a 1310 ± 55 nm swept laser OCT engine from Axsun Technologies, 

with a native A-line rate of 50 kHz and an average output power of 50 mW. The OCT 

light source is fiber-coupled into a 90:10 fiber coupler that sends 10% of the output to the 

interferometer reference arm formed by a 2 m section of the DCF and a metallic mirror 

mounted on a translation stage used to approximately match the relative optical path length. 

The remaining 90% of the OCT light is coupled into the core of the 2 m section of the DCF 

used for FLIm. The core of this fiber realizes part of the OCT interferometer sample arm. 

The reflections in both the sample and reference arms are coupled back through the DCF 

core and are separated from the incoming light by three-port fiber circulators. Light from 

each arm is mixed using a 50:50 fiber coupler and detected using the OCT engine’s onboard 

dual-balanced photodiodes. The Axsun OCT engine includes a 12 bit, 500 MS/s FPGA DAQ 

board that processes data from the dual-balanced photodiodes and generates depth- resolved 

B-scans that are streamed to the experimental control computer.

Parallel FLIm and OCT images were acquired by scanning the fiber probe at a fixed height 

above the sample in an X-Y raster pattern, using a motorized three-axis translation stage. 

To improve the signal-to-noise ratio (SNR) of the FLIm images, lifetimes were extracted 

from waveforms that were the average of 16 fluorescent decays. On-the-fly pre-processing 

of the FLIm data further reduced the effective acquisition rate of the FLIm pixels to 78 Hz. 

To ensure a smooth FLIm image, the FLIm system sampled the surface at 40 µm intervals 

(well above the limit dictated by the Nyquist Shannon sampling theorem). In order to avoid 

overfilling the OCT DAQ buffer, the A-line rate of the OCT system was downsampled to 

500 Hz. This resulted in image acquisition times of 52 and 29 min for the large field-of-view 

images shown in Figs. 3 and 4, respectively.

The working distance, axial collection efficiency, and lateral point spread functions (PSF) 

of both imaging systems were estimated from measurements taken in air, using a phantom 

fabricated from a 13 µm diameter tungsten wire coated with a thin layer of fluorescent dye 

[see Figs. 2(a)–2(c)]. In the focal plane, the OCT (FLIm) PSF full width at half-maximum 

(FWHM) in the orthogonal x and y directions was measured to be 16.0 (226.9) and 16.3 µm 

(221.3 µm), respectively.

The lateral extent of the FLIm system PSF could be decreased to approximately that of the 

OCT system by the introduction of a DCF that was compatible with coupling 355 nm of 

light in its core. Longitudinal chromatic aberration in the GRIN lens resulted in a 1.7 mm 

offset between the axial locations of the FLIm and OCT focal planes. These aberrations can 

be cancelled using a diffractive optical element [22]. However, in this Letter, the impact of 

this offset is mitigated by the broad axial collection efficiency of the FLIm system, which 
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results in approximately 50% reduction in the intensity of fluorescence emission when the 

OCT focal plane is located 500 µm below the sample surface [Fig. 2(c)].

The OCT axial PSF FWHM was measured from images of a microscope slide (data not 

shown) to be 10.2 µm, which presents good agreement with the theoretical value derived 

from the coherence length of the light source [23]. Using a Scotch tape phantom [Fig. 2(d)], 

it was observed that the OCT system was able to image features approximately 1.8 mm 

below the sample surface. Images of a protected silver mirror were used to calculate the 

sensitivity of the OCT system to be 92 dB (data not shown). A phantom consisting of six 

glass capillaries filled with fluorescent dyes or biologically relevant fluorophores was used 

to measure the accuracy of the lifetime measurements made by the FLIm system [Fig. 2(e)]. 

Low SNR pixels were thresholded out of the FLIm image. The mean fluorescence lifetimes 

for coumarin 120 in ethanol (EtOH) (3.67 ns in CH3), rhodamine B in EtOH (2.91 ns in 

CH4), and flavin adenine dinucleotide (FAD) (2.94 ns in CH3) agree with accepted literature 

values [24–26]. The free nicotinamide adenine dinucleotide (NADH) average lifetime (0.77 

ns in CH2) is longer than the literature value of 0.44 ns. The difference is attributed to 

the lifetime estimation by the Laguerre expansion technique which has been shown under 

certain circumstances to fail to accurately recover lifetimes <0.5 ns [21]. Mean lifetimes 

of bovine achilles type I collagen (4.91 ns in CH1) and elastin (4.44 ns in CH2) were 

recorded; however, a comparison with literature values is challenging given the broad range 

of published lifetimes for these proteins.

The FLIm and OCT platform was first tested by imaging an 18 × 8 mm lemon segment 

(see Fig. 3). The fluorescence lifetime images show the same field of view, resolved into 

the four distinct spectral bands. Stark regions of contrast are observed in these images, such 

as in CH1 where the walls of the juice sacks and their contents show significantly different 

lifetimes. The OCT images depict the microstructure of the lemon segment at four different 

depths below the sample surface. The significantly higher spatial resolution of OCT allows 

this modality to resolve individual plant cells [Fig. 3(c)].

