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We show that FH analysis, while of limited advantage in FLIM due
to the correlated nature of shot noise, in MRI outperforms single-
harmonic phasor in unravelling multiple physical environments and partial-volume e ects otherwise undiscernible. We foresee
application of FH phasor to, e.g., big-data analysis in qMRI of biological or other multiphase systems, where multiparameter tting is
unfeasible.
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hasor representation of exponential decays is a robust and
non tting method designed for describing multicompo-
nent decays from lifetime imaging data.* ® The established
phasor method maps the time-domain decay from each voxel
to only two numbers, the real and imaginary parts of the rst
Fourier Transform (FT) harmonic of the raw lifetime imaging
data. Those points can all be displayed in a collective two-
dimensional (2D) phasor plot, where mono- as well as
multicomponent trends from all voxels are displayed and
discerned. Remarkably, unique information about intervoxel
correlations, inaccessible by tting analysis, is unraveled in a
phasor plot; in this way, multicomponent trends can be
unmixed by establishing the relative amplitudes of their
underlying monoexponential terms.
The single-harmonic phasor approach is used extensively in
uorescence lifetime imaging microscopy (FLIM), where
accurate description of multicomponent decays in images is
highly desirable.** 7 The well-established advantage of
quantitative phasor analysis of lifetime images, as compared
to multivoxel multiexponential tting, lies in the fact that it
enables the study of exponential decays within all voxels of an
imaging data set simultaneously, without any prior assumption
or knowledge about the number of lifetimes present within
each voxel. In addition, being a non tting procedure based
solely on an exact FT mathematical procedure, phasor does
not introduce any further errors during data analysis.
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Very recently, standard single-harmonic phasor analysis has
been introduced and validated for the analysis of quantitative
Magnetic Resonance Imaging (QMRI) data, either in vivo or
from other multiphase heterogeneous systems, under the
in uence of T, relaxation or di usion.® *° Current data
analysis methods in all applications of gqMRI rely solely on per-
voxel iterative approximations, either by ill-posed Inverse
Laplace Transform algorithms,™* *° to extract distributions of
lifetimes, or mostly by drastic simpli cations to single-
exponential tting for the scope of faster data analysis.""*® It
has been shown that, in gMRI, phasor processing excels
compared to multiparameter tting in unravelling multi-
exponential trends,® as well as partial-volume e ects’ that are
otherwise not recognized by tting. Yet, the accuracy of the
established single-harmonic phasor analysis is severely limited,
in gMRI more than in FLIM data, by the low signal-to-noise
ratio (SNR) typical of in vivo, or other types of fast,
measurements.”*° One of the main reasons behind the
limited accuracy of standard phasor analysis lies in the fact that
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Figure 1. From () to (d): examples of rst-harmonic phasor plots for mono-, bi-, tri- and tetraexponential decays, respectively. The lifetime
(orange dot) falls on the semicircle (blue line) in (a), on a line (gray line) in (b), and within a polygon (gray area) in (c) and (d). For (b) and (c)
the position of the lifetime uniquely arises from the positions of the lifetimes for the underlying monoexponential decays (green dots) on the

semicircle, and their relative populations.

just a single Fourier harmonic, often either the rst or the
second, is used for the construction of a phasor plot:**# the
information from all other higher harmonics, which also could
contribute to increasing the SNR, is usually discarded. This
loss of information in the phasor plot, and the associated SNR
reduction, is a key limiting factor'® to unlocking the full
advantage of using phasor analysis for its most interesting
potential applications in gMRI, namely, for real-time measure-
ments or big-data acquired in suboptimal conditions of SNR
and/or of time-domain sampling.

