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Brillouin light scattering (BLS) spectroscopy is a non-invasive, non-contact, 
label-free optical technique that can provide information on the mechanical 
properties of a material on the submicrometre scale. Over the past decade, BLS 
has found increasing microscopy applications in the life sciences, driven by the 
observed importance of mechanical properties in biological processes, the 
realization of more sensitive BLS spectrometers and the extension of BLS to an 
imaging modality. As with other spectroscopic techniques, BLS measurements 
detect not only signals that are characteristic of the investigated sample, but 
also those of the experimental apparatus, and can be substantially affected by 
measurement conditions. Here we report a consensus between researchers 
in the field. We aim to improve the comparability of BLS studies by providing 
reporting recommendations for the measured parameters and detailing 
common artefacts. Given that most BLS studies of biological matter are still at 
proof-of-concept stages and use different, often self-built, spectrometers,  
a consensus statement is particularly timely to ensure unified advancement.

In the context of studying bio-relevant matter, Brillouin light scatter-
ing (BLS) spectroscopy involves measuring the frequency and lifetime 
of megahertz–gigahertz-frequency acoustic phonons—propagat-
ing density fluctuations—in a material. These are distinct from the 
higher-frequency localized optical phonons probed using, for exam-
ple, Raman spectroscopy. This is made possible by the constructive  
and destructive interference of light inelastically scattered from 
propagating thermal or stimulated phonons of a given wavevector 

determined by the Bragg condition1. Inelastic scattering refers to light 
that is not of the same energy as the incident light, manifested through 
a detected spectrum that is different from the incident light or devia-
tion in the arrival time of photons from the optical path length. A BLS 
spectrum of a homogeneous and isotropic material will consist of at 
least two (Stokes and anti-Stokes) peaks that reveal the amplitude, 
frequency and lifetime of acoustic phonons at the probed scattering 
wavevector(s).
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Parameters that BLS measures
The two key parameters measured in BLS spectroscopy are νB and ΓB, 
both conventionally presented in units of megahertz or gigahertz. To 
obtain these parameters, one typically fits each Brillouin peak in the 
frequency domain with a suitable function (Supplementary Section 2.1).

Experimental data for a BLS measurement typically consist of 
the intensity at different frequencies spanning one or both Stokes 
and anti-Stokes BLS peaks, or time-series data longer than 1/ΓB with 
a sampling frequency >2νB. In most cases, BLS measurements do not 
measure the elastic scattering peak, which is suppressed, masked or 
otherwise avoided due to its large intensity. Below we list some physical 
quantities that can be extracted from the key parameters (correspond-
ing equations are provided in the Supplementary Section 2).

•	 Hypersonic acoustic speed (V) The phase velocity of the probed 
acoustic modes in the direction of the scattering wavevector. It is 
obtained from νB and, depending on the scattering geometry, the 
refractive index (n) of the sample in the direction of the scattering 
wavevector. All current implementations of BLS imaging probe the 
longitudinal acoustic phonon modes, but depending on the scat-
tering geometry and detection optics, BLS may probe longitudinal, 
transverse or mixed transverse–longitudinal acoustic phonon modes, 
with the phase velocity being that of the respective modes8,18,19.

•	 Longitudinal storage modulus (M′) A measure of the elastic proper
ties subject to longitudinal boundary conditions. For isotropic 
materials, M′ is a combination of the real parts of the shear (G′) and  
bulk (K′) moduli: M′ = K′ + (4/3)G′ (Supplementary Section 2.5). 
In addition to all of the parameters required for calculating ν, 
knowledge of the mass density (ρ) is required.

•	 Longitudinal loss modulus (M″) and longitudinal viscosity (ηL) 
Measures of the viscous (dissipative) properties subject to 
longitudinal boundary conditions. In addition to all parameters 
required for calculating M′, ΓB is required.

Examples of the BLS spectra of distilled water, measured using 
different spectrometer designs, are shown in Fig. 1a–e. In each case, the 
spectrum of (>99% pure) cyclohexane, which has a smaller BLS frequency 
shift (νB) and broader linewidth (ΓB) than water, is also shown. A descrip-
tion of the different spectrometer designs and the detection schemes/
scattering geometries can be found in Supplementary Section 1  
and Supplementary Fig. 1. The frequency shift of the BLS peak in each 
case corresponds to the probed phonon frequency. Using the wave 
equation, this can be used to calculate the phonon hypersonic speed, 
which is related to the respective elastic modulus (Supplementary 
Section 2). The width of the BLS peaks is related to the imaginary (dissi
pative) part of the modulus, which can be expressed in terms of the 
longitudinal viscosity but is also dependent on extrinsic experimental 
conditions and commonly affected by spatial heterogeneities in the 
sample in a non-trivial manner.

While BLS spectroscopy has been performed in research labo-
ratories for more than half a century2, the recent surge of interest in 
biomedical applications can largely be attributed to its extension 
to an imaging modality3,4 suitable for studying biological samples4. 
Driven also by our growing awareness of the importance of mechanical 
properties for biological processes5,6, the past few decades have seen 
the development of a number of different approaches7,8 to obtain BLS 
spectra of biological matter, together with their application to diverse 
biological systems8–10. These approaches are expected to yield compa-
rable results for the viscoelastic moduli. However, each has distinct 
experimental challenges, limitations and characteristic sources of 
uncertainty.

