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Abstract. Quantum dot (QD) imaging capability was investigated by the imaging depth at a near-infrared second
optical window (SOW; 1000 to 1400 nm) using time-modulated pulsed laser excitations to control the effective
fluence rate. Various media, such as liquid phantoms, tissues, and in vivo small animals, were used and the
imaging depths were compared with our predicted values. The QD imaging depth under excitation of continuous
20 mW∕cm2 laser was determined to be 10.3 mm for 2 wt% hemoglobin phantommedium and 5.85 mm for 1 wt%
intralipid phantom, which were extended by more than two times on increasing the effective fluence rate to
2000 mW∕cm2. Bovine liver and porcine skin tissues also showed similar enhancement in the contrast-to-
noise ratio (CNR) values. A QD sample was inserted into the abdomen of a mouse. With a higher effective fluence
rate, the CNR increased more than twofold and the QD sample became clearly visualized, which was completely
undetectable under continuous excitation. Multiple acquisitions of QD images and averaging process pixel by pixel
were performed to overcome the thermal noise issue of the detector in SOW, which yielded significant enhance-
ment in the imaging capability, showing up to a 1.5 times increase in the CNR.© 2015Society of Photo-Optical Instrumentation

Engineers (SPIE) [DOI: 10.1117/1.JBO.20.4.046012]
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1 Introduction
Near-infrared (NIR) in vivo imaging with semiconductor quan-
tum dots (QDs) can offer nonradioactive extraction of biological
information, which can be applicable to real-time multiplexed
imaging for studies of biological phenomena and potentially
in the field of medicine, such as for surgery. Conventional reflec-
tance fluorescence imaging typically shows the tissue penetra-
tion depth in the order of a few to tens of milimeters.1,2 The
degrees of absorption, scattering, and autofluorescence vary dra-
matically depending on the wavelength of light. The NIR optical
window, the wavelength region from 700 to 1400 nm, can maxi-
mize the tissue penetration depths because of the minimal inter-
ference by the absorption and scattering from water and
biological tissues.3,4 The NIR optical window can be divided
into the first optical window (FOW; 700 to 900 nm) and the
second optical window (SOW; 1000 to 1400 nm). The SOW
can especially be more advantageous for deep tissue penetra-
tions than the FOW because of the reduced scattering.5–7 In
2003, simple simulation studies of optical imaging in turbid

media, such as tissue or blood, showed that it would be possible
to improve the signal-to-noise ratios by over 100-fold by fluo-
rophores that emit at SOW when compared with those that emit
at FOW. Penetration depth, which is defined as the depth at
which the light intensity is attenuated to 1∕e times the original
intensity, has little meaning for practical imaging applications.
As discussed in our previous study, imaging depth can be
defined by the ability to distinguish an object from the back-
ground.6 QDs having emission spectra in FOW or SOW were
placed under biological tissues for comparison of the imaging
depths. QD imaging in SOW showed significantly extended im-
aging depths over the QD imaging in FOW. In highly scattering
media, such as skin tissue, the SOW QD imaging depth was
larger than that of FOW more than threefold, mostly because
of the reduced scattering in SOW. In highly absorbing media,
such as the liver, the SOW QD imaging depth could be extended
by 1.4 times over that of FOW QD imaging by switching the
excitation to a longer wavelength.

QDs are practically the only class among imaging contrast
agents that can be bright and wavelength-tunable in the NIR
SOW. Organic dyes8 and fluorescent proteins intrinsically suffer
from the molecular vibration-coupled nonradiative channels,
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which makes them nonfluorescent at NIR SOW. Lanthanide
complexes9 and single-walled carbon nanotubes10 show weak
emissions in NIR SOW, and it is very difficult to tailor the emis-
sion wavelength. QDs can reach a photoluminescence quantum
yield (QY) as high as 90% in NIR SOW.11 Recent advances in
the QD synthesis replaced many heavy metal elements in QDs
with potentially safer elements.12–16 Recently, Ag2S QDs have
been reported and are attracting much interest for NIR SOW
imaging.17,18

