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The shear modulus G of the sputum obtained by expectoration from cystic fibrosis 
patients is fundamental to determine the mesh size of the polymeric network pervading 
the sputum, a parameter related to lung functionality. The Akaike criterion revealed that 
in 55.2 % of the examined samples, the best approach (among those considered) to de-
termine G relied on the mechanical spectrum fitting by the generalised Maxwell model 
with relaxation times scaled by a factor 10. Thus, this approach was adopted to evaluate 
the mesh size distribution combining G knowledge with the determination of the average 
magnetic relaxation time (T2m) of sputum. As G and T2m determination can be negatively 
affected by sputum contamination by saliva, whose presence increases T2m and depresses 
G, we developed a proper “decontamination” procedure to obtain more reliable T2m and 
G estimations (necessary in 21 % of the samples). This procedure allowed to strengthen 
the T2m correlation with lung functionality evaluated by FEV1 (normalised air volume 
emitted in the first second during a spirometry test).
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Introduction

The walls of the bronchial tree are covered in a 
thin aqueous layer, the periciliary layer (PCL), the 
thickness of which is about 5–10 mm in healthy 
subjects1. Inside PCL, cells cilia beat with a typical 
frequency of 20 Hz and amplitude of about 5 mm. 
PCL is coated with another layer, named mucus lay-
er (ML)2, the thickness of which is about 25–30 mm 
in healthy subjects. Together, PCL and ML consti-
tute the airway surface layer (ASL)3 (see Fig. 1). 
While ML traps inhaled particles and transports 
them out of the lung by cilia-generated forces, PCL 
provides a favourable environment for ciliary beat-
ing and cell-surface lubrication4. The most abundant 
ML solid component is represented by mucins  
(1–5 %), a family of high molecular weight, heavily 
glycosylated proteins containing hydrophobic poly-
peptide backbones connected to multiple hydrophil-
ic oligosaccharide chains5. Besides mucin, other 
bio-macromolecules, such as proteins, antibodies, 

and lipids are present inside ML, and they can form 
a mesh-like structure through disulphide cross-link-
ages and/or physical entanglements, so that ML 
shows viscoelastic gel–like properties6. Notably, the 
ASL “gel-on-brush” model4 also points out that 
PCL is not a “simple” liquid phase as commonly 
believed. Indeed, PCL hosts membrane-spanning 
mucins and large muco-polysaccharides that are 
tethered to cilia, microvilli, and epithelial surface. 
All these polymers form a three-dimensional net-
work impeding the ML mucins and inhaled parti-
cles to penetrate the PCL environment.

Cystic fibrosis (CF) depends on the dysfunc-
tion of the CF transmembrane conductance regula-
tor (CFTR), a channel protein expressed on the 
membrane of cells, ruling water and ions (Na+, Cl–) 
exchange7. This leads to formation of viscous, de-
hydrated mucoid secretions, in particular in the air-
ways8, characterised by a pathological increase in 
proteins, mucin, and biological polymers concentra-
tion9, that consistently reduces the cilia beating effi-
ciency (Fig. 1). The subsequent ML stasis promotes *Corresponding author: E-mail: michela.abrami@dia.units.it
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bacterial infection and inflammation10, may prog-
ress to respiratory failure, the most common cause 
of death for CF patients11.

As the increase of ML viscoelasticity correlates 
to the severity of lung pathology9, 12 and to the effi-
cacy of drug (mucolytics, anti-inflammatory and 
antibiotics) released by inhalation (drug diffusivity 
depends on the ML polymeric network mesh size)13, 
the necessity of ML characterisation is of para-
mount importance from a clinical point of view14. 
Due to the complexity of obtaining direct access to 
ML, typically, expectorated sputum is considered a 
surrogate, as it can be easily obtained from patients, 
and its properties mirror those of ML9,15.

Among the different available techniques, rhe-
ology and low field nuclear magnetic resonance 
(LF-NMR) have proven very useful for sputum 
characterisation14. Indeed, changes in the rheologi-
cal properties of mucus/sputum may greatly affect 
its ability to function as a lubricant, selective barri-
er, and the body’s first line of defence against infec-
tion. In addition, the rheological characterisation 
can provide insight into the nanostructure of a gel-
like material such as mucus/sputum. Indeed, as dis-
cussed further herein, rheology allows the determi-
nation of the mucus/sputum shear modulus that, 
according to the Flory theory16, is directly connect-
ed to crosslink density, in turn, connected to the 
polymeric network average mesh size via the equiv-
alent network theory17. LF-NMR relies on the abili-
ty of hydrogen atoms dipole to react to the perturba-
tion of an external constant magnetic field B0, where 
they are embedded. Indeed, inside B0, hydrogen at-
oms dipoles tend to line up in the B0 direction so 
that, globally, they give origin to the induced mag-
netisation vector Mv, oriented in the B0 direction 
(Z). Due to B0 perturbation, realised by the applica-

tion of a proper radio frequency pulse B1 perpendic-
ular to B0, Mv rotates in the XY plane of B1 (that 
perpendicular to B0). Upon B1 removal, Mv tends to 
line up again into the B0 direction (relaxation) so 
that its XY component (MvXY) diminishes with time, 
and its component in the B0 direction (conventional-
ly the vertical or Z one; MvZ) increases in time. In-
terestingly, the relaxation process is affected by the 
three-dimensional structure embedding the hydro-
gen atoms, so that it can provide important informa-
tion about the structure itself. Indeed, interactions 
with solid surfaces (for instance, dispersed/solu-
bilised polymeric chains) are one of the most im-
portant causes affecting the magnetic relaxation of 
hydrogens. In fact, the relaxation process of water 
hydrogens near the solid surface (bound water pro-
tons) is faster (fast relaxation) than that (slow relax-
ation) of bulk water protons (free water protons) 
that are unaffected by solid surface18. Accordingly, 
the average relaxation time (T2m) of hydrogens will 
depend on the ratio between the solid surface area 
(S), proportional to the number of protons close to 
S, and system volume (V), proportional to the total 
number of protons belonging to the system, as 
demonstrated by Brownstein and Tarr19. In addition, 
the Scherer theory20 clearly states that different spa-
tial organisations (cubical, tetrahedral, octahedral) 
of a polymeric network, reflecting in different S/V 
ratio, implies different T2m values.