A further test of the FLIm and OCT platform was provided by an 16 × 9 mm section of 

human coronary artery. This sample was selected as it is a tissue type that has been imaged 

by several groups whose aim was to use either fiber-coupled FLIm [27] or OCT [28] to 

detect the presence of atherosclerotic lesions. The artery section was cut along the direction 

of blood flow and stapled to a silicone rubber sheet. Post-imaging the coronary artery 

section was fixed in formalin prior to histological processing. The results in Fig. 4 indicate 

that the combined FLIm and OCT images report features that manifest in both artery 

composition and structure. The origin of these features is confirmed using co-registered 

histology sections. Specifically, the changes in CH1 mean the lifetimes shown in Fig. 4(b) 

show a strong overlap with the changes to surface composition visualized in the histology 

section [Fig. 4(c)]. The region of adaptive intimal thickening on the left-hand side has a 

uniform, shorter lifetime that is characteristic of collagen and elastin fluorescence. The 

increase in lifetime towards the center of the figure corresponds with a region of acellular 

fibrosis, where collagen dominates the surface composition. On the right-hand side of Fig. 

4(b), the cellularity of the fibrotic tissue increases, and the lifetime decreases, an effect 
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which has been observed previously [29]. Furthermore, the OCT image depicts changes in 

intimal thickness and the morphology of sub-surface calcification.

In conclusion, the characterization and validation of our novel, multimodal imaging 

platform that combines FLIm and OCT in a DCF have been presented. A range of fiber-

based multimodal imaging platforms have been realized previously [30,31]. Our platform 

simultaneously acquires co-registered images of tissue structure and composition from 

unlabeled samples, using a single narrow and flexible fiber optic interface. The image 

acquisition time of the current apparatus is limited by the 4 kHz repetition rate of the FLIm 

light source. Our group has previously shown that acquisition times can be significantly 

reduced by selecting a light source with a higher repetition rate [32]. At the current imaging 

speed, the platform reported here has applications in non-destructive in vitro imaging of 

engineered tissues, which have typical maturation times of several weeks, meaning that 

longer image acquisition times can be tolerated. In the future, we aim to combine faster 

image acquisition with a circumferential beam-scanning technique such that the capabilities 

of this multimodal imaging platform may be exploited for minimally invasive intravascular 

or airway imaging.
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Fig. 1. 
(a) Schematic diagram of the simultaneous FLIm and OCT platform. DBS1-DBS5, dichroic 

beam splitters; DCF, double-clad fiber; DAQ, data acquisition card; FBS1-FBS2, fiber 

beam splitters; FC1-FC2, fiber circulators; GL, GRIN lens; PL, 355 nm pulsed laser; PMT, 

photomultiplier tube; TS, translation stage. Inset: image of the DCF distal tip with light 

propagating in (i) the inner cladding and (ii) the core. Scale bar 100 µm. (b) Schematic (left) 

and photograph (right) of the DCF probe tip, showing how the connectorized distal end of 

the DCF interfaces with the GRIN lens. (c) Spectral distribution of the wavelength selection 

module fluorescence collection bands.
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Fig. 2. 
(a) FLIm lateral PSF FWHM, (b) OCT lateral PSF FWHM, and (c) FLIm and OCT on-axis 

collection efficiency, all plotted as a function of distance from the GRIN lens. (d) OCT 

B-scan of a roll of Scotch tape. (e) Multispectral fluorescence lifetime image of six glass 

capillaries containing (left–right) elastin, bovine Achilles tendon type I collagen, FAD, 

unbound NADH, coumarin 120, and rhodamine B. The lifetime values are overlaid onto the 

surface of the capillaries that was segmented from the co-registered OCT dataset.
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Fig. 3. 
(a) White light image of a lemon segment. The red dashed line indicates the location on the 

sample where the data shown in (c) were acquired. (b) FLIm and OCT images of the lemon 

segment. The FLIm images show the fluorescence lifetime resolved in four spectral bands, 

while the OCT images show the lemon microstructure at different depths (see Visualization 

1 for all XY OCT frames). The scale bar is 1 mm. (c) Single line scan acquired from the 

lemon showing CH1 fluorescence lifetime data overlaid on the surface segmented from the 

corresponding OCT B-scan (see Visualization 2 for all YZ OCT frames).
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Fig. 4. 
(a) White light image (left) and CH1 intensity weighted fluorescence lifetime image (right) 

of a coronary artery section. The FLIm image was acquired with a total of 400 × 215 

pixels. The black dashed line indicates the location of data shown in (b) and (c). Scale 

bars 2 mm. (b) OCT B-scan with co-registered CH1 FLIm data overlaid on the sample 

surface. The arrows label a calcium deposit. Scale bar 500 µm. (c) Co-registered Movat’s 

pentachrome-stained histology section. The numbered insets contrast a non-atherosclerotic 

region of (1) adaptive intimal thickening with (2) acellular and (3) cellular fibrous tissue 

from an atherosclerotic fibrocalcific plaque. Scale bar 100 µm.
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Table 1.

Nufern LMA-GDF-10/400 DCF Measured Coupling Efficiencies

Fiber Region Wavelength (nm) Coupling Efficiency (%)

Core 1310 ± 55 63.1

Cladding 355 76.1

Cladding 380–650 74.3
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