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wave-backpropagation26. For pigment-rich tissues, such as
the liver, spleen, eyes, and others, a decolorization proce-
dure is necessary to reduce the tissue absorption and
thereby improve imaging performance21.
Recently, Ou et al. reported on a counterintuitive study

that strongly absorbing molecules could achieve optical
transparency in live biological tissues1, providing a new
insight for understanding tissue optical clearing (Fig. 1).
They found that tartrazine, an aqueous solution of a
common food color approved by the US FDA, can
reversibly make the skin, muscle, and connective tissues
transparent in live rodents. This allows for the visualiza-
tion of a wide range of deep-seated structures and activ-
ities. Concurrently, they made a new breakthrough of
tissue clearing from fundamental optical concepts in
textbook of optics and revealed the physical mechanism
behind this phenomenon. As known, the complex RI is
composed of the real and imaginary components, with the
former relating to dispersion or scattering and the latter
associated with absorption, and their spectral depen-
dences can be connected through causality as per the
Kramers-Kronig relations. The authors used the Lorentz
oscillator model, in conjunction with the Kramers-Kronig
relations, to predict the tissue transparency that the
molecules can achieve. They revealed that Lorentzian
oscillators with sharp absorption resonances in the visible
spectrum (400–750 nm) are very effective in raising the
real part of the RI in the red and infrared parts of the
spectrum when dissolved in water, indicating that water-
soluble dyes in the visible spectrum hold the potential to

effectively reduce the RI mismatching of tissue compo-
nents and achieve optical transparency.
The remarkable transparency achieved, attainable

through a simple topical application of dye solution,
empowers scientists to leverage a spectrum of optical
techniques for in vivo observation of internal or deep
tissues through the scalp, abdomen, and leg skin, indi-
cating broad potential for applications. As illustrated in
the original paper, this has facilitated high-resolution
imaging of abdominal organs, such as the small intestine
and liver, without the need for abdominal surgery, which
is rather impressive. This approach minimizes the reliance
on invasive surgical window creation for deep tissue
imaging, and is anticipated to unlock new perspectives
across a multitude of research disciplines. People can also
directly observe what’s going on inside the organism with
the naked eye, which has the potential to revolutionize
existing optical research paradigm in life science. In the
future, the development of this technology holds promise
for significantly enhancing the diagnostic potential of
certain imaging techniques. For instance, speckle imaging
technology, currently used to monitor superficial skin
vascular abnormalities, could be augmented to detect and
monitor vascular complications in the lower limbs asso-
ciated with diabetes, thanks to the advancements in tissue
transparency and imaging clarity.
It is noted that the current study was conducted on

young mice, not humans. Human skin is almost ten times
thicker than that of mice, and there is uncertainty
regarding the amount of dye required to effectively
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Fig. 1 Live animal optical clearing with absorbing dye molecules1
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Abstract
Optical imaging plays a central role in the field of biomedicine, but it suffers from the light scattering of tissues. The
research group from Stanford University has reported a counterintuitive observation that strongly absorbing
molecules could achieve optical transparency in live animals, providing a new insight for understanding tissue optical
clearing. It empowers scientists to leverage optical imaging techniques for in vivo observation of a wide range of
deep-seated structures and activities.

The latest breakthrough in the field of live tissue optical
clearing reported in Science is attracting more and more
attentions1. The new insight promises to enhance our
comprehension of the underlying principles and to pro-
vide new perspective for developing innovative methods
in tissue optical clearing.
Optical imaging provides a powerful tool for exploring

life science. However, the inherent scattering and
absorption properties of biological tissues significantly
impede the penetration of light, leading to a decline in
imaging resolution and contrast as it propagates deeper.
Scientists have been making efforts on solving this pro-
blem by developing innovative contrast agents and
employing cutting-edge imaging techniques2. Typically,
researchers have relied on mechanical sectioning to
reconstruct 3D structures of large tissues or organs, or
established window models for in vivo imaging to peer
deeper into biological systems. If the body were trans-
parent, these tasks would be a breeze. It may sound like
science fiction, but some have already succeeded3. For
instance, Richard White used careful breeding techniques
to create a transparent adult zebrafish4, which has been

applied to study cancer development and neuroscience.
Unfortunately, to date, no other transparent animal spe-
cies have been artificially created. Tissue optical clearing
emerged as a more promising avenue for deep tissue
imaging. Over the past few years, our lab has been at the
forefront of the in vivo clearing field, inventing various
in vivo skin optical clearing methods and pioneering the
development of skull optical clearing windows5–13. These
advancements have facilitated the observation and
manipulation of cutaneous or cortical neuro-vascular
structure and function in deep14–17. We have also made
some efforts in ex vivo clearing techniques for whole-
organ profiling18–21, a field that has been flourishing over
the last two decades22–24.
Light scattering in tissue occurs due to the difference