The first aim of this paper was to determine the 
mesh size distribution of sputum recurring to the 
theoretical interpretation of rheological and LF-
NMR data relative to CF patient sputum. The sec-
ond aim was to evaluate the effect of possible spu-
tum contamination by saliva on sputum macro- and 
nano-properties. Indeed, mesh size distribution is 
related to lung functionality, being small mesh size 
typically associated to pathological conditions. In 
addition, in order to improve the efficacy of the 
drugs usually applied in CF therapy (e.g., mucolyt-
ics, anti-inflammatory and antibiotics), an in-depth 
understanding of the mucus nanostructure is of ut-
most importance, as drug diffusivity inside a gel-
like system depends on the ratio between the diffus-
ing drug molecule radius and the mesh size of the 
network.

Materials and methods

Samples

The sputum samples represent a subset of those 
considered by Abrami and co-workers13. Briefly, 
sputum samples were provided by the Burlo Garo-
folo Hospital, following a procedure approved by 
the Ethics Committee (prot. no. 496/2916, CI M-11, 
22–3-2016). Written informed consent was obtained 

F i g .  1  – Airway surface layer (ASL) is composed of the mu-
cus layer (ML) and the periciliary layer (PCL). Both ML and 
PCL contain polymeric substances so that they show a visco-
elastic behaviour. In pathological conditions, the dehydrated 
ML penetrates the PCL so that cilia beating is hindered and ML 
removal becomes very slow if not impossible. Adapted from ref. 4.
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from each patient. Spontaneously expectorated (1–2 
cm3) sputum was collected from CF patients in ster-
ile cups, and immediately used for T2m determina-
tion and, then, for the rheological characterisation 
(37 °C) (Haake Mars III Rheometer, GmbH, Karl-
sruhe, Germany; cone-plate geometry (C35, diame-
ter = 35 mm)).

Rheological characterisation

The mechanical spectrum (elastic (G’) and vis-
cous (G’’) moduli dependence on the solicitation 
pulsation w = 2pf (in which f is the solicitation fre-
quency)) of each sample collected by Abrami and 
co-workers13 was interpreted according the gener-
alised Maxwell model (parallel of Maxwell ele-
ments, each one constituted by a spring and a dash-
pot in series) and Voigt model (series of Voigt 
elements, each one constituted by a spring and a 
dashpot in parallel)21.

Generalised Maxwell model in the frequency domain
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where nR is the number of Maxwell elements con-
sidered, whereas gi (ith elastic constant) and li (ith 
relaxation time) are model fitting parameters repre-
senting the spring constant (gi) and the relaxation 
time (li) of the ith Maxwell element. ge represents 
the spring constant of the last (nR + 1) Maxwell el-
ement considered purely elastic, i.e. deprived by the 
dashpot. The simultaneous Eqs.(1)-(2) fitting to ex-
perimental data was performed according to two 
different strategies. The first one assumed that li 
were scaled by a factor 10 (li+1 = 10li) while the 
second assumed that li were allowed to freely vary. 
In both cases, data fitting was performed minimis-
ing the c2 statistic:
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where M is the number of experimental data, G’expj 
and G’j are, respectively, the experimental and the 
model predicted (Eq.(1)) elastic moduli while G’’expj 
and G’’j are, respectively, the experimental and the 
model predicted (Eq.(2)) viscous moduli. The deter-
mination of nR was performed according to a statis-
tical procedure22 aimed at the minimisation of the 
product M·c2, while the sample shear modulus G 
was evaluated as the sum of all the spring con-
stants23:
 (G = ge+Sigi).  (4)

Generalised Voigt model in the frequency domain

In order to establish a direct connection be-
tween the generalised Maxwell model and the gen-
eralised Voigt model, it was necessary to add a 
Maxwell element (of spring constant gM and relax-
ation time lM) in series with nR Voigt elements:

 R

2i=1
M

1 /1'= +
1+( )

n i

i

gJ
g ∑ lw

 (5)

 R

2i=1
M M

/1''= +
1+( )

n i i

i

gJ
g ∑ lw

l w lw
 (6)

where J’ and J’’ are, respectively, the elastic and 
viscous compliance, while gi and li are, respective-
ly, the spring constants and the retardation times of  
the ith Voigt element. Remembering21 the relations 
among G’, G’’ and J’, J’’:
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and looking at Eq.(1) and (2), the following relation 
holds:
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The simultaneous Eqs.(5)-(6) fitting to experi-
mental data was performed assuming that li were 
scaled by a factor 10 (li+1 = 10li). Data fitting im-
plied the minimisation of the c2 statistic evaluated 
according to Eq.(2) where G’expj and G’’expj were re-
placed by the corresponding J’expj and J’’expj accord-
ing to Eqs.(7) and (8). The determination of nR was 
performed following to the same strategy adopted 
in the case of the generalised Maxwell model (min-
imisation of the product M·c2) 22. The shear modu-
lus was evaluated as G = gM.