There are ongoing discussions on the biological relevance of 
BLS-derived parameters of soft tissue and cells11–15, but we focus here 
on photonics aspects necessary to extract reliable and repeatable 
parameters in biological matter. We also only consider Brillouin scat-
tering at visible–near-infrared wavelengths, as X-ray16 and neutron17 
Brillouin scattering are associated with distinct challenges.

Frequency shift (GHz)
–15 –10 –5 0 5 10 15

In
te

ns
ity

0

0.2

0.4

0.6

0.8

1.0

Frequency shift (GHz)
0 5 10 15

In
te

ns
ity

0

0.2

0.4

0.6

0.8

1.0

Frequency shift (MHz)
0 200 400 600

Fourier transform
 intensity

0

0.2

0.4

0.6

0.8

1.0

Frequency shift (GHz)
3 4 5 6 7

In
te

ns
ity

0

0.2

0.4

0.6

0.8

1.0

Frequency shift (GHz)
0 2 4 6 8 10 12 14

Fo
ur

ie
r t

ra
ns

fo
rm

 in
te

ns
ity

0

0.2

0.4

0.6

0.8

1.0

Delay (ns)
0 1 2 3

Am
plitude

–1.0

–0.5

0

0.5

1.0

Time (µs)
0 0.2 0.4

In
te

ns
ity

0

0.5

1.0

0510 0

a b c

d e

Fig. 1 | BLS spectra of liquids. a–e, Example BLS spectra of distilled water 
(black circles) and cyclohexane (red squares) measured using different 
spectrometer designs (normalized to unity). a, Tandem Fabry–Perot (TFP) 
spectrometer. b, Virtual imaged phase array (VIPA) spectrometer with electro-
optic modulator reference peaks45 at 13 GHz. c, Stimulated Brillouin scattering 
(SBS) spectroscopy. d, Time-resolved Brillouin scattering (TRBS) microscopy. 
e, Impulsive SBS (I-SBS) spectroscopy. The insets in d and e show the respective 

measured time-resolved data. The I-SBS frequency shift depends solely on 
sound speed, whereas for spontaneous BLS, SBS and TRBS, the refractive 
index reduces the frequency difference between water and cyclohexane (see 
also Supplementary Section 1.2). Horizontal dashed and solid lines represent 
measurement and scan ranges of the respective measurements. Lines between 
data points are presented as a guide to the eye.
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•	 Longitudinal loss tangent (tanδ) Defined as M″/M′ = ΓB/νB, tanδ 
is a measure of attenuation of the longitudinal phonons that is 
independent of ρ and usually, to a good approximation, n.

•	 Shear modulus (G) Can be obtained from the BLS frequency shift 
of transverse acoustic modes in a symmetry direction. Trans-
verse acoustic phonon modes are manifested as Stokes and anti- 
Stokes peaks that are distinct from those of longitudinal acoustic 
phonons, usually with a smaller BLS frequency shift. They typi-
cally require measurements at different scattering geometries 
and polarizations19–22. The frequency shift of transverse acoustic 
phonons may be too small to measure practically in soft matter 
and liquids. Calculation of G requires ρ and n in the direction of 
the scattering wavevector. G is a complex quantity (G = G′ + G″i), 
with the real (G′) and imaginary (G″i) parts obtainable from the fre-
quency shift and linewidth in an analogous manner to M′ and M″.

•	 Tensile or Young’s moduli (E), K and Poisson’s ratios (σ) These can 
be derived from measurements of G and M and require a priori 
knowledge or assumptions on the symmetry of the sample19–21 
(Supplementary Section 2). They are typically only accessible 
in hard matter where transverse acoustic phonon modes can be 
measured.

•	 Landau–Placzek ratio (rLP) Defined as the ratio of the integrated 
Rayleigh scattering peak intensity (the component of elastic  
scattering from the thermal diffusivity mode23) to the integrated 
BLS peak intensity (defined as the area under the respective 
peaks)1. For homogeneous samples rLP = (cP − cV)/cV, where cP and 
cV are the specific heat at constant pressure and constant volume1. 
While rLP can provide insight into thermodynamic properties, 
the validity breaks down in complex materials and an accurate 
measure of the Rayleigh signal is challenging in the presence  
of other dominant elastic scattering processes, such as Tyndall 
scattering24. It has therefore been avoided when considering  
biological matter thus far.

•	 Refractive index (n) Can be calculated for isotropic materials or 
materials with known symmetry from angle-resolved measure-
ments or from several different scattering geometries20,25, under 
the assumption of a homogeneous sample, and at frequencies not 
in the vicinity of a structural relaxation process or phase change26.

•	 Mass density (ρ) Can be calculated in stimulated BLS, with a priori 
knowledge of the refractive index, via the BLS gain, with which it 
scales linearly27.

Resolution
The spectral resolution of a BLS spectrometer may be defined (in line 
with guidelines of the Joint Committee for Guides in Metrology28) as 
the smallest change in frequency that would cause a detectable change 
in the corresponding measurement. Depending on the spectrometer, 
this can be extracted from a measurement of the width of a spectrally 
narrow laser line or the uncertainty of photon arrival times. While the 
resolution of the spectrometer is ultimately a limiting factor, spectral 
deconvolution29 and spectral fitting30 can be employed for highly pre-
cise measurements of BLS frequency shifts and linewidths (exceeding 
the accuracy with which νB can be extracted by two orders of magnitude 
compared with the spectral resolution of the spectrometer31). The 
use of the Allan variance method, introduced for IR spectroscopy, has 
been proposed32,33 for making unbiased comparisons of the spectral 
precision of different BLS spectrometer set-ups. This can be applied to 
BLS experiments by measuring the standard deviations of the fitting 
parameters over the sampling time34,35. To obtain unbiased spectrom-
eter comparisons, one should bear in mind that spectrometers may 
allow optimization of this parameter by modulating (for example) 
the mirror spacing, acquisition/scan time, amplitude and number of 
acquisition points.