QD imaging depth is affected by a large number of param-
eters, including factors from the incident light, such as incident
angle, polarization, and fluence rate, and those from QDs, such
as the concentration, QY, and absorption cross-section. The flu-
ence rate of incident light is a critical parameter that can be tuned
to enhance the imaging depth at the cost of relatively little effort.
In principle, the photon penetration depth should be independent
of the power of the incident light.19 However, in reality and espe-
cially when using an InGaAs charge-coupled device (CCD) for
SOW, imaging depth is dependent on the fluence rate because of
thermal noise: as tissue thickness increases, the exposure time
required for optimal imaging increases, thus, the thermal noise
effect increases. As a result, a higher incident light intensity can
increase the imaging depth. Our previous study showed the im-
aging depth increase by 1.4 times in liver and by 1.8 times in
skin tissue by increasing the fluence rate of the incident light
from 3 to 20 mW∕cm2.6 Because excessive intensity of the inci-
dent light can cause side effects, such as shrinkage of collagen,
reduction of enzymatic activity, and burning,20 human access
during operation is regulated. According to the U.S. Food
and Drug Administration (FDA), continuous human access is
permitted up to 0.5 W at the visible and NIR wavelengths.6,21

Noncontinuous pulsed excitations that are synchronized with
the detector can raise the effective fluence rate and, thus, extend
the imaging depth while circumventing the side effects. We have
built an NIR SOW imaging system equipped with time-modu-
lated pulsed laser excitations synchronized with an InGaAs
CCD to investigate the imaging depths attainable by increasing
the effective fluence rate. A PbS QD emitting at 1300 nm was
synthesized and used as a model contrast agent at NIR SOW.
The QD imaging depth was obtained in various media such
as liquid phantoms, tissues, and small animal in vivo experiment
setups. The imaging depth values were also compared and dis-
cussed with the expected values previously obtained by simu-
lations. In addition, multiple acquisitions of QD fluorescence
images were performed to enhance the imaging capabilities
by image averaging. QD fluorescence images under an identical
experimental condition were repeatedly captured, and an aver-
aged image was obtained by overlapping and averaging the fluo-
rescence intensities pixel by pixel. The image averaging yielded
significant enhancement in the imaging capability showing up to
a 1.5 times increase in the contrast-to-noise ratio (CNR); how-
ever, the enhancement applied only for cases of the intermediate
contrast-to-noise level.

2 Materials and Methods

2.1 Materials

Lead(II) acetate trihydrate, oleic acid, 1-octadecene, bis(trime-
thylsilyl)sulfide, hemoglobin from bovine blood, and intralipid
(20% emulsion) were purchased from Sigma-Aldrich.

2.2 Synthesis of PbS Quantum Dots

PbS QDs were prepared by following a previously reported
method.22 The sulfur precursor was prepared by mixing bis(tri-
methylsilyl)sulfide (0.1 mmol) with 1-octadecene (5 mL) in the
glove box. Lead(II) acetate trihydrate (1 mmol), oleic acid
(10 mmol), and 6.8 mL of 1-octadecene were loaded to a
three-neck flask and activated at 180°C for 1 h. The lead pre-
cursor solution was cooled down to 100°C and the temperature
was maintained for 1 h under vacuum for degassing. The sol-
ution was heated to 150°C, and the sulfur precursor solution was
quickly injected into the reaction flask. The temperature was
maintained at 120°C, and the solution was stirred until the
desired size of the PbS QD was obtained. The reaction solution
was cooled down to room temperature and diluted with chloro-
form. The synthesized PbS QDs showed an emission peak at
1300 nm and the QY was 27%.

2.3 Image Data Process

The thresholding process was conducted using the MATLAB®

(The MatWorks, Inc.) program based on the global thresholding
algorithm.23 The raw intensity data of NIR fluorescence images
were imported to MATLAB®. The histogram of the image was
divided into two regions. One is the group of pixels with a
higher or the same intensity of the threshold value, and the
other is that of pixels with a lower intensity. The histogram
of the image was divided into the two regions using the thresh-
old value, and the mean intensities of the two regions were
obtained. A new threshold was created with the means of the
two regions. These processes were iterated until the threshold
value converged. The pixels that have the same or higher inten-
sity than the threshold were regarded as the signal and the other
pixels were regarded as the background.

An image averaging process was conducted using the
MATLAB® program. NIR fluorescence images for the averag-
ing were obtained by multiple acquisitions using identical
experimental conditions. The time lapse between acquisitions
was <2 s. The raw intensity data of images were imported to
MATLAB®. The averaged image was constructed by pixel-
by-pixel averaging the intensity values of each pixel position
using all images of the multiple acquisitions.

