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Abstract: The auto-fluorescent coenzymes reduced nicotinamide dinucleotide (NADH) and
oxidized flavin adenine dinucleotide (FAD) allow label-free detection of cellular metabolism. The
optical redox ratio, which is traditionally computed as the ratio of NADH and FAD intensities,
allows quantification of cell redox state. In addition to multiple formulations of the optical
redox ratio from NADH and FAD intensity measurements, a fluorescence lifetime redox ratio
(FLIRR) based on the fractions of protein-bound NADH and FAD was developed to overcome
the limitations of experimental factors that influence fluorescence intensity measurements. In
this paper, we compare fluorescence-intensity computations of the optical redox ratio with the
fluorescence lifetime redox ratio for quiescent and activated T cells. Fluorescence lifetime
images of NAD(P)H and FAD of T cells were acquired with a two-photon fluorescence lifetime
microscope. Metabolic perturbation experiments, including inhibition of glycolysis, oxidative
phosphorylation, glutaminolysis, and fatty acid synthesis revealed differences between the
intensity and lifetime redox ratios. Statistical analysis reveals that the FLIRR has a lower standard
deviation and skewness (two-tail T-test, P value= 0.05) than the intensity redox ratio. Correlation
analysis revealed a weak relationship between FLIRR and intensity redox ratio for individual cells,
with a stronger correlation identified for activated T cells (Linear regression, R-value= 0.450)
than quiescent T cells (R-value= 0.172). Altogether, the results demonstrate that while both the
fluorescence lifetime and intensity redox ratios resolve metabolic perturbations in T cells, the
endpoints are influenced by different metabolic processes.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Optical imaging reveals biochemical, morphological, and metabolic information of cells and
tissues. Imaging of the endogenous fluorophores reduced nicotinamide adenine dinucleotide
(NADH) and flavin adenine dinucleotide (FAD) provides a label-free tool to study cell metabolism
[1]. The metabolic coenzyme NADH is an electron acceptor in glycolysis and electron
donor in oxidative phosphorylation, while FAD is the principle electron acceptor in oxidative
phosphorylation [2]. The reduced form of NAD, NADH, is fluorescent, while the oxidized form,
NAD+, is not [3]. In contrast, the oxidized form of FAD is fluorescent, while the reduced form,
FADH2 is not [3]. Since NADH and FAD each represent a different redox state, quantification
of these signals is a useful tool to assess cell and tissue redox state [4]. In measurements of
cells and tissues, the fluorescence emissions of NADH and its phosphorylated form NADPH are
indistinguishable, so NAD(P)H is often used to represent their combined signals [5].

The optical redox ratio relates the fluorescence intensities of NAD(P)H and FAD, and provides
an optical measurement of the redox state of a cell [6]. The optical redox ratio is often used
for label-free detection of changes in cell or tissue metabolism due to the functions of NADH
and FAD as coenzymes of metabolic reactions [1]. Multiple definitions of the optical redox
ratio are reported in the literature. The first formula, FAD intensity divided by NAD(P)H
intensity (FAD/NAD(P)H) was proposed by Britton Chance in 1979 [3]. Over the years,
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additional intensity-based formulas including NAD(P)H/FAD, NAD(P)H/(FAD+NAD(P)H),
and FAD/(FAD+NAD(P)H) have been reported [7–10]. The optical redox ratio is used to
identify different metabolic states between normal and cancerous tissues, to identify anti-cancer
drug response, and to stratify different cell states including activation of immune cells and
differentiation of stem cells [7,8,11–13].
In addition to the fluorescence intensity-based computations of the optical redox ratio, a

fluorescence lifetime redox ratio (FLIRR) can be computed from the fluorescence lifetime of
NAD(P)H and FAD [14–16]. The fluorescence lifetime of a given fluorophore is the time
between the absorption of an excitation photon and the release of the emission photon prior
to the relaxation to the ground electronic state. The fluorescence lifetime is picoseconds to
nanoseconds in duration and dependent on both the chemical structure of that molecule as well as
the surrounding microenvironment of the fluorophore [17]. Within cells, NAD(P)H and FAD can
each exist in two confirmations, protein-bound or free. NAD(P)H has a short lifetime in the free
configuration, and a longer lifetime in the bound condition [18]. FAD has a short bound lifetime
and longer free lifetime [4,19]. Time-domain fluorescence lifetime imaging (FLIM) allows
detection of the fluorescence intensity decay as a function of time after the excitation event at each
pixel [17]. Fluorescence lifetimes are computed by deconvolution of the system response and
fitting the fluorescence to a two-component exponential decay model, I(t) = α1e−τ1t+ α2e−τ2t+C
[Eq. (1)], where I (t) is the fluorescence intensity as a function of time t, τ1 and τ2 are the short
and long lifetimes, respectively, α1 and α2 are the fractional components of the short and long
lifetimes, respectively (i.e. if I(t) is normalized to 1, α1 +α2 = 1), and C accounts for background
noise [17,20].
The fluorescence lifetime redox ratio (FLIRR) is defined as the fractional contribution of

