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Current strategies for embryo assessment in the assisted reproductive technology laboratories rely primarily on morphologic param-
eters that have limited accuracy for determining embryo viability. Even with the addition of invasive diagnostic interventions such
as preimplantation genetic testing for aneuploidy alone or in combination with mitochondrial DNA copy number assessment, at least
one third of embryos fail to implant. Therefore, at a time when the clinical benefits of single ET are widely accepted, improving
viability assessment of embryos is ever more important. Building on the previous work demonstrating the importance of metabolic
state in oocytes and embryos, metabolic imaging via fluorescence lifetime imaging microscopy offers new and potentially useful
diagnostic method by detecting natural fluorescence of FAD and NADH, the two electron transporters that play a central role in
oxidative phosphorylation. Recent studies demonstrate that fluorescence lifetime imaging microscopy can detect oocyte and embryo
metabolic function and dysfunction in a multitude of experimental models and provide encouraging evidence for use in scientific
investigation and possibly for clinical application. (Fertil Steril� 2019;111:212–8. �2018 by American Society for Reproductive
Medicine.)
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S oon after the application of IVF
into clinical practice (1), embryo
quality was understood to be

pivotal to treatment outcome (2). As
such, it quickly became a central objec-
tive in assisted reproductive technolo-
gies to identify methods of accurately
assessing embryo quality (3). An asso-
ciation between embryo morphology
and cleavage rate and IVF outcome
has been observed (4), and sophisti-
cated morphological algorithms to
identify embryos that are more likely
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to implant have been developed (5–8).
However, the diagnostic accuracy of
these approaches remained limited.
More recently, time-lapse imaging has
attempted to capture dynamic informa-
tion regarding cleavage rate and
morphology, in the hopes that this
would be a strong predictor of viability;
however, clinical trials have not
demonstrated strong improvements in
success rates (9–11).

In the absence of reliable assess-
mentmethods, clinicians resort to trans-
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ferring multiple embryos to achieve
higher success rates. However, as the
risks associated with multiple pregnan-
cies become increasingly more evident
(12), practitioners have begun to priori-
tize achieving a healthy singleton birth
at term (9, 13), which can be best
accomplished by single ET (14). A
single ET strategy further increases the
importance of precise preimplantation
embryo assessment and selection tools.

Embryo quality is determined by
several factors. Chromosome copy num-
ber in embryonic cells is extremely
important, as aneuploidy is highly asso-
ciated with embryo failure (15–17).
Preimplantation genetic testing for
aneuploidy has demonstrated some
improvement in IVF success (18–20).
However, concerns exist regarding
the consistency of these diagnostic
methods (21) and around the impact
of mosaicism on diagnostic accuracy
(22, 23). In addition, preimplantation
genetic testing for aneuploidy does
not provide information about
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FIGURE 1

The role of mitochondria in cellular metabolism. Glycolysis occurs in
the cytoplasm and converts glucose into two molecules of pyruvate.
During glycolysis, two net molecules of ATP are gained and two
molecules of NADþ are converted to NADH. Pyruvate molecules
produced during glycolysis can be transported into the
mitochondrial matrix and oxidized into AcCoA. A NADH is formed
for each pyruvate molecule converted to AcCoA. In addition, for
each acetyl group that enters the Krebs cycle, three molecules of
NADH, one FADH2, and one GTP are produced. The process of
OXPHOS is mediated by the ETC located in the inner mitochondrial
membrane and involves five protein complexes. ETC oxidizes NADH
to NADþ, FADH2 to FAD, generating three and two ATPs per
molecule, respectively. Therefore, glycolysis (anaerobic) generates
two net ATP molecules per glucose, and in the presence of oxygen
and a functional mitochondrial ETC, a total of 38 ATP molecules
(including the two ATP generated during glycolysis) can be
produced per glucose. In lactate fermentation, the pyruvate
generated during glycolysis undergoes a redox reaction catalyzed
by lactate dehydrogenase, forming lactic acid. In this process, two
NADH molecules are converted (oxidized) to two NADþ. Complex I
(NADH-coenzyme Q oxidoreductase); complex II (succinate-Q
oxidoreductase); complex III (Q-cytochrome c oxidoreductase);
complex IV (cytochrome c oxidase); complex V (ATP synthase).
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metabolic or other nongenetic viability parameters. The
mitochondrial DNA (mtDNA) copy number (24) has been
assessed as a proxy for the state of mitochondria, but results
have not consistently shown a strong signal for predicting
viability (25). Today, at least 35%–40% of euploid embryos
still fail to implant (18). Therefore, the need for additional
approaches that may help improve implantation rates remains.
As there are a number of potential risks associated with
invasive methods, the demand for noninvasive assessment
strategies is especially high (26).

