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Metabolic imaging of human cumulus
cells reveals associations among
metabolic profiles of cumulus cells,
patient clinical factors, and
oocyte maturity
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Objective: To determine whether fluorescence lifetime imaging microscopy (FLIM) detects differences in metabolic state among
cumulus cell samples and whether their metabolic state is associated with patient age, body mass index (BMI), and antim€ullerian hor-
mone (AMH) level and maturity of the oocyte.
Design: Prospective observational study.
Setting: Academic laboratory.
Patient(s): Cumulus cell (CC) clusters from cumulus-oocyte complexes were collected from patients undergoing assisted reproductive
technology treatment after oocyte retrieval and vitrified.
Intervention(s): Cumulus cell metabolism was assessed using FLIM to measure autofluorescence of nicotinamide adenine (phosphate)
dinucleotide and flavine adenine dinucleotide, endogenous coenzymes essential for cellular respiration and glycolysis. Patient age,
BMI, and AMH level and the maturity of the corresponding oocytes were recorded.
Main OutcomeMeasure(s): Quantitative information from FLIMwas obtained regarding metabolite concentrations from fluorescence
intensity and metabolite enzyme engagement from fluorescence lifetimes. Associations were investigated between each FLIM param-
eter and oocyte maturity and patient age, BMI, and AMH. Variance between CC clusters within and between patients was determined.
Result(s): Of 619 CC clusters from 193 patients, 90 were associated with immature oocytes and 505 with metaphase II oocytes. FLIM
enabled quantitative measurements of the metabolic state of CC clusters. These parameters were significantly correlated with patient age
and AMH independently, but not with BMI. Cumulus cell nicotinamide adenine (phosphate) dinucleotide FLIM parameters and redox
ratio were significantly associated with maturity of the enclosed oocyte.
Conclusion(s): FLIM detects variations in the metabolic state of CCs, showing a greater variance among clusters from each patient than
between patients. Fluorescence lifetime imaging microscopy can detect CC metabolic associations with patient age and AMH and var-
iations between mature and immature oocytes, suggesting the potential utility of this technique to help identify superior oocytes. (Fertil
Steril� 2021;-:-–-. �2021 by American Society for Reproductive Medicine.)
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E xtensive evidence supports the role of bidirectional cross-
talk between the oocyte and its surrounding cumulus
mass for successful oocyte development (1, 2). Oocyte

growth is dependent on metabolic cooperation between the
oocyte and its cumulus cells (CCs), which is facilitated by the ex-
change of molecules through gap junctions and paracrine sig-
nals (3, 4). This interaction is bidirectional: CCs provide
growth factors, lipids, and metabolites for oocyte maturation
and development (5–7), and oocyte-secreted factors enable dif-
ferentiation and mucification of CCs (8, 9).

Oocyte developmental potential depends on oocyte qual-
ity (7), which in turn, is reflected in nuclear and cytoplasmic
maturity, both of which are essential for successful fertiliza-
tion and embryo development (10). In addition, CCs help
maintain the oocyte in meiotic arrest at prophase I (1). This
communication is essential for the resumption of meiosis in
response to the luteinizing hormone surge (11). Conversely,
meiotic status can influence the metabolism not only of the
oocyte, but also of the surrounding cumulus mass. Pyruvate
consumption by cumulus-oocyte complexes (COCs) has
been positively associated with oocyte nuclear maturation
(8, 12). Moreover, mitochondrial dysfunction and mitochon-
drial DNA (mtDNA) copy number of CCs might be directly
related to oocyte maturity (13–15).

Because of the intimate interactions between the oocyte
and its surrounding CC mass, measurements of the metabolic
state of CCs are a promising means to determine the develop-
mental competence of the associated oocyte (16–19). Because
cumulus masses are routinely removed for intracytoplasmic
sperm injection and are frequently trimmed before
conventional insemination, these otherwise discarded cells
have the potential for use in a noninvasive assay of oocyte
developmental competence (20–25). However, reliable
biomarkers in CCs have yet to be identified (23).

