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Abstract. To minimize the problem with scattering in deep tissues while increasing the penetration depth, we
explored the feasibility of imaging in the relatively unexplored extended near infrared (exNIR) spectral region
at 900 to 1400 nm with endogenous chromophores. This region, also known as the second NIR window, is weakly
dominated by absorption from water and lipids and is free from other endogenous chromophores with virtually no
autofluorescence. To demonstrate the applicability of the exNIR for bioimaging, we analyzed the optical properties
of individual components and biological tissues using an InGaAs spectrophotometer and a multispectral InGaAs
scanning imager featuring transmission geometry. Based on the differences in spectral properties of tissues, we
utilized ratiometric approaches to extract spectral characteristics from the acquired three-dimensional “datacube”.
The obtained images of an exNIR transmission through a mouse head revealed sufficient details consistent with
anatomical structures. © 2013 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.18.10.101318]
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1 Introduction

Optical imaging provides a wealth of clinically relevant infor-
mation regarding the physiological composition of tissues.'
Changes in optical properties of tissues can reflect pathological
alternation and be considered as a marker of a disease. Hence, a
variety of approaches centered on interrogating endogenous tis-
sue properties such as scattering, absorption, reflectance, auto-
fluorescence, refractive index, polarization, and exogenous NIR
probes has been utilized in biomedical optical imaging.>> The
information obtained can be maximized by multispectral capa-
bilities that provide rich information about the individual chro-
mophores and their interactions that contribute to the intensity
and location of the optical signal. Multispectral analysis can dis-
criminate intrinsic optical signals that are influenced by functional
perturbations or characteristic pathologic changes and have been
explored in skin lesions,® vascular abnormalities,” and cancer.3~'

The current state-of-the-art deep tissue and in vivo optical
imagings are based on endogenous and exogenous optical con-
trast agents absorbing and/or emitting light in the region 700 to
900 nm known as the near infrared (NIR) optical window.'!
Photon penetration into living tissue is highly dependent on
the absorption and scattering properties of tissue components
and attenuation is significantly less at wavelengths longer than
700 nm."? Thus, the NIR region of the spectrum has been widely
utilized in the last decade®!® and a number of clinical applica-
tions based on NIR imaging have been developed.'*!® In con-
trast, the extended NIR (exNIR) optical range of 900 to
1400 nm, known as the second NIR window,'®!” remains rela-
tively unexplored in biomedical imaging.

The advantage of this region over the NIR range is due to the
relative decrease in scattering and increase in transparency of
the biological tissue to exNIR light. The Rayleigh scattering
of photons in tissue is inversely proportional to the photon’s
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wavelength (I ~A7*). In the spectral range of 600 to
1500 nm, for many tissues the scattering coefficient decreases
with the wavelength in accordance with a power law.'® Overall,
the improvement in the depth penetration for the exNIR spectral
range is expected to be substantially larger than in optical
window 1 as predicted by several authors'®! and which was
recently explored with single-wall carbon nanotubes emitting
at >1000 nm'®!"?2 and two-photon excitation of NIR fluores-
cent reporters probes at 1550 nm.?*?*

Here, we demonstrated that water and lipids dominate the
spectral landscape in exNIR by a set of characteristic absorption
bands, and we explored the feasibility of imaging in exNIR by
focusing on water and lipids as endogenous absorbers. We
hypothesized that the position and the relative intensity of the
peaks in exNIR are tissue specific and reflect tissue composi-
tion. First, we recorded spectra of three major model compo-
nents in tissue: water, proteins, and lipids. Although some of the
optical properties have been published, we have revisited the
studies with a new approach by using deuterium oxide (D,O) as
an exNIR transparent solvent and a high resolution spectropho-
tometer dedicated to exNIR. Having established optical proper-
ties of individual components, we recorded spectra of different
mouse tissues using an InGaAs hyperspectral imager and mod-
eled the tissue transmission spectra based on two individual
components, water and lipids. Finally, we constructed the in vivo
map of exNIR transmission using a transillumination geometry
imaging system for the head of a mouse to reveal contrast-rich
features.