The spatial resolution is fundamentally limited by the effective 
point spread function of the microscope itself, with the exception of 

the axial resolution in TRBS (Supplementary Section 1.2). Given that 
BLS is a coherent phenomenon, the effective point spread function 
may be larger than that defined using incoherent probes (for example, 
fluorescent labels) or scattering processes. This can be understood 
through the dependence of the probed photon–phonon interactions 
on the coherence lengths of the phonons (that is, the characteristic 
size range over which density fluctuations are correlated)36,37. This is 
dependent on the sample and given, for a phonon wavelength of Λ,  
by ΛνB/ΓB (ref. 38). Increasing the mechanical contrast between  
different regions typically reduces the phonon coherence, improv-
ing the spatial resolution up to the limit of the optical resolution  
obtainable from incoherent scattering processes. In practice, the 
true spatial resolution is best determined experimentally on mock-up 
systems that consist of different materials with sharp interfaces and 
spatially scanning between them.

Reporting consensus
Below we describe parameters that we consider important to report 
in all BLS measurements, regardless of the spectrometer used. These 
are provided also in the form of a Minimal Reporting Table (Supple-
mentary Table 1).

Spectrometer
In addition to information on the type of spectrometer, this should 
include its free spectral range (FSR), sampling step size (distance 
between voxels in raster scans and/or time increments in time-series 
measurements) and range (in frequency for the frequency domain or 
time for the time domain).

Spectral resolution
In spontaneous frequency-domain BLS measurements, this is often 
most easily obtained by measuring the elastic scattering peak width 
from a highly scattering sample (for example, a mirror flat), with the 
assumption that the probing laser(s) have much narrower spectral 
linewidths than the frequency shifts measured. In frequency-domain 
SBS, stimulated Rayleigh scattering can be measured as described in 
ref. 39, particularly the absorptive contribution to the gain spectrum, 
the strength of which depends on the type and purity of the sample. 
The different contributions to the effective spectral resolution are 
described in ref. 27, including the laser linewidth at a given measure-
ment time, numerical aperture (NA), lock-in-amplifier time constant 
and laser frequency scanning rate. In time-domain measurements this 
can be estimated from the repetition rate of the pulsed laser, which 
acts as the frequency comb spacing in the spectral domain. The spec-
tral resolution is generally reported in units of megahertz. Although 
the spectral resolution is not a direct indication of the precision with 
which the key parameters can be extracted if the shape of the peak 
is known, it is important to distinguish multiple peaks (which may 
occur near interfaces40) or deduce undefined/uncertain functional 
peak shapes (which may occur near structural transitions). In general, 
spectral deconvolution can be used to improve BLS frequency shift  
and linewidth estimates, but may increase processing time.

Spectral precision (of spectrometers)
This is distinct from the spectral resolution in that it is a measure of 
how precisely νB and ΓB can be determined from repeated measure-
ments, and ultimately a measure of the stability of the microscope/
spectrometer. A reasonable practical measure of this can be obtained 
from the spread of repeated measurements or a spatial scan of a static 
homogeneous sample. In certain cases, the difference in the abso-
lute frequency shift and linewidth of the Stokes and anti-Stokes peaks  
may also contribute and should be considered. These parameters are 
generally reported as coefficients of variation on the mean (ratios of  
the standard deviation of the mean to the mean) and as percentages. For 
a heterogeneous or time-varying sample the precision can have inherent 
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spatiotemporal variability that is not accounted for with a single  
spectral precision, which should be considered. The acceptable spectral 
precision will depend on the size of the changes in the key parameters 
one wishes to discern. In practice, a precision of ~0.5% for νB and 5% for 
ΓB often suffices to discern significant changes in the derived elastic 
and viscous parameters of biological samples.

Signal-to-noise and signal-to-background ratios
These are measures of how well the BLS signal compares to all other 
non-BLS detected signals. Various sources of background signals can 
exist, including residual amplified spontaneous emission (ASE), side 
modes of laser sources that are not perfectly clean, fluorescence/
Raman signals and artefacts from elastic scattering (for example, 
from turbid samples like tissue or bones). In the most desirable oper-
ating conditions, all non-BLS signals would be removed and enough 
BLS photons would be collected to operate in the shot noise limit 
for the detector used. Reporting the signal-to-noise ratio (SNR) and 
signal-to-background ratio is therefore important to demonstrate 
whether a measurement is shot noise (highly preferred) or background 
limited. The SNR may be quantified in a manner analogous to that used 
in Raman spectroscopy41, as the ratio of the averaged BLS peak intensity 
to its standard deviation, while the signal-to-background ratio is the 
ratio of the averaged BLS peak intensity to the standard deviation of 
the noise floor in the absence of the BLS signal.

