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Among the non-destructive techniques capable of obtaining information on biological systems even in vivo,
terahertz-based techniques are emerging due to their specificity to the water content, which can represent an
important indicator of the presence of microorganisms and, in general, of the health status, particularly in plants.
Nevertheless, the analysis of the extracted data (especially for images) and the exploitation of the potential of the
technique for the study of the complex phenomena that occur in living tissues are still almost unexplored fields.
In this work, the hydration status of leaves both in vivo and ex vivo was monitored continuously and non-
destructively by acquiring videos in the sub-terahertz range through a portable imaging system. A model for
describing the water flow in space and time in the midvein of a leaf is obtained which is suitable for the analysis
of the data extracted from the portable sub-terahertz imaging system. These results show that terahertz-based
technology can be used to study biological phenomena even in vivo; moreover, they pave the way for the
introduction of a general method for the analysis of terahertz data based on surface fits in space and in time as

well.

1. Introduction

The Terahertz (THz) frequency range is usually defined as the region
in between 0.1 and 10 THz and is sandwiched between infrared and
microwaves. The analysis of data obtained using THz-based techniques
has already demonstrated its potential in obtaining significant infor-
mation on the health status of biological samples, information that
would otherwise not be easily accessible with other techniques [1-6].
Moreover, THz radiation is non ionizing and non-destructive [7] and it is
particularly sensitive to polar molecules such as water [8]: in fact, it has
already been demonstrated that the attenuation of the signal transmitted
by living bodies in the THz range is directly related to the water content
in the sample [9,10]. Furthermore, the proportionality of THz attenua-
tion with water content in both in-vivo and ex-vivo leaves has been
extensively evaluated [11-21] and water content has been found to be
closely related to leaf health [22].

Despite the initial difficulties encountered in the realization of
emitters and detectors in the THz range, nowadays several devices and

techniques [6-8] have been developed and assessed for many applica-
tions. Compared to microwaves, THz techniques have the advantage of
being specifically sensitive to water and also to biological molecules
such as nucleobase and amino acids [23]. The infrared region is also
widely used for non-destructive monitoring of biological samples since it
senses intramolecular vibrations and rotations, but, given its shorter
wavelength, the infrared signal is more strongly affected by scattering
problems and is less sensitive to the water content [23].

Among all different THz techniques, the main distinction can be
drawn between continuous (CW) wave and pulsed time domain (TD)
approaches [6-8]. Time domain techniques rely on the generation of
pulsed radiation that can be sampled in time and can thus be used for
spectroscopy via Fourier transform. In this case, imaging can be ach-
ieved by scanning the sample across the cross-section of the beam, but
this makes it a slow technique that cannot be used in real time.

CW techniques, on the other hand, are based on the emission of a
continuous terahertz beam; they are generally characterized by narrow
linewidth, short response time and high available power, this leads to a
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larger penetration depth and a better signal-to-noise-ratio. Moreover,
CW systems can be used in conjunction with a camera for real-time
applications [10,11] and are usually more compact than time-domain
setups and can also be made portable for their use outside the labora-
tory, directly in the fields. A direct consequence of the relationship be-
tween THz intensity and water concentration [9,10], is that THz signals
are more attenuated if the water content is higher and vice versa. This
finding has been widely exploited for the assessment of the health status
of biological samples with both TD and CW THz imaging, for example by
comparing water content in unhealthy and healthy samples [2-4,6,23].
Furthermore, the use of a CW imaging system allows obtaining infor-
mation regarding the water content in the different leaf compartments,
which can be useful both for the study of plant physiology and for the
early detection of pathogens [6].

