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Abstract

In this contribution we present a dual modality fiber optic probe combining fluorescence lifetime 

imaging (FLIm) and Raman spectroscopy for in vivo endoscopic applications. The presented 

multi-spectroscopy probe enables efficient excitation and collection of fluorescence lifetime 

signals for FLIm in the UV/visible wavelength region, as well as of Raman spectra in the near-IR 

for simultaneous Raman/FLIm imaging. The probe was characterized in terms of its lateral 

resolution and distance dependency of the Raman and FLIm signals. In addition, the feasibility of 

the probe for in vivo FLIm and Raman spectral characterization of tissue was demonstrated.
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Introduction

Ideally, endoscopists should be able to detect and characterize suspicious tissue regions 

during the operation procedure and take biopsies and resections only where necessary. 

However, under conventional endoscopic white-light inspection premalignant conditions and 
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early forms of cancer are difficult to detect and are frequently overlooked [1]. In order to 

overcome this drawback molecular spectroscopy can be utilized to generate molecular/

chemical images. In this context, fluorescence and Raman spectroscopy have been 

established for modern biomedical imaging, as they provide morphological information 

based on molecular contrast [2, 3].

Within the last 10 years Raman spectroscopy has been recognized as a valuable biomedical 

analytical tool for spectroscopic diagnostics of diseases and for studying biological tissue in 

general [3–5]. Because every chemical species in a tissue sample has a unique Raman 

spectrum, the overall chemical composition of the tissue sample can in principle be 

evaluated through an analysis of the Raman spectra of the sample by using sophisticated 

chemometric data analysis [6]. Nowadays Raman microscopy has been used on biopsy 

samples of virtually every organ and its great capability for objective evaluation of tissue 

samples for early diagnosis of disease, particularly cancer, has been demonstrated [3]. The 

potential to couple a Raman spectrometer to optical fibers for single point measurements 

adds a unique potential to the detection technique, and enables remote sensing along with 

flexibility of sample or probe positioning [7]. In many medical applications the accessibility 

of a particular tissue spot and the size of the intra-surgical probe are restricted, because of 

the anatomy of the site of interest, as for instance during colonoscopy or cardiovascular 

endoscopy. The use of optical fibers makes the positioning and the collection of the spectral 

information much easier and more convenient compared to free-beam optics. Real-time in 

vivo applications of Raman fiber probes for clinical diagnosis of different types of cancers, 

including skin, lung, stomach, esophageal, colorectal, cervical, and breast cancers, were 

recently summarized by Wang et al. [8]. The most challenging drawback of spontaneous 

Raman spectroscopy is the weak Raman signal intensity, which leads to rather long 

measurement times of a few seconds per measurement point. One approach to address this 

issue for in vivo applications is to combine Raman spectroscopy with imaging 

methodologies able to provide an initial faster assessment of tissue biochemical or 

morphological features, as for instance optical coherence tomography (OCT) [9], 

fluorescence spectroscopy [10], fluorescence lifetime imaging (FLIm), ultrasound or diffuse 

reflectance spectroscopy [11]. The fast imaging methodology can provide an overview 

image to identify suspicious tissue areas (“red flags”) that subsequently can be analyzed in 

detail by Raman spectroscopy. Several research groups have been working on the 

development of such multimodal “red flag” endoscopic Raman probes, such as OCT 

combined with Raman [9], intrinsic fluorescence and/or diffuse reflectance spectroscopy and 

Raman [12, 13].

FLIm is one optical imaging modality which can easily be implemented in fiber optic probes 

[14, 15]. FLIm provides information on the chemical composition of tissue based on the 

emission (spectra intensities and lifetimes) of certain endogenous fluorophors such as 

nicotinamide adenine dinucleotide (NADH), flavin adenine dinucleotide (FAD), collagen, 

elastin, and others [16]. Recent implementations of FLIm allow a rapid data acquisition [17]. 

One major advantage of FLIm is that the fluorescence lifetime is not affected by changes in 

fluorescence intensity. Therefore, FLIm measurements are minimally affected by changes in 

probe to target distance [18]. FLIm is predestinated for combination with Raman 

spectroscopy into a single fiber optical probe for the rapid and simultaneous interrogation of 
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large tissue areas with molecular specificity in single points or clusters of a presegmented 

image.

