
F O C U S O N M O L E C U L A R I M A G I N G

Functional Optical Imaging of Primary Human Tumor
Organoids: Development of a Personalized Drug Screen

Alex J. Walsh1, Rebecca S. Cook1,2, and Melissa C. Skala3,4

1Department of Biomedical Engineering, Vanderbilt University, Nashville, Tennessee; 2Department of Cancer Biology, Vanderbilt
University, Nashville, Tennessee; 3Department of Biomedical Engineering, University of Wisconsin, Madison, Wisconsin; and
4Morgridge Institute for Research, Madison, Wisconsin

Primary tumor organoids are a robust model of individual human
cancers and present a unique platform for patient-specific drug
testing. Optical imaging is uniquely suited to assess organoid
function and behavior because of its subcellular resolution, pene-
tration depth through the entire organoid, and functional endpoints.
Specifically, optical metabolic imaging (OMI) is highly sensitive
to drug response in organoids, and OMI in tumor organoids
correlates with primary tumor drug response. Therefore, an OMI
organoid drug screen could enable accurate testing of drug
response for individualized cancer treatment. The objective of this
perspective is to introduce OMI and tumor organoids to a general
audience in order to foster the adoption of these techniques in
diverse clinical and laboratory settings.
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Hundreds of drugs are currently approved to treat cancer,
and many more are in development. Although some protein
or genetic profiles, such as human epidermal growth factor
receptor 2 (HER2) overexpression in breast cancer, can
match patients with efficacious drugs, many therapies lack
predictive biomarkers. Furthermore, the efficacy of drugs is
hindered by innate and acquired drug resistance, a scenario
that is detected clinically on tumor progression or recurrence.
Acquired drug resistance is often driven by heterogeneous
fractions of malignant cells, including minority populations
of treatment-resistant cells or cancer stemlike cells that evade
treatment and lead to tumor regrowth and dissemination (1–
4). Treatment regimens that combine nonspecific chemother-
apies with targeted drugs are common strategies to combat
resistance. Although combinatorial approaches increase tumor
response, the patient often experiences side effects, which can
be debilitating and lead to chronic conditions. Identification of

the optimal drug regimen for each patient would eradicate all
malignant cells and spare patients from overtreatment.
Patient-derived primary tumor organoids are a robust model
of individual human cancers. It is possible to use this plat-
form for patient-specific drug testing, which may allow for a
clinical transition from predictive treatment decisions fol-
lowed by watchful waiting to informed treatment plans
based on patient-specific organoid responses to treatments.
Optical metabolic imaging (OMI) is sensitive to metabolic
changes in cells and drug response in organoids. Therefore,
an OMI organoid drug screen could enable accurate testing
of drug response for individualized cancer treatment. These
methods could have an impact on the pharmaceutical, labo-
ratory, and clinical environments.

PRIMARY HUMAN ORGANOIDS AS A MODEL
OF CANCER

Organoids grown from primary tumor tissues provide a
patient-specific model of solid tumors. Organoids are gener-
ated by mechanical or enzymatic digestion of the original
tumor section into small pieces, approximately 50–500 mm in
diameter. These pieces of tissue are embedded in an extra-
cellular matrix such as Matrigel (Corning) or collagen. Orga-
noids are relatively inexpensive to generate and maintain and
require only basic cell culture skills and supplies. Hundreds
to thousands of organoids can be generated from a single
biopsy or resected tumor section, enabling medium- to
high-throughput testing of potential drugs, drug combina-
tions, and drug doses. (Additional details on organoids can
be found in reviews by Boj et al. (5) and Fatehullah et al. (6).)