Mesh size evaluation

Relying on the G knowledge, Flory theory16 al-
lows to evaluate the polymeric network crosslink 
density, rx, defined as the moles of junction points 
between different polymeric chains per hydrogel 
unit volume:
 ρX = G/RT (10)
where R is the universal gas constant and T is the 
absolute temperature. The reason for R presence in 
Eq. (10) is due to the formal thermodynamic analo-
gy existing between the determination of the retrac-
tion force of an ideal rubber and the determination 
of pressure in an ideal gas16. Finally, the equivalent 
network theory17 enables the determination of the 
average mesh size xa of the network:

 3
a x A = 6 / ( )Npx r  (11)

where NA is the Avogadro number.
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LF-NMR characterisation

The mathematical description of the relaxation 
process (i.e. the MvXY time reduction) is given by 
the solution of the magnetization diffusion equation 
proposed by Brownstein and Tarr18,19:

 2i
m

i
(– / )

i=1
( ) = e t TI At ∑  (12)

where t is time, I(t) is the ratio between the time-de-
pendent value of MvXY and its maximum value 
(MvXYmax) occurring just after B1 removal, T2i rep-
resents the ith spin-spin or transverse relaxation 
times, while Ai are “weights” proportional to the 
number of hydrogen atoms whose dipoles relax-
ation is characterised by T2i. Obviously, we could 
have also recorded the relaxation process of the 
magnetisation vertical component of Mv (MvZ, ori-
ented in the conventional B0 direction), so that the 
focus would have been on the determination of the 
spin-lattice relaxation time (T1). Although both T2 
and T1 give similar information about the spatial or-
ganisation of the polymeric network pervading the 
sputum (see Introduction), we preferred to consider 
T2, since its experimental determination is consider-
ably faster.

Eq. (12) simply states that the relaxation pro-
cess is the result of “m” exponential relaxation pro-
cesses, each one characterised by its own relaxation 
time (T2i) and weight (Ai). The determination of the 
unknown couples (T2i, Ai) was performed by fitting 
Eq. (12) to the experimental I(t) values (Is(t)) and 
the number, m, of exponential decays appearing in 
Eq. (12) was determined per the statistics applied in 
the Rheology section22.

The average magnetic relaxation time (T2m)  
and the average inverse magnetic relaxation time 
((1/T2)m), depending on several variables such as 
temperature, B0 strength, and the presence of a 
disperse phase in the system as it happens in hydro-
gel system18, can be defined by:

m m
2m i 2i ii=1 i=1

= /T AT A∑ ∑  
m mi

ii=1 i=1
22 m i

1 = / A
TT
A 

 
 

∑ ∑  
i% i

m
ii=1

=100 / AA A ∑    (13)

While Eq.(12) provides the discrete relaxation 
time distribution represented by the m couples  
(Ai% – T2i), it is possible to determine the continuous 
distribution according to Whittal and MacKay24:
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where T2max (= 104 ms) and T2min (= 1 ms) indicate, 
respectively, the lower and upper values of the con-
tinuous T2 distribution, a(T2) is the unknown ampli-
tude of the spectral component at the relaxation 
time T2 while exp{–t/T2} represents the decay term. 

Eq.(14) represents the “continuous” expression of 
Eq.(12). This means that while Eq.(12) describes 
the MvXY relaxation process by means of a limited 
(discrete) number of initially unknowns T2i, Eq.(14) 
makes use of a much higher number of known relax-
ation times belonging to the interval (T2min – T2max) 
and comprehending all the possible relaxation times 
characterising the sample under study (continuous 
distribution of relaxation times).

In order to fit the experimental MvXY time decay 
(Is(t)) by Eq.(14), and obtain the continuous T2 dis-
tribution (the unknowns Ai = ai(T2i)·DT2i), the fol-
lowing discretisation was applied24:
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where the range of the T2 distribution (T2min – T2max) 
was logarithmically subdivided into N = 200 parts 
(higher N values were unnecessary). Because of the 
noise disturbing the measure of Is, the fitting proce-
dure must not minimise the c2 statistic, but a 
smoothed definition24 of it (c2

s ):
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where si is the ith datum standard deviation, m is the 
weight of the smoothing term (second summation in 
Eq. (16)) proposed by Provencher25. Although dif-
ferent criteria can be used to determine m, the strat-
egy proposed by Wang26 was applied. Based on this 
strategy, the correct m value is that occurring just 
below the heel (slope variation) of the function 
ln(cs) vs ln(m). In this work, m = 150 was deter-
mined.

The discrete and continuous T2 distribution can 
be transformed into hydrogel mesh size distribution 
resorting to one of the fundamental relations of the 
low-field NMR field. This relation, based on the 
solution of the magnetisation diffusion equation 
proposed by Brownstein and Tarr18,19, establishes 
the link between (1/T2)m and the ratio of the surface 
(S) of the dispersed/solubilised substances in the 
sample and the volume (V) of the sample water 
molecules:

 
22 2H Om

1 1= + S M
T T V
 
 
 

 (17)

where 
22H OT  is the bulk protons relaxation time (i.e. 

the water proton relaxation time in the absence of 
polymer, the so-called free water relaxation time ≈ 
3700 ms at 37 °C and B0 = 0.47 T 27) and M (length/
time) is a physical parameter, named relaxivity, rep-
resenting the effect of the polymer chains surface 
on water protons relaxation. Indeed, M is equal to 
the ratio between thickness and relaxation time of 
the bound water layer adhering to the solid surface. 
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Eq.(17), stating that (1/T2)m depends on (S/V), clear-
ly establishes the relation between the relaxation 
time and the spatial organisation of the sample net-
work that heavily affects the S/V ratio18. Usually, in 
many polymeric solutions, crosslinking induces a 
spatial reorganisation of the polymeric chains con-
tained in the original solution that involves the in-
crease of the ratio S/V28,29. This, in turn, reflects in 
the increase of (1/T2)m and in the decrease of T2m.