between low refractive index (RI) aqueous-based compo-
nents (such as interstitial fluid and cytosol) and high RI
lipid-and protein-based components (such as the plasma
membrane, myelin, and myofibrils)25. Existing tissue clear-
ing methods typically enhance RI matching by substituting
water with chemicals of a higher RI, generally accom-
panied by procedures like dehydration, decalcification,
delipidation, and collagen dissociation to yield a
homogeneous environment18–20. Alternatively, Yasu-
hiko et al. have introduced an inspiring in-silico
clearing to realize deep RI tomography and improved
deep imaging capability by partial reconstruction and
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wave-backpropagation26. For pigment-rich tissues, such as
the liver, spleen, eyes, and others, a decolorization proce-
dure is necessary to reduce the tissue absorption and
thereby improve imaging performance21.
Recently, Ou et al. reported on a counterintuitive study

that strongly absorbing molecules could achieve optical
transparency in live biological tissues1, providing a new
insight for understanding tissue optical clearing (Fig. 1).
They found that tartrazine, an aqueous solution of a
common food color approved by the US FDA, can
reversibly make the skin, muscle, and connective tissues
transparent in live rodents. This allows for the visualiza-
tion of a wide range of deep-seated structures and activ-
ities. Concurrently, they made a new breakthrough of
tissue clearing from fundamental optical concepts in
textbook of optics and revealed the physical mechanism
behind this phenomenon. As known, the complex RI is
composed of the real and imaginary components, with the
former relating to dispersion or scattering and the latter
associated with absorption, and their spectral depen-
dences can be connected through causality as per the
Kramers-Kronig relations. The authors used the Lorentz
oscillator model, in conjunction with the Kramers-Kronig
relations, to predict the tissue transparency that the
molecules can achieve. They revealed that Lorentzian
oscillators with sharp absorption resonances in the visible
spectrum (400–750 nm) are very effective in raising the
real part of the RI in the red and infrared parts of the
spectrum when dissolved in water, indicating that water-
soluble dyes in the visible spectrum hold the potential to

effectively reduce the RI mismatching of tissue compo-
nents and achieve optical transparency.
The remarkable transparency achieved, attainable

through a simple topical application of dye solution,
empowers scientists to leverage a spectrum of optical
techniques for in vivo observation of internal or deep
tissues through the scalp, abdomen, and leg skin, indi-
cating broad potential for applications. As illustrated in
the original paper, this has facilitated high-resolution
imaging of abdominal organs, such as the small intestine
and liver, without the need for abdominal surgery, which
is rather impressive. This approach minimizes the reliance
on invasive surgical window creation for deep tissue
imaging, and is anticipated to unlock new perspectives
across a multitude of research disciplines. People can also
directly observe what’s going on inside the organism with
the naked eye, which has the potential to revolutionize
existing optical research paradigm in life science. In the
future, the development of this technology holds promise
for significantly enhancing the diagnostic potential of
certain imaging techniques. For instance, speckle imaging
technology, currently used to monitor superficial skin
vascular abnormalities, could be augmented to detect and
monitor vascular complications in the lower limbs asso-
ciated with diabetes, thanks to the advancements in tissue
transparency and imaging clarity.
It is noted that the current study was conducted on

young mice, not humans. Human skin is almost ten times
thicker than that of mice, and there is uncertainty
regarding the amount of dye required to effectively
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Abstract
Optical imaging plays a central role in the field of biomedicine, but it suffers from the light scattering of tissues. The
research group from Stanford University has reported a counterintuitive observation that strongly absorbing
molecules could achieve optical transparency in live animals, providing a new insight for understanding tissue optical
clearing. It empowers scientists to leverage optical imaging techniques for in vivo observation of a wide range of
deep-seated structures and activities.

The latest breakthrough in the field of live tissue optical
clearing reported in Science is attracting more and more
attentions1. The new insight promises to enhance our
comprehension of the underlying principles and to pro-
vide new perspective for developing innovative methods
in tissue optical clearing.
Optical imaging provides a powerful tool for exploring

life science. However, the inherent scattering and
absorption properties of biological tissues significantly
impede the penetration of light, leading to a decline in
imaging resolution and contrast as it propagates deeper.
Scientists have been making efforts on solving this pro-
blem by developing innovative contrast agents and
employing cutting-edge imaging techniques2. Typically,
researchers have relied on mechanical sectioning to
reconstruct 3D structures of large tissues or organs, or
established window models for in vivo imaging to peer
deeper into biological systems. If the body were trans-
parent, these tasks would be a breeze. It may sound like
science fiction, but some have already succeeded3. For
instance, Richard White used careful breeding techniques
to create a transparent adult zebrafish4, which has been