NA of excitation and detection light/scattering angle(s)
Given that νB and ΓB are dependent on the scattering angle, using 
high NAs (>0.4) will result in broadening of the linewidth due to the 
increased spread of scattering wavevectors measured42,43. At scattering 
angles away from backscattering, the effect of a finite NA becomes par-
ticularly pronounced and an experiment-specific trade-off between 
the acceptable spread in scattering wavevector, spatial resolution, 
laser exposure and acquisition time must be made. While conventional 
wisdom states that increasing the excitation and/or detection NA 
results in a higher lateral spatial resolution, in BLS microscopy this 
may not always be the case due to the finite phonon length scales38. 
As such, explicitly reporting both the excitation and detection NA 
or angles is essential for meaningful interpretation of data. In addi-
tion, for confocal implementations, reporting of the effective size 
of the detection pinhole (physical pinhole or fibre core diameter) in 
Airy units is important for understanding the confocality and probed 
wavevectors.

Average power/peak power at sample/pulse repetition rate
Measurements conducted at low average laser power have the advan-
tage of reduced photodamage/phototoxicity for live cell and tissue 
studies. They also reduce the potential of substantial sample heating 
which affects the BLS spectrum. While for biological samples it is almost 
always desirable to use as low a laser power as possible while still main-
taining an acceptable SNR, for dynamic/moving samples there may 
be a trade-off to capture the desired dynamics. To avoid perturbing 
sensitive biological processes the total laser exposure (energy depos-
ited on sample) is often more relevant, and as such a balance between 
exposure time and laser power may need to be found. The acceptable 
power intensity is ultimately sample dependent and guidelines set out 
for other microscopy techniques should be followed44.

Laser wavelength(s)
Both νB and ΓB depend on the wavelength of the laser source. When 
selecting wavelengths, the strength of the BLS signal, the potential for 
photodamage and the depth within a sample one wishes to measure 
need to be considered. While the BLS scattering cross-section scales as 
λ−4 (where λ is wavelength) and the spatial resolution of a measurement 
increases with decreasing λ, the photodamage to biological materials 
is generally more substantial at shorter wavelengths.

Exposure/acquisition time
The exposure time for each spectral acquisition should be chosen to 
obtain a sufficient SNR. However, dynamic/moving samples may set 
a practical upper limit, in which case a compromise between increas-
ing laser intensity and decreasing spectral resolution may be needed.

Sample temperature
Given the strong temperature dependence of BLS, we recommend 
that the sample temperature should be reported to within ±0.5 °C. 
This will typically cause errors in the value of νB in hydrated samples 
of only ~0.1% or less.

BLS spectroscopy methods
A description of the different approaches for performing BLS spectro
scopy, together with measurement and reporting recommendations 
particular to each, are presented in Supplementary Section 1. Here we 
discuss aspects relevant to different spectrometer designs and the 
comparison of measurements on different set-ups.

Calibration spectra
BLS spectra need accurate and robust calibration for data to be com-
parable across laboratories and experimental conditions, as well as 
over time. For instruments that need to be calibrated using a reference 
inelastic peak, such as VIPA architectures or single etalon systems, 
optimal performance is achieved by eliminating the elastic scattering 
and calibration is typically performed using materials with known νB to 
estimate the unknown dispersion parameters. The accuracy of these 
calibration procedures relies on the accuracy of the reference νB, which 
may depend on other experimental parameters such as temperature 
(for example, the νB of water increases by ~1% °C−1; whereas that of poly-
styrene decreases with increasing temperature47).

Calibration based on absolute, and highly conserved, absorption 
lines of atomic gas vapours such as rubidium may be employed. It has 
been shown that locking the laser frequency to such narrow absorption 
lines allows calibrated measurements that are accurate to within a few 
megahertz over extended periods48. Alternatively, a robust calibra-
tion strategy can involve spectrally shifting a part of the elastic scat-
tered signal by a few gigahertz using an electro-optic modulator45,49,50 
or potentially also an acousto-optic modulator. In SBS microscopy 
set-ups, measurements of the frequency difference between the pump 
and probe beams typically involve: (1) beating measurements with a fast 
photodetector and a frequency counter51; and (2) frequency locking 
one laser to a rubidium transition and measuring the wavelength of  
the second laser using an accurate and precise wavemeter39. One may 
also use a range of rubidium absorption peaks as frequency references 
for spectral calibration (Supplementary Section 1.2).

Fitting of BLS spectra
In cases where the presence of a mechanical relaxation process can 
be ruled out, the BLS peak is well represented by a damped harmonic 
oscillator (DHO). When spectra are measured using Fabry–Perot inter-
ferometers or monochromators, a direct DHO fit is feasible. However, 
for imaging spectrometers the spectral projection will be weighted by 
a Gaussian envelope52. This results in a slight functional correction, and 
fits are typically performed using Lorentzian functions. Given that νB in 
a DHO fit does not exactly coincide with the peak maximum, a correc-
tion (usually small) may need to be applied for broad BLS peaks when 
using Lorentzian fitting53.

In the ideal scenario, the detected signal is shot-noise-limited, 
such that the variance σ scales as σ2 = Ni, where Ni is the number  
of photons detected in a given frequency interval. Large variation in 
the relative photon count uncertainty across the BLS peak would 
require a weighted (∝ σ−2i ) regression routine for fitting. In multi-pixel 
detectors there may also be additional sources of noise (due to electron 
amplification, for example) that increase the variance and should be 
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considered. The fitting function may thus also include a baseline term 
to account for this and other physical phenomena (for example, fluo-
rescence and Raman scattering folded into the spectral measurement 
region due to the finite spectrometer FSR). Rather than subtracting 
such contributions from the spectra, which can be statistically mislead-
ing, this contribution should explicitly be included in the fitting 
function.