bound NAD(P)H (α2) divided by the fractional component of bound FAD (α1) [14–16]. Wallrabe
et al. defined the FLIRR thusly to report changes in metabolism due to their reasoning that
during oxidative phosphorylation, bound NAD(P)H increases because it is converted to NAD+
by the enzyme NADH dehydrogenase, and bound FAD decreases through the activities of the
enzyme succinate dehydrogenase [14]. The FLIRR overcomes several experimental limitations
of fluorescence intensity imaging. Fluorescence intensity measurements are influenced by
laser power, detector gain, light scattering, and the concentration of the fluorophore; however,
fluorescence lifetimes are independent of these experimental factors. Therefore, the FLIRR
may provide redox and metabolic information in settings where these factors are difficult to
control such as experiments across multiple days and 3-dimensional imaging of organoids or
in vivo tissues [21]. The changes in FLIRR due to metabolic perturbations in prostate cells are
consistent with the changes observed in the intensity-based redox ratio (FAD/NAD(P)H) for
CoCl2 treatment, glucose challenge, and doxorubicin treatment, all perturbations that increased
the FLIRR and intensity-based redox ratio [14,21].
The correlation between the intensity and lifetime redox ratios is unreported across a range

of metabolic states. This comparison is needed to support the hypothesis that the FLIRR and
intensity redox ratio are equivalent metrics of cellular metabolism. The advantages of lifetime
measurements make the FLIRR an attractive metric of cellular metabolism for applications where
fluorescence intensity studies are limited. However, it is important to understand the relationship
between these optical metrics so that they can be used and interpreted appropriately in label-free
imaging studies of cell metabolism. The goal of this paper is to evaluate both the intensity
and lifetime optical redox ratios to detect metabolic perturbations in quiescent and activated
T cells. To compare optical redox ratio definitions, we used a dataset of NAD(P)H and FAD
fluorescence lifetime images of quiescent and activated T cells treated with metabolic inhibitors,
rotenone with antimycin A(R+AA, inhibit electron transport chain and oxidative phosphorylation,
respectively), 2-deoxy-d-glucose (2DG, glycolysis inhibitor), 5-(Tetradecyloxy)-2-furoic acid
(TOFA, fatty acid synthesis inhibitor), and Bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl) ethyl
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sulfide) (BPTES, glutaminolysis inhibitor) [12]. Quiescent and activated T cells utilize different
metabolic pathways. Activated T cells use aerobic glycolysis and glutaminolysis while quiescent
T cells are dependent on oxidative phosphorylation [22–26]. Therefore, this dataset allows direct
comparison of fluorescence lifetime and intensity redox ratio definitions across a variety of
metabolic states and perturbations. This investigation will improve our understanding of the
similarities and differences between the intensity and lifetime redox ratios to optimize the usage
of these non-invasive endpoints of cellular metabolism in research and translational studies.

2. Methods

2.1. Autofluorescence lifetime imaging of T cells

The NAD(P)H and FAD fluorescence lifetime images from the T cell metabolic inhibitor
experiment of quiescent and activated T cells published in Walsh et al. [12] were provided by AJ
Walsh and MC Skala. No new images were acquired for this study. The methods summarized
here are covered in full detail in Walsh et al. [12].
Peripheral blood was drawn from a healthy donor (n= 1 donor, 1 blood draw) in accordance

with approval by the Institutional Review Board of the University of Wisconsin-Madison (#2018-
0103) and after informed consent was obtained from the donor. CD3+ cells (T cells) were isolated
from the blood and a portion were activated with a tetrameric antibody against CD2, CD3, and
CD28 (StemCell Technologies). After 48 hours, both activated and quiescent cells were plated
for five experimental groups: control, rotenone (1 µM, 10 minute incubation) with antimycin A
(1 µM, 10 minute incubation), 2DG (50mM, 10 minute incubation), TOFA (50 µg/ml, 1 hour
incubation) and BPTES (20 µM, 1 hour incubation). NAD(P)H and FAD fluorescence lifetime
images of T cells were acquired sequentially. Fluorescence lifetime decays were analyzed to
extract images of fluorescence lifetime components. Images were segmented into cells, including
nucleus and cytoplasm regions using an automated image segmentation algorithm previously
described [12,27].