A number of recent studies have focused on measure-
ments of mtDNA in CCs, the results of which have been incon-
clusive (17, 18, 26). Some studies found that mtDNA copy
number does not seem to be associated with oocyte maturity
or fertilization (18), whereas other studies observed a correla-
tion with oocyte fate (14, 15). Other studies have used mito-
chondrial dyes (13, 27) to study mitochondrial activity in
CCs. Establishing quantitative tools to measure the metabolic
state of single cumulus complexes could be helpful for devel-
oping an improved understanding of the metabolic relation-
ship between CCs and the enclosed oocyte and might enable
noninvasive approaches to evaluate oocyte maturity and
overall quality.

Nicotinamide adenine dinucleotide (NADH), nicotin-
amide adenine phosphate dinucleotide (NADPH), and flavine
adenine dinucleotide (FADþ) are central metabolic coen-
zymes that are naturally fluorescent (28). These molecules
are electron carriers that have essential roles in metabolic
pathways, such as the electron transport chain and glycolysis,
and therefore they are ideal biomarkers of cellular metabolic
state (29, 30). The fluorescence spectra of NADH and NADPH
are almost indistinguishable (31), and therefore the combined
fluorescence of NADH and NADPH is often referred to as the
NAD(P)H signal. Fluorescence lifetime imaging microscopy
(FLIM) of NAD(P)H and FADþ provides a means to measure
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the fluorescence intensity and fluorescence lifetime of these
molecules. The fluorescence intensity is related to the concen-
trations of the coenzymes, whereas the fluorescence lifetime
depends on the local environment of the coenzyme, varying
drastically according to whether it is bound to an enzyme
or free (32).

In the present study, we used metabolic imaging by FLIM
to measure the metabolic state of CCs in vitro. We evaluated
the sensitivity of this noninvasive metabolic imaging to
investigate the associations among clinically relevant pa-
tient factors, such as maternal age, body mass index (BMI),
and antim€ullerian hormone (AMH) level, and the metabolic
state of the cumulus masses. Finally, we explored the extent
to which quantitative measures of the metabolic state of CC
clusters are associated with the maturity of the oocyte they
enclose.
MATERIALS AND METHODS
Study Design

CC clusters were donated for research under consent by pa-
tients undergoing assisted reproductive technology treatment
after institutional review board approval of the study protocol
by Partners Healthcare institutional review board (Partners
institutional review board no. 2014P000874).

After collection, vitrification, and subsequent thawing,
the metabolic state of each CC cluster was assessed using
metabolic imaging by FLIM. Patient age, BMI, and AMH level
within 6 months after treatment, follicle-stimulating hor-
mone and luteinizing hormone levels, the number of oocytes
retrieved, and the percentage of mature oocytes (number of
mature oocytes/total number of oocytes retrieved) were re-
corded. The meiotic status of each oocyte was retrospectively
tied to its corresponding CC cluster.
Sample Preparation

Cumulus-oocyte complexes were retrieved with the use of
standard clinical protocols after ovarian stimulation and
ovulatory trigger, isolated, set up in individual drops of 25
mL of culture medium (Global Total, Life Global Group,
Cooper Surgical, Guilford, Connecticut) overlaid with oil
(Vitrolife Ovoil, G€oteborg, Sweden), and incubated for 1 to
4 hours. The CC masses of each oocyte were trimmed, and
the trimmed CCs were rinsed and vitrified following the Ir-
vine vitrification protocol (90133-SO-Vit Kit-Freeze, FUJI-
FILM Irvine Scientific, USA). Each CC mass was then
thawed, following the Irvine thawing protocol (90137-SO-
Vit Kit-Thaw, FUJIFILM Irvine Scientific), and their hyalur-
onan matrix was disaggregated after exposure to hyaluron-
idase (80 IU/mL of hyaluronidase, FUJIFILM Irvine
Scientific). The disaggregated CCs were centrifuged, and
the pellet, which consisted of a cluster of CCs, was collected.
The clusters were then placed in 5-mL droplets of culture me-
dium covered with oil in a glass-bottomed dish (MatTek
P35G-0.170-14-C) designed for imaging. The CC clusters
were imaged in an on-stage incubation system (Ibidi, Mar-
tinsried, Germany) to maintain culture environmental con-
ditions of 37oC and 5% CO2, 5% O2, balanced with N2.
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Staining Protocols