Embryo metabolic integrity is central to viability, and
methods exist for assessing metabolism noninvasively. At-
tempts were made to measure glucose and pyruvate uptake
by analyzing spent embryo media with microfluorometry
(27). Gardner and Leese found that viable embryos had a
significantly higher rate of glucose consumption than nonvi-
able ones (28), again highlighting the importance of meta-
bolism. Additionally, spent embryo culture media amino
acid concentration has been associated with IVF outcome
(29). However, efforts to translate this into a clinical tool
failed due to technical complexities and the need for highly
specialized equipment (13). Similarly, metabolomic assess-
ments performing spectroscopic analysis on spent media
have been attempted with some initial success in proof-of-
concept studies (30, 31); however, subsequent randomized
controlled trials failed to show a benefit (32, 33).

Metabolic imaging via fluorescence lifetime imaging mi-
croscopy (FLIM) is a new, noninvasive approach to measuring
the biochemical status of embryos. It is a fluorescence tech-
nique (34) focusing on NADH and FAD. Because these mole-
cules are naturally fluorescent and integral to cellular
respiration (35), they provide a means of directly probing
cellular mitochondrial metabolic status. This technique has
been previously validated for distinguishing metabolic states
in other biological systems, such as cancer cells (36), cell lines
(37), animal tissues (38), and during germ cell differentiation
in Caenorhabditis elegans and stem cells differentiation (39).
Preliminary animal studies on oocytes and embryos indicate
sensitivity to metabolic differences that are relevant in
fertility. Recently, Sanchez et al. (40) showed that FLIM mea-
surements were able to sensitively distinguish between meta-
bolic states that are known to be different: [1] old versus
young mice (40) and [2] oocytes from wildtype and knockout
mice for the gene, Clpp, a mutation affecting metabolic func-
tion and fertility (41, 42).
THE ROLE OF MITOCHONDRIA IN CELLULAR
METABOLISM
Glycolysis (Fig. 1) is the metabolic pathway that converts
glucose (a 6-carbon molecule [6C]) into two molecules of py-
ruvate (3-carbon molecule; [3C]). Glycolysis takes place in the
cytoplasm and does not require oxygen. The free energy
released in this process is used to gain two net molecules of
ATP and to convert two molecules of NADþ to NADH.

Pyruvate molecules produced during glycolysis can be
transported into the mitochondrial matrix and oxidized into
acetyl CoA (AcCoA), leading to the formation of NADH (one
for each pyruvate molecule converted to AcCoA) and facili-
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tating the start of the Krebs cycle for additional energy pro-
duction. For each acetyl group that enters the Krebs cycle,
three additional molecules of NADH, one FADH2, and one
GTP are produced. The NADH and FADH2 molecules can
then be used to create additional ATP through oxidative phos-
phorylation (OXPHOS) (43).

The process of OXPHOS is mediated by the electron
transport chain (ETC) located in the inner mitochondrial
membrane and involves five protein complexes (Fig. 1).
NADH and FADH2, are oxidized by complex I (NADH-coen-
zyme Q oxidoreductase) and complex II (succinate-Q
213
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oxidoreductase) of the ETC, respectively. The added electrons
at complexes I and II are then relayed along the ETC and help
generate a proton gradient between the mitochondrial inter-
membranous space (higher) and the mitochondrial matrix
(lower). Finally, the movement of protons through the ATP
synthase (complex V), along the proton gradient (from the
mitochondrial intermembranous space to the mitochondrial
matrix), results in the generation of ATP. Overall, the ETC ox-
idizes NADH to NADþ, and FADH2 to FAD, generating three
and two ATPs per molecule, respectively (44). While glycol-
ysis generates only a net total of two ATP molecules per
glucose molecule, the Krebs cycle and ETC result in the syn-
thesis of an additional 36 ATPs for each glucose metabolized
(Fig. 1).