This study used the image set consisting of five different parameters (I0 - fluorescence intensity;
α1 - fraction of free NAD(P)H, bounded fraction of FAD; α2 -bounded fraction of NAD(P)H,
free fraction of FAD; τ1-shorter fluorescence lifetime; τ2-longer fluorescence lifetime) for both
NAD(P)H and FAD based on biexponential models of fluorescent lifetime decay curve, Eq. (1).

2.2. Image processing procedure

In this paper, image processing was performed using MATLAB. First, an FAD intensity threshold
(pixels< 120) was set to exclude segmented regions of noise. In addition, we checked every
image manually to ensure the cells that were identified by the software were real cells instead of
debris or noise. The cells with an average NAD(P)H τ1 value less than 50 ps were identified as
red blood cells [28] and were excluded from the analysis. The number of cells in each group is
shown in Table 1.

The redox ratio of each cell was calculated in two ways: at the pixel-level and at the cell-level.
For the pixel average method, the redox ratio was calculated on a pixel-basis from the NAD(P)H
and FAD fluorescence intensity images. Then, all pixels of the cytoplasm of each cell were
averaged for a single redox ratio value for the cell. For the cell average method, the redox ratio
was calculated on a cell-basis: the pixel values of NAD(P)H and FAD fluorescence intensities
in a cell were summed separately and then the ratio of the summed intensities was acquired
as the redox ratio for the cell. To compare the pixel average method with the cell average
method, we ensured the same pixels were used for each method. Based on these two methods,
we calculated four different definitions of redox ratios for each cell: FAD intensity divided
by NAD(P)H intensity (FAD/NAD(P)H), NAD(P)H intensity divided by the sum of FAD and
NAD(P)H intensity [NAD(P)H/(FAD+NAD(P)H)], FAD intensity divided by the sum of FAD
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Table 1. Number of cells in each group

Group Cell status Number of cells

Control
Activated 258

Quiescent 262

Rotenone+Antimycin A
Activated 277

Quiescent 205

2DG
Activated 148

Quiescent 430

TOFA
Activated 243

Quiescent 275

BPTES
Activated 241

Quiescent 339

and NAD(P)H intensity [FAD/(FAD+NAD(P)H)], and NAD(P)H protein bounded fraction
divided by FAD protein bounded fraction (NAD(P)H α2/FAD α1) [14,15,21].

2.3. Mitochondria segmentation

To compare the redox ratio of mitochondria and non-mitochondria cytosol compartments within
T cells, mitochondria masks were obtained from the NAD(P)H intensity images. Because the
NAD(P)H concentration is higher in mitochondria than the surrounding cytosol, the bright,
punctate areas of NAD(P)H fluorescence intensity images correspond with mitochondria [16].
In this study, we created mitochondria masks from the brightest 20% of pixels in each cell’s
cytoplasm. The 20% threshold was selected to capture the pixels with the greatest NAD(P)H
signal which correspond to mitochondria [16]. The 20% threshold was selected by visual
inspection of the images across different threshold values. This threshold method to identify
mitochondria within NADH images has been used previously [14,16]. We calculated the four
different redox ratios [FAD/NAD(P)H, NAD(P)H/(FAD+NAD(P)H), FAD/(FAD+NAD(P)H),
and NAD(P)H α2/FAD α1] for the mitochondria areas based on the pixel average and cell average
methods for each cell using the mitochondria masks.

2.4. Statistical analysis

In this paper, we assessed the data distribution characteristics for each redox ratio definition by
calculating the standard deviation and skewness of the histogram of redox ratio values for each T
cell experimental group. A two-sided student’s t-test (α-value= 0.05) was used to assess statistical
differences between means of endpoint values (redox ratio, standard deviation, skewness, R
value) between T cell groups. Similarly, a two-sided student’s t-test (α-value= 0.05) was used to
assess statistical significance between mean redox ratio values of control and inhibitor treated T
cells within the quiescent or activated T cell sets. Linear regression analysis was used to evaluate
the correlation between the different redox ratio definitions, between NAD(P)H α2 and FLIRR,
and between NAD(P)H α2 and FAD/NAD(P)H.

3. Results

3.1. Pixel and cell level computations of optical redox ratio are equivalent

In the autofluorescence images of NAD(P)H and FAD, T cells are circular (Fig. 1). The cell nuclei
are darker than the cytoplasm because NAD(P)H is mainly located in the cytosol andmitochondria,
and FAD is primarily located in mitochondria. In the redox ratio images (Fig. 1(a)(b)(c)(d)), only
cytosol regions are included in the redox ratio calculations. In the mitochondria mask images, the
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yellow areas in the T cells were labeled as the mitochondria based on the NAD(P)H fluorescence
intensity images (Fig. 1(e)).

