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Abstract 

Monitoring of the in vivo tumor state to track therapeutic response in real time may help to evaluate new drug candidates, maximize 
treatment efficacy, and reduce the burden of overtreatment. Current preclinical tumor imaging methods have largely focused on 

anatomic imaging (e.g., MRI, ultrasound), functional imaging (e.g., FDG-PET), and molecular imaging with exogenous contrast 
agents (e.g., fluorescence optical tomography). Here we utalize spatial frequency domain imaging (SFDI), a noninvasive, label-free 
optical technique, for the wide-field quantification of changes in tissue optical scattering in preclinical tumor models during treatment 
with chemotherapy and antiangiogenic agents. Optical scattering is particularly sensitive to tissue micro-architectural changes, 
including those that occur during apoptosis, an early indicator of response to cytotoxicity induced by chemotherapy, thermotherapy, 
cryotherapy, or radiation therapy. We utilized SFDI to monitor responses of PC3/2G7 prostate tumors and E0771 mammary tumors 
to treatment with cyclophosphamide or the antiangiogenic agent DC101 for up to 49 days. The SFDI-derived scattering amplitude 
was highly correlated with cleaved caspase-3, a marker of apoptosis ( ρp = 0.75), while the exponent of the scattering wavelength- 
dependence correlated with the cell proliferation marker PCNA ( ρp = 0.69). These optical parameters outperformed tumor volume 
and several functional parameters (e.g., oxygen saturation and hemoglobin concentration) as an early predictive biomarker of treatment 
response. Quantitative diffuse optical scattering is thus a promising new early marker of treatment response, which does not require 
radiation or exogenous contrast agents. 
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Surveillance of the in vivo tumor state during the course of drug 
reatment is essential for understanding the efficacy of anticancer agents in the 
reclinical setting [1] . Preclinical imaging methods can help to identify and 
alidate promising new treatments, test multi-agent regimens, and optimize 
he scheduling and dosing of emerging therapies [2] . Available preclinical 
maging techniques focus on anatomic imaging, function or metabolic 
maging, or molecular imaging with exogenous agents [1 , 3] . Here we focus
n optical scattering as a novel marker of anticancer therapy response. 

Optical scattering occurs as a consequence of the specific tissue 
icroarchitecture within cells, subcellular structures, and the tumor 
icroenvironment [4 , 5] . Importantly, optical scattering is sensitive to tissue 
icro-architectural changes that occur during apoptosis and proliferation 
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[6–8] , given that most therapeutically effective cytotoxic anticancer agents
induce apoptosis [9–11] . In fact, the successful elimination of cancer cells
by any nonsurgical means (chemotherapy, thermotherapy, cryotherapy, or
radiation therapy) inevitably invokes large-scale apoptosis [12] . In contrast
to other forms of cell death, apoptosis exhibits unique micromorphology
changes, especially in early stages, wherein apoptotic changes in the cell
nucleus are well established. In apoptotic cells, nuclear material (chromatin)
condenses into coarsely granular aggregates, either distributed over the entire
nucleus or localized to crescent-shaped arcs at the interior surface of the
nuclear membrane [13] . At later stages, in most, but not all cases, the
nucleus then breaks up into discrete fragments that maintain the characteristic
segmentation of chromatin [14] . Significant morphological changes also
occur in mitochondria during the early stages of apoptotic cell death,
including swelling [15] and shrinkage [16] . These micromorphological
changes in turn lead to significant changes in the optical scattering properties
of apoptotic cells [4 , 17] . 

While optical scattering is potentially promising as a label-free contrast
mechanism for monitoring apoptosis and therapy response, until recently
there has not been a method to quantify optical scattering over a wide-
field, such as over the tumor surface in preclinical tumor models. Here, we
exploit spatial frequency-domain imaging (SFDI), a new wide-field and label-
free imaging modality that utilizes spatially-modulated optical illumination,
to quantify optical scattering and absorption in the red-to-near-infrared
wavelength band (600 −1000 nm) [18] . We use SFDI to longitudinally
track prostate and breast tumors in mouse models during treatment with
cytotoxic and antiangiogenic agents. SFDI quantifies optical scattering,
and absorption due to tissue chromophores, including oxyhemoglobin and
deoxyhemoglobin. These features differentiate SFDI from other wide-field
modalities, including molecular imaging strategies that require exogenous
contrast agents, optical coherence tomography, which images a small area,
and photoacoustics, which provides no scattering contrast. SFDI belongs to
a larger class of diffuse optical imaging (DOI) techniques, many of which
have been translated to the clinic for diagnostic and prognostic applications
in breast, prostate, and other solid tumors [19–23] . 

