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Abstract. Nicotinamide has been shown to affect blood flow in both tumor and normal tissues, including skeletal
muscle. Intraperitoneal injection of nicotinamide was used as a simple intervention to test the sensitivity of non-
invasive diffuse correlation spectroscopy (DCS) to changes in blood flow in the murine left quadriceps femoris
skeletal muscle. DCS was then compared with the gold-standard fluorescent microsphere (FM) technique for
validation. The nicotinamide dose-response experiment showed that relative blood flow measured by DCS
increased following treatment with 500- and 1000-mg∕kg nicotinamide. The DCS and FM technique comparison
showed that blood flow index measured by DCS was correlated with FM counts quantified by image analysis.
The results of this study show that DCS is sensitive to nicotinamide-induced blood flow elevation in the murine
left quadriceps femoris. Additionally, the results of the comparison were consistent with similar studies in higher-
order animal models, suggesting that mouse models can be effectively employed to investigate the utility of DCS
for various blood flow measurement applications. © 2018 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.

JBO.23.3.035006]
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1 Introduction
Nicotinamide is the amide derivative of vitamin B3.

1 The clini-
cal utility of nicotinamide has been studied in fields such as der-
matology,2 neurology,3–6 and oncology7 to treat various types of
skin diseases, to reduce infarction following focal cerebral
ischemia or traumatic brain injury (TBI), and to prime hypoxic
tumors for radiotherapy, respectively.

The radiosensitizing effect of nicotinamide, in particular, has
been widely demonstrated in a variety of tumor models.7–10 The
mechanism of radiosensitization has been attributed to improved
tumor perfusion by reducing transient blood flow fluctuations.7

Nicotinamide has been shown to mainly affect tumor blood
flow;7,11–13 however, it has been shown to affect blood flow
in normal tissues as well. In particular, Kelleher and Vaupel14

compared red blood cell (RBC) flux measured by laser
Doppler using needle probes in rat tumor and skeletal muscle
tissues following treatment with 500-mg/kg nicotinamide. An
increase in RBC flux was observed in both tumor and skeletal
muscle tissues; however, the increase in skeletal muscle RBC
flux was not statistically significant. Although not statistically
significant, we hypothesized that the effect of nicotinamide
on blood flow in normal tissues could be utilized to test the
sensitivity of blood flow imaging modalities, including diffuse
correlation spectroscopy (DCS).

DCS is a noninvasive, deep-tissue imaging technique that
uses near-infrared light to measure blood flow.15 DCS is capable
of quantifying blood flow in a variety of tissues, including non-
human animal and human brain, skeletal muscle, and tumor.15

Furthermore, DCS has been validated with other standard meth-
ods for measuring blood flow,16–27 including the microsphere
technique. In the microsphere technique, optical or radiolabeled
microspheres are typically injected into the left atrium or ven-
tricle of the heart to ensure homogeneous mixing in the central
circulation. In the peripheral circulation, the microspheres
become entrapped in the capillaries in direct proportion to
the regional blood flow in a tissue. The extraction of 15-μm-
diameter microspheres is effectively complete,28 which means
that nearly all of the microspheres become entrapped in the
capillaries. By contrast, the extraction of classic diffusible
tracers, such as rubidium-86 (86Rb), is incomplete because it is
limited by capillary wall permeability, which varies by tissue
type.28 The microsphere technique has thus become an attractive
alternative to diffusible tracers for regional blood flow measure-
ment in various tissue types, including skeletal muscle.29

The sensitivity of microspheres to microvascular blood flow
has made the microsphere technique a useful tool for the vali-
dation of DCS, which is also sensitive to microvascular blood
flow.15 Zhou et al.30 demonstrated the correlation (R ¼ 0.89)
between relative cerebral blood flow measured by DCS and
fluorescent microspheres (FM) in a piglet closed head injury
model of TBI (n ¼ 8). Mesquita et al.31 and Kogler et al.32
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perturbed spinal cord blood flow in Dorset sheep (n ¼ 10 and 7,
respectively) by several pharmacological, physiological, and
mechanical interventions to induce hypo- and hypertension
as well as ischemia. The correlation between relative spinal
cord blood flow measured by DCS and stable labeled micro-
spheres (an alternative to optically labeled microspheres)33 was
R ¼ 0.93 and 0.70, respectively.