A more in-depth study of water management in living organisms
cannot be limited to the simple spatial mapping of the water resource
but must also involve the study of its diffusion in tissues and cells. [24].
Diffusion is characterized by the variation of water content over both
space and time; therefore, video acquisition gives the obvious advantage
of providing detailed information on the water content change in time
and space without destroying the sample. Water diffusion in a leaf in-
volves several phenomena simultaneously and presents serious prob-
lems for analytical modelling. For example, hydration in a leaf in-vivo
occurs over a few hours and this presents issues related to the difficulty
of keeping all other parameters constant and, consequently, to their
inclusion in the model. In contrast, hydration of the removed leaf begins
immediately after introducing the stalk into the syringe and occurs
within a few minutes, which makes the analysis much easier. Moreover,
the spatial evolution of the water content at a random point in the leaf
tissue, for example, can occur in any direction, depending, for instance,
on the direction of the vein through which water is brought to the cells.
To deal with these issues, this study was conducted on an ex-vivo leaf and
the analysis focused on the middle vein because the “macroscopic” di-
rection of the water flow can be assumed to coincide with the axis of the
midvein and because this is the central region of the leaf that should be
least sensitive to stretching. The results were fitted with a model derived
starting from Fick’s diffusion law which has already been proposed to
model the diffusion of water in cells and tissues [24,25].

Furthermore, here we also present a case study on both the contin-
uous monitoring of hydration and dehydration dynamics in leaf com-
partments in-vivo and ex-vivo and the study of water diffusion through
quantitative analysis of the spatial-temporal THz video acquisition of a
leaf during hydration and dehydration.
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2. Materials and methods

The terahertz imaging system (Fig. 1a and b) was composed of an
impact avalanche transit time (IMPATT) diode source (IMPATT-100-H/
F, output 80 mW at 100 GHz, Terasense, San Jose, USA) with a slightly
diverging beam and a THz camera (Tera-1024 32 x 32, Terasense, San
Jose, USA) made of a square matrix of sensors (1024 pixel; pixel size 1.5
mm; sensitivity 50 kV/W). This device is capable of recording both
single pictures and continuous videos and has already been used on
other biological samples [5,6]. The distance between the diode source
and the THz camera was about 40 cm. This distance was optimized to
have the most uniform illumination possible in the detector array area.
Moreover, the exposure time of the image was optimized to avoid
saturation of the pixel signal.

Measurements of the THz transmission during hydration and dehy-
dration were recorded in both removed (ex vivo) and attached (in vivo)
leaves of sage, Salvia Officinalis. During the measurements, the leaf was
placed outstretched on the camera and held as fixed as possible with
scotch tape.

In the case of the removed leaf, water was supplied to the leaf by
immersing the stalk in a syringe without a needle and filled with water
[5]. The measurement of the THz transmission in hydration began
immediately after the leaf was put in contact with water and lasted
about 2500 s. The results obtained for hydration ex vivo were taken as a
reference because phenomena that can occur for instance in the entire
plant or for longer response times (such as phenomena due to plant
segments, soil) can be reasonably neglected. In the case of an attached
leaf, water was supplied by irrigating the entire plant; the measurement
lasted 2.5%10° s (approximately three days) after irrigation. The plant
was put close to the imaging system; only one leaf was placed between
the source and the detector and kept outstretched and in fixed position
as much as possible, even if a few leaf movements have occurred during
the observation time. Water was supplied in the late morning (about 11
a.m.) after approximately 18 h without irrigation both for the removed
and attached leaves; hydration was performed under artificial room
light while dehydration was performed in the dark. The leaves were
chosen to be of comparable size.

Once the videos were acquired, in-house software programs based on
appropriate Matlab functions were used to extract individual frames and
perform image data analysis. The same software was used to identify leaf
borders but also the main parts of the leaf, in particular the midvein [5],
either to select it or to exclude it from the analysis.

According to the Lambert-Beer law, the absorbance of a radiation
travelling in a non-scattering medium is proportional to the optical
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Fig. 1. a) Terahertz measurement setup. b) Ex vivo neasurement, with removed leaf on the camera with syringe providing water. A figure of in vivo measurement is
reported in the S.I.. See also [5,6] for more information on the THz measurement setup.
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thickness travelled [24]. In analogy to this, the attenuation matrix was
calculated as the absorbance of each pixel for the entire image data (32
x 32 matrix of intensity values) of each frame via the following
equation:

Iii
Alij) = —In—4) eh)
Tptani(iy)

where Iy )is the background data acquired without leaf and
measured by the pixel sensor, and I;; is the signal transmitted by the

leaf in the selected region and measured by the pixel sensor.

In Fig. 2 some steps of the above calculation are shown. In detail,
Lij)
Thlank(ij)

image 2a has been obtained by performing the ratio over each

Lip
Thtank(ij)

pixel, image 2b by performing —ln( ) over each pixel.