We set 2 goals for the present work: (1) to determine the ability of optical
scattering to predict early treatment response in clinically-relevant tumor
models; and (2) to investigate the biological correlates of optical scattering
and other SFDI metrics in drug-treated versus control tumors. To accomplish
these goals, we first tracked scattering-based parameters in prostate and
breast xenograft models following cytotoxic drug and antiangiogenic agent
treatment. We then correlated SFDI metrics with tumor physiological
markers in a cross-sectional animal study conducted over multiple weeks.
Finally, we compared the utility of optical scattering as an early marker of
treatment response against other commonly utilized parameters, including
anatomic tumor volume (TV) and functional measurements (e.g., tumor
oxygen saturation). 

Materials and methods 

Spatial frequency domain imaging 

Detailed descriptions of SFDI instrumentation and data analysis are
provided elsewhere [1,2,24,41] , and additional details are provided in
Supplementary Methods. Briefly, SFDI utilizes projections of spatially
modulated visible and/or NIR light to extract intrinsic tissue optical
properties (absorption and reduced scattering coefficients, μa and μ′ 

s ) over
a wide field of view. Fig. 1 shows a simplified schematic of the SFDI system
(left panel), as well as SFDI processing steps (right panel). The λ- and spatial
frequency ( f x ) -dependent instrument response function is determined using a
calibration procedure, which involves the measurement of a tissue-simulating
phantom with known μa and μ′ 

s values over the range of wavelengths of the
system. This calibration was repeated on each measurement day to account
or any day-to-day variation in the instrumentation. The demodulated images
ere then calibrated to obtain tissue diffuse reflectance ( R d ) maps. 

A power law was fit to the μ′ 
s values at each of the 4 instrument

avelengths using a least-squares fitting approach to derive the scattering
mplitude ( a ) and scattering power ( b ) as denoted in Eq. 1 , for each spatial
ocation within the field of view. 

μ′ 
s ( λ) = a 

(
λ/ λo 

)−b 
(1) 

A reference wavelength ( λo ) of 800 nm was used in the power-law fitting,
here a is the value of μ′ 

s at λ = λ0 . The extracted values of μa , were used to
erive tissue chromophore concentrations using Beer’s Law ( Eq. 2 ). 

μa ( λ) = ε H b O 2 ( λ) ∗ ct H b O 2 + ε H b ( λ) ∗ ct H b (2) 

This equation utilizes the measured μa values and the known 
hromophore extinction coefficients for oxyhemoglobin ( ε H b O 2 (λ)) 
nd deoxyhemoglobin ( ε H b (λ) ), and is solved as a linear system
f equations to yield tissue-level concentrations of oxyhemoglobin 
ctHbO 2 ) and deoxyhemoglobin (ctHb). From these, additional 
emodynamic parameters are indirectly derived, including total 
emoglobin content (ctTHb = ctHbO 2 + ctHb) and oxygen saturation
StO 2 = (ctHbO 2 /ctTHb) × 100). 

ell lines, animals, and treatment details 
Five- to 6-week-old male (21 −23 g) severe combined immunodeficient

SCID) hairless outbred mice (SHO -Prkdc scid Hr hr ; Charles River
aboratories) bearing PC3/2G7 tumors [25] were randomly assigned 
o treatment groups when the average group TV reached ∼500 mm 

3 :
ontrol (drug-free) group, N = 33 mice; cyclophosphamide (CPA) treatment,
 = 25 mice; DC101 treatment, N = 29 mice. Mice were treated with
PA or with DC101 by intraperitoneal injections or were left untreated

n the case of the control group. CPA monohydrate was administered on a
etronomic schedule at 150 mg/kg every 6 days for 3 cycles. DC101 was

iven at 28.6 mg/kg every 3 days for 6 cycles. In a separate study, mouse
0771 mammary tumors were implanted orthotopically in 6-week-old 

15 −18 g) female C57BL/6 mice (#B6-F, Taconic Biosciences, Rensselaer,
ew York) ( N = 13 mice). The E0771 model was included to contrast

bserved trends in optical changes seen in PC3/2G7 tumors against a second
umor type. Mice were randomized to control ( N = 4), CPA ( N = 4) and
C101 ( N = 5) treatment groups when the average TV reached ≥250
m 

3 . CPA monohydrate was administered on a metronomic schedule at
39 mg/kg every 6 days for 2 cycles. DC101 was administered at 40 mg/kg
very 3 days for 3 cycles. The control group received nonspecific mouse
gG (Jackson Immuno Research Laboratories) at 40 mg/kg every 3 days
or 3 cycles. All treatments were given by intraperitoneal injection. During
FDI measurements, mice were anesthetized by isoflurane inhalation (5% 

nduction). Immunohistochemistry (IHC) and tissue image analyses are 
escribed in Supplementary Methods. 

