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Background and Objectives: In our previous proof‐of‐
principle study, transcranial photobiomodulation (tPBM)
with 1,064‐nm laser was reported to significantly increase
concentration changes of oxygenated hemoglobin (Δ[HbO])
and oxidized‐state cytochrome c oxidase (Δ[oxi‐CCO]) in the
human brain. This paper further investigated (i) its validity
in two different subsets of young human subjects at two
study sites over a period of 3 years and (ii) age‐related
effects of tPBM by comparing sham‐controlled increases of
Δ[HbO] and Δ[oxi‐CCO] between young and older adults.
Study Design/Materials and Methods: We measured
sham‐controlled Δ[HbO] and Δ[oxi‐CCO] using broadband
near‐infrared spectroscopy (bb‐NIRS) in 15 young (26.7±
2.7 years of age) and 5 older (68.2± 4.8 years of age) healthy
normal subjects before, during, and after right‐forehead
tPBM/sham stimulation with 1,064‐nm laser. Student
t tests were used to test statistical differences in tPBM‐
induced Δ[HbO] and Δ[oxi‐CCO] (i) between the 15 young
subjects and those of 11 reported previously and (ii) between
the two age groups measured in this study.
Results: Statistical analysis showed that no significant
difference existed in Δ[HbO] and Δ[oxi‐CCO] during and
post tPBM between the two subsets of young subjects at
two study sites over a period of 3 years. Furthermore, the
two age groups showed statistically identical net in-
creases in sham‐controlled Δ[HbO] and Δ[oxi‐CCO].
Conclusions: This study provided strong evidence to vali-
date/confirm our previous findings that tPBMwith 1,064‐nm
laser enables to increase cerebral Δ[HbO] and Δ[oxi‐CCO] in
the human brain, as measured by bb‐NIRS. Overall, it
demonstrated the robust reproducibility of tPBM being able
to improve cerebral hemodynamics and metabolism of the
human brain in vivo in both young and older adults. Lasers
Surg. Med. © 2020 The Authors. Lasers in Surgery and
Medicine published by Wiley Periodicals, Inc.
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INTRODUCTION

Transcranial photobiomodulation (tPBM) is a non‐
invasive and non‐thermal approach that uses low‐power
light at a near‐infrared (NIR) wavelength between 620 and

1,100 nm to accelerate cellular functions in the human
brain/tissue for cognitive benefits of normal aging [1–3]
and/or for clinical treatments of brain disorders and injuries
[4–7]. A recently published book presents a thorough
collection of studies on tPBM, covering topics of tPBM on
cultured neurons and molecular mechanisms, studies with
animal models, and clinical studies of patients with a va-
riety of neurological diseases [8]. Intriguingly, a recent ex-
ploratory study with a small sample size reported that
tPBM was also able to improve sexual dysfunction by an
array of light emitting diodes at 823 nm with an area of
28.7 cm2 on each side of the dorsolateral prefrontal region
[9]. It has been well‐accepted by researchers in the field that
the mechanism of tPBM with NIR light is based on the
photo‐oxidation of cytochrome c oxidase (CCO), the terminal
enzyme in the electron transport chain, which catalyzes the
oxygen metabolism for cellular adenosine triphosphate
(ATP) production [3,10,11]. Specifically, the NIR light can
convert reduced‐state CCO into its oxidized state, as labeled
“oxi‐CCO” hereafter. oxi‐CCO is active in a series of redox
reactions, reducing oxygen molecules into water and en-
hancing the proton gradient at the inner membrane of mi-
tochondria. This photo‐oxidation process of CCO accelerates
the utilization of oxygen within mitochondria and the pro-
duction of intracellular ATP [3,12]. Accordingly, cells and
neurons that have a high concentration of mitochondria will
be facilitated to be more active in their mitochondrial
oxygen metabolism and thus their functional activities,
leading to enhancement of synaptic connections [13–15].