The measured BLS spectrum is always subject to instrumental 
broadening and should thus ideally be deconvolved with the (spectral) 
instrument response function (IRF). Alternatively, a modified fitting 
function can be constructed by convolving the model function (DHO 
or Lorentzian) with the IRF. In frequency-domain spectroscopy, the IRF 
can be obtained by measuring the spectra of the elastically scattered 
probing laser through the optical set-up by replacing the sample with 
a mirror flat in the backscattering geometry.

Uncertainties
When reporting uncertainties for BLS measurements, following estab-
lished guidelines54 is recommended. Whenever possible, repeated 
measurements of a sample under the same conditions should be con-
ducted to evaluate the uncertainty caused by random error sources. 
This type of uncertainty (type A evaluation) is expressed as the standard 
deviation of the mean. For uncertainties that cannot be estimated from 
repeated measurements (type B evaluation), such as systematic errors, 
a comparison with the reported values of standard materials should 
be performed when possible. The combined uncertainty can then be 
calculated by considering the dependencies between error sources. 
To mitigate systematic errors, regular calibration with readily avail-
able homogeneous materials with constant νB values, and where the  
BLS peak is well described by a model fitting function, is recommended. 
To report the uncertainty of any calculated viscoelastic parameters, 
the uncertainties of each of the measured or assumed parameters 
should be evaluated separately and then combined according to the law  
of propagation of uncertainty.

Parameters for high-quality BLS measurements
One can distinguish between parameters that concern the probing 
light and the detection of the BLS signal. On the probing side, the most 
important parameters are: (1) the laser linewidth, which determines 
the upper limit of the achievable spectral resolution, and should 
typically be <100 MHz; (2) the long-term laser wavelength stability, 
which should ideally be <1 GHz of drift per hour (locking the laser 
wavelength to a gas absorption cell line or recalibration with control 
samples may be employed); and (3) the spectral noise of the laser 
(ASE and side modes), which can lead to considerable spectral con-
tributions either side of the main laser line. The ASE influences the 
spectral noise floor from its elastic scattering by the sample or within 
the optical set-up. It can, owing to its spectral breadth, be challeng-
ing to filter out, potentially even requiring a combination of etalon 
filters. The total power outside the main laser line should typically 
be ~60–90 dB lower than that of the main laser line for high-quality 
BLS measurements.

On the detection side, it is most important to sufficiently suppress 
elastic scattered light. The required magnitude thereof depends on a 
sample’s scattering properties, although a suppression of ~60–90 dB 
(less in homogeneous low-scattering samples such as transparent 
liquids, more in highly scattering samples such as calcified bones) 
is desirable. At the same time, the detection of the BLS signal needs 
a sufficiently high SNR for high-precision fitting. If a (typical) preci-
sion of ~10 MHz is desired, a SNR of between ~30 and 50 is required, 
depending slightly on other spectrometer properties and acquisition 
parameters (spectral sampling and so on)55. Given that state-of-the-art 
spectrometers are often shot-noise-limited, this would correspond to 
a total signal that is on the order of 103–104 detected photons across 
the measured BLS spectrum.

While a high SNR, spectral resolution and precision will result in 
more reliable determination of the key parameters, how accurately 
they can be extracted ultimately depends on how accurately the fitting 
model describes the measured spectra. Finite-NA peak broadening, 
multiple scattering (in highly scattering samples), background noise 
and deconvolving with the IRF will all play a part in this.

Artefacts
Different spectrometer designs have unique sources of artefacts, which 
are described in the Supplementary Section 1. Below we discuss arte-
facts that are common to several spectrometer designs and can affect 
the determination of key BLS parameters.

Material (acoustic) heterogeneities. When elastic heterogeneities  
exist in the scattering volume, the BLS spectrum may no longer exhibit 
a single set of peaks (per acoustic mode). While not necessarily an 
artefact, it may still require explicit consideration as it can provide 
insight into the composition of a sample. The effect will depend  
on the size and the acoustic mismatch of the heterogeneities36,37,56 
(Supplementary Section 2.5).

Scattering wavevector indeterminacy. Any indeterminacy in the 
probed scattering wavevector (q) will be reflected in both νB and ΓB and 
any subsequently derived parameters. Given that the probing and col-
lection optics have a finite NA, this effect is unavoidable. In the case of 
low NA and in the backscattering configuration, it is greatly reduced43. 
However, for high-NA excitation or detection, as well as for small scat-
tering angles57, the effect on both νB and ΓB can become substantial38,42. 
Given that the theoretical evaluation of the q indeterminacy may not 
be straightforward, it may be desirable to estimate this from measure-
ments on materials with negligible intrinsic broadening, which can also 
allow us to obtain the IRF of the optical set-up.

In turbid media where there is substantial multiple scattering, the 
effects of q indeterminacy become more complicated, as the probed 
phonons are no longer defined by the external scattering geometry. 
Here the observed spectrum is a complex superposition of BLS spectra 
with different scattering geometries. Methods based on (for example) 
polarization gating58 may be used to separate different contributions 
and extract the true BLS parameters.