The aforementioned studies30–32 were designed to investigate
specific cases of cerebral and spinal hemodynamic insult. They
involved higher-order animal models and required specialized
systems (e.g., HYGE™ pneumatic actuator to induce TBI)
or surgical procedures (e.g., laminectomy or laminotomy,
arterial and venous cannulation, and probe placement under
fluoroscopic guidance) to induce the necessary experimental
conditions. This study, however, sought to validate DCS as
a method to measure blood flow in mice, which are widely
used in biomedical research. Additionally, intraperitoneal (IP)
injection—a common route of administration in small labora-
tory animals34—of nicotinamide was investigated as a simple
intervention to induce a range of blood flow values to test
the sensitivity of DCS. In this study, DCS was employed to con-
tinuously measure blood flow in the left quadriceps femoris
skeletal muscle of mice with or without nicotinamide treatment.
Additionally, the gold-standard FM technique35 was employed
to validate blood flow index (BFI) quantified by DCS 30 min
after injection.

2 Materials and Methods
The first experiment in this study employed DCS to characterize
the effect of different doses of nicotinamide on relative blood
flow (rBF) in the murine left quadriceps femoris. In the second
experiment, DCS was compared to the FM technique.

2.1 Ethics Statement

This study was conducted according to a protocol approved by
the University Committee on Animal Resources (UCAR) at
the University of Rochester. Mice were housed according to
the UCAR mouse cage density policy in an animal facility with
a 12:12 light–dark cycle. Water and food were available to mice
ad libitum.

2.2 Diffuse Correlation Spectroscopy Instrument

The DCS instrument comprised a 785-nm-long-coherence-
length laser (DL785-120-SO, CrystaLaser, Reno, Nevada),
a custom-made probe, and a detection unit containing a four-
channel photon-counting avalanche photodiode (SPCM-AQ4C,
Excelitas, Waltham, Massachusetts) and a four-channel correla-
tor board (Flex03OEM, Correlator.com, Bridgewater, New
Jersey) (Fig. 1). The correlator board calculates the normalized
intensity temporal autocorrelation function of detected light,
from which BFI is derived using the semi-infinite solution to
the correlation diffusion equation.15

The custom-made probe (Fiberoptic Systems, Inc., Simi
Valley, California) contained one 200-μm-diameter multimode
fiber for the light source and four 5.6-μm-diameter single-
mode fibers for the detectors (Fig. 1). Source–detector separa-
tions were 2.89, 3.60, 4.28, and 5.00 mm. A micromanipulator
and a linear translational stage were used to control the position-
ing of the probe on the lateral hindlimb for the single point
measurement taken just above the femoral diaphysis (e.g.,

approximately in the middle of the upper hindlimb) on the
left quadriceps femoris skeletal muscle (Fig. 1).

2.3 Nicotinamide Dose-Response Experiment

In this experiment, 6- to 7-week-old female BALB/cByJ mice
(The Jackson Laboratory, Bar Harbor, Maine) were randomized
into three groups that received 200-μL phosphate-buffered
saline (PBS) (vehicle control), 500-, or 1000-mg∕kg nicotin-
amide. For the purpose of this study, 500- and 1000-mg∕kg
nicotinamide are henceforth referred to as the half and full
doses, respectively.

Nicotinamide was prepared in 200-μL PBS immediately
before the start of the experiment. Anesthesia was induced
and maintained with isoflurane (2%), and body temperature
was maintained by a water-circulating thermal pad. Mice were
placed in the right lateral recumbent position, and the fur on the
left hindlimb was removed by electric clipper and depilatory
cream (Nair™, Church & Dwight Co., Inc., Ewing, New
Jersey) immediately before the experiment.