Here, we set out to reduce the e ect of noise in phasor
analysis of gMRI data in order to improve the accuracy and
information content of phasor plots. To this aim, we introduce
a new full-harmonics (FH) phasor approach based on o -axis
projections of the full phasor space. We show that our
proposed FH method (i) uses all the available Fourier
harmonics present in the frequency domain and (ii) yields a
2D phasor representation with optimized information content
about multicomponent decays from any lifetime imaging data
set, without requiring changes on the acquisition parameters.
This advancement will be useful in a wide range of applications
of gMRI, from porous media to biological tissues, with possible
extension to data sets with other time dependences, such as
kinetics studies.”® 2’ Speci cally, we envision useful applica-
tions in the emergent eld of big-data analysis of medical
gMRI data, with either relaxation or di usion contrast, where
using multicomponent tting procedures is often unfeasible
due to the low robustness and prohibitively long analysis time
involved.

For an exponential decay sampled with an even number N of
real data points, there is a maximum of N/2 + 1 harmonics in
the Fourier series. In phasor analysis, the intensity of the
zeroth-order harmonic is used as a normalization value for all
other harmonics. Therefore, N/2 harmonics can be used for
the plot with both a real and imaginary part, and the full phasor
space is therefore N-dimensional.

In the conventional phasor representation, the real part of
the rst harmonic (Re;) is plotted vs the respective imaginary
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part (Im,). In such a phasor plot, each monoexponential decay
shows up as a point on a semicircle of radius 1/2, if equidistant
sampling in the time domain is used, and on a distorted
semicircle otherwise. Multiexponential decays give rise to a
cloud of points within the area de ned by this semicircle, in a
polygon whose vertices represent the lifetimes of each single-
exponential component of the multicomponent decay. For
instance, a biexponential decay with lifetimes ; and , leads to
a point on the line connecting the two points on the semicircle
that represent the two lifetimes , and ,. The position of this
point along the biexponential line is determined by the relative
population of the two lifetimes. A distribution of the relative
populations, as occurs, e.g., due to partial-volume e ects, will
manifest as a series of data points along this line.
Triexponential decays fall within a triangle, tetraexponentials
fall within a tetragon, and so on. Figure 1 shows examples of

rst-harmonic phasor plots for the cases discussed above. For
up to three-component decays, and if the underlying lifetimes
are known, the relative populations of single-component terms
can be determined, i.e., unmixed, on the basis of the position in
the phasor plot. For decays with four or more components, the
position within the polygon is not uniquely determined,
making unmixing not possible from the 2D representation.
This unmixing is, however, possible from a 4D representation,
by using two harmonics simultaneously.”®

Considering the full set of Fourier harmonics as a
multidimensional variable space, a plot of Re; versus Im; is a
projection of the full data set on the Re; Im; plane. From a set
of Re, and Im,, variables, with n varying from 1 to N/2, one can
in principle make O(N?) di erent 2D phasor plots. In a higher-
harmonic plot, where Re, vs Im,, (n > 1) is reported, the same
grouping of points along lines or within polygons as shown in
Figure 1 occurs. However, the position of each lifetime along
the semicircle shifts anticlockwise when compared to the rst-
harmonic plot, except for very long or very short lifetimes
compared to the sampling interval, which will remain at
positions [0,0] and [1,0], respectively. The amount of this shift
depends on the length of the lifetime, because using higher

https://dx.doi.org/10.1021/acs jpclett.0c02319
J. Phys. Chem. Lett. 2020, 11, 9152 9158


https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02319?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02319?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02319?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02319?fig=fig1&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c02319?ref=pdf

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

Figure 2. Phasor analysis and monoexponential tting results of simulated data with biexponential decays (left column) or with three di erent

multicomponent decays (right column). The time axis consisted of 20 points, with sampling interval

t. The rst row shows the rst-harmonic

phasor plots, while the second row shows the FH plots. In the last row, the results of a monoexponential t of the data are displayed. In (b) and (e)
the lifetimes used for the de nition of the projection plane are indicated by green dots, which are at ( t, 2.6- t, 10- t) for (b) andat ( t 2- t,
6- t) for (e). The number of used harmonics is shown in brackets in the legend. The insert in (d) shows a zoom in of the cloud.

harmonics essentially corresponds to sampling a Lorentzian
function, which is the Fourier pair of an exponential decay,
further towards higher frequencies. The largest shift occurs for
lifetimes where Re; 0.7, as there the slope of the Lorentz
function is highest. This shift also a ects the representation of
multiexponential patterns, which can stretch or contract in the
phasor plot depending on the underlying lifetimes. Ultimately,
this a ects the accuracy of phasor analysis, and thus the
optimal harmonic to plot depends on the data.