Sample heating effects. Temperature has a notable effect on key BLS 
parameters, as well as on cellular processes. In hydrated biological 
samples an increase in temperature will typically result in an increase 
in νB and decrease in ΓB. As such, it is important to consider uncertain-
ties in the key parameters due to uncertainties in the temperature. 
To check whether local sample heating is non-negligible, performing 
equivalent measurements with different laser intensities or sample 
exposure times may be sufficient.

Given that some BLS approaches require intense and/or extended 
sample laser exposures, sample heating may become relevant. In  
general, this is non-trivial to calculate or measure in situ and will  
depend on numerous parameters. Semi-quantitative estimates can  
be made using the bio-heat equation59, for example.

In time-domain BLS, the temperature rise at the transducer caused 
by the absorption of laser pulses may also contribute to sample heat-
ing. This is most notable for large average laser powers and thermally 
insulating substrates. Using a sapphire substrate with 1.5 mW average 
laser power would result in a temperature rise of ~1 °C in the sample 
measurement volume60.

Laser frequency drifting or line broadening. Ideal lasers for Brillouin 
scattering have narrow linewidths (<10 MHz) at a single, stable fre-
quency. Some commercial continuous-wave, single-longitudinal- 
mode lasers, such as those commonly used in spontaneous and  
stimulated frequency-domain BLS, experience frequency drifts that are 
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predominantly caused by temperature fluctuations. Such frequency 
drifts can be >100 MHz for environmental temperature variations of 
0.1 °C, although the amount will vary depending on the laser type and 
manufacturer61. To increase wavelength stability during BLS spectra 
acquisition, laser sources may be actively locked to a reference (for 
example, an Rb/I2 gas cell or a stable external cavity). Depending on 
the timescales associated with frequency drifts, one may perform 
periodic measurements of a reference material or signal with known 
νB and implement frequency-drift corrections during analysis45.

Elastic scattering filters. Given the tight frequency-matching require-
ments, stability represents the main challenge for most elastic scat-
tering filters. The suppression of elastically scattered light can be 
compromised by laser frequency drifts, mechanical drifts, environmen-
tal thermal fluctuations and intrinsic ASE from the laser. As such, the use 
of laser lock-in or closed-loop configurations that involve a continuous 
readout of the elastic scattering signal are generally required for both 
interference- and molecular-absorption-based filters. For the latter, 
the multitude of absorption lines (especially in I2 absorption cells) may 
attenuate or distort the BLS peaks, which may need to be considered 
during analysis.

Spectral overlaps. BLS spectrometers operating on interferometric 
principles will have a finite FSR. In measuring a sample that has a νB 
larger than the FSR, the BLS peak(s) will appear in higher orders or 
overlapped orders if the spectrometer is not explicitly designed to 
cancel out overlapping and higher-order peaks62. For example, if a 
sample has νB = 45 GHz yet the spectrometer FSR is 30 GHz, the BLS 
anti-Stokes peak will deceptively show up at 15 GHz. This ambiguity, 
and the measurement of νB values larger than the FSR of a spectrometer, 
can be overcome by measuring the BLS peaks in higher-order ranges63. 
In dual-etalon TFP set-ups such spectral overlaps are eliminated by 
selecting different etalon FSRs64. The issue may also be mitigated in 
dual-VIPA set-ups by using VIPAs with different FSRs, effectively increas-
ing the FSR of the spectrometer65. This ambiguity in νB is not an issue in 
stimulated and time-domain BLS.

Internal reflections in sample. For samples that are thin, highly 
reflective or support optical waveguiding modes, multiple reflec-
tions from interior surfaces can give rise to additional BLS peaks in 
non-backscattering geometries66,67. This is due to light reflected in the 
interior of a sample leading to two (or more) inner scattering angles. 
The result is the observation of two (or more) sets of BLS peaks, one 
associated with the experimentally chosen scattering geometry and 

the other corresponding to backscattering from internal reflections. 
The (longitudinal) modes with the largest νB will generally be those 
associated with backscattering, and may show angular dependence 
with sample rotation66. Given that transverse modes are forbidden 
in backscattering for high-symmetry conditions, only longitudinal 
modes will appear from such internal scattering and can be identi-
fied by employing crossed polarizers in the probing and detection 
beam paths.

To illustrate some potential artefacts that can be found in BLS 
microscopy, in Fig. 2a–d we show spatial maps of the BLS frequency 
shift and linewidth for identical 10-μm-diameter polystyrene beads 
measured in four different laboratories. Experimental details can be 
found in the respective Minimum Reporting Tables (Supplementary 
Data). In Fig. 2a,b the bead has been embedded and sealed in pure 
(>99%) glycerol, which has a larger BLS frequency shift than polysty-
rene. In Fig. 2c,d the embedding media are glycerol exposed to air 
for ~24 h and an aqueous solution, respectively, which both have BLS 
frequency shifts that are less than that of polystyrene. These two sce-
narios (Fig. 2a,b versus Fig. 2c,d) create distinct acoustic and optical 
interfaces between the bead and its surroundings, which can lead to 
distinct imaging artefacts.