The DCS probe was aligned such that the source and detec-
tors were positioned over the left quadriceps femoris as shown in
Fig. 1. A permanent marker was used to mark the probe position
on the skin for repeatable placement following the intervention.
Baseline DCS measurements were acquired for 5 min, with each
autocorrelation function integrated for 2 s. Then, the probe was
removed and mice received the vehicle, half dose, or full dose
nicotinamide by IP injection. The probe was then replaced, and
postintervention DCS measurements were acquired for an addi-
tional 30 min. Ambient and body temperatures were monitored
to ensure that there were no drastic changes throughout the
experiment.

2.4 DCS and Fluorescent Microsphere Technique
Comparison

For the DCS and FM technique comparison, DCS was
employed to quantify BFI before and after intervention.
FM injection followed the 30-min postintervention DCS

Fig. 1 DCS instrument and probe placement. The probe was placed
on the lateral hindlimb over the left quadriceps femoris. The multi-
mode fiber (the leftmost fiber in the probe) delivered near-infrared
light from the 785-nm-long-coherence-length laser to the tissue sur-
face. Light that propagated through the tissues was detected by four
single-mode fibers at source–detector separations of 2.89, 3.60, 4.28,
and 5.00 mm and relayed to the four-channel photon-counting ava-
lanche photodiode. Normalized intensity temporal autocorrelation
functions were calculated by the correlator board and saved in the
computer.
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measurements. Part of Fig. 2(a) summarizes the in vivo steps of
the DCS and FM technique comparison experimental design,
and Fig. 2(b) shows the representative in vivo BFI temporal
changes following treatment with full dose nicotinamide. The
postmortem procedures outlined in Fig. 2(a) were then per-
formed following exsanguination.

2.4.1 DCS blood flow measurement

In this experiment, 6- to 12-week-old female BALB/cByJ mice
were prepared, and pre- and postintervention blood flow were
measured by DCS as described in Sec. 2.3.

Control mice did not receive a vehicle injection to minimize
potential blood flow perturbation. Note that the BFI difference
between control mice with and without vehicle injection was not
statistically significant (Appendix A). Treatment mice received
full dose nicotinamide to achieve the maximum blood flow
change compared to the no-vehicle control mice to test the sen-
sitivity of DCS and the FM technique. Both no-vehicle control
and full dose nicotinamide mice were perturbed similarly:
picked up (with or without injection), repositioned, and probe
replaced.

2.4.2 Fluorescent microsphere blood flow measurement

The FM injection protocol was based on Serrat.36 After the
30-min DCS blood flow measurement, the skin and superficial
muscle layer overlying the thorax were incised to visualize
the ribs. While the skin and muscle were being surgically
reflected (i.e., moved away from the ribs), the FMs were
prepared for injection by vortexing for 15 s, sonicating for
5 min, and vortexing again for 15 s to agitate the microspheres
before being loaded into a syringe attached to a 27G needle.
Once the syringe was loaded, the hemithoracotomy (i.e., inci-
sion of the intercostal muscles to open the thoracic cavity)
was performed and an Agricola retractor was inserted between
the ribs to expose the thoracic viscera. To prevent drastic hemo-
dynamic perturbation due to asphyxiation, the FMs were
injected into the left ventricle of the heart immediately after
opening the thoracic cavity. A volume of 150 μL containing
150,000 FMs was injected and the microspheres were allowed
to circulate for 60 s. After 60 s, the mouse was euthanized by
exsanguination.

Yellow-green FluoSpheres™ (Invitrogen™ Molecular
Probes™, Carlsbad, California) with excitation and emission
wavelengths of 505 and 515 nm, respectively, were used.
The FMs were 15 μm in diameter and were chosen because
microspheres of this size are effectively 100% extracted,28

which means that nearly all of the microspheres become
entrapped in the capillaries.