Other combinations of real and imaginary parts of the
harmonics are also possible, for instance Re, vs Im,, or Re, vs
Ren, withn  m (see example in Figure S1). Each projection of
the full phasor data has the same properties as those shown in
Figure 1, but with a di erent shape of the “semicircle”. We will,
however, keep calling it the “semicircle”, in order to use
established terminology.

How well a speci ¢ data set is described will depend on the
chosen axes, and therefore on the shape of the semicircle. For
biexponential data, there are two criteria for optimizing the
choice of the axes of the FH phasor plot: (i) the two points
representing the underlying monoexponential trends should be
as far as possible from each other, with respect to the
experimental noise, to enable the most accurate unmixing; (ii)
the line connecting these points should be as distant as
possible from the semicircle, compared to the experimental
noise, to facilitate identi cation of biexponential trends. The
e ect of the above-mentioned criteria is shown in some
examples of projections of 3D phasor data in Figure S1b d.

So far, only phasor plots whose x and y axes are single Re, or
Im,, values have been considered. However, also linear
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combinations of all such harmonics can be used for both
axes in order to optimize the 2D phasor projection for each
given data set. Here, we refer to this as our proposed FH
phasor approach.

The selection of these linear combinations of harmonics can
be done by de ning three points in the N-dimensional phasor
space, as any plane can be mathematically de ned by three
points. For phasor data, this is best done by selecting three
points on the semicircle, each representing a di erent lifetime,
which can be readily calculated in N dimensions. The three
selected lifetimes then de ne the projection plane of the
phasor plot. The algorithm developed to achieve this can be
found in the Supporting Information section 2 and Figure S2.

For biexponential data, two of the selected projection
lifetimes should coincide with the lifetimes of the underlying
monoexponential decays. The third projection lifetime should
be between these, making sure that the longest distance
between the line on which the biexponential data falls and the
semicircle is maximized. For triexponential data, the surface
area of the “triangle” (Figure 1) should be maximized to enable
the most accurate unmixing, and this is achieved by selecting
the three underlying lifetimes as the projection lifetimes.

The selection of the projection plane can also be done
automatically, for example by Principle Component Analysis
(PCA). PCA can be used to nd the projection plane with the
highest information content. Yet, PCA does not maximize the
distance between the biexponential data and the semicircle,
because the semicircle is not part of the data and is therefore
not taken into account by PCA. The algorithm and examples
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Figure 3. For a two-layer liquid phantom with water and cyclohexane ( rst row), a cyclohexane layer with porous alumina pellets (second row),
and a human brain (third row): experimental T, MRI maps obtained by monoexponential tting ((a), (f) and (k)); unmixing results from the rst-
harmonic phasor plot ((b), (g), and (I)); unmixing results from the FH phasor plot ((c), (h), and (m)); respective rst-harmonic ((d), (i), and
(n)) and FH ((e), (j), and (0)) phasor plots. In the images in the rst three columns, masked areas are depicted in gray. The green dots in the
phasor plots represent the three lifetimes used to de ne the projection plane, namely (58, 70, and 85 ms) in (e), (6.1, 20, and 490 ms) in (j), and

(97, 150, and 700 ms) in (0).

of PCA application to phasor data can be found in the
Supporting Information (section 3 and Figure S3).