ongitudinal monitoring with SFDI 
SCID mice bearing PC3/2G7 tumors were monitored longitudinally with 

FDI over a 22-day period of tumor growth prior to drug treatment, and then
or 27 days after the start of treatment. Mice were imaged every 3 days prior
o drug treatment, at least twice every 3 days during the 18 days of treatment,
nd every 3 days during the post-treatment tumor rebound period. Mice were
ssigned to 3 groups at the start of treatment: control, CPA and DC101.
everal SCID mice from each group were euthanized for tissue analysis on
ays 0, 1, 9, 18, and 26 (at least N = 4 per group on each day; Supplementary
ig. S2B). Day 0 (baseline) was the first treatment day. Tumors were frozen
r fixed for cross-sectional analysis by IHC. Some SCID mice ( N = 12) were
onitored up to 69 days after initiating treatment for movie visualizations

o illustrate finer temporal resolution and longer-term trends. C57BL/6 mice
earing E0771 tumors were imaged with SFDI on days 0, 3, 6, and 9. 
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Fig. 1. The left panel shows a simplified schematic of the SFDI system. Sinusoidal 1-D patterns of light at multiple wavelengths ( λ) , spatial frequencies ( f x ) , 
and phases ( θ ) are projected onto a sample of interest, and the reflected intensity is collected with a CCD camera. The right panel shows the SFDI processing 
pipeline for representative PC3/2G7 tumor measurements. The intensity images ( I ) at λ = 731 nm are shown for 2 spatial frequencies ( f x : 0 mm 

−1 (DC) and 
0.1 mm 

−1 (AC)). Diffuse Reflectance ( R d ) maps are computed after demodulation, height and angle correction, and calibration steps. The absorption ( μa ( λ)) 
and reduced scattering ( μ′ 

s ( λ)) maps are then determined using a precomputed Look-up-table (LUT) that maps multi-frequency R d to optical properties at 
each pixel in the image. Edge artifacts are removed through automated and manual segmentation. Chromophore values are then determined using Beer’s Law, 
and the wavelength dependence of optical scattering is fit to a power law. Oxyhemoglobin (ctHbO 2 ) and scattering amplitude ( a) are shown for the tumor 
area superimposed on a grayscale image. SFDI, spatial frequency domain imaging. 
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Results 

Optical scattering reveals dynamic changes in control and treated tumors

Tumor growth stasis was induced by treatment of PC3/2G7 tumors with
either CPA or DC101 (Supplementary Fig. S2A). Longitudinal visualizations
of SFDI parameters revealed substantial changes in optical parameters
during drug treatment, especially changes in optical scattering. Fig. 2 shows
scattering amplitude ( a ) maps ( μ′ 

s at λ = 800 nm) for representative tumors
in each group over a 27-day observation period. The day-0 values were
set to the middle of the color-bar range to highlight both increases ( red )
and decreases ( blue ) from baseline. For control tumors, a decreased with
increasing TV throughout the 27-day period. For CPA-treated tumors, where
volume increases were substantially inhibited, a increased, in stark contrast
to the control group. Similarly, for the DC101-treated tumors, volume
increases were largely suppressed while a increased significantly through
day 27. Time-course videos highlight similar changes with finer temporal
resolution (Supplementary Fig. S3). Less prominent contrast was observed in
absorption-based hemodynamic parameters, such as ctHbO 2 , ctHb, ctTHb,
and StO 2 . 

Optical scattering parameters correlate with apoptosis and proliferation 

Optical scattering is sensitive to microarchitectural changes at the cellular
and sub-cellular levels, and is likely to be correlated with treatment-
induced biological changes [26,27] . Prior work from our labs reported
detailed changes in the Mie-theory parameters for scattering from cancer-
cell cultures due to chemotherapy-induced apoptosis [4 , 17] . Here, for
our in vivo studies, we explored how reduced scattering coefficient and
other SFDI-derived parameters relate to the underlying tumor biology in
macroscopic tissue. To this end, our in vivo SFDI imaging data of PC3/2G7
enografts was interpreted in the context of changes in IHC markers for 
poptosis (cleaved caspase-3), cell proliferation (PCNA), blood vessel density 
CD31), glucose uptake (Glut-1), macrophage infiltration (Mac-1), and 
essel patency (leakiness: Hoechst assay). Table 1 summarizes the SFDI 
ptical parameters and IHC biomarkers, along with our hypotheses for 
otential correlations and references to previous literature supporting the 
roposed correlations. For example, prior work in scattering spectroscopy 
nd optical coherence tomography (integrated backscatter) demonstrated a 
ositive correlation between scattering amplitude and apoptosis [6 , 7 , 26,27] .
dditionally, clinical DOI and preclinical optical coherence tomography 

tudies have shown a reduction in the wavelength dependence of scattering 
i.e., the scattering exponent ( b )) as a marker of treatment response [7 28 , 29] .