Fig. 1. Representative images of the optical redox ratio of activated control T cells.
The redox ratio is calculated at the pixel level by (a) FAD/NAD(P)H intensity, (b)
NAD(P)H/(FAD+NAD(P)H) intensity, (c) FAD/(FAD+NAD(P)H) intensity, and (d)
NAD(P)H α2/FAD α1. Redox ratios are normalized to the maximum value. (e) Correspond-
ing mitochondria mask (yellow areas) of the T cells. Scale bar= 20 µm

To compare the effect of calculating the optical redox ratio at the pixel or cell level, each
definition of redox ratio was obtained by computing the ratio at the pixel or cell level. No
statistical differences were found between the pixel average and the cell average method for
any redox ratio definition or T cell group (Fig. 2(a)). Additionally, the values for each cell
computed by the pixel and cell average methods are highly correlated (R value > 0.95, confidence
value= 95%, Fig. 2(b))

Fig. 2. Cellular redox ratios computed at the pixel level and cell level are equiva-
lent. (a) Redox ratios computed at the pixel level and cell level for activated control
T cells. (b) Correlation between pixel-average and cell-average redox ratio for ac-
tivated control T cells. Red=FAD/NAD(P)H, Yellow=NAD(P)H/(FAD+NAD(P)H),
Green=FAD/(FAD+NAD(P)H), Blue=NAD(P)H α2/FAD α1
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3.2. FLIRR measurements are more uniform than intensity redox ratio measurements

The spatial heterogeneity of redox ratios within a typical cell is shown in Fig. 3(a), and
the intensity redox ratios have higher intracellular standard deviations than the fluorescence
lifetime redox ratio (two-tail T test, P-value= 0.05, Fig. 3 (b)). To assess the statistical
characteristics of the different optical redox ratio definitions, we compared the standard deviation
and histogram skewness of each T cell experimental group. The results (Fig. 3 (c)(d)) show that
the standard deviation of FAD/NAD(P)H is the highest (two-tail T test, P-value= 0.05, Fig. 3 (c)).
FAD/NAD(P)H also has the highest skewness value (two-tail T test, P-value= 0.05, Fig. 3 (d)).
The FAD/(FAD+NAD(P)H) and NAD(P)H/(FAD+NAD(P)H) ratios have the same standard
deviations and the same skewness values, but with opposite signs(Fig. 3 (c)(d)). The FLIRR
has the most normal distribution with the smallest standard deviation and skewness values as
compared with the intensity-based optical redox ratios (two-tail T test, P-value= 0.05, Fig. 3
(c)(d)).

Fig. 3. Distribution characteristics of optical redox ratios, (a) FAD/NAD(P)H,
NAD(P)H/(FAD+NAD(P)H), FAD/(FAD+NAD(P)H), and NAD(P)Hα1 /FAD α1 re-
dox ratio images of a representative cell (control, activated T cell) demonstrate intracellular
heterogeneity. (b) Intra-cellular standard deviation of different redox ratios for activated and
quiescent control T-cells. (c) Intra-population standard deviation of different redox ratios (d)
Intra-population skewness of different redox ratios. Black * represents the mean of all T
cell groups, red symbols represent activated T cells, green symbols represent quiescent T
cells, circles for control, squares for rotentone+ antimycin A, triangles for TOFA, and+ for
BPTES. * p< 0.05, two-tail T test.
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3.3. FLIRR does not correlate with the intensity redox ratio

To determine whether the FLIRR correlates with the intensity-based optical redox ratio, we
used linear regression to evaluate the correlation between each definition of redox ratio at
the cell level for each T cell group. The linear regression results (Table 2) show that all
intensity-based definitions of optical redox ratio (FAD/NAD(P)H, NAD(P)H/(FAD+NAD(P)H),
FAD/(FAD+NAD(P)H)) are highly correlated (R> 0.95). The R values between each intensity-
based optical redox ratio and the FLIRR range from 0.08-0.6, with a mean R value of 0.311.
Higher R correlation values for the comparison between intensity-based optical redox ratios and
FLIRR were found for activated T cells (mean R value= 0.450) than for quiescent T cells (mean
R value= 0.172).