Despite its theoretical importance, Eq.(17) can 
be re-written in a more useful form, based on the 
Fiber-Cell18 and Scherer20 theories. For this purpose 
Abrami et al.30 demonstrated that, for a hydrogel 
polymer volume fraction f < 0.6, the term (S/V) can 
be expressed as a function of the average mesh size 
xa of the polymeric network (error < 5 % with re-
spect to the Scherer theory20):
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where C0 and C1 are two constants depending on the 
mesh architecture and equal, respectively, to 1 and 
3p in the case of cubic mesh20. In the light of Eq.
(18), Eq.(17) becomes:
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While Eq.(19) refers, averagely, to all the poly-
meric network meshes, similar expressions can be 
written for meshes of different dimensions (xi), as-
suming the M independence on the mesh size18:
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where T2i is the relaxation time of water protons 
trapped in polymer meshes of size xi. The bi-univo-
cal correspondence between T2i and xi holds solely 
in the fast-diffusion regime (typical of gels), i.e 
when the mobility of water molecules, expressed by 
their self-diffusion coefficient D (3.04·10–9 m2 s–1 at 
37 °C 31), is large whether compared to the rate of 
magnetisation loss (Rc·M) (i.e., Rc·M/D «1). In the 
slow diffusion regime, relaxation of all the water 
protons contained in the volume of a mesh of size xi 
is not described by only one T2i but several T2i. Rc, 
indicates the radial distance from the polymer chain 
axis where the effect of polymeric chains on water 
proton relaxation becomes negligible. This can be 
expressed by18:

 f
c = rR

j
 (21)

The combination of Eqs.(19) and (20) allows to 
conclude that the ratio between xi and its average 
value, xa, depends exclusively on the relaxation 
times T2i and T2m (except for the free water relax-
ation time 

22H OT ):
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Thus, Eq.(12) or Eq.(15) fitting to experimental 
MvXY decay (Is(t)) allows determining the discrete or 
continuous relaxation spectrum (Ai% – T2i), whereas 
Eq.(22) allows the conversion of the time relaxation 
spectrum into the mesh size relaxation spectrum 
(Ai% – xi).

LF-NMR measurements were performed at  
37 °C by means of a Bruker Minispec mq20  
(0.47 T, Germany). The determination of T2m was 
performed according to the CPMG sequence (Carr–
Purcell–Meiboom–Gill)32 {90°[-τ-180°-τ(echo)]n-TR} 
with a 8.36 μs wide 90°pulse, τ = 250 μs, and TR 
(sequences repetition rate) equal to 10 s. In order to 
obtain the final Is of 2 %, the proper n was chosen. 
m was determined according to the statistics applied 
in the Rheology section22. Each spin-echo decay, 
composed by n points, was repeated 36 times (num-
ber of scans).

Statistical analysis

The nature of the experimental data distribution 
(normal or not) was evaluated by the Kolmogor-
ov-Smirnov test (KS-test). Based on KS-test results, 
the Spearman’s correlation coefficient (rsp) was con-
sidered to verify possible direct or inverse correla-
tions among variables. Correlations among vari-
ables were considered significant when p < 0.05 
(i.e. a probability of 95 %). Lower probability was 
associated to a lack of correlation among variables.

Results and discussion

As previously discussed, the role played by the 
shear modulus G on the determination of the dis-
crete and the continuous mesh size distribution is 
very important. Indeed, it serves for the estimation 
of the average network mesh size xa (Eqs.(10)–(11)) 
around which LF-NMR information allow to build 
up the whole mesh size distribution (Eq.(22)). G 
evaluation, in turn, implies the determination of the 
mechanical relaxation spectrum, a topic that has 
been long discussed and debated in literature and 
that was matched according to different and inter-
esting strategies33–39. As a detailed analysis of all 
these strategies is outside the scope of this paper, 
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we focussed the attention on three simple approach-
es, i.e., those presented in the Materials and Meth-
ods section (Generalised Maxwell and Voigt mod-
els). In the first two cases, recourse was made to the 
generalised Maxwell model fitting to mechanical 
spectrum data assuming relaxation times (li) scaled 
by a factor “10” (MG approach) or freely varying 
upon data fitting (MG2 approach). The last ap-
proach refers to the use of the generalised Voigt 
model fitting to the compliance data J’ and J’’ ob-
tained from the G’ and G’’ data according to Eqs. 
(7)–(8) and assuming the retardation times (li) 
scaled by a factor “10” (V approach).

Fig. 2, showing the GMG2 and GV dependence 
on GMG, reveals that, approximatively, the three ap-

proaches lead to similar results as both GMG2 and GV 
increase with GMG and this linear correlation is sta-
tistically significant as proved by the value of the 
Pearson correlation coefficient (GMG2 vs GMG: rsp = 
0.94 with p < 10–4; GV vs GMG: rsp = 0.89 with p < 
10–4). In addition, the interpolating straight lines re-
ported in Fig. 2 (GMG2 = 1.07 ·GMG – 0.27, solid 
line; and GV = 1.07 ·GMG – 0.10, dashed line), eval-
uated according to a robust data fitting strategy due 
to a small data scattering40, reveal that both the 
slope (m) and the intercept (q) are close to 1 and 0, 
respectively.

In order to explore the physical soundness of 
the shear moduli evaluated according to the three 
strategies (GMG, GMG2, GV), a comparison was per-
formed with the average elastic modulus (G’av), cal-
culated as arithmetic media (on the pulsation range 
explored) of the experimental G’ values referring to 
each sample. Fig. 3, in particular, showing the GMG 
vs G’av trend (open circles), indicates the existence 
of a linear correlation (rsp = 0.93, p < 10–4) among 
these physical quantities. In addition, the linear in-
terpolant (robust fitting; GMG = 2.03 ·G’av + 0.26) 
reveals that GMG is approximately two times G’av as 
the line slope is near 2 and the intercept is close to 
zero. In the case of the other two approaches, we 
found again the existence of linear correlations with 
G’av even if characterized by a smaller intensity 
(MG2: rsp = 0.88, p < 10–4, GMG = 2.26·G’av – 0.46; 
V: rsp = 0.86, p < 10–4, GMG = 2.27·G’av – 0.1. Data 
not shown) due to a wider data dispersion. A possi-
ble way to quantify this last aspect is to consider the 
dependence of the ratio between the evaluated shear 
modulus (GMG, GMG2 or GV) and G’av as reported in 
Fig. 4 for the case of GMG/G’av vs G’av. It can be 

F i g .  2  – Dependence of the samples shear modulus evaluated 
according to the MG2 (closed circles; GMG2) and V (open cir-
cles; GV) strategies on the shear modulus estimated according 
to the MG approach (GMG). Solid and dashed lines indicate the 
linear interpolants, according to a robust fitting approach, re-
ferring to the (GMG2 vs GMG) and the (GV vs GMG) trends.