Recently, this tPBMmechanism of action was supported
by objective measures of tPBM‐induced increases in con-
centrations of cerebral oxygenation and oxi‐CCO in the
human brain using non‐invasive broadband near‐infrared
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spectroscopy (bb‐NIRS) by our group [16]. While the
results reported in the study were highly statistically
significant, it was the only published report showing
effects of tPBM on hemodynamic and metabolic upregu-
lation in the human brain measured by bb‐NIRS in vivo,
with a small group of 11 young subjects. It is important to
demonstrate the robust reproducibility for the findings to
develop tPBM as a non‐invasive neuromodulation tool for
cognitive benefits in healthy adult and aging population
as well as patients with neurological or psychiatric
disorders.
In this study, we aimed to investigate (i) the validity of

previous findings in Ref. [16] in two different subsets of
young subjects at two study sites over a period of 3 years
and (ii) age‐related effects of tPBM by comparing sham‐
controlled increases of Δ[HbO] and Δ[oxi‐CCO] between
young and older adults. The same bb‐NIRS experimental
setup, protocol, and procedures were performed on a
group of young (n= 15) and older (n= 5) participants, but
with different experimental operators and different par-
ticipants at a different experimental site with respect to
the previous study. Student t tests were used to assess the
reproducibility of the findings between the two sets of
young adults and between the two age groups. The results
indicated high reproducibility of tPBM effects detected by
bb‐NIRS in the young‐adult groups. For age effects, the
sham‐controlled increases in Δ[HbO] and Δ[oxi‐CCO]
were identical between two age groups. These results in-
dicate great potential of neuroplastic effects of tPBM in
future applications.

METHODS

Participants

Twenty healthy normal subjects (11 females and 9 males)
were recruited from the University of Texas Southwestern
Medical Center at Dallas (UTSW), the Southern Methodist
University (SMU), and the University of Texas at Arlington
(UTA). For this study, the actual measurements took place at
the UTSW campus. There were 15 adults (7 females and
8 males; age= 26.7± 2.7 years) in the young‐adult group
(younger than 60 years) and 5 (4 females and 1 male; age=
68.2± 4.8 years) in the older‐adult (older than 60 years)
group. The inclusion/exclusion criteria were the same as
those in Wang et al. [16]. All subjects had no prior diagnosis
or history of neurological conditions and were instructed to
keep caffeine and nicotine consumption to a minimum (a cup)
prior to the experiment. The study protocol was reviewed
and approved by the Institutional Review Board (IRB) of both
UTA and UTSW as well as complied with all applicable
federal and NIH guidelines. Written informed consent was
obtained from each participant prior to the experiments.
All the participants were asked to come on two
non‐consecutive days for either sham or tPBM in a
randomized order. Data from 11 young participants
(5 females and 6 males; age= 31.0± 13.7 years) recruited in
the previous study were also used for examining the re-
producibility of tPBM effects on cerebral metabolism and

hemodynamics of the human brain in vivo [16]. There was no
overlap between the participants in the two studies.

Experiments

1,064‐nm tPBM. Both tPBM and sham experiments were
administered using the same continuous‐wave 1064‐nm laser
(Model CG‐5000; Cell Gen Therapeutics LLC, Dallas, TX)
with respect to the previous study [16]. It is Food and Drug
Administration‐cleared for pain relief, such as for muscle,
nerve, and joint pain. The laser device was set to a calibrated
power of 3.4W to deliver tPBM on each participant's
forehead and was set to a minimum operating power of
0.1W for the sham experiments. During the sham
experiments, the laser aperture was also blocked by a thick
black cap to prevent 1,064‐nm light from reaching the
participant's forehead. Both tPBM and sham experiments
were conducted through a hand‐held aperture at 2 cm away
from the forehead scalp/skin without any physical contact,
following the common suggested procedure [1]. Light from
the aperture was well‐collimated and the illumination area
on the human forehead was 13.6 cm2, giving rise to a
constant power density of 3.4W/13.6 cm2= 0.25W/cm2.

bb‐NIRS. The same bb‐NIRS system was used as in our
previous report [16]. In brief, this system consists of a
tungsten halogen lamp (Model 3900; Illumination
Technologies Inc., East Syracuse, NY) as the broadband
light source (covering 400–1,500 nm light) and a back‐
thinned cool‐down CCD spectrometer (QE‐Pro, Ocean
Optics Inc.) as the detector. The white light emitted from
the light source was delivered on to the human forehead
through a fiber optic bundle (see Fig. 1). A portion of the
light diffused through the human brain was collected by
another fiber bundle 3 cm away from the source bundle,
latter of which directed the detected light into the CCD
spectrometer. Time‐dependent spectral (740–900 nm)
intensities before, during, and after tPBM or sham
delivery were recorded and used to quantify concentration
changes of oxygenated hemoglobin (Δ[HbO]) and oxidized
cytochrome c oxidase Δ[oxi‐CCO] based on the modified
Beer‐Lambert law, as described in Ref. [17].