Table 2. Different Redox Ratios Relationship Tablea

Cell Dish

R value
Cell Status RR1- RR2 RR1-RR3 RR2-RR3 RR1-FLIRR RR2-FLIRR RR3-FLIRR

Control
Activated 0.987 0.987 1 0.431 0.435 0.435

Quiescent 0.966 0.966 1 0.082 0.006 0.006

R+AA
Activated 0.995 0.995 1 0.518 0.518 0.518

Quiescent 0.977 0.977 1 0.202 0.251 0.251

2DG
Activated 0.988 0.988 1 0.520 0.527 0.527

Quiescent 0.967 0.967 1 0.086 0.169 0.169

TOFA
Activated 0.986 0.986 1 0.453 0.446 0.446

Quiescent 0.955 0.955 1 0.124 0.200 0.200

BPTES
Activated 0.968 0.968 1 0.299 0.347 0.347

Quiescent 0.950 0.950 1 0.267 0.332 0.332

aRR1: FAD/NAD(P)H, RR2: NAD(P)H/(FAD+NAD(P)H), RR3: FAD/(FAD+NAD(P)H), FLIRR: NAD(P)H α2/FAD
α1. R+AA: Rotenone+Antimycin A, 2DG: 2-deoxy-d-glucose, TOFA: 5-(Tetradecyloxy)-2-furoic acid, BPTES:
Bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl) ethyl sulfide.

3.4. Metabolic inhibition alters the redox ratio of T cells

We used the response of T cells to metabolic inhibitors to determine whether the intensity based
optical redox ratios and FLIRR are sensitive to metabolic perturbations of T cells. FAD/NAD(P)H,
NAD(P)H/(FAD+NAD(P)H), FAD/(FAD+NAD(P)H), and NAD(P)H α2/FAD α1 of quiescent
and activated T cells were computed for control, rotenone+Antimycin A (R+AA), 2DG,
TOFA, and BPTES treated T cells (Fig. 4(a)(b)(c)(d)). 2DG and BPTES-treated activated
T cells have increased FAD/NAD(P)H and FAD/(FAD+NAD(P)H) ratios (and a decreased
NAD(P)H/(FAD+NAD(P)H) ratio) as compared to control activated T cells (Fig. 4(a)(b)(c)).
R+AA, 2DG and TOFA treatment decreased the FAD/NAD(P)H and FAD/(FAD+NAD(P)H)
ratios (and increased the NAD(P)H/(FAD+NAD(P)H) ratio) of quiescent T cells as compared
to control quiescent T cells (Fig. 4(a)(b)(c)). BPTES-treated quiescent T cells have a reduced
FAD/(FAD+NAD(P)H) ratio and increased NAD(P)H/(FAD+NAD(P)H) ratio as compared to
control quiescent T cells (Fig. 4(b)(c)). The FLIRR of activated T cells is decreased for R+AA,
2DG, TOFA, and BPTES treated cells as compared with activated control T cells (Fig. 4(d)).
Similarly, the FLIRR is decreased in quiescent T cells with R+AA, TOFA, and BPTES treatment
(Fig. 4(d)). The metabolic perturbation of T cell results are summarized in Table 3.
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Fig. 4. Comparison of redox ratio calculations for quiescent and activated T cells
treated with metabolic inhibitors. (a) FAD/NAD(P)H (b) NAD(P)H/(FAD+NAD(P)H)
(c) FAD/(FAD+NAD(P)H) (d) NAD(P)H α2/FAD α1. R+AA: Rotenone+Antimycin
A, 2DG: 2-deoxy-d-glucose, TOFA: 5-(Tetradecyloxy)-2-furoic acid, BPTES: Bis-2-(5-
phenylacetamido-1,3,4-thiadiazol-2-yl) ethyl sulfide. * p< 0.05, ** p< 0.01, ***p< 0.001
for two-sided Student’s t-test with Bonferroni correction for multiple comparisons.

Table 3. Metabolic Inhibitor-Induced Changes in Redox Ratios of Quiescent and Activated T cellsa

Definition Method FAD
NAD(P)H

NAD(P)H
FAD+NAD(P)H

FAD
FAD+NAD(P)H

NAD(P)Hα2
FADα1

Activation Status A Q A Q A Q A Q

Rotenone+Antimycin A — ↓ — ↑ — ↓ ↓ ↓

2DG ↑ ↓ ↓ ↑ ↑ ↓ ↓ —

TOFA — ↓ — ↑ — ↓ ↓ ↓

BPTES ↑ — ↓ ↑ ↑ ↓ ↓ ↓

a2DG: 2-deoxy-d-glucose, TOFA: 5-(Tetradecyloxy)-2-furoic acid, BPTES: Bis-2-(5-phenylacetamido-1,3,4-thiadiazol-
2-yl) ethyl sulfide; A: Activated; Q: Quiescent. FLIRR trends inconsistent with intensity-based redox ratios denoted with
shading.
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3.5. Intensity redox ratios identify different metabolic states between the mitochondria
and the cytoplasm