NADþ and FAD play a vital role in energy metabolism
in eukaryotic cells by accepting hydride equivalents to form
reduced NADH and FADH2. These furnish reducing equiva-
lents to the mitochondrial ETC to fuel OXPHOS. NADH is a
product of both the glycolysis (in the cytoplasm) and the
Krebs cycle (in the mitochondrial matrix), while FADH2 is
only produced in the Krebs cycle (Fig. 1). Since the mito-
chondrial membrane is not permeable to NADþ (45), the
reduced form of NADH generated in the cytoplasm can
be transported into the mitochondrial matrix via either
the malate-aspartate shuttle or the glycerol-3-phosphate
shuttle of the inner mitochondrial membrane (46). Impor-
tantly, even in the presence of an excess of glucose, inad-
equate NADþ could block glycolysis and NADH production,
leading to cell death (47, 48).

When insufficient oxygen is available to support OX-
PHOS, pyruvate generated from glycolysis can be converted
into lactate by lactate dehydrogenase through a process called
lactate fermentation (Fig. 1). Fermentation allows the recy-
cling of NADH back into NADþ so that glycolysis can
continue. This process does not require oxygen and occurs
in muscle when the need for energy surpasses what OXPHOS
can produce.
FLIM MICROSCOPY
NADH and FAD are fluorescent molecules, which means
that shining light on them of one wavelength can cause
them to transition to an excited state and emit light of
another wavelength as they relax back to their ground state
(34). Fluorescence microscopy takes advantage of this prop-
erty to specifically visualize fluorescent molecules by selec-
tively controlling the wavelength of the exciting light and
using optical filters to only view light emitted by the mole-
cule of interest (Fig. 2A). NADH and FAD have absorption
and emission spectra that are highly distinct from each
other (Fig. 2B), and from other cellular components (49),
making it possible to study the behavior of these two mol-
ecules in vivo. Since the pioneering work of Chance and
collaborators nearly 60 years ago (50), fluorescence micro-
scopy of NADH and FAD has been widely used to charac-
terize the metabolic state of mitochondria, cells, and
tissues (38, 51–53).

Fluorescence microscopy of NADH and FAD provides
morphological information, including allowing the visualiza-
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tion of mitochondria, in which both molecules are highly en-
riched. The measured fluorescence intensity also reflects the
activity of the pathways that these molecules are engaged
in because the brightness of the fluorescence signal from
these molecules is proportional to their concentration. While
such intensity measurements are highly informative, they
suffer from two major limitations: [1] the concentration of
NADH and FAD reflects the relative balance of biochemical
pathways, so very different physiological states can give
rise to similar measured values; [2] the observed intensity de-
pends on the details of the experimental setup in ways that are
difficult to calibrate, making quantitative measurements
highly challenging.

Additional metabolic information can be extracted
by using FLIM to measure the distribution of times NADH
and FAD spend in their excited states (54, 55), which
strongly depends on the microenvironment of the
fluorophores: most importantly, engagement with
enzymes leads to a drastic shift in the time NADH and
FAD spend in their excited state (35, 56). Thus, FLIM
enables measurements reflecting the concentration of
NADH and FAD (from intensity) and the extent to which
those molecules are engaged with enzymes (from the time
they spend in the excited state). There are a variety of
different methods for performing FLIM measurements (54).
Of these, time-correlated single photon counting (TCSPC)
has a number of advantages in terms of photon economy,
signal-to-noise, and error analysis, making it well suited
for robust, quantitative measurements (57). TCSPC-FLIM
uses a laser that generates a high frequency of very short
pulses for excitation (Fig. 2C). The power of the laser is
kept low enough such that only about one in 100 laser pulses
results in the fluorescence molecule producing a photon that
can be detected. A sensitive detector enables these individ-
ual photons to be counted, and, for each photon, fast elec-
tronics allow the precise arrival time of the photon to be
determined (Fig. 2D). The arrival times are combined to
form a histogram, which represents how long the fluoro-
phores remain in the excited state (Fig. 2E).