Fig. 3 shows longitudinal changes in the SFDI parameters paired with 
hanges in TV and IHC results. Treatment continued from day 0 (baseline 
easurements) to day 18, while days 24, 26, and 27 represent the post-

reatment rebound period ( Fig. 3 B). Correlations between key imaging and 
HC metrics are also shown. 

The scattering amplitude parameter, a, decreased in the control group 
ut increased significantly in the treated groups, with both CPA and DC101, 
uring treatment and rebound ( Fig. 3 C). The scattering power exponent, 
 , also displayed longitudinal trends in the treatment groups, with significant 
ecreases observed during treatment and rebound ( Fig. 3 F). The longitudinal 
atterns observed in the a parameter were broadly correlated with changes in 
leaved caspase-3, as indicated by the large increases in a in both the CPA
nd DC101 groups ( Fig. 3 D). The changes in the b parameter were likewise
orrelated with the PCNA trends, with significant decreases in b observed in 
oth treatment groups ( Fig. 3 G). The correlations of the daily group mean
f these scattering and IHC parameters were also strong for a versus cleaved
aspase-3 ( Fig. 3 E, Pearson correlation coefficient ( ρp ) = 0.75 [unadjusted P
 0.01, TCH adjusted P < 0.0085]) and b versus PCNA ( Fig. 3 H, ρp = 0.69

unadjusted P < 0.01, TCH adjusted P < 0.0085]). Cleaved caspase-3 and 
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Fig. 2. Longitudinal changes in scattering amplitude ( a ) maps ( μ′ 
s at λ = 800 nm) for representative control, CPA-treated, and DC101-treated PC3/2G7 

tumors on the days indicated. CPA, cyclophosphamide. 

Table 1 

Exploratory correlations between SFDI optical parameters and IHC biomarkers. 

IHC and SFDI Correlative Analysis in Tumor Models 

SFDI optical marker IHC marker Physiological basis for SFDI vs. IHC correlation 

Scattering amplitude ( a ) Apoptosis (cleaved caspase-3) Cell break down, chromatin condensation, and mitochondrial changes 

during apoptosis increase the density of optical scattering centers, 

resulting in an increase in scattering amplitude [4 , 6 , 7 , 17] . 

Scattering exponent ( b ) Cell proliferation (PCNA) and 

apoptosis (CC3) 

The increase in cell density during proliferation alters the distribution 

of scattering particle sizes, causing b to increase; apoptotic volume 

decreases and chromatin and mitochondrial changes during 

apoptosis cause b to decrease [4 , 7 , 17 , 28 , 29] . 

Oxyhemoglobin (ctHbO 2 ) Blood vessel density (CD31), 

Blood vessel patency (Hoechst 

assay) 

A higher number of functional vessels results in increased blood 

distribution in the tumor, which increases Oxyhemoglobin, Total 

Hemoglobin, and in some cases, Oxygen Saturation [8 , 28 , 29] . 

Total hemoglobin (ctTHb) 

Oxygen saturation (StO 2 ) 

Deoxyhemoglobin (ctHb) Cell proliferation (PCNA), 

glucose uptake (Glut1) 

Increases in cell proliferation lead to increases in oxygen consumption 

due to higher metabolic activity, causing an increase in ctHb [28 , 29] . 

IHC = immunohistochemistry; SFDI = spatial frequency domain imaging. 
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PCNA values at day 26 were plotted against a and b at day 24, since no SFDI
measurements were taken on day 26, and a and b at day 27 were excluded
from the correlation analysis due to the small number of tumors in the CPA
group at that time point ( n = 2). Of note, the drop in a and the increase in
b on day 27 in the CPA group coincides with the tumor rebound period and
with an increase in the average TV ( Fig. 3 A, Supplementary Fig. S2A). This
may be an indication of tumor regrowth after treatment, although the small
number of tumors at that time point ( n = 2) limits the significance. 

Trends similar to those seen for the a parameter in the CPA-treated
PC3/2G7 model were seen for CPA-treated E0771 tumors implanted in
C57BL/6 mice (Supplementary Fig. S4A). Although the b parameter did not
show a statistically significant decrease in the treated groups, the CPA group
showed a decreasing trend compared to control (Supplementary Fig. S4C).
The DC101 group did not show a therapeutic response to DC101 over the
9-day observation period, and correspondingly, we did not see a trend in the
b parameter (Supplementary Fig. S4B, D). 
emodynamic parameters correlate with vessel density and patency 