As stated above, the accuracy of unmixing for biexponential
data depends on the separation of the phasors associated with
the two constitutive monoexponential decays, with respect to
the experimental noise. For gMRI data, the noise in the phasor
space is the same for each Fourier harmonic and is
uncorrelated, when assuming Gaussian noise. Therefore, the
average noise level in the phasor plot is independent of the
chosen axes and this means that, for gMRI data, the best
unmixing accuracy can therefore be obtained by choosing axes
that yield the largest separation of the two lifetimes in the
resulting phasor plot. We note here that if the gMRI images are
processed in magnitude mode, part of each decay can be
a ected by Rician, and not Gaussian, noise, which would
require o set correction prior to the phasor analysis.”® For
FLIM data the situation is di erent, because shot noise is
correlated over the harmonics, and hence it increases in a FH
view (see the Supporting Information section 4 and Figure
S4). In our opinion, this is likely the reason why the FH
approach has thus far not been developed for FLIM studies.?®
We note that for camera-based FLIM measurements, where
shot noise is less relevant, FH processing might still be
advantageous; further elaboration on this is beyond the scope
of this work.

In the following, we focus on validating the FH method for
gMRI applications. Figure 2 demonstrates the improvement
that can be obtained by using FH processing compared to rst-
harmonic phasor plots for two sets of simulated data. Panels
a c of Figure 2 show biexponential data sets with a randomly
chosen fraction of the two decay rates. The FH approach
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increases the separation of the underlying monoexponential
decays, and thus the unmixing accuracy, by a factor of 2.2. This
implies that the experimental time could be reduced by a factor
(2.2)? = 4.8 in this case for obtaining the same accuracy as in
Figure 2a. The maximum distance between the biexponential
line and the semicircle has improved by a factor of 1.5.
Compared to the commonly used monoexponential t (see
Figure 2c), the biexponential nature of the imaging data set is
much better visualized in the phasor plot, and this
representation is optimized even further in the FH view.?
Panels d f of Figure 2 demonstrate FH processing on a
simulated data set consisting of three distinct populations,
described by either two or three lifetimes each. The
populations that are overlapping in the single-harmonic phasor
plot can be separated using FH processing. Considering the
multiexponential nature of the data set, the advantage of using
phasor in separating these populations is remarkable. By using
mono- or biexponential tting (see respectively Figure 2f and
Figure S5), these populations cannot be readily separated.
The improvement in unmixing accuracy for biexponential
data depends on the number of sampled points in the time
domain, as well as on the length of the two lifetimes relative to
the sampling interval t (see Figure S6). The SNR of the data
set is of no relevance in this respect. Indeed, the improvement
factor, namely, the ratio between the unmixing accuracy using
FH and only the rst-harmonic, cannot be lower than 1, as FH
processing always adds information and increases the SNR.
Yet, for cases where both lifetimes are long compared to t,
the improvement might be too low to be of any interest. The
maximum improvement factor, for very short lifetimes, is
roughly equal to the number of sampled points in the time
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domain. FH processing may also be used to aid in choosing
optimal sampling strategy for known lifetimes, but the
discussion of this topic is beyond the scope of the present
work.

To best visualize the physical insight provided by FH phasor
analysis, both in phasor plots and in respective unmixing
imaging results, we show FH processing on two phantoms and
also validate the FH analysis on an in vivo human brain data
set, previously already analyzed by a single-harmonic phasor by
Vergeldt et al® The data sets for phantoms | and Il were
acquired at SNR values of 30 50 in the rst echo image, to
match the SNR condition of the human brain data set. We
further underline that improvement in unmixing accuracy is
independent of SNR, although more visible in low-SNR
images, while it may depend on data sampling (see Figure S6
in the Supporting Information). The above examples of T,
MRI data were here chosen, respectively, with the aim to (1)
disentangle overlapping lifetimes in low-SNR data from bulk
liquids, (11) reveal partial-volume e ects in low-SNR data from
a liquid/solid phantom, and (lI1) increase unmixing accuracy
in data from biological tissues. System 1 is a bulk liquid
phantom consisting of two immiscible liquids, namely, a
cyclohexane layer on top of distilled water, vertically stacked
inside a 25 mm NMR tube (see Figure 3a). In this case, each
liquid yields a well-de ned single-exponential decay. A low-
SNR data set was recorded by an excitation ip angle of 7° and
an excessive number of echoes. System Il is a phantom
consisting of porous alumina pellets immersed in excess bulk
cyclohexane, the latter forming an additional bulk-only layer on
top of the particles (see Figure 3f). In this case, partial-volume
e ects are expected to occur due to the fact that voxels contain
both bulk and intra-particle cyclohexane, the latter having a
much shorter T, than the bulk phase. Also in this case, a low