Experimental protocol. Both tPBM and sham
experiments were conducted in a dark locked room
without any reflective surfaces. When the laser system
was in use, a warning sign was placed on the door to
further dissuade individuals from entering. Protective
goggles were worn by all the individuals in the lab room to
ensure eye safety for both the participants and operators.
Participants were also asked to keep their eyes closed
during the entire experiment procedures to further reduce
the possibility of eye injury and maintained blind between
the sham versus tPBM conditions. Participants had no
information on which condition they were given until they
completed both of their visits to the lab. As soon as the
participants entered the lab, they were asked to sit on an
inclined chair comfortably. The horizontally I‐shaped
bb‐NIRS probe was then placed on the subject's right
forehead above the eyebrow and secured using an elastic
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bandage (see Fig. 1a). After the probe was attached
comfortably on the scalp, the bb‐NIRS system was
switched on to test the stability of the spectral
intensities and to confirm artifact‐free/motion‐free time‐
dependent recordings under resting state.

Time‐dependent Δ[HbO] and Δ[oxi‐CCO]. The
same interleaved experimental protocol was followed
with respect to the previous study [16]. In brief, each
experiment consisted of a 2‐minute baseline, an 8‐minute
tPBM/sham light delivery, and a 5‐minute recovery
period, as shown in Figure 1b. Near the end of each
minute, tPBM/sham was paused for 5 seconds for
bb‐NIRS recording of the spectral intensities that
diffused back from the human brain. In this way,
15 spectral data points were obtained at the end of each
experiment and further processed/quantified as time‐
dependent Δ[HbO] and Δ[oxi‐CCO]. Among the 15 data
points recorded from each participant in each experiment,
the first two points recorded before the onset of tPBM/
sham were regarded as baselines. They were used as
references to quantify Δ[HbO] and Δ[oxi‐CCO] for the
following 13 data points during and after tPBM/sham,
leading to 13 time‐dependent Δ[HbO] or Δ[oxi‐CCO]
readings in μM for each experimental run. This time‐
dependent data process was repeated for each participant
in both tPBM and sham experiments.

Statistical Analysis for Comparisons of Two
Studies

Data used for comparisons in this study included the
data sets collected from 11 young adults at UTA in 2016
and the data sets collected from 15 young and five older
adults at UTSW in 2019. We conducted three steps of
statistical evaluations/comparisons over these data sets for
assessing tPBM‐induced effects on cerebral hemodynamic
and metabolic activities: (i) comparison between two
young‐adult groups measured under different operating
conditions (i.e., at different experimental sites with dif-
ferent operators from different participating subjects with
a 3‐year time interval); (ii) comparison between two age
groups measured under the same operating conditions; (iii)
comparison of tPBM‐induced sham‐controlled changes

between two age groups measured under the same oper-
ating conditions. Specifically, in Step I, two‐sample t tests
were performed on time‐dependent Δ[HbO] and Δ[oxi‐
CCO] values at each time point (over a total of 13 temporal
points excluding the two baseline readings) taken from
young adults between the current (n= 15) and previous
(n= 11) studies. The comparisons between the two young‐
adult groups were analyzed per each time point under
tPBM and sham conditions separately. Likewise, in Step II,
two‐sample t tests were performed on time‐dependent
Δ[HbO] and Δ[oxi‐CCO] values of the participants in two
different age groups (n= 15 for young and n= 5 for older)
measured under the identical operating conditions in this
study. In Step III, sham‐controlled changes of Δ[HbO] and
Δ[oxi‐CCO] were quantified by subtracting sham‐derived
(Δ[HbO] or Δ[oxi‐CCO]) values from tPBM‐derived
(Δ[HbO] or Δ[oxi‐CCO]) values at each of the 15 time
points for both age groups separately, followed by
two‐sample t tests to test age‐related effects of tPBM. A
two‐tailed level of 0.01<P< 0.05 and P< 0.05 was chosen
to be statistically significant in these tests.