F i g .  3  – Dependence of the shear modulus evaluated accord-
ing to the MG strategy (open circles, GMG) and the average 
value of the elastic modulus (G’av) pertaining to each sample. 
The solid line represents the linear interpolant evaluated ac-
cording to a robust fitting approach.

F i g .  4  – Dependence of the ratio GMG/G’av (open circles) ver-
sus G’av. GMG indicates the samples shear modulus evaluated 
according to the MG strategy while (G’av) is the arithmetic me-
dia of the experimental G’ values referring to each sample. VC 
is the variation coefficient (ratio between the average value, m, 
and the standard deviation, s) while C is the ratio between the 
percentage of data falling within the (m ± s) and the standard 
deviation s.
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seen that 89.2 % of the data fall within the average 
value (m = 2.34) ± one standard deviation (s = 1.0), 
the variation coefficient VC = 0.44 while the ratio C 
between the data percentage falling within (m ± s) 
and s is equal to 203. In the case of GMG2/G’av vs 
G’av, the data percentage falling within (m ± s; m = 
2.5, s = 1.4) decreases to 86.1 %, VC increases up 
to 0.55 and C decreases to 156. Finally, for what 
concerns the case GV/G’av vs G’av, 100 % of the data 
fall within (m ± s; m = 3.0, s = 3.3) as VC is very 
high (1.1) while C decreases to 90. Observing the 
VC and C values, it follows that, concerning data 
scattering around m, the best situation competes to 
the MG strategy (lowest VC and biggest C). The 
worst situation is instead related to V approach 
(highest VC and lowest C) while MG2 approaches 
is in between. However, again, all the three ap-
proaches seem to lead to reasonable data as the pre-
dicted shear modulus is, correctly, higher than G’av 
but not so much (≈ between 2 and 3) this suggesting 
that the experimental window explored should be 
representative of the sample viscoelastic properties. 
Should it not be the case, much higher shear modu-
lus estimations would occur as the purely elastic 
behaviour takes place for w → ∞.

The only criterion that clearly assigns the role 
of a preferable approach to MG, among those con-
sidered, is the Akaike criterion (AIC number)41:

 
2

F

F

( +1) =  ln( )+2
– –2

N MAIC M
M M N
c  (23)

where M is the number of experimental data, NF is 
the number of fitting parameters, and c2 is defined 
by Eq.(3). According to this criterion, the best mod-
el is that characterised by the lowest AIC. Table 1 
showing, for all samples, the values of GMG, GMG2 
and GV, reveals that, in the 55.2 % of the cases, the 
MG approach is the one to be preferred, while the 
percentage goes down to 31.6 % and 13.2 % in the 
V and MG2 cases, respectively. In addition, in 2 out 
38 samples, the MG2 approach cannot provide a 
statistically (F-test) reliable fitting. Thus, the MG 
approach has been considered for the evaluation of 
average mesh size (xa, Eqs. (10)-(11)) of the poly-
meric network pervading the sputum samples.

Table 2 shows, for all the samples reported in 
Table 1, the values of the average relaxation time 
(T2m), the average inverse relaxation time ((1/T2)m), 
the average mesh size (xa), the ith meshes percentage 
fraction (Ai%), the relaxation times (T2i), and the di-
mensions (xi) calculated for each samples. The 
combination of the rheological characterisation, en-
abling the determination of xa, and the LF-NMR 
one (allowing the evaluation of the discrete relax-
ation spectrum Ai% – T2i), permits the determination 
of the discrete mesh size distribution (Ai% – xi). 
 Table 2 reveals that the relaxation spectrum, and 
thus, the mesh size distribution, is composed by 2 

– 4 contributes, 3 being the most frequent case. Ba-
sically, this means that our samples are heteroge-
neous, since homogeneous systems are character-
ised only by one relaxation mode (T2m = T21)

29,42. 
Indeed, it is well known that sputum is a heteroge-
neous system13. In addition, Table 2 shows that T2m 
spans from about 200 ms to 2000 ms, this being 
reasonable, as the T2m measured in healthy subjects’ 
sputum (mainly composed of saliva) is around 3000 
ms43. Regarding the mesh size (xi), we can see from 
Table 2 that xi ranges between about 10 nm to 1000 
nm. As it is known that the polymeric network, per-
vading CF patients mucus, is organised with an av-
erage mesh size which lies in the range (60 – 300) 
nm44,45 and that healthy subjects’ mucus is charac-
terised by a mesh size approximately ≤ (500–600) 
nm, we have to conclude that when xi exceeds 600 
nm, a probable sputum contamination by saliva 
could have occurred. Indeed, upon expectoration, it 
can happen that the exiting mucus, coming from the 
deeper part of the respiratory tract, mixes with other 
aqueous liquids (typically saliva) pervading the up-
per part of the respiratory tract and not related to 
lungs clinical conditions. Thus, we can say that the 
sputum has been contaminated by saliva and, con-
sequently, its relaxation time (T2m) is anomalously 
increased, as saliva is characterised by a high relax-
ation time (> 2000 ms). In our approach, this re-
flects in unreasonably high mesh sizes (see Eq. 
(22)). This is the reason why we proposed a way for 
the elimination of the effect of possible contamina-
tion from saliva (decontamination). For this pur-
pose, we determined the continuous distribution of 
the relaxation times (Eq. (14)) and, by means of a 
deconvolution approach46, the contribute of saliva 
was eliminated, as explained in the following. The 
main assumption of our approach relied on the hy-
pothesis that the continuous relaxation distribution 
can be described by a sum of Weibull equations, as 
this approach proved to be successful47:

   

where Nw is the number of Weibull equations con-
sidered, Aj, dj, hj and T2min–j are model fitting param-
eters. Nw was determined according to the same 
strategy adopted to obtain nR (Eqs.(1)-(2)) and m 
(Eq.(12)).