Organoids retain the organ structure, morphology, stromal
composition, genetic mutations, and heterogeneity of the
original tumor (5,7–10). When organoids are transplanted
into mice, they form carcinomas that resemble the histology
of the tumor of origin (5,7,10). Organoids are amenable to
genetic, biochemical, and imaging assays and have been
used to study many aspects of cancer, including carcinogen-
esis, cancer invasion, drug response, and drug resistance
mechanisms. Genetic manipulation of organoids allows study
of genetic mutations that drive or suppress cancer progres-
sion (7,8,11). Furthermore, studies of organoids have revealed
characteristics and mechanisms of tumor–extracellular matrix
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interactions and cell invasion (12–15). Organoids have
also been used to test drug response and evaluate novel
drugs in development. Preliminary evidence suggests that
organoid drug sensitivity correlates with patient outcome
(5,7,9,10,16–21).
Organoid culture overcomes many of the limitations of

traditional cancer models. Traditional monolayer cultures of
immortalized cancer cells lack original tumor heterogeneity
(5,7,9), native histologic architectures, and cell–extracellular
matrix interactions (22). Animal models of human cancers,
including genetically engineered models and xenograft mod-
els, enable in vivo studies of cancer development, progres-
sion, and drug response. However, genetic and phenotypic
differences, especially in drug metabolism, immune func-
tion, and telomerase activity, exist between animal and
human diseases, limiting the usefulness of animal models
(23–25). Patient-derived xenografts generate patient-specific
xenograft tumors in immunocompromised mice. Although
patient-derived xenografts retain the tissue architecture and
genomic alterations of the primary tumor (21,26), limita-
tions, including high costs, low take-rate, and multimonth ex-
periments for drug response data, may prevent widespread
adoption (27).

ORGANOIDS AS A PLATFORM FOR PERSONALIZED
DRUG SCREENS

Selection of the optimal drug regimen for individual cancer
patients remains a clinical challenge. Although genetic tumor
analyses identify potential drug targets, genetic screening
fails to inform drug response, with reported predictive values
as low as 17%–38% (28). Whole-body imaging, including
MRI and PET, are under intense investigation for monitoring
response to cancer treatment. However, these clinical imaging
techniques allow physicians only to react to a drug combina-
tion already given to the patient, provide no information on

potential treatment alternatives, and are thus fundamentally
different from an individualized predictive screen. Therefore,
a method to predict drug response and resistance before the
onset of therapy will be transformative for cancer patients.

Organoid culture presents a novel platform for directly
testing potential drugs on patient-specific tumor tissue. Or-
ganoids are representative of the primary tumor from which
they are derived, and studies suggest that drug response in
organoids corresponds to drug response in the host (18,20).
Therefore, organoid-based high-throughput drug screening
will enable testing of treatment options using patient-
specific tissue. The workflow for a clinical organoid screen
includes tumor biopsy, organoid generation and growth,
drug panel treatment, response assessment, and optimal
drug selection for patient treatment (Fig. 1). The entire
process from biopsy to drug selection could be completed
in less than 1 wk. An organoid-based anticancer drug screen
could identify the optimal drugs for each patient, allowing
eradication of the tumor while minimizing toxicity from
overtreatment and ineffective treatment. When combined
with OMI, a microscopy technique sensitive to changes in
cellular metabolism, response is measured as a drug-induced
change in cellular metabolism (18,20). OMI allows hetero-
geneity analysis of response to identify nonresponding sub-
clones. An organoid-based screen could be implemented at
hospitals and clinics with basic cell culture facilities, allow-
ing widespread adoption. Furthermore, organoids can suc-
cessfully be grown from frozen tissues (19), allowing tissue
collection at remote sites and shipment of tissues to central-
ized assessment centers.

Patient-specific organoid culture and high-throughput
assays of anticancer drug response may also be used to
evaluate novel drugs in development. Organoids could help
bridge the gap between preclinical and clinical research by
providing a relevant in vitro model of human disease. Creation
and growth of organoids can be automated to improve

throughput performance (16). Preclin-
ical experiments on primary human
organoids will reduce the experimen-
tal burden on preclinical animal stud-
ies and provide preclinical data to
inform clinical trial design.