In this study we report, to the best of our knowledge, for the first time a fiber optical probe 

combining Raman spectroscopy with fluorescence lifetime spectroscopy for a FLIm-guided 

acquisition of Raman spectra. In the following sections we describe the probe design along 

with the associated lateral resolution and distance dependencies of the signals measured 

using the described probe design. The validation of the FLIm/Raman probe on various 

animal tissue samples and its capability to discriminate between different tissue types (i.e., 

bone, fat, and muscles) are presented. Finally, in vivo Raman spectra obtained with FLIm 

guidance from the brain of a rat as well as surrounding tissues are demonstrated.

Material and methods

FLIm/Raman probe design

The multi-spectroscopy FLIm/Raman probe (EmVision, Loxahachee, FL) is similar in 

design to the probe described in detail in US patents 8,175,423 and 8,702,321. Figure 1a and 

b show illustrations of the probe design utilizing a focusing lens, allowing for the 

measurement areas of the two different spectroscopic modalities to be obtained from the 

same spot. The probe consists of two 300-μm-core fibers (green) for FLIm, as well as one 

excitation (red) and seven collection (blue) 300-μm-core fibers for Raman spectroscopy. A 

donut-shaped long-pass filter is positioned in front of the seven Raman collection fibers to 

reject the laser light. The Raman laser delivery fiber has a small band-pass filter positioned 

in front of it. The fibers, lens, and other components are placed inside a stainless steel 14-

gauge extra-thin-wall needle tube (0.072 in. ID, 0.083 in. OD).

Instrumental setup

The overall FLIm/Raman setup is schematically sketched in Fig. 1c showing the FLIm setup 

and the three-channel wavelength selection module (upper part) and the Raman probe setup 

(lower part). The probe itself was mounted to an xyz stage (Thorlabs, USA) which allows 

positioning of the probe on single spots and a controlled motion over the sample area. The 

FLIm acquisition time was matched to the time frame of the Raman spectrometer rate, by 

adapting the amount of mean FLIm spectra per point to reach the same amount of spectra 

per line for both modalities. The speed of FLIm had to be decreased by more than two 

orders of magnitude to match the frame rate necessary for the detection of the Raman 

scattering. The total repetition rate for both modalities was determined to be 40 Hz and was 

limited by the acquisition and readout time of the Raman spectrometer. All subsequent 

images were taken as raster scans utilizing the x- and y-axes of the stage. These maps 

consist of separately triggered line scans with a matched amount of pixels per line. Both 

modalities were acquired simultaneously for all shown images.

Fluorescence is generated via excitation with a fiber laser (Fianium HE, 355 nm, 80 ps, 10 

kHz–1 MHz, 0.5 μJ). The fluorescence emission is spectrally resolved using a custom-made 

wavelength selection module (WSM) [16] that separates the fluorescence into four 

wavelength channels (center wavelength/bandwidth 390/40, 452/45, 542/50, and 629/53 nm) 
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coupled to four optical delay lines (lengths 1, 10, 19, and 28 m), generating a 45-ns delay 

between each channel. The fluorescence photons from all four channels were detected using 

a single micro-channel plate (MCP) photomultiplier (PMT) (R3809U-50, Hamamatsu, 45 ps 

FWHM). The resulting signal output is then amplified (pre-amplifier C5594, Hamamatsu, 36 

dB) and digitized (digitizer PXIe-5185, National Instrument, 12.5 GS/s sampling rate, 3 

GHz analog bandwidth). An embedded controller (PXIe-8102, National Instrument) was 

integrated with the digitizer for readout, processing, and storage of the multi-spectral time-

resolved fluorescence spectroscopy (ms-TRFS) data. The excitation pulse power was set to 

200 μJ and kept constant throughout the experiments.

The Raman probe excitation fiber was coupled to a 300-mW multi-mode laser (B&W Tec) 

with a coupling efficiency of 70 %. The overall Raman excitation power was set to 100 mW 

at the sample and also kept constant during all acquisitions except for the in vivo 

measurements for which the power was set to 50 mW to prevent sample drying. The 

collection fiber port was connected to a compact Raman spectrometer RXN1 (Kaiser Optical 

Systems) equipped with a 785-nm transmission grating (LGP785, Kaiser Optical Systems) 

and a Pixis400B CCD (Princeton Instruments). The CCD was thermoelectrically cooled to 

−70 °C. The readout signal was collected with full vertical binning. All acquisitions were 

triggered by the FLIm software, which was modified to send a line starting trigger to the 

CCD camera and each data set was recorded by the visual basic scripting of the Winspec 

software and automatically saved.