2.5 Histology and Microscopy

Each left hindlimb or left quadriceps femoris was harvested,
fixed in 4% paraformaldehyde at room temperature for 2 h,
and cryoprotected in 15% and 30% sucrose, respectively, at
4°C overnight. During fixation, each left quadriceps femoris
was either left attached to the femur or loosely tied to
a dowel with nylon suture to preserve its natural length.
Once fixed and cryoprotected, the left quadriceps femora
were removed from the femur or dowel for frozen sectioning.
The left quadriceps femora were mounted on the stage of
a Microm HM 400R manual sliding microtome (Microm
Laborgeräte GmbH, Walldorf, Germany) in the same orientation
as in situ during the DCS measurements; thus, the left quadri-
ceps femora were frozen sectioned into 100-μm-thick tissue sec-
tions along the sagittal plane in the lateral to medial direction.

The FMs were visualized at 2× magnification by epifluores-
cence microscopy (Olympus BX53 Upright Microscope,
Olympus Corporation, Tokyo, Japan), and images were obtained
using the software Neurolucida (MBF Bioscience, Williston,
Vermont), which controlled the translation of the motorized
stage. Minimal background illumination (using the substage
illuminator) was employed during imaging to visualize the
tissue sections, which were very dark compared to the bright
yellow-green FMs. For each section imaged, tissue section area
was determined, and FMs were quantified by image analysis,
as described in Sec. 2.6.

2.6 Data Analysis

2.6.1 Blood flow index extraction and relative blood flow
calculation

Each BFI of the DCS data was calculated using the solution for
the correlation diffusion equation of homogeneous medium with
semi-infinite boundary conditions.15 Typically, BFI is deter-
mined by fitting the analytical model to the measured intensity
temporal autocorrelation function for a single source–detector
pair; however, this method often results in different BFI for
each source–detector pair. The differing BFI values are either
treated as independent values or averaged to determine bulk
BFI. In this study, however, the source–detector separations
stated in Sec. 2.2 were fitted concurrently to yield a single
BFI for a homogeneous medium using the method adapted
from Farzam and Durduran.37 The analytical solution was

Fig. 2 DCS and FM technique comparison. (a) Flow chart illustrating the steps of the DCS and FM tech-
nique comparison. DCS blood flow measurement preceded the FM injection, which was a terminal pro-
cedure in this study. (b) Representative BFI (cm2∕s) temporal changes in the left quadriceps femoris of
a mouse treated with 1000-mg∕kg nicotinamide.
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simultaneously fitted to the measured intensity temporal auto-
correlation function for each source–detector pair using the pen-
alty function

EQ-TARGET;temp:intralink-;e001;63;719χ2 ¼
X4

i¼1

X

τ

ðg2;measured;i;τ − g2;analytical;i;τÞ2
g2;measured;i;τ

; (1)

where i is the source–detector pair, τ is the delay time, g2;measured

is the measured intensity temporal autocorrelation function, and
g2;analytical is the intensity temporal autocorrelation function of
the analytical model. This method implies a weighing function
to determine the average bulk BFI measured by the source–
detector pairs and provides a stable fitting result. The optical
parameters were assumed to be constant with an absorption
coefficient of 0.1 cm−1 and reduced scattering coefficient of

8.0 cm−1.38 rBF was calculated by normalizing BFI with the
average baseline BFI.

2.6.2 Tissue section image stitching

Multiple images were needed to capture each tissue section as
shown in Fig. 3(a). The images were stitched together using an
automated algorithm written in MATLAB™, which relies on
identifying speeded up robust features (SURFs).39 The images
must be taken with low incident illumination (using the substage
illuminator) to prevent saturating the fluorescence intensity of
the FMs; otherwise, the background and microspheres have sim-
ilar intensities, rendering microsphere identification extremely
difficult. The low incident illumination precludes reliable iden-
tification of SURFs. To rectify this, the algorithm first converts
the raw images to grayscale and then rescales the pixel