OPTICAL IMAGING
OF ORGANOIDS

Organoids can be assessed by
many biologic, molecular, genetic,
and chemical assays. However, many
traditional assays require tissue fixa-
tion or the pooling of substrates from
many cells, limiting data analysis to
a single time point and eliminating
all information on spatial context,
morphology, and heterogeneity. There-
fore, vital imaging techniques thatFIGURE 1. Clinical workflow of organoid-based anticancer drug screen.
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allow preservation of organoid viability, morphology, and
heterogeneity are attractive for dynamic time-course
studies of organoid behavior and drug response.
Optical imaging is well suited to study organoid morphol-

ogy and behavior. Because of the small size of organoids,
light can entirely penetrate the sample, allowing measure-
ment of all cells within the organoid. Furthermore, light
doses used for optical imaging are nonionizing and non-
damaging, enabling time-course evaluation of individual
organoids. High-resolution optical imaging allows cellular
and subcellular analyses, enabling identification and quanti-
fication of cellular heterogeneity and behavioral heterogene-
ity (e.g., differential responses to treatment) within organoids
(18,20).
Optical imaging technologies used to study organoids

include bright-field microscopy, light microscopy, phase
microscopy, fluorescence microscopy, confocal microscopy,
time-lapse microscopy, multiphoton fluorescence imaging,
fluorescence lifetime imaging, and optical coherence tomog-
raphy (OCT) (8,12,18–20,29,30). In wide-field or whole-field
microscopy, an entire sample or field of view is illuminated
by a light source, and images are captured by a camera.
Wide-field microscopy is advantageous for quickly imaging
an entire organoid or dish of organoids. However, wide-field
microscopy lacks depth sectioning, limiting 3-dimensional
(3D) organoid visualization. Confocal microscopy allows
depth-resolved imaging of organoids. In confocal microscopy,
a focused laser beam illuminates the sample and a pinhole
blocks scattered and out-of-plane emission light from reach-
ing the detector, allowing depth sectioning. Because of the
depth sectioning achieved by the pinhole, confocal micros-
copy can image depth-specific slices of organoids and 3D
volumes. However, confocal microscopy is slower than wide-
field microscopy. Both wide-field and confocal microscopy
can use laser light sources to measure fluorescence emission.
OCT is a laser interferometry–based imaging modality

that provides fast 3D images of samples. The source of
contrast for OCT is the scattering properties of the sample.
OCT has been used in organoids to monitor cell movement
and extracellular matrix invasion (31,32). Further, functional
OCT techniques such as photothermal OCT, a method that
detects heat generated by laser-light absorption by gold
nanoparticles or other strong absorbers, can assess protein
expression or the presence of functionalized nanoparticles
(33). OCT is advantageous for organoid imaging because
of the 3D sectioning and fast imaging speed but is limited
by spatial resolution and scattering sources of contrast.
Multiphoton microscopy is a nonlinear technique for fluo-

rescence imaging in which fluorophores are excited by two
photons with half the energy (twice the wavelength) of single-
photon fluorescence. For multiphoton fluorescence events to
occur, the two photons must be absorbed by the fluorophore at
nearly the same time (within ;10218 s). Therefore, multipho-
ton events occur only at the focal point of the multiphoton
laser, where the photon flux is highest. In this way, multiphoton
microscopy achieves 3D optical sectioning with high spatial

resolution. Furthermore, since all emission is attributed to the
laser focal point, scattered light can be collected, improving the
signal-to-noise ratio. Multiphoton microscopy light sources
operate at lower energies (higher wavelengths) than single-
photon techniques. Tissue absorption and scattering are low
in the near-infrared wavelength range, increasing tissue pene-
tration by light. (Additional details on multiphoton microscopy
can be found in a review by Hoover and Squier (34).)

Fluorescence contrast can come from intrinsic fluoro-
phores, including collagen and the metabolic coenzymes
reduced nicotinamide adenine dinucleotide (NADH) and
flavin adenine dinucleotide (FAD), or from exogenous
sources, such as fluorescent dyes, fluorescent proteins, and
fluorescently labeled antibodies. Some exogenous fluores-
cent probes can be used for live cell imaging if the probe
can cross the plasma membrane or is targeted to a
membrane protein. Inaccessible target proteins require
cell fixation and permeabilization. Traditional fluores-
cence imaging measures fluorescence intensity, a prop-
erty proportional to fluorophore concentration. The use
of endogenous fluorophores for contrast allows live-cell
imaging and repeated measurements without the compli-
cations of an added contrast agent. Exogenous fluoro-
phores, however, allow imaging of nonautofluorescent
biomolecules.