2 Materials and Methods

2.1 Materials

MilliQ water, deuterated water (D,0O) (EMD Millipore Corpo-
ration, Cambridge Isotope Laboratories, Inc., Tewksbury, Mas-
sachusetts), bovine serum albumin (BSA) (Sigma-Aldrich),
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hemoglobin (Hb from rabbit, Sigma-Aldrich), and lipids (corn
oil, purchased at local supermarket) were used without purifica-
tion. The choice of corn oil was dictated by the similar chemical
composition between vegetable oil and animal fat and their sim-
ilar exNIR absorption spectra. The liquid form of corn oil at
room temperature allowed ease of handling the sample. BSA
was dried for 1 h at 100°C under the vacuum with the flow
of air (loss 12%). Water, BSA, and hemoglobin were dissolved
in D,0 at different concentrations. Protein solutions were first
mixed in a 50-mL Eppendorf tube, vortexed, observed for par-
ticulates, and centrifuged, if necessary, to eliminate the partic-
ulates. To ensure complete oxygenation of Hb, D,O was
saturated with air. Direct optical measurements of Hb are chal-
lenging and require careful deoxygenation of HbO, that will be
addressed in the future.

2.2 Optical Measurements

The exNIR spectra of solutions were recorded using a custom
built NIR double grating spectrophotometer based on Olis
DB620 specrtophotometer (Olis, Inc., Bogart, Georgia) and
equipped with a thermoelectrically cooled to —45°C InGaAs
detector (Electro Optical Systems, Inc., Phoenixville,
Pennsylvania). A halogen lamp (Ocean Optics, HL-2000)
was used as a light source. Quartz cuvettes of different path-
lengths (1 to 10 cm) were used to optimize absorbance signal.

Cuvette with D,O was used as reference for most of the mea-
surements. D,O is a form of water where the two hydrogen
atoms are replaced with the heavier hydrogen isotope deuterium.
Although such replacement results in measureable effects on a
number of physical properties (i.e., ensity, melting and boiling
points, refractive indexes), D,O contains similar pKa and sol-
vation properties compared to normal water. Due to its similar-
ity, D,O often substitutes for water as a solvent in nuclear
magnetic resonance (NMR) measurements for the structural
characterization of proteins.”® Despite its structural and chemi-
cal similarity, D,O shows strikingly different optical properties
in exNIR.?® In contrast to normal water, D, O is practically trans-
parent with up to two orders of magnitude lower molar absorp-
tivity (Fig. 1) and therefore, can be used as a solvent.

Corn oil is not soluble in D,O and therefore an empty
cuvette with air was utilized as a reference point. The concen-
tration of the lipids in corn oil was 1.07 M. This concentra-
tion was calculated from the average molecular weight of
corn oil (MW = 882) obtained from two major components,

1400 nm

1200 nm

triolein and trilinolein at ca. 1:1 ratio and known density
d=0.95 g/cm>”

2.3 Calculations

Molar absorptivities of individual components measured from
absorption spectra were converted to absorption attenuation
coefficients. Absorption attenuation coefficients of the tissue
were calculated from several components provided in Table 1.
The derivations of these equations are given below.

The Lambert—Beer law defines that the intensity of light
decreases exponentially with depth in the media:

1(2) = 1,(A)e a3, (1)

where A is the wavelength of measurement, y, is the linear
absorption attenuation coefficient in cm™', and x is the path-
length (depth) in centimeters.

From the definition of absorbance (A) as a log ratio of the
exiting to incoming light, the following expression relating
the absorbance with the attenuation absorption coefficient g,
can be obtained:

Awmﬁw]m4 1,()

} = log[etX].

I(2) I,(2)e e
(©))
The rearrangement of Eq. (2) gives Eq. (3):
A(A) = pa(A)x log e ~ 0.434pu,(A)x. 3)

Absorbance can be also expressed as a function of concen-
tration and molar absorptivity:

A(A) = e(A)Cx, 4)

where e is molar absorptivity (M~' cm™!) and C is the molar
concentration (M).