2.4 Imaging Setup

A glass container with 1 cm lateral dimension was filled with
PbS QD chloroform solution and was submerged in the liquid
phantom solution or biological tissues at a depth z below the air/
solution or air/tissue interface. Bovine liver tissues and porcine
skin tissues were obtained from the local butchers, and the thick-
nesses were measured by Vernier calipers. The light source emit-
ting 915 nm laser (Changchun New Industries, FC-W-915) has
an incidence angle of 30 deg with respect to the detector that is
perpendicular to the air/tissue interface. Light intensity was
measured with a digital optical power meter (Thorlabs,
PM100). An InGaAs CCD camera (FLIR, SC2500-NIR) was
used for the SOW imaging. A 1000 nm long-pass filter
(Thorlabs, FEL1000) and a zoom lens (Navitar, 1-60135-IR)
were attached in front of the CCD camera. The working distance
between the samples and the zoom lens was ∼40 cm and the
field of view was 5 × 5 cm2. The light source and InGaAs
CCD camera were synchronized with a trigger signal using a
data acquisition board (National Instruments, NI USB-6353).
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2.5 In Vivo Imaging Experiment

A female nude mouse (BALB-c-nu/nu, 22 g, Orientbio Co. Ltd.,
Korea) was used in accordance with our institution’s guidelines
on animal care and use. The mouse was anesthetized with
0.02 mLg−1 of intraperitoneal tribromoethanol (Avertin). A
glass cylinder with a 5 mm lateral dimension was filled with
0.3 mL PbS QD solution in chloroform and capped with a rub-
ber septa. The cylinder was inserted into the abdominal cavity of
the mouse parallel to the spinal column. The incision was
sutured with stitching fiber. The InGaAs CCD camera was
used for the NIR fluorescent imaging, and the visible CCD
(Hitachi Kokusai Electric Inc., HV- D37A) was used for the
color imaging.

3 Results and Discussion

3.1 QD Imaging Depth at NIR SOW by Effective
Fluence Rate: Experimental Setup and Liquid
Phantom Studies

NIR photons are known to penetrate ∼10 cm in biological tis-
sues.4 However, the optical imaging depth is often much smaller
than the photon penetration depth mostly because of the blur
and distortion caused by scattering. To quantify the imaging
capabilities, the signal intensity over the background noise fluc-
tuation and the spatial resolving power should be considered.6

The criterion is often assessed by the CNR, which is defined as
the difference between the signal intensity and the background
intensity divided by the standard deviation of the background
intensity. The Rose criterion states that, to be detectable, the
CNR of an object should exceed 4.24,25 In order to determine
the CNR, we have adopted a simple image data process of

segmentation by global thresholding. We have built a QD im-
aging system for NIR SOW equipped with a time-modulated
laser synchronized with the CCD. It is a reflectance fluorescence
imaging system with a planar geometry, controlled by a trigger
signal for the synchronization between the laser pulse and CCD
capture [Fig. 1(a)]. Reflectance fluorescence imaging (rather
than a back-illuminating configuration) was used to obtain infor-
mation that is more relevant for potential intraoperative applica-
tions. The laser illuminates the imaging surface at a 30 deg
incidence angle, which provides the best imaging capability
because of the minimal scattering and reflection at the air/tissue
interface.6 We have adopted a single-photon fluorescence imag-
ing modality for simplicity; however, our system should also be
applicable to two-photon or multiphoton imaging. QDs have
large multiphoton absorption cross-sections, and multiphoton
QD imaging is expected to provide deeper imaging depths
with less overall photobleaching. Webb and coworkers have
demonstrated dynamic visualization through the skin of living
mice in capillaries hundreds of micrometers deep.26 Medintz and
coworkers showcased QD-coated glass pipettes that provided
strong two-photon contrast at deeper penetration depths than
those achievable with current methods and have demonstrated
single-cell electroporation of identified rat and mouse neurons
in vivo.27

Fluorescence imaging from the field was collected by the
zoom lens and was divided by a dichroic mirror: the visible
part went to a color CCD and the NIR part to an InGaAs
CCD. The InGaAs CCD was synchronized with the laser and
was programmed to capture the fluorescence image only during
the laser excitations. 1300 nm emitting PbS QD was used for the
NIR SOW emission. PbS QD was chosen because its synthetic
route is relatively well known. Our values for the imaging depth