The significant increase in the linewidth at the edge of the bead 
(Fig. 2a,b) can partly be attributed to the probing volume containing 
both the bead and the surrounding media (and thus contributions from 
phonons in both materials), effectively resulting in a broader peak. The 
acoustic impedance mismatch presented by the curvature of the bead 
surface may also result in an increased spread of scattering angles away 
from true backscattering. These are hard to avoid given the spherical 
geometry of the bead, and can also explain the intermediate values of 
the BLS frequency shift observed at the bead surface (Fig. 2b). Abrupt 
acoustic and optical interfaces generally present a challenge in BLS 
microscopy, which is often best addressed by fitting two Stokes and 
two anti-Stokes BLS peaks in their vicinity.

The region of decreased νB and increased ΓB seen at the centre of 
the bead (Fig. 2c,d) can be understood as a geometrical artefact of the 
bead acting like a lens, as would occur when the bead is immersed in 
a medium with a lower refractive index. As a result, measurements at 
this central position would be over a broader range of smaller scatter-
ing wavevectors, effectively decreasing νB and increasing ΓB, as seen 
in the figure. The bead represents an extreme example due to the 
atypically large refractive index and acoustic impedance mismatch 
with its surroundings (rarely encountered in soft biological matter), 
but serves as a useful illustration of potential geometric and material 
artefacts.
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Fig. 2 | Spatial maps of νB and ΓB for identical 10 μm polystyrene beads. a, TRBS  
microscopy measurements of νB (top) and ΓB (bottom) with a 758 nm probing 
wavelength. b–d, Corresponding VIPA spectrometer measurements with a 
660 nm probing wavelength. The polystyrene bead in a and b was embedded 
in glycerol (>99%), whereas the bead in c and d was measured in glycerol with a 

large water fraction (c) and Optiprep density gradient medium (d) respectively, 
which both have a lower acoustic index than the bead. Scale bars, 5 μm. Minimum 
Reporting Tables for measurements and representative BLS spectra can be found 
in Supplementary Data 1 and Supplementary Fig. 2.
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Comparison of absolute and relative BLS-measured values
Figure 3a,b shows the acoustic speed (V = 2πνBq−1) and kinematic  
longitudinal viscosity (μL = 2πΓBq−2), where q is the scattering wave  
vector, of distilled water obtained from measurements on different 
spectrometers in 15 independent laboratories around the world. 
Despite measuring at different wavevectors and scattering geome-
tries, all results should yield the same values of V and μL. The values of V 
derived from νB are in good agreement between laboratories and spec-
trometer designs (typically within <0.5%). The μL values derived from 
ΓB, while all having similar trends with respect to temperature, show 
much larger variability. This is probably due to numerous compounding 
effects that need to be addressed on a case-by-case basis, including a 
lack of proper spectral deconvolution, the finite time windows used 
to generate spectra (for I-SBS and TRBS) and inadequate corrections 
for finite probing/detection NAs. For a given spectrometer design, 
the latter would presumably provide the largest contribution to the 
observed variability, as the combined linear and quadratic wavevec-
tor dependence of νB and ΓB means that even a small change in NA can 
result in a observable change in the measured ΓB.

Despite the large variability in the measured μL, it is possible to  
obtain comparable absolute values of μL if one corrects for set-up- 
specific offsets by using a control sample with known values (for 
example). Figure 3c,d shows μL and V for >99% pure cyclohexane rela-
tive to that of injection-grade water measured with TFP, VIPA, TRBS 
and SBS spectrometers. In each case, a correction factor was applied 
(Supplementary Section 2.9) according to how the values of μL and 
V differed from those derived from deconvolved measurements of 
injection-grade water made using a TFP in Vienna and Hannover (Sup-
plementary Table 1) and interpolated for all temperatures. The nota-
ble differences in the TRBS results may be due to the high acoustic 
attenuation of cyclohexane compromising the number of discernible 
oscillations in the time traces, and thereby the Fourier-transformed 
frequency spectrum.

Conclusion
BLS microscopy is an emerging imaging technique that provides a 
unique contrast based on the high-frequency acoustic properties of 
a material. These can be used to calculate the associated viscoelastic 

parameters and render near-optical diffraction-limited spatial maps 
thereof. As it is label free and minimally invasive, it offers a comparable 
platform to imaging modalities such as Raman microscopy. Its narrow 
spectral window of excitation and emission mean that BLS can also be 
performed simultaneously with other imaging techniques (such as 
Raman68 and fluorescence69), enabling multimodal imaging.

There are a number of differences between our Consensus state-
ment and consensus statements for other spectroscopic techniques70 
and techniques that explicitly probe viscoelastic properties. Most 
notably, many of the instruments addressed here are largely self-built, 
and differ both conceptually (time-domain, spontaneous, stimulated) 
and with respect to their unique sources of uncertainty. These compli-
cations are contrasted by there usually being only two key parameters 
over a narrow frequency bandwidth that are of interest. While good 
agreement can be obtained between laboratories and instrument 
designs for the parameters derived from the BLS frequency shift (such 
as V and M′), there is a notable variability in the reported parameters 
derived from the BLS linewidth (for example M″, ηL and μL), which are 
much more sensitive to the experimental configuration. Nevertheless, 
correcting using a standard sample (such as the Vienna–Hannover 
measurements on injection-grade water done here) can bring these 
values into quantitative agreement among different laboratories and 
spectrometer designs.