RESULTS

Comparisons of Δ[HbO] and Δ[oxi‐CCO] Between
Two Young Adult Groups

The time‐dependent cross‐subject means as well as
standard errors of Δ[HbO] and Δ[oxi‐CCO] from the cur-
rent and previous study [16] are plotted in Figure 2a
and b, respectively. On the basis of two‐tailed two‐sample
t tests, there was no significant difference (P> 0.05) ob-
served between these two groups under either tPBM or
sham condition for both (i) Δ[HbO] and (ii) Δ[oxi‐CCO],
indicating a high reproducibility of using bb‐NIRS to
measure tPBM effects on young human adults.

Comparisons of Δ[HbO] and Δ[oxi‐CCO] Between
Two Age Groups

Time‐dependent Δ[HbO] and Δ[oxi‐CCO] values meas-
ured from 15 young adults and five older adults in this
study are plotted in Figure 3a and b, respectively. While
the time‐dependent changes in Δ[HbO] between the two
age groups showed very similar trends under either tPBM

Fig. 1. (a) A picture of experimental setup showing (1) two fiber bundles for tPBM/sham light
delivery (source) and detection (detector) on a human forehead and (2) circular area on the
forehead under 4‐cm‐diameter laser illumination. Note that the laser aperture shown is more
than 2 cm away from the forehead to show a clear illumination spot/area. (b) Experimental
protocol of interleaved measurements. tPBM, transcranial photobiomodulation.
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or sham condition, significant differences were observed
in Δ[oxi‐CCO] between the two age groups. Specifically,
for both the tPBM and sham experiments, the older group
presents a significantly lower level of Δ[oxi‐CCO] than the
younger group.

Comparisons of Net Changes in Δ[HbO] and
Δ[oxi‐CCO] Between Two Age Groups

To determine relative effects of tPBM from two age
groups, sham‐controlled changes of Δ[HbO] and
Δ[oxi‐CCO] were quantified for each subject by obtaining
net changes with respect to the results under the sham
condition. The time‐dependent, group‐averaged net
changes of Δ[HbO] and Δ[oxi‐CCO] from 15 young adults
(red symbols and lines) and five older adults (blue symbols
and lines) were plotted in Figure 4a and b, respectively.
The two‐tailed, two‐sample t tests revealed that there was

no statistically significant difference between the two age
groups for tPBM‐induced Δ[HbO] and Δ[oxi‐CCO] effects
with respect to the sham condition.

DISCUSSION

Reproducible Hemodynamic and Metabolic Effects
of tPBM in Young Adults

The photo‐oxidation effects of PBM on CCO have been
discussed for decades. More recently tPBM‐induced be-
havioral improvements on human cognition [1–3] and
mental illness [4–7] have been reported. Without objective
measures of changes in the redox state of CCO in the
human brain in vivo, it would be difficult to design
successful tPBM protocols and intervention for safe and
optimal photobiomodulation effects in future applications.
To fulfill this goal, we recently applied bb‐NIRS and

Fig. 2. Comparison of concentration changes of (a) Δ[HbO] and (b) Δ[oxi‐CCO] measured from
two groups of young adults in the current (solid lines; n= 15) and previous (dashed lines; n= 11)
study. The red symbols and lines indicate the results from the tPBM experiment, while the blue
symbols and lines indicate those from the sham experiment. The error bars are standard errors of
mean. The shades indicate the time durations of tPBM/sham illumination. No significant
differences between the two young‐adult groups (solid lines: current study; dashed lines: previous
study) are marked with * P< 0.05 for tPBM and sham condition respectively. [HbO], oxygenated
hemoglobin; [oxi‐CCO], oxidized‐state cytochrome c oxidase.