Simple fluorophores, such as fluorescein, exhibit an
exponential distribution of times in the excited state. In
contrast, the histogram of times in the excited state for
NADH and FAD are double exponentials, one corresponding
to the population of molecules engaged with enzymes and
the other corresponding to the population of molecules not
engaged with enzymes. By fitting the histogram of photon
arrival times to a double exponential, it is possible to measure
the fraction of NADH and FAD molecules engaged with en-
zymes (Fig. 2E). The value of the characteristic lifetime asso-
ciated with these two states depends on the detailed local
environment of NADH and FAD, and FLIM provides informa-
tion on that as well. FLIM is a microscopy-based technique,
producing histograms of times in the excited state for
each pixel in an image. Thus, FLIM of NADH and FAD can
provide metabolic information with subcellular resolution,
limited only by the signal-to-noise of the measurement. In
addition, FLIM measurements are relatively robust and are
not prone to the experimental artifacts that plague intensity
measurements.
VOL. 111 NO. 2 / FEBRUARY 2019



FIGURE 2

Schematic illustrations of FLIM-based metabolic imaging. (A) Basic components of fluorescence microscopy. Fluorophores are illuminated with
excitation light of one wavelength, and fluorescence of a different wavelength is isolated using a combination of a dichroic mirror and emission
filter. (B) Two-photon excitation spectra and emission spectra of NADH and FAD. Heikal A. Intracellular coenzymes as natural biomarkers for
metabolic activities and mitochondrial anomalies. Biomark Med [Internet] 2010;4:241-263. Fluorescence of each molecule can be isolated
using appropriate combinations of excitation wavelengths and emission filters. (C) TCSPC FLIM requires pulsed illumination, where each pulse
may excite a single fluorophore. Soon after (picoseconds to nanoseconds), the molecule's emitted fluorescence photon is detected by a single
photon counting detector, and fast electronics register its precise arrival time. (D) FLIM delivers pulses at 80 MHz, quickly exciting many
fluorophores and recording arrival times. These arrival times are collected into arrival time histograms (at each point in space). (E) Histograms
reflect the microenvironment of the fluorophores, and information can be extracted by fitting the fluorescence decays with models, such as the
displayed biexponential decay function, which represents the decays of engaged and unengaged molecules. A is a normalization factor,
B represents experimental background, t1 is the short lifetime, t2 is the long lifetime, and F is the fraction of molecule engaged with enzymes.
Sanchez. FLIM for egg and embryo assessment. Fertil Steril 2018.
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APPLICATION OF FLIM TO THE ASSESSMENT
OF OOCYTE AND EMBRYO
Since the metabolism of embryos and oocytes is central to
their viability, and since FLIM provides a means of noninva-
sively and quantitatively measuring metabolism, FLIM is a
promising technique for assessing oocyte and embryo
viability. We have recently carried out a number of studies
on mouse oocytes and embryos to evaluate the safety and po-
tential utility of FLIM within this context (40).

FLIM of NADH and FAD of embryos and oocytes allows
their structure to be visualized (Fig. 3A). As NADH is highly
concentrated in the mitochondria (58), and FAD is almost
entirely localized within the mitochondria (59), both intensity
images reflect the distribution of mitochondria. Since aberra-
tions in mitochondrial localization have been associated with
mitochondrial dysfunction (60), these images alonemay be use-
ful for screening metabolically challenged oocytes and em-
VOL. 111 NO. 2 / FEBRUARY 2019
bryos. High-resolution images from FLIM of NADH and FAD
can be automatically segmented using image processing (61)
and feature recognition algorithms (62), allowingmitochondrial
and cytoplasmic regions to be separately integrated (Fig. 3B).