Fluorescence lifetime imaging measures the time a fluo-
rophore remains in the excited state before returning to the
ground state. The fluorescence lifetime is independent of
fluorophore concentration. Fluorescent lifetime measurements
can be analyzed to understand fluorophore quenching, binding
states, and environmental factors (e.g., viscosity, pH). Fluores-
cence lifetime measurements are an accumulation of thousands
of fluorescence events, which build up an exponential decay
that is fit to a multicomponent exponential model. Fluores-
cence lifetime can be measured by fast gating of wide-field
fluorescence cameras, or by time-correlated single-photon
counting for laser scanning microscopes. Time-correlated
single-photon-counting fluorescence lifetime imaging can
be performed on multiphoton microscopes for full 3D
interrogation of organoids. Fluorescence lifetime measure-
ments by time-correlated single-photon counting provide
aggregate data on the fluorescence lifetimes of thousands of
singular fluorescent events. The histogram of photons by
lifetime can be deconvolved from the system response and
fit to an exponential decay function to resolve both short
and long lifetimes, as well as the proportion of short and
long lifetimes (Fig. 2A) (35). (Additional details on fluo-
rescence lifetime imaging can be found in a book by Marcu
et al. (36).)

OMI AS AN EARLY MEASURE OF DRUG RESPONSE
IN ORGANOIDS

OMI is a powerful tool to study cellular metabolism. OMI
uses multiphoton microscopy to probe the fluorescence
intensities and lifetimes of NADH and FAD, coenzymes of
cellular metabolism processes. OMI includes the optical
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redox ratio (the fluorescence intensity of NADH divided by
the intensity of FAD), which provides a relative measure of
the glycolytic state of the cell (35). Figures 2B–2D show
representative OMI images of an organoid derived from a
human breast cancer biopsy sample. On binding to enzymes,
NADH and FAD exhibit conformational changes that result
in short and long fluorescence lifetimes. NADH self-quenches
in its natural state, thus exhibiting a short lifetime. When bound,
NADH unfolds and the quenching effect is lost, increasing
fluorescence lifetime. Conversely, FAD exhibits a long free
lifetime and short bound lifetime (35). In this way, the fluores-
cence lifetime provides a measure of NADH and FAD binding
activities (35). Additional methods can be used to assess cellu-

lar metabolism, including assays of
metabolites and immunohistochemis-
try. OMI is advantageous for live cell
imaging and repeated, temporal mea-
surements.

Cancer cells often use aerobic
glycolysis to support high levels of
macromolecule production and pro-
liferation. Fluorescence lifetime stud-
ies of cancers have revealed metabolic
differences between transformed and
premalignant tissues (35,37). OMI can
also detect changes in metabolism due
to treatment with anticancer drugs
(20,35). (Additional details on the re-
lationship between cancer and metab-
olism have been presented in a review
by Zhao et al. (38).) Importantly,
NADH and FAD are used differen-
tially in distinct steps of aerobic gly-
colysis, oxidative phosphorylation,

and other metabolic pathways. Because OMI can accu-
rately measure NADH and FAD fluorescence lifetimes,
OMI can be applied to assess how oncogenic signaling
pathways affect cellular metabolism, how they are altered
by cancer treatments, and how these responses correlate with
treatment response. In HER2-overexpressing breast cancer
cells and xenograft tumors, OMI revealed decreases in the
redox ratio, mean NADH fluorescence lifetime, and mean
FAD fluorescence lifetime on treatment with the HER2-tar-
geting antibody trastuzumab (35).

