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The movement from the subjects during in vivo confocal Raman spectral measurements could change the
measurement volume, leading to non-specific signals and inaccurate interpretation of the acquired
spectrum. Here we introduce a generally applicable method that includes (1) developing a multimodal
system to achieve real-time monitoring of every spectral measurement with reflectance confocal microscopy
(RCM) and multiphoton microscopy (MPM) imaging; (2) performing region-of-interest measurement by
scanning an area of the tissue during spectral acquisition. The developed method has been validated by
measuring different micro-structures of in vivo human skin. Our results demonstrated great consistency
between RCM images and confocal Raman spectra. The superior quality of the images and spectra allows us
to derive blood flow velocity and blood glucose level. We believe this method is valuable for realizing
accurate microscopic spectral measurement and have great potential to be adapted into clinic to achieve
non-invasive measurement of important biological parameters.

C
onfocal Raman spectroscopy, which is a noninvasive optical technique, could provide micron-level
resolution and depth-resolved biochemical information of in vivo biological tissues. This technique has
been applied to study a number of in vivo health related phenomenon of human tissues, such as non-

invasive assessment of human corneal hydration1, estimation of stratum corneum thickness2, and monitoring
drug penetration depth inside the skin3. Confocal Raman spectroscopy has also been proved to have potentials in
helping early diagnosis of a variety of cancers4–7. With the permissible laser power followed by ANSI standard8,
the usual acquisition time for a confocal Raman spectrum from biological tissue can be as long as 80s9. During the
tens of seconds of acquisition time of each spectrum, the acquired confocal Raman spectrum will very likely
contain information from out-of-target area due to movement of the subject. Reflectance confocal microscopy
(RCM) imaging, which is capable of optical sectioning, has been considered to guide the spectral measurements.
There have been some studies on combining reflectance confocal imaging with confocal Raman spectroscopy, but
the imaging channel and the spectral acquisition are not from the same excitation laser source and the wave-
lengths are different10. Therefore, registration between the confocal image and the spot/area of the Raman spectral
measurement could be problematic. Moreover, most of the Raman spectral measurements were performed as
single-point measurements, which require turning off the optical scanner to generate a still beam. Even co-
registration of the sampling locations of the imaging and spectral channels are performed, with the movement
from the subject during in vivo measurement, the confocal Raman spectrum will not necessarily come from the
targeted point inside the tissue, but from an integrated area according to the random movement range from the
subject11. In addition, RCM imaging is only able to provide morphological information based on refractive index
variations, while multiphoton microscopy (MPM), which employs two-photon fluorescence (TPF) and second-
harmonic-generation (SHG) images, has been proven to provide complementary information comparing with
reflectance confocal imaging, and could be better utilized as a diagnostic tool12.

Therefore, our objective is to develop a novel but generally applicable method that is able (1) to achieve co-
registered reflectance confocal microscopy imaging and confocal Raman spectral measurements using the same
laser; (2) to perform well defined region-of-interest (ROI) confocal Raman spectral measurements without
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turning off the scanner and under the imaging guidance of reflec-
tance confocal microscopy; and (3) to integrate multiphoton micro-
scopy to enhance the imaging capability. We validated our method
by performing ROI confocal Raman spectral measurement under the
guidance of reflectance confocal microscopy imaging and multipho-
ton microscopy on skin in vivo. We hope our result will setup the
trend of performing accurate micro-spectroscopic measurements
under advanced microscopy imaging guidance for other researchers.