Clinical studies have demonstrated that ctTHb and ctHbO 2 both decrease
uring successful treatment of breast cancer patients with neoadjuvant 
hemotherapy [28 , 29] . Further, there is a positive correlation between ctTHb
nd mean vessel area in breast cancer patients [30 , 31] . Here, we observed
ignificant decreases in ctTHb and ctHbO 2 in both treated and control
roups ( Fig. 3 I and Supplementary Fig. S5A), and significant decreases in
tHb were observed in the DC101 treatment group (Supplementary Fig.
5C). We hypothesized that the extent of functional vessels revealed by the
oechst assay were likely to be correlated with blood volume and ctTHb.
his relationship was most apparent in the DC101 group, where significant
ecreases in Hoechst staining were seen on days 9 and 18. The correlation
etween ctTHb and Hoechst staining is shown in Fig. 3 K ( ρp = 0.54,
nadjusted P < 0.05, insignificant TCH adjusted P value). 
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Fig. 3. (A) Longitudinal changes in PC3/2G7 tumor volume. (B) A simplified timeline of the study. Longitudinal changes in the SFDI parameters (C, F, I, L) 
paired with IHC results (D, G, J, M) in PC3/2G7 tumors on representative days. Data in the bar plots represent mean and standard error in each group. The 
number of tumors at each time point decreased over time as mice were euthanized for IHC analysis (Supplementary Fig. S2B). The Mann-Whitney Wilcoxon 
rank sum test was used to test if longitudinal SFDI and IHC metrics were statistically different from baseline (day 0) values. Relationships between SFDI and 
IHC metrics are shown in E, H, K, N using daily group means from the bar plots. The linear best fit and 95% confidence intervals are indicated. The Pearson’s 
ρ ( ρp ) is reported for each plot, along with significance range using both unadjusted and Tukey-Ciminera-Heyse TCH-adjusted P -values. ∗, significance range 
with unadjusted P values; Ϯ, significance range with TCH adjusted P -values. Here, ∗, P < 0.05; ∗∗, P < 0.01; ∗∗∗, P < 0.001; ∗∗∗∗, P < 0.0001; Ϯ, P < 0.0085; 
ϮϮϮϮ, P < 0.0000166. IHC, immunohistochemistry; SFDI, spatial frequency domain imaging. 
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None of the changes in StO 2 were statistically significant except for
day 24 in the CPA group. There were no significant changes in CD31
staining. However, both parameters showed similar trends, with decreases
in the DC101 groups and spikes seen in the rebound period in the CPA
group, resulting in a strong overall linear correlation between StO 2 and
CD31 ( Fig. 3 N, ρp = 0.92 [unadjusted P < 0.0001, TCH adjusted P <

0.0000166]). 
The remaining longitudinal trends and correlations are shown in 
upplementary Fig. S5. The trends in both ctHbO 2 and ctHb were similar 
o the trends in ctTHb, with decreases observed in control and DC101 
reatment groups, as well as a spike during rebound in the CPA group.
ecreases in the glucose transporter Glut-1 were observed in the CPA 

roup, while increases were observed in the DC101 group. Large increases 
n macrophage infiltration were observed with DC101 treatment. We also 
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Fig. 4. Pearson’s ρ ( ρp ) values for each SFDI and IHC marker. Ϯ Denotes significance using TCH adjusted P values: P < 0.0085; ϮϮ, P < 0.0017; ϮϮϮ, P < 

0.000167; ϮϮϮϮ, P < 0.0000166. IHC, immunohistochemistry; SFDI, spatial frequency domain imaging. 
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note that StO 2 and Glut-1 were strongly correlated, ρp = -0.83 (unadjusted
P < 0.001, TCH adjusted P < 0.0017); the b parameter and Mac-1 were
strongly correlated, ρp = −0.8 (unadjusted P < 0.001, TCH adjusted P
< 0.0017); and the ctHb parameter was strongly correlated with PCNA,
ρp = 0.72 (unadjusted P < 0.01, TCH adjusted P < 0.0017). The drop in
StO 2 with higher Glut-1 and the increase in ctHb with higher PCNA may
both reflect the fact that increased proliferation leads to increased oxygen
consumption and a buildup of ctHb [29] . A summary of the Pearson’s ρ
( ρp ) values for each SFDI and IHC marker is presented in Fig. 4 . Based on
our mechanistic hypotheses, and considering prior literature supporting these
correlations ( Table 1 ), we propose that these correlations represent, at least in
part, causative links rather than merely associations. 