Fig. 1 (a) Schematic diagram of the experimental setup for near-infrared fluorescence imaging of quan-
tum dot samples in liquid phantom or tissue. (b) A graph showing the excitation intensity profile over time
under continuous and under different pulsed excitations of time-modulated square waves. The table
below lists the pulse intensity, duty cycle, time-averaged fluence rate, and effective fluence rate for
each excitation case.
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are not confined to the QD material choice and can be easily
extended to other NIR SOW QDs, such as Ag2S QDs.
Because QDs will likely be used in the future for tumor targeting
based diagnosis, and specifically for detection of small collec-
tions of malignant cells, we have simulated them using a glass
container of 1 cm lateral dimension filled with the PbS QD
chloroform solution. The cylindrical glass container is designed
to simulate a 1 cm spherical solid tumor, which is often a critical
detection criterion in cancer diagnosis. The concentration of PbS
QD solution was 1 μM, and QY was measured to be 27% using
a secondary method comparing the integrated emission intensity
of QDs to that of organic dye IR-26 (QY ¼ 0.5%) at the same
excitation wavelength and optical density.28 Hemoglobin and
intralipid liquid phantoms were used to simulate tissues that
are dominantly absorbing and scattering, respectively. The
liquid phantom was prepared by dispersing hemoglobin powder
or intralipid solution in deionized water, and the attenuation
coefficient of the phantom was measured in the visible and
NIR regions. The attenuation coefficient values were compared
with the values of tissues.29 2 wt% hemoglobin and 1 wt% intra-
lipid phantoms were used for our study because they can re-
present liver and skin tissues, respectively.

A 915 nm solid-state laser was used for time-modulated exci-
tations. The FDA allows a radiant power of 0.5 W for

continuous irradiation in the 400 to 1400 nm range. For pulsed
light, 40 W∕cm2 radiant exposure is allowed with a maximal
0.25 s pulse length.21 In our 5 × 5 cm2 field of view, the maxi-
mal FDA allowed a radiant power corresponding to a continuous
20 mW∕cm2. The fluence rate of 20 mW∕cm2 was used for our
standard fluence rate. For time-modulated illuminations,
repeated square-wave laser pulses with a duration of 200 ms
were generated with pulse intensities of 200, 800, or
2000 mW∕cm2. The pulse repetition rate (or duty cycle) was
adjusted so that the time-averaged fluence rate for all the
cases will be a constant 20 mW∕cm2 [Fig. 1(b)]. The duty
cycle is defined by the ratio between the pulse duration time
over the excitation period. The continuous wave and time-
modulated waves are the same for the time-averaged fluence
rate, which is presented by the cumulative area of bars for
enough time duration for each excitation condition in Fig. 1(b).

The QD cylinder was immersed in the liquid phantom to a
depth (i.e, liquid phantom thickness) varying from 0 to 25 mm.
The excitation condition was 20/100, 200/10, 800/2.5, or 2000/1
by the laser on-state fluence rate (mW∕cm2) / the duty cycle (%)
[Fig. 1(b)]. Though the time-averaged fluence rates are the same
for all the excitation conditions, the effective fluence rate should
simply follow the laser pulse intensity. Reflectance fluorescence
images were taken for the QD sample in the hemoglobin or

Fig. 2 Imaging capabilities under different excitations of continuous 20 mW∕cm2, time-modulated
pulsed 200, 800, and 2000 mW∕cm2 in liquid phantom. Near-infrared fluorescence images (a) for
2 wt% hemoglobin phantom experiments and (b) for intralipid 1 wt% phantom experiments. The phantom
thickness covering the quantum dot (QD) solution is presented on the bottom right of each fluorescence
image. Contrast-to-noise ratios (CNRs) for different phantom depths of (c) the hemoglobin phantom and
(d) the intralipid phantom. Dotted lines in the graph represent imaging depth criteria. (e) Imaging depths
obtained by the hemoglobin and intralipid phantom studies.
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intralipid phantom as the phantom thickness increased [Figs. 2(a)
and 2(b)]. For both phantoms, the QD signal was reduced and
the image became blurred as the phantom thickness increased.
In Figs. 2(a) and 2(b), it is noted that each column is not aligned
for the same phantom thickness. The thickness is noted in the
right bottom of each panel. As the effective fluence rate
increased, the fluorescence image showed more contrast. For
an example, the QD cylinder under 15 mm hemoglobin phantom
that was hardly detectable under the continuous 20 mW∕cm2