Results
A multimodal spectroscopic and imaging system has been developed
as shown in Figure 1. Briefly, a 785 nm continuous-wave (cw) diode
laser is used for both confocal Raman spectral measurement and cw
reflectance confocal microscopy (cwRCM) imaging. The laser beam
is first directed to an optical scanning system consisting of a res-
onance scanner and a galvanometer scanner, and then is focused
by a 60X (NA 5 1.0) water-immersion microscope objective onto
human skin. A polarization beamsplitter (PBS) along with a quarter
waveplate is used to direct the descanned reflectance confocal signals
to an avalanche photodiode (APD) module with a 30 mm pinhole in
front. A dichroic beamsplitter is used to direct the Raman signals to a
50 mm fiber connected with a Raman spectrometer. A femtosecond
(fs) Ti:Sappire laser is used for multiphoton microscopic imaging.
The fs laser beam is scanned by the same scanner and focused onto
the skin by the same microscope objective. The TPF and SHG signals
are collected by a photomultiplier tube to generate integrated SHG/
TPF images (SHG 1 TPF imaging mode12), and the descanned fs
reflectance confocal microscopy (fsRCM) signals will be directed by
another PBS onto an APD with a 50 mm pinhole. A flip mirror is used
to switch between the Raman excitation cw laser and the MPM
excitation fs laser, and the two beam paths have been optimized to
be the same. To reduce involuntary body movement, double sided
tape and a metal ring were used to magnetically mate the skin with
the imaging objective. Water was used in between the microscope
objective and the skin surface for refractive index matching. The

Raman laser power incident on the skin was 27 mW, and the fs laser
power incident on the skin was adjusted to be less than 40 mW using
a half-waveplate/polarizer combination at the laser exit. The imaging
field of view (FOV) can vary from 10 mm 3 10 mm to 300 mm 3
300 mm. The study was approved by the University of British
Columbia Research Ethics Board (#H96-70499). Informed consent
was obtained from the volunteer subject.

The validation experiment that we performed was to measure
different micro-structures of a cherry angioma lesion in vivo on
the upper arm of an Asian male volunteer. A dermoscopic image
was first taken with DinoLite (AD4013T-TVW, AnMo Electronics
Corporation, Hsinchu, Taiwan) to record the clinical appearance of
the lesion as shown in Figure 2(a). Both fsRCM and SHG 1 TPF
imaging channels were used to locate a blood vessel inside the cherry
anigoma lesion as our 1st example ROI with an imaging FOV of
300 mm 3 300 mm. The flip mirror was then flipped on to allow
cwRCM imaging and confocal Raman spectral acquisition. The
300 mm 3 300 mm FOV cwRCM image is shown in Figure 2(b).
Then, the FOV of the cwRCM imaging channel was shrunk to only
cover the ROI shown in Figure 2(c), which is the same area shown as
the red square in Figure 2(b). A confocal Raman spectrum was then
taken under the guidance of the cwRCM imaging. A demonstration
video of a process of finalizing the ROI for spectral measurement can
be found in Supplementary Video 1 (a more complicated case than
the case of figure 2). The acquisition time for one spectrum is 20 s.
The acquired confocal Raman spectrum is shown in Figure 2(d). The
accompanied cwRCM images were also recorded as a video during
the confocal Raman spectral measurement which can be found in
Supplementary Video 2. The movement from the volunteer can still
be seen, but clear blood structures are shown in the video during the
whole acquisition period, indicating that the confocal Raman spec-
trum is valid from an ROI completely and always within the
blood vessel itself. Strong peaks from hemoglobin (752 cm21),
glucose (1123 cm21 and 1343 cm21), and protein (940 cm21 and
1665 cm21) can be found on the Raman spectrum. As examples,
we have rejected Raman measurement results where the videos show

Figure 1 | System diagram of in vivo multimodal confocal Raman spectroscopy, reflectance confocal, and multiphoton imaging. WP: waveplate; PBS:

polarization beamsplitter; M: mirror; APD: avalanche photodiode; L: lens; LP: long-pass filter; SP: short-pass filter; PMT: photonmultiplier tube.
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that there are moments when the ROI had moved outside of the
blood vessel.