The broader implementation of BLS microscopy is, to a large 
extent, still limited by the lack of commercial instruments that can 
be integrated seamlessly in life-science research laboratories, with 
set-ups mostly found in laboratories that focus on optical microscopy  
development. However, it has the potential to fill an important gap in 
the toolbox of technologies that can quantitatively measure changes 
in the mechanical properties of biological specimens with high 
spatiotemporal resolution in three dimensions. BLS can also offer 
unique possibilities that are inaccessible to other techniques that 
probe mechanical properties, such as quantitatively measuring7,8 and 
mapping15,19,20,71 the mechanical anisotropy (different stiffness tensor 
components) and refractive index25, as well as combined shear and 
longitudinal viscoelastic parameters19–22.

In life-science and pre-clinical research, as well as ultimately in 
clinical applications, the value of establishing a consensus is important 
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Fig. 3 | Comparison of BLS-derived parameters from different spectrometers. 
a,b, V (a) and μL (b) as a function of temperature measured using different 
spectrometer designs in participating laboratories. The accepted values for 
the acoustic speed in water and values reported from acoustic spectroscopy 
(AS) measurements46 are also shown. Error bars show propagated uncertainties 
from those reported in the Minimum Reporting Tables by each laboratory. 
c,d, BLS-obtained μL (c) and V (d) of cyclohexane (cyc) relative to that of pure 

water measured using different BLS techniques after normalization to the 
Vienna–Hannover water standard (a set of complimentary high-resolution 
measurements on pure injection-grade water under controlled temperature 
conditions obtained from laboratories in Vienna and Hannover; Supplementary 
Section 2.9). The insets show absolute values for water (filled circles) and 
cyclohexane (open circles).

http://www.nature.com/naturephotonics


Nature Photonics | Volume 19 | July 2025 | 681–691 688

Consensus Statement https://doi.org/10.1038/s41566-025-01681-6

to compare measurements performed by different instruments and for 
the commercialization of spectrometers. For the latter it can serve as 
a blueprint for parameters that need to be documented, and a guide 
for designing instruments with performance parameters suited for 
diverse bio-applications. It may also serve as a springboard for for-
mulating more rigorous and application-specific measurement and 
reporting standards, which are needed in different commercial and 
medical applications.

To this end, we also advocate for the establishment of a com-
mon file format to store both raw and processed BLS spectral data, 
together with important metadata for understanding the context  
of any given experiment. For this, the popular and well-accepted  
HDF5 file format72 could provide a versatile solution, as it allows one  
to store complex imagery, as well as underlying raw data, in a hierar
chical and well-structured manner. A proposed specification for this 
file format and the code that allows one to export data to this for-
mat are available in ref. 73. We anticipate that this format will be fine- 
tuned in the future through input from the academic and industry 
communities. We expect that such a standardization in file format 
will facilitate collaborations and mutual comparisons of experimental 
results, as well as promote the development of more universal data 
analysis software.

While BLS is still in its infancy in regard to clinical translation, 
one area where it has transitioned to clinical applications is that of 
ophthalmology. Here it is used to identify the severity of patholo-
gies such as keratoconus associated with spatial changes in corneal 
biomechanics47,74,75. As the technological sophistication of BLS con-
tinues to advance in areas such as acquisition speed76–79 and instru-
mentation footprint80, progress in application-specific directions, 
such as endoscopes81,82 and fibre-coupled probes83–86 is also being 
made. One can envision diverse potential clinical applications that 
offer improvements over current clinical mechanical sensing (such as 
palpation and ultrasonic elastography in terms of resolution), in vitro 
mechano-histopathological78,87–89, cellular90,91 and biofluid-based 
diagnostic applications84,92–94. For clinical translational pathways, 
additional sample-specific consensus points will no doubt need to be 
established, as has been the case for more mature technologies such 
as optical coherence tomography, photoacoustic imaging and Raman 
and infrared spectroscopy.

Applications of BLS microscopy can be expected to progress in 
several complementary directions: (1) BLS-measured viscoelastic 
parameters could provide direct insight into physical properties 
of fundamental biological relevance; (2) empirical or theoretically 
substantiated correlations with viscoelastic parameters measured 
at different frequencies and boundary conditions can be made;  
(3) BLS-measured parameters could provide a useful contrast mecha-
nism through their empirical correlations to a biologically relevant 
process/state (for example, a specific pathology). Here they might 
themselves be interpreted as presenting a complex chemo-physical 
property, related to mechanical properties insofar as the measured 
hypersonic acoustic quantities are concerned. Regardless of the field’s 
trajectory, it is currently in a serendipitous position, with the tech-
nology being ahead of our ability to appreciate the full biological 
importance of the measured parameters. To this end, establishing 
consensus early on is particularly important to ensure meaningful 
and consistent progress on all fronts.

Data availability
All data are contained in the Consensus Statement, Supplementary 
Information or Supplementary Data 1. A template for the proposed 
Minimum Reporting Table and the Vienna–Hannover pure water 
values used for instrument comparisons are included in Supplemen-
tary Table 1 and are available via Figshare at https://doi.org/10.6084/
m9.figshare.27794910 (ref. 95) and https://doi.org/10.6084/m9. 
figshare.27794913 (ref. 96), respectively. Completed Minimum 

Reporting Tables for data included in the main text are provided in 
Supplementary Data 1 and are available via Figshare at https://doi.org/ 
10.6084/m9.figshare.27794916 (ref. 97).

Code availability
Any specialized codes used for calculating and fitting BLS spectra for 
the different techniques described is detailed in publications on the 
respective techniques.
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