The perimeters of the primary vein and the external region of the
midvein region were determined using appropriate edge recognition
functions on the attenuation image. An example is shown in Fig.2d: the
perimeters of the midvein region and of the leaf region surrounding the
midvein are highlighted with red and blue lines, respectively.

It is worth mentioning that, in order to determine the “most likely”
attenuation for a specific region (entire leaf, midvein, leaf outside
midvein), the histogram and the subsequent of the normal distribution
were extended to the intensity values corresponding to pixels within the
considered region.

c)
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3. Experimental results and discussion
3.1. Ex vivo and in vivo mean hydration versus time

Kim and co-workers [26] reported in the near — infrared range a shift
of the data matrix distribution towards higher values between a dried
leaf image and a fresh leaf image. Starting from a similar procedure, here
the histogram of the attenuation matrix (extended over the specific re-
gion considered) was fitted by a normal distribution and the attenuation
value corresponding to the mean of the distribution was determined.
Hydration and dehydration curves were then obtained by plotting the
attenuation values as a function of time. Taking the results of ex vivo
hydration as a reference, it is possible to state that an increase in the
attenuation value can be associated with an increase in the water con-
tent in the leaf and thus to hydration. It is worth mentioning that a shift
towards higher attenuation is accompanied by an increase of the stan-
dard deviation of the distribution (at least in ex vivo results).

The attenuation obtained as described above was plotted as a func-
tion of time; The results are shown in Fig. 3. With the aim of identifying
one or more functions which could model the curves in Fig.3, some re-
sults reported in the literature were taken into consideration. Gente and
Koch [13] used an exponential function (after Kinder et al. [27]) to fit
the terahertz transmission monitoring water status in a coffee plant
deprived from water. Castro-Camus et al. [12] fitted the stomatal
conductance after the application of abscisic acid (which induces sto-
matal closure and thus an increase in water) with a double exponential.

Fig. 2. Examples of attenuation images. a) Optical image of the leaf measured in vivo. b) Intensity data with leaf divided by the original data without leaf (( fup )).

¢) The image obtained by performing the minus logarithm of the data of image 2a (— ln(

Thiank(ij)

Lij)
Tbitankiij)

)). d) The contours of the leaf and midvein areas are superimposed to

image 2c (— ln( T )). The red and blue lines respectively highlight the perimeters of the midvein region and of the region of the leaf outside the midvein. In the

Thiank(ij)

figure b) pixel value is lower where the signal is more attenuated (i.e. I3 is lower and 0<( Lap ) <1); in figure c) and d), instead, pixel value is higher when the

Thtank(ij)

signal is more attenuated because ( — ln( fip )) for 0<( fip ) <1 is a decreasing function. (For interpretation of the references to colour in this figure legend, the

Thtank(ij) Thtank(ij)

reader is referred to the web version of this article.)
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Fig. 3. Attenuation versus time curves during hydration/dehydration in vivo and ex vivo. (a) Ex vivo hydration dynamics, fitted with eq. (2). (b) In vivo hydration
curve, fitted with eq. (2). (b) In vivo complete hydration- dehydration curve, fitted with eq. (2) for hydration and eq. (3) for dehydration. The procedure used for the
determination of leaf area (parameters of edge function such as threshold and morphological operations) is the same for a) and b).

Exponential functions have been also used to fit water uptake by roots
[28], while the flow of water through/across a plant segment (or the
entire plant) is given by the water potential difference driving the flow
divided by the hydraulic resistance of the plant segment (or the whole
plant) [29].

In this case, the hydration dynamics have been fitted by the
following exponential function (more details are reported in the Sup-
plementary Information):

yi(t) = yo — Ael ™" 2
where the parameters can be tentatively interpreted as follows: yq is a
quantity proportional to the leaf water potential at the turgor loss point,
related to the maximum leaf water content [21,30]; A is a constant
related to the diffusion of water into the plant or plant segment and k is
related to the timescale of the chemical reactions taking place in the leaf.

Instead, it was found that the dynamics of dehydration is well fitted
by the following exponential function (more details are given in the
Supplementary Information):

Ny {e—(zkuz)r ekt

"R ) ®

a(?)

where ko? is the water diffusion timescale; kp is the chemical reaction
timescale; Ny is a constant related to the maximum water concentration
in the midvein.