Combining Egs. (3) and (4), the attenuation factors can be
evaluated from experimentally measured molar absorptivities
[Eq. (5)]:

pa(2) = 2.302 (1) C. )

The absorptivities of molecular vibrations (see the discus-
sion below) follow Lambert—Beer law similar to electronic
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Fig. 1 Absorbance (a) and calibration plot (b) for normal water dissolved in deuterated water D, O. (b), empty circles: slope at 1200 nm, molar absor-
tivity e1500= 0.087 M~" cm™', R, = 0.999; solid squares: &1499 = 1400 nm, slope at 1400 nm, molar absorptivity &;490= 1.044 M~ cm™, R, = 1.
(c) Molar absorptivity plot of H,O and D,O. References: for D,O spectrum—air; for H,O spectrum—D,O. The molar absorptivity spectra of
D, 0O were recorded using one point of concentration 55.3 M (D, 0O) using air as a reference.
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Table 1 Tissue composition of various organs based on the compilation of the literature data (Ref. 28).

Water contents (%) Lipid contents (%) Protein contents (%) Polysaccharides (%)

Whole brain 68.5 10 82.6 5310 18.1 100 11.5 —
Adipose® 11.4 10 30.5 61.4 10 87.3 7.9 —
Blood 79.0 0.6 19.6 -
Heart 71.0 to 80.9 2.41t010.0 15910 18.2 -
Kidney 72.3 10 80.5 2.810 6.9 15.8 0 19.9 -
Liver 72.81t075.6 1.5t07.8 16.1t0 19.6 2.2
Skeletal muscle 7010 78.6 1.6 10 6.8 17910 21.3 1.0

For adipose in mouse, see Ref. 29.

transitions. Therefore, the intensities of absorption in transmis-
sion geometry follow the additivity principle,*® and hence one
can consider the tissue spectra as a sum of different components.
From the additivity principle of absorbance, it is possible to
demonstrate the additivity of absorption attenuation coefficients
[Eq. (6)]:

A =Y e,(NCox and  p,(A) = po(4).  (6)

These sets of equations allow the evaluation of attenuation
coefficients from measured absorbance values for a tissue of
a known composition. From here, the transmittance of the tissue
can be obtained.

T(2) = 107A0) = 1072280, )

2.4 exNIR Imager Design

The imager was assembled for raster scanning in transillumina-
tion transmission geometry. The sample (tissue and mouse)
was rested on a transparent Petri dish stage supported by two
orthogonally overlaying step motors XSlide (Velmex Inc.,
Bloomfield, New York) (Fig. 2). A 7-W halogen lamp (Ocean
Optics, HL-2000) that possesses a relatively broad and stable
spectrum in the studied range (900 to 1600 nm) was used to
provide illumination. The light was coupled through an NIR
optical fiber (31000 um, 0.39 NA) and into an objective MPLan
FMN 10%0.30 (Olympus) for focusing. The transilluminated
light through the sample was captured by another optical fiber
(¥1000 pm, 0.39 NA) and was coupled to a Nunavut InGaAs
detector equipped with a high throughput transmission spectro-
graph, volume-phase grating (VPG) gratings, and an f/1.8
design with a range of 800 to 1600 nm. The detector featured
a 512-pixel InGaAs array thermoelectrically deep-cooled to
—60°C with a resolution of ~1.6 nm/pixel (Bayspec Inc.,
San Jose, California). During image acquisition, each step
movement was accompanied by a full spectral acquisition result-
ing in a three-dimensional “data-cube”, with two spatial dimen-
sions and a spectral dimension. For spectral characterization, the
stage was held still, and the integration time of the spectrometer
was adjusted to achieve adequate tradeoff between photon count
and scan time. For a planar sample, a spatial resolution of ca.
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2 mm was measured for small fonts on a printing paper. The
actual resolution during scans was expected to be lower due
to scattering and absorption in thick tissue. This results in vary-
ing resolutions with different samples.

Optical imaging was performed in transillumination geom-
etry as depicted in Fig. 2 by raster scanning as described above.
Light was collected on the opposite side (transillumination) via
an optical fiber connected to the InGaAs array detector. The
integration time of the imager was adjusted to achieve an
adequate tradeoff between photon counts and scan time for each
location. Images were constructed from spectra as 1 location =
1 pixel. An entire spectrum was collected for each location.
Post-processing of acquired data was performed to construct
single-wavelength transmission image maps and represented
the significant information from each pixel.