We have used OMI to study metabolic differences
between nontransformed and malignant cells and tissues,
the relationship between oncogenic signaling pathways and
cellular metabolism, and drug-induced effects on metabo-
lism (18,20,35,37,39). Importantly, our studies demon-
strated that OMI is a sensitive and early reporter of drug
efficacy in organoids (Fig. 3), detecting metabolic changes
within the first 24–72 h of exposure to effective drugs (18–
20,35). Parallel in vivo mouse and in vitro organoid drug
response studies in pancreatic and breast cancer show a
direct correlation between organoid-measured drug re-
sponse at 24–72 h and in vivo tumor burden at 3–4 wk
(18,20). Primary breast cancer organoids from clinical
specimens confirmed that OMI measurements of drug re-
sponses agreed with the responses expected on the basis of
HER2 or estrogen receptor expression in the original tumor
(20). These results indicate that OMI provides a robust and
accurate platform to measure drug response over time in
organoids derived from multiple cancer types. In these
studies, organoids were exposed to saturating doses of
drugs. In large organoids, drug delivery is limited by dif-
fusion and replicates in vivo heterogeneity with systemic
drug delivery. Organoids can also be exposed to variable
drug doses to evaluate the effects of heterogeneous drug
delivery.

FIGURE 2. (A) Example fluorescence lifetime data (blue dots), system response (green
line), and exponential decay fit (red line). Fluorescence lifetime decays, I(t), are often fit to
2-component exponential decay model, with mean lifetime (tm) computed as weighted
average of short and long lifetimes (t1 and t2) and proportion of short and long
lifetimes (a1 and a2). x2 provides goodness-of-fit measure. At right are representative
redox ratio image (B), NADH tm image (C), and FAD tm image (D) of organoid derived
from human breast cancer biopsy. (Reprinted from (20).)

FIGURE 3. OMI of primary (HER2-positive) human tumor
organoids that develop resistance to paclitaxel chemotherapy
over 72 h of treatment (upper row) and that respond to
experimental drug cocktail of trastuzumab (anti-HER2) plus
paclitaxel plus XL147 (lower row). A longer NADH mean lifetime,
as evidenced by more red and orange tones, indicates resistance,
whereas a shorter NADH mean lifetime, as evidenced by blue,
indicates response. Scale bar is 100 mm.
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To fully exploit the information from all OMI endpoints,
we developed the OMI index as a single, global biomarker
of cellular metabolism (18,20). The OMI index is the linear
combination of the norm-centered redox ratio, mean NADH
lifetime, and mean FAD lifetime, with the coefficients (1, 1,
21), respectively, computed for each cell. The OMI index
combines the information from the individual OMI endpoints
into a single value to represent the metabolic state of the cell.
Because of the subcellular resolution of OMI, cellular

heterogeneity within organoids can be quantified and
monitored over time with anticancer drug treatment (Fig.
4) (18,20,35,39). When analyzed on a single-cell level, an
entire cell population can be assessed for heterogeneity in
metabolism. The metabolic distribution in populations of
cells can be modeled by gaussian curves, to identify the
number of modes (subpopulations) within the data (20),
revealing inherent and drug-induced heterogeneity within
organoids (18,20,35). These studies successfully identified
an initially small subpopulation of treatment-resistant can-
cer cells that selectively grew with continued drug treat-
ment (18).

CONCLUSION

Because of the individualized nature of cancer, it is
important to treat each cancer patient with anticancer
drugs specifically selected to target their tumor. Organoid
culture of primary tumor tissue provides patient-specific
tumor models to test and evaluate potential anticancer
treatments. Because cancer cells rely on cellular metab-
olism pathways to sustain high rates of proliferation and
survival, OMI is a sensitive screen to evaluate drug action
in organoids. OMI can probe each cell within an organoid
to reveal subpopulations resistant to anticancer drugs.
High-throughput optical imaging of drug response in
patient-derived organoids could enable patient-specific
drug testing and help clinicians select the optimal drug
regimen for each cancer patient.

DISCLOSURE

No potential conflict of interest rele-
vant to this article was reported.

REFERENCES

1. Holohan C, Van Schaeybroeck S, Longley DB,

Johnston PG. Cancer drug resistance: an evolving

paradigm. Nat Rev Cancer. 2013;13:714–726.

2. Almendro V, Cheng YK, Randles A, et al. Inference

of tumor evolution during chemotherapy by computational

modeling and in situ analysis of genetic and phenotypic

cellular diversity. Cell Reports. 2014;6:514–527.