To validate the method further, surrounding fiber structures and
cellular structures were selected as our 2nd and 3rd example ROI,

respectively. Figure 3(a) and Figure 3(e) were first taken at a FOV
of 300 mm 3 300 mm from the SHG 1 TPF and fsRCM imaging
channels, respectively. The cwRCM images shown in Figure 3(b) and
Figure 3(f) were 150 mm 3 150 mm FOV and were from the green
squares labeled in Figure 3(a) and Figure 3(e). The confocal Raman
spectra of the fiber structures and cells (shown in Figure 3(d) and
Figure 3(h), respectively) were acquired from the region with a FOV
of 60 mm 3 60 mm shown in Figure 3(c) and Figure 3(g) as red squ-
ares. Strong Raman peaks at 856 cm21, 937 cm21, and 1454 cm21

representing collagen and elastin are shown in the confocal Raman
spectrum in Figure 3(d). Raman peaks of cell nuclei (722 cm21

and band 1325–1330 cm21), protein (1450 cm21), phenylalanine
(1003 cm21), and lipids (1655 cm21) can be found in the confocal
Raman spectrum shown in Figure 3(h). Tentative Raman peak
assignments are listed in Table 1.

The fsRCM and cwRCM images clearly show blood flow inside
each vessel, and single blood cells can be identified. We found that
the blood flow velocity inside the cherry angioma lesion varies sig-
nificantly from vessel to vessel. Therefore, the high quality cwRCM
images from the blood vessel allow us to derive the blood flow velo-
city by simply tracking a single blood cell. For example, Figure 4
shows 4 consecutive frames from a blood flow video (Supplemen-
tary Video 1, frame19–22). The targeted blood cell labeled with a
yellow arrow in Figure 4(b) (frame f20)was not observed in
Figure 4(a) (frame f19), but its trajectory can be seen in the next
two frames (f20 and f21) shown in Figure 4(c) and Figure 4(d).
The distance that the cell moved from f21 to f22 was 0.03 mm,
and the time difference between each frame is 1/15 s. Therefore,
the velocity can be calculated out as 0.45 mm/s.

Interestingly, the glucose peaks (1124 cm21 and 1343 cm21) can
be clearly found in the confocal Raman spectra that we acquired at
the blood vessel (Figure 2(d)). To explore whether we could nonin-
vasively detect blood glucose level changes, an in vivo spectrum from
the blood vessel of the cherry angioma lesion was first taken with an
integration time of 20 s as ‘‘zero-point’’ reference. The volunteer was

Figure 3 | In vivo confocal Raman spectra of cells and fibers surrounding a cherry angioma acquired under guidance of reflectance confocal and
multiphoton imaging. (a) SHG 1 TPF image of the fiber structures surrounding a blood vessel of the cherry angioma lesion, image FOV is 300 mm 3

300 mm; (b) zoom-in cwRCM image of the area shown in the green square of (a), image FOV is 150 mm 3 150 mm; (c) cwRCM image showing the ROI

from the area of the red square in (b), the image FOV is 60 mm 3 60 mm; (d) confocal Raman spectrum of the fiber structures of the red square

area shown in (c) and (b), the exposure time is 20 s; (e) fsRCM image of the cellular structures surrounding a blood vessel of the cherry angioma lesion,

image FOV is 300 mm 3 300 mm; (f) zoom-in cwRCM image of the area shown in the green square of (e), image FOV is 150 mm 3 150 mm; (g) cwRCM

image showing the ROI from the area of the red square in (f), the image FOV is 60 mm 3 60 mm; (h) confocal Raman spectrum of the cellular structures of

the area shown in (f) and (g), the exposure time is 20 s.

Figure 2 | In vivo confocal Raman spectra of blood in a cherry angioma
acquired under guidance of reflectance confocal imaging and
multiphoton microscopy imaging. (a) Dermoscope image of the cherry

angioma lesion. The plastic layer with a 2 mm punched hole are visible in

the image, which was utilized to stabilize the skin and to target the lesion;

(b) cwRCM image of the blood vessel, image field of view (FOV) is 300 mm

3 300 mm; (c) cwRCM image extracted from a video (Supplementary

Video 2) of the blood vessel of the region of interest (ROI) from the area of

the red square in (b), the image FOV is 100 mm 3 100 mm; (d) confocal

Raman spectrum of the blood vessel of the area shown in (c) and (b) as red

squares, the exposure time is 20 s.
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then asked to drink a standard glucose liquid (75 g glucose tolerance
test beverage, Thermo Fisher Scientific Inc., Waltham, MA) within
5 min. Confocal Raman spectra were taken every 15 min for the next
105 min time. The highest glucose level was found between 45 to
60 min after the volunteer took the glucose liquid, with ,10%
increase compared with zero-point reference. The change of glucose
level is plotted over time by taking ratio of the area under the glucose
peak at 1124 cm21 and the area under the protein peak at 1450 cm21,
which is considered as a stable Raman signal in the blood, not affec-
ted by glucose concentration (Figure 5).