Fig. 3. Comparison of concentration changes of (a) Δ[HbO] and (b) Δ[oxi‐CCO] measured in this
study from a young adult group (solid lines; n= 15) and an older adult group (dashed lines, n= 5). The
red color represents the tPBM experiment, while the blue color denotes the sham experiment. The
error bars are standard errors of mean. The shades indicate the time durations of tPBM/sham
illumination. Significant differences between two age groups (solid: young adults; dashed lines: older
adults) are marked with *P< 0.05 for tPBM and sham conditions repectively.
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non‐invasively quantified the changes of tPBM‐induced
Δ[HbO] and Δ[oxi‐CCO] in the brain of young human
adults [16]. Its conclusions helped to understand the
mechanism of action of tPBM. However, any new develop-
ment of methodology and scientific findings require reliable
reproducibility with a reasonable sample size. Since the
previous study was the first published report of tPBM
effects on cerebral Δ[HbO] and Δ[oxi‐CCO] measured by
bb‐NIRS and based on a small sample of 11 young controls,
the reproducibility of the findings is important to be
examined and statistically tested.
By applying statistical two‐sample t tests, we compared

the young healthy subjects, 11 sets of data collected in year
2016 at UTA versus the 15 sets of data collected from a new
group of young subjects in year 2019 using the same ex-
perimental setup at UTSW. As shown in Figure 2, the cross
‐subject means of Δ[HbO] and Δ[oxi‐CCO] from the two
groups of young adults have no statistical difference under
both tPBM and sham conditions, demonstrating the high
reproducibility for the measured respective parameters.
Specifically, at each of temporal points, all the two‐sample
t test comparisons reveal no significant difference between
the measurements of the two sets of data.

Comparison of Hemodynamic and Metabolic
Effects of tPBM in Two Age Groups

While Figure 2b shows statistically reproducible
photon‐oxidation effects of tPBM on the cerebral redox
state of CCO in young adults, we also compared the effects
of tPBM on cerebral Δ[HbO] and Δ[oxi‐CCO] between the
15 young and five older adults measured under the same
operating conditions at UTSW. The statistical analysis
revealed that non‐significant difference exists in
tPBM‐induced Δ[HbO], but tPBM‐induced Δ[oxi‐CCO]
values were significantly lower in older adults than in
young adults. Interestingly, such an age‐related difference
disappeared when we compared the sham‐controlled or
sham‐subtracted changes in Δ[HbO] and Δ[oxi‐CCO]
between the two age groups (see Fig. 4). This set of

results indicate that tPBM can induce the same amount of
hemodynamic and metabolic effects with respect to the
sham experiment regardless of age differences. This
finding may imply that use of tPBM can boost cerebral
metabolism in an older brain with the amount of effect
equal or equivalent to that in a young brain, serving as a
non‐invasive and promising means of neuromodulation.

Potential Benefits of tPBM on Older Adults

Aging is a risk factor for many health conditions, such as
Alzheimer's disease, hypertension, and cardiovascular dis-
ease [18,19]. One of the leading reason of aging is thought
to be the accumulation of oxidative stress over time [20].
Oxidative stress can be caused by the natural generation of
reactive oxygen species (ROS) during ATP production. The
ROS hold an extra electron in their molecular structure,
making them chemically reactive to damage cellular
structures and thus causing cell death [21]. While a small
amount of ROS plays a vital role in boosting cellular func-
tions [22], oxidative stress occurs when the generation of
ROS becomes faster than the speed that they can be
removed by the natural cellular mechanisms [23]. The
healthy functioning of oxidized CCO is believed to effi-
ciently convert ROS into a chemically steady state without
the extra electron. Therefore, having a large concentration
of [oxi‐CCO] can inhibit the fast accumulation of cellular
ROS, which protects the cellular environment [24]. In the
case of aging, when CCO gradually decreases its function,
less concentration of [oxi‐CCO] exists within cells and/or
neurons. Therefore, ROS will accumulate increasingly to
induce oxidative stress [25]. Given the observation that
tPBM was able to boost Δ[oxi‐CCO] in an equal amount
between young and older adults (Fig. 4), we speculate or
expect that tPBM may be able to induce cognition‐
enhancing benefits on older brains. This speculation needs
to be further investigated/tested in future research while
several recent publications reported supporting evidence
based on behavioral measures [26].