3. Polyak K. Tumor heterogeneity confounds and

illuminates: a case for Darwinian tumor evolution.

Nat Med. 2014;20:344–346.

4. Fisher R, Pusztai L, Swanton C. Cancer heterogeneity:

implications for targeted therapeutics. Br J Cancer.

2013;108:479–485.

5. Boj SF, Hwang CI, Baker LA, et al. Organoid models

of human and mouse ductal pancreatic cancer. Cell.

2015;160:324–338.

6. Fatehullah A, Tan SH, Barker N. Organoids as an in vitro model of human

development and disease. Nat Cell Biol. 2016;18:246–254.

7. Baker LA, Tiriac H, Clevers H, Tuveson DA. Modeling pancreatic cancer with

organoids. Trends Cancer. 2016;2:176–190.

8. Li X, Nadauld L, Ootani A, et al. Oncogenic transformation of diverse

gastrointestinal tissues in primary organoid culture. Nat Med. 2014;20:769–777.

9. Gao D, Vela I, Sboner A, et al. Organoid cultures derived from patients with

advanced prostate cancer. Cell. 2014;159:176–187.

10. Huang L, Holtzinger A, Jagan I, et al. Ductal pancreatic cancer modeling and

drug screening using human pluripotent stem cell- and patient-derived tumor

organoids. Nat Med. 2015;21:1364–1371.

11. Matano M, Date S, Shimokawa M, et al. Modeling colorectal cancer using

CRISPR-Cas9-mediated engineering of human intestinal organoids. Nat Med.

2015;21:256–262.

12. Cheung KJ, Gabrielson E, Werb Z, Ewald AJ. Collective invasion in breast

cancer requires a conserved basal epithelial program. Cell. 2013;155:1639–

1651.

13. Tan J, Buache E, Alpy F, et al. Stromal matrix metalloproteinase-11 is involved

in the mammary gland postnatal development. Oncogene. 2014;33:4050–4059.

14. Correia AL, Mori H, Chen EI, Schmitt FC, Bissell MJ. The hemopexin domain

of MMP3 is responsible for mammary epithelial invasion and morphogenesis

through extracellular interaction with HSP90beta. Genes Dev. 2013;27:805–

817.

15. Nguyen-Ngoc KV, Cheung KJ, Brenot A, et al. ECM microenvironment

regulates collective migration and local dissemination in normal and malignant

mammary epithelium. Proc Natl Acad Sci USA. 2012;109:E2595–E2604.

16. Eglen RM, Randle DH. Drug discovery goes three-dimensional: goodbye to flat

high-throughput screening? Assay Drug Dev Technol. 2015;13:262–265.

17. Skardal A, Devarasetty M, Rodman C, Atala A, Soker S. Liver-tumor hybrid

organoids for modeling tumor growth and drug response in vitro. Ann Biomed

Eng. 2015;43:2361–2373.

18. Walsh AJ, Castellanos JA, Nagathihalli NS, Merchant NB, Skala MC. Optical

imaging of drug-induced metabolism changes in murine and human pancreatic

cancer organoids reveals heterogeneous drug response. Pancreas. 2016;45:863–869.

19. Walsh AJ, Cook RS, Sanders ME, Arteaga CL, Skala MC. Drug response in

organoids generated from frozen primary tumor tissues. Sci Rep. 2016;6:18889.

20. Walsh AJ, Cook RS, Sanders ME, et al. Quantitative optical imaging of primary

tumor organoid metabolism predicts drug response in breast cancer. Cancer Res.

2014;74:5184–5194.

21. Gao H, Korn JM, Ferretti S, et al. High-throughput screening using patient-

derived tumor xenografts to predict clinical trial drug response. Nat Med.

2015;21:1318–1325.

22. Edmondson R, Broglie JJ, Adcock AF, Yang L. Three-dimensional cell culture

systems and their applications in drug discovery and cell-based biosensors. Assay

Drug Dev Technol. 2014;12:207–218.

23. Uhl EW, Warner NJ. Mouse models as predictors of human responses:

evolutionary medicine. Curr Pathobiol Rep. 2015;3:219–223.