For TMRM (tetramethylrhodamine, methyl ester) experi-
ments, the CC clusters were incubated with 5 nM of TMRM
(Thermo Fisher, USA) for 10 minutes. For DNA staining ex-
periments, the CCs were stained with 1:400 of Syto 9 (Thermo
Fisher) for 60 minutes. The samples were then washed three
times through culture media (Global Total) and transferred
to a glass-bottomed dish for imaging.
Metabolic Imaging by FLIM

FLIM measurements were performed with a Nikon Eclipse Ti
microscope using two-photon excitation from a Ti:Sapphire
pulsed laser (Mai-Tai, Spectral-Physics) with an 80-MHz
repetition rate and 70-fs pulse width, a Galvano scanner
(DCS-120, Becker and Hickl, Germany), a TCSPC module
(SPC-150, Becker and Hickl), and a hybrid single-photon
counting detector (HPM-100-40, Becker and Hickl). The
wavelength of excitation was set to 750 nm for NAD(P)H
and 890 nm for FADþ, with powers measured at the objective
of 3 mW for NAD(P)H and 16.8 mW for FADþ. Optical band-
pass filters were positioned in a filter wheel in front of the de-
tector at 460/50 nm for NAD(P)H and 550/88 nm for FADþ,
and a 650-nm short pass filter (Chroma Technologies) was
mounted on the detector. Imaging was performed with a
�40 Nikon objective with 1.25 numerical aperture (CFI Apo
40 � WI, numerical aperture 1.25, Nikon). Each NAD(P)H
and FADþ FLIM image was acquired within 60 seconds of
integration time. Objective piezo stage (P-725, Physik Instru-
ments) and motorized stage (ProScan II, Prior Scientific) were
used to perform multidimensional acquisition. Ten images
were acquired per cumulus cluster varying the x, y, and z
axis. All the electronics were controlled by SPCM software
(Becker and Hickl) and custom LabVIEW software.
Data Analysis

The data were analyzed by customized MATLAB (version
R2019b, MathWorks) code. NAD(P)H and FADþ FLIM inten-
sity images were subjected to an intensity-based threshold to
classify pixels as being in cells or background. For each cell
segment, the photon arrival time histogram was modeled as
a biexponential decay:

PðtÞ¼A
�ð1� FÞ � e�t=t1 þ F � e�t=t2

�þ B (1)

where A is a normalization factor, B is the background,t1 is
the short lifetime,t2 is the long lifetime, and F is the fraction
of the molecule with a long lifetime (the fraction engaged for
NAD(P)H and unengaged with enzymes for FADþ). This func-
tion was convolved with a measured instrument response
function, and a least-square fit was used to determine the pa-
rameters. The fluorescence intensity was calculated for each
CC cluster as the number of photons divided by the area of
the cluster. Thus, a single FLIM measurement produced nine
parameters, four for NAD(P)H, four for FADþ, and one redox
ratio (NAD(P)H fluorescence intensity/FADþ fluorescence in-
tensity) to characterize the metabolic state of the CC clusters.
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Statistical Analysis

All statistical tests were performed with Stata Statistical Soft-
ware (version 16.0, LLC Stata Corp, Texas) and R Studio
(Version 1.3.959, R Foundation for Statistical Computing,
Vienna, Austria). Our data were structured hierarchically,
with 1 to 10 images for each cluster (i) and one to four clusters
(j) per patient (k). We thus usedmultilevel models, on the stan-
dardized FLIM parameters (x�meanðxÞ

sd ), to analyze these struc-
tured data. Data points that lay 40% above or below the
mean were considered outliers and removed from the anal-
ysis. We incorporated additional predictors (age, BMI, AMH
level, and oocyte maturity) for certain analyses, resulting in
the multilevel model

FLIMparamijk ¼b0 þ b1 � Patient Factor þ c0;k þ b0;jk þ eijk

where b0 corresponds to the intercept; b1 is the slope; Patient
Factor is age, BMI, AMH level, or oocyte maturity (if consid-
ered); c0;k is the patient-level random error; b0;jk is the cluster-
level random error; and eijk is the image-level random error
(33). This modeling encodes information on the variance
associated with each level: patient, CC clusters within pa-
tients, and images within CC cluster. To correct for multiple
comparisons, we used the Benjamini-Hochberg false discov-
ery rate (FDR) at a q value of .05. FDR P values < .05 were
considered to indicate statistical significance.
RESULTS
NAD(P)H Autofluorescence of CCs Predominantly
Originates from the Mitochondria