Fig. 3 Image analysis process. (a) Acquired images of a left quadriceps femoris tissue section. Note that
the acquired images were brightened using GNU Image Manipulation Program only for the purpose of
presentation. The raw acquired images, which are analyzed, appear nearly black with the exception of
a few small yet bright yellow-green spots (i.e., FMs). In step 1, the acquired images are converted to
grayscale images. In step 2, the grayscale images are stitched using SURFs, yielding (b). In step 3,
the stitched grayscale image is inverted, yielding (c). In step 4, the inverted grayscale image is converted
to binary images of the optimal tissue section area mask with postthresholding adjustments, yielding (d),
which are then averaged. In step 5, FMs are identified using k -means clustering, yielding (e), which
represents all of the FM in an entire left quadriceps femoris. Intensity–radius pairs of pixels are grouped
and separated into noise (black plus signs) and FM (red open circles). (f) An example of identified FM
(green open circles) in the stitched grayscale image of the tissue section as a result of the image analysis.
In (b), (c), (d), and (f), the black area in the upper left corner of the stitched images is the background
imparted by Neurolucida, which is not included in the image analysis.
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intensities such that the lowest 2% pixel intensities are set to
zero and the highest 2% pixel intensities are saturated.

The algorithm identifies SURFs in the grayscale images,
identifies matching features between each combination of
images, and stitches the combination with the most matching
features. If there is a tie for most matching features, a tied com-
bination is chosen at random. Ties occur in <0.1% of cases, and
random selection does not affect the reproducibility of the image
stitching. The two matched images are then dropped and
replaced with the stitched image. SURFs are calculated for
the newly stitched image, and the process is repeated until
only one fully stitched image remains as shown in Fig. 3(b).

2.6.3 Tissue area identification

To identify the tissue area, the stitched grayscale image is
inverted as shown in Fig. 3(c) and then repeatedly converted
to a binary image using a threshold that varies from no thresh-
olding to saturation. The total area for each binary image is
determined by calculating the number of pixels above threshold.
As the threshold is increased, the area decreases, resulting in an
L-curve when plotted against each other. The threshold and area
are then normalized to have a maximum value of one. The
threshold–area pair with the shortest distance from the origin
is taken as the ideal threshold and the resulting binary image
is accepted as the area. Threshold values below this pairing
increase false-positive area pixels, and threshold values above
this pairing increase false-negative area pixels.

Tissue variations caused by histological artifacts (e.g., fold-
ing, tearing, and heterogeneous tissue section thickness) or lack
of variation between tissue and background can lead to under-
estimating tissue area. To address these variations, various post-
thresholding adjustments (i.e., unaltered, dilated, filled, dilated
then filled, or filled then dilated) are made as shown in Fig. 3(d).
Then, the estimated tissue areas yielded from the postthreshold-
ing adjustments are averaged.

2.6.4 Fluorescent microsphere identification

To identify the FMs, a threshold is applied to the modified gray-
scale image such that only the highest 2% of pixel intensities are
retained, whereas all others are set to zero. The remaining pixels
are grouped, and their corresponding intensities and radii are
estimated.40 For the imaging configuration in this study, FMs
tend to have radii exceeding 2 pixels, with collective pixel inten-
sities exceeding 500, whereas noise tends to have radii below
2 pixels, with intensities below 500. Rather than relying on
these rules of thumb, the intensity–radius pairs are further
separated using the empirical transform
EQ-TARGET;temp:intralink-;e002;63;220

X ¼ log½Intensity × Radius∕minðIntensity × RadiusÞ�
Y ¼ log½Intensity∕Radius∕minðIntensity∕RadiusÞ�: (2)

The intensity–radius pairs are pooled for the entire left quadri-
ceps femoris and are separated into noise and FM clusters using
k-means clustering.41 Pooling data is necessary because some
tissue sections do not have FMs, making clustering impossible.
The final FM clusters for an entire left quadriceps femoris are
shown in Fig. 3(e). The FMs identified by the algorithm are
shown for a single section in Fig. 3(f).

2.6.5 Exclusion criteria and normalization

For the nicotinamide dose-response experiment, one vehicle
control mouse out of 10 was excluded because the mouse
woke up during the DCS measurements.

For the DCS and FM technique comparison, one no-vehicle
control and three full dose nicotinamide mice out of 21 total
mice were excluded because there were very few or no FMs
in their left quadriceps femora. Table 1 shows the number of
mice per group by experiment after exclusion.