24. Calado RT, Dumitriu B. Telomere dynamics in mice and humans. Semin Hematol.

2013;50:165–174.

FIGURE 4. (A) NADH fluorescence lifetime image of organoid derived from HER2-
positive human breast cancer biopsy sample demonstrates intraorganoid heterogeneity
(reprinted from (20)). (B) Population modeling of representative organoid data, where blue
bars are data and red lines are gaussian fits. (C) Population-density models of human-
derived breast cancer organoids treated with control, trastuzumab plus paclitaxel plus
XL147 (H1P1X), and trastuzumab plus paclitaxel plus tamoxifen plus XL147
(H1P1T1X). H1P1X-treated organoids demonstrate responding and nonresponding
populations, whereas H1P1T1X-treated organoids demonstrate greater proportion of
responding cells.

OPTICAL IMAGING OF HUMAN ORGANOIDS • Walsh et al. 1371



25. Biankin AV, Waddell N, Kassahn KS, et al. Pancreatic cancer genomes reveal

aberrations in axon guidance pathway genes. Nature. 2012;491:399–405.

26. Delitto D, Pham K, Vlada AC, et al. Patient-derived xenograft models for

pancreatic adenocarcinoma demonstrate retention of tumor morphology through

incorporation of murine stromal elements. Am J Pathol. 2015;185:1297–1303.

27. Aparicio S, Hidalgo M, Kung AL. Examining the utility of patient-derived

xenograft mouse models. Nat Rev Cancer. 2015;15:311–316.

28. Ellis MJ, Ding L, Shen D, et al. Whole-genome analysis informs breast cancer

response to aromatase inhibition. Nature. 2012;486:353–360.

29. Lee S, Mele M, Vahl P, Christiansen PM, Jensen VE, Boedtkjer E. Na1,HCO32-

cotransport is functionally upregulated during human breast carcinogenesis and

required for the inverted pH gradient across the plasma membrane. Pflugers

Arch. 2015;467:367–377.

30. Kuo WT, Lee TC, Yang HY, et al. LPS receptor subunits have antagonistic roles

in epithelial apoptosis and colonic carcinogenesis. Cell Death Differ. 2015;22:

1590–1604.

31. Oldenburg AL, Yu X, Gilliss T, Alabi O, Taylor RM II, Troester MA. Inverse-

power-law behavior of cellular motility reveals stromal-epithelial cell interactions

in 3D co-culture by OCT fluctuation spectroscopy. Optica. 2015;2:877–885.

32. Chhetri RK, Phillips ZF, Troester MA, Oldenburg AL. Longitudinal study of

mammary epithelial and fibroblast co-cultures using optical coherence

tomography reveals morphological hallmarks of pre-malignancy. PLoS One.

2012;7:e49148.

33. Skala MC, Crow MJ, Wax A, Izatt JA. Three-dimensional molecular imaging with

photothermal optical coherence tomography. Methods Mol Biol. 2013;1026:85–92.

34. Hoover EE, Squier JA. Advances in multiphoton microscopy technology. Nat

Photonics. 2013;7:93–101.

35. Walsh AJ, Cook RS, Manning HC, et al. Optical metabolic imaging identifies

glycolytic levels, subtypes, and early-treatment response in breast cancer. Cancer

Res. 2013;73:6164–6174.

36. Marcu L, French PM, Elson D, eds. Fluorescence Lifetime Spectroscopy and

Imaging. Boca Raton, FL: CRC Press; 2014.

37. Walsh A, Cook RS, Rexer B, Arteaga CL, Skala MC. Optical imaging of

metabolism in HER2 overexpressing breast cancer cells. Biomed Opt Express.

2012;3:75–85.

38. Zhao Y, Butler EB, Tan M. Targeting cellular metabolism to improve cancer

therapeutics. Cell Death Dis. 2013;4:e532.

39. Walsh AJ, Skala MC. Optical metabolic imaging quantifies heterogeneous cell

populations. Biomed Opt Express. 2015;6:559–573.

1372 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 58 • No. 9 • September 2017