We first sought to explore the subcellular localization of
NAD(P)H and FADþ autofluorescence. After the dissociated
CCs were centrifuged from a cluster, the resulting pellet was
moved to an on-stage incubation system and imaged for
NAD(P)H and FADþ autofluorescence (Fig. 1A and B, respec-
tively) with FLIM. Each acquired image was 220 � 220 mm,
containing tens to hundreds of CCs (Fig. 1A and B, left panels),
but represented only a small region of an entire CC pellet. To
quantitatively analyze the CC metabolic state in the imaged
region, we used an intensity-based threshold to create masks
(Fig. 1A and B, right panels). We grouped all photons from
each of the masked regions to create histograms of the fluo-
rescence decay of NAD(P)H (Fig. 1C, upper, blue) and FADþ
(Fig. 1C, lower, green). We then fit these histograms using
two-exponential decay models (equation 1) (Fig. 1C, black
lines), thereby obtaining a total of six parameters: short and
long lifetimes and the fraction of engaged molecules, for
both NAD(P)H and FADþ. In addition, we computed
NAD(P)H intensity, FADþ intensity, and redox ratio,
providing a total of nine quantitative metabolic parameters
for each cluster.

Whereas FADþ is highly enriched in the mitochondria
(29), NADH and NADPH participate in different pathways in
the mitochondria, the nucleus, and the cytoplasm (31, 32,
34). To better understand the source of the NAD(P)H signal
in CCs, we compared NAD(P)H images with images using
dyes for either mitochondria or DNA. We first stained a
cumulus mass with TMRM, a dye known to localize to active
3



FIGURE 1

FLIM imaging of CCs. FLIM imaging of the autofluorescence of NAD(P)H (A) of a CCmass and FADþ (B). An intensity-based thresholding algorithm
was used to create masks of CCs to integrate the fluorescence signal of NAD(P)H or FADþ (right panels). All photon arrival times from that mask
were combined to create a fluorescence decay curve for each fluorophore (NAD(P)H in blue,C top and FADþ in green,C bottom). These curveswere
fit to two-exponential models (C, black curves). This approach provides nine quantitative parameters for characterizing the metabolic state of CCs:
fluorescence intensity, long and short lifetime, and the fraction engaged to enzyme for molecules NAD(P)H and FADþ and the redox ratio. (D)
NAD(P)H autofluorescence (left) image showing colocalization with mitochondria dye TMRM image (in red, overlay in purple). (E) Overlay image
of NAD(P)H autofluorescence in gray and DNA dye Syto in cyan. Bar ¼ 40 mm. CC ¼ cumulus cell; FADþ ¼ flavine adenine dinucleotide;
FLIM ¼ fluorescence lifetime imaging microscopy; NAD(P)H ¼ nicotinamide adenine (phosphate) dinucleotide; TMRM ¼ tetramethylrhodamine
methyl ester.
Venturas. Metabolic imaging of human cumulus cells. Fertil Steril 2021.
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mitochondria (Fig. 1C). We segmented the mitochondria from
the TMRM images using machine-learning-based segmenta-
tion software (Illastik, version 1.0) (35), and by comparing
the overlap of the segmented TMRM and NAD(P)H images,
we determined that 73% � 5% of NAD(P)H photons came
from the mitochondria. We next stained the cumulus mass
with Syto 9, a DNA dye (Fig. 1E), and by comparing the over-
lap with the NAD(P)H signal, we found that 16% � 1% of the
NAD(P)H photons came from the nucleus. Hence, the remain-
4

ing photons came from the cytoplasm. Thus, although the
acquired NAD(P)H signal had contributions from all compart-
ments, the majority of the signal came from the mitochondria.
CC Processing for FLIM Analysis