FLIm/Raman data evaluation

The images presented were recorded as raster scans with different lateral step sizes. Each 

step generates a pixel. For each pixel in the FLIm image and the fluorescence decays were 

recovered by deconvolution of the instrument impulse response function (iIRF) from the 

measured fluorescence pulse transients. The iIRF characterizes the overall broadening of the 

fluorescence pulse due to optical dispersion and electronics [18]. For deconvolution we 

employed a fast algorithm (<1 ms per decay) previously reported by our group [19]. The 

algorithm is based on a constrained least-squares deconvolution with a Laguerre expansion 

(CLSD-LE) method and has demonstrated its robustness against noise. To combine the 

fluorescence intensity and lifetime information of the FLIm images, intensity weighting on 

lifetime color maps was implemented. The alpha channel of the RGB colored lifetime image 

was modulated on the basis of the normalized fluorescence intensity.

Since the recorded Raman spectra showed a fluorescence background as well as strong zero-

order residuals from the transmission grating due to grating imperfections, an extensive 

Raman data pre-processing was necessary. First, a Gaussian kernel smoothing with a 

bandwidth of approx. 3 cm−1 was applied. Thereafter, a background estimation based on the 

statistic-sensitive, non-linear iterative peak-clipping (SNIP) algorithm was carried out. 

Subsequently, the spectra were truncated to the wave-number region between 462 and 1991 

cm−1 followed by vector normalization. A principal component analysis was used to reduce 

the dimension to 20 scores and to eliminate the noise. A k-means cluster analysis with k=10 

was performed and the results were then plotted in false color maps.
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Probe validation

Probe characterization—In order to determine the minimal resolvable sample area of the 

probe, the lateral resolution of both modalities needs to be determined. The lateral resolution 

was measured by mapping a Starfrost slide (Light Lab, USA) as a sample, as it contains 

several edges of different chemical composition which at the same time show different 

fluorescence lifetimes. In order to determine the resolution of the probe, the structures were 

oversampled by a 42.5-μm raster scan in the x and y-axes. The acquisition time per Raman 

spectra was set to 20 ms. The FLIm acquisition time was matched to the same frame rate by 

adapting the mean number of FLIm spectra per point to reach the same number of points 

(spectra) per line for both modalities. Both signals were acquired at the same time.

FLIm/Raman bimodal mapping—To compare the overlap between the FLIm and 

Raman acquisitions, images were recorded on tissue samples with diverse compositional 

features, such as bone, fat, muscle, and connective tissue. For practical reasons 

commercially available (prepared for consumption) samples of beef and lamb meat were 

used. The fluorescence and Raman spectroscopic contrast in such samples are expected to be 

generated by collagen and elastin in connective tissues, bone, various lipid components, and 

lipoproteins in fat. The samples were prepared by flattening the tissue surface and by 

fixation on a foam adaptive holder in order to preserve the surface during the acquisition 

time of the bimodal raster scan. The sample was aligned to the scanning plane with a two-

axis tilting stage. Several raster scans with dimensions of 50×50 mm, which corresponds to 

400×400 spectra for both modalities, were acquired. The Raman acquisition time was again 

set to 20 ms and the FLIm speed was synchronized in order to generate the same number of 

FLIm and Raman readout points per line.

In vivo Raman spectra acquisition with FLIm guidance—For the in vivo 

experiments, all animal care and procedures were performed in accordance with the protocol 

that was reviewed and approved by the Institutional Animal Care and Use Committee 

(IACUC) of the University of California, Davis. Healthy Fischer 334 rats (Charles River 

Laboratories Inc., Wilmington, MA, USA) were anesthetized with isoflurane and placed in a 

stereotaxic frame equipped with a nose cone. A unilateral craniotomy was then performed 

on the animal using a high speed rotatory tool to expose the brain tissue. In order to reduce 

bleeding in the imaging field and maintain physiologically representative conditions, the 

animal's dura mater was left intact for the experiments. FLIm/Raman bimodal in vivo maps 

of the dura were recorded. While the Raman excitation power was decreased from 100 to 50 

mWas compared to the ex vivo tissue experiments the acquisition time was kept at 20 ms per 

Raman spectrum. The low excitation and the short measurement time were chosen to prevent 

the brain from drying during the acquisition of a map, which took about 2 min in total.