condition, became quite visible under pulse 200 mW∕cm2 con-
dition and was very clear and crisp under pulse 800 or
2000 mW∕cm2 conditions. For the 15 mm thickness hemoglo-
bin phantom case, the CNR values were 2.69 for the continuous
20 mW∕cm2 excitation and became 6.75, 8.34, and 8.56 for the
pulsed 200, 800, and 2000 mW∕cm2 conditions, respectively.
The CNR values versus hemoglobin phantom thickness were
plotted for the different excitation conditions [Fig. 2(c)].
Using the Rose criterion and the intrapolation that we had pre-
viously reported, the imaging depths were obtained for different
excitation conditions. The imaging depth was 10.3 mm for the
continuous 20 mW∕cm2 excitation. The imaging depth was
extended to 17.6, 20.2, and 22.6 mm as pulsed excitations of
the intensity 200, 800, and 2000 mW∕cm2 were applied
[Fig. 2(e)]. We have previously obtained the NIR SOW QD im-
aging depths by different excitation fluence rates at a low power
regime and have used the results to predict the values for higher
fluence rates (Table 1).6 Our results in the 2 wt% hemoglobin
phantom showed 1.71 and 2.19 times increases in the imaging
depth upon increasing the effective fluence rate from 20 to 200
and 2000 mW∕cm2, respectively. For such an effective fluence
rate increase from 20 to 200 and 2000 mW∕cm2 in bovine liver
tissues, we previously predicted 1.22 and 1.44 times imaging
depth enhancement. The larger relative imaging depth enhance-
ment observed for our hemoglobin liquid phantom over the pre-
vious prediction for bovine liver tissue is thought to be attributed
to different experimental conditions. Previously predicted values
were obtained from conditions quite different from those
adopted for the experiment herein, such as the QD concentration
and QY. The relative imaging depth change by the effective flu-
ence rate increase is considered to not be significantly altered by
the QD concentration and QY. However, the excitation wave-
length may play a critical role. By previously upgrading the
excitation source from light-emitting diodes to a pulse laser
for time-modulation, we have switched the excitation wave-
length from 850 to 915 nm. The longer excitation wavelength

may have resulted in the larger relative imaging depth enhance-
ment at higher effective fluence rate excitations. The dissimilar-
ity between the liquid phantom and liver tissue might also have
contributed.

The QD cylinder in the intralipid phantom was imaged
highly blurred as the thickness increased [Fig. 2(b)]. As the
effective fluence rate increased, the fluorescence image showed
more contrast between the signal image and the background.
For example, the QD cylinder under 7 and 9 mm the intralipid
phantom was hardly detectable under the continuous
20 mW∕cm2 excitation, but became more visible as the effective
fluence rate increased to 200, 800, and 2000 mW∕cm2. For the
7 mm thickness intralipid phantom case, the CNR values were
2.67 for the continuous 20 mW∕cm2 and became 5.84, 5.87,
and 5.89 for the pulsed 200, 800, and 2000 mW∕cm2 condi-
tions, respectively. The CNR values versus intralipid phantom
thickness was plotted [Fig. 2(d)], and the imaging depths
were obtained. The imaging depth was 5.84 mm for the continu-
ous 20 mW∕cm2 excitation, which was extended to 9.24, 12.7,
and 16.0 mm as pulsed excitations of the intensity 200, 800, and
2000 mW∕cm2 were applied [Fig. 2(e)]. Our results with the 1
wt% intralipid phantom showed 1.66 and 2.19 times increases in
the imaging depth when increasing the effective fluence rate
from 20 to 200 and 2000 mW∕cm2, respectively. In porcine
skin tissues, our previous predictions were 1.43 and 1.87
times increases for such cases. The larger relative imaging
depth enhancement over our previous predictions can be attrib-
uted to the same reasons as discussed for the hemoglobin phan-
tom experiment. The hemoglobin phantom showed deeper
imaging depths than the intralipid phantom because the hemo-
globin phantom has a lower attenuation coefficient than the
intralipid phantom.

3.2 NIR SOW QD Imaging: Tissue Phantom
Studies and In Vivo Animal Cases

The QD cylinder was placed under real tissues to validate the
liquid phantoms. 13-mm-thick bovine liver tissue and 14 mm
porcine skin tissues were placed on top of the QD cylinder
and the image was taken under the excitations of a continuous
20 mW∕cm2 or pulsed excitations of 200 or 2000 mW∕cm2

[Fig. 3(a)]. For the continuous 20 mW∕cm2 excitation, an
almost undetectable and dim fluorescence image was observed
and the CNR was 2.64 for the liver and 2.65 for the skin. The
CNR values were below the Rose criterion and the signal images

Table 1 Measured imaging depths in liquid phantoms and predicted imaging depths from the reference in biological tissues under different
experimental conditions.