Combining photon arrival times from all pixels in each re-
gion into a single histogram leads to high signal-to-noise
measurements, which can be fit by a double exponential
model (Fig. 3C). Each of these fits provides four metabolic pa-
rameters: fraction engaged (F), short lifetime (t1), long lifetime
(t2), and average intensity (I). With four parameters each from
mitochondrial NADH, cytosolic NADH, and mitochondrial
FAD (there is no appreciable cytosolic FAD), a singlemetabolic
acquisition yields up to 12 parameters for measuring embryo
or oocyte metabolic state (Fig. 3D shows eight metabolic pa-
rameters extracted from the NADH measurement). These pa-
rameters are highly sensitive to differences and deficiencies
in the metabolic state of oocytes and embryos.
215



FIGURE 3

FLIM provides quantitative, multiparametric measures of embryo metabolic state. (A) An NADH FLIM intensity image reflects the mitochondrial
spatial distribution of a mouse blastocyst, as NADH is highly concentrated in the mitochondria. Scale bar ¼ 25 mm. (B) Image processing and
machine learning allow for automated recognition of mitochondrial and cytoplasmic regions. (C) For each of these two segments, all photon
arrival times can be binned into a single histogram and fit to a biexponential decay. (D) Fits return quantitative fit parameters, reflecting embryo
metabolic state.
Sanchez. FLIM for egg and embryo assessment. Fertil Steril 2018.

VIEWS AND REVIEWS
In a recent proof-of-concept study, mouse oocytes with
significant metabolic dysfunction due to a mutation in a
mitochondrial stress response gene exhibited highly signifi-
cantly different FLIM parameter values compared with
wild-type (normal) oocytes (40). Within the same experi-
mental system, mtDNA copy number was only marginally
different between the groups. FLIM was also used to compare
oocytes from old (1-year-old) versus young mice as a model
for mild metabolic dysfunction and showed highly significant
differences; mtDNA copy number was not significantly
different between the groups (40). Furthermore, FLIM meta-
bolic parameters change over the course of preimplantation
embryo development, as the embryo's metabolism reconfig-
ures. Parameters also undergo a large shift in response to
mitochondria poisons and changing culture media and oxy-
216
gen tension (unpublished). Taken together, these results
show that FLIM of NADH and FAD can detect biologically
relevant differences in the metabolism of oocytes and
embryos.

Metabolic imaging with FLIM serves as a powerful
research tool for elucidating fundamental aspects of embryo
and oocyte metabolism. Studies aimed at determining how
oocytes and preimplantation embryos respond to environ-
mental cues such as changes in nutrient and gas content in
the culture environment would largely benefit from this sen-
sitive assay. We can also be cautiously optimistic for a poten-
tial application in clinical IVF, despite the failure of previous
attempts at exploiting metabolic and metabolomics parame-
ters as an embryo viability test. One advantage of FLIM is
that the metabolic assessment is done directly in the cell,
VOL. 111 NO. 2 / FEBRUARY 2019
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without being affected by the dilution and variation associ-
ated with spent culture media analyses. Nevertheless, clinical
application will require a number of challenging steps,
including development of sophisticated algorithms for
viability prediction, nonselection studies to determine the
diagnostic accuracy of the technique, and randomized clinical
trials to demonstrate benefit.
CONCLUSIONS
Metabolism is a key determinant of cell survival, and meta-
bolic parameters could be exploited to improve our under-
standing of oocyte and embryo viability. Within this
context, metabolic imaging via FLIM offers new and poten-
tially useful diagnostic potential by detecting natural fluores-
cence of FAD and NADH, the two electron transporters that
play a central role in OXPHOS. FLIM has been used for meta-
bolic imaging of a variety of systems and most recently has
been shown to effectively assess oocyte metabolic state in
mouse models of severe and mild metabolic dysfunction. It
is likely that FLIM technology will be very useful for experi-
mental studies aimed at improving our understanding of
oocyte and embryo metabolism. In addition, FLIM could
potentially be implemented as a noninvasive embryo viability
test in assisted reproduction, pending appropriate studies.
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