The criterion to decide which samples needed 
the correction was the existence of xi ≥ 600 nm or 
T2i ≥ 2000 ms (see grey marked samples in Table 2). 
Let us now focus attention on sample 1 of Table 2, 
chosen as an example, to explain the decontamina-
tion procedure. Fig. 5, showing the continuous re-
laxation time distribution (open circles) determined 
by Eq.(15) fitting to experimental data, reveals the 
presence of two, unresolved, peaks centred, respec-

(24)w j jj= –1j 2 2min–j 2 2min–j
2 ij=1

j j j

2 – –
( ) = A ( )(2 ) exp(–(2 ) )N T T T T

W T δ δδ
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Ta b l e  1  – Average elastic modulus (G’AV) and shear modulus evaluated according to generalised Maxwell model fitting to mechan-
ical spectrum data (assuming relaxation times li scaled by a factor 10 (GMG) or let to freely change (GMG2)), and shear modulus 
evaluated according to the generalised Voigt model fitting to mechanical spectrum data assuming retardation times li scaled by a 
factor 10 (GV). AIC indicates the Akaike number (Eq. (23)).

# G’AV (Pa) GMG (Pa) AIC GMG2 (Pa) AIC GV (Pa) AIC

1 3.1 5.7 –171 8.4 –172 8.3 –175

2 3.0 6.1 –110 6.2 –112 6.6 –112

3 1.4 5.9 –96 – – 14.4 –94

4 2.9 7.4 –169 15.5 –188 10.0 –197

5 5.2 9.4 –75 9.5 –70 7.9 –72

6 2.5 4.3 –81 3.6 –72 5.9 92

7 1.3 2.0 –98 2.0 –95 2.2 –99

8 2.4 4.0 –94 – – 4.4 –97

9 7.0 18.0 –131 31.0 –118 16.9 –121

10 27.8 54.6 –139 57.2 –143 66.6 –133

11 8.9 15.1 –162 15.3 –159 14.7 –107

12 5.4 10.5 –140 12.3 –139 10.5 –143

13 7.2 13.3 –158 13.2 –153 14.9 –205

14 2.8 5.7 –106 5.7 –100 6.7 –99

15 8.0 20.6 –127 15.4 –93 22.1 –128

16 1.2 3.4 –92 3.5 –76 2.4 –62

17 25.7 57.8 –183 58.1 –190 54.0 –192

18 6.9 11.5 –159 18.2 –131 11.6 –149

19 8.1 54.6 –149 42.1 –143 35.4 –139

20 2.7 11.2 –135 9.6 –131 6.7 –127

21 1.7 3.2 –122 3.0 –114 2.4 –65

22 18.6 32.1 –205 27.4 –213 27.5 –190

23 4.3 10.4 –117 8.3 –109 90.9 99

24 1.4 2.2 –96 1.5 –89 3.9 –84

25 7.3 9.4 –113 9.4 –111 14.1 –112

26 7.0 13.0 –159 12.9 –170 14.1 –167

27 14.2 35.6 –145 30.5 –143 46.6 –148

28 6.4 12.8 –82 13.3 –80 4.5 –67

29 0.6 2.3 –50 4.7 –49 2.3 –42

30 6.8 12.5 –152 12.4 –146 13.4 –149

31 18.7 27.2 –146 27.1 –144 28.2 –163

32 4.8 9.3 –164 9.2 –166 10.2 –153

33 6.4 16.9 –152 16.8 –150 15.9 –153

34 0.9 2.8 –119 2.6 –115 3.9 –103

35 1.3 4.0 –88 4.3 –85 3.9 –85

36 1.3 4.2 –92 3.8 –93 4.9 –92

37 6.8 10.4 –106 10.4 –100 12.6 –95

38 6.6 10.3 –118 10.3 –115 10.5 –100
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tively, around 520 ms and 1900 ms. In virtue of 
their position on the relaxation times scale, it can be 
argued that the first one represents the magnetic re-
laxation of the water hydrogens contained inside the 
polymeric network pervading the sputum, while the 
second should represent the water outside the poly-
meric network, i.e. the water fraction experiencing 
a less intimate contact with the polymeric chains 
surface S. Indeed, Eq.(17) states that the relaxation 
time of the water hydrogens contained inside the 
polymeric network is lower than that referring to 
water hydrogens outside the polymeric network as 
the ratio S/V (S = polymeric chains surface; V = wa-
ter volume) is higher inside the network. In other 
words, inside the network the specific polymeric 
chains surface (m2 m–3) in contact with water mole-
cules is higher than outside due to the presence of 
the network. From this view point, we could sup-
pose that the external water would surround the 
polymeric network entrapping the inner water. In 
order to properly fit the continuous relaxation time 
distribution, three (NW = 3) Weibull equations were 
needed, as depicted in Fig. 5. Again, observing the 
position of the three peaks, we can reasonably say 
that the first two (W1 and W2) are connected to the 
water trapped inside the polymeric network (T2 < 
2000 ms), while the third (W3) described the water 
fraction outside the network (≈ 2000 ms). As the 
left tail of W3 prolongs up to small relaxation times 
(about 300 ms), we should conclude that the con-
tour separating the inner and the external water is 
not sharp and regular. Indeed, this finding suggests 
that the sputum is not only characterised by a na-
no-inhomogeneity, accounted for by W1 and W2, but 

also by a micro-inhomogeneity represented by W3. 
This ultimately suggests that, upon expectoration, 
mucus and saliva mix together to give origin to a 
micro-heterogeneous structure (sputum). Relying 
on these considerations, it is possible to decontami-
nate the original relaxation spectrum by simply sub-
tracting the effect of the external water (W3) to ob-
tain the cleaned relaxation time shown in Fig. 6. On 
the basis of Eq. (22), the relaxation time distribu-
tions (original and decontaminated) can be convert-
ed into the mesh distribution reported in Fig. 7. It is 
interesting to underline that, while the original mesh 
size distribution extends up to unsound wide mesh-
es (thin line), the decontaminated one (thick line) 
spans, approximately, in the classical range 20 – 
300 nm48.