Subsequently, several FLIm-guided single point Raman spectra with longer acquisition times 

(0.1 s and 10 acquisitions) were recorded to demonstrate the performance of the probe. The 

points for the Raman measurements were guided by FLIm measurements (e.g., changes in 

lifetime in one of the channels or changes in intensity) for different tissue areas within and 

around the craniotomy window of the rat. The FLIm repetition frequency was set to the 

typical value of 10 kHz to locate different tissue sites at the fastest possible speed. For the 
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single point Raman measurements, the probe was removed from the stage and guided by 

hand.

Results and discussion

Probe characterization

The images of a raster scan of the Starfrost sample are shown in Fig. 2a depicting the 

clustered Raman image in the upper part and the fluorescence intensity image below. The 

resolution was determined on the basis of the 10–90 % signal increase/decrease at an 

interface edge, by plotting a fitted erfc (error) function for the Raman image and a direct 

intensity profile for the fluorescence image. In each of these images 10 sample lines at 

different material interfaces were chosen to determine the spatial resolution. The average 

lateral resolution is 5.6 image pixels, which corresponds to 240 μm, for the Raman channels 

and 6.2 image pixels, which corresponds to 260 μm, for the FLIm channels of the probe.

The distance dependencies of both Raman and fluorescence intensities of the probe were 

acquired on the same sample during a pullback sequence with a step size of 10 μm. The 

results are shown in Fig. 2c. The Raman intensity corresponds to the integrated area of the 

most prominent Raman peak at 810 cm−1 and was plotted in blue against the distance to the 

sample. The same was carried out for the fluorescence intensity of channel 1 (Fig. 2c, red 

curve). The optimal working distance of the Raman channel was determined to be in contact 

with the sample in accordance with the highest collection efficiency. Since the fluorescence 

lifetime can be extracted even at low signal levels, the dependency of the Raman signal is 

the limiting factor for the probe.

For the following bimodal FLIm/Raman experiments the raster scan parameters in the x- and 

y-axes were matched to the determined resolution of 250 μm. To account for varying sample 

topography when working with tissue samples, the working distance was set to 0.5 mm for 

the subsequent bimodal mapping experiments in order to perform bimodal raster scans. The 

spectral quality of the Raman signal will suffer from a higher distance, but will still enable 

image comparison in between the two modalities.

FLIm/Raman bimodal mapping

Several raster scans with dimensions of 50×50 mm, which corresponds to 400×400 spectra 

for both modalities, were acquired. Typical results are shown in Fig. 3. Both modalities (i.e., 

FLIM and Raman) show excellent overlap within the resolution ranges mentioned above. 

For enhanced visualization of structural features the intensity-weighted lifetime maps are 

also plotted in Fig. 3 (bottom panels). Several scanning artifacts are visible in all maps, 

which are caused by the small probe to sample distance. These stripe-like artifacts in both 

modalities were induced by non-uniform tissue surfaces that resulted in close contact 

between the tissue and the distal end of the probe during the scanning operation.

Conventional pictures of the biological samples corresponding to the scanned area are shown 

in Fig. 3 (top row). The second row depicts the generated k-mean images with 10 clusters 

for the Raman spectra of the sample area. Current results show that distinct compositions of 

tissue samples (e.g., bone, fat, muscle) are associated with distinct Raman spectra. In 
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particular, bone and fat, which have a high Raman scattering cross section, are clearly 

distinguishable. The middle row panels show the fluorescence lifetime images. The FLIm 

measurements demonstrate that distinct tissue compositions can be resolved using the 

fluorescence lifetime maps and are cross-correlated with the Raman image. The images 

acquired in channel 1 (most sensitive to collagen fluorescence) demonstrate that bone-

associated areas (rich in collagen) present lifetimes of about 6 ns, which is consistent 

throughout all samples. In contrast, the fat-associated areas (rich in various lipid constituents 

and lipoproteins) fluoresce primarily in channels (CH) 2 and 3 and present a broader range 

of lifetime values (5–8 ns). The intensity-weighted lifetime images confirm the low intensity 

contribution of muscle tissues. Overall, both the FLIm and the Raman images show a strong 

correlation in resolving distinct biochemical, morphological, and structural features within 

the tissue samples. The FLIm channels can be used to find suspicious lesions 

(presegmentation), whereas the Raman channels can be used to validate variations within the 

tissue, as this mode is more sensitive for detecting compositional changes.