Discussion
We believe that the method that we demonstrated is a powerful tool
to perform accurate region-of-interest confocal Raman spectral mea-
surements under the guidance of reflectance confocal and multipho-
ton microscopic imaging. This is especially critical when performing
measurements on in vivo subjects because being able to evaluate the
movement level during the measurement is the key factor for accur-
ate interpretation of the acquired spectral data. We did find that

sometimes there were severe movements during the measurement,
the spectrum then contained contributions from outside of the ROI.
In this case, we will simply re-take the measurement one more time
to make sure the level of movement from the subject is small enough
to be negligible. However, if there is no real-time monitoring from an
imaging modality, the qualitative or quantitative analysis based on
the spectral data will result in inaccurate conclusions. For example,
when using confocal Raman spectroscopy to study skin cancer, a
spectral measurement which should target on cancer cells only,
may contain both normal and cancer cells due to the movement from
patients, and the only way to exclude the invalid spectral data is the
real time imaging guidance. Therefore, we believe that the imaging
guidance is crucial for in vivo biological micro-Raman spectral
measurements.

The flexibility of changing the area of ROI from 300 mm 3

300 mm to 10 mm 3 10 mm can easily allow us targeting on micro-
structures of different sizes. With the help from multiphoton micro-
scopic imaging, both morphological and functional information of
biological tissues can be obtained. For our specific experiment on the
cherry angioma measurements, SHG and TPF signals were not sepa-
rated because our focus was not to target on separating collagen from
elastin fibers. But with simple instrument modification12, SHG and
TPF signals can be well separated and be used for measuring specific
fiber structures in the dermis.

We also found that reflectance confocal imaging is very good for
imaging blood flow in vivo. When deriving the blood flow velocity,
we did not consider the factor that the blood cell may not exactly
move within the screen plane. The reason is that the travel distance
between the 2 consecutive frames was relatively short, and the dif-
ference of the blood flow direction may not be very crucial. We
believe that with further improvement on imaging penetration
depth, the capability of deriving blood flow may be applicable to
noninvasively analysis of blood related diseases.

It is very interesting to find clear glucose peaks in the confocal
Raman spectra of blood with greatly reduce interferences from other
tissue components. Although the idea of using Raman spectroscopy
to noninvasively derive glucose level is not new22, our measurements
may provide a few novel and valuable insights. First, under confocal
imaging guidance, we can make sure that the glucose information is
only from the blood vessel, not elsewhere in the tissue. This improves
the accuracy of noninvasively measure the blood glucose level.
Secondly, the Raman spectral quality of our measurement is signifi-
cantly improved compared with results shown in previous litera-
tures. This is probably due to our confocal measurement geometry,

Figure 4 | Four consecutive video frames acquired from cwRCM imaging
channel used to derive blood velocity. Yellow arrow points to the targeted

blood cell in f20, f21, and f22. Image FOV is 300 mm 3 300 mm.

Figure 5 | In vivo monitoring of changes of blood glucose level of a cherry
angioma lesion on the upper arm skin of a volunteer using confocal
Raman spectroscopy guided with reflectance confocal imaging.

Table 1 | Tentative assignment of Raman peaks for in vivo human
skin

Wavenumber (cm21) Assignment Reference

722 DNA 13

752 Hemoglobin 14

856 Collagen 15

940 Collagen, proline, hydroxyproline 15

1003 Phenylalanine 6

1124 Glucose 16

1246 Collagen 15

1325–1330 Nucleic acids 17

1343 Glucose 18

1454 Elastin 19

1450 Protein and lipids 20

1558 Tryptophan 15

1618 Tryptophan 21

1665 Amide I 15
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precise blood vessel targeting under imaging guidance, and the high
sensitivity of our spectrometer. Thirdly, other important, micro-
scale localized biochemical information such as the level of oxyhe-
moglobin and deoxyhemoglobin may also be derived using our
method.