Optical scattering provides high contrast between treated and control 
tumors 

Imaging parameters that provide high contrast between responding and
nonresponding patients at early time points during cancer therapy have
he potential for high utility for monitoring of response to treatment
32] . Here we explored optical biomarkers for contrast between treated
umors, compared to untreated tumors as a surrogate for lack of clinical
esponse. Tumor values were first normalized to day-0 (baseline) values.
he log 2 ratio of tumor to control optical properties and TV are plotted
ver the duration of the study (Supplementary Fig. S6). For CPA, TV gave
he largest average contrast between treated and control tumors over the
tudy, but the a and b scattering parameters also provided high contrast
Supplementary Fig. S6A). The contrast in these parameters continued to
ncrease throughout the study. These trends were similar for DC101, where
he parameter b performed almost as well as TV (Supplementary Fig. S6B).
n contrast, the hemodynamic parameters (ctHbO 2 , ctHb, ctTHb, StO 2 )
ere not statistically significant on most days examined (Supplementary 
ig. S6C, D). Based on these findings, we explored how SFDI parameters
ould be used either as a stand-alone marker, or as a companion marker
o anatomic tumor size to predict treatment response at early time
oints. 
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Scattering parameters provide a superior and biologically-specific early 
response prediction compared to tumor volume and hemodynamic 
parameters 

Discriminant analysis was conducted to determine the accuracy of
classifying treated versus control tumors using SFDI parameters as either
stand-alone imaging markers, or as companion markers to anatomic tumor
size. The control tumors here serve as a preclinical stand-in for treated but
nonresponding tumors, which are common in the clinical setting. While
imperfect, this surrogate allows for the identification of SFDI markers that
may provide early predictive accuracy if clinically validated. TV is used here
to contextualize the predictive value of SFDI parameters, as it is widely used
to track treatment response in the preclinical setting. In this analysis, tumor
values were normalized to day 0 (baseline) and only time points within
the treatment period (through day 18) were considered. Classification was
conducted using single features and sets of 2 features. Classification for each
individual feature and set of features was repeated 101 times and the median
performing classifier (determined by the area under the curve (AUC) of a
receiver operating characteristic (ROC) curve) was used for comparisons on
individual days. The single feature and the feature combination that gave
the highest average AUC over all measurement days were defined as the best
feature sets. 

A summary of classifier performance for several well performing single
SFDI features and TV on different study days is shown in Fig. 5 . For CPA,
the scattering parameter a yielded better performance than TV on days 1 and
4. When a was combined with TV, superior performance was found on days
3 and 4 as compared to either parameter alone (shown in Supplementary Fig.
S7A). For DC101, the exponent b provided the best performance on days
1 and 3, and a provided the best performance on days 4, 6, 7, and 9. The
combination of a and TV had superior performance over either single feature
on days 3, 4, 6, 7, and 9 (shown in Supplementary Fig. S7A). 

At very early time points (i.e., days 1 and 4 for CPA; days 1, 3, and 4
for DC101) the stand-alone SFDI features a or b outperformed TV. This
is also apparent in the ROC curves shown in Supplementary Fig. S7B-G.
Fig. 5 C, D shows AUC values up to day 9 along with linear regression fits.
The prediction advantage, defined as the number of days it takes for TV to
reach the same AUC value obtained with the a or b parameter, was computed
for each day using the regression fits. The SFDI prediction advantage (in
days) is plotted in Fig. 5 E, F. Here, a positive predictive advantage indicates
that the SFDI feature precedes TV by the indicated number of days, and
a negative predictive value indicates the opposite. For CPA on day 1, the
a parameter exhibited a positive predictive advantage of 1.4 days, meaning
that within just 1 day of treatment, the a parameter provides a predictive
power than is not matched by TV until after day 2 ( Fig. 5 E). This may be
because the a parameter reflects early apoptotic events, which do not lead
to decreased TV until tumor cell debris has been cleared. The b parameter
yielded negative values for CPA, meaning this parameter does not provide a
predictive advantage over TV on any day. For DC101, the b parameter yielded
positive values as large as 2 days until day 4 ( Fig. 5 F). The a parameter for
DC101 preceded TV starting at day 4. The fact that, at early time points,
the a parameter is more effective for the CPA-treated tumors, while the b
parameter is more effective for DC101-treated tumors may reflect the specific
mechanism of each of these drugs (see Discussion). 

Discussion 

This work reports the utility of utilizing optical scattering for tracking
tumor responses early during treatment of prostate and breast cancer
xenografts, while simultaneously identifying histological and IHC correlates
of SFDI-derived parameters. Two optical scattering parameters, the scattering
amplitude ( a parameter) and scattering power ( b parameter), were identified
as strong early predictors of treatment response. These parameters correlated
trongly with markers for apoptosis and cell proliferation, respectively. 
ptical scattering thus has strong potential to meet the need for early, 

oninvasive oncologic imaging of markers of treatment response in preclinical 
umor models. We now discuss the major results in the context of prior work,
nd address the limitations and potential of these findings to impact research 
nd clinical care. 