In vivo Raman spectra with FLIm guidance

Figure 4 displays a FLIm/Raman bimodal in vivo map of a rat cortex with an adjacent dura; 

thus the spectroscopically sampled volume includes the gray matter covered by the thin layer 

of dura mater.

The fluorescence lifetime of the cortex (CH1, 3±0.17 ns; CH2, 2.17±0.17 ns; CH3, 

2.27±0.15 ns) is rather uniform since the images there taken from a healthy rat brain. The 

longer lasting fluorescence lifetime in CH1 when compared with CH2 and CH3 is most 

likely due to the presence of collagen in the dura that contributes to the fluorescence 

emission in this wavelength band/channel [20]. The fluorescence emissions in CH2 and CH3 

are most likely dominated by NAD(P)H and FAD fluorescence, respectively [21, 22]. The 

blood vessels at the cortex surface can be also observed owing to high absorption of the 

excitation laser light which results in artery-shaped structures that can be primarily observed 

in the intensity-weighted lifetime images. The side regions of the craniotomy can be also 

distinguished, because bone presents significantly longer lifetime values (CH1, 5.03±0.15 

ns; CH2, 4.76±0.08 ns) because of its high collagen content. As the brain tends to swell after 

the skull bone is removed, the distance from the head bone to the highest point of the tissue 

is longer than the working distance for both modalities. Therefore, both modalities show a 

decreased intensity from the center of the craniotomy toward the edge (bone) as depicted in 

Fig. 4.

As a result of the reduced Raman excitation power (50 mW), the short acquisition time (20 

ms), and the sample to probe distance, the Raman spectra quality of the raster scan is very 

poor. The signal to noise ratio (SNR) of several single spectra was calculated [23]. For the 

bone areas this was found to be 26.1±8.1 (954 cm−1) and for the brain regions it is 11.0±2.7 

(1440 cm−1). Example spectra for both regions are shown in the Electronic Supplementary 

Material (ESM), Fig. S1. As a result of the high scattering cross section of lipids and bone 

the cross correlation between FLIm and Raman could be demonstrated. To acquire high-

quality Raman spectra, the probe has to be in contact with the sample and the integration 

time has to be longer. Therefore, after the raster scanning the bimodal probe was removed 
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from the xyz stage and guided by hand. The FLIm setup was set to 10 kHz. Different tissue 

types in and around the craniotomy were determined by either changes of the lifetime values 

in one or more channels (cortex: CH1, 3±0.17 ns; CH2, 2.17±0.17 ns; bone: CH1, 5.03±0.15 

ns; CH2, 4.76±0.08 ns) or a significant drop of the fluorescence intensity (which indicates 

blood or blood vessels). The probe was brought into contact with these sample points and 

the integration time was increased (0.1 s and 10 acquisitions). The FLIm-guided Raman 

spectra are shown in Fig. 5: Raman spectra recorded from the skull (a) brain cortex with 

intact dura, as well as from the visible blood vessel in the cortex (b) and several spectra from 

the surrounding skin (c). The spectral Raman features clearly separate all tissue types from 

each other and are in good agreement with previously reported results [24–27].

The two blue spectra in Fig. 5a show typical bone spectra. The Raman peaks at 585, 954, 

and 1050 cm−1 can be assigned to PO4
3−, while the band around 1240–1340 cm−1 is due to 

the amide III band. The amide I band between 1655 and 1690 cm−1 is also clearly visible 

[24]. The Raman spectra presented in Fig. 5b were measured at two different locations and 

are related to grey brain matter (green) [25] and blood contributions from the vessel (red) 

which was present at the surface of the brain tissue. Blood shows resonance Raman 

contributions. At an excitation wavelength of 785 nm, this is an often observed phenomenon. 

However, the spectral resolution of the Raman setup (about 10 cm−1 per pixel) is not ideal 

for monitoring these typical narrow resonance peaks. Therefore these resonance-enhanced 

Raman peaks appear as much wider bands (Fig. 5b, red spectra). The spectral contributions 

from blood of the vessel on the surface of healthy brain tissue (red) can be assigned to the 

bands 685, 750 as well as 1224 and 1350 cm−1. The most obvious changes can be seen at 

1550–1660 cm−1. All changes are in good agreement with the Raman spectra of 

deoxygenated blood cells [26]. Typical healthy skin spectra are shown in Fig. 5c. All 

contributions as for instance the amide I and amide III, as well as other contributions in the 

fingerprint region, e.g., the phenylalanine band at 1003 cm−1 which is visible in all spectra, 

are comparable to formerly reported results [27].