The repetition of this strategy for all the con-
taminated samples (those marked in grey in Table 
2) allows to draw an interesting conclusion con-
cerning the relation between T2m and FEV1, one of 
the most common markers used in the practical 
clinic to evaluate lung functionality49. Indeed, 
forced expiratory volume (FEV) refers to the vol-
ume of air that an individual can exhale during a 
forced breath in t seconds50. Usually indicated as 
FEV, it is followed by a subscript that indicates the 
number of seconds of the measurement’s duration. 
For instance, forced expiratory volume in 1 second 
(FEV1) is the maximum amount of air that the sub-
ject can forcibly expel during the first second fol-
lowing maximal inhalation51. Although age and 
gender are the major factors that affect the average 
values of FEV in healthy individuals, height, weight, 
ethnicity, and decreased patient effort are some of 

F i g .  5  – Continuous relaxation distribution (A2i vs T2i; white circles) referring to sample 
1 of Tables 1 and 2. The solid black line indicates Eq.(24) best fitting, sum of the three 
Weibull equations W1 (dotted line), W2 (dashed line) and W3 (solid grey line).
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Ta b l e  2  – Average relaxation time (T2m), average inverse relaxation time ((1/T2)m), average mesh dimension (xa), i
th meshes percent-

age fraction (Ai%), relaxation time (T2i), and dimension (xi) referring to the different samples. Grey marked samples underwent the 
decontamination procedure.

# T2m
(ms)

(1/T2)m 
(ms–1)

xa
(nm)

Ai%
(–)

T2i
(ms)

xi
(nm)

1 861 1.77·10–3 110.6
17.5
42.8
39.6

2182.6
797.7
344.5

883.1
168.4
62.9

2 897 1.49·10–3 108.7
15.0
52.9
32.2

2190.8
828.5
408.4

716.0
142.1
61.1

3 494 2.93·10–3 109.8
20.5
44.6
34.9

1108.0
441.2
201.7

461.4
146.1
62.2

4 308 4.08·10–3 101.9
19.4
65.8
14.8

611.8
261.5
118.6

284.6
109.2
47.6

5 1276 1.28·10–3 94.1
43.6
41.3
15.1

2095.7
775.6
280.9

459.1
93.1
28.8

6 2130 5.18·10–4 122.4 86.0
14.0

2322.5
946.0

189.4
38.5

7 1006.5 1.38·10–3 156.8
34.5
43.9
21.6

1655.3
826.2
338.2

521.4
185.0
64.7

8 883 1.71·10–3 125.4
38.3
32.4
29.3

1463.6
730.1
292.2

436.8
163.9
57.2

9 303 4.36·10–3 75.8
6.9
42.6
50.5

955.6
365.0
161.8

399.7
125.6
52.5

10 393 4.58·10–3 52.4

14.1
22.5
45.4
18.0

1224.5
483.2
205.3
100.8

413.2
125.4
49.0
23.4

11 366 2.91·10–3 84.4 31.5
68.5

510.8
298.7

132.0
72.4

12 946 1.37·10–3 90.9
30.5
60.2
9.3

1632.8
699.4
287.5

292.7
86.3
31.2

13 493 3.22·10–3 84.0
24.2
42.6
33.2

1047.2
434.9
165.4

361.9
122.1
42.9

14 1059 1.66·10–3 111.2
36.4
33.8
29.8

1923.8
812.3
283.3

618.6
160.4
47.3

15 728 1.95·10–3 75.5
32.9
51.6
15.5

1218.0
575.5
197.4

230.9
86.6
26.5

16 559 2.43·10–3 132.6
20.0
61.0
19.0

1117.4
492.0
187.3

459.7
162.9
56.6

17 210 5.20·10–3 51.4 56.9
43.1

260.7
142.9

71.1
37.7

18 174 6.65·10–3 88.2 21.5
78.5

330.0
131.0

203.7
76.3

19 171 7.01·10–3 52.4 20.4
79.6

355.6
123.6

139.0
45.2
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# T2m
(ms)

(1/T2)m 
(ms–1)

xa
(nm)

Ai%
(–)

T2i
(ms)

xi
(nm)