For each muscle, the FM counts were aggregated and then
normalized using the total tissue area. Total tissue area was used
to normalize the FM counts because tissue sample weight was not
known for left quadriceps femora that were left attached to the
femur during fixation (n ¼ 6). In a separate analysis (not
shown), the known weights (n ¼ 11) of the left quadriceps femora
were highly correlated with the tissue area (R ¼ 0.95, p ≪ 0.01).

2.6.6 Statistical analysis

Statistical analysis of the averaged final 5 min of the
nicotinamide dose-response experiment was performed using
MATLAB™. A one-way analysis of variance was performed
to compare the effect of nicotinamide dose on rBF in three
groups: vehicle control (n ¼ 9), half dose nicotinamide
(n ¼ 10), and full dose nicotinamide (n ¼ 20). There was a sig-
nificant effect of nicotinamide dose on rBF at the p ≪ 0.01
level. Therefore, post-hoc analysis was conducted using the stu-
dent’s unpaired two-sample t-test to compare the three groups
with Bonferroni correction, for a total of three comparisons.

3 Results

3.1 Nicotinamide-Induced Blood Flow Elevation

The results of the nicotinamide dose-response experiment
(described in Sec. 2.3) are shown in Fig. 4 as the rBF for the
vehicle control (n ¼ 9), half dose (500-mg∕kg nicotinamide,
n ¼ 10), and full dose (1000-mg∕kg nicotinamide, n ¼ 20)
groups.

Each point in Fig. 4(a) represents the group-averaged tempo-
ral rBF of all mice in a group at 20-s intervals, and the error
bar represents the standard error of the mean (SEM). Baseline
rBF was relatively steady for all mice, which is expected
and suggests that the DCS measurements were not affected
by external environmental factors, such as ambient temperature.
rBF increased over time for the half and full dose treatment
groups, but did not change for the vehicle control group.

The group-averaged rBF at 30 min is shown in Fig. 4(b).
rBF at 30 min was 1.03� 0.22 (mean� standard deviation),

Table 1 Number of mice per group after exclusion. Note that there
was no overlap between the two experiments.

Experiment

Nicotinamide

FMNone Half Full

Nicotinamide dose-response
experiment

n ¼ 9 n ¼ 10 n ¼ 20 No

DCS and FM technique
comparison

n ¼ 9 NA n ¼ 8 Yes

Note: NA is not applicable.
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1.44� 0.26, and 2.15� 0.55 for the vehicle control, half dose,
and full dose group, respectively. rBF changes among all groups
were significantly different from each other (see Table 2).

3.2 Comparing the Control and Treatment Effects
on BFI

Table 2 shows the results of the t-tests comparing the averaged
final 5 min of the nicotinamide dose-response experiment. The

results show that all groups were significantly different from
each other (p ≪ 0.01). With the Bonferroni correction, the
results are still significant because the adjusted α ¼ 0.05∕3
for three comparisons is 0.017.

3.3 DCS and Fluorescent Microsphere Technique
Correlation

Figure 5 shows the results of the DCS and FM technique com-
parison experiment described in Sec. 2.4 as the correlation
between the two blood flow measurement methods. The results
show a moderate correlation (R ¼ 0.85, p ≪ 0.01) between BFI
(cm2∕s) and number of FMs per area (counts∕mm2) for each left
quadriceps femoris.

4 Discussion
In this study, the FM technique was employed for comparison
with DCS to measure murine skeletal muscle blood flow. To test
the sensitivity of both methods, nicotinamide was used to modu-
late skeletal muscle blood flow based on Kelleher and Vaupel,14

in which laser Doppler needle probes directly measured skeletal
muscle RBC flux. The results of this study show that both DCS
and the FM technique are sensitive to nicotinamide-induced
blood flow elevation in the left quadriceps femoris of mice.