According to previous studies of cancer cells [15,29], an increase in FLIRR correlates with an
increase in the NAD(P)H enzyme-bound fraction, α2, and this relationship is different between
mitochondria and cytoplasm pixels. Therefore, we compared the redox ratio of the mitochondria
with the redox ratio values of the cytoplasm of activated and quiescent T cells for each redox
ratio definition. Activated T cells have higher FAD/NAD(P)H and FAD/(FAD+NAD(P)H)
redox ratios in the cytoplasm than in the mitochondria areas (two-tail T-test, P value= 0.05,
Fig. 5(a)(b)).
We used linear regression to describe the relationship between the FLIRR and NAD(P)H
α2 of mitochondria pixels and the cytoplasm. The scatter plots (Fig. 5(c)(d)) show a linear
relationship between the FLIRR and NAD(P)H α2. Moreover, a stronger linear relationship
(R-value of 0.91 vs 0.84) is observed between the FLIRR and NAD(P)H α2 for mitochondria
than for the cytoplasm. However, linear regression reveals only a weak relationship between
NAD(P)H α2 and the intensity redox ratio (FAD/NAD(P)H); R= 0.383 for cytoplasm, R= 0.309
for mitochondria (Fig. 5(e)(f)).
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Fig. 5. Comparison of redox ratios between mitochondria and cytoplasm pixels of T cells.
Redox ratios of mitochondria and cytoplasm pixels of (a) activated control T cells and (b)
quiescent control T cells. (c) Correlation between NAD(P)H α2 and FLIRR in the cytoplasm
and (d) in the mitochondria (e) Correlation between NAD(P)H α2 and FAD/NAD(P)H in
the cytoplasm and (f) in the mitochondria. In (c-f) each color represents a T cell group.
(dark red= activated control, red= activated rotenone+ antimycin A, orange= activated
2DG, yellow= activated TOFA, light green= activated BPTES, green= quiescent control,
light blue= quiescent rotenone+ antimycin A, blue= quiescent 2DG, dark blue= quiescent
TOFA, purple= quiescent BPTES).
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4. Discussion

Due to the roles of NAD(P)H and FAD as metabolic coenzymes, the fluorescence redox ratio
detects metabolic shifts in cells [3,14]. Simplistic interpretations of the intensity redox ratio focus
on NADH and FAD utilization in glycolysis and oxidative phosphorylation: increased glycolysis
increases NADH concentration (reduces FAD-numerator redox ratios) and increased oxidative
phosphorylation increases FAD and reduces NADH concentrations (increased FAD-numerator
redox ratios). However, additional metabolic pathways including fatty acid oxidation/synthesis
and glutaminolysis use NAD(P)H and FAD as cofactors [30]. NADH is produced in the reaction
of glutamate to α-ketoglutarate [30]. NADH is consumed and FAD produced in the conversion
of Acetyl CoA to Acyl-CoA in the synthesis of fatty acids [30]. The FLIRR is computed from the
ratio of bound NAD(P)H to bound FAD, the metabolic-basis of which are difficult to interpret.
Upon activation, T cell metabolism shifts from tricarboxylic acid oxidation of glucose and
β-oxidation of fatty acids to glycolysis and glutaminolysis [22–26]. Therefore, we evaluated
fluorescence intensity and lifetime computations of the redox ratio in quiescent and activated T
cells.
The intensity redox ratio resolves metabolic perturbations in quiescent and activated T

cells (Fig. 4, Table 3). As expected due to the dependence of quiescent T cells on oxidative
phosphorylation and fatty acid oxidation [22–26], inhibition of oxidative phosphorylation/ETC
and fatty acid oxidation reduced the FAD-numerator intensity optical redox ratios of quiescent T
cells, as compared to control quiescent T cells, but had no effect on the intensity redox ratios
of activated T cells. Inhibition of glycolysis and glutaminolysis increased the FAD-numerator
intensity redox ratios as compared to the corresponding redox ratios of the control activated T
cells, as expected due to the dependence of activated T cells on glycolysis and glutaminolysis
[22–26]. Interestingly, glycolysis inhibition of quiescent cells decreased the FAD-numerator
intensity redox ratios. Due to the reliance of quiescent T cells on TCA and fatty acid oxidation,
quiescent T cells replace the lost TCA fuel source from glycolysis (pyruvate) with increased fatty
acid oxidation [31], which would result in increased NADH and reduced FAD, yielding a reduced
FAD-numerator redox ratio. Likewise, the decrease in the redox ratio FAD/(FAD+NAD(P)H)
of quiescent cells due to BPTES inhibition of glutaminolysis suggests compensation through an
increase in fatty acid oxidation or reduced TCA utilization. Since our additional preprocessing
filtering steps resulted in a smaller dataset of T cells included in the final analysis than those
included in Walsh et al. [12], the quiescent T cells treated with BPTES demonstrate here an
increased NAD(P)H/(FAD+ NAD(P)H) ratio which is not consistent with the result reported in
Walsh et al [12].