ip angle of 4° was used to reduce the SNR. System Il is the
in vivo qMRI measurement of a human brain (see Figure 3k).2
Data sets | and Il consisted of phased real data, while the brain
data were acquired in magnitude mode. Owing to the long
lifetimes and short sampling of the brain data set, the noise can
be assumed to be Gaussian with no issues due to Rician noise
typical of magnitude data.”® The results of the single-harmonic
and FH phasor analyses are displayed in Figure 3, along with
the T, maps obtained by monoexponential tting.

Panels a e of Figure 3 demonstrate the capability of FH
phasor in separating the two populations present in phantom 1.
We note that the short apparent T, values in system | are
caused by the strong eld gradients used during the
measurement. While the T, decays for water and cyclohexane
appear overlapping in the single-harmonic view, they are
readily separated in FH analysis with a remarkable accuracy
improvement by a factor of 8.6. Unmixing the phasor
information from single- and full-harmonics analysis, to obtain
the water/cyclohexane fraction in every voxel, leads
respectively to Figure 3b,c. From these images, it is clear
that the FH method is much less in uenced by noise than
single-harmonic phasor. We note that by reducing the
excessively large number of recorded echoes (256) to the
minimum number of echoes (64) needed to observe the full T,
decay, we obtain a lower factor, 1.9 improvement in unmixing
accuracy by FH: this is due to the fact that rst-harmonic
phasor performs relatively well for these particular sampling
conditions.

Panels f j of Figure 3 demonstrate the advantage of FH
phasor processing when describing partial-volume e ects in
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system Il. Due to the high amount of noise in this data set, the

rst-harmonic phasor is not able to visualize the line indicative
of a biexponential decay, as was explained in Figure 1b. FH
processing does reveal this trend, yielding an increased
unmixing accuracy by a factor 6.3, as well as a factor 4.4
improvement of the maximum distance between the
biexponential line and the semicircle. This increase in
unmixing accuracy is well visible in Figure 3g,h, where the
fraction of intra-pore cyclohexane signal is mapped.

For the nal validation on in vivo brain data in Figure 3k o,
whose improved accuracy is expected not to be readily visible
from the images with phasor unmixing due to their high SNR,
a biexponential trend is observed in the phasor plots due to
partial-volume e ects of cerebral spinal uid (CSF) and white
matter. The separation of the two lifetimes is improved by a
factor 1.3 in the FH view when compared to the rst-harmonic
plot, as is demonstrated in Figure 3n,0. The same unmixing
accuracy as in Figure 31 could therefore be obtained by 1.3 =
1.7 times faster image acquisition. The more modest
improvement factor in this data set, when compared to
phantoms | and I, is due to the longer lifetimes in this data set,
relative to the echo time used. Unmixing this data yields the
data shown in Figure 3Im, using rst harmonic and FH
processing, respectively. Unmixing can also be done by global

tting of the time-domain data with a biexponential function,

which leads to similar results (see Figure S7). We note,
however, that segmentation and model selection in this case is
still based on the phasor analysis and that tting is more
computationally involved compared to unmixing from the
phasor plot.

In all cases shown in Figure 3, the phasor plot is
considerably improved by utilizing the information from all
Fourier harmonics simultaneously. This allows for better
separation of di erent physical environments, and identi ca-
tion of partial-volume e ects that are not unveiled by rst
harmonic phasor analysis. In cases where SNR is low, even the
unmixing images are signi cantly improved, which in turn is of
great value for aiding segmentation analysis.