Trends in the a and b parameters for optical scattering were dramatically 
ifferent between CPA-treated and DC101-treated tumors compared to 
ontrols. The scattering parameter a decreased in the control group but 
ncreased with both CPA and DC101 treatment. Concurrently, the b 
arameter decreased significantly during treatment. The scattering parameter 
 correlated strongly with IHC assays of cell apoptosis (cleaved caspase- 
: ρp = 0.75) and the scattering b parameter correlated strongly with 
ell proliferation (PCNA: ρp = 0.69). Prior work utilizing modelling and 
ell culture experiments with optical scattering methods found distinct 
elationships between scattering amplitude ( a ) and the density of scattering 
enters, as well as scattering power ( b ), and the distribution of scattering
articles sizes [26] . We hypothesize that as cells break down during apoptosis,
he density of optical scattering centers increases due to morphological 
hanges including chromatin condensation and mitochondrial changes, 
hereby increasing the a parameter. Consistent with this idea, the macrophage 
arker Mac-1 was positively correlated with the a parameter ( ρp = 0.58), 

erhaps due to macrophage recruitment induced by clearance of dead cells 
fter substantial apoptosis [33] . Additionally, apoptotic volume decreases 
aused by loss of cellular water during early apoptosis have been suggested 
o increase the optical index of refraction of the cytoplasm, resulting in an
ncrease in scattering cross-section and a decrease in wavelength-dependent 
cattering parameter, b , as documented in our earlier in vitro work with
he same cancer cell lines and cytotoxic agents reported here [4 , 17] . This
s consistent with the increase in a and decrease in b parameters in treated
umors observed here. Conversely, during proliferation, an increase in cell 
ensity may alter the distribution of scattering particle sizes, leading to a 
igher proportion of smaller scattering centers, which causes b to increase 
26] . Consistent with this work, studies using optical coherence tomography 
ave shown an increase in integrated backscatter and a decrease in the 
cattering exponent in response to treatment in preclinical tumors [6 , 7] , and
linical DOI tools revealed a decrease in the b parameter in breast cancer
atients responding to treatment [28 , 29] . 

Both a and b scattering parameters provided high imaging contrast 
etween treated and control tumors, starting at early time points. The 
lassification analysis revealed the scattering a parameter as the best 
erforming single SFDI feature for CPA, and a + TV as the best performing
ual feature during either treatment. Regression analysis demonstrated that 
he a parameter has a 1.4 day predictive advantage over TV in the first day
fter the start of treatment. These trends were different for DC101, where the
 parameter exhibited a better prediction advantage than TV at the beginning 
f treatment, and the a parameter exhibited a better prediction advantage 
tarting at day 4. We speculate that these differences reflect the different 
iological mechanisms of these drugs. CPA is an alkylating agent that can 
nduce tumor apoptosis within hours of treatment [34] , which plausibly 
eads to the predictive advantage of the a scattering parameter early during 
reatment. Conversely, DC101 targets vascular endothelial growth factor 
eceptor 2, causing vessel regression, which conceivably inhibits proliferation 
efore inducing apoptosis at later time points caused by oxygen and/or 
utrient starvation. This may explain the early predictive power of the b 
arameter, followed later by the predictive power of the a parameter [25] .
e also note that both a and b changed dramatically over time in treated

umors, even though treatment resulted in tumor stasis with little to no 
hange in TV during the treatment period. Thus, the a and b parameters
ay provide unique insight during monitoring of treatment response, which 

ould supplement measurements of TV. This is important, as anatomic tumor 
ize is currently the only available marker for measuring treatment response 
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Fig. 5. ( A, B) Discriminant classification analysis for discrimination of treated versus control tumors. Area Under the Curve (AUC) values of well-performing 
stand-alone features are shown in A for CPA and in B for DC101. Corresponding Receiver-Operating Characteristic (ROC) curves are shown in Supplementary 
Fig. S7. (C, D) AUC values up to day 9 and their linear regression fits for CPA and DC101. (E, F) Regression fits from C and D were used to calculate the 
predictive advantage (in days) for the a or b parameter compared to TV. A positive predictive advantage indicates the SFDI feature precedes TV by the indicated 
number of days. AUC, area under the curve; CPA, cyclophosphamide; SFDI, spatial frequency domain imaging. 
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in many cancers, and often performs poorly as a marker of treatment response
[35] . 