2.5 Tissue and Animal Study

Animal studies were conducted in accordance with protocols
approved by the Washington University School of Medicine
Animal Studies Group and according to the Animal Welfare Act
for use of animals in research. One 12-week old female nude
mouse was anesthetized (isoflurane, 2% vol/vol) and euthan-
ized by cervical dislocation followed by decapitation. Digital
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Fig. 2 Experimental imaging setup in 800 to 1600 nm. The spectrum of
the halogen lamp in exNIR obtained by this imager is shown in the
upper left corner.
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radiographs of the head were acquired before the decapitation
using the In-Vivo Multispectral FX Pro (Bruker Biospin,
Woodbridge, CT). Acquisition time was 90 s using 35 kVp,
149 pA and 0.4 mm filter (12.9 KeV). Specific organs and tis-
sues were harvested from a male mouse and placed on the
exNIR imager for detailed spectral characterization.

2.6 Data Analysis

Each spectrum was processed with a fifth order Butterworth
low-pass filter with a normalized cutoff frequency of 0.3, deter-
mined empirically to remove electronic noise from the detector,
which was necessary for quantitative analysis. The resulting
transmission spectra were divided by the illumination spectrum
and normalized to their respective intensities at 800 nm. For
interpolation, a piecewise cubic Hermite method implemented
by MATLAB’s interpl function was used. Modeling of the adipose
tissue transmission spectra obtained with a home-made imager
was performed from linear combination of water and corn oil
spectra obtained using a spectrophotometer (Olis).

3 Results and Discussion

3.1 Molar Absorptivities of Tissue Components in
exNIR

Understanding optical properties of a biological tissue in exNIR
requires establishing basic optical parameters such as molar
absorptivities and absorption coefficients of major tissue com-
ponents, including water, hemoglobins, proteins, lipids, and car-
bohydrates. However, measuring molar absorptivities of water
and water soluble proteins in the exNIR spectral range is chal-
lenging. Water absorbs at wavelengths >1000 nm, with molar
absorptivity exceeding 1 M~! cm~! > 1300 nm. Given the very
high concentration of pure water ~55.5 M, accurate measure-
ments of molar absorptivities in water would require a cuvette
with a < 0.2 mm path length, which is technically demanding.
Because of the high water concentration, measuring the absorb-
ance of proteins in water in such a cuvette would be impossible
given the submillimolar concentration of proteins even at their
highest concentrations (BSA solubility limit in water is 5% wt/
vol which is equal to 0.75 mM).

To address this problem, we utilized deuterium oxide (D,0)
as a solvent (see methods). For H,O molar absorptivity measure-
ments, different amounts of water were added to a cuvette with
D,0, and a calibration curve was generated [Fig. 1(a) and 1(b)].

The molar absorptivity spectrum of normal water and D,O is
shown in Fig. 1(c). The spectrum shows several characteristic
peaks at 975 and 1200 nm and exhibits strong absorbance
after 1400 nm.

Similarly, the absorption of the proteins HbO, and BSA, two
major proteins in blood, is recorded in D,O. Low molar absorp-
tivity of D,O allows the use of longer path length cuvettes for
measuring molar absorptivities of relatively low concentration
proteins. Hence, in order to maximize the absorbance of pro-
teins, a 10-cm cuvette was utilized. Measured molar absorptiv-
ities for each of the proteins are given in Fig. 3(a) and 3(b).
Calculated absorption coefficients y, in log scale are provided
in Fig. 4. Interestingly, the spectrum of commercial BSA
(66 kDa protein) resembled the spectrum of water (not shown),
apparently because of incorporated water in the commercial
sample (upon drying at ~100°C, the loss of water in protein
mass was 12%). Hemoglobin, which is also a protein of a similar
size as BSA (64 kDa), shows a much different spectrum with
a strong and broad absorption band over the whole range of
exNIR due to the presence of heme.

Lipids show relatively low absorbance and can be measured
without a dilution matrix in a 3.4-mm quartz cuvette. The
absorbance spectra of corn oil reveals several prominent, and
more importantly, nonoverlapping peaks with individual fea-
tures Fig. 3(c). These are located at two major peaks at 1200
and 1380 nm and two valleys at ~1100 and 1300 nm. The
most notable comparison to the water spectrum is the absence
of a peak at 975 nm. The importance of this peak in image analy-
sis is provided below.

Based on experimentally measured molar absorptivities, the
absorption coefficients were calculated using Eq. (5) (Fig. 4).