Nearly equivalent results were obtained for all intensity redox ratio definitions. Metabolic
perturbation results were consistent across the different intensity redox ratios (Table 3), except
for BPTES treated quiescent T cells. The BPTES reduction of the FAD-numerator redox ratio
was statistically significant for the normalized redox ratio (FAD/(FAD+NAD(P)H)) but not
the redox ratio computation FAD/NAD(P)H. This difference is likely attributed to the reduced
standard deviation and skewness of the normalized redox ratio distribution (Fig. 3(c)(d)) which
increase the power of the statistical analysis. Cell-level correlation analysis also revealed
a high correlation between intensity redox ratio measurements (R> 0.95; Table 2). Either
normalized ratio, FAD/(FAD+NAD(P)H) or NAD(P)H/(FAD+NAD(P)H) is preferred, since
these computations normalize the ratio value between 0 and 1 and have a distribution with a lower
standard deviation and skewness as compared with FAD/NAD(P)H(Fig. 3(c)(d)). No differences
were found between redox ratios with NAD(P)H or FAD in the numerator other than the expected
inversion. Computations of each redox ratio at the cell and pixel levels were equivalent (Fig. 2).
The ability of the intensity redox ratio to detect a variety of metabolic perturbations provides a
label-free tool for comparative analysis of cell metabolism [32–34].
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The FLIRR measurement is computed as the ratio of the fraction of bound NAD(P)H to the
fraction of bound FAD (NAD(P)H α2 / FAD α1) [14,15,21]. In the electron transport chain (ETC),
NADH donates an electron and is converted to NAD+ by the enzyme NADH dehydrogenase
(Complex I) and FADH2 is converted to FAD by the enzyme succinate dehydrogenase (Complex
II) [1]. Reduced oxidative phosphorylation leads to a reduced FLIRR through decreased
NAD(P)H α2 and increased FAD α1 [14,15,21]. Increased oxidative metabolism by glucose
challenge, CoCl2 and doxorubicin increased the FLIRR of prostate cancer cells [14]. Similarly,
the FLIRR of both quiescent and activated T cells decreased with oxidative phosphorylation and
ETC inhibition (Fig. 4(d), Table 3).
The FLIRR also detects inhibition of glycolysis, fatty acid oxidation, and glutaminolysis

in T cells. The FLIRR decreased with inhibition of glycolysis in activated T cells but was
unchanged in quiescent T cells with glycolysis inhibition (Fig. 4(d), Table 3), reflecting the
increased dependence of activated T cells on glycolysis as compared with quiescent T cells [25]
Furthermore, the FLIRR of both activated and quiescent T cells decreased with glutaminolysis
and fatty acid synthesis inhibition (Fig. 4(d), Table 3). A decreased FLIRR suggests an increase in
bound FAD, a decrease in bound NAD(P)H, or both. The decrease in FLIRR due to glutaminolysis
inhibition may reflect decreased NADH binding to malate dehydrogenase due to BPTES inhibition
of the glutaminolysis pathway. Likewise, the reduced FLIRR due to inhibition of acetyl-CoA
carboxylase 1 by TOFA is consistent with reduced NADH binding and increased FAD binding
following inhibition of the fatty acid oxidation pathway [30]. Altogether, the consistent decrease
in FLIRR, regardless of the specific pathway inhibited, suggests that the FLIRR detects decreased
metabolism but is not sensitive to specific metabolic pathway utilization.
The FLIRR exhibits less intra- and inter- cellular heterogeneity than the intensity redox ratio

(Fig. 3). The lifetime fractions of NAD(P)H and FAD are between 0% and 100% at each pixel,
while the fluorescence intensities of NAD(P)H and FAD range from 50 to 1500 in this experiment.
Therefore, the range of possible FLIRR values is smaller than the range of intensity-based
optical redox ratio values. The distribution data of FLIRR shows a lower standard deviation
(Fig. 3(c)) and a lower skewness value (Fig. 3(d)) than the intensity redox ratios. This difference
is attributed to the limited range of the α values. Additionally, spatial binning is used to analyze
the FLIM data, which reduces the spatial resolution (Fig. 3(a)(b)) contributing to the lower
spatial heterogeneity of FLIRR as compared to the intensity redox ratios [35]. Confounding
factors including laser power, detector gain, inner filter effects, and photobleaching that influence
fluorescence intensity measurements can promote a higher variability of the intensity optical
redox ratio. Conversely, the fluorescence lifetime is independent of absolute photon counts and
unaffected by the variability of these factors.