Medium

Imaging depth (mm) under the effective fluence
rate (mW∕cm2) of: (Ratio to the value

of 20 mW∕cm2 case)

Remarks20 200 2000

Hemoglobin 2 wt% phantom 10.3 (1.00) 17.6 (1.71) 22.6 (2.19) Experimental data QD QY 27%
Concentration 1.0 μM, 915 nm excitationIntralipid 1 wt% phantom 5.85 (1.00) 9.74 (1.66) 12.8 (2.19)

Bovine liver tissue 29.7 (1.00) 36.3 (1.22) 42.9 (1.44) Predicted values from Ref. 6 QD QY 50%,
Concentration 10.0 μM, 850 nm excitationPorcine skin tissue 17.5 (1.00) 25.1 (1.43) 32.8 (1.87)

Note: QD, quantum dot; QY, quantum yield.
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were technically undetectable [Figs. 3(b) and 3(c)]. Our pre-
vious liquid phantom experiments showed CNR values of
2.69 for the 15 mm hemoglobin phantom and 2.65 for the
9 mm intralipid phantom. It is noted that the liquid phantoms
whose thicknesses were comparable to the liver and skin tissues
also returned CNR values below the Rose criterion. As we
increased the effective fluence rate to 10 or to 100 times higher,
the QD cylinder under the liver or skin tissues was imaged
vividly with the CNR values increased more than twofold
[Fig. 3(a)]. The CNR values responded to the effective fluence
rate change similarly to the real tissues and to the liquid phan-
toms, which confirms the validity of our liquid phantom model
[Figs. 3(b) and 3(c)].

Our liquid and tissue phantom experiments demonstrate a
significant increase in the QD imaging depth both in highly
absorbing and highly scattering media by powering up the effec-
tive fluence rate using time-modulated pulsed excitation, which
led us to further pursue small animal QD imaging experiments
in vivo. A glass cylinder was filled with the PbS QD solution
used for the liquid and tissue phantom experiments.
Dimensions of the cylinder were 3 cm by 5 mm. It was inserted
into the abdominal cavity of a female nude mouse parallel to the
spinal column. Color and NIR fluorescence images were taken
using an identical experimental condition as for the phantom
experiments. In Fig. 4, the first column shows color images
obtained from the color CCD, and the second to last columns
display NIR images obtained by the InGaAs CCD. The top row
in Fig. 4 shows the QD cylinder before the abdominal insertion.
Continuous 20 mW∕cm2 excitation resulted in the cylinder
image with a CNR of 11.0. Images by pulsed excitations
were omitted because the conditions resulted in total saturations
of the signal. The second to bottom rows in Fig. 4 show the
images taken from ventral, dorsal, left, and right side directions.
In the ventral view, images look similar regardless of the differ-
ent excitations of a continuous 20 mW∕cm2, pulsed 200 and
2000 mW∕cm2. The ventral view direction requires only a shal-
low thickness from the outside, and as a result, the small effec-
tive fluence rate was sufficient for the imaging and no noticeable
enhancement was observed by increasing the effective fluence
rate. The case was quite contrary for the dorsal view. Continuous
20 mW∕cm2 excitation completely failed to image the QD cyl-
inder. The pulse excitation of 200 mW∕cm2 began to visualize
the QD cylinder with a CNR of 2.6, which is still below the

criterion. It was only when the pulse excitation was increased
to 2000 mW∕cm2 that the QD cylinder became visible with a
CNR value over 4. The dorsal view needs very deep imaging
depth through the bones and internal organs, which demands
an increased effective fluence rate by pulsed excitations for
the QD cylinder to be clearly imaged. Dorsal view images of
the QD cylinder were dissected by a dark horizontal line,
which is thought to be attributed to the vertebral column.
The QD cylinder image was also severely distorted by the dis-
persions to both lateral sides, which is thought to originate from
the different tissue thicknesses: deepest along the vertebral col-
umn line and becoming shallow from farther away laterally from
the vertebral column. For the side views (left and right views),
the QD cylinder is thought to require an intermediate imaging
depth through some internal organs. The side views resulted in
the most noticeable imaging capability enhancement by increas-
ing the effective fluence rate. Under the continuous
20 mW∕cm2 excitation, the QD cylinder was hardly imaged
with a CNR of 2.8. Upon the pulsed excitation of 200 or
2000 mW∕cm2, the CNR increased to a value between 7 and
8, which is more than two times the enhancement. However,
the images were severely distorted by the internal organs and
the contour of the body, which provided nonuniform depths.
These QD in vivo imaging experiments demonstrate that the
effective fluence rate increase using a time-modulated excitation
system can effectively extend the imaging depth in a live animal
system. The CNR could be enhanced over twofold, which is
similar to the cases of liquid phantoms and tissues.