Fig. 4. Net changes of (a) Δ[HbO] and (b) Δ[oxi‐CCO] measured in this study from a young adult
group (red symbols and lines; n= 15) and an older adult group (blue symbols and lines; n= 5). The
error bars are standard errors of mean. The shades indicate the time durations of tPBM/sham
illumination. No significant differences between the two age groups are marked with *P< 0.05 for
both tPBM and sham conditions.
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Robustness of the Quantification Method and
Post‐Stimulation Effects

While CCO is undoubtedly the most important
chromophore in PBM, there is emerging evidence that
other primary chromophores such as opsins, flavins, and
cryptochromes, may mediate the biological absorption of
light, particularly at shorter wavelengths (blue and green)
[27]. Also, nitric oxide (NO) is another key neuro-
transmitter or character that is hypothesized [28] and
demonstrated to closely associate with the outcome of
tPBM [29] or PBM [30]. Specifically, Eshaghi et al. [29]
showed that changes of NO levels in the prefrontal cortex
and hippocampus of tPBM‐treated mice with depression
were related to the anti‐depressive effect of tPBM.
Mitchell and Mack [30] demonstrated that PBM on the
human forearm gave rise to increases of NO levels in
venous blood draining near the treatment site in healthy
subjects. However, neither of these studies could be per-
formed non‐invasively for quantitative measures of
changes in NO induced by PBM.
Detailed confirmation of the CCO‐driven mechanism of

tPBM needs further biochemistry‐based investigations
but is beyond the topic of this paper. What we presented in
this current study is to report objective and reproducible
observation that oxidized CCO concentration, [oxi‐CCO],
is increased after few minutes of tPBM initiation. The
method used for determination of [oxi‐CCO] is well‐
developed and tested through laboratory, animal, and
human studies in the last several years [31–38]. There-
fore, this study has provided solid evidence on tPBM‐
induced increases in both Δ[HbO] and Δ[oxi‐CCO], which
appeared to maintain elevation during the 5‐minute re-
covery time. Furthermore, while water does absorb light,
the total amount of light absorption of water does not
change during tPBM. Thus, water absorption does not
influence the quantification of Δ[HbO] and Δ[oxi‐CCO],
rather affecting the penetration depth of light prop-
agation within the brain.
Although our current results do not enable us to predict

how long the after‐effects will last, a few recent studies
have reported post‐treatment benefits. Yang et al. [39]
used a hypoxia‐ischemia model in neonatal rats to in-
vestigate tPBM preconditioning and reported that ATP
content in the hippocampus collected 6 hours after tPBM
was highest compared with ATP levels collected 3, 5, and
8 hours after tPBM. Song et al. [40] demonstrated that
tPBM given on the primary motor cortex significantly
increased motor‐evoked potentials, which reached its
maximum 15minutes post the stimulation.

Limitations and Future Work

While this study has provided high reproducibility of
tPBM being able to upregulate hemodynamic and meta-
bolic activities measured in two different groups of young
adults, there are several limitations of the study that need
to be further investigated. First, the bb‐NIRS system is
very sensitive to motion artifacts during the 15‐minute
measurements. The current setup requires the subjects

to keep minimal motion and an experienced operator to
collect stable and meaningful data. In future studies, an
effective methodology for motion artifact detection/removal
in the bb‐NIRS data should be developed to warrant the
quality and accuracy of tPBM‐induced effects. Second, we
need to increase the sample size for the older adults in
order to confirm the findings that tPBM induces the same
amount of hemodynamic and metabolic increases with re-
spect to the sham condition regardless of age differences.
Last, it is unclear how much the measured Δ[oxi‐CCO]
signal is affected by the human scalp where a certain
concentration of mitochondria exists and their redox state
of CCO should contribute to the detected signal. There is
no clear answer to solve this problem yet. A potential
solution could be a time‐resolved bb‐NIRS approach,
allowing for layer‐resolved quantification of Δ[oxi‐CCO] to
separate the signals coming from the superficial scalp layer
and the cortical regions.

CONCLUSIONS

In this study, we were able to show high reproducibility
of sham‐controlled, tPBM‐induced increases in cerebral
Δ[HbO] and Δ[oxi‐CCO] measured by bb‐NIRS in a young
adult group versus a different group reported in a pre-
vious study [16]. The statistical analysis demonstrated no
significant differences in tPBM‐induced cerebral effects
between the two groups of young participants at two dif-
ferent sites (UTA, UTSW). We also demonstrated the
agreement of net tPBM effects with respect to the sham
conditions on both young and older adults. These findings
indicated the robust reproducibility or reliability of
bb‐NIRS in quantifying tPBM effects in healthy humans.
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