We next explored the extent to which variations in sample
preparation procedures impacted the results of FLIMmeasure-
ments of CC clusters. Cumulus cells that were imaged fresh
VOL. - NO. - / - 2021
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gave FLIM parameters that were indistinguishable from those
of CCs that were first vitrified and then thawed (Supplemental
Fig. 1, available online). Because vitrified samples are more
convenient to work with than fresh samples, we opted to
vitrify CCs in subsequent experiments. We next tested the
impact of hyaluronidase on the FLIM parameters of CCs.
The fraction engaged and lifetimes of CCs that were not
exposed to hyaluronidase, and thus maintained their hyalur-
onan matrix, were indistinguishable from those of CCs that
were dispersed with hyaluronidase (Supplemental Fig. 2).
However, CCs not exposed to hyaluronidase did give signifi-
cantly different intensities and redox ratios, which were likely
caused by difficulties in successfully segmenting these far less
dense cells. Therefore, we used vitrified CCs exposed to hyal-
uronidase in subsequent experiments.

We then explored how the location of the CCs within a
cumulus cluster impacted the results of FLIM measurements.
Fluorescence lifetime imaging microscopy parameters of CCs
that were trimmed from closer to the oocyte did not show sig-
nificant differences from those of CCs that were trimmed
further from the oocyte (Supplemental Fig. 3). Because dam-
age to the oocyte is less likely the further the CCs are trimmed
from the oocyte, we trimmed the CCs further from the oocyte
in all subsequent sample collections. Taken together, these
experiments led us to use CCs trimmed further from the oo-
cytes, which were vitrified and then exposed to hyaluronidase
before imaging.
The Metabolic Variance Between CC Clusters
Exceeds the Variance Between Patients and
Between Images

A total of 619 CC samples were collected from 193 patients, 90
of which were associated with immature oocytes, 58 at the
germinal vesicle stage and 32 at metaphase I; 505 were asso-
ciated with mature oocytes, and 24 were associated with
either degenerated or abnormal oocytes. We acquired from
8 to 10 nonoverlapping FLIM images at different locations
throughout each CC pellet (Fig. 2A). We used a multilevel
model (33, 36) to analyze these hierarchically organized
data and decomposed the variance in the FLIM parameters
into three levels: variance associated with differences be-
tween patients, variance associated with differences between
CC clusters from the same patient, and variance associated
with differences between individual images from the same
CC cluster. For all FLIM parameters, the variance associated
with differences between CC clusters from one patient was
substantially larger than the variance associated with differ-
ences between individual images and the variance associated
with differences between patients (Fig. 2B). The large variance
in FLIM parameters associated with CC clusters indicates that
different clusters from the same patient have significantly
different metabolic states. The small variance in FLIM param-
eters associated with differences between individual images
suggests a relative homogeneity of metabolic state within a
CC cluster and demonstrates the high robustness and repro-
ducibility of these measurements. Although it is small, the
variance in FLIM parameters associated with differences
VOL. - NO. - / - 2021
between patients indicates that patient-specific factors
impact the metabolism of their CCs.
CC Metabolic Parameters Are Associated with
Maternal Clinical Factors

We next explored the extent to which maternal age, AMH
level, and BMI independently account for the variance in
FLIM parameters associated with differences between pa-
tients. These factors varied greatly across the 193 patients
we studied. Maternal age ranged from 23.5 to 45 years, with
a mean of 36.7 years; 58.0% of the patients were less or equal
than 38 years old and 42.0% were more than 38 years old.
AMH level ranged from 0.1 to 12 ng/mL, with a mean of
2.9 ng/mL. BMI ranged from 17.8 to 49.5 kg/m2, with a
mean of 26.7 kg/m2; 49.8% of the patients had a BMI lower
or equal than 24.9 kg/m2, 38.8% had a BMI between 25 and
29.9 kg/m2, and 11.4% had a BMI greater or equal than 30
kg/m2. Plotting FLIM parameters vs. maternal age and AMH
level revealed apparent associations (Fig. 3A and B, respec-
tively). Incorporating these patient factors into the multilevel
model allowed us to determine that maternal age was signif-
icantly correlated with NAD(P)H irradiance, fraction engaged,
and long lifetime and with FADþ fraction engaged and short
lifetime, whereas AMH level was significantly correlated with
NAD(P)H irradiance, fraction engaged, and both short and
long lifetime and with FADþ irradiance and short lifetime
(Fig. 3D). The correlations with maternal age remained after
controlling for AMH level, and the correlations with AMH
level remained after controlling for maternal age. In contrast,
we found no significant correlations between any FLIM pa-
rameters and maternal BMI (Fig. 3C and D) or when the BMI
was stratified by the three groups. However, the percentage
of the variance in CC FLIM measurements between patients
was not entirely explained by maternal age and AMH level,
suggesting that other patient-specific factors impact the
metabolic state of their CC clusters (Fig. 3D). In consistency
with this, we also found that the levels of both follicle-
stimulating hormone and luteinizing hormone administered
were significantly correlated with FLIM parameters (FDR
P< .05). However, these associations were dependent on
both maternal age and AMH level, suggesting that the
amount of gonadotropin administered might not directly
cause changes in FLIM parameters. Further studies will be
necessary to disentangle the interactions between patient-
specific factors that impact CC FLIM parameters.
CC FLIM Parameters Are Associated with the
Maturity of the Enclosed Oocyte