We also observed a rebound response following cessation of treatment. For
example, the a parameter increased until the 6-day CPA treatment schedule
was discontinued on day 24, and then decreased at day 27 ( P = 0.089). This
decrease correlated with a rebound in TV, which doubled by day 27 ( Fig. 3 A).
In contrast, TVs did not substantially rebound for the DC101-treated tumors
after the end of treatment, which likely explains the continued increase in
the a parameter up to day 27. While these observations suggest that SFDI
measurements may be able to detect tumor rebound, the number of tumors
remaining at day 27 was small ( n = 2), and further study with a larger number
of tumors would be warranted in the future. 
There is little prior work using optical scattering for in vivo tracking
f chemotherapy or antiangiogenic treatment response. Most prior studies 
sing DOI modalities have focused on absorption-based parameters, 

ncluding hemoglobin, water, and lipids, and many clinical Near -Infrared
pectroscopy (NIRS) systems are not capable of quantifying optical scattering
20 , 22 , 28 , 29 , 32 , 36–38] . While still less common than NIRS, an increasing
umber of academic groups have developed clinical frequency-domain 
ystems for tumor measurements, and there is at least 1 commercially
vailable product, although there is not yet an FDA-approved product for
his application [39] . We submit that multi-wavelength frequency-domain 
r time domain clinical modalities are required to measure the a and b
arameters. 
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While optical scattering provided the strongest predictive advantage
during treatment monitoring, absorption-based parameters demonstrated
several strong correlations with IHC markers. The blood vessel density
marker CD31 correlated strongly with the SFDI-derived hemoglobin
parameters ctHbO2 ( ρp = 0.85), ctTHb ( ρp = 0.71), and StO 2 ( ρp = 0.92);
and the Hoechst marker for blood vessel patency correlated well with
ctHbO 2 ( ρp = 0.54), ctTHb ( ρp = 0.54), and StO 2 ( ρp = 0.52). Prior work
also reported positive correlations between ctTHb, ctHbO 2 and the mean
vessel-area marker CD34 [30 , 31] . We hypothesize that a higher number
of functional blood vessels is likely to increase blood distribution in the
tumor, which causes the hemoglobin concentration values to increase. The
ctHb parameter showed a strong correlation with PCNA ( ρp = 0.72), and
we hypothesize that increases in tumor cell proliferation lead to increases in
oxygen consumption, resulting in an increase in ctHb [29] . The relatively
poor optical contrast observed between treated and untreated tumors in
SFDI hemodynamic parameters (Supplementary Fig. S6C, D) may be a
reflection of hypoxia within the control group induced by rapid tumor
growth, which outpaces vascular supply [40] . This could result in similar
decreasing hemodynamic trends in both treated and control groups, but with
different biological origins. 

While SFDI offers several distinct advantages over other preclinical
oncologic imaging modalities, including the fact that it is label-free and
provides quantitative optical absorption and scattering contrasts, it also has
several notable limitations. SFDI imaging penetration-depth is relatively
superficial ( < 5 mm), and is therefore best suited to superficial tumors.
Notably, the optical contrasts measured with SFDI may be translated to the
clinic with clinical frequency-domain or time-domain DOI tools. Although
less common than simpler continuous-wave NIRS systems, frequency-
domain and time-domain DOI systems have undergone significant technical
development and clinical testing over the last 2 decades, suggesting they may
become viable standard-of-care tools in the near future [39] . SFDI also does
not provide tomographic imaging in the implementation used here, although
we have used a multi-layer model to remove the effect of overlying skin
on imaging [41] . Other study limitations include the statistical correlative
nature of our findings, which does not provide a definitive mechanistic link
between SFDI-derived parameters and the biological parameters determined
by IHC. Additionally, the tumors measured here were relatively large and
highly cellular, and the effects of the tumor microenvironment may alter
optical signatures differently in human tumors. Finally, both absorption and
scattering changes may manifest differently for different therapeutic agents
and tumor types. Despite these limitations, our results are supported by prior
preclinical and clinical observations, while adding significantly to the current
knowledge-base regarding the imaging of treatment response, in particular in
animal models. 

Going forward, our findings have several potential implications. First,
optical scattering has the potential to serve as a new marker of anticancer
treatment response in the preclinical setting. The strong correlations between
SFDI imaging markers and IHC markers shown here lay the groundwork
for the use of SFDI for tracking response to a variety of therapeutic agents
with different biological mechanisms. Finally, SFDI could also be used to test
new drugs, drug combinations, and therapeutic strategies including adaptive
therapies in the preclinical setting. 

Conclusion 

We have shown here that optical scattering, measured with SFDI, is a new
label-free contrast mechanism for tracking treatment response in preclinical
tumors models. The scattering parameters a and b were shown to track
tumor responses to both cytotoxic and antiangiogenic therapies, respectively,
potentially due to their respective sensitivities to apoptosis and proliferation.
Optical scattering remains largely unexplored in the context of treatment
monitoring in the clinic, and our findings suggest optical scattering should
e further investigated with clinical DOI tools. Going forward, widefield 
easurements of quantitative optical scattering measured with SFDI may 

epresent a powerful new contrast for exploring new drugs and therapeutic 
trategies in the preclinical setting. 
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