3.3 Multiple Acquisition: Image Enhancement by
Averaging

A larger CNR value can be obtained for an image by increasing
the camera integration time (or exposure time); however, exces-
sively long integration time results in deterioration of the image
quality and lowering of the CNR value, which originate from the
overwhelming thermal noise. Image averaging of multiple
acquisitions is a technique that can effectively increase the
CNR value by avoiding the camera thermal noise issue.
Averaging many images of an identical object has been widely
used to enhance the image quality.30 For example, the CNR of
magnetic resonance imaging (MRI) image could be enhanced by
averaging single trial MRI images, and the CNR of the averaged

Fig. 3 (a) Near-infrared fluorescence images in biological tissue, (b) CNRs in 13 mm liver tissue and in
hemoglobin phantoms (2 wt%), and (c) CNRs in 14 mm skin tissue and in intralipid phantoms (1 wt%). A
915 nm laser was used for continuous 20 mW∕cm2, time-modulated pulsed 200 and 2000 mW∕cm2

excitations. Horizontal axes in the plots are logarithmically scaled.
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image was enhanced proportional to the square root of the num-
ber of averaged images when compared with that of a single trial
image.31,32 CNR enhancement can be achieved either by increas-
ing the difference between the signal and background intensities
or by decreasing the standard deviation of the background inten-
sity. While increasing the integrating time of a camera can ben-
efit both factors as described above, image averaging of multiple
acquisitions is expected only related to the standard deviation of
the background. As a result, the image enhancement by multiple
acquisitions should be dependent on the characteristics of a sin-
gle image, which, in turn, should be determined by the imaging
conditions, such as the required imaging depth. To investigate
the degree of image quality enhancement under different imag-
ing conditions, particularly for our NIR SOW QD imaging, we
have prepared a 1300 nm emitting QD cylinder sample under the
2 wt% hemoglobin or 1 wt% intralipid phantom. Over a thou-
sand shots of the QD cylinder fluorescence images were taken as
the phantom thickness was varied under identical experimental
conditions, including the camera setting, exposure time of CCD,
and excitation light intensity (continuous 915 nm laser excita-
tion at 20 mW∕cm2). Each single image was taken using an
optimal integrating time, which was <100 ms. Collecting

1000 image acquisitions took <2 min. The phantom thickness
was varied from 0 to 13 mm for the hemoglobin and from 0 to
21 mm for the intralipid, respectively, and over 1000 images
were taken and averaged with the multiple acquisitions of 1,
10, 100, or 1000 images for each thickness condition. The aver-
aged images were obtained by averaging the multiple acquisi-
tions pixel by pixel. The CNR values were compared for the
averages from different numbers of acquisitions [Figs. 5(a)
and 5(b)]. As expected, the CNR values decreased as the phan-
tom thickness increased. At a given thickness condition, the
CNR enhancement stood out only for the cases of intermediate
thickness for both kinds of phantoms. CNR enhancement by
increasing the average number of acquisitions was not observed
for the cases of zero phantom thickness. The CNR enhancement
increased with an increase in the phantom thickness until a cer-
tain point, and upon passing that thickness, the effect was
reversed and the CNR enhancement became smaller until no
enhancement was observed for very thick phantom cases. In
our cases, the optimal intermediate phantom thickness was
9 mm for the hemoglobin phantom and 11 mm for the intralipid
phantom. Figure 5(c) shows the QD cylinder fluorescence
images for single shot and averaged images with the acquisitions

Fig. 4 Small animal (a nude mouse) whole-body imaging using near-infrared emitting QDs. (a) Image of
a glass cylinder containing PbS QD solution. (b) Ventral view, (c) dorsal view, (d) left view, and (e) right
view of the mouse were taken for imaging of the QD cylinder, which was inserted in the abdominal cavity.
In all rows, first column: color charge-coupled device (CCD) images; second column: near-infrared
InGaAs CCD images excited by 915 nm continuous laser at the fluence rate of 20 mW∕cm2; third column:
InGaAs CCD images excited by 915 nm time-modulated laser at the effective fluence rate of
200 mW∕cm2; fourth column: InGaAs CCD images excited by 915 nm time-modulated laser at the effec-
tive fluence rate of 2000 mW∕cm2. Time-average intensities of the time-modulated light were
20 mW∕cm2, the same as that of the continuous excitation.
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of 10, 100, and 1000 shots. For both phantom cases, the QD
cylinder signal intensities did not change for different numbers
of acquisitions, which means the brightness of the QD cylinder
in the image did not change with the averaging process. It is
noted that the background became more uniform and clearer
on increasing the number of acquisitions. For the case of the
9 mm hemoglobin phantom, the CNR was 4.61 for the single
shot and increased to 6.62, 7.13, and 7.18 when increasing the
acquisitions to 10, 100, and 1000. For the case of the 11 mm
intralipid, the CNR was 3.68, which is below the Rose criterion.
The CNR increased to 4.64, 4.87, and 5.05 for the 10, 100, and
1000 acquisition averages. The CNR enhancement is thought to
originate from the smaller standard deviation of the background
intensity by averaging random thermal fluctuation noise. When
the phantom depth is too shallow, there is not much room for
improvement for the background, and as a result, the CNR
enhancement is marginal. On the other hand, phantom cases
that were too deep also showed marginal CNR enhancement
because the signal intensity was too small, and thus, the
small difference between the signal and background intensities
dominated the CNR values. For both highly absorbing and
highly scattering media, it was demonstrated that the CNR val-
ues could be enhanced nearly twofold by averaging multiple
acquisitions. The high thermal noise level of the detector in
NIR SOW is a major drawback when considering the SOW
wavelength over the FOW. It is demonstrated that averaging
multiple acquisitions can effectively alleviate this difficulty.