3.2 Optical Properties of Tissues

Having established the difference between the spectra of indi-
vidual chromophores, we recorded the spectra of several bio-
logical tissues. The spectra were obtained in transmission
geometry using the exNIR imager (see methods) and shown in
Fig. 5. Each spectrum was constructed as an average from five
different points. Most of the organs show bands at 975, 1100,
and 1280 nm corresponding to water signals, several smaller
peaks, and shoulders originated from the presence of lipids, pro-
teins, and other tissue components. Comparison of the tissue
spectral properties with their contents (Table 1) shows a signifi-
cant level of correlation. Similar correlation between spectral
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Fig. 3 (a) Molar absorptivity spectrum of BSA after drying in D, O (cuvette 10 cm, quartz); Reference spectrum—D, O.(b) molar absorptivity spectrum of
hemoglobin in D,O (cuvette 10 cm, quartz); Reference spectrum—D,O.(c) molar absorptivity spectrum of corn oil (cuvette 1 cm, quartz); Reference

spectrum—air.
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Fig. 4 Absorption coefficients (u,) of individual components: water, sol-
utions of hemoglobin, bovine serum albumin (both at 2.5% in D,0),
and lipids.

properties of organs in exNIR and lipid-water composition has
been observed previously.'®3!32 High water-content organs such
as blood, kidney, and skeletal muscle share similar bands with
different shapes apparently affected by different types of lipids
as well as the presence of proteins and other biologically
relevant components. Tissues with a high lipid level such as
adipose tissue showed the stronger presence of lipid spectral
features. Decomposition of the adipose spectra into water and
lipid components with 19% water and 81% lipid revealed a
high degree of correlation while preserving fine features (Fig. 6).

3.3 Imaging of the Mouse Head

Multispectral exNIR imaging of a mouse head in transillumina-
tion geometry was performed for the range 800 to 1400 nm at
each data point in the square matrix, creating a 90 X 65 x 512
datacube. The relatively long integration time of 500 ms was

4.0+ 975n$m .1075nm
354 !

I
30- 1 1

254 \/X/\‘ 2
20- e 3
15-

1.0

0.5 ! ! 7

T T T T T T T T T T T T !
800 900 1000 1100 1200 1300 1400
Wavelength, nm

Intensity normalized to lamp
N

Fig. 5 Spectral characterization of various tissues using an exNIR
imager. From top to bottom: 1. skeletal muscle, 2. liver, 3. kidney,
4. cardiac tissue, 5. cerebrum, 6. cerebellum, and 7. adipose. The indi-
vidual graphs were offset for clarity.
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dictated by the use of a low power halogen lamp for illumination
and a detector small slit (25 um) that provided sufficient spectral
resolution of 1.6 m/pixel, allowing the selection of individual
wavelengths for data processing.

The resulting images produced using the ratio of intensities at
1075 to 975 nm are shown in Fig. 7. A band at 975 nm is a
characteristic absorption peak of water, whereas 1075 nm is
where the transmission of the tissue is the highest. Both cer-
ebrum and cerebellum tissues show distinguishing spectral fea-
tures at these two wavelengths (Fig. 5). At 1075/975, the cranial
features of the mouse were highlighted with high pixel values in
the nasal, premaxilla, maxilla, and orbital areas of the skull
(Fig. 7a). Contents of the cranial cavity also seem to be visible
to some degree, with three areas of lower intensity which pos-
sibly correspond to the cerebral hemispheres and the cerebel-
lum. An X-ray scan of the mouse head (Fig. 7(b)) provided
reference of skeletal structures for co-registration of anatomy
with exNIR ratio image shown in Fig. 7(c).

4 Discussion

Imaging in the exNIR has been initially limited due to the lack of
available optical instrumentation. Commonly utilized silicon-
based detectors are inefficient beyond 900 nm resulting in low
signals and poor signal-to-noise ratio. Detectors based on ger-
manium (Ge), indium gallium arsenide (InGaAs), indium anti-
monide (InSb), and mercury cadmium telluride (HgCdTe) are
significantly higher in sensitivity in the exNIR range. Out of
these detectors, InGaAs with its high quantum efficiency in
900 to 1600 nm has proved to be the most practical for imaging
applications.®® Since a two-dimensional InGaAs camera with
satisfactory quantum efficiency did not exist when the project
started, the data acquisition was performed with a diode array
1 x 512 pixel multispectral InGaAs camera synchronized with
an XY scanning platform.