We next sought to determine if the metabolic state of CC clus-
ters was correlated with the maturity of the oocyte with which
they were associated. The percentage of mature oocytes (of to-
tal oocytes retrieved) from a patient was not associated with
maternal age (P¼ .20), BMI (P¼1.0), AMH level (P¼ .74), or
the total number of oocytes retrieved from that patient
(P¼ .69) (Fig. 3A and B). Comparison of CC FLIM parameters
from mature oocytes with those from immature oocytes re-
vealed several interesting contrasts: NAD(P)H irradiance
5



FIGURE 2

Metabolic variance between patients, between CCs, and between images. (A) Diagram of the experimental design of this study. From one to four
COCs were collected per patient. Cumulus cell masses were trimmed from the COCs and imaged using metabolic imaging. The fate of the
corresponding oocyte was monitored. From 8 to 10 FLIM metabolic images at different locations throughout the cluster were taken for each
cumulus cluster. A multilevel model was applied to analyze these structured data. (B) The multilevel model encodes information on the variance
of each FLIM parameter between patients, between CC clusters from the same patient, and between images from the same CC cluster.
Numbers in the table correspond to the variance of each FLIM parameter associated with each level: patients, CC clusters, and images. CC ¼
cumulus cluster; COC ¼ cumulus-oocyte complex; FADþ ¼ flavine adenine dinucleotide; FLIM ¼ fluorescence lifetime imaging microscopy;
NAD(P)H ¼ nicotinamide adenine (phosphate) dinucleotide.
Venturas. Metabolic imaging of human cumulus cells. Fertil Steril 2021.
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(FDR P¼ .02), fraction engaged (FDR P<1 � 10-5), long life-
time (FDR P<1 � 10-5), and redox ratio (FDR P¼ .02) signif-
icantly differed between mature and immature oocytes
(Fig. 4C–E). These significant differences remained after con-
trolling for maternal age and AMH level. Plotting these three
FLIM parameters for each CC cluster on a three-dimensional
graph revealed that whereas the distributions significantly
differed between CCs from mature and immature oocytes,
there was also substantial overlap between these two
6

populations (Fig. 4E, blue, immature; yellow, mature; gray,
support vector machine-generated hyperplane that best sepa-
rates the two populations).
DISCUSSION
Metabolic interconnections between CCs and oocytes are
essential for cumulus mass expansion and maturation and
development of oocytes (25). Mitochondrial dysfunction in
VOL. - NO. - / - 2021