Results are presented in Fig. 3 a and b for ex vivo and in vivo exper-
iment, respectively, and fitting parameters are reported in Table 1 for
hydration and in Table 2 for dehydration.

In the case of the removed leaf, the attenuation increases exponen-
tially immediately after water supply, suggesting an increase in water
content (Fig.3a). This agrees well with the literature, where a similar
behaviour has been ascribed to the hydration dynamics [12,31].

In the case of attached leaf (Fig.3b and c), the attenuation increases

Table 1
Fitting parameters for ex vivo and in vivo hydration range (with 95% confidence
bounds).

Yo A ky (10°* R?
s
Removed Leaf, ex vivo 1.601 + 0.14 + 6.7 £ 29 0.91
(hydration) 0.028 0.02
Attached Leaf, in vivo 1.470 + 0.31 + 0.8+ 0.5 0.95
(hydration) 0.003 0.01
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Table 2
Fitting parameters for in vivo dehydration range (with 95% confidence bounds).
ko® (107° ky (10°° No R?
s s7h 1079
Attached Leaf, in vivo 6.1 £0.8 5.5+ 0.9 7.5+ 0.78
(dehydration) 0.2

rapidly immediately after plant watering, then it slows down and finally
decreases again suggesting that dehydration begins to occur. An expo-
nential growth regime can be identified soon after plant watering
(Fig.3b), which can also be attributed to the hydration dynamics. This
behaviour was fitted with Eq. (2) and the fitting parameters are reported
in Table 1. Eventually, an exponential decay regime (Fig.3c) follows,
that can be consequently interpreted as dehydration dynamics [13]. This
behaviour was fitted with eq. (3) and the fitting parameters are reported
in Table 2.

The kj, parameter for ex vivo hydration is roughly eight times higher
than the same parameter for in vivo hydration. As expected, this suggests
that in vivo hydration is much slower than in the case of the removed
leaf, which is explained by taking into account that for the whole plant
the number of segments is obviously greater than for the single leaf, and
so is the hydraulic resistance [29]. The parameter k; for dehydration is
about two orders of magnitude smaller than the same parameter for
hydration. This, in agreement with the consistency between k; and ko>
for dehydration, suggests that during dehydration the speed of the
chemical reaction is strongly determined by the speed of the water flow:
in this condition, water is in short supply and, without water, chemical
reactions cannot occur. This could also suggest that the plant tends to
retain water during drought periods, as also found in the literature
[30,32].

The phenomena that occur in plants during drought are the subject of
intensive study [30,32]. The opinions regarding the relationship be-
tween the available soil water content and the leaf water content
converge towards two main schools of thought, depending on the dif-
ferences in the effects of soil water on plant growth during drought [32].
In particular, it is still debated whether or not the soil water availability
depends linearly on the soil water content or not; plant water content is
not always linearly dependent on available soil water content [32].

Another point of discussion is represented by the presence of two or
more domains in the pressure-volume curves: the third domain has
usually been explained by a phenomenon of temporary accumulation of
water in the apoplastic space [30]. This effect has sometimes been
interpreted as an artefact of rehydration (“the plateau effect”), while
Nguyen et al. instead have presented evidence to support the hypothesis
that it may actually reflect the anatomical characteristics of the leaf. In
particular, in a leaf there are different kinds of cells specialized in
different functions; they may have different elasticity coefficient and
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thus different ability to maintain turgor during drought [30].
3.2. Evolution in space and time of the hydration flux in a leaf

In this study, a system as simple as possible was chosen as a case
study for identifying a mathematical model suitable for surface fitting of
terahertz data. One of the reasons why the choice fell on sage is its
relatively small size and rather wide midvein, which guarantees a suf-
ficiently large portion of the image in which the water flow can
reasonably be considered quite uniformly occurring along the same di-
rection (roughly parallel to the axis of the midvein, as illustrated in the
drawing of Fig. 4 a and b and as will be explained in more details below
and in the Supplementary Information). Figs. 4 a, b and c schematically
illustrate some details of the experiment and are useful to understand
some basic assumptions of the model. In Fig. 4a, it is possible to notice in
a typical sage leaf the primary vein (or midvein), which starts from the
end of the stalk and ends at the tip, and several (about 12-14) secondary
veins that originate from the primary vein. In Fig. 4b it is possible to see
how the sage leaf was placed on the sensor and the approximate extent
of the midvein region; the reduction of the diameter of the midvein from
the stalk to the tip is also visible.