In conclusion, our method of real time monitoring in vivo confocal
Raman spectral measurements with reflectance confocal and multi-
photon imaging could provide more accurate spectral interpreta-
tions. We have validated our method by measuring different skin
micro-structures on in vivo volunteer. The demonstrated ROI
method is valuable for precise in vivo spectral measurement and
the imaging modalities allows us noninvasively obtaining informa-
tion of the blood flow velocity. In addition, the special non-invasive
method of accurately obtaining blood glucose level is novel and
practical to be adapted into clinical use. Therefore, we believe our
developed method can be generally applied into various types of in
vivo micro-spectroscopy measurements. Researchers should per-
form micro-spectroscopy measurement carefully under advanced
microscopy imaging guidance in order to generate accurate spectral
interpretation of the biological, physiological, and biomedical phe-
nomena under investigation.

Methods
Multimodal spectroscopy and imaging system. The Raman excitation laser
(I0785SA0100B-TK, Innovative Photonic Solutions, Monmouth Junction, NJ), which
is a 785 nm continuous-wave (cw) diode laser, has been used for both the confocal
Raman spectral measurement and the cw reflectance confocal microscopy (cwRCM)
imaging. The Raman laser first passes a spatial filter system with a pinhole size of
30 mm, and then is directed to an optical scanning system consisting of an 8 kHz
resonance scanner for the fast axis and a galvanometer scanner for the slow axis. The
laser beam is then focused by a 60X (NA 5 1.0) water-immersion microscope
objective (LUMPLFLN60X/W, Olympus Canada, Markham, Ontario) onto human
skin. A polarization beamsplitter (PBS) along with a quarter waveplate is used to
direct the descanned reflectance confocal signals to an avalanche photodiode (APD)
module (C10508, Hamamatsu Corp., Bridgewater, NJ) with a 30 mm pinhole in front.
A dichroic beamsplitter is used to direct the Raman signals to a 50 mm core-sized fiber
connected with a home-made Raman spectrometer (spectrograph: HoloSpec-f/2.2-
NIR, Kaiser, Ann Arbor, MI; CCD detector: Spec-10 : 100 BR/LN, Princeton
Instruments, Trenton, NJ).

A femtosecond (fs) Ti:Sappire laser (Chameleon, Coherent Inc., Santa Clara,
California), which has a tunable wavelength range of 720–950 nm, is used for mul-
tiphoton microscopy imaging. The fs laser beam is first pulsewidth-compressed by an
optical compressor, and expanded using two lenses. The fs laser beam is then scanned
by the same scanner and focused onto the skin by the same microscope objective. The
TPF and SHG signals are collected by a photomultiplier tube (PMT, active area
3.7 mm 3 13 mm, . 15% quantum efficiency between 200 and 650 nm,
H9433MOD-03, Hamamatsu Corp., Bridgewater, New Jersey) to generate SHG 1

TPF images, and the descanned fs reflectance confocal (fsRCM) signals are directed
by another PBS onto an APD with a 50 mm pinhole. A flip mirror is used to switch
between the Raman laser and the fs laser, and the two beam paths have been optimally
aligned to be the same. To reduce involuntary body movement, double sided tape and
a metal ring were used to magnetically mate the skin with the imaging objective.
Water was used in between the microscope objective and the skin surface. The Raman
laser power incident on the skin was 27 mW, and the fs laser power incident on the
skin was adjusted to be less than 40 mW using a half-waveplate/polarizer combina-
tion at the laser exit.

Data processing. For Raman spectra analysis, the fluorescence background was
removed using the Vancouver Raman Algorithm which was developed by our group
and based on an iterative polynomial fitting method23. To plot the blood glucose level
over time, the background-subtracted Raman spectra were first derived. Then, the
ratio of the area under the glucose peak at 1124 cm21 and the area under the protein
peak at 1450 cm21 was calculated as the y-axis. This specific protein peak was chosen
because it is considered as a stable Raman signal in the blood, not affected by glucose
concentration.
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