FIGURE 3

Cumulus cell FLIM metabolic parameters are associated with patient clinically relevant factors. The normalized NAD(P)H fraction engaged is
significantly associated with maternal age (A), the FADþ short lifetime is significantly associated with maternal AMH level (B), and the redox
ratio is not significantly associated with maternal BMI (C). Each dot corresponds to the mean for each patient. (D) A multilevel model was used
to determine the significance (i.e., P value) and the extent of correlation (i.e., b1-coefficient) of CC FLIM parameters with maternal age, BMI,
and AMH level. Numbers in red are statistically significant after correcting for multiple comparisons using the Benjamini-Hochberg FDR P value
<.05. The last row shows the percentage of the CC FLIM parameters variance between patients that is explained by both age and AMH level.
AMH ¼ antim€ullerian hormone; BMI ¼ body mass index; CC ¼ cumulus cluster; FADþ ¼ flavine adenine dinucleotide; FDR ¼ false discovery
rate; FLIM ¼ fluorescence lifetime imaging microscopy; NAD(P)H ¼ nicotinamide adenine (phosphate) dinucleotide.
Venturas. Metabolic imaging of human cumulus cells. Fertil Steril 2021.
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CCs affects oocyte growth and quality (37). The effects of CC
metabolic state on the corresponding oocyte have attracted
much attention in recent years. In view of the importance
of CC mitochondrial function for successful oocyte develop-
mental competence (14), CC metabolic state may act as a bio-
logic marker of oocyte quality.

In this study, we used FLIM of NAD(P)H and FADþ to
quantitatively determine the metabolic state of CCs. Analysis
of 8 to 10 FLIM images acquired throughout each of 619 CC
clusters from 193 patients revealed that for all FLIM
parameters, the variance associated with differences between
VOL. - NO. - / - 2021
CCs of different oocytes was larger than the variance associ-
ated with differences between patients and between individ-
ual images obtained from the same cluster. Additionally, we
observed that CC metabolic parameters were associated with
maternal clinical factors that are known to be key determi-
nants of oocyte quality. Finally, we found significant differ-
ences in NAD(P)H FLIM parameters and redox ratio between
CC clusters from mature and immature oocytes.

By analyzing our hierarchically organized data using
multilevel modeling (33, 36), we obtained the variances in
FLIM parameters within the three levels: variance associated
7



FIGURE 4

Cumulus cell FLIM metabolic parameters are associated with the maturity of the enclosed oocyte. (A) -Coefficients and FDR P values of the linear
regression of maternal age, BMI, AMH level, and number of oocytes retrieved with the fraction of matured oocytes (number of matured oocytes/
total number of oocytes retrieved). There are no significant associations between these patient clinical factors and the fraction of matured
oocytes.(B) Fraction of matured oocytes plotted vs. maternal age indicates no significant association. However, significant differences were
found between CCs of immature (n ¼ 90, blue) and mature (n ¼ 505, yellow) oocytes in normalized NAD(P)H irradiance, NAD(P)H fraction
bound (C), NAD(P)H long lifetime (D), and redox ratio (E). (F) Three-dimensional plot of these three FLIM parameters for each CC cluster. In
gray, support vector machine was applied to draw a hyperplane that best separates the two groups. *FDR P<.05, *** FDR P<.001. AMH ¼
antim€ullerian hormone; BMI ¼ body mass index; CC ¼ cumulus cluster; FDR ¼ false discovery rate; FLIM ¼ fluorescence lifetime imaging
microscopy; NAD(P)H ¼ nicotinamide adenine (phosphate) dinucleotide.
Venturas. Metabolic imaging of human cumulus cells. Fertil Steril 2021.
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with differences between patients, variance associated with
differences between CC clusters from the same patient, and
variance associated with differences between individual im-
ages from the same cluster. We found a large variance in all
FLIM metabolic parameters between CC clusters, indicating
that CCs associated with individual oocytes from the same pa-
tient have significantly different metabolic states.

The fact that there are measurable differences between
CCs associated with individual oocytes highlights the poten-
tial use of this approach to determine oocyte-specific charac-
teristics. Additionally, the small variance in FLIM parameters
associated with the differences between images of the same
CC cluster indicates the high reproducibility of these measure-
ments. However, this variance was not null, which might be
due either to minor errors in the FLIM measurements or to a
true heterogeneity of metabolic state within a CC cluster.
The latter is unlikely, since our validation studies showed
only minor deviations in FLIMmeasurements among samples
from the same cumulus cluster. The variance in FLIM param-
eters associated with differences between patients indicates
that patient-specific factors impact the metabolism of their
CCs. Patient-specific effects on CC mtDNA measurements
have been previously reported (18).