The major endogenous chromophore in biological tissue
within visible and NIR wavelengths is hemoglobin in its oxy-
genated (HbO,) and deoxygenated forms (Hb).* At wave-
lengths longer than 950 nm, the molar absorptivity of HbO,
predominates.*>*® Since, in general, the arterial oxygen satura-
tion in adults is >95%,>” and venous oxygen saturation is 60%
to 70%,® the spectral properties of blood in exNIR are expected
to be defined by the absorption of HbO,. The spectrum of HbO,

101
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Fig. 6 Modeling adipose tissue by linearly combining spectra of water
(19%), and lipid (81%) results in the spectrum similar to the spectrum of
adipose acquired from an exNIR image.
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Fig. 7 Imaging of a mouse head (a) exNIR image at the ratio 1075/975 nm, (b) an X-ray image of the same region of the mouse, and (c) coregistration

exNIR/X-ray imaging.

up to 1400 nm is structureless with no prominent bands, as dem-
onstrated in this work, and also observed in Ref. 36. Therefore,
the absorption of hemoglobin in the exNIR optical range can be
considered as background spectra.

Compared with the visible and NIR range where hemoglo-
bins are the dominant absorbers, exNIR provides a different set
of dominant chromophores.*® Above 950 nm, relatively strong
absorption signals due to water and lipids become important
contributors to tissue absorption.*'**** Water displays charac-
teristic absorption bands at ~970, 1200 and >1400 nm, while
lipids exhibited unique bands at 930, 1040, 1210, and 1390 nm
(Figs. 1-4). The absorption bands in the spectra are due to
mostly water and lipids’ overtones and combination bands of
their corresponding vibrations (tones).*'** The overall water—
lipid profile of the tissue absorption in exNIR is characteristic
of the type of the tissue, gender, and age '** and might be con-
sidered as an optical signature of the tissue.

As water is one of the major contributors to the exNIR spec-
tra profile, its spectra is modulated by the presence of proteins,
ions, and other dissolved molecules. Thus, it provides informa-
tion about the composition of the sample and its environment.
The majority of the water molecules in the tissue are hydrogen
bonded to biomolecules and ions in the forms of solvated com-
plexes. The addition of organic molecules and ions has shown
to cause a noticeable shift (peak position and the intensity) in
water’s exNIR spectrum. Stronger hydrogen bonding affects the
position of the O-H stretching band by shifting it to longer
wavelengths and reduces the O-H vibration antiharmonicity
(making the effective mass of hydrogen larger) leading to a
decrease in signal intensity. Similar to water, lipids’ vibrational
bands are also expected to reflect the environment. Moreover,
significant diversity among lipids (different fatty acids, sterols,
phospholipids) will also be reflected by the position and inten-
sity of the bands. Thus, the spectral sensitivity of exNIR active
molecules to the environment could be considered as a potential
marker of tissue composition in imaging. Due to the low inten-
sity of absorption from the overtones, the absence of other chro-
mophores, no autofluorescence, attenuated scattering, and the
sensitivity of the absorption signals to the environment, this
exNIR spectral range is an attractive range for imaging.

5 Conclusions

Herein, we demonstrated that multispectral imaging in the
exNIR spectral range provides new possibilities in label-free
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imaging of small animals. Such imaging depends on two major
endogenous chromophores in animal tissue, water, and lipids
and is capitalized on attenuated scattering in deep tissues. The
position and the intensity of the chromophores’ spectral bands
depend on the tissue composition and thus allow the potential
anatomical resolution of the tissue. Based on the differences in
exNIR optical properties of tissues, we developed ratiometric
techniques for processing the acquired three-dimensional data-
cube. With this method, the obtained images of a mouse head
revealed sufficient resolution and anatomical structures consis-
tent with the anatomy of the mouse head. Further work is needed
to more fully elucidate individual molecular signatures and their
correlation with the biological functions. Although this study is
focused on transmission properties of tissue, our findings open
up a new opportunity for developing fluorescent based contrast
agents. We envision that a number of such fluorescent probes
from single wall nanotubes (SWNT) to quantum dots and
upconverted nanoparticles optically active in exNIR can be uti-
lized to enhance the contrast.
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