DCS blood flow measurements are comprised of signals from
multiple types of tissues (i.e., skin and skeletal muscle), and the
skin versus skeletal muscle signal contribution has not been
resolved in this study. Yet, DCS measurements showed a signifi-
cant increase in left quadriceps femoris rBF in response to
500-mg∕kg nicotinamide. This was similar to the trend observed
by Kelleher and Vaupel despite the discrepancy in statistical sig-
nificance, which may be attributable to the different animal mod-
els (rat versus mouse) and mode of nicotinamide administration
(10-min infusion versus bolus injection) employed in each study.
Furthermore, DCS-derived BFI agreed with FM counts in the left
quadriceps femora of mice treated with 1000-mg∕kg nicotin-
amide. Thus, DCS reveals similar trends as techniques that
directly measure skeletal muscle blood flow. One possible explan-
ation is that skin and skeletal muscle may have similar blood
flow. Another possible explanation is that skin has a smaller con-
tribution to the DCS signal compared to skeletal muscle in this
measurement configuration. In the future, the contribution of
each tissue to the bulk blood flow signal measured by DCS

Table 2 Statistical analysis results.

Comparison
Difference in
group means p value

95% CI
lower
bound

95% CI
upper
bound

Control versus half 0.34 0.001* 0.16 0.52

Control versus full 0.72 ≪0.001* 0.50 0.94

Half versus full 0.38 <0.001* 0.17 0.58

Note: CI is the confidence interval.
*Bonferroni corrected p < 0.017

Fig. 5 Correlation between DCS and the FM technique. As BFI
(cm2∕s) increases, FM counts∕mm2 increases. The no-vehicle control
mice (black closed circles) tended to display lower BFI and FM counts
compared to mice treated with 1000-mg∕kg nicotinamide (red open
circles). There were, however, a few control mice with blood flow
values similar to those of treatment mice.

Fig. 4 Nicotinamide-induced blood flow changes measured by DCS. (a) Group-averaged temporal
changes in blood flow normalized with respect to the baseline (rBF) are shown for all groups. The
full dose nicotinamide group shows the greatest temporal change in rBF. Only every 10th measurement
(Δt ¼ 20 s) is shown for clarity. (b) Average rBF of the last 5 min of the DCS measurements, where
vehicle is vehicle control, half is 500-mg∕kg nicotinamide, and full is 1000-mg∕kg nicotinamide. * denotes
p < 0.017.
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can be investigated by measuring both skin and skeletal muscle
blood flow using the FM technique.

Earlier studies used alternative blood flow measurement
techniques, such as 86Rb extraction,42 to investigate the effect
of nicotinamide on blood flow in various types of tissues.
Hirst et al.43 and Honess and Bleehen44 measured cardiac output
distribution (COD) and relative tissue perfusion (RTP), respec-
tively, in murine tumor and normal tissues, including skeletal
muscle. Following 1000-mg∕kg nicotinamide treatment, Hirst
et al. and Honess and Bleehen found a reduction in normal
skeletal muscle COD and RTP, respectively. Unlike the deposi-
tion of 15-μm microspheres, however, 86Rb extraction is not
complete.45,46 Furthermore, 86Rb extraction is low when flow
is high.46 In this study, 1000-mg∕kg nicotinamide significantly
increased skeletal muscle rBF by over 200% as measured by
DCS, which presents a very high flow condition. It is, therefore,
possible that 86Rb extraction underestimated skeletal muscle
blood flow in the aforementioned studies.

The results of this study show that DCS is sensitive to a range
of blood flow values induced by 500- and 1000-mg∕kg nicotin-
amide administered intraperitoneally. This is useful to the
study of DCS sensitivity because the IP route of administration
is accessible in mice and technically simple to perform.
Furthermore, the correlation (R ¼ 0.85) between DCS and
the FM technique in this study was relatively consistent with
the results of previous studies30–32 that employed both methods
to measure rBF in higher-order animal models, such as piglet
(R ¼ 0.89) and Dorset sheep (R ¼ 0.93 and 0.70). This suggests
that mice, which are widely used in biomedical research, can be
used in DCS validation studies. Although absolute blood flow
measurement in mice is technically challenging due to size-
related concerns (e.g., reference blood sample withdrawal),29

multiple injections of differently labeled microspheres are
possible.29,47,48 Therefore, rBF validation can be achieved by
modifying the FM injection protocol through a carotid can-
nula,29,47,48 for example, to sustain mice for multiple micro-
sphere measurements.