Patient factors, such as age, BMI, andmeasures of ovarian
reserve, such as AMH, have long been associated with oocyte
quality (38, 39). We found significant associations between
CC metabolic state, as measured by FLIM of NAD(P)H and
FADþ, and maternal age. The influence of maternal age on
CC metabolism has been demonstrated in several studies
(21, 40–42). Both proteomic and genomic analyses of CCs in
women of advanced age differ from those in younger
women (40, 41). Cumulus cells from older woman have
been shown to contain higher numbers of damaged
mitochondria and mtDNA alterations (42, 43). In addition,
we observed a significant association between CC FLIM
parameters and AMH level, even after controlling for
maternal age. This observation is consistent with previous
results that found a correlation between CC mitochondrial
membrane potential and measures of ovarian reserve (13).
The levels of gonadotropins administered were significantly
correlated with several FLIM parameters. Since these
associations depend on both maternal age and AMH level,
they are unlikely to be caused by direct interactions. Future
studies will be required to clarify the interplay between
patient-specific factors that impact CC FLIM parameters.

Our results did not indicate an association between CC
metabolic state and maternal BMI. This contrasts with a study
by Gorshinova et al. (27), which found a reduction in active
mitochondria with increasing maternal BMI in a group of
13 patients. However, only a small portion of the patient-
level variance in FLIM parameters can be explained by age
and AMH level. This argues that CC metabolic state is also
influenced by other patient-specific factors, such as metabolic
diseases, genetic predisposition, diet, and smoking. Future
studies will disentangle the effects of these additional factors.
In mitochondria of mouse oocytes, a simultaneous increase in
NAD(P)H intensity and fraction engaged corresponded to an
VOL. - NO. - / - 2021
increase in metabolic flux through the electron transport
chain (44). If the same held for human CCs, it would imply
that mitochondrial metabolic fluxes in CCs increase with
patient age and decrease with ovarian reserve. However,
this conclusion must be treated with caution because of the
extensive metabolic differences between CCs and oocytes.
Additional experiments will be necessary to definitively
determine the biologic basis of the trends in FLIM parameters
in CCs that we observed in this study.

CC-oocyte crosstalk is a key determinant for acquisition
of oocyte developmental competence and CC maturation (4,
8, 11, 12). Oocyte quality depends on successful nuclear and
cytoplasmic maturation (7, 10) as well as maternal clinical
factors (38, 39). The results of our study indicated that the
fraction of mature oocytes at retrieval was not correlated
with any patient clinical characteristics, such as age, BMI,
or AMH level, or even the number of oocytes retrieved. How-
ever, variations in FLIM metabolic parameters were observed
between CC clusters associated with mature oocytes and those
associated with immature oocytes. Cumulus cell and oocyte
metabolic communication is essential not only for the
resumption of meiosis (1, 11), but also for the acquisition of
developmental competence (8, 12). Interestingly, we found
that CCs from mature oocytes had a higher NAD(P)H fraction
bound, NAD(P)H long lifetime, and redox ratio (NAD(P)H in-
tensity: FADþ intensity) than CCs from immature oocytes.
These findings are in line with previous studies demonstrating
a low mitochondrial membrane potential in CCs from imma-
ture oocytes compared with those from mature oocytes (13),
as well as those with differences in mtDNA copy number
(14, 15). We therefore conclude that FLIM imaging can detect
metabolic variations in cumulus masses from immature oo-
cytes compared with mature oocytes. However, we also
observed large variations in FLIM parameters across CC clus-
ters frommature oocytes and large variations in FLIM param-
eters across CCs from immature oocytes. These findings
highlight the difficulty of developing a prediction model to
assess oocyte maturity.

CONCLUSION
In summary, metabolic imaging of human CCs by FLIM is a
promising approach for detecting variations in metabolic
state of these cells. Fluorescence lifetime imaging microscopy
sensitively detects variations in CC metabolism and shows a
greater variance in FLIM parameters among oocytes than be-
tween patients. Cumulus cell metabolic parameters are asso-
ciated with clinically relevant factors such as age and AMH
level, but not with BMI. Moreover, metabolic imaging detects
significant differences between the CC metabolic state of
immature and mature oocytes. A greater understanding of
the metabolic underpinnings of human CC-oocyte interac-
tions could offer new opportunities for improving fertility in-
terventions, in particular in vitro maturation protocols.
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