In conclusion, we have shown that our proposed FH phasor
analysis enables increasing both SNR and unmixing accuracy in
phasor plots as compared to the established single-harmonic
phasor method, as well as to enable unravelling partial-volume
e ects otherwise undiscernible. In our FH analysis, a
projection plane must be de ned in the phasor space either
manually, by selecting three lifetimes, or automatically, by
using PCA. In all cases, the information content of the FH
phasor plots is enhanced, without changing the sampling
scheme of the experiment, while retaining the linear property
of the phasor plot (Figure 1), even in cases where suboptimal
time-domain sampling schemes are used and/or a data exhibit
poor SNR. In the experimental applications considered in this
paper, an improvement of 1.3 8.6 in separating populations
was obtained with respect to single-harmonic phasor.

Thanks to this advancement, FH phasor of gMRI data is
able to provide, for all voxels in the lifetime imaging data set
and without recurring to any tting procedure, additional
physical insight on multicomponent decays and/or partial-
volume e ects otherwise not accessible in conventional phasor
analysis. We foresee that the unique information provided by
the FH phasor, without the need to make any a priori
assumption on the number of lifetimes, can help by optimizing
(i) multicomponent tting, by providing suitable input for
model selection, and (i) the design of faster measurements in
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multiphase materials, in terms of both sampling strategy of
time-domain data points and required SNR. Ultimately, our
FH method enables more accurate analysis of lifetime imaging
data and will be useful in a wide range of relevant applications
of gMRI, from porous media up to biological tissues.
Speci cally, this method development is expected to have
considerable impact in the eld of big-data analysis in medical
MRI, where data processing by multiparameter iterative tting
is not robust as well as time-consuming.

EXPERIMENTAL AND COMPUTATIONAL
METHODS

The 2D T,-MRI images of a sample of cyclohexane (J. T.
Baker, >99%) on top of distilled water were recorded on a
Bruker Ascend 300 WB magnet using an Avance Ill console.
Excitation and detection of the H1 signal were performed
using a Bruker MICWB 40 RF probe inside a Micro 2.5
gradient WB system with maximum gradient strength of 1.5 T/
m. The signal was recorded using a multislice-multiecho
(MSME) imaging sequence.®® Examination parameters were
256 echoes with echo time 8 ms, eld of view 45 x 30 mm,
128 x 128 voxels, slice thickness 1 mm, bandwidth 50 kHz,
repetition time 8 s, number of averages 1, and total time 17
min 4 s. A low ip angle (7°) was used to simulate a low SNR
case. The data were used in real (phased) mode.

The 2D T,-MRI images of the alumina pellets (spherical, 5
mm diameter, uniform pore size of about 180 nm; see the
Ssupporting Information), soaked for several days in cyclo-
hexane were recorded on the same system using the same
MSME sequence. For this data set, the examination parameters
were 256 echoes with echo time 3.2 ms, eld of view 45 x 30
mm, 128 x 128 voxels, slice thickness 1 mm, bandwidth 100
kHz, repetition time 8 s, number of averages 1, and total time
17 min 4 s. A low ip angle (4°) was used to simulate a low
SNR case. The data were used in real (phased) mode.

Multislice 2D T,-MRI images of the brain of a healthy
human volunteer were acquired on a 3 T whole body MR
system (Magnetom TimTrio, Siemens Healthcare, Erlangen,
Germany). Examination parameters were 20 echoes with echo
times 8.7 ms, eld of view 220 x 220 mm, 256 x 256 voxels,
15 slices, slice thickness 3 mm, interslice gap 3 mm, repetition

Each of these monoexponential decays was normalized to its
sum before use. In total, 5 million decays were simulated.
Population 1 is biexponential (lifetimes 6 tand t, 0.41 and
0.59 intensity), population 2 is biexponential (lifetimes 6- t
and t, 0.5 and 0.5 intensity), and population 3 is
triexponential (lifetimes 6- t, 2- t, and t, 0.32, 0.41, and
0.27 intensity). The time axis consisted of 20 points with t =
5 ms. The FH plot in (e) uses lifetimes t, 2. t,and 6- tto
de ne the projection plane, and all 10 harmonics were used.

The monoexponential ts in Figure 2c¢,f were performed on
100000 decays using the Levenberg Marquardt algorithm.
Processing of the experimental data was performed using
Python 3.8 scripts developed in-house.
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