Limitations of the current study design may have contributed
to the results of the DCS and FM technique comparison. FM
injection into the left ventricle of the heart is technically chal-
lenging, and it is not possible to precisely control the injection
rate among mice without using a preset syringe pump. This
could be problematic because adequate mixing in the circulation
is critical to the validity of the FM technique.28 In the future,

analyzing the kidneys to assess microsphere mixing in the
circulation will provide a measure of the validity of the FM tech-
nique. Additionally, physiological monitoring (e.g., heart and res-
piratory rates) was not employed during the DCS measurements
and FM injection. It is possible that slightly different hemo-
dynamic signatures were captured by DCS and the FM technique
for two reasons. First, the FM injection did not occur until at least
5 min after the DCS measurements due to the preparation of the
FMs. During these 5 min, it is possible that BFI was not stable for
some mice. Second, the mice were not intubated prior to
hemithoracotomy;36 therefore, mice were asphyxiated during
the microsphere injection and circulation period. The effect
was, however, minimized by performing the injection immedi-
ately following the hemithoracotomy.

5 Conclusions
Despite the limitations, this study clearly demonstrated that
DCS is sensitive to nicotinamide-induced blood flow elevation
in the murine hindlimb. In the future, the FM protocol will be
modified to allow for rBF validation. In addition to tissues of
interest, such as skeletal muscle and bone, the kidneys will be
analyzed to assess the adequacy of microsphere mixing. The
spatial distribution of blood flow is of interest. Therefore,
the origin of the blood flow signals will be investigated by
first developing a reproducible method to coregister the three-
dimensionally rendered microscopic images and the three-
dimensional BFI distribution determined by diffuse correlation
tomography (DCT), an imaging analog of DCS. Then, the num-
ber of microspheres at different tissue depths will be correlated
with the BFI from DCT at the corresponding depths. Tissue
optical clearing and higher resolution confocal or multiphoton
microscopy may improve FM detection.

Ultimately, DCS and DCT will be validated for skeletal
muscle and bone blood flow monitoring in murine bone fracture
and graft models to characterize blood flow, which is critical to
the bone healing process.49

Appendix A

A1 Comparison of No-Vehicle and Vehicle
Control Groups

Figure 6 shows the rBF for the no-vehicle control group (n ¼ 9)
from Sec. 2.4 and vehicle control group (n ¼ 9) from Sec. 2.3.

Fig. 6 rBF of the control groups with or without vehicle injection. (a) Group-averaged temporal changes
in blood flow normalized with respect to the baseline (rBF) are shown for both control groups. Only every
10th measurement is shown for clarity. (b) Average rBF of the last 5 min of the DCSmeasurement, where
no-vehicle is no-vehicle control and vehicle is vehicle control.
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Each point in Fig. 6(a) represents the group-averaged temporal
rBF of all mice in a group at 20-s intervals, and the error bar
represents the SEM. The group-averaged rBF at 30 min is
shown in Fig. 6(b).

Statistical analysis of the vehicle injection effect was done
using the student’s two-sample unpaired t-test to compare the
no-vehicle control and vehicle control groups. There was no sta-
tistically significant difference between the two control groups
(p ¼ 0.08), which suggests that the vehicle injection had no
effect on the BFI during the final 5 min of DCS measurements.

A2 Comparison of Full Dose Nicotinamide
Groups

Figure 7 shows the rBF for the full dose nicotinamide group
(n ¼ 20) from Sec. 2.3 and full dose nicotinamide group
(n ¼ 8) from Sec. 2.4. Each point in Fig. 7(a) represents the
group-averaged temporal rBF of all mice in a group at 20-s inter-
vals and the error bar represents the SEM. The group-averaged
rBF at 30 min is shown in Fig. 7(b).

Statistical analysis of the FM injection effect was done using
the student’s two-sample unpaired t-test to compare the two
full dose nicotinamide groups, and there was no statistically
significant difference between the groups (p ¼ 0.82).
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