FLIRR and intensity redox ratios are not correlated for T cells. The results of linear regression
analysis between the FLIRR and intensity redox ratio for individual cells revealed a low correlation
coefficient (Table 2). Additionally, the metabolic inhibitors induced changes in intensity redox
ratios that were not consistently replicated by the FLIRR (Table 3). Rotenone+Antimycin A and
2DG induced opposite changes in the intensity redox ratio (oxidative phosphorylation inhibition
of quiescent T cells and glycolysis inhibition of activated T cells). However, all metabolic
perturbations resulted in a decreased FLIRR of both quiescent and activated T cells, except for
glycolysis inhibition of quiescent T cells which induced no change from control quiescent T cells.
These differences suggest the lifetime and intensity redox ratios report different information
about cellular metabolism. The consistent decrease in FLIRR observed regardless of initial
metabolic state or metabolic pathway inhibition suggests that the FLIRR may be responsive to
general metabolic flux and insensitive to specific metabolic pathway utilization. The greater
correlation between intensity redox ratio and FLIRR for activated T cells (R= 0.450) than
quiescent T cells (R= 0.172) also supports this hypothesis that the FLIRR is influenced by
metabolic flux or capacity because activated T cells have increased metabolic demands than
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quiescent T cells [25]. Although the relationship between NAD(P)H intensity and α1 can be
described by the Michaelis-Menten reaction kinetics equation for solutions of coenzyme-enzyme
pairs, the complexity of a cell environment and multitude of potential binding partners with
unique reaction parameters obscure the relationship between intensity and α1 [36–39].

Analysis of the intensity redox ratio and FLIRR for cytoplasm and mitochondria pixels reveals
additional differences between these endpoints. The difference in intensity redox ratios between
cytoplasm and mitochondria pixels of activated T cells (Fig. 5(a)) is not replicated in the FLIRR
(Fig. 5(b)), suggesting an inability of the FLIRR to distinguish signals from glycolysis and
oxidative metabolism or this is an artifact of the limited dynamic range of the FLIRR, due to
the 0-100 range of the α values. The FLIRR is mainly driven by changes of the NAD(P)H
enzyme-bound fraction α2 and displays a linear relationship with NAD(P)H α2 (Fig. 5(c)(d))
which is stronger for mitochondria pixels than cytoplasm pixels. However, the intensity redox ratio
is not correlated with NADH α2 (Fig. 5(e)(f)). Metabolic FAD is confined to the mitochondria,
yet the reduced correlation between FLIRR and NAD(P)H α2 of cytoplasm pixels compared to
the mitochondria pixels suggests a non-metabolic FAD contributes to the FLIRR measurements
of cytoplasm pixels. During the synthesis of FAD from cytosolic riboflavin, FAD is synthesized
inside mitochondria and exported into the cytosol [40,41]. Therefore, the FAD in cytosolic
areas, which is not used in mitochondria metabolic activities, may alter the relationship between
the FLIRR and NAD(P)H α2. Additionally, riboflavin, the precursor of FAD, may contribute
fluorescence emission in non-mitochondria pixels [42,43]. Other compounds in the cytoplasm
which are related to riboflavin such as alloxazine, lumichrome, and lumiflavin may also contribute
to the fluorescence signal of FAD [44].

5. Conclusion

In this paper, we analyzed different definitions of optical redox ratio computed from NAD(P)H
and FAD fluorescence intensity and lifetime measurements for activated and quiescent T cells.
The FLIRR exhibits less inter- and intra- cellular heterogeneity, and FLIRR measurements
across populations of T cells have more normal distributions as compared with the conventional
intensity redox ratios. However, linear regression analysis demonstrated only a weak relationship
between the FLIRR and intensity redox ratios for individual cells, suggesting that the FLIRR and
intensity redox ratio are not correlated endpoints of cellular metabolism. Metabolic perturbation
experiments revealed only decreased FLIRR due to pathway inhibition while the intensity redox
ratios increased or decreased depending on metabolic pathway utilization. Comparative analysis
of redox ratios of cytoplasm pixels and mitochondria pixels suggest a non-metabolic contribution
of FAD or other fluorescent flavins in the cytoplasm contribute to the FLIRR. When selecting
a redox ratio computation, our results indicate that normalized formulations of the intensity
redox ratio (FAD/(NAD(P)H+ FAD) or NAD(P)H/(NAD(P)H+ FAD) should be used since these
computations normalize the ratio value between 0 and 1 and have a distribution with a lower
standard deviation and skewness. Additionally, the results suggest the FLIRR is a useful metric of
cellular metabolism, and may be more appropriate for 3D tissues and in vivo measurements due to
the advantages of fluorescence lifetime measurements over intensity measurements. However, the
FLIRR is not a substitution for the optical redox ratio and should be interpreted appropriately as a
separate variable. Altogether the results demonstrate that while both the fluorescence lifetime and
intensity redox ratios resolve metabolic perturbations in T cells, the endpoints are not correlated
at either a cell or population level and report different responses to metabolic perturbations within
T cells.
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