For potential biomedical applications, multiple acquisitions
should be accompanied by software-wise corrections that
can eliminate the effect from motions over time, such as
breathing.

4 Conclusion
QD imaging depth enhancement in NIR SOW was investigated
by increasing the effective fluence rate using the criterion of
CNR. The QD imaging depth under excitation of the continuous
20 mW∕cm2 laser was determined to be 10.3 mm for the 2 wt%
hemoglobin phantom medium and 5.85 mm for the 1 wt% intra-
lipid phantom. Time-modulated pulsed laser excitations allowed
higher effective fluence rates while maintaining the same time-
averaged fluence rate of 20 mW∕cm2, which is approved by the
FDA for humans. The imaging depths of the SOW QDs were
extended upon increasing the effective fluence rate. For both
phantoms, the imaging depths were enhanced by more than
two times under a 100 times higher effective fluence rate
than the cases of a continuous 20 mW∕cm2. The QD imaging
capabilities in SOW were also studied using biological tissues
such as bovine liver and porcine skin to validate our liquid phan-
toms. The QD imaging CNR values increased by more than two
times upon increasing the effective fluence rate from 20 to
2000 mW∕cm2, which accords with our liquid phantom results.
QD NIR SOW imaging was further tested using a small animal
in vivo. AQD sample was inserted into the abdomen of a mouse,
and the tissue depths to the QD sample were varied by changing

Fig. 5 Effects of image averaging in liquid phantoms. CNR of single or averaged images (a) in the 2 wt%
hemoglobin phantom and (b) in the 1 wt% intralipid phantom. (c) Near-infrared fluorescence images of
single or average or 10, 100, or 1000 acquisitions, in the 9 mm hemoglobin phantom or 11 mm intralipid
phantom. A 915 nm continuous laser light was used to excite at the fluence rate of 20 mW∕cm2.
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the imaging direction to ventral, dorsal, or to the side directions.
The imaging depth enhancement by increasing the effective flu-
ence rate using pulsed excitations could be successfully applied
to the in vivo system. For an example, the dorsal direction im-
aging, which required the largest imaging depth through
the vertebral column and many internal organs, showed the com-
pletely undetectable QD signal under continuous 20 mW∕cm2

excitation, but was dramatically enhanced by increasing the
effective fluence rate by 100 times and became detectable
with the enhanced CNR value exceeding the Rose criterion.
As another strategy of enhancing the QD imaging in NIR
SOW other than the effective fluence rate control by excitation
time-modulation and synchronization with the detector, multiple
image acquisitions and averaging were investigated. The high
thermal noise level is a major hurdle in NIR SOW QD imaging.
We have demonstrated that the detector noise problem can be
circumvented by the image averaging. Under an optimal condi-
tion, the CNRs could be enhanced nearly twofold by averaging
multiple acquisitions. We are hopeful that using more than one
of the strategies, such as higher effective fluence rate and aver-
aging multiple acquisitions, can greatly boost the QD imaging
capability in NIR SOW. This advance can lead us to deep tissue
penetration and multiplexed QD imaging in SOW for numerous
applications in biological studies, such as real-time in vivo
longitudinal animal investigations for tumor growth and meta-
stasis. With the advent of more biocompatible NIR SOW QDs,
such as Ag2S QD, medical applications such as sensitive diag-
noses and intraoperative guidance are also promising for NIR
SOW QDs.
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