20 448 3.90·10–3 88.9
21.5
37.6
40.9

1175.8
352.2
154.3

557.1
125.7
52.0

21 1842 0.98·10–3 134.9
53.7
29.3
16.9

2780.5
989.4
341.4

1084.0
130.3
36.3

22 482 2.52·10–3 62.6
22.7
70.9
6.4

866.3
389.3
145.1

159.4
61.3
21.3

23 487 2.21·10–3 91.2 46.2
53.8

628.3
364.9

133.8
71.6

24 820 1.99·10–3 152.8

16.7
45.3
32.3
5.7

1831.2
861.3
364.1
116.9

956.3
295.8
106.4
31.8

25 503 2.42·10–3 94.3
14.7
67.5
17.8

979.2
477.0
207.1

270.5
111.2
44.6

26 351 3.43·10–3 84.4
40.7
50.8
8.5

502.5
269.8
114.8

155.3
77.7
31.6

27 659 2.20·10–3 64.4
18.0
47.8
34.2

1539.7
609.1
263.8

327.7
90.5
35.3

28 657 1.69·10–3 84.9 39.4
60.6

935.3
476.7

151.1
66.0

29 842 1.40·10–3 150.7
9.5
45.4
45.1

1797.7
968.3
514.1

595.1
223.0
101.5

30 624 2.49·10–3 85.6
10.5
62.0
27.5

2033.4
571.5
203.7

857.7
128.2
40.9

31 253 4.73·10–3 66.1
8.4
70.2
21.4

632.0
248.6
120.7

224.7
78.5
36.8

32 368 3.29·10–3 94.7
17.6
66.0
16.3

667.5
342.0
149.4

232.7
107.7
44.5

33 164 6.79·10–3 77.4
13.1
52.7
34.2

353.6
133.1
138.8

197.5
69.8
72.9

34 406 2.82·10–3 141.6 42.8
57.2

581.3
274.7

248.8
107.0

35 401 2.94·10–3 125.0
18.4
62.6
18.9

679.7
384.4
183.0

277.4
142.9
64.1

36 544 2.03·10–3 123.6 73.8
26.2

627.4
307.9

164.2
72.9

37 409 3.46·10–3 92.2
21.1
55.3
23.6

874.9
342.9
146.7

337.5
111.3
45.0

38 730 2.16·10–3 92.7
32.5
46.0
21.5

1386.3
509.0
211.3

387.5
103.1
39.1

Ta b l e  2  – continued
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the other influencing factors52,53. FEV1 values great-
er than 80 % of the predicted average value are con-
sidered to be normal54. Fig. 8 shows the relation ex-
isting between T2m and FEV1 without correction for 
saliva contamination (open circles) and considering 
the decontamination (closed circles). It is clear that 
decontamination allowed reducing data scattering 
along the interpolating straight line (T2m(ms) = 
13.4·FEV1(–) – 102; decontaminated data), as 
proved by the Spearman correlation coefficient that 

increases from 0.4 to 0.62 (p = 0.008) upon T2m data 
decontamination. Thus, at least partially, the ran-
dom contamination of saliva can introduce noise in 
T2m evaluation. Consequently, the decontamination 
procedure increases significantly the clinical reli-
ability and importance of our LF-NMR approach. 
In the case of the T2m – G relation, decontamination 
seems to play a minor role as rsp increases upon de-
contamination from –0.57 to –0.48 (p < 0.0025). 
The reason for this result could be the simultaneous 

F i g .  6  – Continuous relaxation distribution (A2i vs T2i; white circles) referring to sample 1 
of Tables 1 and 2. The solid thick line represents the cleaned relaxation distribution (sum of 
W1 and W2), deprived by the effect of the external water (W3).

F i g .  7  – Comparison between the decontaminated (thick line) and the original (thin line) 
mesh size distribution obtained via Eq.(22) from the time relaxation distribution shown in 
F i g .  6  and referring to sample 1 of Tables 1 and 2. x is the mesh dimension.
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correction performed on the T2m and G values. In-
deed, as G was measured on whole sample, where 
also saliva was present, the real G value extrapolat-
ed from the network strength will be higher and it 
will be inversely proportional to the volume frac-
tion occupied by the internal water. Fig. 9 shows the 
correlation between T2m and G before (open circles) 
and after decontamination (closed circles). The sol-
id line represents the interpolating straight line 
(T2m(ms) = –7.5 ·G(Pa) + 637) evaluated on decon-
taminated data.

Conclusions

The focus of this paper was on the determina-
tion of the shear modulus G of sputum samples 
from CF patients as its knowledge, in conjunction 
with LF-NMR characterisation, allows 1) the deter-
mination of the mesh size distribution of the poly-
meric network pervading the sputum, and 2) the 
evaluation of the possible sputum contamination by 
saliva. Indeed, mesh size distribution is strictly con-
nected to lung functionality, small mesh size being 
typically associated to pathological conditions. In 
principle, small mesh size can reduce the effect of 
typical drugs administered in CF therapy (e.g., mu-
colytics, anti-inflammatory and antibiotics) due to a 
hindered diffusion through the mucus and the peri-
ciliary layers. Finally, the determination of too large 
meshes, whose evaluation relies on G knowledge, 
can indicate sputum contamination by saliva.

Although the three strategies adopted for G de-
termination (MG, MG2 and V) led to similar G esti-
mations, the MG approach (mechanical spectrum 
fitting by means of the generalised Maxwell model 
with relaxation times scaled by a factor 10) turned 
out to be the best regarding that the Akaike test as-
signed the smallest Akaike number (AIC) to MG in 
55.2 % of the samples. This is the reason why MG 
was adopted to evaluate the mesh size distribution 
and the possible sputum contamination by saliva. 
As in healthy subjects the mesh size of the polymer-
ic network pervading the mucus is < (500–600) nm, 
when our strategy yielded mesh size ≥ 600 nm, the 
possible sputum contamination by saliva was con-
sidered and a proper decontamination strategy was 
defined. Importantly, this criterion served to evalu-
ate the soundness of both the rheological and the 
LF-NMR approach as the mesh size distribution re-
lies on information coming from both approaches. 
Data analysis revealed that contamination occurred 
in 21 % of the sputum studied. Interestingly, data 
decontamination allowed to strengthen the correla-
tion between T2m and FEV1 suggesting the not neg-
ligible effect of sputum contamination by saliva.
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F i g .  8  – Correlation between the sputum average relaxation 
time (T2m) and FEV1 (known for 17 out of 38 samples). open 
circles refer to T2m data not corrected for the possible saliva 
presence (original), while closed circles represent corrected 
(decontaminated) T2m data. Straight line is the linear interpo-
lant evaluated on corrected data.

F i g .  9  – Correlation between the sputum average relaxation 
time (T2m) and shear modulus G (38 samples). open circles re-
fer to T2m data not corrected for the possible saliva presence 
(original) while closed circles represent corrected (decontami-
nated) T2m data. Solid line is the linear interpolant evaluated on 
corrected data.
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