In Fig. 4b it is possible to observe that the leaf was placed on the
sensor so as to have the stalk in the upper-left corner of the image and
the tip in the lower-right corner: the direction of the flow then results to
be approximately coincident with the diagonal of a pixel. In order to
further clarify this last point, in Fig. 4c a schematic zoom has been done
on the initial part of the midvein: the squares represent the pixels, while
the x axis represents approximately the direction of the main flow and
the axis of the midvein.

In the development of the mathematical model, the first assumption
that was made is that of a Newtonian flow [24]: taking into account
Fig. 4b, it is possible to assume that, once y is fixed, the flow depends
only on x and on time. Once this assumption had been made, it was
possible to study the diffusion only as a function of x and time, for each
y. In this treatment, any source of turbulence was neglected. Of course,
these assumptions are expected to be less verified at the extremes of the
midvein (i.e. y = 1 and y = 7) due to the reduction of the contribution of
the midvein and to the presence of connections with the secondary
veins. Under these conditions, the evolution of the water content in time
and space can be described with a function y depending on space and
time which, in general, can be obtained as an approximate solution of
the diffusion equation [24,25]:

oy o’y
o~ Pae @

where D is the diffusion constant. In the presence of chemical reactions,
this can be modified as [25] (see also Supplementary Information):

Fig. 4. (a)Schematic drawing of a sage leaf. The primary vein (midvein) is indicated, along with the most visible secondary veins (roughly 12-14) directly departing
from the primary vein. (b) Modified image (from [1]) of a sage leaf in pixels as acquired by the sub-terahertz imaging system. The region delimited by the red squares
approximately coincides with the midvein. The water flow comes from the stalk (upper left corner) to the tip (lower right corner). (c) Schematic zoom of the initial
part of the midvein. The squares schematically represent the pixels of the image. The x axis has approximately the same direction of the midvein axis and also of the
flow. It roughly coincides also with the diagonal of a pixel. The y axis roughly represents the direction of the diameter of the midvein. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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where kper, is related to the timescale of the chemical reactions and the
asterisk is introduced to distinguish the solution with chemical reactions
from the previous one.

Eq. 5 can be solved by defining the origin of the x axis as the starting
point of the midvein, as illustrated in Fig. 4a, b and ¢ and imposing
boundary conditions [H,0]~0 for t = 0. In this case, the following so-
lution is obtained:

6 G
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stalk (where the boundary condition reported above actually holds) and
the section where the midvein is assumed to begin. Further details are
provided in the Supplementary Information.

Eq. (6) was used to fit the attenuation with respect to x and time in
the midveinaty =yl,y=y2,y=y3,y=y4,y =y5,y =y6,y = y7 (see
Fig. 4c and Supplementary Information). y = 1 and y = 7 approximately
represent the edges of the midvein (bottom left and the top right red
lines in Fig. 4c, respectively). As a consequence of the basic assumptions
of the model fits are expected to be more reliable at the centre of the
midvein which consequently assumed a more central role in the

[H,0] == e 4

kb kb

ki2C,sinfky (x 4 Ax) | e Hot
kl2 + kchem kb - (klz + kc/wm)

ky* Cysinfky (x + Ax) | et
ko® 4 Kehem

ky — (ko> + Ketm
b (2+<h) )

kl2 + kchem kb k22 + kchzm

where Cj is related to the water content at the stalk cut, C; and C, are
related to the decrease of water content along x, k; and k; are related to
the water diffusion along x, k., is related to the chemical rection
timescale and Ax is related to the distance between the cut section of the
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following discussion.