Conclusion

The combination of Raman spectroscopy with FLIm within a single fiber optical bundle 

probe for the simultaneous acquisition of both signals was successfully demonstrated. The 

achievable lateral resolution of both components (Raman and FLIm) of the probe is about 

250 μm. The exact value for the resolution averaged over 10 points is 240 μm for the Raman 

modality and 260 μm for the fluorescence channel. Both modalities show exponential 

intensity decay to 20 % over a distance of 1.3 mm to the sample. Measurements conducted 

in tissue samples demonstrated a good correlation and spatial overlap between the FLIm and 

Raman spectroscopic images. Similar results were obtained for in vivo measurements of a 

rat brain. Finally, FLIm-guided Raman spectra were acquired and show the capabilities of 

FLIm-guided Raman spectral acquisition following a craniotomy procedure. This 

experiment demonstrated that FLIm can enable fast detection of different tissue types. Thus 

targeted Raman spectra can be recorded. This experiment mimics situations encountered 

during surgical procedures.
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In the current design the FLIm excitation is emitted with a divergence angle of about 15°. 

This leads to lower fluorescence intensities and lower lateral resolution at higher probe to 

sample distances as a result of the divergence of the excitation beam. An emission under an 

angle of about 10° to the optical axis of the probe is not ideal, since higher probe to sample 

distances (>1 mm) will lead to a direction mismatch between the Raman and FLIm signals. 

For signal optimization both modalities require a central probe emission with nearly 

collimated beams and both modalities should be optimized with respect to their specific 

advantages. A probe with collimated FLIm excitation would allow working distances greater 

than 3 mm which would improve the handling for the presegmentation. Subsequently the 

probe will be brought into contact with the tissue in order to obtain high-quality Raman 

spectra.

In summary, the current study demonstrates a bimodal system for label-free spectroscopic 

imaging of biological tissues. An important advantage of the system is that it provides rapid 

characterization of a tissue's biochemical features (via FLIm) that can be used to guide a 

technique with high chemical specificity but slow data acquisition speed for improved 

characterization/diagnosis of specific areas of interest. This approach addresses the need for 

techniques that, for example, can rapidly detect suspicious areas/lesions to generate a 

spectroscopic image of the lesion and the surrounding tissue. The extent of such lesions 

(field cancerization or early malignant transformations) can then be assessed by Raman 

spectroscopy that can provide a more specific characterization than FLIm. In this 

combination FLIm and Raman spectroscopy can complement each other in providing a fast 

and highly specific biomedical imaging technique.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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the development and application of innovative Raman techniques for biomedical diagnosis 

should be emphasized.
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Fig. 1. 
a Schematic view of the probe with filters, lenses, and beam propagation cones. b Front 

view of the probe distal end. The fibers shown in blue are used for collecting the Raman 

scattering. The fiber shown in red is a 300-μm-core fiber that transmits the light for the 

Raman excitation. The fibers shown in green are 300-μm-core fibers for generating the FLIm 

signal. c Overview of the complete setup which was used for the bimodal FLIm and Raman 

acquisition
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Fig. 2. 
a Determination of the lateral resolution for FLIm and Raman with indicated measurement 

lines in the images and corresponding estimated resolutions (b). c Intensity of the Raman/

fluorescence signal during a pullback sequence
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Fig. 3. 
Image comparison between FLIm and Raman spectroscopy: Sample 1 lamb, 2 beef, 3 lamb. 

The stripes are residual probe tip artifacts if the probe is in close contact with the sample. 

The area of all images is 50×50 mm and corresponds to 400×400 spectra for both modalities
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Fig. 4. 
In vivo bimodal mapping of a rat's dura. The cortex shows a rather uniform lifetime 

contribution and the blood vessels of the dura are only visible in Raman and the intensity-

weighted lifetime maps
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Fig. 5. 
In vivo acquired Raman spectra of a bone, b brain (green) and blood vessels overlaid with a 

spectrum of brain tissue (red) in comparison with a Raman spectrum of c skin
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