applied to study cancer development and neuroscience.
Unfortunately, to date, no other transparent animal spe-
cies have been artificially created. Tissue optical clearing
emerged as a more promising avenue for deep tissue
imaging. Over the past few years, our lab has been at the
forefront of the in vivo clearing field, inventing various
in vivo skin optical clearing methods and pioneering the
development of skull optical clearing windows5–13. These
advancements have facilitated the observation and
manipulation of cutaneous or cortical neuro-vascular
structure and function in deep14–17. We have also made
some efforts in ex vivo clearing techniques for whole-
organ profiling18–21, a field that has been flourishing over
the last two decades22–24.
Light scattering in tissue occurs due to the difference

between low refractive index (RI) aqueous-based compo-
nents (such as interstitial fluid and cytosol) and high RI
lipid-and protein-based components (such as the plasma
membrane, myelin, and myofibrils)25. Existing tissue clear-
ing methods typically enhance RI matching by substituting
water with chemicals of a higher RI, generally accom-
panied by procedures like dehydration, decalcification,
delipidation, and collagen dissociation to yield a
homogeneous environment18–20. Alternatively, Yasu-
hiko et al. have introduced an inspiring in-silico
clearing to realize deep RI tomography and improved
deep imaging capability by partial reconstruction and
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Understanding low-threshold mode-locking at
multi-GHz repetition rate
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Abstract
Continuous-wave mode-locking at multi-GHz repetition rates is achieved in an ultrashort laser cavity at critical pulse
energies 100 times lower than predicted by conventional theory. The authors reveal that dynamic gain depletion and
recovery between consecutive round-trips is the key factor behind a low-pulse-energy transition from Q-switched
mode-locking (QSML) to continuous-wave mode-locking (CWML). As well as providing new insight into gain
dynamics, the results suggest a practical route to low-threshold lasing at very high-repetition rates.

Laser mode-locking using saturable absorbers provides
a simple and robust method for generating trains of
ultrashort pulses1. Commonly used in many applications
and much studied, mode-locked lasers are intrinsically
complex systems with a range of different operating
regimes2. The authors identify a new regime that favours
multi-GHz CWML over QSML at very low critical pulse
energy.
Q-switched bursts of mode-locked pulses are governed

by relaxation oscillations, and occur when the individual
pulse energy is lower than a critical value determined by
the laser configuration and varies not only over each
cavity round-trip due to gain/loss competition, but also
over many round-trips. Conventional theory predicts that
the critical pulse energy for the onset of CWML and
suppression of QSML is determined by gain saturation
and the saturable absorber threshold3. The gain saturation
must be sufficient to damp out any relaxation oscillations,
and the pulses strong enough to bleach the saturable
absorber.
Taking a fresh look at high-repetition-rate CWML in a

soliton fibre laser with an ultrashort cavity and a semi-
conductor saturable absorber mirror (SESAM)4, Chen
et al. have found, unexpectedly, that QSML can be

suppressed at pulse energies two orders of magnitude
lower than predicted by conventional theory. They
achieve stable 21 GHz CWML at a critical pulse energy of
only ~24 pJ. Although there are previous reports of cri-
tical energies that are puzzlingly much lower than theo-
retical predictions, this is the first time these have been
systematically explained.
Chen et al. developed a new theory by considering

dynamic gain depletion between consecutive round-trips.
Conventionally the gain is assumed to be saturated and
time-independent, fully recovering after each round-trip
(Fig. 1a). While this is valid at low enough repetition rates
(kHz to MHz), at multi-GHz rates the pulse spacing is too
short for full gain recovery so that the gain can no longer
be treated as time-independent, with the result that suc-
cessive pulses become correlated by gain depletion. If the
pump power is too low, the dynamic gain drops after each
round-trip due to gain depletion, until solitons are no
longer supported; the gain then fully recovers. The result
is quasi-rectangular bursts of QSML pulses as observed in
the experiments, reminiscent of soliton crystals5 (Fig. 1b).
Note that in such states successive solitons within a single
burst will have slightly lower energies. As the pump power
increases, these “soliton crystals” merge to form an
unbroken CWML pattern.
Based on these observations, Chen et al have derived a

modified criterion for switching from QSML to CWML:
g0LEc=EG > q0Ea=Ep where Ep is the soliton energy, EG

and Ea are the saturation energies of the gain medium and
the absorber, q0 is the modulation depth of the saturable
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penetrate such thickness. Therefore, the validity of tar-
trazine in clearing tissue will be a challenge in larger
organisms and humans. The exploration of dyes that have a
stronger clearing effect than tartrazine remains to be done.
In any case, it is very impressive that people with an optical
background know the formula of complex RI, but most of
them only consider the scattering in terms of the real
component. Fortunately, Ou et al. paid attention to the
imaginary component of the RI, using strongly absorbing
dyes to enhance the RI of aqueous solution to clear live
tissues. This theoretical framework may open a new per-
spective on developing optical clearing methods, encom-
passing both in vivo and ex vivo clearing methodologies.
This is a vivid exercise in using basic optical knowledge to
create new technologies, which could bring us another
significant enlightenment beyond the research itself.
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