Here we report experimental results for y = 4 and corresponding
fitting parameters, while a more detailed description of the fitting
function, the complete experimental results and fitting parameters with
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Fig. 5. a) Midvein middle section for y = 4. b) Fit in space and time. c) Data and fit extracted from b) versus time. d) Data and fit extracted from b) versus x.
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Table 3
Fitting parameters (95% confidence bounds).
Co (1079 € (107%) C; (10°%) ky (10°%) ky (1079) ke (1072) Kehem (10°%) Ax R?

yl 3+6 4+1 70 + 12 1145 38+1 —96 + 2 1145 116 + 3 0.46
y2 33 + 20 242 12+ 4 10+ 4 14+2 3542 4+4 98 +7 0.53
y3 7+4 18 +2 24+ 4 11+4 89+6 26+ 2 9+4 44+3 0.67
y4 4+2 25+1 39+3 9+3 107 + 3 3141 7+3 36+1 0.86
y5 4+2 84+ 4 108 +7 9+5 168 + 4 28+ 1 8+4 20+ 1 0.84
y6 2+2 11+1 50+6 7+5 80 +2 54 + 1 6+5 52+ 1 0.77
y7 01+1 37+1 920+6 5+6 146 + 2 4+1 6+6 24+1 0.81
95% confidence bounds are reported in the Supplementary Information. reasonable.

Fig. 5a shows one of the lines (y = 4) where the midvein was divided for
performing fits and the corresponding fitting results are reported in
Table 3. Fig. 5b shows the plot of data versus time and space, while
Fig. 5c and d show an example of the temporal and spatial behaviour
extracted from Fig. 5b. As one can see, the fit reproduces the main
features of the experimental points. In particular, the time dependence
can be represented as an exponential growth, similarly to what was
observed in the previous section.

The parameters Cy and Ax can be considered to be related to the
number of water molecules at the stalk cut and to the distance between
the beginning of the midvein and the stalk cut, respectively. Cy and Ax
both tend to decrease moving towards higher y. The variation of Cy and
Ax with y can be related to the not perfect perpendicularity of the cut
section with respect to the midvein axis: moving towards higher y the
sections presumably present fewer water molecules. In those sections
the value of Cp would thus be lower just because Ax is lower and the
water molecules coming from the liquid water in the syringe could be
swallowed up more rapidly in the leaf midvein.

Following Eq. (4), C; and Cy could be considered related to the
average decrease in the number of water molecules in the midvein
compared to the initial value, Cy. Both C; and C; increase proceeding
towards higher y: following the discussion regarding Cy and Ax, it can be
assumed that the midvein section that is least distant from the cut of the
stalk manages to swallow up more water molecules than the others, due
to the smaller distance from liquid water in the syringe. Similarly, k; and
ko can be considered related to the oscillation of water flow in the
midvein; k; increases moving towards higher y: higher k; means faster
oscillations, and following the discussion regarding C; and Cs, it can be
assumed that the water flow oscillates faster as more water molecules
are swallowed up in the midvein from the stalk cut. The values of k;, do
not change significantly as one moves towards higher y and are in
agreement with the k;, value of the ex vivo hydration fit in table 1.

These findings suggest that the method described above correctly
reproduces the main features of the experimental results and can,
therefore, be considered a reasonable model for this type of systems.
This may pave the way for a more quantitative investigation on the
managements of water from leaves under normal and stressed condi-
tions and may also lead to important achievements for the next-
generation precision biosensing. Moreover, it is potentially applicable
to other biological systems, as well.

4. Conclusion

The attenuation in the terahertz range was monitored through a
terahertz portable imaging system to reveal the hydration and dehy-
dration dynamics of leaves both in ex vivo and in vivo leaves; the results
were described with an exponential behaviour.

Moreover, the spatiotemporal dynamics of water diffusion were
observed in an ex vivo leaf. A model was proposed starting from
approximate solutions of diffusion law, gaining physical information
from surface fits. A case study was chosen as an example and fits of the
spatial and temporal behaviour of the hydration dynamics of a leaf were
performed, implying that the interpretation of terahertz data in terms of
water concentration derived from the solution of diffusion law is

These results suggest that terahertz-based techniques and, in
particular, imaging techniques, may represent very powerful methods to
obtain meaningful in vivo information in real time. This may be also
useful for a deeper insight into the biological samples water manage-
ment behaviour with possible applications for the early detection of
diseases in future precision biosensing and in several other fields.
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